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Abstract. The objective of the present work is to theoretically and experimentally analyze laminar forced convection of
nanofluids for flows in straight circular tubes, involving the determination of local and average heat transfer
coefficients, as a function of the Reynolds number, for a given concentration of nanoparticles in acquired commercial
nanofluids (water-aluminium oxide). The theoretical model for the thermal entrance involves temperature dependent
thermophysical properties and heat losses to the external environment, and the applied methodology for the solution of
the modeled problem consists of the Generalized Integral Transform Technique (GITT), employing a dedicated routine
prepared in the Mathematica 7.0 platform. An available thermohydraulic circuit was modified and tested with a test
section made of a copper tube with external diameter of 9.525x10 m, with electrical resistance strip heating, seeking
an uniform prescribed heat flux condition. Experimental runs for various mass flow rates, both for deionized water and
the water-alumina nanofluid at 20% nominal mass concentration, allowed for obtaining a representative set of
experimental results offering comparisons and validation of the proposed model, and illustrating the heat transfer
enhancement effect promoted by the nanofluid.
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1. INTRODUCTION

Due to the industry urge in enhancing the thermal performance of their most common working fluids such as water,
ethylene glycol, and heat exchanger oil, several studies were developed during the last decades to improve the
performance of the so-called thermal fluids. Recent research in nanotechnology has enabled the development of a new
class of thermal fluids in the form of liquid suspensions containing metal or metal oxide particles, mostly in sizes
smaller than 50 nanometers, which have higher thermal conductivities than those of traditional heat transfer fluids, and
are known as nanofluids. The name "nanofluid" was first used by a group of the Argonne National Laboratory in the
U.S. (Choi, 1998; Choi and Eastman, 2001).

Since then, several experiments with nanofluids have advertised a significant increase in thermal conductivity
compared to the regular fluid without suspended particles, and with a marked temperature dependence of the
thermophysical properties (Eastman et al. 2004; Keblinski et al., 2005, Das et al., 2006). Correlations for thermal
conductivity with explicit temperature dependence have been recently proposed for water based nanofluids (Mintsa et
al., 2009). Results in general confirm the increase in the effective thermal conductivity with an increase in particle
volume fraction and with a decrease in particle size. Also, the relative increase in thermal conductivity was found to be
more important at higher temperatures. Nguyen et al. (2008) also studied the effect of temperature and volume
concentration of nanoparticles in the dynamic viscosity of the nanofluid water-Al,Oz. They concluded that the viscosity
of the nanofluid depends on temperature and concentration, while the particle size has an effect only at high fractions of
nanoparticles, and established a critical temperature that is dependent on the concentration and size of nanoparticles, in
which the properties of nanoparticles in suspension are changed and induced into a hysteresis effect. Several
correlations were also proposed in the literature for the viscosity of nanofluids. The Einstein formula and the
expressions so derived, originated from the classical theory of linear fluids, are useful but limited to small volumetric
concentrations of nanoparticles.

With respect to convective heat transfer in nanofluids, a thorough review of the available work is provided in
(Kaka¢ and Pramuanjaroenkij, 2009), related to the heat transfer enhancement of internal forced convection with the
dispersion of metallic and metal oxide nanoparticles in common liquids. Xuan and Li (2003) measured the convective
heat transfer coefficient of Cu-water nanofluid, and obtained a significant increase with respect to the base fluid. For a
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given Reynolds number, the nanofluid heat transfer coefficient containing 2% volumetric concentration of Cu
nanoparticles proved to be 60% higher than that of pure water. A few other studies, such as in Heris et al. (2006),
Nguyen et al. (2007), Rea et al. (2009), also confirm the better thermal performance presented by various nanofluids in
forced convection, in different configurations of internal flow.

The Laboratory of Heat Transmission and Technology, LTTC, Mechanical Engineering, POLI & COPPE / UFRJ,
started the research on nanofluids around 2004 with support from CENPES / Petrobras and, in collaboration with the
Materials Division of INMETRO, nanofluids were synthesized and characterized (Cotta et al., 2007b; Fonseca et al.,
2009). This research also included the first efforts on numerically and experimentally analyzing the thermal behavior of
the available alumina-water nanofluids in laminar forced convection within circular tubes (Cotta et al., 2009; Cerqueira
et al., 2010). The nanofluid then analyzed was made by dispersing different concentrations of aluminum oxide (Al,O3)
in water, with an appropriate dispersant, while the nanoparticles were purchased from Nanostructured and Amorphous
Materials, USA. The simulations were performed using a hybrid numerical-analytical technique known as the
Generalized Integral Transform - GITT (Cotta, 1993; Cotta, 1998; Cotta and Mikhailov, 2006), implemented in the
symbolic computation platform Mathematica 7.0 (Wolfram, 2008), for solving the nonlinear partial differential
equations that govern the laminar forced convection of nanofluids within circular tubes (Cotta et al., 2007a). A
thermohydraulic circuit was built and tested to obtain experimental results in forced convection that were analyzed and
discussed in (Cerqueira et al., 2010), as well as verified against the proposed model with temperature dependent
thermophysical properties (Cotta et al., 2007a).

The present work is an extension of the research presented in (Cerqueira et al., 2010), including modifications in
both the experimental setup and in the proposed theoretical model. In the theoretical model, emphasis has been placed
in taking simultaneously into account the heat losses along the test section and the temperature variation of all the
thermophysical properties. Critical comparisons with well established correlations (Churchill and Ozoe, 1973; Shah,
1975) for regular fluids are also undertaken. In addition, in order to evaluate the performance of commercial nanofluids,
which recently have been made available for purchase, a water-alumina (alpha) nanofluid was acquired from
Nanostructured and Amorphous Materials, USA, with a 20%wt concentration, and employed throughout the
experiments.

2. THEORETICAL MODEL AND CORRELATIONS

The proposed mathematical formulation of the problem has the objective of modeling a forced convection
experiment in a circular tube to evaluate the heat transfer enhancement due to the use of a nanofluid in laminar flow. It
is then considered forced convection heat transfer inside a circular tube of a Newtonian fluid with temperature
dependent thermophysical properties, in light of the marked variations with temperature that have been encountered in
the literature. The wall of the tube is heated by an electrical resistance along its length with uniform heat flux, while the
heat losses to the external environment are accounted for via an effective heat transfer coefficient that includes
conduction across the insulation and the natural convection losses at the external surface. The flow is assumed to be
fully developed at the test section entrance, after flowing isothermally through a sufficiently long duct of the same
diameter, and the effects of viscous dissipation and axial heat diffusion are neglected. The corresponding energy
balance equation is written as:

oT(r,2) ar(r,z) |10 oT(r,z)

p(l')cp(l')[u(r,z,T) % +V(r'Z'T)T}7rar[rkU) or } O<r<r,O0<z<L (1)
with the following boundary conditions
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and the fluid inlet condition

T(r,0)=T,, 0<r<r, (1.d)

The longitudinal velocity component is obtained from the simplified formulation for fully developed flow and
determined by direct integration of the z-momentum equation with variable viscosity (Yang, 1962; Oliveira Filho et al.,
2001):
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The solution methodology adopted in solving the temperature problem, Egs.(1), is based on the Generalized Integral
Transform Technique (GITT) and borrowed from the approach proposed in (Cotta et al., 2007a), here including heat
losses to the external environment. Due to space limitations, this approach is not detailed here, but can be found in
(Cerqueira et al., 2010).

The literature provides a few different correlations, either theoretical or empirical, to predict the Nusselt number for
laminar flow as a function of dimensionless axial distance, in the dimensionless form of Graetz number (Gz) (Kakag,
1987). However, the above reviewed work on forced convection with nanofluids reported heat transfer rates
augmentation that do not seem to be explainable only by changing the effective thermophysical properties in
comparison with the base fluid, and thus might not be predictable by the classical correlations for heat transfer
coefficients in laminar flow. Therefore, we have recalled two correlations for laminar forced convection that are well
accepted in the literature, the first one a theoretical correlation based on the analytical solution of the so called Graetz
problem for prescribed heat flux (Shah, 1975), and the correlation of experimental data performed in (Churchill and
Ozoe, 1973), which also provides a correction on the heat transfer coefficient for the variation of viscosity with
temperature. The two expressions, respectively for local and average Nusselt numbers, respectively, are given by:

— Churchill & Ozoe (1973)
3/8
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Eqg.(3.a) may also be numerically integrated to provide the average Nusselt number as a function of the
dimensionless axial position (inverse of the Graetz number).

3. EXPERIMENTAL SETUP AND PROCEDURE

Results were obtained for a nanofluid made of aluminum oxide nanoparticles (Al,Oz-a, APS 30+10 nm, purity
99.9%) dispersed in pure water at 20%wt and pH of 6.3, purchased from Nanostructured & Amorphous Materials, Inc,
USA (US$87. per kg).

The thermohydraulic circuit is divided into five parts: Heater system, Test section, Hydraulic circuit, Heat rejection
system and Data acquisition. The heater system consists of an electrical resistance in the form of a metallic tape that
was installed over the surface of an electrically insulated copper tube treated with electrostatic painting, to allow for an
uniform heat flux along the pipe wall. The pipe is thermally insulated over its length after being covered with Kapton
tape, as illustrated in Figure 1 below.

Kapton tape

Resistance

electrically insulated paint
Figure 1. Detail of heater system, with resistance installed over painted copper tube and covered with Kapton tape.

The heater system also comprises a Variac which gives a variable output AC voltage from 0 to 300VAC. Upon
leaving the Variac, the alternating current is rectified, filtered and applied to the resistance tape wound over the copper
tube. The DC supply has eliminated small electromagnetic induction noise caused in the reading of the thermocouples.
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This setup allows applying to the tube a heating power adjustable from 0 to 1500W. The circuit has a 20 A circuit
breaker to protect it and also serves as a key drive. The reading of electrical parameters is performed by a digital
ampmeter (A) which measures the current within the heater, and a digital voltmeter (V) which measures the supplied
voltage.

The test section consists of a copper tube with outer diameter of 3/8 "and wall thickness of 1/16." The copper tube is
connected by C-PVC unions to provide flexibility to the test section, allowing for quick exchange if necessary. The wall
temperature measurements along the tube are provided by type K (Chromel-Alumel) thermocouples placed on the
external copper wall. To measure the temperature within the fluid, type E (chromel-constantan) thermocouples were
placed inside mixing connections at the inlet and outlet of the test section. For the thermal insulation of the test section
we have chosen an anti-fire foam made of expanded low density polyethylene, in a double layer.

The hydraulic circuit is composed of the fluid storage tank, the pump, hoses, valves for flow control, the return pipe
and a solenoid valve for mass flow rate measurements. The peristaltic pump is made by PROVITEC model AWG 5000-
A. This pump type prevents the contamination of the fluid, employing a non-toxic hose and avoiding contact with the
mechanical seals and other pump parts. For mass flow rate measurements we have used a precision digital scale for low
flow rates, where readings of mass versus time are automatically acquired through the RS232 output of the precision
scale. For higher mass flow rates a turbine type flow sensor is installed at the exit of the test section.

The heat rejection system consists of a shell and coil heat exchanger, made of about twenty coiled sections of 18 cm
in diameter of a 3/8" copper tube, subjected to a shell side water stream at room temperature. The acquisition system
was based on the data logger manufactured by Agilent, model 34070A. Illustrative photos of the thermohydraulic
circuit are shown in Figures 2, while the experimental apparatus is schematically described in Figure 3.

@)
Figures 2. a)Overview of the thermo-hydraulic circuit for experiments on forced convection of nanofluids
(LTTC, COPPE / UFRJ); b) Detailed view of the flow control, pump and mass flow rate acquisition.
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Figure 3. Schematic representation of the experimental apparatus for analysis of forced convection of nanofluids.

The implemented experimental procedure allowed for steady measurements repeatability and reducing errors with
respect to the previous setup. In synthesis, we first check the fluid level in the reservoir to power on the pump, adjusting
its rotation. The data acquisition system is connected and the control valve for the heat exchanger cooling water is
adjusted. Only then the heater system is turned on. When the system achieves its steady state, we power on and tare the
precision scale, measure the voltage and current in the resistance, and measure the mass flow rate. At the end of each
test the system is cooled back again, after the shutdown of the heating power. In the case of exchange of fluid, we use
the purge valve located before the entry to the coil and shell heat exchanger, the lowest point of the thermal circuit.



Proceedings of COBEM 2011 21% Brazilian Congress of Mechanical Engineering
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil

In the results here reported we have utilized 3 liters of the acquired alumina-water nanofluid in the circuit, with a
nominal volumetric concentration of 5.03% of aluminum oxide nanoparticles. In the technical report of its manufacturer
there is no indication of the dispersant used, time and dispersion method or even date of manufacturing. Unfortunately,
due to the high concentration of nanoparticles and certainly the not fully adequate dispersion method or dispersant
employed, a significant sedimentation of nanoparticles in the thermohydraulic circuit could be observed after each test
batch was concluded, which can be illustrated in detail in Figure 4 below, after we have installed a transparent tubing to
allow for the flow visualization. This behavior has alerted us to measure concentrations after each set of runs, which
would then be more representative of the actual concentrations during the tests. In fact, the measured values of 2,33%
and 3,35% in volume concentration are more representative of the actual flowing fluid conditions in each batch of
experimental runs.

Figure 4. Sedimentation of alumina nanoparticles along the acrylic tube placed after the test section for flow
visualization.

To calculate the effective properties of the nanofluid we have used the following expressions for the density and
specific heat as obtained from the conventional mixtures theory:

P =1=9) Py, +dp, (4.2)
Cp,nf :[(1_¢)pfbcp.fb +¢ppcp,p]/pnf (4b)

For the thermal conductivity, we have adopted the Hamilton and Crosser (1962) correlation, with the empirical form
factor defined as n=3 for nanoparticles with spherical shape, since it has provided the best agreement with experimental
results obtained in our previous work, using both the Hot wire and Flash techniques (Fonseca et al., 2009):

K =K, (kp +(n=Dkg, —(n=De(ky, _kp)/(kp +(n=Dkg, —o(Ky, _kp)) (4.0)

As for the viscosity, we have used the correlation in Nguyen et al. (2007), which is also in good agreement with
experimental results previously obtained (Cotta et al., 2007):

Ly = 1y, (1230% +7.3p+1) (4.d)

The temperature dependence of the thermophysical properties was considered to closely follow that of the base fluid
(pure water) in the range of temperatures achieved in these experiments.

4. RESULTS & DISCUSSION

Before undertaking the nanofluid forced convection experiments, several runs with pure water were performed to
verify and validate the experimental setup and procedure in laminar flow. Figures 5.a, b illustrate this validation effort
for a Reynolds number equal to 1531. In Fig.5.a the temperatures measured along the tube wall (blue dots) are
compared with the solution of the linear model (dashed red line for the wall temperature and blue lines for the bulk and
centerline temperatures) and the nonlinear model with temperature dependent thermophysical properties (dashed green
lines for wall, bulk and centerline temperatures). In Fig.5.b, the local (blue dots) and average (red dots) Nusselt numbers
determined from the measured temperatures are compared with theoretical predictions for the local Nusselt (blue line)
and average Nusselt (red line) numbers. The dots in each case are the experimental results and show good agreement
with theoretical predictions, with a slightly better adherence of the nonlinear model results.

As previously discussed, due to the high concentration of nanoparticles, there was a significant sedimentation of
nanoparticles in the thermohydraulic circuit along the experimental runs with the nanofluid, which were organized in
two independent sets of measurements. Figures 6 and 7 illustrate the comparison between the theoretical and
experimental results for each sequence of runs using the nanofluid, respectively, with the volumetric concentrations of
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3.35% at Re=1518 and 2.33% at Re=1891. The temperatures measured on the tube wall by the thermocouples were
directly compared with the GITT solution of the linear model (dashed red line) and of the nonlinear model (dashed
green line). In addition, the Nusselt numbers were calculated from the measured temperatures and compared with their
theoretical predictions for the local (blue line) and average values (red line), again for both models. The dots in each
case represent the experimental results, which have good agreement with theoretical predictions in the range of

Reynolds numbers examined.
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Figures 5.a,b. Experimental and theoretical results (linear and nonlinear models) for (a) wall, bulk and centerline
temperatures and (b) local and average Nusselt numbers, for pure water in laminar flow with Re = 1531.
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Figures 6.a,b. Experimental and theoretical results (linear and nonlinear models) for (a) wall, bulk and

(b)

centerline temperatures and (b) local and average Nusselt numbers, for the nanofluid with 3.35% volumetric
concentration in laminar flow with Re = 1518.
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Figures 7.a,b. Experimental and theoretical results (linear and nonlinear models) for (a) wall, bulk and
centerline temperatures and (b) local and average Nusselt numbers, for the nanofluid with 2.33% volumetric
concentration in laminar flow with Re = 1891.
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Tables 1 and 2 show a direct comparison between the experimental results for the average heat transfer coefficient
of pure water against the alumina nanofluid, respectively with 3.35% and 2.33% volume concentrations. The achieved
heat transfer enhancement is within 3 to 11% with respect to the base fluid case, which approximately falls within the
expected behavior due to the thermal conductivity augmentation in these situations. It should be noted that the results
for the nanofluid with lower concentration are apparently demonstrating a higher heat transfer enhancement, but in fact,
due to the difficulties in achieving exactly the same values of Reynolds number in each experimental run, the values are
slightly more different in this case (Re=1891 for the nanofluid and Re=1857 for pure water) than in Table 1. It should
be mentioned that the propagation of uncertainties in the experimental determination of the local Nusselt numbers have
resulted in an uncertainty of up to 7.5% in such cases. Also, the tabulated results below are within the same order of
enhancement, but slightly worse, than those achieved in our previous research dealing with the water-alumina nanofluid
manufactured at INMETRO (Cotta et al., 2007b, Cerqueira et al., 2010).

Table 1. Comparison of the experimental results for the average heat transfer coefficient of pure water and of the
nanofluid with 3.35% volumetric concentration.

z (m) hn, experimental (W/m2°C) Deviation (%)
Nanofluid, Re = 1518 | Water, Re = 1519

0.428 1152.2 1037.6 11.0

0.787 782.2 757.1 3.3

1.187 722.3 699.6 3.2

1.651 658.8 637.2 3.4

2.024 640.4 607.8 5.4

Table 2. Comparison of the experimental results for the average heat transfer coefficient of pure water and of the

nanofluid with 2.33% volumetric concentration.

z(m) hn, experimental (W/m2°C) Deviation (%)
Nanofluid. Re = 1891 | Water. Re = 1857

0.428 1194.4 1085.7 10.0

0.787 810.1 757.4 7.0

1.187 744.8 700.4 6.3

1.651 675.3 634.5 6.4

2.024 657.5 613.0 7.3

Figures 8 a,b show a comparison between the experimental results for the average Nusselt number of pure water and
for the water-alumina nanofluid with 3.35% volumetric concentration. respectively. against the predictions of the two
adopted correlations. for various values of the Reynolds number and at three different positions along the tube (x =
0.428; 1.187 and 2.024 m). Clearly. the experimental results for pure water are in excellent agreement with the
Churchill & Ozoe correlation throughout the ranges of axial positions and Reynolds numbers considered. while a more
significant deviation from the Shah correlation is observed at the position closer to the channel inlet. The nanofluid
experimental results are also reasonably predicted by the correlations. especially for regions not so close to the channel
inlet, where the agreement with the Churchill & Ozoe correlation is still better than with respect to the theoretical
correlation by Shah.

Figures 9 a,b provide a direct graphical comparison of the average heat transfer coefficient along the channel for the
three fluids, pure water, nanofluid with 3.35% and 2.33% concentrations, at the closest available values of Reynolds
number from each set of experimental runs, a)Re=1430, 1469 and 1463 and b)Re=1710, 1690, and 1700, respectively.
The overall trend confirms the general observation found in the literature, that the increase on particles concentration
leads to a heat transfer enhancement effect, at least in the range here considered. The results for the lower Reynolds
number seem to present a more significant heat transfer enhancement with respect to the other case, but it should be
noted that the values of Re for the two nanofluids are again slightly more apart from the value for water in this case.
Nevertheless, we have not been able to observe any sort of anomalous behavior on the heat transfer coefficients that
could not be predicted by the effective thermophysical properties and classical theoretical models and correlations.
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Figures 8.a.b. Experimental results of average Nusselt numbers for laminar flow of pure water and nanofluid compared
with the Churchill & Ozoe and Shah correlations at three positions in the test section (x = 0.428; 1.187 and 2.024 m).
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Figures 9. Comparison of the average heat transfer coefficient along the channel for the three fluids,
pure water, nanofluid with 3.35% and 2.33% concentrations, at the closest available values of Reynolds
number from each set of experimental runs, a)Re=1430, 1469 and 1463; b)Re=1710, 1690, and 1700.

5. CONCLUSION

Heat transfer enhancement in laminar forced convection of water-alumina nanofluids within circular tubes subjected
to a prescribed wall heat flux has been investigated, both experimentally and theoretically. The experimental runs have
span a range of Reynolds number from approximately 1000 to 1900. The wall channel was heated by an electrical
resistance that allowed for wall temperature variations from 22 °C up to around 60°C at the exit of the channel. A
commercial nanofluid has been acquired, with a nominal volumetric concentration of nanoparticles around 5%, but due
to an inadequate dispersion method and/or dispersant employed, significant sedimentation of the nanoparticles could be
observed after shutdown of the circuit. Therefore, losses of particles in the filling, flow measurement and regular
operation of the circuit have led to sensible reductions of the nanoparticles concentration during each batch of
experimental runs. For this reason, the concentrations were experimentally determined at the completion of each set of
runs, yielding the values of 3.35% and 2.33% for each one. It has been concluded that a heat transfer enhancement
effect is observable, in the range of 3% to 11%, depending on the concentration, axial position and Reynolds number. In
general, the enhancement is more noticeable for the larger concentration, larger values of Re and at regions closer to the
inlet. The enhancement was found to be less pronounced than with a previous alumina-water nanofluid previously
tested, manufactured at INMETRO with a lower concentration and with the use of an appropriate dispersant, when
deposits of nanoparticles in the circuit were much less pronounced. Therefore, the stability of the nanofluid is a major
aspect in the successful use of the nanoparticles as a heat transfer enhancement agent.
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It has also been observed that a classical correlation of experimental results in laminar forced convection (Churchill
& Ozoe, 1973) can fairly well predict the behavior of the tested nanofluids, once effective thermophysical properties are
employed according to available expressions in the literature. Therefore, at least in this range of concentrations and
Reynolds numbers, we have found it unnecessary to develop specific correlations for the water-alumina nanofluid that
employ the concentration as an adjustment factor. In addition, both the linear and nonlinear models of laminar forced
convection with prescribed wall heat flux and heat losses were able to reliably reproduce the wall temperature
distributions and Nusselt numbers experimentally obtained. At least in the present range of wall and fluid temperatures,
the variation of thermophysical properties with temperature provides only a slight deviation in the theoretical results for
the heat transfer coefficients, though yielding a better agreement with the experimental results. Future work should be
directed to exploring higher Reynolds numbers (turbulent flow) and higher temperature differences (pressurized
systems), in order to clarify in more definitive terms the achievable heat transfer enhancement with this class of
nanofluids.
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