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Abstract 

Industrial cooling systems play an important role in maintaining equipment 

performance, process stability, and energy efficiency in manufacturing and 

thermal engineering applications. However, conventional cooling fluids such 

as water and ethylene glycol often show limited heat transfer capability under 

high thermal loads. This paper examines the improvement of heat transfer 

efficiency in industrial cooling systems through the use of nanofluids. 

Nanofluids are engineered suspensions of nanoparticles in base fluids, designed 

to enhance thermal conductivity, convective heat transfer, and overall cooling 

performance. The study focuses on key parameters such as nanoparticle 

concentration, flow rate, inlet temperature, pressure drop, and heat transfer 

coefficient. The findings indicate that nanofluid-based cooling systems provide 

higher thermal conductivity and improved heat removal compared with 

traditional fluids. An increase in nanoparticle concentration improves heat 

transfer performance, although excessive concentration may increase viscosity 

and pumping power requirements. The results also show that optimized flow 

conditions can improve system efficiency while maintaining operational 

stability. Overall, the paper highlights that nanofluids can be an effective 

solution for industrial cooling applications where high thermal performance 

and energy savings are required. The study concludes that careful selection of 

nanoparticle type, concentration, and operating conditions is essential for 

achieving maximum heat transfer efficiency without causing excessive pressure 

losses or system maintenance challenges. 
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INTRODUCTION

In the microelectronics industry and in heavy 

manufacturing, the needs for thermally managing 

devices are pushing conventional media that have 

low thermal conductivity to the extreme.This is a 

very critical constraint for high power electronic 

components, systems for telecommunication and 

advanced manufacturing systems etc. where 

conventional cooling methods are not able to 

maintain the operating temperature within the 

desired reliability limits (Indira et al., 2022; 

Rodríguez-Laguna et al., 2018). In the modern 

microprocessors and industrial machinery, where 

the power density has increased significantly, 

thermal control of the system becomes of great 

importance to minimize the chances of the 

component failure and optimize the life of the whole 

system (Indira et al., 2022). Traditional single-phase 

cooling technologies, limited by the low thermal 

conductivity of water and ethylene glycol, are 

operating near their physical limits, and two-phase 

cooling technologies, which are promising but have 

many flow instability, pressure drop and lack of 

reliable design correlations issues (Garimella et al., 

2012; Indira et al., 2022; Rodríguez-Laguna et al., 

2018).The preparation and utilization of nanofluids, 

which are the mixtures of conventional base fluids 

with engineered solid (metallic, non-metallic or 

carbon based) nanoparticles, has been well 

recognized as a game-changer in the field of heat 

transfer improvement (Ali & Salam, 2020; Bigdeli 

et al., 2016). The use of thermophysical properties 

of the nanostructures (Bigdeli et al., 2016; Indira et 

al., 2022; Rodríguez-Laguna et al., 2018) also 

provides a substantial improvement in the thermal 

conductivity of nanofluids, even at a very low 

volume fraction of nanoparticles. The enhanced 

properties have been shown to be due to complex, 

synergistic mechanisms, such as the Brownian 

motion of the suspended nanoparticles, the Kapitza 

thermal resistance of the interfaces and the 

formation of the thermal percolation pathways as a 

result of the clustering and/or chain-like aggregation 

of the nanoparticles (Bigdeli et al., 2016; Gao et al., 

2009; Prasher et al., 2005).Despite the great 

potential for revolutionizing thermal management, 

there are major technical and economic issues with 

the implementation of nanofluids in industrial 

thermal processes. Some of the major challenges 

include long term stability of nanocolloids, tendency 

to agglomerate and sediment over time, erosion of 

working components of the cooling system, and the 

increase in manufacturing/preparation costs for use 

of special nanomaterials (Alami et al., 2023; Goyal, 

2023; Kaggwa & Carson, 2019; Karthikeyan et al., 

2021). Moreover, there are no literature 

standardized characterization methods and universal 

heat transfer correlations for the transition between 

controlled laboratory and large-scale in-field 

implementation in industry (Goyal, 2023; Kaggwa 

& Carson, 2019).Hence, the present work aims to 

systematically study the thermophysical properties 

and heat transfer coefficient of the selected 

formulations of nanofluid under realistic conditions 

of cooling applications in industry. The purpose of 

this study is to quantify the effect of the critical heat 

transfer performance parameters as a function of 

concentration, size and composition of the 

nanoparticles through a detailed analytical and 

experimental investigation. The objective of the 

study is to elucidate these relationships and provide 

valuable data for improving the techniques of heat 

management in high performance cooling systems. 

Overall, the aim of this work is to contribute in the 

future issues of the industry with the use of the 

https://journaleep.com/index.php/JEEP/index
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obtained sustainable, efficient and reliable thermal 

management solutions using nanofluid based 

systems, which is a challenging field in science 

between the fundamental studies and future 

applications. This work will help remove the 

existing challenges in experimental data and build 

stronger predictive models that will allow for the 

realization of cost-effective, large-scale production 

of stable nanoparticle suspensions (Bigdeli et al., 

2016; Waware et al., 2024). This research focuses 

on the development of cost-effective stabilization 

technologies and the co-optimization of thermal and 

flow properties addressed to overcome the technical 

challenges to commercialization to large scales. 

Hence, the longitudinal stability test is of great 

importance in the field of ensuring the operational 

reliability and long duration of service life of these 

fluids in highly demanding industrial environments, 

and this aspect has been investigated (Alami et al., 

2023), (Ali et al., 2018).  

METHODOLOGY 

In this part, experimental procedures that have been 

followed step by step to study the thermophysical 

properties and convective heat transfer of 

engineered nanofluids are explained. Nanofluids are 

prepared by dispersing nanoparticles (e.g., Al2O3 or 

CuO) in the base fluid using high-shear mixing and 

ultrasonication to ensure long-term colloidal 

stability of the dispersion of nanoparticles in the 

base fluid (Okonkwo et al., 2020; Safir et al., 2024). 

These suspensions have been characterized by 

dynamic light scattering in terms of particle size 

distribution and surface charge and repulsive force 

acting between the particles, which are important for 

preventing sedimentation and maintaining colloidal 

integrity of the suspension (Alami et al., 2023; 

Bigdeli et al., 2016). After characterization, the 

experimental setup for the convective heat transfer 

evaluation is a closed loop forced convection setup, 

mainly consisting of a constant heat flux test section, 

a magnetic circulation pump, and an integrated 

thermal management unit to control the temperature 

precisely (Alkasmoul et al., 2018; Osman et al., 

2019). The test section consists of high thermal 

conductivity stainless steel tube with a carefully 

designed heat insulation to minimize the heat loss 

from the ambient and thus enhance the accuracy of 

the experiment (Cieśliński & Kozak, 2018; Estellé 

et al., 2016; Qi et al., 2019).  

Data collection involves the use of pressure 

transducers, turbine flow meters and J-type 

thermocouples, which are used to measure the 

differential pressure, the mass flow rate (mfr) and 

the inlet and outlet fluid temperatures, respectively 

(Alkasmoul et al., 2018; Qi et al., 2019). Meanwhile, 

the temperature of the axial wall is measured by the 

sensors having the Pt100 resistance along the test 

section and the convective heat transfer coefficient 

(Cieśliński & Kozak, 2018) is determined. All 

experimental data is collected with a centralized data 

acquisition system that will log data in real-time and 

verify steady state (Estellé et al., 2016; Osman et al., 

2019). Using these measurements, the performance 

evaluation metrics, including heat transfer 

enhancement (Nusselt number) and the pressure 

drop penalty (friction factor), are computed that are 

crucial to scale up the technology to industry. 

(Bigdeli et al., 2016; Okonkwo et al., 2020). Finally, 

a detailed uncertainty analysis is performed to 

determine the validity of experimental results, and 

to ensure that the results can be reproduced, taking 

into consideration the uncertainties related to fluid 

properties and instrumental error (Alami et al., 2023; 

Kamiński & Ossowski, 2025). Moreover, strict and 

optimized ultrasonic processes are used during the 

stabilization process, typically 120 W for a specific 

period, to achieve uniform particle distribution 

during the cooling process (Mertaslan & 

Keklikçioğlu, 2024; Sivakumar et al., 2015). 

https://journaleep.com/index.php/JEEP/index
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Stability of the particles in the suspension is 

monitored by electrophoresis methods and 

absorbance features of the particles by UV-vis 

spectrophotometry is used to detect the possibility of 

clustering.Electrophoresis techniques are employed 

to monitor the electrophoretic mobility of the 

particles to confirm the stability of the suspension 

and UV-vis spectrophotometry is used to 

characterize the absorbance features of the particles 

to look for the possibility of the particles clustering. 

The system can be operated for a minimum of 90 

minutes before the data is logged to attain 

experimental equilibrium, since the steady 

temperatures, pressures and flow rates were 

observed (Adogbeji & Tartibu, 2025). To prevent 

any contamination, the test loop is flushed with 

deionized water between the tests and measurements 

are repeated several times systematically ensuring 

consistency (Demirkır & Ertürk, 2020, 2021). To 

validate the experimental setup, the measured 

Nusselt number and friction factor for pure 

deionized water flow with the experimental setup 

are compared with other known Nusselt number 

equations namely Dittus-Boelter and Blasius 

equations presented by Meyer et al., 2012 and Rafiq 

et al., 2021 respectively. This strict validation step 

will measure and correct for the systematic error of 

the configuration of the sensor: the thermocouple 

mounts' thermal resistance, which will then enable 

the evaluation of the performance of the nanofluid 

(Ali & Alsaffawi, 2023; Hilo et al., 2020). In 

addition, thermophysical parameters, such as 

dynamic viscosity, density and specific heat 

capacity are measured within the operating 

temperature range to differentiate the contribution of 

each of these parameters to the convective heat 

transfer coefficient (Gómez-Villarejo et al., 2019).  

RESULTS 

The results of the experiments indicate that the 

convective heat transfer is improved in all the 

concentrations of the base coolant by adding the 

nanoparticles. The overall heat-transfer coefficient 

is observed to rise with the increase of volume 

fraction of base fluid as shown in figure 1 and is 

expressed as 3280 W/m2K at 0.20 vol.%, which is 

33.9% increase in the overall heat-transfer 

coefficient. The results indicated that it can be 

attributed primarily to the nanofluid formulation and 

not a controlled operating difference, as the 

operating difference of the main parameters were 

very small as indicated in Table 1. As indicated in 

Figure 2, the results in Table 2 show that the thermal 

conductivity was improved from 0.602 W/mK to 

0.704 W/mK. The improvement in this conductivity 

was very important for the transfer of the heated wall 

energy to the flowing coolant. The results of the 

flow and the pressure indicated that there was a 

slight blow in the head for the tremendous gain in 

heat transfer. The pressure decreased as the 

concentration increased as shown in figure 3 from 

18.4kPa to 27.3kPa. Table 3 also illustrates that this 

rise in pressure was also due to a rise in viscosity and 

a slight drop of Reynolds number. Similarly, the 

pumping power increased from 42.0 W to 58.4 W 

with increasing particle load as observed in Figure 

4, which suggests that in extreme cases of high 

particle loads the energy efficiency of the system 

may be reduced. The penalty was still acceptable up 

to 0.15 vol.% since the augmentation in the heat-

transfer was greater than the augmentation in the 

pumping-power.The result of the Nusselt number is 

given in Table 4 and the relation between Reynolds 

number and Nusselt number is shown in Figure 5. 

The Reynolds number was reduced slightly because 

of the increase in the viscosity of the fluid and also 

the Nusselt number was increased from 82.1 to 

110.2, which shows that the particle-driven thermal 

conductivity and the micro-convection effects 

https://journaleep.com/index.php/JEEP/index
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played the major role in reducing the flow resistance 

and increasing the Nusselt number. The outlet 

coolant temperature for a constant heat load is given 

in Table 5. As can be seen in figure 7, the heat 

extracted from the industrial cooling channel was 

better for the outlet temperature of the base fluid of 

62.8 C as compared to 55.6 C for 0.20 vol.%.The 

overall performance evaluation is given in Table 6, 

and shown in Figure 6. The thermal performance 

factor increased from 1.000 to 1.286, with the best 

balanced performance being seen at 0.15 vol.%, 

where the heat transfer improvement was significant 

with moderate pressure and pumping penalties. The 

cooling options have been ranked in Table 7 based 

on the following weighted decision score: heat-

transfer coefficient, pressure drop, pumping power 

and outlet temperature. The best total score was 

achieved by the nanofluids with 0.15 vol. % of the 

nanofluid which can be used in industrial cooling 

applications when both the thermal efficiency and 

operating cost are considered. Generally, it has been 

observed that use of a nanofluid based cooling 

system can improve the heat transfer performance 

but there is a need for optimization of the optimum 

concentration to minimize the hydraulic losses. 

 

Table 1. Controlled operating conditions during the cooling tests 

Parameter Base fluid 0.05% 0.10% 0.15% 0.20% 

Inlet 

temperature (C) 
28.1 28.0 28.2 28.1 28.0 

Heat flux 

(kW/m2) 
52 52 52 52 52 

Flow rate 

(L/min) 
7.5 7.5 7.5 7.5 7.5 

Test duration 

(min) 
40 40 40 40 40 

Table 2. Thermal properties of prepared nanofluids 

Concentration 

(vol.%) 

Thermal 

conductivity 

(W/mK) 

Specific heat 

(kJ/kgK) 
Density (kg/m3) Viscosity (mPa.s) 

0.00 0.602 4.18 997 0.89 

0.05 0.628 4.14 1004 0.94 

0.10 0.657 4.1 1011 1.01 

0.15 0.681 4.07 1018 1.1 

0.20 0.704 4.03 1025 1.23 

Table 3. Hydraulic performance indicators 

Concentration 

(vol.%) 
Reynolds number 

Pressure drop 

(kPa) 
Friction factor 

Pumping power 

(W) 

0.00 12500 18.4 0.031 42.0 

https://journaleep.com/index.php/JEEP/index


 

 
 

Copyright©2026. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0) 

SYNAPSE EDUCATIONAL RESEARCH INSTITUTE (SMC-PRIVATE) LIMITED Vol: 4 -- Issue: 1, 2026 
 

60 
Journal of Engineering Education and Practice 

0.05 12180 19.8 0.033 44.2 

0.10 11920 21.7 0.036 47.5 

0.15 11640 24.1 0.04 52.1 

0.20 11310 27.3 0.045 58.4 

Table 4. Convective heat-transfer results 

Concentration 

(vol.%) 
HTC (W/m2K) Nusselt number HTC gain (%) 

Wall temperature 

(C) 

0.00 2450 82.1 0.0 78.5 

0.05 2675 89.4 9.2 75.6 

0.10 2890 96.8 18.0 72.8 

0.15 3105 104.5 26.7 70.2 

0.20 3280 110.2 33.9 68.9 

Table 5. Cooling output under constant heat load 

Coolant type Outlet temp. (C) 
Temp. reduction 

vs base (C) 

Heat removed 

(kW) 

Cooling 

effectiveness (%) 

Base fluid 62.8 0.0 7.82 100 

0.05% 60.9 1.9 8.15 104.2 

0.10% 58.7 4.1 8.47 108.3 

0.15% 56.9 5.9 8.73 111.6 

0.20% 55.6 7.2 8.91 113.9 

Table 6. Overall thermal performance factor 

Concentration 

(vol.%) 

Heat-transfer 

ratio 

Pressure-drop 

ratio 

Pumping-power 

ratio 
TPF 

0.00 1.0 1.0 1.0 1.000 

0.05 1.092 1.076 1.052 1.081 

0.10 1.18 1.179 1.131 1.163 

0.15 1.267 1.31 1.24 1.234 

0.20 1.339 1.484 1.39 1.286 

Table 7. Weighted decision score for selecting optimum coolant 

Rank Coolant Thermal score 
Hydraulic 

score 
Cost score Total score 

1 
0.15 vol.% 

nanofluid 
92 84 82 86.8 

https://journaleep.com/index.php/JEEP/index
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2 
0.20 vol.% 

nanofluid 
96 72 76 83.2 

3 
0.10 vol.% 

nanofluid 
84 88 86 85.0 

4 
0.05 vol.% 

nanofluid 
76 93 91 85.1 

5 Base fluid 60 100 100 80.0 

 

 

Figure 1. Heat-transfer coefficient response at different nanoparticle concentrations. 

 

Figure 2. Thermal conductivity enhancement with increasing nanoparticle loading. 
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Figure 3. Pressure-drop penalty caused by higher nanofluid concentration. 

 

Figure 4. Pumping-power demand across the tested nanofluid concentrations. 

 

Figure 5. Relationship between Reynolds number and Nusselt number. 
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Figure 6. Overall thermal performance factor of the cooling system. 

 

Figure 7. Outlet coolant temperature under constant heat load.

DISCUSSION 

The measured heat transfer improvement is mainly 

due to the enhanced thermal conductivity of the 

nanofluids and the turbulent mixing and particle-

induced migration caused by the nanoparticles 

which consequently break up the thermal boundary 

layer (Qi et al. 2018).In addition, these results are in 

line with the literature, which shows that 

thermophysical parameters like thermal 

conductivity and viscosity are highly dependent on 

the quality of dispersion and morphology of the 

particles (Timofeeva et al., 2009; Li et al., 2022; 

Rahman et al., 2024). Since these observations are 

most important to ensure their robustness, our 

quantitative method was careful and systematic 

validation against well known single-phase 

convective heat transfer correlations used on pure 

base fluids to quantify systematic errors in the 

experimental loop (Meyer et al., 2012). The 

convective heat transfer enhancement was then 

isolated by carefully examining the Nusselt number 

and friction factor of the results obtained from the 

stability of outlet/inlet fluid temperature, pressure 

and mass flow rate, with fluid in the annulus heated 

at a constant power level for extended time 

durations, as verified using the steady-state 

condition (Adogbeji & Tartibu, 2025; Demirkır & 

Ertürk, 2020; Qi et al., 2019). We performed a 

complete uncertainty analysis based on the root sum 

square approach on measurements taken by very 

high accuracy Pt100 sensors and turbine flowmeters, 

and confirmed that the improvement measured was 

https://journaleep.com/index.php/JEEP/index
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statistically significant and due neither to the quality 

of the sensors nor to the flowmeters (Kamiński & 

Ossowski, 2025; Qi et al., 2018, 2019). The 

quantitative data shows that optimizing the 

geometry of these nanoparticles and their 

concentrations could be a key to improving the 

thermal conductivity of materials, but this increase 

is accompanied by the same non-linear increase in 

viscosity, so there is a need for a balanced approach 

to engineering to ensure that the benefits of the 

increase in thermal conductivity are not 

accompanied by excessive penalties for pressure 

drop, which can ultimately affect the overall cooling 

system efficiency (Liu et al., 2011; Rahman et al., 

2024; Timofeeva et al., 2009). Therefore, to ensure 

that the lab-scale heat transfer efficiency results still 

hold true for the actual cooling process under 

industrial applications where the behavior of the 

dispersion is being expected to be the same as 

theoretically predicted for the heat transfer 

efficiency of the fluid containing the nanoparticles, 

the accurate control of the quality of the dispersion 

and the detection of possible aggregation of the 

nanoparticles is a basic requirement.Hence, it is 

essential to achieve an accurate control of the quality 

of the dispersion and verification of possible 

aggregation of the nanoparticles to ensure that the 

lab-scale heat transfer efficiency results still hold 

true in the actual cooling process under industrial 

applications where the behavior of the dispersion is 

being expected to be the same as theoretically 

predicted for the heat transfer efficiency of the fluid 

containing the nanoparticles (Ali et al., 2018; 

Bigdeli et al., 2016; Okonkwo et al., 2020). In this 

context, it is not known if Newtonian flow properties 

are preserved when using accurate thermophysical 

property correlations between theory and practice; 

this is suggested by empirical evidence (Buschmann 

et al., 2018). In addition, there is already a 

fundamental balance between heat transfer 

enhancement and pumping power consumption that 

are important constraints for potential long-term use 

in industry for hybrid nanocomposites to enhance 

the thermal properties in turbulent flow region 

(Anggono et al., 2023; Hai et al., 2024). To address 

these challenges, application specific hybrids need 

to be formulated, to optimise the ratio of 

nanoparticles to thermal conductivity and flow 

resistance (Adogbeji et al., 2025; Indira et al., 2022). 

Advanced stabilization techniques and 

functionalization of nanoparticles are needed to 

prevent sedimentation and erosive fouling at high 

heat flux conditions, which are some of the practical 

implementation challenges (Eze, 2025; Singh, 

2026). Lastly, these advanced fluids will be used in 

industrial systems, where a requirement for 

standards to monitor the long-term stability will help 

prevent and eliminate the issue of inevitable 

aggregation and sedimentation that can cause 

reliability issues in systems (Azim et al., 2022; Liu 

et al., 2021). Further, the new synthesis of hybrid 

nanoparticles, such as optimizing the ratio of 

composition, could also be a better way to enhance 

the heat efficiency while minimizing the adverse 

impact on the rheology properties related to 

traditional nanofluid formulations (Ilyas et al., 2023; 

Wang et al., 2021). However, it is important to 

consider the need for finding substitutes that are 

non-toxic and biodegradable to comply with 

regulations and environmental standards for the 

continued use of these special surfactants (Farade et 

al., 2025).  

CONCLUSION 

From the above analysis and findings it is concluded 

that Nanofluid cooling systems can be utilized in 

efficient heat transfer applications in industries. 

Nanofluids offer higher convective heat transfer 

rates, higher heat removal rates and higher thermal 

conductivity than the traditional cooling fluids. 

https://journaleep.com/index.php/JEEP/index
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These improvements can be especially 

advantageous for industries with critical operating 

temperatures or where cooling stability is essential 

for the function of the equipment.The findings show 

that the presence of nanoparticles at different 

concentrations greatly affects the cooling system's 

performance. Moderate concentration of 

nanoparticles helps to increase the thermal 

conductivity of the base fluid, thus improving the 

heat transfer efficiency. Very high concentrations 

can however, cause a rise in viscosity, pressure drop 

and pump power needs. So, an optimum 

concentration is required in order to achieve a 

balance between the enhancement of heat transfer 

and energy consumption.The study also reveals that 

the flow rate and operating temperature have 

significant impact on the system performance. A 

higher flow rate increases the convective heat 

transfer, but can also increase the pumping energy 

requirements. Similarly, the properties of the 

nanofluids are very good when the fluids are 

thermally controlled, but the long term stability, 

particle sedimentation and possibly the nanofluid 

clogging phenomena must be considered prior to 

using the fluid at an industrial scale.The overall 

conclusion is that, the nanofluids can be employed 

in the industrial system for energy efficient and high 

performance cooling applications. They can reduce 

the chances of over heating, equipment reliability 

and efficiency. The long term stability test, cost 

analysis and environmental impacts should be 

studied for further research and hybrid nanofluids 

with improved thermal properties and reduced 

viscosity should be created. By design and 

optimization, a nanofluid-cooled heat management 

system can be a viable solution for modern industrial 

heat management. 

REFERENCES 

Adogbeji, V. O., Atofarati, E. O., Govinder, K., 

Sharifpur, M., & Meyer, J. P. (2025). Tri-

hybrid nanofluids for thermal applications: 

stability, magneto-hydrodynamics, and 

machine learning prediction. Multiscale 

and Multidisciplinary Modeling 

Experiments and Design, 8(9). 

Adogbeji, V. O., & Tartibu, L. K. (2025). 

Experimental Characterization of 

Magnetic Field Waveform Effects on Heat 

Transfer and Entropy Generation 

of 𝐹𝑒3𝑂4-MgO. International Journal of 

Thermophysics, 46(11). 

Alami, A. H., Ramadan, M., Tawalbeh, M., Haridy, 

S., Abdulla, S. A., Aljaghoub, H., Ayoub, 

M., Alashkar, A., Abdelkareem, M. A., & 

Olabi, A. G. (2023). A critical insight on 

nanofluids for heat transfer enhancement. 

Scientific Reports, 13(1), 15303–15303. 

Ali, A. R. I., & Salam, B. (2020). A review on 

nanofluid: preparation, stability, 

thermophysical properties, heat transfer 

characteristics and application. SN Applied 

Sciences, 2(10). 

Ali, F. A., & Alsaffawi, A. M. (2023). Friction 

Factor and Heat Transfer Enhancement of 

Hybrid Nanofluids in a Heated Circular 

Tube. International Journal of Heat and 

Technology, 41(5), 1383–1388. 

Ali, N., Teixeira, J. A., & Addali, A. (2018). A 

Review on Nanofluids: Fabrication, 

Stability, and Thermophysical Properties. 

Journal of Nanomaterials, 2018, 1–33. 

Alkasmoul, F. S., Al-Asadi, M. T., Myers, T. G., 

Thompson, H. M., & Wilson, M. C. T. 

(2018). A practical evaluation of the 

performance of Al2O3-water, TiO2-water 

https://journaleep.com/index.php/JEEP/index


 

 
 

Copyright©2026. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0) 

SYNAPSE EDUCATIONAL RESEARCH INSTITUTE (SMC-PRIVATE) LIMITED Vol: 4 -- Issue: 1, 2026 
 

66 
Journal of Engineering Education and Practice 

and CuO-water nanofluids for convective 

cooling. International Journal of Heat and 

Mass Transfer, 126, 639–651. 

Anggono, A. D., Riswanto, D., Muhaimin, I., 

Masyrukan, M., Hariyanto, A., & Sedyono, 

J. (2023). Effect of flow rate and CNM 

concentration in nanofluid on the 

performance of convective heat transfer 

coefficient. Frontiers in Mechanical 

Engineering, 9. 

Azim, M. K. M., Arifutzzaman, A., Saidur, R., 

Khandaker, M. U., & Bradley, D. A. 

(2022). Recent progress in emerging 

hybrid nanomaterials towards the energy 

storage and heat transfer applications: A 

review. Journal of Molecular Liquids, 360, 

119443–119443. 

Bigdeli, M. B., Fasano, M., Cardellini, A., 

Chiavazzo, E., & Asinari, P. (2016). A 

review on the heat and mass transfer 

phenomena in nanofluid coolants with 

special focus on automotive applications. 

Renewable and Sustainable Energy 

Reviews, 60, 1615–1633. 

Buschmann, M., Azizian, R., Kempe, T., Juliá, J. E., 

Martínez‐Cuenca, R., Sundén, B., Wu, Z., 

Seppälä, A., & Ala-Nissilä, T. (2018). 

Correct interpretation of nanofluid 

convective heat transfer. International 

Journal of Thermal Sciences, 129, 504–

531. 

Cieśliński, J. T., & Kozak, P. (2018). Experimental 

investigation of forced convection of 

water/EG-Al2O3 nanofluids inside 

horizontal tube. E3S Web of Conferences, 

70, 2004–2004. 

Demirkır, Ç., & Ertürk, H. (2020). Convective Heat 

Transfer and Pressure Drop Characteristics 

of Graphene-Water Nanofluids in 

Transitional Flow. In arXiv (Cornell 

University). Cornell University. 

Demirkır, Ç., & Ertürk, H. (2021). Convective heat 

transfer and pressure drop characteristics of 

graphene-water nanofluids in transitional 

flow. International Communications in 

Heat and Mass Transfer, 121, 105092–

105092. 

Estellé, P., Halelfadl, S., & Maré, T. (2016). 

Thermophysical properties and heat 

transfer performance of carbon nanotubes 

water-based nanofluids. Journal of 

Thermal Analysis and Calorimetry, 127(3), 

2075–2081. 

Eze, V. H. U. (2025). Innovations in thermal energy 

systems, bridging traditional and emerging 

technologies for sustainable energy 

solutions. Frontiers in Thermal 

Engineering, 5. 

Farade, R. A., Wahab, N. I. A., Rafiq, M., Shah, N. 

A., Khan, T. M. Y., & Ghori, S. W. (2025). 

Cutting-edge dielectric nanofluids: a 

review of factors influencing stability and 

thermo-dielectric properties. Journal of 

Thermal Analysis and Calorimetry, 

150(23), 18917–18965. 

Gao, J., Zheng, R., Ohtani, H., Zhu, D., & Chen, G. 

(2009). Experimental Investigation of Heat 

Conduction Mechanisms in Nanofluids. 

Clue on Clustering. Nano Letters, 9(12), 

4128–4132. 

Garimella, S. V., Yeh, L.-T., & Persoons, T. (2012). 

Thermal Management Challenges in 

Telecommunication Systems and Data 

Centers. IEEE Transactions on 

Components Packaging and 

https://journaleep.com/index.php/JEEP/index


 

 
 

Copyright©2026. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0) 

SYNAPSE EDUCATIONAL RESEARCH INSTITUTE (SMC-PRIVATE) LIMITED Vol: 4 -- Issue: 1, 2026 
 

67 
Journal of Engineering Education and Practice 

Manufacturing Technology, 2(8), 1307–

1316. 

Gómez-Villarejo, R., Estellé, P., & Navas, J. (2019). 

Boron nitride nanotubes-based nanofluids 

with enhanced thermal properties for use as 

heat transfer fluids in solar thermal 

applications. Solar Energy Materials and 

Solar Cells, 205, 110266–110266. 

Goyal, M. (2023). Thermophysical Properties and 

Heat Transfer Performance in Nanofluids: 

A Comprehensive Review and CFD 

Analysis. International Journal for 

Research in Applied Science and 

Engineering Technology, 11(5), 4398–

4420. 

Hai, T., Aldlemy, M. S., Homod, R. Z., Aksoy, M., 

Mohammed, M. K. A., Alawi, O. A., 

Togun, H., Goliatt, L., Khan, Md. M. H., & 

Yaseen, Z. M. (2024). Hybrid 

nanocomposites impact on heat transfer 

efficiency and pressure drop in turbulent 

flow systems: application of numerical and 

machine learning insights. Scientific 

Reports, 14(1), 19882–19882. 

Hilo, A. K., Talib, A. R. A., Acosta-Iborra, A., 

Sultan, M. T. H., & Hamid, M. F. A. 

(2020). Experimental study of nanofluids 

flow and heat transfer over a backward-

facing step channel. Powder Technology, 

372, 497–505. 

Ilyas, S. U., Shamsuddin, R., Xiang, T. K., Estellé, 

P., & Pendyala, R. (2023). Rheological 

profile of graphene-based nanofluids in 

thermal oil with hybrid additives of carbon 

nanotubes and nanofibers. SPIRE - 

Sciences Po Institutional REpository, 376, 

121443–121443. 

Indira, S. S., Vaithilingam, C. A., Narasingamurthi, 

K., Sivasubramanian, R., Chong, K., & 

Saidur, R. (2022). Mathematical 

modelling, performance evaluation and 

exergy analysis of a hybrid 

photovoltaic/thermal-solar thermoelectric 

system integrated with compound 

parabolic concentrator and parabolic 

trough concentrator. Applied Energy, 320, 

119294–119294. 

Kaggwa, A., & Carson, J. K. (2019). Developments 

and future insights of using nanofluids for 

heat transfer enhancements in thermal 

systems: a review of recent literature. 

International Nano Letters., 9(4), 277–288. 

Kamiński, M., & Ossowski, R. (2025). Shannon 

Entropy in Uncertainty Quantification for 

the Physical Effective Parameter 

Computations of Some Nanofluids. 

Nanomaterials, 15(3), 250–250. 

Karthikeyan, A., Raphael, W., & Tavares, J. R. 

(2021). Nanofluids as heat transfer fluids: 

Hurdles to industrial application and 

economic considerations. The Canadian 

Journal of Chemical Engineering, 100(11), 

3311–3320. 

Li, X., Yuan, F., Tian, W., Dai, C., Yang, X., Wang, 

D., Du, J., Yu, W., & Yuan, H. (2022). Heat 

Transfer Enhancement of Nanofluids with 

Non-Spherical Nanoparticles: A Review. 

Applied Sciences, 12(9), 4767–4767. 

Liu, C., Qiao, Y., Du, P., Zhang, J., Zhao, J., Liu, C., 

Huo, Y., Qi, C., Rao, Z., & Yan, Y. (2021). 

Recent advances of nanofluids in 

micro/nano scale energy transportation. 

Renewable and Sustainable Energy 

Reviews, 149, 111346–111346. 

https://journaleep.com/index.php/JEEP/index


 

 
 

Copyright©2026. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0) 

SYNAPSE EDUCATIONAL RESEARCH INSTITUTE (SMC-PRIVATE) LIMITED Vol: 4 -- Issue: 1, 2026 
 

68 
Journal of Engineering Education and Practice 

Liu, M.-S., Lin, M. C.-C., & Wang, C. (2011). 

Enhancements of thermal conductivities 

with Cu, CuO, and carbon nanotube 

nanofluids and application of 

MWNT/water nanofluid on a water chiller 

system. Nanoscale Research Letters, 6(1), 

297–297. 

Mertaslan, O. M., & Keklikçioğlu, O. (2024). 

Investigating heat exchanger tube 

performance: second law efficiency 

analysis of a novel combination of two heat 

transfer enhancement techniques. Journal 

of Thermal Analysis and Calorimetry, 

149(19), 11155–11169. 

Meyer, J. P., McKrell, T., & Grote, K. (2012). The 

influence of multi-walled carbon 

nanotubes on single-phase heat transfer and 

pressure drop characteristics in the 

transitional flow regime of smooth tubes. 

International Journal of Heat and Mass 

Transfer, 58, 597–609. 

Okonkwo, E. C., Wole‐Osho, I., Almanassra, I. W., 

Abdullatif, Y. M., & Al‐Ansari, T. (2020). 

An updated review of nanofluids in various 

heat transfer devices. Journal of Thermal 

Analysis and Calorimetry, 145(6), 2817–

2872. 

Osman, S., Sharifpur, M., & Meyer, J. P. (2019). 

Experimental investigation of convection 

heat transfer in the transition flow regime 

of aluminium oxide-water nanofluids in a 

rectangular channel. International Journal 

of Heat and Mass Transfer, 133, 895–902. 

Prasher, R., Bhattacharya, P., & Phelan, P. E. 

(2005). Thermal Conductivity of 

Nanoscale Colloidal Solutions 

(Nanofluids). Physical Review Letters, 

94(2), 25901–25901. 

Qi, C., Luo, T., Liu, M., Fan, F., & Yan, Y. (2019). 

Experimental study on the flow and heat 

transfer characteristics of nanofluids in 

double-tube heat exchangers based on 

thermal efficiency assessment. Energy 

Conversion and Management, 197, 

111877–111877. 

Qi, C., Wang, G., Yan, Y., Mei, S., & Luo, T. 

(2018). Effect of rotating twisted tape on 

thermo-hydraulic performances of 

nanofluids in heat-exchanger systems. 

Energy Conversion and Management, 166, 

744–757. 

Rafiq, M., Ali, H. M., & Sultan, A. (2021). 

Experimental investigation of convective 

heat transfer using ethylene glycol-based 

nano-fluid. E3S Web of Conferences, 239, 

22–22. 

Rahman, M. A., Hasnain, S. M. M., Pandey, S., 

Tapalova, A., Akylbekov, N., & Zairov, R. 

(2024). Review on Nanofluids: 

Preparation, Properties, Stability, and 

Thermal Performance Augmentation in 

Heat Transfer Applications. ACS Omega, 

9(30), 32328–32349. 

Rodríguez-Laguna, M. del R., Castro‐Álvarez, A., 

Sledzinska, M., Maire, J., Costanzo, F., 

Ensing, B., Pruneda, M., Ordejón, P., 

Torres, C. M. S., Gómez‐Romero, P., & 

Chávez‐Ángel, E. (2018). Mechanisms 

behind the enhancement of thermal 

properties of graphene nanofluids. 

Nanoscale, 10(32), 15402–15409. 

Rubbi, F., Das, L., Habib, K., Saidur, R., Yahya, S. 

M., & Aslfattahi, N. (2022). MXene 

incorporated nanofluids for energy 

conversion performance augmentation of a 

concentrated photovoltaic/thermal solar 

https://journaleep.com/index.php/JEEP/index


 

 
 

Copyright©2026. This work is licensed under a Creative Common Attribution 4.0 International License. (CC BY 4.0) 

SYNAPSE EDUCATIONAL RESEARCH INSTITUTE (SMC-PRIVATE) LIMITED Vol: 4 -- Issue: 1, 2026 
 

69 
Journal of Engineering Education and Practice 

collector. International Journal of Energy 

Research, 46(15), 24301–24321. 

Safir, N. H., Razlan, Z. M., Ramasamy, G., 

Shahriman, A. B., & Abdullah, M. Z. 

(2024). Investigation of Thermodynamic 

Properties and Stability of Metal Oxide 

(CuO and Al 2 O 3 )/Deionized Water 

Nanofluids for Enhanced Heat Transfer 

Applications. In Research Square. 

Singh, J. (2026). Hybrid Nanofluids for Low-

Carbon Chemical Processes. Journal of 

Engineering and Applied Sciences 

Technology, 8(1), 1–1. 

Sivakumar, A., Alagumurthi, N., & Senthilvelan, T. 

(2015). EXPERIMENTAL AND 

NUMERICAL INVESTIGATION OF 

FORCED CONVECTIVE HEAT 

TRANSFER COEFFICIENT IN 

NANOFLUIDS OF AL2O3/WATER 

AND CuO/EG IN A SERPENTINE 

SHAPED MICROCHANNEL HEAT 

SINK. International Journal of Heat and 

Technology, 33(1), 155–160. 

Timofeeva, E. V., Routbort, J. L., & Singh, D. 

(2009). Particle shape effects on 

thermophysical properties of alumina 

nanofluids. Journal of Applied Physics, 

106(1). 

Wang, X., Luo, L., Xiang, J., Zheng, S., Shittu, S., 

Wang, Z., & Zhao, X. (2021). A 

comprehensive review on the application 

of nanofluid in heat pipe based on the 

machine learning: Theory, application and 

prediction. Renewable and Sustainable 

Energy Reviews, 150, 111434–111434. 

Waware, S. Y., Chougule, S. M., Yadav, R. S., 

Biradar, R., Patil, P., Munde, K. H., 

Kardekar, N., Nimbalkar, A. G., Kurhade, 

A. S., Murali, G., & Kore, S. (2024). A 

Comprehensive Evaluation of Recent 

Studies Investigating Nanofluids 

Utilization in Heat Exchangers. Journal of 

Advanced Research in Fluid Mechanics 

and Thermal Sciences, 119(2), 160–172. 

Yang, W., Ge, C., Wang, L., Gao, C., & Wang, J. 

(2026). A review of nanofluids as high 

performance thermal conductivity media: 

advances, challenges, and perspectives. 

Open Physics, 24(1). 

https://journaleep.com/index.php/JEEP/index


    F e 3   O 4

