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a b s t r a c t

In-vessel corium retention (IVR) during external reactor vessel cooling (ERVC) is a key severe accident
management strategy adopted in advanced nuclear power plants. The injection of nanofluids has been
regarded as a means of enhancing CHF when using the IVR-ERVC strategy to safeguard high-power
nuclear reactors. However, a critical practical concern is that various types of debris flowing from the
contaminant sump during operation of an ERVC system might degrade CHF enhancement by nanofluids.
Our objective here was to experimentally assess the viability of nanofluid use to enhance CHF in practical
ERVC contexts (e.g., when fluids contain various types of debris). The types and characteristics of debris
expected during IVR-ERVC were examined. We performed pool boiling CHF experiments using nano-
fluids containing these types of debris. Notably, we found that debris did not cause any degradation of
the CHF enhancement characteristics of nanofluids. The nanoparticles are approximately 1000-fold
smaller than the debris particles; the number of nanoparticles in the same volume fraction is 1
billion-fold greater. Nanofluids increase CHF via porous deposition of nanosized particles on the boiling
surface; this is not hindered by extremely large debris particles.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently constructed advanced nuclear power plants feature
various severe accident management systems to mitigate damage
and maintain containment integrity. One key system is the in-
vessel corium retention and external reactor vessel cooling (IVR-
ERVC) system [1]. When a severe accident occurs during which
nuclear fuel melts into molten corium, the IVR-ERVC system floods
the reactor cavity with coolant and removes the decay heat from
molten corium by cooling the external wall of the reactor vessel.
This prevents reactor vessel melt-through and subsequent release
of radioactive materials. During IVR-ERVC, the limit of decay heat
removal is determined by the critical heat flux (CHF) of the coolant
on the external wall of the reactor vessel. Small and medium nu-
clear reactors (e.g., the AP600 reactor) have sufficiently large safety
margins to prevent attainment of the CHF during IVR-ERVC [2].
However, for high-power nuclear reactors (>1000 Mwe), the CHF
margin is inadequate to guarantee the success of the IVR-ERVC
strategy. Thus, there is a need to develop CHF enhancement
by Elsevier Korea LLC. This is an
techniques for IVR-ERVC systems that extends their applications to
recently constructed high-power nuclear reactors.

Since the mid-2000s, nanofluids with stable and uniform dis-
persions of nanoparticles have exhibited surprisingly high capac-
ities for CHF enhancement. In a pioneering work, You et al. [3] were
the first to show that nanofluids containing only 0.005 g/L of
alumina nanoparticles dramatically increased the CHF (by
approximately 200%) during pool boiling at a pressure of 2.89 psia
(Tsat ¼ 60 �C). Since then, many studies have sought to elucidate the
characteristics and physical mechanism of CHF enhancement by
nanofluids. Several studies [4e6] confirmed the excellent capacities
of nanofluids to enhance CHF; they revealed that surface coating of
the heater with nanoparticles during nanofluid boiling explained
the significant CHF enhancements.

Oh and Kim [7] explored whether nanofluids might improve
the IVR-ERVC strategy by enhancing the CHF. They injected high-
concentration nanofluid from a tank into a reactor cavity,
together with coolant; this afforded the CHF enhancement
necessary for successful IVR-ERVC without degrading perfor-
mance; the effect persisted for >24 h. Bang et al. [8] systematized
the design of nanofluid-engineered ERVC systems using axiom-
atic design theory; this design sought to prevent and mitigate
severe accidents.
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hdkims@khu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2021.11.017&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2021.11.017
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2021.11.017
https://doi.org/10.1016/j.net.2021.11.017


J. Han, G. Nam and H. Kim Nuclear Engineering and Technology 54 (2022) 1845e1850
However, a critical practical issue has been raised. The reactor
vessel is surrounded by insulation to minimize heat loss; the
reactor cavity comprises industrial concrete that supports the
weight of the vessel. The environment is thus characterized by
particulate dust of various sizes, as well as insulation debris. When
an ERVC system begins to inject coolant into the reactor cavity, a
considerable amount of such debris will also be injected. It is un-
clear whether nanofluids can exert their remarkable CHF
enhancement under such harsh environmental conditions. This
must be clearly addressed before designing or implementing
nanofluid-engineered ERVC systems.

Here, we experimentally examine the effects of debris in the
reactor cavity on the CHF enhancement characteristics of nano-
fluids. Under such conditions, it is important to determine whether
nanofluids can enhance the operation of an ERVC system.

2. Experimental methods

2.1. Test sample preparation

2.1.1. Preparation of nanofluids solution
Water-based nanofluids vary according to the types of dispersed

nanoparticles. We used mass-produced SiO2 nanoparticles from
Sigma Aldrich; the mean diameter was 12 nm. Table 1 lists the
nanoparticle properties. The nanoparticles were mixed with water
and the suspensions were subjected to ultrasonic excitation for 4 h.
As it was repeatedly confirmed that the nanoparticle concentration
as small as 0.01% can significantly increases the CHF [3e6], the
nanofluid concentration was fixed as 0.01% in volume fraction.

2.1.2. Characterization of debris flowing from the containment
sump

During operation of an ERVC system, coolant flowing from the
containment sump likely contains various debris: loss-of-coolant
Table 1
Properties of SiO2 nanoparticles.

Bulk density (kg/m3) Specific surface area (m2/g)

4175 56.1

Fig. 1. Debris samples used in th
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accident-generated debris, exposure-generated debris, and opera-
tional debris [9].

� Loss-of-coolant accident-generated debris includes anymaterial
damaged or destroyed by the effluent of primary system
depressurization; such materials would then move from their
original locations (e.g., piping insulation).

� Exposure-generated debris includes any material damaged by
prolonged exposure to the loss-of-coolant accident environ-
ment, followed by its transport (e.g., failed unqualified coatings).

� Operational debris includes any material not normally regarded
as a permanent part of the plant (e.g., dust/dirt, rags, and plastic
bags).

The types of debris that may be present in coolant can be
roughly categorized as fibrous and particulate.

Fibrous debris. The principal source of fibrous debris will usually
be destroyed or damaged insulation materials. NUKON fiberglass
insulation has been deployed in several (currently operating) nu-
clear power plants. The fiberglass is of approximate diameter
5e7 mm and length 5 cm. The density of bulk fiberglass is 2.543 g/
cm3 and the density of the fiberglass insulation is approximately
0.03e0.05 g/cm3.

Binders (typically phenolic resins) comprise approximately 3%
by weight of insulation products. Binders are typically hydrophobic
and decompose into gas at temperatures above 232.2 �C. NUKON
deterioration on aging reflects binder decomposition at high tem-
peratures; the products are the small fiberglass particles that
remain after pipe breakage. Although high-energy gamma rays or
neutrons break the organic bonds of fibrous substances, radiation-
mediated light deterioration is not serious. To represent these
characteristics, the as-received insulation materials were broken
into small pieces and submersed in boiling water for some time to
allow the binder to decompose (Fig. 1).
Thermal conductivity (W/mK) Specific heat (J/kgK)

8.4 692

e pool-boiling experiments.



Table 3
Properties of debris.

Name Types Diameter Bulk density Apparent density

Fiber Glass Fibrous 5e7 mm 2.543 g/cm3 0.038 g/cm3
Particle A Particulate 117e279 mm 2.65 g/cm3 -
Particle B Particulate 10 mm 2.65 g/cm3 -

Fig. 2. Schematic and photograph of the experimental setup.
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Particulate debris. Fragments of paint comprise a large propor-
tion of the particulate foreign substances generated in nuclear
power plants. The paints used to coat the reactor containment
buildings of Korean nuclear power plants include Steel Primer/
Topcoat, AMERCOAT 156, AMERCOAT 66, AMERCOAT 67, epoxy,
Pen-O-line 305, white enamel, and zinc-based paints. The mean
density and size of the debris particles are 1.55e2.64 g/cm3 and
17.25 mm, respectively.

The sizes of stickers, tapes, and other foreign substances are on
the millimeter scale. They tend to fall to the floor and thus do not
affect the CHF of the lower reactor vessel head. Thus, we excluded
such substances from the experimental matrix.

2.1.3. Debris concentrations during ERVC
The total amount of debris generated varies greatly depending

on the nuclear power plant type and the accident scenario. Table 2
summarizes the expected amounts of debris in Korean nuclear
power plants. Assuming that approximately 10% of the total
amount of debris is mixed with the recirculating coolant, the esti-
mated volume fraction was calculated as 0.06e0.7% for the broken
insulator material and 0.002e0.016% for broken paint material,
respectively. Therefore, the concentration of the debris test solution
was determined as the volume fraction of 0.1%.

2.1.4. Preparation of simulated debris
Fig. 1 shows the scanning electron microscope (SEM) scans of

various samples and Table 3 summarizes their properties. We used
silica particles that match the properties of paint materials. The SIL-
30 (SAC) wetting product substituted for the paintwork wetting
product (Particle A). The particle sizes of wet SAC products range
from 117 to 279 mm and are similar in size to the paintwork debris.
SAC served as a substitute for particulate painting material (Particle
B). The mean particle size and microscopic density were approxi-
mately 10 mm and 2.65 g/cm3, respectively. The amounts of debris
were based on the expected maximum volume ratios and are
shown in Table 2. SEM scans of the samples revealed that the
characteristics of SAC wet-product Particle A were similar to the
literature values. The mean SIL-30 product size was approximately
10 mm, but there were many smaller particles.

2.2. Boiling experiments

Fig. 2 shows a photograph of the experimental setup. The boiling
test pool was a 120� 50� 150mm3 Pyrex glass vessel coveredwith
a 30-mm-thick layer of Teflon. The simple geometry and glass
ensured clean conditions. The working fluid was pre-heated on a
Corning hot plate, and the pool temperature was measured with a
Pt-100-0-U RTD sensor. A reflux condenser cooled with tap water
prevented vapor loss. Thus, the working fluid volume did not
change during boiling. Atmospheric pressure was ensured through
the opening on the top of the condenser. The boiling surface was a
horizontal smooth NieCr (8:2 wt/wt) wire with a diameter of
0.5 mm. The diameter and length of the heater wire were 0.5 mm
Table 2
Types and total quantities of debris expected at various nuclear power plants in Korea [1

Name Westinghouse type Fram

Base coolant volume 1601e1992 m3 981
Broken insulator material 38e40 m3 83
Broken paint material 0.96 m3 1.95
Ca3(PO4)2 - -
NaAlSi3O8 320 kg 79
AlOOH - -
Buffer NaOH NaO
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and 70 mm, respectively. The heating wire length and surface area
were 67.5 mm and 106 mm2, respectively. The wire was subjected
to Joule heating. Both ends of the NieCr wire were tightly clamped
to copper electrodes 10 mm in diameter, which were connected to
an Agilent N8600A DC power supply. A shunt resistor was used to
measure current. A HPAgilent 34980A data-acquisition systemwas
used to collect and store voltage, current, and temperature signals.
All pool-boiling experiments were conducted after the bulk tem-
perature of the working fluid had been stabilized at the saturated
temperature (100 �C). Then, the electric power supplied to the wire
heater was increased by 0.1 MW/min. The mean surface heat flux
was calculated using the data obtained immediately before the
steep increase in heater resistance:

_q
00 ¼ VI

pDL
(1)

where _q
00
, V and I are the heat flux, voltage and current supplied to

the heating wire, and D and L are the wire diameter and length,
respectively. The electrical resistance of a wire heater varies as a
function of temperature:

rðTÞ¼ r½1þaðT � T0Þ� (2)
0].

atome type KHNP type CANDU type

e1408 m3 1174e1891 m3 1752e2318 m3

m3 51 m3 9e15 m3

m3 0.85 m3 0.42 m3

86 kg 54 kg
kg 72 kg 207 kg

- 186 kg
H TSP TSP



Fig. 4. CHF enhancement results of diverse fluids.
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where r and a are the specific resistance and a temperature coeffi-
cient, respectively. The mean heater wire temperature was deter-
mined using a calibration curve of wire-resistance and temperature,
which had been constructed prior to the performance of boiling
tests. When approaching the CHF, the power was increased in small
steps. When the CHF was attained, the resistance of the wire heater
sharply increased and the heater burned out. The mean surface heat
flux and temperature at the CHFwere calculated using data obtained
immediately before the steep increase in heater resistance.

The experimental uncertainty, derived using the method of
Holman [11], is:

U _q}CHF

_q}CHF
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
UVmax

Vmax

�2

þ
�
UImax

Imax

�2

þ
�
UD

D

�2

þ
�
UL

L

�2
s

(3)

where Vmax and Imax are the supplied voltage and current at _q
00
CHF ,

respectively. The principal sources of uncertainty are the applied
voltage and the length of the wire heater. A contact resistance is
present between the wire heater and copper electrodes, because
they are connected using only a mechanical clamp. Furthermore,
the length of the wire heater creates uncertainty. The uncertainties
associated with the applied voltage and the length of the wire
heater were <4.0% and <1.7%, respectively. Thus, the maximum
uncertainty of the pool-boiling CHF was 4.4%.

3. Results

3.1. CHFs of deionized (DI) water and nanofluids

The boiling curves of DI water and nanofluids at atmospheric
pressure are shown in Fig. 3. The behavior of DI was in reasonable
agreement with the expected nucleate-boiling heat transfer and
CHF characteristics of a pool [12,13]. Nanoparticles in nanofluids are
deposited on the heater surface during boiling; they markedly
affect the boiling heat transfer and CHF characteristics. Our nano-
fluid boiling curve confirms the key findings of previous studies
[3e6]; boiling heat transfer is severely degraded, but the CHF is
remarkably enhanced.
Fig. 3. Boiling test results of DI water, nanofluids, fiberglass, and Particles A and B
(Csf ¼ 0.0196).
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The CHF values (key parameters in the present work) for DI
water and nanofluids are compared in Fig. 4. The mean CHF of DI
water was 1.0 MW/m2, close to the value predicted by the Zuber
correlation [13]. The mean nanofluid CHF was 2.07 MW/m2, twice
the CHF of DI water. SEM images in Fig. 4 reveal differences in the
surfaces of nichrome wires after the DI water and nanofluid ex-
periments had been performed. The many nanoparticles deposited
on the heater wire formed porous peaks and valleys when nano-
fluids boiled.

3.2. Effects of debris on the CHF of DI water

Experiments with Particle A revealed a CHF value of 1.0 MW/m2.
This is equivalent to the CHF of DI water, indicating that Particle A
does not affect the CHF of water. Comparison of SEM images (Fig. 5)
revealed no differences in the surface of the nichrome heater wire
after the DI and Particle A experiments. The result of the CHF
experiment with Particle B was 1.2 MW/m2, slightly better than the
result with DI water. The corresponding SEM images revealed small
adsorbents on some surfaces. In the experiments with fiberglass,
the mean CHF was 1.5 MW/m2, noticeably better than the mean
CHF of DI water. However, no change in surface characteristics was
observed in post-experiment SEM images. To our knowledge, no
investigation of the effects of fibrous debris on CHF has appeared in
the literature. From a practical perspective, such behavior aids ERVC
cooling. Further studies are needed to clearly understand how
fibrous debris enhances CHF, regardless of whether it is deposited
on the heater surface.

3.3. Effects of debris on the CHF of nanofluids

In fact, the individual particles of Particle A were too large to be
stably dispersed in the solution but immediately sedimented just
after injection into the working fluid during the experiment. In this
regard, Particle A was not considered in the test matrix of
nanofluids.

The CHF of nanofluids containing fibrous/particle-type debris
was approximately 2.1 MW/m2 (Figs. 6 and 7), which is almost
identical to the CHF when no foreign substances were introduced
(2.07 MW/m2; within the measurement uncertainty). This in-
dicates that debris do not affect the CHF improvements imparted by
nanofluids. The surface photographs in Fig. 8 show that the surface
is similar to the surface after the pure nanofluid experiment
depicted in Fig. 5.



Fig. 5. Heater surface after boiling tests in DI water, nanofluids, fiberglass, and Particles A and B.

J. Han, G. Nam and H. Kim Nuclear Engineering and Technology 54 (2022) 1845e1850
The amounts of debris that we added were greater than the
actual amounts of debris (Table 2) expected to be generated in a
nuclear power plant. Nevertheless, we observed no CHF degrada-
tion. Thus, in practical ERVC situations, debris would not be ex-
pected to reduce the CHF-improvement properties of nanofluids.
The results can be interpreted by reference to the significant dif-
ferences in sizes of nanoparticles and debris. The nanoparticles are
approximately 1000-fold smaller than debris; the number of
nanoparticles in the same volume fraction is 1 billion-fold greater.
1849
Nanofluids increase the CHF via porous deposition of nanosized
particles on a boiling surface [4e6]; this is not hindered by
extremely large debris particles.

4. Conclusion

We explored whether debris in circulating coolant from a
containment sump degraded the CHF enhancement properties of
nanofluids. Our key findings are:



Fig. 7. Effects of debris on nanofluid CHF enhancement.

Fig. 6. Boiling test results of nanofluids with debris.

Fig. 8. Heater surface after boiling tests of nanofluids with debris.

J. Han, G. Nam and H. Kim Nuclear Engineering and Technology 54 (2022) 1845e1850

1850
� A nanofluid with silica nanoparticles (0.01% volume fraction)
enhanced the CHF by approximately two-fold.

� Particulate and fibrous debris produced in the containment
during hypothetical nuclear power plant accidents (i.e., debris
larger than 10 mm) do not hinder the CHF enhancement medi-
ated by nanofluids. This is because extremely large micro-sized
debris do not interfere with the key physical process (i.e.,
deposition of nano-sized particles dispersed in nanofluids on
the heater surface), consequently increasing the CHF.

Our findings confirm the practical feasibility of nanofluid in-
jection to improve the cooling limit of onsite ERVC; the presence of
debris is inconsequential. To extend the conclusion from this basic
study to the real conditions of the ERVC during severe accidents,
addition validation studies need to be conducted in the conditions
of flow boiling on a downward facing heating wall with various
inclination angel and eventually on the curved lower hemisphere
geometry.
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