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Abstract 

Nanofluids have exhibited noteworthy advancement as efficient working fluids in the last 

decade towards the field of solar energy conversion field to deal with escalating global energy 

demand. Research developments on thermo-physical, long-term stability and rheology are 

moving ahead to achieve practical deployment in renewable solar photo-thermal conversion 

sectors (i.e., solar collectors). Nevertheless, researchers and engineers are encountering many 

difficulties dealing with nearly infinite culpable variables impacting performance of several 

categories of NFs. This work attempts to offer an up-to-date review on advances and challenges 

of oil-based nanofluids focusing on formulation, key properties (stability, thermal conductivity, 

cp, and viscosity) and effective implementation in concentrating solar collector devices. 

Previous experimental and numerical studies on the topics are compiled and acutely scrutinized 
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providing essential phenomena, mechanisms, shortcomings, responsible parameters to obtain 

stable and optimized thermal properties integrating with heat transfer performance. It is 

observed that optimization of the critical factors leads to superior behavior of the nanofluids, 

which in turns generates enhanced thermal performance of the solar collectors. Lastly, existing 

challenges are reported along with recommendations to address the issues for further 

developments in the field which would mobilize rapid innovation and practical engineering 

practice of nanofluids. 

Keywords: Nanofluids, Thermo-physical Properties, Stability, Rheology, Concentrating solar 

Collectors. 

Nomenclature 

Abbreviations 
  

DSC Differential Scanning Calorimetry 

NF Nanofluid DLVO Derjaguin Landau Vewey and 

Overbeek 

NP Nanoparticle ZP Zeta potential (mV) 

BF Base Fluid EDL Electrical double layer 

HTF Heat Transfer Fluid IEP Isoelectric Point 

SC Solar Collector DASC Direct absorber solar collector  

TC Thermal conductivity PTSC Parabolic trough solar collector 

𝑑𝑝 Particle diameter (nm) PDSC Parabolic dish solar collector 

ECS Energy Conversion System CPC Compound parabolic solar collector 

CNT Carbon Nanotube CPV/T Concentrated Photovoltaic/ thermal 

solar collector 

SWCNT Single-walled carbon nanotube UV-Vis Ultraviolet–visible spectroscopy 

MWCNT Multi-walled carbon nanotube 
Greek Letters 

EG Ethylene glycol 

SDS Sodium Dodecyl Sulphate 𝜇 Dynamic viscosity (Pa.s) 

SDBS Sodium Dodecyl Benzene 

Sulphonate 

𝜑 Particle concentration (%) 

CTAB Cetyl Trimethyl Ammonium 

Bromide 

ζ Zeta potential (mV) 

GA Gum Arabic 𝛼 Absorptivity 

PVP Polyvinylpyrrolidone 𝜀 Dielectric Constant 

DDC Distearyl Dimethylammonium 

Chloride Subscripts 

PLS Potassium Lauryl Sulphate 

k Thermal conductivity (W/m.K) nf Nanofluid 

cp Specific heat capacity (Kj/kg.K) bf Base Fluid 

T Temperature (K) np Nanoparticle 
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1. Introduction 

1.1. Overview on nanofluid 

Nanofluids (NFs) are the superior colloids achieved from nanoscale (1-100 nm) materials 

dispersed into pure base fluid (BF) which is commonly a liquid. In1993, nanoscale suspensions 

were synthesized experimentally for the first time by Masuda, et al. [1] and later on labeled as 

‘nanofluid’ by  Choi and Eastman [2] in 1995. Due to remarkably extra-large surface area and 

dominant characteristics of dispersed solid particles of nanomaterials relative to BFs, NFs 

convey superior heat transfer properties [3]. Properties of nanoparticles (NPs) are controlled 

by their surfaces instead of the volume and that allows having advantageous and flexible 

thermal, optical, mechanical, and electrical characteristics [4]. The addition of very low weight 

concentration of these NPs into conventional heat transfer fluids (HTFs) remarkably enrich 

essential thermo-physical, optical, and chemical features of the fluids. The important thermo-

physical properties include conductive heat transport and specific heat capacity of the HTFs, 

which have a significant impact on thermal energy efficiency of the abundant extent of liquid 

based thermal energy storage and energy conversion systems. Numerous studies confirm 

considerable escalation in thermal conductivity, specific heat capacity and heat transfer 

characteristics of nanofluids in comparison with the base fluids [5-7]. 

Among all the promising NF distinctions, colloidal stability of suspended NPs in main fluid 

emerges as the most critical impediment to overcome, as particles tend to congregate with the 

passage of time. Stable suspension time is the foremost requirement for sustainable industrial 

consumption of NFs in various heating and cooling applications [8]. In addition, excellent 

properties and suspension stability of NFs are dependent on key parameters such as types of 

BFs, NPs, particle concentration (𝜑) and morphology that can cause significant divergence in 

thermal characteristics. The present study focuses on the most frequently applied NFs which 



6 

 

are formulated using oil as a dispersion medium for multifarious NPs. Furthermore, the hybrid 

category of the NF has gained a lot of attention as a better form obtained by dispersing a 

combination of nanomaterials in the BF [9]. While water-based NFs are suitable for low 

temperature thermal application up to 90℃, oil-based NFs can be applied to medium-high 

temperature range (100-350℃) thermal energy application because of their inherent high 

boiling point and good thermo-physical properties at higher temperatures. In recent studies, 

many thermal oil-based NFs are being utilized as working fluid in thermal energy storage 

(TES) applications due to their potency in medium to high temperature applications in terms 

of thermal output. Generally, three classes of thermal oils are: petroleum-based mineral oils, 

chemically formulated synthetic oils and extracted vegetable oils from plants [10]. Oil-based 

NFs are preferable for use as HTF because they are biodegradable, have good thermal stability, 

are renewable, and have little environmental impact when compared to other conventional toxic 

liquids such as ethylene glycol, ionic liquids, and so on. Considerable research articles have 

been published over recent years studying relating to properties, essential factors, and future 

prospect of oil-based NFs in practical usage.  Fig. 1 represents previous articles published on 

oil, and hybrid variant of NFs in recent years (2015-2020), which indicate growing attention 

of oil and hybrid NFs in research and development.  
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Fig. 1. Published research articles on oil and hybrid based nanofluids from year 2015-2020 

(Source of data: Web of Science, using keywords: Oil based nanofluids and Hybrid 

nanofluids). 

1.2. Application of nanofluids on solar collectors 

The scarcity of sustainable energy resources has become a sophisticated challenge to meet the 

ever-growing global energy demand alongside depletion of carbon-based fossil energy 

resources and their constant threat to the environment. In this context, experts are paying 

attention to the pursuit of alternative sources of energy which will be adequate to achieve the 

massive energy requisition in the future. Since, the energy demand will keep escalating in the 

future, one way to compensate for the energy scarcity is by utilizing sustainable renewable 

energy sources. Solar energy is one of the most convenient, pollutant-free, sustainable, 

renewable and abundantly available energy resources [11]. A plethora of research is being 

conducted on solar energy systems by substituting traditional HTFs with NFs to advance the 

thermal energy conversion efficiency [12-14]. Concentrating solar collector (SC) systems are 

one of the emerging sectors of renewable energy which is growing evidently with the 

advancement of NFs as their working fluids [15]. Concentrating SCs are engineered systems 
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to harness solar radiation to produce thermal energy and electrical power for utilization in 

different domestic and industrial applications [16]. 

1.3. Aim of this review 

This paper aims to provide a comprehensive review on research advances, development, and 

future scope of NF thermo-physical properties of oil-based NFs and their applications on 

concentrating SC technologies. Previously, a few articles attempted to provide a general 

overview of various properties (thermal and optical) and applications of NFs on SCs [17, 18], 

while others attempted to address NF stability issues [8, 19]. Yet, there is no comprehensive 

review that particularly aims to articulate overall advances on often used oil-based NFs 

characteristics, limitations, and application on concentrating SCs. Therefore, the aim of the 

current review is to put up a much-required comprehensive review of the thermo-physical 

properties (thermal conductivity, cp, and rheology) and colloidal stability of the oil-based NFs. 

In addition, this review explicitly focuses on the extensive application of oil-based NFs on the 

SCs. Potential properties of the NFs are critically analyzed with causes, effects of several 

parameters, characterization, improvement techniques of suspension stability and finally the 

application of the fluids in the solar energy conversion collectors. Based on the review of 

substantial research on the topic, future developments, directions, and research gaps are 

established and important conclusions are drawn. The structure of the article is demonstrated 

in Fig. 2. This study is an essential step towards vigorous development and understanding of 

oil-based NFs and their application on concentrating SCs. 
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Fig. 2. Overview of structure of this review paper. 

2. Nanofluids 

2.1. Base fluids and nanoparticles 

NFs are developed by diffusing nanostructured materials at the nanoscale range (1-100 nm) 

into pure conventional working fluids. Classification of NFs based on extensively used BFs 

and nanomaterials is depicted in Fig. 3. Different types of base fluids such as water, oils 

(thermal, synthetic, and vegetable), glycols (ethylene and propylene), and ionic liquids have 

been used as dispersion medium to formulate NFs based on thermal systems and their working 

temperature range. Each of the fluids has some advantages and disadvantages on their own 

while implemented on thermal systems. For low temperature applications, water-based NFs are 

recommended due to their superior thermo-physical properties relative to other BFs. In 

contrast, for medium to high temperature thermal systems, oils, glycols and liquid salts are 

generally utilized to prepare NFs. 

Suspended nanomaterials are the most distinctive feature of NFs as these particles possess 

unique thermal and optical properties and significantly impact the characteristics of the BFs. 

Nanomaterials have at least one dimension in the nanometer range with high conductive surface 

to volume ratio, advanced physical, chemical, and mechanical properties relative to their bulk 
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form. Nanomaterials can be metallic (e.g., Ag, Cu, Ti, Fe, Al), polymers, ceramics, non-

metallic (CuO, TiO2, Al2O3, SiO2) and carbon-based (SWCNT, MWCNT, graphene, MXene) 

materials which are formed in various geometrical shapes such as spherical, cylindrical, rod-

like, and plate-like. In terms of their dimensions at the nanoscale, nanostructured materials can 

be divided into four categories: (a) zero-dimensional (0-D) nanomaterials with no dimensions, 

such as nanoparticles and graphene/carbon quantum dots; (b) one-dimensional (1-D) 

nanomaterials with one dimension at the nanoscale range, such as nanotubes and nanowires; 

and (c) two-dimensional (2-D) nanomaterials with layered nanofilaments and (d) Bulk three-

dimensional (3-D) nanomaterials that are confined at nanoscale dimensions such as bulk 

powder, composite nanomaterials and multi-nanolayers. Fig. 4 represents an illustration of 

nanostructured materials based on their dimensions at nanoscale length. Colloidal suspension 

comprises of a BF and one of those types of particles defined as nanofluid. If NF consists of 

more than one kind of particles in fluids, then it can be called hybrid NF [20]. Das, et al. [21] 

have discussed the utilization of a variety of traditional and advanced NPs in enhancing the 

optical and thermal characteristics of the working fluid for potential photo-thermal energy 

conversion application. An abundant number of studies are reported in literatures where types 

of nanomaterials are comprised of water and oils to characterize their potency in practical 

application. Subsequent sections of this review will cover preparation and details on 

characterization of the NFs.  

 

Fig. 3. Classification of nanofluids in terms of base fluids and nanoparticles. 
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Fig. 4.  Demonstration of solid nanomaterials with unique dimensions at nanoscale range [4]. 

2.2. Nanofluid formulation 

NFs are recognized as innovative thermo-fluids because of their augmented thermophysical 

features, i.e., conductive heat transfer coefficient, thermal conductivity, thermal diffusivity, 

and heat storage capacity relative to traditional working fluids like water and oils. Exceptional 

properties of NFs are depicted in Fig. 5 which are employed in various applications and 

performed efficiently according to their advantages over common fluids. Formulation of NF 

suspension is an important step as it can dictate a few important parameters, specifically the 

suspension stability and thermal properties. The first phase of NF formulation involves 

synthesis procedure of nanostructured materials and comprised with BF in the latter step. 

Several physical, chemical, physiochemical techniques are often utilized in nanotechnology to 

synthesize NPs. Moreover, NPs are assessed using different systematic approaches like 

transmission microscope, infrared spectroscopy, X-ray diffraction, and Raman spectroscopy 

during the synthesis processes. 
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Fig. 5. Distinct advanced properties of nanofluids. 

To prepare stable NFs, two standard methods are used, identified as: the single-step method, 

which is a combination of two individual procedures of nanoparticles fabrication and 

dispersion into base fluid concurrently, while the two-step method incorporates two separate 

processes of particle fabrication followed by dispersion utilizing several stabilization 

techniques. Both basic techniques have few advantages and disadvantages in terms of 

flexibility, thermophysical characterization, and economic aspects. Sedimentation of NPs is the 

major challenge in nano-powder dispersion technology even though the single-step technique 

is reported to produce stable NFs whereas thermal properties are found to be enhanced more 

when fluids are fabricated in the two-step method [22]. Details on these techniques are 

discussed in the later sections. 

2.2.1. Formulation methods 

The two-step (also recognized as top-down/dispersion) method is the simplest, cost-effective, 

and scalable technique to formulate NFs where solid nanomaterials are independently 

synthesized and subsequently suspended into a pure fluid and stabilized using chemical 

dispersants and/or mechanical, physical treatments. In the first step, bulk materials are broken 

down into suitable nano range using several approaches, such as wet-chemical etching and/or 
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physical procedures.  The synthesis step also includes a few intermediate processes such as 

drying of the particles, storage, and the dispersion of the particles. The stabilization step 

comprises techniques like addition of several types of chemicals (electrostatic, steric, and 

electro-steric), physical (ultrasonication, high pressure homogenization and ball milling) 

treatments. However, clustering of dry NPs is inevitable while drying, storage period and 

during dispersion into base fluid in this method of NF formulation [23]. The major shortcoming 

of the two-step technique is that due to high surface energy of the NPs, the clustering and 

nonhomogeneous dispersion of particles which leads to short time suspension stability and 

weakening of expected thermo-physical properties of NFs. This disadvantage can be 

compensated by repeated physical treatment to break down the aggregation and stabilize the 

mixture consistently for longer periods. Two-step methods are the predominant techniques to 

formulate NFs due to their simple production procedures, flexibility with parameters and 

scalable production for industrial usage. These techniques are frequently used to formulate 

carbon-based, metallic, and oxide-based NFs in various base fluids including water and oils. 

In essence, the two-step method is the suitable technique to formulate and obtain thermo-

physical, chemical, and optically enriched NFs at large scale production. 

The single-step (also familiar as one-step or bottom-up) synthesis technique uses wet-

chemistry procedures wherein fabrication of nanomaterials and dispersion into base fluid are 

performed concurrently to formulate NFs. Several chemical vapor decomposition methods 

such as plasma arc [24], spraying or sputtering [25], laser ablation [26] and electric explosion 

[27] techniques are employed to formulate stable nanofluid in the single step. This method 

eliminates the clustering issues encountered by the two-step process and produces stable 

suspension of NPs into base fluid. Mohammadpoor, et al. [22] formulated Cu based NFs using 

both single-step and two-step methods and analyzed the thermal properties and stability of the 

fluids. They stated that NFs formulated in the single step method are found to be more stable 
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than the samples prepared in two-step technique, whereas the two-step method yielded better 

heat transfer properties of the NFs. Nonetheless, large-scale fabrication of NFs is impractical 

in the bottom-up method due to the complicated procedure and extremely high production 

costs. Moreover, a few important parameters, including particle size and concentration, cannot 

be controlled in this fabrication method as it follows batch production with less control over 

the conditions. Formulation of NFs in single and two-step methods is summarized in Table. 1 

along with employed stabilization techniques and duration of stability.
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Table. 1.  Summary of recent studies on various type of oil-based NF formulation using standard single step and two-step methods. 

Nanofluid(s) Particle size and 

concentration (Φ) 

Surfactants/ 

Stabilization techniques 

Formulation 

method 

Stability 

indicator(s) 

Reference 

Heat transfer oil/Ag Ag (20 nm) 

Φ = 0.12-0.72 wt.% 

none Single step ζ > 60 mV  Aberoumand, et al. 

[28] 

Engine oil/Cu Cu (40-65 nm) 

Φ = 0.2-1 wt.% 

none Single step ζ = 55 to 65 mV Aberoumand and 

Jafarimoghaddam 

[27] 

Silicon oil/Ag 35 nm 

Φ = 0.5 wt.% 

Oleic acid/stirring, ultrasonic bath, sonication, 

homogenization. 

Two-step and 

Single step 

> two months 

 

Hwang, et al. [25] 

Silicon oil/Functionalized 

Fe3O4 

9 nm 

Φ = 0.75-3 mg/mL 

Oleic acid (OA), and Oleyl-amine (OLA)/ 

Centrifugation 

Two-Step Observed stable 

nanofluid at low 

concentration. 

Chen, et al. [29] 

Vegetable oil-Water/ 

CuO 

< 20 nm 

Φ = 1 and 20 vol.% 

none Single step ζ = -36 mV Seyedzavvar, et al. 

[30] 

Kapok seed oil/MWCNT Length: 2.5-20 µm,  

Diameter: 6-13 nm 

Φ = 0.1 wt.% 

No dispersant/mechanical mixing, ultrasonic 

bath. 

Single step > one month Hameed, et al. [31] 

Soybean oil/MXene Lateral size = 1-10 µm 

Thickness = 1 nm 

Φ = 0.025-0.125 wt.% 

No dispersant/magnetic stirring, 

ultrasonication. 

Two-step ζ = -56.71 to -

80.57 mV 

Rubbi, et al. [32] 

Therminol®66/ 

GO-MWCNT 

GO (diameter: 0.5-5 µm, 

thickness: 1-3 nm) MWCNT 

(diameter: 20-30 nm, length: 

10-30 µm) 

Φ = 10-150 ppm 

Oleic acid/magnetic stirring, sonication. Two-step > two weeks Qu, et al. [33] 

Therminol®55/ 

Al2O3-TiO2 

Al2O3 (>80 nm), TiO2 (15-25 

nm) 

Φ = 0.05-0.5 wt.% 

Oleic acid/magnetic stirring, ultrasonication, 

ball milling. 

Two-step ζ = 25 to 70 mV Gulzar, et al. [34] 

Transformer oil/Ag-WO3 Ag and WO3 (35-55 nm) 

Φ = 1-4 wt.% 

None Single step ζ = 46 to 54 mV [35] 
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3. Thermophysical properties of nanofluids 

3.1. Thermal conductivity 

Thermal conductivity (TC) of NFs is the most important characteristic in terms of heat transfer 

performance (HTP) of the NFs in thermal energy conversion and storage systems. TC of NFs 

is superior compared to BF due to greater thermal conductivity of solid particles compared to 

liquids (demonstrated inFig. 6). A plethora of studies has proved the remarkable improvement 

of TC with the inclusion of NPs into the traditional BF.  However, several parameters play an 

influential role in the enhancement of TC of NFs using different classes of nanomaterials and 

BFs. 
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Fig. 6. Thermal conductivity of frequently used nanomaterials (metallic, metal oxides and 

carbon-based nanomaterials) and base fluids for synthesis of nanofluids respectively from (a) 

to (d). 

3.1.1. Factors effecting TC of NF  

TC has been rigorously studied for the last decade as being one of the key properties of 

advanced NFs as heat transfer fluids. However, studies with oil-based NFs are limited to some 

extent compared to traditional water-based NFs. The research studies on TC exhibit significant 

impact of inclusion of solid particles into BF for hybrid, and oil-based NFs. Furthermore, 

studies on TC show that the inclusion of solid particles in BF has a significant impact on NFs. 

Research identifies effecting factors of TC as preparation method, concentration (𝜑), size and 

shape of NPs, TC of BF, addition of chemical additives, pH of mixture, TC evaluation 

techniques, operating temperature and stability of dispersion are directly impacting to the 

effective TC and HTP of NFs represented in Fig. 7. Gupta, et al. [36] comprehensively 

reviewed the effect of several parameters on thermophysical properties of NFs using various 

types of NPs and dispersed mediums along with the impact of key parameters stated above. 

Asadi, et al. [37] summarized recent advances of formulation and thermal properties including 

TC of oil-based NFs which are generally utilized in domestic and industrial solar applications 

where water-based NFs are not applicable due to low boiling point. In addition, several 

mechanisms related to TC and heat convection using NFs such as: Brownian motion, particle 

agglomeration, dispersion stability, intermolecular forces between particles and liquid layers 

of BF were critically investigated by several researchers in the field [38-40]. The subsequent 

section is focused on recent advances on TC of widely utilized oil-based and hybrid NFs and 

the mechanism of TC augmentation and impacts of influential parameters along with numerical 

or molecular dynamics correlations to estimate the TC of NFs. 
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The association of 𝜑 and TC of NF is well established as it intensifies for corresponding 

addition of 𝜑 up to an optimum level and subsequently deteriorates due to aggregation of 

excess particles. TC amplification is also favorable at high temperatures due to generated 

intensified Brownian motion and kinetic energy of the NPs. These augmenting trends of TC 

established the effectiveness of NFs in elevated-temperature operations e.g., solar collectors 

and heating/cooling using heat exchanger [41]. NPs synthesized in different sizes and shapes 

depending on the used synthesis techniques and structure of the nanomaterial have been 

observed to cause variation in outcomes of TC of NF. Research explored that greater surface 

to volume ratio of NPs yields more growth in TC, which is exactly why CNT and two-

dimensional NP based NFs are generally recognized as more efficient [42]. While 

experimentally formulating NFs, optimization of stabilizing criteria e.g., sonication time, 

chemical additives, pH of dispersed mixture, suspension homogeneousness and evaluation 

approach are the essential preconditions. TC can be measured using different techniques, for 

instance, transient hot-wire method, optical measurement method, temperature oscillation 

method and 3-ꞷ method. Transient-hot-wire (THW) method is the most convenient technique 

to examine TC of NFs due to its simplicity and good precision. Theoretical correlations are 

also used to assess the TC of various categories of NFs. 

Numerous experimental and analytical studies on NF have established the linear growth of NFs 

TC in response to the addition of a wide range of NPs in BF and increasing temperatures.  

Afrand, et al. [43] investigated TC of water/Fe3O4 (20-30 nm) NF at 𝜑 of 0.1-0.3 vol.% varying 

the temperature from 25-55 ℃. The measured TC results using THW-based KD2-pro showed 

addition of NPs has a dominant impact on improving effective TC (𝑘𝑛𝑓 𝑘𝑏𝑓⁄ ) relative to 

escalating temperatures as 90% enhancement is obtained at 3 vol.% and 55 ℃. Results are 

consistent with other metal oil-based NFs e.g., TiO2, Al2O3, CuO, SiO2, MgO and so on (see 

Table. 2). 
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Fig. 7. Influential parameters affecting thermal conductivity of nanofluids [44]. 

As mentioned earlier, recent development in manufacturing of carbon-based nanomaterials 

(e.g., CNT, MWCNT, SWCNT, and two-dimensional Graphene) has received unprecedented 

attention in nanotechnology due to advanced thermo-physical and electro-chemical properties. 

Hence, nowadays, carbon-based nanomaterials are being utilized frequently in traditional 

liquids to develop innovative NF suspension with advanced TC. Asadi, et al. [45] studied the 

effect of solid particles addition and temperature on TC of Al2O3-MWCNT/thermal oil NFs. 

They revealed that the TC increases with the inclusion of particle loading and with rising 

temperatures. They also noticed that TC of the NFs was adequately influenced by rise in 

temperature along with particle loading and 45% augmentation is obtained at 𝜑 of 1.5 vol.% 

and 50℃ (Fig. 8). Analogous trends in TC augmentation against intensifying 𝜑 and temperature 

reviewed in  Table. 2. 
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Fig. 8. Effect of particles addition and temperature on thermal conductivity variation of TC 

against increasing particles concentration and TC increment with respect to temperature  and 

particle size variation (for details see [45],[46]). 

Timofeeva, et al. [47] observed different mixture ratio of surfactant to NP (0.1:1-1.5:1) 

resulting in variation of TC using Therminol-66 oil/SiO2 NF. They noticed that adding BAC 

stabilizer fosters TC to increase until an optimum ration of 1:1 and further addition does not 

influence TC. However, investigating the TC outcomes at rising temperatures, they observed 

barely an augmentation which indicates ineffectiveness of the surfactant at elevated 

temperatures. The parallel impact of surfactant on stability of NF is observed by Tiwari, et al. 

[48]. On the contrary, Colangelo, et al. [49] revealed no impact of several Oleic Acid (OA) 
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based surfactants on TC of Therminol-66/Al2O3 (0.3-0.7 vol.%) NF although they improved 

the stability of the suspension. Qing, et al. [50] examined the effect of pH level and particle 

sizes on TC of hybrid mineral oil/graphene-SiO2 NF. They found higher TC in the pH range 

(9-10) away from the IEP of 2.2, and smaller particles have higher conductivities. 

Garoosi [51] proposed empirical correlations considering key parameters (temperature, particle 

loading and size) for a wide range of NPs and BFs. The studied model is found to be more 

accurate with standard deviation of only 4.7% while classical models provide poor prediction 

of TC. The correlations are recommended for further analysis of TC in NF-based thermal 

engineering devices. Cui, et al. [52] performed a MDS study to analyze consequences of NP 

properties (materials, sizes, shapes and 𝜑) on TC using Cu, Ag, Au and Fe nanomaterials. The 

proposed model predicts TC of the NFs and construed that TC improves with raising 𝜑 and 

smaller size of NPs. Ag NPs showed highest TC than others while, higher fraction of 𝜑 >

3𝑣𝑜𝑙. % showed reducing trend for TCs. Zendehboudi, et al. [53] reviewed widely used and 

effective data-driven numerical approaches to predict TC of a broad range of NFs comprised 

of various BFs and NPs. Recent experimental and numerical studies on TC of oil-based NFs 

are summarized in the following Table. 2 and Table. 3 respectively. 
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Table. 2. Summary of recent experimental studies on TC of various oil-based nanofluids with detail operating conditions. 

Reference Nanofluids Concentration (Φ) Surfactants/ 

Dispersants 

Temperature 

range 

Key findings 

Fakoor Pakdaman, 

et al. [54] 

Oil/ MWCNT 1-10 µm × 5-20 nm 

Φ = 0.1- 0.4 wt.% 

-- 40-70 °C ● TC increment is maximum 15% at particles 

fraction of 0.4vol.% and 70 °C and the 

experimental data are in accord with theoretical 

correlations. 

Wang, et al. [5] Oil/Graphite 20 nm 

Φ = 0.17-1.36 vol.% 

CH-5 30-60 °C ● Maximum 36% TC augmentation is achieved at 

1.36vol.% of graphite. Addition of dispersant 

showed remarkable enhancement in TC at all the 

studied concentration of nanomaterials. 

Aberoumand and 

Jafarimoghaddam 

[27] 

Engine oil/ Cu 50 nm  

Φ = 0.2-1 wt.% 

-- 40-100 °C ● TC enhanced for NF while pure oil showed 

decreasing trend. Highest increment of 49% 

relative to the base oil is measured at 1 wt.% and 

100 °C. 

Aberoumand, et 

al. [28] 

Heat transfer oil/ Ag 20 nm 

Φ = 0.12-0.72 wt.% 

-- 40-100 °C ● 12.14% improvement of TC at 100 °C after 

addition of NPs is attributed to Brownian motion 

mechanism at escalating temperature. 

Rubbi, et al. [32] Soybean oil/MXene 1–10 µm × 1 nm 

Φ = 0.025-0.125 wt.% 

-- 25-55 °C ● TC is reported to increased up to 64.8% at 

highest particle loading of 0.125wt.%.  

●The improvement is attributed to excellent 

dispersion stability of 2D MXene and oil. 

Gulzar, et al. [34] Therminol®55/Al2O3 

/ TiO2 

/Al2O3+ TiO2 

< 80 and 15-25 nm 

respectively 

Φ = 0. 05-0.5 wt.% 

Oleic acid 15-160 °C ● Maximum TC enhanced relative to TH55 is 

33.5% for hybrid NF, while slightly less 27.06 and 

21% for Al2O3 and TiO2 NFs, respectively. 

Substantial augmentation of TC leads to potential 

photothermal conversion in solar collectors. TC 

deteriorated is noticed for 0.5 wt.% over 110 °C 

due to aggregation of particles. 

Choi, et al. [55] α-olefin oil/MWCNT 25 nm × 50 µm 

Φ = 0-1 vol.% 

-- n/a ● Distinct augmentation of TC is obtained 

dispersing nanotube in the oil medium. Highest 
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160% increment is reported which is remarkably 

higher than predicted theoretical models.  

Asadi, et al. [56] Engine oil/ MWCNT-

Mg(OH)2 

30 and 10 nm 

respectively 

Φ = 0.25-2 vol. %  

-- 25-60 °C ● Maximum TC improvement of 50% at 2 vol. %, 

and 60 °C. Furthermore, the NF is recommended 

for laminar and turbulent heat transfer 

applications. 

Kumar, et al. [57] Veg. oil/Cu-Zn 

Paraffin oil/Cu-Zn 

SAE oil/Cu-Zn 

Both 25 nm 

Φ = 0.1-0.5 vol.% 

SDS 30 °C ● Vegetable oil-based NF performed better 

effective TC relative to other two base fluids at 30 

°C. 

Chai, et al. [58] Hydrogenated oil/ 

Graphene nanosheets 

0.06-0.1 µm × 0.002-

0.005 µm 

Φ = 25-100 ppm 

-- 30-50 °C ● TC improved using NF and maximum 14.4% 

enhancement is achieved at 50 °C and 𝜑 = 100 

ppm. 

Saeedinia, et al. 

[59] 

Oil/ CuO 50 nm 

Φ = 0.2-2 wt.% 

-- 24-70 °C ● Heat transfer coefficient increased with addition 

of nanoparticles. Highest increment of 12.7% is 

obtained at 𝜑 = 2wt.%. 

Taha-Tijerina, et 

al. [60] 

Mineral oil/Nano-

diamond (ND) 

~ 6 nm 

Φ = 0.01-0.1 wt.% 

-- 298-373 K ● TC enhanced with addition of filler to the base 

oil. It intensified remarkably by 70% with 0.1 

wt.% of ND at 373K. 

Colangelo, et al. 

[49] 

Therminol-66/ Al2O3 45 nm 

Φ = 0.3-1 vol.% 

Oleic acid 30-50 °C ● 4% enhancement in TC is obtained adding solid 

particles at 1 vol.%. Surfactant had approximately 

no effect on TC increment of the Al2O3/TH-66 NF. 

Farbod, et al. [61] Oil/ CuO 61 nm 

Φ = 0.2-6 wt.% 

-- 25 °C ● TC showed dependency on morphology of 

dispersed particles. Leading increment of 8.3% is 

achieved with CuO relative to base fluid at φ= 

6wt.%. Nano-rhombic and nanorod morphology 

are found to be less efficient relative to NPs. 

Asadi and 

Pourfattah [62] 

Engine oil/ ZnO 

Engine oil/ MgO 

35-45 and 40 nm 

respectively 

Φ = 0.125-1.5 vol.% 

-- 15-55 °C ● TC enhancement for ZnO/Oil NF, 28% at 𝜑 = 

1.5vol.% and 55°C.MgO/Oil NF, 32%. 

Ilyas, et al. [63] Oil/ Al2O3 40 nm 

Φ = 0.5-3 wt.% 

Oleic acid, o-xylene, 

toluene, and ethanol. 

25-55 °C ● Highest TC enhanced above 10%. The results 

are attributed to better stability of the NF. 
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Ghaffarkhah, et al. 

[64] 

Transformer oil/ 

/MWCNT 

/MWCNT-TiO2 

/MWCNT-SiO2  

/MWCNT-Al2O3 

10-30 µm × 10-20 nm, 

20 nm, 60-70 nm, and 

50 nm respectively 

Φ = 0.001-0.1 vol.% 

-- 25-65 ºC ● Solo NF performed relatively better than hybrid 

NFs being maximum 28.048% increment compare 

to pure oil.  

Samylingam, et al. 

[65] 

Palm oil/ MXene 1–10 µm × 1 nm 

Φ = 0.01-0.2 wt.% 

-- 25-70 °C ● TC of the NF improved notably with addition of 

nanosheets as well as with elevated temperature. 

Highest increment is reported about 68.5% 

compared to base oil with 0.2 wt.% loading at 

25°C. 

Li, et al. [66] Diathermic oil/ SiC 30 nm 

Φ = 0.1-0.8 vol.% 

-- 20-50 °C ● Highest TC increment is 7.36% at φ= 0.8 vol.% 

and 50 °C. The improvement is attributed to high 

TC of SiC and well dispersion of particles in the 

oil. 

Ilyas, et al. [67] Thermal oil/ MWCNT 10-20 µm × 30-40 nm 

Φ = 0.1-1 wt.% 

-- 20-60 °C ● TC enhanced due to Brownian motion of 

nanoparticles. Maximum enhancement is reported 

28.7% at 𝜑 = 1 wt.% and 60 °C. 

Ettefaghi, et al. 

[68] 

SAE 20 W50/ MWCNT 10 µm × 10-20 nm 

Φ = 0.1-0.5 wt.% 

SOCl2, DMF, Dodecyl 

amine and ethanol 

20 °C ● Maximum TC improvement is 22.7% with 0.5 

wt.% of MWCNT however, fluid is less stable at 

0.5 wt.% relative to 0.1 wt.%. 

Aslfattahi, et al. 

[69] 

Silicon oil/MXene 1–10 µm × 1 nm 

Φ = 0.05-0.1 wt.% 

n-Hexane, chloroform, 

toluene, and tween 40 

25-150 °C ● TC enhanced due to district structure of MXene 

nanoflakes and excellent stability of the 

dispersion. Maximum increment of TC is 

measured 64% at 𝜑 = 0.1 vol.% and 150 °C. 

Naddaf and 

Zeinali Heris [70] 

Diesel oil/ Graphene 

Diesel/ Graphene-

MWCNT 

1-20 µm × < 40 nm 

Φ = 0.05-0.5 wt.% 

DMF, THF, methanol, 

hexylamine, NaNO2, 

and H2SO4 (98%) 

5-80 °C ● TC of all the NFs exhibited higher value with 

inclusion of graphene and MWCNT NPs. It also 

raised at elevated temperature compared to pure 

diesel oil. Max. TC is 0.313 W/m.K at 80 °C 

which is much higher the base fluid.  

Mukhtar, et al. 

[71] 

Kapok seed oil/ 

MWCNT 

2.5-20 µm × 6-13 nm 

Φ = 0.2-0.8 wt.% 

n-Hexane 25-65 °C ● TC of the NF increased significantly from 0.35 

to 1.485 W/m.K 0.8 wt.% with inclusion of 

MWCNT and it also intensified at elevated 

temperatures.  
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Wei, et al. [72] Diathermic oil/ SiC 

/TiO2 

 /SiC-TiO2 

30 and 10 nm 

respectively 

Φ = 0.1-1 vol.% 

-- 17-43 °C ● TC increased substantially with rising 

temperature and particle addition, maximum 

8.39% is reported at φ= 1 vol.% and 55 °C. 

Beheshti, et al. 

[73] 

Transformer oil/ 

Oxidized MWCNT 

30 µm × 10-20 nm 

Φ = 0.001-0.01 wt.% 

-- 20-80 °C ● Maximum TC increment is 7.7% at φ= 0.011 

vol.% and 60 °C. However, TC declined for 

temperatures above 60 °C. 

Ilyas, et al. [74] Paraffin oil/ZnO 30 nm 

Φ = 0-1 wt.% 

oleic acid 25-65 °C ● TC increased non-linearly with 𝜑. Highest TC 

improvement obtained 18% at φ= 0.5 wt.% and 55 

°C. 

Li, et al. [75] Waste cooking oil/SiC 

/TiO2 

30 and 10 nm 

respectively 

Φ = 0.025-0.3 vol.% 

Span-80 25-60 °C ● TC increased with addition of NPs up to 0.1 

vol.% of NPs and then it deteriorated abruptly. 

While addition of Span-80 boosted the TC by 12% 

relative to dispersant less NF at 0.1 vol.%. 

Amiri, et al. [76] Transformer oil/ 

MWNCT-HA 

5-15 µm × 30 nm 

Φ = 0.001 to 0.005 

wt.% 

DMF, H2SO4 and 

hexylamine 

30-70 ºC ● TC increased by 10%. with raising temperature 

up to 60 ºC which results augmentation in natural 

and forced convection heat transport coefficient by 

23 and 28% respectively. 

Asadi [77] Engine oil/ MWCNT-

ZnO 

10-20 and 20-30 nm 

Φ = 0.125 to 0.1 vol.% 

-- 15-55 °C ● 45% TC enhancement is reported at highest 𝜑 of 

1 vol.% and 55 °C. The NF is useful for laminar 

flow and recommended for turbulent flow regime 

above temperature of 35 °C. 

Asadi, et al. [45] Engine oil/ Al2O3-

MWCNT 

10-30 µm × 20-30 nm 

1Φ = 0.125 to 0.1 vol.% 

-- 25-50 °C ● Maximum TC improvement is achieved 45% at 

𝜑 𝜑 = 1.5 vol.% and 50 °C. The oil-based NF 

performed advantageously in laminar flow regimes 

and likely to be effective in turbulent flow at solid 

concentration of bellow 0.1 vol.%. 

Soltani, et al. [78] Engine oil/ WO3-

MWCNT 

23-65 and 20-30 nm 

respectively 

Φ = 0.05 to 0.6 vol.% 

-- 20-60 °C ● Highest growth in TC is 19.85% than base oil at 

φ= 0.6 vol.% and 60 °C. Effect of solid particles 

are more dominant relative to increasing 

temperature. 

Rehman, et al. 

[79] 

Jatropha oil/ MWCNT 2.5-20 µm × 6-13 nm 

Φ = 0.2 to 0.8 wt.% 

n-Hexane 25-65 °C ● NF showed increment in TC due to excellent 

dispersion stability using surfactant. Maximum 

improvement is measured 6.76% at 65 °C. 
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Table. 3. Summary of proposed empirical correlations to estimate thermal conductivity of oil-based nanofluids. 

Reference Nanofluids Correlation Applicability Accuracy 

Fakoor Pakdaman, et 

al. [54] 

Oil/MWCNT 𝑘𝑛𝑓

𝑘𝑏𝑓
= 1 + 304.47(1 +

𝜑)136.35 exp(−0.021𝑇) (
1

𝑑𝑝
)

0.369

(
𝑇1.2321

10
2.4642𝐵

𝑇−𝐶

)  

 

Φ = 0.1-0.4 wt.% 

T = 40-70 °C 

B = 247.8 and C = 140 

Max. error = 6% 

Ilyas, et al. [67] Thermal oil/MWCNT 𝑘𝑛𝑓 = 0.595 − 0.4547(1 − 𝜑𝑝) 

+𝑇 [0.7422 − 0606(1 − 𝜑𝑝) +
0.2759

1 − 𝜑𝑝

−
0.3943

(1 − 𝜑𝑝)
2] 

Φ = 0.1-1 wt.% 

T = 25 to 63.15 °C 

Max. error = 3.5% 

R2 =0.95 

Asadi, et al. [56] Engine oil/ MWCNT-

Mg(OH)2 

𝑘𝑛𝑓 = 0.159 + 1.1112𝜑 + 0.003𝑇 Φ = 0.25-2 vol.% 

T = 25-60 °C 

Max. error = 2 % 

 

Aberoumand, et al. 

[28] 

Oil/ Ag 𝑘𝑛𝑓 = (3.6 × 10−5𝑇 − 0.0305)𝜑2 + (0.086 − 1.6 × 10−4𝑇)𝜑 Φ = 0.12-0.72 wt.% 

T = 40-100 °C 

Max. error = 3.5% 

 

Ilyas, et al. [63] Engine oil/Al2O3 𝑘𝑛𝑓 = 1.4408 − 0.829(ln 𝑇) + 0.1588(ln 𝑇2)

− 0.0702(1 − 𝜑𝑝) − 0.2151(ln 𝑇) (1 − 𝜑𝑝)

+
0.5965𝑇

1 − 𝜑𝑝

−
0.39𝑇

(1 − 𝜑𝑝)
2 

Φ = 0.5-3 wt.% 

T = 24.47-54.65 °C 

Max. error = ±2% 

R2 =0.96 

Asadi, et al. [80] Engine oil/MWCNT-

MgO 

𝑘𝑛𝑓 = 0.162 + 0.691𝜑 + 0.00051𝑇 Φ = 0.25-2 vol.% 

T = 25-50 °C 

Max. error = 3% 

Asadi, et al. [45] Engine oil/MWCNT-

Al2O3 

𝑘𝑛𝑓 = 0.1534 + 1.1193𝜑 + 0.00026𝑇 Φ = 0.125-1.5 vol.% 

T = 25-50 °C 

Max. error = 2% 
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3.2. Specific heat capacity (cp) 

Specific heat (cp) is one of the most essential thermo-physical properties to characterize thermal 

heat storage merit of various thermo-fluids. In general, while TC of NFs enhances with 

inclusion of NPs, cp can either increase or decrease with dispersed solid particles relative to the 

fluid. This trend of cp depends on nanomaterials type, 𝜑, BF and temperature. This can restrict 

implementation of NFs on thermal systems depending on the cost and process of heat transport. 

Hence, it is essential to establish an explicit concept of interaction between cp and the influential 

factor to characterize potential NFs. Generally, various types of thermal DSC devices are 

employed to experimentally measure cp of NFs due to its convenience and technical simplicity 

[81-83]. 

Starace, et al. [84] evaluated cp of 13 different NFs considering various BFs (including oils and 

water), NPs, surfactant, 𝜑, particle size and temperature. They concluded no notable 

augmentation is caused by the addition of NPs as 𝑐𝑝𝑛𝑓
/𝑐𝑝𝑏𝑓

 is found to be below 1 for the 

majority of the samples. Ilyas, et al. [63] analyzed cp of thermal oil-based NF using 

functionalized Al2O3 (0.5-3 wt.%) at 40-160℃. The obtained data showed a significant drop in 

cp values relative to BF during the addition of nanomaterial and increased with rising 

temperature. They found similar cp outcomes dispersing MWCNT nanomaterial in the same 

base fluid [67]. 

In contrast, some published works claim opposite characteristics of heat capacity employing 

different NPs (particularly carbon-based nanomaterials), BFs and experimental conditions. For 

instance, Singh, et al. [85] evaluated cp of oil TH-66/MWCNT for 0.05-0.5wt.% and a wide 

range of pressure (up to 70 bar) temperature from 25 to 300℃. cp increment is obtained by 

adding NPs, 3.1 and 5.7% for water and oil-based NF, respectively. The results contributed to 

the formation of a semi-solid layer on the surface of NPs and an increase in TC, allowing NFs 

to store energy faster than BF. Sonawane, et al. [82] revealed that cp of turbine oil based Al2O3 
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(0.1-1 vol.%) NF using Tween-20 and oleic acid as surfactants. Findings showed cp increased 

at 0.5 vol.% of NPs then it declined at 0.1 vol.%. More experimental studies on cp of NFs are 

reviewed in Table. 4. 

Theoretical models along with experimental correlations are useful to estimate cp of a wide 

range of NFs that has been proposed in literature over the years. The first model presented by 

Pak and Cho [86] is also known as mixture theory and is used to predict cp of solid-liquid 

mixture at nonorange scale. 

𝐶𝑝𝑛𝑓
= 𝜑𝐶𝑝𝑛𝑝

+ (1 − 𝜑)𝐶𝑝𝑏𝑓
                                             (1) 

Although this model is frequently used to predict cp of NFs, inconsistencies are also reported 

as the model provides considerable deviations from experimental data. 

Xuan and Roetzel [87] proposed a thermal equilibrium model driven from reviewed 

experimental data of different NFs. 

𝜌𝑛𝑓𝐶𝑝𝑛𝑓
= 𝜌𝑛𝑝𝐶𝑝𝑛𝑝

𝜑 + (1 − 𝜑)𝜌𝑏𝑓𝐶𝑝𝑏𝑓
                      (2)  

𝑤ℎ𝑒𝑟𝑒,  𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑏𝑓 + 𝜑𝜌𝑛𝑝                                (3) 

This model is better data predictor than the mixture theory. However, discrepancies are 

reported up to a certain range [88, 89]. Fakoor Pakdaman, et al. [54] investigated cp of oil based 

MWCNT NF and developed a correlation to predict cp. 

𝐶𝑝𝑏𝑓
− 𝐶𝑝𝑛𝑓

𝐶𝑝𝑏𝑓

= (0.0128 × 𝑇 + 1.83282) × 𝜑0.4779   (4) 

The equation is valid for a concentration of 0-0.004wt.% and a temperature range of 313-343K. 

Sekhar and Sharma [90] collected data from 81 different experiments studying cp of NFs using 

Al2O3, CuO, SiO2 and TiO2 to develop which can predict data with a deviation of +10% and -

8%. 

𝐶𝑝𝑛𝑓

𝐶𝑝𝑏𝑓

= 0.8429(1 +
𝑇𝑛𝑓

50
)−0.3037(1 +

𝑑𝑛𝑝

50
)0.4167(1 +

𝜑

100
)2.272       (5) 
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This correlation is applicable for 0.01 ≤ 𝜑 ≤ 4.0 𝑣𝑜𝑙. %, 𝑑𝑛𝑝 = 15 − 50 𝑛𝑚 and 𝑇 = 20 −

50℃.
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Table. 4. Summary of studies focusing on specific heat capacity (cp) of water and oil-based nanofluids. 

Reference Nanofluids Particle dimension and 

concentration 

Surfactants/ 

Dispersants 

Temperature 

range 

Key findings 

Fakoor 

Pakdaman, et al. 

[54] 

Oil/MWCNT 1-10 µm × 5-20 nm 

Φ = 0.1- 0.4 wt.% 

-- 40-70 °C ● cp increased with raising temperature for the NFs 

whereas, it declined adding NPs. 42% reduced cp is 

measured at 0.4 wt.% and 40 °C. 

Rubbi, et al. [32] Soybean oil/MXene 1–10 µm × 1 nm 

Φ = 0.025-0.125 wt.% 

-- 25-80 °C ● Non-linear relationship is elucidated throughout the 

temperature range and highest cp enhancement is 

measured 24.49% greater than oil at 25 °C. 

Ilyas, et al. [63] Oil/Al2O3 40 nm 

Φ = 0.5-3 wt.% 

Oleic acid, o-xylene, 

toluene, and ethanol. 

40-160 °C ● cp increased notably with rising temperature but 

reduced adding alumina particles to the oil. 

Temperature dropped by 8 °C adding solid particles. 

Singh, et al. [85] Therminol-

66/MWCNT 

30 nm 

Φ = 0.05-0.5 wt.% 

Oleic acid 25-300 °C ● cp enhanced with increasing dispersed particles; 

highest augmentation is noted 5.7 % relative to water. 

The progress is attributed to semi-solid layer 

developed on the surface of nanomaterial. 

Gil-Font, et al. 

[91] 

Therminol-66/Sn < 300 nm 

Φ = 0.137 vol.% 

Oleic acid 

Virgin olive oil 

80-140 °C ● cp slightly deteriorated by 2.5% relative to 

Therminol-66 due to addition of tin particles. 

Surfactant also had negative effect on heat capacity of 

the fluids. 

Akhter, et al. [92] Therminol-66/Titania 30 nm 

Φ =0.25-1 wt.% 

-- 30-130 °C ● cp augmented with increasing temperature for base oil 

and NF samples but deteriorated due to low cp property 

of solid titania nanomaterial. 

Nelson, et al. [93] Polyalphaolefin 

(PAO)/Exfoliated 

graphite 

20 µm × 100 nm 

Φ = 0.3-0.6 wt.% 

-- 40-100 °C ● cp of the nanofluid was found to be improved by 

50% at 0.6 wt.% relative to PAO. Remarkable rise is 

explained based on parallel increase in cp of 

nanomaterials. 

Safaei, et al. [94] Therminol-66/SiO2 

/Al2O3 

20-50 nm and 60-120 nm 

respectively 

Φ = 0.1 wt.% 

Dimethylformamide, 

CTAB and 

Benzalkonium 

Chloride 

25-325 °C ● cp of the NFs improved considerably with increasing 

temperatures until BF started degradation. SiO2 based 

NF performed better than Al2O3 NF specially at 

elevated temperature. 



31 

 

4. Colloidal stability of nanofluids 

The stability of nanofluids is the most crucial hinder to widespread application of nanofluids 

for industrial purposes. Stability of nanofluids is defined as the ability to resist permanent 

deformation i.e., resultant of attraction and repulsion forces (between particle-particle and 

particle-fluid interface) over a certain period. The effectiveness of nanofluids highly depends 

on the suspension stability of nanoparticles dispersed in base fluid. NPs tend to destabilization 

and form aggregation caused by various forces, for instance, Van der Waal attraction force, 

magnetic force, electrostatic force, bouncy and gravitational force. These forces act against the 

stability of colloidal suspension and cause formation of large clusters leading to deterioration 

of nanofluid performance. The proclivity of NPs to form clusters causes nanofluid suspension 

destabilization. The tendency of agglomeration is attributed to higher surface area as well as 

surface activity of nanofluids with the addition of NPs. Therefore, such propensity to 

agglomeration must be prevented to prepare stable nanofluid maintaining stable dispersion of 

NPs in the base fluid. The mechanism of dispersion of colloidal suspension is explained by the 

DLVO theory of particle dispersion [95]. The DLVO theory is based on Van der Waal attractive 

force and electrostatic repulsive force existing in between the particles in the colloidal 

suspension. The net attraction or repulsion force depends on the distance between particles and 

the summation of Van der Waals attraction force and electrostatic repulsion force. However, 

this colloidal theory of nanoparticle dispersion is based on few key assumptions: (1) Particle 

dispersion is homogeneous and dilute, (2) Van der Waals forces and electrostatic force are the 

only forces acting on the suspension, (3) buoyancy and gravity forces are negligible, and (4) 

ion distribution in the suspension is controlled by factors such as Brownian motion, 

electrostatic force, and entropy influenced dispersion. 

𝐹𝑇 =  𝐹𝑉𝑑𝑊 + 𝐹𝐸𝑆                           (6) 
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Where 𝐹𝑉𝑑𝑊 and 𝐹𝐸𝑆 are the attractive and repulsive potential between the particles. The 

expressions of Van der Waals attractive potential and electrostatic repulsive potential for 

particles of different size and shape. If the attractive force is stronger than the repulsive 

potential, suspension will not be defined as unstable. From Fig. 9, it can be understood that 

when total interaction potential is high (i.e., potential barrier is high), NPs are likely to remain 

stable preventing clusters due to higher separation distance, whereas low net interaction 

potential will result in unstable suspension. Nevertheless, if the particles collide beyond the 

potential barrier being affected by influential factors (e.g., temperature, chemical additives) 

than attractive potential will dominate (i.e., separation distance is less) and form agglomeration 

(low zeta potential) to deteriorate suspension homogeneousness. Hence, the separation distance 

would be low, and it will cause to emerge secondary minima which leads to further aggregation.  

Electrostatic repulsive potential must be predominant over the attraction force to formulate 

stable NF.  However, mathematical expressions of Van der Walls attraction force and 

electrostatic repulsive force vary depending on particle’s concentration, size, and shape of the 

particles. 

 

(a) 
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(b) 

Fig. 9. (a) Interaction between two particles of NF dispersed in a BF (b)Schematic of 

interaction energy of typical stable NFs as a function of separation distance between the 

particles. 

4.1. Influential factors of nanofluids stability 

Several factors have noteworthy effects on the colloidal stability of NF suspension. The 

mechanism of some crucial factors influencing the colloidal stability of NF such as dielectric 

constant of BFs, 𝜑, pH value, particle shape and size, temperature, zeta potential (ζ), stabilizing 

additives, stability evaluation techniques, and so on. For instance, various types of base fluids 

are used to formulate NFs based on the potential application of that fluid in low to high 

temperature thermal heat transfer systems. The dielectric potential of fluids is an important 

property as it is directly related to repulsive potential which determines the stability of the fluid. 

The higher value of the dielectric constant for fluid implies higher stability in suspension. 

Water has a dielectric constant of  approximately 78.5 at room temperature which is maximum 

among the generally used base fluids such as; ethylene glycol, acetone, thermal oils, vegetable 

oils, ethanol and benzene [96]. The degradation of NF suspension stability due to NP dispersion 

is a chemical phenomenon, i.e., the more solid particles in BF, the lower the suspension 
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stability [8, 97]. Therefore, techniques are necessary to improve the dispersion property of NF 

for sustainable application in various sectors. Zeta potential (ζ), surfactant and pH value of 

suspension have significant effects on the dispersion stability. When NPs are dispersed into 

BF, the fluid layers surrounding the particles form stern and diffuse layers to establish an 

electric doble layer (EDL) combining the layers and charges (+ve and -ve). EDL yields 

potential difference which is known as zeta potential to increase the repulsion among the 

distributed particles. Suspensions having a ζ value of more than ± 30 mV are considered 

electrostatically stable and above ± 60 mV indicate very good stability. Suspensions having ζ 

value in the range of ± 15 mV are considered unstable. However, it should be noted that, in 

contrast to common practice regarding stability of NFs, zeta potential should not be taken as 

the ultimate indicator of suspension stability of NFs unless the NFs are stabilized by 

electrostatic repulsion between the particles. At a certain pH value of nanosuspension, zeta 

potential becomes zero and it is called isoelectric point (IEP). Dispersed particles stay in an 

electrophoretic immobility at the IEP. When the pH of the suspension is greater or lower than 

the IEP, electrostatically stabilized NF can be produced.  

Tiwari, et al. [48] studied stability of four separate BF (water, EG, therminol-VP1 and silicon 

oil) based MWCNT-CeO2 NFs using six unique surfactants (BAC, ALS, CTAC, Bri-700, PLS 

and Span-80) and substantial rang of ultrasonication period (30-240 minutes) for stabilize the 

suspensions (Fig. 10). The obtained data elucidated that BAC was the most efficient stabilizer 

as it produced better improvement to stability indicator (ζ) relative to other surfactants. 

Increment of ultrasonication time provides more homogenous suspension up to an optimum an 

optimum limit after which additional ultrasonication deteriorates dispersion stability caused by 

sedimentation at excess ultrasonication. Using BAC as surfactant, silicon oil-based NF 

performed best stability in terms of ζ, duration and sonication time (66 mV, 30 days, 60 min) 

followed by EG (61 mV), water (57 mV) and therminol-VP1 (45 mV) based NFs at identical 
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0.75 vol.% of MWCNT-CeO2. The effect of increasing temperature (25-50℃) on stability had 

a negative impact in this experiment which might have been caused due to limitations of the 

stabilizers at higher temperature [98]. The same cationic surfactant (BAC) utilized in 

experimentation with therminol-66/SiO2 NF revealed analogous findings on stability [47]. 

 

Fig. 10. Effect of several BFs, surfactants and sonication period on suspension stability of 

hybrid NFs using MWCNT-CeO2 nanocomposite and different BFs, investigated by [48]. 
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Gao, et al. [99] experimentally studied the impact of six different surfactants (APE-10, CTAB, 

OP-10, SDBS, SDS and TTAB) on the dispersion method of palm oil/CNT NF at 3wt.% 

loading. Among the stabilizers, APE-10 implied superior dispersion of the suspension with the 

lowest frictional coefficient of 0.121. Colangelo, et al. [49] observed that the inclusion of oleic 

acid as surfactant in dispersion of TH-66/Al2O3 NF improved the stability, and it is effective 

for long-term stability. Also, they stated stability as a function of temperature as sedimentation 

is observed to be inversely related to temperature. Gulzar, et al. [100] examined the stability of 

hybrid TH-55/Al2O3-TiO2 NF using oleic acid for concentrating SC application. The results 

indicated NP distribution without agglomeration and NF samples were stable for more than a 

week as the zeta potential value was from 34.43-54.52 mV after seven days from the 

formulation. Analogous findings reported by Ilyas, et al. [63] deploying thermal oil/alumina 

NF. Mesgari, et al. [101] investigated the stability of TH-55 oil-based NFs from 20-250℃ 

dispersing several NPs (SWCNT, DWCNT and MWCNT) and stabilizers (Potassium 

persulphate, acid and SDBS) separately. The potassium persulphate functionalized TH-

55/MWCNT NF is implied as the most stable suspension up to 250℃ and a potential alternative 

for concentrated SC implementation. Dhanola and Garg [102] studied dispersion of TiO2 NPs 

in canola oil utilizing different nonionic (TX-100, oleic acid) and ionic (SDS, Tween-20) 

surfactants at various NP to surfactant ratio and 0.04 vol.% particle loading. Optimized stability 

is achieved for TX-100 induced TiO2 NF, over 30 days at 1:3 ratio. 

Table. 5 represents summary of reviewed experimental works on stability of various NFs with 

specifications on NP, 𝜑, surfactants, stability indication and stabilization techniques. Details 

on stability evaluation methods and stabilization techniques are covered in section 4.2 and 

section 4.3, respectively. 
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Table. 5. A summary of experimental studies on stability of oil-based nanofluids with deployed stabilization techniques. 

Reference Examined 

nanofluids 

Particle size and 

concentration (φ) 

Surfactant or  

chemical additives 

Stability or 

 Zeta potential (ζ) 

Stabilization techniques 

Gulzar, et al. [34] Therminol®55/Al2O3 

/TiO2 

/Al2O3-TiO2 

Al2O3 (>80 nm) 

TiO2 (15-25 nm) 

Φ = 0.05-0.5 wt.% 

Oleic acid  > one week 

ζ = 25-60 mV 

Steric stabilization  

magnetic stirring, ultrasonication, ball milling. 

Javed, et al. [103] Waste palm oil/CuO 25 nm 

Φ = 0.1-0.9 wt.% 

none > 6 months Steric stabilization  

magnetic stirring, ultrasonication. 

Chen, et al. [29] Silicon oil/ 

Functionalized Fe3O4 

9 nm 

Φ = 0.75-3 mg/mL 

Oleic acid (OA), and 

Oleyl-amine (OLA) 

Stable nanofluids at 

0.75 mg/mL loading. 

Physical stabilization: centrifugation 

 

Amiri, et al. [104] Turbine oil/MWCNT 5-150 µm×< 30 nm 

Φ = 0.001-0.1 wt.% 

hexylamine > 6 months Electrostatic stabilization 

Functionalization, ultrasonication 

Rehman, et al. 

[79] 

Jatropha oil/ 

MWCNT 

d 

2.5-20 µm × 6-13 nm 

Φ = 0.2-0.6 wt.% 

-- > one month 

ζ = -38.6 to -52.3 mV 

Steric stabilization 

mechanical mixing and ultrasonication. 

Mukhtar, et al. 

[71] 

Kapok seed 

oil/MWCNT 

2.5-20 µm × 6-13 nm 

Φ = 0.2-0.8 wt.% 

-- > one month Steric stabilization 

mechanical mixing and ultrasonication. 

Wang, et al. [5] Oil (LD320)/ 

Graphite 

10-30 nm 

Φ = 2 and 4 wt.% 

CH-5 < 36 h Steric stabilization  

addition of non-ionic dispersant. 

Rubbi, et al. [32] Soybean oil/Ti3C2 1-10 µm × 1 nm 

Φ = 0.025 and 0.125 

wt.% 

-- ζ = -56.71 to -80.57 

mV 

Ultrasonication and magnetic stirring 

Qu, et al. [33] Therminol®66/ GO-

MWCNT 

0.5-5 µm × 1-3 nm)  

10-30 µm × 20-30 nm 

Φ = 10-150 ppm 

Oleic acid > two weeks Steric stabilization  

magnetic stirring, sonication. 

Kumar, et al. [57] Veg. oil/Cu-Zn 

Paraffin oil/Cu-Zn 

SAE oil/Cu-Zn 

Both 25 nm 

Φ = 0.1-0.5 vol.% 

SDS 72 h Steric stabilization  

Ultrasonication 

Akhter, et al. 

[105] 

Therminol-55/CuO 40 nm 

Φ = 0.25-1 wt.% 

-- few days Ultrasonication 

Hwang, et al. [25] Silicon oil/Ag 

 

35 nm 

Φ = 0.5 wt.% 

Oleic acid  two months Steric stabilization technique is used to 

characterize the stability. 
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Nabeel Rashin 

and Hemalatha 

[106] 

Coconut oil/ZnO 

 

26 nm 

Φ = 0.08-0.48 vol.% 

-- > 7 days Steric stabilization 

 

Ilyas, et al. [67] Thermal 

oil/MWCNT 

10-20 µm ×30-40nm 

Φ = 0-1 wt.% 

-- > 3 months Ultrasonication of the nanofluids observed to 

be excellent choice without any chemical 

additives for this oil-based nanofluids. 

Shariatmadar and 

Pakdehi [107] 

Kerosene/Boron 1-5 µm 

Φ = 0.5 wt.% 

oleic acid, 

propylene glycol, 

CTAB 

57 h Achieved a strong repulsive force due to the 

extended hydrophobic end of surfactants. 

Amiri, et al. [76] Thermal oil/ 

MWCNT 

5-15 µm ×< 30 nm 

Φ = 0.001 and  

0.005 wt.% 

hexylamine > one month 

ζ = -38.6 to -52.3 mV 

Stabilization is obtained using mechanical 

shaking and sonication mechanism with 

fluctuating values of zeta potential. 

Yu, et al. [108] Kerosene/ Fe3O4 Size: 15 nm 

Φ = 1 vol.% 

oleic acid 6 h Nanofluids are less stable despite of 

ultrasonication. Temperature independent 

thermal conductivity reveals little stability of 

the nanofluids. 

Loni, et al. [109] Thermal oil/ 

Alumina 

30-40 nm 

Φ = 0.8 wt.% 

Gum Arabic, Bromide 

Chloride, Texapon, 

Aniline, and Sodium 

dodecyl sulfate (SDS) 

4 h Several surfactants along with ultrasonication 

technique are employed to observe stability of 

nanofluids stability. 

Colangelo, et al. 

[49] 

Diathermic oil/ 

Al2O3 

40-50 nm 

Φ = 0.3-1 wt.% 

oleic acid -- Implementation of surfactant and sonication 

increases the stability of the nanofluid sample. 

Asadi [77] Engine oil 10W40/ 

MWCNT-ZnO/ 

20-30 and 10-20 nm  

Φ = 0.125-1 wt.% 

-- > 14 days Steric stabilization 

mechanical stirring and ultrasonication. 

Ilyas, et al. [63] Thermal oil/ 

Alumina 

40 nm 

Φ = 0.0.5-3 wt.% 

oleic acid > 1 month Steric stabilization 

ultrasonic homogenization. 

Ettefaghi, et al. 

[68] 

Engine oil/ MWCNT 10 µm ×10-20 nm 

Φ = 0.01-0.5 wt.% 

Dodecyl-amine 

functionalization 

720 h Steric stabilization 

Ultrasonic bath and ball milling. 

Wei, et al. [110] Diathermic oil/ TiO2 10 nm 

Φ = 0.1-1 vol.% 

Oleic acid 10 days  

ζ = 52 mV 

Steric stabilization 

Magnetic stirring, ultrasonic homogenization. 

Li, et al. [111] Kerosene oil/ Ag 5 nm 

Φ = 0.1-5 vol.% 

Oleic acid,  

n-Butylamine 

720 h Steric stabilization 
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4.2. Stability evaluation methods 

Different techniques are employed in investigation for the assessment of nanofluids suspension 

stability, i.e., sedimentation and centrifugation, zeta potential measurement, transmission 

electron microscopy, spectral absorbance, and transmittance measurement, 3-ω method and 

dynamic light scattering presented in Fig. 11. In the following sections, stability measurement 

methods will be discussed briefly.  

 

Fig. 11. Effective stability evaluation techniques for nanofluids. 

4.2.1. Sedimentation 

Sedimentation of NFs is significantly important as it is directly associated with suspension 

stability of NFs. This method is based on visualization of static nanofluid photographs in a set 

of sample columns to evaluate settling behavior of NFs due to gravitational force and internal 

solid-liquid interactive between dispersed particles and BF. In this technique, stability is 

assessed in terms of time taken to form precipitation by the NF sample. Several investigations 

regarding stability characterization of NFs are carried out using sedimentation technique [112-

114]. This technique is useful and cost-effective relative to other stability characterization 
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methods for instance Zeta potential, UV-vis and electron microscopy. Rehman, et al. [79] 

investigated the stability of MWCNT/Jatropha oil nanofluids by sedimentation method. The 

nanofluids exhibited no visual sedimentation for up to three weeks and they observed excellent 

stability over one month. Ilyas, et al. [63] studied the stability of Al2O3/thermal oil NFs in 

natural and functionalized conditions. They revealed that functionalized NFs exhibit 

suspension stability of more than 4 weeks whereas, natural samples aggregation within a few 

hours from the formulation of NFs. The settling of spherical shaped particles due to gravity can 

be determined by Stokes law: 

𝑉𝑡 =
2𝑟2(𝜌𝑝 − 𝜌𝑏)𝑔

9𝜇
                                (7) 

where 𝑉𝑡, 𝑟, 𝜌𝑝, 𝜌𝑏, 𝑔 and 𝜇 represent terminal velocity of spherical particles, radius of the 

particles, density of solid particles, density of base fluid, gravity, and dynamic viscosity of the 

base fluid. The equation indicates that with smaller particles, terminal velocity will be less and 

the sedimentation process will be slower compared to larger nanoparticles dispersed into base 

fluid. It also clearly shows that dynamic viscosity of base fluid and density of nanoparticles 

and base fluid are key parameters to obtain stable nanofluids. In this technique, stability can 

also be evaluated by measuring the height of the sedimented layer with respect to duration. 

4.2.2. Zeta potential (ζ) 

The ZP indicates the potential difference between the stationary layer (stern layer) of mobile 

particles and the layer of dispersant (diffuse layer) around the particles at the slipping plane. 

The stern layer is strongly bonded with oppositely charged ions on the surface of the particles 

relative to inner surface charge while ions are weakly bonded in the diffuse layer and consist 

of both neutrally distributed positive and negatively charged ions (demonstrated in Fig. 12). 

The ZP can be calculated using the following equation: 

𝜇𝑒 =
𝑉

𝐸
                                   (8) 
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where 𝑉 = particle velocity (μm/s), 𝐸 = electric field strength (Volt/cm). The ZP(ζ) is then 

calculated from the obtained 𝜇𝑒 by the Henry's equation. 

𝜇𝑒 =
2𝜀𝑟𝜀0𝜁𝑓(𝑘𝑎)

3𝜂
                  (9) 

where  𝜀𝑟 = relative permittivity/dielectric constant, 𝜀0 =  permittivity of vacuum, 𝑓(𝑘𝑎) =

 Henry's function and 𝜂 = viscosity at experimental temperature. The ZP value significantly 

effects the colloidal stability of nanofluids [115]. A higher absolute value of ζ indicates more 

stable suspension, whereas low ζ depicts unstable nanoparticles distribution into the pure fluid 

[116]. A stable nanofluid possesses higher repulsive force among the dispersed particles 

because of higher absolute potential difference. According to the most widely accepted DLVO 

theory, colloid stability depends on the sum of van der Waals attractive forces and electrostatic 

repulsive forces due to the EDL. However, the limitations of this theory is stated by 

Bhattacharjee [117] as it does not provide details on Van der Waal interactions among the 

dispersed particles. In addition, it should be noted that, in contrast to common practice 

regarding stability of NFs, ζ value should not be taken as the ultimate indicator of suspension 

stability of NFs unless the NFs are stabilized by electrostatic repulsion between the particles. 
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Fig. 12. Charged layers of nanoparticle dispersed in bulk base fluid. 

4.2.3. Dynamic light scattering (DLS) 

The DLS technique can be utilized to determine particle size distributing of any colloidal 

solution transmitting a monochromatic beam of light across suspension containing 

nanoparticles. Light diffuses in all directions depending on the size and shape of dispersed 

particles. The intensity of scattered fluctuates due to Brownian motion of the particles and then 

investigated by photon detector to evaluate the particle size distribution analyzing diffusion 

coefficient (𝐷𝜏) which is function of crucial parameters such as hydrodynamic size of particles, 

temperature, and absolute viscosity of the NF. 𝐷𝜏 can be calculated using Stokes-Einstein 

equation [117]: 

𝐷𝜏 =
𝑘𝐵𝑇

6𝜋𝜇𝑅ℎ
                                   (10) 

where 𝑘𝐵, 𝑇, 𝜇 and 𝑅ℎ are Boltzmann constant, temperature, viscosity hydrodynamic radius of 

particles. Particle size distribution of a suspension indicates dispersion stability by measuring 

cluster size of the distributed particle over intervals of time. Large cluster size of particles 
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implies instability of suspension, hence leading to sedimentation and agglomeration of 

dispersed particles. Investigations with nanofluids, DLS technique is being used to successfully 

determine the particle distribution in order to define suspension stability. Anushree and Philip 

[118] observed the hydrodynamic size of α-Al2O3 and TiO2 NFs decreases significantly with 

time, implying significant sedimentation and unstable dispersion of the nanofluids. Navarrete, 

et al. [119] experimentally measured particle size distribution for molten salt-based NFs using 

a DLS set-up which is designed to perform up to 500ºC. The study revealed that Al/Cu NF 

exhibited a better dispersion rate than Silica NFs at high temperatures. 

4.2.4. Spectral absorbance measurement 

NFs stability can be assessed by measuring spectral absorbance for a band definite range of 

wavelengths. UV-Vis spectral investigation is commonly used to assess stability by evaluating 

spectral absorption between the wavelength of 190 to 1100 nm [120]. In this technique, stability 

is determined by examining absorption profiles of NF samples with various solid 

concentrations over a certain period. An UV–vis spectrophotometer uses the fact that the light 

intensity turns out to be different by absorption and scattering of light passing through a fluid. 

Stability is evaluated by assessing the variation in absorption peak characteristics for the fluid 

against time. Lower value of absorbance after a certain period indicates instability of NF 

suspension. Absorbance (𝐴𝜆) can be estimated using the following equation: 

𝐴𝜆 = log10(𝐼0 𝐼⁄ ) = 𝛼 × 𝑙 × 𝑐                       (11) 

Absorbance (𝐴𝜆) is proportional to particles concentration (𝑐), absorptivity (𝛼) distance 

traveled by the light source. 𝐼0 and 𝐼 are the intensities of light beam before and after passing 

through the fluid sample. The reduction of solid concentration in the suspension with time is 

reflected in decreased absorbance due to agglomeration in the suspension. The method is used 

to evaluate the stability of NF effectively, reported by several investigations [79, 121]. 

However, the technique is not effective for high concentration NF samples or for dark 
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suspensions as it is difficult to differentiate sediment visibility at high solid concentrations 

[122].  

4.3. Nanofluids stabilization techniques 

A comprehensive understanding of dispersion mechanism in colloidal science is imperative to 

explain the suspension stability of NFs. Dispersion behavior or suspension stability of NF is 

explicitly associated with inter-particle interaction and active microscopic forces acting on 

nanoparticles dispersed into the base fluid. NFs are inherently unstable due to gravitational 

force acting on single NP which causes sedimentation of the particles. However, random 

thermal motion, i.e., Brownian motion of NPs can counterbalance the sedimentation and 

stabilize the suspension. Along with the acting forces on each NP, interaction forces between 

the particles in the suspension play a dominant role in the dispersion characteristics of NF [19]. 

During inter-molecular interaction among adjacent particles, NPs tend to form aggregation due 

to ubiquitous Van der Waals attraction forces (𝐹𝑉𝑑𝑊). The magnitude of 𝐹𝑉𝑑𝑊 depends on 

different factors such as; dielectric constant of the solvent, interfacial interaction between the 

NP and dispersion medium [123]. In contrast, electrostatic potential among neighboring 

particles stabilizes the colloidal suspension due to repulsive intermolecular interaction. The 

resultant potential of these inter-molecular forces is a function of few key parameters. Different 

effective stabilization techniques for improved stability of NF are summarized and 

classification of the techniques is shown in Fig. 13. In the following sections, these stabilization 

techniques are enlightened. 
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Fig. 13. Stability enhancement techniques for nanofluids. 

4.3.1. Physical stabilization 

Different physical methods are commonly utilized to stabilize NF suspension. Mechanical 

techniques such as ultrasonic vibration, magnetic stirring and homogenization are commonly 

employed for homogenous dispersion of colloidal mixture. 

Ultrasonication is one of the effective mechanical dispersion techniques for homogenous 

mixture of NPs into base fluid. Direct (ultrasonic bath) and indirect (probe sonicator) 

ultrasonication techniques can be applied to stabilize colloidal suspension by breaking particle 

clusters and lowering the average particle size distribution. The indirect ultrasonication method 

using high frequency probe sonicator shows dominant performance reported in different 

investigations regarding NF dispersion. Ultrasonication of colloidal suspensions provides 

homogenous distribution of NPs within the mixture and reduces the average cluster size, which 

in turns remarkably influences the heat transfer properties of the NP [124]. Asadi, et al. [125] 

reviewed the remarkable impact of ultrasonication treatment on colloidal dispersion and heat 

transfer characteristics of NFs. In addition, they reported a notable effect of variation in 

ultrasonication time and power on effective dispersion of NPs into BF. However, beyond a 

certain limit of ultrasonication period, dispersion characteristics tend to deteriorate 
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significantly. Chen and Guo [126] revealed that the average particle size of NPs remains 

constant after an optimum period of effective ultrasonic vibration in the colloidal suspension. 

Magnetic stirring is one of the basic techniques implemented to prepare homogenous 

dispersion of NPs into base liquid solvent. In this method, a rotating magnetic bead rotates at 

high-speed using external magnetic field to break down the clusters and disperse the NPs. 

Studies have shown that an effective stirring technique depends on two crucial parameters such 

as stirring speed and stirring time. Generally, higher stirring speeds and longer stirring times 

result in better performance dispersing NP clusters. At elevated speed and longer stirring time, 

more NPs can come into contact with the magnetic bead and break apart into smaller particles. 

Chen, et al. [127] investigated dispersion stabilization of Al2O3/liquid paraffin NF at different 

stirring periods. They discovered that stirring for a longer period increases stability by using 

stirring in two stages of the stabilization process. They noted that increasing stirring time by 

30 to 40 minutes yields 3.14% more thermal conductivity for the studied NFs. In addition, 

stirring is found to be more effective at elevated temperatures and lower concentration of NPs. 

To formulate stable NFs, few other effective stabilization methods, for instance; high-pressure 

homogenization and ball milling are employed in various studies and found prominent 

improvement of dispersion characteristics [128-130]. 

4.3.2 Chemical stabilization 

Chemical techniques for stabilization i.e., electrostatic, steric, or electro-steric strategies 

include surface functionalization, surfactant inclusion, pH control, polymer addition, acid 

treatment and so on. The latter sections provide comprehensive insight of these stabilization 

techniques. 
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4.3.2.1. Electrostatic stabilization 

Electrostatic stabilization of NFs can be obtained when attractive Van der Wall force is 

stabilized by reciprocal repulsive potential between the identically (positive or negative) 

charged particles demonstrated in Fig. 14. The surface charges of the NPs can be induced by 

several approaches such as: (a) ionization of surface groups, (b) adsorption of ions from ionic 

surfactants, (c) substitute of ions, (d) dissociate surface charged parts, (e) physically adsorbed 

ions, (f) accumulation or depletion of electrons at surfaces. In liquid suspension, charged NPs 

are surrounded by opposite charges to sustain charge neutrality of the dispersion and to form 

electric double layer (EDL) with strongly bonded stern layer and diffuse layer. The stern layer 

contains opposite ions whereas, diffuse layer consists of weakly attached both positive and 

negatively charged ions due to electrostatic force of the particles. The electric potential is 

maximum at the surface of the particles and drops steadily away from the surface to EDL. The 

electric potential at the outer layer of EDL is defined as Zeta potential (ζ) which value is used 

to estimate the dispersion stability of NF suspension. The objective of electrostatic stabilization 

is to increase the electric potential between the particles to minimize the attraction force so that 

particles cannot form agglomeration and disperse homogenously in the liquid medium. The 

higher the potential, the higher the dispersion stability of NFs. 
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Fig. 14. Electrostatic stabilization technique for nanofluid suspension. 

Electrostatic stabilization includes the addition of ionic surfactants to the NF. Several 

categories such as cationic, anionic, non-ionic, and amphoteric surfactants are employed in NF 

to stabilize the suspension [131-134]. Amphoteric surfactants, also known as zwitterionic, are 

surfactants containing both cationic and anionic hydrophilic functional groups in its chemical 

structure. This class of surfactants can produce cations and anions depending on the acidity 

(pH) of the suspension. These surfactants exhibit low toxicity, good anti-bacterial 

characteristics, resistance to the hardness of water and are well-suited with other forms of 

surfactants.  Amiri, et al. [134] reviewed stable liquid-phase exfoliation of two-dimensional 

graphene using several classes of ionic and non-ionic surfactant stabilizers such as pluronic P-

123, Triton X-100, Polyvinylpyrrolidone (PVP), n-Dodecyl β-D-maltoside, Polysodium4-

Styrenesulfonate (PSS), Sodium deoxycholate (DOC), Sodium taurodeoxycholate hydrate and 

so on. 

Pyrene derived stabilizers are also considered as anionic surfactants and used as a non-covalent 

functionalization method of NF stabilization. Ionic and non-ionic surfactants are used to obtain 

electrostatic and steric stabilization of NF dispersion. Non-covalent functionalization can be 
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accomplished in various ways, such as anionic and cationic surfactant, non-ionic surfactant, 

polymer, and aromatic surfactant. For carbon based nanofluid, the main shortcoming of non-

covalent functionalization is the formation of foam inside thermal apparatus leading to 

lessening in effective heat transfer and thermal performance [135, 136]. In contrast, covalent 

functionalization of carbon-based NF can overcome these shortcomings [137, 138]. The most 

frequently utilized stabilizers for covalent functionalization of carbon-based NPs are Sodium 

Dodecyl Sulfate (SDS), Sodium Dodecyl Benzene Sulphonate (SDBS), Gum Arabic (GA) and 

Triton X-100. 

Stability of NFs can also be obtained by substituting the functional groups on the surface of 

NPs using acid or alkali solution and employing plasma treatment as well. Several functional 

groups, for instance; hydroxyl (−OH), carboxylic (−COOH), carbonyl (C = O), sulphate 

(𝑆𝑂4
2−) and amine (𝑁 − 𝐻) lead to advanced suspension stability in the polar solvents. Such 

form of functionalization is identified as covalent functionalization [134, 139]. Amiri, et al. 

[137] investigated the effect of covalent and non-covalent functionalization of CNT NPs using 

Gum Arabic and Cysteine, respectively. The pH of NF suspension plays an essential role in 

terms of stability of the dispersion. Therefore, pH adjustment of the NF mixture leads to 

attaining considerable homogenous dispersion characteristics of the mixture. To obtain good 

suspension stability, pH should be controlled either at higher value or lower value with respect 

to pH value of isoelectric point (IEP) for the suspension. At IEP, zeta potential for any 

suspension is zero which implies absence of repulsive force in the mixture. Hence, the mixture 

is at unstable state in terms of homogenous dispersion. Lee, et al. [140] showed colloidal 

mixture performs better suspension stability and thermal performance at pH value far from the 

value of IEP using CuO NF. They concluded surface charge as a basic key parameter towards 

improved thermal performance of NFs. Investigations on the effect of pH control on dispersion 

stability of NF are performed to evaluate optimum pH value for NF under which it performs 
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better suspension stability [141-144]. Several oxidizing agents such as; HNO3, K2S2O8, H2SO4, 

KMnO4 and so on are utilized to improve dispersion stability of colloidal mixture [145, 146].  

Ghozatloo, et al. [147] used K2S2O8 and KOH solution as oxidizer and pH control agent 

respectively for alkaline functionalization of hydrophobic graphene nanosheets into 

hydrophilic structure. The results exhibited improvement in dispersion as well as in thermal 

conductivity due to the inclusion of −OH, −𝐶𝑂OH, −COOK functional groups in the 

formulated NF. 

However, electrostatic stabilization has some restrictions regarding the applicability of this 

dispersion technique in different mediums as follows; (a) this technique is applicable for non-

aqueous colloidal suspension, (b) limited to dilute nanoparticle dispersion, (c) not suitable for 

systems containing metal ions and saline medium and (d) stable dispersion of the agglomerated 

particles is not possible in this method of stabilization.  

4.3.2.2. Steric stabilization 

The steric or polymeric technique of stabilization for colloidal suspension can be defined as 

the addition of polymeric chains onto the particle surface to generate repulsive forces between 

the dispersed particles for better stability of the suspension. The polymer molecules prevent 

particles from coming near to each other by steric hinders (see Fig. 15). The steric stabilization 

of NFs can be attained using non-ionic surfactants and polymers under non-covalent 

stabilization [134, 148-150]. In steric stabilization technique, NFs can be stabilized at higher 

particle loading which is not possible in electrostatic stabilization. 
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Fig. 15. Steric stabilization technique for nanofluids stabilization. 

Grafting of polymers or macromolecules on the surface of NPs forms a steric barrier between 

the dispersed particles which significantly reduces the inter molecular van der Waals potential 

[19, 151]. The polymers are weakly attached to the NP surface through chemical or physical 

adsorption. When the polymers are grafted to the particle’s surface, it limits particle movement 

in the base fluid, which provides barrier potential to prevent aggregation of particles [152]. The 

compatibility of polymeric additives into BF is an important factor to consider for effective 

stabilization. Absorption characteristics and length of polymeric chains have an important role 

in the effectiveness of steric stabilization. For instance, better absorption of the polymers in the 

NP surface ensures higher grafted surface, hence, can provide improved steric effect in the 

dispersion. The length of polymeric chains is important because polymers with short lengths 

have poor absorption properties. Therefore, longer polymeric chain and good absorption 

properties through strong bonding to the NP surface are essential requirements for effective 

steric stabilization. 

Polymers employed in steric stabilization technique are either homo-polymer containing the 

same monomer or co-polymer containing two non-identical monomers, in the same polymeric 

chain. Co-polymers can be divided into three different types according to the arrangement of 
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the monomers such as random, block and graft co-polymers. Random co-polymers consist of 

several groups of monomers randomly arranged together, whereas a block co-polymer is 

formed with two monomer blocks of repeating units. Graft copolymer differs from random and 

block co-polymer in that the linear backbone is made up of one monomer and another monomer 

attached to the side chain. Grafted and amphiphilic block polymers are optimum for potential 

steric stabilization. The standards for selecting co-polymers for steric technique are to have one 

part attracted to the particle surface and another part compatible with the base fluid medium. 

Gum Arabic, Oleylamine, Triton X 100, Tween 20, Span 80, PVP, Oleic acid are extensively 

used polymers for steric stabilization [153-155]. 

4.3.2.3. Electro-steric stabilization 

Electro-steric stabilization is the combination of electrostatic and steric stabilization. In this 

technique, ionic polymers are absorbed by charged particle surface and lead to produce steric 

barrier and electrostatic hinders to prevent agglomeration of dispersed NPs. Besides steric 

repulsion, the electrostatic double layer formed in this method further improves the dispersion 

of NFs. Electro-steric stabilization is generally attained utilizing ionic polymers that include 

charged anchor segment and ionic polymeric chain to provide electrostatic and steric 

stabilization at the same time (illustrated in Fig. 16).  
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Fig. 16. Electro-steric stabilization for nanofluid suspension. 

The polymer used in this method is identified as polyelectrolyte which is an amalgamation of 

repeating polymer units attached with at least one ionized functional group (such as; 

carboxylic, sulfonic acid group and so on) and different molecular structure [156]. The most 

used polyelectrolytes for the electro-steric stabilization of NPs in suspension are poly (styrene 

sulfonic acid) (PSS), polyacrylic acid (PAA) and poly (1-vinylpyrrolidone-co-acrylic acid) 

(PVcA) as anionic block co-polymers, poly (vinyl sulfonic acid) (PVSA),  and 

polyethyleneimine (PEI) as cationic polyelectrolyte [156, 157]. The ionized function groups 

attached to the polymers dissociated into the base fluid to form EDL between the approaching 

particles. To obtain effective stabilization, ionic polyelectrolytes and NP should contain 

opposite charges. Polyampholyte, which consists of both anionic and cationic functional 

groups, can be used for electro-steric stabilization as well. Ionic liquids are used for 

stabilization of NFs due to their high charge density and strong chemisorption on the NP 

surface to provide electrostatic repulsion and steric stabilization respectively [158]. Kong, et 

al. [159] used melamine formaldehyde sulfonate (MFS) as a strong anionic polyelectrolyte to 

stabilize cement and deionized water suspension. 

4.4. Behavior of surfactants below and above CMC 

The critical micelle concentration (CMC) is the temperature at which micelles begin to form 

because of the presence of surface-active agents (i.e., surfactants) in a solvent or colloidal 

suspension. Prior to that critical concentration, surface tension of a suspension reduces strongly 

(i.e., higher slope) with the addition of surfactant additives, while at CMC, surface tension of 

a suspension becomes relatively steady (i.e., lower slope). Further addition of surfactant does 

not shift the surface tension of the suspension and forms clusters of micelles. Several 

parameters, such as base fluid, temperature, pH, and particle concentration effect the CMC of 
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surfactants in a colloidal suspension (i.e., nanofluid) and thus, the behavior of surfactants varies 

below and above the critical concentration. 

Generally, various types of surfactants (i.e., anionic, and cationic) are utilized as stabilizing 

agents in nanoscale suspensions to achieve long-term dispersion stability of nanofluid. Cacua, 

et al. [160] investigated the impacts of surfactant’s concentration and pH on the stability of 

alumina nanofluids using anionic SDBS and cationic CTAB at 0.5 and 1 CMC. The absorbance 

characteristic of the NF samples exhibited less sedimentation at 1 CMC, while lower absorption 

behavior is identified for both surfactants at 0.5 CMC due to higher sedimentation (Fig. 17). 

At concentration below CMC, surfactants are unable to completely cover the surface of the 

particles and thus fail to produce sufficient electrostatic repulsive force to stabilize the particles 

in the suspension. Furthermore, particle distribution analysis and zeta potential measurements 

confirm the observed results, indicating the existence of nanoparticles and a standard potential 

of around -30 mV for SDBS stabilized samples at 1 CMC regardless of the pH value. However, 

the effects of surfactant with a CMC greater than one are not reported in this experiment. 

 

Fig. 17. Variation in absorbance of alumina nanofluids with surfactants at different CMC. 

Al-Anssari, et al. [161] revealed the behavior of surfactants (CTAB and SDS) stabilizing saline 

silica nanofluids at below and above CMC. The effect of concentration variation of cationic 

CTAB (0.1-5 CMC) and anionic SDS (0.1-3 CMC) showed significant fluctuations in 
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sedimentation height. The cationic surfactant showed poor dispersion due to formation of 

double positive layers on the surface of the particles and sedimentation at both below and above 

CMC. On the other hand, anionic SDS produces robust stability of the suspension at 2450 mg/l 

(1 CMC) as the absorbed monomers on the surface form negatively supercharged nanoparticles 

with sufficient repulsive force among the nearby NPs. However, dispersion quality deteriorated 

at higher concentrations, up to 7350 mg/l (3 CMC). Furthermore, the surfactants have been 

shown to be effective in a saline environment of NaCl (1-5wt.%). Along with stability, Ma, et 

al. [162] studied the rheological and thermo-physical properties of hybrid NFs 

(water/Al2O3+CuO and water/Al2O3+TiO2)  using several surfactants (SDS, PVP and CTAB) 

at various concentrations (0.005-0.5wt.%) and temperatures (20-60℃). UV-vis and TEM 

analysis are performed to characterize the stability of NFs with and without the surface-active 

agents. The obtained results suggest that the addition of the surfactants significantly reduces 

the aggregation of the NPs and produces better dispersion and absorption behavior. The non-

ionic PVP was found as the most effective additive in both NFs with least agglomeration, 

improved absorbance, and lowest cluster size of 63 nm. In addition, dispersion characteristics 

improved with increasing concentration of the surfactants from 0.005 to 0.05wt.% and beyond 

25 days of stability is achieved at 0.05wt.%. Nevertheless, concentration of PVP above 0.005 

and 0.1wt.% negatively impacts the thermal conductivity and viscosity of the Al2O3+CuO and 

Al2O3+TiO2 NF, respectively. To stabilize the alumina NF, Cacua, et al. [163] observed that a 

higher concentration of anionic SDBS (5 CMC) additive is required relative to cationic CTAB 

(1 CMC) at constant ultrasonication time (30 minutes) and  tip amplitude (50%). Chen, et al. 

[164] used Gemini surfactant (12-3-12,2Br−1) up to 60 CMC to stabilize the MWCNT 

nanofluid. The Zeta potential and visual sedimentation results indicate substantial 

improvement in dispersion. Nevertheless, Zeta potential dropped at the increasing pH values 

from 2 to 12. Gao, et al. [99] investigated the dispersion and tribological behavior of pure palm 
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oil-based CNT nanofluid employing a broad range of surfactants such as APE-10, OP-10, 

SDBS, SDS, CTAB and TTAB. At a constant concentration of 3wt.%, non-ionic APE-10, OP-

10 and cationic TTAB exhibited superior stability and tribological performance in terms of 

viscosity and factor. The stabilization is obtained by reduced free energy due to absorption of 

surfactant on the surface of the NPs and reversed micellization effect in non-aqueous base fluid 

like oil. But the impacts of the additives beyond the constant concentration is not reported in 

the investigation. Colangelo, et al. [49] studied properties (stability, thermal conductivity, and 

viscosity) of Therminol/Al2O3 NF using Oleic acid as surface-active agent at multiple CMC (1 

to 7). According to the results, the stabilization effect is prominent at lower particle 

concentrations (0.03-0.07wt.%) and CMC (1-2). The Oleic acid reduced the sedimentation 

factor, providing substantial repulsive forces by being absorbed on the NP’s surface. But at 

higher CMC (3-7), excess Oleic acid deteriorates the dispersion quality due to the formation of 

double chain layers on Al2O3 particles. However, using surfactant, no major effect is found on 

thermal conductivity and viscosity.  

From the above discussion, it is evident to state that CMC of surfactants has crucial impacts on 

NF’s suspension stability and thermophysical properties. Yet, the effects of crucial parameters 

such as temperature variation and NP morphology (size and shape) on CMC for nanofluids 

(particularly non-aqueous i.e., oil-based suspensions) are not studied comprehensively and can 

be further investigated in future research. In addition, interaction of various essential 

parameters (NP type, NP concentration, base fluid type, temperature, and stability) of NF with 

CMC of surfactants should be determined to effectively utilize them in photo-thermal 

applications. 

5. Rheology of NFs 

Rheology is the study of the flow behavior of fluids flowing against applied tensions. 

Rheological behavior for flow is evaluated by the relationship between shear stress and 
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corresponding shear rate. Shear stress is defined as the applied force per unit area while shear 

rate can be calculated by measuring the rate of change in strain. The ratio of these two 

parameters is defined as viscosity (µ) and it is one of the key parameters for rheological 

characteristics of fluids. 

5.1 Viscosity (µ), Newtonian and non-Newtonian behaviour 

The resistance force to deformation on fluids in the opposite direction of the flow is defined as 

dynamic viscosity. It is one of the key properties of NFs which has a significant effect on 

convective heat transfer performance during implementation on thermal energy conversion 

systems due to its direct association to pressure drop and pumping power. Rheometers and 

different viscometers are commonly utilized to experimentally evaluate the dynamic viscosity 

of NFs [165-168]. A rheometer is appropriate to assess noteworthy flow behavior of fluids for 

a wide range of shear rates and temperatures, whereas a viscometer is a device which only 

allows to determine the viscosity of fluids.  

Considering the relationship between shear stress and shear rate, rheological behavior of fluids 

can be categorized into Newtonian and non-Newtonian nature. It is established that Newtonian 

fluids follow linear variation in shear stress against corresponding shear rate or the ratio of 

shear stress and shear rate i.e., dynamic viscosity (µ) of Newtonian fluids remain unchanged 

with variation of shear rate. Whereas the non-linear relationship of shear stress and shear rate 

i.e.., variation of µ against corresponding shear rate results in non-Newtonian behavior of 

fluids. Rheological behavior along with µ of NFs is affected by several vital parameters 

depicted in Fig. 18. Numerous experimental and theoretical investigations are performed to 

scrutinize and estimate rheological characteristics and dynamic viscosity of various NFs. 

Studies enlighten that dynamic viscosity of NFs generally increases with inclusion of solid 

particles, however the flow characteristics i.e., rheology depends on several parameters and 

operating conditions [169-171]. For instance, NFs prone to behave as Newtonian fluid at low 
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particles concentration, high shear-rates and without surfactants or stabilizers while they act as 

non-Newtonian fluids at higher dispersed particles, low shear-rates, and addition of surfactants. 

 

Fig. 18. Key parameters effecting dynamic viscosity of nanofluid. 

In a systematic experimental approach, Minakov, et al. [172] studied several NFs based on 

three different base fluids (water, glycol and oil) dispersing seven different nanomaterials 

(Al2O3,TiO2, ZrO2, CuO, Fe2O3, Fe3O4 and diamond NPs). The NFs are created in two steps, 

with the NPs dispersed at a concentration of 0.25-8 vol.% and the nanomaterials ranging in 

size from 5-150 nm. Considerable augmentation in µ is reported for all the samples when it 

was higher for oil-based NFs due to greater viscosity of oil as BF. Furthermore, rheological 

analysis of the NFs revealed that using smaller NPs and higher particle loading can change 

Newtonian behaviour to non-Newtonian behaviour, whereas using identical size NPs of 

different classes of nanomaterials can also show significant divergence in rheological 

behaviour.  

Asadi, et al. [80] investigated the influence of temperature and 𝜑 with hybrid MWCNT-

MgO/Engine oil NFs demonstrated in Fig. 19. The results revealed that the addition of 

nanomaterials caused a 65% increment in NF viscosity (𝜇𝑛𝑓) and elucidated an exponential 

drop against raising temperature from 25-50 ℃. Furthermore, Newtonian flow trait is identified 
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with the NF as 𝜇𝑛𝑓 remains constant for studied range of shear-rate and temperature. Koca, et 

al. [173] reviewed the impact of NP sizes on the viscosity of NFs based on data from the 

literature. They concluded inconsistencies among the studied investigations regarding different 

particles sizes at similar concentration and altering the NP size could results in either increase 

or decrease in NF viscosity by 40%. Timofeeva, et al. [174] experimentally studied the effect 

of four different NP shapes (platelets, blades, cylinders, and bricks) and solution pH for 

alumina NFs. They revealed that with addition of NPs at 1-7 vol.%, platelet-like particles 

exhibited largest 𝜇𝑛𝑓 followed by cylindrical, bricklike, and bladelike particles. NFs using 

identical NP concentration, NFs comprised with platelet-like and blade shaped particles 

showed Newtonian property while cylindrical and bricklike NP contained NF signifies shear-

thinning characteristic above loading of 3 vol.%. Maximizing the pH value resulted in a 

substantial 31% reduction in 𝜇𝑛𝑓. 

 

Fig. 19. Dynamic viscosity of MWCNT-MgO/Engine oil nanofluids with respect to 

increasing temperature and solid particle loading [80]. 

Frequently studied carbon-based nanomaterials (e.g., CNT and MWCNT) perform both 

Newtonian and non-Newtonian features depending on the variation of particle concentration, 

dispersed medium, size and shear-rate. Samylingam, et al. [65] revealed that palm oil/MXene 

(0.01-0.1 wt.%) NF shows Newtonian behavior at 25-75℃ for shear-rate up to 100 s-1. Similar 
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findings are observed by Aslfattahi, et al. [69] examining Silicon oil based NF. Hemmat Esfe 

and Abbasian Arani [175] dispersed MWCNT and SiO2 NPs in engine oil at 0.05-1 vol.% to 

experimentally evaluate viscosity and rheological performance of the formulated NF. All the 

fluids including the base oil exhibited dominant shear thinning flow behavior for the shear-rate 

of 666.5-10664 s-1 at 5-55℃. In contrast, Aghahadi, et al. [176] revealed Newtonian rheological 

property of engine oil based NF dispersing MWCNT-WO3 nanocomposite even at low shear-

rate (0-25 s-1) and studied temperatures (20-60 ℃). In a recent 3S research, Tiwari, et al. [48] 

evaluated impacts of several surfactants (BAC, CTAC, ALS, PLS, Brij 700 and Span 80), base 

fluids (water, EG, Therminol VP-1  and silicon oil) and sonication time on viscosity of hybrid 

MWCNT-CeO2 nanocomposite based NFs. Measurements revealed that increasing 

ultrasonication time for the samples decrease 
𝜇𝑛𝑓

𝜇𝑏𝑓
 up to an optimum period and further 

ultrasonication offers opposite consequences due to formation of clusters at longer sonication 

periods while addition of nanocomposite (0.25-1.50 vol.%) and surfactants reasonably rises the 

𝜇𝑛𝑓

𝜇𝑏𝑓
. Silicon oil and Therminol VP-1 based NFs resulted in higher viscosity ration than other 

BFs. In addition, pH 6-8 exhibited optimum viscosity ratio for all the examined NFs. 

In parallel to experimental development on NF rheology, numerical simulations and molecular 

dynamics methods have also contributed to the advancements in this area of research. Wu, et 

al. [177] performed numerical study on rheology of graphene-PAO NF using nonequilibrium 

molecular dynamics analysis utilizing statistical data from previous experimental and 

numerical works. The model was validated, and results confirmed improvement in 𝜇𝑛𝑓 at 

higher temperature and shear thinning property is identified for oil and NF samples. 

Studies on viscosity and rheology of NF are somewhat inconsistent and unorganized in terms 

of key influential parameters and characteristics of a particular NF. This section demonstrates 

a comprehensive review of advances made by works in this area. Table. 6 represents a 

summary of reviewed works on rheology and viscosity of oil-based NFs using a wide range of 
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NPs and Table. 7 and Table. 8 demonstrate summary of empirical and classical correlations 

obtained from available studies on this topic respectively.



62 

 

Table. 6. Summary of reviewed experimental studies on viscosity and rheological behavior of oil-based nanofluids. 

Reference Nanofluids Size and 

concentration (φ) 

Temperatur

e range 

Surfactants Rheological 

behavior and 

shear rate (1/s) 

Key findings 

Fakoor 

Pakdaman, et al. 

[54] 

Oil/ MWCNT 1-10 µm × 5-20 nm 

Φ = 0.1 to 0.4 wt.% 

40-100 ºC -- Newtonian 

20 to 520 

● Maximum 𝜇𝑛𝑓 rises 67% @ T = 40 °C and φ = 

0.4 wt. %. However, it dropped considerably at 

elevated temperatures. 

Wang, et al. [5] Oil/Graphite 10-30 nm 

Φ = 0.17-1.36 vol.% 

30-60 °C  CH-5 Newtonian 

0.1-1000 

● All the samples except graphite at 1.36 vol.% 

exhibited non-Newtonian behaviour due to 

formulation of cluster of nanomaterials at higher 

concentration and lower shear rate. 

Aberoumand and 

Jafarimoghaddam 

[27] 

Engine oil/ Cu 50 nm  

Φ = 0.2 to 1 wt.% 

25-60 °C  -- Newtonian and 

Non-Newtonian 

0-25 

● Inclusion of solid particles resulted non-

Newtonian behaviour and increase in 𝜇𝑛𝑓 for the 

NFs. However, NFs showed Newtonian 

behaviour over 35°C. 

Aberoumand, et 

al. [28] 

Oil/Ag 20 nm 

Φ = 0.12 to 0.72 wt.% 

25-60 ºC -- Newtonian to 

Non-Newtonian 

5-30 

● Base oil exhibited Newtonian behavior 

whereas, non-Newtonian behavior appeared with 

inclusion of particles and at temperatures below 

35 ºC. Maximum 𝜇𝑛𝑓 enhances 41% at T 25°C 

and φ = 0.72 wt. %.  

Rubbi, et al. [32] Soybean oil/MXene 1–10 µm × 1 nm 

Φ = 0.025-0.125 wt.% 

25-85 ºC -- Newtonian 

30-100 

● Maximum 𝜇𝑛𝑓 rises of 13.28% at T = 25°C 

and 0.125 wt. %. It also decreased remarkably at 

elevated temperatures. 

Kumar, et al. [57] Veg. oil/Cu-Zn 

Paraffin oil/Cu-Zn 

SAE oil/Cu-Zn 

Both 25 nm 

Φ = 0.1 -0.5 vol.% 

30 °C SDS Newtonian 

10-100 

● Veg. oil base NF elucidated higher relative 

𝜇𝑛𝑓 with rise in loading of hybrid nanoparticle 

incorporation and mor dominant Newtonian 

behaviour than paraffin and SAE oils. 

Asadi, et al. [56] Engine oil/ 

MWCNT-Mg(OH)2 

30 and 10 nm 

respectively 

Φ = 0.25-2 vol.% 

25-60 °C -- Newtonian 

Rotational speed 

(100-600 rpm) 

● Maximum 𝜇𝑛𝑓 rises 50% at 60 °C and 2 vol. 

%. Minimum viscosity increases 5% at 25 °C 

and 0.25 vol. %. 
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Chai, et al. [58] Hydrogenated oil/ 

Graphene 

0.06-0.1 µm × 0.002-

0.005 µm 

Φ = 25-100 ppm 

30-50 ºC -- Non-Newtonian ● Maximum 𝜇𝑛𝑓 increases of 33% have been 

reported at temperature of 30 °C. 

Saeedinia, et al. 

[59] 

Oil/CuO 50 nm 

Φ = 0.2 to 2 wt.% 

20-70 ºC -- Newtonian 

1-17 

● Considerable increment in 𝜇𝑛𝑓 is observed 

with addition of CuO particles and it dropped at 

elevated temperatures. Highest 20% rise is 

measured at 20 °C. 

Taha-Tijerina, et 

al. [60] 

Mineral oil/Nano-

diamond (ND) 

~ 6 nm 

Φ = 0.01-0.1 wt.% 

298-373 K -- Newtonian 

0-6000 

● It is observed that increment of 𝜇𝑛𝑓 is very less 

(<6%) with addition of maximum 0.1 wt.% of 

ND into the oil. 

Colangelo, et al. 

[49] 

Diathermic oil/ 

Al2O3 

45 nm 

Φ = 0.3-1 vol.% 

30-50 ºC Oleic acid Non-Newtonian 

0-250 

● The effect of surfactant addition on rheological 

behavior has been investigated and found that 

the 𝜇𝑛𝑓 increase is not noticeable in the samples 

containing Oleic Acid surfactant. 

Farbod, et al. 

[61] 

Oil (20W50)/ CuO 61 nm 

Φ = 0.2-61 wt.% 

10-70ºC -- Newtonian 

0-70 

● Nano-rhombic morphology of particles 

exhibited less 𝜇𝑛𝑓 relative to nanorods and 

nanoparticles. Maximum 𝜇𝑛𝑓 was found for 0.2 

wt.% of nanorods nanofluids. 

Asadi and 

Pourfattah [62] 

Engine oil/ MgO 

/ZnO 

35-45 and 40 nm 

respectively 

Φ = 0.125-1 vol.% 

5-55 ºC -- Newtonian 

Rotational speed 

(100-800 rpm) 

● Maximum 𝜇𝑛𝑓 increases 124.3% for ZnO and 

75% for MgO at 55 °C and φ = 1.5 vol. %. 

Ilyas, et al. [63] Oil/ Al2O3 40 nm 

Φ = 0.5-3 wt.% 

25-90 °C  Oleic acid, o-

xylene, 

toluene, and 

ethanol. 

Non-Newtonian 

100-2000 

● 𝜇𝑛𝑓 increased with addition of NPs and 

decreased at higher shear rate. Leading 

increment is almost 20% at 25 °C and 100 s-1 

shear-rate. 

Ghaffarkhah, et 

al. [64] 

Transformer oil/ 

/MWCNT 

/MWCNT-TiO2 

/MWCNT-SiO2 

/MWCNT-Al2O3 

10-30 µm × 10-20 

nm, 20 nm, 60-70 nm, 

and 50 nm 

respectively 

Φ = 0.001-0.1 vol.% 

25-65 ºC -- Newtonian 

26.4-237.6 

● 𝜇𝑛𝑓 increased slightly with addition of 

nanoparticles whereas, significant decrease is 

noted with increasing temperature. Maximum 

𝜇𝑛𝑓 rises of 13.618% for MWCNT-Al2O3 

nanofluid. 

Li, et al. [66] Diathermic oil/SiC 30 nm 

Φ = 0.1-0.8 vol.% 

25-60 °C  -- Newtonian 

0-1000 

● 𝜇𝑛𝑓 increased substantially adding NPs and 

decreased drastically at increasing temperature. 
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Aslfattahi, et al. 

[69] 

Silicon oil/MXene 1–10 µm × 1 nm 

Φ = 0.05-0.1 wt.% 

25-125 °C  n-Hexane, 

chloroform, 

toluene, and 

tween 40 

Newtonian 

0-100 

● 𝜇𝑛𝑓 of the NFs remained constant throughout 

the temperature range and shear-rate. It 

decreased by 127% at 125 °C relative to the 

viscosity at 25 °C and remained almost constant 

after adding NPs. 

Wei, et al. [72] Diathermic oil/ SiC 

/TiO2 

/SiC-TiO2 

30 and 10 nm 

respectively 

Φ = 0-1 vol.% 

25-60 ºC -- Newtonian 

0-1000 

● They informed an increasing trend in the 

𝜇𝑛𝑓 by increasing the solid fraction and 

decreasing trend by rising the temperature. 

Beheshti, et al. 

[73] 

Transformer oil/ 

Oxidized MWCNT 

30 µm × 10-20 nm 

Φ = 0.001-0.01 wt.% 

20-80 °C -- Newtonian 

0-250 

● 𝜇𝑛𝑓 dropped remarkably at raising temperature 

whereas, addition of particles showed slight 

increase in viscosity due to low particle loading. 

Ilyas, et al. [74] Paraffin oil/ZnO 30 nm 

Φ = 0-1 wt.% 

25-55 °C  Oleic acid Non-Newtonian 

500-1500 

● Highest augmentation for 𝜇𝑛𝑓  

is observed to be ≈17% for 1 wt% the nanofluid 

at 55 °C 

Li, et al. [75] Waste cooking oil/ 

SiC  

/TiO2 

30 and 10 nm 

respectively 

Φ = 0.05 and 0.1 

vol.% 

25-65 °C Span-80 Newtonian and 

Non-Newtonian 

0-1000 

● SiC NF performed better rheological 

characteristic being Newtonian fluid than Non-

Newtonian TiO2 NF. Nonetheless, 𝜇𝑛𝑓 dropped 

at higher temperatures for both NFs.  

Amiri, et al. [76] Transformer oil/ 

MWNCT-HA 

5-15 µm × 30 nm 

Φ = 0.001-0.005 wt.% 

20-80 ºC DMF, H2SO4 

and 

hexylamine 

Newtonian 

35-235 

● Maximum 𝜇𝑛𝑓 enhances ~9% @ T = 40 °C 

and φ = 0.05 wt. %. Nevertheless, Newtonian 

behavior is dominant in the NFs with and 

without dispersants and 𝜇𝑛𝑓 dropped above 70% 

at 80 ºC. 

Akhter, et al. [92] Therminol-

66/Titania 

30 nm 

Φ =0.25-1 wt.% 

30-130 °C  -- Newtonian 

20-200 

● NF showed non-linear relation to raising 

temperature and 𝜇𝑛𝑓 increased with added 

particles. While NF showed dominant 

Newtonian behaviour except at lower 

temperatures. 

Nabeel Rashin 

and Hemalatha 

[106] 

Coconut oil/ZnO 26 nm 

Φ = 0.08-0.48 vol.% 

308-328 K -- Non-Newtonian 

3.67-14.68 

● Prepared nanofluid showed share thinning 

behaviour for varying concentrations. 𝜇𝑛𝑓 raises 

linearly with addition of nanoparticles and 

dropped at raising temperatures. 
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Moghaddam and 

Motahari [178] 

Engine oil (SAE40)/ 

MWCNT-CuO 

40 and 50 µm × 5-15 

nm respectively 

Φ = 0.0625-1 vol.% 

25-50 ºC -- Non-Newtonian 

666.5–9331 

● Maximum 𝜇𝑛𝑓 increases 29.47% at 30 °C and 

φ = 1 vol. %. The study conducted on flow 

behavior established that nano-lubricant and base 

oil followed Ostwald de Waele relationship. 

Asadi and Asadi 

[179] 

Engine oil (10 

W40)/ MWCNT-

ZnO/ 

30 nm 

Φ = 0.125-1 vol.% 

5-55 ºC -- Newtonian 

100-900 

● Maximum 𝜇𝑛𝑓 rises of 45% at 55 °C and φ = 1 

vol. %. While least 𝜇𝑛𝑓 increases of 19.5% at 5 

°C and φ = 0.125 vol. % 

Alirezaie, et al. 

[180] 

Engine oil/ 

MWCNT-MgO 

10 µm × 10-30 and 40 

nm respectively 

Φ = 0.0625-1 vol.% 

25-50 ºC Gum Arabic Non-Newtonian 

670-8700 

● Non-Newtonian behaviour is dominant at 

lower temperatures and higher volume fractions. 

Increasing the temperature from 25 to 50 °C 

leads to 75% decrease in 𝜇𝑛𝑓. 

Hemmat Esfe, et 

al. [181] 

Engine oil (SAE40)/ 

MWCNT-SiO2 

5-15 and 20-30 nm 

respectively 

Φ = 0.0625 to 2 vol.% 

25-50 ºC -- Newtonian and 

on-Newtonian 

100-500 

● NF showed Newtonian performance at up to 1 

vol.% and non-Newtonian for 1.5% and 2%. 

Maximum 𝜇𝑛𝑓 rises of 30.2% @ T = 40 °C and 

φ = 0.5 wt. % 

Hemmat Esfe and 

Rostamian [182] 

Engine oil (SAE50)/ 

TiO2 

30 nm 

Φ = 0.125-1.5  

25-50 ºC -- Non-Newtonian 

666.5-9331 

● NF exhibited shear thinning behaviour. The 

sensitivity analysis showed that the maximum 

sensitivity was occurred at the solid concertation 

of 1 vol. % and temperature of 25°C. 

Ahmadi 

Nadooshan, et al. 

[183] 

Engine oil (10 

W40)/ MWCNT-

SiO2 

5-20 and 20-30 nm 

respectively 

Φ = 0.05 to 1 vol.% 

5-55 ºC -- Non-Newtonian 

666.5 to 11997 

● Data implies that NFs and 10W40 oil are non-

Newtonian fluids with shear thinning behavior, 

while 10W40 oil at low temperatures performs 

like Newtonian fluids 

Hemmat Esfe, et 

al. [184] 

Engine oil (SAE40)/ 

MWCNT-ZnO 

50 µm × 3-5 nm and 

10-30 nm respectively 

Φ = 0.05-1 vol.% 

25-60 ºC -- Newtonian 

333-13333 

● Maximum 𝜇𝑛𝑓 increases 33.3% @ T = 40 °C 

and φ = 1 vol. %. NFs are observed to be very 

sensitive ot temperature and it declines at 

elevated temperatures. However, effect of 

temperature on rheological behavior is not 

analyzed. 

Motahari, et al. 

[185] 

Engine oil (20 

W50)/MWCNT-

SiO2 

20 and 40 nm 

respectively 

Φ = 0.05-1 vol.% 

40-100 ºC -- Newtonian 

6-68 

● All the NF samples showed Newtonian flow 

characteristic. Maximum 𝜇𝑛𝑓 increases 171% @ 

T = 100 °C and φ = 1 vol. % 
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Table. 7. A summary of reviewed correlations proposed based on experimental data to estimate the viscosity of oil-based nanofluids. 

Reference Nanofluid Correlation Applicability Accuracy 

Aberoumand, et al. 

[28] 

Oil/ Ag 𝜇𝑛𝑓 = 𝜇𝑏𝑓(1.15 + 1.061𝜑 − 0.5442𝜑2 + 0.1181𝜑3) Φ = 0.12-0.72 wt.% 

T = 25-60 °C 

Max. error = 1.2% 

Ilyas, et al. [67] Thermal oil/ MWCNT 𝜇𝑛𝑓 = −1.8231 −
0.0686

𝑇
+ 1.7235(1 − 𝜑) + 3.329(1 − 𝜑)2 +

136.7838
(1−𝜑)2

𝑇2 − 3.2363(1 − 𝜑)3 − 2347.39
(1−𝜑)

𝑇3   

Φ = 0.5-3 wt.% 

T = 25-90 °C 

Shear-rate = 100 s-1 

Max. error = 4.91% 

R2 = 0.97 

Asadi and Asadi 

[179] 

Engine oil (10W40)/ 

MWCNT-ZnO 

𝜇𝑛𝑓 = 796.8 + 76.26𝜑 + 12.88𝑇 + 0.7695𝜑𝑇

+
−196.9𝑇 − 16 − 53𝜑𝑇

√𝑇
 

Φ = 0.125-2 wt.% 

T = 5-55 °C 

R2 = 0.9803 

Asadi, et al. [56] Thermal oil/ MWCNT-

Mg(OH)2 

𝜇𝑛𝑓

𝜇𝑏𝑓
= 1604 + 256.8𝜑 + 24.73𝜑3 + 1.615𝑇2 +

0.07343𝜑𝑇2 − 83.2𝑇 − 7.389𝜑𝑇 − 0.1123𝑇3 − 74.19𝜑2  

Φ = 0.25-2 vol.% 

T = 25-60 °C 

Max. error = 6.5% 

Fakoor Pakdaman, et 

al. [54] 

Heat transfer oil/ 

MWCNT 

𝜗𝑛𝑓 − 𝜗𝑏𝑓

𝜗𝑏𝑓

= (−11.23𝑇 + 5926.5)𝜑1.43 
Φ = 0.1-0.4 wt.% 

T = 40-100 °C 

R2 = 0.91 

Hemmat Esfe and 

Rostamian [182] 

Engine oil (20 W50)/ 

MWCNT-SiO2 

𝜇𝑛𝑓

𝜇𝑏𝑓
= 0.09422 − [(

𝑇

𝜑
)

2

+

0.100556𝑇0.8827𝜑0.3148] 𝑒(72474.75𝑇𝜑3.7951)  

Φ = 0.05-1 vol.% 

T = 40-100 °C 

Max. error < 5% 

R2 = 0.9943 

Attari, et al. [186] Crude oil/ TiO2, Fe2O3, 

ZnO, NiO and WO3 
ln[𝐴1 (

𝜇𝑛𝑓

𝜇𝑏𝑓

+ 𝐴2)] = (
𝜌𝑝

𝜌𝑏𝑓

)

𝑎

+ 𝐴3(𝑤)𝑏 (
𝑇

𝑇0

)
𝑐

+ 𝐴4 (
𝑇

𝑇0

)
𝑐

 
Φ = 0.2-2 wt.% 

T = 40-100 °C 

Max. error = 20% 

R2 = 0.96 

Dardan, et al. [187] Engine oil (SAE40)/ 

Al2O3-MWCNT 

𝜇𝑛𝑓

𝜇𝑏𝑓
= 1.123 + 0.3251𝜑 − 0.08994𝑇 + 0.002552𝑇2 −

0.00002386𝑇3 + 0.9695 (
𝑇

𝜑
)

0.01719

  

Φ = 0.0625-1 vol.% 

T = 25-50 °C 

Max. error = 2% 

 

Asadi, et al. [45] Thermal oil/ MWCNT-

Al2O3 

𝜇𝑛𝑓 = 𝐴 + 𝐵𝜑 Φ = 0.125-.5 vol.% 

T = 25-50 °C 

Max. error < 5% 

 

Hemmat Esfe and 

Esfandeh [188] 

Engine oil (SAE40)/ 

MWCNT-MgO 

𝜇𝑛𝑓

𝜇𝑏𝑓
= 1.10780 − 0.10873𝜑 − 1.18666𝐸 − 0.003𝑇 −

1.76723𝐸 − 0.005𝛾 + 3.93936𝐸 − 0.003𝜑𝑇 + 1.14589𝐸 −

Φ = 0.25-2 vol.% 

T =25-45 °C 

Shear-rate = 1000 s-1 

Max. error < 3% 

R2 = 0.9565 
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0.005𝜑𝛾 − 1.90857𝐸 − 0.007𝛾𝑇 + 0.037831𝜑2 +

1.58759𝐸 − 0.005𝑇2 + 2.17677𝐸 − 0.009𝛾2 − 3.83867𝐸 −

0.007𝜑𝑇𝛾  

Moghaddam and 

Motahari [178] 

Engine oil (SAE40)/ 

MWCNT-CuO 

𝜇𝑛𝑓

𝜇𝑏𝑓

= 𝑎0 + 𝑎1𝜑𝑒𝜑 + 𝑎2𝜑2 + 𝑎3𝜑3 
Φ = 0.0625-1 vol.% 

T = 25-50 °C 

Max. error < 2% 

R2 = 0.9803 

Asadi, et al. [80] Engine oil (SAE50)/ 

MWCNT-MgO 

𝜇𝑛𝑓 = 328201 × 𝑇−2.053 × 𝜑0.09359 Φ = 0.25-2 vol.% 

T = 25-50 °C 

Max. error < 8% 

 

Hemmat Esfe and 

Rostamian [182] 

Engine oil (SAE50)/ 

TiO2 

𝜇𝑛𝑓

𝜇𝑏𝑓

= 1.2854 + 0.1444𝜑 − 0.013802𝑇 − 0.00175𝜑𝑇 
Φ = 0.125-1.5 vol.% 

T = 15-55 °C 

Max. error = 1.52% 

R2 = 0.9751 

Li, et al. [75] Waste cooking oil/ SiC 

and TiO2 

𝜇𝑛𝑓

𝜇𝑏𝑓

= 0.15 + 2.4𝜑 − 0.23𝜑2 
Φ = 0-0.1 vol.% 

T = 55 °C 

n/a 

Ilyas, et al. [63] Mineral oil/ Al2O3 𝜇𝑛𝑓 = −1.6752 −
0.7856

𝑇
+ 0.9125(1 − 𝜑) + 3.4862(1 −

𝜑)2 + 134.8479
(1−𝜑)2

𝑇2 − 2.7263(1 − 𝜑)3 − 2347.62
(1−𝜑)

𝑇3   

Φ = 0.5-3 wt.% 

T = 25-80 °C 

Shear-rate = 100 to 

2000 s-1 

Max. error = 15% 

R2 = 0.9814 

Alirezaie, et al. [180] Engine oil (SAE50)/ 

MWCNT-MgO/ 

𝜇𝑛𝑓 = 4 × 104 + 145𝜑 − 240𝑇 − 0.061𝛾 + 1.9 × 106𝜑2 +

0.36𝑇2  

Φ = 0.0625-1 vol.% 

T = 25-50 °C 

Shear-rate = 670 to 

8700 s-1 

R2 = 0.98 

Hemmat Esfe, et al. 

[189] 

Engine oil (5W50)/ 

MWCNT-Al2O3 
𝜇𝑛𝑓 = −744.8 +

1806𝜑0.01382

𝑇0.2
 

Φ = 0.05-2 vol.% 

T =5-55 °C 

R2 = 0.9923 

 

Table. 8. Summary of classical models of viscosity estimation for NFs. 

Reference Model Applicability 

Einstein [190] 𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓(1 + 2.5𝜑) Dilute suspension of spherical particle with low solid concentration of < 1 vol.% 

Brinkman [191] 𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓(1 − 𝜑)−2.5 Extended form of Einstein model, applicable for even less dilute suspensions. 

Roscoe [192] 
𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓 (1 −

𝜑

𝜑𝑚

)
−2.5

 
This model is appropriate for suspensions of equal sized rigid sphere particles at low to high 

concentrations. 
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Krieger and 

Dougherty [193] 
𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓 (1 −

𝜑

𝜑𝑚

)
−[𝜇]𝜑𝑚

 
Power law-based semi-empirical to predict viscosity containing any volumetric concentration 

of particles. 

Brenner and Condiff 

[194] 

𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓(1 + 𝜂𝜑) Suitable for rod-shaped particles suspensions at higher shear rate. Applicable for up to 1
𝑟2⁄  

volume concentration. 

Jeffrey and Acrivos 

[195] 𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓 [3 +
4

3
(

𝜑𝑟2

ln (
𝜋
𝜑

)
)] 

To predict the viscosity of non-dilute suspension rod-shaped in extensional flow. 

Batchelor [196] 𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓(1 + 2.5𝜑 + 6.2𝜑2) Brownian motion is considered in this model to predict viscosity of dilute suspensions. 

Graham [197] 𝜇𝑒𝑓𝑓 = 𝜇𝑏𝑓[(1 + 2.5𝜑) 

+
2.25

(1 +
ℎ

2𝑎
)

× [
1

ℎ
𝑎

 −
1

(1 +
ℎ
𝑎

)
−

1

(1 +
ℎ
𝑎

)
2] 

This model is applicable for spherical particles. Intermolecular spacing and particle radius is 

considered to predict viscosity by this formula. 
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6. Application of nanofluids on concentrating solar collectors 

Solar collectors (SCs) are engineered as advanced kinds of heat exchangers that are capable of 

spontaneously capturing and converting solar irradiation into useful thermal energy in the case 

of thermal collectors and into thermal and electrical energy in the case of photovoltaic/thermal 

hybrid SCs. The solar energy incident on the surface of SC is captured as heat and transformed 

via working fluid passing through integrated tubes in the SCs [198]. SC is one of the most 

convenient, sustainable, eco-friendly, and efficient resources of renewable thermal energy 

conversion systems that can be employed in multifarious applications, including but not 

constrained to domestic and engineering heating processes. Primarily, SCs can be classified 

into thermal and hybrid collectors (combination of photovoltaic panel and thermal collector). 

Moreover, thermal collectors are grouped into non-concentrating and concentrating collectors 

based on the concentration of incident solar radiations on specific surface area of SC. Several 

types of SCs are classified and depicted in Fig. 20. 

 

Fig. 20. Classification of solar thermal collectors. 
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Concentrating i.e., high flux SC devices can be categorized into non-tracking and tracking 

based collectors depending on the concentrator and receiver configuration of the collectors. 

Thermal energy efficiency of the SCs dictated notably by heat transfer performance of the 

working fluids. Research has been carried out over the last decade implementing many high 

temperature thermal oil adopted NFs replacing conventional fluids in concentrating SC 

technology [199]. Oil-based NFs are the most eminent and effective class of NF that can be 

deployed in concentrating SCs due to their suitable heat transport properties at high operating 

temperatures up to 400-500 ℃ [200, 201]. The present review focuses on the implementation 

and impact of oil-based NFs as working fluid instead of traditional fluids in various solar 

collector systems. NF based prominent concentrating solar collectors i.e., Concentrating direct 

absorption solar collector (C-DASC), Parabolic trough solar collector (PTSC), Parabolic dish 

collector (PDC), Compound parabolic collector (CPC) and concentrating photovoltaic/thermal 

(CPV/T) collector are scrutinized considering crucial parameters. 

6.1. Concentrated direct absorption solar collector (C-DASC) 

DASC systems provide volumetric assimilation of concentrated solar irradiations directly to 

working fluid. Concentrated i.e., high-flux (above 1367 W/m2) DASC is an advanced version 

of conventional low-flux DASC with a reflector/concentrator which captures solar irradiation 

and consequently focuses the radiation on a fluid flowing receiver of the systems. Convective 

heat loss in C-DASCs is minimal relative to conventional indirect absorption solar collectors 

where, significant radiation loss is observed due to high temperature difference between 

absorber plate and operating fluid [11]. However, the effectiveness of DASCs is restricted due 

to poor solar absorption property of regular working fluids used in the systems. To optimize 

the performance of C-DASCs, nanotechnology offers a potential opportunity to enhance the 

energy output of the collectors utilizing nanoparticle dispersed working fluids, i.e., nanofluids. 
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Oil-based NFs are suitable for C-DASC implementation due to high temperature operating 

conditions.  

In a combined numerical and experimental investigation, Lenert, et al. [202] offered a one 

dimensional transient model for a volumetric receiver to study the impacts of solar 

concentration (C) level, geometry of the receiver and thickness of the medium on efficiency of 

the collector using Therminol VP-1 based carbon-coated cobalt NF. The results indicate that 

volumetric receivers can gain greater power generation at higher levels of solar concentrations 

and receiver heights compared to surface-based receiver. The obtained results are in accord 

with the experimental outcomes as well. In their later investigation, they [203] optimized the 

efficiency of the volumetric receiver considering optical thickness, solar concentration and NF 

height. Higher optical thickness exhibited superior volumetric absorption of the radiation. Also, 

higher solar concentrations, temperature and NF heights produced optimized output. 35% 

exceeded efficiency is predicted for the receiver, which implies potential applicability of NF-

based volumetric direct absorption techniques in concentrated solar technology. Li, et al. [204] 

performed an experimental and numerical comparison study between volumetric and surface 

absorption based solar collectors operated with Therminol-55/MWCNT NF for high-

temperature operation. The surface absorber was comprised of a chrome-coated copper tube. 

Simulation findings implied that at 50–250°C, the overall heat deficit in the NF based absorber 

was approximately twice greater than the coated absorber, because the glass tube has greater 

emissivity than the surface absorber. To improve the volumetric system, they suggested using 

vacuum installation across the receivers and a low emissive coating on the tubes, which resulted 

in significantly less convective heat loss. On-sun tests conducted on the two prototypes showed 

the poorer outcome of the volumetric absorber relative to the surface absorber. At 80°C, the 

exterior absorber had an efficiency of 68%, while the NF-based absorber gained only 54%. 

Considering vacuum packaging at 200°C, the outputs are 47 and 26% respectively. The 
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suggestions are made that NF absorbers need anti-reflective and selective coating to compete 

with surface absorbers. 

6.1. Parabolic trough solar collector (PTSC) 

The PTSC is considered as the future of sustainable resource of renewable energy that can be 

commercially deployed for efficient energy conversion systems. PTSC is one of the 

concentrating solar system of solar collector technologies comprised of a parabolic shaped 

mirror reflector and cylindrical absorber surrounded by an anti-reflecting glass layer to prevent 

heat loss due to convection and radiation (illustrated in Fig. 21). Solar irradiations are 

concentrated on the receiver and subsequently transformed into operating fluid streaming 

through it and then exchanged to devices involving medium-high temperature applications up 

to 400℃ [205]. Output of PTSCs is a function of photothermal characteristic of the working 

fluid employed in the cycle. Being the most innovative and efficient light-to-heat converter 

medium, oil-based NFs are frequently utilized in concentrating solar collectors like PTSC due 

to their high temperature applicability [206]. 
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Fig. 21. Schematic illustration of the PTSC [206]. 

Menbari, et al. [207] experimented with low-temperature direct absorption PTSC deploying 

water/CuO NF at 0.002-0.008 vol.% and 10-100 L/h flow rate to augment thermal effectiveness 

and absorption property of the collector. The outcomes expose up to 52% increment in thermal 

efficiency relative to BF at highest loading of 0.008 vol.% and a flow rate of 100 L/h. Mwesigye 

and Meyer [208] studied the impact of Therminol®VP-1 oil based NFs, concentration ratios 

and flow-rates on high temperature PTSC. Along with improved thermodynamic properties, a 

maximum 13.9% enhancement is obtained operating Therminol®VP-1/Ag NF at optimized 

conditions of highest NP loading (6 vol.%), 22.5 m3/h and a concentration ratio of 113. An 

analogous effect of NF on PTSC is reported for synthetic oil/A2O3 NF determined by a 3D 

coupling model [209]. Kaloudis, et al. [210] performed a numerical study to assess its 

performance by a two-phase computational model using Syltherm-800/Al2O3 NF as operating 

working fluid. Their obtained results reveal that the LS-2 module of PTSC performed 10% 

augmentation in overall efficiency operating with 4 vol.% of the particles. Furthermore, 

multiple parabolic concentrators are used in compound parabolic solar collector (CPSC) for 

medium high flux applications [211-213]. Some recent experimental and numerical studies on 

performance enhancement of PTSC utilizing various NFs are reviewed with key findings in 

Table. 9. 

6.3. Parabolic dish solar collector (PDSC) 

PDSC energy conversion systems are one of the important types of developing concentrating 

solar collector technology. The dish structured parabolic point-focus concentrator/reflector is 

located on the support structure based on a two-axis tracking system so that the parabolic dish 

can adjust its position according to the direction of the radiations from the sun (Fig. 22). PDSCs 

provide concentrated radiation due to greater concentration ratio. Hence, they are suitable for 

high temperature receivers to produce power such as Brayton engine or electric generator 
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[214]. In recent years, the use of NF as working fluid in PDSC has exhibited significant 

improvement in the energy efficiency relative to traditional fluids. 

 

Fig. 22. Schematic illustration of the PDSC system [215]. 

In an outdoor experiment, Loni, et al. [216] evaluated the impact of thermal oil/MWCNT (0.8 

wt.%) NF on a dish concentrator with a cylindrical cavity receiver. Achieved outcomes reveal 

thermal performance of the receiver augmented by 13.12% replacing pure oil by the NF. They 

reported similar outcomes with other oil-based NF as well [217], [218], [109], [219] (for details 

see in Table. 9). Pavlovic, et al. [220] studied the effect of four different thermal oil-based NFs 

on PDSC integrated with a corrugated tube receiver. The NFs had the highest energetic 

efficiency of 12.29% and 2.51% higher energetic efficiency using dispersion of Cu NPs in the 

pure oil. However, research on NF-based PDSC systems is somewhat limited, particularly the 

implementation and impacts of carbon-based NFs as a potential working fluid for further 

improving the thermal energy performance of these collectors. 

6.4. Concentrated photovoltaic/thermal (CPV/T) collector 

CPV/T solar collectors are capable of concurrent thermal and electrical energy generation from 

photovoltaic (PV) module and thermal collector harnessing solar irradiation. Unlike restricted 

low temperature hybrid PV/T system, CPV/T collector are equipped with a concentrating 
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reflector. Therefore, the solar concentration ratio is higher and suitable for medium to high 

temperature applications. The performance of PVT collector depends on the cooling capacity 

of the working fluid to reduce the temperature of the PV module. Nanofluid cooling of PV unit 

is one of the potential techniques to eliminate overheating issue in hybrid PV/T systems [221, 

222]. Fig. 23 represents the configuration of a standard hybrid CPV/T solar collector. 

 

Fig. 23. A typical nanofluid based CPV/T solar collector (modified from [222]). 

Rubbi, et al. [32] revealed that deploying SO/MXene NF in a hybrid PV/T caused a 14℃ higher 

temperature drop relative to the water operated system. Acquired results also elucidate 

optimized performance of the NF based collector as thermal and efficiencies elevated 

considerably. An, et al. [223] investigated performance enhancement of the CPV/T collector 

which consists of the Fresnel reflector to concentrate the radiation on the receiver and oleyl-

amine/Cu9S5 NF is utilized as cooling fluid. The collector reached a maximum operating 

temperature of more than 100℃. Attained experimental results confirm 17.9% increment in 

overall efficiency using the NF. Aslfattahi, et al. [69] applied experimentally formulated silicon 

oil/MXene (0.05-0.1 wt.%) to intensify the performance of CPV/T system at solar 

concentration of 1-8. Numerical outcomes showed highest thermal and electrical efficiency 

amplified by 11.95 and 69.24% at 0.1 wt.% and concentration ratio of 8 when PV surface 

temperature was reduced by 12.45%. Ju, et al. [224] numerically studied thermal, optical, and 

electrical output of CPV/T system by a new 2D:3D coupling method employing Therminol 

Thermal collector 

Concentrator or  
reflector 

PV module 
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VP-1/ITO as operating fluid. Addition of the NPs in caused 62.5% improved absorption of 

solar irradiation. Hassani, et al. [225] numerically optimized the performance of the cascading 

CPV/T system for two different configurations. The first proposed design (D-1) consists of 

sperate channels for optical and thermal NF while the second design (D-2) i.e., double pass 

configuration allows a common flow. The optical and thermal NFs are developed by dispersing 

Ag NPs in Therminol VP-1 and water, respectively. The achieved results indicate that NFs 

absorb 82% of the desired UV and IR spectra. D-1 outstripped the D-2 configuration as it 

exhibited 8.6% enhanced electrical efficiency in addition to advanced cooling of GaAs and Si 

based PV modules. Bellos and Tzivanidis [226] assessed parabolic reflector equipped CPV/T 

analysing effect of various combinations flow rate and temperature using Syltherm-800/CuO 

NF at 5 vol.%. Maximum 60.07% overall thermal output is noted deploying the NF at 720 L/h 

flow rate and 16.58% improved exergy efficiency at 125 ℃. 

6.5. Linear Fresnel Reflector (LFR) 

LFR consists of multiple primary optical reflectors integrated with an absorber tube partially 

enclosed by a secondary reflector as demonstrated in Fig. 24. The curved primary concentrators 

or reflectors can rotate around a pivot to track and capture solar radiations to concentrate on 

the secondary reflector and receiver tube where soler heat is transformed to a working fluid. 

LFR functions based on one axis tracing system where only the primary reflector can move. 

These collectors can operate up to 400℃ due to concentrated heat generation and are considered 

more effective and cheaper than PTSC [227]. Since conversion efficiency of LFR collector 

significantly depends on the effectiveness of the operating fluid, utilization of improved NFs 

in LFR energy conversion systems provides substantial augmentation in energy efficiency due 

to their superior photo-thermal characteristics. 
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Fig. 24. Diagram of LFR solar collector system [228]. 

However, execution of NFs on LFRs has not been performed much except for a few numerical 

endeavours. Huang and Marefati [229] numerically investigated the performance of the LFR 

collector at a concentration ratio of 28 using thermal oil based CuO and Al2O3 NFs and 

compared to flat-plate collector and PTSC. Achieved results show that the LFR produced better 

outcomes in terms of energetic, energetic, and entropic aspects. The  Bellos and Tzivanidis 

[230] studied several criteria (entropy, energy, and exergy efficiency) on performance of LFR 

using Syltherm-800/CuO (6 vol.%) NF. Their flow simulation indicated effective utilization of 

the NF at higher temperatures as heat transfer coefficient improved up to 35% along with 

energy and exergy efficiencies of the LFR. Using same NF at 4 vol.% in LFR integrated with 

internal finned absorber showed produced further increment in performance at 600K 

temperature [231].  

According to the current review on NF based concentrating solar collector technology, it is 

evident to state that NFs have considerable positive impacts on performance improvement of 

these collectors. However, the majority of the studies are confined to mathematical modelling 

or numerical simulation while only a few attempts experimental implementation of the NFs. 

Furthermore, metal and their oxide-based NFs are frequently practiced in these collectors 

relative to carbon materials, although recent experimental characterizations revealed superior 
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optical absorption property and thermal conductivity of carbon-based NFs. Therefore, the 

authors suggest further experimental research on concentrating solar collectors implementing 

carbon-based nanomaterials.
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Table. 9. Summary of key findings from recent experimental and numerical studies on various oil-based NFs on concentrating thermal solar 

collectors. 

Reference Nanofluids Particle size and 

concentration (φ) 

Solar 

collector 

Operating 

temperature  

Flow rate Key findings 

Mwesigye and 

Meyer [208] 

TherminolVP-1/ 

/Ag 

/Cu 

/Al2O3 

< 100 nm 

Φ = 0-6 vol.% 

PTSC 400-600 K 

(inlet temp.) 

20-40 m3/h ● Thermal efficiency enhanced using NFs, maximum 

13.9% improvement is found with silver/therminalVP-

1 NF. 

Mwesigye, et al. 

[232] 

TherminolVP-1/ Cu 

 

< 100 nm 

Φ = 0-6 vol.% 

PTSC 350-650 K  1.22-135 m3/h ● Heat transfer performance of the collector improved 

with increasing particles loading. 

● Thermal efficiency increased up to 12.5% and 

entropy generation decreased at low Reynold number. 

Bellos, et al. 

[233] 

Thermal oil/Al2O3 20 nm 

Φ = 2 vol.% 

PTSC 10-350 ºC 0.21 kg/s ● Overall efficiency of the solar collector is improved 

by 4.25% with addition Al2O3 particles. Besides, 

modified geometry of the collector enhanced the 

efficiency of the collector by 4.55%. 

Bellos and 

Tzivanidis [234] 

Syltherm-800/Cu 

/CuO 

/Fe2O3 

/TiO2 

/Al2O3 

/SiO2 

-- 

Φ = 1-6 vol.% 

PTSC 300-650 K 50-300 L/min ● Improved efficiency of the collector is attained at 

higher particle loading, greater inlet temperature and 

lower flow rate. Cu particles exhibited optimized 

output than other particles. 

Khan, et al. 

[235] 

TherminolVP-1 

/TiO2-MWCNT 

/TiO2 

/MWCNT 

-- 

Φ = 3 vol.% 

PTSC 350-600 K 0.6 kg/s ● Maximum thermal efficiency is increased by 5.27% 

at higher inlet temperature of 600 K. Heat transfer 

coefficient improved by 197.09% using the hybrid NF 

in converging-diverging absorber tube. 

Mohammad 

Zadeh, et al. 

[236] 

Synthetic oil/ Al2O3 -- 

Φ = 0.02 and 0.04 

vol.% 

PTSC 300-500 K 0.61-0.66 kg/s ● Heat transfer coefficient exhibited linear increment 

with addition of nanoparticles in the base fluid. 

Mwesigye, et al. 

[237] 

TherminolVP-1/ 

SWCNT 

Φ = 0.25-2.5 vol.% PTSC 400-650 K 0-70 m3/h ● Heat transport performance augmented 234% 

whereas only 4.4% improvement is noted in thermal 
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 efficiency using NF at 2.5 vol.%. Also, entropy 

generation declined by 70%. 

Kaloudis, et al. 

[210] 

Syltherm-800/ 

Al2O3 

Φ = 0.5-4 vol.% PTSC 375-570 K 0.6229-0.6522 

kg/s 

● Good accuracy is observed using two-phase model. 

Temperature, convection effect and thermal efficiency 

enhanced linearly with 𝜑. 

Loni, et al. 

[217] 

Thermal oil/ Cu  

/SiO2 

/TiO2 

/Al2O3 

n/a 

Φ = 0-5 vol.% 

PDSC 60-362.4 ºC 0.02-0.2 kg/s ● Output temperature increased with particle inclusion 

being maximum for Oil/Cu and minimum for Oil/ 

Al2O3 NF. 

● Thermal efficiency decreased with particle loading as 

heat capacity of the NFs declined at higher temperature. 

However, pressure drop decreased. 

Khullar, et al. 

[213] 

Therminol VP-1/ 

Aluminum 

5 nm 

Φ = 0.05 vol.% 

CPSC 0-250 ºC 0.342-0.358 L/s ● Thermal efficiency of nanofluid based CPC is about 

5–10% higher compared to a conventional parabolic 

solar collector. 

Korres, et al. 

[211] 

Syltherm-800/CuO -- 

Φ = 5 vol.% 

CPSC 25-300 ºC 0.05 m/s ● Maximum thermal efficiency augmented by 2.76% 

while pressure drop is intensified by 16%. Also, 

temperature is found to be increased more than 150 

ºC. 

Xu, et al. [212] Synthetic oil/CuO 200 nm 

Φ = 0.055 wt.% 

CPSC 20-180 ºC 0.0475 m/s 

(velocity inlet) 

● CPC performed better solar absorptivity with NF 

compared to conventional oil as working fluid. 

Khan, et al. 

[238] 

Thermal oil/Cu 

/TiO2 

Al2O3 

-- 

Φ = 2 vol.% 

PDSC 350-500 K 0.1-0.7 kg/s ● Al2O3/thermal oil NF showed maximum 33.73% and 

36.27% energy and exergy efficiency, respectively. 

● Overall efficiency increased significantly at rising 

mass flow rate from 0.1 to 0.3 kg/s but it increased 

insignificantly afterward till 0.7 kg/s. 

Loni, et al. 

[216] 

Thermal oil/ 

MWCNT 

10 µm × 10 nm. 

Φ = 0.8 wt.% 

PDSC 33.6-49.1 

(inlet) 

86.8 to 105.2 

(outlet) 

10 ml/s ● Average thermal efficiency improved by 

approximately 8% compared to pure oil alone. 

Cylindrical cavity receiver with MWCNT/thermal oil 

NF is proposed due to the advanced thermal 

productivity. 

Loni, et al. 

[218] 

Thermal oil/ SiO2 

/Al2O3 

20-30 and 30-40 

nm, respectively. 

PDSC 25-150 ºC n/a ● Heat loss is decreased using both NFs relative to oil. 

Thermal performance of the receiver is improved by 
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Φ = 0.8 wt.% 3.3 and 0.3% with Oil/ Al2O3 and oil/ SiO2 NF, 

respectively. 

Loni, et al. 

[109] 

Oil/ Alumina 

/Silica 

30-40 and 20-30 

nm 

Φ = 0.8 wt.% 

PDSC 25-150 ºC 10 ml/s ● Alumina/oil NF exhibited 6.15% better thermal 

efficiency of hemispherical cavity receiver relative to 

base fluid. 

Khan, et al. 

[238] 

Thermal oil/Al2O3 

/CuO 

/TiO2 

Φ = 2 vol.% PDSC 280-450 K 0.1-0.7 kg/s ● Thermal oil/Al2O3 NF exhibited highest 33.37 and 

36.274% energy and exergy efficiency. Raising 

particle loading in the dispersion increases the heat 

transfer coefficient of NFs in the receiver. 

Luo, et al. [239] Texatherm/ TiO2  

/Al2O3 

/Ag 

/Cu 

/SiO2 

/Graphite 

/CNTs 

10, 20, 50, 50, 50, 

35 nm and 10-30 

µm × 10-20 nm 

respectively 

Φ =0.01-0.5 vol.% 

C-DASC 30-100 K 9.5-47.5 mL/min ● NFs could enhance the outlet temperature and 

absorption efficiency. Due to the aggregation, size and 

shape of NPs, the experimental extinction of the 

incident light was greater than the estimates. Highest 

122.7% photo-conversion effectiveness is found for 

0.01% graphite NF. 

Hordy, et al. 

[240] 

MWCNT/water 

/EG 

/PG 

/Therminol VP-1 

4 µm × 30 nm 

Φ = 5.6-53 mg/L 

C-DASC up to 220 ºC -- ● NFs were stable up to 8 months at higher 

temperatures. Absorption capacity reached to almost 

100% using MWCNT particles due to superior 

suspension stability. 

Wang, et al. 

[241] 

Silicon oil/ZnO-Au 13.3 nm and 0.75 

µm × 0.08 µm 

respectively 

Φ = 0.1-1 mg/ml 

C-DASC up to 125 ºC -- ● The NF at 1.0 mg/ml displayed outstanding stability 

and good optical absorption properties and reached to 

125°C within 1 h of heating at a solar power of 10 

kW/m2. Relative to base oil, an efficiency boost of 

240% was attained by NF. 

Taylor, et al. 

[242] 

Therminol VP-1/ 

Graphite 

/Aluminum 

/Cu  

/Ag 

20 nm 

Φ = 0.001 vol.% 

C-DASC 0-300 ºC 10-4 kg/s ● Maximum efficiency increased up to 10% by using 

graphite/Therminol VP-1 nanofluid in the receiver. 

● Economic evaluation indicates that a nanofluid-based 

100 MWe thermal plant operating in Tucson, AZ could 

add $3.5 million to the revenue per year for large-scale 

plants under favourable conditions. 
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Bellos and 

Tzivanidis [230] 

Syltherm-800/CuO Φ = 6 vol.% LFR 350-650 K 200 L/min ● Thermal output and Nusselt number augmented by 

0.78 and 5% respectively. NF is found to be more 

effective at elevated temperature.  

Huang and 

Marefati [229] 

Thermal oil B /CuO 

/Al2O3 

Φ = 5 vol.% LFR 298-346 K 0.025 kg/s ● Energy and exergy efficiencies are intensified by 

1.75, 1.46 and 1.27, 0.93% for CuO and Al2O3 NF, 

respectively. 

Rubbi, et al. 

[32] 

Soybean oil/ 

MXene 

1–10 µm × 1 nm 

Φ = 0.025-0.125 

wt.% 

PV/T 25-80 ºC 0.01-0.07 kg/s ● 15.51 and 15.41% intensified thermal and electrical 

efficiency is obtained using the NFs relative to water-

alumina NF. PV panel temperature dropped by 14 ºC 

relative to conventional water-cooling system. 

Samylingam, et 

al. [65] 

Soybean oil/ 

MXene 

1–10 µm × 1 nm 

Φ = 0.025-0.125 

wt.% 

PV/T 25-80 ºC 0.01-0.07 kg/s ● 15.83% thermal output is attained using the NF 

instead of water. PV surface temperature reduced 

approximately 10℃ at 0.2 wt.% and 0.07 kg/s.  

Aslfattahi, et al. 

[69] 

Silicon oil/ MXene 1–10 µm × 1 nm 

Φ = 0.05-0.1 wt.% 

CPV/T 30-200 ºC 0.005 kg/s ● Average temperature reduced by 12.45% for the PV 

unit alongside 11.92% improved energy gain by the 

CPV/T using NF at 0.1wt.%. 

Hassani, et al. 

[225] 

Therminol VP-1/ 

Ag 

Φ = 0.001-1.5 

vol.% 

CPV/T 324.8-402.7 

ºC 

0.08 kg/s ● Overall efficiency increased using the NF. Raising 

the 𝜑 of coolant NF, highest increment is noted 5.8 

and 4.6% for GaAs and Si based module, respectively. 

Srivastava and 

Reddy [243] 

Al2O3/Therminol 

VP-1, Syltherm-

800, Therminol 59 

Φ = 1-6 vol.% CPV/T 315-484.2 K 0.1 m/s 

(velocity) 

● Optimum thermal output is attained employing 

Syltherm-800/ Al2O3 NF while electrical output 

deteriorated by 9.8%. 

Bellos and 

Tzivanidis [226] 

Syltherm-800/CuO Φ = 5 vol.% CPV/T 25-200 ºC 300-720 L/h ● At 100 ℃ and 560 L/h, thermal, electrical, exergy 

and overall efficiency increments are 1.66, 5.17, 3.05 

and 2.08% respectively. 
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7. Challenges with nanofluids application 

NFs are the most recent promising technologies that are evolving at an unprecedented rate in 

order to establish their place in impending practical applications. Nevertheless, researchers and 

engineers have discovered some crucial issues with NF over the last decade concerning its 

effective application in real fields of solar thermal engineering. Various sophisticated 

challenges declared in numerous studies of NF properties and implementation in SCs are 

rendered in the subsequent discussions (also depicted in Fig. 25).  

 Inadequate stability of NF degrades major properties described in (Section 3) is a 

fundamental shortcoming as stability dictates essential feasibility of NFs in any sensible 

system. Most of the techniques available to stabilize NF suspensions up to this point 

have proven to fall short of providing industrial standard nano-scale suspension. Some 

techniques, including surfactant or chemical stabilizers addition and pH modulation are 

reported to have positive impacts on stability within certain conditions. Yet, 

consequences (i.e., thermal, and optical properties degradation, foam formation, 

corrosion, and fouling factors) of these methods are responsible for overall deficiency 

of the systems at critical conditions like high temperature and particle loading. 

Conventional NP synthesis and NF formulation should be improved to produce more 

stable suspension. Furthermore, there are no standard indicator for reporting stability 

that can indisputably interpret suspension stability characteristics in terms of time (days 

or months). Hence, rigorous observation approach is essential to report accurate 

assessment. Zeta potential is often suggested as an indication of NF stability in 

literature; however, it is not appropriate since high ζ value does not necessary imply 

high stability. Rather, it indicates electrostatic repulsion potential between NPs 

whereas, in the case of steric stabilization technique, ζ can be low and entirely stable at 

the same time  [244]. Therefore, reporting of stability is still in an ambiguous state and 
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needs to be construed with generic standard so that comparisons can be obtained among 

a wide range of NFs. 

 Dispersion of nanoscale particles results in considerable increment in density and 

viscosity (𝜇) of the BF which in turn escalates the pressure drop in the NF operated 

dynamic systems like solar collectors. The drop expands further at greater particle 

loading and mass flow rate inevitably. Since the pumping power of a dynamic system 

is explicitly connected with pressure drop and flow rate, the increase in pressure drop 

implies a corresponding requirement for more pumping power [245]. 

 Surfactants or chemical stabilizing additives are deployed to ameliorate the stability of 

NFs. However, stabilizers often have penalties in terms of thermo-optical properties 

and performance. Although most of the studies concur on positive impact on 

stabilization, notable limitations (i.e., ineffectiveness at high temperature and non-

Newtonian flow property) and conflicts among reported studies due to diverse 

classification of the surfactants make it difficult to pick the ideal stabilizer for a 

particular NF. In addition, employing NFs absorption characteristics of solar NFs 

revealed noteworthy variation in performance of non-concentrating SCs [200, 246]. 

 Theoretical unpredictability of experimental data reflected in literature regarding 

interactions among thermophysical properties (particularly, TC and cp) and affecting 

constraints is another crucial challenge to conquer. Numerical based models and 

correlations developed for an individual combination of BF and NP i.e., NF under 

specific conditions could not provide accurate estimation of data for other NFs due to 

interactions of the extensive number of independent variables. Therefore, advanced 

ANN and machine learning models must be established integrating multifarious 

variables with NF properties utilizing accumulated practical data to reinforce the 

prediction. 
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 Several NFs exhibited perceptible corrosivity operating as working fluid in various 

thermal devices which can lead to significant damage to the entire system. Chemical 

interactions, pH value variation and mechanical stabilization of the fluids are the 

culpable factors that cause surface degradation [247]. Additional maintenance is 

required to prevent this sort of inconvenience.   

 NFs consisting of nanoscale particles may cause toxic environmental and biological 

effects. Due to tiny size of NPs, it is plausible that the particles can get into human skin 

and cause respiratory, inflammation and carcinogenic infections [248]. In future studies 

on NF, scientists and engineers ought to consider green synthesis techniques to develop 

NFs that are non-toxic, ecologically beneficial, and safe for industrial usage. Besides, 

the potential challenge of high production cost hinders application of NF on energy 

conversion systems, including but not restricted to concentrating SCs. 

 

Fig. 25. Identified challenges with nanofluids. 

8. Conclusions and recommendations 

This review of causes, effects, thermo-physical characteristics, stability phenomena and 

developments of NFs on solar thermal systems is compiled with extensive experimental and 
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numerical investigations for better understanding for developing optimized NFs and their 

application on SCs. This review is particularly focused on usefully used oil-based and hybrid 

NFs and their implementation on concentrating solar collector technology. Some of the crucial 

areas are studied and reviewed, including thermo-physical properties, stability and stability 

mechanisms and application on medium-high temperature concentrating solar collector 

devices. Nevertheless, research needs to progress further in the right direction for more 

advancement in the field of NF and its utilization on thermal solar collector devices. In this 

regard, authors have drawn few crucial conclusions and recommendations on existing research 

gap and future research directions in this area. Based on the research investigations reviewed 

in this study, subsequent conclusions and recommendations are drawn: 

On synthesis and formulation of NF: 

 NF prepared in the single step method is found to be more stable while the two-step 

technique manufactures NF with more efficient thermal properties. Since both 

conventional methods have limitations to concurrently formulate stable and thermally 

optimized NF, a systematic approach should be selected considering key parameters 

(i.e., type of nanomaterials and BF) and operating conditions (described in Section 2). 

Further research is required to develop a sustainable, cost effective and large-scalable 

NF production process. Carrillo-Berdugo, et al. [249] recently revealed a novel 

interface based three step techniques to formulate stable NF that own optimized thermo-

optical properties. 

On thermophysical characteristics of NF: 

 Effective TC of oil-based NFs amplifies prominently dispersing carbon contained 

nanomaterials rather than traditional metal and metal-oxides. Nevertheless, numerous 

works reveal chaotic conflicts with respect to few sophisticated factors (mentioned in 

Section 3) emerged from the diverse operating conditions. Therefore, a comprehensive 
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systematic approach should be performed considering the wide-ranging finite variable 

operating conditions to establish fundamental relationship with TC of diverse NFs. 

 While TC intensifies dispersing nanomaterial in BF, cp drops for most of the NFs due 

to lower heat capacity of solid particles relative to liquids. Nevertheless, opposite trends 

are reported in few studies using carbon-based particles. Since higher cp value has 

remarkable impact on renewable energy sector particularly energy storage and SC 

devices. Comprehensive experiments are required to come up with detailed 

understanding of cp enhancement of NFs. 

 The dynamic viscosity (𝜇) of NF enhances with the inclusion of nanoscale materials 

and oil-based NFs are relatively viscous compared to other NFs at low temperatures, 

while 𝜇 declines considerably at higher temperatures. Moreover, Newtonian, and non-

Newtonian property is dominant at low to high 𝜑 respectively. NFs with high 𝜇 BF 

(i.e., oil) and carbon nanotubes are often exhibit Newtonian up to an optimum loading 

of nanomaterials. 

 Existing theoretical and empirical models derived for a specific NF are inaccurate to 

estimate heat transfer behavior (Nusselt number, pressure drop and performance 

factor), thermal conductivity, 𝜇, and cp of other water NFs when compared to 

experimental data. This could be due to considering only few influential parameters 

limited working conditions. Rigorous analytical studies are inferred to develop accurate 

models analyzing potential factors to precisely estimate these essential properties. 

On suspension stability of NF: 

 Stability dictates the overall performance of NF and the entire thermal system it is 

operating, i.e., better stability provides improved efficiency of the systems. Generally, 

most of the formulated oil-based NFs reported in the studies exhibit short-term stability 

due to agglomeration of dispersed particles caused by various factors. Instability of NFs 
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is identified as a function of multifarious variables, for instance formulation techniques, 

BF, NPs (𝜑, size and shape), temperature, and stabilization methods (physical and 

chemical). However, NFs containing very low 𝜑 of carbon nanomaterials in water and 

oil medium offer prominent suspension stability and effective performance boost 

deployed in SC based energy conversion applications. Further investigations should 

emphasis on rigorous tracking of stability for longer periods employing techniques 

associated with stabilizers and functionalization to provide explicit reports about the 

impacts of stabilizing additives. 

 Comparisons among several stabilization strategies of NF (e.g., ionic, and non-ionic 

stabilizers, surface adjustment and functionalization) should be rendered by analyzing 

relevant destabilization factors. Deployment of advanced particle functionalization 

using irreversible polymers grafting during the synthesis of NP may evade limitations 

and provide robust protection against the undermining factors. Furthermore, there are 

no explicit analytical correlations integrating stability, operating conditions and 

properties of NFs which can be addressed in future studies. 

On implementation and performance evaluation of NF on concentrating solar collector 

systems: 

 Selection of stable NF (i.e., BF and NP) is a critical precondition to implement them on 

solar energy conversion operation. Performance of several concentrating and 

concentrating SCs exhibits noteworthy augmentation while operating with NFs 

replacing conventional HTFs. Desired properties for SC application of NF include high 

heat transport and energy storage capacity (i.e., TC and cp) alongside low viscosity and 

Newtonian flow behavior which are observed to have a prominent impact on the 

performance. 
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 Oil based NFs consist of carbon materials are more effective relative to metal and metal 

oxide-based NFs. However, there is shortage of experimental execution of the carbon-

based NFs which can be addressed in future research in this field. Besides, most of the 

numerical studies on NF-based concentrating SCs are performed using single phase 

models even though multi-phase models are more accurate for NFs. Therefore, more 

studies using multi-phase model are expected in upcoming research on the topic. 

 Inadequate studies are performed estimating production cost, surface deterioration, 

safety, and ecological aspects of NFs. Such instructive statistics would provide essential 

assistance to determine prospective execution of the NFs in industrial sectors.  
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