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ABSTRACT 
 

As a part of severe accident researches for sodium-cooled fast reactors (SFR), various experiments 
on sodium-concrete reaction (SCR) have been carried out in the several countries.  Most of the 
experiments have been conducted under inert atmosphere conditions, and the data on concrete 
ablation, hydrogen generation rate, and aerosol release rate etc. have been obtained.  On the other 
hand, the SCR under oxygen-existing conditions has become of major interest recently.  In this 
case, as sodium-combustion heat plays an important role of the ignition energy, it is expected that 
hydrogen itself burns at the sodium pool surface.  Since hydrogen, which is originally generated by 
the reaction of the sodium and water in the concrete, burns and returns to water again, this 
phenomenon is called “hydrogen recombination”.  In addition, the ratio that hydrogen is burnt (or 
consumed) at the sodium pool surface is called “hydrogen recombination ratio”. 
We conducted an experiment in order to clarify the hydrogen recombination phenomenon in this 
study.  In the experiment, sodium (about 25 grams) was heated up to about 500 degrees Celsius 
(deg-C).  After that, mixed gas (nitrogen-oxygen) was injected in the atmosphere, and gaseous 
hydrogen was injected in the sodium pool to simulate the hydrogen evolution due to the SCR.  
While changing oxygen concentration in the atmosphere as an experimental parameter, relationship 
between the hydrogen recombination ratio and the oxygen concentration was investigated. 
As a result, it was found that the hydrogen recombination ratio increased with the increase of the 
oxygen concentration in the atmosphere.  This means that when the oxygen exists in the room 
where the SCR occurs, hydrogen is consumed at the recombination ratio corresponding to the 
oxygen concentration.  That is, it can be expected that build-up of hydrogen is reduced by this 
hydrogen recombination. 

 
 
 
1. INTRODUCTION 
 
When sodium used as a coolant in the SFR would 
contact with structural concrete, a combustible 
hydrogen gas might be generated by reaction to water 
mainly contained in the concrete, which accompanied 
concrete erosion and aerosol generation.  Consequently 
in most of the SFRs, a steel liner is installed as a 
countermeasure for the sodium leakage in order to 
prevent contact between sodium and concrete.  
However, in order to pursue further safety for the SFRs, 
it is important to grasp detailed behavior of the SCR.  
In particular, behavior of hydrogen generated by the 
SCR is one of the main causes to influence soundness of 
containment buildings, and this is also very important 
from a point of view of level-2 PSA (probabilistic safety 
assessment) for the SFRs. 
Regarding the SCR study, though various experiments 
have been carried out in the inert atmosphere condition 

[1,2], there are only few experiments conducted under 
oxygen-existing conditions.  In the latter case, it is 
thought that sodium can burn and this combustion heat 
works as ignition energy for hydrogen burning around 
the sodium liquid surface.  We call this phenomenon 
“hydrogen recombination” (see section 2.2). 
A Japan sodium-cooled fast reactor (JSFR) prevents the 
sodium leakage by applying double pipes to sodium 
piping systems.  Accordingly, atmosphere in the 
primary system is designed to be not inert but air 
atmosphere.  Therefore, if we assume the SCR as an 
accident in the JSFR, the hydrogen recombination might 
occur. 
In this study, we investigated effect on the hydrogen 
recombination phenomenon in the case of changing the 
oxygen concentration in the atmosphere. 
The hydrogen behavior during the SFR’s severe 
accidents can be more appropriately evaluated from this 
study.  In addition, it will be also possible to contribute 



to validity evaluation of some countermeasures for the 
hydrogen burning. 
 
 
2. HYDROGEN BEHAVIOR IN SFR ACCIDENT 
2.1 Hydrogen Generation due to SCR 
 
One of the events that may threaten soundness of the 
containment buildings in the SFR is hydrogen 
combustion.  A main cause of this hydrogen generation 
is the SCR and previous studies revealed various 
features of the SCR [1,2].  For example, reaction 
between silica (SiO2) concrete and sodium occurs 
through following two steps.  First, reaction between 
sodium and water in concrete generates NaOH and 
hydrogen, and then reaction between NaOH and SiO2 
promotes the concrete erosion (equations 1 and 2). 
 

Na + H2O → NaOH + 0.5H2  (1) 
2NaOH + SiO2 → Na2SiO3 + H2O  (2) 

 
2.2 Hydrogen Recombination Phenomenon 
 
Hydrogen generated by the SCR is directly released to 
the atmosphere without any reactions if the atmosphere 
is in an inert condition.  If oxygen exists in the 
atmosphere, however, sodium can burn and this 
combustion heat of the sodium works as ignition 
energy; as a result, hydrogen burns around the sodium 
liquid surface (see Figure 1).  Since hydrogen 
generated by reaction between sodium and water in the 
concrete returns to water again, this phenomenon is 
called hydrogen recombination: 
 

H2 + 0.5O2 → H2O   (3) 
 
In addition, the combustion rate of hydrogen there is 
called hydrogen recombination rate F, and defined by 
the equation (4).  Some obtained data say that F is 
larger than 90% in the case of air atmosphere [3]. 
 

F = [amount of H2 consumed at Na surface] 
/ [amount of suplying H2]  (4) 

 
 
3. EXPERIMENT 
3.1 Experimental Method 
 
The experimental apparatus used by this study is shown 
in Figure 2.  In this experiment the sodium and the 
concrete were not actually reacted, but this reaction was 
simulated by supplying hydrogen gas into the sodium 
pool. 
First, sodium (about 25 grams) in a small steel vessel 
was heated up to about 500 deg-C under the nitrogen 
condition.  After that, mixed gas (nitrogen-oxygen) 
was injected in the atmosphere, and hydrogen gas was 
injected in the sodium pool.  During the experiment, 
the state of combustion of sodium and hydrogen was 
observed, and several measurements were made such as 
temperature changes in each place, the hydrogen and 
oxygen concentration and so on.  For safety, the 
hydrogen concentration was always monitored by online.  

Besides, the gas inside the apparatus was sampled three 
times (as a principle, 3, 6 and 9 minutes) to be 
accurately analyzed for the hydrogen and oxygen gas 
concentrations by gas chromatography after the 
experiment. 
After experimental time (10 minutes) passage, the 
sodium heating and the gases supplying were stopped 
and the apparatus was cooled by natural air cooling.  
Finally, some reaction products were sampled for a 
chemical analysis. 
 
3.2 Experimental Condition 
 
Table 1 shows experimental conditions.  The reasons 
for determining the main experimental conditions are 
explained below. 
 
(1) Flow Rate of Supplying Hydrogen Gas 
A flow rate of the hydrogen gas supplied into the 
sodium pool was set at 0.1 L/min.  This was 
determined in order to simulate an average behavior of 
the SCR. 
 
(2) Flow Rate of Supplying Mixture Gas 
A flow rate of the mixture gas (nitrogen-oxygen) 
supplied into the experimental apparatus was set at 
5L/min.  This was determined in order to maintain the 
hydrogen gas concentration inside the apparatus to be 
less than half of the lower combustible concentration 
(4%) of the hydrogen gas.  Oxygen concentrations in 
the mixture gas were changed in the range of about 2-
21% and we performed 6 experiments simulating the 
SCR. 
 
(3) Experimental Duration 
The duration of the experiment was determined to be 10 
minutes so that we can carry out observations of a stable 
state of combustion and gas samplings of 3 times 
appropriately, based on the results of preliminary 
experiments 
 
(4) Bubbling Gas Condition 
For reference, we also conducted experiments that both 
nitrogen and no gas were supplied into the sodium pool 
instead of the hydrogen gas. 
 
 
4. RESULTS 
4.1 Burning Behavior 
 
Figures 3 to 6 are photographs taken inside the 
apparatus during or after Exp. 1 and Exp. 2.  Both 
experiments were carried out under the air-atmospheric 
condition.  Exp. 1 was in case without the hydrogen 
gas bubbling, and Exp. 2 was in case with the hydrogen 
gas bubbling. 
 
(1) Exp. 1 (without hydrogen gas bubbling) 
Figure 3 is a photograph taken 1.5 minutes after Exp. 1 
started.  Sodium began to burn immediately, and a 
large amount of white smoke (sodium oxide aerosol) 
was generated by the sodium pool fire.  Here, orange 
flame, its height was less than 1 centimeter was seen on 



the sodium pool surface.  Consequently the inside of 
the experimental apparatus became invisible in a short 
time.  However, the reaction product crept up sidewalls 
of the steel vessel and covered the sodium pool surface 
to stop the sodium fire after a while.  Accordingly, the 
generation of the white smoke also stopped, and the 
inside of the apparatus became visible gradually. 
Figure 4 is taken after the Exp. 1 and shows that a large 
amount of the white reaction product accumulated in the 
apparatus, especially around the steel vessel. 
 
(2) Exp. 2 (with hydrogen gas bubbling) 
Figure 5 is a photograph taken about 50 seconds after 
Exp. 2 started.  Although the white smoke was also 
started to be generated by the sodium pool fire right 
after the Exp. 2 began, its amount was clearly smaller 
than that in the Exp. 1.  Furthermore, yellow flame, its 
height was about few centimeters, was seen on the 
sodium surface, and this flame existed stably during the 
experiment.  It was unambiguously different from the 
flame in the Exp. 1, and we can conclude that it had 
been generated by hydrogen combustion (hydrogen 
recombination).  In addition, the inside of the 
apparatus during the experiment had been satisfactorily 
visible because there was only little generation of the 
white smoke itself and because this white smoke was 
likely to react with steam generated by the hydrogen 
recombination.  This also agreed with the fact that the 
reaction product was hardly accumulated in the 
apparatus after the Exp. 2 (see Figure 6). 
 
(3) Other Experiments (under low-oxygen condition) 
When the oxygen concentration was getting low and 
there was no bubbling gas, sodium burned mildly and 
generation rate of the white smoke (sodium oxide 
aerosol) became slower.  However, burning duration 
time became longer because there was no combustion 
inhibition due to accumulation of the reaction product 
which was seen in the air atmosphere conditions (Exp. 
1). 
On the other hand, in case with the hydrogen gas 
bubbling, overall fire behavior including the hydrogen 
recombination became milder with the decrease in the 
oxygen concentration.  The existing time of the yellow 
flame that was seen in the air atmosphere conditions 
(Exp. 2) became shorter and this flame became rarely 
observed when the oxygen concentration got less than 
8 %. 
 
4.2 Temperature Result 
 
Figures 7 to 10 show temperature histories in each 
experiment.  It's explained below about each result. 
 
(1) Exp. 2 (O2 21%, with H2 bubbling): Fig. 7 
From Figure 7, it is found the temperature of each part 
rapidly rose with the start of the Exp. 2.  The sodium 
temperature rose to 520 deg-C and the gas (20 mm 
above the sodium pool surface) temperature became 
approximately 600 deg-C at the maximum.  The longer 
the distance from the sodium surface was, the lower the 
gas temperature became, but the gas temperatures 
stayed at almost the same level all through the 

experiment to suggest the stable existence of the yellow 
flame (its height was about few centimeters) due to the 
hydrogen recombination. 
 
(2) Exp. 1 (O2 21%, without H2 bubbling): Fig. 8 
From Figure 8, in the same manner as the Exp. 2, it is 
found the temperature of each part rapidly rose right 
after the start of the Exp. 1, and the gas temperature at 
20 mm above the sodium pool surface reached 600 deg-
C within one minute.  However, as soon as it reached a 
peak, it started to decline rapidly.  This is because the 
grown-up reaction products covered the sodium pool 
surface and thus the sodium ceased to burn.  This was 
consistent with the above-mentioned result of the 
burning behavior. 
 
(3) Exp. 3 (O2 2%, without H2 bubbling): Fig. 10 
A tendency of the gas temperature in the vicinity of the 
sodium surface to rise slightly during the experiment is 
seen in Figure 10.  This agrees with the former 
knowledge which only oxidative reaction proceeds at 
the sodium surface without generating a flame for the 
sodium fire in an oxygen concentration less than 
approximately 5%. 
 
(4) Exp. 4 (O2 2%, with H2 bubbling): Fig. 9 
In the case with the hydrogen bubbling, in a similar 
manner, the gas temperature in the vicinity of the 
sodium surface rose, and was approximately 50 deg-C 
higher compared to the result in the Exp. 3.  This is 
considered to be due to the hydrogen recombination 
which is described in the following. 
 
4.3 Result of Oxygen Consumption Rate 
 
Result of the oxygen consumption rates in all the cases 
is shown in Figure 11.  Here, these rates were 
calculated from the input/output difference of oxygen 
measured by gas chromatography.  For each 
breakdown in the case of the hydrogen recombination, 
the hydrogen consumption rate was calculated from the 
input/output difference of hydrogen measured by the gas 
chromatography and half of this rate was taken to be the 
oxygen consumption rate due to hydrogen 
recombination, and the difference between the total rate 
of oxygen consumption and the rate due to hydrogen 
recombination was taken to be the oxygen consumption 
rate due to the sodium fire.  For reference, the former 
conventional result [4] concerning sodium pool fire 
under the air condition is also shown along with these 
results in the Figure 11.  The following is understood 
from this figure. 
 

- In all cases, the oxygen consumption rate was also 
increased with increase in the oxygen concentration. 

- In case of the hydrogen recombination, slight 
scattering was observed in the experimental results, 
but it was found that the oxygen consumption rate 
due to the hydrogen recombination was almost the 
same as that due to the sodium fire. 

- In case without the hydrogen bubbling, focusing on 
the sodium fire, there was a tendency that the oxygen 



consumption rate increased in case with nitrogen 
bubbling under a low oxygen concentration (O2 2%), 
whereas it increased in case without nitrogen 
bubbling under a high oxygen concentration (O2 
21%).  We think this reason was because an increase 
of the reaction area (area of the sodium pool surface) 
by nitrogen bubbling became more effective at O2 2%, 
while fire extinguishing by nitrogen became more 
effective at O2 21%. 

- Focusing on the sodium fire under the air condition, 
the value of the oxygen consumption rate of the 
sodium pool fire in this experiment was found to be 
greater than that of other experiments.  This is due 
to the fact that air was supplied to the atmosphere in 
this experiment. 

 
4.4 Result of Hydrogen Recombination Ratio 
 
Figure 12 shows the result of summarizing the 
relationship between the hydrogen recombination ratio 
and the oxygen concentration.  Chemical equilibrium 
calculation results mentioned later (see 5. section) are 
also plotted in the Figure 12. 
From the Figure 12, it was found that the hydrogen 
recombination ratio, indicated as F, increased with the 
increase of the oxygen concentration.  For example, 
when the oxygen concentration is 2 %, the hydrogen 
recombination rate becomes approximately 0.1, and 
when the oxygen concentration is 21 %, F becomes 
approximately 0.9.  In other words, in the latter case, 
approximately 90 % of hydrogen burns at the sodium 
surface and the rest approximately 10% moves to the 
atmosphere and can cause the accumulation and 
combustion of hydrogen.  In addition, even when the 
oxygen concentration is 2%, approximately 10% of 
hydrogen burns and causes the rise in temperature as 
described previously. 
Further, it's discussed in 5.2.2 section about this relation 
between the hydrogen recombination and oxygen 
concentration. 
 
4.5 Chemical Analysis Result of Reaction Product 
 
Table 2 shows the result of chemical analysis of reaction 
products collected after the experiment.  This table 
indicates the followings: 
 

- In the case without the hydrogen gas bubbling, a 
main reaction product generated by sodium fire was 
sodium oxide (Na2O), and the generation of sodium 
peroxide (Na2O2) increased with a higher oxygen 
concentration.  This consists with conventional 
results. 

- In the case with the hydrogen bubbling, the amount 
of sodium hydroxide (NaOH) increased relatively 
compared to when there was no gas bubbling, and on 
the contrary, the amount of sodium oxide products 
(Na2O and Na2O2) decreased.  This was because the 
sodium oxide reacted to the water vapor which 
occurred by the hydrogen recombination. 

 
Na2O + H2O → 2NaOH   (5) 

Na2O2 + H2O → 2NaOH + 0.5O2  (6) 
 
 
5. DISCUSSION 
5.1 Calculation Condition 
 
Although hydrogen recombination is a transient 
phenomenon, we conducted a calculation in which 
chemical equilibrium was assumed to be formed at the 
reaction interface in order to examine the hydrogen 
recombination.  Here, it was calculated using the 
equilibrium calculation soft “gem” which attached to 
thermodynamic database “MALT2” [5].  The 
calculation conditions were decided as below 
considering the experimental details. 
 

- A Gibbs mode (constant pressure condition: 1atm) 
was used. 

- The calculation temperature range was set to 300K-
1500K. 

- Na, O, H and N were considered as an element. 
- For example, in the case of O2 21%, initial mass (the 

number of moles) of each element was given in Table 
3.  Here, we regarded the amount of the hydrogen as 
the standard (1 mol) and decided about the mass of 
the O2 (5L/min×10min×0.21=10.5L), N2, H2 
(0.1L/min×10min=1.0L) and Na (25g=1.1mol), 
respectively. 

- 6 cases were calculated as shown in Table 4, while 
changing oxygen concentration as a calculation 
parameter. 

 
5.2 Calculation Result and Discussion 
 
From the above 6 calculations, it was found that 
chemical reactions were different between oxygen 
concentrations less than 12% and more than 16%.  The 
results for low and high oxygen concentrations are 
shown in Figures 13 (O2 2%) and 14 (O2 21%) as the 
examples of each case.  It's explained below about 
these results. 
 
5.2.1 Reaction Product and Reaction Mechanism 
 
For reference, a standard Gibbs energy change (ΔG) in 
each reaction is shown in Figure 15.  From this figure, 
we can find that the absolute value of ΔG for the 
reactions Na2O-H2 and Na-NaOH is smaller than that 
for the reaction Na-O2 or H2-O2 and it is thought that the 
former reactions are difficult to occur in this whole 
system.  Therefore, it is assumed that the main 
reactions are the latter ones and the discussion will be 
conducted with a focus on the latter reactions. 
 
(1) O2 < 12% 

1) T < about 300 deg-C 
All H2 and O2 are reacted/consumed, and NaH and 
Na2O are formed.  When about 200 deg-C is 
exceeded, generation of NaH is being decreased 
gradually and it isn't formed any more by about 300 
deg-C.  Hence, when about 300 deg-C is exceeded, 
all H2 remains without reaction.  Taking the case of 



calculation 1 (O2 2%), the following chemical 
reactions occur in case of less than about 200 deg-C.  
Therefore, 6 moles of Na react and 19 moles remain. 

 
4Na + O2  = 2Na2O 
2Na + H2  = 2NaH 
―――――――――――――――――――― 
6Na + O2 + H2  = 2Na2O + 2NaH (7) 

 
2) about 330 deg-C < T < about 700 deg-C 
All H2 remains without reacting, and O2 reacts to Na, 
and Na2O is formed.  Taking the case of calculation 
1 (O2 2%), the following chemical reaction occurs.  
Therefore, 4 moles of Na react and 21 moles remain.  
As the temperature rises in Na, Na(g) and Na2(g) 
generate. 

 
4Na + O2  = 2Na2O  (8) 
 

3) about 700 deg-C < T 
The Na2O generation begins to decrease, and 
remaining H2 begins to react to O2.  Because 
NaOH begins to form, it is found that O2 spent for 
Na2O generation up to that is spent for NaOH 
generation.  Taking the case of calculation 1 (O2 
2%), the following chemical reactions occur in case 
of more than about 1000 deg-C.  Therefore, only 
NaOH forms, and 2 moles of Na react and 23 moles 
remain. 

 
2Na + 0.5O2  = Na2O 
H2 + 0.5O2  = H2O 
Na2O + H2O  = 2NaOH 
―――――――――――――――――――― 
2Na + O2 + H2  = 2NaOH  (9) 

 
(2) 16% < O2 

1) T < about 630 deg-C 
All Na, H2 and O2 are reacted, and Na2O, Na2O2 and 
NaOH are formed.  From Figure 15, it is assumed 
that NaOH is formed by the reaction Na2O and H2O.  
Taking the case of calculation 6 (O2 21%), the 
following chemical reactions occur. 

 
15Na + 7.5O2  = 7.5Na2O2 
10Na + 2.5O2  = 5Na2O 
H2 + 0.5O2  = H2O 
Na2O + H2O  = 2NaOH 
―――――――――――――――――――― 
25Na + 10.5O2 + H2  =7.5Na2O2+4Na2O+2NaOH 
    (10) 
 

2) about 630 deg-C < T 
All Na and H2 are reacted, but as the temperature 
rises, some O2 begins to remain.  On the other hand, 
the Na2O2 generation begins to decrease, and it'll 
become a zero at about 900 deg-C.  Taking the case 
of calculation 6 (O2 21%), the following chemical 
reactions occur in case of more than about 900 deg-
C.  Therefore, 6.75 moles of O2 react and 3.75 
moles remain. 

 

25Na + 6.25O2  = 12.5Na2O 
H2 + 0.5O2  = H2O 
Na2O + H2O  = 2NaOH 
―――――――――――――――――――― 
25Na + 6.75O2 + H2  =11.5Na2O+2NaOH (11) 

 
These results were obtained only from equilibrium 
calculation and should be thought to be sample results 
from the fact that much amount of sodium was 
remained with no reactions in the experiments with the 
oxygen concentration of 16% or more.  However, these 
results almost consist with the experimental results of 
chemical analysis on the reaction products, and it is 
presumed that these reactions actually occurred. 
 
5.2.2 Hydrogen Recombination Ratio 
 
We have obtained hydrogen recombination rate F at 527, 
827 and 1027 deg-C from results of chemical 
equilibrium calculations and added in Figure 12.  This 
figure shows that F tends to increase with oxygen 
concentration similarly to the experimental results. In 
addition, it also shows that F is strongly influenced by 
reaction interface temperature T.  Here, the reaction 
interface temperature is equivalent to flame temperature 
of the sodium pool fire.  It's considered from the 
viewpoint of the actual phenomenon about this. 
First we think about the reaction interface temperature T. 
Regarding the sodium pool fire at low oxygen 
concentration; it is known that, when oxygen 
concentration is less than approximately 5%, flame is 
not generated but oxidation reaction proceeds only on 
the sodium surface.  Here, while T is more than 1000 
deg-C in air atmosphere, it is not so different from 
temperature of sodium pool itself at low oxygen 
concentration.  To our knowledge, T has never actually 
measured at low oxygen concentration, but such 
findings have been obtained as results of other 
calculations [6].  We consider that this tendency of T in 
relation to oxygen concentration does not change also in 
combustion behavior in the case of hydrogen bubbling 
in the sodium pool. 
From the results above, we conclude that the reason 
why hydrogen recombination rate is small at low 
oxygen concentration and increases with oxygen 
concentration is that the increase of reaction interface 
temperature provides more activation energy for 
hydrogen recombination. 
 
 
6. CONCLUSIONS 
 
In this study, we conducted a hydrogen recombination 
experiment which simulated the SCR behavior under an 
oxygen-existing condition and investigated a 
relationship between the oxygen concentration in the 
atmosphere and the hydrogen recombination ratio.  
The following conclusions were obtained. 
 

- It was found that the hydrogen recombination ratio 
increased with an increase of the oxygen 
concentration in the atmosphere.  We assumed that 
this was because the reaction interface temperature 



rose with an increase of the oxygen concentration, 
and more activation energy for hydrogen 
recombination was given in case of the high oxygen 
concentration.  Therefore, when the oxygen exists in 
the room where the SCR occurs, hydrogen is 
consumed at the recombination ratio corresponding 
to the oxygen concentration.  That is, it can be 
expected that build-up of hydrogen is reduced by this 
hydrogen recombination. 

- When hydrogen recombination occurs, the sodium 
combustion rate falls to itself and also decreases 
generation of a sodium aerosol as a result. 

- Most of the sodium aerosol reacts to the water vapor 
which occurred by the hydrogen recombination and 
changes into NaOH finally. 

- Chemical equilibrium calculation was performed and 
it was confirmed that the above mentioned result was 
proper qualitatively from a chemical thermodynamics 
point of view. 

 
We will investigate the influence of sodium pool 
temperature and hydrogen supplying rate on the 
hydrogen recombination, and plan to clarify this 
phenomenon quantitatively. 
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Table 1  Experimental Conditions 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Table 2  Chemical Analysis of Reaction Products 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3  Initial Mass of Each Gas in O2=21% Case for MALT-gem Calculation 
 
 
 
 
 
 
 
 
 
 

Table 4  Calculational Cases using MALT-gem 
 
 
 
 
 
 
 
 
 
 
 
 

1 Supplying Flow Rate of Bubbling Gas (L/min) 0.1 

2 Supplying Flow Rate of Mixture Gas (L/min) 5 

3 Na Mass (g) 25 
4 Na Temperature (deg-C) 500 
5 Gas Supplying Time (min) 10 
6 Gas Sampling Time (min) 3, 6, 9 
7 Pressure (MPa) 0.1 
8 Bubbling Gas Hydrogen (H2) or None 

None H2 None H2 
9 O2 Concentration in Mixture Gas (%) 2～21 

21 21 2 2 
 Experiment No. Exp.1 Exp.2 Exp.3 Exp.4 

none ＋＋＋＋ ＋＋ ＋ －

H2 ＋＋＋ － ＋＋ ＋

none ＋＋＋＋ ＋＋ ＋ －

H2 ＋ － ＋＋＋＋ －

none ＋＋＋＋ － ＋＋ －

H2

21

11

2

Bubbling
Gas

O2 Conc.

（%）

No Reaction Products can be collected.

Na2O Na2O2 NaOH NaH

O2

Conc.

O2

Supply

H2

Supply

Initial mole

(O2/N2/H2/Na)

21%
10.5 liter
(0.47 mol)

1.0 liter
(0.045 mol)

10.5/40.0/1.0/25.0 mol

Na N2 H2 O2 excluding H2 iucluding H2

1 1.0 2.4 2.4
2 2.5 5.9 5.8
3 4.0 9.1 8.9
4 5.5 12.1 11.8
5 7.5 15.8 15.5
6 10.5 20.8 20.4

Case
Mole of Reactant (mol)

25 40

O2 Concentration (mol %)

1



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1  Hydrogen-Recombination Phenomenon 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2  Experimental Apparatus 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3  O2=21%, Without Gas Bubbling, 
During Exp. 1 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4  O2=21%, Without Gas Bubbling, 
After Exp. 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5  O2=21%, H2 Gas Bubbling, 
During Exp. 2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6  O2=21%, H2 Gas Bubbling, 
After Exp. 2 
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Figure 7  T emperature Histories in Case of 

O2=21% with H2 Gas Bubbling (Exp. 2) 
 
 

 
Figure 8  Temperature Histories in Case of 

O2=21% without Gas Bubbling (Exp. 1) 
 
 

 
Figure 9  Temperature Histories in Case of 

O2=2% with H2 Gas Bubbling (Exp. 4) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10  Temperature Histories in Case of 
O2=2% without Gas Bubbling (Exp. 3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11  O2 Consumption Rate estimated from 
Each Experiment 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12  Relationship between O2 Concentration 
and H2-Recombination Ratio comparing with 

MALT-gem Calculations 
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Figure 13  Calculational Result under Low-O2 
Concentration (2%) from MALT-gem 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14  Calculational Result under High-O2 
Concentration (21%) from MALT-gem 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15 (a)  Change of Gibbs Energy 
in Each Reaction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15 (b)  Change of Gibbs Energy 
in Each Reaction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


