
Published by Yıldız Technical University, İstanbul, Türkiye 
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

*Corresponding Author
E-mail Adress: kalesss@gmail.com

This paper was recommended for publication in revised form by Editor-in-Chief Ahmet Selim Dalkılıç

RESEARCH ARTICLE

Pool boiling heat transfer enhancement using nanofluids on structured surfaces

Suryaji S. Kale1,* , Sonal S. More2 , M. B. Kulkarni3 , B. R. Birajdar4 , A. S. Dhobale5 , K. A. Shaikh6  

1Assistant Professor, Department of Mechanical Engineering, N. K. Orchid College of Eng. & Tech., Solapur, DBATU University, Gat No.16, 
Solapur-Tuljapur Road, Near Mashroom Ganapati Temple, Solapur, 413002, Maharashtra, India
2Assistant Professor, Department of Electronic and Telecommunication Engineering, N. K. Orchid College of Eng. & Tech. Solapur, DBATU 
University, Gat No.16, Solapur-Tuljapur Road, Near Mashroom Ganapati Temple, Solapur, 413002, Maharashtra, India
3Assistant Professor, Department of Mechanical Engineering, N. K. Orchid College of Eng. & Tech., Solapur, DBATU University, Gat No.16, 
Solapur-Tuljapur Road, Near Mashroom Ganapati Temple, Solapur-413002, Maharashtra, India
4Assistant Professor, Department of Mechanical Engineering, N. K. Orchid College of Eng. & Tech., Solapur, DBATU University, Gat No.16, 
Solapur-Tuljapur Road, Near Mashroom Ganapati Temple, Solapur, 413002, Maharashtra, India
5Assistant Professor, Department of Mechanical Engineering, N. K. Orchid College of Eng. & Tech., Solapur, DBATU University, Gat No.16, 
Solapur-Tuljapur Road, Near Mashroom Ganapati Temple, Solapur, 413002, Maharashtra, India
6Assistant Professor, Department of Mechanical Engineering, N. K. Orchid College of Eng. & Tech., Solapur, DBATU University, Gat No.16, 
Solapur-Tuljapur Road, Near Mashroom Ganapati Temple, Solapur, 413002, Maharashtra, India

Abstract

Submitted: 11 January 2026; Accepted: 17 March 2026

Journal of Thermal Engineering
https://jten.yildiz.edu.tr/

https://doi.org/10.47481/jten.0051

Journal of Thermal Engineering, 12(5), 2026

Improvement in heat-transfer performance is a major requirement in contemporary thermal management systems, particularly in high-heat-
flux applications. The application of nanofluids combined with surface modification methods has emerged as a viable measure to counter the 
shortcomings of traditional heat-transfer fluids. This study experimentally investigates the effects of nanoparticle concentration and surface 
geometry on convective heat-transfer characteristics. Graphene nanofluids with three volume fractions (0.2, 0.5, and 1) were prepared, and 
experiments were conducted on plain, V-structured, and square-structured surfaces. Thermal transfer properties were measured at heat inputs 
of 56 W, 72 W, and 90 W. The results show that the volume fraction of nanoparticles in the suspension always increases with the heat transfer 
coefficient, irrespective of surface arrangement. The heat transfer coefficient was also high for heat input at a given volume fraction. Structured 
surfaces exhibited substantially better thermal performance than plain surfaces because they more effectively disrupted the thermal boundary 
layer and induced greater flow disturbance. The heat transfer coefficient of the plain surface at a nanoparticle volume fraction of 1 percent and a 
heat input of 90 W was 28.19 W/m2oC, the V-structured and square-structured surfaces recorded 36.145 W/m2oC and 52.21 W/m2oC, respective-
ly. This corresponds to heat transfer improvements of 28.2% and 85.20% on the V-structured and square-structured surfaces, respectively, com-
pared with the plain surface. The research proves that the hybrid application of graphene-based nanofluids and surface structuring significantly 
enhances the heat-transfer performance and that surface structuring with the square form is most promising for high-end thermal-performance 
applications. The novelty of the present work lies in experimentally comparing pool-boiling heat-transfer performance of graphene nanofluids 
on plain, V-grooved, and square-structured heating surfaces under identical test conditions, thereby highlighting the influence of simple, man-
ufacturable surface geometries on boiling enhancement.
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1. Introduction

Effective boiling heat transfer is required in most thermal ap-
plications, such as power generation, refrigeration, electronic 
cooling, and small heat exchangers, because nucleate boiling 

can enable the removal of extremely high heat fluxes with only 
small wall-superheat requirements. However, the availability 
of stable nucleation sites, bubble departure and rewetting pro-
cesses, and surface dry-out under increasing heat flux often 
limit practical boiling performance. Therefore, two of the most 
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common approaches to enhance performance are: (i) the use of 
nanoparticle suspensions (nanofluids) to improve the thermophys-
ical properties of the working fluid; and (ii) the design of the heater 
surface (roughness, structures, and wettability patterns) to facilitate 
nucleation without hindering liquid replenishment.

Nanofluids were initially proposed to improve heat transfer by in-
creasing effective thermal conductivity and altering near-wall trans-
port behavior. Initial experiments indicated a significant conductiv-
ity increase in nanoparticle-dispersed base fluids, which stimulated 
many studies in the field of convective and boiling heat transfer 
applications [13]. Subsequent experimental studies in laminar flow 
and tube convection also demonstrated that the loading of nanopar-
ticles could change the heat transfer coefficients with respect to 
concentration, stability, and flow/thermal boundary development 
[3,5]. Other characteristics that were also emphasized in review ar-
ticles included that, in addition to conductivity, particle aggregation, 
interfacial resistance and dispersion stability are highly influential 
in overall thermal advantage [4]. The results show that nanofluids 
may be promising, but improved performance is not guaranteed and 
must be validated experimentally under the conditions in which the 
nanofluids will be used.

Graphene and graphene-based materials have received particular 
attention among other sophisticated nanoparticles due to their 
remarkable intrinsic thermal performance, as well as high aspect 
ratio [8]. It has been experimentally and analytically demonstrated 
that graphene can offer significant thermal transport enhancement 
in base fluids at relatively low loading in cases where dispersion is 
stable [6,7]. Indicatively, nanofluids made out of graphene have been 
reported to exhibit enhanced thermal/ electrical property and quan-
tifiable increase in convective heat transfer in specific regimes [6,9]. 
Graphene nanosheets in ethylene glycol have also shown significant 
improvement on thermal conductivity with increasing volume frac-
tion, with 2D morphology and interfacial effect being important 
ones [7]. Taken together, these reports indicate that graphene-based 
nanofluids could be promising candidates for improving boiling 
heat transfer provided that the formulation procedure yields stable, 
reproducible suspensions.

At the same time, surface treatment has been shown to be an ef-
fective method for intensifying boiling. Classical boiling theory and 
subsequent mechanistic theories highlight that surface wettability 
and geometry govern the behavior of bubble nucleation, growth and 
departure and critical heat flux (CHF) [11]. Recent micro/nano-fab-
rication research also indicates that structured surfaces(microcav-
ities, porous layers, hybrid wettability patterns)can both enhance 
the heat transfer coefficient (HTC) in nucleate boiling and retard 
dry-out by improving capillary rewetting and supplying liquid [12-
15]. As an example, the concept of mixed wettability(biophilic)has 
demonstrated that the combination of hydrophilic and hydrophobic 
groups can enhance nucleation and at the same time enable the sta-
ble replenishment of the liquid [12,13]. The detailed reviews also 
conclude that phase-change heat transfer through surface engineer-

ing is best when it achieves a balance between nucleation activation 
and constant rewetting as opposed to maximizing either of the two 
[14]. Recent experiments of multiscale textured metallic surfaces 
show huge increases of HTC and CHF because of the increase of 
nucleation site density and strong wicking behavior [15]. Extreme 
boiling is also demonstrated on laser-controlled microcavity and 
micro/nano-hierarchical surfaces by controlling cavity size scales 
and surface chemistry [16].

Despite studies of both graphene nanofluids and structured boiling 
surfaces, there remains a practical need to compare simple, manu-
facturable structured geometries under controlled heat input while 
systematically varying the graphene volume fraction. Specifically, 
repeatable macro- and microstructure heater plates (including 
V-groove and square-pattern textures) are more readily produced in 
many laboratories than more complicated microfabricated arrays; 
however, comparative results at several nanoparticle loadings and 
under the same test conditions remain scarce. Furthermore, one 
should determine not only whether the increase is caused by HTC 
but also which surface geometry provides the optimal increase for 
a given nanoparticle volume fraction and within a given range of 
heat input.

In this work, three nanoparticle volume fractions (0.2 vol%, 0.5 
vol%, and 1.0 vol%) of graphene-based nanofluids were prepared 
using a controlled preparation route and characterized using FT-
IR/XRD/SEM/Raman/UV-Vis, as applicable. An in-house exper-
imental pool-boiling apparatus was designed and fabricated to 
measure three heater surface structures—plain, V-structured, and 
square-structured—under the same conditions. Boiling tests were 
conducted at electrical heat inputs (representative levels in the 
study: 56 W, 72 W, and 90 W), and the heat fluxes and heat trans-
fer coefficients for each surface-fluid combination were measured. 
Thus, the study will provide a direct experimental comparison of 
(i) nanoparticle volume fraction, (ii) surface geometry, and (iii) the 
combined effect of structured surfaces and graphene loading on 
boiling heat transfer performance. Depending on the trends mea-
sured, the most successful surface geometry is selected in the tested 
heat-input range, and practical observations that concern boiling 
behavior (bubble activity, coalescence tendency and behavior of 
rewetting surface) are presented in accordance with known boiling 
enhancement mechanisms [11-15].

Du et al. [52] investigated the pool boiling performance of Fe₃O₄ 
nanofluids and observed that nanoparticle deposition on the heat-
ing surface significantly enhanced nucleate boiling heat transfer. 
The study reported improved heat transfer coefficient and delayed 
critical heat flux due to increase surface roughness and nucleation 
site density.

Freitas et al. [53] examined the pool boiling of nanofluids on bio-
philic surfaces and found that the pattern of surface wettability had 
a significant effect on the pattern of bubble nucleation and bubble 
growth. Their findings revealed improved heat-transfer perfor-
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mance due to increased bubble-departure frequency and controlled 
nucleation behavior.

Moghadam et al. [54] experimentally studied the grooved surfaces 
using hybrid graphene oxide-iron oxide nanofluids. The findings 
showed a substantial increase in the heat transfer coefficient due to 
the nanofluid’s superior thermal conductivity and the greater num-
ber of nucleation sites provided by the structured surface.

Pereira et al. [55] conducted a review of different methods of im-
proving pool boiling heat transfer, such as the application of nano-
fluids and micro/nano-structured surfaces. In their research, they 
emphasized that surface modification and nanoparticle suspension 
can play a decisive role in improving the boiling performance by 
enhancing the number of nucleation sites and the dynamics of the 
bubbles.

Ullah et al. [56] indicated that micro- and nano-structured surfac-
es were capable of greatly increasing the pool boiling heat transfer 
through the promotion of early bubble nucleation and enhancing the 
replenishment of the liquid to the heated surface. They also found 
that surface geometry plays a significant role in bubble growth and 
separation.

Abdelrashied et al. [57] studied the effect of nanoparticles and sur-
factants on the nucleation of pool boiling heat transfer. The findings 
showed that nanoparticles increased thermal conductivity and facil-
itated bubble nucleation, thereby increasing the boiling heat transfer 
coefficient.

Gupta et al. [58] carried out experimental studies on hybrid nano-
fluids in structured microchannels and achieved an improvement 
in boiling heat transfer performance. This enhancement was largely 
explained by enhancements in turbulence, thermal conductivity, 
and bubble-formation properties.

Fadhl [59] studied the impact of CuO nanofluids on fin-structured 
heating surfaces and found that there was an evident increase in 
boiling heat transfer performance. This research has led to the con-
clusion that structured surfaces, when used with nanofluids, can 
greatly enhance nucleation-site density and heat-transfer efficiency.

Kuberan and Gedupudi [60] examined the nucleate pool boiling 
on micro-structured surfaces and came up with predictive models 
to estimate the boiling heat transfer characteristics. Their research 
demonstrated the significance of surface geometry and fluid prop-
erties for boiling heat-transfer performance.

Sotoudeh and Ghazanfarian [61] examined how wettability of sur-
faces in boiling pools can influence the heat transfer rate in boiling 
pools using molecular dynamics simulations. Their findings showed 
that hydrophilic surfaces enhance nucleation and heat-transfer per-
formance owing to improved liquid-surface interaction.

To evaluate the performance of the proposed structured surfaces 
and graphene nanofluids, the experimental results obtained were 
compared with trends reported in previous pool-boiling studies. The 
results indicate that structured surfaces, combined with graphene 
nanofluids, lead to a noticeable improvement in heat transfer per-
formance compared with plain surfaces. Similar enhancement 
trends have been reported in earlier investigations, in which surface 
structuring and nanofluids increased nucleation site density and 
improved boiling heat transfer characteristics.

 The present work focuses primarily on enhancing pool-boiling 
heat-transfer performance and increasing the heat transfer coeffi-
cient by employing different surface geometries. Although the ex-
perimental observations provide insight into the boiling behavior 
at higher heat-flux conditions, a detailed investigation of the critical 
heat flux (CHF)was not the primary objective of this study. There-
fore, CHF behavior is discussed only within the constraints of ex-
perimental observations.

Despite significant research on pool boiling heat transfer enhance-
ment using nanofluids and structured surfaces, most existing studies 
focus either on improving the thermophysical properties of nano-
fluids or on employing complex micro- or nano-structured surfaces 
fabricated using advanced techniques. Although such approaches 
demonstrate improved boiling performance, their practical applica-
tion is often limited due to manufacturing complexity, high fabrica-
tion costs, and the lack of systematic comparisons under identical 
experimental conditions.

Moreover, a limited number of experimental investigations have re-
ported the combined effect of nanofluids and simple, macro-struc-
tured heating surfaces that can be easily manufactured and imple-
mented in practical thermal systems. Comparative studies of plain, 
V-grooved, and square-structured surfaces with graphene nanoflu-
ids under identical pool-boiling conditions are rare in the literature.

Therefore, the present study experimentally investigates the 
pool-boiling heat-transfer performance of graphene nanofluids on 
three heating surfaces: plain, V-grooved, and square-structured. 
What is novel in this work is the systematic comparison of these 
simple, manufacturable surface structures under the same operating 
condition to determine their effects on heat transfer enhancement 
and boiling behavior.

This study presents an experimental investigation of pool boiling 
heat transfer in graphene nanofluids. Three heating surfaces - plain, 
V-grooved, and square-structured -  were designed and tested in this 
study to determine their impact on boiling performance. These sur-
faces were systematically compared by keeping all the experimental 
conditions the same to be able to have a credible determination of 
the heat transfer properties. The experiment also determines the 
impact of surface structure on the heat flux and the overall improve-
ment of boiling heat transfer, thus providing informative insights 
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into the contribution of simple, easy to fabricate surface geometries 
to the performance of pool boiling.

2. Methodology

In the current piece, the authors have used an experimental meth-
od to investigate the synergistic effect of the nanoparticle volume 
fraction and surface geometry on the performance of boiling heat 
transfer. In the research work, steps have been adhered to.

2.1. Nanofluids preparation and characterization

Graphene nanofluids were prepared by the two-step method at vol-
ume fractions of 0.2%, 0.5%, and 1%. Graphene nanoparticles were 
added to the base fluid in the required amount and subjected to me-
chanical stirring; this initial mixing was followed by ultrasonication 
to obtain stable, uniform suspensions. The structural and morpho-
logical details of the nanoparticles and nanofluids were verified by 
FT-IR, XRD, SEM, Raman spectroscopy, and UV-Visible spectros-
copy. The process of heater-surface fabrication involves producing 
heater surfaces deposited onto a carrier to form a heater-surface 
assembly.

2.2. Heater surface fabrication process

The heater-surface fabrication process involved depositing the heater 
surface onto a carrier, forming a complete heater-surface assembly. 
Various surface configurations of the heater - plain, V-structured, 
and square-structured - were produced using conventional machin-
ing methods. Copper was chosen as the base material for all heater 
surfaces. All fabricated surfaces were thoroughly cleaned before 
the experiments so that surface conditions during experimentation 
were equivalent. 

2.3. The experimental set up and procedure

An experimental setup was designed, constructed, and tested for 
pool boiling. A regulated power source was used to provide elec-
trical heating to the heating surfaces rated at 56 W, 72 W, and 90 W. 
Surface and bulk fluid temperatures were measured using calibrat-
ed thermocouples. Each surface configuration and each nanofluid 
volume fraction were tested once the steady-state conditions were 
reached.

2.4. Data reduction and analysis

The heat transfer coefficient and the heat flux were determined using 
standard heat transfer relations based on the available heat input, the 
effective heat transfer area, and the temperature difference between 
the heating surface and the bulk fluid. Structured surfaces were also 
compared with the plain surface, and the percentage improvement 
in the heat transfer coefficient was determined under the same op-
erating conditions.

3. Preparation, synthesis and characterization of nanofluids

To develop advanced nanofluids, the nanomaterials used to create 
nano-additives are highly diverse, including metallic, organic, and 
inorganic types. Figure 1 provides a schematic diagram of the pro-
cedures for producing nano fluids and nano-lubricants, their char-
acterization methods, and their main properties. Among the many 
nanomaterials studied, carbon-based nanostructures are among the 
most promising because of their high-performance properties.

Figure 1. Schematic overview of nanofluids/nano lubricants: 
synthesis, characterization, and properties

Graphene is the best allotrope of carbon due to its high mechan-
ical strength, structural integrity, and high thermal and electrical 
conductivity. Since its successful isolation in 2004 by Novoselov et 
al., graphene has received much scientific and industrial attention. 
Graphene is an atomic layer of carbon atoms arranged in a two-di-
mensional (honeycomb) lattice, with the atoms sp2-hybridized.

In practice, graphene is typically fabricated by multilayer stacking 
comprising over ten layers, which are commonly known as graphene 
nanoplatelets or graphene nanosheets (GnPs). These nanoplate-
lets combine the unique properties of single-layer graphene with 
the advantages of highly ordered graphitic carbon. Therefore, the 
thermal conductivity of graphene nanoplatelets is an order of mag-
nitude greater than that of other allotropes of carbon, including 
single-walled carbon nanotubes (SWNTs), multi-walled carbon 
nanotubes (MWNTs), and diamond.

Another important property of graphene nanosheets is their high 
specific surface area, which is greater than that of nanotubes and 
most conventional nanoparticles. This increase in surface area en-
hances the interfacial contact between the nanoplatelets and the 
underlying fluid, thereby increasing heat transfer. Such efficient 
contact can reduce the Kapitza (interfacial thermal) resistance at the 
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solid-fluid interface and thereby facilitate a significant increase in 
the nanofluid’s thermal conductivity.

In addition to their excellent thermal properties, graphene-based 
nanomaterials are amenable to relatively straightforward and afford-
able mass production. This qualifies them well for the development 
of next-generation nanofluids with improved thermal performance. 
Nevertheless, one of the biggest shortcomings of graphene is that it 
is highly hydrophobic, which prevents its dispersion in water and 
most polar organic solvents over a prolonged period and generally 
leads to particle agglomeration.

To address this challenge, the dispersibility of graphene nanosheets 
can be increased by modifying the interactions between the 
nanosheets and the surrounding fluid. This may be achieved by 
non-covalent functionalization using surfactants or by covalent 
functionalization via incorporation of hydrophobic or hydrophilic 
functional groups at high-energy sites on the graphene surface. Ta-
ble 1 summarizes the specifications of the graphene nanoparticles 
used in this study.

Table 1. Specification of graphene nanoparticle

Parameters Values

Purity >99%

Thickness 15-20nm

Length 5-10 micron

No. of layers 4-8 (average)

Surface area 190 m2/g

Density 1500 kg/m3

Thermal conductivity 3000 w/mk

Tensile modulus >1000Gpa

Electrical conductivity 107 simens/m

Physical form Fluffy, very light powder

Color Grey black

3.1. Mass of Nanoparticles

( )

( )
A m

V

m

100
p

p
BF

p

p

#

t

t
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+
					      (1) 

𝜙 = volume concentration, % 

mp = mass of nanoparticles, kg

ρ = density of nanoparticles, kg/m3

VBF = volume of base fluid, m3

Iteration I: For Volume fraction (𝜙) = 0.2% volume

Total volume of base fluid		  = 6 liters 

Deionized water (DI-70%)	= 4.2 liters 

Ethylene Glycol (EG-30%)		 = 1.8 liters 

Mass of Graphene		  = 9.009gms

SDBS				    = 0.9009gms (10% of mp)

Ammonium hydroxide		  = 30 ml (5% of VBF)

Iteration II: For Volume fraction (𝜙) = 0.5% vol 

Total volume of base fluid		  = 6 liters 

Deionized water (DI-70%)		 = 4.2 liters 

Ethylene Glycol (EG-30%)		 =1.8 liters

Mass of Graphene		  = 45.22 gms

SDBS		           = 4.522gms (10% of Ammonium hydroxide)

				    = 30 ml (5% of VBF)

Iteration III: For Volume fraction (𝜙)= 1% vol 

Total volume of base fluid		  = 6 liters 

Deionized water (DI-70%)		 = 4.2 liters Ethylene 

Glycol (EG-30%)			   =1.8 liters

Mass of Graphene		  = 90.90gms

SDBS				    = 9.090gms (10% of mp)

Ammonium hydroxide		  = 30 ml (5% of VBF)

Table 2. Net mass of graphene nanoparticles added for different 
loading

Iteration No. Actual mass calculated 
(gms) Net mass added (gms)

I 9.009 9.009

II 45.22 45.22-9.009 = 36.21

III 90.90 45.68



1593Journal of Thermal Engineering, 12(5), 2026

3.2. Synthesis of nanoparticles

FT-IR (Fourier Transform Infrared Spectroscopy) analysis of the 
prepared nanoparticle sample

The FT-IR spectrum of the produced sample of a nanoparticle was 
recorded in the wavenumber interval of 4000-400 cm-1, as shown in 
figure 2. The spectrum also provides information on surface func-
tional groups of the nanoparticles and supports successful prepara-
tion of the intended material.

A clear absorption band at 2921cm-1 at 2921cm-1 is the stretching 
vibrations of the aliphatic C5H bonds, which shows the presence of 
organic or surface-bound stabilizing agents. The absorption peak at 
almost 1406 cm-1 can be explained by C-H bending or C-O stretch-
ing vibration indicating the existence of some residual organic func-
tional groups that can stabilize nanoparticles.

Moreover, the presence of characteristic peaks in the lower wave-
number (especially the ones at 1049 cm-1 and 767 cm-1) is linked 
to the presence of metal-oxygen (M-O) stretching vibrations. These 
peaks confirm nanoparticle formation and indicate a strong affinity 
for the inorganic lattice. These bands confirm that nanoparticles 
with well-defined chemical bonds have been successfully synthe-
sized.

The appearance of organic functional groups and co-existence of the 
inorganic metal-oxygen bonds in the FT-IR spectrum attest to the 
successful synthesis of nanoparticles and their surface modification. 
These surface characteristics enhance dispersion stability and func-
tional and thermal performance in subsequent applications.

Figure 2. FT-IR spectrum of the prepared nanoparticle sample

3.2.1. FT-IR analysis of the prepared nanoparticles

Figure 2 shows the FT-IR spectrum of the prepared graphene-based 
nanoparticle sample. The spectrum was measured at wavenumber 
range of 4000-700 cm-1 to determine the functional groups that ex-
isted on the surface of the nanoparticle.

The higher wavenumber (around 32003500 cm) absorption at high-
er wavenumbers is shown in a broad absorption band.

 It is proportional to the O-H stretch vibration, which can be ex-
plained by the existence of hydroxyl groups and adsorbed moisture 
on the surface of the graphene. The highest peak at approximately 
2921 cm-1 corresponds to C-H stretching vibrations, which also sug-
gests the presence of hydrocarbon groups that may have been left 
over during synthesis or processing.

The other prominent peak, at approximately 1406 cm-1, can be at-
tributed to C=C skeletal vibrations in the aromatic graphene struc-
ture. This peak is typical of carbon networks that are sp2-hybridized 
found in graphene-based materials. At lower wavenumbers, two 
peaks are observed at around 1046 cm-1 and 1014 cm-1, correspond-
ing to C-O stretching vibrations and indicating the presence on the 
graphene surface of oxygen-containing functional groups such as 
epoxy or alkoxy groups.

A smaller absorption band at 767 cm-1, attributed to out-of-plane 
bending vibrations of aromatic C–H bonds, also indicates the pres-
ence of graphitic carbon structures.

Graphene-based materials mainly display carbon-based vibrational 
modes; hence, the FT-IR peaks represent the C-C, C-O, C = C, and 
O H functional groups rather than metal-oxygen interactions. Such 
functional groups are frequently found in graphene-based nanoma-
terials and can promote dispersion and interfacial interactions with 
the underlying fluid.

3.2.2. Raman spectroscopy analysis

The structure of the graphene nanoparticles was further investigated 
using Raman spectroscopy. In a typical Raman spectrum, two sharp 
peaks, the D and G bands, are visible at around 1350 cm-1 and 1580 
cm-1, respectively.

The G band corresponds to the in-plane vibration of carbon atoms 
in the graphene lattice, which have two sp2 bonds, and indicates a 
graphitic structure. The D band is associated with structural defects 
and disorder in the carbon lattice, which can arise from edge defects, 
vacancies, or functionalization of graphene sheets.

The intensity ratio of these peaks (I_D/I_G) is commonly used to 
assess graphene-based materials. In the present study, the calculat-
ed I_D/I_G ratio was approximately 0.92, indicating the presence 
of a moderately defective graphene structure. Such a defect level is 
generally beneficial for nanofluid applications because surface func-
tional groups improve the dispersion stability of nanoparticles in the 
base fluid.
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3. 2.3. Nanofluid stability

The stability of the prepared graphene nanofluid was assessed 
prior to the boiling experiments. To ensure uniform dispersion of 
nanoparticles in the base fluid, the nanofluid was prepared by ultra-
sonic agitation for about 60 minutes.

The nanofluid was prepared and visually monitored for sedimen-
tation over time. No evidence of settling or agglomeration of parti-
cles was observed after approximately 48 hours, indicating that the 
dispersion remained stable throughout the experimental period. All 
pool boiling experiments have been carried out under these stable 
conditions.

3.3. X-Ray Diffraction (XRD) of the nanoparticles 
synthesized

Figure 3 represents the X-ray diffraction (XRD) pattern of the syn-
thesized nanoparticle sample recorded at various 2θ values from 10 
to 80. The crystalline nature, phase purity, and structural aspects of 

the synthesized nanoparticles were investigated through XRD anal-
ysis.

The diffraction pattern is sharp and intense, with a distinct peak at 
approximately 2θ = 26.3600, which corresponds to the characteristic 
plane of the crystal. This apex exhibits a well-layered structure and 
crystalline, synthesized nanoparticles. The sharpness and intensity 
of this peak show that the crystallites are large and the layers of at-
oms are arranged regularly.

Other diffraction spots at 2nd of approximately 37.29, 38.60, 39.43 
and 42.12 might be due to higher order of reflection or smaller struc-
tural planes, which again encourage the existence of a crystalline 
phase. The purity of the synthesized material is demonstrated by the 
absence of unwanted or impurity-related peaks in the XRD pattern. 
In addition, broadened diffraction peaks are a distinguishing feature 
of nanostructured materials and indicate the nanoscale size of the 
particles. The smaller crystallite size also increases the surface area; 
therefore, the nanoparticles are suitable for applications requiring 
improved thermal and functional performance.

Figure 3. X-Ray Diffraction (XRD) pattern of the synthesized nanoparticles X
RD results confirm the successful synthesis of crystalline nanoparti-
cles with a well-defined crystal structure, indicating their suitability 
for subsequent experiments and practical studies.

Calculation for size of nanoparticles from XRD results:

Data on the XRD pattern and the Scherrer equation are used to de-
termine the crystallite size of the nanoparticle.

d B cos
C
i
m= 						       (2)

where

β = Full width at half maximum of X-ray peak, radians

d = Crystalline size, nm

λ = X-ray wavelength 

C = Correction factor

Procedure to calculate crystalline size from graph 2θ =26.48⁰

θ =13.24⁰

Width(w)= 0.482 

Correction factor(C) = 0.9 

λ= 1.54056 Ȧ

λ= 0.154056 nm

 .w 180 8 412 10 3# #b
r= = -

. .
. . .cosd B cos

C mm mm0 008412 13 24
0 9 0 154056 16 93 17#
#

.
i
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Table 3. XRD-based crystallite size calculation of graphene powder

Sample β 2θ θ cosθ C λ C λ Βcosθ Size

Graphene 0.008412 26.48⁰ 13.24⁰ 0.9734 0.9 0.1540 0.1386 0.00818 16.9

3.4. Scanning Electron Microscopy (SEM) analysis of the 
synthesized nanoparticles

The scanning electron microscopy (SEM) images of the synthesized 
nanoparticles at various magnifications are presented in Figure 4. 
SEM was used to analyze the surface morphology, distribution, and 
structure of the prepared material.

This is reflected in micrographs of a layered, sheet-like morphology 
that lacks regular, thick flakes of irregular shapes superimposed on 
each other. The successful creation of the nanosheets, exhibiting a 
wrinkled, exfoliated morphology, is illustrated by these stratifica-
tions. The eventual presence of overlapping sheets and folded edges 
suggests that there are weak interactions between the layers is a typi-
cal aspect of nanomaterials composed of graphene or layers.

At increased magnification, the nanoparticles exhibit rough, uneven 
surfaces with visible inter-sheet gaps and voids. These morpholog-
ical features provide it with increased surface area in contact with 
base fluids and enhanced thermal transport. There are no large ag-
glomerates, indicating that the nanoparticles are uniformly distrib-
uted and that the synthesis process was successful.

Moreover, the nanoscale thickness of the sheets and the disordered 
arrangement promote the formation of a porous structure. This 
morphology is beneficial for operations that require improved heat 
transfer, surface activity, and stability.

The SEM analysis has established that the fabricated nanoparticles 
possess a well-defined, layered nanostructure, have rough surfaces, 
and are highly dispersible; therefore, they can be used in further 
experimental work.

Figure 4. SEM micrograph of the synthesized nanoparticles

3.5. Raman shift

The Raman spectrum of the obtained graphene nanoparticles syn-
thesized was observed in the range of 800 to 4000 cm-1light and 
is shown in figure 5. Raman spectroscopy is a powerful, non-de-
structive method for determining the structural quality, the level 
of disorder, and the number of graphene layers present in carbon 
nanomaterials.

The spectrum exhibits three characteristic peaks associated with 
graphene. The D band which is seen at around 1350 cm-1 is related 
to structural defects, edge states and disorder of the graphene lat-
tice. The appearance of such a band indicates defects and finite-size 
graphene domains, which often arise during nanoparticle synthesis 
and exfoliation.

The highest peak, the so-called G band, is found at about 1580 cm-1. 
The sharpness and intensity of the G band confirm the formation of 
graphitic carbon exhibiting a well-ordered hexagonal lattice.

Also, the 2D band is positioned close to 2700cm-1 and is a result of 
a second-order two-phonon scattering and is very sensitive to the 
amount of graphene layers. The presence of a distinct, symmetric 
2D peak indicates the formation of few-layer graphene rather than 
of bulk graphite.

The D/G band intensity (ID/IG) provides an estimate of the number 
of defects in graphene. The average ID/IG ratio in the spectrum in-
dicates a controlled number of defects, which can enhance surface 
activity and improve interactions with the surrounding medium.
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Overall, Raman analysis indicates that the synthesis of graphene 
nanoparticles - characterized by a predominantly graphitic struc-
ture, moderate defect density, and a few layers -  was successful, 
and that the nanoparticles are suitable for subsequent thermal and 
functional applications.

Figure 5. Raman spectrum of graphene nanoparticles

4. Step-wise preparation of graphene nanofluid

Step 1: Nanoparticles selection.

Graphene nano powder is commercially produced by Platonic Nan-
otech Pvt. Ltd., Jharkhand, India, and was used to make the nano-
fluid.

Step 2: preparation of base fluid.

The base fluid was prepared by mixing deionized water (DI)and eth-
ylene glycol (EG)in a volumetric ratio of 70:30 and mixed well and 
then nanoparticles were added.

Step 3: Addition of nanoparticles

The required volumes of graphene nanoparticles were added to 
achieve volume concentrations of 0.2, 0.5, and 1 in the base fluid.

Step 4: Magnetic stirring

The suspension was stirred in constant magnetic fields to attain pri-
mary dispersion of the nanoparticles in the base fluid.

Step 5: Ultrasonication

Ultrasonication was applied to the mixture (30 minutes) to ensure 
that the dispersion was neither agglomerated with particles nor that 
they agglomerated.

Step 6: Surfactant addition.

Graphene is hydrophobic, and its dispersion in polar solvents is 
poor; therefore, the surfactant Sodium Dodecyl Sulfate (SDS) was 
added. The volume of the surfactant was maintained at 10 percent 
of the mass of the nanoparticles to improve the stability of the sus-
pension.

Step 7: Determining pH and pH correction

The pH of the nanofluid prior to the introduction of the nanoparti-
cles was 5.5-5.7. To stabilize dispersion, ammonium hydroxide was 
added to raise the pH. The pH of the nanofluid was adjusted to 8.7-
8.9. Step 8: Final Preparation of Nanofluids.

Nanofluids at various volume concentrations were prepared, sealed, 
and stored under controlled conditions for subsequent thermal and 
other experimental analyses.

5. Stability of nanofluid

The stability of colloidal suspension can be measured effectively 
using UV-visible spectrophotometric analysis, which is an easy and 
effective assessment method. The light absorbance ratio index can 
be calculated from the absorbance data using the Beer–Lambert law 
as follows: 

. .logA I
I b c

i
f= = 					      (3)

The equation implies that at a given optical path length and molar 
absorptivity, absorbance is directly proportional to the weight per-
centage of particles in the suspension. The UV-visible absorption 
spectrum of the graphene suspension in deionized water exhibits 
no distinct peaks, and its absorbance gradually decreases with in-
creasing wavelength, except below 250 nm, where a clear absorption 
band is observed. This absorption band increases with graphene 
concentration.

Moreover, absorbance decreases as the graphene volume fraction is 
reduced (e.g., from 1 percent to 0.2 percent). The increasing vol-
ume fraction leads to an increase in the absorbance, which is an 
indicator of the improved dispersion of graphene in the nanofluid. 
The wavelength (lambda max) at which the absorption is greatest 
(235 nm), as shown in the figure, implies that the graphene nano-
fluids are stable. The relationship between absorbance and graphene 
concentration indicates that the Beer-Lambert law is obeyed and 
suggests that graphene is stable and well dispersed in the base fluid. 
GRAPHENE-based NANOFLUID UVVIS Spectroscopic Analysis.

The UV-Visible absorption spectrum of a graphene-based nanofluid 
at a 1 percent volume fraction over the wavelength range 200-700nm 
was plotted, as illustrated in Figure 6. UV-visible spectroscopy was 
employed to characterize the optical properties and dispersion dy-
namics of graphene nanoparticles in the base fluid.
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The absorption spectrum is characterized by a strong peak in the 
ultraviolet region, with a maximum absorbance at 250-270 nm. The 
presence of this peak indicates that graphene nanoparticles have 
been successfully dispersed in the base fluid. 

In the extended UV region, the absorbance progressively decreases 
as the wavelength increases, but the absorbance is not much higher 
in the visible region. This phenomenon indicates low light-scatter-
ing, implying that the nanofluid exhibits strong dispersion stability 
and that the particles are not agglomerated. The lack of any other 
sharp peaks indicates that there are no major impurities or second-
ary phases in the suspension.

Figure 6. UV–visible absorption spectrum of graphene-based 
nanofluid at 1% volume fraction

The UV–visible absorption data indicate successful preparation and 
stable dispersion of graphene nanoparticles in the nanofluid. This 
optical behavior is desirable in thermal applications because homo-
geneous dispersion enhances heat-transfer performance.

6. Experimental setup

This study evaluated the heat-transfer performance of different 
structured heating surfaces under controlled pool-boiling condi-
tions. To this end, a dedicated experimental workshop was pains-
takingly constructed. The technical requirements of the setup design 
included the choice of materials, dimensional precision, thermal 
stability, and assembly. The experimental design enables the precise 
determination of the heat transfer rate and heat transfer coefficient 
for various surface geometries. The schematic diagram of the exper-
imental setup is shown in Figure 7.

The system of the experiment is composed of two large subsystems:
i.	 the boiling chamber and the heater rod assembly.
ii.	 the electrical measure and control unit.

The heater rod assembly comprises a hollow copper rod, a copper 
coupler, a structured copper test surface, and a cylindrical electric 
heater. The electric heater, the primary source of heat, is contained 

in the hollow copper rod. Heat produced by the heater is transferred 
to the upper test surface and carried axially along the copper rod. A 
leak-free connection to the test surface is achieved by permanently 
welding the copper coupler to the rod and by machining the coupler 
with internal BSW threads. Interchangeable plain, V-structured, and 
square-structured copper surfaces are fitted to the coupler, allowing 
comparisons under the same operating conditions.

To promote primarily one-dimensional heat convection to the test 
surface and to reduce undesirable heat losses, the heater assembly is 
insulated with Teflon. The radial and downward heat dissipation are 
greatly reduced by such insulation, thereby improving the accuracy 
of heat transfer measurements.

The boiling chamber assembly comprises a bottom flange, a borosil-
icate glass cylinder, and a top flange. These flanges are made of mild 
steel, which gives it mechanical strength and a proper seal for the 
glass chamber. The bottom flange also includes an auxiliary heater, 
which ensures uniform thermal conditions in the boiling chamber. 
A borosilicate glass cylinder is selected because it is chemically inert, 
has a low rate of thermal expansion, and has high thermal shock re-
sistance, which allows safe observation of the boiling phenomenon. 
All junctions are sealed with silicone sealants to ensure leak-proof 
performance.

The top flange is equipped with a condenser coil to maintain con-
stant pressure within the boiling chamber and to prevent vapor loss. 
The generated vapor was condensed by cold water and this allows 
the operations to be done in closed system with constant pressure 
in the experiments.

Figure 7. Schematic representation for the experimental setup

The electrical control panel incorporates all the power supply and 
measurement requirements necessary for safe, controlled experi-
mentation. It has main and auxiliary heaters, a voltmeter, an amme-
ter, a dimmerstat to control heat input, three K-type thermocouples 
connected to digital temperature indicators, and a water circulation 
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pump with individual ON-OFF switches for each heater and for the 
pump. The combination of this control system allows one to control 
the experiment’s parameters in detail and to collect reliable data. 
The electrical control panel incorporates all power supply and mea-
surement requirements for safe, controlled experimentation. It has 
main and auxiliary heaters, a voltmeter, an ammeter, a dimmerstat 
to control heat input, three K-type thermocouples connected to 
digital temperature indicators, and a water circulation pump with 
individual ON-OFF switches for both heaters and the pump. The 
combination provided by this control system enables one to control 
experimental parameters in detail and to collect reliable data. Fig-
ures 8–10 show different surface structures.

The pool boiling experiments were performed using a cylindrical 
copper test specimen with a diameter of 20 mm and a height of 40 
mm. During the experiments, only the top circular surface of the 
specimen was exposed to the boiling liquid, while the remaining 
surfaces were thermally insulated to reduce heat loss to the sur-
roundings.

To investigate the effect of surface geometry on boiling heat trans-
fer, three surface geometries were prepared: plain, V-grooved, and 
square-structured surfaces. The square-shaped surface consisted of 
squares with 2 mm sides, evenly machined into the top heating sur-
face. V-shaped grooves, with an approximate width of 2 mm and a 
depth of about 1 mm, were formed on the V-grooved surface.

 Surface roughness was also considered because it influences bubble 
nucleation during boiling. The mean surface roughness (Ra) of the 
polished plain surface was about 0.8-1.2 µm, while the machined 
structured surfaces exhibited slightly higher roughness values of 
1.5-2.5 µm.  These values are typical for mechanically machined 
boiling surfaces and help ensure consistency and reproducibility of 
the experimental results.

Figures 11, 12, and 13 show the boiling phenomena on various 
structured surfaces.

Figure 8. Plain surface

Figure 9. V Structured surface

Figure 10. Square structured surface 

Figure 11. Boiling phenomena on a plain surface
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Figure 12. Boiling phenomena on a v-structured surface

Figure 13. Boiling phenomena on a square-structured surface

The boiling process that occurs on the planar surface (Figure 11) is 
characterized by relatively sparse nucleation sites and the generation 
of relatively large vapor bubbles prior to departure. The Bubbles have 
increased the surface residence time and reduced the frequency of 
departure. This implies that nuclear energy should be restricted to 
micro-cavities that are naturally present on the smooth surface. The 
increased bubble diameter causes local thermal resistance due to 
partial vapor blanketing of the heating surface and limits its efficient 
rewetting by liquid. Even though the incorporation of graphene 
nanoparticles improves the effective thermal conductivity and facil-
itates microlayer evaporation, the lack of ordered geometric features 
inhibits bubble fragmentation and prevents continuous disruption 

of the thermal boundary layer. As a result, the heat transfer for the 
smooth surface is modest.

In contrast, a high density of nucleation sites is evident on the 
V-structured surface (Figure 12), particularly around the edges and 
corners of the grooves. The boiling visualization indicates that at the 
boiling point, the plain surface produces smaller bubbles that detach 
more frequently than bubbles on the boiling surface. The V-shaped 
lines can serve as stable entrapment sites for vapor, favoring suc-
cessive nucleation of geometric discontinuities. Also, the slanted 
walls facilitate the replenishment of liquids to the heated surface by 
capillary action. This geometrical restriction lowers the bubble de-
parture diameter and decreases bubble growth time, thereby reduc-
ing the formation of vapor blankets. Increased frequency of bubble 
release disrupts the thermal boundary layer and facilitates surface 
rewetting. Thus, not only can flow disturbances increase, but geom-
etry-imposed alterations to bubble dynamics and vapor-removal 
processes can also increase.

The square surface (Figure 13) exhibits the highest boiling activity 
among all tested configurations. Visualization revealed a high bub-
ble density, multi-site nucleation, coalescence, and immediate bub-
ble detachment. The two square cavities feature several intersecting 
corners that act as active nucleation sites. These corners enhance the 
stability of vapor entrapment and substantially increase the number 
of effective nucleation sites. Geometry also favors bubble division 
and fragmentation, leading to smaller bubbles and increased depar-
ture frequencies. The frequent separation of smaller bubbles further 
reduces the thickness of the vapor cover and prevents the thermal 
boundary layer from remaining intact. Increased surface rewetting 
raises the rate of microlayer evaporation and reduces surface super-
heat. This explains why the heat transfer coefficient is significantly 
greater for a square-structured surface.

7. Experimental investigation

Experimentally measured data were used in this study to investigate 
the system’s performance under varying electrical supply conditions, 
e.g., variations in input voltage and current. Heating surfaces with 
different structures were tested under steady-state (heating-mode) 
conditions. Because heat flux is the product of the heat transfer co-
efficient and the temperature difference between the heating surface 
and the working fluid, the heat transfer coefficient can be calculated 
when the temperature difference and the heat flux are known.

To obtain reliable performance comparison in different electrical 
and thermal conditions, the analysis was done by averaging the 15 
successive measurements observed after every 15 minutes in each 
surface configuration, i.e., the plain surface, V-structured surface 
and square-structured surface. The average data reduces fluctuations 
in the experimental data and yields more calculated heat transfer 
parameters.
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Where,

V= Voltage I = Current

T1, T2 = Temperature of copper specimen measured at difference in 
distance is 0.01 m

T3 = Temperature of nanofluid

7.1. Uncertainty analysis, repeatability and heat loss 
considerations

To ensure the reliability of the experimental data, repeatability tests 
and uncertainty analysis were carried out for all measured and cal-
culated parameters. Each experimental condition was tested three 
times after achieving steady-state operation. The variation observed 
among repeated measurements was within ±3%, which confirms 
the good repeatability and stability of the experimental setup. The 
average values of these repeated measurements were used for the 
final analysis and discussion.

The uncertainty associated with the experimental measurements 
primarily arises from the limited accuracy of the measuring instru-
ments. Temperature measurements were obtained using calibrated 
K-type thermocouples connected to a digital temperature indicator.

±0.5 °C. The electrical input to the heater was determined by mea-
suring voltage and current using digital meters having accuracies of 
±0.01 V and ±0.01 A, respectively.

The heat flux supplied to the boiling surface was calculated using the 
electrical input method:

q A
VI=ll

where V represents the applied voltage, I denotes the current sup-
plied to the heater, and A is the effective heat transfer area of the 
heating surface.

The boiling heat transfer coefficient was determined using the re-
lation:

h T T
q

s sat
= -

ll

where Ts is the measured surface temperature and Tsat is the satura-
tion temperature of the working fluid.

The uncertainties in the calculated quantities, such as heat flux and 
heat transfer coefficient, were estimated by considering the propa-
gation of errors in the primary measured variables. According to the 
instrument accuracies and calculation process, the uncertainty of 
the heat flux was in the range of ±5% and the uncertainty in the heat 
transfer coefficient was in the range of ±7%. The uncertainty levels 
in pool boiling heat transfer experiments are acceptable.

The loss of heat to the outside world was eliminated by ensuring that 
the heating assembly was well insulated. As the experiments were 
performed under steady-state conditions and with insulated bound-
aries, the heat loss to the surroundings was relatively small. The es-
timated heat loss was less than 5% of the supplied electrical power; 
therefore, the electrical input power was assumed to represent the 
heat transferred to the working fluid with reasonable accuracy.

8. Experimental readings and observations

All experimental readings were recorded under the specified op-
erating conditions. The observations include the measured values 
of relevant parameters and their corresponding changes during the 
process. These readings form the primary data for subsequent anal-
ysis and interpretation of the experimental results.

Table 4. Experimental readings and observations for plain surface

% of Volume fraction nanoparticles 0.2% 0.5% 1%

Heat 
Input Sr. No. Current 

(I)
Voltage 

(V) T1 (°C) T2 (°C) T3 (°C)  T1 (°C) T2 (°C) T3 (°C)  T1 (°C) T2 (°C) T3 (°C)

56 W

1 0.7 80 103 102.5 100 103.1 102.4 100.1 102.9 102.1 99.9
2 0.7 80 103.1 102.7 100.4 102.7 102 99.8 103.2 102.4 99.3
3 0.7 80 103.3 102.9 100.7 102.5 101.7 100 103.1 102.3 100.1
4 0.7 80 103 102.5 100.1 103.1 102.4 100 103.4 102.6 100.2

72 W
1 0.8 90 105.1 104.6 99.9 105.1 104.1 99.9 105.3 104.3 100.1
2 0.8 90 105.6 104.9 100.1 105 103.9 100.1 104.9 103.8 100.3
3 0.8 90 105.3 104.6 100.4 105.4 104.3 100.5 105.1 104 100.7
4 0.8 90 105.8 105.2 100.2 105.6 104.5 100 105 104 100.1

90 W

1 0.9 100 107.1 106 101.1 106.9 105.6 100.3 106.8 105.5 99.9
2 0.9 100 107.4 106.2 100.8 106.8 105.5 100.4 106.9 105.5 100.3
3 0.9 100 107.9 106.7 100.4 107.5 106.2 100.7 107.4 106 100.5

4 0.9 100 107.3 106.1 100.1 107.3 105.9 100.1 107.2 105.7 100.8
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Table 5. Experimental readings and observations for v- surface

% of Volume fraction nano particles 0.2% 0.5% 1%

Heat 
Input Sr. No. Current 

(I)
Voltage 

(V) T1 (°C) T2 (°C) T3 (°C)  T1 (°C) T2 (°C) T3 (°C)  T1 (°C) T2 (°C) T3 (°C)

56 W
1 0.7 80 102.1 101.6 100 102.5 101.9 100.1 102.7 102 99.9
2 0.7 80 102.5 102 100.4 102.8 102.1 99.9 103.1 102.4 100
3 0.7 80 102.7 102.2 100.7 103 102.4 100 103.4 102.7 99.9
4 0.7 80 102.3 101.7 100.1 102.3 101.7 100.1 103.2 102.4 100

72 W
1 0.8 90 104.5 103.8 99.9 105.1 104.3 100.5 104.9 104 101.1
2 0.8 90 104.7 103 100.1 105.5 104.7 100.4 105.1 104.3 100.7
3 0.8 90 105.1 104.4 100.4 105.8 104.9 100.3 105.3 104.4 100.8
4 0.8 90 105.3 104.6 100.2 106 105.2 100.5 105.5 104.6 100.9

90 W

1 0.9 100 107.1 106.1 101.1 108 107 100.1 107.5 106.5 99.9
2 0.9 100 107.3 106.2 100.8 107.5 106.5 99.9 108.1 107 100.5
3 0.9 100 107.4 106.4 100.4 107.3 106.2 100.1 108 106.9 100.7

4 0.9 100 107.1 106 100.1 107.7 106.7 100 107.7 106.6 100.1

Table 6. Experimental readings and observations for square surface

% of Volume fraction nanoparticles 0.2% 0.5% 1%

Heat 
Input Sr. No. Current 

(I)
Voltage 

(V) T1 (°C) T2 (°C) T3 (°C)  T1 (°C) T2 (°C) T3 (°C)  T1 (°C) T2 (°C) T3 (°C)

56 W
1 0.7 80 102.5 101.9 101 103.1 102.3 101.6 102.9 102 101
2 0.7 80 102.8 102.2 100.9 103.2 102.4 101.1 102.1 102.1 100.9
3 0.7 80 102.1 101.4 100.8 103 102.1 100.9 103.2 102.1 100.6
4 0.7 80 102.6 101.9 100.9 103.5 102.6 100.6 103.4 102.3 100.7

72 W
1 0.8 90 105.1 104.3 100.6 105.1 104.1 101 104.9 103.7 100.9
2 0.8 90 105.3 104.4 100.7 105.6 104.5 100.5 105.3 104 101.1
3 0.8 90 105.4 104.6 100.8 105.7 104.6 100.8 105.4 104.1 101.6
4 0.8 90 105.1 104.2 100.5 105.1 104.1 100.7 105.1 103.8 101.1

90 W

1 0.9 100 107.3 106.3 100.9 107.3 106.1 100.6 107.1 105.4 101
2 0.9 100 107.1 106 100.6 106.9 105.6 100.1 106.9 105.2 100.9
3 0.9 100 107.5 106.4 100.9 106.8 105.5 100.9 107.2 105.5 100.8

4 0.9 100 107.4 106.3 101.1 107.1 105.8 100.8 107.3 105.5 100.9

8.3. Calculation of the heat flux and heat transfer coefficient

a) Determination of heat flux (q)

The total electrical heat input supplied to the heating rod is calculat-
ed from the measured V and I

Q V Iinput #= 						       (4)

where:
•	 V= Voltage (V)
•	 I= Current (A)
•	 Qinput= Electrical heat input (W)

Under steady-state conditions with negligible heat losses (mini-
mized through insulation), the electrical heat input is assumed to be 
equal to the heat conducted through the test surface.

According to Fourier’s law of heat conduction, the heat transfer 
through the solid surface is:

Q KA dx
dt= - 						       (5)

Dividing both sides by the heat transfer area (A), the heat flux is 
obtained as:

q A
Q k dx

dt= = - 						       (6)
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Where, 
•	 q= Heat flux (W/m²)
•	 k= Thermal conductivity of the test material (W/m·°C)
•	 dx

dt =  Temperature gradient across the solid (°C/m) 

•	 A= Heat transfer area (m²)

The temperature gradient (dT/dx) is determined from temperatures 
measured by embedded thermocouples positioned at known axial 
distances within the test specimen. For steady-state one-dimension-
al conduction, a linear temperature distribution is assumed, and 
the temperature gradient is calculated using the finite-difference 
approximation:

xdx
dT T T2 1

D
= -

where Δx is the known distance between thermocouples.

b) Determination of heat transfer coefficient (h)

The convective heat transfer coefficient is calculated using Newton’s 
law of cooling:

( )q h T Ts nf= - 						       (6)

Rearranging:

( )h T T
q

s nf
= - 		

where:

ℎ = Heat transfer coefficient (W/m²·°C)

q = Heat flux (W/m²)

Ts = Surface temperature of the test specimen (°C)

Tnf = Bulk nanofluid temperature (°C)

The surface temperature Ts is determined by extrapolating the linear 
temperature profile obtained from thermocouple readings to the 
surface location.

c) Sample calculation procedure

Thermocouples are embedded along the axial direction of the heat-
ing rod at a uniform spacing of 0.01 m. The temperatures at these 
locations are recorded digitally under steady-state conditions.

For example: Distance between thermocouples, Δx = 0.01m Mea-
sured temperatures: T1and T2

The temperature gradient is calculated as:

.dx
dT T T

0 01
2 1= -

Using the known thermal conductivity (k) of the material, the heat 
flux (q) is calculated from Fourier’s law.

The surface temperature is obtained by linearly extrapolating the 
temperature profile to the outer surface. Finally, the heat transfer 
coefficient (h) is computed using the measured bulk nanofluid tem-
perature and the calculated heat flux.

9. Results and discussion

This section presents the calculations for the various test surfaces. 
The surface temperature of each specimen was identified, and the 
corresponding actual heat transfer rate were identified. Based on the 
measured temperature differences, the heat transfer coefficient is 
determined and compared across different surfaces.

9.1. Results and discussion for the plain surface

Tables 4, 5, and 6 show the heat transfer coefficient of a plain surface 
for different nanoparticle volume fractions.

Table 7. Heat transfer coefficient of a plain surface at 0.2% 
Nanoparticle volume fraction

Q
in

[W]
q

[W/m2]
ΔT
[⁰C]

h
[W/m2 ⁰C]

56 18.045 1.45 12.45

72 26.22 1.95 13.489

90 47.11 2.705 18.88

Table 8. Heat transfer coefficient of a plain surface at 0.5% 
Nanoparticle volume fraction

Q
in

[W]
q

[W/m2]
ΔT
[⁰C]

h
[W/m2 ⁰C]

56 32.08 1.925 16.67

72 42.11 2.10 20.07

90 56.14 2.15 26.14

Table 9. Heat transfer coefficient of a plain surface at 1% 
nanoparticle volume fraction

Qin
[W]

q
[W/m2]

ΔT
[⁰C]

h
[W/m2 ⁰C]

56 29.07 1.65 17.18
72 43.10 1.73 25.02
90 53.13 1.85 28.19

Figure 14 shows the change in the heat transfer coefficient (h) as 
a function of heat input (Qin) for nanoparticle volume fractions 
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of 0.2%, 0.5%, and 1%. At all concentrations, the heat transfer co-
efficient increases as the heat input increases from 56 W to 90 W, 
implying increased boiling activity and convective heat transfer at 
higher thermal loads.

Figure 14. Variation of heat transfer coefficient with heat input 
for different nanoparticle volume fractions on a plain surface (± 
standard deviation)

At a given heat input, a high nanoparticle volume fraction results in 
a high heat transfer coefficient; the 1% nanofluid consistently gives 
the best performance, followed by the 0.5% and 0.2% nanofluids. 
This is primarily attributable to the presence of nanoparticles, which 
enhance thermal conductivity and micro-convection. In general, 
the findings indicate that heat input and nanoparticle concentration 
effectively improve heat-transfer performance.

9.3. Results and discussion for the V-structured surface

Tables 7, 8, and 9 show the heat transfer coefficients for a plain sur-
face at different nanoparticle volume fractions.

Table 10. Heat transfer coefficient of a v surface at 0.2% 
Nanoparticle volume fraction

Qin
[W]

q
[W/m2]

ΔT
[⁰C]

h
[W/m2 ⁰C]

56 21.05 1.15 18.30

72 28.07 1.3 21.59

90 39.56 1.425 29.57

Table 11. Heat transfer coefficient of a v surface at 0.5% 
Nanoparticle volume fraction

Qin
[W]

q
[W/m2]

ΔT
[⁰C]

h
[W/m2 ⁰C]

56 25.06 1.025 24.54

72 33.08 1.25 26.54

90 41.10 1.45 28.40

Table 12. Heat transfer coefficient of a v surface at 1% nanoparticle 
volume fraction

Qin
[W]

q
[W/m2]

ΔT
[⁰C]

h
[W/m2 ⁰C]

56 34.24 0.85 34.24

72 36.09 1.0 36.09

90 47.11 1.3 36.145

Figure 15 shows the variation of the heat transfer coefficient with 
heat input for different nanoparticle volume fractions (V Surface). 
At three nanoparticle volume fractions (0.2, 0.5 and 1) on the 
V-structured surface. The heat transfer coefficient increases with 
heat input (56 W to 90 W) and increasing volume fraction of the 
mixture, thereby enhancing boiling and overall heat transfer.

An increase in nanoparticle concentration at a fixed heat input in-
creases the heat transfer coefficient. The highest values of h are con-
sistently observed at the 1% volume fraction, followed by 0.5% and 
0.2%. That the percentage change in h for the 1-percent nanofluid 
at higher heat input is more gradual indicates that the V-structured 
surface already provides considerable flow disturbance and that 
additional improvement is only moderate. Overall, the findings in-
dicate that increased heat input and increased nanoparticle volume 
fraction enhance heat transfer on the V-structured surface.

Figure 15. Heat transfer coefficient versus heat input for different 
nanoparticle volume fractions on v-surface with error bars (± 
standard deviation)



1604Kale, et al.

9.3. Results and discussion for the square-structured surface

Tables 10, 11, and 12 show the heat transfer coefficients on a plain 
surface across different nanoparticle volume fractions. 

Table 13. Heat transfer coefficient of a square surface at 0.2% 
Nanoparticle volume fraction

Qin
[W]

q
[W/m2]

ΔT
[⁰C]

h
[W/m2 ⁰C]

56 26.065 0.85 30.625

72 34.08 1.05 32.81

90 43.10 1.225 35.21

Table 14. Heat transfer coefficient of a square surface at 0.5% 
Nanoparticle volume fraction

Qin
[W]

q
[W/m2]

ΔT
[⁰C]

h
[W/m2 ⁰C]

56 34.08 1.075 31.75

72 42.105 1.15 36.67

90 51.127 1.175 43.80

Table 15. Heat transfer coefficient of a square surface at 1 % 
nanoparticle volume fraction

Qin
[W]

q
[W/m2]

ΔT
[⁰C]

h
[W/m2 ⁰C]

56 41.10 1.15 35.68

72 51.12 1.3 39.32

90 69.17 1.325 52.21

Figure 16 shows how the heat transfer coefficient (h) changes with 
the heat input (Qin) at various volume fractions (0.2%, 0.5%, and 
1%) of the nanoparticles on the square-structured surface. The heat 
transfer coefficient was found to increase with heat input at all con-
centrations between 56 W and 90 W, suggesting that boiling activity 
and heat transfer increase with thermal loading.

The heat transfer coefficient at any given heat input is positively 
related to the volume fraction of the nanoparticles. The maximum 
values of h are observed in the 1 percent nanofluid, followed by the 
0.5 percent and 0.2 percent nanofluids. The square surface exhibits a 
faster rate of increase in h with increasing heat input, especially at 1 
percent by volume. This can be explained by higher surface rough-
ness, more active nucleation sites, and greater turbulence generation 
than on plain and V-structured surfaces.

Overall, the findings demonstrate that the square-structured surface, 
combined with increased nanoparticle concentration, constitutes an 
effective method for improving heat-transfer performance.

Figure 16. Variation of heat transfer coefficient with heat input for 
different nanoparticle volume fractions on a square surface with 
error bar (± standard deviation)

9.4. Results and discussion of different nanofluid volume 
fractions with various structured surfaces at 90 W heat input

Figure 17 shows the variation in the heat transfer coefficient (h) as 
a function of nanoparticle volume fraction on plain, V-structured, 
and square-structured surfaces at a heat input of 90 W. The h of all 
surfaces increases as the volume fraction increases from 0.2% to 
1%, suggesting that a higher nanoparticle concentration improves 
thermal performance. When the volume fraction is kept constant, 
structured surfaces outperform the plain surface; the square-struc-
tured surface is the most effective with respect to the heat transfer 
coefficient, followed by the V-structured surface. This pattern con-
firms that nanoparticle loading and surface geometry enhance heat 
transfer.

Figure 17. Influence of nanoparticle volume fraction on the heat 
transfer coefficient for different surface geometries at a heat input of 
90 W with error bars(± standard deviation)
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9.5. Results and Discussion of Different Nanofluid Volume Frac-
tions with Various Structured Surfaces at 72 W Heat Input

Figure 18 illustrates the influence of the nanoparticle volume frac-
tion (V%) on the heat transfer coefficient (h) of plain, V-structured, 
and square-structured surfaces at a constant heat input of 72 W. 
The heat transfer coefficient increases with the volume fraction of 
nanoparticles (from 0.2% to 1%) across all surface configurations. 
Structured exhibit higher heat transfer coefficients for a given vol-
ume fraction than the plain surface; the square-structured surface 
shows the greatest improvement, followed by the V-structured 
surface. This trend indicates that nanoparticle concentration and 
surface geometry act together to enhance heat-transfer performance 
under moderate heat input.

Figure 18. Influence of nanoparticle volume fraction on the heat 
transfer coefficient for different surface geometries at a heat input of 
72 W with error bars(± standard deviation)

9.6. Results and Discussion of Different Nanofluid Volume Frac-
tions with Various Structured Surfaces at 56 W Heat Input

Figure 19. Influence of nanoparticle volume fraction on the heat 
transfer coefficient for different surface geometries at a heat input of 
56 W with error bars (± standard deviation)

Figure 19 shows the heat transfer coefficient (h) as a function of 
nanoparticle volume fraction (V) for plain, V-structured, and 
square-structured surfaces at a heat input of 56 W. In all surface con-
figurations, the heat transfer coefficient increases with nanoparticle 
volume fraction up to 1, indicating improved boiling heat transfer 
due to increased particle loading.

Structured surfaces are known to have higher heat transfer coef-
ficients than plain surfaces at a constant volume fraction. Among 
them, the square-shaped surface exhibits the greatest improvement, 
followed by the V-shaped surface. The observed trend demonstrates 
the positive synergistic impact of nanoparticle concentration and 
surface geometry on heat transfer performance, especially under 
low heat-input conditions.

Various plots of the heat transfer coefficient versus heat input were 
generated for different surface geometries (plain, V, and square) and 
volume concentrations (0.2%, 0.5%, and 1%). These plots show im-
proved heat transfer efficiency. The enhancement is determined by 
heat input and by the volume concentration. One can observe that 
stable, homogeneous nanofluids can be prepared.

The presence of nanoparticles causes collisions between the heating 
body and the nanoparticles, which increase turbulence in the solu-
tion and, consequently, the heat transfer coefficient.

The appearance of vapor bubbles at the liquid-solid interface 
during boiling introduces significant thermal resistance. Suspend-
ed nanoparticles in nanofluids repeatedly collide with the newly 
formed vapor bubbles  as the bubbles grow on the heated surface. 
Consequently, vapor bubbles formed in nanoparticle-containing 
fluids are smaller than those formed in the corresponding base flu-
ids without nanoparticles.

Moreover, a portion of the nanoparticles is likely to be deposited on 
the heater surface during nucleate boiling, resulting in the forma-
tion of a porous layer on the solid-liquid interface. This deposited 
coating changes the surface properties by altering bubble dynamics, 
contact angle, and surface roughness. As a result, the wettability of 
the surface is significantly enhanced, which promotes efficient heat 
transfer.

When the roughness of the heating surface is several times larger 
than the nanoparticle diameter, many active nucleation sites become 
available. This increase in the number of nucleation sites is neces-
sary to promote overall boiling heat transfer.

10. Comparison of all surfaces

The three surface configurations - plain, V-structured, and 
square-structured, at nanoparticle volume fractions of 0.2, 0.5, and 
1% were compared with respect to heat transfer to determine the 
nature of these surfaces. The evaluation is made on the basis of the 
experimentally measured heat transfer coefficients at various rates 
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of heat input, with special focus having been on the combined effect 
of surface geometry and nanoparticle concentration.

Increasing the nanoparticle volume fraction to 1% produced an 
overall increase in the heat transfer coefficient across all surface ge-
ometries. The nanofluid has superior thermophysical characteristics, 
including increased effective thermal conductivity and enhanced 
micro-convection intensity, which increases with nanoparticle con-
centration. The extent of improvement, however, was quite different 
with respect to surface geometry.

The plain surface consistently exhibited the lowest heat transfer 
coefficient across all configurations, volume fractions, and levels of 
heat input. Although the presence of nanoparticles led to behavioral 
improvements compared with the base fluid, the absence of surface 
features inhibited the development of turbulence, as well as access to 
active sites of nucleation, resulting in only a modest improvement.

By contrast, the V-structured surface exhibited substantially higher 
heat transfer coefficients than the plain surface at all nanoparticle 
concentrations. The V-shaped configuration is effective at increas-
ing fluid mixing, disrupting thermal boundary layers, and thereby 
enhancing heat transfer. However, the rate of improvement declines 
with increase in heat input which implies that the geometric distur-
bance caused by V-structure attains a saturation point given some 
operating conditions.

The square-structured surface was found to be the most effective 
among the plain and V-structured surfaces across the entire range of 
the parameter studied (nanoparticle volume fraction). Its geometry 
produces higher surface roughness and an increased effective area 
of the active nucleation sites. These properties significantly increase 
bubble nucleation, departure, and liquid rewetting during boiling, 
thereby improving heat transfer.

In a comparative analysis of the experimental findings, the 
square-structured surface exhibited the highest heat transfer coeffi-
cient at a heat input of 90 W and a nanoparticle volume fraction of 
1%. This condition represents an ideal relationship between surface 
geometry and nanoparticle loading within the studied range. The 
notable enhancements in the conditions mentioned above support a 
strong synergy between graphene-based nanofluids and structured 
heating surfaces.

Overall, the study confirms that although adding nanoparticles 
increases heat transfer across all surface types, surface geometry is 
the dominant factor determining the magnitude of that increase. 
Among the structures considered, the square-patterned surface pro-
vides the best heat transfer performance.

11. Conclusion

The present experimental study explores how nanoparticle volume 
fraction and surface geometry interact to determine heat-transfer 
effectiveness as the heat input varies. Nanofluids, consisting of 
graphene, with volume fractions of 0.2%, 0.5%, and 1%, were ap-
plied on plain, V-structured, square structured surfaces at 56 W, 72 
W, and 90 W of heat input.

Experimental evidence across all surface geometries, increasing the 
nanoparticle volume fraction to 1% consistently increases the heat 
transfer coefficient. This has been mainly due to the favorable ther-
mophysical properties of nanofluids, such as high effective thermal 
conductivity, intense micro convection, and enhanced energy trans-
port resulting from nanoparticle dispersion. Also, the heat trans-
fer coefficient increased with increasing heat input at a constant 
nanoparticle concentration, indicating enhanced boiling activity at 
higher thermal loads.

For a plain surface, the heat transfer coefficient gradually increased 
with both heat input and nanoparticle concentration. The heat 
transfer coefficient at 56 W, 25.02 W/m2oC, and 28.19 W/m2oC were 
23.18, 25.02, and 28.19 respectively at a nanoparticle volume frac-
tion of 1%. These findings support the conclusion that the addition 
of graphene nanoparticles improves heat transfer even on smooth 
and unstructured surfaces.

The V-shaped surface consistently exhibited higher heat transfer 
coefficients than the plain surface under all operating conditions. 
The values were respectively 34.24 W/m2oC at 56 w, 36.09 W/m2oC 
at 72 w and 36.15 W/m2oC at 90 w. This has become feasible largely 
because the V-shaped geometry increases flow disturbance and par-
tially disrupts the thermal boundary layer.

Among all structures tested, the square structure exhibited the great-
est heat transfer. The maximum heat transfer coefficient of 56 W was 
35.68 W/m2oC, 72 W was 39.32 W/m2oC, and 90 W was 52.21 W/
m2oC. The improved performance of this surface can be attributed to 
increased surface roughness, increased density of active nucleation 
sites, enhanced turbulence generation and improved liquid–surface 
contact during boiling.

A comparative evaluation of heat transfer at a nanoparticle volume 
fraction of 1% and a heat input of 90 W revealed that the V-struc-
tured and square-structured surfaces exhibited increases in heat 
transfer of 28.21% and 85.20%, respectively relative to the unstruc-
tured surface. These findings have demonstrated that surface geom-
etry significantly enhances heat transfer, especially when associated 
with increased nanoparticle concentration.

This paper confirms the hypothesis that the synergistic combination 
of graphene-based nanofluids and structured heating surfaces can 
greatly improve the performance of boiling heat transfer. In the stud-
ied regime, the square-shaped surface containing a 1% nanoparticle 
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volume fraction proved the most effective geometry, underscoring 
its significant potential for application in boiling heat-transfer and 
thermal-management systems.
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Nomenclature
A		  Absorbance
b		  Path length, cm
c		  Concentration, mol·L⁻¹
C		  Dimensionless constant related to crystallite shape
d		  Crystalline size, nm
DI		  Deionized water
dt/dx		  Temperature gradient, °C·m⁻¹

EG		  Ethylene Glycol
FT-IR		  Fourier Transform Infrared Spectroscopy
h		  Heat transfer coefficient, W/(m²·°C)
I		  Transmitted intensity, W
Ii		  Incident intensity, W
K		  Thermal conductivity, W·m⁻¹·°C⁻¹
M-O		  metal-oxygen
mp		  Mass of nanoparticles, kg
MWNT 		 multi-wall nanotubes
q		  Heat flux, W/m2
Q		  Heat transfer, W
Qin		  Heat input, W
SDBS		  Sodium dodecyl benzene sulfonate 
SEM		  Scanning electron microscopy
SWNT		  Single-wall nanotubes
SDBS		  Sodium Dodecyl Benzene Sulfonate
T		  Temperature, °C
UV		  Ultraviolet
VBF		  Volume of base fluid, m³
V		  Voltage (volts)
I		  Current (amp)
XRD		  X-ray diffraction
ΔT		  Temperature difference, °C

Greek Symbols
β		  Full Width at Half Maximum of the diffraction 	
		  peak (in radians).
Ε		  Molar absorptivity
θ		  Half of the diffraction angle (θ = 2θ / 2)
λ		  Wavelength of the X-ray source (in nm).
ρ		  density of nanoparticles, kg/m3
𝜙		  Volume fraction

Subscripts
suf		  Surface (Used to indicate surface temperature)
3		  Nanofluid (Used to indicate nanofluid 
		  temperature)
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