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� Akadémiai Kiadó, Budapest, Hungary 2019

Abstract
This work presents the convective heat transfer and friction loss characteristics of novel functionalized graphene-based and

metal oxide nanofluids. The convective heat transfer in circular tubes of different materials (copper, aluminium and

stainless steel 316) was used at constant wall heat flux of 23,870 W m-2. An innovative approach was used to prepare

highly dispersed propylene glycol-treated graphene nanoplatelets–water (GNP1) and trimethylolpropane tris amine–water

(GNP2) by functionalization method. The measured thermal conductivity of GNP1 and GNP2 nanofluids showed

incredible performance which increased up to 32% and 31% higher than that of basefluid. By comparing material effect,

copper tube showed the highest HTC up to 119% in GNP1 at 0.1 mass%, while in aluminium and stainless steel 316 tube

the highest heat transfer coefficient (HTC) was 110.2% and 100.68%. Besides, alumina and silicon dioxide nanofluids also

presented decent increment in HTC which was up to 29.1% and 31.6%, respectively. The highest rise in friction factor for

GNP1 and GNP2 was obtained up to 10.2% and 10%, respectively. For alumina and silicon dioxide nanofluids, the friction

factor was measured up to 5.92% and 7.14% at velocity range of 1–3 m s-1. The maximum enhancement in Nusselt

number (Nu) for GNP, GNP2, alumina and silicon dioxide nanofluids was achieved up to 84%, 72%, 26% and 28%. The

results suggest that the copper tube which is a good conductor of heat could be used in the heat exchangers and

functionalized GNP nanofluids can be used as the heat exchanging fluids in heat transfer applications which could give a

decent substitute to traditional working fluids in heat exchangers and in thermal fluid systems.
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List of symbols
D Diameter (m)

L Tube length (m)

Cp Specific heat (J kg-1 K-1)

Pe Peclet number

V Velocity (m s-1)

n Number of tubes

q Heat transfer (W)

Nu Nusselt number

mo Mass flow rate (kg s-1)

Re Reynolds number

U Velocity (m s-1)

T Temperature (�C)
W Pumping power

k Thermal conductivity (W m-1 K-1)

H Heat transfer coefficient (W m-2 K-1)

Pr Prandtl number

A Area (m2)

F Friction factor

Greek symbols
DP Pressure drop (Pa)

g9 Efficiency of loop

e Performance index

l Viscosity (Pa s)

q Density (kg m-3)
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Subscripts
w Tube wall

p Particles

nf Nanofluid

bf Basefluid

ID Inner diameter

b Bulkfluid

out Outlet

OD Outer diameter

Tb Bulk temperature

in Inlet

Introduction

Enhancement in heat transfer has been the attention of

engineers not just for designing high productive and effi-

cient systems, but also for satisfaction of safe operability of

devices and systems. Highly improved properties by using

advanced materials and techniques in heat transfer are

highly demanded [1–5]. Since last few decades, a variety of

conventional fluids like oil, ethylene glycol, water and air

are already used for the transfer of heat depending on the

area of applications [6, 7]. Similarly, several types of

nanomaterials such as carbon nanotube (CNT), metal

oxide, ceramic nitride and carbides are used in combination

with conventional fluids to yield amazing heat conductors

[8–12]. However, these nanofluids are affected by a num-

ber of factors which include nanomaterial size, viscosity,

Brownian motion, interfacial nanomaterial layering and

stability [13–15]. However, the performance of heat

transfer fluids still turns out to be highly demanded and

challenging where massive amount of heat is to be trans-

ferred. Further, several methods have been used to enhance

the heat transfer in microchannel heat exchangers [16–19].

However, nowadays researchers have focused on the sin-

gle-phase and two-phase heat transfer methods. Betz and

Attinger [20] examined the intermediate step between

single-phase flow and two-phase flow. They observed that

segmented flow in microchannel heat sink enhances heat

transfer up to 140% compared to the single-phase flow.

However, this method has a limit of growing the instability

and pressure drop inside the channel. Nowadays, graphene

has been one of the newest topics in scientific community

owing to its unique heat transfer, electronic and mechanical

properties [11, 21–23]. Surely the graphene is an out-

standing nanomaterial having thermal conductivity (TC)

higher than other carbon-based nanomaterials, in the range

between 4.84 ± 0.44 9 103 and

5.30 ± 0.48 9 103 W m-1 K-1 [24, 25].

Sarafraz and Safaei [26] used the GNP nanofluids to

study the thermal performance and efficiency of an evac-

uated solar collector. They achieved the enhancement in

thermal conductivity up to 19% at 0.1 mass%. Further,

they obtained the efficiency of the solar thermal collector

which reached 95% by using GNP nanofluids at 0.1 mass%

at a flow rate of 3 L min-1. Hafiz and Waqas [8] used the

GNP nanofluids to examine the angle effect of a pin fin

heat sink channel in the convective heat transfer coeffi-

cient. They obtained the higher HTC with the decrease in

the pin fin channel age from 90 degrees to 22.5 degree.

However, the convective heat transfer corresponding to

22.5- and 45-degree heat sink was 84.3% and 38.5% higher

as compared to 90-degree heat sink, respectively.

Sarafraz et al. [27] examined the heat transfer performance

and thermophysical properties of nanofliuds by using the

aqueous GNP at concentrations of 0.025–0.1 mass%. A

significant enhancement in heat transfer coefficient and

Nusselt number was achieved up to 80%. However, they

could observe that the enhancement in thermal perfor-

mance was attributed to the thermophoresis effect, Brow-

nian motion and higher thermal conductivity of the

nanofluid.

It has been reported by several researchers that mostly

the thermal conductivity (TC) of the carbon particles like

graphene nanoplatelets (GNPs) and carbon nanotubes

(CNTs) is high as compared to metal oxide or metal

nanoparticles [24, 27–31]. This recent research proves that

the carbon-based nanoparticles have high potential for

increasing the thermophysical properties of basefluids

[10, 32]. Nevertheless, in the field of nanofluids, the sig-

nificant thermal properties of GNPs such as the strong van

der Waals interactions, which have limited use in thermal

applications. However, to overcome on this problem the

covalent and non-covalent functionalization techniques are

an effective approach to improve the dispersibility and

increase the thermal properties of GNPs [33–36]. Hafiz and

Waqas [8] examined the convective HTC of GNPs to

investigate the angle effect of the pin fin heat sink channel.

They measured the HTC for 22.5� heat sink which was

84.30% higher as compared to 90� heat sink. Sarafraz et al.
[21] studied the convective single-phase heat transfer of

GNP nanoparticles which were dispersed in water–ethylene

glycol. However, they achieved the significant enhance-

ment in thermal conductivity of GNP nanofluids up to

32.1% at 0.3 mass% and at 60 �C. Further, they observed

the increase in thermal performance up to 21% in spite of a

12.1% augmentation in the pressure drop. Emad et al. [11]

prepared the aqueous suspension of stable homogeneous

GNP nanofluids by high-power ultra-sonication. In their

experiment, they used the stainless steel 316 tube of

1400 mm in length with inner and outer diameters of

10 mm and 14 mm, respectively. They measured the Nu
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(Nu) of GNP nanofluid which was nearly 83% higher than

the basefluid, and the increase in pressure drop was up to

14.6%. In another study, Amiri et al. [5] examined the heat

transfer characteristics of ethylene glycol-treated GNP-

based water–ethylene glycol coolants over a backward-

facing step. They used the functionalization technique to

produce the ethylene glycol-graphene nanoplatelets

(EGGNP) and EGGNP-based water–EG coolant (EGGNP-

WEG). In their results, they observed a greater mass con-

centration of EGGNP in basefluid which indicated a higher

extent of convective HTC and TC, suggesting high heat

transfer rate over the backward-facing step. Arzani et al.

[37] prepared the covalent and non-covalent functionalized

GNPs, where they investigated the HTC for the convective

heat transfer. High increment in transfer of heat was found

in covalently functionalized GNPs up to 22% at 0.1 mass%

due to their higher TC. It is well known that the two-phase

flow provides the higher heat transfer rates compared to the

single-phase flow, particularly in microchannel [38–41].

Therefore, the two-phase flow in microchannel heat

exchangers with nanofluids is appropriate for convective

heat transfer.

Numerous studies have focused on metal oxide nano-

fluilds in heat exchangers [19, 25, 42, 43]. Tiwari examined

the convective HTC of alumina and silicon dioxide water-

based nanofluids by optimizing the various concentrations.

The maximum HTC increments for alumina and silicon

dioxide water-based nanofluids at 3 vol% were about

26.3% and 13.9% [44]. Bin et al. [45] inspected the HTC of

alumina water-based nanofluids by using sodium dodecyl

benzene sulfonate (SDBS) as dispersant. The enhancement

in HTC was achieved up to 14.24% at 0.1 mass%. More-

over, oxide-based nanofluids have the better stability

compared with other nanofluids [35]. Among the above

examples, alumina and silicon dioxide have good thermal

performance characteristics. Therefore, in this research

from metal oxides alumina and silicon dioxide nanoparti-

cles were chosen to prepare the nanofluids.

Abundant research has been done on GNPs and metal

oxides as a coolant in the heat exchangers, where some

researchers have used the copper or stainless steel as the

test section material. As per authors’ knowledge, no one

has compared the materials effect of tube in the convective

heat transfer by using GNPs and metal oxides nanofluids.

Therefore, in this research different tubes with different

material selections were used to investigate the increment

in convective HTC and the pressure loss by the use of

functionalized GNP water-based nanofluids. This research

has focused on heat transfer characteristics and friction loss

of propylene glycol-treated graphene nanoplatelets

(GNP1), trimethylolpropane tris [poly (propylene glycol),

amine terminated] ether-treated graphene nanoplatelets

(GNP2), alumina and silicon dioxide water-based

nanofluids. The pristine graphene with the higher surface

area being 750 m2 g-1 was selected for functionalization

with PG and TMP. The heat flux for the convective heat

transfer in circular tubes of different materials was con-

sidered at 23,870 W m-2, and the Reynolds number range

was kept between 3900 and 11,700. All the experiments

were conducted in closed conduit (pipe) flow. Further, the

effect of the dispersed nanoparticle concentration on ther-

mal properties, friction factor, Nu and convective HTC was

thoroughly investigated. The objective of this work is to

investigate the thermophysical properties of the developed

nanofluids and their characterization and to examine the

material effect on the transfer of heat performance of a

circular tube heat exchanger in different tube materials.

Material and methodology

Materials preparations and selected
functionalization approach for GNP1, GNP2,
alumina and silicon dioxide nanofluids

For this research, pristine graphene nanoplatelets were

purchased from XG sciences with 750 m2 g-1 surface area

and over 95% of carbon purity. The rest of all other

chemicals and materials which were required for this study

were purchased from Sigma-Aldrich.

For the preparation of GNP1, firstly, GNP was cova-

lently functionalized with carboxyl groups. After the

functionalization, pristine GNP was ultra-sonicated with

the mixture of sulphuric acid and nitric acid in the volume

ratio of 3:1 for up to 12 h at 60 �C. After sonication, the
mixture was stirred for 36 h at similar conditions to syn-

thesize carboxylated GNP (GNP-COOH). To separate the

suspension and supernatant to reach PH value around 4–5,

further suspension was processed to centrifuge at

11,000 rpm with distilled water. Further to dry the sample,

the suspension was kept in oven at 50 �C for 48 h. Also, in

this work, 1 g GNP-COOH and 100 mL propylene glycol

(PG) were sonicated for 10 min and after that 13.4 mL

sulphuric acid was added in the suspension drop-by-drop.

Further, the mixture was sonicated again for 8 h and then

kept over a magnetic stirrer for 12 h at 70 �C. Moreover, to

surge the reaction rate and based on the equilibrium law,

the produced water in Fischer esterification reaction was

removed by evaporating water. During this process, the

equilibrium was affected by either removing water product

from the reaction mixture and it shifted to right side.

However, the acid-catalysed esterification of carboxylic

acids with alcohols can give an ester. Ultimately, to remove

the non-reacted materials form the suspension, the mixture

was centrifuged again at 11,000 rpm with anhydrous THF

and was then rinsed a few times with THF and ethanol.
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Finally, the sample was then kept in the oven at 60 �C for

48 h.

Similarly, for the preparation of GNP2 the method is

same as for GNP1; in the GNP2 case after centrifugation

when the pH reaches around 3–4, the sample is then kept in

the oven, for around 4 days at 50 �C to dry overnight.

Therefore, in the typical experiment 1 g GNP-COOH and,

instead of propylene glycol, 100 mL of trimethylolpropane

tris [poly (propylene glycol), amine terminated] ether were

sonicated for 10 min and then 13.4 mL H2So4 was added

drop-by-drop. For the preparation of metal oxides

nanofluids (alumina nanopowder with particle size of about

50 nm and silicon dioxide nanopowder with particle size of

about 50 nm), a two-step method was used. Finally, to

achieve the homogenous distribution of nanoparticles the

sample was sonicated up to 60 min in order to break down

the large agglomerates.

Experimental system

For this research, the conduit flow experimental set-up was

designed and built as shown in Fig. 1a, which consisted of

all required equipped parts and devices to conduct the

experiment and analyse the data. The all components of the

test rig and procedure are given in detail in supplementary

information. Furthermore, for investigating material effect,

the tubes were selected of same diameters with different

materials (stainless steel, aluminium and copper). How-

ever, all the selected tube materials have different

mechanical and thermal properties. The thermal conduc-

tivity of the stainless steel material is 16.2 W m-1 K-1,

which is lower than that of both other selected materials.

Further, metals like aluminium are good conductors of heat

and they absorb heat very quickly. However, the thermal

conductivity of aluminium is 205 W m-1 K-1. Also, our

third selected test section material is copper which is the

best conductor of heat in all selected materials. Neverthe-

less, the thermal conductivity of copper is

385 W m-1 K-1. Therefore, for material effect compar-

ison the diameter of the test section tube was selected to be

4 mm. Figure 1b shows the three different tubes of the

same diameter with different materials.

The thermophysical properties of selected nanofluids

were measured at 0.1 mass% for this experiment and are

given in Table 1. The TC of all samples was measured by

the thermal properties analyser (KD2 pro), and this tech-

nique is used with transient hot wire method. Figure 1c

presents the TC plot of GNP2, GNP1, silicon dioxide and

alumina nanofluids which is the function of temperature

and mass percentage. It is observed that the increase in the

TC with temperature is more sensible in GNP2 and GNP1.

Therefore, it assures that the temperature plays a vital role

in growing the TC of both the coolants.

Results and discussion

Functionalization analysis of GNP1 and GNP2

Surface amendment of GNP by functional groups becomes

significant in order to achieve the highly stable nanofluids.

Figure 2a describes the Fourier-transform infrared spec-

troscopy (FTIR) spectra of pristine GNP and GNP1.

Noticeably, the GNP1 sample proves clear cues of different

functionality groups in difference to the original GNP. As

in Fig. 2a, the spectrum of GNP1 gives the peaks at

1134 cm-1 and 1642 cm-1, which could be attributed to

the C–O and C=O extending vibration. Likewise, another

sharp peak at 1042 cm-1 which is attributable to C–O

stretching vibration of ester band, in result of the esterifi-

cation of carboxylic acid groups on main structure or edge

of GNP with –OH band of PG. Therefore, the confirmation

of PG functionalization was done by observing peaks at

1453 cm-1, 3403 cm-1 and 1385 cm-1 for the O–H,

COO- stretching vibrations and CH2 bending vibration,

respectively. However, the peaks observed at 2974 cm-1

and 2931 cm-1 agree with the stretching vibration of C–H

groups. Similarly, Raman spectroscopy is a powerful

technique for the investigation of the structural properties

of carbon compounds [36]. Raman spectral analyses of the

pristine GNP and GNP1 are presented in Fig. 2b which

clearly describes that the both samples exhibit G and D

bands, at about 1362 cm-1 and 1592 cm-1, respectively.

The G bands relate to graphitic carbon (sp2), and the D

bands are related to amorphous/disordered carbon (sp3).

Because of covalent functionalization, the increase in ratio

of ID/IG refers to the change of sp2-hybridized carbons to

sp3-hybridized carbons. However, the dramatic increase in

D band intensity is interpreted as the presence of faults and

ailment shaped in the sample after dynamic mechanical and

chemical process of acid treatment. However, it can be

observed that intensity ratio of GNP1 sample is greater

than the intensity of original GNP.

Figure 3 demonstrates images of pristine GNP and

GNP1 which were taken by scanning electron microscopy

(SEM) and transmission electron microscopy (TEM).

Although TEM and SEM images cannot clearly differen-

tiate minute functional groups, it can still show wrinkles

and surface deterioration of GNPs that were formed due to

PG functionalization. In general, some multi-layer GNP

flakes with suitable grain size in images could be seen.

However, as per the TEM and SEM images, the their size

and shape of GNP1 samples were kept. In Fig. 3, in the

SEM and TEM images the noticeable changes in surface

deterioration and morphology can be clearly seen. In TEM

images specifically, the lines observed are wrinkles on the

GNP surface because of inherent instability of 2D
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structures. However, in GNP1 the visible lines can be

attributed to the augmentation of wrinkles (crinkliness) in

the ultra-sonication process, which result from the flexi-

bility of GNP flakes after the functionalization [29].

Figure 4a represents FTIR spectra of pristine GNP and

GNP2. As it can be seen in the figure clearly, in difference

to the pristine GNP, the GNP2 sample shows clear signs of

various functionalities sets. However, Table 2 gives the
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Fig. 1 a The designed and fabricated experimental set-up for measuring the convective heat transfer [29], b different test section tubes of the

same diameter 4 mm (copper, aluminium and stainless steel), c variation of TC at different temperatures (�C)

Table 1 Viscosity, density and

specific heat of the selected

nanofluids

Viscosity/Pa s Density/kg m-3 Specific heat/J kg-1 K-1

GNP1 0.003129 1055.863 2807.352

GNP2 0.003130 1055.863 2807.352

Alumina 0.002155 1072.747 3039.524

Silicon dioxide 0.003001 1057.886 2796.342
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peaks along with the explanation of their understandings.

The spectrum of GNP2 shows few peaks at 1105 cm-1 and

1637 cm-1, that can be attributed to C–O and C=O

stretching vibration. These bonds are present due to the

attachment of TMP molecules on the edge and surface of

the GNP sheets. Further, at 919 cm-1 another small peak is

observed which is attributable to C–O stretching vibration

of ester band resulting from esterification of carboxylic

acid groups on edge or the main structure of GNP with –

OH band of TMP. Therefore, TMP functionalization is

confirmed by the presence of peaks at 3430 cm-1 for N–H

and O–H stretching vibration of symmetrical/primary

amine –NH stretching vibration. Likewise, the peaks at

2876 cm-1 and 2968 cm-1 are in agreement with stretch-

ing vibration of C–H groups. Similarly, peak centred

around 1575 cm-1 is attributable to the C=C stretching

vibration as a result of the devastation of the main structure

or open ends of GNP. TMP functionalization was further

developed by the presence of peaks at 1375 cm-1 and

1463 cm-1 for the CH2 and NH2 bending vibrations,

respectively. The appearance of these peaks in the FTIR

spectrum for the GNP2 qualitatively proves the success of

the covalent functionalization procedure.

In Fig. 4b, Raman spectral analysis of the pristine GNP

and GNP2 is shown. The Raman spectroscopy of both

pristine GNP and GNP2 samples reveals the G and D bands

at around 1362 cm-1 and 1592 cm-1, respectively. The D

bands are attributed to the disordered/amorphous carbon

(sp3), and G bands are attributed to the graphitic carbon

(sp2). Because of covalent functionalization, the increase in

ratio of ID/IG refers to the change of sp2-hybridized carbons

to sp3-hybridized carbons. However, it is obvious that

intensity ratio of GNP2 sample is surely higher than that of

the pristine GNP. It could be noticed that the GNP2 and

pristine GNP showed the ID/IG ratio of 0.92 and 0.51,

which have an agreement with FTIR results.

The TEM image of GNP2 is shown in Fig. 5. It could be

seen that the image shows wrinkles and the surface dete-

rioration of GNPs that were formed as the result of GNP2

functionalization. In general, the GNP sheets with the large

grain size in image can be clearly seen. Besides, the lines

seen in this image are wrinkles on the GNP surface due to

the inherent instability of 2D structures. The appearance of

these lines in GNP2 can be attributed to the improvement

in wrinkles (waviness) during the sonication procedure,
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Fig. 2 a FTIR spectra of GNP1 and pristine GNP, b Raman spectra of

GNP1 and pristine GNP [29]

Fig. 3 TEM (at left) and SEM (at right) images of GNP1 at

0.1 mass%
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which results from the flexibility of GNP flakes after

treatment. It is observed that by increasing the wettability

of surface, the functionalization can increase the wrinkles.

Characterization of alumina and silicon dioxide

Figure 6 shows the TEM images of 0.1 mass% alumina/

water nanofluid. The shape of the alumina nanoparticles is

rectangle and rod-like structure (see Fig. 6a). However,

Fig. 6b portrays that the sample with 0.1 mass% dispersant

has the very minor agglomeration and they reached better

suspension. To achieve the better dispersion, alumina

nanofluids were sonicated up to 60 min. It can be seen

clearly that all particles are of same size and their size is

below 50 nm. To achieve the higher TC in alumina

nanofluids were prepared without surfactant. Figure 6c

represents the TEM images of silica nanoparticles which

are round and rod-like in shape. However, Fig. 6d portrays

that the samples have the very minor agglomeration and

they have reached the better suspension. It can see clearly

that all particles are of same size and their size is below

50 nm. To get the stable dispersion, nanonofluids were

sonicated up to 60 min. In Fig. 6 TEM images, similarly

like alumina to achieve the higher TC no surfactant was

used for silicon dioxide. The majority of the silicon dioxide

and alumina indicate good purity of the sample and give

confidence in the above-mentioned method of synthesis.

Additionally, zeta potential analysis of the selected

samples has carried out the electrophoretic behaviour and

useful details to understand the dispersion behaviour of

metal oxides in basefluid (water). The analysis of zeta

potential and particle size distribution for alumina and

silicon dioxide nanofluids is demonstrated in Table 3. It

was observed that if the zeta potential has the high com-

plete value, the electrostatic repulsion between particles

increases according to the stabilization theory, and then

this leads to good stability of suspensions. It is understood

that the particles with a high superficial charge always tend

not to agglomerate, since contact is contrasting. The zeta

potential and the polydispersity index (PDI) of alumina and

silicon dioxide at their natural pH are also shown in

Table 3. However, the polydispersity index (PDI) and zeta

potential are normally applied as an index of magnitude of

Fig. 5 TEM image of functionalized GNP2

Fig. 6 TEM images of alumina and silicon dioxide at 0.1 mass%

Table 2 The interpretation of functionalized GNPs by Fourier-transform infrared spectroscopy

Peak/cm-1 Interpretation

919 Stretching vibration (ester band) C–O

1105 Stretching vibration C–O

1375 Bending vibration NH2

1463 Bending vibration CH2

1575 Stretching vibration –C=C

1637 Stretching vibration (ester band) –C=C

2968 and 2876 Stretching vibration C–H

3430 O–H and N–H stretching vibration of primary amine/symmetrical –NH stretching vibration
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the electrostatic interaction between colloidal particles and

hence can be assumed as a measure of colloidal stability of

the suspension. Bestowing to Table 3, the zeta potential

essential to be as large as possible (negatively or posi-

tively) to generate a common repulsive force among the

particles. It was observed that after sonication for 1 h

alumina is more positively charged, which is around

? 50 mV over 7-day period. Similarly, the results of sili-

con dioxide for zeta potential suggest a suitable stability

over 7-day period at 25 �C. Certainly, the zeta potential

slowly shows some variations over 7-day period, in spite of

mostly remaining stable with the period of time. Measured

zeta potential of nanofliuds at below - 30 mV or above

? 30 mV shows good stability [45, 46]. From the above

results, it is suggested that the electrostatic repulsion force

between metal oxides is adequate to get over the attraction

force among particles. Similarly, it could be observed in

Fig. 7 that stability of both alumina and silicon dioxide

nanofluids at 0.1 mass% were found stable even after more

than a month.

Figure 7 shows the plot of absorbance intensity versus

wavelength for the nanomaterials in water taken at a

specific period of time (34 days). It depicts the appreciably

higher dispersibility of functionalized GNP and metal

oxide in aqueous media. The measurement was carried out

at a peak wavelength of nanofluids to trace the alteration in

the intensity which can be further used to describe the

suspension stability at the constant mass fraction of nano-

materials. It can be seen that the colloidal mixture shows a

downward trend of relative concentration as the time pro-

gressed, indicating that the level of particle concentration

and thus the stability subsided. Also, the relative

concentration (absorbance intensity) of tested nanofluids

shows the low amount of sediment. The easily miscible PG

and TMP functionalities in water may explain the higher

dispersion of the functionalized graphite as compared to

others.

For GNP1 and GNP2 samples at 0.1 mass%, trend of

relative concentration with time, indicating that the level of

particle concentration and thus the stability subsided, sur-

prisingly less than 12% sediment. Also, the relative con-

centration (absorbance intensity) of metal oxides water-

based coolant shows the low amount of sediment (maxi-

mum of sediment was 12%). However, alumina at

0.1 mass% up to 30 days shows the higher stability among

all tested nanofluids. However, in silicon dioxide nanofluid

tested at 0.1 mass% the maximum sediment was obtained

up to 15% after 34 days.

Uncertainty analysis

The uncertainty analysis was conducted following the

conventional paradigm underlined by Kline and McClin-

tock [99] as well as Taylor and Thompson [100] which was

established based on the error propagation principle. Both

raw and derived parameters were subjected to error anal-

ysis to identify the range of uncertainty limit where the true

value is likely to exist. Table 4 details the parameters

involved within the present uncertainty analysis by which

the uncertainty was described in terms of percentage. The
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Fig. 7 Plot of colloidal stability of selected nanoparticles at

0.1 mass% in distilled water

Table 4 Uncertainty analysis conducted for the present work using

Kline–McClintock and Taylor and Thompson

Parameter Error/%

Temperature difference 0.2

Heated section length 2.3

Heat pipe diameter 2

Heat input 3.4

Heat flux 3.2

Thermal resistance 4.2

Heat transfer coefficient 3.6

Nusselt number avg. 5.2

Friction factor 4.9

Table 3 The particles mobility, zeta potential, size distribution and polydispersity index (PDI) of alumina and silicon dioxide in basefluid (DW)

No. Sample Time/day Avg. particle size distribution/nm PDI Zeta potential/mV Mobility/lmcm Vs-1

1 Alumina 7 138.2 0.192 50.1 3.93

2 Silicon dioxide 7 207.9 0.274 - 35.4 - 2.776
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constitutive expressions elaborating the protocols for cal-

culating these uncertainties were clearly elaborated by

Sundar et al. [21]. All the experimental devices are pre-

calibrated and the uncertainty results are given in Table 4,

with the maximum value listed in each case.

Prior to carrying out the set of detailed experiments on

the selected nanofluids, a set of initial experiments were

performed for water as the basefluid, in order to assess the

accuracy and reliability of the experimental set-up. The

empirical correlations of Gnielinsky, Petukhov and Dittus–

Boelter [47, 48] were selected for comparison with the

obtained results, especially for test of accuracy of the set-

up in the turbulent region. The Gnielinski correction is

given by Eq. (1) for the range of 3000\Re\ 5 9 106

and 0.5\ Pr\ 2000. The Petukhov and Dittus–Boelter

correlations are given by Eqs. (2) and (3), respectively. The

friction factor, f, is given by Eq. (4) as follows (Filonenko

[49]):

Nu ¼
f
8

� �
Re� 1000ð ÞPr

1þ 12:7 f
8

� �0:5
Pr

2
3 � 1

� � ð1Þ

Nu ¼
f
8

� �
Re Pr

1þ 12:7 f
8

� �0:5
Pr

2
3 � 1

� � ð2Þ

Nu ¼ 0:0236Re0:8Pr0:3 ð3Þ

f ¼ 0:79LnRe� 1:69ð Þ�2 ð4Þ

Figure 8a compares the experimentally measured aver-

age Nusselt number for the basefluid at a constant inlet

temperature of 30 �C with the empirical correlations. Fig-

ure 8 represents the good agreement between the experi-

mental measurements and the Gnielinsky correlation for

different Reynolds numbers. For the Nusselt number

experiment, the average error was 5.2%, which is quite

reasonable. In addition, the correlation of Petukhov and

Dittus–Boelter provides a satisfactory agreement with the

experimental data for the water. Figure 8a also shows the

expected trend of the increase in Nusselt number with

Reynolds number. Additionally, for the friction loss the

experimental results for basefluid are validated by the

Blasius, power law and Petukhov equations. Also, Fig. 8b

shows the validation of the friction loss data from the

experimental investigation, and the above-mentioned

equations are seen to exhibit an error rate of less than 4.9%.

Effect of material on Nu and heat transfer

To investigate the material effect, overheat transfer per-

formance of the nanofluids, three different materials were

used for this study which are copper, aluminium and

stainless steel with the same diameter of 4 mm, respec-

tively. As the main objective of this study, the copper tube

of 4 mm in inner diameter was used to investigate the

convective HTC of GNP1, GNP2, alumina and silicon

dioxide nanofluids (0.1 mass%) with heat flux of

23,870 W m-2. Figure 9a presents the convective HTC of

all selected samples. However, it shows the HTC, as a

function of the nanofluid concentrations at flow velocities

of 1–3 m s-1. It can be clearly observed that the

enhancement in HTC is increasing by the increase in the

velocity, which also shows the good degree of enhance-

ment. It is understood that the increases of the convective

HTC of nanofluids significantly surpass those of the TC

improvements for different concentration masses. The

HTC is increasing by the increase in the velocity of all

nanofluids; this proves an enhancement in the heat transfer

potential of all the nanofluids as compared to basefluid.

Therefore, the highest increment in HTC by using copper

tube was achieved up to 119.1% GNP1, 107.59 GNP2,

29.1% alumina and 31.6% silicon dioxide at constant heat

flux of 23,870 W m-2. However, this significant

improvement was achieved by adding little number of

nanoparticles to the basefluid.

Similarly, to evaluate the convective-to-conductive heat

transfer ratio of GNP1, GNP2, alumina and silicon dioxide

nanofluids, the averaged Nu of the nanofluids, which is the

function of Reynolds number at heat flux of

23,870 W m-2, is presented in Fig. 9b. Nonetheless, for

every case the average Nu of GNP-based and metal oxide
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nanofluids showed significant increment. However, the

effect of material and velocity of the GNP2, GNP1, alu-

mina and silicon dioxide nanofluids on Nu were also

examined. The maximum Nu of all selected samples was

calculated Reynolds number of 1170 and at 0.1 mass% and

constant wall heat flux of 23,870 W m-2. The higher Nu

for the nanofluid is attributed to the reduction in circulation

temperature by the increase in TC of working fluid, which

decreases the difference of temperature between the bulk

fluid and tube wall in a closed conduit. The maximum

increment in Nu of GNP1, GNP2, alumina and silicon

dioxide was found up to 82%, 72.5%, 26% and 28% at the

heat flux of 23,870 W m-2, respectively.

Similarly, after using the copper tube, the convective

HTC of GNP1, GNP2, alumina and silicon dioxide

nanofluids with same parameters and concentrations was

investigated in aluminium tube of diameter 4 mm. Fig-

ure 10a presents the convective HTC of GNP1, GNP2,

alumina and silicon dioxide nanofluids. As previously

mentioned in copper tube, it shows the HTC as a function

of nanofluid concentrations at flow velocities of 1–3 m s-1.

Therefore, clearly the present results reveal the good

degree of improvement in convective HTC and this

improvement is increased by the increase in velocity. It

was observed that the augmentations of the convective

HTC of nanofluids significantly exceed beyond those of the

TC enhancement for different mass concentrations. In all

tested nanofluids, the convective HTC is increased by the

increase in the velocity, which displays an improvement in

the heat transfer potential of the both nanofluids compared

to the basefluid. However, in aluminium tube, the maxi-

mum increment in HTC of GNP1, GNP2, alumina and

silicon dioxide nanofluids at heat flux of 23,870 W m-2

was 110.2%, 96.1%, 27.73% and 29.28%, respectively.

This significant enhancement is achieved by adding little

number (0.1 mass%) of nanoparticles to the distilled water.

By comparing the current results with copper tube, the

HTC results are slightly lower in aluminium tube.

Similarly, Nusselt number (Nu) was measured to

investigate the convective-to-conductive heat transfer ratio

of GNP1, GNP2, alumina and silicon dioxide nanofluids as

shown in Fig. 10b. However, Nu of nanofluids which is the

function of a Reynolds number was measured at heat flux

of 23,870 W m-2. For all of the conditions, the average Nu

of the GNP1, GNP2, alumina and silicon dioxide showed

good augmentation. However, the effect of material and

velocity of the GNP2, GNP1, alumina and silicon dioxide

nanofluids on Nu have been noted. The maximum Nu was

calculated at Reynolds number of 11,700, heat flux of

23,870 W m-2 and 0.1 mass%. However, the higher Nu

for the nanofluid is attributed to the reduction in circulation

temperature by the increase in TC of working fluid; this

reduces the difference of temperature between the bulk

fluid and tube wall in the closed conduit. The highest

enhancement in Nu of GNP1, GNP2, alumina and silicon
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dioxide was found up to 74.75%, 63%, 24.69% and 25.8%,

respectively (heat flux of 23,870 W m-2 and mass per-

centage of 0.1 mass%), respectively.

In this section, we investigated the convective HTC of

GNP1, GNP2 alumina and silicon dioxide nanofluids at

heat flux of 23,870 W m-2 and mass percentage of

0.1 mass%. To compare the test section materials effect on

heat transfer here, we used the stainless steel tube with

diameter of 4 mm. Figure 11a shows the convective HTC

of all selected samples. However, it was observed that the

as long as the velocity increases, the HTC increases which

suggests that the enhancement in HTC is a function of

nanofluid concentrations at flow velocities. The obtained

results have shown the significant enhancement in con-

vective HTC. Further, the enhancement in heat transfer

increases with increasing the velocity. It is observed that

the augmentations of the convective HTC of nanofluids

significantly go beyond those of the TC enhancements with

different mass concentrations. In all tested nanofluids, the

convective HTC is increased by the increase in velocity,

which shows an improvement in the heat transfer potential

of the all test nanofluids compared to basefluid. However,

in the stainless steel tube, the maximum enhancement in

HTCs of GNP1, GNP2, alumina and silicon dioxide

nanofluids at heat flux of 23,870 W m-2 was 100.68%,

93.25%, 26.45% and 28.45%, respectively. It could be

proven that the significant enhancement was obtained by

adding little amount of nanoparticles to the basefluid. By

comparing the stainless steel tube data with the data from

aluminium and copper tubes the HTC results are slightly

lower in stainless steel tube.

In conclusion, the convective-to-conductive heat trans-

fer ratio of GNP1, GNP2, alumina and silicon dioxide

nanofluids was investigated. Figure 11b presents the Nu of

the nanofluids which is a function of Reynolds number at

heat flux of 23,870 W m-2. Experimentally, in all tested

nanofluids the average Nu investigated gave a decent

increment. The effect of material and velocity of the GNP1,

GNP2, alumina and silicon dioxide nanofluids on Nu have

been analysed. The maximum Nu for the nanofluid is

attributed to the decrease in circulation temperature by the

increment in TC of working fluid, which decreases the

difference in temperature between bulk fluid and the tube

wall in the closed conduit. The highest increment in Nu of

GNP1, GNP2, alumina and silicon dioxide was found up to

66.7%, 60.6%, 23.44% and 25%, respectively, at the heat

flux of 23,870 W m-2.

Effect of materials on friction factor

The friction factor of GNP1, GNP2, alumina and silicon

dioxide nanofluids flowing through the copper tube was

measured under different conditions at various Reynolds

number/velocities. Figure 12 shows the measured friction

factor of all tested nanofluids, as a function of the flow

velocity. It is observed that the friction factor increases

with the increase in the percentage of nanofluids, even

though some variations were measured in the friction factor

at different velocities which were negligible. However, at

0.1 mass% of GNP1 the highest rise in friction factor was

measured up to 10.2% at velocities range of 1–3 m s-1.

The friction factor of GNP2 was slightly lower than GNP1

which was measured up to 10%. However, in comparison

with the present study, Hooman et al. [36] used the func-

tionalized GNP in squire heat pipe and obtained the

enhancement in friction factor up to 9.22% at 0.1 mass%

and Re 17,700. However, Emad et al. [11] used GNP

25,000

20,000

15,000

10,000

5000

0 5000 10,000 15,000
0

Reynolds number

(a)

(b)
140

120

100

80

60

40

20

0
0 5000 10,000 15,000

Reynolds number

0.1 mass% GNP1

0.1 mass% GNP2

0.1 mass%
Alumina

Water

0.1 mass% Silicon
dioxide

0.1 mass% GNP1

0.1 mass% GNP2

0.1 mass%
Alumina

Water

0.1 mass% Silicon
dioxide

N
u

h/
w

 m
–2

 K
–1

Fig. 11 a Materials effect on the convective HTC of selected

nanofluids (heat flux of 23,870 W m22, b the average Nu of selected

nanofluids at different velocities with input power of 23,870 W m22

0.045

0.04

0.035

0.03

0.025

0.02
3905 5858 7811 9764 11717

Reynolds number

0.1 mass% GNP1

0.1 mass% GNP2

0.1 mass% Alumina

Water

0.1 mass% Silicon
dioxide

F
ric

tio
n 

fa
ct

or

Fig. 12 Friction factor of tested nanofluids in copper tube at different

velocities and input power of 23,870 W m22

Effect of tube material on convective heat transfer of various nanofluids 73

123



nanofluids and obtained the increase in friction factor from

0.4 to 14.3% at 0.1 mass%. Similarly, Sarafraz et al. [27]

recorded the 18.3% increase in friction factor at

0.1 mass%. However, in another study Hooman et al. [50]

studied the GNP-silver hybrid nanofluids and they achieved

the enhancement in friction factor up to 8% at 0.1 mass%.

Therefore, it could be understood that the enhancement of

the friction factor is due to the suspended GNP nanopar-

ticles in the basefluid which was not significant in com-

parison with the heat transfer enhancement. For metal

oxides, the friction factor of alumina increased up to 5.92%

and for silicon dioxide it reached up to 7.14 which is little

higher than that of alumina. It could be observed that the

dependence of friction factor on nanofluilds decreases with

the increase in the velocity.

The friction factor of all tested nanofluids in aluminium

tube was measured. It was observed that along with the

decrease in HTC in aluminium tube compared to copper

tube the friction factor for all materials also decreased. The

friction factor or GNP1 increased up to 7.88%, and for

GNP2 it increased up to 7.21%. Similarly, for alumina, the

friction factor increased up to 4.87%, and for silicon

dioxide it increased 6.28, respectively (see Fig. 13).

Figure 14 presents the measured friction factor of all

materials in stainless 316 tube. The friction factor for

GNP1 increased up to 7.08%. Likewise, the friction factor

for GNP2 nanofluids increased up to 6.95%. Lastly, for

metal oxides, the friction factor for alumina was measured

up to 4.74%, while the friction factor of silicon dioxide

increased up to 6.1 as a function of the flow velocity.

However, it could be observed that the dependence of

friction factor on the percentage of alumina decreases with

the increase in velocity.

The effect of tube material on convective heat transfer

of various nanofluids was measured experimentally.

However, in all selected test section materials the HTC

dramatically increased in copper tube. This could be the

reason that copper material has the highest thermal

conductivity and it is the best conductor of heat. Compared

to the aluminium and stainless steel tubes the HTC coef-

ficient of GNP1 at 0.1 mass% increased up to 119%

compared to the basefluid which is 18.42% higher than that

of aluminium tube and 8.9% higher than that of stainless

steel tube measured results (see Fig. 15). The main reason

could be the low thermal conductivity of aluminium and

stainless steel tube materials. However, HTC of GNP1

nanofluid at 0.1 mass% in aluminium tube was achieved up

to 110.2% compared to the basefluid which is 9.1% higher

than that of the stainless steel tube results. The heat transfer

performance and friction loss results of all tested nanoflu-

ids and tubes are presented in Table 5. Previously, it has

been discussed that Brownian motion can be the key

parameter which affected on the momentum transfer

between the basefluid molecules and the nanoparticles at

low extent of the Reynolds numbers. Hence, as the

Brownian motion increases, in the presence of both types

of nanofluids the friction factor increases with the higher

slope in comparison with basefluid [51, 52]. Nonetheless,

this mechanism is not dominant when there is a high extent

of Reynolds number. To summarize this, the key parameter

to increase the friction factor at the large extent of Rey-

nolds number can be considered as the velocity of working
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fluid. In general, the slight difference between friction

factors of the basefluid in metal oxides and functionalized

nanofluids suspension at different volume flow rates is

attributed to the insignificant gap between the viscosities of

basefluids and nanofluids. The change of friction factor is

based on the viscous drag effects of the nanofluids.

Therefore, the density of nanoparticle is essential param-

eter to increase the friction factor of nanofluids. In the flow

regime, the pressure drop is directly proportional to the

viscosity of fluid. This increment in the viscosity leads to

an undesired increase in pumping power. Consequently, the

design of a heat exchanger for minimum pumping power

and efficient heat transfer is significant in terms of energy

savings. The HTC and measured friction factor of selected

materials are shown in Table 5.

The heat transfer performance between the basefluid and

nanofluids is truly important than the heat transfer esti-

mation, as this issue determines whether the nanofluid

should be used instead of the basefluid or not. However, the

heat transfer estimation is a crucial parameter which affects

the pumping power and heat transfer considerations. This

enhancement appears from the TC enhancements. The TC

of copper is higher than that of aluminium and stainless

steel; therefore, in the result it delivered the higher con-

vective transfer coefficient. By comparing the copper tube

with aluminium, the HTC of GNP1, GNP2, alumina and

silicon dioxide 8.9%, 11.69%, 1.37% and 2.4%, respec-

tively, was higher than that of aluminium. Similarly, by

relating the copper tube with stainless steel, the HTC of

GNP1, GNP2, alumina and silicon dioxide 18.42%, 14.34,

2.65 and 3.14% respectively was higher than that of

stainless steel tube (see Table 5). It is appeared that GNP1

and GNP2 nanofluids can function as working fluids in heat

transfer applications and provide good alternatives to

conventional working fluids in the thermal fluid systems.

Consequently, it is believed that the GNP1 and GNP2

nanofluids can be brought into the considerations of design

engineers and also can be used in many practical engi-

neering applications.

Conclusions

The research experimentally investigated the heat transfer

and friction loss characteristics of GNP1, GNP2, alumina

and silicon dioxide water-based nanofluids. The convective

heat transfer in circular tubes of different materials was

used at constant wall heat fluxes of 23,870 W m-2 and

nanoparticles concentration of 0.1 mass%. An innovative

functionalization approach was used to prepare highly

dispersed GNP2- and GNP1-based nanofluids. In the

results, the graphene-based samples GNP1 and GNP2

samples showed a significant degree of GNP functional-

ization with PG and TMP functionality. The measured

thermophysical properties of all nanofluids showed sig-

nificant enhancement which is required for a good heat

exchanging liquid. Further, all the selected nanofluids gave

significant enhancement in heat transfer characteristics. In

the materials effect study, the copper material which is the

best conductor of heat that showed the highest heat transfer

performance compared to the stainless steel and aluminium

tube materials. The remarkable conclusions are listed as

follows.

1. Maximum thermal performance enhancement of

GNP1, GNP2, alumina and silicon dioxide could be

achieved up to 32% and 31%, 7.4% and 9% at

0.1 mass%, respectively.

2. In materials effect, the highest HTC of GNP1 and

GNP2 nanofluids was achieved in the copper tube

which was measured up to 119% and 107% at heat flux

of 23,870 W m-2. However, the purpose of achieving

the highest HTC in copper tube could relate to the

higher thermal conductivity of the copper material

which is the best conductor of heat.

3. The HTC enhancement in GNP1, GNP2, alumina and

silicon dioxide nanofluids in copper by comparison

with aluminium and stainless steel tubes was higher up

to 18.42%, 14.34%, 2.65, 3.14% and 8.9%, 11.69%,

1.37%, 2.4%, respectively.

Table 5 Friction factor and heat transfer performance of the selected nanofluids on different tubes

Nanofluids Copper material Aluminium material Stainless steel material 316

Heat trans.

Coeff./%

Nu

increment/

%

Friction factor

increase/%

Heat trans.

Coeff./%

Nu

increment/

%

Friction factor

increase/%

Heat trans.

Coeff./%

Nu

increment/

%

Friction factor

increase/%

GNP1 119.1 84 10.2 110.2 74.74 7.88 100.68 66.78 7.08

GNP2 107.59 72 10 96.1 63 7.21 93.25 60.6 6.95

Alumina 29.1 26 5.92 27.73 24.69 4.87 26.45 23.4 4.74

Silicon

dioxide

31.6 28 7.14 29.2 25.8 6.28 28.46 25 6.1
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4. The enhancement in Nu by using GNP1, GNP2,

alumina and silicon dioxide nanofluids increased

dramatically and was achieved up to 84%, 72%, 26%

and 28%, respectively.

5. The friction factor of GNP1 and GNP2 nanofluids was

increased from 4 to 10% by comparison with the

basefluid. However, alumina and silicon dioxide could

achieve increment up to 5.9% and 7.1%, respectively.

Therefore, at a cost of little more frictional pressure

drop the good heat transfer enhancement could be

obtained. The results suggest that the copper tube

which is a good conductor of heat could be used in the

heat exchangers and functionalized GNP nanofluids

can be used as the heat exchanging fluids in heat

transfer applications which could give a significant

substitute to traditional working fluids in heat exchang-

ers and in thermal fluid systems.

Parameter Symbol Formula

Heat flux q00 VI
pDL

Heat transfer coefficient h q
00

Tw�Tb

Nusselt number Nu hD
k

Friction factor f DP
L=Dð Þ qV2=2ð Þ

Reynolds number Re qVD
l

Prandtl number Pr lCp

k
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