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Abstract – This study is to investigate a control method of natural circulation of the 
air by injecting helium gas. A depressurization accident is the one of the design-
basis accidents of a Very High Temperature Reactor (VHTR). When the primary pipe 
rupture accident occurs, air is expected to enter into the reactor pressure vessel from 
the breach. Thus, in-core graphite structures will be oxidized. In order to predict 
and analyze the phenomena of air ingress during the depressurization accident, the 
numerical analysis has been carried out not only by one-dimensional analysis code 
but also by three-dimensional CFD code. An experiment has been carried out 
regarding natural circulation using a circular pipe consisting of a reverse-U-shaped 
type. The reverse-U-shaped channel consists of two vertical heated and cooled pipes. 
In this study, a numerical analysis using three dimensional CFD code was also 
carried out to evaluate the experimental result. The results were obtained as follows. 
The experimental apparatus and the analytical model was the reverse U-shaped 
channel. The temperature difference between the vertical pipes was kept at 40-80 K, 
and a small amount of helium gas was injected to the channel. The injected volume 
of helium was about 3.1-12.5% of the total volume of the channel.  After injecting 
helium gas, each component gas moves by molecular diffusion and very weak 
natural circulation.  After about 1180 seconds elapsed, the ordinary natural 
circulation of air suddenly produced in the experiment. The numerical results by 3-D 
CFD code were in good agreement with the experimental results.  The numerical 
results also show that the natural circulation of air can be controlled by the method 
of injecting helium gas. 

 
I. INTRODUCTION 

 
A very-high-temperature reactor (VHTR), which 

is one of next generation nuclear plants, has strong 
interests of development worldwide.  Japan Atomic 
Energy Agency (JAEA) has successfully built and 
operated the 30 MWt high temperature engineering 
test reactor (HTTR) and has designed commercial 
systems such as the gas turbine high temperature 
reactor 300 MWe for cogeneration, GTHTR300C ¹. 
In order to deploy a commercialized high 
temperature gas-cooled reactor, JAEA is also 
performing development and validation of the 
analytical codes for the design and safety assessment 
aiming at the development of the VHTR that has a 

high inherent safety and economy.  These analytical 
codes will be verified by using the experimental data 
of the HTTR and of the out-of-pile test facilities. 

Figure 1 shows a schematic drawing of the 
GTHTR300C.  A flow path in the GTHTR300C is 
shown in Fig.2.  When a double coaxial duct 
connecting between a reactor core and an 
intermediate heat exchanger (IHX) module breaks, 
air is expected into enter the reactor core from the 
breach.  In the primary-pipe rupture accident, we still 
have to consider not only air ingress into the core 
through the breached pipe but also a possibility of 
fuel failure by the oxidation of graphite.  Air ingress 
process in the VHTR is known to follow two 
sequential phases, starting with molecular diffusion 
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and very weak natural circulation of gas mixture and, 
natural circulation of air develop suddenly as once 
sufficient buoyancy is established 2. On the other 
hand, an onset time of producing of the natural 
circulation will be short under the specific boundary 
conditions 3, 4. 
 
  

 
Fig.1: Schematic drawing of GTHTR300C 

 
The related study was to investigate the air 

ingress process and to develop the passively safe 
technology for the prevention of air ingress.  In order 
to clarify safety characteristics of the GTHTR300C 
in the pipe rupture accident, a preliminary analysis of 
air ingress have been performed 5.  The previous 
paper described the influences of a local natural 
circulation in parallel channels onto the air ingress 
process during the primary-pipe rupture accident of 
the VHTR 6.  The duration of the first stage of the air 
ingress process was also discussed from the 
analytical results of the reverse U-shaped passage 
which has parallel channels. 

Previous studies focused mostly on molecular 
diffusion and natural circulation of the two-
component gas mixture in a reverse U-shaped tube 
and in a simple test model of the HTTR 7.  In order 
to investigate the basic features of the flow behavior 
of the multi-component gas mixture, consisting of 
helium (He), nitrogen (N2), oxygen (O2), carbon 
dioxide (CO2), carbon monoxide (CO), etc., 
experimental and numerical studies were performed 
on the combined phenomena of the molecular 
diffusion and the natural circulation of the multi-
component gas mixture with the graphite oxidation 
reaction in the reverse U-shaped tube 8.  Recently, 
the mixing process by natural convection and 
molecular diffusion of two-component gases in a 
stable stratified fluid layer has been reported 9, 10. 

According to the report, the mixing process by 
molecular diffusion in the vertically density stratified 
fluid layer was affected significantly by the localized 
natural convection induced by the slight temperature 

difference between both vertical walls.  The report 
described the process of air ingress during the first 
stage of a primary-pipe rupture accident, and gives 
experimental results regarding the influences of the 
localized natural circulation in the parallel channels 
on the air ingress process.  The natural circulation of 
air during the accident can be stopped by injecting 
helium gas from the low-temperature leg which is an 
annular passage between the reactor core and the 
pressure vessel.  If a small amount of helium gas 
purge into the reactor, it can prevent the onset of the 
natural convection of air after the primary-pipe 
rupture accident.  Thus, we have carried out the 
experiment in order to investigate a control method 
of flow rate of the natural circulation.  Though JAEA 
proposed a SCAD system for the GTHTR300C 
system 11, this method has not been investigated 
experimentally so far. 
 
  

 
Fig.2: Flow path in GTHTR300C 

 
In order to predict and analyze the air ingress 

phenomena during the depressurization accident of 
the VHTR, the numerical analysis has been done not 
only by 1-D analysis code but also by 3-D CFD code.  
The previous papers 12, 13 described the analytical 
results regarding onset time of natural circulation of 
air by 1-D analysis code.  In this study, the onset 
time of the reproduction of the natural circulation of 
air and mixing process of each component gas after 
injecting helium gas were investigated using the 
reverse-U-shaped channel experimentally and 3-D 
CFD code. 
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II. EXPERIMENTAL APPARATUS 
 
Figure 3 shows a schematic drawing of the 

experimental apparatus.  A cross section of the flow 
channel is shown in Fig.4.  A photograph of 
experimental apparatus is shown in Fig.5. 

The apparatus consisted of two vertical and two 
horizontal circular pipes. The inside diameter of the 
pipe was 17 mm and the thickness was 1 mm. The 
pipe was made of cooper. The height of the vertical 
part was about 1000 mm and the length of the 
horizontal part was about 500 mm. 
 

 
Fig.3: Experimental apparatus 

 

 
Fig.4: Cross section of flow channel 

 
When the valve 1 and 2 were opened and the 

valve3 was closed, the apparatus consisted of the 
reverse-U-shaped channel.  The total volume of the 
flow channel was about 567 ml.  One side of the 
vertical pipes was heated by a tape heater of 80 W. 
The other vertical pipe was cooled by a water-cooled 
jacket. A canister filled with helium gas was 
connected with the upper part of the flow channel 
through the valve 4.  The circular pipe was covered 

with an insulation material whose thickness is 30 mm 
to prevent heat release. 
 

 
Fig.5: Photgraph of experimental apparatus 

 
Gas and wall temperatures were measured by K-

type thermocouples.  The gas temperatures in the 
heated pipe were measured at 6 points with 100 mm 
of intervals. The wall temperatures of the head pipe  
were measured at 6 points with 100 mm of intervals.  
The temperature measurement positions are shown in 
Fig.3.  In order to measure the velocity and density 
of the gas mixture, 6 sampling ports were equipped 
to the apparatus.  The velocity of natural circulation 
was measured at the upper part of the horizontal 
circular pipe by a hot wire anemometer.  The air 
concentration was measured at the lower part of the 
apparatus by an ultrasonic wave gas concentration 
meter. 
 

III. EXPERIMENTAL METHOD 
 
The experimental procedure is as follows.  Firstly, 

the reverse-U-shaped channel was filled with air. 
Then, one side of the vertical pipe was heated and 
the other side was cooled.  Then, the natural 
circulation of air was produced by the density 
difference between the two vertical pipes.  After the 
steady state was established, a small amount of 
helium gas was injected from the top of the channel. 
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Velocity, temperatures of gas and wall, and air 
concentration were measured during the experiment. 
In the HTTR, for example, the temperature 
difference between the reactor core and the 
permanent reflector during the accident will be 300K 
or more.  However, the purpose of this experiment is 
to know the possibility of the control of the natural 
circulation flow by injecting a small amount of 
helium gas.  So, the temperature difference was set 
from 40K to 80K in this experiment. 
 

IV. EXPERIMENTAL RESULTS 
 

Figure 6(a), (b) and (c) show the velocity change 
of the natural circulation of air.  The injected volume 
of helium gas was set to 29.5, 32.4 and 35.3ml, 
respectively. The temperature difference between 
both circular pipes was kept at 60K in these 
experiments. The small amount of helium gas was 
injected at 0 second. 
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Fig.6 (a): Velocity change (29.5 mL) 
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Fig.6 (b): Velocity change (32.4 mL) 

 
As shown in Fig.6 (a), although the velocity of 

the natural circulation decreased after injecting 
helium gas, the natural circulation reproduced 
immediately.  As shown in Fig.6 (b), the natural 
circulation of air stopped until 810 seconds elapsed 
after injecting helium gas.  From the results obtained 

in this experiment, the method of injecting helium 
gas could control the natural circulation of air. 
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Fig.6 (c): Velocity change (35.3 mL) 

 
Figures 7(a), (b) and (c) show the air 

concentration change of both sides of the channel. 
When the injected volume is 32.4 ml, the air 
concentration rapidly decreases.  When the injected 
volume is 29.5 ml, helium gas moves immediately 
the cooled side channel.  However the density 
difference between both vertical channels still large.  
Then, the air concentration was recovered because 
the natural circulation of air didn’t stop after 
injecting helium gas.  In Fig.7 (b), helium gas 
gradually diffused to the cooling side after injecting 
helium gas.  Therefore, the air concentration 
gradually decreased.  
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Fig.7 (a): Air concentration change (29.5 mL) 

 
The onset time of the natural circulation of air 

became longer with increasing the injected volume 
of helium gas.  The peak value of air concentration 
became lower by increasing the concentration of the 
injected helium.  

The mechanism of reproducing the natural 
circulation after the injecting helium gas was 
explained as follows.  The density of gas in the 
heated side was usually lighter than that in the 
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cooled side.  The density of gas in the cooled side 
became lighter after injecting helium gas.  Mixture 
gas of air and helium gas was moved by molecular 
diffusion and very weak natural circulation. Thus the 
density difference becomes large with time elapsed, 
the natural circulation of air reproduced. 
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Fig.7 (b): Air concentration change (32.4 mL) 
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Fig.7 (c): Air concentration change (35.3 mL) 

 
The experiment has been done by changing the 

injected volume of helium gas and the temperature 
difference between both circular pipes.  Table 1 and 
Fig.8 shows the relationship between injection 
volume of helium gas and onset time of the 
reproduction of the natural circulation. The 
temperature difference was set to 40, 60 and 80K. 
The onset time of the reproduction of the natural 
circulation of air could be controlled by changing 
injected volume of helium gas.  The experimental 
results also show that the time required to molecular 
diffusion became longer with increasing of the 
injected volume, and molecular diffusion was 
promoted with increasing the temperature difference. 

The results describe as follows. The injected 
volume required to stop the natural circulation of air 
increased with increasing of the temperature 
difference.  The onset time of the reproduction of the 

natural circulation was monotonically increased with 
increasing of the injected volume.  In this study, the 
ratio to the total volume of channel was set from 
3.1% to 12.5%. 

 
Table 1: Onset time of natural circulation flow 

 ΔT
V

- - -
492 - -
860 - -
1470 - -
1960 - -
2320 810 -
2958 1200 -
3470 1520 -
3880 2018 -
4420 2320 810
4690 2767 997
5250 3250 1300
5600 3600 1890
5878 3920 2217
6318 4240 2670
6940 4610 2990
7280 4951 3280
7792 5140 3590
8030 5540 3790

41.3(7.3)

40 60

61.9(10.9)

80

17.7(3.1)
20.6(3.6)
23.6(4.2)

35.4(6.2)

64.8(11.4)
67.8(12.0)
70.7(12.5)

44.2(7.8)
47.1(8.3)
50.1(8.8)
53.0(9.4)
56.0(9.9)
58.9(10.4)

26.5(4.7)
29.5(5.2)
32.4(5.7)

38.3(6.8)
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Fig.8: Relationship between volume of injecting 
helium gas and onset time of natural circulation 

 
V. NUMERICAL ANALYSIS 

 
The numerical analysis was carried out by using 

one-dimensional code.  Assumptions of the 
numerical models are shown as follows. 
− One-dimensional laminar flow. 
− Diffusion coefficient of multicomponent gas is the 

function of temperature, pressure and mole 
fractions of each components of gas. 
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− Gas mixture obeyed the equation of state of ideal 
gas. 

Basic equations are derived as follows. 
The equation of continuity for the gas mixture:  

( ) 0=
∂

∂
+

∂
∂

x
u

t
ρρ                 (1) 

The equation of mass conservation for each gas 
species: 
( ) ( )
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The equation of momentum conservation: 
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The equation of energy conservation: 

  

( ) ( )

( )TT
A
L

x
T

x

x
Tuc

t
Tc

w
e

h

pp

−+







∂
∂

∂
∂

=

∂

∂
+

∂

∂

αλ

ρρ

         (4) 

The equation of state for the gas: 

RT
M

p ρ
=                   (5) 

The diffusion coefficients Di−m 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. 

∑ =
−

−

−
=

n

j
ji

j

i
mi

D
X

XD

1

1                
(6)

 

The angle θ is the gradient of the flow direction, 
and the angle is set to 0 when the flow is upward. x is 
the distance from the inlet of the heated pipe. f and a 
are the friction coefficient and the heat transfer 
coefficient of the each developed laminar flow 14. K 
is the loss coefficient of the inlet and outlet of the 
flow. In this study, the value of K is assumed as 1.0. 
The viscosity coefficient (μ) and the thermal 
conductivity (λ) of the multicomponent gas and the 
each component gas are provided from Wilke’s 
method and the equation of Eucken 15, 16. The density 
is calculated by the state equation 9. 

The analytical model of the reverse U-shaped 
channel which has parallel channels is shown in 
Fig.9. It simulated the condition of the experiment. 
The inside diameter of the pipe was 17mm. The 
model consisted of two vertical and one horizontal 
circular pipe. The height of the vertical part was 
about 1000mm and the length of the horizontal part 
was about 500mm. The volume of the channel was 

about 567ml. One side of the vertical pipe was 
heated and its power was 80W. The other vertical 
pipe was cooled by the water-cooled jacket. The 
temperature of the cooled pipe was kept at the water 
temperature. The length of these pipes was 500mm. 
The injection point of helium gas was 1350mm from 
the end of the heated pipe. 

The analytical area was divided into the 
staggered grid of 127 control volumes. The velocity 
was defined by the boundary surface of control 
volume. The density, temperature, mass fraction, and 
pressure were defined by the center of control 
volume. Mass conservation equation of the 
multicomponent gas and each component gas can be 
defined by the finite difference of control volume, 
and momentum conservation equation of the 
multicomponent gas can be defined by the finite 
difference of the boundary surface of the control 
volume. 
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Fig.9 Analytical model for 1D 

 
The initial condition was set as the air which was 

consisted of Nitrogen (79.1%) and the Oxygen 
(20.9%). The air was filled in the reverse U-shaped 
channel and outside. The pressure of inside and 
outside channel was the atmospheric pressure. The 
flow velocity was set to 0 on the boundary surface of 
the control volume. The wall temperature of the 
channel was set to equal to the experimental 
temperature, and the temperature distribution can be 
calculated by the linear interpolation. 

The boundary condition was set as follows. 
lxx == ,0  
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In the 1D analysis, the temperature difference 

between the vertical pipes was kept at 57K and a 
small amount of helium gas (32.4ml; injected 
volume of helium gas was about 5.7% of the total 
volume of the channel.) was injected at 0 sec. The 
natural circulation of the air was continued before 
injection. The velocity change of the natural 
circulation flow in the channel is shown in Fig.10. 
The velocity decreased immediately after injecting 
helium gas. After about 1800 seconds elapsed in 
analysis and 1140 seconds elapsed in the experiment, 
the velocity increased. Until reproducing natural 
circulation, the very weak natural circulation was 
observed in this analysis after injecting helium gas. 
The velocity of the very weak natural circulation was 
5×10-4~ 4.7×10-3m/s. 
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Fig.10 Velocity change 
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Fig.11 Distribution of mole fraction of helium gas 

 
Duration time of the molecular diffusion and the 

very weak natural circulation in the 1-D analysis is 
longer than the one of the experiment.  The velocity 
of the ordinary natural circulation in the analysis is 

also larger than that in the experiment. 
 

The distribution of the mole fraction of helium 
gas along the pipe by the analysis was shown in 
Fig.11. At 0 second, the mole fraction of helium gas 
was 1 in the injection point. Helium gas will diffuse 
and move by the very weak natural circulation.  

The onset time of natural circulation flow was 
also obtained by a commercially available analysis 
code PHOENICS.  Figure 12 shows an analytical 
model of the reverse U-shaped circular channel.  The 
heated and water cooled walls were given a constant 
heat flux.  Boundary condition of another wall is set 
to adiabatic.  The physical properties of the solid 
took the temperature dependence into consideration. 
The physical properties of the fluid took the 
temperature and pressure dependence into 
consideration.  The number of the calculation cells 
was 86x14x78 = 0.85 million. Though the 
PHOENICS could use the k-ε (KECHEN) 
turbulence model, we did not use the model in the 
analysis. This was because the analysis condition 
was the laminar flow region. 
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Fig.12 Analytical model for 3D 

 
In the 3-D analysis, the temperature difference 

between the vertical pipes was kept at 57K and a 
small amount of helium gas (32.4ml; injected 
volume of helium gas was about 5.7% of the total 
volume of the channel.) was injected at 0 sec. The 
natural circulation of the air was continued before 
injection. The velocity change of the natural 
circulation flow in the channel is shown in Fig.13. 
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The velocity decreased immediately after injecting 
helium gas. After 1230 seconds elapsed in analysis 
and 1140 seconds elapsed in the experiment, the 
velocity increased. Until reproducing natural 
circulation, the very weak natural circulation was 
observed in this analysis after injecting helium gas. 
The velocity of the very weak natural circulation was 
the order of 1×10-4~ 1×10-3m/s. 

Duration time of the molecular diffusion and the 
very weak natural circulation in the three-
dimensional analysis is in good agreement with the 
one of the experiment. The velocity of the ordinary 
natural circulation in the analysis is also in good 
agreement with the one in the experiment. 
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Fig.13 Velocity change 

 
The distribution of the mole fraction of helium 

gas along the pipe by the 3D analysis was shown in 
Fig.14. Helium gas will diffuse and move by the very 
weak natural circulation. 
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Fig.14 Distribution of mole fraction of helium gas 

 
Figure 15 shows a contour line of the mole 

fraction of helium gas. Helium gas moved from the 
injection point to the cooled side of the reverse U-
shaped pipe. 

 

 
Fig. 15 Contour line of mole fraction of helium gas 

 
 

VI. CONCLUTION 
 
In order to investigate a mixing process of two 

component gases with molecular diffusion and 
natural circulation in the reverse U-shaped channel, 
the experiment and the numerical analysis by 1D and 
3D were carried out.  The conclusions are obtained 
as follows: 
 
(1) The velocity of the natural circulation of air can 

be decreased by injecting helium gas into the top 
of the channel. 

(2) Until the ordinary natural circulation of air 
reproducing, each component gas move by the 
molecular diffusion and the very weak natural 
circulation after injecting helium gas. 

(3) The results of the 3-D numerical analysis were in 
good agreement with the experimental ones.  

(4) The onset time of the reproduction of the natural 
circulation flow was monotonically increased 
with the increase of the injection volume.  

(5) It was found that the ordinary natural circulation 
of air can be controlled by injecting a small 
amount of helium gas. 

(6) If this method will be established for the VHTR, 
the large amount of air ingress into the reactor 
can be prevented in the primary-pipe rupture 
accident. 
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