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Abstract

The reduced-graphene oxide/cobalt oxide hybrid nanoparticles were prepared based on the in-

situ/chemical co-precipitation technique, and they were analyzed by transmission electron 

microscope, x-ray diffraction, and magnetometer techniques. The hybrid nanofluids were prepared 

with particle loadings of 0.05%, 0.1%, and 0.2% by dispersing synthesized reduced-graphene 

oxide/cobalt oxide in distilled water and their physical properties were measured. The thermal 

performance of the nanofluids was studied, when they flow in the turbulent regime through a circular 

tube. The thermal performance was also evaluated when straight (longitudinal) strip inserts with 

aspect ratios of 1, 2, and 4, were used inside the circular. These straight strip inserts by increasing the 

flow turbulence intensity act as turbulators. Results indicate that with a dilution of 0.2% concentration 

of hybrid nanoparticles in water, the Nusselt number is enhanced by 25.65%, and it is further 

enhanced by 110.56% with a straight strip insert of aspect ratio 1. The use of hybrid nanofluids and 

straight strip inserts leads to a slight penalty in fluid friction. For 0.2% concentration of hybrid 

nanoparticles in water, the penalty in friction factor is 11%, and it is further increased to 69.8% with 

0.2% particle loadings and a straight strip insert of aspect ratio1. Moreover, the thermal performance 

factor of hybrid nanofluids with and without straight strip inserts presents values higher than 1, which 

shows the benefit of the prepared hybrid nanofluids in a turbulent flow. A general form of regression 

equations are developed based on the experimental data.    

Keywords: Thermal performance factor; hybrid nanofluids; longitudinal strip inserts; enhancement. 
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1. Introduction   

In most of the thermal power plants and chemical industries, single-phase fluids (water, ethylene 

glycol, propylene glycol, and engine oil) are used as heat transfer fluids in heat exchangers. The 

performance improvement of these heat exchangers with the use of single-phase fluids tends to be a 

challenge; however, by using passive heat transfer enhancement techniques, the performance 

improvement is possible. The passive techniques include the replacement of single-phase fluids by  

high thermal conductivity fluids (nanofluids) and the insertion of flow turbulence promoters 

(turbulators).

The dilution of solid-nanometer sized particles in single-phase fluids is termed as nanofluids, 

which was developed by Choi [1], and reported an increased thermal conductivity of these nanofluids. 

Once the thermal conductivity of the fluid is increased, its heat transfer rate also increased because 

both are directly proportional. Several nanoparticles are available such as Al2O3, Cu, CuO, carbon-

based, Co3O4, Fe3O4, Fe2O3, SiO2, TiO2, ZnO, etc., and by means of these nanoparticles based 

nanofluids the thermal conductivity is enhanced [2-9]. 

The particle thermal conductivity is also one of the influencing parameter on the nanofluids 

thermal conductivity. From the various nanoparticles, the carbon-based nanomaterials exhibit high 

thermal conductivity. Examples of carbon-based nanoparticles are CNT (carbon nanotubes), GO 

(graphene oxide), and ND (nanodiamond). From the carbon allotropes, the graphene material contains 

an increased thermal conductivity in the order of ~5000 W/m K and excellent electrical, mechanical 

and optical properties [10]. 

The exfoliated sheets contain one layer or few layers of carbon atoms like graphene; these 

sheets are known as graphene oxide (GO); it is a 2-dimensional structure. The removed, decorated 

oxygen-containing groups are known as reduced-graphene oxide. In other words, the reduced-GO 

(rGO) sheets are known as chemically modified graphene, which are also called as chemically 

modified graphene, functionalized graphene, chemically converted graphene, or reduced graphene 

[11], which, in particular, has a variety of applications, as an electrode in lithium rechargeable 

batteries [12], and energy storage devices [13]. Apart from these applications, the rGO based 

nanofluids have considerable potential as heat transfer fluids.

Sadeghinezhad et al. [14] studied the  heat transfer coefficient for graphene oxide/water 

nanofluids flow in a tube, for 0.075% and 0.1% weight concentration of nanoparticles, they obtained 

heat transfer enhancement of 13% and 160%, respectively, and friction factor penalty of 0.4% and 

14.6%, respectively. Esfahani et al. [15] also analyzed heat transfer coefficient and pressure drop of 

graphene oxide/water nanofluids flow in a tube and noticed enhanced heat transfer rates with the use 

of GO/water nanofluids. Ponangi et al. [16] considered 50:50% ethylene/water-mixture based 

graphene oxide nanofluids flow in a tube and for 0.03% volume concentration of nanofluid at a 

volume flow rate of 5 LPM, they obtained maximum effectiveness of 56.45% and 41.47% at 

temperatures of 40oC and 50oC, respectively.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Emad++Sadeghinezhad
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As already mentioned, particle thermal conductivity to a great extent determines the thermal 

conductivity of the nanofluids. Changing the particle thermal conductivity is possible by 

manufacturing or synthesizing the nanoparticles by combining two or more nanoparticles, which, in 

this case, are known as composite or hybrid nanoparticles. Consequently, the nanofluids prepared 

using hybrid nanoparticles are known as hybrid nanofluids. 

Relevant research work related to the thermal properties of various types of hybrid nanofluids 

is given in what follows. Soltani et al. [17] prepared tungsten oxide (WO3) and MWCNTs/engine oil 

based hybrid nanofluids and studied the effect of particle loading and temperature on thermal 

conductivity. They obtained thermal conductivity enhancement of 19.89% for particle concentration 

of 0.6% and temperature of 60oC. Singh et al. [18] experimentally measured the thermal conductivity 

for GO-CuO/water hybrid nanofluids and compared it with that of CuO/water and GO/water 

nanofluids. For 0.3% weight percentage and temperature of 60oC, they observed that GO-CuO/water, 

CuO/water and GO/water nanofluids led to thermal conductivity enhancement, as compared to water 

data, of 30%, 12.4% and 51.6%, respectively. Sahoo and Kumar [19] prepared Al2O3-CuO-TiO2/water 

ternary hybrid nanofluids and studied experimentally the viscosity for different values of temperature 

and concentration. For 0.1% volume fraction of Al2O3-TiO2 and Al2O3-CuO hybrid nanofluids at a 

temperature of 45oC, they observed a viscosity increase, as compared to water, of 55.41% and 

17.25%, respectively. Vallejo et al. [20] prepared silver/graphene nanoplatelet based 10:90% mixture 

of propylene glycol and water hybrid nanofluids and studied their optical, rheological and thermo-

physical properties. They observed that the nanofluids present Newtonian behaviours and the 

viscosity increase, as compared to the base fluid data, is 9% for a 0.1 wt. % concentration of 

nanofluids. 

Gupta et al. [21] investigated the stability and thermal conductivity of water based 

Ag/COOH-MWCNT, Cu/COOH-MWCNT, Fe/COOH-MWCNT and Zn/COOH-MWCNT hybrid 

nanofluids; increasing stability and thermal conductivity enhancement of the hybrid nanofluids was 

observed in the following order: Cu/COOH-MWCNT,  Fe/COOH-MWCNT,  Ag/COOH-MWCNT 

and  Zn/COOH-MWCNT in distilled water. Wole-Osho et al. [22] prepared Al2O3-ZnO water hybrid 

nanofluids for different values of mixture ratio and studied experimentally their influence of specific 

heat and viscosity. For the 2:1 mixture ratio (particle loading of 1.67%), they obtained maximum 

viscosity penalty of 96.37% and specific heat decrease of 30.12% at a temperature of 25oC; they 

found that  the 1:1 mixture ratio is the best for heat transfer applications. Sahoo [23] prepared water 

based Al2O3/CNT/Graphene ternary hybrid nanofluids and studied their heat transfer, pressure drop, 

irreversibility, entropy generation and exergy loss when they flow through a radiator. For the  3% 

volume concentration of ternary hybrid nanofluid, heat transfer, second law efficiency and 

irreversibility increase by 18.45%, 6.3% and 42.45%, respectively, as compared to water data. 

Pourrajab et al. [24] synthesized and prepared water based mesoporous silica modified with copper 

nanoparticles hybrid nanofluids and studied the influence on the thermal conductivity of particle 

https://www.sciencedirect.com/science/article/abs/pii/S0735193319303173#!
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concentration by weight in the range from 0.019% to 0.075% and of temperature in the range from 25 

to 50oC. They obtained higher thermal conductivity of hybrid nanofluids as concentration and 

temperature are increased, and their study proposes a thermal conductivity empirical correlation 

fitting their experimental data. Singh and Sarkar [25] conducted heat transfer experiments for 

Al2O3+MgO hybrid nanofluid flow in a double-pipe heat exchanger with the addition of tapered wire 

coil configurations of converging (C) type, diverging (D) type and converging-diverging (C-D) type 

forthe turbulent flow. For D-type, C-D type and C-type tapered wire coil inserts in the hybrid 

nanofluids, the observed Nusselt number enhancement is 84%, 71% and 47%, respectively, and 

friction factor penalty is 68%, 57% and 46%, respectively, compared to the use of water without 

inserts. Asadi et al. [26] studied the rheological behaviour and dynamic viscosity of the CuO-

TiO2/water hybrid nanofluid forthe particle volume concentration range from 0.1 to 1% and 

temperature range from 25 to 55oC; they observed that hybrid nanofluids behave like Newtonian fluid 

and they noted maximum viscosity increase for the 1% volume concentration.

Sheikholeslami et al. [27] studied numerically the energy and entropy related to a solar unit, 

which uses three types of turbulators, twisted tape, barrier twisted tape and perforated barrier twisted 

tape, and the working fluid is a nanofluid. The nanomaterial is formulated using the mixture model 

and turbulence is described by the k-  model; they found that with the use of the twisted tape inserts, 𝜀

thermal entropy generation and pumping power increased by 8.88% and 3.17%, respectively. Later 

on, Sheikholeslami et al. [28] designed a novel energy storage device to work with the solar unit. 

Paraffin with melting point of 28ºC is used as the phase-change material (PCM) in the storage device. 

By adding nanoparticles to the PCM, its viscosity and thermal conductivity improved, which led to 

enhanced efficiency of the energy storage device; they also noticed that the use of nanoparticles 

resulted in an improvement of the solidification process by 21.4%.

Taherialekouhi et al. [29] studied the thermal conductivity of GO/Al2O3 hybrid nanofluids 

and, compared to water data, they observed thermal conductivity enhancement of 33.9% with 1% 

volume fraction of nanofluid for a temperature of 50°C. Afrand [30] examined the thermal 

conductivity of ethylene glycol by adding nanoparticles of f-MWCNTs and magnesium oxide (MgO) 

by varying the temperature from 25 to 50°C and the volume fraction from 0 to0.6%. They observed a 

thermal conductivity enhancement in of 21.3% for a temperature of 25°C and volume fraction of 

0.6%. Said et al. [31] investigated carbon nanotubes/reduced graphene oxide based hybrid nanofluids 

and analyzed their thermophysical properties characteristics using fuzzy logic techniques. Gupta et al. 

[32] conducted research on the heat transfer of zinc ferrite/water hybrid nanofluids and they observed 

heat transfer coefficient augmentation of hybrid nanofluids, in addition, they proposed a new 

correlation. Nine et al. [33] prepared Al2O3-MWCNTs hybrid nanofluids to investigate the thermal 

conductivity in the volume concentrations range from 1 to 6% and they observed an increased thermal 

conductivity of the nanofluids. Kazemi et al. [34] prepared 30% graphene and 70% silicon water-

based hybrid nanofluids and they studied viscosity for particle loading range from 0.05% to 1% and 

https://www.sciencedirect.com/science/article/abs/pii/S0921883120300960#!
https://www.sciencedirect.com/science/article/abs/pii/S0921883120300960#!
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temperature range from 25 to 50oC and they observed that the nanofluids present a non-Newtonian 

pseudoplastic behaviour. Soltani and Akbari [35] studied the viscosity of MgO-MWCNT ethylene 

glycol based hybrid nanofluids. They noticed Newtonian behaviour for the range of solid volume 

fraction (0 to 1%) and temperature (30ºC to 60%) studied. They observed an increase of relative 

dynamic viscosity of 168% when the solid volume fraction varies from 0.1% to 1%. An increase in 

temperature leads to a reduction of dynamic viscosity. 

Rahimi et al. [36] described the enhanced natural convection heat transfer based on the 

experimental and numerical study by considering 75:25% MWCNT-MgO/water hybrid nanofluids in 

a three dimensional enclosure at 2 vol. %. Mansour et al. [37] have noticed the experimental natural 

convection heat transfer of Cu-Al2O3-water hybrid nanofluids is good agreement with the theoretical 

data while the nanofluids flow in a square porous cavity. Tayebi et al. [38] proven the combined effect 

of internal heat generation and absorption of Cu-Al2O3/H2O based hybrid nanofluids significantly 

change the heat transfer and entropy generation in the annulus of double pipe heat exchanger. Saghir 

and Bayomy  [39] have considered as 20:3% of microencapsulated phase change material and Al2O3 

hybrid nanofluids as a heat storage material and observed a 6% improvement in heat removal factor.   

Shin et al. [40] have studied the photo-thermal energy conversion performance of 

MWCNT/Fe3O4 hybrid nanofluid by using magnetic field. They observed photo-thermal energy 

conversion efficiency of 32.8% and 45.1% without and with external magnetic field at 0.2 wt. % of 

hybrid nanofluid.  Goudarzi et al. [41] have studied the natural convective heat transfer coefficient, 

particle migration and Brownian motion of Ag-MgO/Water hybrid nanofluid in a sinusoidal enclosure 

and they observed Nusselt number enhancement of 11%. Urmi et al. [42] obtained the thermal 

conductivity enhancement of 40.86% by using 0.1 vol. % of 40% ethylene glycol based TiO2- Al2O3 

hybrid nanofluids at a temperature of 80oC. Boroomandpour et al. [43] have studied the thermal 

conductivity of multi-walled carbon Nanotubes-titania-zinc oxide/80:20% water-ethylene glycol 

hybrid nanofluds and observed a maximum thermal conductivity enhancement of 17.82% using 

MWCNT/Water-EG nanofluid at 0.4 vol. % and at a temperature of 50oC. Kadhim et al. [44] 

explained numerically the natural convection heat transfer of Cu-Al2O3/water hybrid nanofluids is 

better when compared to Al2O3/water nanofluids when they flow in enclosure with opposite wavy 

wall. Oliveira et al. [45] have obtained maximum thermal conductivity and viscosity enhancements of 

6.92% and 21.21% for 0.1 vol. % of nanodiamond-silver/ethylene glycol hybrid nanofluids at a 

temperature of 10oC compared to base fluid. In the above mentioned works, the researchers have 

found better thermal conductivity and heat transfer rates with the use of hybrid nanofluids. 

Several experimental studies have conducted for the graphene based nanocomposite 

nanofluids flowing in a horizontal tube, namely SiO2-graphene-water [46], graphene wrapped 

MWCNTs-water, and MWCNTs-EG [47] and graphene oxide-silver [48], found higher heat transfer 

rates. 

https://www.sciencedirect.com/science/article/abs/pii/S2451904917303323#!
https://www.sciencedirect.com/science/article/abs/pii/S2451904917303323#!
https://www.sciencedirect.com/science/article/abs/pii/S0927024820302385#!
https://www.sciencedirect.com/science/article/abs/pii/S0379677920304124#!
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The graphene based cobalt oxide (Co3O4) nanocomposite nanofluids are interesting because 

they possess both high thermal conductivity (GO) and magnetic property (Co3O4). These GO/Co3O4 

nanoparticles can be used in lithium-ion batteries [49,50], catalytic [51,52] and super-capacitor 

applications [53], in addition to these applications, the GO/Co3O4based nanofluids can be used as heat 

transfer fluids due to their high thermal conductivity [54]. 

Another passive heat transfer enhancement technique consists in the insertionof straight strips 

into the fluid flow path. Heish and Wen [55] first used the concept of straight strip inserts. Heish and 

Huang [56] used the concept of straight strip inserts for single-phase fluid in laminar regime, later on 

Liu [57] extended the work for turbulent flow. In another study, Sundar et al. [58] used the same 

concept of straight strip inserts for Al2O3 nanofluids turbulent flow in a circular tube. In addition, 

Sundar et al. [59, 60] applied the straight strip inserts concept to MWCNT/Fe3O4 and ND-Ni hybrid 

nanofluids turbulent flow in a circular tube. These authors noticed that the straight strip inserts led to 

further heat transfer coefficient augmentation with a relatively negligible fluid friction factor penalty. 

The heat transfer and thermal performance benefits of cobalt oxide (Co3O4) nanoparticles 

decorated rGO hybrid nanomaterial based nanofluids data is not available in the literature. Hence, the 

current study aims to investigate experimentally the thermal performance benefits of rGO/Co3O4 

hybrid nanomaterial based nanofluids turbulent flow in a plain horizontal tube. The experiments are 

conducted for different values of hybrid nanomaterial volume concentration (0.05%, 0.1%, and 0.2%) 

and Reynolds number (2000 to 20000). The obtained data is compared against values available from 

the open literature. The experiments are also conducted using the straight strip inserts. The friction 

factor is also analyzed for different nanomaterial loading (volume concentration), temperature, 

Reynolds number and aspect ratio of the straight strip inserts. The obtained data is compared against 

values available in the literature. The experimental data for Nusselt number and friction factor is 

regressed and for each one of these parameters a single form correlation is proposed.

2. Synthesis and characterization  

2.1. Reduced graphene oxide (rGO) nanosheets

The method used is similar to that of Hummers [61] for the synthesis of reduced graphene oxide 

(rGO) nanosheets. The steps are as follows: (i) 2 g of graphite powder are dispersed in 70 ml of 

sulphuric acid (concentrated) and then are added 0.025 mole of NaNO3, while the container  is cooled 

with ice-water, (ii) then 0.039 moles of potassium permanganate are added to the above mixture and 

stirred for 20 minutes at a temperature of 0oC, (iii) the solution colour changes to green due the 

presence of oxidizing agent (MnO3+), (iv) the solution is brought back to normal room temperature by 

adding water, (v) the solution is diluted by adding the water and then washed with 70 ml of hydrogen 

peroxide (H2O2) (30 wt.%) for 30 minutes, (v) the solution is centrifuged and washed several times 

with de-ionized water, (vi) the produced rGO is dried at a temperature of 60oC in a vacuum oven for 

12 hours, (vii) the dried rGO is dispersed in strong hydrochloric (HCl) acid for 48 hours. The steps 
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were repeated for several times to prepare the required quantity of rGO nanosheets. Due to the 

concentrated hydrochloric acid, carboxyl (COOH) groups develop on the top surface of the rGO 

nanosheets, which is advantageous for the deposition of Co3O4 nanoparticles. 

2.2. Co3O4 deposition on rGO nanosheets 

The synthesis process is depicted in Fig. 1a. The technique of chemical co-precipitation and in-situ 

growth was considered for the deposition of Co3O4nanoparticles on rGO nanosheets. The steps are as 

follows: (i) 0.2 g of dried rGO nanosheets are dispersed in 100 ml of distilled water and sonicated 

continuously until the rGO sheets are fully dispersed, (ii) 0.458 g of cobalt chloride (CoCl2.6H2O)are 

dispersed in 40 ml of water in another beaker and the solution is stirred up to 20 minutes, (iii) it is 

added to step (ii) cobalt chloride solution with step (i) rGO nanosheets solution slowly, (iv) then 

0.2932 g of sodium borohydrate are dispersed in the solution  and it can be observed the formation of 

a black colour precipitate, (v) the precipitate is washed with water and dried at a temperature of 60oC 

for 12 hours, (vi) the deposition of Co3O4nanoparticles on rGO nanosheets can be observed. These 

steps were repeated several times to prepare the required amount of rGO/Co3O4 nanocomposite 

nanoparticles. 

2.3. rGO/Co3O4 characterization

The TEM (JEOL 2200F, 200KV) results are presented in Fig. 1b and the TEM samples were prepared 

by water diluted rGO/Co3O4 deposited on the copper grid. Results indicate that the synthesized rGO is 

a 2-dimensional sheet (left-side image) without any impurities. Based on the in-situ growth technique, 

the cobalt oxide is reduced onto the rGO nanosheets through –COOH groups, and these –COOH 

groups act as a covalent bond between rGO nanosheets and Co3O4nanoparticles and they contribute to 

the stable dilution of hybrid nanomaterial in the de-ionized water. The TEM results of rGO/Co3O4 

clearly show that the Co3O4 nanoparticles are dispersed on the top surface of the rGO nanosheets.    

The Fourier transform infrared (Bruker Equinox V70) spectra of rGO, Co3O4, and rGO/Co3O4 

are reported in Fig. 2a. The IR spectra of rGO nanosheets indicate the presence of various groups, the 

wavenumber of 1623 cm–1 and 1726 cm–1 indicates the C=C group and C=O groups. These two 

groups reveal the availability of –COOH groups on the top layer of rGO nanosheets. Additionally, the 

wavenumber of 1044 cm–1, 1221 cm–1, and 1411 cm–1 indicated the formation of C–O–C epoxy or 

alkoxy groups. The IR spectra of Co3O4 also presents the various groups, the wavenumbers of 585 

cm–1 and 672 cm–1 are related to the Co–O vibration [62], this shows that the Co2+ is oxidized into 

Co3O4 nanoparticles. Moreover, the IR spectra of rGO/Co3O4 nanomaterial exhibit both the peaks of 

rGO and Co3O4, which are at wavenumbers of 1623 cm–1, 1726 cm–1, 1044 cm–1, 1221 cm–1 and 1411 

cm–1 related to C=C, C=O, and C–O–C groups for rGO nanosheets and the wavenumbers 585 cm–1 

and 672 cm–1 related to Co–O groups for Co3O4 nanoparticles.
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The XRD (Siemens D-500) patterns of rGO/Co3O4 and Co3O4nanoparticlesare reported in 

Fig. 2b. From the XRD patterns, the Co3O4 nanoparticles planes (111), (220), (311), (400), (511), and 

(440) and the corresponding 2  positions 19.03o, 31.31o, 36.87o, 44.81o, 59.42o, and 65.25o match well θ

the JCPDS card No: 073-1701 file, which identifies the cubic structure of the nanoparticles. The rGO 

nanosheets plane of (002) and the corresponding 2  position of 24.6o represent the rGO nanosheets θ

peak [53], which can be observed in the rGO/Co3O4 nanoparticles, and it is indicated in the figure. 

The weight composition of rGO nanosheets and Co3O4 nanoparticles was evaluated by using 

the magnetic measurement. The composite matrix contains rGO nanosheets and Co3O4 nanoparticles, 

in which one offers non-magnetic behaviour (rGO) and the other offers magnetic (Co3O4) behaviour. 

The same synthesis procedure is adopted without using rGO nanosheets for the preparation of Co3O4 

nanoparticles for comparison purpose. Fig. 2c shows the magnetic (Cryogenics, UK) results of both 

rGO/Co3O4hybrid nanoparticles and Co3O4 nanoparticles. With the use of rGO nanosheets, the final 

magnetic behavior of rGO/Co3O4 is decreased, when compared to the magnetic behavior of pure 

Co3O4 nanoparticles. The magnetization value of Co3O4 is 14.23 emu/g [63, 64], with the mixing of 

rGO nanosheets, its value decreases to 4.67 emu/g. Based on the total magnetization sum rule the 

decreased magnetization of Co3O4 is 33%, which means 67% of rGO nanosheets are present in the 

rGO/Co3O4 material matrix.  

3. Evaluation of properties of rGO/Co3O4 hybrid nanofluids 

The rGO/Co3O4 hybrid nanomaterial is diluted in water to obtain 0.05%, 0.1% and 0.2% particle 

volume concentrations.

Volume concentration,                                                         (1) 𝜙 =
[𝑊𝑟𝐺𝑂/𝐶𝑜3𝑂4

𝜌𝑟𝐺𝑂/𝐶𝑜3𝑂4
]

[𝑊𝑟𝐺𝑂/𝐶𝑜3𝑂4
𝜌𝑟𝐺𝑂/𝐶𝑜3𝑂4

] + [𝑊𝑤𝑎𝑡𝑒𝑟
𝜌𝑤𝑎𝑡𝑒𝑟 ]

× 100

Where, particle loading ) (%), density of hybrid nanoparticles , weight of hybrid (ϕ (𝜌𝑟𝐺𝑂/𝐶𝑜3𝑂4)

nanoparticles , density of distilled water , and weight of distilled water .(𝑊𝑟𝐺𝑂/𝐶𝑜3𝑂4) (𝜌𝑤𝑎𝑡𝑒𝑟) (𝑊𝑤𝑎𝑡𝑒𝑟)

In Eq. (1), the hybrid nanoparticles density  is required and it is evaluated from the law of (𝜌𝑟𝐺𝑂/𝐶𝑜3𝑂4)

mixtures equation given by Eq. (2), namely:

Density of hybrid nanoparticles,                         (2) 𝜌(𝑟𝐺𝑂/𝐶𝑜3𝑂4)𝑝
=

𝜌𝑟𝐺𝑂 × 𝑊𝑟𝐺𝑂 + 𝜌𝐶𝑜3𝑂4 × 𝑊𝐶𝑜3𝑂4

𝑊𝑟𝐺𝑂 + 𝑊𝐶𝑜3𝑂4

The values of terms present in Eq. (2) are: density of rGO ( 1910 kg/m3;, density of Co3O4,(𝜌𝑟𝐺𝑂):

): 6110 kg/m3, weight of rGO nanosheets ( ): 0.67 g and weight of Co3O4 nanoparticles (𝜌𝐶𝑜3𝑂4 𝑊𝑟𝐺𝑂

): 0.33 g.𝑊𝐶𝑜3𝑂4

From the magnetic measurement, each 1g of rGO/Co3O4 hybrid nanoparticles contains 67% of 

rGO nanosheets (0.67 g) and 33% of Co3O4 nanoparticles (0.33 g). After substituting these values in 

Eq. (2), the density of rGO/Co3O4 hybrid nanomaterial is found to be 3296 kg/m3. 
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The hybrid nanoparticles thermal conductivity and specific heat  is (𝑘𝑟𝐺𝑂/𝐶𝑜3𝑂4) (𝐶𝑝,𝑟𝐺𝑂/𝐶𝑜3𝑂4)

estimated from the law of mixture equations given by Eq. (3) and (4), namely:

Thermal conductivity of hybrid nanoparticles,

                                                                       (3)𝑘(𝑟𝐺𝑂/𝐶𝑜3𝑂4)𝑝
=

𝑘𝑟𝐺𝑂 × 𝑊𝑟𝐺𝑂 + 𝑘𝐶𝑜3𝑂4 × 𝑊𝐶𝑜3𝑂4

𝑊𝑟𝐺𝑂 + 𝑊𝐶𝑜3𝑂4

Specific heat of hybrid nanoparticles,

                                                                (4) 𝐶𝑝,(𝑟𝐺𝑂/𝐶𝑜3𝑂4)𝑝
=

𝐶𝑝,𝑟𝐺𝑂 × 𝑊𝑟𝐺𝑂 + 𝐶𝑝,𝐶𝑜3𝑂4 × 𝑊𝐶𝑜3𝑂4

𝑊𝑟𝐺𝑂 + 𝑊𝐶𝑜3𝑂4

By substituting in Eq. (3) the values of its variables, , , 𝑘𝐶𝑜3𝑂4 = 69𝑊 𝑚𝐾 𝑘𝑟𝐺𝑂 = 1000 𝑊 𝑚𝐾 𝑊𝑟𝐺𝑂

 and , the thermal conductivity of rGO/Co3O4 hybrid nanomaterial = 0.67𝑔 𝑊𝐶𝑜3𝑂4 = 0.33 𝑔

calculated is 692.7 .𝑊 𝑚𝐾

Similarly, by substituting in Eq. (4) the values of its variables, ,  𝐶𝑝,𝐶𝑜3𝑂4 = 460𝐽 𝑘𝑔𝐾 𝐶𝑝,𝑟𝐺𝑂 = 710 

,  and ,the specific heat of rGO/Co3O4 hybrid nanomaterial 𝐽 𝑘𝑔𝐾 𝑊𝑟𝐺𝑂 = 0.67𝑔 𝑊𝐶𝑜3𝑂4 = 0.33 𝑔

determined is 627.5 J/kg K. 

The physical properties of water, rGO, Co3O4, and rGO/Co3O4 are presented in Table 1. The 

density of rGO/Co3O4 hybrid nanomaterial estimated from Eq. (2) is substituted in Eq. (1) to 

determine the amount of the hybrid nanomaterial required for the preparation of 0.05%, 0.1%, and 

0.2% concentrations of 20 liters of hybrid nanofluids and they are 33 g, 66 g, and 132 g, respectively. 

The synthesized dry powder of rGO/Co3O4 hybrid nanomaterial and the prepared hybrid nanofluid 

(0.2 vol. %) are presented in Fig. 3a and 3b. 

3.1. Thermal conductivity, viscosity, specific heat and density  

Each physical property measurement required specific instrumentation, namely: thermal conductivity 

(KD2 Pro, Decagon Devices Inc., USA), viscosity (A&D viscometer, SV-10, Japan) and specific heat 

(differential scanning calorimeter-2920 modulated, TA Instruments). The density was measured based 

on the Archimedes’ principle.

The obtained experimental thermal conductivity values of 0% (water), 0.05%, 0.1% and 0.2% 

concentrations of rGO/Co3O4 hybrid nanofluids are 0.602, 0.619, 0.625 and 0.648 W/m K, 

respectively, at a temperature of 20oC and 0.653, 0.709, 0.734 and 0.778 W/m K, respectively, at a 

temperature of 60oC. When the particle loadings and temperatures increase, the thermal conductivity 

of nanofluids also increases. For 0.05%, 0.1%, and 0.2% particle loadings, ata temperature of 20oC, 

the thermal conductivity rise, as compared to water data, is 2.82%, 3.82% and 7.64%, respectively, 

while at a temperature of 60oC it is 8.58%, 12.40% and 19.14%,, respectively. The thermal 

conductivity ratio of rGO/Co3O4 hybrid nanofluids was compared with the data of Taherialekouhi et 

al. [29] for GO/Al2O3 nanofluids and Singh et al. [18] for GO/CuO nanofluid; the comparison is 

presented in Fig. 4. The obtained values matched well Taherialekouhi et al. [29] data for GO/Al2O3 
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nanofluids and Singh et al. [18] data for GO/CuO nanofluid in the measured volume concentration 

range. The enhanced thermal conductivity of nanofluids can be explained in terms of Brownian 

motion and particle migration [65]. 

The obtained experimental viscosity of rGO/Co3O4 hybrid nanofluids is qualitatively 

compared with Kazemi et al. [34] data for graphene-SiO2 nanofluid, the comparison is reported in Fig. 

5. For the volume concentration of 0.2%, the present rGO/Co3O4 nanofluids data matches well 

Kazemi et al. [34] data for graphene-SiO2 nanofluid. By increasing the particle loading, viscosity 

increases, but it decreases with an increase in temperature. For 0.05%, 0.1% and 0.2% particle 

loadings, at 20oC the viscosity rise, when compared to water, is 16.66%, 33.33% and 70.83%, 

respectively, while at 60ºC it is 7.59%, 16.45% and 49.36%, respectively. As expected, the presence 

of the nanoparticles leads to additional resistance between the fluid layers, which results in higher 

viscosity values for the nanofluids [66].

Considering that there is no specific heat data for graphene based hybrid nanofluids, the 

obtained experimental specific heat data of rGO/Co3O4 nanofluids is qualitatively compared with 

Wole-Osho et al. [22] for Al2O3-ZnO nanofluids and the comparison is reported in Fig. 6. It can be 

noticed that the nature of the two sets of data is similar, they only differ in magnitude. Wole-Osho et 

al. [22] used 1:1% of Al2O3-ZnO for the preparation of nanofluids and the particle specific heat of 

Al2O3-ZnO is smaller than that of rGO/Co3O4. The specific heat of nanofluids decreased with 

increased particle loading and temperature. For 0.2% particle loading, at temperatures of 20oC and 

60oC, the decrease of specific heat, when compared to water data, is 0.04%, and 0.17%, respectively. 

For fixed heat supply to the base fluid (water) and hybrid nanofluids, the temperature difference is 

lower for nanofluids than for water. In Fig. 6 is presented the comparison between the specific heat 

data of rGO/Co3O4hybrid nanofluids of the present study and the values obtained with the specific 

heat correlation proposed by Raud et al. [67], Eq. (5), namely:

                                                                                            (5) 𝐶𝑝,ℎ𝑛𝑓 =
𝜙𝐶𝑝,ℎ𝑛𝑝𝜌ℎ𝑛𝑝 + (1 ― 𝜙)𝐶𝑝,𝑤𝜌𝑤

𝜙𝜌ℎ𝑛𝑝 + (1 ― 𝜙)𝜌𝑤

Where,  is the hybrid nanofluid,  is the particle volume concentration (%),  is the specific 𝐶𝑝,ℎ𝑛𝑓 𝜙 𝐶𝑝

heat,  is the density. The suffixes are hybrid nanofluids (hnf), hybrid nanoparticles (hnp) and water 𝜌

(w).

It can be observed that the experimental specific heat of rGO/Co3O4 hybrid nanofluids data 

matches well the theoretical correlation of Raud et al. [67]. 

There is no experimental data related to density of graphene based hybrid nanofluids; hence 

the present experimental density of rGO/Co3O4hybrid nanofluids is compared with the data of 

Ramalingam et al. [68] for 50:50% W/EG based Al2O3-SiC hybrid nanofluids, as presented in Fig. 7. 

The trend observed for the hybrid nanofluids density, which decreases with increasing temperature 

and decreases with increasing particle volume concentration, is similar to that of Ramalingam et al. 

[68]. The density of rGO/Co3O4 hybrid nanofluids for 0.2% volume concentration, when compared to 
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the data of Ramalingam et al. [68] for 0.8% volume concentration of 50:50% W/EG based Al2O3-

SiCun-milled and Al2O3-SiCmilled hybrid nanofluids, presents lower values, which differ by 10.89% 

and 18.64%, respectively. This apparent discrepancy is due to the use of different hybrid nanofluids 

and particle volume concentrations. For 0.05%, 0.1%, and 0.2% particle loadings, the density rise at 

20oC is 0.11%, 0.22% and 0.45%, respectively, while density rise at 60oC is 0.12%, 0.23% and 

0.47%, respectively, when compared to water data. As expected, particle loading increase leads to an 

increase of the nanofluid density. 

The thermal properties of rGO/Co3O4 nanofluids are required in the evaluation of heat 

transfer coefficient, friction factor and thermal performance factor. In the present study, the 

thermophysical properties are measured experimentally and they are compared quantitatively or 

qualitatively against literature values. Based on this verification, the measured thermophysical 

properties of hybrid nanofluids are physically sound; therefore, they will be used for the heat transfer 

calculations.

The Prandtl number of hybrid nanofluids is estimated based on the physical properties and the 

values are presented in Fig. 8 for various values of particle loading and temperature. The Prandtl 

number of 0% (water), 0.05%, 0.1% and 0.2% volume concentration of rGO/Co3O4 nanofluids, at a 

temperature of 20oC, is 6.98, 7.3, 7.82 and 9.67, respectively, while at a temperature of 60oC, it is 

3.06, 3.29, 3.63, and 4.38, respectively.. 

4. Experimental setup    

The experimental forced convection is depicted in Fig. 9a; the facility consists of a test tube, flow 

meter, by-pass valve, constant head pump, chiller, heating element, and U-tube manometer. The test 

tube is made of copper material with inner diameter  of 0.019 m, outer diameter  of 0.021 m (𝐷𝑖) (𝐷𝑜)

and length  of 1.750 m. The test tube surface temperature is measured with five J-type (𝐿)

thermocouples, which were installed at the location of 0.1875, 0.375, 0.750, 1.125, and 1.312 m from 

the left side of the tube. The working fluid (water and hybrid nanofluids) inlet  and outlet  (𝑇𝑖) (𝑇𝑜)

temperatures are measured with the other two J-type thermocouples. The uniform heat flux boundary 

condition of the tube was achieved with nichrome heating element (20 mm gauge, 53.4  and 2000 Ω m

W), which is wrapped circumferentially to the tube. The wrapped test tube was kept in a square duct, 

which is filled with rock-wool insulation. The square duct is coated with asbestos to avoid further heat 

loss. The working fluid (water and rGO/Co3O4-water nanofluids) flow rate in the test facility is 

maintained with the pump and the fluid flow rate into the test tube is measured with the flow meter. 

The required flow rate is allowed into the test tube, and the excess fluid, considering that a constant 

head pump is used, is sent back to the receiver tank through a by-pass valve. The outlet temperature 

rise of the working fluid (water and rGO/Co3O4-water) is brought to the atmospheric temperature with 
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a chiller. The drop in pressure across the horizontal tube is measured using the mercury based U-tube 

manometer. 

4.1. Longitudinal strip inserts  

The aluminum longitudinal strip inserts with three different aspect ratios used in this study are 

depicted in Fig. 9b and the cross-sectional view of the inserts is shown in Fig. 9c. The straight strip 

dimensions and their corresponding hydraulic diameter are listed in Table 2. The equivalent hydraulic 

diameter for the straight strip inserts is calculated using Eq. (6), namely:

Hydraulic diameter,                                                               (6)𝐷ℎ =  
4𝐴
𝑝 ⇒𝐷

ℎ
=  

4[𝜋𝐷2
𝑖

4 ― 𝑊 × 𝐻]
[𝜋𝐷𝑖 + 2(𝑊 + 𝐻)]

The tube inside diameter  is 0.019 m, width of the straight strip inserts is 0.012, 0.006 and (𝐷𝑖) (𝑊)

0.003 m and height of the straight strip inserts  is 0.012, 0.012 and 0.012 m, then non-dimensional (𝐻)

aspect ratio, which is equal to 1, 2, and 4, respectively. The hydraulic diameter is used to 𝐴𝑅 = 𝑊 𝐻,  

define the mass flow rate  of water or hybrid nanofluids flowing through the test (𝑚 = 𝑅𝑒 𝜋𝐷h𝜇 4)
tube with straight strip inserts.

4.2. Procedure   

For water and hybrid nanofluids circulating in the plain test tube, the fluid flow rates used are:  = m

0.035, 0.05, 0.066, 0.083, 0.1, 0.116, 0.133, 0.15, 0.166, 0.183, 0.2, 0.216, 0.233, 0.25 kg/s. Based on 

the tube diameter , absolute viscosity  and mass flow rate , the Reynolds number is (𝐷𝑖) (𝜇) (𝑚)

calculated  for water and hybrid nanofluids. The Reynolds number for water varies (𝑅𝑒 = 4𝑚 𝜋𝐷𝑖𝜇)
from 2822 to 20158; for 0.05% nanofluid it is varied from 2598 to 18560; for 0.1% nanofluid it is 

varied from 2372 to 16948 and for 0.2% nanofluid it varies from 1949 to 13921. The difference in 

Reynolds number values for the hybrid nanofluids, as compared to water at the same mass flow rate, 

is due to the higher viscosity of the nanofluids. For the case of straight strip inserts, the mass flow rate 

is adjusted accordingly to meet the corresponding Reynolds number of the fluid.  

The benchmark measurements were first conducted with water and then were followed by 

hybrid nanofluids and with straight inserts. The pump was switched on, and the flow rate of water was 

fixed at0.035 kg/s; after that, the heating element was switched-on, allowing the system to reach 

steady-state. When the system achieves steady-state, the thermocouple readings, voltmeter, and 

ammeter readings were recorded and used later on for the heat transfer analysis. The procedure is 

repeated for the specified values of flow rate of water and hybrid nanofluids. The pressure difference 

in the horizontal test tube is used for the friction factor analysis. 

4.3. Nusselt number evaluation 

It is found that the deviation between heat supplied (Eq. 7) and heat absorbed (Eq. 8) is ± 3.4% [59]. 
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The rate of heat supplied,                                                                                (7)𝑄𝑖𝑛𝑝𝑢𝑡 = 𝑉 × 𝐼

The rate of heat absorbed,                                             (8)      𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 =  𝑚 × 𝐶𝑝 × (𝑇𝑜𝑢𝑡 ― 𝑇𝑖𝑛)

Therefore the average of heat supplied,  and heat absorbed, ,  is used in the heat 𝑄𝑖𝑛𝑝𝑢𝑡 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑄𝑎𝑣𝑔

transfer analysis.

            Average, 𝑄𝑎𝑣𝑔 =
(𝑄𝑖𝑛𝑝𝑢𝑡 + 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑)

2

From Newton’s cooling equation, the of heat transfer coefficient is evaluated using (Eq. 9).         

Heat transfer coefficient,                                                                             (9)ℎ =
𝑄𝑎𝑣𝑔

𝐴(𝑇𝑤𝑎𝑙𝑙 ― 𝑇𝑏𝑢𝑙𝑘)

Where,  𝐴 =  𝜋𝐷𝑖𝐿; 𝑇𝑤𝑎𝑙𝑙 =
𝑇1 + 𝑇2 + 𝑇3 + 𝑇4 + 𝑇5

5 ; 𝑇𝑏𝑢𝑙𝑘 =
𝑇𝑜 + 𝑇𝑖

2

The Nusselt number,                                                                                            (10) 𝑁𝑢 =  
ℎ × 𝐷𝑖

𝑘

The Prandtl number,                                                                                             (11) 𝑃𝑟 =  
𝜇 × 𝐶𝑃

𝑘

4.4. Friction factor evaluation  

The experimental friction factor of water and rGO/Co3O4 hybrid nanofluids for the present study was 

evaluated using Eq. (12) [60], which includes the pressure drop values measured using a U-tube 

manometer:

The friction factor,                                                                                            (12)    𝑓 =  
∆𝑃

( 𝐿
𝐷𝑖)(𝜌𝑣2

2 )
Where,  is the friction factor,  is the pressure drop (Pa),  is the length of the tube (m),  is the 𝑓 ∆𝑃 𝐿 𝐷𝑖

diameter of the tube (m),  is density of the fluid (Kg/m3) and  is the velocity of the fluid (m/sec).𝜌 𝑣

The dilution of hybrid nanoparticles in the distilled water leads to an increase of the nanofluids 

density, viscosity and thermal conductivity. These higher values of the properties, in particular density 

and viscosity, will affect the pressure drop of the fluid.

5. Results and discussion

5.1. Nusselt number of water and nanofluids in a plain tube    

The benchmark validation was conducted for water by comparing the experimental data against the 

values predicted by the correlations of Dittus and Boelter [69], Gnielinski [70], Notter and Sleicher 

[71]; this comparison is presented in Fig. 10.The correlations of Dittus and Boelter [69], Gnielinski 

[70], Notter and Sleicher [71] are given by Eq. (13), Eq. (14) and Eq. (15), respectively, as follows:

                                                                                                 (13)𝑁𝑢𝐷𝐵 = 0.023 𝑅𝑒0.8𝑃𝑟0.4

                                                                                          (14)𝑁𝑢𝐺 =  
(𝑓

2)(𝑅𝑒 ― 1000)𝑃𝑟

1.07 + 12.7 (𝑓
2)0.5

(𝑃𝑟2 3 ― 1)

Where, 𝑓 = (1.58 𝑙𝑛(𝑅𝑒) ― 3.82) ―2

0.5 < 𝑃𝑟 < 2000; 2300 < 𝑅𝑒 < 106



14

                                                                                              (15)𝑁𝑢𝑁𝑆 = 5 + 0.016 𝑅𝑒𝑎𝑃𝑟𝑏

Where, 𝑎 = 0.88 ― 0.24 (4 + 𝑃𝑟); 𝑏 = 0.33 + 0.5𝑒 ―0.6𝑃𝑟

                          104 < 𝑅𝑒 < 106;0 < 𝑃𝑟 < 104

It can be observed in Fig. 10 that the experimental Nusselt number data has a maximum deviation of 

±3% against the predictions obtained with Eq. (13) [69], ±1.5% with Eq. (14) [70] and ±2.5% with 

Eq. (15) [71]. The Nusselt number of rGO/Co3O4 hybrid nanofluids calculated by using Eq. (10) is 

reported in Fig. 11. The thermal conductivity enhancement for the hybrid nanofluids (Fig. 4) also 

leads to their Nusselt number enhancement.  This enhancement increases with increasing values of 

particle loading and Reynolds number. The Nusselt number is enhanced by; 3.55% and 13.39% for Re 

= 2598 and 18560, respectively, at 0.05% concentration; 5.73% and 17.97% for Re = 2372 and 16948, 

respectively, at 0.1% concentration; and 8.85% and 25.65% for Re = 1949 and 13921, respectively, at 

0.2% concentration. The Nusselt number enhancement is due to the increased fluid thermal 

conductivity, fluid turbulence and particle migration [72,73]. 

The heat transfer coefficient of rGO/Co3O4 hybrid nanofluids calculated by using Eq. (10) is 

reported in Fig. 12. The rGO/Co3O4 nanoparticles dispersed in water lead to an increase of convective 

heat transfer, which tends to be more pronounced than expected by the increase of thermal 

conductivity. An eventual explanation may be related to rearrangement of particles and an increase in 

heat conduction due to shear, which lowers the thickness of the thermal boundary layer. The heat 

transfer coefficient enhancement increases with increasing values of particle loading and Reynolds 

number. The heat transfer coefficient is enhanced by: 8.76% and 19.10% for Re = 2598 and 18560, 

respectively, at 0.05% concentration; 12.42% and 25.43% for Re = 2372 and 16948, respectively, at 

0.1% concentration; and 20.52% and 39.12%, for Re = 1949 and 13921, respectively, at 0.2% 

concentration.

The Nusselt number of rGO/Co3O4hybrid nanofluids is qualitatively compared with Allahyar 

et al. [74] data for 97.5% alumina and 2.5% silver hybrid nanomaterial nanofluids, and the 

comparison is presented in Fig. 13. The comparison indicates that for 0.05%, 0.1% and0.2% volume 

concentration values of rGO/Co3O4 hybrid nanofluids are obtained higher Nusselt number values by 

59.96%, 61.16% and 67.19%, respectively, than those higher values compared to 0.4% volume 

concentration of Allahyar et al. [74] at Re = 5200; Re = 5200 is the highest Reynolds number for 

Allahyar et al. [74] data. This difference in Nusselt number establishes that the rGO/Co3O4 hybrid 

nanofluids outperform the 97.5% alumina and 2.5% silver hybrid nanofluids.

The Nusselt number of rGO/Co3O4 hybrid nanomaterial nanofluids is also qualitatively 

compared with Dalkılıç et al. [75] data for graphite-SiO2/water hybrid nanofluids, and the comparison 

is presented in Fig. 14. The comparison indicates that for the 0.2% concentration of rGO/Co3O4 

hybrid nanofluids, the Nusselt number  is higher by 31.73% when compared to that of the 1% volume 

concentration of Dalkılıç et al. [75] for graphite-SiO2/water hybrid nanofluids at Re = 9500. This 
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difference in Nusselt number indicates that the rGO/Co3O4/water hybrid nanofluids out perform the 

graphite graphite-SiO2/water hybrid nanofluids, even when the preparation has a volume 

concentration five times higher.

5.2. Nusselt number of water and nanofluids in a plain tube with strip inserts    

The heat transfer influence of water/nanofluids by means of adding straight strip inserts is analyzed. 

The benchmark analysis was performed for water with the addition of various kinds of straight strip 

inserts (aspect ratios (AR) of 1, 2, and 4) and Eq. (10) is used again to evaluate the Nusselt number. 

The obtained data is presented in Fig. 15, along with Hsieh and Huang [56] data for AR = 1, 4, and 

Liu [57] data for AR = 1 for the purpose of comparison. Hsieh and Huang [56] proposed a regression 

equation for the Nusselt number, when strip inserts are placed into a single-phase fluid flow path, 

namely:

                                                        (16)𝑵𝒖 = 𝟏.𝟐𝟑𝟑 (𝑮𝒛)𝟎.𝟑𝟖(𝝁𝒃

𝝁𝒘)𝟎.𝟏𝟒(𝑫𝒉

𝑫𝒊)
―𝟎.𝟕𝟒

(𝑨𝑹 + 𝟏)𝟎.𝟒𝟏

𝟏𝟎𝟎𝟎 < 𝑹𝒆 < 𝟒𝟎𝟎𝟎;  𝑨𝑹 = 𝟏, 𝟒

Hsieh and Huang [56] produced experimental data upto Re = 4000, whereas Liu [57] generated 

experimental data upto Re = 19081. It can be observed in Fig. 15 the present data for water with strip 

type inserts (aspect ratios of 1, 2, and 4) matches well Hsieh and Huang [56] data up to Reynolds 

number of 4000. Liu [57] data for single-phase fluid with straight strip type inserts of aspect ratio of 1 

presents higher values of Nusselt number for values of Reynolds number higher than those considered 

in the present study. The present data clearly shows that by decreasing the aspect ratio of the straight 

strip inserts from 4 to 1, the Nusselt number increases.  

The Nusselt number (Eq. 10) data based on the measurements for water and rGO/Co3O4 

nanofluids with straight strip inserts of AR = 1, 2, and 4 is reported in Fig. 16. For water at Reynolds 

number of 2822 and 20158, the addition of strip insert leads to an increase in Nusselt number, as 

compared to the plain tube, of;  12.95%  and  27.11%, respectively, for AR = 4; 17.09% and 32.34%, 

respectively, for AR = 2; and 22.54% to 38.72% , respectively, for AR = 1.

The Nusselt number data for the hybrid nanofluid is as follows: with 0.05% concentration of 

hybrid nanofluid flowing in the test tube at Reynolds number of 2598 and 18560 the addition of strip 

inserts leads to a Nusselt number increase, as compared to the0.05% concentration in the plain tube, 

of: 16.12% and 31.72%, respectively, for AR = 4; 21.63% and 36.21%, respectively, for AR = 2; and 

28.85% to 46.27%, respectively, for AR = 1. Meanwhile, with 0.1% concentration of hybrid nanofluid 

flowing in the test tube at Reynolds number of 2372 and 16948 the addition of strip inserts leads to a 

Nusselt number increase, as compared to the 0.1% concentration in the plain tube, of: 21.29% and 

40.48%, respectively, for AR = 4; 25.17% and 48.48%, respectively, for AR = 2; and 31.21% and 

57.44%, respectively, for AR = 1. For 0.2% concentration of hybrid nanofluid flowing in the test tube 

at Reynolds number of 1949 and 13921 the addition of strip inserts leads to a Nusselt number 

increase, as compared to the 0.2%concentration in the plain tube, of: 26.61% and 50.68%, 
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respectively, for AR = 4; 31.15% and 60.12%, respectively, for AR = 2; and35.49% to 67.62%, 

respectively, for AR = 1.

For rGO/Co3O4 hybrid nanofluids with straight strip inserts data is not available in the 

literature; therefore, the data reported by Sundar et al. [49,50] for MWCNT/Fe3O4 and ND-Ni hybrid 

nanofluids with straight strip inserts is used for comparison purposes. They prepared hybrid 

nanofluids by considering nanotube-spherical shape hybrid nanoparticles and spherical-spherical 

hybrid nanoparticles. In the present study, nanofluids were prepared 2-dimensional-spherical hybrid 

nanoparticles. Sundar et al. [59, 60] proposed correlations for hybrid nanofluids with strip type 

inserts, and the equations are as follows:

The equation of Sundar et al. [59] for MWCNT/Fe3O4 nanofluids is given below:

                                  (17) 𝑁𝑢 = 0.0039 𝑅𝑒0.96𝑃𝑟0.72(1 + 𝜙)0.71(1 + 𝐴𝑅)0.003(1 +
𝐷ℎ

𝐷𝑖)
―0.08

3000 < 𝑅𝑒 < 22000; 0 < 𝜙 < 0.3%;4.1 < 𝑃𝑟 < 6.4;0 < 𝐴𝑅 < 12

The equation of Sundar et al. [60] for ND-Ni nanofluids is given below:

                           (18) 𝑁𝑢 = 0.02433 𝑅𝑒0.8𝑃𝑟0.4 (1 + 𝜙)1.193(1 + 𝐴𝑅)0.0291(1 +
𝐷ℎ

𝐷𝑖)
―0.1532

3000 < 𝑅𝑒 < 22000; 0 < 𝜙 < 0.3%;4.35 < 𝑃𝑟 < 5.85; 0 < 𝐴𝑅 < 4

The Nusselt number data of rGO/Co3O4 nanofluids with strip type inserts along with Sundar et al. 

[59,60] data are reported in Fig. 17,and it can be noticed the values, on average, are higher by 22.47% 

and 35.58% than those for MWCNT/Fe3O4 [59] and ND-Ni hybrid nanofluids [60], respectively. This 

improved performance rGO/Co3O4 hybrid nanofluids may be attributed to the 2-dimensional-spherical 

shape hybrid nanoparticles.     

The rGO/Co3O4hybrid nanofluids data is regressed with average and standard deviation of 

2.86% and 3.69%, respectively; the regression equation is given as follows:

                 (19)𝑁𝑢 = 0.4668 𝑅𝑒0.7941𝑃𝑟 ―0.9025(1 + 𝜙)3.280(1 + 𝐴𝑅)0.04553(1 +
𝐷ℎ

𝐷𝑖)
―0.9609

2000 < 𝑅𝑒 < 21000; 5.59 < 𝑃𝑟 < 7.85; 0 < 𝜙 < 0.2%; 0 < 𝐴𝑅 < 4

The values determined with Eq. (19) are compared against the experimental Nusselt number in Fig. 

18.  

5.3. Friction factor of water and nanofluids in a plain tube    

The friction factor data for water estimated using Eq. (12) is presented in Fig. 19, along with Blasius 

[76], Eq. 20, and Petukhov [77], Eq. (21), predictions for comparison purposes; the maximum 

deviation observed is of ±3%.

                                                                                                                (20)𝑓𝐵 = 0.3164 𝑅𝑒 ―0.25

3000 < Re < 105

                                                                                         (21) 𝑓𝑃 = (0.790 𝑙𝑛(𝑅𝑒) ― 1.64) ―2
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2300 < Re < 5 × 106

The hybrid nanofluids friction factor data is reported in Fig. 20. By increasing the particle loading, the 

friction factor of hybrid nanofluids increases, while an increase in Reynolds number causes it to 

decrease. For concentrations of 0.05%, 0.1% and 0.2%, the friction factor rise is 1.17% (Re = 2598), 

5.2% (Re = 2372) and 8.1% (Re = 1949), respectively, in comparison with water data. Also, for 

higher values of Reynolds number, and with the concentrations of 0.05%, 0.1% and 0.2%, the friction 

factor rise is 4.6% (Re = 18560), 8.2% (Re = 16948) and 11.1% (Re = 13921), respectively, in 

comparison with water data. The friction factor rise of hybrid nanofluids is due to the increased 

viscosity of the hybrid nanofluids. 

The present data for the friction factor of rGO/Co3O4 hybrid nanomaterial based nanofluids is 

compared against Madhesh et al. [78] data for Cu-TiO2 hybrid nanomaterial based nanofluids, and the 

comparison is presented in Fig. 21. The friction factor of rGO/Co3O4 hybrid nanomaterial based 

nanofluids matches well the friction factor data of Madhesh et al. [78] for the Reynolds number range 

considered. 

5.4. Friction factor of water and nanofluids in a plain tube with strip inserts      

The penalty in friction factor of water or nanofluids with the addition of straight strip type inserts is 

analyzed. The benchmark analysis was performed for water with the addition of straight strips with 

aspect ratios (AR) of 1, 2, and 4.The friction factor is evaluated by using Eq. (12). The obtained 

values are presented in Fig. 22 and they are compared against Hsieh and Huang [56] data for AR = 1, 

4. Hsieh and Huang [56] generated the following regression equation, which takes into account the 

insertion of longitudinal strips into a single-phase fluid flow path, namely:

                                                                             (22)𝒇 = 𝟒𝟗.𝟗𝟔 𝑹𝒆 ―𝟎.𝟒𝟒(𝑫𝒉

𝑫𝒊)
𝟏.𝟏𝟖

(𝑨𝑹 + 𝟏)𝟏.𝟓𝟑

𝟏𝟎𝟎𝟎 < 𝑹𝒆 < 𝟒𝟎𝟎𝟎;  𝑨𝑹 = 𝟏, 𝟒

The decreased trend of friction factor for water with straight strip inserts (AR = 1, 2 and 4) with 

increase of Reynolds number was noticed in the present experimental data as well as Hsieh and 

Huang [56] proposed correlation up to maximum Reynolds number of 4000. The magnitude of 

friction factor values is different in the present study and Hsieh and Huang [56] data because of 

various experimental approaches used.  

The measurements of the friction factor (Eq. 12) for water and rGO/Co3O4 nanofluids with 

the strip inserts with three different aspect ratios (AR = 1, 2, and 4) are presented in Fig. 23. In 

comparison to water flowing through the plain tube, for Reynolds number of 2822 and 20158, the 

addition of the strip insert leads to the following values of friction factor increase: AR = 4,  15.52% 

and 18.8%, respectively; AR = 2, 18.85% and 22.09%, respectively; and AR = 1, 21.23% and 

27.06%, respectively. Similarly for the 0.05% concentration of hybrid nanofluid flowing through the 

plain tube, for Reynolds number of 2822 and 20158, the addition of the strip insert leads to the 
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following values of friction factor rise: AR = 4,  20.6% and 26.76%, respectively; AR = 2, 24.32% 

and 29.49%, respectively; and AR = 1, 228.76% and 30.23%, respectively. For the 0.1% 

concentration of hybrid nanofluid flowing through the plain tube, for Reynolds number of 2372 and 

16948, the addition of the strip insert leads to the following values of friction factor increase: AR = 4,  

28.96% and 32.11%, respectively; AR = 2, 34.63% and 37.46%, respectively; and AR = 1, 38.28% 

and 42.60%, respectively. In addition, for the 0.2% concentration of hybrid nanofluid flowing through 

the plain tube, for Reynolds number of 1949 and 13921, the addition of the strip insert leads to the 

following values of friction factor increase: AR = 4,  32.80% to 45.64%, respectively; AR = 2, 

38.95% to 46.42%, respectively; and AR = 1, 45.51% to 52.82%, respectively.

The friction factor of rGO/Co3O4 hybrid nanomaterial nanofluids with strip type inserts data is 

also not available in the literature. Therefore the Sundar et al. [59, 60] values for MWCNT/Fe3O4 and 

ND-Ni hybrid nanomaterial nanofluids with strip inserts are used for comparison purposes. They 

prepared nanotube-spherical shape and spherical-spherical hybrid nanomaterial based nanofluids, 

whereas in the present study, 2-dimensional sheet like-spherical shape hybrid nanoparticles based 

nanofluids were used. The proposed friction factor correlations of Sundar et al. [59, 60] for various 

hybrid nanomaterial based nanofluids are as follows:

The equation of Sundar et al. [59] for MWCNT/Fe3O4 nanofluids is given below:

                                     (23) 𝑓 = 0.351 𝑅𝑒 ―0.2427(1 + 𝜙)0.4039(1 + 𝐴𝑅) ―0.0045(1 +
𝐷ℎ

𝐷𝑖)
―0.22

3000 < 𝑅𝑒 < 22000; 0 < 𝜙 < 0.3%;0 < 𝐴𝑅 < 12

The equation of Sundar et al. [60] for ND-Ni nanofluids is given below: 

                                 (24) 𝑓 = 0.2689 𝑅𝑒 ―0.2312(1 + 𝜙)0.3556(1 + 𝐴𝑅) ―0.0024(1 +
𝐷ℎ

𝐷𝑖)
―0.083

3000 < 𝑅𝑒 < 22000; 0 < 𝜙 < 0.3%; 0 < 𝐴𝑅 < 4

The friction factor data for rGO/Co3O4 nanofluids with the addition of straight strip type inserts and 

its comparison against Sundar et al. [59, 60] data are presented in Fig. 24; it can be noticed that on 

average the values of rGO/Co3O4 hybrid nanofluids are higher by 20.95% and 21.72% than those of 

MWCNT/Fe3O4 and ND-Ni nanofluids. The eventual explanation for this difference may be related to 

the 2-dimensional sheet like-spherical shape rGO/Co3O4 hybrid nanoparticles.    

The friction factor data of water and rGO/Co3O4 hybrid nanofluids with the addition of 

straight strip type inserts data (244 data points) is regressed with an average and standard deviation of 

3.024% and 3.714%, respectively; the correlation is given as follows:  

                                (25) 𝑓 = 0.3761 𝑅𝑒 ―0.2293(1 + 𝜙)0.7204(1 + 𝐴𝑅)0.06323(1 +
𝐷ℎ

𝐷𝑖)
―0.5892

2000 < 𝑅𝑒 < 21000; 0 < 𝜙 < 0.2%; 0 < 𝐴𝑅 < 4

The values obtained with the correlation Eq. (25) and the experimental friction factor data are 

presented in Fig. 25.
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5.5. Thermal performance factor 

The relation between friction factor rise and Nusselt number enhancement is analyzed by employing 

the thermal performance factor [79], which is formulated by the following relations:

Thermal performance factor,     (for nanofluids)                                               (26)𝜂 =

𝑁𝑢𝑛𝑓
𝑁𝑢𝑏𝑓 

(𝑓𝑛𝑓
𝑓𝑏𝑓)

1 3

Thermal performance factor,     (for inserts)                                                 (27)𝜂 =

𝑁𝑢𝑖𝑛𝑠𝑒𝑟𝑡
𝑁𝑢𝑝𝑙𝑎𝑖𝑛 

(𝑓𝑖𝑛𝑠𝑒𝑟𝑡
𝑓𝑝𝑙𝑎𝑖𝑛 )

1 3

The rGO/Co3O4 nanofluids led to a significant augmentation of the thermal performance factor (TPF). 

In comparison with the water data, the Nusselt number increases with the hybrid nanofluids, but the 

friction factor also increases; however, the effect of the increased friction factor upon the overall 

performance of the system is minor when compared to the Nusselt number enhancement as 

demonstrated by the TPF (Eq. 26). The TPF values for the rGO/Co3O4 nanofluids are reported in Fig. 

26, and it can be noticed that all TPF of the nanofluids are higher than 1, which indicates that the 

hybrid nanofluids in turbulent flow lead to performance enhancement. The TPF values of 0.05%, 

0.1% and 0.2% nanofluids are 1.09 (Re = 2598), 1.03 (Re = 2372) and 1.06 (Re = 1949), respectively, 

and for higher Reynolds number values, they are 1.11(Re = 18560), 1.148 (Re = 16948) and 1.213 

(Re = 13921), respectively.

Similarly, by means of adding straight strip type inserts in fluid flow, the Nusselt number is 

enhanced but with a consequent friction factor penalty. To analyze TPF of hybrid nanofluids with and 

without strip inserts Eq. (27) is used. The TPF values for 0% (water), 0.05%, 0.1%, and 0.2% 

nanofluids with straight strip inserts for different values of Reynolds number are presented in Fig. 27.

 The TPF values for straight strip aspect ratio of AR = 4, 2, and 1 are: 1.077, 1.019 and 1.15, 

respectively, for water with Reynolds number of 2822; 1.201, 1.239, 1.282, respectively, for water 

with Reynolds number of 20152;1.092, 1.132 and 1.185, respectively, for 0.05% concentration with 

Reynolds number of 2598; 1.218, 1.251 and 1.341, respectively, for 0.05% concentration with 

Reynolds number of  18560; 1.115, 1.135 and 1.179, respectively, for 0.1% concentration with 

Reynolds number of 2372; 1.281, 1.337 and 1.4, respectively, for 0.1% concentration with Reynolds 

number of 16948; 1.153, 1.177 and 1.197, respectively, for 0.2% concentration with Reynolds number 

1949; and 1.331, 1.412 and 1.457, respectively, for 0.2% concentration with Reynolds number 

of13921.Similar trend of increased overall thermal performance of 28.34% was reported by 

Ramalingam et al. [68] with the use of Al2O3:SiC/50:50% water-ethylene glycol hybrid nanofluids for 

a0.8% particle loading.

The overall thermal performance factor of rGO/Co3O4 hybrid nanofluids with the addition of 

strip type inserts exhibit values higher than 1, which, as already mentioned, is an indication that the 
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hybrid nanofluids with the strip inserts in the turbulent regime are beneficial to the system 

performance.

Potential applications for the combination of rGO/Co3O4 hybrid nanofluids and longitudinal 

strip inserts are widespread in what concerns heat exchange equipment. The only requirement is that 

the nanofluid should operate in a closed loop, while flowing through a tubular system. Shell-and-tube 

heat exchangers are an example that fits well this requirement. The hybrid nanofluid would flow 

through the tube side, which will be equipped with the longitudinal strip inserts. Closed loop shell-

and-tube heat exchangers are encountered in many industries for process heating/cooling. The 

effectiveness of a shell-and-tube heat exchanger can have considerable enhancement by the 

combination of rGO/Co3O4 hybrid nanofluids and longitudinal strip inserts. Based on industrial 

experience, just the use of turbulators can lead to an enhancement of up to 20%. This passive heat 

augmentation technique results in major savings in material, labour, manufacturing and operating 

costs.

A relevant example is the use of the combination of nanofluids and longitudinal strip inserts 

in a solar flat plate collector. Sundar et al. [80] report that this combination enhanced the thermal 

efficiency of the collector by 44.82% with 0.3% volume concentration of Al2O3/water nanofluid and a 

longitudinal strip insert of aspect ratio of 1. Preliminary tests indicate that the use of the combination 

of rGO/Co3O4 hybrid nanofluids and longitudinal strip inserts leads to further enhancement of the 

collector thermal efficiency.

6. Conclusions 

The thermal performance factor was analyzed for rGO/Co3O4 hybrid nanofluids flowing in a 

horizontal test tube with straight strip inserts. The thermal conductivity and viscosity were evaluated 

and for 0.2% concentration at 60oC was observed the highest increase of 19.14% and 70.83%, 

respectively, when compared to the base fluid (water) data. For concentrations of 0.05%, 0.1% and 

0.2% hybrid nanoparticles in water, the Nusselt number increment is 13.39% (Re = 18560), 17.97% 

(Re = 16948) and 25.60% (Re = 1392), respectively.

For water with addition of straight strip type inserts of AR = 4, 2 and 1, the Nusselt number 

enhancement is 27.11%, 32.34%, and 38.72%, respectively, whereas, it is further increased to 

50.68%, 60.12% and 67.62%, respectively for 0.2% particle concentration hybrid nanofluids for the 

same strip inserts aspect ratio. Particle concentrations of  0.05%, 0.1%, and 0.2% lead to the following 

values of in fluid friction penalty:  4.6% (Re = 18560), 8.2% (Re = 16948) and 11.1% (Re = 13921); 

for Reynolds number of 13921 and 0.2% concentration, the friction factor penalty relative to the 

insertion of the longitudinal strips of aspect ratio 4, 2 and 1 is 45.64%, 46.42%, and 52.82%, 

respectively. 

The combination of straight strip inserts with the appropriate aspect ratio with rGO/Co3O4 

hybrid nanofluids leads to a significant Nusselt number enhancement. The resulting friction factor 
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penalty, as indicated by the thermal performance factor (TPF) analysis, is negligible when compared 

to the heat transfer enhancement described by the Nusselt number. The TPF for all the measured cases 

are above 1, which indicates that the heat transfer benefit is higher than the friction factor penalty. 

This particular combination has the potential of being used in specific in heat processing applications.

Nomenclature  

𝑨 = area (m2)
𝑫𝒊 = inner diameter (m)
𝑫𝒐 = outer diameter (m)
𝑫𝒉 = hydraulic diameter (m)

𝒇 = friction factor

𝒉 = heat transfer coefficient (W/m2K)

𝑯 = height (m)

𝒌 = thermal conductivity (W/m K)

𝑳 = length (m)

𝒎 = mass flow rate (kg/s)

𝑵𝒖 = Nusselt number (𝒉𝑫𝒊 𝒌)

𝑹𝒆 = Reynolds number (𝟒𝒎 𝝅𝑫𝒊𝝁)

𝑷𝒓 = Prandtl number, (𝝁 × 𝑪𝒑 𝒌)

𝑸 = heat flow (W)

𝑻 = temperature (oC)

𝑾 = width (m)

Symbols 

𝝆 = density (kg/m3)

𝝓 = particle volume concentration (%)

𝜟𝑷 = pressure drop

𝝁 = viscosity (mPa.s)

𝜼 = thermal performance factor

Appendix: 

The procedure given by Kline and McClintock [81] was used to analyze the uncertainties of the 

various parameters. The working equations for heat flux, heat transfer coefficient, Nusselt number, 

Reynolds number and friction factor are presented below. The maximum and minimum range of the 

instruments used in the present study is listed in Table 3, and the uncertainty values are indicated in 

Table 4.  

(i) Heat flux: 
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𝑞 =
𝑄
𝐴⟹

𝑉 × 𝐼
𝜋𝐷𝑖𝐿

                                  (A1)
𝛿𝑞

𝑞 = (𝛿𝑉

𝑉 × 100)2
+ (𝛿𝐼

𝐼 × 100)2
+ (𝛿𝐷𝑖

𝐷𝑖
× 100)

2

+ (𝛿𝐿

𝐿 × 100)2

 = 0.69%
𝛿𝑞

𝑞 = ( 1
220 × 100)2

+ (0.1
20 × 100)2

+ (0.1)2 + (0.1)2

(ii) Heat transfer coefficient:

h =
𝑞

(𝑇𝑤 - 𝑇𝑏)

                                                                      (A2)                                                           
𝛿h

h = (𝛿𝑞

𝑞 × 100)2
+ (𝛿𝑇𝑤

𝑇𝑤
× 100)

2

+ (𝛿𝑇𝑏

𝑇𝑏
× 100)

2

   = 0.735%       
𝛿h

h = (0.69)2 + ( 0.1
83.78 × 100)2

+ ( 0.1
46.32 × 100)2

                                                      

(iii) Nusselt number:

𝑁𝑢 =  
h𝐷𝑖

𝑘

                                                         (A3)
𝛿𝑁𝑢

𝑁𝑢 = (𝛿h

h × 100)2
+ (𝛿𝐷𝑖

𝐷𝑖
× 100)

2

+ (𝛿𝑘

𝑘 × 100)2

 = 0.7491%
𝛿𝑁𝑢

𝑁𝑢 = (0.735)2 + (0.1)2 + (0.1)2

(iv) Reynolds number: 

       𝑅𝑒 =  
4𝑚

𝜋𝐷𝑖𝜇

                                                                      (A4)
𝛿𝑅𝑒

𝑅𝑒 = (𝛿𝑚

𝑚 × 100)2
+ (𝛿𝐷𝑖

𝐷𝑖
× 100)

2

+ (𝛿𝜇

𝜇 × 100)2

                = 0.681% 
𝛿𝑅𝑒

𝑅𝑒 = (0.1
15 × 100)2

+ (0.1)2 + (0.1)2

(v) Friction factor: 

𝑓 =
∆𝑃

( 𝐿
𝐷𝑖)(𝜌𝑣2

2 )

             
𝛿𝑓
𝑓 =  (𝛿(∆𝑃)

∆𝑃 × 100)2
+ (𝛿𝐿

𝐿 × 100)2
+ (𝛿𝐷𝑖

𝐷𝑖
× 100)2

+ (𝛿𝜌
𝜌 × 100)2

+ (2 𝛿𝑣
𝑣 × 100)2

                                                                                                                                             (A5)

             
∆𝑓
𝑓 = ( 1

38.3 × 100)2
+ (0.1)2 + (0.1)2 + (0.1)2 + (2𝑥0.1

15 )2
= 2.93% 
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Table 1: The physical properties of water, rGO, Co3O4 and rGO/Co3O4 nanoparticles at 20oC

Substance , (kg/m3)𝜌 , (W/m K)𝑘 , (J/Kg K)𝐶𝑝 , (mPa.s)𝜇

Water 998.5 0.602 4178 0.89

rGO 1910 1000 710 ----

Co3O4 6110 69 460 ----

rGO/Co3O4 3296 692.7 627.5 ----

Table: 2 Dimensions of the longitudinal strip inserts 

Aspect ratio, 

(𝑨𝑹 = 𝑾 𝑯)
Width ,(𝑾)

(m) 

Height , (m) (𝑯) Hydraulic diameter, 

 (m)𝑫𝒉

𝑫𝒉

𝑫𝒊

AR = 1 0.012 0.012 0.005183 0.2727

AR = 2 0.012 0.006 0.008839 0.4652

AR = 4 0.012 0.003 0.011032 0.5806

Table 3 Uncertainties of instruments

Instrument Variable 

measured 

Range Least 

division

Minimum 

value of the 

experiment

Maximum 

value of the 

experiment 

Uncertainty 

(%)

Thermocouples Fluid inlet and 

out temperature 

0-120oC 0.1oC 31.25oC 46.32oC 0.2158

Thermocouples Wall temperature 0-120oC 0.1oC 45.66oC 83.78oC 0.1193

U-tube 

manometer

Height of the 

CCl4

0-50 cm 1 mm 2.0 cm 38.3 cm 0.02610

Totalizer Cold fluid mass 

flow rate 

0–99999 L 0.1 L 1 L  15 L 0.666 

Properties Thermal conductivity, density, specific heat, viscosity 0.1

Dimensions Diameter, area 0.1

Table 4 Uncertainty values

Parameter Uncertainty, (%) 

Heat flux 0.69

Heat transfer coefficient (h) 0.735
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Nusselt number (Nu) 0.7491

Reynolds number (Re) 0.681

Friction factor (f) 2.93

Fig. 1(a) Synthesis process and (b) TEM results 
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Fig. 2 (a) FTIR results, (b) XRD patterns and (c) magnetic measurement results 
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Fig. 3 (a) Dry powder of rGO/Co3O4 nanoparticles and (b) Final 0.2% nanofluid sample 
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Fig. 4Comparison ofrGO/Co3O4 nanofluidsthermal conductivity ratioagainst the data of  

Taherialekouhi et al. [29] for GO/Al2O3 nanofluid and Singh et al. [18] for GO/CuO nanofluid
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Fig. 5Comparison of rGO/Co3O4 nanofluid viscosity against the data of Kazemi et al. [34] for 

Graphene-SiO2 nanofluid 
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Fig. 6 Comparison of rGO/Co3O4 nanofluids specific heat against the data of Wole-Osho et al. [22] 

for Al2O3-ZnO nanofluids and the predictions of Raud et al. [67] correlation. 
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Fig. 7 Comparison of rGO/Co3O4 nanofluidsdensityagainst the data of Ramalingam et al. [68] for 

Al2O3/SiC 50:50 W/EG hybrid nanofluids. 
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Fig. 8 Prandtl number of rGO/Co3O4 hybrid nanofluids fordifferent values of particle loading and 

concentration
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Fig. 9(a) Experimental test facility schematic
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Fig. 9(b) Longitudinal strip inserts and (c) Cross sectional view of a longitudinal strip insert at section 

X-X.
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Fig. 10 Validation of water Nusselt number against literature values 
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Fig. 11 Nusselt number of rGO/Co3O4 nanofluids as a function of Reynolds number
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Fig. 12 Heat transfer coefficient of rGO/Co3O4 nanofluids as a function of Reynolds number
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Fig. 13 Comparison of the present rGO/Co3O4 nanofluids Nusselt number results with Allahyar et al. 

[74] data for 97.5% alumina and 2.5% silver hybrid nanofluids 
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Fig. 14 Comparison of present of rGO/Co3O4 nanofluids Nusselt number results with Dalkılıç et al. 

[75] data for graphite-SiO2/water hybrid nanofluids
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Fig. 15 Validation of the results for water Nusselt number with longitudinal strip inserts with Hsieh 

and Huang [56] and Liu [57] data.
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Fig. 16 Nusselt number of rGO/Co3O4 nanofluids with longitudinal strip inserts as a function of 

Reynolds number
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Fig. 17 Comparison of the results for rGO/Co3O4 nanofluids Nusselt number with longitudinal strip 

inserts with the literature values
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Fig. 18 Validation of the proposed Nusselt number regression equation with the experimental data
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Fig. 19 Comparison of water friction factor with literature values 
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Fig. 20 The friction factor of base fluid and rGO/Co3O4 nanofluids as a function of Reynolds number 

and particle concentration
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Fig. 21 Comparison of friction factor values for rGO/Co3O4 hybrid nanofluid against the data of 

Madhesh et al. [68] for Cu-TiO2 hybrid nanofluid
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Fig. 22 Comparison of friction factor values for water with longitudinal strip inserts with literature 

values
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Fig. 23 Friction factor of water and rGO/Co3O4 nanofluids with longitudinal strip inserts as a function 

of Reynolds number and particle loading
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Fig. 24 Validation of rGO/Co3O4 nanofluids friction factor with longitudinal strip inserts with 

literature values
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Fig. 25 Validation of the proposed friction factor regression equation with the experimental data
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Fig. 26 The thermal performance factor of rGO/Co3O4 nanofluids fordifferent values of Reynolds 

number
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Fig. 27 Thermal performance factor of water and rGO/Co3O4 nanofluids with longitudinal strip inserts 

for different values of Reynolds number

Highlights
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Combination of Co3O4 deposited rGO hybrid nanofluids and longitudinal strip inserts: 

Thermal properties, heat transfer, friction factor, and thermal performance evaluations

(1) The water based hybrid nanofluids were prepared using rGO/Co3O4 nanomaterial. 

(2) At,  = 0.2 vol. % and Re = 13921, the Nusselt number is enhanced to 25.65% 𝜙

compared to water.  

(3) At,  = 0.2 vol. % and longitudinal strip AR = 1, the Nusselt number is further 𝜙

enhanced to 110.56% compared to water.  

(4) Friction factor is increased to 11% and further increased to 69.8% at 0.2 vol. % with 

and without longitudinal strip insert AR = 1 compared to water.  


