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Nanofluids are suspensions of nanoparticles with small concentration spread in
base fluids such as water, oil and ethylene glycol. Nanofluid boiling is an im-
portant research area which provides many chances to explore new frontiers but
also poses great challenges. Over the last decade, various studies have been car-
ried out on pool boiling of nanofluids for the enhancement of critical heat flux
which is otherwise limited by the use of base fluids. Several efforts have been
made in the literature on nanofluid boiling, however, data on the boiling heat
transfer coefficient and the critical heat flux have been unpredictable. Current
study is a review of the status of research work on effects of nanofluids on heat
transfer coefficient and critical heat flux. An emphasis is put in a review form on
the recent progresses in nanofluid heat transfer coefficient and critical heat flux
of pool boiling. This study also focuses on advancements in nanofluids, their
properties and various parameters affecting boiling critical heat flux and heat
transfer coefficient. At the end correlations used by different researchers to find
out the critical heat flux and heat transfer coefficient are listed.
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Introduction

Boiling heat transfer is usually employed in many areas of science and technologies
because it is an effective way to dissipate heat. Boiling heat transfer is used with great interest to
cool electronics chips and nuclear reactors, computers, nuclear and fossil energy systems. Criti-
cal heat flux (CHF) restricts the boiling heat transfer efficiency. For the development of novel
approaches numerous studies have been conducted so far to increase CHF values. Another great
important concern in heat transfer is increasing heat transfer coefficient (HTC). For the effec-
tiveness of heat transfer and factors which are involves to increase HTC, different studies are
carried out and therefore new techniques have been developed. Pool boiling performance can
greatly be affected by wettability changes and topography of the surface [1, 2]. Pool boiling
plays an important role in high performance thermal management. Nanofluids are used to en-
hance heat transfer. Nanofluids are prepared by dispersion of nanosize particles in base fluids
[3]. Based on single phase heat transfer in several systems, enhanced thermal conductivity has
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been demonstrated in these suspensions as compared to base fluid. To investigate nanofluids in
phase change heat transfer for potential enhancement, extensive research has also been per-
formed. Thermal management systems such as microelectronics [4, 5], HVAC systems [6], au-
tomotive industry [7, 8], solar collectors [9, 10], cooling system in electronics [11, 12], and nu-
clear reactors [13, 14] use nanofluids to improve heat transfer and thermal efficiency. These are
used in light water reactors due to their capability to manage strategy in severe accidental condi-
tions to enhance the in-vessel retention capability [15]. In order to reduce cost and to provide
significant energy, nanofluids with high thermal conductivity can be used [6].Use of nanofluids
makes the thermal system smaller and light in weight. There is a linear relation between Fe par-
ticle up to 0.55 vol.% and thermal conductivity up to 18% [16].

Nanofluids can increase, decrease or in some cases have no effect on pool boiling
heat transfer was the pioneer study of [17]. To explain the same phenomena a review was pre-
sented by [18] and now several theories are available. There is always an enhancement in
CHF with nanofluids in contrast to these varying trends for nucleate pool boiling [19]. En-
hancement percentage depends on the size, shape and concentration of particles, as well as, on
the consistency of the nanofluid and the presence of additives [20, 21]. Nanoparticles are add-
ed to the base fluid to enhance the pool boiling heat transfer when performance of the base
fluid is not up to the mark due to limitations of its thermal properties. Rather, microlayer
evaporation phenomenon that creates modifications of microlayer has greater influence [22,
23]. Surface wettability increases when the nanoparticle present in liquid deposits on the sur-
face during vaporization of the liquid present in the microlayer. When the microlayer evapo-
rates containing liquid having nanoparticle, it adversely affects the heat transfer performance
[23-25]. There is no difference either we use nanofluids to enhance heat transfer or nanofluids
coated surface [26]. In contrast to the above works, highly stable nanofluids were used by
[27] and surface functionalized nanofluids were developed earlier by [28]. These novel
nanofluids have minimal surface deposition on the boiling surface. Thermal performance en-
hancement is highly affected by thermophysical properties of those nanofluids which do not
affect boiling surface. These specially designed functionalized nanofluids are only solution
over conventional nanofluids.

Present work is a review of effect of nanofluids on CHF, HTC in pool boiling heat
transfer and reasons behind their increment/decrement. It also reviews the characteristics of
thermophysical properties of nanofluids during pool boiling. Different correlations developed by
researchers in pool boiling heat transfer and CHF are also listed down at the end of this work.

Experimental studies on pool boiling using nanofluids

Some of the experimental effects on CHF and HTC in pool boiling using nanofluids
are briefly reviewed in this section.
Experimental studies on CHF

This section is divided into three sub-section based on the heat providing method to
boil nanofluid.
Boiling of nanofluid through heating tube/rod:

In this type of experimental setups, to boil nanofluid, a heating module mostly locat-
ed at the bottom of the test chamber consists of power input electrodes, a resistive wire heater
for the steady state heat transfer. A simple wire heater pool boiling setup used by [29] is
shown in fig 1.
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Pool boiling CHF was enhanced with
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The CHF was significantly enhanced us-
ing titania and alumina nanoparticles in water
as compared to pure water. Average size of
nanoparticle used was 85 nm measured by scattering electron microscope. Enhancement in
CHEF is due to nanoparticle coating on heating surface [32].

Characteristics of nucleate boiling are greatly affected by the operating pressure.
miniature flat heat pipe with evaporator having micro grooved heat transfer surface gives 50%
increment in CHF at atmospheric pressure whereas this value increases up to 150% at 7.4 kPa
pressure [33]. Experiments were conducted with three water based nanofluids named dia-
mond, zinc oxide and alumina on passively engineered heat transfer surface. Test section was
made of stainless steel. Average size of nanoparticle was measured using dynamic light scat-
tering (DLC) which was 1.91 pm. It was concluded that pool boiling CHF increased up to
35% with pre-coated heaters [34].

Water based functional nanofluids have nearly no effect on CHF. Experiments were
conducted with silica/water nanofluids. Scattering electron microscope was used for meas-
urement of nanoparticle size. It was concluded that due to change of thermal properties of
nanofluids, there is no significant effect on CHF [35]. Experiments were conducted with sus-
pended silica nanoparticle using nicrome wire and ribbons to investigate both CHF and burn-
out heat flux (BHF). Influence of heater surface dimension, cross section shape as well as sur-
face modification was checked. The CHF and BUF decreases with the increase in heater sur-
face area. High heat transfer occurs due to deposition of particle at a concentration of (0.1-0.2
vol.%). It was concluded that for ribbon type heater there is maximum of 270% CHF en-
hancement [36]. The Fe;O4/ethylene glycol-water nanofluid were tested using thin Ni-Cr wire
at atmosphere pressure with and without electric field. The size of nanoparticle used was 100
nm. It was concluded that 1 vol.% of nanofluid enhances CHF to 100%. Surface wettability
plays vital role in CHF enhancement [37].

Copper plate was used to examine the CHF enhancement using Al,Os;-water
nanofluid. Concentration of Al,Os-water used in this study was 0-0.1 vol.%. The size of na-
noparticle used was 45 nm measured by DLC. A polyvinyl alcohol was used as a stabilizer. It
was concluded that effective boiling surface area is responsible for increase in CHF [38].
Magnetite-water nanofluid on Ni-Cr wire was used to investigate the CHF performance. As

Computer
Figure 1. Experimental set-up used by [29]
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nanoparticle concentration increases, CHF also increases. This enhancement was approxi-
mately 170% to 240% as compared to pure water [39]. The Al,O; based aqueous nanofluid
was used on flat plate test section. Average size of nanoparticle was 40 nm given by atomic
force microscope. It was concluded that for 0.1 vol.% concentrations of nanofluid, CHF in-
creases. They reported that CHF enhancement is due to volume fraction of nanoparticle [40].
Experimental investigation was carried out on saturated pool boiling CHF with Ni-Cr nano-
particle having coating thickness of 50 nm at atmosphere pressure at 0.01 vol.% alumina.
Long pre coating time decreases CHF [41].

Experimental investigation was carried out for transient pool boiling characteristics
using graphide oxide nanosheets (GON) on copper sphere. Sizes of nanoparticle used were
200-500 nm measured by transmission electron microscope. The dilute concentrations of
GON used were <0.001 wt.%. Increasing the GON concentrations CHF increases [42]. Boil-
ing characteristics were examined with ZnO, SiO,, SiC, Al,Os, graphene oxide (GO), and
CuO nanoparticles at 0.01% volume concentration on 0.49 mm diameter cylindrical Ni-Cr
wire heating element. Distilled water and R-123 were used as base fluids. It was observed that
compared to distilled water all nanofluids enhance heat transfer in the range 90-160% [43].
The CHF performance was examined with Al,O; and magnetite (Fe;O4) nanoparticle in water
using Ni-Cr wire. Average sizes of nanoparticles were 25 nm and 20-30 nm for magnetite and
alumina, respectively. Test pressure ranged from 101 Kpa to 1100 Kpa. Authors concluded
that CHF increases with nanoparticle concentration at higher pressure [44]. Reduced graphene
oxide (RGO) colloid was used with 0.0005 wt.% flake-based RGO in distilled water. The Ni—
Cr thin-wire heaters were used for heating purpose. To study the coating time of RGO flake
aggregation, coatings at both the sides were tested along with single sided. Cathode side of
the wire which has thin well-aligned RGO layer coating CHF enhanced by 20% whereas uni-
form RGO coating layer caused increase in CHF upto 320% [45].

Using various ionic concentrations of silica nanofluids in pool boiling, different
acidity and base solutions were analysed. The CHF increases three times with silica suspen-
sion as compared to conventional fluids. Presence of salts decreases the catalytic property of
nanofluids and there is a thicker double diffuse layer with 10 nm particles as compared to 20
nm particles. Authors reported that nanofluids in buffer solutions allow a lesser CHF than in
strong electrolyte i. €. in high ionic concentration [46]. To investigate the CHF enhancement
experiments were performed using different concentrations of GO nanoparticles in base fluid.
Nichrome wire with 0.2 mm diameter was used as a heating source. It is found that GO flakes
formed a smooth laminated film which increases the CHF [47]. An experimental study was
carried out with y-Fe,O; nanoparticle on a 100 pm platinum wire at 1 bar pressure. Average
size of nanoparticle was 10 nm given by scattering electron microscope. Deposition of
charged surface coating was obtained and boiling CHF increases [48].

Effect of ammonia and graphene/graphene-oxide nanosheets with variation in wave-
length was investigated. Nanoparticles size used were >45 nm given by scattering electron
microscope. Heat transfer increases with nanofluids. They used the famous eq. (1), to find the
effect of wavelength on critical heat transfer [49]:

op 12
" n
q porous = g hfg (KQJ (1)

Small cylinders ranging (11-510 um) with three test liquids FC-72, R-113 and meth-
anol were experimented. Size of nickel wire used for FC-72 was 11 pm. It was found that for
dimensionless radius (R ) values as low as 0.0123 hydrodynamic CHF mechanism was ob-
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served [50]. This experimental result modified the Sun and Lienhard CHF correlation equa-
tion for (R’ < 0.0123) which is given as:

S _ 08910127, R'>0.0123 @)
It was pointed out that change in wavelength enhanced the CHF.
It has been observed for all nanofluids that as temperature increases above the satu-
ration point, boiling starts. As temperature increases pool boiling heat flux increases. Maxi-
mum heat flux is different for

3000 each nanofluid but maximum
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s tween 20 °C to 40 °C. Among all
£ 2000 nanofluids studied in this section,
i it is observed that TiO, nanopar-
= 1500 ticle coating on Ni-Cr wire gives
£ 000 L maximum heat flux value whzich
§ is approximately 2600 KW/m" as

500 shown in fig 2.
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Reflux by [51] is shown in fig 3.
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Figure 3. Experimental set-up used by [51] enhancement in CHF [53].
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Experiment was conducted with copper nanoparticle and sodium lauryl sulphate an-
ionic surfactant (SDS) with 9 wt.% on stainless steel section. Atomic force microscopy char-
acterised the averaged size of nanoparticle as 10 nm. When the concentration of copper nano-
particle in the base fluid increases CHF also increases. On the other hand there was 48% en-
hancement in CHF with nanofluids without using surfactant [54]. Experiment was conducted
on brass rod for the quenching ability of SiO,-water nanofluids. Average size of SiO, was 45
nm given by X-ray diffusion. As surface wettability increases CHF increases but HTC de-
creases [55]. Quenching behaviour of nanofluids on brass rod was analysed with different
volume fraction of nanofluids (Al,O3, Si0,, TiO,, and CuO). Porous layer changes the surface
roughness [56]. The TiO, coated surface formed on 12 nm horizontal heater surface enhanced
CHF 1.7-1.8 times as compared

to uncoated surface at atmos- 50 ::: fgg’s' gp;:zf)/il(za)(ﬂ)
phere pressure [57]. An experi- — - 1.0 % - Cu (55)
mental investigation was carried £ -+ 7- Fe,0, - Coated (49)
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channels. Authors achievement 3
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Figure 4. Comparison of boiling curves given by
different researchers

[58]. Heat flux versus tempera-
ture difference graph of previous
researches studied in this section
is shown in fig. 4.

It has been observed for all nanofluids Thermocouple
that as temperature increases above the satu- (Unit: mm) Cover plate
ration point, boiling starts. As temperature & T i
increases heat flux increases. This trend is - © 160 .
usually observed between 20 °C to 60 °C. i -
Using rod as heating source alumina gives Test .
its maximum heat flux which is 2000 vessel =3
KW/m® at 32 °C. After this point heat flux 3
starts decreasing. 5 5
3 Electron 2
Boiling of nanofluid through h beam g
welding ——4—10 =]
circular plate \l .‘&).E
The set-up most commonly used by 0T ' ' —110
the previous researchers for pool boiling SF: Thermocouples
consists of a heating device which is usually =
mounted concentrically at the bottom of the v _,_, §
heating block. The vessel is completely insu- < Copper block
lated and heat is transferred through one Heating L Gartiidis haaiis
direction conduction from plate. Thermo- device :
<« SUS jacket

couples are embedded at top end of block to
measure the amount of heat transfer though Figure 5. Schematic diagram of
block to nanofluids. A cover plate at top end experimental apparatus used by [59]




Khan, A., et al.: A Comprehensive Review — Pool Boiling Using Nanofluids
THERMAL SCIENCE: Year 2019, Vol. 23, No. 5B, pp. 3209-3237 3215

of vessel is usually mounted to measure the fluid temperature. A sample of circular plate heat
transfer assembly used by [59] is shown in fig. 5.

Nucleate boiling characteristics using CuO and SiO,-water nanofluids were investi-
gated. When the wall temperature crossed 112 C agglutination phenomena occurred. Porous
agglutination layer forms due to instability. No agglutination phenomena occurred using
nanofluids. Nanoparticle sorption layer increases CHF. This layer is formed when there is a
decrement in solid-liquid contact angle [60]. Addition of carbon nanotube (CNT) to base
liquid increases the CHF. Transmission electron microscope confirms the average size of
nanoparticle as 15 nm. Authors found that by decreasing pressure below atmospheric
condition, CHF increases to 200% with CNT-water nanofluid as compared to deionized water
[61]. The SiC-water nanofluid having 100 nm size with three volume concentrations 0.001%,
0.001%, and 0.01% were tested. The size of nanoparticle was confirmed by scattering elec-
tron microscope. Authors concluded that at 0.01% of nanoparticle, CHF enhanced to 105%
[62]. Deposition of ZnO nanoparticle on heating surface increases the CHF. The ZnO-water
nanofluid experimentation resulted that CHF was at least 54% higher with ZnO nanofluid as
compared to deionized water due to nanoparticle layer formed on heater surface [63]. Pres-
ence of honeycomb porous plate with TiO,-water increases the CHF. Size of nanoparticle
used was 21 nm. There were 3.1 MW/m?, 2.3 MW/m’, and 2.2 MW/m” enhancements in CHF
at 10 mm, 30 mm, and 50 mm diameter surfaces respectively [64].

Alumina and silver nanoparticle used in deionized water with circular plate heater at
atmospheric pressure. Boiling curves shifted towards right for all nanofluids which shows
enhancement in CHF. On the other hand, in the case of silver nanofluids, CHF enhanced more
in small dispersion of nano i. e. at 0.01 g/l fluids as compared to large dispersion but after
these point CHF decreases [65]. Nitric acid introduces the higher electrostatic force in TiO,-
water nanofluids. It was reported that without using nitric acid CHF of nanofluids increases up
to concentration of 10 vol.% and remains constant thereafter. Copper block was used as a
heating surface. Transmission

electron microscope ensured the 2500 Well oxidi

. . _o Well oxidized

size of nanoparticle as 85.3 nm copper (26)

[66]. Stainless steel tube was 2000 —+ 01 vol% - CuO (63)
used at different orientation an- ¢

gle ranging from 0" to 90" with = 15001 —+-0.4 kg/m?*-TiO, (60)
three different nanofluids. These < — TIO, nano particle
nanofluids were 0.05% AlLO;, :1000 deposltlon 10 mm{G4)
0.05% CNT +10% boric acid 2 = 0.1vol% - TiO, (66)
and 0.05% Al,Os. It was found § 500 - gim:ﬁ’s}ﬁugz)
that all these nanofluids en- T
hanced CHF significantly (up to 0
220%) as compared to deionized 0 20 40 60 80
water. Increasing the orientation AT(C)
angle increases CHF [67]. Fig- Figure 6. Boiling curves for different nanofluids

ure 6 shows the enhancement in
heat flux with temperature difference.

It has been observed for all nanofluids that as temperature increases above the satu-
ration point, boiling starts. As temperature increases heat flux increases. This trend is usually
observed between 20 °C to 55 °C. Using circular plate as heating source TiO,-water nanofluid
gives maximum value of heat flux which is 2400 KW/m” at 48 °C.
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Effect on CHF using nanofluids has been discussed in this portion. According to
[19, 21, 31, 33. 40, 43, 45, 49, 52, 53, 55, 61, 62, 64] CHF increases by adding nanoparticle in
base fluid as compared to water. In [23, 32, 67] concluded that due to contact angle formed
between bubble and surface of heater, CHF increases. At higher temperature this angle
changes from 90 "C to lower value. Heat flux increases by adding fins and microgroove heat
transfer surface [34, 69]. In [22, 33, 46, 48, 54, 58, 63] concluded that main reason in the
enhancement of heat flux is due to the formation of surface coating of nanoparticle on heating
surface. According to [24, 26, 30, 36, 38, 49, 56] surface wettability increases the CHF. In
[37, 39, 41] concluded that as effective surface area of heating increases CHF increases. Ref-
erence [47] reported that nanofluids in buffer solutions allow a lesser enhancement in CHF
than in strong electrolyte i. €. in high ionic concentration. According to [50, 51] variation in
wavelength property of certain nanofluids due to porous surface structure enhance CHF. Ac-
cording to [57] surface roughness is formed on heating surface due to deposition of nanoparti-
cles. This roughness increases CHF. More rough surface causes more CHF.

Reasons for increase/decrease in CHF

Thermophysical properties attribution changes the boiling heat transfer with surface
properties variation during nanofluid boiling. There is a significant CHF enhancement with
nanofluids having low nanoparticle concentration but these nanofluids have less effect on
thermophysical properties [31]. At low concentrations, changes in thermophysical properties
of nanofluids are not responsible for CHF enhancement (<0.01 vol.%). This hypothesis were
explained by [32] in which they used heating wire with clean surface and nanoparticle coating
surface in which they observed the same CHF enhancement with both the wires. The CHF
enhancement is directly proportional to surface roughness. Rough and wavy surfaces result
higher surface superheat [21]. Deposition of nanoparticles becomes more by splitting of exist-
ing surface cavities into more cavities which increase CHF [24]. Added number of nanoparti-
cle and layer built on heating surface also has a critical role in CHF [57]. Nanoparticle layer
increases the liquid trapping to surface and thus vapour layer remains far away from liquid
surface which delays nucleate boiling incipience [67]. The CHF does not increase when na-
noparticle concentration thickens beyond a certain limit [31]. Active nucleation sites decrease
with nanoparticle layers which significantly increases surface wettability (or less contact an-
gle). As contact angle increases CHF decreases as there exist an inverse relationship [25]. In
short surface wettability increases with increases in adhesion or surface roughness. It is seen
that to increase CHF surface wettability should be enhanced which prevents vapour film [21].
Capillary plays an important role in CHF enhancement when the contact angle approaches
zero during pool boiling experiment. In this way dry region under the vapour bubbles be-
comes wet due to capillary effect which delays CHF [24]. The effect on CHF of nanofluid is
briefly given in tab. 1.

Table 1. Effect on CHF with parameter variation

Parameter Variation CHF Reason
. . Vapour formation is prevented so the number of
Increase in surface wettability Increase . . .
active nucleation site decreases
Increase in capillarity Increase Dry region becomes wetted
) Effective contact area increase,
Increase in surface roughness Increase

higher surface superheat
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Table 2. gives the pool boiling effects summary with their effects on the enhance-
ment of CHF.

Table 2. Summary of the pool boiling experiments and their effect on CHF

i . . . AT

Ref.| Year Heating Particle size Nanofluid Surfac.e (Cla1E enl;ancement

surface analysis [°C] [%]
[30]| 1984| Stainless steel| 0.05-1 um Al,Oz-water NA 28 Enhanced
[19]] 2003  Cu block <10 nm Al,O;-water NA 40 200
[20]} 2004| Ni-Cr wire | 15 and 50 nm SiO,-water NA 50 Enhanced
[21]f 2005 NA 10 nm-100 nm|  Al,Os-water TEM 20 Enhanced
[25]} 2010  Cu block 45nm Al O5-water NA 45 37

JEM-3010
4 Al,O3-wat ’ Al,O3-
[22]| 2009 Ni-Cr wire 6 nm, B?O3 Waler | \anophase | NA | 0 (B?O3 water)
38 nm 10,-water Technologies 33 (BiO,-water)
Seamless X-ray
[31]{ 2009|  Stainless 10-20 nm Copper-water | diffraction 37 50
steel tube spectrum

[32]} 2006| Ni-Cr wire 85 nm Titania-water SEM NA Enhanced
[33]/ 2007|  Cublock 30 nm CuO-water TEM NA 50
[60]] 2008  Cu block 50 nm CuO-water NA 25 Enhanced
[61] 2010]  Copper 15 nm CNT-water TEM NA 63

surface
[67]| 2012| Stainless steel NA Al,Os-water SEM NA 212
[48]} 2011|  Platinum 10 nm y-Fe,0;-water SEM 30 Enhanced
[34] 2010 Platesf;zllnless 1.91 um Diamond DLC 70 1
[23]] 2010] Copper block 139 nm Al,Os-water NA 30 Enhancement
[29]] 2011 Nickel 110 nm TiO,-water SEM 16 82.7
[35]] 2011 Copper block 30 nm Silica-water SEM NA Enhanced
[36]| 2013| Nichrome wire 10 um Silica-water SEM 37 250
[62]] 2014| Stainless steel 100 nm SiC-water SEM NA 105
[37] 2012|  Ni-Cr Sonm | Fe0dethylene | gpy, 65 100

glycol, water

[52] 2013 Sta‘“;fjf:tee] 5090nm | ZnO-water DLS NA Enhanced
[53]] 2013| Copper plate NA Alumina-water SEM 70 Enhanced
[38] 2012 Copper 45 nm Al,O3-water DLS 35 Enhanced
[54] 2010 Sta‘“;f:f:tee' 10 nm Copper-water | AFM 57 48
[39]] 2012 Ni-Cr 3045 nm magnetite/water SEM NA 70
[407{ 2013 Copper 40 nm Al,O3-water AFM NA Enhanced
[68] 2014 Ni-Cr 47 nm TiO,-water SEM NA Enhanced
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Table 2. Continuation

Ref.| Year I:g;gf Particle size Nanofluid :glt‘;‘,l:iz [é(-:r] CHE en[ltl)z?cement
[55]f 2011 brass 45 nm SiO,-water XRD NA Enhanced
[56]] 2011 brass 20 nm SiO,-water NA Enhanced
[63] 2013 Stai“lile;f:teel 70 pm ZnO-water NA 30 Enhanced
[59]] 2012] Copper plate 21 nm TiO,-water NA NA Enhanced
[57] 2012| Copper plate 25 nm TiO,-water SEM 35 1.8
[41]) 2014 Ni-Cr 50 nm Alumina-water NA NA Deteriorate
[42]] 2014| Copper plate | 200-500 nm GON-water TEM 80 Enhanced
[43]} 2014 Ni-Cr wire 23-37 CuO-water NA NA 90-160
[50]] 1994 Copper block NA FC-72 SEM 26 Enhanced
[64]] 2015 Copper 21 nm TiO,-water NA 20 Enhanced
[44]| 2013| Ni-Cr wire 30 nm Al,Os-water NA NA Enhanced
[65]] 2009] Copper plate 25 nm Alumina-water NA 30 Enhanced
[48] 2011|  Platinum 100 um v-Fe,Os-water SEM 30 Enhanced
[66]] 2013| Copper plate 85.3 nm TiO,-water TEM 40 Enhanced
[45]] 2013| Ni-Cr wire NA GO-water NA NA 320
[46]| 2005 NiCr 50 nm Silica-water NA 50 10-15
[49]} 2010 NA >45 pm GO-water SEM NA 179
[47]] 2014 Ni wire >45 pm GO-water TEM NA Enhanced
[58]] 2015 Copper NA FC-87 NA NA 37
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Figure 7 describes the nanofluids type with their variation on CHF. It is clear from
the figure that grapheme particle in water enhances more heat as compare to any other nano-
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Figure 7. Comparison of CHF enhancement for different nanofluids
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Experimental study on HTC

This section is divided into three sub-section based on the shape of heat conducting
channel to boil nanofluid

Boiling of nanofluids through circulate plate heater

The set-up most commonly used by the previous researchers for pool boiling con-
sists of a heating device which is usually mounted at the bottom of the heating block. The
vessel is completely insulated and heat is transferred
through one direction conduction from plate. A sample
Top  of circular plate heat transfer assembly used by [69] is
cover  shown in fig. 8.
Boiling heat transfer is significantly enhanced
Bolling by using nanoparticles in base water. On the other
* vessel hand increasing particle loading to 1.35% by weight,
therﬁgc%euple“ . Liquid heat tran§fer ephanced and reached up to almos‘F 40%.
leaking  The particle size used was 10-15 pm [70]. Solid dis-
—~= POt persion at low volume fraction ZrO,-water nanofluid
= results high heat transfer and by increasing solid con-
centration heat transfer decreases. On the other hand
Holding  addition of surfactant increases heat transfer and this
addition gives drastic deterioration in heat transfer
[71]. Boiling heat transfer experiment on horizontal
flat square copper surface using J-Al,O; nanoparticle
were conducted. Refrigerant R141b at (0.001-0.1
vol.%) concentrations with and without surfactant so-
dium dodecyl benzene sulphonate (SDBS). Average
size of nanoparticle used was 20 nm given by SEM.
Authors found that at 0.01 vol.% boiling heat transfer decreases with addition of SDBS
whereas at 0.1vol.% and 0.001vol.% concentrations, boiling heat transfer increases by adding
SDBS [72].

The TiO, nanofluid with concentration ranging from 0.0005, 0.0001, 0.005, and 0.01
vol.%. was used to enhance heat transfer. Transmission electron microscopy confirms the av-
erage size of copper nanoparticle as 21 nm. Copper and aluminium surfaces with different
roughness values were used for heating. Authors concluded that higher nucleate pool boiling
coefficient was obtained at 0.0001 vol.% using copper heater surface. On the other hand HTC
decreases by increasing the concentration from 0.0001 vol.% [73]. Al,Os-water nanofluid at
different concentrations (0.01, 0.1, and 0.5 vol.%) on a horizontal flat copper surface were
tested. Size of alumina particle was in the range of (40-50 nm). They found that highest HTC
resulted from highest concentration of nanofluid into base fluid [74]. Addition of nanoparticle
on heating surface creates a layer which effects boiling heat transfer. The ZnO nanoparticle
with size of 40 nm were experimented with and without base fluid. They observed that after
four cycles of test, performance of water increases to 62% as the concentrations of nanoparti-
cle increases to 24% as compared to water on a clean surface. The heat transfer decreases with
the creation of nanoparticle layer on the surface. [75]. Silver nanoparticle was used to enhance
pool boiling heat transfer at atmospheric pressure. Cluster deposition and hydrophobicity in-
creases with increasing nanoparticle concentration whereas deposition stability decreased.
Authors observed that CHF increases up to 196 W/cm® which was120% higher than water
used as a fluid. They concluded that compared to the polished copper surface, inclination and

Pressure
guage

Condenser

Teflon

Copper
block ~~

Figure 8. Experimental apparatus used
by [68]
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re-entrancy of surfaces enhanced
pool boiling performance [76].
Variation of HTC vs. heat flux is
shown in fig. 9.

Boiling of nanofluid through
square plate heater

In this method heat is pro-
vided to nanofluid through a plate
heater through conduction. Mostly
copper electrodes used as a heat
resistivity source to heat the plate.
An experimental set-up used [54]
is shown in fig 10.

To find the effect on HTC
stainless steel test specimen with
TiO,-water nanofluids were used.
The DLC shows that average size
of nanoparticle was in-between 4-
10 nm. Pool boiling with TiO,
coated surface, deterioration up to
50% has been observed due to
adhesion energy [77]. Nanostruc-
tured surface (NSS) coating on
platinum wire was attained by the
addition of charged y-Fe,O; nano-
particle on platinum wire. Scatter-
ing electron microscope was use
to ensure the size of nanoparticle
as 10 nm. Decrease in HTC was
observed when the wire was en-
tirely covered with nanoparticle
[48]. AL,Os;/Water nanofluid was
experimented on copper mini-
channel wire. Size of nanoparticle
was measured by scattering elec-
tron microscope. Boiling heat
transfer increases with the genera-
tion of nanoparticle coating on
heater surface [23]. Al,Os;-water
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Figure 9. The HTC vs. heat flux for different nanofluids
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Figure 10. Experimental apparatus used by [9]

and SiC-water nanofluids having volume concentrations of 0.01%, 0.1%, 0.5% and 1% were
experimented. Scattering electron microscope was used for size measurement. Nanofluid ef-
fects heavily depend on concentration, size, material and foam structure [78]. Alumina-water
nanofluid on copper surface was experimented. Average size of particle was 45nm as given
by DLS. Increasing the boiling surface area using alumina as nanoparticle decreases the boil-
ing HTC. Authors observed that this reduction is due to conductive resistance increment and
blocking of active nucleation cavity [38].
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Charged y-Fe,Os-water nanofluid was used for the enhancement of heat transfer
with 100 um platinum wire at 1 bar. Average nanoparticles sizes were 40 nm and 50 nm as
measured by transmission electron microscope. It was concluded that enhancement in heat
transfer is 70% when nanoparticle loading was 0.5% [48]. Copper-water nanofluid having
average size of 10 nm was used for pool boiling heat transfer enhancement. The HTC de-
creases with copper-water nanofluids. This coefficient has a decreasing trend with nanoparti-
cle concentration. On the other hand CHF of pure water was decreased by 75%, 68%, and
62% for 0.25%, 0.5%, and 1.0% if copper nanoparticles are dispersed in water with surfactant
nanofluids, respectively [54]. Four different copper test chips of graphene and GO with coat-
ed thickness 1 um, 2 um, 3 um, and 4 pm were inserted on heating surface. Hydrophobic wet-
ting behaviour was shown from contact angle which was measured from coated surface. Au-
thors observed that as compared to plain uncoated chip, copper chip thickness of size 1 pm
shows 42% more enhancement in HTC. They reported that highest heat transfer enhancement
was obtained with thinnest coated chip [79]. Nucleate pool boiling experiments were per-
formed for the heat transfer enhancement with RGO colloids in water base liquid. They used

30 four different percentages (0.001,
0.005, and 0.0010 wt.%) of RGO
in base fluid. Formation of RGO

2 flake layer is responsible for the

decrease of boiling heat transfer

20 with increasing concentration of
- 4%-AL0, (21) nanoparticle [80].

15 The Al,Os-water ethylene

—— TiO, Deposition (76) ; . .
glycol nanofluids with different

volume concentration were used

—+— 0.25% - Cu (54) at atmospheric pressure. At 0.75

//’— vol.% nanoparticle HTC increas-

es to 64%. This increment in

HTC was due to the change in

0 200 400 600 800 1000 1200 1400 heated surface status [81]. Figure

Heatifiui(Winv) 11 shows the change in HTC

Figure 11. The HTC vs. heat flux for different nanofluids with heat flux when square plate
is used for heating.

—o— 10 - 3 vol% Alumina (38)

Heat transfer coefficient (W/m?.K)

Boiling of nanofluid through Rod/tube

In this type of experimental set-ups, to boil nanofluid, a heating module mostly
located at the bottom inside of the test chamber consists of power input electrodes, a resistive
wire heater with provision of steady state current. Experimental apparatus presented at fig. 12,
a simple wire heater pool boiling set-up, was used in [34].

The CuO and ZnO nanofluids were examined for pool boiling heat transfer with so-
dium dodecyl sulphate (SDS) as a surfactant. Addition of SDS increases the boiling perfor-
mance. Authors reported that 0.01wt.% of CuO was the optimum value of surfactant concen-
tration with CuO which gives maximum heat transfer [82]. An experimental study was carried
out with y-Al,Os/water and SnO,/water Newtonian nanofluids. Average sizes of y-Al,0O3 and
SnO, were 20-30 nm and 55 nm, respectively. These nanofluids increase HTC notably than
the base fluid due to type and concentrations of nanoparticles [83]. The TiO, nanoparticle
with refrigerant R141b at 0.01, 0.03, and 0.05 vol.% were experimented. It was reported that
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nucleate pool boiling heat trans-
fer is deteriorated and at 0.05 ;
vol.% boiling heat transfer was -, o
suppressed [84]. 1.
An experimental study was {
performed using Cu-distilled
water nanofluids. Transmission

1 B
~ resis}.tor N

__— Reflux condenser

. «——Glass test cell
electron microscope confirms
the size of nanoparticle as 122
nm. A maximum increment of Copper
about 15% was observed at 0.5 dlgeade
wt.% of Cu when added in dis-

S Electric
pre-heater

h, !

tilled water at 30 C°. Authors
reported that thermal resistance
is directly proportional to load Heater
[85]. There exists an inverse
relation between carboxy methyl
cellulose/y-Al,O3; concentration and HTC. On the other hand nanparticle (y-Al,O3)
concentration increases the heat transfer. Boiling HTC increases to about 25% at nanoparticle
1.4 wt.% [86]. The TiO,-water nanofluids were experimented on nickel with 110 nm. Authors
concluded that boiling HTC increases with TiO,-water nanofluids as compared to water [29].
Experiments were conducted on copper tube using Silica-water nanofluids at atmospheric and
sub-atmospheric pressure. The HTC slightly increased with functional nanofluids which
changed thermo-properties of surface [35]. For smooth surface (Ra~25 nm) nucleate boiling
heat transfer using alumina nanoparticle increases but for rough surface (Ra~420 nm) it re-
mains unchanged. Particle deposition effect can be reduced by proper surface engineered na-
noparticles [87]. The Al,Os-water nanofluid with nanoparticle having an average size of 20-
150 nm was used on brass surface. The HTC increases with nanofluids having smooth sur-
face. Size of particle, geometry of surface and their interaction affects heat transfer [88]. The
TiO,/R141b-ethyl glycol nanofluid was experimented on brass surface to enhance the HTC
with 21 nm nanoparticle size. Increasing the particle volume concentration decreases heat
transfer. This decrement in heat transfer is mostly affected at high heat flux, whereas it in-
creases at high boiling pressure [89].

The CuO-water nanofluid experiments were conducted at different volumetric con-
centrations (0.1-0.4%) having 50 nm nanoparticle size. Thermal resistance of surface was in-
tensified due to thick layer of nanoparticle on the surface which deteriorated the HTC [90].
Convection and nucleate boiling heat transfer was the two different heat transfer region for
dilute stabilized Al,O5 ethylene glycol nanofluid. Secondly heat flux and pool boiling HTC
have a direct relation [91]. Plain and NSS were experimented with three different fluids. Au-
thors concluded that with pure water boiling conditions nucleate boiling HTC (NBHTC) was
increased on the plain surface (PS), but decreased on the NSS. Authors observed that NBHTC
was strongly affected by chemical reaction between heater surface and fluids [92]. Heat trans-
fer can be affected by using different anodizing techniques to obtain nanoporous structure.
Alumina sponge-like nanoporous structure was used with self-assembled monolayer (SAM)
to improve the number of activation site density. Authors found that this combination substan-
tially enhanced the HTC [93]. Authors proposed mechanistic model — with the combination of
forced-convection and thin liquid film evaporation which was given as:

\

Isothermal bath

Figure 12. Experimental apparatus used by [34]
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To investigate the effect of SDS, three different water based coolant namely
nanoalumina, nanosilica, and nanozinc oxide were used with and without using SDS. Stain-
less steel was used as a test specimen. Authors reported that addition of SDS decreases heat
transfer. They also resulted that best coolant for heat removal is nanozinc oxide and SDS mix-
ture [94]. The Al,Os-water nanofluid was used with Ni-Cr heater to enhance pool boiling heat
transfer. Transmission electron microscopy’s results confirmed the average size of nanoparti-
cle as 47-150 nm. Authors found that with rough heater (R,-524 nm) HTC enhanced and this
enhancement is 70% at 0.5 wt.%. They reported that HTC decreases with decreasing surface
roughness [95]. Figure 13 shows the variation in heat flux with HTC when electric rod is used
for boiling.
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Figure 13. The HTC vs. heat flux for different nanofluids boiling using
rod heater

Effect on HTC using nanofluids has been discussed in this section. According to
[29, 38, 69, 71, 73, 81-84, 90] HTC increases with increasing nanoparticle in base fluid. After
an experimental investigation [72] pointed out that addition of surfactant with nanofluid in-
creases heat transfer.[23, 38, 48, 68, 74, 89] concluded that addition of nanoparticle to base
fluid generates a surface layer on heating surface which decreases heat transfer but [78, 80]
pointed out that this layer increases heat transfer. Experimental investigation of [72, 75, 94]
rough surface pool boiling using nanofluid increases heat transfer as compared to polished
and smooth surface but [86, 87] pointed out that heat transfer increases with smooth surface.
In [40] does not give any results on either surface but pointed out that surface affects heat
transfer. There are some researchers [54, 79, 88, 93] whose results pointed out that addition of
nanoparticle to base fluid for pool boiling decreases heat transfer. According to [21] natural
convection does not affect heat transfer. In [77] concluded that nanoparticle effect on heat
transfer depends on concentration of nanofluid and size of nanoparticle. Experimental results
of [35, 92] pointed out that changing behaviour of thermophysical properties is the main rea-
son behind enhancement in heat transfer. Heat transfer depends upon contact angle between
pool boiling surface and nanofluids [91].
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Reasons for increase/decrease in
boiling HTC

According to published papers thermophysical properties has a major role on boiling
HTC. It has been observed that major role of nanoparticle is on thermal conductivity and sur-
face tension whereas viscosity, density and heat capacity remains nearly constant. Commonly
used heat transfer fluids have less thermal conductivity than that of nanofluids [23]. Large
specific surface area due to small particle size and interfacial liquid layering are the main rea-
sons to increase the effective thermal conductivity [31]. Increase in thermal properties is re-
sponsible for increase in boiling HTC [70]. The thin layer formed on the heating surface is
very important in conduction heat transfer and boiling HTC is strongly related to thermal
conductivity [83]. Nanoparticles increase the convection heat transfer when suspended in base
fluid due to nanoparticle migration and chaotic movement. Also turbulence flow increases
heat transfer [69]. Surface tension of the fluid decreases due to suspension of nanoparticle in
it which decreases the formation of bubble and active nucleation sites which increases boiling
HTC [35].

Not only thermal conductivity and surface tension are affected by the presence of
nanoparticle but also surface properties of boiling surface are altered by presence of nanopar-
ticle which also increases boiling HTC [24]. Modified surface topology is main reason behind
enhancement in boiling HTC rather than deviation in thermophysical properties [63]. Vapour
bubbles grow on boiling surface during nucleate pool boiling. Nanoparticle are accumulated
on the heating surface when these vapour bubbles are departed from heating surface. Amount
of settled nanoparticles enhance boiling HTC. Heat transfer negatively disturbs sedimentation
on heating surface as nanoparticle concentration increased or reached to an optimum value.
Increased thermal resistance between heating surface and fluid is the possible reason for this
deterioration due to several orders of magnitude of thermal conductivities of oxide nanoparti-
cles [70]. Deposition of nanoparticle works against the bubble growth as it is horizontal com-
ponent of surface tension often called as adhesion energy. In this way bubble emission fre-
quently decreases as heating surface is being covered with more bubbles. Moreover boiling
HTC decreases due to active nucleation sites as liquid wets the nanoparticle coating surface
completely. Reversely capillary wicking effect is responsible for enhancing heat transfer
which sucks the liquid [63]. Generation of new activation sites is responsible for increase in
surface roughness which enhances boiling HTC. Variation in surface structure occurs due to
nanoparticle deposition because of high particle concentrations [59]. Heating surface is cov-
ered by a porous surface due to nanoparticle in case of higher nanoparticle deposition. De-
pending upon either original surface condition or size of nanoparticle surface roughness can
be increased [21] or decreased [33]. Surface roughness increases if surface roughness is
smaller than nanoparticle. If surface roughness is higher than nanoparticle it will decrease
[17]. Boiling HTC decreases at higher heat flux while at lower heat flux this value can be neg-
ligible. This is because at low heat fluxes large voids are generated whereas smaller cavities
are generated at higher heat flux. In case of nanofluid boiling these cavities are filled with
nanoparticles so activation site decreases which decreases HTC [31]. The HTC variation with
various parameters is shown in tab. 3.

It is clear from the fig. 14 that HTC is maximum when carbon nanoparticles are used
for boiling and minimum when ZnO particle used in water for heating.

Table 4 describes the HTC variation with temperature difference given by various
researchers.
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Table 3. Parameter variation effects on HTC

Parameter variations Reason Effect on HTC
. Decrease in bubble radius and increase in number
Surface tension decrement N . Increase
of activation sites
. Due to small cavities filled with nanoparticle
Heat flux increases P . Decrease
number of activation site decreases
Thermal conductivity increases Due to conduction heat transfer increment Increase
Suspension Stability increases Agglomeration decreases Increase
Fluid turbulence increase Increase in convection heat transfer Increase
Particle concentration increases Deposition of nanoparticle increases Decrease
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Figure 14. Comparison of enhancement of HTC different nanofluids

Effect of thermophysical properties of nanofluids used in pool boiling

This section gives the effect of thermophysical properties on HTC and CHF of
nanofluids in pool boiling.
Viscosity

Viscosity of nanofluids has core importance. Following equation can be used to find
the viscosity of nanofluids [96]:

Mg = Mg (1 +1 ~25CD) 4)
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Table 4. Summary of the pool boiling experiments and their effect on HTC

Ref.| Year | qkwm? | Hleating Pattiele | Nanofluid :rfaf;;z [ég] HTC [%]
[70]] 2005 120 Stainless steel | 10-15 um | y-Al,Os-water SEM 10 40
[21]] 2005 500 Copper 47 nm Al O5-water TEM 21 | Deteriorate
[71]] 2008 NA Copper 20-25 nm ZrO,-water TEM 23 | Enhanced
[33]| 2007 NA Stainless steel 30 nm CuO-water TEM NA 25
[61]| 2010 Copper 15 nm Carbon-water TEM NA 130
[82]| 2013 350 Stainless steel NA CuO-water FESEM 19 | Enhanced
[83]| 2009 80 NA 20-30 nm | y- Al,Os-water NA 11 | Enhanced
[72]] 2014 NA Copper 20 nm 0- Al,Os-water SEM 25 | Enhanced
[84]| 2009 70 Copper NA TiO,-water TEM 11.5 | Deteriorate
[85]] 2013 NA Aluminum 122 nm Cu-water TEM NA | Enhanced
[77]1] 2010 380 Stainless steel |  4-10 nm TiO,-water DLS NA | Degrades
[48]] 2011 NA Platinum 10 nm y-Fe,O;-water SEM 30 | Enhanced
[23]| 2010 NA Copper 139 nm Al,Os-water NA 30 | Enhanced
[29]| 2011 1100 Nickel 110 TiO,-water SEM 17 82.2
[35]] 2011 650 Copper 30 nm SiO,-water SEM NA | Enhanced
[78]] 2014 NA 20nm 20 nm Al,Os-water SEM 15 | Deteriorate
[87]] 2012 NA Copper 20-150 Al,Os-water NA Enhanced
[88]| 2011 NA Brass 20-150 nm |  Al,Os-water NA 8 | Enhanced
[74]] 2012 NA Copper 40-50 nm Al,O3-water NA 27 | Enhanced
[38]| 2012 600 Copper 45 nm Al,Os-water DLS 36 | enhanced
[54]| 2010 1000 Stainless steel 10 nm Copper-water XRI?)F’I\]/,I]’EM 55 | Enhanced
[40]| 2013 NA Copper 40 nm Al,Os-water AFM enhanced
[55]] 2011 NA Brass 34 nm SiO,-water XRD 110 | Enhanced
[89]] 2014 NA Brass 21 nm Elt(}?;;Rgi;Cl:{ NA 120 | Deteriorate
[90]| 2015 NA Stainless steel 50 nm CuO-water SEM 120 | Deteriorate
[911| 2014 |  NA | Stainless steel | 45-50 nm AlZOgl/;z?lﬂe“e TEM | 100 | Deteriorate
[69]| 2013 600 Copper | 20-30 nm egll;&;“g;’;l TEM | 16 64
[95]| 2007 60 Ni-Cr 47-150 nm |  Al,Oz-water TEM 11 70
[48]) 2011 |  NA Platinum | 4724150} 5 pe.0pwater | TEM | 28 | 70
[94]| 2016 NA Stainless steel | 0.15 pm | y- AL,Os-water AFM 20 | Deteriorate
[79]| 2017 NA Copper 1 pm Graphene SEM NA 96
[96]| 2016 NA Silicon oxide | 0.675 nm GO TEM NA | Enhanced
[81]| 2013 NA NA 50 mm Al,Os-water NA 22 67
[93]| 2012 100 A1 6061 NA Al,O5-water SEM 10 60
[75]] 2010 32 Stainless steel 40 mm ZnO-water AFM NA 24
[76]| 2017 NA Copper 20 nm Silver-water TEM NA 100
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Those particles which do not have any surface charge but under predicts the viscosi-
ty can be calculated using equation (4). By incorporating the electro-visco force, the equation
can be modified:

Hot = Hor (1+10(D) (5)

Viscosity of nanoparticle decreases with the increase in temperature and increases
with nanoparticle concentration. In [70, 97, 98] it is concluded that classical model and low
volume fraction estimation of viscosity was found to be good, burt fails as the temperature
varies [99]. Increasing concentration kinematic viscosity of nanofluids increases. This is be-
cause during electro stabilization process, electro viscous force is induced in nanofluids [81].
Viscosity of nanofluids increases with particle concentration and decreases with temperature.
Shear rate also enhances viscosity. Authors have concluded that we could not use this as a

tool for deterioration in pool boiling

9 CuO - water - Ethylene Glycol (96) heat transfer [17]. On CHF enhance-

80¢ Cu0 6.12 % - water - Ethylene Glycol (96) ment, effects of viscosity reported a

70 Cu0 05 % - water - Ethylene Glycol (36)  yinima] difference between pure wa-

S 604 . N 0y walon vol-56,(54) ter and nanofluid. They concluded
o x ALO, - water 4vol% - SA (94) .

250 X AL,O, - water 2 vol% - SA (94) that it can be Que to low concentra-

8 40 4 . tion of nanofluids used in their study

< 30 . [23]. Accordipg to [100] for .the t.esj[—

20 $ ed concentra.tlons.of nanoﬂuldg, 1F is

* found that viscosity data are similar

1ot . . o : : to that of pure water. Variation of

0 0 0 20x X 30* i 509 &0 yiscosity with temperature is shown

Temperature (°C) in fig. 15.
Figure 15. Viscosity variation with temperature It can been seen from fig. 15

that viscosity increases as tempera-
ture, in pool boiling, decreases but as temperature increases viscosity decreases and this trend
is seen in almost all the nanofluids. Value of viscosity becomes zero at higher temperature.
According to [100] and [23] viscosity of nanofluids and water has similar behaviour
with temperature changes but [17, 70, 81, 97] reported that by increasing the particle concen-
tration, viscosity of nanofluids increases and decreases with increasing temperature.

Surface tension

Just like the thermal conductivity in present years surface tension also has also an
important role in the enhancement of CHF of the nanofluids.

Gas- liquid surface tension depends on nanoparticle size and concentration. The 2.5
and 10.4 nm diameter nanoparticle diameter was tested. When the nanoparticle size was 2.5
nm largest reduction in surface tension exists. As nanoparticle concentration increases, sur-
face tension also increases [101]. Relaxation of surface tension is the main factor for the delay
in the occurrence of CHF of CNT nanofluids. However to maximize the heat flux to recognize
the optimum CNT and surfactant concentration needs to be worked upon [102]. Nanoparticle
surface tension variation with particle concentration is given by [101] shown in fig 16. In
general, just like concentration, as temperature increases surface tension decreases.

It can been seen from the fig. 16 that value of surface tension is high at low concen-
tration of nanofluids. Surface tension decreases as concentration have an inverse relation up to
certain limit after which this effect has not been seen.
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According to [100] as con- 0.08 ® Silicon bismuth telluride - 10.4 nm (102)
centration Increases, surface ten- Eo0075 A Glass bismuth tellride - 10.4 nm (102)
sion also increase but [101] 2 ool " x Silicon bismuth telluride - 2.5 nm (102)
pointed out that delay in CHF, § © + Silicon bismuth telluride - 2.5 nm (102)
especially for carbon nanotubes, ¢ o065
is due to relaxation of surface § il |
tension. In general as tempera- &
ture increases surface tension 50.055 n
decreases just like concentration 2 s a 4 a
increases surface tension increas- %
es  0.045 X X LI X

. z o X

. 0.04

Quenching 45 6.5 85 105 125 145

Quenching is very important -Ln (Concetration)

whenever there is rapid solidifi- Figure 16. Variation of effective surface tension with nanofluid

cation and heat treatment in nu- concentration [102]

clear reactor. Quenching occurs when a high temperature system/job is cooled quickly. All
boiling mechanisms can be observed in quenching process. Fewer studies for the quenching
behaviour of nanofluids have also been conducted. Experiments were conducted on silver
sphere with 10 mm diameter using Ag and TiO, nanoparticle in water based nanofluids. It is
found that there is a quick quenching of hot sphere due to vapour film forming around it. Hot
sphere quenched more rapidly through nucleate boiling than film boiling [103]. Experiments
were conducted with SiO,-water nanofluids which quench a vertical cylinder for the pool
boiling heat transfer experimentation at saturation temperature and atmospheric pressure.
Four different concentrations (0.001, 0.01, 0.05 and 0.1 vol.%) of SiO,-water and pure water
were used as a coolant. It is investigated that cooling behaviour of SiO, water nanofluid and
pure water is similar. Boiling heat transfer decreases in nucleate pool boiling region as com-
pared to pure water due to deposition of nanoparticle [55].

Increasing the GON nanofluid concentration, static contact angle shows the varia-
tion of surface wettability in the investigation of transient pool boiling of aqueous nanofluids
with GO nanosheets [42]. Experimental investigation was carried out with CNT of various
sizes for the quenching of hot stainless steel. Different sizes of multi-walled carbon nanotubes
(MWCNT) ranging from 1 pm to 5 pm in length with 30 um to 60 um in diameter were used.
The concentrations of MWCNT were fixed as 0.5%. They found that due to discrepancy in
the sizes of CNT in nanofluids CHF and Leidenfrost point (LFP) are enhanced. They reported
that most significant effects on boiling behaviour were observed with 5 pm length and 60 pm
size CNT [104].

According to [102] hot spheres quenched more rapidly due to vapour film formed
around them as compare to sphere having no film. In [55] concluded that quenching behav-
iour of sphere is same in both water and nanofluids and boiling heat transfer decreases in nu-
cleate pool boiling region. In [42] reported that formation of microlayer is main reason for
enhancement of CHF in quenching. In [103] reported that discrepancy is the core reason in
the enhancement of both CHF and LFP which is due to the sizes of nanoparticle in nanofluids.

In summary, influence of thermal transport properties has not played any vital role
on the delay in the occurrence of CHF. However, at low concentration, these were observed to
plays a role. Therefore, with low volume fraction and smaller size in particle for further inves-
tigation of their properties is needed to make conclusive statement on the CHF enhancement.
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Other effects

The HTC enhances using the SiO2-water nanofluid as a coolant in miniature plate
fin heat sink. Aspect ratio and HTC are directly proportional to each other [105].

Three different nanofluids namely Al,O;-water, TiO,-water, and CuO-water used in
circular channel having 400 um diameter and block dimension 10 mm x10 mm % 4 mm.
CuO-water nanofluids showed significant increase in thermal performance as compared to
Al,O3 and TiO,. Authors observed that 13.15% enhancement in heat flux occurred at 4 vol.%
of CuO water nanofluids [106]. An experimental investigation was carried out using low con-
centrations (<1 g/l) of nanofluids. Nanoparticle deposition on heater surface increases heat
transfer [23]. Trapezoidal micro-channel has inferior efficiency to triangular micro-channel
but superior to rectangular SiO,-EG nanofluids have highest Nusselt number. As diameter of
nanoparticles increases Nusselt number decreases. On the other hand Nusselt number increas-
es with volume fraction [107]. Experimental investigation was carried out on bare and scale
small diameter wire at earth gravity conditions. Calcium carbonate was used as a scale depo-
sition on both wires. Authors concluded that NBHTC was same at both microgravity and
earth gravity conditions. Scale wire gives higher CHF as compared to bare wire [108]. Hy-
drophilic and hydrophobic patterns on smooth and flat surfaces enhance heat transfer. They
found that CHF and heat transfer enhancement of the enhanced surfaces were 65% and 100%
higher respectively when compared to hydrophilic surface when the wetting angle is 7° [109].
Hydrophobic and hydrophilic regions are shown in fig 17.

¥le ®

d=40um

Hydrophobic i Hydrophaobic
network (+) network (-)

Figure 17. Typical micrographs (a) and (b) of surfaces with hydrophilic black
and at low superheat, bubbles typically nucleate at the interface between
areas of different wettability (c)

p=100um

Experiments were conducted on vertical and inclined mini-channel configurations
on copper surface. Surface with more depth and high surface augmentation reached a maxi-
mum heat flux of 150 W/cm®, whereas CHF enhancement of 65% was seen over a PS [110].
The TiO,-water nanofluid was used to enhance pool boiling heat transfer. The TiO, nanopar-
ticle improves the surface wettability as compared to clean surface [77]. An experimental in-
vestigation was carried out with y-Fe,O; water nanofluid. Deposition of nanoparticle on plati-
num wire p-Fe,O; improves surface wettability [48]. An experimental investigation was car-
ried out with Al,O;-water nanofluid on 10 mm plain copper heater. Authors reported that
deposition of alumina particle creates a layer on heating surface which improves surface wet-
tability [53]. An experimental investigation was carried out with alumina/water nanofluid
with .01 vol.%. Increased wettability and hydrodynamic instability changes CHF value [41].
Boiling heat transfer and CHF is affected by surface deposition of SiO,/water nanofluid. Dep-
osition of nanoparticle on the heating surface changes the quenching process. This increases
surface wettability and CHF [55].
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The Al,Os-water nanofluid with Ni-Cr wire heater was analysed. Decrease in porosi-
ty increases CHF [41]. Average roughness of surface is dramatically deteriorated by increas-
ing the concentrations of nanofluid in base fluid [91]. Experiments were conducted on hori-
zontally oriented surfaces to check their effects on enhancement of heat transfer. Authors
concluded that as surface roughness changes the CHF also changes. When the roughness val-
ue becomes 6 CHF values reaches almost to 208 W/m” [111]. Experimental investigation was
carried out with TiO, nanoparticle for the relation between CHF enhancement and macro lay-
er creation on heater surface. Creation of thicker micro layer due to deposition of TiO, in-
creases heat transfer [57]. Experimental investigation was carried out with Al,O;-water eth-
ylene glycol nanofluid. Authors reported that thicker macro layer is formed due to the higher
concentrations of nanofluids on heating surface [69]. Bare and fouled wire is used to enhance
boiling heat transfer. Calcium carbonate was used as a scale deposition on both the wires. For
earth gravity, when the heat flux was same for both wires, vigorous bubbling was observed on
the fouled wire compared to that on the clean wire [108]. Using Al,O; and Fe;04 base water,
bubble frequency increases approximately two times as compared to pure water. This bubble
frequency reverted hot spots on heating surface [44]. Cumulative density of active nucleation
sites varies as q° irrespective of the degree of wettability of the surface [112]. Addition of na-
noparticle concentration in base fluids can increase the thermal conductivity of any base fluid.
An experiment was conducted with 50 vol.% water and 50 vol.% ethylene glycol with func-
tionalized single walled carbon nanofluids (F-SWCNF). Different volume concentrations
(0.025, 0.055, 0.08, 0.0125, 0.25, 0.53, and 0.65%) of F-SWCNF were used for suspension.
Authors concluded that comparing the oxide nanofluid of alumina/water-EG (50:50 vol.%)
with SWCNF, it was observed that SWCNT have superior thermal conductivities. On the oth-
er hand by adding 0.65% SWCNTs to the EG-water solution at 50 °C, thermal conductivity
increased up to 52.7% [113].

Correlations used by different researchers for
pool boiling

This section gives some of the basic correlations used to find out the CHF and HTC
of water and nanofluids used in pool boiling.

Table 5. The HTC and CHF correlations

Ref. Correlation Surface
1 S lished copper
" _ 1/4 quare polis pp
[114] 9" cur,z = 0-131hiwpv2lgo (py = py)]"/ surface
T 1 When bare nickel wire
" - _ 1/4
[115] Q" cur = 57 Mrgpv2 190 (o1 = pv)] boiling in water
1 1/3
[116] 0" = wh [g (p — Pv)]z Cpt (Tt = Tsqr) / When bare nickel wire
— g o) Cny Heg PT* boiling in water (BHT)
_ 1/4 When horizontal plate
o
[11118§ Qlur = Cpghsg [M] heater is used as boiling
Pg surface

B i 1+Cosp\ [2 05| When functionalized
[119]| qc = hgg Vpv?go(p, — py) BT ;+ 1 (14 CosB)Cost nanofluids are used on

smooth heated surface

%
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Table 5. Continuation

Ref. Correlation Surface
qe When various working
[120] =0.131 fluids are used on the
heg pv°3 [og(pr — py)]'/* plain metal surfaces.
Zuber CHF correlation
— 1/4 for pure water at 1
s o
[114] denr = ﬁpghfg [M} atmogphere.pre.ssure
Pg when Ni-Cr wire is use as

boiling

Gene :(9)~RT0]
%qu/zhfg[gU(Pf ~ Py ):|1/4 27

[121] _3[o/a(pi—p,)]"

A 0 12
" Va
Ocnr = ghfg [ﬁmg]

Hydrodynamic instability
CHF prediction model for
porous heating surface

" s 4
[114] dchHFz = 24 P;thg 4’90 (Pf _Pg)

When infinite upward-
facing, horizontal flat
plate used for heating

CHF.Z 9o — py)

1/16
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of heater surface is
counted in water with
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Conclusions

A comprehensive study of the experimental results regarding the pool boiling behav-
iour of nanofluids presented in the literature has been reported here. Various properties in-
cluding the thermophysical properties of nanofluids and the boiling surface properties, as well
as their mutual interactions are the factors affecting the pool boiling heat transfer of nanoflu-
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ids. Researchers have tried to explain the reasons for the contradictory results. Based on the
research literature, the following conclusions are drawn.

Increasing the nanoparticle concentration increases the Boiling HTC and CHF upto cer-
tain level beyond which boiling HTC deteriorates but does not affect CHF.

Number of nucleate sites increases boiling heat transfer. More active cavities enhance
more boiling heat transfer. Blocked nucleation sites decrease boiling heat transfer.
Thermal conductivity effects are dominant than effect of nanoparticle layer on the boiling
surface at low concentrations that is why HTC is higher at low concentrations.

At high concentrations formation of extra thermal resistance decreases the HTC.

During the nanofluids boiling, deposition of nanoparticle on heat transfer surface changes
the microstructure and topography which are primary reasons of enhancing heat transfer.
Deposition formed on heating surface changes the surface wettability, capillary wicking
performance and surface roughness of boiling surface which increases heat transfer
(BHT).

Formation of vapour film around hot sphere during quenching process increases the boil-
ing heat transfer.

Active nucleation sites decrease with nanoparticle layers which significantly increases
surface wettability (or less contact angle).
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Nomenclature

d — thickness of thin film layer inside pore, v — vapor
[mm]

dy — bubble departure diameter Greek symbols

f — frequency o — surface tension

fb — bubblele departure frequency Am — modulation wavelength

g — gravitational acceleration Y7 — viscosity, [nsm™]

h — enthalpy L — fluid viscosity

hrg — evaporation heat o — density of liquid

Iv — heat of vaporization o¥ — density of vapour

k - thermzal cl:onductivity of liquid, ) — nanoparticle volume fraction

[wm k)
N, — number of active nucleate site density Acronyms

P, — Prandtl number ASNPS- alumina sponge-like nanoporous

q" — heat flux structure

Omax  — heat flux at the onset of film boiling BHF - burnout heat flux
(hydrodynamic CHF/local dryout) CHF  — critical heat flux

Omaxy — Zuber’s CHF prediction for infinite CNT - carbon nanofluid
horizontal flat plates DEG - diesel electric generator

R' — dimensionless radius EV  — ethylene glycol

AT — temperature difference GO  — graphene oxide

. GON — graphide oxide nanosheets

Subscripts HTC - heat transfer coefficient

b — bubble IVR  —in-vessel retention

bf — base fluid LSMO - Lag 7Sty 3MnOs

nf — nanofluid MFHP — miniature flat heat pipe

g — gas MNP - magnetic nanoparticles

1

— liquid MWNF- magnetite-water nanofluid
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OA  —oleic acid SDS - sodium dodecyl sulfate
RGO - reduced graphene oxide SDBS -—sodium dodecyl benzene sulphonate

SAM - self-assembled monolayer
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