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Abstract: Hybrid nanofluids (suspensions of two or more classes of nanoparticles) have proved to 

be the formidable alternatives to traditional coolants that could be used in the case of compact and 

micro heat exchangers. Hybrid nanofluids can be used to combine the benefits of various 

nanoparticles at a base fluid to provide an improved thermal conductivity, convective heat transfer 

and of a heat exchanger in general. This is a critical review to understand the new developments in the 

field of application in thermal systems, its mechanisms and issues. It discusses the important 

performance issues of the type of nanoparticles, the nanoparticles concentration, fluid viscosity, and 

operating temperature, with the relationship each one has on thermal performance. It is also discussed 

how to design elaborate hybrid nanofluids to be integrated into narrow-board heat exchangers, such as 

behavior of flow in laminar and turbulent condition, stability, and sedimentation of such 

nanoparticles. Although it has proved beneficial in terms of its performance, significant challenges 

still exist, the most prominent of them being cost-effectiveness, dispersion stability, and feasibility of 

mass production. A number of solutions are discussed to develop new technologies, such as using AI 

to optimize thermal usage, one-pot synthesis approaches, and applications with smart sensors, as they 

provide an opportunity to increase the scale of industries. Also, regulatory, environmental, and 

sustainability factors are considered, and the necessity of environmentally friendly materials and the 

lifecycle analysis is highlighted. On the whole, it can be said that hybrid nanofluids are an extremely 

promising niche in thermal management, yet the full commercial potential of hybrid nanofluids in the 

industry will be achievable only in case of multidisciplinary cooperation and fresh design schemes. 
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1. Introduction 

1.1. Background on Heat Exchangers 

Heat exchangers are important in numerous sectors of the economy 

in order to exchange the amount of heat between fluids. They are 

found in the power plants, chemical factories and oil refineries 

among others. Conventionally such systems work with single-

phase fluids which generally do not provide a high thermal 

efficiency. An increase in thermal performance of heat exchangers 

is a major element in saving energy and reducing the costs of 

operation. 

Of late, there has been a shift towards reduction of heat exchangers 

and their energy efficiency is also improved. Nanofluids are fluids 

containing suspended nanoparticles that are highly promising. 

These sophisticated fluids are more effective in the transfer of heat 

as compared to the regular liquids and thus the overall functionality 

of the device. 

A further step to this idea is hybrid nanofluids, in which various 

nanoparticles are combined into a single base fluid. Such a mixture 

takes advantage of the distinctive benefits of one type of 

nanoparticles and minimizes the disadvantages inherent to single-

particle nanofluids. Indicatively, section 2.1 is the description of a 

hybrid nanofluid, which has two or more particle species of 

nanoparticles in fluids such as water or oil, where they exhibit 

synergy causing a dramatic increase in the rate of heat transfer. 

These enhancements are helpful in the varieties of heat exchanger 
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models. It may be shell-and-tube designs or microchannel, but 

these hybrid fluids will increase thermal conductivity and support 

increased energy efficiency. Section 4.3 includes the case studies 

involving the use of certain nanoparticles mixtures that have been 

found to perform much better than traditional coolants in real 

systems. 

However, such advantages have a problem. To have steady hybrid 

nanofluid production, complex synthesis methods should be used 

to make sure that the particles do not stick together hence 

compromising their functionality. These stability hurdles are 

discussed in section 5.2. Besides that, higher level of nanoparticle 

can alter the viscosity of fluids that pass through, fluid flow within 

the heat exchanger and therefore affecting the performance as will 

be in section 3. 

The other consideration will be on the properties of the hybrid 

nanofluids under various operating conditions (which will be 

investigated in section 6). To use the example, the increase in 

temperature may increase thermal conductivity but at the same 

time, it may pose a danger to fluid stability, in case it is 

unregulated. 

The smart monitoring and control systems are also being 

incorporated with the use of new hybrid nanofluids (as observed on 

section 7). The technologies allow performing real-time changes 

that allow heat exchangers to stay at their optimum level using 

dynamic optimization. 

On the whole, it should be mandatory to make use of the advanced 

interplay between hybrid nanofluids and heat exchanger 

architecture since it is the sole method of transforming the 

industrial thermal management. Besides the above developments, 

the guarantees are a more favorable source of energy savings as 

well as a more environmentally friendly cooling system, Sundar, 

2023 [1]. 

1.2. Importance of Thermal Management 

The suitable thermal control is one of the key concerns of the 

modern technological and engineering industry. It affects 

performance and safety and effectiveness of the automotive 

systems, electronics and renewable energy, and industrial 

processes. Equipment should not be allowed to exceed optimal 

temperatures as doing so increases their stability and expands their 

service life. With technological forces driving technology toward 

more compact, powerful design, such as micro heat exchanger and 

complicated cooling mechanisms, the necessity of an enhanced 

thermal management approach becomes increasingly great. 

The thermal management center of interest is maximization of the 

transfer of heat. Cooling is good in avoiding overheating, which 

leads to failure or degradation in performance. As an illustration, in 

electronics, microprocessors generate very high heat levels which 

when not adequately removed, would cause system crash/damage. 

The use of the hybrid nanofluids in cooling fluids has become 

popular since the fluids can deliver more benefits in terms of heat 

transfer than traditional fluids. 

An example of such fragments is the hybrid nanofluids which are 

an improvement of the older single type of nanoparticle fluids 

where two or more varieties of the nanoparticle are present in a 

base liquid. Such a combination improves thermal conductivity and 

alleviates issues mono-nanofluids are afflicted with, i.e., particles 

sticking together or distributing, as explained in section 2.1. Hybrid 

nanofluids provide a higher level of heat transfer in a wide range of 

circumstances compared to conventional coolants due to their 

increased heat conduction (see section 3.1). This develops them as 

very useful in systems requiring high energy economy and reliable 

cools the system. 

It is, however, also critical to control the viscosity of fluids, 

particularly in laminar flow cases where ice takes place in 

microchannel configuration (as discussed in section 3.2). Though 

the nanoparticle concentration can be increased to enhance the 

transfer of heat, it can also make the fluid thick therefore hindering 

flow unless it is adequately balanced as mentioned in section 6.1. 

The system cannot be designed in a sloppy manner and 

comprehensive knowledge will be required to exploit the benefit of 

hybrid nanofluids without losing out on the flow efficiency. 

Such high-tech areas like renewable energy technologies also pay 

attention to the effective heat exchange, and this is why the use of 

hybrid nano-fluids extend even further than the traditional usage of 

nanofluids, (Kalsi et al., 2025) [2]. They are capable of providing 

high performance of wide spectrum of thermal management 

challenges, such as vehicle cooling down to state-of-the-art 

electronic product systems, which has contributed towards the 

enhanced relevance in the areas where new energy conservation is 

currently being pursued ruthlessly. 

In a greater overall, hybrid nano fluids do not merely enhance the 

thermal conductivity. They are also applied to avoid corrosion and 

reduce pressure drops, which are also characteristics of the 

implementation of classic coolants which enhances their 

attractiveness in regards to long-term application in industries, 

(Bisheh et al., 2022) [3]. These attributes cause durability and 

reliability which are among the attributes that are of paramount 

importance in most industries. 

On the whole, the use of hybrid nanofluids in effective thermal 

control is somehow advantageous in elevating its performance to 

the next level and sustainability in minimizing the energy 

consumption with high efficiency. Such problems as permanence 

and cost might also be attributed to continuous research on a new 

formulation and manufacturing technologies. The following 

paragraph summarizes the fact that stream-lining intensity of heat 

transfer with the new forms of fluid like hybrid nanofluids is a 

smart and futuristic method to demand of the future that develops 

effective cooling of modern technology. 

1.3. Overview of Hybrid Nanofluids 

The hybrid nanofluids are complex heat transfer fluids that 

combine various kinds of nanoparticles in a base fluid. This next-

generation approach will increase the thermophysical capabilities 

of the widely used coolants such as water or oil by taking full 

advantage of the synergistic impacts of the nanoparticles 

employed. As stated in section 2.1, hybrid nanofluids have the 

potential to substantially improve thermal conductivity and address 

some of the limitations encountered with mono-nanofluids which 

may require the utilization of a single type of nanoparticle. 

Metallic nanoparticles (copper and silver), metal oxides (aluminum 

oxide and titanium dioxide), and carbon-based (graphene oxide and 

carbon nanotubes) nanoparticles are common examples of 

substances contained in hybrid nanofluids. The selection of these 

nanoparticles is important because their specific properties have an 
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impact on the overall effectiveness and stability of the nanofluid in 

practice. As an illustration, a smaller particle can enhance thermal 

conductivity because they have a larger surface area in comparison 

with its volume and increased Brownian motion, but they may also 

introduce greater viscosity that could slow down the flow of the 

fluid, as section 2.2 elaborates. 

Research indicates that hybrid nanofluids are more effective in 

substitute of conventional coolants in a variety of practices. Several 

gains in convective heat transfer coefficient have been reported 

when these hybrid mixes are used in such applications as 

automotive cooling systems and microchannel heat exchangers 

(see section 3.1). The case studies indicate that a significant 

increase in the heat transfer rates can be achieved by varying 

particle sizes and concentration. These advantages are attributed to 

an increased interfacial surface area of exchange of heat and fluid 

movement through thermal systems. 

In spite of these advantages, there are still difficulties of practical 

implementation. The challenge of a stability hybrid nanofluids is 

significant: the mixing of the two nanoparticles can result in the 

clumping of particles through the van der Waals forces which is 

possible between them (section 5.2). This requires continuous 

stirring or addition of stabilizing agents during preparation and 

storage in order to have a uniform suspension. 

Another aspect is temperature which is also necessitated in 

performance. Due to change in temperature, thermophysical 

properties of hybrid nanofluids change. One of them could be that 

high temperatures could make the thermal movement and 

credibility better, but, on the other hand, they could endanger long-

term fluid stability that may result in sedimentation or corrosion 

(see section 6.1). There should be close control over the 

operational condition to incorporate efficiency and reliability. 

The inclusion of intelligent technologies contributes to the even 

greater usefulness of hybrid nanofluids. Predictive maintenance 

plans can be used in other sectors such as automotive engineering 

using real-time adaptive approaches that are driven by artificial 

intelligences and machine learning systems (section 7.2). This will 

provide systems with optimality when the load and environmental 

conditions vary. 

In the future, there is an interest in designing new materials, 

focusing on the idea of sustainability, as well as better 

thermophysical characteristics (section 9.1). Stabilization of fluids 

could be achieved by using green sources of nanoparticles or by 

implementing high-tech synthesis methods e.g. one-pot processes 

that reduce the costs, and by using specially designed stabilizers or 

surface modifications. 

To conclude, hybrid nanofluids can be a prospective solution to 

enhance thermal management through combination of several 

nanoparticles into a base fluid. They are able to do this with their 

specific properties and solve the problems related to traditional 

fluids as described in Bisheh et al., 2022 [3]. 

2. Fundamentals of Hybrid Nanofluids 

2.1. Definition and Composition 

Hybrid nanofluids is a new type of heat transfer fluids that have 

been developed to enhance thermal conductivity and efficiency in 

different applications. In contrast with the mono nanofluids, which 

comprise only one type of nanoparticle, be it metallic or non-

metallic, hybrid nanofluids consist of two or more types of 

nanoparticles in a base fluid. Such a blend will be used to take 

advantage of the unique properties of the respective types of 

nanoparticles to improve thermophysical properties like thermal 

conductivity, viscosity, and specific heat. 

Usually, the hybrid nanofluids will consist of the nanoparticles 

such as metals (copper or aluminum), metal oxides (alumina or 

silica), carbon-based materials (graphene and carbon nanotubes), or 

their combinations, and suspended in the base fluids (water, oil, or 

ethylene glycol). It is important to choose the appropriate base 

fluid and nanoparticles since direct relation has on effectiveness of 

heat transfer. An example is that nanoparticles that have high 

thermal conductivities can greatly enhance thermal performance 

when compared to conventional fluids. 

Research has found out that mono-component fluids do not cope 

with hybrid nanofluids due to greater interactions between the 

various types of nanoparticles. These synergies have the ability to 

enhance the stability of dispersion of the particles and minimize 

clumping in the fluid. An example of this is the binary hybrid 

nanofluids such as the Al2O3/CuO that exhibit higher heat transfer 

rates due to the synergistic effect on thermal conductivity. 

The most recent one is the one of ternary hybrid nanofluids, a 

complicated form of nanoparticle consisting of three kinds. They 

are also designed to excel at offering more benefits to the quantity 

of effective surface area availed to the heat exchange, as well as, 

provide stability to the varied conditions. This is what puts new 

horizons of effective cooling systems in electronic and other 

critical areas. 

It also depends on the number of individual nanoparticles as part of 

a fluid and this factor determines the nature and functionality of a 

fluid. In order to obtain these hybrid nanofluids, researchers 

employ a variety of synthesis methods, such as a one-step method 

and two-step method and retain a good dispersion and uniformity. 

The methods include tend to be physical mixing or chemical 

reactions to reach the required size and dispersion of the particle. 

Moreover, such important characteristics as density, specific heat 

capacity, viscosity, and thermal conductivity are also carefully 

measured during development. The factors assist in associating the 

change in composition with the impact to the thermal management 

performance at varying working conditions. 

The area of the application of hybrid nanofluids continues to grow. 

They are being used in cooling microchannels of electronics, solar 

energy systems, HVAC systems and in automotive engines where 

high heat removal is necessary to achieve maximum performance. 

They have the ability to run on a higher temperature without losing 

their efficiency, this makes them the better replacements of the 

conventional coolants. 

With ongoing research coming up with an optimized formulation 

to suit a given task, the hybrid nanofluids are slowly approaching 

the general industries. Continued development remains an initiator 

of viable solutions in the field of industries that require quality and 

efficient thermal control, Pandya et al., 2020 [4], Muneeshwaran et 

al., 2021 [5], Souby et al., 2021 [6] and Bahiraei & Heshmatian, 

2019 [7]. 

 



 ISAR J Mul Res Stud; Vol-3, Iss-10, 2025 

 

55 
 

2.2. Types of Nanoparticles Used 

Hybrid nanofluids: A highly advanced type of working fluids, and 

it involves a base liquid, that combines or mixture of two or more 

types of nanoparticles. When selecting appropriate nanoparticles, it 

is important to take into consideration their thermal and physical 

characteristics since they have a tremendous impact on the overall 

efficiency of the nanofluid. Usual options are made of metal 

particles, metal oxides, carbon materials, and even other non-

metallic materials. 

Copper, aluminum, and silver are the common nanoparticles as 

they have excellent thermal conductivities. Nanoparticles made of 

copper, such as, are characterized with good heat transfer ability 

and have improved thermal performance in other systems, such as 

the heat exchanger. Specifically, compared to single-component 

fluids, copper-alumina (Cu-Al2O3) hybrid nanofluids exhibit high 

thermal conductivity. 

Other metal oxide nanoparticles such as titanium dioxide, 

magnesium oxide and aluminum oxide are also common. The 

mixture of metal oxides creates hybrids between CuO/MgO/TiO2 

or MgO/TiO2, which compromised thermal conductivity and 

viscosity effectively. According to studies, such as Souby et al., 

2021 [6], mixtures of TiO2 are capable of enhancing the heat 

transfer rates, not only that but fluid stability is maintained during 

the conditions of operation. 

Graphene oxide and carbon nanotubes are carbon based materials, 

which are also providing an extra advantage. Hybrid nanofluids, 

containing CNTs with metals or metal oxides have shown excellent 

improvements in heat transfer. As an example, studies on the use 

of multi-walled carbon nanotubes with copper oxide have 

described significant heat transfer coefficient increase even in the 

turbulent flows. 

Non-metallic materials like silicon carbide and boron nitride are 

also useful particularly where it is essential to have mechanical 

stability. The inclusion of SiC and metal nanoparticles has 

enhanced the stability of the dimensions with respect to high 

temperature which is useful in preserving the fluid integrity under 

pressure. 

There are nanoparticle mixtures specific to application as 

nanofluids have the ability to be versatile. According to Chandan et 

al., MXene in combination with copper nanoparticles increases the 

efficiency in the process of using a two-pipe heat exchanger, since 

nanoparticles can interact more intensely in their presence in the 

fluid, as observed in Kumar et al. in the year 2025 [8]. 

Another consequence is the size of the particles. Smaller 

nanoparticles provide greater surface area compared to its volume, 

so that it facilitates heating exchange, however, it becomes more 

viscous when in high concentration. Small particles will run the 

risk of aggregating and sedimenting that may compromise long-

term stability and performance. 

The issue of stability is still of concern. Combining various 

nanoparticles also tends to increase the synergistic effect leading to 

an increased level of stability and evading the issues encountered 

when single nanoparticles are used in suspension. Indicatively, it 

was found that water-based hybrid nanofluid containing nickel-

carbon composites retained a high level of stability over time and 

made single-sourcing fluids inferior to single fluids in terms of heat 

transfer. 

Overall, the development of hybrid nanofluids requires a thin 

thankful margin: to take into account the requirements while 

weighing between the cost and the properties and behavior of the 

fluid in the real world, it is necessary to select the type and quantity 

of nanoparticles, Sundar, 2023 [1] and Khan et al., 2022 [9]. 

2.3. Properties and Characteristics 

Hybrid nanofluids have been distinguished by their unique 

characteristics which make them stand out of other conventional 

fluids and have a significant impact on their heat transfer 

capabilities. These characteristics largely rely on nature and 

concentration of nanoparticles as well as the fluid in which the 

nanoparticles are interred. The presentation of thermal conductivity 

is a significant increase that is observed in hybrid nanofluids. It has 

been found out that thermal conductivity can be increased many 

times, over the usual fluids, such as water or oil, by the addition of 

nanoparticles with a high thermal conductivity such as carbon 

nanotubes or metal oxides such as Al2O3 and CuO, as seen in M et 

al., 2021 [10]. This is enhanced by the enhancement in dispersing 

particles and the enhancement in Brownian motion in the fluid. 

Hybrid blends also exhibit a significant change in viscosity. 

Although nanoparticle leads to better heat transfer, it can also 

render the fluid more viscous thereby slowing down the flow and 

requiring more pumping energy, Pandey et al., 2024 [11]. One of 

the major factors in maximizing benefits of heat transfer is finding 

the appropriate balance between promoting viscosity and 

promoting thermal conductivity. Studies indicate that an increase 

in nanoparticles loads can only increase heat transfer to a certain 

extent then the thickening effect overrides the benefits, Pandey et 

al., 2024 [11]. 

Hybrid nanofluid behavior is further based on the size and shape of 

nanoparticles. Smaller particles have a higher surface area as 

compared to their volume and enhance interaction with the base 

fluid and enhance thermophysical properties. In addition, the shape 

(spherical, rod-like or other) of the particles will change the 

flowing of the fluid as the various forms of drag presence on the 

particles has some effect on the fluid flow as explained in Wong, 

2010 [12]. These aspects introduce three dimensionalities on the 

performance of hybrid nanofluid at different operating conditions. 

Temperature is essential in the determination of such property as 

density, viscosity and thermal conductivity. As a rule, increased 

temperature also leads to the decrease in viscosity and increase of 

thermal conductivity, as intermolecular forces decrease, as 

indicated in Li et al., 2022 [13]. Designers should remember about 

this temperature dependence when implementing hybrid nanofluids 

to be used as an efficient method of heat transfer over a range of 

operating temperatures. 

The issue of stability is one that is being encountered. 

Nanoparticles are also able to clump and settle in the long term 

thus impacting on thermal performance. To overcome this, 

strategies that have been suggested to maintain particles in 

suspension and increase fluid stability are addition of surfactants or 

use of ultrasonic mixing in the preparation, Pandey et al., 2024 

[11]. The length of time of such fluids in the industrial 

environment is directly linked to stability. 

To conclude, the technological value of hybrid nanofluids over the 
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standard fluids is evident because of its enhanced thermal 

conductivity, flow properties modified by the large specifications 

of nano-particles. Nonetheless, it is quite difficult to control the 

viscosity level and guarantee extended stability to make it work in 

practice and make it effective. 

3. Mechanisms of Heat Transfer Enhancement 

3.1. Thermal Conductivity Improvements 

Specifically, the conventional nanofluids are significantly better in 

terms of thermal conductivity than hybrid nanofluids, which is 

largely due to specific properties of nanoparticles they consist of. 

There are two types of nanoparticles suspended in a base contained 

in these fluids that operate together in order to improve heat 

transfer. As an illustration, thermal conductivity of multiwalled 

carbon nanotubes (MWCNTs) and aluminum oxide (Al2O3) can 

be increased up to 32.01 when they are mixed with water at a 

volume concentration of 0.4%. Such synergy of nanoparticles 

enhances the improved heat transfer as observed by Giwa et al., 

2020 [14]. 

There are various reasons of this increase in thermal conductivity. 

The high surface area of the nanoparticles compared to their 

volume allows them to evenly spread, as well as contact the 

particles and the fluid more. This results in a good thermal energy 

transfer using direct contacting of liquid and solids. Besides, 

particles have the propensity to aggregate together at later levels 

resulting in some pathways that would further contribute heat 

conduction on a localized scale. 

The research also indicates the impact of size and distribution of 

particles to thermal conductivity. Smaller nanoparticles have a 

higher surface area to be able to conduct heat, and thus a narrow 

control of the size can enhance the performance of the fluid. As an 

example, hybrid nano fluids prepared by using copper oxide (CuO) 

and zinc oxide (ZnO) are more effective compared to those with a 

single type of nanoparticle under the same conditions and it is 

necessary to select the appropriate materials, Al Mezrakchi, 2024 

[15]. 

There is also the role played by temperature. Thermal conductivity 

may often rise due to the rise in temperature since the fluid 

molecules gain momentum increasing the movement of 

nanoparticles in the suspension. The given dynamic demonstrates 

that operating conditions affect the heat transfer efficiency of the 

fluid, Xu et al., 2025 [16]. 

In addition to the increase in thermal conductivity, the overall heat 

transfer coefficients in machines such as shell and tube and micro 

heat exchangers are also increased because of hybrid nanofluids. 

Such increased levels of convective coefficients are typically 

higher than the traditional coolants and a more effective cooling 

can be achieved in automotive and electronics industries. 

Even higher improvements to thermal performance such as gain in 

Nusselt numbers, heat transfer coefficients are possible with new 

combinations, such as Cu-MXene hybrid nanofluids. The 

associated improvements can be realized with the low increase in 

the pressure drop, which is a strong appeal, Kumar et al., 2025 [8]. 

Higher concentrations might have certain difficulties such as 

higher viscosity and stability issues, but the advantages of hybrid 

mixtures are usually greater as compared to these limitations. 

With further development, there is a trend in developing 

formulations that are applicable across a variety of applications 

without making production either expensive or complex. It is 

obvious that the promising potential of hybrid nanofluids is 

amazing to improve the thermal management of different areas. 

3.2. Viscosity Effects on Flow Behavior 

Viscosity of hybrid nanofluids has significant influence on the flow 

of fluid and thermal performance of fluid. The incorporation of 

nanoparticles into a base fluid tends to raise the viscosity 

depending on the type and size of nanoparticles and concentration 

of the nanoparticles. As an example, particles of copper or titanium 

dioxide emulsifier alter the rheological characteristics of the fluid 

to a considerable degree, as it is stated in section 2.2. Though 

increased viscosity would be helpful in increasing thermal 

conductivity due to increased interaction of particles, it presents 

some challenges which must be handled carefully. 

Laminar flow is smooth flow of fluid, and with this, the higher the 

viscosity, the higher the resistance, which can counterbalance 

thermal conductivity gains with the higher level of nanoparticles. 

This balance plays a crucial role in application such as 

microchannel heat exchangers in which more viscous forces have 

strong effects on the fluid dynamics, Saraf et al., 2025 [17]. 

Therefore, despite the fact that hybrid nanofluids tend to exhibit an 

enhanced thermal performance due to their nanoparticles, their 

viscompositions tend to make them more complex in terms of flow 

behavior. 

Viscosity has more impact than resistance, it also determines 

convective heat transfer. The viscosity might be too high and thus 

limit the system to attain higher Reynolds number that would 

enhance convective heat transfer in the system. It affects the ease 

of passage of fluids through the conduits and transfer of heat off 

surfaces described in Bhattad et al., 2023 [18]. The concentrations 

of nanoparticles are quite important: the higher the particle density, 

the better heat transfer due to increase in thermal conductivity is, at 

the expense of the viscosity, the higher is the decline of flow 

efficiency. 

Temperature and viscosity are very interactive and under various 

conditions, hybrid nanofluid performance is influenced by them (as 

discussed further in section 6.1). In most cases, the viscosity 

decreases with increase of temperature, advantageous to flow of 

fluids in thermal systems. That is what hybrid nanofluids take 

advantage of; when the temperature increases and an effective 

cooling method is required, the lower viscosities of these fluids can 

allow an easier flow to occur and more heat to be dissipated. 

Thermal and flow characteristics are also determined by particle 

size (investigated in section 3.3). The smaller sized nanoparticles 

are dispersed more evenly with a greater surface-area-to-volume 

ratio, which augments Brownian motion and thermal 

characteristics and reduction in viscous drag. Big selective 

particles have the potential to clump and disrupt flow. 

A balance between the size and concentration of the particles is a 

major consideration in designing the hybrid nanofluids to be used 

in special applications such as compact or micro heat exchanger 

(section 4.1). An adequate combination means that adequate 

nanoparticles are used to enhance conductivity without damaging 

flow. It is on this balance that a bit of the innovative strategies of 

formulation is based. 
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Marine agitation controls the viscosity problems (problem in 

section 5.2). The stability of nanoparticle suspensions will be 

ragged by the high shear or continuous stirring of the preparation 

and prevents sedimentation which leads to the rise in the viscosity. 

Moreover, intelligent technologies can offer a possibility to track 

and intervene in time in working and system can react to the 

temperature changes and viscosity variations. This is adaptable in 

that it equally performs well in other conditions (see section 7.2). 

According to studies, these complex relationships are only 

comprehensible. The challenge of focusing the hybrid nanofluid 

features and viscosity rate is essential in terms of restraining the 

focus of the maximum efficiency and the effectiveness 

maximization. 

3.3. Role of Particle Size and Concentration 

Hybrid nanofluids are much affected regarding the extent of 

enhancement of heat transfer by the size and concentration of 

nanoparticles. Smaller sized particles increase thermal conductivity 

as they can store more heat on their surfaces as compared to their 

volume so that there is good heat exchange between them and the 

underlying fluid. The reason is the smaller the size of the particle, 

the more the smaller ones will be subjected to Brownian motion 

which has a positive effect in enhancing convectional heating in 

the fluid. They also have higher chances of being evenly 

distributed hence enhancing thermal efficacy. 

This also often increases thermal conductivity and with increase in 

nanoparticle concentration up to a certain point. A certain point of 

optimal addition will bring the performance to diminishing returns 

or more importantly, it leads to a decline in performance beyond 

the point of optimum addition. This is due to decreased fluid 

transportability as viscosity increases and retards the flow and heat 

flow. In literature, one such study by M. Murugan et al. talks about 

this balancing act between introducing enough particles so that 

they can enhance thermal behavior and not too many that can lead 

to a high viscosity and limit fluid flow, M et al., 2021 [10]. 

The correlation between the particle size and concentration is 

complex. It has been found that the results of blending 

nanoparticles of varying sizes are better than those of a 

homogenous size. Bigger particles are able to stabilize against 

sedimentation at the expense of small particles to enhance 

conductivity, Muneeshwaran et al., 2021 [5]. Due to this reason 

hybrid nanofluid tends to combine both sizes so that no significant 

increase in viscosity is experienced. 

It has also been demonstrated through experimental research that a 

certain proportion of the various types of nanoparticles is important 

in tailoring the hybrid nanofluids to specific tasks. To provide an 

example, the thermal conductivity potential and heat transfer have 

shown significant improvements in ternary mixtures (comprising 

three types of nanoparticles) when appropriately balanced, 

Muneeshwaran et al., 2021 [5]. Optimal composition will be 

dependent on the working temperatures or flow speed, and system 

pressure. 

Nanoparticle size, concentration manipulation is a crucial aspect in 

the design of coolants, as Meersrakchi has explored in shell-and-

tube heat exchangers, which cannot be tested on a large scale but 

rather on a small scale, Meesrakchi, 2024 [15]. It has been found 

that even a of well selected parameters can substantially reduce 

temperatures relative to conventional fluids. 

The engineers and researchers should be concerned not only with 

the characteristics of individual particles but also with their 

behavior in varying conditions. Testing and simulation Fine-tuning 

On the one hand, one has to fine-tune such fluids to achieve high 

particle concentrations without excessive thickening, which is only 

possible with simulated and tested fluids. In perspective, to realize 

more thermophysical advantages, more materials, novel routes of 

synthesis, and alternative surfactants should be investigated. 

It is important to understand these relations so that the best use of 

hybrid nanofluids can be achieved in many different areas of heat 

management. 

4. Hybrid Nanofluids in Compact and Micro 

Heat Exchangers 

4.1. Design Considerations for Micro Heat Exchangers 

Micro heat exchangers are used because they are important in 

better thermal management, particularly in space where space is 

minimal and heat exchange has to be very effective. The design of 

these devices incorporates some critical aspects that promote the 

performance of the devices in enhancing easy integration with the 

hybrid nanofluids. 

Firstly, geometry of the micro heat exchanger is very much 

important. Small microchannels enlarge the surface area over the 

volume which facilitates the heating of the transfer of work. The 

channels may be straight or follow more complicated lines such as 

zigzag curves or have pin fins, but they influence flow of the fluid, 

as well as the heat transfer between the system. As has been 

mentioned in section 4.3, case study reveals that creative designs 

may significantly increase cooling performance in case of hybrid 

nanofluids. 

Another important factor is the material of building micro heat 

exchangers. It should be chemically compatible with a hybrid 

nanofluid that is used, and the material should possess good 

thermal conductivity. The solution could be as simple as copper 

and aluminum or highly developed composites that would counter 

said corrosion caused by nanoparticles within the fluid. Section 2.1 

proves a way in which various nanoparticles may show varying 

interactions with the materials, based on their chemical formation. 

Flow behavior matters, too. It is also possible that the viscosities of 

the hybrid nanofluids improves (see section 3.2) especially in the 

cases of the laminar flow when it becomes necessary to vary the 

size of the channel and the velocity of the fluids. It is a balance that 

ensures that pressure drops are at a minimum yet it also remains an 

effective heat transfer. At this point, simulations using 

Computational Fluid Dynamics (CFD) simulations arrive in 

invaluable quantities (to allow the designer to test the various 

configurations to find their effect on flow or thermal performance). 

Control of temperature is another problem. The thermal 

performance can also be large scale with environmental change in 

temperature as explained in section 6.1. The designers should 

ensure that the system to be designed is stable and that the 

nanoparticles are not sedimented to prevent the issue in 5.2 of the 

design. 

The issue of nanoparticles concentration should also be considered 

closely. Thermal conductivity tends to increase with the addition of 
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more particles (section 3.1), although excessively high 

concentration may cause the fluid to be viscous and therefore 

sluggish in moving; an effect that may decrease overall efficiency. 

The use of smart technology in micro heat exchangers will provide 

an added impetus. The manner in which flow, temperature, and 

pressure sensors make adjustments in real-time is presented in the 

section 7.2. This is an active control that enhances the efficiency in 

energy consumption and efficiency of the system. 

Lastly, there are challenges associated with increasing production. 

Section 8.1 identifies that additive manufacturing approaches 

provide accuracy of small geometries and material characteristics, 

which is relevant in creating micro heat exchangers of hybrid 

nanofluids. 

Considering all these parameters, geometry, materials, flow 

behavior, temperature control, nanoparticle concentration, smart 

adjustments, and manufacturability, engineers will be able to 

develop micro heat exchangers which indeed will be able to reach 

peak performance of the system. Such innovations can be useful in 

a variety of applications, such as electronics cooling, miniature 

HVAC, Sundar, 2023 [1] and Souby et al., 2021 [6]. 

4.2. Performance Metrics in Various Applications 

Thermal conductivity, heat transfer, behavior of fluid flow and 

total energy consumption in the thermal system are important 

metrics that are used to examine hybrid nanofluids. The 

improvement of these aspects will be able to enhance processes in 

such industries as automotive, cooling of electronics, and HVAC. 

One of the main indicators of the performance of hybrid nanofluid 

is thermal conductivity. A combination of various nanoparticles 

tends to enhance these fluids and make them better compared to 

traditional fluids. As an example, there is an improvement of 

Al2O3-Cu/water or CuO-Cu/water mixtures. Other researchers 

indicate factors of improvement of approximately 1.065 on the 

combinations of CuO-Cu/water, Al-Obaidi et al., 2024 [19]. It 

indicates that the ability to increase heat transfer can be achieved 

by choosing the appropriate nanoparticles and concentrations. 

The significance of flow behavior is that it is concerned with 

viscosity. An elevated concentration of nanoparticles is likely to 

increase viscosity that can slow down the flow of fluids 

particularly in small-diameter channels (see section 3.2). 

Nevertheless, it is possible to maintain a good flowing of the fluids 

which improve the thermal characteristics by modifying the size of 

the particles and their even distribution. It has therefore been 

shown that the dispersal of nanoparticles of varied sizes impedes 

an increase in the viscosity but augments conductivity (as 

described in section 3.3). 

Performance is also influenced by operation conditions. Changes in 

temperature affect thermal conductivity and viscosity as increases 

in temperature enhance movements of particles and conductivity 

(see section 6.1). However, increased temperatures threaten with 

the occurrence of settling or clumping of the particles, which will 

decrease stability dynamics. 

The performance of the hybrid nanofluids is affected by design 

considerations particularly when dealing with compact or micro 

heat exchanger (as discussed in section 4.1). The heat exchange 

devices are supposed to ensure that the surface contact in order to 

facilitate heat transfer is as much as possible and the pressure drops 

are not high due to the thicker fluids. Such performance metrics as 

the Nusselt number are used to compare such fluids with 

conventional ones in reality. 

Practical instances show that there is a lot of efficiency savings. As 

an illustration, a case where turbulator features are added internal 

exchanger through CuO-Cu/water blends resulted in maximum 

thermal improvement of up to 126 percent without additional 

energy consumption as mentioned in Al-Obaidi et al., 2024 [17]. 

The following cases demonstrate the way in which fluid 

formulations can be adapted to environments to enhance cooling 

and save energy. 

The reliability concerns as well in the long-term. Unstable 

nanoparticles may be deposited or aggregated (it is mentioned in 

section 5.2). Such methods as dynamic light scattering are used to 

monitor the quality of suspensions to keep the performance steady 

with time. 

Finally, the incorporation of smart technology allows controlling 

the dynamic functioning of systems with the help of hybrid 

nanofluids. Flow, temperature and other variables sensors can 

make changes on the fly and thereby keep efficiency at its 

maximum (discussed under section 7.2). Such a strategy assists 

engineers in enhancing the results in numerous spheres. 

Unrestricted development of more sustainable and energy-efficient 

thermal management solutions can be achieved through the 

combination of keen design and usage of modern technology in 

industries. 

4.3. Case Studies Highlighting Effectiveness 

The recent studies have extensively reported the prominence of 

hybrid nanofluids in boosting the efficiency of heat transfer in 

numerous designs of heat exchanger. Among the most noticeable 

examples, the utilization of an Al2O3-MWCNT hybrid nanofluid 

in a tube-and-shell heat exchanger should be mentioned. In this 

experiment, various shapes of tubes were investigated, i.e. circular, 

square, rectangular, and diamond. this aimed at capturing the 

influence of geometry on thermal performance. It was revealed that 

there was a significant increase of the rate of heat transfer in the 

presence of the hybrid nanofluid relative to the normal water-based 

fluids, which was associated with the smart tube configurations or 

the specific nanoparticle characteristics, see Bouselsal et al., 2023 

[20]. 

The other interesting progress was on compact heat exchanger 

manufacturing through additive manufacturing, which has triply 

periodic minimal surface (TPMS) structures. These complex forms 

were tested by use of the CFD modeling whereby the modeling 

allowed testing of the complex forms under various operating 

conditions. They have noted that the hybrid nanofluids combined 

with such designs led to a considerable increase in the transfer of 

heat and a reduction in the pressure drop that decreases pressure 

drop according to the findings of Alteneiji et al., 2022 [21]. The 

simulations generated novel characteristic map association between 

the efficacy of heat transfer and the operating parameters and this 

will give a glimpse into wiser thermal management system design. 

Practice also serves as the evidence of the usefulness of hybrid 

nanofluids. One of them is in the cooling of data centers, in which 

the maximum temperature drop in the CPU by the dispersions of 

the Al2O3-MWCNT nanoparticles in the deionized water can reach 
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up to 12 percent and is sensitive to the significant increase in the 

local heat transfer coefficient [22]. This kind of improvement is 

necessary within the electronic devices which operate within high 

power densities, where the build-up of heat can influence the 

operation. 

Hybrid nanofluids in turbines have also delivered the same 

promise. A study was able to say that intercooler efficiency had 

been developed by 15.6 percent courtesy of these advanced fluids. 

This helps to confirm their appropriateness to not only the more 

traditional cooling but also to demanding environments, such as 

gas turbines, see Bello et al., 2025 [22]. These results underscore 

the increasing tendency in the application of hybrid nanofluids 

within the industrial designation with the view of promoting 

industrial thermal efficiency. 

Furthermore, a study conducted on the corrugated channels filled 

with metal foam in conjunction with hybrid nanofluids of 

MWCNTs and TiO2 found the media to swell the heat transfer 

capacity by 130 per cent. The enhancement was due to the 

increased surface area and additional turbulence that occurs as a 

result of the structure and nanoparticle activity of the metal foam. 

To locate the optimal conditions of operating a system with 

maximal thermal performance and attainable reasonable operating 

requirements, scientists attempted various mass fractions and 

Reynolds number as depicted in Abrofarakh and Moghadam, 2023 

[23]. 

All these examples strike a very graphic impression: hybrid 

nanofluids will always contribute greatly to enhance the thermal 

performance of many processes and facilitate the innovative design 

solutions based on existing demands of engineering. The fact that 

they were successful in many locations has been a universal 

characteristic of them that has highlighted their potential and a 

brighter claim in the technological side of thermal management. 

5. Trade-Offs and Performance Limitations 

5.1. Cost vs Performance Analysis 

The cost-effectiveness and the medium of operation of hybrid 

nanofluids have high prices, which we need to take into 

consideration and analyze the performance of the same. These 

fluids entail the blend of fluid with many nanoparticles in base 

fluid, and tremendous thermal conductivity and heat exchange with 

phenomenally better abilities than can be accomplished with more 

traditional fluids. These improvements are however, more complex 

and costly in terms of operation overheads. 

The production of the nanoparticles is the largest single cost 

puzzle. The production of the nanoparticles is a complicated and 

complex process that adds to the costs. The utilization of such 

substances as copper and silver which are prized because of 

excellent thermal characteristics is expensive. What adds to this, 

there is the need to generate and store these nanofluids with the 

help of specialized equipment, as described in Das et al., 2024 

[24]. Thus, even though hybrid nanofluids might be better, their 

increase in price base may not necessarily be cost-effective. 

There is the added complication of stability. The intermolecular 

forces can cause the different types of particles to form clumps or 

to settle out of observation over time thus damaging performance 

in the long term (see section 5.2). To prevent this, they are filtered 

by either adding additives or mechanical stirring and both 

alternatives add to the continuing expenses. 

As much as the thermal conductivity enhancements are as a result 

of increased surface area to volume ratios and finely optimized 

particle sizes (see section 3.1), this has its trade-offs. Indicatively, 

the greater the concentration of nanoparticles, the greater the 

viscosity of the fluid (as it will be discussed in 2.3 and 3.2). Fluids 

with higher viscosities require greater pumping forces hence 

engineers should put a lot of consideration in these when they 

integrate hybrid nanofluids into existing systems. 

Such balancing act can be observed in real-life situations. It 

discovered that CuO/EG nanofluids enhanced the amount of heat 

transfer coefficient significantly, but also led to an increased 

pressure drop, which necessitated further pumping energy, Saraf et 

al., 2025) [17]. These may result in such additional energy 

requirements and thereby contradict the gains which are anticipated 

in the terms of higher thermal performance. 

The determination of the best operation conditions should also be 

established. As it has been discovered, 1-2.5%. volume fractions 

could offer the best heat transfer increase with less high viscosity 

and pressure drawback Saraf et al., 2025 [17]. Such golden mean 

highlights the intimacy of performance to the cost and it is 

imperative to reduce parameters to reasonable economic viability. 

a system design is also suitable especially with micro heat 

exchangers where the hybrid nanofluids are mostly applied (see 

section 4.1). Efficiency can be scaled by optimization of the flow 

rates or channel Constraints, but at the price which may be the 

customistics, or replacement work. 

Different temperatures also affect the performance in terms of the 

cost-benefit balance. Generally, the workability of hybrid 

nanofluids improves with temperature increase due to improved 

conductivity, and it is more difficult to stabilize them in extreme 

conditions (sections 6.1 and 6.2). These factors must be taken into 

consideration by designers to make plans to apply in reality. 

Finally, as a conclusion, hybrid nanofluids introduce distinct 

benefits in thermal management in such areas as automotive 

cooling and industrial processes. However, the designers should act 

carefully and consider potential advantages against cost of 

materials and operations. A prudent evaluation will help in getting 

investments that have sense and upgrades that actually worth the 

investment. 

5.2. Stability and Agitation Challenges 

The stability of hybrid nanofluids is also a difficult task due to the 

presence of two nanoparticles. The presence of the two types of 

nanoparticles complicates the distribution of the nanoparticles in 

the base fluid and causes settling and clumping issues. The van der 

Waals forces are the primary causes of clumping as it makes 

particles adsorb to one another and lessen the thermal efficiency. 

This cluster can dramatically reduce the conductivity and the 

general performance as pointed out by various works as noted in 

Manimaran et al., 2025 [25]. 

The long-term stability of hybrid nanofluids depends on a large 

number of factors. The nature and amount of nanoparticles is rather 

significant, along with the nature of the underlying liquids. The 

heavier particles are more likely to sink due to gravity, whereas 

less heavy ones will remain suspended longer, although it may also 

become clumped easily, see Kumar & Shaik, 2023 [26]. The 
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relevant particle size and distribution are important factors in 

enhancing the stability as well as providing effective heat transfer. 

The reactions of nanoparticles between chemicals make it even 

more complex. The variation in surface charges will either make 

the particles repel or attract each other and this will affect the 

ability of the particles to remain dispersed. Selecting an appropriate 

combination of nanoparticles can be done to reduce these problems 

of instability. Technologies such as surface coating of particles or 

inclusion of surfactant assists in separating particles and slowing 

down aggregation as explained in Das et al., 2024 [24]. 

Stability is also affected by the environmental factors. The 

parameters of temperature variability and pH may alter the 

viscosity and density of liquids accelerating the process of 

sedimentation. It states that the operating conditions are to be 

controlled well to maintain the thermal performance over time 

Saraf, 2025 [17]. 

Oxidation is a significant hazard to some nanoparticles, e.g. 

copper, which oxidizes readily upon exposure to the atmosphere. 

Not only it reduces their heat transfer capabilities, but also disrupts 

the nanofluid, as observed in Kumar and Shaik, 2023 [26]. In order 

to avert this, manufacturers may develop oxygen free conditions 

during the production. 

Mixing is very essential in ensuring that a steady suspension is 

found during the life of the fluid. Even better agitation methods 

allow the distribution of particles and do not form a powerful shear 

force that could serve to increase the clumping. Lack of good 

mixing causes uneven dispersion in the particles, whereas 

excessive vigorousness of stirring may destroy stability. 

In short, a balanced condition of hybrid nanofluids depends on the 

control of a complicated interaction of features of particles, fluid 

properties, and working conditions, see Manimaran et al., 2025 

[25]. The ability to address these problems determines the success 

of using hybrid nanofluids in industrial cooling among other 

processes. 

 

 

Figure 1: Critical review on the stability and thermal conductivity of water-based hybrid nanofluids for heat transfer applications, Manimaran et 

al., 2025 [25]. 

 

 

 

https://pubs.rsc.org/en/Image/Get?imageInfo.ImageType=GA&imageInfo.ImageIdentifier.ManuscriptID=D5RA00844A&imageInfo.ImageIdentifier.Year=2025
https://pubs.rsc.org/en/content/articlelanding/2025/ra/d5ra00844a
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6. Factors Influencing Overall Performance 

6.1. Temperature Dependency Effects 

Temperature is a significant factor determining the thermal 

performance of the hybrid nanofluids. As the temperature 

increases, the kinetic energy of the fluid and nanoparticles is raised 

and enhances movement of the particles. This increased movement 

invariably increases thermal conductivity. Indicatively, hybrid 

nanofluids have been found to have high conductive capacities to 

heat at high temperatures compared to the underlying fluids. This 

is possible because of enhanced contacts between the nanoparticles 

and the surrounding fluid and hence heat is more efficiently 

transferred. 

The composition of hybrid nanofluids also has an effect on the 

behavioral response to changes in temperature. Synergistic effects 

can be used with diverse combinations of nanoparticles and boost 

their performance as temperatures increase. Research indicates that 

some pairs such as multi-walled carbon nanotubes (MWCNT) 

contain aluminum oxide (Al2O3) which dramatically increases the 

coefficients of heat transfer due to their unique structural properties 

and their interaction with the fluid, see Dhairiyasamy and Gabiriel, 

2024 [27]. However, when only one type of particles appears in the 

nanofluids, quite noticeable gains may not occur in such 

circumstances. 

Another dominant that is influenced by temperature is viscosity. 

Typically, viscosity decreases with increase in temperature. This 

low viscous fluid increases the ease at which the fluid travels 

through heat exchangers, and also, enhances convective heat 

transfer. However, it should be kept in balance, as too high 

temperatures are able to lead to instability of the fluids. This can 

either cause sedimentation or clumping of nanoparticles unless 

tamed. 

The other effects work together with temperature to influence 

thermal performance such as operational factors such as flow speed 

and surface area. Turbulence may be enhanced at high 

temperatures and higher velocities of flow which enhances 

efficiency of mixing and evenly distributed nanoparticles. These 

movements contribute to a better carriage of heat by the fluid. 

The effect of temperature also pervades through the behavior of 

hybrid nanofluids in terms of stability even with time. A difference 

in the operating temperatures may influence the zeta potential 

values which contributes to the stability of the fluid referred to as 

Kumar and Shaik, 2023 [26]. It is imperative that engineers and 

researchers pay close attention to how the long-term exposure to 

heat would change the physical characteristics of the fluid in 

addition to its performance in the usage. 

Recently, new formulation strategies are being explored in order to 

compromise between thermal efficiency and constant workability 

towards the different temperatures, see Said et al., 2025 [28]. 

Through the prudent selection of base fluids and nanoparticle, in 

terms of their response to heat, tailor-made hybrid nanofluids can 

be prepared to suit any industrial requirement. 

Simply put, understanding the influence of temperature on hybrid 

nanofluids is a key point into improving the application of these 

fluids in applications such as the cooling and heat exchanger. 

Designers should strike the right balance between the gains 

achieved due to a higher operating temperature with better 

conductivity, and the troubles that could arise due to instability, 

smart decisions should be made to achieve the maximum 

performance without the negative impact on reliability. 

 

Figure 2: Synthesis, thermophysical characterization and thermal performance analysis of novel Cu-MXene hybrid nanofluids for efficient 

coolant applications, Kumar & Shaik, 2023 [26]. 

https://pubs.rsc.org/en/Image/Get?imageInfo.ImageType=GA&imageInfo.ImageIdentifier.ManuscriptID=D3RA05429B&imageInfo.ImageIdentifier.Year=2023
https://pubs.rsc.org/en/content/articlelanding/2023/ra/d3ra05429b
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6.2. Impact of Operating Conditions on Efficiency 

Hybrid nanofluids have different operating conditions that have a 

major impact on the heat exchanger systems such as temperature, 

flow rates, and nanoparticle concentration, as well as system 

design. All the factors influence the heat transfer characteristics 

and general performance in contrast to traditional fluids. 

Thermal behavior is also of significant significance to temperature. 

The increase of temperature normally elevates the thermal 

conductivity of the base fluid because it facilitates the dispersion 

and activation of nanoparticles. It has also been found that the 

conductivity of hybrid nanofluids is better at higher temperatures 

due to the increased particle motion and reduced viscosity, Souby 

et al., 2021 [6]. Temperatures must however remain moderate in 

order to prevent the nanoparticle sedimentation or agglomeration. 

Hydrostatic rates also influence the heat exchanger efficiency. The 

accelerated flow aids turbulence, increases the heat transfer 

through convection, increases the heat transfer coefficients, and its 

improved operation, Al-Obaidi et al., 2024 [19]. However, the flow 

rates that are very high lead to the increase of the friction losses 

and consumption of more energy. The balancing of flow speed is 

important in achieving maximum heat transfer without the need to 

increase the running expenses. 

The concentration of nanoparticles has had a direct effect on 

thermal conductivity and viscosity. More concentration makes the 

process more efficient to a certain extent, but excessively many 

particles slow down the velocity of the fluid and cause viscosity, 

which slows down efficiency, Dhairiyasamy and Gabiriel, 2024 

[27]. A combination of two or three types of nanoparticles usually 

produces a superior thermal behavior due to superior dispersion 

and less aggregation. 

The size and layout of the system also have some bearing on the 

heat transfer efficiency. Compact exchangers and microchannels 

are very sensitive to the flow pattern. Movement in dimensions 

regulates the speed and residence time, altering thermal resistance, 

Souby et al., 2021 [6]. 

Another factor of importance is the entropy Production induced by 

viscous influence during flow. With an increase in Reynolds 

numbers due to an increase in flow rates or loading of 

nanoparticles, the overall entropy generation has a tendency to 

reduce. The decrease is associated with the improved 

thermohydraulic performance that allows to utilize energy more 

effectively in the system, Souby et al., 2021 [6]. 

The combination of these variables defines the effect on the heat 

exchanger performance and the durability questions under the real 

conditions, which explains the importance of the comprehensive 

experimental testing. 

Emerging technologies such as smart sensors enable quick 

optimization according to the demands of the system because real-

time monitoring allows it and can operate on-the-fly, Al-Obaidi et 

al., 2024 [19]. With these tools and advanced models and machine 

learning, predictive modification of the operation conditions can be 

achieved to provide a better efficiency, reliability, and cost-

effectiveness. 

Finally, the knowledge about the influence of operating factors on 

the behavior of hybrid nanofluid assist engineers in designing the 

efficient cooling system to meet the particular needs. Further 

research and experimentation in diverse conditions will further 

enhance the field and also enhance thermal management solutions 

in industries. 

7. Emerging Techniques and Smart 

Approaches 

7.1. Innovative Formulation Strategies for Nanofluids 

The development of hybrid nanofluids (HNFs) in heat transfer 

requires new formulation methods that improve the performance, 

as well as addressing the natural challenge. A trick technique is to 

incorporate various nanoparticles into the base liquid and synergies 

are created with regard to thermal conductivity and stability, which 

could not be achieved with individual nanoparticle fluids. This is 

done by being able to modify the fluid properties to fit specific 

application requirements. 

In the recent past, there are a number of synthesis methods which 

have been outlined and assist in the formation of stable and high 

performance hybrid nanofluids. To illustrate, such a one-pot 

process as the single-step method is used to facilitate the 

introduction of nanoparticles into a fluid and minimize the 

influence of sedimentation on the dispersion uniformity. As 

Sundar, 2023 [1] demonstrates, other techniques such as the use of 

the pulse wire evaporation offer high control over the size of 

nanoparticles and reduce the clumping process and therefore 

enhance thermal behavior in general. 

Influential factor is also surface modification to nanoparticles. The 

surfactants or polymers applied to particles enhance their 

dispersion stability and inhibits agglomeration. The process is 

important as the fluid is not allowed to sediment as the 

maintenance of the fluid is still a significant challenge, as stated in 

section 5.2 and the strategy maintains thermal efficiency in the 

long term. A great deal of stabilizers per type of nanoparticle are 

appropriate which also leads to durability and operationally. 

Established progress has transformed the design and refinement of 

formulations, concerning the computational front. Machine 

learning models are today using large amounts of experimental / 

simulation data to determine solutions to the best blends. As it has 

been concluded in the article by Bello et al., 2025 [22], these 

models demonstrate the effect of particle size, concentration, and 

temperature on the thermal conductivity and viscosity. This 

enables the engineers to come up with the formulas that will 

maximize the amount of heat transfer and ensure that viscosity 

increase at higher loading of particles is abated. 

Smart technologies also increase the opportunities in a real-world 

HNF application. By installing sensors in heat exchangers with 

these fluids, one is able to monitor performance of the heating 

system and tune it in real-time due to the variability of certain 

variables, such as temperature or flow rate. Such a solution 

corresponds to information in Kalsi et al., 2025 [2], according to 

which machine learning aids in constant improvement of the 

situation by identifying tendencies that a classical approach may 

overlook. 

Innovation also extends to concerns outside formulation to new 

materials that are eco-friendlier. The study of plant-based 

nanoparticles is expected to provide species-based alternatives to 

the performance of HNFs without compromising sustainability in 
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augmenting its increasing concerns regarding sustainability in 

industries that utilize HNFs. 

These developments have improved in practice, in such areas as 

automotive cooling, where optimal hybrid nanofluid blends 

increase energy efficiency with only minor increases in cost and 

environmental consequences. It is necessary to prove such tangible 

benefits to gain more acceptance in the industry. 

Besides, the consideration of ternary mixtures with three 

nanoparticle types has provided even better thermal performance 

under diverse conditions of significance to efficiency (see section 

6.2). This is a fine-tuning approach to conductivity and has been 

able to address the problem of viscosity that is normally faced in 

the presence of higher concentrations of single type nanoparticles. 

One of the primary objectives of the research directions in the 

future, as it is emphasized in various studies and reviews, such as 

Said et al., 2025 [29], is generating strong formulations to provide 

high-performance. Cooperation between experimentalists forming 

new synthesis paths and theorists that simulate the behavior of 

fluids will provide new opportunities in the field of hybrid 

nanofluids and thermal management solutions in every sector. 

The encouragement of collaboration between chemists, material 

scientists, engineers, and data analysts is a motivation towards the 

next generation of heat transfer fluids that are customized in light 

of the new environmental requirements as well as overcoming the 

existing challenges. 

7.2. Integration with Smart Technologies in Thermal 

Systems 

The integration of hybrid nanofluids and smart technology proves 

to be a new breakthrough in the thermal management systems. One 

of the main breakthroughs is to employ artificial intelligence (AI) 

and machine learning (ML) to optimize the process of fine-tuning 

heat exchangers with the assistance of these fluids. A large data set 

of thermal profiles and material properties to operating conditions 

that is to be sorted by an AI tool will be used to point at the most 

desirable combinations. It is an energy conservation process which 

enhances the heat transfer efficiency. An example of this case is 

where the deterministic forecast of nanofluid thermal conductivity 

is determined using machine learning, e.g., the Gaussian process 

regression (GPR) or the support vector machines (SVM) in the 

case when the temperature, particle size, and concentration are 

used as the independent variables, which leads to unsurprisingly 

low prediction errors, as explained in Bello et al., 2025 [22]. 

In addition, there is a possibility of live data regarding temperature 

differences, velocity of flow and changing pressure because of 

thermos-sensors installed into smarts sensors. All this combined 

with AI algorithms can enable the system to dynamically change to 

meet new operation demands or external factors. These adaptive 

controls make it more reliable, and cheaper as it will save energy 

by not relying on a large amount of heat exchange, and will also 

eliminate the possibility of end up wasting resources through 

unnecessary add pumping effort and it will also eliminate 

unnecessary pressure losses. 

These technologically advanced systems are also supplemented by 

computational fluid dynamics (CFD), which provides minute 

simulations on the flow of fluids in the event that there are hybrid 

nanofluids in various situations. Proper management of the 

parameters of boundaries and fine resolution provided by CFD will 

help the engineer, creating heat exchangers with the best utilization 

of the hybrid nanofluid properties. These techniques along with 

finite element analysis (FEA) will give in-depth analysis of the 

dynamics of the fluids and structural strength of a scenario in cases 

of thermal systems. 

Some of the industries that have been incorporated with the hybrid 

nanofluids and smart technology in the integration process include 

automotive design, and renewable energies. An example is the 

enhanced cooling of engine by hybrid nanofluids which enhances 

the work of radiators, increasing efficiency of the engine and also 

reducing emissions. The study mentioned in Bhattad et al. reports 

primary positive improvements in the heat transfer rates per 

minimal pressure loss owing to hybrid nano-coolants, which is 

crucial to the performance of internal combustion engine [18]. 

In addition, the association of these improved materials with 

Internet of Things (IoT) can lead to smarter grids. Predictive 

maintenance through real-time analytics will lessen the waste and 

put the thermal management in the direction of being more 

sustainable, as the resources are intelligently distributed. 

In the future, considering the sustained study, it is expected to 

come up with novel formulas of hybrid nano fluids that have a 

distinct purpose of seamless connection with concepts of smart 

systems that are likely to emerge. The nanoparticle dispersion 

methods can also be refined in the future or combinations of 

particles studied to take advantage of heat transfer and long-term 

stability in nanoparticles. 

In conclusion, hybrid nanofluid integration with intelligent control 

is an opportunity to revamp the conventional thermal management 

in various sectors by enhancing its efficiency and creating energy-

conscious and green ones. 

8. Industrial Challenges and Implementation 

Issues 

8.1. Scale-Up Production Challenges for Hybrid 

Nanofluids 

There are a number of challenges that the research needs to 

overcome in order to produce hybrid nanofluids in large scale to 

enhance thermal management technologies. The first one is the 

stabilization of nanoparticles dispersion in the base fluid. These 

fluids mix the various kinds of nanoparticles, and their thermal 

advantages remain active by avoiding clumping. According to Das 

et al., 2024 [24], the convincing preparation procedures remain 

unavailable, and it is challenging to maintain the mixture in the 

homogeneous state as the nanoparticles are prone to form 

aggregates under the influence of van der Waals force. 

The other problem is the fact that nanofluids gradually deteriorate 

when used. In reference [24], Das et al. explain that Brownian 

motion brings about agglomeration and sedimentation that worsens 

fluid properties and restricts real-life applications. This kind of 

decline is a humungous set back to the growth of the industry since 

they need long-term performance in the industry. 

The pricing is another significant issue when large scale production 

of these fluids is concerned. Special machinery and the use of 

complicated processes increase the cost, which puts many away. 

Stressing that the cost is increased by the complex processes, Das 
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et al., 2024 [24] emphasizes. The innovation of lowering price but 

enhancing quality and performance is very fundamental in ensuring 

that commercial production becomes practical. 

There are technical challenges of choosing and developing the 

appropriate nanoparticle blend. As Das et al. suggest, 2024 [24], it 

is difficult to guarantee that when mixing types the particles will 

bond properly and maintain surface charges. Unsuitable 

combinations may lead to instability or lower the performance. To 

prevent such problems in the production process, manufacturers 

have to select types of particles and concentrations very carefully. 

The risks posed by the disposal of used nanofluids on the 

environment are also important. Certain nanoparticles can be toxic, 

thus during scale-up strict regulations can be observed (mentioned 

in section 8). Environmental impact should be reduced by ensuring 

that at the beginning safe disposal and environmental friendly 

measures are planned. 

Researchers are studying alternative ways of formulation to solve 

the issue of non-scalability. One-pot synthetic technique would 

prove useful because it would cut down on the number of steps 

required in the stabilization of hybrid nanofluids, as Kaggwa and 

Carson, 2019 [30] propose. More development of these methods is 

promising some stable formulations that can be applied in the 

industry. 

As a scaling tool, consideration also should be given to the 

behavior of physical properties at multiphase conditions such as 

temperature and pressure (as discussed in section 6). In addition to 

impacts on fluid stability and performance, such shifts pose a 

challenge since they need close attention during their manufacture. 

The thermal engineers can collaborate with the materials scientists 

in the scaling-up process according to Kaggwa and Carson, 2019 

[30]. Their experience can enhance the methods of formulation and 

practice in industries. 

Regular research and experimentation can bring about large-scale 

production of hybrid nanofluids by stabilizing them, by controlling 

cost, and published regulations. These fluids are envisaged to be 

useful in enhancing heat transfer as in literature and experiment 

reports in section 4 provided that the matter of scalability is 

overturned. 

8.2. Regulatory Compliance Considerations 

As a result, several regulatory challenges have been presented in 

the integration of the hybrid nanofluids in the thermal management 

systems and these challenges should be dealt upon in the effort to 

ensure that the systems remain safe and viable to be applied to 

industries. Among the biggest issues is the chemical composition 

of such fluids. They are normally impregnated with nanoparticles 

that might pose danger to the environment of human health. The 

rest of the agencies like OSHA and EPA are especially stringent on 

the issue of handling, storage and disposal of potentially hazardous 

material. This means that the manufacturers ought to conduct a 

good risk assessment which can identify all the potential exposures 

that the workers and the nature can encounter. 

Section 8.1 notes that it does not come easy to begin to scale up 

and at the same time remain within the regulatory limits. During 

the manufacturing process safety measures should be aligned well 

to prevent any danger of chemicals. The article also emphasizes 

that despite the boom in research on the use of nano-coolants, the 

industry needs to streamline manufacturing processes to achieve a 

consistent demand in regard to regulation, as pointed out by Bello 

et al., 2025 [22]. 

The selection of the suitable nanoparticles is also a significant issue 

in compliance. Other objects such as silver or copper are taken 

through further scrutiny as they have antimicrobial properties or 

even poisonous qualities in mind when such items come in the 

systems. When manufacturers are making preparations to export a 

given product, they must ensure that their products are not against 

the national laws and international standards. 

The question of stability is also a significant one as presented in 

section 5.2. There should be consistency in dispersion storage 

unless, it is obligatory not only to support a performance standard 

but also to satisfy standards of regulatory issues on quality and 

safety of products. The fluids may not be useful in regulating and 

may result in clumping or settling of particles hence rendering 

them useless. 

Environmental impact evaluations are also another crucial 

compliance practice. Having sustainability in the agenda, 

businesses will be required to prove that they are responsible in the 

manner they use materials and that they minimize the effect they 

have on the environment at every stage of lifecycle of the fluid. 

This is directed towards what is contained in sustainable material 

innovations that are addressed in section 9.1. 

It is possible that these regulations can be even more complex 

when the advances in the sphere of technologies are combined with 

the hybrid nanofluids in the thermal systems, which is mentioned 

in the section 7.2. The implication of using smart devices and real-

time monitoring is that any manufacturers will not only be 

expected to meet the thermal management conditions but also data 

security standards since it will be more connected. 

Given the fact that the nanomaterials do not act in the same way 

that conventional substances, in that, they may have specific 

toxicity/inhalation risks, the manufacturers are left with no option 

but to follow the change in regulations regarding in the use of the 

nanoscale-specific materials. According to Bello et al., 2025 [22], 

there is need to have contact between the material scientists and 

engineers, as well as the legal professionals make it through this 

tough land as they keep on rolling the innovation without 

jeopardizing the safety. 

Clear labelling is also another need that can appear imperative in 

the world. Given the fact that consumer knowledge regarding the 

risks of nanoparticles is still minimal in comparison to the 

traditional fluids, there is a need to have transparent information 

regarding hazards in place under most regulations on hazardous 

material. 

Altogether, compliance requirements entail focusing on a wide 

range of aspects: comprehensive risk assessment aimed at the 

evaluation of the health impact of nanoparticles, compliance with 

the laws on chemical safety, the absence of critical decisions to the 

primary safety precautions. This strategy also contributes to the 

current change towards more sustainable and innovative thermal 

management solutions throughout the industry. 
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Figure 3: Number of publications related to nano-coolants for heat transfer applications, Bello et al., 2025 [22]. 

 

9. Future Research Directions 

9.1. New Materials Development 

The production of new materials to hybrid nanofluids (HNFs) is on 

the frontline because researchers strive to improve thermal 

efficiency and sustainability in a variety of applications. The 

utilization of nanoproducts based on plants, such as nanocellulose, 

is one of the prospects. The potential to access significant amounts 

of biomass waste (oil palm, rice paddies, and kenaf, etc.) enables 

the generation of cheaper hybrid nanofluids, which also serve the 

interests of the environment, which is mentioned in Manimaran et 

al., 2025 [25]. This is in line with increased demand of 

environmentally friendly thermal management systems. 

In addition to the use of sustainable resources, new combinations 

of nanoparticles should be investigated in order to enhance the 

thermal properties of HNFs. The manipulation of such parameters 

as particle size, shape, and composition can significantly enhance 

heat transfer to make the fluid suitable to specific tasks. As an 

example, the joint effect of metallic and non-metallic nanoparticles 

could be associated with certain distinct advantages. The approach 

extends the applications and gives the chance to tune thermal 

conductivities to narrow operation requirements. 

New techniques of synthesis are also central to development of 

materials. One-step syntheses and sol-gel methods can be useful in 

order to scale up the production of hybrid nanofluids. These 

techniques have the ability to reduce production costs as well as to 

retain desirable characteristics of nanoparticles. It is also 

worthwhile to adopt green method of synthesis to minimize 

negative impact on the environment through the manufacturing 

process. 

The other fundamental challenge is to sustain the hybrid nanofluid 

stability in the long-term. Such issues as the formation of particles 

clumps and settling of particles restrict their practical 

implementation, and the selection of stabilizers or surface 

modification can contribute to the high durability and stable 

characteristics of the working conditions. Creating the common 

methods of measuring stability would be useful in comparing new 

materials across studies. 

Lifecycle assessment has increasingly become relevant to estimate 

such an overall impact of HNFs, including the creation and 

utilization, Kalsi et al., 2025 [2]. Consideration of carbon 

footprints, energy requirements, and waste assists in directing 

smarter innovations of materials. 

The investigation of the other forms of nanoparticles is also worth 

noting. Together with the traditional ones, the polymer based ones 

or bio based or bio-derived ones may also be included and it may 

lead to the creation of hybrids that may have superior thermal 

properties and they may be applicable in a specific market or in a 

specific application. 

Also technological advances can bring about the existence of smart 

nanofluid systems that will automatically respond to any 

temperature variable or flow. These can either incorporate sensors/ 

actuators in the fluid to enhance real-time transfer of heat. 

The industrial sustainability must be evaluated through the 

perspectives of economic research to find new materials that can 

offer feasible solutions on the large scales on an affordable level, 

Kalsi et al., 2025 [2]. This is essential to the industries that are 

taking the consideration of having advanced hybrid nanofluids in 

their systems. 

The opportunities of HNFs are as extensive as the eye can see, 

which, however, also needs serious investigations and modelling to 

achieve the complex heat transfer which these fluids can testify to 

Kalsi et al., 2025 [2], Das et al., 2024 [24]. The innovations should 

be directed at achieving the equilibrium between the performance 

improvement and practical implementation and be environmentally 

responsible. 

As research goes on improving, the future of hybrid nanofluids 

https://ars.els-cdn.com/content/image/1-s2.0-S294982952500083X-gr1.jpg
https://www.sciencedirect.com/science/article/pii/S294982952500083X
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looks bright best because of the consideration that has been made 

on sustainability and incorporation of the latest technology. The 

possibility to manipulate the thermal control with the help of 

creative designing of materials is an exciting field that has a lot of 

chances. 

9.2. Experimental Techniques for Enhanced 

Characterization 

Experimental method is quite handy in improving the knowledge 

of hybrid nanofluids and their best application in the heat transfer 

process. Comprehensive characterization strategy This involves the 

combination of existing practices together with new practices to 

analyze the characteristics of these fluids (physically, thermally 

and flow). 

One of the useful techniques is dynamic light scattering (DLS), 

which is employed in the determination of the size distribution and 

stability of nanoparticles in hybrid nanofluid. The method shows 

the aggregation of the nanoparticles, because it is significant 

because larger assemblies can reduce thermal conductivity and 

alter fluid flow also. The specification of Manimaran et al., 2025 

[25] provides that the long-term stability is of crucial nature 

particularly in cases where the closed system is considered and by 

the fact that the outward settling of the particles may lead to the 

decrease of the efficiency. 

The rheological testing with the assistance of the viscometers is 

another useful tool. It is the quantification of how such nanofluids 

react to the changes in the shear rate with the subsequent 

information on the viscosity and flow properties in the heat 

exchangers. The data adds to the optimization of concentration of 

the nanoparticles as a result of which the flow proceeds in a 

progressive manner and could not hinder the capacity of the 

thermal transfer. 

Thermal conductivity evaluation involves a number of procedures 

but transient hot wire method can be considered the quickest and 

precise process at disparate levels of temperature and 

concentration. Kumar and Arasu state that analyzing such 

characteristics as specific heat capacity and density, otherwise not 

noticeable, is equally important [31], as they have a formidable 

impact on the overall heat transfer efficiency. 

Such a spectroscopic procedure as Fourier-transform infrared 

spectroscopy (FTIR) is used to monitor the chemical reactions 

between nanoparticles and the base fluid, as well as other 

stabilizers contained in the formulation. They are known to 

influence the stability and performance hence by identifying these 

interactions, the researchers can be able to manipulate the mixture 

to achieve better outcomes. 

Microscopy methods such as scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) would give the 

specifics of the dispersement of nanoparticles within the fluid. 

Dispersion is important as the particles should be evenly 

distributed to avoid disruption of flow and decreased heat transfer 

in the stable environment. 

Expanding the perspective to include life cycle assessments (LCA) 

as part of the experimental procedures enhances the perspective by 

connecting the performance data with the environmental effects of 

the production and uses of hybrid nanofluids. This sustainability 

aspect supplements the conventional tests and provides viable 

information regarding economic viability on a large scale 

manufacturing. 

A number of researches identify emerging synthesis techniques 

that balance good properties and cost-effectiveness. Scalable 

production is assisted by high pressure such processes as one-pot 

synthesis or sol-gel techniques as described by Kalsi et al., 2025 

[2]. These methodologies coupled with the needed degree of 

characterization are useful towards the establishment of efficient 

and reasonable hybrid nanofluid systems. 

Lastly, the introduction of standardized testing procedures of 

stability is necessary to ensure that the results of different studies 

may be used to conduct a constant comparison. These standards 

will not only increase the faith in outcomes but also accelerate the 

hybrid nanofluids integration process to take place in the 

engineering disciplines. All these experimental tools and methods 

will be used to clinicalize our insights into the cooperation of 

different factors in order to prepare hybrid nanofluids, paving the 

way to their further commercial applications in thermal regulation, 

Sawant et al., 2021, [32]. 

10. Conclusion 

Hybrid nanofluids are also found to gain increasing popularity in 

the recent past particularly in thermal management formulations. 

Those fluids combine various kinds of nanoparticles in a base 

liquid, which improves thermophysical properties on an order of 

magnitude not available with conventional fluids. This 

enhancement is important in the optimization of heat exchangers in 

both increasing thermal conductivity and breaking the constraints 

evident in single-type nanoparticle fluids. 

The synergy effect of the different nanoparticles in varied form 

will give us a different contribution to the performance of the 

entire fluid. The latter can be illustrated by the explanation 

provided in section 2.1 where the authors state that the thermal 

conductivity of copper and aluminum oxide particles is increased 

manifold when they are mixed with carbon-based nanomaterials. 

This occurs due to increased point of contact and an enhanced level 

of interaction between particles. Section 3.1 presents the results of 

real-life cases of significant enhancement of convective heat 

transfer coefficients in various applications. 

Although such gains have been made, there is still a problem in the 

application of hybrid nanofluids. The clumping of the various 

nanoparticles is one major issue that has been highlighted in 

section 5.2. This kind of aggregation may result in the formation of 

sediments and disproportionate dispersion of the fluid, and these 

are destructive to performance. In order to maintain the good 

dispersibility of nanoparticles during use, good stirring and 

stabilization techniques are necessary, which supports the 

formulation development observed in section 7.1. 

So far as compact and micro heat exchangers are concerned with 

section 4 extensively discussing such phenomena, choices must be 

made regarding design. Such aspects as maximization of the shape 

and compatibility of materials should be chosen carefully. This 

makes the integration go smoothly and will not lead to the increase 

of costs or the appearance of challenges during the increase in 

production. 

Relations between operating conditions and the efficiency are also 

to be considered, which is discussed all over the document (section 
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6). The temperature and flow rate are influential factors on the 

performance of hybrid nanofluids. Although conductivity will be 

enhanced with increasing temperatures, the nanoparticles will shift 

more leading to more clumping and stability problems. 

These hurdles can be dealt with using new technologies. The paper 

(# 7.2) discusses the integration of artificial intelligence and 

machine learning in thermal systems to control and glucometer 

fluid characteristics in real-time. The adaptive control can be used 

in order to ensure optimal performance in different conditions. 

The work in the future should focus on eco-friendly materials and 

new mixes of nanoparticles that enhance thermal properties 

without affecting the stability and leading to the high cost, as 

proposed in section 9.1 and 9.2. Having life cycle assessments will 

also promote responsible decisions made in relation to the 

environment in this field. 

To sum up, despite the significant advances that have been made in 

the study and application of hybrid nanofluids in heat exchange, 

the challenge has to be addressed further to adjust the stability, 

cost, scaling, and regulatory adherence, as indicated in the 

industrial challenges in the section 8. The development of the 

potential of these complex cooling fluids need the teamwork of 

numerous disciplines such as materials science and engineering to 

come up with strategies that would not only enhance efficiency, 

but also sustainability. 
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