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The objective of this study is to experimentally characterize and compare the performance of a nanofluid
comprised of Al2O3 nanoparticles with 1% volumetric concentration in a 60% ethylene glycol/40% water
(60% EG) solution to that of 60%EG in a liquid to air heat exchanger. The test bed used in the experiment
was built to simulate a small air handling system typical of that used in HVAC applications. Previously
established empirical correlations for thermophysical properties of fluids were used to determine the val-
ues of various parameters (e.g. Nusselt number, Reynolds number, and Prandtl number). The testing
shows that the 1% Al2O3 nanofluid generates a marginally higher rate of heat transfer than the 60% EG
under certain conditions. At Re = 3000, the nanofluid produced a rate of heat transfer that was 2% higher
than that of the 60% EG. The empirically determined Nusselt number associated with the convection in
the coil tubing for the nanofluid follows the behavior predicted by the Dittus-Boelter correlation (R2 =
0.97), while the empirically determined Nusselt number for the 60% EG follows the Petukhov correlation
similarly (R2 = 0.97). Pressure loss and hydraulic power for the nanofluid were higher than for the base
fluid over the range of conditions tested. The exergy destroyed in the heat exchange and fluid flow pro-
cesses were between 9% and 12% lower for the nanofluid than the base fluid over the tested range of
Reynolds numbers.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer fluids that are enhanced with extremely small
particles (<100 nm in their characteristic dimension, 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 to that predicted by conven-
tional correlations developed for fluids enhanced with
micrometer-sized particles [1–3]. Other studies have focused on
developing correlations to predict the Nusselt number of turbulent
internal flows for nanofluids [4,5]. These studies suggest that Nus-
selt numbers for nanofluids are superior to those of the base fluid
under certain flow conditions (at equal Reynolds numbers for
instance), and correspondingly superior convective heat transfer
coefficients in turbulent internal flows when compared to conven-
tional heat transfer fluids. The dispersion of the nanoparticles into
fluids also results in higher viscosity depending on particle mean
diameter, concentration and temperature. Under certain flow con-
ditions (for constant average liquid velocity, for instance), this can
result in higher pumping losses, and reduction in Reynolds number

at a given flow rate, which can, in turn, actually decrease the Nus-
selt number when compared to conventional fluids. These factors
must be weighed against each other in evaluating the suitability
of nanofluids for use in any heat transfer application.

Liquid to air finned heat exchangers (or ‘‘coils”) are typically
used to heat or cool air in building Heating Ventilating and Air Con-
ditioning (HVAC) applications. These heating/cooling coils typically
employ rows of close packed metallic (usually aluminum) fins that
have been mechanically attached to thin walled copper tubes (see
Fig. 1). Heat transfer fluid is passed through the copper tubing
while air passes over the close packed fins, accomplishing heat
transfer between the heat transfer liquid and the outside air. Liquid
and airflow is in a ‘‘crossflow” pattern. Large heating coils are used
in central air handling units, while smaller versions are employed
in unit heaters and duct mounted coils. The application of nanoflu-
ids in heating coils may result in several potential benefits includ-
ing increased heating capacity for equal liquid and airflow. These
performance improvements, in turn, may be translated into a
reduction in total required heat transfer area, which may be
reflected in lower fin density, and thus lower air-side pressure drop
and fan energy requirement. Superior heat transfer properties may
also result in lower liquid flow rate for a given rate of heat transfer,
yielding a reduction in liquid pumping energy for a given rate of
heat transfer.
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Strandberg and Das [6] previously performed an analysis on the
performance of hydronic heating coils with nanofluids and conven-
tional fluids. This study indicated that coils filled with Al2O3/60:40
EG/Water (by mass) nanofluids (heretofore referred to as 60% EG)
exhibit superior heating output to those of the coils filled with
60% EG base fluid. One of the significant findings of the study
was that the largest potential benefit of nanofluids in terms of
pumping power reduction for a given heating output occurs under
conditions where the coil operates at less than design capacity.
Since typical HVAC systems spend the majority of their operating
time at ‘‘off-design” conditions, nanofluids may have the potential
to generate significant reductions in power consumption over the
life of a typical HVAC system.

The existing literature reporting on experimental work con-
cerning the performance of nanofluids in forced convection in
the area of HVAC is quite limited. Pandey and Neva [7] reported
on the performance of an Al2O3/water nanofluid as a coolant in a
brazed plate heat exchanger, and determined that the 2% nanofluid
exhibited the most superior heat transfer performance of all
nanofluids tested. Vajjha et al. [4] tested three different nanofluids
with 60% EG as the base fluid and developed a series of correlations
for Nusselt number and friction factor under fully developed, tur-
bulent flow conditions, and found that Al2O3 nanofluids were supe-
rior to the others tested. Farajollahi et al. [8] performed an
experimental study of water based nanofluids with TiO2 and c-
Al2O3 in a test bed employing a shell and tube heat exchanger

Nomenclature

A total heat transfer area (m2)
B exergy (J/s)
cp specific heat (J/kg K)
CFM cubic feet per minute
dp particle diameter (m)
D diameter of tubing (m)
f darcy friction factor
G mass velocity (kg/m2 s)
GPM gallons per minute
g gravitational acceleration (m/s2)
h convective heat transfer coefficient (W/m2 K)
j colburn J-factor
k thermal conductivity (W/m K)
L length (m)
LMTD log mean temperature difference (K)
n number of observations
_m mass flow rate (kg/s)
Nu Nusselt number (hDi/k)
DP pressure drop (Pa)
Pr Prandtl number (cpl/k)
_Q rate of heat transfer (W)
r outside radius of tubing (m)
Re Reynolds number (qVDi/l)
T Temperature (K)
U overall heat transfer coefficient (W/m2 K)

_V volumetric flow (m3/s)
_W pumping power (W)

Greek symbols
a thermal diffusivity (k/qcp)
e pipe roughness (m)
j Boltzmann constant (1.3806503 � 10�23 m2 kg/s2 K)
l dynamic viscosity (Pa s)
g fin efficiency
/ volumetric concentration
q density (kg/m3)

Subscripts
a ambient
air air
i inside
in inlet
bf base fluid
liq liquid
nf nanofluid
o outside
out outlet
s nanoparticle
w water

Fig. 1. Finned heating coil configuration.
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