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ABSTRACT 

The fluids dispersed with nanoparticles known as nanofluids are promising for heat transfer enhancement due 

to their high thermal conductivity. In the present study, a literature review of nanofluid thermal conductivity is 

performed. The possible mechanisms are presented for the high thermal conductivity of nanofluids. The effect of 

some parameters such as particle volume fraction, particle size, and temperature on thermal conductivity is 

presented. Theoretical models are explained, model predictions are compared with experimental data, and 

discrepancies are indicated.  
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I. INTRODUCTION 

Cooling is one of the most important challenges facing numerous industrial sectors. Despite the 

considerable amount of research and development focusing on industrial heat transfer requirements, 

major improvements in cooling capabilities have been lacking because conventional heat transfer 

fluids have poor heat transfer properties. One of the usual methods used to overcome this problem is 

to increase the surface area available for heat exchange, which usually leads to impractical or 

unacceptable increases in the size of the heat management system. Thus there is a current need to 

improve the heat transfer capabilities of conventional heat transfer fluids. 

Choi et al. [1] reported that the nanofluids  (the fluids engineered by suspending metallic 

nanoparticles in conventional heat transfer fluids) were proved to have high thermal conductivities 

compared to those of currently used heat transfer fluids, and leading to enhancement of heat transfer. 

Choi et al. [2] produced nanofluids by suspending nanotubes in oil and experimentation had carried 

out to measure effective thermal conductivity of nanofluids. They reported a 150 % thermal 

conductivity enhancement of poly (α-olefin) oil with the addition of multiwalled carbon nanotubes 

(MWCNT) at 1 % volume fraction. The results showed that the measured thermal conductivity was 

anomalously greater than theoretical predictions and is nonlinear with nanotube concentration. When 

compared to other nanofluids, the nanofluids with nanotubes provide the highest thermal conductivity 

enhancement. 

Yang et al [3] addressed the effects of dispersant concentration, dispersing energy, and nanoparticle 

loading on thermal conductivity and steady shear viscosity of nanotube-in-oil dispersions. Thermal 

conductivity enhancement 200% was observed for poly (α-olefin) oil containing 0.35 % (v/v) 

MWCNT. It was found that fluids with large scale agglomerates have high thermal conductivities. 

Dispersion energy, applied by sonication, can decrease agglomerate size, but also breaks the 

nanotubes, decreasing both the thermal conductivity and viscosity of nanotube dispersions. 

In the present work first experimental studies on thermal conductivity of nanofluids affected by 

parameters like volume fraction, particle size, temperature etc are presented followed by theoretical 
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models. Comparison of theoretical and experimental results is performed and possible mechanisms 

are explained for the discrepancy. 

II. EXISTING STUDIES ON NANOFLUID THERMAL CONDUCTIVITY 

Studies regarding the thermal conductivity of nanofluids showed that high enhancements of thermal 

conductivity than base fluids. It is possible to obtain larger thermal conductivity enhancements with 

low particle volume fraction [4-8]. Such enhancement values exceed the predictions of theoretical 

models developed for suspensions with larger particles. This is considered as an indication of the 

presence of additional thermal transport enhancement mechanisms of nanofluids. 

2.1. Effect of particle Volume Fraction 

There are many studies in the literature about the effect of particle volume fraction of nanofluid, 

which is the volumetric concentration of the nanoparticles in the fluid, on the thermal conductivity. 

Eastman et al. [4] prepared Cu-ethylene glycol nanofluids and found that these fluids have much 

higher effective thermal conductivity than either pure ethylene glycol. The effective thermal 

conductivity of ethylene glycol was shown to be increased by up to 40% with an addition of 

approximately 0.3 vol. % Cu nanoparticles of mean diameter ≪10 nm. The addition of dispersant 

yielded a greater thermal conductivity than the same concentration of nanoparticles in the ethylene 

glycol without the dispersant and no effect of either particle size or particle thermal conductivity was 

observed.  

Jana et al. [5] used conductive nanomaterials such as carbon nanotubes (CNTs), copper nanoparticles 

(Cu) and gold nanoparticles (Au), as well as their hybrids such as CNT-Cu or CNT-Au to enhance the 

thermal conductivity of fluids. They observed a 70 % thermal conductivity enhancement for 0.3 % 

(v/v) Cu nanoparticles in water. The results demonstrated that mono-type nanoparticle suspensions 

have greatest enhancement in thermal conductivity, among which the enhancement with Cu 

nanoparticle was the highest. The experimentally measured thermal conductivities of several 

nanofluids were consistently greater than the theoretical predictions obtained from existing models.  

Liu et al [6] dispersed Cu nanoparticles in ethylene glycol, water, and synthetic engine oil using 

chemical reduction method (one-step method). Experimental results illustrated that nanofluids with 

low concentration of Cu have considerably higher thermal conductivity than those of base liquids. For 

Cu-water at 0.1 vol.%, thermal conductivity is increased by 23.8%.  A strong dependence of thermal 

conductivity on the measured time was observed for Cu-water nanofluid.  

Murshed et al [7] prepared nanofluids by dispersing TiO2 nanoparticles (in rod-shapes and in 

spherical) shapes in deionized water. The experimental results demonstrated that the thermal 

conductivity increases with an increase of particle volume fraction. The particle size and shape also 

have effects on this enhancement of thermal conductivity.Zhu et al [8] studied thermal conductivities 

of Fe3O4 aqueous nanofluids. The results illustrated that Fe3O4 nanofluids have higher thermal 

conductivities than other oxide aqueous nanofluids at the same volume fraction. The experimental 

values are higher than those predicted by the existing models. The abnormal thermal conductivities 

of Fe3O4 nanofluids are attributed to the observed nanoparticle clustering and alignment. 

Ceylan et al [9] prepared Ag-Cu alloy nanoparticles by the inert gas condensation (IGC) process. X-

ray diffraction (XRD) patterns demonstrated that particles were phase separated as pure Cu and Ag 

with some Cu integrated in the Ag matrix. Thermal transport measurements have shown that there is a 

limit to the nanoparticle loading for the enhancement of the thermal conductivity. This maximum 

value was determined to be 0.006 vol. % of Ag-Cu nanoparticles, which led to the enhancement of the 

thermal conductivity of the pump oil by 33 percent. 

Zhang et al [10] measured the effective thermal conductivities and thermal diffusivities of Au/toluene, 

Al2O3/water, and carbon nanofiber (CNF)/water nanofluids and the influence of the volume fraction 

on thermal conductivity of the nanofluids was discussed. The measured results demonstrated that the 

effective thermal conductivities of the nanofluids show no anomalous enhancements. 

Putnam et al [11] described an optical beam deflection technique for measurements of the thermal 

diffusivity of fluid mixtures and suspensions of nanoparticles with a precision of better than 1%. 

Solutions of C60–C70fullerenes in toluene and suspensions of alkanethiolate-protected Au 

nanoparticles were measured to maximum volume fractions of 0.6% and 0.35 vol %, respectively. 
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The largest increase in thermal conductivity they have observed was 1.3%±0.8% for 4 nm diameter 

Au particles suspended in ethanol. 

As seen in the Fig. 1, there exists significant discrepancy between experimental and theoretical data. 

This discrepancy can be explained by the fact that parameters such as PH of the nanofluid, dispersant, 

severity of clustering, and method of production of nanofluids usually differ in each experiment. 

Experimental results of Wen and Ding [59] are relatively higher than the results of other research 

groups and they are predicted best by the model of Koo and Kleinstreuer [57].  

However, since the size distribution of particles is not known in detail, it is difficult to reach a 

conclusion about the validity of the models. Dependency of the data of Lee et al. [21] on particle 

volume fraction is somewhat low and none of the models have such a small slope in the figures. 

Hamilton and Crosser [54] model is relatively closer to the experimental data of Lee et al. [21] and 

Das et al. [15]. It was noted that clusters as large as 100 nm were observed in the study of Lee et al. 

[21]. Therefore, it may be suggested that those samples are closer to the validity range of the 

Hamilton and Crosser model. However, Das et al. [15] also considered the effect of temperature in 

their study and indicated that this agreement is just a coincidence. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
Figure 1. Comparison of the experimental results of the thermal conductivity ratio for Al2O3 nanofluid with 

theoretical model as a function of particle volume fraction (Özerinç et al [23]). 
 

2.2. Effect of Particle Size 

Particle size is another important parameter of thermal conductivity of nanofluids. It is possible to 

produce nanoparticles of various sizes, generally ranging between 5 and 100 nm. Xie et al [12]  

prepared nanofluids containing Al2O3 nanoparticles   with diameters in a range of 12 nm and 304 nm. 

Nanoparticle suspensions, containing a small amount of Al2O3, have significantly higher thermal 

conductivity than the base fluid. The enhanced thermal conductivity increases with an increase in the 

difference between the PH value of aqueous suspension and the isoelectric point of Al2O3 particle. 

They concluded that there is an optimal particle size which yields the greatest thermal conductivity 

enhancement. 

Kim et al [13] measured thermal conductivity of water- and ethylene glycol-based nanofluids 

containing alumina,
 
zinc-oxide, and titanium-dioxide nanoparticles using the transient hot-

wire
 
method. Measurements were conducted by varying the particle size and

 
volume fraction. For 

nanofluids containing 3 vol. % TiO2 in ethylene glycol, the thermal conductivity enhancement for the 

10 nm sample (16 %) was approximately double the enhancement for the 70 nm sample. The results 

illustrated that the thermal-conductivity enhancement ratio relative
 
to the base fluid increases linearly 

with decreasing the particle
 
size but no existing empirical or theoretical correlation can explain

 
the 

behaviour.  

Li et al [14] used a steady state technique to evaluate the effective thermal conductivity 

ofAl2O3∕distilled water nanofluids with nanoparticle diameters of 36 and 47 nm. Tests were conducted 

over a temperature range of 27–37 °C for volume fractions ranging from 0.5% to 6.0%. It was 
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observed that up to 8 % greater thermal conductivity enhancement for aqueous nanofluids containing 

36 nm Al2O3 particles compared to nanofluids containing 47 nm Al2O3 particles. The thermal 

conductivity enhancement of the two nanofluids demonstrated a nonlinear relationship with respect to 

temperature, volume fraction, and nanoparticle size.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.Comparison of the experimental results of the thermal conductivity ratio for Al2O3/water nanofluid 

with Hamilton and Crosser model [54] and Xue and Xu [46] as a function of the particle size at various values 

of the particle volume fraction  (Özerinç et al [23]). 

 
The most significant finding was that the effect of variations in particle size had on the effective 

thermal conductivity of the Al2O3∕distilled water nanofluids. The largest enhancement difference 

observed occurred at a temperature of approximately 32 °C and at a volume fraction of between 2% 

and 4%. From the experimental results it can be observed that an optimal size exists for different 

nanoparticle and base fluid combinations.  

When Fig. 2 (Colours indicate different values of particle volume fraction; red 1%, brown 2%, blue 

3%, and black 4%)was observed, it was seen that Hamilton and model predicts increasing thermal 

conductivity with increasing particle size. The Hamilton and Crosser model [54] does not take the 

effect of particle size on thermal conductivity into account, but it becomes slightly dependent on 

particle size due to the fact that particle thermal conductivity increases with increasing particle size. 

However, the model still fails to predict experimental data for particle sizes larger than 40 nm since 

particle size dependence diminishes with increasing particle size. This trend of increasing thermal 

conductivity with decreasing particle size is due to the fact that these models are either based on 

Brownian motion (Koo and Kleinstreuer [57] and Jang and Choi [31] models) or based on liquid 

layering around nanoparticles (Yu and Choi [55], Xie et al. [29], Xue and Xu [46], and Sitprasert et al. 

[56] models). Fig.2 demonstrates thermal conductivity ratio for Al2O3/water nanofluid with Xue and 

Xu model [46] as a function of the particle size at various values of the particle volume fraction. 

Colors indicate different values of particle volume fraction; red 1%, brown 2%, blue 3%, and black 

4%. Whereas Xue and Xu [46] model illustrates the trend of increasing thermal conductivity with 

decreasing particle size is due to the fact that these models are either based on Brownian motion (Koo 

and Kleinstreuer [57] and Jang and Choi [31] models) or based on liquid layering around 

nanoparticles (Yu and Choi [55], Xie et al. [39], Xue and Xu [46], and Sitprasert et al. [56] models). 

Although the general trend for Al2O3/water nanofluids was as presented, there is also experimental 

data for Al2O3/water nanofluids, which shows increasing thermal conductivity with decreasing 

particle size [19, 20, 61, 32, 35, and 58]. It should be noted that clustering may increase or decrease 

the thermal conductivity enhancement. If a network of nanoparticles is formed as a result of 

clustering, this may enable fast heat transport along nanoparticles. On the other hand, excessive 

clustering may result in sedimentation, which decreases the effective particle volume fraction of the 

nanofluid. 
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Figure 3. Comparison of the experimental results of the thermal conductivity ratio for Al2O3/water nanofluid 

with Koo and Kleinstreuer model [57] and Jang and Choi model [31] as a function of temperature at various 

values of particle volume fraction. Colors indicate different values of particle volume fraction; red 1%, brown 

2%, blue 3%, and black 4% (Özerinç et al [23]). 

2.3. Effect of Temperature 

In conventional suspensions of solid particles (with sizes on the order of millimeters or micrometers) 

in liquids, thermal conductivity of the mixture depends on temperature only due to the dependence of 

thermal conductivity of base liquid and solid particles on temperature. Das et al [15] investigated 

the
 
increase of thermal conductivity with temperature for nanofluids with

 
water as base fluid and 

particles of Al2O3 or CuO
 
as suspension material. A temperature oscillation technique was used for the 

measurement of thermal diffusivity and thermal conductivity. The results indicated an increase of 

enhancement characteristics
 
with temperature, within the limited temperature range considered 

gradual curve appeared as linear. 

Yang et al [16] studied the temperature dependence of thermal conductivity enhancement in 

nanofluids containing Bi2Te3 nanorods of 20nm in diameter and 170mm in length. The 3ω-wire 

method had been developed for measurement of the thermal conductivity of nanofluids. The thermal 

conductivity enhancement of nanofluids has been experimentally found to decrease with increasing 

temperature, in contrast to the trend observed in nanofluids containing spherical nanoparticles. They 

observed a decrease in the effective thermal conductivity as the temperature increased from 5 to 50 

ºC. The contrary trend was featured mainly to the particle aspect ratio. 

Honorine et al [17] reported effective thermal conductivity measurements of alumina/water and 

copper oxide/water nanofluids. The effects of particle volume fraction, temperature and particle size 

were investigated. Readings at ambient temperature as well as over a relatively large temperature 

range were made for various particle volume fractions up to 9%. Results clearly illustrated that the 

predicted overall effect of an increase in the effective thermal conductivity with an increase in particle 

volume fraction and with a decrease in particle size. Furthermore, the relative increase in thermal 

conductivity was found to be more important at higher temperatures. 

The experimental results From Fig. 3 it should be noted that the presented data of Li and Peterson [18] 

was obtained by using the line fit provided by the authors since data points create ambiguity due to 

fluctuations. In the models, particle size is selected as 40 nm since most of the experimental data is 

close to that value, as explained in the previous sections suggests that thermal conductivity ratio 

increases with temperature. It is seen that the temperature dependence of the data of Li and Peterson 

[18] is much higher than the results of other two research groups. On the other hand, the results of 

Chon et al. [32] show somewhat weaker temperature dependence. This might be explained by the fact 

that the average size of nanoparticles in that study is larger when compared to others, since increasing 

particle size decreases the effect of both Brownian motion and nanolayer formation. It should also be 

noted that dependence on particle volume fraction becomes more pronounced with increasing 

temperature in all of the experimental studies [18]. 

When it comes to theoretical models, predictions of Hamilton and Crosser model [54], Yu and Choi 

model [55], Xue and Xu model [46], and Xie et al. [29] model does not depend on temperature except 

for a very slight decrease in thermal conductivity ratio with temperature due to the increase in the 

thermal conductivity of water with temperature. Therefore, these models fail to predict the mentioned 
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trends of experimental data. Since the predictions of these four models with respect to temperature do 

not provide any additional information; associated plots are not shown here. 

The model proposed by Koo and Kleinstreuer [57] considered the effect of Brownian motion on the 

thermal conductivity and the predictions of this model are presented in Fig. 3. The presented model of 

Koo and Kleinstreuer predicts the trend in the experimental data correctly. The model proposed by 

Jang and Choi [31] was presented in Fig. 3. It  

was noted that this model predicts nonlinear temperature dependence of thermal conductivity, 

whereas other two models predict linear behavior. Experimental results of Das et al. [15] and Li and 

Peterson [18] show nearly linear variation of thermal conductivity ratio with temperature, which is 

contradictory with the model. On the other hand, result of Chon et al. [32] suggests nonlinear 

variation and the associated trend is somewhat in agreement with the model of  Jang and Choi. 

III. NANOFLUID THERMAL CONDUCTIVITY MODELS 

The thermal conductivity enhancement of nanofluids was higher than those predicted from 

conventional models for larger size particle dispersions as in Fig.4. Therefore, different researchers 

(Keblinski et.al [27] Li and Xuan [28]) Xie etal [29]) explored the mechanisms of heat transfer in 

nanofluids, and proposed four possible reasons for the contribution of the system: 

1. Brownian motion of the particle  

2. Molecular-level layering of the liquid at the    liquid/solid interface  

3. The nature of the heat transport in nanoparticles  

4. The effects of nanoparticles clustering  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Comparison of conventional models with the experimental data 

Keblinski et al [27] investigated the effect of nanoparticle size on thermal conductivity of nanofluids. 

Thermal conductivity was found to be increased with the reduction in grain size of nanoparticles 

within the nanofluid. They concluded that the key factors for thermal properties of nanofluids are the 

ballistic, rather than diffusive, nature of heat transport in the nanoparticles, combined with direct or 

fluid-mediated clustering effects that provide paths for rapid heat transport. 

Krischer [30] developed an empirical model to describe the irregular arrangement of suspended 

particles. The greater surface area associated with smaller particles promotes heat conduction. The 

higher specific surface area of nanoparticles improves a greater degree of aggregation than with a 

suspension of larger particles. Most nanofluid thermal conductivity models were developed based on 

one or more of these mechanisms. 

3.1. Brownian motion 

Jang et al [31] found that the Brownian motion of nanoparticles at the molecular and nanoscale level 

is a key mechanism governing the thermal behavior of nanofluids. They used a theoretical model that 

accounts for the fundamental role of dynamic nanoparticles in nanofluids. The model not only 

captures the concentration and temperature-dependent conductivity, but also predicts strongly size-

dependent conductivity. The model is based on a linear combination of contributions from the liquid, 

the suspended particles, and the Brownian motion of the particles to give: 
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k d

     

     (1) 
where ε is a constant related to the Kapitza resistance, C1 is a proportionality constant, df is the 

diameter of a fluid molecule, and Re and Pr are the Reynolds the Prandtl numbers of the fluid, 

respectively. The Reynolds number, Re, is defined by, 

2
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k T

l






        (2) 
where kB is the Boltzmann constant, lf is the mean free path of a fluid molecule, and ρ and μ are the 

density and viscosity of the fluid, respectively. Their model reflects strong temperature dependence 

due to Brownian motion and a simple inverse relationship with the particle diameter. 

Based on the Jang and Choi model, Chon et al. [32] employed the Buckingham-Pi theorem to develop 

the following empirical correlation, 
0.3690
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fdk

k d
 

 
   

      (3) 

 
where the Reynolds and Prandtl numbers are the same as in the Jang and Choi model [31]. The 

equation was fit to their measurements of aqueous nanofluids containing three sizes of alumina 

particles. However, their correlation was of limited use, since it was based on measurements over a 

limited temperature range (20 – 70 ºC) and it was fit to thermal conductivity data for a single 

nanoparticle material in a single base fluid. Chon et al [32] did not demonstrated any ability of their 

model to predict the thermal conductivity of other nanofluids. Other models are available that are 

fitted to similarly limited nanofluid data and include no consideration for the more conventional 

thermal conductivity models [33-35]. However, some researchers have used conventional 

heterogeneous thermal conductivity models as a starting point and extended these to include a particle 

size dependence based on Brownian motion. 

Xuan et al [36] adopted the concepts of both the Langevin equation of the Brownian motion and the 

concept of the stochastic thermal process to describe the temperature fluctuation of the nanoparticles 

suspended in base fluids. They developed an extension of the Maxwell equation to include the micro 

convective effect of the dynamic particles and the heat transfer between the particles and fluid to give: 

 

 
eff,m

2 6

1 1

2 2 1 18

2 1
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where H is the overall heat transfer coefficient between the particle and the fluid, A is the 

corresponding heat transfer area, and τ is the comprehensive relaxation time constant. The heat 

transfer area should be proportional to the square of the diameter, thus the effective thermal 

conductivity is proportional to the inverse of the particle diameter to the fourth power. Such strong 

particle size dependence has yet to be demonstrated experimentally. Additionally, the equation 

reduces to the Maxwell equation with increasing particle size. As discussed previously, thermal 

conductivity enhancements greater than those predicted by the Maxwell equation have been reported 

for nanofluids containing relatively large nanoparticles (d > 30 nm) [37]. It is therefore obvious that 

models that reduce to the Maxwell equation at large nanoparticle sizes will not be able to represent 

published data.  

Numerous thermal conductivity models have been developed for heterogeneous systems and 

specifically for nanofluids. Theoretical models such as those by Maxwell [37] and Bruggeman [38] 

were derived by assuming a homogeneous or random arrangement of particles. However, these 

assumptions are not valid for dispersions containing aggregates. Empirical models [20, 22] have been 

successfully employed to account for the spatial arrangement of particles. More recently, particle size 

has been incorporated into many models in an attempt to describe the thermal conductivity of 

nanofluids. Several mechanisms have been described that may affect the thermal conductivity of 

nanofluids, including Brownian motion of the particles, ordered liquid molecules at the solid / liquid 
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interface, nanoparticle clustering, and interfacial thermal resistance. However, there is no consent as 

to which mechanism has the dominant effect on the thermal conductivity. 

3.2. Interfacial layering of liquid molecules 

Nan, et al [39, 40] addressed the effect of interfacial resistance (Kapitza resistance) on thermal 

conductivity of particulate composites due to weak interfacial contact. They set up a theoretical model 

to predict thermal conductivity of composites by including interfacial resistance. According to this 

model, the effective thermal conductivity should decrease with decrease of the nanoparticle size 

which is contrary to most of the experiment results for nanofluids. Yu et al [41] reported that 

molecules of normal liquids close to a solid surface can organize into layered solid like structure. This 

kind of structure at interface is a governing factor in heat conduction from solid surface to liquid. 

Choi et al [42] pointed out that this mechanism contributed to anomalous thermal conductivity 

enhancement in nanotube dispersions. However, Keblinski et al [27] indicated that the thickness of 

the interfacial solid-like layer is too small to dramatically increase of the thermal conductivity of 

nanofluids because a typical interfacial width is only on the order of a atomic distance (1nm). So this 

mechanism only can be applied to very small nanoparticles (<10nm).  

Xue [45, 46] developed a novel model which was based on Maxwell theory and average polarization 

theory for effective thermal conductivity of nanofluids by including interface effect between solid 

particle and base liquid. In this work solid nanoparticle and interfacial shell (nanolayer of liquid 

molecules) considered as a “complex nanoparticle” and set up the model based on this concept. The 

theoretical results obtained from this model were in good agreement with the experimental data for 

alumina nanoparticle dispersions (Xue, Wu et al. [46]) and showed nonlinear volume fraction 

dependence for thermal conductivity enhancement in nanotube dispersions. Ren, Xie et al. [47] and 

Xie, Fujii et al.[48] investigated the effect of interfacial layer on the effective thermal conductivity of 

nanofluids. A model has been derived from general solution of heat conduction equation and the 

equivalent hard sphere fluid model representing microstructure of particle suspensions. Their 

simulation work showed that the thermal conductivity of nanofluids increased with decrease of the 

particle size and increase of nanolayer thickness. The calculating values were in agreement with some 

experimental data (Lee, Choi et al. [42]; Eastman, Choi et al. [43]). Recently, a new thermal 

conductivity model for nanofluids was developed by Yu et al [49]. This model was based on the 

assumption that monosized spherical nanoparticle are uniformly dispersed in the liquid and are 

located at the vertexes of a simple cubic lattice, with each particle surrounded by an organized liquid 

layer. A nonlinear dependence of thermal conductivity on particle concentration was showed by this 

model and the relationship changed from convex upward to concave upward. 

In order to find the connection between nanolayer at interface and the thermal conductivity of 

nanofluids, Yu et al. [41] modified the Maxwell equation for spherical particles and Hamilton-Crosser 

equation for non-spherical particles to predict the thermal conductivity of nanofluid by including the 

effect of this ordered nanolayer. The result was substituted into the Maxwell model and the following 

expression was obtained. 
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where k
pe

is the thermal conductivity of the equivalent nanoparticle;  
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and k
l
is thermal conductivity of the nanolayer. β is defined as:  
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p
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        (8)

 

where t is nanolayer thickness and r
p
the nanoparticle radius.  

Yu and Choi later applied the same idea to the Hamilton and Crosser [54] model and proposed a 

model for nonspherical particles [65]. Another model that considers non-spherical particles was 

developed by Xue [66]. 

Xie et al. [29] also studied the effect of the interfacial nanolayer on the enhancement of thermal 

conductivity with nanofluids. A nanolayer was modeled as a spherical shell with thickness t around 

the nanoparticle similar to Yu et al [41]. However, the thermal conductivity was assumed to change 

linearly across the radial direction, so that it is equal to thermal conductivity of base liquid at the 

nanolayer–liquid interface and equal to thermal conductivity of the nanoparticle at the nanolayer–

nanoparticle interface. The associated expression for the determination of the thermal conductivity of 

nanofluid was given as: 
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where 
T 

is the total volume fraction of nanoparticles and nanolayers. k
l 
is the thermal conductivity of 

the nanolayer, 


T
can be determined using 
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 1 1pM      

p p fk k 
 

When the thermal conductivity of the nanolayer is taken as a constant, this model gives the same 

results as Yu and Choi [41] model. It was shown that for a chosen nanolayer thickness, the model is in 

agreement only with some of the experimental data. As a result, it was concluded that liquid layering 

around nanoparticles is not the only mechanism that affects the thermal conductivity of nanofluids. 
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Xue and Xu [46] presented another theoretical study for the effective thermal conductivity of 

nanofluids. In their derivation, nanoparticles were assumed to have a liquid layer around them with a 

specific thermal conductivity. First, an expression for the effective thermal conductivity of the 

“complex particle,” which was defined as the combination of the nanoparticle and nanolayer, was 

determined. Then, by using Bruggeman’s effective media theory [38], the effective thermal 

conductivity of the nanofluid was determined. The resulting implicit expression for thermal 

conductivity of nanofluids is 
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where subscript l refers to nanolayer. α is defined as 
3

p

p

r

r t


 
                (12)

 

where t is the thickness of the nanolayer. 

Li et al. [67] considered the effect of Brownian motion, liquid layering around nanoparticles, and 

clustering together. The effect of temperature on average cluster size, Brownian motion, and 

nanoparticle thermal conductivity was taken into account. Nanoparticle thermal conductivity is 

calculated by using the following expression: 
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Here, k
b 

is thermal conductivity of the bulk material and 
*

pr r   where λ is the mean-free path of 

phonons. Mean-free path of phonons can be calculated according to the following expression:  

10 maT

T





          (14) 

Here, a is crystal lattice constant of the solid, γ Gruneisen constant, T temperature, and T
m
the melting 

point (in K). It is assumed that thermal conductivity of the nanolayer is equal to the thermal 

conductivity of nanoparticles. As a result, particle volume fraction is modified according to the 

expression: 

 
3

1eff pt r  
         (15) 

r
p
is particle radius in this equation. The expressions presented above are substituted into the Xuan et 

al. [28] model (Eq. 16) to obtain: 
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Another study regarding the effect of nanolayers was made by Sitprasert et al. [56]. They modified the 

model proposed by Leong et al. [68] by taking the effect of temperature on the thermal conductivity 

and thickness of nanolayer into account. Leong et al.’s static model is as follows: 
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Here, subscript l refers to nanolayer. β and β
1
are defined as:  
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 t is the thickness of the nanolayer and r
p
is the radius of the nanoparticles. This model was modified 

by providing the following relation for the determination of nanolayer thickness:

   0.350.01 273 pt T r 
       (18)

 

where T is temperature in K and rp
 
the particle radius in nanometers. After the determination of 

nanolayer thickness, thermal conductivity of the nanolayer should be found according to the 

expression: 

l f

p

t
k C k

r


              

 (19)

 

where C is 30 and 110 for Al
2
O

3
and CuO nanoparticles, respectively. It should be noted that the 

above expressions provided for the determination of the thickness and thermal conductivity of the 

nanolayer were determined by using experimental data (which is known to have great discrepancies 

and uncertainties) and no explanation was made regarding the physics of the problem.  

When the theoretical models based on nanolayer formation around nanoparticles are considered, it is 

seen that the main challenge is finding the thermal conductivity and thickness of the nanolayer. 

3.3. Nature of heat transfer in nanoparticles  

Keblinski et al [27] estimated the mean free path of a phonon in Al2O3 crystal is ~35nm. Phonons can 

diffuse in the 10nm particles but have to move ballistically. In order to make the ballistic phonons 

initiated in one nanoparticle to persist in the liquid and reach another nanoparticle, high packing 

fractions, soot-like particle assemblies, and Brownian motion of the particles will be necessary to 

keep the separation among nanoparticles to be small enough. However, Xie et al. [12] found in their 

research about alumina nanofluids that when the particle size close to the mean free paths of phonons, 

the thermal conductivity of nanofluid may decrease with particle size because the intrinsic thermal 

conductivity of nanoparticle was reduced by the scattering of phonon at particle boundary. However, 

this result was not in agreement with most of the experimental results from other groups. Choi et al 

[42] indicated that sudden transition from ballistic heat conduction in nanotubes to diffusion heat 

conduction in liquid would severely limit the contribution of ballistic heat conduction to overall 

thermal conductivity of nanotube dispersions. They suggested that both ballistic heat conduction and 

layering of liquid molecules at interface contributed to the high thermal conductivity of nanotube 

dispersions. The nature of heat transfer in nanoparticles or the fast ballistic heat conduction cannot be 

the mechanism works alone to explain thermal conductivity enhancement of nanofluids due to the 

barrier caused by slow heat diffusion in liquid. Other mechanisms need to be combined with it to fully 

understand the enhancement of the thermal conductivity in nanofluids.  

3.4. Nanoparticle clusters  

Xuan et al. [38] studied the thermal conductivity of nanofluids by considering Brownian motion and 

clustering of nanoparticles. An equation was proposed to predict the thermal conductivity of 

nanofluids:  
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Here, rcl
 
is the apparent radius of the nanoparticle clusters, which should be determined by experiment. 

T is temperature in K. μf is the dynamic viscosity of the base fluid and it can be calculated from the 

study of Li and Xuan [36]. The first term on the right-hand side of Eq. (18) is the Maxwell model [37] 

for thermal conductivity of suspensions of solid particles in fluids. The second term on the right-hand 

side of Eq. (18) adds the effect of the random motion of the nanoparticles into account. For the 

contribution of this term, the following values were presented for Cu (50 nm)/water nanofluid: For φ 

= 0.03%, contribution of the second term is 11% when clustering occurs and 17% when clustering 

does not occur. For φ = 0.04%, contribution of the second term is 14% when clustering occurs and 

24% when clustering does not occur. It was indicated that Brownian motion of nanoparticles becomes 
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more effective with increasing temperature. On the other hand, as nanoparticles (or clusters) become 

larger, their random motion becomes slower and this decreases the enhancement in thermal 

conductivity. It should be noted that the second term on the right-hand side of the equation is not 

nondimensional, which is an indication of a mistake in the analysis. 

Chen et al. [63] measured the viscosity of TiO2/water and TiO2/ethylene glycol nanofluids and 

proposed a way of calculating the thermal conductivity of nanofluids by using the data. Two types of 

nanoparticles were used; spherical particles (25 nm) and cylindrical particles (10 nm in diameter and 

100 nm in length). The model was found to be a function of cluster radius, and cluster radius values of 

the sample nanofluids were determined by matching the predictions of the modified model with 

experimental data. Then, the determined cluster radius values were used in the thermal conductivity 

model proposed, which is a modification of Hamilton and Crosser [54] model . 
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where kcl
 
and φclare the thermal conductivity and volume fraction of the clusters, respectively. n was 

taken as 3 for the spheres and 5 for the cylinders in this work. 

 
3-D

cl cl pr r 
 

where rcl and rp
 
are the radii of the clusters and nanoparticles, respectively. D is the fractal index, 

which was taken as 1.8 in the viscosity model and the same value might be used here. rcl
 
/ rp values are 

equal to 2.75 and 3.34, for TiO2/water (spherical) and TiO2/ethylene glycol (spherical) nanofluids, 

respectively. For the estimation of kcl, the following expression was proposed for spherical particles 

[38]: 
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where in is the solid volume fraction of clusters and it is defined as  
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For the estimation of k
cl
, the following expression was proposed for nanotubes [64].  
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Where 

   x x f f x t fk k k L k k     
          (22)

 

Where 

   z z f f z t fk k k L k k     
         (23) 

kx
 
and kz are the thermal conductivity of nanotubes along transverse and longitudinal directions, 

respectively. kt
 
is the isotropic thermal conductivity of the nanotube kx, kz and kt

 
can be taken to be 

equal to kp
 
as an approximation. Lx

 
and Lzare defined as: 
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rcl
 
/ rp

 
values are equal to 5.40 and 12.98 for TiO2/ethylene glycol (nanotube) and TiO2/water 

(nanotube) nanofluids, respectively. p is the aspect ratio of the nanotubes defined as length of 

nanotube divided by diameter of nanotube. The modified Hamilton and Crosser [44] model (Eqs. 2, 3) 

was compared with experimental data for both spherical particles and nanotubes, and a good 

agreement was observed. 

IV. CONCLUSION 

The available literature on nanofluid was thoroughly reviewed in this article. Some of the most 

relevant experimental results were reported for thermal conductivity several nanofluids. Thermal 

conductivity was found to be increased with the increase in particle volume fraction of nanoparticles. 

However, Effect of particle size on the thermal conductivity of nanofluids has not been completely 

understood yet. It is expected that Brownian motion of nanoparticles results in higher thermal 

conductivity enhancement with smaller particle size. However, some of the experiments show that the 

thermal conductivity decreases with decreasing particle size. This contradiction might be due to the 

uncontrolled clustering of nanoparticles resulting in larger particles. Particle size distribution of 

nanoparticles is another important factor and it is suggested that average particle size is not sufficient 

to characterize a nanofluid due to the nonlinear relations involved between particle size and thermal 

transport. Temperature dependence is an important parameter in the thermal conductivity of 

nanofluids. Limited study has been done about this aspect of the thermal conductivity of nanofluids 

up to now. Investigation of the thermal performance of nanofluids at high temperatures may widen the 

possible application areas of nanofluids. 

V. SCOPE FOR FUTURE WORK  

The experimental results show that there exists significant discrepancy in the experimental data for 

nanofluid properties. An important reason of discrepancy in experimental data is the clustering of 

nanoparticles. Although there are no universally accepted quantitative values, it is known that the 

level of clustering affects the properties of nanofluids. Since level of clustering is related to the pH 

value and the additives used, two nanofluid samples with all of the parameters being the same can 

lead to completely different experimental results if their surfactant parameters and pH values are not 

the same. Therefore, the researchers providing experimental results should give detailed information 

about the additives utilized and pH values of the samples. 
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