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2 AIC S.A., Rdestowa 41, 81577 Gdynia, Poland; krygier.kasia@gmail.com
* Correspondence: jcieslin@pg.edu.pl
† This paper is an extended version of our paper published in 2014 Eurotherm Seminar 101 Transport

Phenomena in Multiphase Systems, Cracow, Poland, 30 June–3 July 2014.

Abstract: This paper deals with research into pool boiling critical heat flux (CHF) of water–Al2O3,
water–TiO2 and water–Cu nanofluids on horizontal stainless steel tubes. The experiments were
conducted under atmospheric pressure. Nanoparticles were tested at concentrations of 0.001%, 0.01%,
0.1% and 1% by weight. Ultrasonic vibration was used in order to stabilize the dispersion of the
nanoparticles. Although dispersants were not used to stabilize the suspension, the solutions tested
showed satisfactory stability. Experimental measurements were performed with stainless steel tubes
of three outside diameters: 1.6, 3 and 5 mm. Enhancement of CHF was observed to be independent
of the concentration and material of the nanoparticles and tube diameter, with simultaneous heat
transfer degradation. Built up during the boiling process, nanolayers improve substantially the
heating surface wettability. A correlation is suggested for the CHF prediction during pool boiling
of nanofluids.

Keywords: pool boiling; nanofluid; burnout; horizontal tubes; contact angle; correlation equation

1. Introduction

Critical heat flux (CHF) creates a limit for reactors operated with constant heat flux,
e.g., chemical or nuclear reactors—hence the ceaseless work being carried out in order to im-
prove CHF. Recently, Xie et al. [1] presented a comprehensive study on CHF enhancement
techniques. Four approaches to enhancing CHF were distinguished. The first approach re-
lies on improving fluid properties using different additives such as surfactant and polymer
additives, and nanofluids. Liang and Mudawar [2] reviewed the literature published on
the subject of the influence of additives on CHF amelioration. They stressed the combined
effect of surfactants and nanofluids on CHF behavior, because surfactants are sometimes
used as stabilizers for nanofluids. Key factors influencing the CHF by use of nanofluids are
discussed in [3–7]. The second group of CHF enhancement techniques distinguished in [1]
is concerned with surface modifications. Recently, Liang and Mudawar [8] exhaustively
presented developed modification techniques involving surfaces from macro- to nanoscale.
In [9–13], the role of nanocoatings created during the boiling process of nanofluids on
heating surfaces on CHF is stressed. The third group of CHF enhancement techniques
proposed in [1] concerns modifications of liquid–steam channels. Further details regarding
this subject can be found in [14]. The last group of CHF enhancement techniques specified
in [1] discusses hybrid approaches, for instance, biphilic or biconductive surfaces.

Nanofluids, as a new category of fluids, may revolutionize heat transfer technology.
A nanofluid is a mixture/suspension of the base liquid and nanoparticles sized below
100 nm [15]. Conflicting results for the effect of nanoparticles on pool boiling heat transfer
performance have been reported [4,16,17]. However, data published in the open literature
show that application of nanofluids results in a distinct increase in CHF—by as much as
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almost three times compared to the boiling of a pure base liquid. It seems that You et al. [18]
were the first to study CHF phenomenon with nanofluids. They demonstrated that the CHF
of water–Al2O3 water nanofluids, while boiling on a flat plate, was about 200% higher than
that for pure water when the particle volume fraction exceeded 0.005 g/L. Furthermore,
they concluded that the unusual CHF enhancement with nanofluids could not be explained
by any existing model of CHF. Vassallo et al. [19] conducted experiments on NiCr wire
that confirms the increasing CHF of nanofluids. They examined the boiling characteristics
of silica–water nanofluids with 0.5% volume concentration and observed a thick SiO2
coating (0.15–0.2 mm) on the wire, suggesting that there was a surface interaction between
the nanoparticles and the wire. Dinh et al. [20] observed an increase in CHF during the
process of boiling water–Al2O3 nanofluid on horizontal plates covered with titanium film
(460 nm). They postulated that the increase in CHF resulted from two premises: the forma-
tion of nanocoating and the extraordinary ability of nanofluids to wet the heater, which
is called superspreading. Moreno et al. [21] established that at saturation temperature
(tsat = 60 ◦C), the maximum CHF enhancement, compared to the CHF previously pre-
dicted by Zuber, evaluated at an equivalent saturation temperature, is about 180% for
water–Al2O3 nanofluids and about 240% for water–ZnO nanofluids. The dispersion of
Al2O3 nanoparticles in various ethylene glycol solutions is also found to enhance CHF by
as much as 130%. Bang and Chang [22] studied the pool boiling heat transfer of water–
Al2O3 nanofluids on a flat plate heater, and measured the surface roughness of the heater
before and after the pool boiling experiment. They reported that the CHF was enhanced
in both horizontal and vertical pool boiling. In addition, using surface roughness data,
they hypothesized that the change in CHF performance was related to the change in the
surface characteristics with the deposition of nanoparticles. However, these studies could
not precisely determine the reason for the outstanding enhancement of the CHF when
using nanofluids, and simply conjectured that the effect was related to the surface coating
of nanoparticles. Milanova and Kumar [23] reported that nanosilica suspension increased
CHF three times compared to water while boiling on wire. Jackson et al. [24] studied
boiling of water–Au nanofluid on circular plate. They established that CHF was 1.5 times
higher than for pure water. Kim et al. [25,26] investigated boiling of water-based nanofluids
with titania and alumina nanoparticles on NiCr and Ti wires. The results showed that
the nanofluids significantly enhanced CHF compared to that of pure water (up to 170%).
Kim et al. [27,28] observed CHF enhancement during water–Al2O3, water–ZrO2 and water–
SiO2 nanofluids on wires and a flat horizontal plate. They attributed CHF enhancement
to contact angle reduction. Kashinath [29] conducted experiments in order to check the
effect of heater size, pressure, heater orientation and effect of antifreeze addition on CHF of
water- and glycol-based nanofluids using Al2O3 nanoparticles. Nanofluids were shown to
have about 180–200% enhancement in CHF values. The effect of the heater was examined
by using three different sized heaters. Maximum enhancement of about 190% was achieved
for a 1 × 1 cm heater. The effect of pressure on CHF was investigated by testing nanofluids
at three pressures. Maximum enhancement of ~240% increase in CHF was observed at the
lowest pressure tested. Surface orientation effect on CHF tested for a 2 × 2 cm heater at five
orientations revealed about 120% enhancement over the CHF obtained using Zuber’s corre-
lation at an orientation of 150◦. Two commercially used antifreezes, EG and PG, were used
to study the effect of antifreeze in addition to nanofluids. Alumina–water nanofluid of
0.025 g/L concentration mixed with the antifreezes at five compositions (by volume)
showed a maximum enhancement of about 120% for EG and about 70% for PG.
Milanova et al. [30] used water-based nanofluids with SiO2, CeO2 and Al2O3 nanoparticles.
They postulated that amorphous oxides (SiO2) were generally less orderly and less closely
packed compared to the crystalline oxides such as CeO2 and Al2O3. The arrangement of
the atoms within the unit cell and the layer of water molecules at the surface may possibly
influence CHF. The boiling regime was further extended to higher heat flux when there was
agglomeration on the wire. These agglomerations allowed for high heat transfer through
interagglomerate pores, resulting in an almost tripled CHF. This deposition occurred for
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the charged 10 nm silica particle but was not seen for other oxide particles. Kim et al. [31]
determined that the addition of TiO2 resulted in 200% of CHF during boiling on a NiCr
wire compared to that of pure water by increasing nanoparticle concentration. Kim H. and
Kim D. [32] noticed CHF enhancement during boiling of water–TiO2, water–Al2O3, water–
SiO2 nanofluids, while no augmentation of CHF was observed for water–Ag nanofluid.
They concluded that the significant CHF enhancement was not only a consequence of
increased surface wettability but also improved capillarity due to the surface deposition of
nanoparticles. Kim et al. [33] established that CHF was degraded while boiling nanofluids
on a nanoparticle-coated heating surface because nanoparticles may clog micropasses
supplying the bulk liquid to the heating surface by capillary wicking. Liu et al. [34] studied
pool boiling of water–CuO nanofluid on a horizontal copper plate with microgrooves.
The grooves were 0.5 mm wide and 0.8 mm deep. The gap between the two grooves was
0.5 mm. The experiments were conducted under four different operating pressures: 7.4, 20,
31.2 and 100 kPa, as CHF enhancement strongly depends on operating pressure. CHF for
optimum nanoparticle concentration of 1% and operating pressure of 7.4 kPa was about
twice as high as that for pure water. Coursey and Kim [35] researched the effects of boiling
water–Al2O3 and ethanol–Al2O3 nanofluids on circular plates made of glass, Au and Cu.
They noticed that the greater concentrations led to a modest increase in CHF (up to 37%).
Liu and Liao [36] postulated that the very thin nanoparticle sorption layer caused a de-
crease in solid–liquid contact angle on the heating surface, which led to an increase in CHF.
Milanova and Kumar [37] determined that when there was no nanoparticle deposition on
the wire, the nanofluid water–SiO2 increased CHF by about 50% regardless of the pH of
the base liquid (3, 4, 7, 10) or particle size (10–20 nm). Golubovic et al. [38] revealed that
the increase in nanoparticle concentration in the nanofluid increased CHF up to a certain
point, after which further increase did not affect CHF. In other words, they believe in the
hydrodynamic nature of CHF. Jo et al. [39] established that CHF was significantly enhanced
for different nanoparticle sizes and concentrations. The CHF of nanofluids was increased
as the size of the nanoparticles decreased. On the other hand, data for nanoparticle con-
centration showed that the maximum CHF had a critical value. Kumar and Milanova [40]
demonstrated that CHF was the powerful effect of the relaxation of surface tension in
the nanofluid, i.e., the difference in surface tension between a nanofluid and surfactant
solution. The maximum enhancement in CHF is nearly four times more than that of
a surfactant to CNT concentration ratio of 1:5. Kim H. and Kim M. [41] reported out-
standing CHF improvement during the process of boiling water–TiO2, water–Al2O3 and
water–SiO2 nanofluids on horizontal wire. The final effect depends strongly on the kind of
nanoparticles, and its concentration (10−5–10−1 vol.%). Park et al. [42] stressed that an im-
provement in CHF resulted from CNT deposition and formation of a thin film on the surface.
Because of this deposition, the probability of forming a large vapor blanket with bubbles at
high heat flux decreased and, consequently, CHF increased. Kim et al. [43] established that
the quenching behavior of nanofluids was nearly identical to that of pure water. However,
it was found that some nanoparticles accumulated on the sphere surface, which resulted in
the destabilization of the vapor film in subsequent tests with the same sphere, thus greatly
accelerating the quenching process. Kathiravan et al. [44] found that CHF increased in
line with nanoparticle concentration during the process of boiling water–Cu nanofluid
on a 30 mm-square flat plate. However, the addition of surfactant (SDS) to nanofluid
resulted in dramatic CHF degradation. Kwark et al. [45] carried out experiments involving
boiling water–Al2O3, water–CuO and water–diamond nanofluids. They postulated that
there was an optimal nanocoating thickness/structure that could produce the maximum
CHF enhancement. Furthermore, it seems that boiling itself appears to be the mecha-
nism responsible for the formation of nanoparticle coating as the vapor bubble microlayer
evaporates. Kwark et al. [46,47] conducted experiments involving boiling pure water on
a plate covered with nanocoating created during ethanol–Al2O3 nanofluid. When tested in
water, these nanocoatings had the ability to enhance CHF. Kwark et al. showed that pool
boiling performance of pure water on Al2O3 nanoparticle coated flat heaters depended on
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such parameters as operating pressure, heater size and heater orientation. They postulated
that the better wettability in the nanocoating, especially its ability to continuously rewet
the base of the growing bubbles, was the main cause of CHF enhancement. Liu et al. [48]
experimentally demonstrated that pressure significantly influences CHF of CNT nanofluids.
They postulated that CHF depends on the thickness and the wettability area of the thin
liquid microlayer underneath vapor bubble. If the CNT nanoparticles accumulated in the
liquid microlayer during the boiling process, the CHF can be increased in line with both the
effective thermal conductivity and the wettability area of the thin liquid microlayer. Under
atmospheric pressure, the effects of the accumulation of CNTs in the thin liquid micro-
layer may be weak since it is difficult for nanoparticles to enter into the liquid microlayer.
However, under subatmospheric pressure, the effects of accumulation may be stronger
than for atmospheric pressure, so heat transfer enhancement would increase as pressure
decreased. Kim et al. [49] recorded significant CHF enhancement during the process of
boiling alumina (Al2O3) and titania (TiO2) nanofluids on a heated disk. It is supposed that
the nanoparticle layer increases the stability of the evaporating microlayer underneath
a bubble growing on a heated surface, and thus the irreversible growth of a hot/dry spot is
inhibited even at high wall superheat, resulting in the CHF enhancement observed when
boiling nanofluids. Park et al. [50] used graphene and graphene oxide nanosheets (GON)
as additives in nanofluids, and they recorded an outstanding CHF improvement, especially
for the water–GON nanofluid (179%). As a potential explanation, Park et al. suggest that
applying GON results in building a characteristically ordered porous surface structure
due to its own self-assembly characteristics, resulting in a geometrically changed critical
Rayleigh–Taylor instability wavelength. Truong et al. [51] determined that nanofluids
could further increase pool boiling CHF by forming a porous deposition on the heated
surface. They tested three water-based nanofluids (diamond, zinc oxide and alumina) to
modify sandblasted stainless steel 316 plate heaters by boiling-induced deposition. The
pool boiling CHF of these precoated heaters increased by up to 35% with respect to that of
the bare sandblasted heaters. The enhancements are at their highest for alumina and zinc
oxide nanofluids. Kathiravan et al. [52] observed a CHF increase with concentration of
silver nanoparticles suspended in water and in water–surfactant base liquid. Park et al. [53]
used xGnPs and xGnPs oxide to prepare experimental nanofluids. The CHF of nanofluids
when boiled over a NiCr wire increased with increasing concentrations of xGnP and xGnP
oxide particles in the base fluid. They noticed the xGnP oxide nanofluids with 0.005 vol.%
dispersed particle concentration had the most enhanced CHF. Although the largest CHF
enhancement was observed for the nanofluid with 0.005 vol.% xGnP oxide, no reduction
was observed in the contact angle. Lee et al. [54] described the effect of high pressure
on CHF enhancement using water-based nanofluids. They found that the CHF was gen-
erally increased by increasing system pressure. Hiswankar and Kshirsagar [55] studied
pool boiling with water-based nanofluid and ZnO nanoparticles. The results showed that
water-based nanofluids significantly enhanced CHF compared to that of pure water. The
CHF values of the ZnO nanofluids were enhanced from approximately 70% to 80% of
pure water. It was found that a sizeable layer of nanoparticle deposits were formed on the
heater surface. Park et al. [56] studied the Ag, Cu and Al2O3 nanofluids produced by the
electrical explosion of wire in liquids (EEWL). The EEWL as physical method has many
advantages, such as high-purity nanofluid production without surfactants (nontoxic, in
contrast to the chemical method), control of nanoparticle surface oxidation and spherical
nanoparticle production. They performed pool boiling experiments to characterize the
CHF enhancement using Ag, Cu and Al2O3 nanofluids. The heater surface contained
deposited nanoparticles that formed nano/microstructures. Build-up of the nanoparti-
cles on the heater surface occurred during nucleate boiling, which decreased the contact
angle of heater surface. The improvement in surface wettability contributed to the CHF
enhancement. Kole et al. [57] studied the pool boiling characteristics of copper–distilled
water nanofluids that were determined by use of cylindrical heater surfaces of three differ-
ent materials, such as copper, brass and aluminum. They showed that the heat transfer
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coefficient during boiling was enhanced for all three heating surfaces with increasing con-
centration of copper nanoparticles in the prepared nanofluids and roughness of surfaces.
Moreover, it depended on the material of surface. They observed that CHF increased
with increasing Cu nanoparticle concentration and displayed a maximum enhancement
of about 60% for nanofluid containing 0.5 wt.% of copper. The CHF enhancement was
attributed to the increased surface roughness of the heating wire due to the formation of
peaks and valleys on the wire surface. Song et al. [58] studied CHF enhancement in water
and SiC nanofluid during pool boiling. The volume concentrations of SiC nanofluid were
0.0001%, 0.001%, 0.01%. The experiments were conducted under atmospheric pressure.
The CHF was enhanced up to 105% for a volume concentration of 0.01% and did not
depend linearly on nanoparticle concentration. The change in the wettability of the SiC
nanoparticle deposited surface was cited as the main reason of CHF enhancement variation.
Sarafraz et al. [59] studied HTC during boiling and CHF of functionalized carbon nanotubes
(FCNT), and nonfunctionalized carbon nanotubes (CNT) with nanoparticle concentration
of 0.1 to 0.3 wt.%. They found that CHF generally increased in line with the concentration of
nanofluid. However, the greatest CHF enhancement was observed for the FCNT nanofluid
with 0.3 wt.%, which was 31.1% higher than the figure obtained for pure deionized water.
He et al. [60] studied heat transfer characteristics during pool boiling, including HTC
and CHF of ethylene glycol (EG) and ZnO nanofluids based on deionized water. The
experiments were conducted in a cylindrical vessel under atmospheric pressure. They
noticed a significant enhancement of CHF between nanofluids and their respective base
fluids. The CHF was enhanced due to the reduction of surface wettability and nanopar-
ticle coating on the heating surface. The largest CHF enhancement was observed for
the nanofluid of 0.75 vol.%, which was 77.4% higher than the figure obtained for base
fluids. Sulaiman et al. [61] tested the heat transfer characteristics and CHF in saturated
pool boiling of water-based nanofluids. An upward-facing copper surface of 20 mm in
diameter was used as the heating surface. The nanoparticles used as part of the research
were TiO2, Al2O3 and SiO2 with mass concentrations of 0.04, 0.4 and 1 kg/m3. Under
all the experimental conditions, the CHF in nanofluids was 2.5–3 times higher than the
respective figure for pure water. Ham et al. [62] researched the influence of surface rough-
ness on the boiling characteristics of nanofluids during a pool boiling experiment with
different concentrations of Al2O3 nanofluid. They used surfaces with Ra = 177.5 nm and
Ra = 292.8 nm. The CHF of Al2O3 nanofluid was higher than that of the base fluid, but the
improvement in the CHF was affected by the surface roughness. They observed that CHF
increased in line with nanoparticle concentration. As the concentration of nanofluid increased
from 0 to 0.05 vol.%, it was found that the CHF on the surfaces with Ra = 177.5 nm and
Ra = 292.8 nm improved by 224.8% and 138.5%, respectively. However, when the concen-
tration was over 0.05 vol.%, the improvement of the CHF decreased for both surfaces—the
improvement in the CHF decreased from 225.1% to 124.8%. Kim et al. [63] studied CHF in
water-based nanofluids using alumina and reduced graphene oxide (RGO) nanoparticles.
A substantial CHF augmentation of 473% was noticed for the nanofluid with Al2O3 and
RGO nanoparticles mixed at 0.0005 vol.% of each. Recently, Hwang et al. [64] researched
CHF in water–cellulose nanofluids. As the concentration of cellulose nanofibers increased
from 0.01 wt.% to 0.1 wt.%, it was found that CHF increased from 40.7% to 69.4% compared
to pure water.

Tables 1 and 2 provide summaries of experimental studies dealing with CHF of
nanofluids on thin wires and plates, respectively. Table 3 shows experimental studies
regarding CHF in nanofluids on other geometries.
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Table 1. Review of experimental studies on CHF of nanofluids in pool boiling on wires.

Name and References Nanofluids Concentration Test Heater CHF Enhancement

Vassallo et al. [19] water–SiO2 0.5 vol.% NiCr
(OD = 1 mm) 60%

Milanova and Kumar [23]
SiO2

in ionic solution
of water

0.5 vol.% NiCr
(OD = 0.32 mm) 220–320%

Kim H. et al. [25,26] water–TiO2
water–Al2O3

10−5–10−1 vol.%

NiCr
(OD = 0.2 mm)

Ti
(OD = 0.25 mm)

100%
80%

170%

Kim S.J. et al. [27] water–Al2O3
water–ZrO2

10−3–10−1 vol.%
SS

(OD = 0.381 mm)
52%
75%

Milanova et al. [30]
water–SiO2
water–CeO2
water–Al2O3

0.5 vol.% NiCr
(OD = 0.32 mm) 50%

Kim H. et al. [31] water–TiO2 10−5–10−1 vol.%
NiCr

(OD = 0.2 mm) 200%

Kim H.D. and Kim M.H. [32]

water–TiO2
water–Al2O3
water–SiO2
water–Ag

10−5–10−1 vol.%
NiCr

(OD = 0.2 mm)

100%
80%

170%-

Kim H.D. et al. [33] water–TiO2
water–Al2O3

10−5–10−1 vol.%
NiCr

(OD = 0.2 mm) 100%

Milanova and Kumar [37] water–SiO2 0.5 vol.% NiCr
(OD = 0.32 mm) 50%

Golubovic et al. [38] water–Al2O3
water–BiO2

0.0006–0.01 g/L NiCr
(OD = 0.64 mm)

50%
33%

Kumar and Milanova [40] single-walled CNT in water
withhydrochloric acid 2 wt.% NiCr

(OD = 0.32 mm) 300%

Kim H. and Kim M. [41]
water–TiO2

water–Al2O3
water–SiO2

10−5–10−1 vol.%
NiCr

(OD = 0.2 mm) 80%
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Table 1. Cont.

Name and References Nanofluids Concentration Test Heater CHF Enhancement

Park S.D. et al. [50]
water–graphene

water–GON
water–Al2O3

0.001 vol.% NiCr
84%

179%
152%

Park E.J. et al. [53] xGnPs oxide
xGnPs oxide 0.005 vol.% NiCr enhanced CHF

Lee T. et al. [54] water–magnetite 1 ppm Ni–Cr
OD = 0.4 mm 140% to 170%

Hiswankar and Kshirsagar [55] water–ZnO 0.01 and 0.0001 vol.% Ni–Cr
(OD = 0.4 mm) 70~80%

Park E. et al. [56]
water–Ag

water–CuO
water Al2O3

0.001 vol.% Ni–Cr
58%
99%

108%

Kole and Dey [57] water–Cu 0.5 wt.% Constantan
OD = 70 µm ~60%

He et al. [60] ZnO–EG–DW (EG–water)
5.25 wt.%
7.25 wt.%
8.25 wt.%

Ni–Cr
(0.5 mm × 5 cm)

156.7%
161.2%
177.4%

Kim J.H. et al. [63]
water–Al2O3
water–RGO

water–Al2O3/RGO

(0.0001–0.01 vol.%)
(0.00005–0.005 vol.%)

0.0005 vol.% Al2O3 and RGO

Ni–Cr
(0.2 × 85) mm

54%
37%

473%

Hwang et al. [64] water–cellulose 0.01–0.1 wt.% Ni–Cr
(0.1 × 150) mm
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Table 2. Review of experimental studies on CHF of nanofluids in pool boiling on plates.

Name and References Nanofluids Concentration Test Heater CHF Enhancement

You et al. [18] water–Al2O3 0.001–0.025 g/L Cu plate (10 × 10 mm) 200%, (19.9 kPa)

Dinh et al. [20] water–Al2O3 37 ppm solution Ti plate
(26.5 × 40 mm) -

Moreno et al. [21]
water–Al2O3
water–ZnO
EG–Al2O3

0.001–1 g/L Cu plate
10 × 10 mm

180%
240%
130%

Bang and Chang [22] water–Al2O3 0.5–4 vol.% plate 220%—horizontal
160%—vertical

Jackson J. et al. [24] water–Au 3·10−4 vol.%
Circular plate

(11.2 mm) 250%

Kim S.J. et al. [28] water–SiO2 10−3–10−1 vol.%
SS flat plate
(5 × 45 mm) 80%

Kashinath [29] Al2O3 in EG and PG in water 0.025 g/L

Cu plate
(10 × 10 mm)
(15 × 15 mm)
(20 × 20 mm)

90%
170%
70%

230% (7.38 kPa)

Liu et al. [34] water–CuO 0.1–2 wt.% Cu plate with microgrooves 50% (~100 kPa)
200% (7.4 kPa)

Coursey and Kim [35] water–Al2O3
ethanol–Al2O3

0.001–10 g/L Glass, Au (0.9 cm2) and Cu (2 cm2) 40%

Liu and Liao L. [36]
CuO

SiO2 in
water and alcohol with SDBS

0.2–2 wt.% Cu disk
(OD = 20 mm) 30%

Jo et al. [39] water–Al2O3
water–Ag 10−4–10−1 g/L

Cu disk
(OD = 10 and

15 mm)
70%

Park K.J. et al. [42] multiwalled CNT in water with
PVP polymer

10−4–10−2,
0.05 vol.%

Cu plate
(9.5 × 9.5 mm)

200% (19.9 kPa)
140% (19.9 kPa)

Kathiravan et al. [44]

Cu
in water

w/SDS surfactant
w/o SDS surfactant

0.25, 0.5, 1.0 wt.% plate
(30 × 30 mm)

50%
30%
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Table 2. Cont.

Name and References Nanofluids Concentration Test Heater CHF Enhancement

Kwark et al. [45]
water–Al2O3
water–CuO

water–diamond
0.001–1 g/L Cu plate

(10 × 10 mm) 80%

Liu et al. [48] CNT in water with nitric acid forpH 6.5 0.5–4 wt.% Cu plate
(40 × 40 mm)

60% (100 kPa)
140% (31.2 kPa)
200% (7.4 kPa)

Kim H. et al. [49] water–TiO2
water–Al2O3

0.01 vol.% Cu and Ni discs
(OD = 20 mm) 40%

Truong et al. [51]
water–diamond

water–Al2O3
water–ZnO

0.01 vol.%
0.1 vol.%
0.1 vol.%

Cu plate
11%
35%
35%

Kathiravan et al. [52] water–Cu
water–Cu–SDS 0.25, 0.5, 0.75 wt.% plate

(30 × 30 mm)

20%
40%
48%

Song et al. [58] water
water–SiC 0.0001, 0.001, 0.01 vol.%

SS plate
(10 mm × 50 mm × 0.4 mm;
50 mm × 50 mm × 0.4 mm)

105% (0.01vol.%)

Sarafraz et al. [59] water–FCNT
water–CNT 0.1 to 0.3 wt.% discoid Cu heater

(0.78 cm2) Max. 131.1% (0.3 wt.%)

Sulaiman et al. [61]
water–TiO2

water–Al2O3
water–SiO2

0.04 kg/m3

0.4 kg/m3

1 kg/m3
Cu block (OD = 20 mm) 2.5–3 times higher

Ham et al. [62] water–Al2O3 0.001–0.1 vol.% Cu block (Ra = 177.5 nm, Ra = 292.8 nm) 224.8%
138.5%
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Table 3. Review of experimental studies on CHF of nanofluids in pool boiling on other surfaces.

Kim H. et al. [43]
Al2O3
SiO2

Diamond

0.001, 0.01,
0.1 vol.%

Sphere
SS (D = 9.5 mm),

Zircaloy
(D = 10 mm)

Quenching

All results in the published papers are connected with research on CHF in nanofluids
using wires, flat plates or block plates. However, some experimental and theoretical studies
show that CHF is strongly dependent on heater geometry [3,65]. Moreover, as mentioned
in [66], Zuber’s commonly accepted correlation for CHF prediction [67,68] fails in the case
of thin wires. Therefore, the main aim of this study is to recognize the phenomena of the
nucleate boiling crisis of selected nanofluids during the process of boiling on horizontal
tubes of various outside diameters. Of particular interest is the impact of the contact angle
and tube diameter on CHF. The results shed more light on the nature of the nucleate boiling
crisis and may serve as a basis for future theoretical modeling of this crisis.

2. Experimental Apparatus and Procedure

Figure 1 shows a schematic diagram of the experimental apparatus used. Essen-
tially, it consisted of the test chamber, a horizontal heating tube, a condenser with cool-
ing water circuit, a measuring system and an electric power supply system. The test
chamber consisted of a cuboidal vessel made of stainless steel with inside dimensions of
150 × 150 × 250 mm. The vessel was cased with an aluminum sheet and insulated with
glass wool, 5 cm in thickness. The flow rate of cooling water through the condenser was
regulated by a manual valve and measured by a flow meter. Electric power supply system
consisted of two autotransformers. A Kewtech KT200 multimeter (Kewtech Corpora-
tion Ltd., Chesham, UK) was employed to measure current and voltage drop. Moreover,
a safety valve and drain valve were mounted in the test vessel.

Figure 1. Scheme of the experimental rig.

Commercially available stainless steel (316L) tubes delivered by Metal-E (Mszana
Dolna, Poland) with outer diameter of 1.6, 3.0 and 5.0 mm and inside diameter 1.1, 2.5, and
4.3, respectively, were used to fabricate test heaters. The effective length of a heating tube
was 180 mm. The mean surface roughness was estimated to be 0.2 µm and was measured
by a Hommel tester T500 from Hommelwerke GmbH (VS-Schwenningen, Germany).
The test specimens were heated by using the tubes themselves as resistance heaters. In
order to reduce clamp resistance, both ends of the tubes were soldered to copper blocks
(Figure 2). The temperature of the inside surface of the test tube was measured by a
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K-type thermocouple from Czaki Thermo-Product (Raszyn, Poland). The hot junction
was placed on the center line of the tube at the midpoint of the test section. To avoid air
convection currents inside the test section, both ends of the tube were closed and filled with
glass wool.

Figure 2. Details of the test section: 1—copper blocks, 2—K-type thermocouple, 3—centering ring
(Teflon), 4—heating surface.

In order to ensure consistent surface state after each test, the boiling surface was
prepared in the same manner: the surface of the tube was roughed, first with emery paper
180, then 1000, and finally polished with an abrasive compound. Finally, the test tube was
placed in an ultrasonic cleaner for 30 min and cleaned by using a distilled water jet.

Fresh nanofluid at a preset concentration was charged and then preheated to near-
saturation temperature by an auxiliary heater placed in the test vessel. Next, power was
supplied to the test tube. Measurements were started at the lowest power input. Data were
collected by increasing the heat flux in small increments. During each run, successive sets
of the thermocouple outputs were taken and processed until the readings at each power
level differed only by random amounts so that the averages were duplicated. This was
perceived as an indication that the boiling process was performed at a steady rate. On
average, it took approximately fifteen minutes to achieve stable conditions after the power
level was changed. The power level was increased until burnout point was reached. As
an example, Figure 3 displays a sequence of photographs of the burnout process during
water boiling on a stainless steel tube with Do = 3 mm.
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Figure 3. Burnout process: (a) developed NPB, (b) burnout incipience (left side of picture), (c) burnout, (d) end of process.

3. Preparation and Characterization of Nanofluids

The nanofluids tested were prepared by using the two-step method. Alumina (Al2O3),
titania (TiO2) and copper (Cu) were used as nanoparticles. According to the manufacturer
(Sigma-Aldrich Co., St. Louis, MO, USA), the mean diameter of the nanoparticles was
47 nm. Distilled, deionized water was applied as a base fluid. Ultrasonic vibration was
used for 60 min in order to stabilize the dispersion of the nanoparticles. A bath-type
ultrasonic washer, Sonica EP from Soltec Ltd. (Warsaw, Poland), worked at a frequency
of 45 Hz and effective power of 100 W. In order to avoid contamination of the boiling
surface, dispersants were not used to stabilize the suspension. Nanoparticles were tested
at the concentrations of 0.001%, 0.01%, 0.1% and 1% by weight. A CPC-401 gauge with
electrode E-2627 from Elmetron (Zabrze, Poland) was used to measure pH of the tested
nanofluids. An average value of pH of the tested nanofluids measured after fabrication at
room temperature was about 7.

Figure 4 shows SEM images of the nanoparticles tested, and Figure 5 displays pho-
tographs of the nanofluids produced.

The stability of the nanofluids produced was satisfactory. After 5 days, no visually
observable sedimentation was detected.
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Figure 4. SEM images of nanoparticles tested: (a) water–Al2O3, (b) water–TiO2, (c) water–Cu.
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Figure 5. Photographs of the nanofluids tested: (a) water–Al2O3, (b) water–TiO2, (c) water–Cu.

4. Data Reduction and Uncertainty Estimation

The outer surface temperature, to, used for wall superheat determination was obtained
as an analytical solution of the one-dimensional, steady-state heat conduction equation
with uniform heat generation in the tube wall:

to = ti +
Ut It

4πλtL

[
2ln(Do/Di)(
D2

o /D2
i
)
− 1

− 1

]
(1)

where ti (◦C)—temperature of the inner surface of the test tube, Ut (V)—voltage drop,
Ic (A)—current, Do (m)—outside diameter, Di (m)—inside diameter, L (m)—active length
of a tube, λt = 15 W/(mK)—thermal conductivity of stainless steel.

Wall superheat was calculated as

∆T = to − t f (2)
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where tf was calculated as the arithmetic mean of four measured fluid temperatures
(Figure 1).

t f =
∑i=4

i=1 t f ,i

4
(3)

Heat flux was calculated as
.
q =

Ut It

πDoL
(4)

Mean heat transfer coefficient was calculated as

h =

.
q

∆T
(5)

The uncertainties of the measured and calculated parameters were estimated with the
mean-square method. The experimental uncertainty of heat flux was estimated as follows:

∆q =

√(
∂

.
q

∂Ut
∆Ut

)2

+

(
∂

.
q

∂It
∆It

)2

+

(
∂

.
q

∂Do
∆Do

)2

+

(
∂

.
q

∂L
∆L
)2

(6)

where the absolute maximum measurement errors of the voltage drop ∆Ut, current ∆It,
outer tube diameter ∆Do and active length of a tube ∆L are 0.248 V, 1.57 A, 0.02 mm, and 2
mm, respectively. Therefore, the maximum overall experimental margins of error for heat
flux extended from ±4.3% for maximum heat flux up to ±16.7% for minimum heat flux.
The soldering of the tubes at both ends adds uncertainty to the length of the whole tube
and attributes to the largest uncertainty in the heat flux.

The experimental uncertainty for the average heat transfer coefficient was calculated as

∆h =

√(
∂h
∂

.
q

∆
.
q
)2

+

(
∂h

∂∆T
δ∆T

)2
(7)

where the absolute measurement error of the wall superheat, δ∆T, estimated from the
systematic error analysis, equals ±0.2 K. The maximum error for average heat transfer
coefficient was estimated as ±15.6%.

5. Results

In order to validate the apparatus and experimental procedure, the present data were
compared to the data obtained from Cooper correlation for distilled water boiling on
horizontal, smooth, stainless steel tubes [69]:

h = 55P
0.12−0.434(logRp)
r [−0.434(logPr)]

−0.55M−0.5( .
q
)0.67 (8)

As seen in Figure 6, satisfactory agreement was obtained with data obtained for tube
with 1.6 mm, the smallest diameter.

Additionally, a series of experiments with pure water boiling on stainless steel tubes
were conducted. Figure 7 shows boiling curves and the CHF region for distilled water
on stainless steel tubes of 1.6, 3 and 5 mm outside diameters. The CHF recorded for
1075 kW/m2 (1.6 mm), 1270 kW/m2 (3 mm), and 1120 kW/m2 (5 mm) are very close to the
predictions made by use of the Kutateladze–Zuber correlation [67,68]:

.
qK−Z = 0.131ρvh f g[σg($l − $v)]

1/4 (9)

and Haramura–Katto correlation [70]:

.
qH−K = A

.
qK−Z (10)
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where

A = 5.5
(

Av

Aw

)5/8(
1 − Av

Aw

)5/16
[(

$ f

$v
+ 1
)

/
(11$ f

16$v
+ 1
)3/5

]5/16

(11)

with
Av

Aw
= 0.0584

(
$v

$ f

)1/5

(12)

The results obtained explicitly prove that the test apparatus and procedure used in
the present study provide reliable data.

Figure 6. Validation of present experimental results with literature data.

Figure 7. Boiling curves and CHF for deionized water on stainless steel tubes.
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5.1. Impact of Tube Diameter

As an example, Figure 8 presents the boiling curves and CHF region for water–
TiO2 nanofluid on SS tubes having 1.6, 3 and 5 mm outside diameters at atmospheric
pressure for nanoparticle mass concentration of 1%. The addition of TiO2 nanoparticles
results in a dramatic increase in CHF. As seen in Figure 8, the smaller the diameter, the
higher the CHF recorded. The highest CHF (1917 kW/m2) was obtained for the tube with
Do = 1.6 mm and was about 178% higher compared to boiling distilled water.

Figure 8. Boiling curves and CHF for water–TiO2 nanofluids.

5.2. Impact of Nanoparticle Concentration and Material

Figure 9 illustrates the influence of nanoparticle concentration on CHF during the
process of boiling water–Cu nanofluid on an SS tube with Do = 3 mm at atmospheric
pressure for three tested nanoparticle mass concentrations, i.e., 0.001%, 0.01% and 0.1%. As
seen in Figure 9, CHF increases in line with nanoparticle concentration. However, only for
the highest nanoparticle concentration tested, i.e., 0.1%, CHF surpasses the values resulting
from the Haramura–Katto and Kutateladze–Zuber correlations. Moreover, the addition
of even a small amount of nanoparticles inhibits heat transfer in comparison with boiling
distilled water. The boiling curves are shifted to the right, towards higher wall superheats.

Figure 10 displays boiling curves for water–Al2O3, water–TiO2 and water–Cu nanoflu-
ids on an SS tube with Do = 3 mm for the same nanoparticle mass concentration of 0.01%.
As seen in Figure 10, the addition of Al2O3 and TiO2 nanoparticles resulted in much better
CHF enhancement compared to Cu nanoparticles. CHF figures obtained for water–Al2O3
(1818 kW/m2) and water–TiO2 (1757 kW/m2) nanofluids, compared to distilled water,
were approximately 145% and 141% higher. The CHF recorded for water–Cu nanofluid
(1361.3 kW/m2) was close to the value of distilled water.
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Figure 9. Boiling curves and CHF for water–Cu nanofluids.

Figure 10. Boiling curves and CHF values for deionized water and water–Al2O3, water–TiO2 and
water-Cu nanofluids on a stainless steel tube (Do = 3 mm).

5.3. Correlation Equation

Explanation of the CHF mechanism is a real challenge. In the relevant literature,
many hypotheses on CHF are reported. In all, five different categories of hypotheses
are mentioned: hydrodynamic instability theory, macrolayer dryout theory, hot/dry spot
theory, bubble interaction theory and interfacial liftoff theory. A brilliant review of these
theories is presented in [71,72]. Besides hydrodynamic instability models, other models,
the macrolayer dryout theory, hot/dry spot theory and bubble interaction theory, relate
CHF to surface wettability [28]. In order to check the influence of the contact angle on CHF,
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the present results for water and the nanofluids tested were compared with predictions
from Kandlikar’s correlation for horizontal surfaces [73]:

.
qK =

(
2
π

)0.5(1 + cos β

16

)
$vh f g[σg(ρl − ρv)]

0.25 (13)

where β is a contact angle.
As an example, Figure 11 shows the results of CHF measurements of the nanofluids

tested with nanoparticle concentration of 0.01% as a function of contact angle. The dashed
line represents predictions from Kandlikar’s correlation for pure water. The empty points
and black points represent predictions of the CHF for nanofluids with contact angles
measured before and after the experiment, respectively. The details of the measurement
technique are presented in [74]. As seen in Figure 11, contact angles for the boiled tubes
are much smaller than for the tubes before the experiment. This means that the boiled
surface exhibits better wettability. An explanation of this phenomenon is the formation of
a nanocoating on the boiled surface.

Figure 11. CHF against contact angle (Do = 1.6 mm).

In order to generalize the results obtained, a correlation equation for the CHF of
water–Al2O3, water–TiO2 and water–Cu nanofluids on horizontal tubes of small diameter
during pool boiling was developed:

.
qC−R = B

.
qKΦn (14)

where
.
qK—Kandlikar’s correlation (Equation (13)), Φ—nanoparticle mass concentration,

B—tube material dependent constant, n—exponent dependent on type and concentra-
tion of nanoparticles.

The material constant (B = 1.6) and exponents n (Table 4) in Equation (14) were
determined by multidimensional regression analysis.
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Table 4. Values of exponent n in Equation (14).

Mass Concentration (%) n (-)

Al2O3 TiO2 Cu

0.001 - - 0.0313

0.01 0.0268 0.0237 0.0291

0.1 0.0273 0.0284 0.0256

1 0.0361 0.0348 -

Figure 12 shows a comparison of the experimental results for the same nanoparticle
mass concentrations of 0.01% obtained for tubes of all diameters tested with the predictions
made from the developed correlation (Equation (14)) and contact angles measured after
the experiment. The maximum discrepancy between the measured and predicted values
of CHF is equal to 20% for water–Al2O3 and water–TiO2 nanofluids, and a tube with
Do = 5 mm.

Figure 12. Comparison of measured and calculated CHFs against contact angle for the nanofluids
tested: (a) water–Al2O3, (b) water–TiO2, (c) water–Cu.

Figure 13 shows comparison of the CHFs obtained during the experiments and CHFs
calculated from the developed correlation (Equation (14)). All measurement points lie
within a band of ±20%. Noting the complexity of the burnout process, the agreement
obtained is satisfactory.

5.4. Nanocoating on Heating Surface

Unlike thick metallic coatings that have no effect on CHF [75], extremely thin nanocoat-
ing changes the wettability of the boiling surface, leading to a CHF enhancement.
Figure 14 shows SEM images of the tube surface (Do = 1.6 mm) with a nanocoating formed
during the process of boiling water–TiO2 nanofluid with nanoparticle mass concentration
of 0.01%. Figure 14a shows that the nanocoating has a heterogeneous structure and covers
the tube surface unevenly. Figure 14b, which presents an SEM image of a very large
magnification, reveals the high porosity of the nanocoating deposited.
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Figure 13. Comparison of the experimental data with predictions.

Figure 14. SEM photographs of heating surface after burnout: (a) magnification (×75), (b) magnifica-
tion (×100,000).

6. Discussion

Although there is a consensus that the nanocoating is responsible for CHF enhance-
ment, there is no agreement regarding the mechanism of nanocoating formation. The
first mechanism was suggested by Kim et al. [27] and confirmed experimentally by
Kwark et al. [45]. According to this hypothesis, nanoparticle coating formation is a result
of the evaporation of a microlayer containing nanoparticles. The second approach explains
nanocoating formation as a mutual interaction between nanoparticles and the heating
surface, influenced by adhesion forces and the agglutination process [36].

In the relevant literature, factors other than the improved wettability of the nanocoated
surface are responsible for CHF enhancement of nanofluids. Kim and Kim [32] suggested
that the increase in CHF is a result of displacing the contact line in the direction of a hot,
dry patch under the growing steam bubble. Displacement of the contact line is a result
of capillary wicking in porous nanocoating, allowing fresh liquid to flow into the dry
patch area and thus delaying the irreversible spread of the hot, dry patch process that
leads to CHF. Park and Bang [76] observed that porous nanocoating affected the distance



Energies 2021, 14, 3888 22 of 26

between steam pillars created during the process of nanofluid boiling and, as a result,
changed the critical wavelength conditioning of the Helmholtz instability. Sefiane [77]
explains the increase in CHF as a result of a delay in contact line depinning for nanofluids,
compared to base liquids. A longer-lasting state of steam bubble pinning to the heating
surface limits the spread of the dry patch under the bubble, thus delaying the CHF. The
longer pinning compared to base liquid is caused by structural disjoining pressure resulting
from the accumulation of nanoparticles being ordered in a wedge near the contact line.
Wen [78] developed a CHF model built on the idea of structural disjoining pressure. Wen
showed that the presence of nanoparticles in liquid caused significant displacement of
the contact line in the direction of the vapor dry patch. The structural disjoining pressure
causes significantly better nanofluid wetting, which limits the spread of the dry patch
and, as a result, delays CHF. Park et al. [50] neglect the role of wettability and capillarity
of G/GO nanocoatings in CHF enhancement. Instead, they stress the fact that extremely
high thermal conductivity of G and GO improves the thermal activity of the heater [79],
depending on the characteristic dimension and material effusivity of the heater used.

7. Conclusions

Present experiments lead to the following conclusions:

• For all nanofluids tested and stainless steel tubes used, an improvement of CHF
compared to distilled water was observed.

• The maximum enhancement of CHF was obtained for water–TiO2 nanofluid and
a stainless steel tube of the smallest diameter, Do = 1.6 mm. Compared to distilled
water, the improvement was about 178%.

• It was established that self-deposited nanocoatings result in substantial improvement
in the wettability of the boiling surface, which is what leads to CHF enhancement.

• Formation of the nanocoatings results in heat transfer degradation—boiling curves
are shifted left, towards higher wall superheats.

• An empirical correlation equation for predicting the CHF of water-based nanofluids
was developed and verified for Al2O3, TiO2 and Cu nanoparticles and mass concen-
trations of 0.001%, 0.01%, 0.1% and 1%.
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Nomenclature

Di Inner diameter of heated tube (m)
Do Outer diameter of heated tube (m)
g Gravitational acceleration (m/s2)
h Heat transfer coefficient (W/( m2 K))
hfg Latent heat of vaporization (J/kg)
It Current (A)
k Thermal conductivity (W/(m K))
L Tube length (m)
M Molecular weight (kg/kmol)
q Heat flux (W/m2)
Pr Reduced pressure (-)
Ra Mean roughness (µm)
Rp Mean roughness (µm)
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t Temperature (◦C)
Ut Voltage drop (V)
∆T Temperature difference (K)
Greek symbols
β Contact angle (◦)
λ Thermal conductivity (W/(mK))
Φ Nanoparticle mass concentration (-)
ρ Density (kg/m3)
σ Surface tension (J/m2)
Subscripts
f Fluid
l Liquid
m Mass
nf Nanofluid
t Tube
v Vapor
vol Volume
wt Mass
Abbreviations
CHF Critical Heat Flux
CNT Carbon Nanotubes
DW Deionized Water
EEWL Electrical Explosion of Wire in Liquids
EG Ethylene Glycol
FCNT Functionalized Carbon Nanotube
G Graphene
GO Graphene Oxide
GON Graphene Oxide Nanosheets
HTC Heat Transfer Coefficient
NPB Nucleate Pool Boiling
OD Outside Diameter
PG Polyethylene Glycol
PVP Polyvinylpyrrolidone
RGO Reduced Graphene Oxide
SDBS Sodium Dodecyl Benzene Sulfonate
SDS Sodium Dodecyl Sulfate
SEM Scanning Electron Microscope
SS Stainless Steel
xGnPs Exfoliated Graphite Nanoplatelets
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