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A B S T R A C T  
   

Nanofluids are suspensions of nanoparticles in the base fluids; a new challenge for thermal sciences 
provided by nanotechnology. In this paper, the tested fluids are prepared by dispersing Al and Cu into 
water at three different concentrations of 500, 1000 and 2000 ppm. Thermal conductivities of these fluids 
are measured experimentally by thermal property analyzer i.e. KD2 Pro using KS-1 sensor needle as this 
needle is preferred for low viscosity fluids. Experimental results show that thermal conductivity of 
nanofluids are higher than the base fluid and thermal conductivity of Cu/water nanofluid is more than 
Al/water nanofluid, because the thermal conductivity of Cu is higher in comparison to Al.  In addition, a 
comparison is made between the experimental results of thermal conductivity and the results calculated 
using models presented for predicting them. Results showed that classic models failed to predict 
nanofluids thermal conductivity, but novel models that consider the effects of temperature provide more 
acceptable results, meanwhile 9% difference is found between experimental results and Xei model for 
Cu/water nanofluid. 
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1. INTRODUCTION1 

 
Fluid heating and cooling are important in many 
industries such as power, manufacturing, transportation, 
and electronics. Effective cooling techniques are greatly 
needed for cooling any sort of high-energy device. 
Common heat transfer fluids such as water, ethylene 
glycol, and engine oil have limited heat transfer 
capabilities due to their low heat transfer properties. 
Numerous researchers are investigating better ways to 
enhance the thermal performance of heat transfer fluids. 
One of the methods used is to add nano-sized particles 
of high thermal conductivity materials like carbon, 
metal and metal oxides into the heat transfer fluid to 
improve the overall thermal conductivity of the fluid. 
But solid particles have thermal conductivity higher 
than that of common fluids, when they are dispersed in 
the fluids result in higher heat transfer characteristics. 
The effect is observed when nanoparticles have heat 
conductivity many times greater than the liquid. Usually 
Cu, Ag, CuO, AL2O3 or CNT are used. The advantages 
of using nanoparticles are that they are more easily 
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suspended in the fluid, they may be used in 
microchannels, and the small size causes less wear to 
machinery. However, aggregation of particles must be 
minimized in order to benefit from these effects of small 
particle size. There are also two ways to produce 
nanofluids; one-step process or two-step process. 

The thermal conductivity of nanofluids including 
metal particles or metal oxide particles have been 
studied by many researchers [1] such as Choi [2], Das et 
al. [3], Juan et al. [4], Eastman et al. [5, 6], and Lee et 
al. [7, 8]. Lee et al. [8] showed that thermal conductivity 
of SiO2 nanofluid increases with increasing in volume 
concentration. Masuda et al. [9] depicted 20% increase 
in thermal conductivity for 3 vol.% nanofluid. Xuan and 
Li and Yu et al. [10] have demonstrated that the heat 
transfer properties of transformer oil can be improved 
using nanoparticle additives. Several reports for the 
thermal conductivity of nanofluid is shown in Table 1. 

Generally, the thermal conductivity of nanofluids 
increases with an increase of volume fraction and some 
researchers have observed anomalous thermal 
conductivity enhancement for dilute suspensions (< 1 % 
by volume) of metallic nanoparticles [6, 11, 12]. 
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TABLE 1. Some reports about the thermal conductivity of 
nanofluids 
Researcher Base fluid Nanoparticle  

Masuda et al.[9] Distilled water AL2O3, TiO2 

Xie et al. [13] Distilled water SiC 

Das et al. [3] Distilled water AL2O3, CuO 

Murshed et al. [14] Distilled water TiO2 

Wen and Ding [15] Distilled water Al2O3 

Patel et al. [16] Distilled water Ag, Au 

Yang and Han. [17] oil Bi2Te3 
 
 
TABLE 2. Physical properties of nanosized metallic particles 

Particle Density 
(g/cm3) 

Mean diameters 
(nm) 

Thermal conductivity 
(W/m.k) 

Cu 8.954 30-40 401 

Al 2.707 20-30 237 

 
 
 
     In addition to the aforementioned results of Eastman 
et al. [6] and Jana et al. [12], Ceylan et al. [11] reported 
a thermal conductivity enhancement of 33 % for 0.006 
% (v/v) Ag –Cu alloy nanoparticles in pump oil. 

Das et al. [3] measured the thermal conductivity of 
aqueous nanofluids containing Al2O3 and CuO at 
temperatures between 20 and 50 ºC. They observed that 
the thermal conductivity increased as the temperature 
increased and speculated that this behavior is typical of 
nanofluids over greater temperature ranges as well. 

The largest thermal conductivity enhancements 
observed in nanofluids containing high thermal 
conductivity particles (copper [11], carbon nanotubes 
[18] and diamonds [19]). The same base fluids as 
nanofluids containing less conductive particles, 
exhibited much lower thermal conductivity 
enhancements [20]. 

Particle size is an important parameter on thermal 
conductivity because the opposite temperature trend was 
reported by Masuda et al. [9] for smaller particles. Also 
results suggest that the relative increase in thermal 
conductivity is more important at higher temperature as 
well as smaller diameter particles. Xie et al. [21] 
demonstrated the thermal conductivity decreased with 
an increase in pH value. 

The focus of this work was on nanofluids containing 
metals. The specific goals were determination of the 
effects of temperature and nanoparticles concentration 
on the thermal conductivity of nanofluids and 
elucidation of the mechanism of conduction. Thermal 
conductivity measurements were performed by KD2 
Pro instrument. The nanofluid samples consisted of Al 
and Cu particles dispersed in water. Thermal 
conductivity measurements were performed at wide 

range of temperature (35-45ºC). In addition, a 
comparison was made between the experimental results 
of thermal conductivity and the results calculated using 
models presented for predicting them. 
 
 
 
2. NANOFLUID PREPARATION 
 
There are two ways to produce nanofluids; one-step 
process or two-step process. The one-step process 
simultaneously makes and disperses the nanoparticles 
directly into the base fluid, while with the two-step 
process; the nanoparticles are made and then dispersed 
in the fluid. The major disadvantage of the two-step 
process is that the nanoparticles tend to agglomerate 
before the nanoparticles can be dispersed in the fluid. 
The one-step process is also favorable because it 
prevents oxidation of the nanoparticles [22]. Two series 
of nanofluids were prepared using two different types of 
nanoparticles, Al and Cu with mean diameters of 25 and 
35 nm, respectively, while water used as base fluid. 
Nanofluids were prepared by on-step method and 
nanoparticles were found very stable and the stability 
lasted over a week. Table 2 contains the other properties 
of these nanoparticles. 

The thermal conductivities of nanofluids were 
measured using a KD2 Pro thermal properties analyzer 
(Decagon Devices, Inc., USA). It consisted of a 
handheld microcontroller and sensor needles. The 
sensor needle used was KS- 1 which was made of 
stainless steel having a length of 60 mm and a diameter 
of 1.3 mm, and closely approximated the infinite line 
heat source which gave least disturbance to the sample 
during measurements. The sensor needle could be used 
for measuring thermal conductivity of fluids in the 
range of 0.2–2 W/m.K with an accuracy of ±5%. Each 
measurement cycle consisted of 60 s including heating 
and cooling of sensor needle for 30 s each. It should be 
noted that before each measurement the needle should 
be thermally equilibrated with the sample. At the end of 
the reading, the controller computed the thermal 
conductivity using the change in temperature (DT)–time 
data from: 

2 1

2 1

(ln ln )
4 ( )
q t tk

T Tπ
−

=
∆ − ∆

 
(1) 

where q is constant heat rate applied to an infinitely 
long and small ‘‘line” source, ∆T1 and ∆T2  are the 
changes in the temperature at times t1 and t2, 
respectively. The calibration of the sensor needle was 
carried out first by measuring thermal conductivity of 
distilled water and glycerin. The measured values for 
distilled water and glycerin were 0.608 and 0.295 
W/m.K, respectively, which are in agreement with the 
literature values of 0.613 and 0.285 W/m.K, 
respectively, within ± 5% accuracy. 
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Figure 1. KD2 Pro system 

 
 
 

For accurate measurements, the needle was inserted 
fully into the fluid, and oriented vertically and centrally 
inside the vial without touching the side walls of the 
vial. Insertion of the sensor needle probe into the fluid 
in this orientation will minimize errors from free 
convection. Moreover, the vial was inserted in a bath at 
30 oC to make sure there is no heat exchange with 
ambient (see Figure 1). 
 
 
3. THEORETICAL MODEL 

 
From the experimental results of many researchers, it is 
known that the enhancement of thermal conductivity of 
nanofluids depends on parameters including the thermal 
conductivities of the base fluid and the nanoparticles, 
the volume concentration, the surface area and shape of 
nanoparticles and the temperature. Currently, there is no 
theoretical equation to predict the thermal conductivity 
of nanofluids satisfactorily since there is no consistent 
theory to support such equations. In the current research 
three classic models and two novel methods are 
presented and their values compared to experimental 
results. 

Maxwell model [23] is one of the very first 
mathematical models presented for predicting thermal 
conductivity of macro-scale suspensions with spherical 
particles. This equation takes into account only the 
particle volume concentration and the thermal 
conductivities of particle and liquid, and has better 
results in low concentrations (<1 vol. %). 
Based on Maxwell’s work, the effective thermal 
conductivity of a homogeneous suspension can be 
predicted as: 

f
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fpfp
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(2) 

where pk  is the thermal conductivity of the dispersed 

particles, fk  is the thermal conductivity of the 
dispersion liquid, and Φ is the particle volume 
concentration of the suspension. 

Hamilton and Crosser [24] extended Maxwell model 
to include an experiential factor n to account for the 
shape of the particles: 

f
fpfp

fpfp
CrosserHamiltoneff k

kkknk
kknknk

k
Φ−−−+

Φ−−+−+
=− )()1(

))(1()1(
,

 (3) 

where n is defined as 
Ψ= 3n  and Ψ is particle sphericity 

and is defined as the ratio of surface area of a sphere 
with the same volume of particle to that of the particle. 

Jeffrey [25] took pair interaction of randomly 
dispersed spheres into account and suggested his model 
as: 
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where α and β calculated as 
f

p
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respectively. High-order terms in equation above 
represent the pair interactions. 

Bruggeman [26] by considering the interaction 
between randomly distributed particles, the clustering of 
nanoparticles and their surface adsorption proposed a 
new model. Based on his model, the thermal 
conductivity of a homogenous binary mixture with 
spherical particles can be calculated as: 
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By rearranging the equation to be explicit for effk  we 
have: 
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The Bruggeman model results in low solid 
concentration which is almost the same as Maxwell 
results, but in high concentration this model is far 
superior to Maxwell model and have better agreements 
with experimental data.  

The models presented above are developed for 
macro-scale solid/liquid suspensions and in many cases 
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their results do not agree with experimental results. It is 
predictable as none of these models considered effect of 
parameters such as particle size and temperature while 
recent researches have showed that these parameters 
may have grater effects on thermal conductivity 
enhancement. In recent years, many researchers have 
tried to develop new theories or make necessary 
modifications to classic models to propose new and 
more accurate correlations, two of which are presented 
below. 

Yu and Choi [27] suggested a modified Maxwell 
model with the assumption that the solid-like layer of 
thickness  h around the particles is more ordered than 
that of the bulk liquid and that the thermal conductivity 
klayer of this ordered layer is higher than that of the bulk 
liquid. They assumed that this nano-layer combined 
with particle to form an equivalent particle with radius 
r+h. They replaced the thermal conductivity of solid 
particles kp in Maxwell model with the modified thermal 
conductivity of particles kpe, which is based on the so 
called effective medium theory: 

3

3
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(1 ) (1 ) (1 2 )pe pk k

γ β γ γ

γ β γ

 − + + + =
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 (8) 

where = h rβ  is the ratio of the nano-layer thickness to 
the original particle radius and = layer pk kγ  is the 
ratio of nano-layer thermal conductivity to particle 
thermal conductivity. Therefore, the Maxwell model can 
be modified as follows: 
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This model has better agreements with experimental 
data for particles less than 10 nm in diameter. We can 
use equation offered by Wang et al. [28] to calculate 
nano-layer thickness. This equation is as follows: 

1
341

3
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where fM and fρ are the molar mass and the density of 
the base fluid, respectively and 236.023 10AN = ×  per 
mole is the Avogadro constant. 

Xie et al. [29] proposed an effective thermal 
conductivity model by considering an ordered nano-
layer with linear thermal conductivity distribution. This 
model take into accounts the effects of nano-layer 
thickness, nanoparticles size, volume concentration, and 
thermal conductivities of fluid, nanoparticles, and nano-
layer. Their formula is: 
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And prγ δ= is the thickness ratio of nano-layer and 
nanoparticle. TΦ  is the modified total volume fraction 
of the original nanoparticle and nano-layer, 

3(1 )T γΦ = Φ +  . 1k  is defined as: 

2

1 ( ) ln (1 )
fk Mk
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with (1 ) 1pM ε γ= + − , where 
p fp k kε =   is the reduced 

thermal conductivity of nanoparticle. 
To gain a deeper understanding of the effective 

thermal conductivity of nanofluids, some key facts must 
be taken into account in future researches. Such facts 
include effect of the size and shape of the nanoparticles, 
the interfacial contact resistance between nanoparticles 
and base fluids, the temperature dependence or the 
effect of Brownian motion, and the effect of clustering 
of particles. 
 
 
 
4. RESULT AND DISCUSSION  
 
Each experiment was repeated three times. The overall 
deviation of the results was about 6%. 

The trend of thermal conductivity ratio versus 
nanofluid concentration for Al/water nanofluid is 
showed in Figure 2 and there is a slight increase for 
increasing nanofluid concentration. The results show 
that nanoparticle suspensions have noticeably higher 
thermal conductivities than base fluid without 
nanoparticles and can be seen that for the Al/water 
suspension, the thermal conductivity can be enhanced 
by more than 22% at 45 oC for 2000 ppm. Similar 
pattern can be observed for Cu/ water nanofluid in 
Figure 3.  

Thermal conductivity ratio rises from 1.12 at 500 
ppm to more than 1.26 at 2000 ppm, once again 
reflecting the fact that thermal conductivity increases 
with nanoparticles concentration. 
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Figure 2. Thermal conductivity ratio of nanofluids containing 
Al in water 
 
 

 
Figure 3. Thermal conductivity ratio of nanofluids containing 
Cu in water 
 
 

 
Figure 4. Thermal conductivity comparison between Al/water 
and Cu/water nanofluid 
 
 

Throughout the range of particle concentration 
considered in this work (500-2000 ppm), all of the 
thermal conductivity models discussed exhibit a linear 
relationship with respect to particle concentration. 

It was seen that unlike DI water, the thermal 

conductivity of the nanofluid samples increases non-
linearly with temperature. One of the suggested reasons 
behind this phenomenon is the increased Brownian 
motion effect.  

Jang and Choi [30] suggested that as the temperature 
is increased, the viscosity of the nanofluid decreases, 
which results in increase in Brownian motion of 
nanoparticles, which sets convection-like effects 
resulting in enhanced thermal conductivity. A maximum 
increase of 26% was obtained for Cu/water at a 
temperature of 45 °C for 2000 ppm. Effect of 
temperature on thermal conductivity enhancement is 
even more than water and it rises from 9 % to 22 % (for 
Al/ water) and 10 % to 26 % (for Cu/water). The 
measurement indicates that particle concentrations and 
temperature is an important parameter for thermal 
conductivity. 

Figure 4 illustrates comparison between thermal 
conductivity ratio of Al and Cu nanofluid for different 
concentrations at 45 °C. Cu/water nanofluids were 
reported to have more significant enhancements in 
effective thermal conductivity than those water based 
nanofluids containing Al nanoparticles. For example, at 
500 and 1000 ppm, the effective thermal conductivity of 
Cu/water nanofluid increases 12% and 26%, 
respectively, whereas the thermal conductivity increases 
of Al/water nanofluid is 11% and 22%. 

Figures 5 and 6 demonstrate a comparison between 
experimental results and predicted values. As shown in 
the figures, these models do not match with 
experimental values well. Despite similarities, there are 
a number of marked differences at high concentrations. 
The higher-than-predicted thermal conductivity 
enhancement, shown in Figures 5 and 6, also implies the 
contribution from other mechanisms, such as the 
particle Brownian motion, nanofluid pH and 
nanoparticles clustering. The thermal conductivity 
enhancement should be attributed to the combined 
effects of the particle Brownian motion and the 
diffusive heat conduction. The Brownian motion would 
play a dominant role in thermal conductivity 
enhancement in nanofluids containing spherical 
nanoparticles. Based on these observations all of the 
models have underestimated the thermal conductivity 
value and Xei model predicts thermal conductivity 
better and with lower error in comparison to another 
model. Yu and Choi model is the second best model for 
predicting thermal conductivity. Meanwhile, the thermal 
conductivity ratio anticipated by other models is not 
exact. Experimental value for Cu/water at concentration 
of 0.02 weight fraction is 9% higher than Xei model and 
for Al/water at same weight fraction is 4.5%. These 
discrepancies are a little more for Yu and Choi model. 

Furthermore, there is not appropriate model for 
predicting the thermal conductivity of nanofluids 
containing high thermal conductivity particles such as 
copper, silver, or diamond. 
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Figure 5. Comparison between experimental and predicted 
values of thermal conductivity for Cu/water  
 
 

 
Figure 6. Comparison between experimental and predicted 
values of thermal conductivity for Al/water 
 

 
 

5. CONCLUSION 
 
In this study, thermal conductivity of nanofluids have 
been measured experimentally using transient hot wire 
method and compared with classic and novel thermal 
conductivity models. 

The effective thermal conductivity of nanofluids can 
be measured by thermal property analyzer such as KD2 
Pro at different ranges of temperature. The experimental 
results show that a dramatic increase in the 
enhancement of thermal conductivity of nanofluids 
takes place with increase in temperature. Temperature 
causes thermal conductivity enhancement rise from      
12 % to 26 % (for Cu/water at 2000 ppm) and11 % to 
22 % (for Al/water at 2000 ppm). The results indicate 
that particle concentration is also an important 
parameter for nanofluids. With increase in particle 
concentration, thermal conductivity of nanofluids also 
increased. The experimental data are compared to some 
models and it is found that thermal conductivities 

computed by theoretical models are much lower than 
the measured data. Although various theoretical models 
are proposed for predicting the effective thermal 
conductivity of nanofluids, there is no model that can 
make accurate estimations. Further research in this area 
is necessary. 
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  چکیده
 

  

نانوسیال ها محلول یکنواخت نانوذرات در داخل سیال پایه است که مفهوم جدیدي را در مباحث انتقال حرارتباز کرده 
تهیه  2000و  ppm 500 ,1000در این پژوهش نانوسیالات مس و آلومینیوم به روش یک مرحله اي در سه غلظت   .است

براي این . بصورت تجربی بدست آمده است KD2 Proت حرارتی نانوسیالات با استفاده از دستگاه هدای. شده است
, نتایج نشان می دهد که. که مناسب براي سیالات با ویسکوزیته کم است استفاده شده است KS-1منظور از سنسور 

این امر تا حدودي به دلیل ضریب  .آلومینیوم است -مس بیشتر از نانوسیال آب -ضریب هدایت حرارتی نانو سیال آب
بعلاوه داده هاي تجربی بدست آمده با مدل هاي موجود براي هدایت . هدایت حرارتی بالاتر مس نسبت به آلومینیوم است

مدل هاي کلاسیک هدایت حرارتی نمی توانند هدایت , نتایج حاکی از آن است که. حرارتی نانوسیالات مقایسه شده است
ت را بخوبی پیش بینی کنند اما در مقابل مدل هاي جدید که تاثیر دما را نیز مد نظر دارند نتایج قابل حرارتی نانوسیالا

  . اختلاف با داده هاي تجربی داشت 9%براي نانوسیال مس مدل ژي . قبولتري ارائه می دهند
  
  

doi: 10.5829/idosi.ije.2013.26.08b.03 
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