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7) ABSTRACT

Nano-particles 1 of a metal or the like are dispersed in a
liquid fluid 2. Thereby, the reactivity or toxicity of the liquid
fluid can be reduced when the liquid fluid has reactivity or
toxicity. The flow resistance of the liquid fluid can be raised,
and the leakage of the liquid fluid from minute cracks can be
reduced. By using the liquid fluid as a heat transfer medium
of a heat exchanger, the heat transfer performance equiva-
lent to or higher than the heat transfer performance of the
original heat exchanger can be obtained.
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FLUID IN LIQUID STATE CONTAINING
DISPERSED NANO-PARTICLES OF METAL OR
THE LIKE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a technique for
reducing the reactivity or toxicity of a fluid in a liquid state
(hereinafter referred to as “liquid fluid”), or for improving
the flow resistance or thermal conductivity thereof.

[0003] 2. Description of the Related Art

[0004] Although a conventional coolant for a fast reactor
is advantageous in that a high-density thermal energy gen-
erated in a reactor core can be transferred using a liquid
metal such as sodium, there is disadvantage that the possi-
bility of violent reactions such as sodium-water reaction that
occurs in a heat exchanger such as a steam generator, and the
combustion of sodium when sodium leaks, cannot be com-
pletely eliminated.

[0005] In addition, in a heat exchanger included in plants
or the like wherein contact of a high-temperature heat
transfer medium with a low-temperature heat transfer
medium is not allowed, or in equipment and systems using
a liquid fluid that has a high reactivity or toxicity, there is a
disadvantage that the accidental leakage of a liquid fluid
cannot be completely eliminated.

[0006] Therefore, an object of the present invention is to
reduce the reactivity or toxicity of a liquid fluid used as a
liquid metal coolant or a heat transfer medium for a heat
exchanger even in case the liquid fluid leaks; and to raise the
flow resistance of the liquid fluid to reduce the leakage
thereof as much as possible.

SUMMARY OF THE INVENTION

[0007] The inventors have accomplished the present
invention on the basis of the findings that the dispersion of
nano-size ultra-fine particles (about 1 to 100 nanometers in
diameter) (referred to as “nano-particles” in the present
specification) such as metals, alloys or metallic compounds
in a liquid fluid such as a liquid metal coolant or a heat
transfer medium for a heat exchanger can reduce the reac-
tivity or toxicity thereof, and can improve the flow resistance
or thermal conductivity thereof.

[0008] Specifically, the present invention is a fluid in a
liquid state wherein one or more kinds of nano-particles
selected from a group consisting of metals, alloys and
metallic compounds are dispersed in a fluid in a liquid state.

[0009] An embodiment of the present invention is a fluid
in a liquid state wherein the reactivity or toxicity thereof is
reduced by dispersing one or more kinds of nano-particles
selected from a group consisting of metals, alloys and
metallic compounds in a fluid in a liquid state having
reactivity or toxicity.

[0010] Another embodiment of the present invention is a
fluid in a liquid state wherein the flow resistance thereof is
enhanced by dispersing one or more kinds of nano-particles
selected from a group consisting of metals, alloys and
metallic compounds in a fluid in a liquid state.
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[0011] Still another embodiment of the present invention
is a fluid in a liquid state as a heat transfer medium for a heat
exchanger wherein the thermal conductivity of the heat
transfer medium is raised by dispersing in the fluid in a
liquid state one or more kinds of nano-particles selected
from a group consisting of metals, alloys and metallic
compounds having a higher thermal conductivity than the
fluid in a liquid state.

[0012] According to a liquid fluid of the present invention
containing dispersed nano-particles of a metal or the like, the
following effect can be obtained:

[0013] (1) Even if the leakage of the liquid fluid in the
same volume as in the conventional liquid fluid occurs, the
volume of the liquid fluid itself is reduced by the volume
occupied by the nano-particles, and the reactivity or toxicity
of the liquid fluid can be reduced. Furthermore, the adsorp-
tion of the liquid fluid around and in the nano-particles
contained and dispersed in the liquid fluid can be considered,
with the result that the appearance of the reactivity or
toxicity of the liquid fluid is further retarded.

(2) The dispersion of a high concentration of nano-particles
can raise the flow resistance of the liquid fluid, resulting in
the reduction of the leakage quantity when a minute crack or
the like is produced.

[0014] (3) The use of a liquid fluid containing dispersed
metallic nano-particles having a thermal conductivity suit-
able for a heat transfer medium in a heat exchanger can
provide the heat transfer performance of the heat exchanger
equivalent to or higher than the performance of a heat
transfer medium containing no nano-particles.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1is a conceptual diagram of a liquid fluid of
the present invention containing dispersed nano-particles of
a metal or the like.

[0016] FIG. 2A is a graph showing the test results of the
reaction of sodium containing no Ni nano-particles with
water.

[0017] FIG. 2B is a graph showing the test results of the
reaction of sodium containing 20% by weight of dispersed
Ni nano-particles with water.

[0018] FIG. 3 is a graph showing the relationship between
the viscosity of liquid sodium containing Ni nano-particles
at 350° C. and the concentration of the nano-particles.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0019] As shown in FIG. 1, the liquid fluid according to
the present invention is a fluid in a slurry state prepared by
dispersing nano-particles 1 consisting of a metal, an alloy or
a metallic compound (hereinafter collectively referred to as
“metal or the like”) in a conventionally used liquid fluid 2
having reactivity or toxicity.

[0020] A liquid metal, such as liquid sodium, used as a
coolant in a fast reactor transfers heat energy to water or
water vapor through a heat transfer tube in a steam genera-
tor. If the heat transfer tube is cracked due to corrosion or the
like, the liquid sodium leaking through the crack is contacted
with water and steam and causes a violent reaction to occur.
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If the liquid sodium leaks in an air atmosphere, it reacts with
oxygen or water vapor in the air to cause sodium combus-
tion. However, when nano-particles of a metal or the like
inactive to sodium, water and oxygen are contained and
dispersed in the liquid sodium, the leakage quantity of
sodium itself is reduced by the volume occupied by the
nano-particles even if the leakage of the liquid fluid in the
same volume as in the conventional fluid happens, and
therefore the quantity of sodium that reacts with water or
water vapor, or burns due to the presence of oxygen
decreases, resulting in the reduction of the sodium-water
reaction or sodium combustion by the reduced quantity of
sodium.

[0021] The effect of reducing the reactivity of liquid
sodium obtained by dispersing nano-particles of a metal or
the like can be obtained also in general heat transfer media
whose contact is not allowed in a heat exchanger wherein a
high-temperature heat transfer medium and a low-tempera-
ture heat transfer medium exchange heat through a heat
transfer tube, and furthermore, the effect is equally obtained
for general liquid fluids having violent reactivity.

[0022] For the same reason as the reactivity reducing
effect, the toxicity of the liquid fluid can also be reduced by
dispersing nano-particles of a metal or the like in the liquid
fluid having toxicity.

[0023] Examples of nano-particles used in the present
invention include pure metals such as copper (Cu), nickel
(Ni), titanium (Ti), cobalt (Co) and the like; metallic com-
pounds such as the oxides, nitrides, silicides thereof; and
alloys such as stainless steels, chromium-molybdenum
steels and the like. Among these substances, an adequate
substance can be selected depending on the type of the liquid
fluid and the effect to be obtained. The nano-particles of one
kind may be contained in the liquid fluid, or may be
contained in combination of two or more kinds as required.
Commercially available nano-particles include, for example,
“Nickel Fine-Powder”, “Copper Fine-Powder” and “Cobalt
Fine-Powder” manufactured by Sumitomo Electric Indus-
tries, Ltd.; and “Ni Metallic Nano-Powder”, “Cu Metallic
Nano-Powder”, and “Co Metallic Nano-Powder” manufac-
tured by Japan Nanotech Co., Ltd.

[0024] When nano-particles of a metal or the like are
mixed and dispersed in the liquid fluid, the following
methods can be adopted:

[0025] (1) Inthe case of a general liquid such as water, the
nano-particles are mixed and dispersed in the liquid.

[0026] (2) In the case of a liquid metal, the nano-particles
are mixed and dispersed in the liquid metal after removing
an oxide layer or a hydroxide layer on the surfaces of the
nano-particles by a hydrogen reduction method or the
like.

[0027] (3) In the case of a liquid alkali metal such as liquid
sodium, the nano-particles are mixed into hot liquid
sodium of a temperature of several hundreds of degrees
Celsius to thereby effectively remove an oxide layer on
the surfaces of the nano-particles and stably disperse the
nano-particles in the liquid sodium.

[0028] In general, when a liquid fluid comes into contact
with a metal or the like, there is seen a phenomenon wherein
the molecules or atoms of the liquid fluid are adsorbed on the
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surface of the metal or the like by chemical reaction.
However, since the contact area is small when a container or
duct made of a metal or the like is filled with the liquid fluid,
the bulk characteristics of the liquid fluid are dominant, and
the effect of adsorption at the boundary does not signifi-
cantly appear. Whereas, when nano-particles of a metal or
the like are dispersed in a liquid fluid, the contact area of the
nano-particles and the liquid fluid is enlarged, and the
adsorption phenomenon of the molecules or atoms of the
liquid fluid onto the nano-particles appears significantly. For
example, when liquid sodium is sealed in a cubic Ni
container having a side of 1 m, the contact area between the
liquid sodium and the wall of the container is only 6 m?;
however, when Ni nano-particles of a diameter of 10 nm are
dispersed in the liquid sodium in an amount of 20% by
weight, the contact area becomes about 1.6x107 m?, bring-
ing in about 2.7 million times as large contact area as that of
the cubic container. With such increase in the contact area,
the number of liquid sodium atoms adsorbed on the surface
of or in the nano-particles also increases.

[0029] In FIG. 1, there is conceptually illustrated the
phenomenon wherein a liquid fluid 3, such as liquid sodium,
is adsorbed around nano-particles 1, such as a metal or the
like. Therefore, for example, when liquid sodium containing
dispersed nano-particles comes in contact with water, the
quantity of liquid sodium 3 adsorbed around the nano-
particles 1 and being difficult to react with water increases,
and on the other hand, the quantity of liquid sodium 2
causing a first-order reaction with water can be decreased.
As a result, the appearance of the reactivity or toxicity of the
liquid fluid can be retarded as compared to the case wherein
nano-particles are simply dispersed in the liquid fluid.

[0030] According to the present invention, the dispersion
of nano-particles of a metal or the like in a liquid fluid can
also raise the viscosity of the liquid fluid, resulting in the rise
of the flow resistance of the fluid. Therefore, for example,
even when a minute crack or the like is produced in a
structural material such as a heat transfer tube, and a liquid
fluid leaks through the crack, it can be expected that the
quantity of leakage can be minimized because of the raised
flow resistance of the liquid fluid.

[0031] When the liquid fluid containing dispersed nano-
particles according to the present invention is used as the
heat transfer medium of a heat exchanger, a predetermined
heat-exchanging performance must be secured without low-
ering the thermal conductivity of the heat transfer medium.
In a liquid fluid having a relatively low thermal conductivity,
such as water, the thermal conductivity can be raised by
dispersing nano-particles of a metal such as Ni, Cu, Co or
the like, a compound thereof, or an alloy such as stainless
steels, chromium-molybdenum steels or the like having a
thermal conductivity higher than the thermal conductivity of
water, and thus the heat transfer properties of the heat
exchanger can be improved. In the case of a liquid fluid
having a relatively high thermal conductivity, such as liquid
sodium or other liquid metals, the thermal conductivity
equivalent to the thermal conductivity of the liquid metal
can be secured without lowering the thermal conductivity of
the liquid metal, by dispersing nano-particles having a
thermal conductivity equal to or higher than the thermal
conductivity of the liquid metal, for example, the nano-
particles of Cu, Ni, Co or the like. Therefore, when the liquid
fluid containing dispersed nano-particles according to the
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present invention is used as the heat transfer medium for a
heat exchanger, the heat transfer properties of the heat
exchanger can be improved over a heat transfer medium
containing no nano-particles.

[0032] The concentration of nano-particles of a metal or
the like dispersed in a liquid fluid can be properly selected
as required. For example, when Ni nano-particles are dis-
persed in liquid sodium, the nano-particles of a concentra-
tion as high as up to about 60% by weight can be easily
dispersed. By increasing the concentration of nano-particles
dispersed in a liquid fluid, the reactivity or toxicity of the
liquid fluid can be lowered, or the flow resistance of the
liquid fluid can be raised.

TEST EXAMPLE
<Test for Dispersion of Nano-Particles>

[0033] In a draft chamber purged with nitrogen, 10 g of
metallic sodium was taken in an alumina crucible, and
heated to about 350° C. to form liquid sodium. When Ni
nano-particles (diameter: about 10 nm; trade name: “Nickel
Fine-Powder” manufactured by Sumitomo Electric Indus-
tries, Ltd.) were added to the liquid sodium and agitated, up
1o about 60% by weight of the nano-particles can be easily
dispersed in the liquid sodium. When the liquid sodium
containing the dispersed nano-particles was cooled to room
temperature, and the solidified sample was observed, no
aggregation or precipitation of the nano-particles was found,
and thus substantially uniform dispersion of the nano-
particles in the liquid sodium was confirmed.

[0034] On the other hand, when Ni nano-particles were
added to the liquid sodium maintained at a relatively low
temperature of 100 to 200° C., the nano-particles were not
sufficiently dispersed in the liquid sodium because of the
surface tension by the oxide layer or hydroxide layer formed
on the surfaces of the nano-particles.

[0035] This reveals that the oxide layer or hydroxide layer
formed on the surfaces of the nano-particles are effectively
removed by mixing the nano-particles in liquid sodium
under a high-temperature condition, and even though no
additives such as a surfactant are added, a high concentration
of nano-particles can be dispersed in liquid sodium.

<Test for Lowering Reactivity of Liquid Fluid>

[0036] The liquid sodium containing dispersed Ni nano-
particles in an amount of 20% by weight prepared in the
same manner as described above was solidified to form 0.3
g of a cubic test specimen having a side of about 1 cm. The
test specimen was placed on the bottom of a beaker having
an inner diameter of 38 mm and a height of 45 mm; 0.06 mL
of pure water was dropped from a micropipette onto the test
specimen; and the light intensity of the dropped water drops
was measured using a displacement meter to confirm the
start of the test. The above-described test apparatus was
installed in a draft chamber of a nitrogen atmosphere to
prevent the progress of the oxidation reaction of sodium.
Change in the temperature of the atmospheric gas at 10 mm
above the test specimen was measured using a thermo-
couple, and change in the concentration of the reaction
product discharged from the test specimen was measured as
the absorption of the laser beam intensity using a visible
laser displacement sensor (trade name: “LB-1100” manu-
factured by Keyence Corporation).
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[0037] For comparison, change in the temperature of the
atmospheric gas and change in the concentration of the
reaction product for a test specimen of sodium not contain-
ing Ni nano-particles (Ni: 0% by weight) were also mea-
sured in the same manner as described above. In order to
confirm the reproducibility, these measurements were
repeated twice for each of test specimens prepared from
different lots.

[0038] Change in temperatures with time and change in
the outputs of the displacement sensor (change in the
concentration of the reaction product) are shown in FIGS.
2A and 2B, respectively. It is understood from these graphs
that the maximum temperature when water was dropped on
pure sodium (Ni nano-particles: 0% by weight) (FIG. 2A)
was 70 to 102° C., while the maximum temperature when
20% by weight of Ni nano-particles were dispersed in
sodium (FIG. 2B) was lowered to 37 to 50° C., and the
reaction time was shortened. Therefore, it can be concluded
that when about 20% by weight of Ni nano-particles were
dispersed, heat generation was obviously less than the case
wherein no nano-particles were dispersed, and since the
quantity of the reaction product was small, the sodium-water
reaction was reduced.

[0039] Here, since the reactivity of a limited quantity of a
liquid fluid depends on the quantity of the substance to be
contained (nano-particles of a metal or the like), when the
increase and decrease of the reactivity of a liquid fluid is
considered, it is preferred to consider the volume ratio of the
substance to be contained. When the weight ratio of 20% by
weight of the above-described Ni nano-particles is converted
to the volume ratio, it corresponds to 2.65% by volume at a
temperature of 20° C. Therefore, the volume ratio of sodium
at this time is 97.35% by volume, and the volume ratio of
sodium before and after dispersing the nano-particles can be
considered not to be significantly different. However, when
the results of the test for the reactivity to water as shown in
FIG. 2A and FIG. 2B are compared, although the volume
ratios of sodium are substantially identical, the ultimate
temperature in the case where nano-particles are contained
is lowered to about ¥ as compared with sodium alone, the
reaction time with temperature increase is significantly
shortened, and thus the reactivity-reducing effect far larger
than the volume ratio occupied by the nano-particles is
observed. From these results, it can be estimated that, when
sodium contains dispersed Ni nano-particles, the phenom-
enon wherein sodium atoms are adsorbed on the surface of
and in the Ni nano-particles occurs, as conceptually shown
in FIG. 1, and the quantity of sodium in the state difficult to
react with water is increased.

<Test for Measuring Viscosity of Liquid Fluid>

[0040] Twenty grams of sodium was taken in a mixing
vessel equipped with motor-driven rotating blades, the mix-
ing vessel was placed in a mantle heater, and heated to 350°
C. to liquefy the sodium. Into the liquid sodium, the above-
described Ni nano-particles were sequentially added 2 g at
a time, and the rotating blades were rotated at a constant
rotation speed to disperse the nano-particles in the liquid
sodium. Change in the electric current of the motor at this
time was measured, and the relationship between the con-
centration of added nano-particles and the viscosity was
obtained from the viscosity-electric current calibration curve
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previously prepared using a standard solution for calibrating
a viscosity meter (manufactured by Showa Shell Sekiyu K.
K).

[0041] FIG. 3 is a graph showing the viscosity of sodium
containing nano-particles as relative values with the viscos-
ity of sodium alone. From FIG. 3, it was known that the
viscosity of sodium was substantially constant when the
concentration of the nano-particles was up to about 37% by
weight, and the value was about 40% larger than the value
of sodium containing no nano-particles. However, when the
concentration of the nano-particles exceeded 37% by
weight, the viscosity increased gradually, and when the
concentration was 44% by weight or more, the viscosity
increased steeply. When these liquid fluids were visually
observed, the fluids were in a slurry state when the concen-
tration of the nano-particles was up to about 44% by weight,
and when the concentration of the non-particles was about
44% by weight or more, the fluids were in the state wherein
the liquid sodium was absorbed in the nano-particles, or the
state wherein no liquid sodium was observed on the surfaces
of the nano-particles, and the wviscosity was rapidly
increased. From these results, it is understood that the flow
resistance of a liquid fluid can be raised when nano-particles
of a metal or the like are dispersed in the liquid fluid at a
predetermined concentration or more.
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1-4. (canceled)

5. A method of reducing reactivity or toxicity in a fluid in
a liquid state by dispersing nano-particles selected from a
group consisting of metals, alloys and metallic compounds
in the fluid.

6. The method according to claim 5, wherein the fluid in
a liquid state is a liquid metal.

7. The method according to claim 6, wherein the nano-
particles are mixed in the liquid metal after removing an
oxide layer or a hydroxide layer on the surfaces of the
nano-particles.

8. The method according to claim 6, wherein the liquid
metal is liquid sodium.

9. A method of enhancing flow resistance in a fluid state
by dispersing nano-particles selected from a group consist-
ing of metals, alloys and metallic compounds in the fluid.

10. The method according to claim 9, wherein the fluid in
a liquid state is a liquid metal.

11. The method according to claim 10, wherein the
nano-particles are mixed in the liquid metal after removing
an oxide layer or a hydroxide layer on the surfaces of the
nano-particles.

12. The method according to claim 10, wherein the liquid
metal is liquid sodium.
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