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ABSTRACT - Heat transfer characteristics (HTCs) of a metallic rod during quenching were QEJ;SL’E I;tlhs FT;RZ\Bm
investigated in saturated water-based nanofluids and the results were compared to distilled water. Revised: 4 Dec 2021

In this study, a 50 mm length of cylindrical copper rod with a diameter of 15 mm was rapidly Accepted: 241 Jan 2022
quenched at an initial temperature of 600 °C in saturated water-based nanofluids under

atmospheric pressure. Three different types of nanoparticles (Al203, SiO2 and TiO2) were used to KEYWORDS

obtain water-based nanofluids with 0.001% particle volume fraction. In this experiment, heat Quenching heat transfer;
transfer rates were evaluated using the cooling curves (temperature vs time) of the copper rod Metal oxides; "
quenched in different quenching media. Results showed that the quenching heat transfer in (V;/;’;:;' ff;;d nanofluids;

nanofluids was stochastic during the first quenching, with SiO2 showing a deterioration in HTC,
enhancement was observed in Alz03 and TiO2 compared to distilled water in the present work.
However, after successive quenching, from second to seventh, all nanofluids demonstrated
enhancement in the cooling time, with quenching in TiO2 nanofluid showing the most significant
enhancement compared to distilled water. Some deposition of nanoparticles on the surface of the
rod was noticed, due to oxidation in distilled water quench, and mixed oxidation and nanoparticles
deposition in the nanofluid quench. The present work suggested oxidation lead to deterioration of
HTC, but a mixed effect of oxidation and nanoparticles deposition during the quenching process,
altered the surface roughness of the rod surface and improved wettability. Hence, it was possible
that the effect of surface structure vapour during film boiling influenced the dynamics of the bubbles
in nucleate boiling and therefore enhanced the rapid cooling of the rod.

INTRODUCTION

Quenching refers to the rapid cooling of a hot object by immersion into a cold fluid. It is an effective cooling technique
in various engineering fields, such as heat treatment of steel and the safety procedures of nuclear power plants. During
quenching, cooling curve shape analysis is used to evaluate quenchants heat transfer performance (QHTC) in several
boiling regimes. The process is initially dominated by film boiling, where a continuous vapour layer completely separates
the liquid from the solid surface. In this phase, the heat transfer occurs through conduction and radiation from the surface
of the liquid through the vapour layer; therefore, the liquid takes a much longer duration to evaporate than at lower surface
temperatures. However, as the temperature reaches the Leidenfrost point, liquid-solid contacts occur briefly and
occasionally at discrete locations on the solid surface. If bubble nucleation occurs at these contact points, the vapour film
is disrupted, and the heat transfer regime changes from film boiling to transition boiling. The vapour film gradually
disappears, and the transition to nucleate boiling occurs, which is the ideal working condition for the quenching process
since it produces the highest heat transfer rates. When the cooling curve shifts to the right, it indicates that the heat transfer
performance is increased or vice versa and the steeper cooling curve represents an enhancement in the rate of heat transfer.

Primarily, the quenching process is applied in metallurgical industries to acquire specific material characteristics
through the rapid cooling of a workpiece in water, oil, or air. On top of that, the application of quenching is also anticipated
in a nuclear reactor to be used as an emergency cooling procedure, known generally as the emergency core cooling system
(ECCS) [1]. The ECCS plays a significant role as a countermeasure in nuclear reactors during a loss of coolant accident
(LOCA), where the coolant that is used as a countermeasure to control the temperature of the reactor vessel is rapidly
lost, which could initiate an accident if a sudden increase in power occurs within the nuclear core. The fuel pins will
become extremely hot in such cases. Under these conditions, the ECCS injects cold water and replenishes the reactor
vessel, quenching the fuel rod in the nuclear power plant during a severe accident [2]-[4]. Therefore, ensuring optimum
heat transfer rates during LOCA is critical. Without these safety systems, the core of the nuclear power plant could become
damaged [5].

The conventional heat transfer fluids commonly used to remove the generated heat are water or water solutions, oils,
molten-salt baths, polymer solutions (ethylene and glycol), fluidised beds, and compressed gases [6]. Compared to most
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materials in general, these liquids have low heat transfer characteristics. Hence, new variations of fluids have been
produced, known as nanofluids [7]. These nanofluids could be made by dispersing nanoparticles in a base fluid. Many
experiments conducted on nanofluids have proven that adding a minuscule amount of nanoparticles to the base fluid has
a remarkable effect on the thermophysical properties of the liquid. Consecutively, these enhancements to the
thermophysical properties of the quench media could enhance the heat transfer rates during quenching [8]. Some frequent
nanoparticles that were extensively used in recent studies were the particles of metal and metal oxides (Cu, Zn, CuO,
AL O3, TiO;), carbon-based nanoparticles (MWCNTSs) and polymeric nanoparticles [2], [9]-[19]. By dispersing the
nanoparticles in a quench media, the quenching process of steel occurs at faster rates, with enhanced cooling capabilities,
more significant impact strength and lower steel dimensional modifications than conventional fluids [20].

In recent years, extensive studies have been performed on the effect of nanoparticle addition on the quenching
behaviour of the metal. Since conventional fluids could not achieve the desired heat transfer rate, it is anticipated that
nanofluids will accelerate this transition. However, based on recent literature, certain inconsistencies were found in the
quenching heat transfer coefficients (QHTC) after using nanofluids, which were reported to have increased, decreased or
been unchanged. In 2004, Park et al. [21] studied a stainless steel sphere’s quenching in different concentrations of
AL Os/water at different subcooled conditions. It was found that the HTCs when using nanofluids were more extensive as
the subcooled conditions decreased. The authors also noticed that the effect of nanoparticle concentrations of higher than
5 vol% is negligible during quenching. Kim et al. [1] conducted research on the quenching of a small stainless steel sphere
in AlbOs/water nanofluids at much lower concentrations (0.001, 0.01 and 0.1 vol%), quenched in saturated conditions.
The authors discovered that some nanoparticles were deposited on the sphere surface during the quenching process and
also after multiple re-quenching tests using the same sphere. In their experiment for alumina, it is suggested that no
concentration effects are made in the case of the first run. However, for the repetitive case, higher concentration showed
improvement of the cooling curve. It was also noticed that the nanoparticles deposited on the surface of the specimen
accelerated the quenching process in that the transition from film boiling to nucleate boiling occurred at greater
temperatures compared to a new and clean surface.

However, the study by Lotfi and Shafii [22] who quenched using a silver sphere in subcooled Ag and TiO, water-
based nanofluids revealed that the trend for the cooling curves of the heated sphere during the first quenching process in
nanofluids was indistinguishable from the trend when pure water was used. It was also observed that the result of
subsequent tests on the unwashed sphere was more vigorous with the existence of nanoparticles that were deposited on
the sphere surface. It was assumed that the nanoparticles deposited on the sphere surface acted as an insulator for the
sphere and decreased its surface temperature, given that the TiO, layer formed having a larger thermal resistance.

Meanwhile, Vignesh and Narayan [23] studied the cooling performance of an alloy rod during quenching in distilled
water and MWCNTs/water nanofluid. It was noticed that the rate for the heat transfer was reduced when the rod was
quenched with 0.01 and 1.0 g/L of nanoparticles. The reduced efficiency may be due to the relative effects of nanoparticle
deposition on the surface of the rod and its Brownian motion. This deposition acts as a barrier to heat transfer and
decreases the rate of heat transfer. Dasgupta et al. [24] conducted an experiment to determine the performance of an
SS304 rod during quenching in Al,Os/water nanofluids at saturated and subcooled conditions. It was noticed that the
quenching times for water and nanofluids were similar during subcooled conditions. However, the heat flux behaviour
during quenching in nanofluids differs from quenching in pure water. The initial film boiling phase in nanofluids is faster,
but the maximum heat flux for water is greater, and it decreases as nanofluid concentration increases. Irregularities in the
heat flux during the nucleate boiling region were also noticed, which could be caused by the deposition of nanoparticles
on the rod surface.

Recent literature stated that the likely causes of the inconsistencies were the types and concentrations of nanoparticles
being used. In many cases, the usage of Al,O3 nanoparticles shows a significant increase in QHTC compared to the use
of SiO, nanoparticles. Hence, the present study evaluated the cooling curve of a high-temperature copper rod quenched,
representing the QHTC performance in various nanofluids (Al,O3, TiO, and Si0,) in relatively low concentration. In this
paper, the effects of the nanoparticle depositions on the rod surface and oxidation conditions during quenching were
explored and compared to the heat transfer characteristics when distilled water was used.

METHODS AND MATERIALS

Nanofluid Preparation

Three types of nanoparticles were used in this research; (1) Aeroxide Alu C (Aluminium Oxide, Al,O3) particles with
dp of 13 nm, (2) Aerosil 90 (Silicon Dioxide, SiO») particles with d, of 20 nm and (3) Aeroxide TiO, P25 (TiO, particles
with a mixture of anatase (80%) and rutile (20%) crystal structures with an average d, of 21 nm). These were obtained
from Aerosil Corporation in powder form. The properties of the nanoparticles used are given in Table 1.

Table 1. Properties of nanofluids used [25].

Nanoparticles Size (nm) Density (kg/m?)
ALO3 13 3880
SiO2 20 2200
TiO, 21 4175
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The nanofluids were prepared using a two-step method and by mixing the nanoparticles directly with distilled water.
Using this method, the nanoparticles were measured and weighted in primary dilution of 75 ml in a test tube. The
measured weight was then converted into the volume of the nanoparticles and then successively suspended in the
designated volume of the base fluid to achieve a concentration of C=0.001 vol%. Prior to the final dilution process, the
suspension was then stirred for 15 minutes using a magnetic stirrer to achieve homogeneity and was then sonicated in an
ultrasonic bath (Bransonic® CPXH Ultrasonic Bath) for 1 hour just before the experiments were conducted, based on our
previous work [26]. During the preparation process, no dispersant or surfactant was added to avoid altering the fluid’s
chemical and thermo-physical properties.

Experimental Setup

Figure 1 shows the schematic drawing of the copper rod (50%15 mm diameter), and the thermophysical properties of
the test specimen are displayed in Table 2. Figure 2 shows the test rig used in conducting the quenching experiments. The
main components used in this study were a borosilicate quench pool (diameter 130x180 mm), an electric melting furnace,
a hotplate, and a data acquisition system. K—type thermocouples were used to obtain the temperature measurements of
the centre of the rod and the quench media. The uncertainty in temperature measurements was £1.5 °C. The National
Instruments data acquisition (NiDAQ) system was used to record the temperature-time data during quenching.

Smim @

50mm

h 4

Figure 1. Schematic drawing of copper rod.

Table 2. Thermo-physical properties of the test specimen.

Properties

Material 50x15 mm @ copper cylinder
Density, p 8960 kg/m?

Specific heat capacity, c; 376.812 J/kg'K
Thermal conductivity, K 385 W/m'K

Distilled water inside the quench pool was first heated to a saturated condition of 7= 100 °C using a hotplate, and
the prepared Al,O3 nanofluids were then injected into the quench pool to achieve a concentration of C =0.001 vol%. The
temperature of the quench pool was maintained at saturated conditions throughout the experiment. At the same time, the
copper rod was heated to 620 °C using an electrical furnace. The copper rod was then removed from the furnace and left
suspended above the quench pool until the temperature of the centre of the rod reached 600 °C before it was quickly
immersed in the quench pool. Once the specimen and quench media were at thermal equilibrium (~100 °C), the
experiment was ended. The temperature data obtained from the quenching process was collected and analysed. Then,
after the first quench, the rod was subsequently quenched again for another six times with the interval period of
approximately 45 minutes, with the same rod surface but without any changes to the quench media during each test, to
investigate the surface effect on the rate of heat transfer. Before starting the following test in SiO, and TiO, nanofluids,
the surface of the rod was polished using 1500 grit sandpaper and PIKAL polishing paste to remove any residue from the
previous tests. The surface was then wiped clean using acetone. In these experiments, cooling curves were drawn to
represent the quenching heat transfer performance in various conditions. A centre temperature point at 7= 250 °C, where
the fluid is in the nucleate boiling region, was selected and analysed.
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Figure 2. Quenching experimental setup where: (a) S.Y. Electric melting furnace, (b) Favorit Hotplate, (c) quench pool
insulated with glass wool, (d) polycarbonate cover, (¢) 5 mm K-type thermocouple to read copper temperature, (f)
clamp as a rod holder, (g) 1 mm K-type thermocouple to verify water temperature, (h) laptop connected to NiDAQ

system.

RESULTS AND DISCUSSION

Figure 3 shows the preliminary quenching test using base media, which is distilled water. The specimen was quenched
at least three times repetitively using a fresh, clean rod. The quenching results demonstrated an approximately similar
cooling curve that almost converged to a single one, indicating the reliable repeatability of the present work. As depicted
in Figure 3, during test 1 and test 2, the copper rod took 43.5 s to reach 7=250 °C in the boiling region, while in test 3, it
took 45 seconds, a delay of only 1.5 s. The results indicate the excellent repeatability of the quenching experiments.
Hence, the results obtained using distilled water as the base media were used as a reference for the performance of
quenching heat transfer characteristics and later will be compared to different types of nanofluid-based media.

—=—Test 1
600 —e— Test 2
o —— Test 3
3
2 500 4
=
(8]
]
a8
5 400+ 4
5
)
3
2 300
@
o X AN ________
£
2
T 200 4 4
@
c
@
O
100 4 b b |
T T T T T T T
0 20 40 60 80 100 120

Time (s)

Figure 3. Repeatability test for quenching of copper rod in distilled water.

Figure 4 shows the quenching curves, which represent the repeated quenching of a copper rod in distilled water. It can
be seen that the first quench using a clean rod had a faster heat transfer rate, as the time taken for the rod to reach 250 °C
was 43.5 s. The subsequent tests using an unwashed rod in the same quench media showed a decrease in heat transfer,
with a much longer time taken for the rod to cool. Based on the figures, it could be seen that the cooling curve drastically
shifted to the right during the second quench, as the rod took 65.5 s to reach 250 °C. However, the cooling curves gradually
shifted to the left during the third quench with a much higher magnitude after the fourth quench, as seen in Figure 4.

As shown in Figure 5(b), the surface of the rod changes from shiny to dull after the first quench. Some visible dark
spots and oxidation occurred on the surface after quenching in distilled water. In Figure 5(c), 5(d) and 5(e), it can be seen
that the deposits on the rod gradually increased, which at the same time reduced the time taken for the rod to reach
250 °C in the boiling region, from 65.5s during the second quench to 63.5s in the fourth quench. Figure 5(e) shows that
a higher deposition intensity occurred on the rod surface, resulting in a shorter time for the rod to cool during the fifth
quench, which occurred at 56.5 s of quenching. However, subsequent tests showed only a slight difference in the surface
structure of the rod, as shown in Figures 5(f) and 5(g). A similar result could be seen in a study by Kim et al. [27], which
mentioned that the dark spots were not due to emissivity heterogeneities on the rod’s surface since the dark spots moved
on the surface and afterwards disappeared. No dark spots were observed throughout the first or repeated cooling cycles
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in the air. Thus, it could be said that the dark spots seen in Figure 5 are associated with water/surface interaction. From
the results obtained, the change from a shiny to a dull surface during the first quench had highly affected the rate of heat
transfer of the copper rod. The heat transfer performance deteriorates when a dull surface is used during quenching.
However, as the number of quenches increases, more depositions occur on the surface of the rod, which increases the
quenching heat transfer performance of the copper rod in the present experimental work. The study by Hwasung et al.
[28] also reported the sensitivity of the surface oxidation due to the quenching in water, and an example of the oxidation
was qualitatively discussed in the study of Lee et al. [2]. The oxidation could lead to a different vapour film collapse
mode, as studied by Lee et al. [29]. Thus, it is most probable that in the present work, the deterioration of HTC could be
associated with the thin layer of oxidation formed and started to insulate the quenched surface.
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Figure 4. The cooling curves of copper rod in distilled water.

@ (b)
Figure 5. The surface structure of copper rod during quenching in distilled water; (a) after polishing, (b) 1st quench,
(c) 2nd quench, (d) 3rd quench, (e) 4th quench, (f) S5th quench, (g) 6th quench and (h) 7th quench.

(d) (e) ® (2 (h)

When quenching in Al,O3 nanofluid, the first quench showed a significant enhancement in the cooling time compared
to using distilled water. The rod took only took 38.5 s to reach 250 °C in the boiling region, while during the second
quench using an unwashed rod, the performance deteriorated rapidly, as the duration for the rod to cool increased to 58.5
s. However, the third quench improved heat transfer rates, as the rod took a shorter time to cool and the cooling curves
gradually shifted to the left after each subsequent test, as shown in Figure 6. During the seventh quench, the rod took only
43.5 s to reach the boiling region.

The surface structure of the rod was also observed after each test in Al,O3; nanofluid. Based on Figure 7, there was a
noticeable increment in the number of nanoparticles deposited on the surface of the rod. Like the results for distilled
water, the surface appearance became dull after the first quench, as shown in Figure 7(b). After each subsequent quench,
the nanoparticles deposited on the surface of the rod were also increased. It was concluded that the increase of surface
roughness due to the deposition of nanoparticles was responsible for the improved quench boiling heat transfer [17]. In
this case, the nanoparticles deposited showed a positive increment in the quenching of the copper rod, similar to the results
obtained in the study by Kim et al. [27].
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Figure 6. The cooling curves of copper rod in Al,O3 nanofluid in 0.001 vol% after repeated runs.

(e) ()

(a) (b) () (d) (2 (h)
Figure 7. The surface structure of copper rod during quenching in Al,O3 nf at 0.001 vol% (a) after polishing, (b) Ist
quench, (c¢) 2nd quench, (d) 3rd quench, (e) 4th quench, (f) Sth quench, (g) 6th quench and (h) 7th quench.

The graph in Figure 8 shows that the first quench of the clean rod in SiO; nanofluid took a much longer time to cool,
53.5 s, compared to using distilled water, which is a 22% reduction in cooling time. However, the cooling rate worsened
in the second quench using an unwashed rod, as the rod took 56.5s to reach 250 °C. Similarly, the subsequent tests showed
a significant enhancement in the cooling time of the rods compared to the second quench. The seventh quench using the
same rod ended the film boiling region at 44 s, a much faster duration than quenching for the fresh, clean rod. Based on
Figure 9(h), the SiO, nanoparticles are visible after repetitive quenching. Resembling the study by Kim et al. [30], the
quenching heat transfer performance was enhanced only after repetitive quenching due to the nanoparticles being
deposited on the surface of the rod, which increases its surface roughness and could disrupt the formation of bubbles
during film boiling.

During quenching in TiO; nanofluid, the cooling time for the copper rod was much faster than quenching using
distilled water, and the TiO> nanofluid showed a 9 % enhancement as it reached the rod temperature of 7=250 °C with
39.5 s of quenching, as shown in Figure 10. During the second quench using an unwashed rod, the time taken to cool the
rod increased to 51.5 s because of the difference in the surface roughness of the rod. Figure 11(b) shows the surface of
the rod after the first quench. Afterwards, the cooling time during quenching of the unwashed rod gradually shortened,
and it had reduced to only 41.5 s after the seventh quench, which is almost identical to quenching in distilled water. From
this figure, it can be seen that repetitive quenching of an unwashed rod could increase the quenching performance of
copper rods when using TiO nanoparticles. Lotfi and Shafii [22] reported that the nanoparticle deposits that occurred on
the surface acted as a thermal insulator and reduced the temperature of the outer surface of the rod due to the higher
thermal resistance of the TiO, coating. In addition, the higher emissivity of the TiO, layer led to an increase in heat
transfer and the faster cooling of the outer surface of the specimen. These prevented the formation of a stable vapour film
around the rod, which subsequently facilitated the rapid quenching through the mode of nucleate boiling, bypassing the
film boiling mode [22].
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Figure 8. The cooling curves of copper rod in SiO, nanofluid at 0.001 vol% after repeated runs.

(a) (b) (c) (d) (2 (h)
Figure 9. The surface structure of copper rod during quenchmg in SlO2 nf at 0.001 vol% (a) after polishing, (b) 1st
quench, (c) 2nd quench, (d) 3rd quench, (e) 4th quench, (f) Sth quench, (g) 6th quench and (h) 7th quench.
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Figure 10. The cooling curves of copper rod in TiO, nanofluid at 0.001 vol% after repeated runs.

' ' ”

(a) (b) (c) (e) (9] ()
Figure 11. The surface structure of copper rod durlng quenching in TiO, nf at 0. 001 vol% (a) after polishing, (b) 1st
quench, (c) 2nd quench, (d) 3rd quench, (e) 4th quench, (f) Sth quench, (g) 6th quench and (h) 7th quench.

Figure 12 shows the comparison of the time taken for the rod to cool after multiple quenching in different types of
nanofluid and distilled water. The figure shows similarities in the trends of each quench using the three types of nanofluid
and distilled water. However, after the second quench, the trend for nanofluids showed an enhancement compared to that
of distilled water, as it took less time for the copper rod to reach the temperature of 250 °C in the boiling region. After
the seventh quench, TiO; nanofluids showed the most significant enhancement, which was 26.5% faster than using
distilled water. Based on the literature, enhanced cooling performance is attributed to the high wettability of a thin layer
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that forms on the surface by deposition of nanoparticles which prevents a stable vapour film from forming around the rod
[31].

Based on the results obtained, the surface roughness of the rod has a significant effect during the quenching process,
either in distilled water or nanofluids. Hence, it is appropriate to highlight the impact of surface morphology with the use
of photographic observations, as shown in Figure 5(h), Figure 7(h), Figure 9(h) and Figure 11(h). However, it is still
unclear whether the nanoparticles with a low concentration in distilled water could enhance the vapour generation of the
copper rod to further increase the heat transfer rates. It is possible that mixed oxidation and nanoparticles deposition with
each other causing stochastic cooling performance. It should be noted that the oxidation may form a thin layer, as
described in studies by Mimura et al. [32], that leads to a reduction in nucleation spots. It is also recommended in the
future that the changes in the surface structure of the rod are measured, and the heat transfer rate during quenching are
investigated more extensively.
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Figure 12. Comparison of the time taken for the copper rod to reach the temperature of 250°C in the nucleate boiling
region after each subsequent quench for different types of quench media at C= 0.001 vol%.

CONCLUSION

In this study, quenching experiments on a heated copper rod in different types of nanofluid at a low concentration of
0.001 vol% were conducted to study the quenching heat transfer compared to distilled water. A rod with a diameter of
15mm and a length of 50 mm, at an initial temperature of 600 °C, was tested in saturated conditions. The following results
were obtained:

i Based on the cooling time for nanofluids, the heat transfer performance during quenching in a low concentration
of nanofluids showed a dramatic enhancement in Al,O3 and TiO, compared to distilled water with 13.3 % and
12.6 % increment in the cooling time, respectively, except for SiO» with 22 % of decrement in cooling time
during the first quenching.

ii. In repetitive quenching, the HTC showed reduction as the cooling time took slightly longer in repetitive
quenching than the initial quenching for all nanofluid-based liquids, indicating that the HTC deteriorates for the
second quenching distilled water and all nanofluid based fluids. However, relative enhancement in cooling time
comparison between distilled and nanofluid based shows up to 40 % to 63 % reduction in cooling time in seven
series of repetitive cooling. The TiO, nanofluids exhibited the highest enhancement in cooling time and almost
similar results for Al,O3 and SiO; in the present concentration.

1il. The quenching of a clean rod in the first quench resulted in better HTC compared to subsequent quench for all
fluids. Oxidation in repetitive quenching is strongly believed to have reduced the quenching heat transfer.
However, after repetitive quenching until the seventh quench, the build-up of a nanoparticle deposition layer
revealed a significant increment in the quenching performance of the nanofluid. The nanoparticle deposition has
a positive effect on the quenching of the rod.

ACKNOWLEDGEMENT

The authors would like to thank the Ministry of Higher Education for providing financial support under Fundamental
Research Grant Scheme (FRGS) No. FRGS/1/2019/TK07/UMP/02/2 (University Reference RDU1901121) and
Universiti Malaysia Pahang for laboratory facilities as well as additional financial support under Internal Research grant
RDU160385.

REFERENCES

[1] H. Kim et al., “Experimental study on quenching of a small metal sphere in nanofluids,” ASME Int. Mech. Eng. Congr. Expo.
Proc., vol. 10, no. PART C, pp. 1839-1844, 2009, doi: 10.1115/IMECE2008-67788.

9410 journal.ump.edu.my/ijame <



[12]

[13]
[14]
[15]

[16]

[25]

[26]

[27]

(28]

[29]

9411

H. Ismail et al. | International Journal of Automotive and Mechanical Engineering | Vol. 19, Issue 1 (2022)

K.-G. Lee, W.-K. In, and H.-G. Kim, “Quenching experiment on Cr-alloy-coated cladding for accident-tolerant fuel in water
pool under low and high subcooling conditions,” Nucl. Eng. Des., vol. 347, no. February, pp. 10-19, 2019, doi:
10.1016/j.nucengdes.2019.03.017.

B. Sutharshan, M. Mutyala, R. P. Vijuk, and A. Mishra, “The AP1000™ reactor: Passive safety and modular design,” in Energy
Procedia, vol. 7, pp. 293-302, 2011, doi: 10.1016/j.egypro.2011.06.038.

Z. Wang et al., “Experimental investigation on the transient film boiling heat transfer during quenching of FeCrAl,” Ann. Nucl.
Energy, vol. 150, p. 107842, 2021, doi: 10.1016/j.anucene.2020.107842.

B. R. Fu, Y. H. Ho, M. X. Ho, and C. Pan, “Quenching characteristics of a continuously-heated rod in natural sea water,” Int.
J. Heat Mass Transf., vol. 95, pp. 206-213, 2016, doi: 10.1016/j.ijjheatmasstransfer.2015.11.093.

J. Boungiorno et al., “Nanofluids for enhanced economics and safety of nuclear reactors: An evaluation of the potential features
issues, and research gaps,” Nucl. Technol., vol. 162, no. 1, pp. 80-91, 2008, doi: 10.13182/nt08-a3934.

S. U. S. Choi and J. A. Eastman, “Enhancing thermal conductivity of fluids with nanoparticles,” ASME Int. Mech. Eng. Congr.
Expo., vol. 66, no. March, pp. 99-105, 1995, doi: 10.1115/1.1532008.

S. Ozering, S. Kakag, and A. G. Yazicioglu, “Enhanced thermal conductivity of nanofluids: a state-of-the-art review,”
Microfluid. Nanofluidics, vol. 8, no. 2, pp. 145-170, 2010, doi: 10.1007/s10404-009-0524-4.

R. Gopalan and P. Narayan, “Review of thermo-physical properties, wetting and heat transfer characteristics of nanofluids and
their applicability in industrial quench heat treatment,” Nanoscale Res. Lett., vol. 6, no. 1, p. 334,2011.

J. Xiong et al., “Experimental investigation on transient boiling heat transfer during quenching of fuel cladding surfaces,” Int.
J. Heat Mass Transf-, vol. 148, p. 119131, 2020, doi: 10.1016/j.ijheatmasstransfer.2019.119131.

M. Zuhairi Sulaiman, D. Matsuo, K. Enoki, and T. Okawa, “Systematic measurements of heat transfer characteristics in
saturated pool boiling of water-based nanofluids,” Int. J. Heat Mass Transf., vol. 102, pp. 264-276, Nov. 2016, doi:
10.1016/j.ijheatmasstransfer.2016.06.017.

S. Y. Chun, I. C. Bang, Y. J. Choo, and C. H. Song, “Heat transfer characteristics of Si and SiC nanofluids during a rapid
quenching and nanoparticles deposition effects,” Int. J. Heat Mass Transf., vol. 54, no. 5-6, pp. 1217-1223, 2011, doi:
10.1016/j.ijheatmasstransfer.2010.10.029.

D. Ciloglu, A. Bolukbasi, and K. Comakli, “Effect of nanofluids on the saturated pool film boiling,” Int. J. Mech. Aerospace,
Ind. Mechatron. Manuf. Eng., vol. 2, no. 7, pp. 66—68, 2012.

L. Zhang et al., “Enhanced critical heat flux during quenching of extremely dilute aqueous colloidal suspensions with graphene
oxide nanosheets,” J. Heat Transfer, vol. 135, no. 5, p. 054502, 2013, doi: 10.1115/1.4023304.

H. Habibi Khoshmehr, A. Saboonchi, and M. B. Shafii, “The quenching of silver rod in boiling carbon nano tube-water
nanofluid,” Int. J. Therm. Sci., vol. 75, pp. 95-104, 2014, doi: 10.1016/j.ijthermalsci.2013.07.022.

K. M. Kim, S. W. Lee, and 1. C. Bang, “Effects of SiC and graphene-oxide nanoparticles-coated surfaces on quenching
performance,” in Embedded Topical Meeting on Advances in Thermal Hydraulics, ATH 2014, Held at the American Nuclear
Society 2014 Annual Meeting, 2014, vol. 5450, no. April, pp. 484-495, doi: 10.13182/nt14-82.

A. Seshadri and K. Shirvan, “Quenching heat transfer analysis of accident tolerant coated fuel cladding,” Nucl. Eng. Des., vol.
338, no. July, pp. 5-15, 2018, doi: 10.1016/j.nucengdes.2018.07.020.

N. Patra ef al., “An experimental analysis of quenching of continuously heated vertical rod with aqueous Al 2 O 3 nanofluid,”
Resour. Technol., vol. 3, no. 4, pp. 378-384, 2017, doi: 10.1016/j.reffit.2017.02.006.

J. Q. Li et al., “Enhanced pool boiling heat transfer during quenching of water on superhydrophilic porous surfaces: Effects of
the surface wickability,” Int. J. Heat Mass Transf., vol. 125, pp. 494-505, 2018, doi: 10.1016/j.ijheatmasstransfer.2018.04.099.
X. Wang, X. Xu, and S. U. S. Choi, “Thermal conductivity of nanoparticle - fluid mixture,” J. Thermophys. Heat Transf., vol.
13, no. 4, pp. 474480, 1999, doi: 10.2514/2.6486.

B. R. Sehgal et al., “Film boiling heat transfer on a high temperature sphere in nanofluid,” pp. 469-476, 2009, doi: 10.1115/ht-
fed2004-56471.

H. Lotfi and M. B. Shafii, “Boiling heat transfer on a high temperature silver sphere in nanofluid,” Int. J. Therm. Sci., vol. 48,
no. 12, pp. 2215-2220, Dec. 2009, doi: 10.1016/j.ijthermalsci.2009.04.009.

U. Vignesh Nayak and K. Narayan Prabhu, “Heat transfer during immersion quenching in MWCNT nanofluids,” in Materials
Science Forum, vol. 830-831, pp. 172-176, 2015, doi: 10.4028/www.scientific.net/MSF.830-831.172.

A. Dasgupta, A. S. Chinchole, P. P. Kulkarni, D. K. Chandraker, and A. K. Nayak, “Quenching of a heated rod: Physical
phenomena, heat transfer, and effect of nanofluids,” J. Heat Transfer, vol. 138, no. 12, pp. 122401, 2016, doi:
10.1115/1.4034179.

H. Masuda, A. Ebata, K. Teramae, and N. Hishinuma, “Alteration of thermal conductivity and viscosity of liquid by dispersing
ultra-fine particles. dispersion of Al2O3, SiO2 and TiOz ultra-fine particles.,” Netsu Bussei, vol. 7, no. 4, pp. 227-233, 1993,
doi: 10.2963/jjtp.7.227.

H. Ismail, M. Z. Sulaiman, and M. A. H. Aizzat, “Qualitative investigations on the stability of A1203-SiO2 hybrid water-based
nanofluids,” IOP Conf. Ser. Mater. Sci. Eng., vol. 788, no. 1, 2020, doi: 10.1088/1757-899X/788/1/012091.

H. Kim, J. Buongiorno, L.-W. Hu, and T. McKrell, “Nanoparticle deposition effects on the minimum heat flux point and quench
front speed during quenching in water-based alumina nanofluids,” Int. J. Heat Mass Transf., vol. 53, no. 7-8, pp. 1542—1553,
Mar. 2010, doi: 10.1016/j.ijheatmasstransfer.2009.11.029.

H. Yeom et al., “Transient pool boiling heat transfer of oxidized and roughened Zircaloy-4 surfaces during water quenching,”
Int. J. Heat Mass Transf., vol. 120, pp. 435-446, 2018, doi: 10.1016/j.ijheatmasstransfer.2017.12.060.

C.Y.Lee, T. H. Chun, and W. K. In, “Effect of change in surface condition induced by oxidation on transient pool boiling heat
transfer of vertical stainless steel and copper rodlets,” Int. J. Heat Mass Transf., vol. 79, pp. 397-407, 2014, doi:
10.1016/j.ijheatmasstransfer.2014.08.030.

H. Kim et al., “On the quenching of steel and zircaloy spheres in water-based nanofluids with alumina, silica and diamond
nanoparticles,” Int. J. Multiph. Flow, vol. 35, no. 5, pp. 427438, May 2009, doi: 10.1016/j.ijmultiphaseflow.2009.02.004.

S. W. Lee, S. Y. Chun, C. H. Song, and I. C. Bang, “Effect of nanofluids on reflood heat transfer in a long vertical tube,” Int.
J. Heat Mass Transf., vol. 55, no. 17-18, pp. 4766-4771, 2012, doi: 10.1016/j.ijheatmasstransfer.2012.04.041.

Y. Zhu et al., “Brief review of oxidation kinetics of copper at 350 °C to 1050 °C,” Metall. Mater. Trans. A Phys. Metall. Mater.
Sci., vol. 37, no. 4, pp. 1231-1237, 2006, doi: 10.1007/s11661-006-1074-y.

journal.ump.edu.my/ijame <



	Introduction
	METHODS AND MATERIALS
	Nanofluid Preparation
	Experimental Setup

	RESULTS AND DISCUSSION
	Conclusion
	Acknowledgement
	References

