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Many industrial applications recently are utilizing from the pool boiling to 

treat heat, including power plants, cooling and refrigeration  applications, 

and electronics cooling applications like data centers. The high efficiency 

of pool boiling is becoming very important to improve and develop 

systems performance and to lessen the fuel and energy loss or 

consumption. This literature review gathers the existing knowledge as 

possible on the pool boiling enhancement techniques. Paying attention on 

the challenges and development associated with these techniques. The 

examination involves studying basic principles of pool boiling focusing 

on factors like heat transfer rate and the technical specifications for surface 

and fluids. Then, it goes deeper reviewing the methods of enhancement, 

including surface treatment methods, surface modification and liquid 

physical properties. The goal of this review is to propose as a valuable 

resource for researchers, engineers, and students seeking a comprehensive 

understanding of the current state of pool boiling enhancement techniques. 

By strengthen diverse research findings and identifying gaps in 

knowledge, this review contributes to the ongoing pursuit of more efficient 

and sustainable heat transfer solutions for diverse industrial 

applications.The abstract needs to summarize the content of the paper. 
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Nomenclature 
 

A ¼ dispersion constant 

C g ¼ mass fraction of noncondensable (¼qg=qm) 

c p ¼ specific heat capacity at constant pressure 

(J/kg K) 

D ¼ diffusion coefficient (m2/s) ~g ¼ gravity 

vector (m/s2) 

ge ¼ Earth’s normal gravity (m/s2) H ¼ Heaviside 

step function 

h ¼ grid spacing for macro region 

h ev ¼ evaporative heat transfer coefficient (W/m2 

K) 

hfg ¼ latent heat of vaporization (J/kg) k ¼ thermal 

conductivity (W/m K) L ¼ width of computational 

domain (m) l o ¼ characteristic length scale (m) 

M ¼ molecular weight (g/mol) 

p ¼ pressure (Pa) q ¼ heat flux (W/m2) 

R ¼ radius of computational domain or bubble (m) 

R o ¼ radius of dry region beneath a bubble (m) R1 

¼ radial location of the interface at y ¼ h/2 (m) 

R ¼ universal gas constant (J/mol K) r ¼ radial 

coordinate (m) 

T ¼ temperature ( C or K) t ¼ time (s) 

t o ¼ characteristic time scale (s) 

 

Introduction 

Pool boiling is a heat transfer process which 

includes the boiling of a liquid on a heated surface 

in a pool of the same liquid. [1] One of the first 

researchers to investigates the effects of various pool 

boiling enhancement techniques on water at low 

pressure using Rectangular fins, fluidized 

particulate beds, and surface finishes. The pool 

boiling phenomena which have been researched 

because of its effective dissipation of heat and its 

wide uses of applications in different sectors such as 

space craft cooling, and nuclear reactors cooling. 

The pool boiling process consists of the creation and 

expansion of vapor bubbles on the heated surface, 

which eventually detach up to the surface, resulting 

in the cooling effect. An assessment of the 

effectiveness of heat transfer in pool boiling 

typically involves the examination of factors like the 

heat transfer coefficient and critical heat flux (CHF) 

[4]. Studying the mechanisms and optimizing heat 

transfer in pool boiling holds significant importance 

in enhancing the effectiveness of heat transfer 

systems. 

One method is the use of surface structure 

modification, such as micro/nanostructures, to 

increase the active nucleation site density and 

promote bubble growth and departure [5] [6] 

Another method is the use of modified surface 

specification or can be called as surface treatment, 

which can improve pool boiling performance by 

improving wickability and facilitating micro-

convection [7]. Additionally, numerical simulations 

have been employed to study pool boiling 

phenomena and optimize heat transfer [4] [8]. 

In recent years, there has been a significant surge in 

interest in improving heat flux within the realm of 

boiling heat transfer methodology. This interest 

stems from its considerable potential to mitigate 

risks associated with nuclear power plants and to 

optimize the performance of direct steam generators. 

[9],[10] ,[11]. Fig. 1. 
 

 
Figure 1. Chart shows the research article trend in pool 
boiling heat transfer.[12] 
 

The importance of pool boiling studies in the new 

era of industrial evolution is vital, as the new 

electronics generations, high efficiency processors, 

nuclear reactor etc.. is developing very fast, Also the 

need of the reduce power consumption and lowering 

the operational costs and taking climate change into 

considerations as pool boiling meets the requirement 

of what industry needs. 

Pool Boiling Enhancement Techniques 

Pool boiling enhancement techniques involves 

surface structure design, using nanofluids, and 

modifying surface. Surface structuring means 

include creating micro-pillar surfaces, micro-pin-

fins, and micro-finned structures to improve  (HTC) 

and (CHF) [2] [13]. Nanofluids, which are base 

fluids with solid nanoparticles, have been utilized to 

enhance heat transfer performance in pool boiling. 

Different types of nanofluids, such as TiO2, Al2O3, 

CuO, Fe3O4, ZnO, and SiO2, have been used to 

enhance HTC and CHF. Surface modification 

techniques, such as electro-coating, etching, and 

acid-etching, have also been utilized to enhance pool 

boiling heat transfer. These techniques have shown 

improvements in HTC and CHF by changing surface 

roughness and creating super-hydrophobic surfaces 

[7] [14]. Overall, these techniques aim to improve 

the heat transfer performance in pool boiling 

applications. 

In this work we will review the pool boiling 

enhancement techniques used in heat transfer 

applications. Thereafter, I will provide the results 
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obtained from such techniques and their validation 

with data from experiments. The importance of this 

review comes in this period where there is a gap in 

the related researches articles and reviews, also it 

comes when the need for such review is very useful 

as the use of pool boiling techniques is trending to 

cool electronics and batteries of many applications. 

Mainly all the different pool boiling enhancement 

techniques falls in two categories which is the 

modifying the surface morphology and    

manipulation of surface features or other methods 

that used both techniques.  

 

1. Modifying the Surface Morphology 

 

Modifying the surface morphology is a pool 

boiling enhancement technique that involves 

altering the physical characteristics of the heating 

surface to improve heat transfer and CHF during 

pool boiling. The surface morphology can be 

modified in various ways, such as by introducing 

surface roughness, creating artificial nucleation 

sites, or using extended surfaces or fins [15]. 

 

Table 1. A summary of selected group of studies on CHF enhancement of different surfaces treatments in saturated 

pool boiling for the last ten years. 

Reference Testing Surface Test fluid Enhancement Method Results gained 

Patil et al. 

2014 [19] 

10 mm × 10 mm 

copper chips, 

specifically referred 

to as Chip 9 and Chip 
12 with different 

microchannel 

geometries 

Water combined effect of 

electrodepositing 

microporous coatings on the 

fin tops of microchannels. 

A maximum critical heat 

flux (CHF) of 3250 kW/m 2 

was obtained for Chip 9 with 

fin width = 200 μm, channel 
width = 500 μm and channel 

depth = 400 μm at a wall 

superheat of 7.3 °C. 

Mori et al. 

2015 [20] 

large heated surface 

on which the effects 

of the honeycomb 

porous plate and/or 

nanoparticle 
deposition were used. 

The TiO2 

nanoparticles 

(Aero-sil 

Corporation, 

Aeroxide TiO2 
P 25) 

Surface modification Under the best performing 

surface modifications, the 

CHF for 10-mm-, 30-mm- 

and 50-mm-diameter 

surfaces was enhanced up to 
3.1, 2.3, and 2.2 MW/m 2, 

respectively 

Jaikumar et 

al. 2015 
[21] 

enhanced copper 

surface with porous 
fin tops on open 

microchannels, 

FC-87 Surface modification achieving a maximum 

Critical Heat Flux (CHF) of 
37 W/cm2, representing a 

270% enhancement 

compared to a plain chip 

Minseok 

Ha et al. 

2016 [22] 

hierarchical copper 

microporous 

structures 

DI water patterning the microporous 

copper to allow vapor to 

escape 

significant increase in 

critical heat flux (CHF) for 

unpatterned microporous 

structures compared to flat 

surfaces, as well as a 412% 
increase in CHF and a 

significant decrease in 

surface superheat for 

patterned microporous 
copper. 

Kaniowski 

et al. 2017 

[23] 

Copper surfaces were 

modified to form 

microchannels with 
different geometrical 

properties. 

Saturated 

deionized water 

and Novec-649 

Modification of copper 

surfaces to form 

microchannels 

The maximum heat transfer 

coefficient obtained 

exceeded 60 kW/m2 K. 

Gheitaghy 

et al. 2017 
[24] 

horizontal circular 

surface with 
wirecutted inclined 

minichannels 

configurations 

saturated water the implementation of 

wirecutted inclined 
minichannels configurations 

on copper surfaces, with a 

focus on increased channel 
depth, decreased pitch, and 

orthogonal intersection of 

minichannels 

The orthogonally intersected 

minichannels exhibited the 
highest HTC and CHF, with 

improvements of up to 

170% and 65% compared to 
the plain surface. 

Nirgude et 

al. 2017 

[25] 

copper test sections 

with orthogonally 

intersecting tunnel 

structured surfaces. 

water and 

isopropyl 

alcohol. 

development of orthogonally 

intersecting tunnel structures 

with varying dimensions on 

copper test sections using 

orthogonally intersecting 

tunnel structures 

significantly affect heat 

transfer performance, 
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wire-electric discharge 

machining (Wire-EDM) 
process. 

enhancing boiling heat 

transfer performance and 
reducing wall superheat 

Ha et al. 

2017 [26] 

microporous surfaces. deionized (DI) 

water. 

Surface modification modulating the vapor-jet 

through the pore network 

increases Critical Heat Flux 
(CHF) compared to a flat 

surface, based on 

hydrodynamic theory. 

Udaya 

Kumar et 

al. 2018 

[27] 

copper substrate 

coated with graphene 

and carbon nanotubes 

FC-72 the growth of carbon 

nanotubes (CNT) over the 

Graphene (Gr) coated copper 

substrates using the PECVD 

technique. 

significant improvement in 

heat transfer coefficient 

(155%), critical heat flux 

(40%), and reduction in 

boiling incipience superheat 
(62%) 

Shen et al. 

2019 [28] 

polished copper 

surface 

ethanol deposition of 

superamphiphobic coating of 

modified halloysite 
nanotubes (HNT) with 

fluoropolymer 

dramatic improvement in 

boiling heat transfer on the 

coated surface, a drop of 
more than 35% in the onset 

of nucleate boiling, and a 

maximum heat transfer 

enhancement over 300% at 
20 K surface superheat. 

Može et al. 

2020 [29] 

Aluminum alloy disc 

with a diameter of 18 

mm and a thickness of 
4 mm 

Saturated water 

at atmospheric 

pressure 

The combination of chemical 

vapor deposition of a 

fluorinated silane to achieve 
superhydrophobicity and 

nanosecond laser texturing to 

render selected areas 

superhydrophilic. 

significant increase in 

critical heat flux (CHF) and 

heat transfer coefficients at 
medium and high heat 

fluxes. 

Elkholy et 

al. 2020 

[30] 

printed porous 

samples or fixtures 

used in the boiling 

experiments. 

deionized 

water. 

additive manufacturing (AM) 

to produce low-cost, porous 

polymer fixtures 

increase boiling heat transfer 

coefficient at low heat fluxes 

by approximately 80%. And 

increasing the unit cell size 
was found to enhance the 

critical heat flux (CHF) by 

approximately 28% 

compared with the bare 
surface. 

Moghadasi 

et al. 2022 

[31] 

fabricated copper 

surfaces and modified 

surfaces using surface 
photolithography 

saturated water 

at atmospheric 

pressure 

Surface modification he study demonstrates that 

heat dissipation increases 

with higher additional area 
and active nucleation sites 

densities 

Song et al. 

2022 [32] 

silicon. high-purity 

deionized 
water. 

Surface Modification (sand 

blasting) 

significant improvements in 

critical heat flux and heat 
transfer coefficient with 

sandblasted surfaces, and a 

stronger correlation of CHF 

enhancement with the 
unified descriptor. 

Li et al. 

2022 [33] 

pillar-structured 

surface 

dielectric fluids the application of mixed 

wettability to the pillar-
structured surface in 

combination with the 

imposition of an electric 

field. 

elay of boiling crisis, 

promotion of bubble 
departure on the pillar tops, 

and improvement of critical 

heat flux (CHF) and heat 

transfer coefficient through 
mixed wettability. 

Bulut et al. 

2023 [34] 

copper chip with 

various modifications, 

including 
microchannels, 

degassed water. Surface modification he best heat transfer 

performance observed on the 

pin-fins chip, with a heat 
flux of 243.75W/cm2 at 

15.46°C, and the highest 
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sintered surfaces, and 

pin fins 

heat transfer coefficient 

(HTC) of 181.03 kW/(m2 
oC) at a heat flux of 172.61 

W/cm2 for the microchannel 

with single pin-fins. 

Wang et al. 

2023 [35] 

surface with an 

extended thin film 

(ETFS) 

Ethanol. Surface modification a significant CHF 

enhancement, the increase in 

CHF by approximately 

110% compared to PS and 

45% compared to the 
traditional pin–fin surface, 

and the identification of an 

optimal extended film height 

of 4.0 mm for maximum 
boiling heat transfer 

performance. 

Studies have been done for years on 

improving critical heat flux and heat transfer 

coefficient in pool boiling through surface 

modification, and researches are still ongoing. The 

modified Zuber hydrodynamic stability model been 

used for the analysis. [16], different factors can 

improve pool boiling effect. [17], i.e. There are 

different effects that can enhance heat transfer by 

modifying the heating surface, such as (a) increased 

surface area, (b) density of nucleation sites, (c) 

wetting properties, (d) reduction of instability 

wavelength and (e) capillary spreading or wicking. 

However, the exact role of each effect has not been 

demonstrated yet. Researchers have discovered many 

methods to enhance one or more factors for altering 

the heating surface and improving the heat transfer. 

It is still unclear how much each effect contributes to 

CHF enhancement. Several techniques that combine 

various methods for increasing CHF have been 

suggested. Table 1 demonstrate a summary of a 

number of studies on enhancing CHF by modifying 

the surface of a flat plate, grouped by the way of test 

fluid used, such as water, refrigerant, or organic fluid. 

[18] 

Generally speaking, there exist two categories of 

surface modifications with regards to enhancing pool 

boiling, as indicated by current studies. The initial 

category involves the deliberate alteration or 

optimization of the heating surface in advance, 

encompassing actions like expanding surface area, 

augmenting nucleation site density, and introducing 

nanoparticles into the fluid, all of which are 

considered passive approaches. Conversely, the 

alternative approach involves the creation of 

specialized surfaces capable of dynamically 

adjusting their geometric properties or 

characteristics, such as wettability, throughout the 

boiling process; as a result, an improvement in 

HTC/CHF can be achieved without any degradation 

in CHF/HTC. [36].  

Enhancement of heat transfer in pool boiling is 

consistently a notable and well-discussed subject 

matter. [37]. A range of studies have explored the use 

of modified surface morphology to enhance pool 

boiling heat transfer. [38] found that parabolic and 

stepped microchannels significantly improved heat 

transfer, with the latter showing a 169% 

enhancement. [39] similarly observed that wider and 

deeper microchannels, as well as thinner finned 

surfaces, led to better heat transfer. [40] and [41] both 

highlighted the role of surface finishes and 

wettability in reducing wall superheat temperatures 

and enhancing critical heat flux. [42] manufactured 

3D thin wall grid structures using the selective laser 

melting technique on stainless steel with the aim of 

enhancing boiling. The findings revealed that the 

highest CHF value (303 W/cm2) observed in these 

instances was threefold greater than that of a smooth 

surface. The confinement of bubbles and dry-out 

spots near the surface, along with a reduction in flow 

resistance, was attributed to the 'partition effect'. 

Furthermore, an analysis of the mechanism behind 

the enhancement of CHF in these specimens was 

conducted by the authors, focusing on resistance 

limits and hydrodynamic instability.[43] 

manufactured hollow conical structures using 3D 

printing for the purpose of separating the liquid-vapor 

flow passage. This configuration is illustrated in Fig. 

2(a) and (b). Subsequently, an enhancement in 

boiling performance was observed. 

 [44] The study presented copper pillars surfaces that 

were textured with various geometric arrangements 

using the supersonic spray-coated technique. The 

investigation focused on the performance of these 

surfaces in enhancing boiling heat transfer. The 

authors identified an optimal pyramid-base size of 

0.91 mm on each side, which correlated with the 

highest values for HTC and CHF. Furthermore, the 

specific geometric arrangement was observed to 

promote bubble nucleation, resulting in the 

maximum HTC and CHF recorded at 20.2 kW/(m2 

⋅K) and 285 kW/m2, respectively, among the 

patterned surfaces. In comparison, the plain surface 

exhibited significantly lower values of 6 kW/(m2 ⋅K) 

for HTC and 189 kW/m2 for CHF. [45] the research 

findings illustrated that the honeycomb-structured 

surfaces exhibited an increase in Critical Heat Flux 
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(CHF) of over two times when compared to a smooth 

surface. 

 

 
 

Figure 2.  Schematic diagrams of pathways of liquid 

and vapor [43] and (d) photos of samples. 

 

[46] examined was the application of a copper 

cylinder at a centimeter scale as a heating surface; 

the outcomes indicated enhancements in both 

Critical Heat Flux (CHF) and Heat Transfer 

Coefficient (HTC) to some extent. Furthermore, 

certain scholars enhanced the process of nucleate 

boiling by using densely packed ferromagnetic 

beads. [47]. While some research has been carried 

out on macroscopic structured surfaces, it appears 

that studies in this area have experienced a 

significant decrease in enhancing boiling heat 

transfer. This decline can be attributed to the 

superior outcomes obtained through 

micro/nanofabrication methods and the increasingly 

stringent demands in contemporary applications. 

Calculating CHF of pool boiling experiments 

used surface modifications 
 

 Rohsenow and Griffith bubble model of 

interference In 1955, [48] proposed a model for pool 

boiling CHF based on the trigger mechanism of 

bubble interference. The model assumes that 

circular vapor bubbles are separate and close 

together at first, and predicts that CHF will happen 

when the bubbles merge sideways and cover the 

surface with vapor. The model was expressed by the 

relation  

                   𝑞"𝐶𝐻𝐹 = 0.012 𝜌𝑔 ℎ𝑓𝑔  ( 
𝜌𝑓 −  𝜌𝑔

𝜌𝑔
)

0.6

                       (1) 

 

 

[49] showed another way, which, similar to that 

of Rohsenow and Griffith, relies on individual bubble 

interference. 

𝑞"𝐶𝐻𝐹 =
1

2
 (

π

6
)

5
6

 (0.0119 𝛼)
1
2 𝜌𝑔ℎ𝑓𝑔 [

2𝜎𝑔(𝜌𝑓 − 𝜌𝑔)

𝜌𝑔
2 ]

1
4

          (2) 

 
Zuber hydrodynamic instability model 

 

Table 2 shows how different researchers suggest 

numerical values and/or empirical relations for 

dimensionless parameter K of the Kutateladze-Zuber 

equation for the horizontal, upward-facing orientation. 

[50] 

 

 

 

 

Table 2. Summary of dimensionless CHF for horizontal upward-facing surfaces based on the Kutateladze-Zuber equation. 

[50] 

Author(s) Dimensionless CHF 

Zuber  [51], [52] K = 0.131 

Lienhard and Dhir [53][54] K = 0.149 

Chang [55] K = 0.13 

Watwe and Bar-Cohen [56] 

𝐾 =  
𝜋

24
(

𝑠

𝑠 + 0.1
) {1 + (0.3014 − 0.01507 𝐿 √

𝑔(𝜌𝑓 − 𝜌𝑔)

𝜎
)}

∗ {1 + 0.03 [(
𝜌𝑓

𝜌𝑔

)

3
4 𝑐𝑝𝑓

ℎ𝑓𝑔
] Δ𝑇𝑠𝑢𝑏} 

Kirichenko and Chernyakov [57] 
𝐾 = 0.171 

(1 + 0.324 ∗  10−3𝑋2)1/4

(0.018)1/2
 

Ramilison et al. [58] 𝐾 = 0.0044(𝜋 − 𝛼)3𝑅𝑎
0.12 

Bailey et al. [59] K = 0.17 

Kim et al. [60] 𝐾 = 0.811 (
1 + cos 𝛼

16
) [

2

𝜋
+

𝜋

4
(1 + cos 𝛼) +

351.2 cos 𝛼

1 + cos 𝛼
(

𝑅𝑎

𝑆𝑚
)]

1
2
 

Wang et al. [61] 𝐾 = [0.18 − 0.14 (
𝑃

𝑃𝐶
)

5.68

] 

Soziev and Khrizolitova [62] 𝐾 = 0.16 {1 +
[𝜎𝑔(𝜌𝑓 − 𝜌𝑔)]

1
2

𝑃
}

1/2
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Borishanskii [63] 𝐾 = 0.13 + 4 {
𝜌𝑓𝜎

3
2

𝜇𝑓
2[𝑔(𝜌𝑓 − 𝜌𝑔)]

1
2

}

−2/5

 

2. Manipulation of Surface Features Using 

Nano Technology 

The concept of utilizing nanofluids in pool boiling 

to enhance the cooling systems was first studied by 

[64] This text explains how boiling heat transfer is 

improved by using copper nanoparticles, which have 

high thermal conductivity. Fig. 6 shows different 

nanofluids used in pool boiling experiments, such as 

alumina, silica, titania, and other materials. Many 

studies have used these nanofluids to increase CHF, 

and some results show that alumina and copper 

nanofluids can raise CHF by 171% and 176% 

respectively compared to water [65]. Research in the 

field of pool boiling enhancement through 

manipulation of surface features using 

nanotechnology has shown promising results. [66] 

demonstrated a 200% improvement in boiling heat 

transfer coefficient by electrophoretic deposition of 

ZnO nanoparticles. [67] critically reviewed the 

implementation of nanostructures on surfaces for 

enhanced boiling performance, emphasizing the need for 

further research. [27] discovered that growing carbon 

nanotubes over graphene-coated copper substrates 

significantly improved heat transfer coefficient and 

critical heat flux. [12] highlighted the potential of 

nanostructured surfaces and nanofluids in enhancing 

pool boiling, calling for improved correlation 

between modified surface properties and heat flux. 

[68] measured how well copper oxide nanoparticles 

water nanofluids can transfer heat by boiling. They 

looked at how different surfactants as additives 

affect this heat transfer, and also how the applied 

heat and nanofluids concentrations change it. They 

found that nanofluids had much lower heat transfer 

than water without surfactants. 

 
Figure 3. Nanofluids used in experimental investigation 

of pool boiling heat transfer [12] 
 

[69] experimentally studied the pool 

boiling from flat copper heating surface for Al2O3 

based water nanofluids within a range of 

concentrations of 0.01–0.5% Vol. Nanofluids 

boiling tests have been followed by water boiling 

tests on the same modified surfaces. They found that 

using the highest concentration nanofluids to create 

a nanoparticle-deposited surface led to higher 

PBHTC when water boiled on that surface. 

[70] and [71] did experiments on pool 

boiling of ceria and tungsten oxide nanofluids in 

water with different amounts. They used a copper 

tube to heat the water and changed the heat and 

surface roughness. Results showed that ceria 

nanofluids improved heat transfer with 115 nm 

roughness and low heat for 0.007% concentration. 

But tungsten oxide nanofluids only improved heat 

transfer with 0.01% concentration and reduced it 

with 0.05%. This was because of how the 

nanoparticles changed the surface at different 

concentrations and roughness. Table 3 shows a 

summary of recent pool boiling experiments. 

These studies collectively underscore the 

potential of nanotechnology in enhancing pool 

boiling performance. 
 

Table 3. Summary of as selected experimental studies on pool boiling heat transfer using nanofluids last ten years.

Reference Testing Surface Testing Nano Fluid Particle size, 

[nm] 

Enhancement 

Method 

Results gained 

Tang et al. 2014 

[72] 

horizontal flat 

square copper 

surface 

suspending δ-

Al2O3 

nanoparticles in 
base fluid 

refrigerant 141b 

(R141b) 

- se of δ-Al2O3 

nanoparticles 

suspended in 
base fluids 

refrigerant 141b 

at different 

concentrations 
with and 

without 

surfactant 

SDBS. 

that δ-Al2O3 

nanoparticles 

enhance the 
pool boiling 

heat transfer 

characteristics 

for R141b at 
concentrations 

of 0.001 vol.% 

and 0.01 vol.% 

with and 
without the 

surfactant 

SDBS, but 
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deteriorate the 

characteristics 
at 0.1 vol.% 

concentration 

without the 

surfactant 
SDBS. 

Sarafraz et al. 
2015 [68] 

the heating 
section, and its 

roughness is 

strongly 

controlled by 
the nanofluid 

concentration 

due to the 

deposition of 
nanofluids. 

dilute copper oxide 
water-based 

nanofluids at mass 

concentrations of 

0.1–0.4%. 

50 Surface treatmnt include pH 
control, stirring, 

sonication, and 

the use of 

surfactants. The 
surfactants led 

to a higher pool 

boiling heat 

transfer 
coefficient 

compared to the 

absence of 

surfactants. 

Manetti et al. 2017 

[73] 

copper surface 

with different 
roughness 

values, one 

corresponding 

to a smooth 
surface (R a = 

0.05 μm) and 

another one to 

a rough surface 
(R a = 0.23 

μm). 

Al2O3-water based 

nanofluid with 
average particle size 

of 10 nm, tested at 

concentrations of 

0.0007 vol.% and 
0.007 vol% 

10 nm different volume 

concentrations 
of nanofluids 

nanofluids can 

effectively 
enhance the heat 

transfer 

coefficient 

(HTC) during 
pool boiling, 

especially for 

low volumetric 

concentrations 
and moderate 

heat flux 

Karimzadehkhouei 

et al. 2017 [74] 

- TiO2 

nanoparticles/water 

and CuO 

nanoparticles/water 
nanofluids. 

The particle 

size of the 

nanofluid is 

reduced when 
nanoparticles 

are added to 

the base fluid. 

the addition of 

TiO2 and CuO 

nanoparticles to 

water to 
improve pool 

boiling heat 

transfer 

he heat transfer 

performance was 

improved when 

TiO2 
nanoparticles 

were added to 

pure water, with 

the lowest mass 
fraction 

(0.001%) 

showing the 

largest 
enhancement of 

around 15% 

Abedini et al. 

2017 [75] 

circular 

channel and a 

vertical 

channel. 

water-based 

nanofluids 

containing oxide 

nanoparticles 
(TiO2, Al2O3, 

CuO) with low 

concentrations of 

0.1%, 0.5%, and 
2.5% by volume, 

The particle 

size of the 

nanofluid is 

10 and 20 
nm. 

the 

measurement of 

convective heat 

transfer 
coefficient and 

nucleate boiling 

augmentation to 

study the 
behavior of 

nanofluids 

the enhancement 

of convective 

heat transfer 

coefficient for 
nanofluids in the 

single phase 

regime, the 

augmentation of 
heat transfer rate 

by nucleate 

boiling, and the 
degradation of 

heat transfer rate 

for nanofluids in 

the subcooled 
regime, 

especially with 

increasing 

nanoparticle 
concentration. 
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Gupta et al. 2018 

[76] 

copper surfaces 

with Cu-Al2O3 
nanocomposite 

coatings 

saturated DI water - single-step 

electrochemical 
deposition 

technique to 

develop 

nanocomposite 
coatings. 

Considerable 

improvement in 
the boiling heat 

transfer 

coefficient 

(BHTC) and 
critical heat flux 

(CHF) for Cu-

Al2O3 

nanocomposite 
coatings 

compared to the 

bare surface. The 

maximum 
critical heat flux 

and heat transfer 

coefficient are 

found to be 
72.5% and 273% 

higher, 

respectively, 

Dareh et al. 2019 

[77] 

different 

micro- and 

nanostructured 
surfaces 

prepared via 

the thermal 

spray coating 
method 

alumina/water 

nanofluid. 

- thermal spray 

coating method 

to prepare 
different micro- 

and 

nanostructured 

surfaces. 

higher critical 

heat flux (CHF) 

values for 
nanofluids 

boiling on test 

surfaces 

compared to the 
base fluid 

Modi et al. 2020 
[78] 

plain substrate 
surface and 

nanoparticles-

deposited 

surface. 

alumina-water 
nanofluids at 

concentrations of 

0.005 and 

0.01 vol% 

13 the deposition of 
nanoparticles on 

the surface to 

modify it for 

conducting pool 
boiling 

experiments 

with water 

significant 
changes in 

bubble dynamic 

parameters, 

differences in 
thermal 

gradients field, 

and alterations in 

heat transfer 
partitioning 

when comparing 

water and 

nanofluids in 
single bubble-

based nucleate 

boiling 

experiments. 

Kamel et al. 2020 

[70] 

Horizontal 

copper tube 

CeO2 - DI Water 50 Surface 

treatment 

Increased with 

70% with 
0.007% Vol. 

Pare et al. 2021 
[79] 

cylindrical 
copper block 

prepared using 
distilled water and 

alumina 

nanoparticles of 

40 nm size, with 
particle 

concentrations 

ranging from 
0.01 wt.% to 1 wt%. 

40 nm. artificial neural 
network (ANN) 

with the LM 

(Levenberg 

Marquardt) 
algorithm for 

optimizing the 

structure of the 
model. 

he development 
of an optimal 

ANN design, a 

70% 

enhancement in 
pool boiling heat 

transfer with 

nanofluids 
compared to 

distilled water, 

improved 

thermophysical 
properties of 

nanofluids, 

enhanced surface 

wettability 
leading to 

increased heat 
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transfer 

coefficients, and 
heat transfer 

deterioration on 

particle 

deposited 
surfaces with 

water. 

Ba et al. 2022 [80] copper 

horizontal tube 

with a 

thickness of 1 
mm and a 

diameter of 22 

mm 

The testing 

nanofluid used in 

the experiment is 

prepared from 
halloysite 

nanotubes (HNTs) 

nanomaterials-

based deionized 
water (DI water) 

with the presence of 

sodium hydroxide 

(NaOH) 

in the range 

of 30-50 nm 

in diameter 

Two-step 

method 

involving 

addition of 
HNTs to base 

fluid and 

homogenization 

with 
ultrasonication 

The results 

indicate an 

improvement of 

PBHTC for 
halloysite 

nanofluids 

compared to the 

base fluid, with 
the best 

enhancement of 

5.8% at 0.05 

vol% 
concentration, 

attributed to 

lower superheat 

temperatures and 
a leftward shift in 

the boiling curve. 

Kumaravelu et al. 

2022 [81] 

Ni-Chrome 

wire 

Al2SiO5/H2O and 

CeO2/H2O 

nanofluids  

50 nm the two-step 

method for 

preparing 

nanofluids, 
which involves 

dispersing 

Al2SiO5 and 

CeO2 
nanopowders in 

water. 

significant 

enhancements in 

pool boiling heat 

transfer, with 
improvements of 

about 120.5 ± 

0.6% in peak 

heat flux (PHF) 
over water as 

base fluids for 

0.3% volume 

concentration 
solutions. 

Mukherjee et al. 
2022 [82] 

horizontal 
annulus test 

section made of 

a borosilicate 

glass tube, 

water-based Al2O3 
and CuO nanofluids 

The particle 
size can 

range from 

10 nm to 100 

nm. 

the addition of 
nanoparticles to 

base fluids, with 

careful 

consideration of 
the optimal 

nanoparticle 

concentration to 

achieve 
significant heat 

transfer 

enhancement. 

he cooling 
performance of 

PFCs and HVs 

can be increased 

with the 
application of 

nanofluids. 

Bubble 

formation and 
bubble dynamics 

are key 

mechanisms of 

the boiling heat 

transfer in 

nanofluids. 

Zolfalizadeh et al. 

2023 [83] 

Heat 

Exchanger 

GNP/water 

nanofluid with mass 

fractions of 
nanoparticles at 

0.01, 0.03, and 0.06 

wt%. 

The particle 

size of the 

nanofluid 
varies 

depending on 

the 

concentration 
of GNPs: 

102.2 nm, 

144.5 nm, 

171.9 nm 

he incorporation 

of graphene 

nanoplate 
(GNP) as an 

additive in the 

form of 

nanofluids to 
improve heat 

transfer in a 

shell-and-tube 

heat exchanger 
(STHE). 

significant 

enhancement in 

the convective 
heat transfer 

coefficient 

(CVHTC) of the 

nanofluid with 
0.06 wt.% of 

GNP, leading to 

a 22.47% 

increase 
compared to the 

base fluid 



 

36 

 

 

 

 

 

 

 

Calculating CHF of pool boiling experiments 

used nano technology 

 

Critical heat flux for various heater 

surfaces can be predicted by the hydrodynamic 

instability theory [52] given as, 

 

                     𝑞" = 𝐶ℎ𝑓𝑔𝜌𝑔
1/2

[𝜎𝑔(𝜌𝑓 − 𝜌𝑔)]
1/4

                (3) 

 

C → constant 

hfg→latent heat of vapourization 

ρf→density of fluid  

ρg→density of gas  

σ → surface tension of liquid  

g → accleration due to gravity 
 

CHF happens when the rising vapor blocks 

the flow of fresh liquid. Vapor bubbles tend to move 

away from the heater surface to the liquid surface, 

showing a retreating effect. [84] modified the 

hydrodynamic instability theory to account for the 

surface wettability in a CHF model. 

 

                qcr
" = k−1/2ρghfg [

σ(ρf − ρg)g

ρg
2 ]

1/4

                (4) 

 

We can observe that, the above model 

resembles hydrodynamic instability theory; the 

parameter k-1/2 is analogous to the ratio of the 

radius of curvature of liquid meniscus and the 

capillary length. The ratio is determined by, 
 

                   𝑘 = (1 −
sin 𝜃

2
−

𝜋
2

− 𝜃

2 cos 𝜃
)

−1/2

                    (5) 

 

[85] enforced hydrodynamic instability theory by 

including the surface inclination factor. 

 

 
 

β → receding contact angle  

φ → surface inclination angle  

φ = ° 0 for horizontal surface  

φ = ° 90 for vertical surface 

 
This model predicts CHF much better than 

hydrodynamic instability theory. These theories did 

not cover the heater surface properties, but many 

researchers still use these models for CHF 

prediction. Park et al. [86] predicted CHF for porous 

surface by modifying the macro-layer dry out theory 

proposed by [87] The present theory considers 

thickness of porous layer and the porosity of the 

surface. 

 

𝛿𝑡𝑜𝑡𝑎𝑙 = 𝑟𝑏 [cos 𝜃 −
𝜋

12
(3 cos 𝜃 − cos3 𝜃)] + 𝜀𝛿𝑝𝑜𝑟𝑜𝑢𝑠 

                                 𝑞" =
𝛿𝑡𝑜𝑡𝑎𝑙ℎ𝑓𝑔𝜌𝑓

𝜏𝑑
                                (8) 

 

𝑟𝑏 → 𝑏𝑢𝑏𝑏𝑙𝑒 𝑟𝑎𝑑𝑖𝑢𝑠 

𝜀 → 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

𝛿𝑝𝑜𝑟𝑜𝑢𝑠 → 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑝𝑜𝑟𝑜𝑢𝑠 𝑙𝑎𝑦𝑒𝑟 

𝜏𝑑 → 𝑑𝑟𝑦𝑜𝑢𝑡 𝑡𝑖𝑚𝑒 

 

Summary and Conclusion 

 
 In the realm of pool boiling enhancement 

techniques, both surface geometry modifications 

and surface treatment using nanotechnology have 

shown promise. Numerous studies and review 

articles have explored these approaches to improve 

boiling heat transfer performance. The effectiveness 

of each method can depend on the specific 

application, requirements, and materials involved. 

Determining which technique, surface geometry 

modification or surface treatment using nanofluids, 

results in better heat transfer depends on specific 

conditions, materials used, and the intended 

application. Both techniques have shown promise in 

enhancing heat transfer, but their comparative 

effectiveness may vary based on the context. Here 

are some considerations for each technique: 

 
1. Surface Geometry Modification: 

• Pros: 

- Creates additional nucleation sites, 

promoting efficient boiling. 

- Enhances bubble departure from the 

surface. 

- May improve heat transfer in scenarios 

where surface roughness plays a critical 

role. 

• Cons: 

- Effectiveness can be application-specific. 

- May not significantly affect the thermal 

conductivity of the working fluid. 

 

2. Surface Treatment Using Nanofluids: 

• Pros: 

- Improves the thermal conductivity of the 

working fluid, improving overall heat 

transfer. 

- Can be applied to various surfaces 

without altering their geometry. 

• Cons: 

- The choice of nanofluid and its stability 

can affect performance. 

𝑞" = ℎ𝑓𝑔𝜌𝑔
1/2

(
1 + cos 𝛽

16
) [

2

𝜋
+

𝜋

4
(1 + cos 𝛽) cos 𝜑]

1/2

[𝜎𝑔(𝜌𝑓 − 𝜌𝑔)]
1/4

 (6) 

(7) 
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- May not be as effective in scenarios 

where surface roughness is a primary 

factor. 

The comparative effectiveness ultimately depends 

on the specific requirements of the heat transfer 

system. Even though the results shows that the 

experiments used surface treatment method using 

nanofluids are more effective in increasing the CHF 

than surface modification method experiments. In 

some cases, a combination of both techniques may 

yield better results than using either one 

individually. Researchers often explore hybrid 

approaches to leverage the advantages of both   

surface modifications and nanofluid treatments. 

Therefore, while both surface geometry 

modification and surface treatment using nanofluids 

methods have shown promise in enhancing pool 

boiling, further research especially in surface 

modification using nano fluids is needed to address 

their respective limitations and optimize their 

performance. 
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