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a b s t r a c t

The performance of hydronic finned-tube heating units with nanofluids is compared to their perfor-
mance with a conventional heat transfer fluid comprised of 60% ethylene glycol and 40% water, by mass
(60% EG) using a mathematical model. The nanofluids modeled are comprised of either CuO or Al2O3

nanoparticles dispersed in the 60% EG solution. The finned tube configuration modeled is similar to that
commonly found in building heating systems. The model employs correlations for nanoparticle ther-
mophysical properties and heat transfer that have been previously documented in the literature. The
analyses indicate that finned tube heating performance is enhanced by employing nanofluids as a heat
transfer medium. The model predicts an 11.6% increase in finned-tube heating output under certain
conditions with the 4% Al2O3/60% EG nanofluid and an 8.7% increase with the 4% CuO/60% EG nanofluid
compared to heating output with the base fluid. The model predicts that pumping power required for
a given heating output with a given finned tube geometry is reduced with both the Al2O3/60% EG and the
CuO/60% EG nanofluids compared to the base fluid. The finned tube with 4% Al2O3/60% EG has the lowest
liquid pumping power at a given heating output of all the fluids modeled.

� 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

Heat transfer fluids that are enhanced with extremely small
particles (less than 100 nm in their characteristic dimension, often
called ‘‘nanoparticles’’) in dispersion, are often referred to as
‘‘nanofluids’’. These fluids have been shown in studies by multiple
authors to exhibit superior thermal conductivity [4] to that predicted
by conventional correlations developed for fluids enhanced with
micrometer-sized particles. Other studies have focused on devel-
oping correlations to predict the Nusselt number of internal flows
for nanofluids. For example, the work of Li and Xuan [8], Xuan and
Li [18], suggests that Nusselt numbers for nanofluids are superior to
those of the base fluid under certain flow conditions (for instance,
when directly compared at equal Reynolds numbers). The higher
Nusselt numbers, combined with higher thermal conductivity
yields superior convective heat transfer compared to conventional
heat transfer fluids coefficients in internal flow situations. The
dispersion of the nanoparticles into fluids also results in higher
viscosity that is related to particle mean diameter, concentration
and temperature. Under certain flow conditions (for constant
average liquid velocity, for instance), this can result in increased

pumping losses. The higher viscosity also contributes to a reduction
in Reynolds number, which decreases the Nusselt number when
compared to conventional fluids under constant velocity condi-
tions. These factors must be weighed against each other in evalu-
ating the suitability of nanofluids for use in heat transfer
applications.

Finned tube radiators are often used to provide comfort heating
in perimeter zones within occupied spaces of buildings. These
finned tubes are comprised of a copper tube or steel pipe with thin,
rectangular fins mechanically crimped onto the outside diameter at
regular intervals. Heat transfer fluid is pumped through the copper
tubing while room air is drawn over the fins by natural convection,
thereby accomplishing heat transfer between the hot heating fluid
and the cooler room air. The application of nanofluids in these
finned tube radiators may result in several potential benefits
including increased heating output for equal liquid flow. These
performance impacts, in turn, may be translated into a reduction in
total required heat transfer area. This trait can used to reduce the
materials of construction needed to achieve a given rate of the
heating output. Superior heat transfer properties of nanofluids may
also result in lower liquid flow rate for a given rate of heat transfer,
yielding a reduction in the liquid pumping power consumed
compared to the base fluid.

The objective of this work is to characterize the performance of
finned tube radiators with CuO/60% EG and Al2O3/60% EG nanofluids
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at different volumetric concentrations, and to compare the finned
tube radiators’ performance to that with the 60% EG base fluid. In
cold regions of the world such as Alaska, 60% EG is employed as
a heat transfer fluid because of its extreme freeze resistance. Heating
output for a given finned tube geometry is characterized using the
nanofluids and the base fluid. Also characterized are frictional
pressure loss, pumping power and heat transfer area associated with
a given heating output using the nanofluids and the base fluid.

2. Analysis

The methodology employed to determine finned-tube heating
capacity was based on several previously developed correlations
for thermophysical properties. Selected correlations for properties
of the air and the 60% ethylene glycol/water solution were based on
curve-fits generated from published property data.

2.1. Heat transfer fluid thermophysical properties

In this analysis, liquid filled finned-tube heating capacity is
compared for a variety of different heat transfer fluids. These
include 60% ethylene glycol/40% water solution (heretofore
referred to as 60% EG) and nanofluids comprised of a 60% EG base
fluid with CuO or Al2O3 nanoparticles uniformly dispersed in
volumetric concentrations of 4% or less. Thermophysical property
data for the 60% EG were taken from ASHRAE Fundamentals [1].
Thermophysical properties for air are taken from Bejan [2].

For all curve-fits applied to 60% EG property data (Eqs. (2), (8)
and (11) below) and corresponding data for air (Eqs. (1), (7), and
(10)), R2 > 0.99. These correlations are applicable for 60% EG
between 273 K < T < 370 K, and for air between 173 K < T < 333 K.
These temperatures are comparable to those seen in facility heating
systems.

2.1.1. Density
For density of air, a polynomial curve-fit was applied to the

property data, with R2 > 0.99. The equation for the fitted poly-
nomial is

rair ¼ 2:3548� 10�5,T2 � 1:7928� 10�2,T þ 4:4289 (1)

where rair is in kg/m3. For density of the 60% EG, a polynomial
curve-fit was applied to the ASHRAE data. The equation for the
fitted curve is

rbf ¼ �0:002475,T2 þ 0:9998,T þ 1002:5023 (2)

where rbf is in kg/m3. Pak and Cho [10] developed a relationship for
the effective density of nanofluids. This is used for both types of
nanofluids considered. It is stated as:

rnf ¼ frs þ ð1� fÞrbf (3)

2.1.2. Specific heat
For specific heat of air, a constant value of 1006 J/kg K is used.

For specific heat (J/kg K) of the 60% EG, a linear curve-fit was
applied to the ASHRAE data. The equation for the fitted curve is:

cp;bf ¼ 4:248,T þ 1882:4 (4)

Buongiorno [3] has developed a relation for effective specific
heat of nanofluids. Buongiorno’s correlation is employed for eval-
uating the specific heat of CuO nanofluids. It is stated as:

cp;nf ¼
frscp;s þ ð1� fÞrbf cp;bf

rnf
(5)

From experiments on Al2O3 nanoparticles in 60% EG, Vajjha and
Das [16] developed a specific heat correlation. It is stated as

cp;nf

cp;bf
¼

�
ðATÞ þ B

� cp;s

cp;bf

��
ðC þ fÞ (6)

where A ¼ 0.000891, B ¼ 0.5179 and C ¼ 0.4250 and 315 K < T
< 363 K; 0.01 < f < 0.1. Also, cp is in kJ/(kg K).

2.1.3. Viscosity
For viscosity of air (in Pa s), a linear curve-fit was applied to the

property data, with R2 > 0.99. The equation for the fitted line is

mair ¼ 5:2638� 10�8,T þ 2:6384� 10�6 (7)

For viscosity of the 60% EG (in mPa s), a curve-fit based on
Andrade’s equation presented by Reid et al. [11] was applied to the
ASHRAE data. The equation of this curve-fit is

ln
�
mbf
�
¼ 3135:6

�
1
T

�
� 8:9367 (8)

This correlation applies for 273 K < T < 360 K.Vajjha [14],
developed the following correlations based on experimental data of
Namburu et al. [9] for computing the viscosity (in mPa s) of
nanofluids comprised of CuO and Al2O3 nanoparticles dispersed in
60% EG base fluid

mnf

mbf
¼ AeB,f (9)

where A ¼ 0:9830 and B ¼ 12:9590 for Al2O3 with f up to 10%
ð0 < f < 0:10Þ A¼ 0.9197 and B ¼ 22:8539 for CuO with f up to 6%
ð0 < f < 0:06Þ.

This viscosity correlation was developed for 273 K < T < 360 K.

2.1.4. Thermal conductivity
For thermal conductivity of air (W/m K), a linear curve-fit was

applied to the property data, with R2 > 0.99. The equation for the
fitted line is

kair ¼ 7:5576� 10�5,T þ 3:1203� 10�3 (10)

For thermal conductivity of the 60% EG, a polynomial curve-fit was
applied to the ASHRAE data. The equation of this curve-fit is

kbf ¼ �3:196� 10�6,T2 þ 2:512� 10�3,T � 0:10541 (11)

From experiments on CuO and Al2O3 nanoparticles dispersed in
60% EG, Vajjha and Das [15] developed a thermal conductivity
correlation based on an improvement of the Koo–Kleinstreuer [7]
model.

knf ¼
 

ks þ 2kbf � 2f
�
kbf � ks

�
ks þ 2kbf þ f

�
kbf � ks

�
!

kbf þ 5

� 104bfrbf cp;bf

ffiffiffiffiffiffiffiffiffiffi
kT

rsdp

s
f ðT ;fÞ (12a)

where
f ðT ;fÞ ¼ ð2:8217� 10�2fþ 3:917� 10�3ÞðT=ToÞ

�
�
3:0669� 10�2fþ 3:91123� 10�3�:

For nanofluids comprised of Al2O3 nanoparticles,

b ¼ 8:4407ð100fÞ�1:07304 (12b)
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