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ABSTRACT
My research purpose is the study on effects of graphene and SiC nanofluids for advanced nuclear
reactors through the experiment on flow boiling Critical Heat Flux (CHF) enhancement and the
quenching experiment. In here, nanofluids are nanotechnology-based fluids engineered for enhancing
thermal conductivity by dispersing and stably suspending nanoparticles in traditional heat transfer
fluids. In the present study, two kinds of works were conducted.
First, the CHF is characterized by a sudden reduction of the local Heat Transfer Coefficient
(HTC) that results from the replacement of liquid by vapor adjacent to the heat transfer surface and
ordinarily, represents the thermal limitation in which a phase change happens during heating. When
the CHF occurs, an inordinate decrease in the heat transfer rate for heat flux and temperature
controlled system generates. Moreover, it is generally more important in applications such as power
generation for heat flux controlled system because of maintenance of the integrity occurring in heated
surface. So, it is very important to enhance the CHF to ensure the system safety and improve the
efficiency. Many methods to enhance the CHF have been investigated and a new technique in recent
years among these methods is nanofluids technology. The influences of 0.01 volume fraction (%)
Al2O3, SiC and Graphene Oxide (GO)/water nanofluids and fluid thermal hydraulic conditions on
CHF have been experimented. Experiments were performed using 1/2 inch SS 316L tube when the
mass flux is 100, 150, 200, 250, 300 kg/m2s and inlet temperature is 25 and 50 °C. The maximum
CHF enhancement of Al2O3/water nanofluid was 15 % at inlet temperature of 50 °C and mass flux of
200 kg/m2s. That of SiC/water nanofluid was 41 % at inlet temperature of 25 °C and mass flux of 150
kg/m2s. And, the maximum CHF enhancement of GO/water nanofluid was 100 % at inlet temperature
of 25 °C and mass flux of 250 kg/m2s. The CHF enhancements of nanofluids were caused to enhanced
wettability of the liquid film on the heater surface due to the deposition of nanoparticles. The
enhanced wettability is due to the change of surface structure (porous structure). This is confirmed
through macroscopic observation, SEM observation and contact angle measurement. Liquid film
thickness affected by evaporation, entrainment and deposition mass transfer can be closely linked
with wettability and nanoparticles properties. Also, the CHF enhancement of nanofluids is caused to
increase of thermal activity related to thermal conductivity and thickness.
Second, quenching experiments were conducted to investigate the effect of nanofluids on reflood
heat transfer in a long vertical tube (1,300 mm in the heating length). When the potential application
of nanofluids comes to Emergency Core Cooling System (ECCS), the situation of interest is
quenching phenomena of fuel rods during reflood of emergency coolants. The reflood tests have been
performed using SiC and GO/water nanofluids as a coolant, instead of water. We have observed a
VI

more enhanced cooling performance in the case of the nanofluids reflood. A cooling performance
(quenching time) is enhanced more than 20 seconds for SiC/water and GO/water nanofluids. A more
enhanced cooling performance is attributed to a high wettability of a thin layer formed on a heating
surface by a deposition of nanoparticles. The enhanced wettability is due to the change of surface
structure (porous structure). The enhancing cause of the cooling performance using the nanofluids
were investigated through macroscopic observation, SEM, SEM-EDS and contact angles of the inner
surface of the test section. Also, a more enhanced cooling performance is caused to increase of
thermal activity related to thermal conductivity and thickness.
Effects of graphene/SiC nanofluids show the enhancement of safety margin for advanced nuclear
reactors in terms of CHF enhancement and an enhanced quenching performance.
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І. Introduction
1. 1 Background
CHF is characterized by a sudden reduction of the local heat transfer coefficient that results from
a transition from nucleate boiling to film boiling along with the heat transfer surface. The CHF is
generally more important in applications such as power generation for heat flux controlled systems,
due to the burnout or failure of the integrity that occurs in heated surface. Therefore, it is very
important to enhance the CHF in order to ensure the system safety and improve the system efficiency.
Many methods to enhance the CHF have been researched through the swirl flow using twisted tapes,
the promotion of flow mixing, the altering of the characteristics on the heated surface and the
changing of the surface tension. Many methods to enhance the CHF have been investigated and a new
technique in recent years among these methods is nanofluids technology.
Meanwhile, some flow boiling CHF experiments relevant to the present work were summarized.
Kim et al.1 studied flow boiling CHF in nanofluids. They used a 0.01 vol. % alumina nanofluid
characterized by nanoparticles with a size of ~50 nm. The results demonstrate that CHF enhancement
up to ~30 % can be achieved using the nanofluid. The authors found that the presence of the
nanoparticles seems to have an effect on the burnout mode, making it more localized. Kim et al.2
performed the CHF tests at 0.1 MPa and at three different mass fluxes (1500, 2000 and 2500 kg/m2s).
The thermal conditions at CHF were subcooled. The authors showed that the maximum CHF
enhancements were 53 %, 53 %, and 38 % for alumina, zinc oxide, and diamond nanofluids,
respectively. They concluded that an analysis of the boiling surface reveals that its morphology is
altered by the deposition of the particles during boiling. Additionally, the wettability of the surface is
substantially increased, which appears to correlate well with the observed CHF enhancement. Truong
et al.3 performed the CHF and heat transfer coefficients experiments with the test section deposited
Al2O3 nanoparticles. The CHF values for the Al2O3 nanoparticles-coated tubing were found on
average to be 28% higher than bare tubing at high mass flux of 2500 kg/m2s. However, no
enhancement was found at lower mass flux of 1500 kg/m2s. They concluded that SEM images
confirmed the presence of nanoparticle on the pre-coated surface, but, the coating is not uniform. So,
the heat transfer coefficients were found to be the same for the pure and the Al2O3 nanoparticlescoated test sections. Also, they concluded that more investigation on CHF enhancement of models to
explain the difference between the two mass fluxes need to be done. Kim et al.4 performed flow
boiling CHF experiments using an Al2O3 nanofluid at different inlet temperatures (50 and 75 °C) and
mass fluxes (100, 200, and 300 kg/m2s). The CHF results for water agreed well with the results
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provided in the 1995 CHF look-up table prepared by Groeneveld et al.5. The results demonstrated that
the CHFs of the Al2O3 nanofluids were enhanced up to ~70 % in flow boiling for all experimental
conditions. The inner surfaces of the test section tube were observed using an FE-SEM and the zeta
potentials of the Al2O3 nanofluids were measured before and after the CHF experiments. The authors
concluded that the cause of CHF enhancement is attributed to enhanced wettability of the liquid film
onto the heater surface due to the deposition of Al2O3 nano-particles on the inner surface of the test
section tube. Lee et al.6 studied experimentally the effects of tri-sodium phosphate (TSP) and boric
acid on CHF enhancement. CHF experiments were performed with mass flux ranging from 100-500
kg/m2s and inlet subcooling temperature of 50 °C under atmospheric pressure. Working fluids in the
test loop were water, TSP solutions (0.2, 0.4, 0.6 %), and boric acid solutions (0.2, 0.4, 0.6, 0.8 %).
The authors found that surfactant causes a decrease in contact angle of solvent, so it is effective in the
enhancement of CHF by wettability increase. At relatively high mass flux, a decrease of CHF was
observed, and is due to the instability due to the decrease of surface tension. Kim et al.7 studied the
flow boiling CHF experiments using Al2O3 nanofluid (0.0001, 0.001 vol. %) and Al2O3 nanoparticle
deposited tubes at mass fluxes (500, 1000, 1500 kg/m2s) under atmospheric pressure. The flow boiling
CHF values of Al2O3 nanofluid with a plain tube and deionized water with an Al2O3 nanoparticle
deposited tube were all enhanced by as much as 78 %. The authors found that there was no big
difference in CHF results between values of Al2O3 nanofluid with a plain tube and deionized water
with an Al2O3 nanoparticle deposited tube and concluded that these results indicate that the CHF
enhancement of Al2O3 nanofluid is surely caused by deposition of nanoparticles on the test section
tube inner surface. Lee et al.8 conducted the flow boiling CHF experiments in round tubes with an
inner diameter of 0.01041 m and a length of 0.5 m with mass fluxes (100, 150, 200, and 250 kg/m2s)
under low pressure and low flow conditions at a fixed inlet temperature using water, 0.01 vol. %
Al2O3/water nanofluid, and SiC/water nanofluid. The CHF of the nanofluids was enhanced and the
CHF of the SiC/water nanofluid was more enhanced than that of the Al2O3/water nanofluid. The
authors found that the CHF results for the SiC/water nanofluid were more enhanced than those of the
Al2O3/water nanofluid because the contact angle in the inner surface of the test section after the CHF
experiment with the SiC/water nanofluid was smaller than that after the CHF experiment with water
and Al2O3/water nanofluid. Also, the authors concluded that the CHF enhancements of the nanofluids
caused enhanced wettability of the liquid film on the heater surface due to the nanoparticle deposition
through macroscopic and SEM observations.
Quenching is the rapid cooling of a high temperature solid surface. The important feature
responsible for the quenching is a rewetting process. The rewetting process occurs when the
temperature of the hot surface is below the Leidenfrost temperature. When the potential application of
２

nanofluids comes to Emergency Core Cooling System (ECCS), the situation of interest is quenching
phenomena of fuel rods during reflood of emergency coolants. Convective heat transfer removes
stored heat and the film becomes unstable after a time.
Meanwhile, some quenching experiments using nanofluids were summarized. Kim et al.10 studied
experimentally the quenching for small metallic spheres exposed to pure water and Al2O3, SiO2,
diamond/water nanofluids at low concentrations (≤ 0.1 vol. %). The test specimens were made of
stainless steel (SS) and zircaloy, and the initial temperature of test specimens was about 1,000 °C. The
authors found that the film boiling heat transfer in nanofluids is almost identical to that in pure water.
That is, the nanoparticles present in the nanofluids have no major effect on the quenching process.
However, some nanoparticles deposit on the sphere surface during the quenching process can greatly
accelerate the end of film boiling in subsequent quenching tests. So, they stated that the surface
roughness increase and wettability enhancement may be responsible for the premature disruption of
the film boiling and the acceleration of quenching due to nanoparticle deposition. Lotfi and Shafii9
performed transient quenching experiments on a high temperature silver sphere in Ag, TiO2/water
nanofluids to investigate boiling heat transfer characteristics of nanofluids. The initial temperature of
test specimen was about 700 °C and the initial temperature of nanofluid was 90 °C. The authors found
that the quenching process was more rapid in pure water than in nanofluids and the cooling time was
inversely proportional to the nanoparticle concentration. They stated that nanoparticle deposition on
the sphere surface acted as a thermal insulator for the sphere and reduced the temperature of the
sphere outer surface, due to the higher thermal resistance of the TiO2 layer. Also, nanoparticle
deposition prevented a stable vapor film from forming around the sphere, which promoted the rapid
quenching of the hot sphere. Kim et al.10 studied the quenching characteristics of metallic rodlets and
spheres in pure water and Al2O3/water nanofluids of 0.1% by volume. The experiments were
performed in both saturated and subcooled conditions under atmospheric pressure. The authors found
that the initial quenching behavior in nanofluids is identical to that in pure water, and the quench front
speed is significantly enhanced in subsequent quenching repetitions due to nanoparticle deposition.
They stated that the hydrophilic nature of the nanoparticle increases the area of the liquid–solid
contacts during film boiling, which efficiently destabilizes the vapor film at higher temperatures and
the very fast propagation of the quench front is also associated with local liquid–solid contacts during
film boiling. Chun et al.12 investigated the effects of Si and SiC nanofluids on a boiling heat transfer
during a rapid quenching of a thin platinum (Pt) wire. The authors found that when the Si and SiC
nanoparticle-coated Pt wires are quenched with the water, the nanoparticle-coated Pt wires are cooled
down at a very high rate, compared to the bare Pt wires cooled by the water and the Si nanofluids.
They stated that a considerably large heat transfer coefficient is obtained in a wide range of the wall
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superheat, compared to those of the bare Pt wires cooled by the water and the nanofluids during a
quenching of the Si and SiC nanoparticle-coated Pt wires. Bolukbasi and Ciloglu13 studied the pool
boiling heat transfer characteristics of a vertical cylinder quenched by SiO2/water nanofluids around a
high temperature brass rod (diameter 20 mm × 75 mm) at saturated temperature and atmospheric
pressure. The authors found that the pool film boiling heat transfer in nanofluids is identical to that in
pure water, but, during the repetition tests in nanofluids with high concentrations, the film boiling
region disappears, and the critical heat flux increases. They stated that the nucleate pool boiling heat
transfer coefficient decreases compared with that of pure water, but a considerable decrease in
nucleate pool boiling heat transfer is not observed with the repetition tests. The main reason for this
decrease was the deposition of nanoparticles during the quenching tests. Ciloglu and Bolukbasi14
studied the quenching behavior of aqueous nanofluids containing various volume fractions of Al2O3,
SiO2, TiO2 and CuO nanoparticles around a high temperature brass rod (diameter 20 mm × 75 mm) at
saturated temperature and atmospheric pressure. The authors showed that although it is not observed
from the first run in nanofluids, the quenching time is considerably shortened during the repetitive
quenching tests and the quenching process is strongly dependent on the kind of nanoparticle, as well
as its volume fraction. They stated that the characterization of the nanoparticles deposition layer
showed an increase in the surface roughness and a decrease in contact angle, which was the primary
reason for CHF enhancement. In addition, the results showed that there was no considerable change in
nucleate boiling heat transfer for all nanofluids. Lee et al.15 conducted the reflood heat transfer
experiments to investigate the effect of 0.1 vol. % Al2O3/water nanofluid and carbon nano colloid
(CNC) in the tube (1,000 mm in the heating length). The authors showed that the cooling performance
is enhanced by more than 13 seconds and 20 seconds for Al2O3/water nanofluid and CNC,
respectively. They concluded that a more enhanced cooling performance is attributed to a high
wettability of a thin layer formed on a heating surface by a deposition of nanoparticles and the thin
layer deposited nanoparticles is formed because the vapor including nanoparticles is deposited on
heating surface before fluids are moved, when fluids are moved from bottom to top during reflood.
Also, they concluded that a more enhanced cooling performance can be achieved by decreasing the
amount of hydrogen at the severe accident.
1. 2 Research Objectives and Scopes
In this study, the first objective is to study CHF mechanism according to mass flux and
subcooling effects and CHF enhancement of nanofluids. And also, it is to make the experimental
correlation including CHF results of water, Al2O3/water, SiC/water and GO/water nanofluids.
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The second objective is to study enhancement of quenching performance of SiC/water and
GO/water nanofluids in the reflood in a long vertical tube. And also, it is to analyze Leidenfrost
temperature (The rewetting is the re-establishment of continuous liquid contact with a hot dry surface.
It has been found that rewetting always occurs when the temperature of the hot surface is below
Leidenfrost temperature.) when doing quenching experiment using water, Al2O3/water and GO/water
nanofluids. Figure 1-1 shows the total research objectives.

Figure 1-1. Research objectives.
In the present study, therefore, the research scope is as follows:
CHF experiment using nanofluids and experimental correlation are included in flow boiling CHF.
CHF experiment using Al2O3/water, SiC/water and GO/water nanofluids are included in CHF
experiment using nanofluids. And, experimental correlation about water and nanofluids are included
in experimental correlation.
Quenching experiment using nanofluids and data analysis are included in quenching. Quenching
experiment using SiC/water and GO/water nanofluids are included in quenching experiment using
nanofluids. And, analysis of Leidenfrost temperature is included in data analysis. The present research
scope is summarized in Figure 1-2.
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Figure 1-2. Research scope.
1. 3 Thesis Structure
The introduction of this study is described in chapter 1. Preparation and characterization of
nanofluids is described in chapter 2.
In chapter 3, flow boiling CHF enhancement of SiC and GO nanofluids would be studied. The
maximum CHF enhancement of Al2O3/water nanofluid was 15 % at inlet temperature of 50 °C and
mass flux of 200 kg/m2s. That of SiC/water nanofluid was 41 % at inlet temperature of 25 °C and
mass flux of 150 kg/m2s. The maximum CHF enhancement of GO/water nanofluid was 100 % at inlet
temperature of 25 °C and mass flux of 250 kg/m2s. The CHF enhancement of nanofluids was due to
enhanced wettability of the liquid film on the heater surface caused by the deposition of nanoparticles.
This is confirmed through macroscopic observations, SEM observations and measurement of contact
angles. The enhancement on wettability of the inner surface of the test section would make the liquid
film more settled. As a result, the enhancement on wettability would make the liquid film dryout more
delayed. Thick liquid film can explain the enhancement of CHF, but more detailed analyses are
needed in terms of evaporation, entrainment and deposition mass transfer in liquid film dryout. Also,
the CHF enhancement of nanofluids is caused to increase of thermal activity related to thermal
conductivity and thickness.
In chapter 4, quenching performance enhancement of SiC and GO nanofluids would be studied. A
cooling performance is enhanced more than 20 seconds for SiC/water nanofluid and GO/water
nanofluid. A more enhanced cooling performance is attributed to a high wettability of a thin layer
formed on a heating surface by a deposition of nanoparticles. The enhancing cause of the cooling
performance after the quenching experiments using the nanofluids were investigated through
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macroscopic observation, SEM, contact angles and SEM-EDS of the inner surface of the test section.
Also, a more enhanced cooling performance is caused to increase of thermal activity related to
thermal conductivity and thickness.
The conclusions and recommendations are described in chapter 5.
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ІІ. Preparation and Characterization of Nanofluids
2. 1 Shape and Size of Nanoparticles
The nanoparticles/water nanofluids were prepared by dispersing the nanoparticles into water as a
base fluid. The Al2O3 nanoparticles (true density = 3970 kg/m3, thermal conductivity = 40 W/(mK)) in
this study were manufactured by Alfa Aesar, Johnson Matthey Company. The SiC nanoparticles (true
density = 3160 kg/m3, thermal conductivity = 490 W/(mK)) were manufactured by Sigma Aldrich.
GO nanoparticles in this study were manufactured by the method of chemical vapor deposition (CVD).
Chemical vapor deposition method is a chemical process used to manufacture high purity and
performance materials and to produce thin films. It is well known that the nanofluid properties depend
on the shape and size of the nanoparticles. In order to identify the nanofluid morphology, a
transmission electron microscopy (TEM) was performed. As can be seen in the image in Figure 2-1, it
was identified that the Al2O3 and SiC nanoparticles have spherical shapes and GO nanoparticles have
the shape of the plate and the thickness of one layer is less than 1 nm. The size of the Al2O3 and GO
nanoparticles was smaller than 50 nm and that of the SiC nanoparticles was larger than 50 nm.

(a)

８

(b)

(c)
Figure 2-1. TEM images of nanoparticles: (a) Al2O3, (b) SiC and (c) GO.
2. 2 Fabrication of Nanofluids
The preparation process for the nanoparticles/water nanofluids is as follows: (1) weigh the
nanoparticle mass using a digital electronic balance; (2) put the nanoparticles into weighed water and
prepare the nanoparticles/water mixture; and (3) sonicate the mixture continuously for six hours using
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a sonicator in order to obtain uniform dispersion of the nanoparticles in the water. Through this
preparation, the temperature of the nanofluids increased from 24 °C to 55 °C.
In the present work, 0.01 vol. % nanofluids were prepared. These values are calculated by the
following conversion formula and this conversion formula is used conventionally, as it is very
difficult to measure the precise volume of nanoparticles.

ϕ=

1

1 − ϕm ρ p
(
)
+1

ϕm

(2-1)

ρf

where, φm is the mass concentration of nanoparticles, ρp is the density of nanoparticle and ρf is the
density of base fluid.
2. 3 Dispersion Stability
In the present work, 0.01 vol.% Al2O3/water, SiC/water and GO/water nanofluid were prepared.
In terms of the colloidal stability or stable nanoparticle-dispersion, the zeta potential is a key
parameter. The zeta potential of the Al2O3/water, SiC/water and GO/water nanofluids were +36 mV, 37.3 mV and -31.5 mV (Figure 2-2). It can be seen that these values show moderate stability, because
the absolute values of the zeta potential are larger than 30 mV. In terms of the colloidal stability or
stable nanoparticle dispersion, the pH is a key parameter that is related to the electrostatic charge on
the particles surface. This can be interpreted and quantified as the zeta potential. It is well known that
the pH value required in order to maintain stability must be far from the isoelectric point (IEP), which
is the pH at which a particle surface does not have a net electrical charge (zero zeta potential).
Therefore, in a colloidal dispersion, the IEP brings about the precipitation and agglomeration of
particles because there are insufficient repulsive forces between the particles. As the pH changes from
the IEP, the absolute value of the zeta potential of the particle surface increases so that the interaction
between the particles due to the existence of the electrical double layer (EDL) becomes sufficient to
prevent attraction and collision between particles caused by the Brownian motion.
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(a)

(b)

(c)
Figure 2-2. Zeta potential of 0.01 vol.% nanofluids: (a) Al2O3, (b) SiC and (c) GO.
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2. 4 Application of Nanofluids
“2.4 Application of Nanofluids” is reproduced in part with permission of “Lee, S. W.; Park, S. D.;
Kang, S.; Shin, S. H.; Kim, J. H.; Bang, I. C., Feasibility study on molten gallium with suspended
nanoparticles for nuclear coolant applications, Nuclear Engineering and Design 2012, 247, 147-159”.
2012 Elsevier B.V. All rights reserved.
After the Fukushima accident, the concerns on nuclear safety are increasing more than ever
before. In particular, promising coolants for fast neutron reactors start to become major targets to the
nuclear safety issues. Liquid metals such as sodium, sodium-potassium, lead, and lead-bismuth, as
well as gallium have been considered as potential coolants in fast reactors. Among them, gallium is in
the liquid state even under room temperature, has the lowest melting point (~30 °C) and has no
explosive reaction with water. However, liquid gallium has a lower thermal conductivity than other
liquid metals such as sodium. If nanoparticles were evenly dispersed in liquid gallium, having the
higher conductivity the suspended nanoparticles would be expected to produce a highly thermalconductive coolant for nuclear applications without any safety concerns. At least, it would be
promising to adopt the coolant in a safety system like passive decay heat removal system. The present
work investigates the feasibility of using liquid gallium with nanoparticles in nuclear applications
examining dispersion methods and some of the requirements of nuclear coolants such as absorption
cross section, thermal conductivity and viscosity. The key issue of the original idea is whether a stable
dispersion can be achieved with various nanoparticles having high thermal conductivities. In the study,
the results show that good dispersion stability can be obtained by controlling shear rates based on
centrifugal forces. The coolant requirements in nuclear reactors may be summarized as follows: (1) A
low cross section for absorbing neutrons, (2) A good heat transfer efficiency, (3) A low meting point,
(4) A high boiling point, (5) A low reactivity with water, (6) A low reactivity with typical reactor
materials such as stainless steel and zirconium. In relation to coolant requirements, liquid gallium has
a low melting point and a high boiling point. Alloys with gallium can also have a low melting point.
In regard to the low reactivity with water, some researchers considered the potential utility of liquid
gallium in nuclear applications, but these researches were not successful because of the lack of
materials resistant to the corrosive effects of liquid gallium at high temperatures. The utility of the
liquid gallium, however, is being considered again, because of the development of corrosion-resistant
alloys, corrosion-resistant coating, and the presence of nanoparticles. Sodium is receiving much
attention as a liquid metal coolant in sodium-cooled fast reactor (SFRs) and generation IV reactors.
But, sodium has the disadvantages of fire and explosion risks, so the authors have made an effort to
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find an alternative liquid metal. In this regard, liquid gallium and nanoparticles/liquid gallium
nanofluids are a good alternative liquid metal-based coolant. According to recent research results,
there is impact on four issues about the utility of liquid gallium as a reactor coolant, namely, the
relatively high reactivity (caused by the high neutron absorption cross section of gallium), the lack of
suitable structural materials for long-time operation (because of gallium’s high corrosion rate), the
relatively low heat transfer compared to other liquid metals (low thermal conductivity), and relatively
high operating temperature (design problem). For example, the absorption cross section of sodium is
0.530 barns16. On the other hand, the absorption cross section of gallium is 2.2 barns17. This is a
severe handicap, but since the cross section might be reduced by proper alloying, one cannot rule out
the use of gallium on account of its cross section alone2. Also, if we use nanoparticles having a low
cross section, nanoparticles/liquid gallium nanofluids absorption cross section may be low enough to
make it a good coolant.
Before conducting the experiment, we estimated the thermal conductivity of nanoparticles/liquid
gallium nanofluids. It is important that nanoparticles which have a higher thermal conductivity than
that of liquid gallium be selected. Therefore, we selected Al2O3 (aluminum oxide), ZnO (zinc oxide),
Ni (nickel), SiC (silicon carbide), and MWCNT (multiwall carbon nanotube) for investigation. Al2O3
and SiC nanoparticles were manufactured by Sigma Aldrich Corporation, ZnO and Ni nanoparticles
were manufactured by Alfa Aesar Corporation and MWCNT nanoparticles were manufactured by
Hanwha Nanotech Corporation. The thermal conductivity of these is listed in Table 2-1.
Table 2-1. The thermal conductivity of liquid gallium and nanoparticles.

Component

Thermal Conductivity

Liquid gallium

24 W/(mK)

Al2O3

40 W/(mK)

ZnO

100 W/(mK)

Ni

90.9 W/(mK)

SiC

490 W/(mK)

MWCNT

3,000 W/(mK)

Representative theoretical formulas have been developed to determine the thermal conductivity
of a particle suspension. These formulas are very useful in theoretically estimating the enhancement to
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the thermal conductivity of nanofluids. Representative theoretical formulas are the Maxwell18 and
Hamilton-Crosser19 formulas. Here, we predicted the thermal conductivity of nanoparticles/liquid
gallium nanofluids using the Hamilton-Crosser formula at 1-5 volume %. These results are shown in
Figure 2-3. The thermal conductivity of nanoparticles/liquid gallium nanofluids increases with
increasing volume fraction. The Hamilton-Crosser formula is expressed as:

knf = k f [

α + (n − 1) − (n − 1)(1 − α )ϕ
]
α + (n − 1) + (1 − α )ϕ

(2-1)

where, knf is the thermal conductivity of nanofluids, kf is the thermal conductivity of base fluids,
α is kp/kf(kp is the thermal conductivity of nanoparticles), φ is the particle volume fraction, and n is 3
for spheres or 6 for cylinders. Therefore, spherical and non-spherical particles are considered in this
formula. If nanoparticles are spheres, the Hamilton-Crosser formula is the same as the Maxwell
formula. In this study, only the Hamilton-Crosser formula was used because Al2O3 and ZnO
nanoparticles are cylinders, whereas the Ni nanoparticles are spheres. We expected that the mixing of
liquid gallium and nanoparticles would be difficult, because unlike deionized water, the density of
liquid gallium is high as shown in Table 2-2.

(a)
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(b)
Figure 2-3. Expected results of thermal conductivity using the Hamilton-Crosser (1962)
formula: (a) thermal conductivity-volume fraction curve of nanoparticles/liquid gallium
nanofluids and (b) relative thermal conductivity-volume fraction curve of nanoparticles/liquid
gallium nanofluids.
Table 2-2. The density of liquid gallium and nanoparticles.

Component

Density

Liquid gallium

6,095 kg/m3

Al2O3

4,000 kg/m3

ZnO

5,606 kg/m3

Ni

8,908 kg/m3

Nanoparticles/liquid gallium nanofluids were prepared by dispersing Al2O3, ZnO, and Ni
nanoparticles into liquid gallium as a base fluid. Stable suspension of nanoparticles in conventional
heat transfer fluids are produced by two methods: the two-step method and the one-step method. The
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two-step method first makes nanoparticles using one of the nanoparticle processing techniques and
then disperses them into base fluids. The one-step method simultaneously makes and disperses
nanoparticles directly into base fluids20. The size of the Al2O3 nanoparticles was under 50 nm, the size
of ZnO particles was under 100 nm, and the size of the Ni nanoparticles was about 100 nm. All
nanofluids were fabricated in 1 volume %. Each mass and volume of the nanofluids components is
shown in Table 2-3. Unlike nanoparticles/deionized water nanofluids, nanoparticles/liquid gallium
nanofluids were not well dispersed. To increase dispersion, we used probe sonicator (made by
Thermo Fisher Scientific Incorporated, USA) which processes 0.5 to 500 ml in addition to bath
sonication. The nanoparticles/liquid gallium nanofluids still were not well dispersed. Figure 2-4
shows the macroscopic observation of the experimental results. Even the Ni nanoparticles that have a
higher density than liquid gallium were not well dispersed.
Table 2-3. Mass and volume of liquid gallium and nanoparticles.

Component

Mass and Volume

Liquid gallium

20 ml (121.9 g)

Al2O3

0.1326 g

ZnO

0.1858 g

Ni

0.2953 g

(a)

(b)
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(c)

(d)

Figure 2-4. Macroscopic observation: (a) pure liquid gallium, (b) Al2O3/liquid gallium mixture,
(c) ZnO/liquid gallium mixture and (d) Ni/liquid gallium mixture.
Cao et al.21 found that silica coating improved the dispersion in preparing composite particles
with a density similar to that of the carrier liquid, i.e., liquid gallium. In an attempt to improve
dispersion, we used his method. The coating process was performed by controlling the hydrolysis and
the condensation of tetraethyl orthosilicate (TEOS).
1) The nickel particles were first pretreated by 3-mercaptopropyltrimethoxysilane (HS(CH2)3Si(OCH3)3, MPTS) at room temperature and dispersed by using a high intensity ultrasonic bath.
2) After aging for 6 h, the pretreated nickel particles were washed 3 times with ethanol and then
dried completely.
3) Ni-MPTS particles were dispersed in the alcohol/water mixture at room temperature (the mole
ratio of alcohol/water was fixed at 2:1).
4) Under continuous stirring, a certain amount of NH4OH and TEOS was added to the reaction
mixture (the mole ratio of NH4OH/TEOS was fixed at 5:8).
5) The reaction was allowed to proceed at room temperature for 8 h under continuous stirring.
6) To extract the silica-coated particles, it washed by ethanol and dried at nearly 50 °C in drying
oven.
Figure 2-5 shows the preprocessing of silica coating. The silica coating was checked using TEM
EDS (Figure 2-6). The dispersion using silica coating of the Ni nanoparticles were founded to be more
thoroughly than dispersed using a two-step method at room temperature. The results are shown in
Figure 2-7. However, the Ni nanoparticles coated with silica were still not sufficiently dispersed. A
variety of methods were then employed to improve dispersion.
１７

(a)

(b)

Figure 2-5. Preprocessing of silica coating: (a) before drying silica coated Ni particles and (b)
after drying silica-coated Ni particles.

Figure 2-6. TEM EDS checking whether or not silica coating was successful.
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Figure 2-7. Macroscopic observation of Ni nanoparticle coated silica/liquid gallium mixture.
Since the surface tension of liquid gallium decreses as to the temperature increases22, we
dispersed Al2O3, ZnO, and Ni nanoparticles into liquid gallium at 450 °C for 24 hours using a furnace
and crucible. All nanofluids were fabricated in 1 vol. %. Figure 2-8 shows the macroscopic
observation of the nanoparticles/liquid gallium mixture. As shown in Figure 2-8, the Al2O3, ZnO, and
Ni nanoparticles at 450 °C were still not dispersed. It was then postulated that the surface tension and
macroscopic absorption cross section of gallium could be decreased doing tin and zinc alloys because
the surface tension and macroscopic absorption cross section of tin and zinc are smaller than those of
gallium (Table 2-4). And, the composition of ternary eutectic was determined to 90Ga-8Sn-2Zn
because the melting point (19 °C) was lowest at the composition2. For this reason, we dispersed Al2O3,
ZnO, and Ni nanoparticles into gallium, tin, and zinc alloy at 450 °C for 24 hours using a furnace and
crucible. All nanofluids were fabricated in 1 vol. %. Figure 2-9 shows the macroscopic observation of
nanoparticles/alloy mixture. As shown in Figure 2-9, Al2O3, ZnO and Ni nanoparticles in gallium, tin,
and zinc alloy were still not dispersed. An overhead stirrer is generally a device mixing liquid-liquid
and liquid-solid. By centrifugal force, light nanoparticles are moved to the center of rotation, and
heavy nanoparticles are moved outward. By repetition of these processes, nanoparticles in liquid
gallium might be dispersed. Experiments were performed using an overhead stirrer (made by IKA,
Germany and which rotate 60 to 2000 rpm) at 620 rpm and for 3 hours. The main components of the
experimental system included an impeller, a hot plate to maintain the status of the liquid gallium, and
beakers. Because dispersion using overhead stirrer is a physical dispersion, many nanoparticles (Al2O3,
ZnO, Ni, SiC, and MWCNT) are used to disperse in liquid gallium. As shown in Figure 2-10, Al2O3,
ZnO, Ni, SiC, and MWCNT nanoparticles in liquid gallium were well dispersed to the naked eye.
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(a)

(b)

(c)
Figure 2-8. Macroscopic observation of nanoparticles/liquid gallium mixture (at 450°C, for 24
hours): (a) Al2O3/liquid gallium mixture, (b) ZnO/liquid gallium mixture and (c) Ni/liquid
gallium mixture.
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Table 2-4. The surface tension and macroscopic absorption cross section of gallium, tin, and zinc.

Component

Surface Tension

Macroscopic Absorption Cross Section

Gallium

690 mJ/m2

0.148 cm-1

Tin

453 mJ/m2

0.07230 cm-1

Zinc

532 mJ/m2

0.02333 cm-1

(a)

(b)

(c)

(d)

Figure 2-9. Macroscopic observation of nanoparticles/gallium, tin, and zinc alloy mixture
(90Ga-8Sn-2Zn at 450°C, for 24 hours): (a) gallium, tin, and zinc alloy (b) Al2O3/alloy mixture,
(c) ZnO/alloy mixture and (d) Ni/alloy mixture.
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(a)

(b)

(c)

(d)

(e)

(f)
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(g)

(h)

(i)

(j)

Figure 2-10. Macroscopic observation of nanoparticles/liquid gallium mixtures and nanofluids:
(a) Al2O3/liquid gallium mixture, (b) Al2O3/liquid gallium nanofluid, (c) ZnO/liquid gallium
mixture, (d) ZnO/liquid gallium nanofluid, (e) Ni/liquid gallium mixture, (f) Ni/liquid gallium
nanofluid, (g) SiC/liquid gallium mixture, (h) SiC/liquid gallium nanofluid, (i) MWCNT/liquid
gallium mixture and (j) MWCNT/liquid gallium nanofluid.
After the nanoparticles were well dispersed in liquid gallium as determined visually, the
dispersion was confirmed using inductively coupled plasma (ICP made by Varian, USA) for Ni/liquid
gallium nanofluid and time-of-flight secondary ion mass spectrometry (TOF-SIMS made by ION
TOF, Germany) for Al2O3, SiC/liquid gallium nanofluids. Figure 2-11 shows the results of ICP
measurement for the Ni/liquid gallium nanofluid. The amount of Ni nanoparticles in liquid gallium is
almost zero, but the amount of Ni nanoparticles in Ni/liquid gallium nanofluid is 13,084 mg/l. From
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these results, we confirmed that Ni nanoparticles in liquid gallium were well dispersed. Figure 2-12
shows the result of TOF-SIMS measurement for Al2O3, SiC/liquid gallium nanofluids. The black
color is the gallium and yellow color is the Al2O3 nanoparticles (Figure 2-12 (a)) and SiC
nanoparticles (Figure 2-12 (b)). The laser flash method (LFA 457 and DSC 404C (made by
NETZSCH, Germany) equipment) was used as measuring thermal conductivity of liquid gallium,
SiC/liquid gallium nanofluid, and MWCNT/liquid gallium nanofluid. The laser flash method is
generally acknowledged as the most popular method for measuring thermal diffusion coefficient
above room temperature23. Additionally, analysis of multi-layer systems and liquids is possible by the
laser flash method. Thermal conductivity is measured by multiplying the thermal diffusion coefficient
(using LFA 457), specific heat (using DSC 404C), and density. Table 2-5 shows the thermal
conductivity of gallium, SiC/liquid gallium nanofluid, and MWCNT/liquid gallium nanofluid at 50 °C,
60 °C and 70 °C. The thermal conductivity of liquid gallium increases with increasing temperature.
However, the thermal conductivity of SiC and MWCNT/liquid gallium nanofluid did not increase but
decreased unexpectedly. A possible reason of such an unexpected reduction might be due to the
interfacial resistances which can be caused by voids or trapped gases. In order words, voids or trapped
gases between nanoparticles and liquid gallium can be the obstacle in enhancing the thermal
conductivity of nanoparticles/liquid gallium nanofluids.

Figure 2-11. Ni/liquid gallium nanofluid analyzed by ICP.
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(a)

(b)
Figure 2-12. Nanoparticles/liquid gallium nanofluids analyzed by TOF-SIMS: (a) Al2O3 and (b)
SiC.
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Table 2-5. The thermal conductivity of liquid gallium, SiC/liquid gallium nanofluid, and
MWCNT/liquid gallium nanofluid using LFA 457 and DSC 404C.

Liquid gallium
SiC/liquid gallium
nanofluid
MWCNT/liquid
gallium nanofluid

50 °C

60 °C

70 °C

24.086 W/(mK)

23.706 W/(mK)

24.180 W/(mK)

7.500 W/(mK)

7.166 W/(mK)

7.308 W/(mK)

10.578 W/(mK)

10.651 W/(mK)

10.802 W/(mK)

Viscosity is a measure of the tendency of a liquid to resist flow. It is the ratio of the shear stress to
shear rate. When the viscosity is constant at different values of shear rate, the liquid is known as
Newtonian. When the viscosity varies as a function of shear rate then the liquid is known as nonNewtonian. Various predictions have been developed to determine the viscosity of a particle
suspension at a particle volume fraction. Representative theoretical models are the Brinkman24 and
Batchelor25 models. The Brinkman and Batchelor models are expressed as follows:

μnf = μ f (

1
(1 − ϕ )2.5

)

μ nf = μ f (1 + 2.5ϕ + 6.5ϕ 2 )

(2-2)

(2-3)

where μnf is the viscosity of nanofluid, and μf is the viscosity of base fluid.
Figure 2-13 shows the predicted viscosity of nanoparticles/liquid gallium nanofluids using the
Brinkman and Batchelor models. As shown in Figure 2-13, the viscosity is increased according to
volume fraction without regard to the type of nanoparticles. Table 2-6 shows the macroscopic
absorption cross section of nanoparticles. The macroscopic absorption cross section is calculated by
using weight fraction in nanoparticles/liquid gallium nanofluids. Figure 2-14 shows the predicted
macroscopic absorption cross section of nanoparticles/liquid gallium nanofluids. As shown in Figure
2-14, the predicted macroscopic absorption cross section decreases according to volume fraction
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except for the Ni/liquid gallium nanofluid. Therefore, Ni nanoparticles are not available when
dispersing in liquid gallium as nuclear coolants due to the increase of the macroscopic absorption
cross section.

Figure 2-13. The predicted viscosity of nanoparticles/liquid gallium nanofluids using the
Brinkman (1952) and Batchelor (1977) models.
Table 2-6. The macroscopic absorption cross section of gallium and nanoparticles.

Nanoparticles

Macroscopic Absorption Cross Section

Al2O3

0.01386 cm-1

ZnO

0.0723 cm-1

Ni

0.4045 cm-1

SiC

0.0073 cm-1

MWCNT

0.0002728 cm-1
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Figure 2-14. The predicted macroscopic absorption cross section of nanoparticles/liquid gallium
nanofluids.
The present study investigates feasibility of using molten gallium with suspended nanoparticles
as nuclear coolants. After the Fukushima accident, the concerns on nuclear safety are increasing ever
than before. In particular, promising coolants for fast neutron reactors start to become major targets to
the nuclear safety issues. The reason for our strong interest in liquid gallium as a base fluid is its
technical advantages, namely, its low melting point (about 30 °C) in atmospheric pressure, high
boiling point (about 2,300 °C), low pressure of saturated vapor compared to molten metal of mercury
and alkali metals, explosion safety, low reactivity with oxygen in the atmosphere, and low toxicity of
vapor. Because of the high absorption cross section of gallium, the molten gallium could not be
directly applied to reactor core, rather but to safety systems like passive decay heat removal system. If
nanoparticles were dispersed well in molten metal, nanofluids technology for liquid metals as a base
fluid with the higher conductivity is expected to be an ideal and promising way to make a highly
thermal-conductive coolant for nuclear applications without safety concerns. The following
conclusions are obtained in terms of dispersion methods and some requirement for nuclear coolants:
(1) Nanoparticles were dispersed in liquid gallium by controlling shear rates using a mechanical
overhead stirrer, while the core-shell coating techniques6 as reported in the literature was failed when
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dispersing nanoparticles in liquid gallium, (2) We confirmed that Ni, Al2O3, and SiC nanoparticles
were dispersed well in liquid gallium through ICP and TOF-SIMS, (3) The thermal conductivity of
nanoparticles/liquid gallium nanofluids was measured. The thermal conductivity of SiC and
MWCNT/liquid gallium nanofluid did not increase but rather decreased unexpectedly. A possible
reason of such an unexpected reduction might be due to the interfacial resistances which can be
caused by voids or trapped gases, (4) The promising nano-materials for the molten gallium nanofluid
are carbon allotropes in terms of thermal conductivity while Ni increased the macroscopic absorption
cross section of liquid gallium mixture, (5) The present study showed a feasibility of using the molten
gallium with suspended nanoparticles, but more thoroughly investigations should be carried out on the
preparation to disperse nanomaterials to the molten gallium with reducing the interfacial resistances to
secure the enhancement of thermal conductivies.
2. 5 Dispersion of Nanoparticles in Liquids
“2.5 Dispersion of Nanoparticles in Liquid” is reproduced in part with permission of “Lee, S. W.;
Park, S. D.; Bang, I. C., Critical heat flux for CuO nanofluid fabricated by pulsed laser ablation
differentiating deposition characteristics, Int. J. Heat Mass Transfer 2012, 55, 6908-6915”. 2012
Elsevier Ltd. All rights reserved.
Stable suspensions of nanoparticles in liquids are produced by two methods: the two-step method
and the one-step method5. The two-step method first makes nanoparticles using one of the the
nanoparticle processing techniques and then disperses them into base fluids. The one-step method
simultaneously makes and disperses nanoparticles directly into base fluids5. So far, evaluations about
CHF enhancement for nanoflulds with a variety of nanoparticles are abundant in the literature.
However, there were very few efforts to investigate on the difference of CHF enhancement level
according to nanoparticles deposition characteristics for a same kind of material, not in comparison
with other kind of nanofluids. Therefore, we performed the pool boiling experiment with CuO
nanofluids fabricated by both a pulsed laser ablation method (one-step method) and the particles
dispersion method (two-step method) to make different deposition conditions. The various reasoning
for difference in CHF values for nanofluids with a same kind of material, CuO (based on different
preparation methods) are tried by measuring contact angle and capillary height indicating the surface
wettability and even Taylor instability wavelength by a condensation method.
Cu pellets (manufactured by Alfa Aesar, 5.2mm x 3.0mm) were used as samples in one-step
method of pulsed laser ablation in liquid and CuO nanoparticles manufactured by Alfa Aesar (true
density = 6,315 kg/m3) were used in the two-step method. CuO nanofluids at a concentration of 0.001
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vol. % are obtained by both one-step method with Cu pellets and two-step method with CuO
nanoparticle for a base fluid of the deionized water. The process of preparation of CuO nanofluid in
one-step is carried out by plused laser ablation in liquids (PLAL) using a single-pulsed laser beam
(λ=532 nm) as follows: (1) A Cu pellet was put at the bottom of a beaker filled with DIW; (2) A
Nd:YAG laser (LS-2134UTF model, made in Belarus LOTIS TII) was used to produce CuO/DIW
nanofluid for 8 h. The strong energy focused on the Cu pellet surface produces the plasma state of Cu
ion and dissociation of water molecules, H2O and a condensation process by surrounding liquid
environment makes the CuO nanoparticles. A chemical analysis by using TEM-energy dispersive Xray spectroscopy (EDS) was carried out as shown in Figure 2-15. It is confirmed that Cu and O
elements are occupied 50.75 and 21.63 atomic %. The experimental apparatus of one-step method is
shown in Figure 2-16. Because the properties of nanofluids depend on the shape and size of
nanoparticles, the image of Figure 2-17 was taken by TEM. As shown in Figure 2-17, the size of CuO
nanoparticle of nanofluid fabricated by one-step method is much smaller than that used in two-step
method. An average size of CuO nanoparticles in nanofluid fabricated by the PLAL is about 15 nm
while the size is about 55 nm for nanoparticles used in two-step method. And, the shape of CuO
nanoparticle of nanofluid fabricated by one- and two-step methods is spheres. To check dispersion
stability of nanofluids, zeta potential and pH were measured. In terms of the colloidal stability or
stable nanoparticles-dispersion, pH is a key parameter which is related to the electrostatic charge on
the particles surface. It can be interpreted and quantified as zeta potential. These data are listed in
Table 2-7. As shown in Table 2-7, the dispersion stability of CuO/DIW nanofluid fabricated by onestep method of the PLAL is much better than that prepared by two-step method. The unique stability
of the PLAL-prepared nanofluid is due to the ions dissociated from water molecules during the laser
ablation process26.

Figure 2-15. A chemical analysis by using TEM-EDS.
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Figure 2-16. The experimental apparatus of the pulsed laser ablation in liquid (PLAL) as a onestep method.

(a)
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(b)
Figure 2-17. TEM images of CuO nanoparticles according to manufacturing methods: (a) onestep method and (b) two-step method.
Table 2-7. Zeta potential and pH of two nanofluids according to manufacturing method.

One-step method

Two-step method

Zeta potential

39 mV

15.8 mV

pH

7.6

7.15

Critical heat flux values of CuO/DIW nanofluids are measured in a pool boiling test facility. It
consists of the rectangle vessel, two copper electrodes, a Teflon cover, a reflux condenser, power
supply, data acquisition system, hot plate and a standard resistor. The heating method on test section
is based on direct joule heating. And, the material of heating wire is nickel-chrome (80/20). Before the
experiment, the state of fluid was maintained at saturated temperature by a hot plate. A constant
heating time for boiling tests is applied through having a heat flux step. The heat flux was calculated
by obtaining data in data acquisition system using the following equation.
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I 2 Rw
q′′ =
π DL

(2-4)

where I is measured current, Rw is wire resistance, D is wire diameter and L is wire length. The
maximum uncertainty of the diameter and length of the nicrome wire is ±1 %. The uncertainty of the
heat flux is calculated using the following equation.

2

2

Δq ''
⎛ ΔV ⎞ ⎛ ΔI ⎞ ⎛ Δ (π DL) ⎞
= ⎜
⎟
⎟ +⎜ ⎟ +⎜
q ''
V
⎝
⎠ ⎝ I ⎠ ⎝ (π DL) ⎠

2

(2-5)

The estimated uncertainty is ±2 %.
At first, the pool boiling experiments were performed with base-fluid, water to confirm the
repeatability and reproducibility. For the reliability of the experiments, all tests including DIW,
CuO/DIW nanofluid prepared by one-step method and CuO/DIW nanofluid prepared by two-step
method are carried out for 3 times. The experimental CHF value is 997 kW/m2 which is almost
similar to and 9.5 % lower than prediction of CHF for the base-fluid, pure water. Eq. (2-6) is
Zuber27’s correlation that has been used for prediction of the CHF value.

′′ =
qZuber
where

π
24

ρ 1/g 2 h fg [ gσ ( ρ f − ρ g )]1/ 4

(2-6)

q”Zuber is the CHF of the pure water, ρg is the gas density, ρf is the liquid density, hfg is the

latent heat from liquid state to gas state, σ is the surface tension.
The CHF enhancement level for same kind of nanofluids prepared by different preparation
methods would depend on nanoparticles deposition characteristics, not the physical properties of the
materials. The results of these experiments are listed in Table 2-8. The CHF value of CuO/DIW
nanofluid made by one-step method of the PLAL is ~300 kW/m2 larger than that made by two-step
method. To investigate the mechanisms of CHF enhancement, deposition layers on the heating surface
after pool boiling experiments are characterized. Figure 2-18 is the SEM images of surface of heating
wires which show the surface conditions. The deposition structure looks apparently similar in both
CuO/DIW nanofluids made by the PLAL and two-step methods. The wettability and capillarity of
heater surfaces are important factors to determine the boiling phenomena. And many researchers have
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used these factors in explaining why CHF is enhanced. We checked the change of wettability on
heater surfaces after the pool boiling test. At first, the contact angles measured by a sessile drop test
are used to represent the surface wettability. The surface wettability was improved for both CuO
nanofluids as shown in Figure 2-19. It is found that the much larger decrease of the contact angle from
75° to 30° in case of the PLAL-fabricated nanofluid while two-step based nanofluid showed the
reduction from 75° to 61°. heater surface angle even though we used a same kind of material, CuO.
The contact angles of deposition layer of wire surface correspond to the CHF enhancement tendency
for DIW and both CuO/DIW nanofluids as shown in Figure 2-19 and Figure 2-20.
Table 2-8. CHF values of nanofluids according to preparation method.

DIW

CHF (kW/m2)

One-step method

Two-step method

(Pulsed laser ablation)

(Particles dispersion)

1

994

2475

2042

2

1002

2791

2298

3

996

2550

2563

Average

997

2605

2301

(a)

(b)

(c)

(d)
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(e)
(f)
Figure 2-18. SEM image of heater surface: (a) DIW (300 micro-meter), (b) DIW (10 micrometer), (c) one-step method (300 micro-meter), (d) one-step method (10 micro-meter), (e) twostep method (300 micro-meter) and (f) two-step method (10 micro-meter).

(a)

(b)
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(c)
Figure 2-19. Contact angles of surface layer of wires after pool boiling experiments with 1
micro-liter water: (a) DIW (~75 °), (b) one-step method (~30 °) and (c) two-step method (~61 °).

Figure 2-20. Comparison between Kandlikar’s CHF prediction model and experimental results
on CHF.
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One of the well-known CHF prediction model considering a surface condition in terms of contact
angle is Kandlikar’s CHF prediction model based on force balance on a bubble28.
Kandlikar’s CHF prediction model is as follows:

′′
qCHF

⎛ 1 + cos θ
= ρ g h fg ⎜
⎝ 16
1
2

1
2

1
⎞ ⎡2 π
⎤
4
⎟ × ⎢ + (1 + cos θ ) cos ϕ ⎥ ⎡⎣ gσ ( ρ f − ρ g ) ⎤⎦ (2-7)
⎠ ⎣π 4
⎦

where q″CHF is the CHF, ρg is the gas density, hfg is the latent heat from liquid state to gas state, θ
and φ are receding contact angle and heater surface angle, respectively, ρf is the liquid density, and σ
is surface tension.
The CHF value about DIW is nearly same to Kandlikar’s CHF prediction model (also we
checked a similar value in the Zuber model.). The contact angles of surface layer of wires after pool
boiling experiments in CuO/DIW nanofluids made by one-step and two-step method are smaller than
that of bare wire after pool boiling experiment in DIW and the contact angle of CuO/DIW nanofluid
made by one-step method is smaller than that of CuO/DIW nanofluid made by two-step method. The
trend could be explained by the different deposition structures of both nanofluids. Contact angles can
be different even in a same kind of nanomaterials. The reasons for the differences are based on
nanoparticles morphology due to different preparation methods. That was what we want to control in
the present study. Kandlikar’s model showed a good agreement for the enhancement tendency with
decreasing contact angle but predicted to be smaller than experimental results. To clarify the reasons
of such kind of under prediction or to seek an additional enhancement mechanism, many researchers
investigated capillary wicking effect for nanoparticle deposition layer. As the result, they could
explain the enhancement ratio with a difference of wicking heights in their nanofluids. As second
characterization of deposition layer, we introduced the investigation for capillary wicking height for
both nanofluids. The capillary wicking height was observed for DIW (0 mm), CuO/DIW nanofluids
made by one-step method (2.3 mm) and CuO/DIW nanofluids made by two-step method (0.73 mm) as
shown in Figure 2-21. Therefore, it can be explained that the deposition layer of CuO nanoparticles
improved both surface wettability (contact angle) and capillarity. In fact, capillarity is based on
contact angle ( Lc = 2σ cos θ / ρ gr ). The meaning of surface wettability should include both
substantially. But the difference would be due to deposition structure. It is like the relationship
between original Young’s equation just considering the surface energies of materials and Modified
Young’s equation considering both surface energies of materials and surface roughness representing
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surface structure. So far, above-tried two characterization of contact angle and capillary wicking
height seem to be enough to explain the CHF enhancement mechanisms for nanofluids. However, the
observation for the graphene-oxide deposition layer does not say the wettability itself is enough to
explain the enhancement. To identify the above insistence, the Rayleigh-Talyor instability wavelength
is investigated for all test fluids. A simple experiment using a condensation method showed the
wavelength changes correspond to the CHF enhancement tendency as shown in contact angles and
capillarity. Figure 2-22 shows the wavelength changes on tested wire surfaces. The condensation
method shows in the water condensing from a cold surface, how a heavy fluid (water) falls into a light
one or collapses into air while the heavy phase falls down at one node of a wave and the light fluid
rises into the other node as a representative Taylor instability phenomenon29. The pitch between
condensated water packets can be considered as the representative of the RT wave length.Namely, the
shorter Raleigh-Taylor instability wavelength is, the larger CHF value is. The basic idea to introduce
the new mechanism description to include more comprehensive experimental results of nanofluids
such as typical nanoflulds and grapheme oxide nanofluids regardless of surface wettability is that the
hydrodynamic limit model based on Rayleigh-Taylor instability wavelength (λRT,c) on the plain
surface originally proposed by Zuber can be extended to a surface with microstructure coating and the
capillary limit. The onset of CHF based on the hydrodynamic limit is due to the instability of vapor
columns. The porous layer could change the critical distance between vapor columns on the heater
and thus modify the critical instability wavelength. Liter and Kaviany30 explained the effect of such
modulation wavelength λm on CHF of a porous coating layer with the following equations.

π
24

1/ 2

q′′porous

ρ h fg [ gσ ( ρ f − ρ g )]
1/ 2
g

1/ 4

q′′porous

⎛ 9 λRT ,c ⎞
=⎜
⎟
π
λ
2
m
⎝
⎠

=

3[σ / g ( ρ f − ρ g )]1/ 4

λm1/ 2

(2-8)

1/ 2

⎛ σρ ⎞
= h fg ⎜ g ⎟
8
⎝ λm ⎠

π

(2-9)

where λm is Rayleigh-Taylor instability wavelength.
The wavelength can be a geometrically determined factor according to the surface condition. As
the result, the change in wavelength prolongs the wetting of the surface by allowing the liquid to
break through which means the enhancement of CHF. Therefore, we expect that Rayleigh-Taylor
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instability wavelength can include all the reasons of CHF enhancement on pool boiling experimental
results so far achieved as shown in Figure 2-23.

(a)

(b)

(c)
Figure 2-21. Capillary wicking height on tested wire surfaces with dye water: (a) DIW (0 mm),
(b) one-step method (2.3 mm) and (c) two-step method (0.73 mm).
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(a)

(b)

(c)
Figure 2-22. Rayleigh-Taylor instability on tested wire surfaces: (a) DIW (7.8 mm), (b) one-step
method (3.13 mm) and (c) two-step method (3.67 mm).
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Figure 2-23. CHF enhancement mechanism to be explained by each enhancement method.
(MEMS, NEMS as a well-known surface modification technique for electronic cooling).
In order to investigate the CHF enhancement characteristics of CuO/DIW nanofluids according to
nanoparticles deposition characteristics, pool boiling experiments were performed. The deposition
characteristics were differentiated through applying the pulsed laser ablation method (PLAL) for the
preparation of CuO nanofluid. The key idea to apply the PLAL is to control the morphology of
nanoparticles. The CHF enhancement of CuO/DIW nanofluids compared with DIW was up to 2.6
times. It was observed that there was a buildup of deposition layer of nanoparticles as shown in the
previous works. The contact angle of CuO/DIW nanofluid fabricated by the one-step method of the
PLAL was smaller than that of CuO/DIW nanofluid made by two-step method. The capillary wicking
height on tested wire surfaces with dye water was measured for explaining the difference with the
Kadlikar’s prediction model. For the PLAL method, the capillary wicking height was 2.3 mm while
for two-step method, the height was 0.73 mm. It showed the good agreement with CHF enhancement
tendency. The Rayleigh-Taylor instability wavelength of CuO/DIW nanofluid fabricated by the PLAL
is shorter than that of CuO/DIW nanofluid made by two-step method, which means that the deposition
structure of CuO/DIW nanofluids made by one-step and two-step methods made a difference. It is
found that the characterizations of deposition layers support the observations even in a general
nanofluid in terms of a comprehensive CHF mechanism. Overall, we expect that Rayleigh-Taylor
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instability wavelength can include all reasons of CHF enhancement on pool boiling experimental
results so far achieved. Therefore, a beneficial deposition structure for CHF enhancement can be
achieved by controlling the nanoparticles self-assembly characteristics (morphology control) through
a preparation method like the PLAL.
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ІІІ. Flow Boiling CHF Enhancement of SiC and GO Nanofluids

3. 1 Introduction
Chapter III is reproduced in part with permission of “Lee, S. W.; Park, S. D.; Kang, S.; Kim, S.
M.; Seo, H.; Lee, D. W.; Bang, I. C., Critical heat flux enhancement in flow boiling of Al2O3 and SiC
nanofluids under low pressure and low flow conditions, Nuclear Engineering and Technology 2012,
44, 429-436” and “Lee, S. W.; Kim, K. M.; Bang, I. C., Study on flow boiling critical heat flux
enhancement of graphene oxide/water nanofluid, Int. J. Heat Mass Transfer 2013, 65, 348-356”. 2013
Elsevier Ltd. All rights reserved.
The CHF is characterized by a sudden reduction of the local heat transfer coefficient (HTC) that
results from a transition from nucleate boiling to film boiling along with the heat transfer surface31.
The CHF is generally more important in applications such as power generation for heat flux
controlled systems, due to the burnout or failure of the integrity that occurs in heated surface.
Therefore, it is very important to enhance the CHF in order to ensure the system safety and improve
the system efficiency.
Many methods to enhance the CHF have been researched through the swirl flow using twisted
tapes, the promotion of flow mixing, the altering of the characteristics on the heated surface and the
changing of the surface tension. A new technique in recent years, among these methods, is nanofluid
technology. Nanofluids are nanotechnology-based fluids engineered to enhance the thermal
conductivity by dispersing and stably suspending nanoparticles in traditional heat transfer fluids32.
One of the most interesting characteristics of nanofluids is their capability to significantly enhance
CHF
The main objective of the present research is to do CHF experiments in flow boiling using
GO/water nanofluid under LPLF conditions.
Recently, there are a lot of interests about graphene, a single atomic layer thick, plane of carbon
atoms arranged in a honeycomb lattice. Thermal conductivity of graphene at the room temperature is
from (4.84±0.44)×103 to (5.30±0.48)×103 W/mK33. Therefore, the superb thermal conduction property
of graphene establishes graphene as an excellent material for thermal management34. GO
nanoparticles are more dispersed in water than graphene nanoparticles. For that reason, we selected
GO nanoparticles as the additives of nanofluids. Therefore, this work was performed to provide CHF
data using GO/water nanofluid for LPLF conditions with high subcooling (inlet temperature : 25,
50 °C) and to compare results with the 2006 Groeneveld et al. look-up table35.
Table 3-1 present a summary of the CHF experiments from the literature.
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Table 3-1. A summary of the CHF experiments from the literature.

Researchers

Working fluid

Kim et al.

Al2O3/water

(2008)

(0.01 v %)

Inlet temperature
(°C)

> 80

Mass flux
2

(kg/m s)
1,000
1,500

Test section

Heated length

(tube geometry)

(mm)

3/8 inch SS316

240

CHF enhancement

30 %
(1,500 kg/m2s)
53 %

Al2O3/water
Kim et al.

ZnO/water

(2009)

Diamond/water

(Al2O3/water, 2,500 kg/m2s)

1,500
> 80

2,000

1/4 inch SS316

100

2,500

(0.001, 0.01, 0.1 v %)

53 %
(ZnO/water, 2,500 kg/m2s)
38 %
(Diamond/water, 2,500 kg/m2s)

Truong et al.

Deionized water

> 80

Kim et al.

Al2O3/water

50

(2010)

(0.001, 0.01, 0.1 v %)

75

(2009)

1,500

1/4 inch SS316

2,500

(Al2O3 deposited)

100

100
200

1/2 inch SS316

300
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500

28 %
(2,500 kg/m2s)
70.24 %
(50 °C, 100 kg/m2s)

100

TSP/water
Lee et al.

(0.2, 0.4, 0.6 %)

(2010)

Boric acid/water

50

(2011)

300

1/2 inch SS316

224

400

(0.2, 0.4, 0.6, 0.8 %)

Kim et al.

21.4 %

200

12.4 %
(Boric acid, 100 kg/m2s)

500

Al2O3/water

(TSP, 100 kg/m2s)

500

3/8 inch SS316

1000

(pure and

Deionized water

1500

Al2O3 deposited)

Al2O3/water

100

15 %
(Al2O3/water, 50 °C, 200 kg/m2s)

(0.0001, 0.001 v %)

75

Lee et al.

(0.01 v %)

25

150

(2012)

SiC/water

50

200

(0.01 v %)

1/2 inch SS316

400

500

78 %
(1,500 kg/m2s)

41 %
(SiC/water, 25 °C, 150 kg/m2s)

250
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3. 2 CHF Experiment
The influences of Al2O3/water, SiC/water and GO/water nanofluid and the fluid thermal hydraulic
conditions (mass flux) on CHF have been determined by experiment in the flow boiling loop that is
shown in the Figure. 3-1. Experiments were performed using 1/2 inch stainless steel 316L (the length
of the test section : 0.5 m) with mass flux values of 100, 150, 200, 250 and 300 kg/m2s and inlet
temperatures of 25 and 50 °C. The main components of the experimental system include an overhead
liquid reservoir (working fluid storage and prevention of countercurrent), a surge tank (working fluid
storage), a magnet turbine pump (the working fluids were circulated by a pump with a variable speed
driver), a pre-heater to control the inlet temperature of the working fluid, a flow meter to confirm the
flow mass rate of the working fluid (the uncertainty of the flow mass rate was less than ± 4 %), a test
section, a DC power supply and a condenser for cooling of the working fluid. Two piezoresistive
transmitters were installed at the inlet and exit of the test section in order to monitor the pressure of
the inlet and exit of the test section. Also, ten thermocouples were installed in order to monitor the
temperature of the test section part, the inlet and exit of the test section, the tank and the condenser
exit (The maximum variation of the ten measured wall temperatures was ±0.5 °C). The test section
was electrically heated directly by a 75 kW (30 V, 2500 A) DC power supply (the uncertainty of
power supplied to the test section was measured less than 1.5 % with the multimeter). Also, an
Agilent data acquisition system was used to read the individual instrument outputs and translate them
into physical parameters. A computer was used to sample all the data periodically and to monitor the
experiment.

Figure 3-1. Schematic diagram of the flow boiling loop.
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The experimental procedure is as follows. The working fluid is flowed by a pump and heated by a
pre-heater to remove non-condensable gas and to adjust the inlet temperature. The voltage is increased
stepwise until CHF occurs36. Two runs of the experiment were performed for each condition (water,
Al2O3/water, SiC/water and GO/water nanofluid with smooth tubes). The total amount of each fluid
was 74 liters.
All experiments were carried out in flow boiling under atmospheric pressure at a fixed inlet
temperature (25 and 50 °C) and mass flow (100, 150, 200, 250 and 300 kg/m2s).
The calculation of the heat flux in the test section is as follows:

q′′ =

VI
π Dinner L

(3-1)

where V is the measured voltage, I is the measured current, Dinner is the inner diameter of the
test section (1/2 inch stainless steel 316L tube), and L is the length of the test section.
CHF results for water were compared to a 2006 CHF look up table prepared by Groeneveld et
13

al. . In comparison with the 2006 Groeneveld et al. look up table, the critical steam quality was
calculated by using the heat balance equation for the first action. Heat losses of the test section were
less than 9 % for increasing heat flux of 100 ~ 3500 kW/m2 (for increasing voltage of 4 ~ 25 V) as
shown in Figure 3-2.

Figure 3-2. Heat loss of the test section.
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The heat balance equation is as follows:

X cr =

1 4q′′z
− (Δhsub )inlet ]
[
h fg DG

(3-2)

where Xcr is the critical steam quality, hfg is the latent heat of vaporization (MJ/kg), q" is the
critical heat flux (MW/m2), z is the tube length (m), D is the tube diameter (m), G is the mass flux
(kg/m2s), and ∆(hsub)inlet is the enthalpy inlet subcooling (MJ/kg).
3. 3 Results and Discussion
3.3.1 Hewitt and Roberts Flow Regimes Map (1969)
The two phases can adopt various geometric configurations in a gas-liquid. These are known as
flow patterns or flow regimes. As the quality is gradually increased from zero, the common flow
regimes for vertical upflow, which is where both phases are flowing upwards in a circular tube, are
bubbly flow, plug flow, churn flow, and annular flow. Flow pattern maps are an attempt, on a twodimensional graph, to separate the space into areas corresponding to the various flow patterns37.
Useful flow pattern maps are the Baker map38, the Hewitt and Roberts map39, and the Taitel and
Dukler map40.
The Hewitt and Roberts flow regimes for vertical flow were investigated using all experimental
results, as shown in Figure 3-3. In this figure, G2/ρ is the momentum flux and all the transitions are
assumed to depend on the phase momentum fluxes. ‘Wispy’ annular flow is a sub-category of annular
flow that occurs at high mass flux when the entrained drops are said to appear as wisps or elongated
droplets39. The flow regimes at all conditions (inlet temperature: 25, 50 °C, mass flux: 100, 150, 200,
250, 300 kg/m2s, working fluid: water, Al2O3/water, SiC/water, GO/water nanofluids) were annular
flow. The annular flow is such that the liquid moves as an annular film on the inner surface of the tube
and the tiny drops distributed in the gas move to the center of the tube. The mechanism occurring in
CHF is the liquid film dryout (LFD) in the annular flow regime23. For the case of annular flow in a
round tube as shown in Figure 3-4, the liquid film on the wall, the vapor core, and the droplets
entrained in the vapor are each considered to be a “fluid”41.
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(a)

(b)

４９

(c)

(d)
Figure 3-3. Hewitt and Roberts flow regimes map (1969) about CHF data according to inlet
temperature: (a) Tin : 25 °C (Al2O3 and SiC nanofluids), (b) Tin : 50 °C (Al2O3 and SiC
nanofluids), (c) Tin : 25 °C (GO nanofluid) and (d) Tin : 50 °C (GO nanofluid).
５０

Figure 3-4. Flow pattern in upward two-phase flow vertical tube.
3.3.2 CHF Condition
The CHF condition was decided when the maximum surface temperature exceeded 200 °C with a
rapid increase, because the mechanism that occurs in CHF is the LFD, as shown in Figure 3-5. This
condition was decided on through the observation that the surface temperature of the tube increased
rapidly when it exceeds 200 °C.

５１

Figure 3-5. Surface temperature of test section near the CHF.
3.3.3 CHF Results of Nanofluids
The CHF results for water were found to be similar to those in the 2006 Groeneveld et al. look up
table, as shown in Figure 3-6. In this figure, the black line is the 2006 Groeneveld et al. data. And, the
CHF results for nanofluids were enhanced by the increase of the mass flux at inlet temperatures of
25 °C and 50 °C. As can be seen in Figure 3-7, the CHF enhancement ratios of nanofluids were not
continuously increased with the increase of the mass flux at inlet temperatures of 25 °C and 50 °C
because the deposition structure of nanoparticles according to the mass flux is different. For the
Al2O3/water nanofluid, the maximum CHF enhancement ratio was 15 % at an inlet temperature of
50 °C and mass flux of 200 kg/m2s; the maximum CHF enhancement ratio was 41 % at an inlet
temperature of 25 °C and mass flux of 150 kg/m2s for the SiC/water nanofluid. The maximum CHF
enhancement ratio of GO/water nanofluid was 100 % at an inlet temperature of 25 °C and mass flux
of 250 kg/m2s.

５２

(a)

(b)
Figure 3-6. CHF data with different mass flux according to inlet temperature: (a) Tin : 25 °C and
(b) Tin : 50 °C.
５３

(a)

(b)
Figure 3-7. CHF enhancement ratios with different mass flux according to inlet temperature: (a)
Tin : 25 °C and (b) Tin : 50 °C.
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3.3.4 Cause of CHF Enhancemnet
The CHF results for nanofluids were higher than those for water because of the enhanced
wettability of the liquid film on the heater surface due to the deposition of nanoparticles. The
deposition of nanoparticles on the inner surface of the test section occurs when the nucleate boiling
happens on the inner surface of the test section. This cause has been mentioned in a lot of papers1-4, 7, 8,
42-45

. The cause on flow boiling CHF enhancement of nanofluids is confirmed through macroscopic

observation, SEM observation, and measurement of contact angles. The macroscopic observations
show the deposition of nanoparticles on the inner surface of the test section, as shown in Figure 3-8.
And, as shown in Figure 3-9, SEM observations showed in more detail the deposition of nanoparticles.
Also, the contact angle in the inner surface of the test section after CHF experiment with nanofluid
was smaller than one of that after CHF experiment with water after injecting 10 μl of water as can be
seen in Figure 3-10. These results show that the deposition of nanoparticles increases the surface
wettability. The enhancement on wettability of the inner surface of the test section would make the
liquid film more settled. As a result, the enhancement on wettability would make the liquid film
dryout (when the mass flow rate of liquid film is zero46) more delayed. Also, the CHF enhancement of
nanofluids is caused to increase of thermal activity related to thermal conductivity and thickness as
shown in Figure 3-11 and Table 3-2.

(a)

(b)

５５

(c)

(d)

Figure 3-8. Macroscopic observations on the inner surface of the test section after CHF
experiments: (a) water, (b) Al2O3/water nanofluid, (c) SiC/water nanofluid and (d) GO/water
nanolfuid.

(a)

(b)

５６

(c)

(d)

Figure 3-9. SEM observations on the inner surface of the test section after CHF experiments: (a)
water, (b) Al2O3/water nanofluid, (c) SiC/water nanofluid and (d) GO/water nanolfuid.

(a)

(b)
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(c)

(d)
Figure 3-10. Contact angles of the inner surface of the test section after CHF experiments: (a)
water, (b) Al2O3/water nanofluid, (c) SiC/water nanofluid and (d) GO/water nanolfuid.

(a)
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(b)

(c)
Figure 3-11. Coating thickness of the inner surface of the test section after CHF experiments: (a)
Al2O3/water nanofluid (35.50 μm), (b) SiC/water nanofluid (56.00 μm) and (c) GO/water
nanofluid (95.63 μm).
As shown in Figure 3-4, this wettability effect resulting in thick liquid film can be explained by
Whalley et al.47‘s model for liquid film dryout like the following expression for the axial variation of
mass flux of liquid film along the heated tube:

dG lf 4
= (md − me − mev )
dz
D

５９

(3-3)

where G is the mass flux, z is the axial dimension, m is the mass transfer rate at the interface, and
D is the diameter; subscripts lf, d, e, ev mean liquid film, deposition, entrainment, and evaporation,
respectively.
Table 3-2. Thermal activity of the inner surface of the test section after CHF experiments.

SS

Al2O3

SiC

GO

ρ (kg/m3)

7990

4000

3210

1800

c (J/kgK)

500

760

670

710

k (W/mK)

18

40

490

5090

δ (m)

9.06845E-06

3.55E-05

5.60E-05

9.56E-05

S

0.076900269

0.391466985

1.817925094

7.712913732

Interestingly, the improved wetting effect and surface deposition structures are not consistent
with results of our previous report34 on pool boiling CHF tests with GO nanofluids.
In the previous work, the deposition surface showed the characteristically ordered porous
structure which was built by its unique self-assembly characteristic during pool boiling. Although the
contact angle of the heater surface coated in GO nanofluids was increased despite its relative
hydrophilic property, the CHF was enhanced unlike the general nanofluid CHF enhancement
performances based on wettability. In the previous work, the wettability could not explain this
opposite result.
Also, the repeatability tests of flow boiling using Al2O3/water, SiC/water and GO/water
nanofluids are performed as shown in Figure 3-12. The surface morphology on the inner surface of
the test section after CHF experiments is nearly same.
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(a)

(b)

(c)
Figure 3-12. SEM observations on the inner surface of the test section after CHF experiments
for repeatability tests: (a) Al2O3/water nanofluid, (b) SiC/water nanofluid and (c) GO/water
nanolfuid.
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3.3.5 Experimental Correlation
The experimental correlation of Weber-Johannsen (1990)48 is applied in the following conditions:
P : 100 ~ 1,200 kPa
G : 10 ~ 300 kg/m2s
ΔTi : 0 ~ 156.5 K
Lh : 0.0434 ~ 1.2 m
D : 0.0013 ~ 0.0239 m
Lh/D : 4.47 ~ 100
The form of Weber-Johannsen correlation is as follows:

⎛ 0.1274( ρ g / ρ f )0.2334 [σρ f / G 2 D]0.3907 [1 + 0.6( Δhi / h fg )] ⎞
qc = Gh fg ⎜
⎟⎟
0.064
2
0.375
⎜
+
0.96
0.17(
ρ
/
ρ
)
[
σρ
/
]
(
/
)
G
D
L
D
g
f
f
h
⎝
⎠

(3-4)

Figure 3-13 shows the experimental values and results applied in Weber-Johannsen correlation
with the increase of the mass flux at inlet temperatures of 25 °C and 50 °C. We can know that WeberJohannsen correlation is not applied in the experimental data.
The experimental correlation of Baek et al. (1995)49 is applied in the following conditions:
P : 100 ~ 1,098 kPa
G : -231 ~ 250 kg/m2s
D : 0.00305 ~ 0.0239 m
Lh/D : 4.47 ~ 250
qc : 30 ~ 6,600 kW/m2
The form of Baek et al. correlation is as follows:

*
qc* = qcF
+ 0.0446( D* )

× G*

−0.2219 − 0.003 G*

0.971+12.992( ρ g / ρ f )

( L / D) −0.60150

[1 + 0.0215(Δhi / h fg ) G* ]
６２

(3-5)

*
qcF
= 0.84( A / Ah ) D* /[1 + ( ρ g / ρ f )1/ 4 ]2

(

q = qc* × h fg λρ g g Δρ

)

(3-6)

(3-7)

D* = D / λ , G * = G / λρ g g Δρ , λ = σ / g Δρ

(3-8)

Figure 3-14 shows the experimental values and results applied in Baek et al. correlation with the
increase of the mass flux at inlet temperatures of 25 °C and 50 °C. We can know that Baek et al.
correlation is not applied in the experimental data.

(a)

６３

(b)
Figure 3-13. Experimental values and results applied in Weber-Johannsen correlation: (a) Tin :
25 °C and (b) Tin : 50 °C.

(a)
６４

(b)
Figure 3-14. Experimental values and results applied in Baek et al. correlation: (a) Tin : 25 °C
and (b) Tin : 50 °C.
To make the experimental correlation, the results were arranged as shown in Table 3-3. CHF is
increased with increasing mass flux and enthalpy inlet subcooling and with decreasing ρg/ρf, Lh/D and
σρf/G2D. Therefore, the basic experimental correlation is as follows:
B

⎛ σρ ⎞
G (h fg + Δhi ) ⎜ 2 f ⎟
⎝G D⎠
q′′ = A
C
⎛ σρ f ⎞ ⎛ ρ g ⎞
L
⎟⎟ + h
⎜ 2 ⎟ ⎜⎜
D
⎝ G D ⎠⎝ ρ f ⎠

６５

(3-9)

Table 3-3. Arranged results to make the experimental correlation.

Inlet Temperature (°C)

2

2

G (kg/m s)

hfg (KJ/kg)

ρg/ρf

σ (N/m)

D (m)

Lh (m)

Lh/D

delta hi (KJ/kg) CHF (kW/m )

100

2257.5

0.0006044

0.0589

0.01041

0.5

48.0307

312.68

620.2

150

2257.5

0.0006009

0.0589

0.01041

0.5

48.0307

312.68

822.7

200

2257.5

0.000598

0.0589

0.01041

0.5

48.0307

312.68

1041.2

250

2257.5

0.0005907

0.0589

0.01041

0.5

48.0307

312.68

1280.7

100

2257.5

0.0006062

0.0589

0.01041

0.5

48.0307

208.17

585.3

150

2257.5

0.0005976

0.0589

0.01041

0.5

48.0307

208.17

783.2

200

2257.5

0.0005949

0.0589

0.01041

0.5

48.0307

208.17

978.5

250

2257.5

0.0005915

0.0589

0.01041

0.5

48.0307

208.17

1185.6

25

50
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To make the experimental correlation in case of using Al2O3/water, SiC/water and GO/water
nanofluids, thermal activity and wettability are used in the experimental correlation.

S = δ ρ h ch kh

(3-10)

γ SV − γ SL
r = r cos θ *
γ LV

cos θ =

(3-11)

where, S is the thermal activity and ρhchkh1/2 is the heater material effusivity. So, the nanoparticle
layer may assist in dissipating the hot spot by enhancing radial conduction on the surface. This is
typically described by the thermal activity. θ is the apparent contact angle, γSV is surface tension of
solid-vapor interface, γSL is the surface tension of solid-liquid interface, γLV is the surface tension of
liquid-vapor interface, r is the roughness factor and θ* is the static contact angle. So, the experimental
correlation (version 1) considering thermal activity and wettability is as follows:
0.1

′′
qwater

⎛ σρ ⎞
G (h fg + Δhi ) ⎜ 2 f ⎟
⎝G D⎠
= 0.121
0.05
⎛ σρ f ⎞ ⎛ ρ g ⎞
L
⎟⎟ + h
⎜ 2 ⎟ ⎜⎜
D
⎝ G D ⎠⎝ ρ f ⎠

(3-12)

′′
qworking
fluid
= −0.0299 S 3 + 0.323S 2 − 0.6842S + 2.134 cos θ
′′
qwater
The experimental correlation is applied in the following conditions:
P : atmospheric pressure
G : 100 ~ 250 kg/m2s
Ti : 25, 50 ºC
Lh : 0.5 m
６７

(3-13)

D : 0.01041 m
Lh/D : 48.03
S : 0.0769 ~ 7.7130
cosθ : 0.4924 ~ 0.7794
Table 3-4 shows the results through the experimental correlation considering thermal activity and
wettability. The maximum errors of water, Al2O3/water, SiC/water and GO/water nanofluids are 3.78,
3.44, 8.05 and 16.83 %. Figure 3-15 shows CHF data and experimental correlation with different
mass flux according to inlet temperature.
The experimental correlation (version 2) considering thermal activity and wettability is also as
follows:

′′
qworking
fluid
= 1.049(cos θ ) −0.0257 S −0.033 (cos θ + S )0.2674
′′
qwater

(3-14)

The experimental correlation is applied in the following conditions:
P : atmospheric pressure
G : 100 ~ 250 kg/m2s
Ti : 25, 50 ºC
Lh : 0.5 m
D : 0.01041 m
Lh/D : 48.03
S : 0.0769 ~ 7.7130
cosθ : 0.4924 ~ 0.7794
Table 3-5 shows the results through the experimental correlation considering thermal activity and
wettability. The maximum errors of water, Al2O3/water, SiC/water and GO/water nanofluids are 3.77,
4.56, 10.03 and 14.67 %. Figure 3-16 shows CHF data and experimental correlation with different
mass flux according to inlet temperature.
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Table 3-4. Results through the experimental correlation (version 1) considering thermal activity and wettability.

Inlet
Temperature
(°C)
25

50

Water

G
2

(kg/m s)
100
150
200
250
100
150
200
250

2

(kW/m )

Al2O3/water nanofluid
2

(kW/m )

Experiment Correlation Error Experiment Correlation
620.2
604.4
2.53
633.9
655.6
822.7
839.6
2.06
916.5
910.8
1041.2
1058.5 1.66
1164.1
1148.2
1280.7
1266.3 1.13
1341.0
1373.6
585.3
579.9
0.93
619.9
629.0
783.2
805.5
2.85
858.8
873.8
978.5
1015.5 3.78
1122.7
1101.5
1185.6
1214.8 2.46
1293.3
1317.7
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SiC/water nanofluid
2

(kW/m )

GO/water nanofluid
2

(kW/m )

Error Experiment Correlation Error Experiment Correlation
3.44
859.1
790.0
8.05
921.8
1076.9
0.62
1162.4
1097.4 5.59
1438.6
1496.0
1.36
1391.0
1383.4 0.54
1867.5
1886.0
2.43
1537.5
1655.0 7.64
2566.5
2256.1
1.47
704.6
757.8
7.56
899.3
1033.1
1.74
991.4
1052.8 6.19
1324.7
1435.1
1.88
1312.6
1327.2 1.12
1635.3
1809.3
1.89
1502.5
1587.7 5.67
2042.9
2164.4

Error
16.83
3.99
0.99
12.09
14.88
8.34
10.64
5.95

Table 3-5. Results through the experimental correlation (version 2) considering thermal activity and wettability.

Inlet
Temperature
(°C)
25

50

Water

G
2

(kg/m s)
100
150
200
250
100
150
200
250

2

(kW/m )

Al2O3/water nanofluid
2

(kW/m )

Experiment Correlation Error Experiment Correlation
620.2
604.4
2.54
633.9
662.8
822.7
839.6
2.05
916.5
920.7
1041.2
1058.5 1.66
1164.1
1160.7
1280.7
1266.2 1.13
1341.0
1388.5
585.3
579.8
0.94
619.9
635.8
783.2
805.5
2.84
858.8
883.2
978.5
1015.4 3.77
1122.7
1113.5
1185.6
1214.7 2.46
1293.3
1332.0
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SiC/water nanofluid
2

(kW/m )

GO/water nanofluid
2

(kW/m )

Error Experiment Correlation Error Experiment Correlation
4.56
859.1
807.5
6.01
921.8
1056.9
0.46
1162.4
1121.7 3.50
1438.6
1468.2
0.30
1391.0
1414.1 1.66
1867.5
1851.0
3.54
1537.5
1691.7 10.03 2566.5
2214.3
2.57
704.6
774.6
9.94
899.3
1014.0
2.84
991.4
1076.1 8.54
1324.7
1408.5
0.82
1312.6
1356.6 3.36
1635.3
1775.7
2.99
1502.5
1622.9 8.02
2042.9
2124.2

Error
14.67
2.06
0.89
13.72
12.75
6.33
8.59
3.98

(a)

(b)
Figure 3-15. CHF data and experimental correlation (version 1) with different mass flux
according to inlet temperature: (a) Tin : 25 °C and (b) Tin : 50 °C.
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(a)

(b)
Figure 3-16. CHF data and experimental correlation (version 2) with different mass flux
according to inlet temperature: (a) Tin : 25 °C and (b) Tin : 50 °C.
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3.3.6 Theoretical Correlation
Annular flow is one of the most important types of two phase flow. The important thing of
annular flow is that gas phase flows along the center of the channel and liquid phase flows as thin film
on the heated surface (nanoparticles-coated surface) as shown in Figure 3-3. There are three main heat
transfer regions:
1. Single phase flow
2. Subcooled flow boiling
3. Saturated flow boiling
The flow pattern varies from bubbly to slug, to churn and to annular flow. The annular flow is
characterized by the liquid film flowing on the heated surface, a vapor core in the center of the
channel and entrained droplets in the vapor core50. The flow rate of liquid film decreases along the
heated channel because of liquid evaporation and droplet entrainment. In the condition, CHF happens
when the flow rate of liquid film is decreased to zero and the heated surface dries out at the outlet of
the channel43. The mass equations of the liquid film, entrained droplet and vapor core in the annular
flow are as follows:

⎛
∂WLF
∂δ ⎞
q
= π D ⎜ Dd − E −
− ρf
⎟⎟
⎜
∂z
∂
h
t
fg
⎝
⎠

∂WD
π D 2 ∂C
= π D ( E − Dd ) −
∂z
4 ∂t

∂WG π Dq π D 2 ∂ρ g
=
−
∂z
h fg
4 ∂t

(3-15)

(3-16)

(3-17)

where, WLF, WD and WG are the flow rate of the liquid film, the flow rate of the entrained droplet
and the flow rate of the vapor core. And, E and Dd are the entrainment rate and deposition rate of the
entrained droplet (kg/m2s). C is the concentration of the entrained droplet in the gas phase and is
calculated assuming that the liquid film and the entrained droplet flow with the same velocity as
follows:
７３

C=

WLF
(WD / ρ f ) + (WG / ρ g )

(3-18)

Table 3-6 shows the results predicting in theoretical correlation referred in Celata et al.50. The
difference with experimental results and predicted results is very large. The values predicting about
the length of liquid film is very long. Table 3-7 shows the deposition and entrainment rates in
theoretical correlation.
Table 3-6. The results predicting in theoretical correlation referred in Celata et al.50.
CHF (kW/m2)

2

G (kg/m s)

Length of Liquid Film (cm)

Experiment

Correlation

100

620.2

1200

47.4

150

822.7

1732

48.2

200

1041.2

2252

48.6

250

1280.7

2765

48.9

Table 3-7. Deposition and entrainment rates in theoretical correlation.

d (kg/m2s)

2

G (kg/m s)

water

Al2O3/water nanofluid

SiC/water nanofluid

GO/water nanofluid

100

0.0774

0.0773

0.0771

0.077

150

0.168

0.167

0.167

0.167

200

0.258

0.257

0.257

0.257

250

0.344

0.343

0.343

0.343

2

G (kg/m2s)

e (kg/m s)
water

Al2O3/water nanofluid

SiC/water nanofluid

GO/water nanofluid

100

0.0635

0.0634

0.063

0.063

150

0.107

0.107

0.107

0.107

200

0.169

0.169

0.169

0.169

250

0.242

0.242

0.242

0.242
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3. 4 Conclusions
The flow boiling CHF experiments were carried out in round tubes with an inner diameter of
0.01041 m and length of 0.5 m under low pressure and low flow at fixed inlet temperature (25 and
50 °C) and at four different mass fluxes (100, 150, 200, 250 and 300 kg/m2s) using water and 0.01
vol. % nanofluids (Al2O3, SiC and GO/water nanofluids). The following conclusions were obtained
through the flow boiling CHF experiments using these nanofluids.
(1) The CHF results for water were found to be similar in a comparison with results in the 2006
Groeneveld et al. look up table. And, the CHF results for nanofluids were enhanced by the increase of
the mass flux at inlet temperatures of 25 °C and 50 °C.
(2) The maximum CHF enhancement of Al2O3/water nanofluid was 15 % at inlet temperature of
50 °C and mass flux of 200 kg/m2s. That of SiC/water nanofluid was 41 % at inlet temperature of
25 °C and mass flux of 150 kg/m2s. The maximum CHF enhancement of GO/water nanofluid was
100 % at inlet temperature of 25 °C and mass flux of 250 kg/m2s.
(3) The CHF enhancement of nanofluids was due to enhanced wettability of the liquid film on the
heater surface caused by the deposition of nanoparticles. This is confirmed through macroscopic
observations, SEM observations and measurement of contact angles. The enhancement on wettability
of the inner surface of the test section would make the liquid film more settled. As a result, the
enhancement on wettability would make the liquid film dryout more delayed. Thick liquid film can
explain the enhancement of CHF, but more detailed analyses are needed in terms of evaporation,
entrainment and deposition mass transfer in liquid film dryout.
(4) Also, the CHF enhancement of nanofluids is caused to increase of thermal activity related to
thermal conductivity and thickness.
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IV. Quenching Performance Enhancement of SiC and GO Nanofluids
4. 1 Introduction
“Nanofluids” could be regarded as an alternative for the effective coolant in the various fields of
industry. Those are a new class of nanotechnology-based heat transfer fluids engineered by dispersing
nanoparticles into conventional heat transfer fluids such as water, ethylene glycol, and engine oil32.
Several researchers have carried out experiments to confirm the capabilities of nanofluids for a
boiling heat transfer51-54. The general consensus in their researches is that nanofluids enhance the
critical heat flux (CHF) significantly, however, they have no significant effect on a heat transfer in a
nucleate boiling region. Recent studies have shown that a CHF enhancement is attributed to a high
wettability of a thin layer formed on a heating surface by a deposition of nanoparticles55. The film
boiling heat transfer rate in nanofluids was lower than that in the water for a sphere specimen56.
Nanoparticles deposition on the sphere surface resulted in quick quenching of the hot sphere9, 10. More
recently, the rodlet specimen with nanoparticles deposition led to the premature disruption of film
boiling and quenching acceleration41. Most of the studies on a heat transfer of nanofluids have been
concentrated on the nucleate boiling region and the CHF phenomenon. A quenching (rewetting)
phenomenon is important for analysis of the reflood phase associated with the emergency cooling in
water-cooled nuclear reactor core under a loss of coolant accident and the reflood is happened when
water refills the reactor vessel and quenches the fuel rod at the time of the severe accident in nuclear
power plant. Table 4-1 present a summary of the quenching experiments from the literature.
In this work, we have observed a quenching phenomenon of a long vertical tube during a reflood
using water-based nanofluids as a coolant, instead of water.
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Table 4-1. A summary of the quenching experiment from the literature.

Researchers
Kim et al.
(2009)

Working fluid

Volume fraction

Test specimen

of nanofluid

Al2O3, SiO2,
Diamond/water

Initial temp.

Initial temp.

of test specimen

of working fluid

1,030 °C

70 °C

700 °C

90 °C

1,000 °C

30, 80, 100 °C

1,000 °C

100 °C

600 °C

100 °C

600 °C

100 °C

700 °C

20 °C

Small metallic sphere
0.001, 0.01, 0.1 vol. %

nanofluid

(SS, zircaloy)
<Ø:10 mm>

0.5, 1, 2, 4 wt %
Lotfi and Shafii

Ag, TiO2/water

(Ag/water nanofluid)

Sphere (silver)

(2009)

nanofluid

0.125, 0.25, 0.5, 1 wt %

<Ø:10 mm>

(TiO2/water nanofluid)
Sphere, rodlet (stainless steel)

Kim et al.

Al2O3/water

(2010)

nanofluid

Chun et al.

Si, SiC/water

(2011)

nanofluid

Bolukbasi and Ciloglu

SiO2/water

0.001, 0.01,

Cylindrical rod (brass)

(2011)

nanofluid

0.05, 0.1 vol. %

<Ø:20 mm, h:75 mm>

Ciloglu and Bolukbasi
(2011)

0.1 vol. %

<Ø:9.5 mm, Ø:4.8/7.9 mm, h:50
mm>
Thin wire (platinum)

0.001, 0.01 vol. %

<Ø:0.25 mm, l:100 mm>

Al2O3, SiO2, TiO2,
CuO/water

Cylindrical rod (brass)

0.01, 0.05, 0.1 vol.%

<Ø:20 mm, h:75 mm>

nanofluid

Lee et al.

Al2O3/water

(2012) [3]

nanofluid, CNC

Cylindrical tube (SS 304)

0.1 vol. %

<Ø: 8 mm, h:1,000 mm>
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4. 2 Quenching Experiment
4.2.1 Preliminary Experiment: Part 1
“4.2.1 Preliminary Experiment: Part 1” is reproduced in part with permission of “Lee, S. W.;
Chun, S. Y.; Song, C. H.; Bang, I. C., Effect of nanofluids on reflood heat transfer in a long vertical
tube, Int. J. Heat Mass Transfer 2012, 55, 4766-4771”. 2012 Elsevier Ltd. All rights reserved.
Al2O3/water nanofluid is prepared by dispersing Al2O3 nanoparticles into water as a base fluid.
Al2O3 nanoparticles in this work were manufactured by Alfa Aesar, A Johnson Matthey Company
(true density = 3,970 kg/m3, thermal conductivity = 40 W/(mK)). It is well-known that the properties
of the nanofluids depend on the shape and size of nanoparticles. To identify the morphology of
nanofluids, TEM image is acquired. As shown in the image of Figure 4-1, we identified that Al2O3
nanoparticles have a cylinderical shape. Their size is less than 50 nm. The process of preparation of
Al2O3/water nanofluids is as follows: (1) weigh the mass of Al2O3 nanoparticles by a digital electronic
balance; (2) put Al2O3 nanoparticles into the weighed water and prepare the Al2O3/water mixture; (3)
sonicate the mixture continuously for 12 h with sonicator to obtain uniform dispersion of
nanoparticles in water. Through this preparation, the temperature of nanofluids increases from 24 °C
to 55 °C. CNC is made through the process self-dispersing by carboxyl formed particle surface (NBaro Tech Company, Republic of Korea). As shown in the image of Figure 4-2, we identified that
graphite nanoparticles have a spherical shape. Their size is less than 50 nm. Al2O3/water nanofluid and
CNC were fabricated in 0.1 vol. %. In terms of the colloidal stability or stable nanoparticlesdispersion, zeta potential is a key parameter. Zeta potential of Al2O3/water nanofluid and CNC was 36
mV (Figure 4-3) and 40 mV (http://www.n-barotech.co.kr/product/product8.html). It may say that
these values are moderate stability.

Figure 4-1. TEM image of Al2O3 nanopaticles.
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Figure 4-2. TEM image of graphite nanoparticles.

Figure 4-3. Zeta potential of Al2O3/water nanofluid.
Figure 4-4 shows the reflood test apparatus. The test section are made of SS 304 tube of 8 mm in
the inner diameter and 1000 mm in the heating length, and are directly heated by a direct-current
passing through the tube wall. In order to measure the tube wall temperature, the nine K-type
ungrounded thermocouples (TCs) with a sheath outer diameter of 0.5 mm are attached to the outer
wall surface at intervals of 100 mm. The experimental procedure is as follows. The heated section was
heated up to 600 °C ~ 750 °C (The standard TC is fourth TC from below and this was heated up to
almost 700 °C), and then the cold nanofluid of the temperature of 20 °C in the coolant reservoir was
injected into the test section by nitrogen gas pressure. Just before the nanofluids reached the inlet of
the heated section, the dc power supplied to the tube was switched off. The injection flow rate was
controlled by the nitrogen gas pressure and the needle valve in the upstream of the test section, and
was determined from the time variation of the coolant level in the reservoir. In this experiment, waterbased Al2O3 nanofluids and CNC were prepared for the volume concentrations of 0.1 %.
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Figure 4-4. Schematic diagram of the reflood test apparatus.
The injection flow rate may vary during a reflood, since a phase change of the coolant and a back
pressure in the test section occur. Figure 4-5 shows the variation of the coolant level in the reservoir as
a function of time during the reflood. The coolant level with time shows the perfect linearity.
Therefore, the injection flow rate did not vary in this experiment.
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Figure 4-5. Time variation of the coolant level in the reservoir.
The wall temperature behavior for the nanofluid refloods was compared with those for the water
refloods. The variations in the wall temperatures as a function of time for water and Al2O3/water
nanofluid during the reflood are shown in Figure 4-6. In the comparison between the water and the
Al2O3/water nanofluid, a difference in the quenching time (that is, the time required to cool down the
hot tube surface from the coolant injection to the termination of a quenching, Twall = 100 °C) is
observed. At the location of TC-8 in the upper part of the heated section, the difference in the
quenching time between the water and the Al2O3/water nanofluid shows more than 13 s. The
quenching time of the water (204.39 s) is calculated by the difference between the time at the location
of TC-8 (241.74 s) and the time at the location of TC-1 (37.35 s) as shown in Figure 4-7. And the
quenching time of the Al2O3/water nanofluid (191.11 s) is calculated by the difference between the
time at the location of TC-8 (224.92 s) and the time at the location of TC-1 (33.81 s) as shown in
Figure 4-8. Figure 4-9 shows the variations in the wall temperature as a function of time for water and
CNC during the reflood. The difference in the quenching time between the water and the CNC shows
more than 20 s at the location of TC-8 in the upper part of the heated section. The quenching time of
the CNC (183.93 s) is calculated by the difference between the time at the location of TC-8 (216.70 s)
and the time at the location of TC-1 (32.77 s) as shown in Figure 4-10. In overall speaking, a cooling
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performance is enhanced more than 13 s and 20 s for Al2O3/water nanofluid and CNC compared with
water (Figure 4-11). A more enhanced cooling performance is attributed to a high wettability of a thin
layer formed on a heating surface by a deposition of nanoparticles. When fluids are moved from
bottom to top during reflood, the vapor including nanoparticles is deposited on heating surface before
fluids are moved. So, the thin layer deposited nanoparticles is formed. In a similar injection velocity,
the quenching velocity is 0.37 cm/s and 0.38 cm/s for Al2O3/water nanofluid and CNC compared with
water (Table 4-2). The increase of quenching velocity for nanofluids is attributed to rupture of vapor
blanket/film due to turbulence enhancement. The improved radiation heat transfer could reduce
thickness of vapor film and turbulence-enhancement by nanoparticles for the interfacial area between
vapor film and bulk liquid could make early and irregular rupture of vapor film surrounding the hot
rod. It would cause locally nonuniform cooling in nanofluids quenching.

Figure 4-6. Wall temperature variations during water and Al2O3/water nanofluid reflood.
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(a)

(b)
Figure 4-7. Quenching time of the water: (a) quenching time at TC-1 and (b) quenching time at
TC-8.
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(a)

(b)
Figure 4-8. Quenching time of the Al2O3/water nanofluid: (a) quenching time at TC-1 and (b)
quenching time at TC-8.
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Figure 4-9. Wall temperature variations during water and CNC reflood.

(a)
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(b)
Figure 4-10. Quenching time of the CNC: (a) quenching time at TC-1 and (b) quenching time at
TC-8.

Figure 4-11. Wall temperature variations during water, Al2O3/water nanofluid, and CNC reflood.
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Table 4-2. The comparison of quenching velocity about water, Al2O3/water nanofluid, and CNC.

Injection Velocity
(cm/s)
Quenching Time
(seconds)
Distance from TC-1 to
TC-8 (cm)
Quenching Velocity
(cm/s)

Water

Al2O3/water nanofluid

CNC

2.29

2.47

2.27

204.39

191.11

183.93

70

70

70

0.34

0.37

0.38

The present works were conducted to investigate the effect of nanofluids on reflood heat transfer
in a hot vertical tube. When the potential application of nanofluids comes to Emergency Core Cooling
System (ECCS), the situation of interest is quenching phenomena of fuel rods during reflood of
emergency coolants. The following results are obtained: (1) The reflood tests have been performed
using nanofluids as a coolant, instead of water. We have observed a more enhanced cooling
performance in the case of the nanofluid reflood., (2) A more enhanced cooling performance is
attributed to a high wettability of a thin layer formed on a heating surface by a deposition of
nanoparticles., (3) A cooling performance is enhanced more than 13 s and 20 s for Al2O3/water
nanofluid and CNC., (4) The increase of quenching velocity for nanofluids is attributed to rupture of
vapor blanket/film due to turbulence enhancement., (5) At the severe accident, a more enhanced
cooling performance can be decreased amount of hydrogen. So, this can reduce the degree of
hydrogen explosion.
4.2.2 Preliminary Experiment: Part 2
“4.2.2 Preliminary Experiment: Part 2” is reproduced in part with permission of “Lee, S. W.; Kim,
S. M.; Park, S. D.; Bang, I. C., Study on the cooling performance of sea salt solution during reflood
heat transfer in a long vertical tube, Int. J. Heat Mass Transfer 2013, 60, 105-113”. 2012 Elsevier Ltd.
All rights reserved.
The Tohoku earthquake, which occurred at 2:46 p.m. (Japan time) on Friday, March 11, 2011, on
the east coast of northern Japan, is believed to be one of the largest earthquakes in recorded history.
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Following the earthquake on Friday afternoon, the nuclear power plants at the Fukushima Daiichi,
Fukushima Daini, Higashidori, Onagawa, and Tokai Daini nuclear power stations (NPSs) were
affected, and emergency systems were activated. The earthquake caused a tsunami, which hit the east
coast of Japan and caused a loss of all on-site and off-site power at the Fukushima Daiichi NPS,
leaving it without any emergency power. The resultant damage to fuel, reactor, and containment
caused a release of radioactive materials to the region surrounding the NPS57. The water circulation
systems were severely damaged, and radionuclides were released to the environment for days in the
middle of March. Concentrations of the radionuclides released were not clearly known at the time58.
In this situation, several different schemes were used to add water in order to remove heat. For
example, freshwater and seawater were used by helicopter, fire truck, and concrete pump truck57.
In this work, we have observed a quenching phenomenon of a long vertical tube during a reflood
using 35 ‰ sea salt solution as a coolant instead of water, in order to investigate the effects. So far,
evaluations about quenching phenomenon were conducted through test sections of sphere, rodlet and
thin wire and a variety of nanofluids were used in the literature. To check some length effects such as
top quenching and droplet depositions as shown in a typical nuclear fuel rod with a long length of
about 4 m, we performed the quenching experiments using sea salt solution in a long vertical tube of
1,600 mm.
Table 4-3 shows the component ratio of sea salts. The component ratio of NaCl is 80 ~ 85 wt %
and that of Mg is 0.5 ~ 1.0 wt %. The concentration of sea salt solution was fabricated to 35 ‰,
because the salt concentration of seawater is generally 35 ‰. The process for the preparation of the
sea salt solution is as follows: (1) weigh the mass of sea salt with a digital electronic balance; (2) put
sea salt into the weighed deionized water and prepare the sea salt solution (Figure 4-12). The test
section is made of SS 316 tube (the inner diameter: 10.206 mm and the heating length: 1,600 mm),
and are directly heated by a direct current passing through the tube wall. The test section is wrapped
with a glass fiber insulator. Fiber glass consists of extremely fine glass fibers and is one of the most
commonly used insulation materials. In order to measure the tube wall temperature, the ten K-type
ungrounded thermocouples (TCs) with a sheath outer diameter of 0.5 mm are attached to the outer
wall surface at intervals of 145 mm (the uncertainty of the thermocouples was ± 0.1 °C). The main
components of the experimental system include a working fluid tank, a pump with a variable speed
driver to circulate the working fluids, a flow meter to confirm the flow mass rate of the working fluid
(the uncertainty of the flow mass rate was less than ± 3 %), a test section, a drain tank and a DC
power supply. The test section was electrically heated directly by a 4.5 kW (30 V, 150 A) DC power
supply (the uncertainty of power supplied to the test section was measured less than 2 % with the
multimeter). Also, an Agilent data acquisition system was used to read the individual instrument
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outputs and translate them into physical parameters. A computer was used to sample all the data
periodically and to monitor the experiment. The experimental procedure is as follows. The test section
was heated up to between 620 °C ~ 720 °C (The standard TC is second TC from below and this was
heated up to almost 720 °C), and then the cold working fluids (water and sea salt solution) at 25 °C in
the coolant reservoir were injected into the test section by the pump. Just before the working fluids
reached the first TC, the DC power supplied to the tube was switched off. The injection flow rate (3
cm/s) was controlled by pump and the needle valve in the upstream of the test section. The total
amount of each fluid was 2 liters. Three runs of the experiment were performed for each condition
(water and sea salt solution).
Table 4-3. The component ratio of sea salts.

Component

Component ratio

NaCl

80 ~ 85

Ca

0.2

Mg

0.5 ~ 1.0

SO4--

1.0 ~ 1.5

K

0.1 ~ 0.17

Vapour

8 ~ 12

Figure 4-12. Sea salt solution fabricated in 35 ‰.
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The injection flow rate may vary during a reflood, since a phase change of the coolant and a back
pressure in the test section occur. To minimize variation of the injection flow rate, the pump was used
instead of nitrogen gas pressure. The injection flow rate did not vary in this experiment. The wall
temperature behavior for the sea salt solution reflood was compared with that for the water reflood.
Figure 4-13 and Figure 4-14 show the wall temperature variations for repetitive runs during water and
sea salt solution refloods when the injection flow rate is 3 cm/s. As shown in Figure 4-13 and Figure
4-14, the wall temperature with three runs of the experiment was nearly same. The shape of a cooling
curve shows the various cooling mechanisms that occur during the quenching process.

Figure 4-13. Wall temperature variations of the test section for repetitive runs during water
reflood (injection flow rate : 3 cm/s).
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Figure 4-14. Wall temperature variations of the test section for repetitive runs during sea salt
solution reflood (injection flow rate : 3 cm/s).
In general, heat transfer during quenching can be described by three governing phases: film
boiling, nucleate boiling, and convective boiling. The modes of heat transfer correspond to three
distinctive slopes of each curve. The film boiling phase is characterized by the formation of the vapor
blanket around the hot metal. The nucleate boiling phase is characterized by boiling at the metal
surface. The transition temperature from the film boiling phase to the nucleate boiling phase is known
as the Leidenfrost temperature and is independent of the initial temperature of the metal being
quenched. The convective boiling phase begins when the metal cools below the boiling point of the
quenching fluid. The nucleate boiling phase to the convective boiling phase transition temperature is
primarily a function of the boiling point of the quenchant. Table 4-4 shows the comparison of
quenching time and velocity for the water and sea salt solutions. The quenching time and velocity
have three values. In order to compare the quenching time and velocity, we represented the mean
value of the quenching time and velocity in Table 4-4. As shown in Table 4-4 and Figure 4-15, the
quenching time was 10 seconds faster for sea salt solution compared with water, showing that the
cooling performance for the sea salt solution was higher than that of water. Also, the temperature of
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TC-10 has fallen faster than that of TC-9 during sea salt solution reflood unlike water reflood, as
shown in Figure 4-15.
Table 4-4. The comparison of quenching time and velocity for water and sea salt solution.
Injection
velocity

Quenching time
(seconds)

(cm/s)

Quenching
distance

Sea salt
solution

3

3

116.0

(cm/s)

(cm)

120.2
Water

Quenching velocity

1.1
116.8

130.5

1.1

114.2

1.1

110.5

1.2

107.6

107.0

102.7

130.5

1.2

1.1

1.2

1.3

Figure 4-15. Wall temperature variations of the test section during water and sea salt solution
reflood (injection flow rate : 3 cm/s).
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Data obtained from the reflood test of water and sea salt solution were analyzed to calculate the
heat transfer coefficients and heat fluxes. The heat transfer coefficients were calculated by the
Lumped method like as follows:

−hA(T − Tsat ) = ρVc

dT
dt

(4-1)

where h is the heat transfer coefficient, A is the surface area of the test specimen, T is the
temperature of the test specimen (the temperature of TC-10), Tsat is the saturated temperature of the
working fluid (water and sea salt solution), ρ is the density of the test specimen, V is the volume of
the test specimen, c is the specific heat of the test specimen, and dT/dt is the rate of the temperature
change of the test specimen. The critical dimensionless number for using the Lumped method is the
Biot number like as follows:

Bi =

h f Lc
(4-2)

kb

where Bi is the Biot number used heat transfer calculations, hf is the film coefficient or heat
transfer coefficient, Lc is the characteristic length (the volume of the body divided by the surface area
of the body), and kb is the thermal conductivity of body. The calculation of the heat transfer
coefficient using Lumped method can be evaluated with an error of less than 5 %, when the Biot
number is less than 0.159. The calculation of the heat transfer coefficient using Lumped method can be
performed, because the Biot number of the test specimen in the reflood test is 0.08 in the film boiling
phase. After the heat transfer coefficient is calculated by Lumped method, the heat flux can be
calculated with the following equation:

q′′ = h(Tsur − Tsat )

(4-3)

where q” is the heat flux and Tsur is the surface temperature of the test specimen.
Figure 4-16 shows the saturated boiling curves in water and sea salt solution by using
temperature of TC-10. The mean CHF of sea salt solution during reflood test is 893.8 kW/m2 and the
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CHF enhancement of sea salt solution is 9.7 % compared with the mean CHF of water during reflood
test (814.9 kW/m2) as shown in Table 4-5.

Figure 4-16. The saturated boiling curves of water and sea salt solution by using temperature of
TC-10.
Table 4-5. CHF in the saturated boiling curves of water and sea salt solution.

Times

Water (kW/m2)

Sea salt solution (kW/m2)

1

800.6

942.1

2

864.1

913.3

3

780.1

826.1

Mean value

814.9

893.8
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The cause of the cooling performance enhancement for nanofluids is the enhanced wettability of
the liquid film on the heater surface, due to the deposition of nanoparticles. This cause is the same as
the cause of the CHF enhancement for nanofluids. The causes of cooling performance enhancement
after the quenching experiments using the sea salt solution were investigated through macroscopic
observation, SEM, contact angles and SEM EDS of the inner surface of the test section in the same
manner as for nanofluids. Figure 4-17 shows the macroscopic observations of the inner surface of the
test section after the quenching experiments with both water and the sea salt solution. As shown in
Figure 4-17 (b), the sea salt is not seen. Also, as can be seen in Figure 4-18. SEM observations show
in more detail the inner surface of the test section after the quenching experiments with both water
and the sea salt solution. As shown in Figure 4-18 (b), the sea salt is seen. Figure 4-19 shows the
SEM-EDS results of the inner surface of the test section after the quenching experiments with water
and the sea salt solution, in order to analyze the component. As shown in Figure 4-19, the components
of sea salt (Ca, Na, Mg and Cl) are detected. In order to confirm the enhanced wettability of the liquid
film on the heater surface, the contact angle is investigated as shown in Figure 4-20. The contact
angles in the inner surface of the test section after the quenching experiment with water and the sea
salt solution are 56.8°, 59.7° (the upper part of the test section) and 56.6° (the middle part of test
section). As shown in Figure 4-20, the contact angles of the water and the sea salt solution are nearly
the same. The cause of the cooling performance and CHF enhancement for the sea salt solution is not
the enhanced wettability of the liquid film on the heater surface due to the deposition of sea salts.
While thinking of the cause of the cooling performance enhancement for the sea salt solution, we
focused on its characteristics. As shown in Figure 4-21, the top quenching by condensation of vapor
can be occurred during sea salt solution reflood. This thought can explain that the temperature of TC10 has fallen faster than that of TC-9 during sea salt solution reflood unlike water reflood, as shown in
Figure 4-15. The causes of the top quenching by condensation of vapor during sea salt solution
reflood are as follows:
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(a)

(b)
Figure 4-17. Macroscopic observations of the inner surface of the test section after the
quenching experiments: (a) water and (b) sea salt solution.
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(a)

(b)
Figure 4-18. SEM observations of the inner surface of the test section after the quenching
experiments: (a) water and (b) sea salt solution.
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Figure 4-19. SEM-EDS results of the inner surface of the test section after the quenching
experiments of sea salt solution.
Decomposed materials from the sea salt solution like Ca, Na, Mg and Cl are stirred by the
continuous movement when sea salt solution is moved from bottom to top during reflood, form
segregated bubbles of air and are whipped towards the inner surface of the test section. These waves
are frothy and when they crash against the inner surface of the test section, the froth at the top is left
behind which causes the foaming effect60. So, the vapor can be much more occurred during sea salt
solution reflood.
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(a)

(b)
Figure 4-20. Contact angles of the inner surface of the test section after the quenching
experiments: (a) water (56.8°) and (b) sea salt solution (59.7°, 56.6°).
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Figure 4-21. A diagram of top quenching by condensation of vapor.
The surface tension of water and sea salt solution is confirmed through the measurement of the
contact angle. Figure 4-22 and Table 4-6 show contact angles in nichrome wire (same roughness
factor) of water and sea salt solution. The contact angle in nichrome wire of sea salt solution is
smaller than that of water. The surface tension of sea salt solution is smaller than that of water by
Young’s equation like as follows:

cos θ =

γ SV − γ SL
γ LV

(4-4)

where θ is the static contact angle, γSV is the surface tension of solid-vapor interface, γSL is the
surface tension of solid-liquid interface and γLV is the surface tension of liquid-vapor interface. The
surface tension of sea salt solution is approximately two times smaller than that of water, because the
cosθ of sea salt solution is approximately two times larger than that of water, as shown in Table 4-6.
So, the vapor occurring during sea salt solution reflood can be more easily fallen from the surface of
sea salt solution. The boiling point of water and sea salt solution is 96.1 and 99.3 °C as shown in
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Figure 4-23. This is measured by boiling the water and sea salt solution. So, the time occurring
condensation of vapor with sea salt solution is faster than that with water. So, a more enhanced
cooling performance (quenching time and velocity) is attributed to top quenching by condensation of
vapor during sea salt solution. When sea salt solution is moved from bottom to top during reflood test,
the top quenching is occurred from top to bottom. Also, a more enhanced CHF is due to the improved
wettability of the sea salt solution, as shown in Figure 4-22 and Table 4-6.

(a)

(b)
Figure 4-22. Contact angles in nichrome wire (same roughness factor) of: (a) water (74.6°) and
(b) sea salt solution (60.5°).
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Figure 4-23. The boiling point of water and sea salt solution.
Table 4-6. Contact angles in nichrome wire (same roughness factor) of water and sea salt
solution.

Times

Water (cosθ)

Sea salt solution (cosθ)

1

74.6° (0.27)

63.0° (0.45)

2

77.5° (0.22)

61.6° (0.48)

3

76.8° (0.23)

60.5° (0.49)

Mean value

76.3° (0.24)

61.7° (0.47)

During the Fukushima accident, freshwater and seawater were used by helicopter, fire truck, and
concrete pump truck to remove heat. The present research was conducted to investigate the effect of a
35 ‰ sea salt solution on the reflood heat transfer in a long vertical tube (1,600 mm in the heating
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length). The situation of interest was the quenching phenomena of fuel rods during a reflood with a
sea salt solution. The following results were obtained. (1) The reflood tests have been performed
using sea salt solution as a coolant, instead of water. We have observed a more enhanced cooling
performance in the case of the sea salt solution reflood. In other words, the quenching time was faster
by 10 seconds for the sea salt solution compared with water and CHF enhancement of sea salt solution
was 9.7 % compared with the CHF of water during reflood test. (2) The cause of the cooling
performance enhancement for nanofluids is the enhanced wettability of the liquid film on the heater
surface due to the deposition of nanoparticles. This cause is the same as the cause of the CHF
enhancement for nanofluids. The enhancing cause of the cooling performance after the quenching
experiments using the sea salt solution were investigated through macroscopic observation, SEM,
contact angles and SEM-EDS of the inner surface of the test section. However, it is likely that the
cause of the cooling performance enhancement for the sea salt solution is not the enhanced wettability
of the liquid film on the heater surface due to the deposition of sea salts. (3) A more enhanced cooling
performance (quenching time and velocity) is attributed to top quenching by condensation of vapor
during sea salt solution. When sea salt solution is moved from bottom to top during reflood test, the
top quenching is occurred from top to bottom. (4) The more enhanced CHF is due to the improved
wettability of the sea salt solution. This is confirmed through contact angles in nichrome wire (same
roughness factor) of water and sea salt solution.
4.2.3 Quenching Experiment using SiC and GO Nanofluids
Figure 4-24 shows the reflood test apparatus. The test section is made of SS 316 tube (the inner
diameter: 10.206 mm and the heating length: 1,300 mm), and are directly heated by a direct current
passing through the tube wall. The test section is wrapped with a glass fiber insulator. Fiber glass
consists of extremely fine glass fibers and is one of the most commonly used insulation materials. In
order to measure the tube wall temperature, the ten K-type ungrounded thermocouples (TCs) with a
sheath outer diameter of 0.5 mm are attached to the outer wall surface at intervals of 118 mm (the
uncertainty of the thermocouples was ± 0.1 °C).
The main components of the experimental system include a working fluid tank, a pump with a
variable speed driver to circulate the working fluids, a flow meter to confirm the flow mass rate of the
working fluid (the uncertainty of the flow mass rate was less than ± 3 %), a test section, a drain tank
and a DC power supply. The test section was electrically heated directly by a 4.5 kW (30 V, 150 A)
DC power supply (the uncertainty of power supplied to the test section was measured less than 2 %
with the multimeter). Also, an Agilent data acquisition system was used to read the individual
１０３

instrument outputs and translate them into physical parameters. A computer was used to sample all the
data periodically and to monitor the experiment.

Figure 4-24. The reflood test apparatus.
The experimental procedure is as follows. The test section was heated up to between 620 °C ~
720 °C (The standard TC is second TC from below and this was heated up to almost 720 °C), and then
the cold working fluids (water and nanofluids) at 25 °C in the coolant reservoir were injected into the
test section by the pump. Just before the working fluids reached the first TC, the DC power supplied
１０４

to the tube was switched off. The injection flow rate (3 cm/s) was controlled by pump and the needle
valve in the upstream of the test section. The total amount of each fluid was 2 liters. Two runs of the
experiment were performed for each condition (water, SiC/water and GO/water nanofluids).
4. 3 Results and Discussion
4.3.1 Wall Temperature during Reflood according to Working Fluids
The injection flow rate may vary during a reflood, since a phase change of the coolant and a back
pressure in the test section occur. To minimize variation of the injection flow rate, the pump was used
instead of nitrogen gas pressure. The injection flow rate did not vary in this experiment.
The wall temperature behavior for SiC/water nanofluid reflood was compared with that for the
water reflood. Figures 4-25, 4-26 and 4-27 show the wall temperature variations for repetitive runs
during water, SiC/water nanofluid and GO/water nanofluid refloods when the injection flow rate is 3
cm/s. As shown in Figures 4-25, 4-26 and 4-27, the wall temperature with two runs of the experiment
was nearly same. The shape of a cooling curve shows the various cooling mechanisms that occur
during the quenching process. In general, heat transfer during quenching can be described by three
governing phases: film boiling, nucleate boiling, and convective boiling. The modes of heat transfer
correspond to three distinctive slopes of each curve. The film boiling phase is characterized by the
formation of the vapor blanket around the hot metal. The nucleate boiling phase is characterized by
boiling at the metal surface39. The transition temperature from the film boiling phase to the nucleate
boiling phase is known as the Leidenfrost temperature and is independent of the initial temperature of
the metal being quenched. The convective boiling phase begins when the metal cools below the
boiling point of the quenching fluid. The nucleate boiling phase to the convective boiling phase
transition temperature is primarily a function of the boiling point of the quenchant61.
Figure 4-28 shows the wall temperature variations during water and SiC/water nanofluid, and
Figure 4-29 shows the wall temperature variations during water and GO/water nanofluid. Table 4-7
shows the comparison of quenching time and velocity for the water, SiC/water nanofluid and
GO/water nanofuid. The quenching time and velocity have two values. In order to compare the
quenching time and velocity, we represented the mean value of the quenching time and velocity in
Table 4-7. As shown in Table 4-7 and Figure 4-30, the quenching time was 20 seconds faster for
SiC/water and GO/water nanofluid compared with water, showing that the cooling performance for
the nanofluids was higher than that of water.
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Figure 4-25. Wall temperature variations during water reflood.

Figure 4-26. Wall temperature variations during SiC/water nanofluid reflood.
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Figure 4-27. Wall temperature variations during GO/water nanofluid reflood.

Figure 4-28. Wall temperature variations during water and SiC/water nanofluid reflood.
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Figure 4-29. Wall temperature variations during water and GO/water nanofluid reflood.

Figure 4-30. Wall temperature variations during water, SiC/water nanofluid and GO/water
nanofluid reflood.
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Table 4-7. The comparison of quenching velocity during water, SiC/water nanofluid and GO/water nanofluid.

Water
SiC/water
nanofluid
GO/water
nanofluid

Injection velocity

Quenching time

Average

(cm/s)

(seconds)

quenching time

3
3
3

109.49
109.34
87.79
90.09
88.27
92.76

109.41
88.94
90.52
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Distance from
TC-1 to TC-9
(cm)

Quenching velocity

Average

(cm/s)

quenching velocity

99.4

0.90

99.4

0.90

99.4

1.13

99.4

1.10

99.4

1.13

99.4

1.07

0.90
1.11
1.09

4.3.2 Leidenfrost Temperature
The rewetting is the re-establishment of continuous liquid contact with a hot dry surface. It has
been found that rewetting always occurs when the temperature of the hot surface is below a certain
value generally referred as the rewetting, sputtering or Leidenfrost temperature62. The local wall
temperature at the quench front is important for theoretical modeling of the rewetting problem. There
has been confusion in the specialized literatures concerning the exact definition of this parameter
manifested in the variety of synonyms used to identify it, such as quench, sputtering, minimum film
boiling, Leidenfrost temperature etc., which does not always represent the same physical
phenomenon63. Figure 4-31 shows the cooling curve on a specified position64.

Figure 4-31. Cooling curve on a specified position61.
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The curve displays the cooling history for the surface and exhibits the four heat transfer regimes
identified on the boiling curve. The shape of a cooling curve shows the various cooling mechanisms
that occur during the quenching process. In general, heat transfer during quenching can be described
by three governing phases: film boiling, nucleate boiling, and convective boiling. The transition
temperature from the film boiling phase to the nucleate boiling phase is known as the Leidenfrost
temperature and is independent of the initial temperature of the metal being quenched. Figure 4-32
shows Leidenfrost temperature during water, SiC/water and GO/water nanofluids reflood. Leidenfrost
temperatures of SiC/water nanofluid and GO/water nanofluid during reflood test are 390.9 and 375.0
ºC and higher than that of water (349.7 ºC) during reflood.

Figure 4-32. Leidenfrost temperature during water, SiC/water and GO/water nanofluids reflood.
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4.3.3 Saturated Boiling Curve
Data obtained from the reflood test of water, SiC/water nanofluid and GO/water nanofluid were
analyzed to calculate the heat transfer coefficients and heat fluxes. The heat transfer coefficients were
calculated by the Lumped method like equation (4-1). The calculation of the heat transfer coefficient
using Lumped method can be evaluated with an error of less than 5 %, when the Biot number is less
than 0.160. The calculation of the heat transfer coefficient using Lumped method can be performed,
because the Biot number of the test specimen in the reflood test is 0.073 in the film boiling phase.
After the heat transfer coefficient is calculated by Lumped method, the heat flux can be calculated
with equation (4-3). Figure 4-33 shows the saturated boiling curves in water, SiC/water nanofluid and
GO/water nanofluid by using temperature of TC-9. The mean CHFs of SiC/water nanofluid and
GO/water nanofluid during reflood test are 1378.3 and 1275.7 kW/m2 and the CHF enhancement of
SiC/water nanofluid and GO/water nanofluid are 14.1 and 5.6 % compared with the mean CHF of
water during reflood test (1208.4 kW/m2) as shown in Table 4-8.

Figure 4-33. The saturated boiling curves of water, SiC/water and GO/water nanofluids by using
temperature of TC-9.
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Table 4-8. CHF in the saturated boiling curves of water, SiC/water nanofluid and GO/water
nanofluid.
Water

SiC/water nanofluid

GO/water nanofluid

(kW/m2)

(kW/m2)

(kW/m2)

1

1179.2

1421.0

1193.8

2

1237.6

1335.6

1357.6

Mean value

1208.4

1378.3

1275.7

Times

4.3.4 Cause of Cooling Performance Enhancement
When fluids are moved from bottom to top during reflood, the vapor including nanoparticles is
deposited on heating surface before fluids are moved. So, the thin layer deposited nanoparticles is
formed as shown in Figure 4-34.The causes of cooling performance enhancement after the quenching
experiments using the nanofluids were investigated through macroscopic observation, SEM, contact
angles and SEM-EDS of the inner surface of the test section in the same manner as for nanofluids.
Figure 4-35 shows the macroscopic observations of the inner surface of the test section after the
quenching experiments with water, SiC/water nanofluid and GO/water nanofluid. The macroscopic
observations show the deposition of SiC and GO nanoparticles on the inner surface of the test section.
Also, as can be seen in Figure 4-36. SEM observations show in more detail the inner surface of the
test section after the quenching experiments with water, SiC/water nanofluid and GO/water nanofluid.
Figure 4-37 shows the SEM-EDS results of the inner surface of the test section after the quenching
experiments with SiC/water nanofluid in order to analyze the component. As shown in Figure 4-37,
the components of Si and C are detected. And, Figure 4-38 shows the SEM-EDS results of the inner
surface of the test section after the quenching experiments with GO/water nanofluid. The component
of C is detected as shown in Figure 4-38.
In order to confirm the enhanced wettability of the liquid film on the heater surface, the contact
angle is investigated as shown in Figure 4-39. The contact angles in the inner surface of the test
section after the quenching experiment with water, SiC/water nanofluid and GO/water nanofluid are
68.2°, 51.1° and 43.1°. Table 4-9 shows the contact angles in the inner surface of the test section after
the quenching experiment with water, SiC/water nanofluid and GO/water nanofluid. Five runs of the
experiment about contact angles were performed for each condition. The contact angles in the inner
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surface of the test section after reflooding experiment with SiC/water nanofluid and GO/water
nanofluid were the smaller than that of water. A more enhanced cooling performance is attributed to a
high wettability of a thin layer formed on a heating surface by a deposition of nanoparticles. When
fluids are moved from bottom to top during reflood, the vapor including nanoparticles is deposited on
heating surface before fluids are moved. So, the thin layer deposited nanoparticles is formed. Also, a
more enhanced cooling performance is caused to increase of thermal activity related to thermal
conductivity and thickness as shown in Figure 4-40 and Table 4-10.

Figure 4-34. During reflood, fuel rods are quenched from the bottom by water rising through
the core and from the top by liquid films falling through the upper core-support plate.
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(a)

(b)

(c)
Figure 4-35. Macroscopic observations of the inner surface of the test section after the
quenching experiments: (a) water, (b) SiC/water nanofluid and (c) GO/water nanofluid.
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(a)

(b)

(c)
Figure 4-36. SEM observations of the inner surface of the test section after the quenching
experiments: (a) water, (b) SiC/water nanofluid and (c) GO/water nanofluid.
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Figure 4-37. SEM-EDS results of the inner surface of the test section after the quenching
experiments of SiC/water nanofluid.

Figure 4-38. SEM-EDS results of the inner surface of the test section after the quenching
experiments of GO/water nanofluid.

(a)
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(b)

(c)
Figure 4-39. Contact angles of the inner surface of the test section after reflooding experiments:
(a) water (68.2°), (b) SiC/water nanofluid (51.1°) and (c) GO/water nanofluid (43.1°).

(a)
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(b)
Figure 4-40. Coating thickness of the inner surface of the test section after reflooding
experiments: (a) SiC/water nanofluid (51.00 μm) and (b) GO/water nanofluid (6.50 μm).
Table 4-9. Contact angles of the inner surface of the test section after reflooding experiments.

Type

Water

SiC/water nanofluid

GO/water nanofluid

Count

Angle (°)

1

70.1

2

68.2

3

70.7

4

68.5

5

68.2

1

51.1

2

51.0

3

51.7

4

50.5

5

52.1

1

44.7

2

45.4

3

44.3

4

43.1

5

42.1
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Average angle (°)

69.1

51.3

43.4

Table 4-10. Thermal activity of the inner surface of the test section after reflooding experiments.

SS

SiC

GO

ρ (kg/m3)

7990

3210

1800

c (J/kgK)

500

670

710

k (W/mK)

18

490

5090

δ (m)

9.06845E-06

5.10E-05

6.50E-06

S

0.076900269

1.655610354

0.524249077

4. 4 Conclusions
The present works were conducted to investigate the effect of nanofluids on reflood heat transfer
in a long vertical tube (1,300 mm in the heating length). When the potential application of nanofluids
comes to Emergency Core Cooling System (ECCS), the situation of interest is quenching phenomena
of fuel rods during reflood of emergency coolants.
The following results are obtained.
(1) The reflood tests have been performed using SiC/water nanofluid and GO/water nanofluid as
a coolant, instead of water. We have observed a more enhanced cooling performance in the case of the
nanofluid reflood.
(2) A more enhanced cooling performance is attributed to a high wettability of a thin layer formed
on a heating surface by a deposition of nanoparticles. The enhancing cause of the cooling performance
after the quenching experiments using the nanofluids were investigated through macroscopic
observation, SEM, contact angles and SEM-EDS of the inner surface of the test section.
(3) Also, a more enhanced cooling performance is caused to increase of thermal activity related to
thermal conductivity and thickness.
(4) A cooling performance is enhanced more than 20 seconds for SiC/water nanofluid and
GO/water nanofluid.
(5) The increase of quenching velocity for nanofluids is attributed to rupture of vapor
blanket/film due to turbulence enhancement.
(6) At the severe accident, a more enhanced cooling performance can be decreased amount of
hydrogen. So, this can reduce the degree of hydrogen explosion.
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V. Conclusions and Recommendations
5. 1 Conclusions
Figure 5-1 shows the comparison of flow boiling CHF and quenching experiments using
SiC/water and GO/water nanofluids. As shown in Figure 5-1, the surface morphology coated SiC and
GO nanoparticles are different according to flow boiling CHF and quenching experiments. Because of
the difference of the surface morphology, the contact angle and thickness are different according to
flow boiling CHF and quenching experiments. The cause is due to the difference of the boiling
mechanism occurring the coating of nanoparticles. The boiling mechanism of flow boiling CHF
experiment is the nucleate boiling as shown in Figure 5-2 (a). And, the boiling mechanism of
quenching experiment is the film boiling as shown in Figure 5-2 (b). The entrained droplet including
nanoparticles is deposited on heating surface before fluids are moved in the film boiling of quenching
experiment.

Figure 5-1. Comparison of flow boiling CHF and quenching experiments using SiC/water and
GO/water nanofluids.
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(a)

(b)
Figure 5-2. The boiling mechanism of (a) flow boiling CHF experiment and (b) quenching
experiment.
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Also, the cause is due to the difference of the time occurring the coating of nanoparticles.
Nanofluids are continuously circulated to the test section in the flow boiling experiments when the
CHF is occurred (500 seconds). But, in the quenching experiments, nanofluids are circulated to the
test section for once (120 seconds). So, the thickness of the coating layer in the flow boiling
experiments is more thicker than that in the quenching experiments due to the difference of the boiling
mechanism occurring the coating of nanoparticles and the time occurring the coating of nanoparticles.
The following conclusions can be drawn through the present experiments.
5.1.1 Flow Boiling CHF Enhancement of SiC and GO Nanofluids
The flow boiling CHF experiments were carried out in round tubes with an inner diameter of
0.01041 m and length of 0.5 m under low pressure and low flow at fixed inlet temperature (25 and
50 °C) and at four different mass fluxes (100, 150, 200, 250 and 300 kg/m2s) using water and 0.01
vol. % nanofluids (Al2O3, SiC and GO/water nanofluids). The following conclusions were obtained
through the flow boiling CHF experiments using these nanofluids.
- The CHF results for water were found to be similar in a comparison with results in the 2006
Groeneveld et al. look up table. And, the CHF results for nanofluids were enhanced by the increase of
the mass flux at inlet temperatures of 25 °C and 50 °C.
- The maximum CHF enhancement of Al2O3/water nanofluid was 15 % at inlet temperature of
50 °C and mass flux of 200 kg/m2s. That of SiC/water nanofluid was 41 % at inlet temperature of
25 °C and mass flux of 150 kg/m2s. The maximum CHF enhancement of GO/water nanofluid was
100 % at inlet temperature of 25 °C and mass flux of 250 kg/m2s.
- The CHF enhancement of nanofluids was due to enhanced wettability of the liquid film on the
heater surface caused by the deposition of nanoparticles. This is confirmed through macroscopic
observations, SEM observations and measurement of contact angles. The enhancement on wettability
of the inner surface of the test section would make the liquid film more settled. As a result, the
enhancement on wettability would make the liquid film dryout more delayed. Thick liquid film can
explain the enhancement of CHF, but more detailed analyses are needed in terms of evaporation,
entrainment and deposition mass transfer in liquid film dryout.
- Also, the CHF enhancement of nanofluids is caused to increase of thermal activity related to
thermal conductivity and thickness.
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5.1.2 Quenching Performance Enhancement of SiC and GO Nanofluids
The present works were conducted to investigate the effect of nanofluids on reflood heat transfer
in a long vertical tube (1,300 mm in the heating length). When the potential application of nanofluids
comes to Emergency Core Cooling System (ECCS), the situation of interest is quenching phenomena
of fuel rods during reflood of emergency coolants. The following results are obtained.
- The reflood tests have been performed using SiC/water nanofluid and GO/water nanofluid as a
coolant, instead of water. We have observed a more enhanced cooling performance in the case of the
nanofluid reflood.
- A more enhanced cooling performance is attributed to a high wettability of a thin layer formed
on a heating surface by a deposition of nanoparticles. The enhancing cause of the cooling performance
after the quenching experiments using the nanofluids were investigated through macroscopic
observation, SEM, contact angles and SEM-EDS of the inner surface of the test section.
- Also, a more enhanced cooling performance is caused to increase of thermal activity related to
thermal conductivity and thickness.
- A cooling performance is enhanced more than 20 seconds for SiC/water nanofluid and
GO/water nanofluid.
- The increase of quenching velocity for nanofluids is attributed to rupture of vapor blanket/film
due to turbulence enhancement.
- At the severe accident, a more enhanced cooling performance can be decreased amount of
hydrogen. So, this can reduce the degree of hydrogen explosion.
5.2 Recommendations
For flow boiling CHF Enhancement of SiC and GO nanofluids, the CHF results for water were
found to be similar in a comparison with results in the 2006 Groeneveld et al. look up table. And, the
CHF results for nanofluids were enhanced by the increase of the mass flux at inlet temperatures of
25 °C and 50 °C. As a result, the maximum CHF enhancement of Al2O3/water nanofluid was 15 % at
inlet temperature of 50 °C and mass flux of 200 kg/m2s. That of SiC/water nanofluid was 41 % at inlet
temperature of 25 °C and mass flux of 150 kg/m2s. The maximum CHF enhancement of GO/water
nanofluid was 100 % at inlet temperature of 25 °C and mass flux of 250 kg/m2s.
For quenching performance enhancement of SiC and GO nanofluids, the reflood tests have been
performed using SiC/water nanofluid and GO/water nanofluid as a coolant, instead of water. We have
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observed a more enhanced cooling performance in the case of the nanofluid reflood. As a result, a
cooling performance is enhanced more than 20 seconds for SiC/water nanofluid and GO/water
nanofluid.
Therefore, effects of SiC/water and GO/water nanofluids show the enhancement of safety margin
for advanced nuclear reactors in terms of CHF enhancement and an enhanced quenching performance
as shown in Figure 5-3.

Figure 5-3. Effects of SiC/water and GO/water nanofluids on critical heat flux and quenching
for advanced nuclear reactors.
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