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1. Introduction

Use of liquid sodium (Na) in SFR brings high cooling
efficiency, but this strategy is risky because when liquid
Na contacts water, Sodium-Water Reaction (SWR)
occurs. SWR accident increases system pressure rapidly
and this threatens the safety of nuclear power plant
systems. The reaction phenomena of Na with water
contact has been studied to evaluate the access of using
Na coolant in nuclear power plant [1-5].

In KALIMER-600, a sodium-cooled fast reactor
designed by KAERI, thermal energy is transported from
high-temperature liquid Na (526 °C at 0.1 MPa) to low-
temperature water (230 °C at ~19.5 MPa) through a heat
exchanger [6, 7]. If any leakage or rupture occurs during
the operation of this heat exchanger, highly pressurized
liquid water can penetrate into the liquid Na channels;
this contact should instantly cause SWR. As reaction
continues, liquid water is soon vaporized by pressure
drop and huge amount of reaction heat. This generated
water vapor expands large reaction area and increases
sodium-water vapor reaction process. Therefore, the
rapid generation of reaction product (like H,) and water
vapor increases the system pressure that can cause the
system failure in SFR.

To reduce this strong chemical reaction phenomena
between Na and water, some we have focused on
suppressing the chemical reactivity of liquid Na by
dispersing nanoparticles (NPs). We have suggested Na-
based Titanium nanofluid (NaTiNF) which containing
Ti NPs (<100nm) in liquid Na [8, 9]. We have
experimentally demonstrates the suppressed reactivity
of NaTiNF when it contacts with water. Moreover,
theoretical approach to the chemical interaction between
Na atoms and Ti NPs has been investigated by ab-initio
calculation [13].

For the real application of NaTiNF, the pressure
change induced by NaTiNF-water reaction is compared
with Na-water reaction in the present study. NaTiNF
contains 100nm of Ti NPs at 0.2 vol. %. The reaction
rate of NaTiNF-water reaction is also investigated as
reaction temperature increases. Sodium-water vapor
reaction (SVR) will occur when an SWR accident
occurs in SFR. In this manner, NaTiNF-water vapor
reaction is experimentally performed for ensuring the
suppression of chemical reactivity of NaTiNF in contact
with water vapor.

2. Experimental arrangement
2.1 NaTiNF-water reaction

For an SWR, the experimental set-up is the as
previous study [8-10, 12]. The reactor is consisted of
the crucible sodium container, water storage, pressure
sensor line, vacuum pump line and thermocouple (Fig.
1). The reactants (Na or NaTiNF) are stored in the
crucible which is perfectly sealed. The reactor is heated
by a conduction heater. When the reactor temperature
reaches a target temperature (reaction temperature 7g =
104, 120, 150 °C), the reactor is detached from the
heater and evacuated by the vacuum pump. To trigger
the reaction, a valve between the reactor and a water
storage tank open to inject water into the reactor by low
pressure inside it. Absolute pressure transducer
determines the pressure change during the reaction. The
change of pressure in reactor represents the reaction
phenomena of SWR. In this experiments, approximately
0.2g of Na or NaTiNF reacts with 2.5ml of distilled
water.
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Fig. 1. The reactor is designed to inject a distilled water to
liquid Na to trigger an SWR at Tk = 104, 120, 150 °C.

2.2 NaTiNF-water vapor reaction

The reactor for Sodium-water vapor reaction (SVR)
is designed water vapor flows over the surface of Na or
NaTiNF to occur the surface reaction [11]. A steam
generator supplies water vapor at 100 °C into the
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reactor through the bottom of it. Liquid Na or NaTiNF
is stored on the intermediate plate (Fig. 2). Excess of
water vapor flows and contacts with liquid specimen,
then surface reaction occurs. The gas reaction product
(H>) and rest of water vapor are vented out to
environment. K-type thermocouple directly contacts
with the reactant and measures the temperature change
during the reaction. As an SWR experiment, 0.2g of Na
or NaTiNF (containing 0.2 vol. % of Ti NPs) reacts
with water vapor at Tr = 105 °C. The temperature
changes in Na-water vapor and NaTiNF-water reaction
are compared.
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Fig. 2. As excess of water vapor flows to upper, liquid Na
continuously reacts with it, then temperature of the specimen
increases until reaction completion.

3. Results
3.1 Pressure change in NaTiNF-water reaction

Pressure change of Na-water reaction is compared
with that of NaTiNF-water reaction. Pressure begins to
increase when reaction occurs at Is in Fig. 3. At
Tr=104 °C, pressure rapidly increase in both Na and
NaTiNF case, but more rapidly increases in Na-water
reaction. Na shows higher maximum pressure Pmax
(blue dot lines in Fig 3) than NaTiNF.
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Fig. 3. Na or NaTiNF-water reaction at 7r = 104 °C.
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At Tr=120 °C, reaction phenomena is similar to
previous one. Although Pmax in both cases are higher
than that at 104 °C, pressure in Na case increases faster

than in NaTiNF case (Fig. 4). Pmax is still higher in Na
case than NaTiNF case.
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Fig. 4. Na or NaTiNF-water reaction at 7r = 120 °C.
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At Tr=150 °C, Pmax in Na-water reaction becomes
much higher than previous 7r (Fig. 5). It increase with
Tr increases. In contrast to Na case, Pmax in NaTiNF-
water reaction becomes much lower than reaction at
Tr=120 °C. The distinct pressure change of NaTiNF
should be induced by slow reaction mechanism.
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Fig. 5. Na or NaTiNF-water reaction at 7r = 120 °C.

L 1

OF/:’/”(I 1 1
112 13 14 15

To investigate the distinct reaction phenomena of
NaTiNF at 7Tz = 150 °C, moles of hydrogen generation
(Nm2) during the reaction is obtained by the ideal gas
law in order to eliminate the volume expansion by
temperature of reactor and released reaction [10]. The
hydrogen generation during Na-water reaction at Tr
=150 °C is compared with NaTiNF until reaction
completion (Fig. 6). Na shows instant reaction
completion in a short time, but NaTiNF shows several
step reactions to complete the reaction. It takes
dramatically longer time than Na. The step reaction
shown in Fig 6 can be induced by the slow reaction
characteristic of NaTiNF that control the formation of
oxide layer on the surface of NaTiNF during the
reaction [10, 12].
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Fig. 6. An instant reaction completion in Na, but NaTiNF
shows step reaction until reaction completion.

3.2 Reaction rate of NaTiNF-water reaction

The number of moles of Hy (Nu2) during NaTiNF-
water reaction at 7z = 104, 120 and 150 °C is compared
to determine the rate of reaction (Fig. 7). The number of
moles of (Nu2) is normalized by the final number of
moles of Hy (NVsnal) at reaction completion.
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Fig. 7. Normalized Hz generation regarding to total H2 during
NaTiNF-water reaction at 7r = 104, 120, 150 °C.

The peak point (black dot line in Fig 7) of NaTiNF at
Tr = 120 °C becomes higher than 7r = 104 °C as
temperature increase. However as we verified
previously, peak point at 7r = 150 °C becomes lower
than that at 7 = 120 °C. The distinct reaction
phenomena of NaTiNF is result of reaction mechanism
[10]. We need to verify the speed of NaTiNF-water
reaction.

To determine the reaction rate of SWR, a parabolic
law is normally used. The number of moles of H, (Nu2)
is determined by the rate law in the rate-determining
step [14]. We have modified the rate law for SWR. & (s°
1 is rate constant and 7 (s) is time.

[N}-Iz]2 =kt @9

Nuo is normalized by Nrnal at reaction completion.

[NHZ/ ]Vﬁnall]2 =kt (2)

The reaction rate is defined from beginning of
reaction to peak point. At 7r = 104 °C, the reaction rate
of Na-water reaction is higher than that of NaTiNF as
show in Fig. 8. The suppressed NaTiNF-water reaction
clearly shows that it is half as slow as Na-water reaction.
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Fig. 8. kof Na is 313.9 (£ 19.4) x1073 (s™!) while k of NaTiNF
144.4 (£ 16.0) x 103 (s7).
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The reaction rate of NaTiNF is compared as Tr
increases. Although peak point of NaTiNF at Tr =
150 °C is lower than Tg = 120 °C (Fig. 7), the reaction
rate at Tr = 150 °C shows higher reaction rate than Tx =
120 °C (Fig. 9). Rate constant of NaTiNF-water
reaction increases with Tr increases. This deduces that
the reaction becomes vigorous as reaction temperature
increases, but the reaction mechanism of NaTiNF at Tr
= 150 °C becomes different from 7gx = 104, 120 °C as
reaction continuous.
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Fig. 9. k of NaTiNF increases with Tr; 144.4 (= 16.0) x 1073
at Tr =104 °C, 188.8 = (10.0) x 10 at Tr =120 °C and 278.4
(+10.1) x 107 at Tk =150 °C.

3.3 NaTiNF-water vapor reaction

SVR is relatively slower reaction than SWR due to
low density of water vapor. We determines the
reactivity of NaTiNF by temperature increase due to
exothermic chemical reaction of SVR. Approximately
0.2g of Na or NaTiNF is engaged in reaction with water
vapor. NaTiNF contains 0.2 vol. % of Ti NPs as
previously. The Tk of specimen is 105 °C.
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Fig. 10. Temperature change of Na or NaTiNF in reaction
with water vapor. Reaction is triggered at 5Ss.

Temperature increases with the beginning of reaction
at 5s in Fig. 10. The increase in temperature between Na
and NaTiNF is clearly different. Temperature in Na-
water reaction initially increases 19.2 °C/s (Fig. 10a) to
reach the highest temperature ~248 °C. In contrast to Na,
temperature change in NaTiNF-water vapor reaction
initially shows 10.6 °C/s (Fig. 10b-1) and soon becomes
1.9 °C/s (Fig. 10b-2) until reaction completion. The
highest temperature in NaTiNF is approximately
~213 °C which is lower than Na case. This difference in
the highest temperature between Na and NaTiNF
deduces the difference in heat disposal mechanism
through reaction products that covering the specimen
[11]. This result demonstrates the suppressed chemical
reactivity of NaTiNF in the reaction with water vapor
once again.

4. Conclusions

In the basic step for reducing risk of an SWR in SFR,
we have experimentally verified the suppressed
chemical reactivity of liquid sodium using Ti NPs
through SWR and SVR experiments. In SWR, Na based
titanium nanofluid (NaTiNF) shows lower pressure
change than Na. As 7Tr increases, Pmax in Na-water
reaction increases while NaTiNF does not. The reaction
rate of NaTiNF shows twice slower than that of Na. In
SVR, NaTiNF shows slower temperature increase than
Na. The distinct temperature change of NaTiNF shows
two different rate of temperature increase. These
remarkable results demonstrate the reducing potential
possibility of SWR accident in SFR system.
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