
The thermal conductivities enhancement of mono ethylene glycol
and paraffin fluids by adding b-SiC nanoparticles

S. Masoud Hosseini • A. R. Moghadassi •

D. Henneke • Ali Elkamel

Received: 1 July 2009 / Accepted: 15 September 2009 / Published online: 13 November 2009
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Abstract Changes in the thermal conductivities of paraffin

and mono ethylene glycol (MEG) as a function of b-SiC

nanoparticle concentration and size was studied. An

enhancement in the effective thermal conductivity was

found for both fluids (i.e., both paraffin and MEG) upon the

addition of nanoparticles. Although an enhancement in

thermal conductivity was found, the degree of enhancement

depended on the nanoparticle concentration in a complex

way. An increase in particle-to-particle interactions is

thought to be the cause of the enhancement. However, the

enhancement became muted at higher particle concentra-

tions compared to lower ones. This phenomenon can be

related to nanoparticles interactions. An improvement in the

thermal conductivities for both fluids was also found as the

nanoparticle size shrank. It is believed that the larger

Brownian motion for smaller particles causes more particle-

to-particle interactions, which, in turn, improves the thermal

conductivity. The role that the base-fluid plays in the

enhancement is complex. Lower fluid viscosities are

believed to contribute to greater enhancement, but a second

effect, the interaction of the fluid with the nanoparticle sur-

face, can be even more important. Nanoparticle-liquid sus-

pensions generate a shell of organized liquid molecules on

the particle surface. These organized molecules more effi-

ciently transmit energy, via phonons, to the bulk of the fluid.

The efficient energy transmission results in enhanced ther-

mal conductivity. The experimentally measured thermal

conductivities of the suspensions were compared to a variety

of models. None of the models proved to adequately predict

the thermal conductivities of the nanoparticle suspensions.

Keywords Nanofluid � Base fluid � Thermal

conductivity � Concentration � Particles interaction �
Size of nanoparticle � Brownian motion � Interfacial shell

Introduction

Conventional heat-transfer fluids (e.g., water, ethylene

glycol, engine oil, etc.) are found everywhere. Power gen-

eration, chemical production, manufacturing, transporta-

tion—these and many other facets of modern life require

heat-transfer fluids. More efficient systems could be

designed and built by an enhancement in the thermal

properties of these fluids. Over several decades, studies of

heat-transfer fluids augmented by adding particles of vari-

ous materials have been done [1, 2]. Augmentation of the

thermal properties of suspensions, containing particles from

micrometers to millimeters in size, has been demonstrated.

Unfortunately, suspensions of large particles are unstable

and tend to clog systems having small channels [3–6].

Nanofluids, suspensions of particles with diameters less

than 100 nm, are becoming more common thanks to

advances in nanotechnology. For heat-transfer applications,

the base of nanofluid suspension has a lower thermal con-

ductivity than the particles. These suspensions are known to

have high thermal conductivities relative to the pure base

fluid. Unlike suspensions with large particles, nanofluids

will not clog even micron-sized channels and are stable.

Enhanced thermal conductivities have been shown for

nanofluids containing small amounts of metal or nonmetal

nanoparticles, such as Cu [1], Ag [2], Au [2], CuO [3],
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Al2O3 [4, 5], TiO2 [6], or carbon nanotubes [7]. However,

more data is needed to determine the underlying enhance-

ment mechanism.

In this study, the factors governing the enhancement in

thermal conductivity of b-SiC nanofluids are analyzed.

Experimental

Materials

• b-SiC nanoparticles powder, average size of nanopar-

ticle: 20 nm (From Alfa Aesar co.).

• b-SiC nanoparticles powder, average size of nanopar-

ticle: 30 nm (From Alfa Aesar co.).

• Pure liquid paraffin as base fluid.

• Mono-ethylene glycol (MEG) as base fluid (have

preparated than petrochemical company of Arak-Iran).

• Oleic acid as dispersant.

Preparation of nanofluids

Suspensions were made by mixing b-SiC nanoparticle

powders with one of the base fluids (i.e., MEG or paraffin).

The reagents were used as received from the manufacturer.

For paraffin based suspensions, 15% by weight of oleic

acid relative to the solid powder was added to help stabilize

the suspensions. No dispersant was added to MEG based

suspensions. A Fritsch satellite-mill, shown in Fig. 1a, was

used to ensure that the nanoparticles were well dispersed in

the base fluid. The sample container and balls used in the

milling process were made of agate, is shown in Fig. 1b.

Suspensions were made by setting the mill to a velocity of

150 rpm for 30 min. Upon removal from the mill, the

suspensions appeared completely homogeneous. Never-

theless, to ensure that the nanoparticles within the sus-

pensions were not flocculated, the samples were placed into

an ultrasonic bath (FRITSCH Ultrasonic, laborette 17).

Stable nanoparticle suspensions were obtained after 1 h of

intense sonication.

A photo of an unstable paraffin suspension, one that

lacks oleic acid, is shown in Fig. 2a. A stable paraffin

suspension, one utilizing oleic acid as a dispersant, is

shown in Fig. 2b. Without the oleic acid, the paraffin

suspensions are not stable. If oleic acid was added as

previously described, the suspensions demonstrated good

stability for the duration of the analysis.

Measuring nanofluids thermal conductivity

The thermal conductivity of nanofluids was measured by

the transient hot wire method [8]. A 200 lm diameter,

nickel–chromium alloy wire was used in the hot wire

system. In order to prevent electrical short-circuits, a very

thin Teflon coating was used to insulate the wire. The wire

was put into a sample of the suspension to be measured and

current was applied.

The thermal conductivity of the test fluid, k, was cal-

culated according to Fourier’s law:

k ¼ q

4pðT2 � T1Þ
ln

t2
t1

� �

where q is power applied to the wire, T1 and T2 is the

measured temperature at time t1 and t2, respectively. All

measurements were performed at an ambient temperature

of 25 �C. The accuracy of the system was ensured by

measuring the thermal conductivity of distilled water and

comparing to the previously published literature value of

0.59 W/m K [5].

Results and discussion

In general, these experiments show a striking enhancement

in the thermal conductivity when b-SiC nanoparticles are
Fig. 1 a Ball mill set (Satellite mill). b Agate container and balls

used in milling

Fig. 2 Paraffin suspensions: a without oleic acid and occur settling

and b with oleic acid and stability of suspension
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added to the base fluid. This effect is shown in Fig. 3a, b. In

these figures, the thermal conductivity of the suspension is

shown versus particle concentration for two particle sizes. It

should be noted that the particle concentration is expressed

as the mass fraction of nanoparticles in the base fluid. For

both MEG and paraffin based fluids, the greatest enhance-

ment in thermal conductivity was found for smaller parti-

cles at higher concentrations. When no nanoparticles were

added to the base fluids (i.e., pure MEG and paraffin), the

thermal conductivity of MEG was found to be 0.27 W/m K,

while paraffin was found to be 0.21 W/m K.

Next, we will discuss the effects of various factors (e.g.,

nanoparticle concentration, nanoparticle size, type of base

fluid) on effective thermal conductivity of these nanofluids.

Effect of nanoparticle concentration

As shown in Fig. 3a, b, the effective thermal conductivity

increases when the nanoparticles are added. The degree of

enhancement diminishes above *3% mass fraction. As

particle concentrations increase, there will be an increase in

particle-to-particle interactions because the distance

between nanoparticles decreases. It is clear that additional

modes of heat transfer are present when the nanoparticles

are added to the fluid.

Effect of nanoparticle size

Figure 3a, b also show that the effective thermal conduc-

tivity increases as particle size is reduced. Brownian

motion is the most likely cause of this factor, which has

been shown to be an important factor in the thermal con-

ductivities of nanofluids [9]. As particle size is reduced,

Brownian motion increases. As a result, smaller particles

exhibit more particle-to-particle interactions, which leads

to an inverse relationship between particle size and thermal

conductivity [9]. Smaller particles exhibit greater Brown-

ian motion, which leads to greater thermal conductivity.

Effect of nanoparticles interactions

The rate and kind of nanoparticles interactions is different

for different nanomaterials. For b-SiC nanofluids in this

research, it occurred at concentrations above 3% mass.

This range indicates the transition between the low con-

centration and high concentration regimes, which origi-

nates from the effectiveness of the particle interaction

potential [10]. Specifically, the increasing of thermal con-

ductivity is relatively independent of particle interaction

for low concentrations, while it is strongly dependent on

the particle interaction for high concentrations. The star

and end points of the transition depend on the properties of

both particles and base fluid. After this range, the nanofluid

thermal conductivity may find again the rising path.

Effect of base fluid

Figure 4a, b shows the enhancement in thermal conduc-

tivity expressed as a percent versus nanoparticle concen-

tration. When expressed as a percent, the enhancement in

the thermal conductivities for SiC–paraffin nanofluids was

found to be greater than that for SiC–MEG nanofluids.

Table 1 list the effective thermal conductivity and

enhancement in thermal conductivity expressed as a per-

cent for both nanofluids at 1 and 5% mass fractions.

The improvement in thermal conductivity of SiC–MEG

nanofluids was found to be greater than that of SiC–par-

affin nanofluids. The difference in viscosity between the
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Fig. 3 a Enhancement of effective thermal conductivity of b-SiC–

MEG nanofluids with mass fraction for 20 and 30 nm diameters of

b-SiC nanoparticles. b Enhancement of effective thermal conductivity

of b-SiC–Paraffin nanofluids with mass fraction for 20 and 30 nm

diameters of b-SiC nanoparticles
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two fluids may account for this result. Higher viscosity

fluids impede particle-to-particle interactions. This, in turn,

leads to fewer interactions for a given period of time. As a

result, heat is more readily transferred from MEG to the

particles, than from paraffin to the particles.

Another possible cause of the enhancement could be

attributed to the interfacial properties of the particle and

base fluid. Interfacial effects have been shown to enhance

the thermal conductivity of nanofluids. For example, the

thermal conductivity of a nanofluid is influenced by

molecular level layering of the fluid at solid interface

[11]. The atomic structure of the liquid at the nanoparticle

surface is much more ordered than liquid in the bulk. It is

the ordered nature of this layer that permits for higher

thermal conductivity when compared to the randomly

oriented fluid in the bulk. The ordered layer of fluid

molecules may be represented as an interfacial shell.

Within this shell, energy is efficiently transferred by

phonons. As the thickness of this shell increases, there is

a corresponding increase in the volume of the interface,

which results in greater heat conduction [12]. The vis-

cosity of the fluid and the interfacial properties of the

particle fluid interface both have an effect on the thermal

conductivity of a nanofluid.

By keeping the previously described mechanisms in

mind, a few conclusions can be drawn: the thermal con-

ductivity and/or thickness of the interfacial shell in the

SiC–paraffin system is larger than that for SiC–MEG.

Consequently, the effect that SiC nanoparticles have on

thermal conductivity enhancement is greater for paraffin

suspensions than for those with a base of MEG.

Comparison of experimental results to existing models

Various models have been developed to predict the thermal

conductivity of nanofluids. The basis of these models was

developed by Maxwell [13]. Maxwell’s model accurately

predicts the thermal conductivity of dilute suspensions of

large, spherical particles. Maxwell’s model predicts the

effective thermal conductivity, keff, as follows:

keff

km

¼ 1þ 3ða� 1Þm
ðaþ 2Þ � ða� 1Þm ð1Þ

where km is the thermal conductivity of base fluid, a is the

ratio of thermal conductivity of the particle to that of the

base fluid, and m denotes the volume fraction or concen-

tration of the dispersed particles. The Hamilton–Crosser

(H–C model) is a modification of Maxwell’s original
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Fig. 4 a Enhancement percent of effective thermal conductivity of

b-SiC–MEG nanofluids with mass fraction for 20 and 30 nm

diameters of b-SiC nanoparticles. b Enhancement percent of effective

thermal conductivity of b-SiC–Paraffin nanofluids with mass fraction

for 20 and 30 nm diameters of b-SiC nanoparticles

Table 1 The thermal conductivity and percent of thermal conductivity enhancement of nanofluids for mass fractions 1 and 3% of nanofluids

Nanofluid keff (mass

fraction 1%)

[(keff - km)/km] 9 100

(mass fraction 1%)

keff (mass

fraction 3%)

[(keff - km)/km] 9 100

(mass fraction 3%)

b-SiC (20 nm)–MEG 0.283 4.81 0.312 15.55

b-SiC (30 nm)–MEG 0.278 2.96 0.3 11.11

b-SiC (20 nm)–Paraffin 0.222 5.71 0.251 19.52

b-SiC (30 nm)–Paraffin 0.217 3.33 0.242 15.23
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model. It can be used to predict the thermal conductivities

of suspensions containing large, non-spherical particles

[14].

The H–C model is given by:

keff

km

¼ aþ ðn� 1Þ � ðn� 1Þð1� aÞm
aþ ðn� 1Þ þ ð1� aÞm ð2Þ

where n is the shape factor of particle (n = 3 for a

spherical particles). Recently, models to account for the

enhanced thermal conductivities shown by nanofluids have

been developed. One such model, developed by Xue and

Wen, is given by [14]:

1� m
a

� � ke � km

2ke þ km

þ m
a
ðke � k2Þð2k2 þ k1Þ � aðk1 � k2Þð2k2 þ keÞ
ð2ke þ k2Þð2k2 þ k1Þ þ 2aðk1 � k2Þðk2 � keÞ

¼ 0

ð3Þ

where ke is the effective thermal conductivity of the

nanofluid, km is the thermal conductivity of the suspending

fluid, k1 is the thermal conductivity of a particle having a

radius of r, k2 is the thermal conductivity of the interfacial

shell having a thickness of t, and a = r3/(r ? t)3. Fig-

ure 5a, b compare the values of the effective thermal

conductivity determined experimentally to those predicted

by the previously described theoretical models. The com-

parison for SiC–MEG is shown in Fig. 5a, while that of

SiC–paraffin can be seen in Fig. 5b. In the models, a value

of 340 W/m K was used for the thermal conductivity of the

b-SiC nanoparticles.

By looking at Fig. 5a, b, it becomes immediately clear

that none of the models accurately predicted the experi-

mentally determined values of the thermal conductivity. The

thermal conductivities predicted by the Maxwell and H–C

models are linear with and are much lower than the experi-

mentally determined values. The Maxwell and H–C models

neglect affects associated with the nanoparticle-fluid inter-

face (i.e., they only consider the thermal conductivities of the

particle and the base fluid). The value of the thermal con-

ductivity predicted by the Xue and Wen model is nearly

linear with volume fraction in this regime, under these

conditions. Of the models, Xue and Wen best predicts the

thermal conductivities, but it fails to capture the diminish-

ment that is shown at concentrations above 3% mass frac-

tion. The Xue and Wen model tries to account for the

enhanced thermal conductivities caused by nanoparticles in

suspension. The model takes the particles size and properties

of the particle–fluid interfacial shell into consideration.

Previous studies estimated the thickness of the MEG inter-

face to be t = 3 nm, while the thermal conductivity of the

shell was taken to be ke = 10 W/m K [15]. In this study, we

also used these values for the interface thickness and thermal

conductivity. For the case of b-SiC–paraffin, values of

t = 5 nm and ke = 20 W/m K were used.

Conclusions

In this study, the thermal conductivities of b-SiC–MEG and

CuO–paraffin suspensions of nanoparticles were found.

Initially, the effective thermal conductivity of the nanofluid

increases as nanoparticles are added, however, the

enhancement begins to diminish above *3% mass fraction.

This phenomenon can be related to particles interactions.

Additional modes of heat transfer are present when the

nanoparticles are added to the fluid, but the enhancement

becomes muted as the particle concentration increases.

Also, smaller particles showed more enhancement than

larger particles. An increase in the Brownian motion of

smaller particles is believed to be the mechanism behind

this observation. It is also believed that the viscosity of the

suspending fluid is an important factor. The results of this

study support this supposition, but do not prove it. Finally,

there seems to be a complex, inadequate description of the

nanoparticle-suspending fluid interface. There does not

appear to be a model that accurately describes the enhanced

thermal conductivity properties of nanofluids.
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Fig. 5 a Comparison among the theoretical models and our exper-

imental data for b-SiC–MEG based on volume fractions of nanopar-

ticles. b Comparison among the theoretical models and our

experimental data for b-SiC–Paraffin based on volume fractions of

nanoparticles
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