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Abstract

An experimental investigation has been performed to study thermal performance of TiO/distilled
water nanofluid in an evacuated tube receiver model with titania nanoparticles concentration of 0.1
vol.%. In the solar parabolic trough collector system, an evacuated tube receiver usually is employed
to efficiently absorb the radiation reflection from the parabolic collector. In the present work, the
uniform heat flux is generated by variac transformer for a fix magnitude instead of daily solar
radiation. The results of this investigation show that the applied heat flux has just affected on outlet
temperature of nanofluids but it does not influence on dimensionless number (Nusselt number). The
result also indicates that the friction factor of the observed nanofluid is higher than that of the base
fluid. For thermal performance, the average Nusselt number enhancement between non-evacuated
and evacuated condition yields 17.9% and 21.7% for water and nanofluid, respectively. Due mainly to
adding nanoparticles into base fluid, the changes of the thermophysical properties of nanofluid and
thermal boundary layer at the inside pipe wall play an important role in heat transfer enhancement.
With applying an evacuated condition application into receiver tube, thermal performance of Nano
fluids is more efficient than that of non-evacuated condition.
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Introduction

A solar parabolic trough collector (solar PTC) is a special design of heat transfer in which solar radiation
energy is converted into heat through a receiver or heat collecting element (HCE). This receiver has a smaller
surface area to minimize heat loss compared with flat plat collector. A polished metal mirror is usually used as the
parabolic collector to concentrate solar beam. A linear parabolic concentrating serves as a reflector which reflects
solar beam and a tube receiver as well as will absorb its reflection. This optic linear system will focus directly beam
to a straight tube receiver. Hence, both a straight evacuated tube receiver and a curved parabola with a polished
metal mirror play a necessary role in solar radiation absorption. The incident radiation that enters the parabolic
mirror is focused along focal point in which a tube receiver is placed to be heated. An evacuated tube receiver of the
solar PTC is located at the focus line of the reflective parabolic surface with means of transferring the absorbed solar
energy to the specific heat transfer fluids. The outer surface of the tube receiver is coated with selective blacked
nickel to effectively absorb and the tube receiver is covered with glass tube to create an annulus gap. This annulus
gap is vacuumed in order to reduce conduction and convection between tube receiver and glass envelope. In the
solar PTC, the radiant energy is transferred to the heat transfer fluids in a far enough distance. This typical solar
collector can be utilized for practical application requiring energy delivery at medium or high temperature up to
300°C above ambient temperature (Duffie and Beckman, 2005).

The heat transfer fluids have played a key role in numerous industrial applications, for example,
transportations, chemical processes, energy supplies and productions, and microelectronics. Heat transfer of these
industrial applications needs certainly working fluids to transfer of heat energy which called heat transfer fluids
(HTFs) in which have thermophysical properties such as density, viscosity, heat specific and thermal conductivity.
Among these properties, thermal conductivity is vital in the development of energy-efficient heat-transfer
equipment. However, conventional HTFs, such as water, oil and ethylene glycol, are inherently low thermal
conductivities and efficient HTFs. There is an urgent necessity to develop an advanced HTFs with high thermal
conductivities and enhanced heat transfer performances (Wu et.al., 2009). Attempts to improve the inherently poor
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thermal conductivity of liquids by adding millimeter- or micrometer-sized solid particle in a host fluid have been
begun by many researchers more than a century ago. Numerous theoretical and experimental studies on the effective
thermal conductivity of suspensions have been conducted. Due to lack of these suspensions stability is reasonable to
avoid these suspensions as heat transfer working fluid. The large size and high density of the solid particles induce
agglomeration of suspensions which will produce significantly additional flow resistance and possible erosion in
tubes. Therefore, the application of these suspensions to enhance thermal conductivity and heat transfer performance
was tremendous limited.

In the solar parabolic trough collector, the heat collecting element plays a notable role which converts solar
radiation into heat and transfers it to the HTFs flowing through the tube (Lipfert et al., 2008). On the other hand, the
HTFs and heat loss greatly affect in the large parabolic collector performance. The thermophysical properties in
particular thermal conductivity of these HTFs play a very important role in the development of energy-efficient heat
transfer system. However, conventional HTFs such as water, ethylene glycol, propylene glycol, and engine oil, have
inherently poor thermal conductivity properties compared to most solids. The primary problem using solid particles
of milli or micrometer to alter heat transfer is that they highly settle rapidly in liquids. This suspension also cause
abrasion, clogging, and additional pressure drop. To overcome these problems, nanoparticles are employed in a
dispersion instead of milli or microparticles called nanofluids. The nanofluids term was first introduced by Choi
(1995) defined as dispersing nanoparticles (normally below 100 nm) into conventional HTFs. Nanofluids are
categorized as dispersed a colloid by a few researchers. Colloidal system are a dispersion system in which one phase
has dimensions in order of 1 nm to 1 um (Butt and Kappl, 2010) as schematically shown in Figure 1. Taylor et al.
(2011) have experimentally characterized optical property of nanofluid towards efficient direct absorption solar
collectors. Due to considerable complex of dispersed colloids or nanofluids morphology, correlation of nanofluids
convection heat transfer coefficient has not much been developed. Nanofluids might be reasonable to treat them as
pure liquids and Newtonian fluids on account of the tremendous small size and the low volume fraction of the
nanoparticles in the most conventional HTFs.
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Figure 1. Schematic of a colloidal dispersion.

Unlike suspensions containing coarse particles, nanofluids contain the dispersed ultrafine powder with low
volume fraction. The considerable small size and large specific surface area of nanoparticles not only enhance the
stability of dispersions but also improve heat transfer performance significantly. Hence, the investigations with
regard to the preparation and the thermal conductivity of stable nanofluids have been being explored experimentally
by a few researchers for over two decades. Recently, Kristiawan et al. (2012) have conducted experimentally
thermal conductivity enhancement for TiO,/EG and Al,Os/EG nanofluids with increasing volume fraction of 1.0 to
2.5 wt.%. However, the mechanism of the enhancing thermal conductivity in nanofluids is still not obvious. The
influences of several factors on the convection heat transfer coefficient, such as particles size, particles shape, size
distribution, dispersants or surfactants, interfacial properties are still debated by many researchers. The reported data
with respect to the mechanism of the thermal conductivity enhancement in nanofluids are inconsistent. Therefore,
the experimental studies on preparation, characterization and thermal conductivity in nanofluids become the great
challenges to develop the advanced HTFs.

In the present work, nanofluid is performed in the heat collecting element to analyze its potency as advanced
HTFs. The TiO,/water nanofluid is used as HTFs in the evacuated receiver tube. The influence of heat flux
magnitude and evacuated boundary condition on convection heat transfer are investigated. In laboratory scale, the
thermal performance of the HCE is focused on convection heat transfer with applying an ideal energy input by
means of generating an uniform heat flux. Due to the lack of the literature of nanofluids in the solar PTC, the work
results are perhaps presented in the real-time measurement. Meanwhile, the aim of this research are (1) to observe
the influence on the applied different heat flux and volumetric rate to heat transfer performance, (2) to evaluate heat
transfer enhancement of nanofluids with and without evacuated condition, and (3) to assess feasibility and ability of
nanofluids as advanced HTFs in solar parabolic trough collector system.

M-8



Simposium Nasional RAPI XII - 2013 FT UMS ISSN 1412-9612

Material and Method
Nanoparticles Characterization

The ultra-fine oxide nanoparticle used in this study was titania (TiO,- powder) nanopowder, ~21 nm particle
size, 99.7% trace metals basis procured from Sigma-Aldrich USA. In the Figure 2, the transmission electron
microscopy photograph of titania using the JEOL JEM-1400 is depicted. This testing is a standardized method for
imaging and measurements of dimension of nano and micro sized structures due to their high imaging speed and
high resolution According to the image, the samples of titania nanoparticles mainly consist of nearly solid particles
with nominal diameter of 21 nm. Furthermore, the x-ray diffractometer using the Lab X XRD-6000 Shimadzu was
employed to identify the crystal phase of the oxide nanoparticle as described in Figure 3. According to comparison
the JCPDS-International Centre for Diffraction Data, titania indicated an anatase mineral. These patterns have been
found that the oxide nanoparticles used in the experimental study were single-phase nanoparticles with tetragonal
structure.

__20.0nm

Figure 2. The TEM image of titania nanoparticles
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Figure 3.The XRD patterns of titania nanoparticles

Nanofluid Preparation

There are two techniques in the preparing nanofluids, that is, the one-step process and the two-step process.
In this experimental work, nanofluid sample was prepared by dispersing titania nanopowder into distilled water with
volume fraction of 0.1 vol.% by means of two step method. Using an electronic balance, the oxide nanoparticles
were carefully weighed and the volume concentration was calculated based on their density. A specified amount of
titania nanoparticles was mixed with distilled water using magnetic stirrer for 1 hour. To break large agglomerates
of nanoparticles in the distilled water and make stable dispersion, ultrasonic vibration process was performed using
ultrasonic bath (NCE80-11) for 4 hours. In this study, stable nanofluid was prepared without addition of surfactants
or dispersants in which exhibited excellent stability without any visible sedimentation for several days (Figure 4).
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Figure 4. The sample of TiO,/distilled water nanofluid.

Experimental Setup

An experimental setup was established based on schematically diagram as shown in Figure 5. The
experimental apparatus consisted of an evacuated tube receiver, a heating unit, a cooling system, a flow controlling
unit, and a measuring unit. A home-made evacuated tube receiver that consist of copper tube and glass cover was
employed as the test section. A copper tube with 11.5 mm outer diameter and 12 mm inner diameter were used.
Meanwhile, a glass envelope with 81 mm outer diameter was utilized to cover a copper tube in order to forming a
annulus tube. A pressure gage was mounted at the end of the test section to indicate on an evacuated condition up to
60 kg/cm? under atmosphere pressure. A control valve was used to create and to release of vacuum pressure. A gear
pump with applying speed reducer was used to circulate the nanofluid through the evacuated tube from the
collecting reservoir in the present work. The flow rate was measured by a weighing machine in period of time using
stopwatch. To measure the pressure drop, two piezometer tubes were used in this present experiment in consequence
of highly small pressure drop. To generate an uniform heat flux instead of solar radiation, a nichrome wire was used
as an electric heater in the laboratory scale work. The variac transformer with a maximum capacity of 3 kW was
connected to six nichrome wire coils which was wound on the outer wall of glass envelope. In order to reduce the
heat loss, the coils were thermally insulated by glass wool and aluminum foil. In this study, five K-type
thermocouples were mounted on the receiver tube at the axial position of 250 mm (Ts1), 500 mm (Ts,), 750 mm
(Ts3), 1000 mm (Ts4), and 1250 mm (Tss) from the inlet of test section. Meanwhile, two thermocouples were
inserted at the inlet and outlet of the test section to measure the bulk temperature of the nanofluid. Data acquisition
system connected to a PC unit was used to record the temperature readings from thermocouples in the real time with
period of 5 minute.
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Figure 5. Schematic diagram of the experimental setup.
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Thermophysical Properties of Nanofluid

Thermophysical properties of the observed nanofluids must be known prior to calculating the convective heat
transfer coefficient. In this experimental work, temperature-dependent thermophysical properties of nanofluids such
as, effective density, specific heat and thermal conductivity have been considered. These thermophysical properties
of water-based nanofluids can be calculated using the established correlations proposed by previous studies.
The effective density and specific heat of nanofluids can be estimated as follows:

por =905 (T)+ (L= ¢)p; (T) )
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The effective thermal conductivity of nanofluids correlated by Patel et al. (2010) is used to predict its value defined
as:

@
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Data Reduction

Due to assuming the constant radiation, convective heat transfer experiments were carried out under an
uniform wall heat flux boundary (UWHF) conditions. The generated wall heat flux can be determined from the
sensible heat gain by the flowing nanofluid,

_ mcp(Tout _-Fin )

" (4)
DL
The average heat transfer coefficient can be calculated as follows,
_ qH
h=—=—= (5)
Tw,i _Tbulk
where the observed nanofluids properties are evaluated at the bulk temperature,
T _ (Tm,in +Tm,out) (6)
bulk — 2
Wherefwvi is the average inner wall temperature calculated from local wall temperature,
— n=5
Tw,i = 4 Tw,i (7)
i=1
The average Nusselt number is defined as,
nu="D ®
k

It is noted that all thermophysical properties of the test nanofluids are determined based on a mean bulk temperature.

Result and Discussion
Friction Factor

Preliminary experiments were performed on pure water in order to validate the experimental setup for
friction factor. Friction factors were validated with the established correlation for laminar, transition, and turbulent
flow such as, Hagen-Poiseuille, Churchill, and Blasius equation, respectively which are given as:
Laminar flow,

64

= (6)
Re

fip
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Transition flow,
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Turbulent flow,
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According to calculating of those equations, comparison between theoretical and experimental friction factor
of distilled water flowing in a tube at adiabatic condition is depicted in Figure 3. It can be observed that friction
factors of experimental data are in good agreement with theoretical values (Fig. 6.a). In Figure 6.b, the increasing of
friction factor in TiO/distilled water compared to that of the base fluid is clearly shown. Due to adding particles into
base fluid, the higher friction between the flowing nanofluid and pipe wall is occurred. The high friction factor
augmentation induces extra penalty in pumping power thus it must be considered in thermal system design of
nanofluid applications.
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Figure 6. Variation of experimental friction factor with Reynolds number.

The Effect of Heat Transfer Fluids

In this experimental investigation, the different heat transfer fluids such as the base fluid (water) and the
TiOJ/distilled water nanofluids are performed with heat flux of 0.86 kW/m? and the volumetric rate of 0.35 LPM. It
is noted that all experiments are analyzed with temperature-dependent properties of the heat transfer fluids. The
effect on their heat transfer performance is shown in Figure 6. For the base fluid (6.a), there is insignificant Nusselt
number change for both non-evacuated and evacuated conditions. However, the evacuated condition in receiver tube
shows the higher thermal performance compared with non-evacuated condition for TiO/distilled water nanofluid
with nanoparticles concentration of 0.1 vol.% (6.b). Due mainly to adding nanoparticles into base fluid,
thermophysical properties of nanofluids change and exhibit better heat transfer performance. The average Nusselt
number enhancement between non-evacuated and evacuated condition for water and the nanofluids are 17.9% and
21.7%, respectively. The thermophysical properties of nanofluid may be responsible to temperature distribution at
the pipe wall and bulk temperature of nanofluids. It is clear that the improved thermophysical properties of the
nanofluids play an important role on heat transfer enhancement like the results reported by previous researchers. On
other hand, nanoparticles dispersed into the base fluid also lead to a thinner thermal boundary layer at the inside pipe
wall. The boundary layer. The thinner boundary layer, the more efficient heat transfer rate.
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Figure 6. Comparison between water and TiO,/distilled water for the Nusselt number in the real-time.

The Effect of Heat Flux Magnitude

Figure 7 presents the effect of the generated heat flux magnitude on Nusselt number in which the heat flux
used in this work are 0.49 and 0.86 kW/m?. The volumetric rate flowing into receiver tube in all experiments is 0.35
LPM with Reynolds number of 800+50. Different heat flux magnitude applied into receiver tube indicates
insignificant change of dimensionless number for both non-evacuated (7.a) and evacuated condition (7.b). The heat
flux magnitude has just affected on outlet temperature of nanofluids. The higher heat flux magnitude, the higher
outlet temperature. Therefore, Nusselt number does not be affected by the various solar energy magnitude in daily
incident radiation. TiOy/distilled water nanofluid tends to constant value with increasing of time radiation for all
applied conditions. In the non-evacuated condition, Nusselt numbers dramatically increase for several hours until
they achieve constant Nusselt number value. Conversely, Nusselt numbers have a constant trend from starting time
up to achieving constant values in evacuated condition. It indicates that an evacuated condition into receiver tube is
more efficient than that of non-evacuated condition.
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Figure 7. The effect of different heat flux magnitude on Nusselt number.
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Conclusion

An experimental investigation has been conducted to study the nanofluids potency in an evacuated tube
receiver. The results of this investigation show that the applied uniform heat flux has just affected on outlet
temperature of nanofluids but it does not influence on dimensionless number (Nusselt number). The friction factor
of TiO,/distilled water nanofluid is higher than that of the base fluid. The friction factor increasing of the test fluid
induces extra penalty in pumping power thus it must be considered in thermal system applications of nanofluid. For
water and the nanofluid, the heat transfer enhancement between non-evacuated and evacuated condition are 17.9%
and 21.7%, respectively. The thermophysical properties of nanofluid that change due mainly to adding nanoparticles
into base fluid are responsible to heat transfer enhancement. According to applying different condition, the result of
this research that an evacuated condition into receiver tube is more efficient than that of non-evacuated condition.
In-depth investigations of nanofluid application on an evacuated tube receiver are still highly required in the future
for practical and economical applications.
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Nomenclature
T =temperature, °C

¢, = specific heat, kJ/(kg.K)
k = thermal conductivity, W/(m.K)
d = nanoparticle diameter, m
D = pipe diameter, m
q" = heat flux, W/m?
m = mass flow rate, kg/s

Nu = Nusselt number
Re =Reynolds number
Pr = Prandtl number

Greek Symbols
¢ = volume concentration
u = absolute viscosity, N.s/m?
p = density, kg/m’

Subscripts
nf = nanofluid
np = nanoparticles
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