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ABSTRACT

The thermo physical properties such as thermal conductivity, viscosity, density and
specific heat are essential for the determination of nanofluid heat transfer coefficients.
Experimental data indicate the nanofluid therma conductivity to increase with
temperature and decrease with particle size. However, viscosity is observed to decrease
with temperature and increase with particle size. This opposing nature of the two
properties along with the nanofluid specific heat which decreases with both temperature
and particle size have a significant influence on the values of nanofluid Prandtl number.
The forced convective heat transfer coefficients are dependent on Reynolds and Prandtl
numbers which in turn are dependent on the nanofluid properties. Regression equations
have been developed as a function of concentration, temperature and particle size using
the experimental data available in literature useful in the estimation of convective heat
transfer coefficients. The analyses of these parameters indicate that the nanofluid heat
transfer coefficient need not necessarily predict higher values of heat transfer
coefficients when compared with water at all concentrations, contrary to the general
expectations. The condition for heat transfer enhancement is explained.

Keywords: Nanofluids, Thermal conductivity, Viscosity, Specific heat, Regression
equation, Prandtl number

INTRODUCTION

Thermo-physical properties such as viscosity, specific heat, thermal conductivity and
density are essential for the evaluation of nanofluid heat transfer coefficient.
Experimental observations indicate the forced convective heat transfer coefficients to
increase with increase in volume concentration of the nanofluid. However,
Duangthongsuk and Wongwises (2009) have observed with 21nm TiO2 particles
dispersed in water to decrease with increase with concentration. The present work is
directed to study the influence of parameters such as particle size, concentration and
temperature on Prandtl number and consequently the heat transfer coefficients.
Nanofluids are particle suspensions of size less than 100 nm (Choi, 1995)
dispersed in a continuous medium such as water, ethylene glycol, engine oil, etc. The
thermo-physical properties of these fluids are higher than those of the base liquids.
Nanofluids are found to exhibit higher therma conductivity even at very low
concentration of suspended nanoparticles (Eastman et al. 1997, Lee et a., 1999 and
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Wang et a., 1999). The properties of aluminium oxide and copper oxide nanofluids in
water and ethylene glycol are widely investigated because of their potential as heat
transfer fluid in automotive and electronic cooling applications (Maiga et al., 2006, Wen
and Ding, 2004). The determination of effective thermal conductivity of nanofluid is
based on the classical analysis of Maxwell (1904) for two phase solid-liquid mixtures
given by

K. {Kp+2be+2¢(Kp—be)} "

K,+2Ky —¢ (K, —Ky )

The model predicts satisfactorily for spherical shaped particles at low volume
concentrations, ¢ and at ambient conditions. The limitation on the particle volume

concentration proposed by Maxwell (1904) has been relaxed by Bruggemen (1935).
The interactions among the randomly distributed particles is considered and proposed
an equation in implicit form as

K,-K K, —K
¢{Kp+2Keﬁ }+(1_¢){K K, }:0 @)
p eff bf neff
where K isestimated using EqQ. (1) and the net effective thermal conductivity K . of
the two phase fluid is determined.

Even though nanoparticles are many orders smaller than micron size solid
suspension, modifications and addition of suitable terms and or consideration of
dynamic factors associated with nanofluids are made to Maxwell’s model by the
investigators. Various theoretical models are since being developed to predict the
therma conductivity of nanofluids. Thermo-physical properties of nanofluids are
essential for the evaluation of heat transfer coefficient. Viscosity and specific heat of the
nanofluids also need to be considered in the evaluation of thermo-physical study. These
properties vary with concentration and temperature. The effect of variation of these
parameters on thermo-physical properties has been dealt by Duangthongsuk and
Wongwises (2009), Vajjha and Das (2009), Das et al. (2003), Nguyen et a. (2007),
Murshed et a. (2008), Pak and Cho (1998) and Chen et al. (1995). But not many study
about the properties variation with the nanoparticle size. The properties are evaluated at
different concentrations in the experimental range useful for the estimation of heat
transfer coefficient.

The purpose of this study is to generate regression equation for thermo-physical
properties which are viscosity, specific heat and thermal conductivity. These properties
then will be used to evauate the value of Prandtl number of the nanofluids. Finally
establish an equation for nanofluids Prandtl number with a function of temperature,

particle size and concentration. The behavior of nanofluids can easily understand with
the estimation of Prandtl number for a specific condition.

EVALUATION OF NANOFL UID PROPERTIES

The thermo-physical properties of nanofluid such as density, absolute viscosity, specific
heat and therma conductivity are studied. The experiment data available in the
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literature from various investigators were collected and used to generate a regression
equation for each property. Prandtl number of nanofluids can be estimated from the
three important properties. Table 1 shows the regression equation for water properties

Table 1: Properties of water where T, in °C (25<T, <100and0.07%< AD <2.75%)

Property Regression Equation for water

(T, —4.0°
119000 +1365x T, — 4x (T,

Density pw=1000x|1.0- +0.07%

Viscosity u,, = 0.0015-3.16325e - 5x T, +3.0478% - 7x (T,)> —1.1104e— 9x (T, )* + 2.75%

Thermal

.. K, =055994+0.00216x T, —1.0274%—5x (T, )%+ 6.72794e—9x (T, * + 1.4%
conductivity " * T x(Ty)*+ x(Ty) 0

Specific C, = 4217.629 - 3.20888x T, + 0.09503 x (T, )* —0.00132 x (T, )’ +9.415e— 6 x (T, )* — 2.547% - 8x (T, )°
heat + 2.46%
Density

The density of nanofluids at different volume concentrations and temperatures are
obtained from the literature and shown in Table 2. The nanofluids density calculated
with the equation from Pak and Cho (1998)

P =0 P, +(1-¢)p, 3)

Specific Heat
The specific heat of nanofluid at any concentration can be estimated from the relation
valid for homogeneous mixtures given by

(1_ ¢) (p Cp )W +¢ (/)Cp)np

C, = 4
" (1_¢)pw+¢pnp ( )
The specific heat equation of Pak and Cho (1998) given by
Cy =¢C, +(1-4)C, ®)

Both equations are able to predict specific heat of nanofluids. The deviation increased
with the increase of concentration. Eq. (4) consider heat capacity in the determination of
specific heat. Hence, the value of specific heat from the equation is able to estimate the
gpecific heat of nanofluids better than Eqg. (5) in the high concentration range.
Therefore, Eq. (4) was used in the analysis of specific heat of the nanofluids. Table 2
shows the specific heat and density for various types of nanoparticles.
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Table 2: Density and Specific heat of nanoparticles

Particle Data from Ref Range Equation/Data used in the analysis
Al2Os Pak and Cho (1998) d~13 pp=3880
vajhaandDas L asands3 p, =360
(2009)
Rishaetd. (2007) 9p~80 pp=3076
Present equation 13<d p < 80 p, =4009.23-11862 x dp . Cp =765t0773
CuO Namburu et a. dp <29 pp =6300 to 6500, C, =385 (bulk)
and (2007)
Cu Vajhaand Das
(2009) 46<T, <481 C, =54154+0.42299xT, (powders
Mintsa et al. (2009) b p =54154+0.42299xTy (p )
Chen et al. (1995)
TiO2 Pak and Cho (1998) d, ~27 pp=4175, C =692
Duangthongsuk and
Wongwises (2009) d, ~21 pp = 4170
yA(®)) Williams et al. d,~60 pp = 5500
(2008) 10<T, <100 C, =4754+06883xT, —0.00131x T’
SO, Vajhaand Das dp~20 p, =2220, C, =745
(2009)
ZnO Vajhaand Das 29<d, <77 p,=5600, C,=514
(2009)
SiC National Institute of 20<T, <1000 p, =3160.65- 0.03194x T, —~1.871e -5x (T,)?
Standards and 5
Technology (NIST) C, =694.8+1.0196xT, —4.744e - 4x(T,)

Viscosity and Thermal Conductivity

The viscosity and thermal conductivity equations from literature at different volume
concentrations, temperature and particle size are shown in Table 3. Various types of
regression equations were presented to predict the nanofluids viscosity and thermal
conductivity for different type of nanofluids. By using the experimental data from all
investigators with the different nanofluids, one single equation for estimation of
nanofluids viscosity and thermal condcutivity were established. The equation is able to
predict the viscosity for different type of nanofluids with small deviation.
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Table 3: Viscosity and thermal conductivity of nanofluids

Particle Data Validity Equation/Data used in the analysis
from Ref (input ¢ in percent)
A0  Pakand  d,~13 o
=1.00869 exp(¢/1.93595)
(:12%8 25<T, <70 "
(1998) 1.34<¢$ <433 K, )
8E<Pr. <123 =1.03344 +0.0514¢ — 0.000453431$
- =T1pf =+& w
illi d,~ 46
Williams — dp Bt _ 04914+ 0.5255exp] ¢/ 2.453]
(etal-) 21<T, <80 Hy,
2008 K
0.9<¢<36 an = 0.975+0.07268¢— 0.0058% 2
w
36<d. <47 Hor _ 0.013014%*'d *'#* (exp data ave dev 6%)
Nguyen et P My,
a. (2007) 2<Tp <55
1.0<$ <90
CuO Nguyenet d_ ~29
and d?’(gom) 0% 290 Z " _1.475-0319¢ + 0.0514 2 + 0.0094>
cu 20 <T, <50
Leeet al.
0<¢ <40 =1+ 0.03904¢— 0.001274
T, at room "
temperature
Dasetal. d,~286 K.,
(2003) 0<$ <40 K” =1+0.06443¢ — 0.00786¢ 2
T, at room
temperature
d_ <100 K
Xuanand M o 1-6725x10% $+ 0040232
Li (2003) 0.3<¢ <20 Ky
T, a room
temperature
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ANALYSISOF EXISTING DATA FOR REGRESSION EQUATION

It is now fairly established that the viscosity and thermal conductivity of nanofluids are
influenced by volume concentration, temperature and particle size. Whereas the specific
heat of nanofluids is depend on concentration and temperature by homogenous mixture
equation. Regression equations have been developed by various investigators for the
estimation of viscosity and thermal conductivity of Al,O3, CuO, TiO,, ZrO,, SIO,, ZnO,
and SiC nanofluid in water mostly as a function of particle volume concentration and
temperature. The experimental data by various investigators were used in the analysis
to establish three regression equations for viscosity, thermal conductivity and specific
heat. Then, from this three regression equation, the Prandtl number ratio regression
equation was developed to determine the value of Prandtl number for nanofluids as a
function of particle size, temperature and concentration.

The thermal conductivity equation developed with experimental values from
various investigators taking into consideration the particle size, temperature and
concentration applicable for 13<d, <150nm, 0<¢ <20%, 20 <T, <70 isgiven by

an Tnf dp
K, =—"=0.9808+0.0142[$]+ 0.2718 -~ | -0.1020 —~ (6)

K, 70 150
obtained with AD of 2.8% and SD of 3.5% where ¢ is percent volume concentration,
T, is the temperature of the nanofluid in °C and d, is the diameter of the particle in

nanometer.

The viscosity equation developed with experimental values from various
investigators taking into consideration the particle size, temperature and concentration
applicaplefor 20<d , <170nm, 0.03<¢<4%, 15<T, <72 isgiven by

Hg
r =
Hw

T, d,
=0.9042 + 0.1245[]- 0.08445 —- |+ 0.6436 —- (7)
72 170

obtained with AD of 4.2% and SD of 5.6% where ¢ is percent volume concentration,
T, is the temperature of the nanofluid in °C and d | is the diameter of the particle in

nf

nanometer.
The specific heat equation developed with the values from various investigators
taking into consideration the temperature and concentration applicable for 0<¢ < 6%,

20<T, <70 isgiven by

0O

T
C, =—" -1036-00298 [¢]—0.0726{l} (8)
pr
Cpw 70

obtained with AD of 3.6 % and SD of 5.5 % where ¢ is percent volume concentration,
and T, isthe temperature of the nanofluid in °C

507



Influence of Certain Thermo-Physical Properties on Prandtl Number of Water Based Nanofluids

The Prandtl number ratio developed with the values from three property ratio
equations (Egs. 6-8) taking into consideration the particle size, temperature and
concentration applicable for 20<d, <150nm, 0<¢ <4%, 25<T <70 isgivenby

I:)rnf Tnf d p
Pr. = —"=1.063+ 0.03492[1+ ¢|- 0.4306 —— |+ 0.5309 —- (9)
Pr 70 150

w

obtained with AD of 2.3 % and SD of 5.5 % where ¢ is percent volume
concentration, T, is the temperature of the nanofluid in °C and d is the diameter of

ni

the particle in nanometer.
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Figure 1. Comparison between regression equation and experiment data for
thermal conductivity
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Figure 2: Comparison between regression equation and experiment data for
dynamic viscosity

Figure 1 and 2 show a good agreement between the properties calculated from
regression equation and experiment data from other sources There is asmall deviation
between the regression equation and experiment data. The deviation is less than 5%.
Therefore, the devel oped regression equations are able to predict certain nanofluids
properties effectively. Small deviation proves that the equation gives a significant value
of nanofluids properties.

RESULTSAND DISCUSSION

Figure 3 shows the variation of Prandtl number of nanofluids with the effect of
temperature for different particle diameters. The Prandtl number of nanofluidsis found
to increase with particle size and decrease with temperature shown through Figs. 3(a) —
3(c). The Prandtl number of nanofluids was compared with Prandtl number of water at
the same temperature. Small particle size gives the equa value of Prandtl number for
both nanofluids and water. Meanwhile when the particle size increased, the Prandtl
number of nanofluidsis drastically higher than the Prandtl number of water at the same
temperature. However, with particle sizes of the order of 20nm, it can be observed that
Prandtl number at low concentrations can be lower than water resulting in obtaining
lesser values of heat transfer coefficients. Fig. 3(d) shows the effect of temperature,
particle size and concentration to the Prandtl number of nanofluids.
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Figure 3: Variation of Prandtl number of nanofluidswith concentration — Effect of
temperaure for different particle diameters

Figure 4 shows the variation of Prandtl number of nanofluids with the effect of
concentration for different temperature. The Prandtl number of nanofluids is found to
increase with concentration and decrease with temperature shown through Figs. 4(a) —
4(c). The Prandtl number of nanofluids was compared with Prandtl number of water at
the same temperature. At low temperature, the Prandtl number for nanofluids is higher
than water. Meanwhile, the Prandtl number of nanofluids is equal or less than water at
low concentration when the temperature increased. Fig. 4(d) shows the effect of
temperature, particle size and concentration to the Prandtl number of nanofluids.

Figure 5 shows the variation of Prandtl number of nanofluids with the effect of
concentration for different particle size. The Prandtl number of nanofluids is found to
increase with concentration and particle size shown through Figs. 5(a) — 5(c). At high
concentration, the Prandtl number for nanofluids is increased. Meanwhile when the
particle size increased, the Prandtl number of nanofluids is increased. Fig. 5(d) shows
the effect of temperature, particle size and concentration to the Prandtl number of
nanofluids.
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Figure 4: Variation of Prandtl number of nanofluidswith particle diameter — Effect of
concentration for different temperature.
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Figure5: Variation of Prandtl number of nanofluidswith temperature — Effect of
concentration for different particle diameter

CONCLUSION

It is required to select a proper particle size based on the operating temperature and
concentration for obtaining the desired heat transfer enhancement. Finally, the
influences of thermal conductivity, viscosity, density and specific heat on Prandtl
number were shown and contributed to the determination of nanofluid heat transfer
coefficients.

ACKNOWLEDGEMENT

The financia support by Universiti Malaysia Pahang is grateful acknowledged.

Bruggemen, D.A.G,,

REFERENCES

Berechnung verschiedener physikalischer Konstanten von

heterogenen Substanzen. |. Dielektrizitatskonstanten und Leitfahigkeiten der
Mischkorper aus isotropen Substanzen, Ann. Phys. Lelpzig 24 (1935) 636-679

512



W. H. Azmi, K.V. Sharma, P.K. Sarma and Rizalman Mamat

Chen, Y. Y., Y.D.Yao, B.T. Lin, C. T. Suo, S. G. Shyu, and H. M. Lin, Specific Heat of
Fine Copper Particles, NanoStructured Materias, 6 (1995) 597-600

Choi, SU.S, Enhancing thermal conductivity of fluids with nanoparticles in
Developments and Applications of Non-Newtonian Flows, D. A. Singer and H.
P. Wang, Eds., American Society of Mechanical Engineers, New York, FED—
231/MD-66 (1995) 99-105

Chon, C.H., K.D. Kihm, S.P. Lee, S.U.S. Choi, Empirical correlation finding the role of
temperature and particle size for nanofluid (Al,O3) therma conductivity
enhancement, Applied physics Letters 87 (2005) 1-3

Das, S. K., N.Putra, P. Theisen, W. Roetzel, Temperature dependence of therma
conductivity enhancement for nanofluid, Journal of Heat Transfer 125 (2003)
567-574

Duangthongsuk, W. and Wongwises, S., Measurement of temperature-dependent thermal
conductivity and viscosity of TiO2-water nanofluids, Experimental Thermal and
Fluid Science, 33 (2009) 706714

Eastman, JA., S. U. S. Choi, S. Li, L. J. Thompson, S. Lee, Enhanced thermal
conductivity through the development of nanofluids, Proc. Symposium
Nanophase and Nanocomposite Materidls 1l , Materials Research Society,
Boston, MA, 457 (1997) 3-11

He, Y., Yubin Men, Yunhua Zhao, Huilin Lu, Yulong Ding, Numerical investigation into
the convective heat transfer of TiO. nanofluids flowing through a straight tube
under the laminar flow conditions, Applied Therma Engineering, 29 (2009)
19651972

http://www.ceramics.nist.gov/srd/summary/scdscs.htm

Lee S, S. U. S. Chai, S. Li, J. A. Eastman, Measuring thermal conductivity of fluids
containing oxide nanoparticles, J. Heat Transfer, 121 (1999) 280—289.

Maiga, S.B., C.T. Nguyen, N. Gaanis, G. Roy, T. Mare, M. Coqueux, Heat transfer
enhancement in turbulent flow using Al>Os nanoparticle suspension,
International Journal of Numerical Methods for Heat and Fluid Flow, 16 (2006)
275-292

Masuda, H., A. Ebata, K. Teramae, N. Hishinuma, Alteration of thermal conductivity
and viscosity of liquid by dispersing ultra fine particles, Netsu Busseal , 4(4)
(1993) 227-233

Maxwell, J.C., A treatise on electricity and magnetism, Second edition, Oxford
University Press, Cambridge, U.K., (1904)

Mintsa, H.A., Gilles Roy, C.T.Nguyen, Dominique Doucet, New temperature dependent
therma conductivity data for water based nanofluids, International Journal of
Thermal Sciences, 48 (2009) 363-371

Murshed, SM.S., K.C. Leong, C. Yang, Investigations of thermal conductivity and
viscosity of nanofluids, International Journal of Therma Sciences, 47 (2008)
560-568

513



Influence of Certain Thermo-Physical Properties on Prandtl Number of Water Based Nanofluids

Namburu, P.K., Devdatta P. Kulkarni, Debasmita Misra, Debendra K. Das, Viscosity of
copper oxide nanoparticles dispersed in ethylene glycol and water mixture,
Experimental Thermal and Fluid Science, 32 (2007) 397402

Nguyen C.T., G.Roy, Christian Gauthier, N.Galinis, Temperature and particle-size
dependent viscosity data for water-based nanofluids — Hysteresis phenomenon,
Int. J. Heat and Fluid Flow, 28 (2007) 1492—-1506

Pak, B.C. and Y.l. Cho, Hydrodynamic and heat transfer study of dispersed fluids with
submicron metallic oxide particles, Experimental Heat transfer, 11 (1998) 151-
170

Risha, G.A., SF. Son, RA. Yetter, V. Yang, B.C. Tappan, Combustion of nano-
aluminum and liquid water, Proceedings of the Combustion Institute, 31 (2007)
2029-2036

Vajha R. S. And Debendra K. Das, Experimental determination of thermal conductivity
of three nanofluids and development of new correlations, International Journal
of Heat and Mass Transfer 52 (2009) 4675-4682

Wang, X., X. Xu, S. U. S. Choi., Therma conductivity of nanoparticle-fluid mixture,
Journal of Thermophysics and Heat Transfer 13, 4 (1999) 474-480

Wen, D. and Y. Ding, Experimenta investigation into convective heat transfer of
nanofluid at the entrance region under laminar flow conditions, International
Journal of Heat and Mass Transfer 47, (24) (2004) 5181-5188

Williams, W., Jacopo Buongiorno, LinWen Hu, Experimental Investigation of
Turbulent Convective Heat Transfer and Pressure Loss of Alumina/Water and
ZirconialWater Nanoparticle Colloids (Nanofluids) in Horizontal Tubes, ASME
Journal of Heat Transfer, 130 (2008) 042412-(1-7)

Xuan, Y., and Li, Q., Investigation on convective heat transfer and flow features of
nanofluids, Journal of Heat Transfer, 125 (2003) 151-155.

Nomenclature

thermal conductivity, J/ (K m)
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diameter, m

Pr Prandtl number

o 0O - x

Greek symbols

o volume fraction of nanoparticlesin percent
p  density, (kg/m?)

u absol ute viscosity, kg/(ms)
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Subscripts

bf basefluid

eff effective

P nanoparticle
neff  net effective
b bulk

W water

nf nanofluid

r ratio
Abbreviation

AD  averagedeviation
NIST National Institute of Standards and Technology
SD  standard deviation
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