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a b s t r a c t

Reaction behavior of carbon dioxide (CO2) with a liquid sodium pool was experimentally investigated to
understand the consequences of boundary tube failure in a sodium–CO2 heat exchanger. In this study,
two kinds of experiments were carried out to investigate the reaction behavior.

In one experiment, about 1–5 g of liquid sodium pool were poured into flowing CO2 to obtain the
information mainly about the thermo-chemical conditions to initiate the reaction and the chemical con-
stituents of reaction products. During the experiment, visual observation was made using video-camera
and the temperature change of the sodium pool and near the surface was measured by thermocouples.
The experimental parameters were the sodium pool diameter, the initial temperature of sodium and
CO2, the CO2 flow direction against pool surface, and the initial moisture concentration in CO2. The solid
products of sodium–CO2 reaction were sampled and analyzed by X-ray diffraction (XRD), energy disper-
sion X-ray analysis (EDX), total organic carbon analysis (TOC), and chemical analysis. The reaction gas
products were also sampled and analyzed by gas chromatography.

In the other experiment, CO2 was injected into about 200 g of liquid sodium pool to simulate the bound-
ary failure in the sodium–CO2 heat exchanger. The CO2 was fed through a helical coil-type tube dipped
into the pool to adjust the temperature to the sodium pool temperature, and injected upward into the
pool from a pool bottom using a nozzle attached at the end-side of the tube. The experimental parameters
were the initial temperature of sodium, the diameter of the nozzle, the flow rate and the injection time of

CO2. The temperature change of sodium pool and the cover gas was measured by thermocouples during
the experiment, and the reaction products were sampled and analyzed by the same manner as in the
former experiments after the experiment.

From these experiments, it became clear that the exothermic reaction occurred above a threshold
temperature, and useful and indispensable information such as the resulting temperature and pressure

olid r
incide
rise and the behavior of s
of boundary tube failure

. Introduction

The sodium-cooled fast reactors have been developed as a

andidate of next generation nuclear power plants in many coun-
ries since 1950s, and current designs involve an intermediate
oop of sodium coupled to a Rankine-power cycle with water
nd steam as the working fluid for turbine. In this design, if

∗ Corresponding author at: FBR Plant Engineering Center, Japan Atomic Energy
gency, 1 Shiraki, Tsuruga, Fukui 919-1279, Japan. Tel.: +81 770 39 1031;

ax: +81 770 39 9228.
E-mail addresses: miyahara.shinya@jaea.go.jp (S. Miyahara),

shikawa.hiroyasu@jaea.go.jp (H. Ishikawa), yyoshiza@nr.titech.ac.jp
Y. Yoshizawa).

029-5493/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.nucengdes.2010.08.006
eaction products in the pool was obtained to evaluate the consequences
nt in a sodium–CO2 heat exchanger.

© 2010 Elsevier B.V. All rights reserved.

the failure of boundary wall between sodium and water/steam
occurs in the steam generator, the high pressure water/steam leaks
into the sodium and a so-called sodium–water reaction would
take place in the steam generator resulting in the formation of
combustible hydrogen gas and exothermic energy release. More-
over, the damage of the structure surface adjacent to the leak
position would result in sequent damage propagation. Due to
the high temperature and corrosive reaction jet which contains
sodium hydroxide (NaOH) of the sodium–water reaction prod-
uct. To avoid such a sodium–water reaction accident, some kinds

of leak detection system using hydrogen monitors and pressure
gauges are introduced in the steam generator, and the sodium
coolant system using a rupture disk are well designed to release
a pressure build-up due to hydrogen accumulation. As the results,
the sodium–water reaction accident could be terminated safely
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y blowing-out the water/steam from the steam generator (Hori,
980).

Recently, an innovative design concept employing supercriti-
al carbon dioxide (s-CO2) Brayton cycle for the energy conversion
ystem has been studied because of its high energy conversion
fficiency (more than 40%) and the potential compactness of the
omponents and systems such as heat exchangers, small-sized
urbo machinery system and eliminating the intermediate loop of
odium (Latge et al., 2005; Kato et al., 2005). The proposed con-
ept is very attractive because this new concept has superiority
ree from an essential risk of the above mentioned sodium–water
eaction (Ohyama et al., 2007). Nevertheless, when the boundary
etween the primary coolant sodium and s-CO2 in a heat exchanger
HX) is breached, it is presumed that the high pressure CO2 will leak
nto the relatively low pressure liquid sodium with the tempera-
ure of around 500 ◦C and the leaked CO2 reacts with sodium to form
a2CO3 and free carbon. The past studies about the reaction char-
cteristics between alkali metals and CO2 had been summarized
ell by Foust (1978). However, to evaluate the consequences of this

oundary failure incident, an available experimental information
bout the chemical and thermal effects due to the reaction of CO2
ith the sodium is limited (Ishikawa et al., 2005; Choi et al., 2006).

n this study, the fundamental experiments were carried out at the
rst step to investigate the reaction behavior of CO2 with liquid
odium from the view-point of thermo-chemistry and reaction pro-
ess. At the second step, demonstration experiments which simu-
ate the incident of CO2 leakage in HX were conducted to investigate
he effect of reaction heat and pressure rise on the integrity of HX.

. Experiments

.1. Fundamental experiments for reaction behavior
.1.1. Apparatus
The test apparatus used in the fundamental experiments is illus-

rated in Fig. 1. The apparatus consists of a gas supply system, a main
essel and a gas exhaust system.

Fig. 1. Apparatus for fundamental experiments.
Fig. 2. Location of thermocouples in fundamental experiments.

The main vessel is made of stainless steel type-304, and the
height and the outer diameter of the vessel are 600 and 100 mm,
respectively. In the vessel, a heating block is installed at the cen-
ter portion to heat a sodium tray on the block up to the maximum
temperature of 650 ◦C. The two types of sodium tray with inner
diameter of 16 and 32 mm were used in the experiments. The depth
of the tray was 8 mm in both. The thermocouples are arranged
around the sodium tray to measure the temperature change of
sodium pool and near the surface. Fig. 2 shows the location of ther-
mocouples. The main vessel has 4 windows in each 90◦ direction
around the diameter. One window is used as the port for the gas
supplying lines and the rest, with quartz glasses, for visual obser-
vation.

The gas supply system has two supplying lines. One is used for
main gas supplying from the bottom inlet of the vessel to make
an upward flow in the vessel and a parallel flow against a sodium
pool in a tray. This main gas supplying line has a steam generator
to add moisture to CO2. The other is used for sub-supplying line
from a window port of the vessel to supply CO2 onto the sodium
pool surface directly as a counter flow. The maximum temperature
of supplying gas is 260 ◦C in main supplying line and 610 ◦C in sub-
supplying line, respectively.

The gas exhaust system is connected to the roof of the vessel.
The system has a HEPA (high efficiency particulate air) filter and the
suction-type exhaust gas sampling bottles. The gas from the vessel
can be exhausted to atmosphere through the filter.

2.1.2. Experimental procedure
The temperature of sodium in a tray was heated under nitrogen

gas flow up to more than 600 ◦C to make a clean surface of sodium
metal by sinking a thin oxide film from the surface into the sodium
pool and then adjusted to the experimental temperature. Then the
flowing gas was changed to CO2, the sodium pool in the tray was
poured into flowing CO2. During the experiments, visual observa-
tion was made using video-camera and the temperature change
of sodium pool and near the surface was measured by thermocou-
ples. The exhaust gas was sampled using the suction-type sampling
bottles in the gas exhaust system.

After the experiments, the solid products of the Na/CO2 reaction
sampled from the tray were analyzed by X-ray diffraction (XRD),
energy dispersion X-ray analysis (EDX), total organic carbon anal-
ysis (TOC) and chemical analysis. The sample of exhaust gas was

analyzed by gas chromatography.

2.1.3. Experimental condition
The experimental parameters are the sodium pool diameter,

the initial temperature of sodium and CO2, the CO2 flow direction
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Table 1
Experimental conditions and results of fundamental experiments.

No. TNai (◦C) Internal diameter of
Na pan (mm)

Flow directiona and
temperature of CO2 (◦C)

Moisture concentration
of CO2 (ppm)

Experimental results

Aerosols Continuous reaction with flame

1 200 16 P; 70 <5 No No
2 300 16 P; 90 <5 Yes No
3 400 16 P; 100 <5 Yes No
4 550 16 P; 110 <5 Yes No
5 550 16 P; 130 <5 Yes No
6 550 16 P; 130 2500 Yes No
7 550 16 P; 130 6000 Yes No
8 600 16 P; 130 <5 Yes No
9 615 16 P; 150 <5 Yes Yes

10 630 16 P; 150 <5 Yes Yes
11 650 16 P; 150 <5 Yes Yes
12 600 16 P; 240 <5 Yes Yes
13 500 16 P; 230 <5 Yes No
14 600 16 C; 600 + P; 240 <5 Yes Yes
15 600 32 C; 600 + P; 260 <5 Yes Yes

a
T
t
i
a
a
r

2

2

o
a
a

16 580 32 C; 580 + P; 240
17 570 32 C; 570 + P; 240

a P: parallel flow; C: counter flow.

gainst pool surface and the initial moisture concentration in CO2.
he experimental parameters are summarized in Table 1. Although
he leaked CO2 pressure might be higher than atmospheric pressure
n the case of boundary failure of the heat exchanger for sodium
nd s-CO2, the CO2 pressure in these experiments was adjusted to
lmost atmospheric pressure for the detail visual observation of the
eaction behavior at the interface of sodium and CO2.

.2. Demonstration experiments
.2.1. Apparatus
The apparatus used in the demonstration experiments consists

f a gas supply system, a reaction vessel installed in a glove box
nd a gas exhaust system. Fig. 3 shows the arrangement of the
pparatus.

Fig. 3. Apparatus for demon
<5 Yes Yes
<5 Yes No

The reaction vessel is made of stainless steel type-304, and the
height and the inner diameter of the vessel are 130 and 55 mm,
respectively. In the vessel, a helical coil-type tube with a nozzle
attached at the end-side of the tube is installed through the upper
flange to supply CO2 into the sodium pool in the vessel. The tube is
also made of stainless steel type-304, and the inner diameter and
the total length are 1.74 and 500 mm, respectively. The supplied
CO2 is heated through the tube up to the same temperature of the
sodium pool and injected upward into the sodium pool from the
bottom of the vessel using the nozzle. Two sizes of nozzle diam-

eter (0.3 and 0.5 mm) were used in the experiments. The mass of
the sodium in the vessel was about 200 g and this is equivalent to
the sodium pool depth of about 100 mm. The thermocouples are
arranged in the vessel as shown in Figs. 4 and 5 to measure the
temperature change of sodium pool and the cover gas. The main

stration experiments.
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Fig. 4. Location of thermocouples in vessel (Batch No. 1).

essel can be heated up to the maximum temperature of 550 ◦C
sing heaters attached around the outer surface of the vessel.

The gas supply system is connected to the helical coil-type tube
nd argon gas or CO2 can be fed into the vessel using this system.

The gas exhaust system is connected to the upper flange of the
essel. The system has a sodium mist trap and the suction-type
xhaust gas sampling bottles.
.2.2. Experimental procedure
At the beginning of the experiments, about 200 g of sodium

n the vessel were heated to approximately 150 ◦C in the glove
ox, and then an upper flange was set on the vessel and a heli-
al coil-type tube with a nozzle and thermocouples were dipped

able 2
xperimental conditions of demonstration experiments.

Batch No. Na temperature (◦C) Internal diameter of nozzle (mm

1

250 0.3
300 0.3
350 0.3
400 0.3
450 0.3

2 500 0.3

3
450 0.5
500 0.5
Fig. 5. Location of thermocouples in vessel (Batch Nos. 2 and 3).

into the sodium pool. After completion of the setting of the flange,
the sodium is heated to the temperature of the experimental con-
dition. During this procedure, argon gas (Ar) was fed through the
tube and blown from a nozzle to prevent the nozzle from plug-
ging. After the setting of the sodium temperature, CO2 instead of
Ar was fed through the helical coil-type tube, and injected upward
into the pool from the nozzle. During the experiments, the temper-
ature change of the sodium pool and the cover gas was measured
by thermocouples. After the experiment, the reaction vessel was
dismantled and the reaction products were sampled in the glove
box. The reaction products were analyzed in the same manner as
in the former experiments.

2.2.3. Experimental condition
The experimental parameters were the initial temperature of

sodium, the inner diameter of the nozzle, the flow rate and the
injection time of CO2. The pressure of supplied CO2 was controlled
from 0.08 to 0.15 MPa in gauge to achieve a choking flow from the
nozzle. The experimental parameters are summarized in Table 2.

In some cases for this experimental series, CO2 was injected sev-
eral times into the same sodium pool under the varying condition of
sodium temperature. As an example, a relation between the sodium
pool temperature and the CO2 injection time in Batch No. 1 case is
illustrated in Fig. 6.

3. Results and discussion
3.1. Fundamental experiments for reaction behavior

3.1.1. Temperature change and visual observation
The experimental results for visual observation are summarized

in Table 1 together with their experimental condition. In Table 1,

) Flow rate of CO2 (Nm3/min) Injection time of CO2 (s)

5 × 10−4 660
5 × 10−4 570
5 × 10−4 540
5 × 10−4 600
5 × 10−4 1080
5 × 10−4 180
5 × 10−4 540
5 × 10−4 540
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ig. 6. Relation between sodium temperature and CO2 injection time in one exper-
ment (Batch No. 1).

Yes” in the column of “Aerosol” indicates the release of aerosol
uring the experiments, and “Yes” in the column of “Continuous
eaction with flame” indicates both of the reaction with orange-
olored combustion flame and the release of aerosol during the
xperiments. In this experimental series, the reaction between CO2
nd the sodium pool occurred in almost all of the cases without the
ase No. 1 whose initial sodium temperature was 200 ◦C.

The reaction behavior could be categorized in three types
rom the results of temperature change and visual observation as
escribed below. As examples, the temperature change during the
xperiments in No. 17, No. 15 and No. 16 are shown in Figs. 7–9
ogether with the photographs taken at the representative time,
espectively. In these figures, the concentration change of carbon

onoxide in the exhaust gas is also indicated together with the

emperature change.

.1.1.1. Surface reaction. As shown in Fig. 7, the reaction between
O2 and sodium pool in No. 17 experiment occurred at the pool

Fig. 7. Temperature change and visual o
nd Design 241 (2011) 1319–1328 1323

surface and aerosol was released during the first few seconds, but
after that no obvious change was observed visually. Although the
aerosol release was observed, the temperature in the sodium pool
did not change during the first few seconds. A small amount of
carbon monoxide was detected in the exhaust gas. In post-test
observation, the pool surface was covered by black-colored reac-
tion products as a thin film. This reaction occurred when the initial
sodium temperature was lower than 570 ◦C.

3.1.1.2. Continuous reaction. Fig. 8 shows the reaction between CO2
and sodium pool occurred in No. 15 experiment. In this exper-
iment, the reaction with orange-colored flame and the vigorous
release of aerosol was observed continuously during about 100 s.
The maximum temperature of 822 ◦C was measured at the gas space
just above the edge of sodium pool tray. In an exhaust gas, carbon
monoxide was detected and the concentration increased with the
proceeding of the reaction. The solid reaction products were almost
black-colored and hard material.

3.1.1.3. Delayed continuous reaction. In No. 16 experiment whose
initial sodium temperature was 580 ◦C, the reaction during the first
few seconds was very similar to that in No. 17 experiment of sur-
face reaction. However, the reaction with orange-colored flame and
the vigorous release of aerosol was occurred suddenly at about
185 s after the initiation of CO2 supply. Fig. 9 shows the reaction
between CO2 and sodium pool occurred in No. 16 experiment. The
occurrence of this sudden reaction is attributed to the release of
the sodium droplets from the pool surface by a small explosion at

the surface. The maximum temperature of 959 ◦C was measured
at the gas space just above the edge of sodium pool tray. In an
exhaust gas, carbon monoxide was detected and the concentration
increased after the continuous reaction. The solid reaction products
were similar to those in the above-mentioned continuous reaction.

bservation in No. 17 experiment.
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From these results, it can be concluded that the reaction of car-
on dioxide with liquid sodium pool is an exothermic reaction and
here is a threshold temperature to initiate the continuous reac-
ion. In this experimental configuration, the threshold temperature
s around 580 ◦C.

.1.2. Chemical analysis
The results of quantitative chemical analyses are shown in

able 3 for the solid reaction products in Nos. 15 and 16 exper-
ments. From this table, it is clear that the major chemical
onstituent in the solid reaction products is sodium carbonate
Na2CO3) and the trace chemical species are sodium peroxide

Na2O2) and amorphous carbon. In these results, there is a possi-
ility that FeO originated from the constituent of sodium pool tray
ight be analyzed as Na2O2 because the adopted analysis method

sing potassium permanganate titration is effective against both
xides.

able 3
esults of quantitative analyses.

Case number Na (wt%) Na2CO3 (wt%) N

15 18.3 72 0
16 13 67.8 0
bservation in No. 15 experiment.

The reaction products of the sodium pool surface in No. 17
experiment (surface reaction) were analyzed qualitatively using
XRD and EDX. In addition to the analyses, sodium carbonate
(Na2CO3) and amorphous carbon were also analyzed quantitatively
using TOC. From the results, it became clear that the black-colored
reaction products as a thin film mainly consist of metallic sodium,
63 wt% of Na2CO3 and 0.1 wt% of amorphous carbon.

3.1.3. Thermodynamic discussion on reaction process
From these results and the analysis results of exhaust gas

by gas chromatography, it is assumed that the overall reaction
between CO2 and sodium pool proceeds according to the following

equation:

aNa + bCO2 → xNa2CO3 + yC + zCO (1)

To study the reason why there is a threshold temperature to
cause the continuous reaction between 570 and 600 ◦C in the above

a2O2 (wt%) Amorphous C (wt%) Unknown (wt%)

.5 0.4 8.8

.4 0.7 18.1
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entioned fundamental experiments, the thermodynamic discus-
ion was carried out as follows.

The reaction process which produces the reaction products in
q. (1) could be expressed as the following fundamental equations:

Na(s, l) + CO2(g) → Na2O(s, l) + CO(g), (2)

a2O(s, l) + CO2(g) → Na2CO3(s, l), (3)

Na(s, l) + CO(g) → Na2O(s, l) + C(s), (4)

/3Na(s, l) + CO2(g) → 2/3Na2CO3(s, l) + 1/3C(s), (5)

Na(s, l) + CO2(g) → 2Na2O(s, l) + C(s), (6)

a(s, l) + CO2(g) → 1/2Na2CO3(s, l) + 1/2CO(g), (7)

(s) + CO2(g) → 2CO(g), (8)

here (s) denotes the solid, (l) the liquid, and (g) the gas.
Although the sodium mono-oxide, Na2O, was not detected in

he present study, the reaction (7) is equivalent to the reactions (2)
nd (3) if these reactions occur continuously. The relation between

he reaction (5) and reactions (6) and (3) is the same as the relation
mong the reactions (2), (3) and (7).

Figs. 10 and 11 show the calculated results for the changes of
ibb’s free energy, �G, and of enthalpy, �H between 300 and
500 K in the cases of reactions (2) through (8). These results were
bservation in No. 16 experiment.

obtained using a thermodynamic database MALT-II (Yokokawa et
al., 2002).

As shown in Fig. 10, �G of almost all reactions without reac-
tion (8) show the negative values below the temperature of 923 K
under the experimental condition, and these reactions proceed to
the right hand sides spontaneously. Therefore, although the reac-
tion path among Eq. (2) through (7) is not clear, the reaction process
could be represented by Eqs. (5) and (7) because amorphous C and
CO have been detected from the analysis result in the surface reac-
tion. In the case of continuous reaction, CO assumed to be produced
according to Eq. (8) together with Eq. (7) because the �G in Eq. (8)
becomes the negative value at the measured high temperature of
822 ◦C just above the edge of sodium pool tray.

From Fig. 11, although the Eq. (8) is endothermic reaction, the
almost all reactions without reaction (8) are exothermic because
�H of these reactions without the reaction (8) show the nega-
tive values. Therefore, it can be explained that the temperature
rising of each part during the experiments is attributed to these
exothermic reactions. Latge and Simon (2007) tried to define the
reaction process based on their experimental results using a dif-

ferential scanning calorimeter (DSC) method and they reported
the possibility of the production of sodium oxalate (Na2C2O4) as
an intermediate reaction product. However, Na2C2O4 could not be
detected in the reaction products of our experiments. Therefore,
for the quantitative discussion about the reaction process and the
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Fig. 10. �G of Na/CO reactions. (2Na(s,l) + CO (g) → Na O(s,l) + CO(g) (2);
N
4
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(

2 2 2

a2O(s,l) + CO2(g) → Na2CO3(s,l) (3); 2Na(s,l) + CO(g) → Na2O(s,l) + C(s) (4);
/3Na(s,l) + CO2(g) → 2/3Na2CO3(s,l) + 1/3C(s) (5); 4Na(s,l) + CO2(g) → 2Na2O(s,l) +
(s) (6); Na(s,l) + CO2(g) → 1/2Na2CO3(s,l) + 1/2CO(g) (7); C(s) + CO2(g) → 2CO(g)
8)).

ontribution of reaction heat in each equation, it is necessary to

onduct the further research on calorimetry during the reaction.

In Figs. 10 and 11, the obvious changes do not exist in the vicinity
f 873 K (600 ◦C) which is the threshold temperature to cause the
ontinuance reaction in the experimental results such as Nos. 8, 9,
2, 16, and 17.

ig. 11. �H of Na/CO2 reactions. (2Na(s,l) + CO2(g) → Na2O(s,l) + CO(g) (2);
a2O(s,l) + CO2(g) → Na2CO3(s,l) (3); 2Na(s,l) + CO(g) → Na2O(s,l) + C(s) (4);
/3Na(s,l) + CO2(g) → 2/3Na2CO3(s,l) + 1/3C(s) (5); 4Na(s,l) + CO2(g) → 2Na2O(s,l) +
(s) (6); Na(s,l) + CO2(g) → 1/2Na2CO3(s,l) + 1/2CO(g) (7); C(s) + CO2(g) → 2CO(g)
8)).
nd Design 241 (2011) 1319–1328

From these results, it was suggested that the threshold temper-
ature to cause a continuous reaction depends on the configuration
of experimental system in which the CO2 reacts with the sodium
pool.

3.2. Demonstration experiments

3.2.1. Bubbling flow regime of CO2 in sodium pool
The demonstration experiments were conducted to simulate

the micro-leak of high pressure s-CO2 into the low pressure liquid
sodium from a small leak hole on a heat exchanger tube surface. In
this case, the leakage of CO2 could be assumed as choking flow at
the small leak hole, and the leaked CO2 would expand immediately
until the pressure becomes the same as the surrounding sodium
pressure and forms a jet in the sodium. Therefore, this leakage form
could be simulated as the CO2 jet with the bubbling flow regime
making from a small size nozzle under the supplied CO2 pressure
condition in these experiments.

In accordance with the Bubbling Theory by Tadaki and Maeda
(1963), the bubbling flow regime in the case of non-reactive gas jet
into a liquid could be characterized by a non-dimension number
Nw expressed by the following equation:

Nw = uN·cg1/2d3/2
N

�
(9)

where dN is a nozzle diameter, uN is flow velocity at the exit of the
nozzle, �c is a density of the liquid, � is a surface tension of the
liquid and g is a gravitational acceleration. When the leak rate of
CO2 from a small hole into a liquid sodium is assumed to be a micro-
leak as mentioned above and Nw > 16, the velocity of the leaked CO2
jet could be considered very high and the large amount of bubbles
whose diameter has a wide ranged distribution frequency is formed
at the nozzle exit due to the jet break-up.

In the case where the initial sodium temperature was 300 ◦C
(Batch No. 1), the calculated value of Nw is 22.4 and this bubbling
flow regime might be similar to the argon gas bubbling into a water
whose Nw is 26.0 as shown in Fig. 12.

3.2.2. Temperature change
In the case where the initial sodium temperature was 250 ◦C

(Batch No. 1), no obvious temperature change in the sodium pool

was measured as shown in Fig. 13. This means CO2 does not react
with sodium under such a low temperature condition. This result
is consistent with the results of fundamental experiments. A sud-
den temperature rise of cover gas space (TC-08) observed at 180 s
might be attributed to the contact of sodium droplets with the

Fig. 12. Argon jet in H2O (Nw = 26.0).
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accumulated solid reaction products around them are shown in
Figs. 16 and 17 in the case of Batch Nos. 1 and 2, respectively.

From Fig. 16, it is clear that a large amount of solid reaction
products is accumulated at the inner space of the helical coil-type
Fig. 13. Thermometry and CO2 flow rate data of the Batch No. 1 (at 250 ◦C).

hermocouple due to the upward injection of CO2 into the sodium
ool.

In the case where the initial sodium temperature was 300 ◦C
Batch No. 1), the temperature rise of 25 ◦C in the sodium pool
ould be measured at TC-01 and TC-02 just after the CO2 injec-
ion and lasted for 35 s and there are two peaks as shown in Fig. 14.
his result is different from the results of fundamental experiments
nd the reason why the exothermic reaction occurred under such
lower initial temperature condition than that in the fundamental
xperiments assumed to be attributed to the disturbance effect of
O2 jet on the reaction interface between CO2 and liquid sodium
ool. In other words, although the reaction products might be pro-
uced at the interface as same as those by the surface reaction
bserved in the above mentioned fundamental experiments, it is
ssumed that the thin film could not be formed at the interface
ue to a violent and a complicated behavior of the bubbles in the
ool. As the results, the solid reaction products such as Na2CO3 and
morphous C diffused into the pool and decreased the fluidity of
he pool due to the increase of sodium pool viscosity. This behav-
or would affect the thermal response of thermocouples located in
he pool and the temperature decrease behavior measured at TC-01
nd TC-02 around 35 s after the CO2 injection could be explained
y the growing worse of thermal response due to the decrease of
he pool fluidity.

A sudden temperature rise of cover gas space (TC-08) is also

bserved at 35 s and this might be due to the contact of sodium
roplets and/or injected CO2 with the thermocouple.

The temperature change of sodium pool and the cover gas in the
atch No. 2 whose initial sodium temperature was 500 ◦C is shown

Fig. 14. Thermometry and CO2 flow rate data of the Batch No. 1 (at 300 ◦C).
Fig. 15. Thermometry and CO2 flow rate data of the Batch No. 2 (at 500 ◦C).

in Fig. 15. The temperature in the sodium pool rose about 20 ◦C
for a very short period (ca. 1–2 s). It is assumed that this tempera-
ture change would be attributed to the growing worse of thermal
response of thermocouples due to the instantaneous decrease of
the sodium pool fluidity with the obvious accumulation of the
reaction products because the reaction rate between CO2 and liq-
uid sodium becomes fast under the high temperature condition of
500 ◦C. On the other hand, the temperature in the cover gas showed
a larger rise (Max. 168 ◦C) for longer period. This means the reaction
between injected CO2 and sprayed sodium mist or droplets might
occur mainly in the cover gas region.

3.2.3. Post-test observations
To make sure the assumption deduced from the results of tem-

perature change in the sodium pool and the cover gas, post-test
observations were conducted after the dismantling of the reaction
vessel. The post-test view of CO2 supply tube with a nozzle and
Fig. 16. The state of inner structure with solid reaction product (Batch No. 1).
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ig. 17. The state of inner structure with solid reaction product (Batch No. 2).

ube. As shown in this figure, the lower part was silver-colored and
ade of mainly metallic sodium. However, the upper part which
as located in the cover gas region consisted of Na2CO3 and amor-
hous carbon. These results indicate the reaction products spread
ide in the pool because the reaction rate between CO2 and liquid

odium was relatively slow under the low temperature condition
f 300 ◦C. It is assumed that the stream of CO2 changes complicat-
dly in this process and the two peaks in the temperature records
f TC-01 and TC-02 shown in Fig. 14 are attributed to the results of
uctuating stream.

On the other hand, the accumulated solid reaction products like
narrow channel are observed just above the nozzle in Fig. 17.

his might be accumulated solid reaction products along with the
ow path of CO2 jet and form a channel-like barrier to prevent the

eaction because the fluidity of the sodium around the flow path of
O2 jet decrease instantaneously due to the fast reaction under the
igh temperature condition of 500 ◦C. Therefore, the reason why
he major reaction occurred in the cover gas can be explained by the
ormation of channel-like barrier. Moreover, the post-test observa-
nd Design 241 (2011) 1319–1328

tion showed the intactness of the helical coil-type tube and the
nozzle.

4. Conclusion

The experimental study has been carried out to investigate the
reaction behavior of carbon dioxide (CO2) with liquid sodium pool.
The following results are obtained:

(1) The reaction of CO2 with liquid sodium pool is an exothermic
reaction and there is a threshold temperature to initiate the
continuous reaction. The threshold temperature is between 250
and 300 ◦C.

(2) The overall reaction might proceed according to the following
equation:

aNa + bCO2 → xNa2CO3 + yC + zCO.

(3) In the case of CO2 leakage as a jet into the sodium pool, the solid
reaction products are accumulated along with the flow path of
CO2 jet and form a channel-like barrier to prevent the reaction.

An analytical investigation including some modeling of the
reaction kinetics will be required to evaluate the consequences
of CO2 leakage incident and the chemical and thermal effects of
sodium–CO2 reaction on the integrity of HX more detail.
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