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Abstract

A numerical study ofonvective heat transfer in an annular pipe solar collector
system is conductethe inner tube contains pure water and the annular region
contains nanofluidThreedimensional steadgtate incompressible laminar
flow comprising watebased nanofluid containing a variety of metallic nrano
particles(copper oxide, aluminium oxide and titanium oxide naaaticleg is
examined. The TiwaiDas models deployed for with thermal conductivity,
specific heat capacity and viscosity of the nanofluid suspensions is evaluated
as a function of solid nangarticle volume fraction. Radiative heat transfer is
also incorporated using the ANSY'S solar flux and Rosseland radiatiseeln

The ANSYS FLUENT finite volume code (version8ll) is employed to
simulate the therm#luid characteristics. Mesimdependence tests are
conductedThe influence ofolume fraction on temperature, velocity, pressure
contours is computed and visualiz Copper oxide nanofluid is observed to
achieve the best temperature enhancement. Temperature contours -at cross
sections of the annulus are also computed.

Keywords Thermal convectionpanofluid; annulus,ANSYS FLUENT; finite
volume;metallic naneparticles; Temperature contours; Velocity; Pressure; Solar
collector.
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Cp specific heat capacity T temperature gradient

k thermal conductivity f dynamic viscosity of base fluid
ke radiative conductivity nf dynamic viscosity of nanofluid
n refractive index ! density

Qc thermal conduction flux - volume fraction

Qad  radiative flux term %, nanofluid specific heat

T denotes temperater 6z base fluid density

Vi volume of fluid s  nanofluid density

Vhp nano particles volume €o nanoparticle density

1. Introduction

Motivated by cleaner and more sustainable energy resources irf'tben®dry, engineers have
intensified effortsn studying and developing more efficiaehewable energgesigns While

many different options exist, solar energy remains the most pronusumyg to the vast
guantities of heat received daily in many parts of the world. The current energy utilization
globally is a fraction of the total solar radiation reaching the eerthoted byalogirou [1].

Solar collector design continues to undergonezhents and is being implemented on large
scales in many continen#&.wide spectrum of solar collectonss been implemented of which

solar thermahkbsorptioncollectors(including concentrated solar power plants) are the most
popular and absorb solardiation directly via heating aorking fluid which then drives a
turbine connected to electrical generator units. These are the most widely deployed in
commercial and domestic applications and include parabolic troughs, solar flat plate panels,
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solar air leaters and solar towers and evacuated tube solar collectors, hybrid aohedaors

etc ,Q DOO WKHVH V\VWHPY DV RSSRVHG WR SKRWRYROWDLF
carrying the working fluid for thermal transfer. Depending on geograpluications different

thermal collector designs are employed.

Laboratory and experimental testing of new solar devisesritical to their subsequent
deployment. However, this can be a tio@suming and expensive endeavour. To improve
predictions of pojected efficiencyin parallel with field testingtheoretical and computational
modelscurrently provide the only feasiblestrategyand a relatively inexpensive methtmt
optimization. Over the past four decades numerous different solar colgaeshave been
studied with thermal fluid dynamic modelsobo et al.[2] used numerical simulation is used

to analyse the performance of an annular spaced cylindrical solar collector, comprising a
transparent glass tube, mirrored over a segment of the cin@moé and engulfing the
absorber tube for both an evacuated annular space andfdliecione. Badran [3] reported

both theoretical and experimental results for a novel tiftdohdricattype solar collector
comprising two steel cylinders with waterlifilg the annular gap and the outside cylinder
coated in plastic film glazing, with the ends of the cylinder being insulated. He considered
strong solar flux cases with the annular gap heated and circulated via the-slyphmnaic
driving force and achieved maximum thermal efficiency of 85%. Bhutktaal. [4] used
Meteonorm software to investigate the performance of a solar parabsbeption collector,
computingheat gain and energy generatard benchmarking with the actutdta ofal MW

Solar ThermkaPlantand a50 MW Parabolic Trough Power Plarurther studies include
Tiedeman [5] (who considered integral and conventional solar water heating collectors),
Boonchonet al.[6] (helix tube solar collects), Reddy [7](double rectangular solar inte¢gd
enclosures withtransparent insulation materials (TIM) ated with phasechange material
(PCM)), Bhargava [8] (wall losses in a tubukwlar collector/water headerOrtega et al. [9]
(interzonal heat transfer in fimodified solar collector walls) a@nBéget al. [10] (finite
difference simulation of radiativeonvective viscous flow in porous media annular hybrid
solar collectors) and Bégt al.[11] (thermasolutal convection boundary layers on titled solar
collector plates with Soret and Dufour midiffusive phenomena). These studies were all
confined to Newtonian fluids. Howevdroth hiermal convection and efficiency can passively
be enhanced bynodifying flow geometry and boundary conditioesy. inlet and wall
conditions (as exemplified in refs[2]-[10]) or alternativelyby enhancingworking fluid
thermophysical properties.

In the 1990s, Choi ] and ceworkers in the USA developed a novel approach to increasing
efficiency of fluids deployed in heat transfer operations. They introduced uogtsofl
Nanofluids are a very successful family of engineered fluids, which contairdispérsed
nanoparticles suspended in a stable base fluid. The presence of metallic nanoparticles (e.qg.
gold, silver, copper, aluminium etc) significantly improves therriophysical properties of

the host fluid and generally results in a considerable boost in thermal conductivity, density, and
viscosity of nanofluid compared with the original base (host) fluid. This modification in
fundamental thermal properties has profd implications in influencing the convective heat
transfer proces®n impressive range of applications of nanofluids have been explored in the
last decade or so and these aspects in addition to fabrication and different types of nanofluids
(carbon nantubes, nanehells, nangarticles, nanavires etc) are lucidly reviewed in Das

al. [13]. Wang and Majumdar [14] have focused specifically on heat transfer characteristics.
Recently nanofluids have been utilized in peristaltic qammps in medical engeering [15],
pharmacedynamic delivery systems [16], petroleum drilling operations [17] and smart coating
systems for offshore applications [18}vo popular mathematical models have been developed

in recentyears for simulatingnanofluid transport phenama. These are theo-component
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laminar fourequation norhomogeneous equilibrium model of @&wiorno L9 and the
volume fraction model of Tiwari and Das [20]. The former feattheemophoretic forces and
Brownian motion dynamics as the key contributior$shermal conductivity enhancemeartd
includes mass, momentum, energy and species conserveteatterfocuses more on the
type and properties of nayparticlesand permits the computation of nanofluid properties for
specific metallic (e.gzinc or copper oxide) or nemetallic (e.g. diamond, silicate) nano
particles In the TiwartDas modethe volume fraction is engineered to lgeto 10% which
enables mechanical behaviour like the base #und nanoparticle contribution is simulated
through volume fraction instead of in a separate species conservation equidtbrmodels
have received extensive attention in recent years. For exampBeidhgiorno model has been
deployed in coating flows [21], biofuel cells [22] and dni@ancpolymer manufactung fluid
dynamics [23]. The TiwarDas model has been utilized in peristaltic thermal fraumaps [24],
nanepolymer fabrication dynamics [25], electkmmetic microfluidics [26] and chemical
engineering mixing processes [27].

In recent years nanofluidsae received extensive attention in solar energy collstidies
Many excellent reviews have been communicated on various systemsHhaykBet al [28]

(e.g. solar collectors (SCs), solar thermoelectric devices, solar water heatergesttarmal
combined cooling heating and power system (CClgRdtovoltaic/thermal (PV/T) systems
etc), Muhammaet al.[29] (on gationary solar collectoysAbdin et al.[30] (nanofluid doped
solar collectors, fuel cells, photocatalysis and solar photovoltaics,itTE§d (who has
considered both solar nanotechnology and other renewables) and ®¥¥aaf [32]
(spectrophotometery of dispersion stabilityGliinese inkbased nanofluid solar collectors).
Recent experimental studies of solar rdoped collectors incluKili¢ et al.[33] (ontitanium
dioxide/water nanofluid flat plate solar collectoes)d Sharafeldin and Groéf [34]Qerium
oxide-water nanofluidlat-plate solar collectorat threadifferent volume fractions of 0.0167%,
0.0333% and 0.0666p6Numerical sidies of nanofluiebased solar collectors have utilized a
wide range of computational methodologigeteGenc et a[35] presented a timdependent
model to evaluate thinermal inertia of each componesft Aluminium oxidenanofluid flat
plate solar i.eglass, trapped air, absorber and working flund computing the mass flow rates
at differentflow Reynolds numbers and volumetric concentraidrurther studies include
Yousefiet al. [36],Haghshenast al. [37] (multiphase nanofluid tubular collectofSplangelo

et al. [38] Aluminium oxidediathermic oil nanofluids Meibodi et al. [39] and Mahian et al.
[40] (SiIO/Ethylene Glycolwater nanofluidflat plate solar collectgr Bianco et al. [41]
(turbulent Aluminium oxide water nanofluid pipe collecyoisl-Nimr et al. [42] (hanadoped
copper oxide twdayer solar ponds) and Mahian et al. [43] (rghannel titanium dioxide
water collectors). The complex geometry of many solar collectors is often best addressed with
computational fluid dynamics (CFD)fsevare. Notable among such commercial finite volume
codes is ANSYS FLUENTThis code has been used by the authors in numerousphysical
fluid dynamics and heat transfer studies in recent years including Newtonian viscous natural
convection in twedimensional solar thermal absorbers with different radiative flux models
[44], film cooling of turbulent heat transfer [45], mass transfer followingiaileg of
commercial aircraft wings [46khreedimensional gas turbine blade film cooling [47] and
rocket mni-channel cooling anturbulent convective heat transfi@8]. ANSYS FLUENT
(version 18.1)allows incorporation of the Tiwaibas model via a muHlphasephysics
capability Computations are conducted with the presdased solver. Thregimensional
stealy state flow is studiedWe employ the SIMPLE algorithm available in the ANSYS
FLUENT CFD code. The current study addresses convective heat transfer in an annular pipe
solar collector system comprising an inner tube containing pure water and an argiatar re
containing metalvater nanofluid. Three different metallic naparticles (copper oxide,
aluminium oxide and titanium oxide naparticles) are examined. Via the Tiw&ras model
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the thermal conductivity, specific heat capacity aisgosity for eachmetatwater nanofluid
suspension is calculated as a function of solid faarticle volume fraction. Radiative heat
transfer is also incorporated using the ANSYS solar flux and Rosseland radiative models. The
ANSYS FLUENT finite volume code[49] is employel to simulate the therraituid
characteristics. Mesimdependence tests are conductédtensive visualizations of the
influence of volume fraction on temperature, velocity, pressure cordacejpgesented.

2. Computational thermo-fluid dynamic mathematical model

The solar collector geometry to be studied is illustrateBigare 1 in an {,y,2 coordinate

system It comprises two concentric cylinderthe inner composed of copper and the outer
composed of glassThe @pper tube has inner diameter 22mhgckness 3 mm and is of 1m

in length and contains flowing water. This inner copper tube is submerged in metallic nano
fluid confined in the annular space between the copper tube and an external glass tube with
internal diameter of 51 mm and wall thickne$2.25 mm with the same length (1m). There

is no heat transfer though the top wall (adiabatic end condition). No slip boundary conditions
are assumed on all walls of the cavity are considered as impermeable. The physical properties
of the fluid assumedomstant. The physical model is showrFigurel.

Figurel. Geometrical and physical model for annular nanofluid solar collector

The threedimensional models of heat and fluid flow in the solar collector tube are designed in
ANSYS FLUENT computational fluid dynamics software. Laminar, steadtate,
incompressible flow is considered with forced convective heat trafisferannular nanofluid

is the absorber fluidnd the TiwarDas naneparticle volume fraction model is deployed [20],
which is describedin due course The fundamental equations for steady viscous,
incompressible laminar flow are théareedimensional timendependentNavierStokes
equations, which in a Cartesian coordinate system, take the following form

'"T$OHPEHUW PDVYV -b eo@vuity) YDWLRQ

2 EE-CLr (1)

x-direction momentum conservation
¢BY- ER-ES—CLé( F E4B E—"E—C )

y-direction momentum conservation
¢BY- ERTES—=CL &\ Fr E4BSE-"E—C )

z-direction momentum conservation
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Forced convection takes place in the regime and the approgmetgyconservatiorequation
is

a ' ' . QLI I R |
Q ER-ES— LU @ E— E— ArQu (5)
Here U, L—T/@is the thermal diffusivity, which is a measure of thermal ineARSYS

FLUENT [50] provides a solar load model that can be used to calculate the radiation effects
from the sun's rays that entéine computational domain. The Solar load is available in the 3D
solver only and can be used to mdaethsteady and unsteady flows. Two options are available
for the model: Solar Ray Tracing and DO irradiati®ular Ray Tracings used in this
simulatian due to its highly efficient method and practical means of applying solar loads as
heat sources in the energy equations. This study focuses baatabsorptiorcapability of

various types of nanofluids, where the sun radiation is fixed iz-theection along the pipe

with theintensity of 877W/m?. The solar calculator utility in ANSYS FLUENT (solar load
model) is turned off. Hence, the simulation can be easily recreated as a laboratory experiment.
The solar load model's ray tracing algorithm can seduto predict the direct illumination
energy source that results from incident solar radiafibis approach utilizea beam that is
modelled using the sun position vector and illumination parameters, applies it to any or all wall
or inlet/outlet boundarzones spedid, performs a facby-face shading analysis to determine
well-defined shadows on all boundary faces and interior walldinally computes the heat

flux on the boundary faces that result from the incident radiation. The solar ray tramiegy m
includes only boundary zones that are adjacent to fluid zones in the ray tracing calculation. In
other words, boundary zones that are attached to solid zones are igimedsulting heat

flux that is computed by the solar ray tracing algorithmoigpted to the ANSYS FLUENT
calculation via a source term in the energy equdt@). The heat sources are added directly

to computational cells bordering each face and are assigned to adjacent cells in the following
order: shell conduction cells, solalls, and fluid cells. The solar ray tracing algorithm also
accounts for internal scattered and diffusive loading. The reflected component of direct solar
irradiation is tracked. A fraction of this radiative heat flux, caitgdrnally scattered energy
applied to all the surfaces participating in the solar load calculation, weighted by area.
However, Solar Ray Tracing is noparticipating radiation model. The model does not deal
with emission from surfaces, and the reflecting component of the primadent load is
distributed uniformly across all surfaces rather than being local to the surfaces reflected. Since
surface emission is also an important faatothis study, the Rosseland radiation model will

be implemented in conjunction with Solar Ra@yacing. The Rosseland radiation model
assumes that the intensity is the blackly intensity at the gas temperature. Since the radiative
heat flux has the same form as the Fourier conduction law, it is possible to write

3 L 35E 34 (6)
L F:GEG;I6 7)
G L sxe J%6’ (8)

The appropriate substitution for radiative solar flux is medéhe energy equatio(b) to
compute the temperature fielfhe Rosseland model hdetdvantagécompared with more
complex alternative odels (e.g. & KD Q G U D Middreke Ddddfheitesthe TrauggottP1
differential or SchusteiSchwartzchild two flux modelas elucidated by Modest [91ih that
supplementaryransport equation for the incident radiatm not have to be solved and this
gredly accelerates computational speed and significantlynessoryis required. However,
the Rosseland model can be used only for optically thick mikdgarecommended for use
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when the optical thickness exceedsIr8.ANSYS FLUENT the Rosseland model mnly
available for thepressureébased solverwhich is adopted in the present computations
Regarding the nanofluid modelling, the Tiw&xas model [20] is employed which allows
differentconcentratios (volume fractionand types ofmetallicnaneparticles In ANSYS, this
DSSURDFK LV LP $f2paseQow HRGR B V | DsiviDevihe Ra@icles are very small.
A nanofluid is definedn the ANSYS FLUENT workbenchs anew fluid with a new density,
viscosity, thermal conductivity and specific heat oladiras a function of a base fluid and
nanoparticle typeandconcentratior(volume fraction, according to Brinkman B, as used
in [20]. The volume fraction can be estimated from

L (©)
The dynamic viscosity can be estimated from
- cal

JoL 15?®;- 4 (10)

Theeffective density and heat capacity also can be estimated from
O°L:sF ;OE O (12)

v o~ S52®1iGnd®:iGn

L a1 (12)

The effective thermal conductivity of fluid can be determinethieMaxwell-Garnetrelation
which is adpted in Tiwari and Das [20]

Old, ig>6id?6®@:id?ig;

id ig>6id?®:id?iq;

(13)

Here knt =nanofluid thermal conductivityks = fluid thermal conductivitandks= nanoparticle
thermal conductivityAll calculatechanofluid propertiegfor the three diierent metallic nano
particles studied i.e. copper oxide, aluminium oxide and titanium oxrigkeshown in the
Appendix.

The transport equations (mass, momentum and energy) with nanofluid properties are solved
subject to the boundappnditionsin ANSYS FLUENT.

At the inlet:Volume flowrateinlet of 0.002 kg/s
At the outlet:Zero pressure outlet from one face.
Heat flux:Heat is added as the sun radiation intensity of 877 w'solar load model

The following volume fractions are considered each folGh®, AbOz andTiO2 nanofluids
0.01wt%, 0.05wt%, 0.1 wt%. In ANSYS FLUENdhysicsgravity is set as 9.81 nils

3. Ansys fluent grid sensitivity analysis

The annular @lar collector mesh used a combination of unstructured grids (inner tube) and a
structue grid (annulus) as shown kigure 2 Hexahedral S KH[" HOHPHQWYV ILQLWH
are sed in this simulation, dsehex mesh can providaesame resolution of the flow physics
astetrahedron medbut with significantly feweelements required. It &so important that the

model doesot contain any sliding mesh as this is not compatitd thesolar load model.

Figure 3 illustrates the crosection of the solar collector with mesh detdigjure 4shows

the grid sensitivity analysis. The largef#ments used in case one can be considered as a coarse
mesh with 103068 elements. On increasing the number of elements by 100000 (case two), the
graph shows a variation indicating that the simulation is not convergent. Even though the
difference betweerhese two results is very small, nevertheless the heat convection is very
sensitive to heat flux and cannot be ignored. The next part of the grid dependent study covers
cases three, four and five. However, there is still some difference between theofesasis
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three and four. Further mesh refinement is therefore necessary and requires increasing the
number of elements. Due to the limitation of student version of ANSYS software, the
maximum number of elements available are 500,000. This forces the mgitvéty study to

stop at case five. Upon observation of cases four (325951 elements) and five (448836
elements), these cases utilize a fine mesh, where the difference between the two values are
infinitesimal and hence considered negligible. This shoassttie simulation is convergent at

case four with 448836 elements. This gndependence study provides an appropriate grid

size (case four) which is subsequently adopted for all further simulations and is of sufficient
quality to guarantee meshdependat and converged results i.e. the most accurate results
possible with the minimum number of elements.

Figure2. ANSYS FLUENT 3dimensional mesh of solar configurati@Mesh density Nodes: 479188, elements:
443970)

0.000 0.045 0.090 (m)
[ —EESESaSaaa—  ES—

0.022 0.068

Figure 3 ANSYS FLUENT crosssectioral meshing details

4. ANSYS FLUENT SIMULATION RESULTS

In the ANSYS simulationsTy is the pipe wall temperature at a given location along the pipe
and T is the mean temperature in the pipe at the location whei® defined. The ANSYS
FLUENT results ae depicted irFigures 513. Three different sets of results are visualized for
the three metallic nanparticle cases i.€€opper oxide, Aluminium oxide and Titanium oxide

In each of these three nanofluid casbsge different volume fractiorexe studid. Therefore
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9 sets of computations are presented, three each for each different metalligartani®
studied. We consider each set of three in turn. Volume fractions examindd &.@1, 0.05
and 0.1 i.e. 1%, 5% and 10%. Each set of figures illustraspectively the temperature,
temperature crossection slice views, velocity and pressure distributions.

313.6

© 479188
o

a 313.55 448836
g 313.5

Lg 313.45 325951

] 3134

S 313.35 205358

0o

= < 3133

®  313.25

=

S  313.2

2

g 31315 103068

2 3131

0 100000 200000 300000 400000 500000 600000

Number of Elements

Figure 4 ANSYS FLUENT grid independence study

Figures 5ad to Figures 7l correspond to the Copper oxide cdsigures5ad correspond to
/=0.01, Figires6ad to /= 0.05 and-iguresbad to /=0.1 respectively. To gain a perspective
of the influence of volume fraction, one has to comparegasgective plotsvith each other i.e.
Figuresba, 6a and 7a consider tteamperature contourfsr copper oxide nanofluid with the
three different volume fractions. Similarly, we comp&igures5b, 6b and 7b (temperature
crosssection slice views), then compdfigures5c, 6¢ and 7c¢ (velocity) and finalliFigures
5d, 6d and 7d (pressure distributions).

Figures 5a, 6a and 7ahow a significant modification itemperature distributions as volume
fraction is enhanced froni= 0.01, to /= 0.05 and finally/=0.1. There is progressive heating

from the base upwards of the annular region with increasing volaoigoh. The blue zones

are progressively eliminated, and green zones (higher temperature) extend further towards the
upper adiabatic end. Red (maximum temperature zones) begin to appear at the highest volume
fraction (Figure7a). The increase in conceriom of metallic naneparticles clearly enhances
thermal conductivity of the nanofluid in the annular region and this intensifies thermal diffusion
and heat transfeFigures5b, 6b and 7b (temperature craesction slice views) provide a
clearer visualiztion of the temperature at distinct locations in the annular space from the base
of the solar collector to the top end (adiabatic end). There is a systematic evolution in contours.
For the lowest volume fraction case, generally blue and green contoysscaadent (low
temperatures) for the majority of the annular length. As volume fraction is increased, yellow
and red zones are generated and become intensified towards the upper region of the annulus.
Evidently therefore the enhancement in thermal condtycBncourages thermal diffusion and
mobilizes a heating in the annulus indicating that more solar energy is captured, and that
thermal efficiency is boosted (solar flux is fixed although it may be varied in the ANSYS
specification). The presence of métahancparticles achieves an elevation in interfacial
thermal conductivity and even in the absence of buoyancy forces (forced convection is
considered) encourages significantly thermal absorption. These patterns are consistent with
numerous other studiesm metallic nanofluids includinjloghadam et al. [53] and Maddah et

al. [54]. Figures 5c, 6¢ and 7c illustrate the evolution in velocity through the annular space. A
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less tangible influence is computed with increasing volume fraction. In all case higityel
zones arise at the inlet and outlet with slower zones in the interim sections. The primary
influence on velocity is via the viscosity modification in the Tiwlaais model. Although there

is a slight intensification in velocity i.e. flow acceleratairthe highest volume fraction (Figure

7c¢), this is only identified in the extremity zones of the annular geometry. Finally, pressure
distributions are depicted in Figures 5d, 6d and 7d. Generally intermediate presieasly
computed (green zones) tlugh the main body of the annulus at any volume fraction. There is

a slight pressure drop at the extremities (corresponding to acceleration in the flow); however,
the dominant influence of metallic naparticles (copper oxide) is on the temperature fsld
noted earlier irFiguresba, b, 6a, b and 7a, b. Effectively, the enhanced heat absorbed at high
volume fraction in the annular nanofluid space is transferred via the inner copper cylinder to
the central space (pure water) leading to an elevationan tharmal efficiency.

Figure 5aTemperature Contour for CuO nanofluic Figure 5b.Temperature Contour Crasgctions for
N . &X2 QDQRIOXLG N

ix e

Figure 5c.9HORFLW\ &RQWRXUV IR Figure5d.3UHVVXUH &RQWRXUV IR
0.01 0.01
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Figure 6a.Temperature Contour for CuO nanofluic Figure 6b.Temperature Contour cross sections
N . &X2 QDQRIOXLG N

Figure 6c.9HORFLW\ &RQWRXUV IR Figure 6d.3UHVVXUH &RQWRXUV IR
0.05 0.05

[ a0 ot mj

020 0830

Figure 7aTemperature Contour for CuO nanofluic  Figure 7b.Temperature Contour cross sections fc
N . &X2 QDQRIOXLG N

29



KuharatandBég Heat and Mss Transfer Research Journal Vol. 3, No. 1; 20B

M’c«m Pressure Contour
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Figure 7c.C9HORFLW\ &RQWRXUYV IR Figure 7d.3UHVVXUH &RQWRXUYV IR
0.1 0.1

Figures 8ad to Figures 10ac correspond to the Aluminium oxide nanofluid case, again at three
different values of nanpatrticle volume fraction, viz= 0.01, /= 0.05 and/=0.1 respectively.
Figures 8a, 9aand 10ashow a significant modification itemperature distributions as volume
fraction is enhanced frondi= 0.01, to /= 0.05 and finally/=0.1. At lower volume fractions,

there is a dominant blue zone throughout the main annular space with weak peripheral green
zones (low temperatures). However; tbe highest volume fractionfigure 10a) there is a
marked growth in the green zone and emergence of yellow and very small red zones at the
lower zone in the annulus, indicating that temperatures are increased, albeit weakly.
Temperatures ay@dowever not as high as in the copper oxide caségufes. 5a, 6a and 7a)

and this is probably attributable to the lower thermal conductivity of aluminium oxide
compared with copper oxidinspection of the temperature cresetions Figures8b, 9b and

10b) confrms the intensification in temperatures, in particular, near the periphery of the glass
tube in the upper zone of the annulus with an increase in volume fraction. Progressively we
observe the emergence of yellow zones in the later-sexggns at/=0.1which are absent at

lower volume fractions. Darker blue and green zones vanish with stronger aluminium oxide
nanoeparticle concentrations. However again there are lower temperatures achieved at the
equivalent volume fraction for aluminium oxide comparethwopper oxideKiguressb, 6b,

7b). Velocity is initially observed to be increased somewhigufes8c, 9¢) with increase in
volume fraction from/= 0.01 to /= 0.05, especially in the inlet and outlet zones (blue slow
zones are phased out with highelocity green zones); however, with further elevation in
volume fraction Figure 10c) the trend is inhibited and there is a slight deceleration in flow
near the upper zone of the annulus (inlet) and thenmergence of blue zoneNegligible
alteration inpressure is computedth an increase in volume fraction fror¥ 0.01 to /= 0.05
(Figures8d and 9d) and further numerical experiments revealed that greater volume fractions
of aluminium oxide nangarticles to do not instigate any significant modifigatin pressure
distributions.
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Figure 8aTemperature Contour for AD; nanofluid,  Figure 8b.Temperature Contour cross sections fc
N . A0 QDQRIOXLG N

Figure 8cVelocity Contours for AAO; Q D QR 10 . Figure 8d.Pressure Contours forA; QD QR 10
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o

Figure 9a. Temperate Contours for AlO3 Figure 9b. Temperature Contour cross sections {
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Figure9c. Velocity Contours for AAO; QD QR 10 . Figure 9d.Pressure Contours forA:; QD QR0
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Figuresllad toFiguresl3ad correspond to the Tit&um oxide nanofluid case, again at three
different values of nanpatrticle volume fraction, viz= 0.01, /= 0.05 and/=0.1 respectively.
Figureslla, 12a and 13show a significanincrease intemperaturanagnitudesas volume
fraction is enhanced fromi= 0.01, to /= 0.05 and finally/=0.1. At lower volume fractions,

there is gprevalentblue zone(lowest temperatureghroughout themajority of the annulus

with subsequent green zones (intermediate temperatures) as we approach the upper end and
lowerperipheral yellowzones kighertemperatures). Howevesvolume fractions increased
(Figure12g) there is a markedevelopment in the green zone which extends further towards
the upper end and a thickening in the yellow peripheral streaks with sesenpe of high
temperature (red micrpones at the base of the annulus). The temperatures are further
increased for maximum volume fractioRigure 13a) and the green zone extends yet further
upwards with some yellow areas at the tube walls. The temperatgnitudes exceed those
computed at the same values of volume fraction for Aluminium okigdei(es8a, 9a, 10a) but

are substantially lower than those obtained for Copper okidares6a, 6a, 7a). This confirms

the superior performance of Copper oxideachieving thermal enhancement in the solar
annular collectorFigures 11b, 12b and 13b (temperature crssstion slice views) also show

that temperatures are markedly enhanced with increasing volume fraction of titanium oxide
nancparticles, as we pgvess from the lower end of the annular region to the upper end.
Stronger red (highemperature) and yellow zones (quite high temperature) appear to grow
considerably. The magnitudes achieved are larger than those for the Aluminium oxide cases
(Figures8b, 9b and 10h)However, they are still somewhat less than those attained for the
Copper oxide casedsrigures5b, 6b and 7b)Apparently therefore higher naiparticle
concentrations (volume fractions) of Copper oxide attain the best thermal performaece sinc
the best absorption of solar thermal energy is achiéntmhsified thermal convection currents

are generated for this cagatanium oxide is the next best option, whereas Aluminium oxide

is the least successful option. These findings are importace $iey generalize previous
studies in which a single metallic naparticle was examined e.g. Copp&ide byMoghadam

et al. [53]or two metallic nanofluids (silver oxide aatiminiumoxide) byMaddah et al. [54].
Figures 11c, 12c and13c visualize thevelocity contours again for three different volume
fractions. No substantial modification is generated in the velocities for the Titanium oxide case.
Finally, pressure distributions are depictedriguresl1ld, 12d and13d and it is evident that

no tangble change arises in the pressure field with a change in volume fraction of titanium
oxide naneparticles, concurring with the observations of Maddah 4. Finally, in Figure

14 we have presented residual iterations for the ANSYS FLUENT simuldtomssample

case (Aluminium Oxide) indicating how excellent convergence is achieved and good accuracy
is maintained.
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Figure 12cVelocity Contours for TiQ Q D QR 10 Figure 12d. Pressure Contours for TIQD QR IO

=0.05 = 0.05.
Figure 13aTemperature Contours for TiO Figure 13bTemperature Contour crossctions for
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Figure 14 Residual iterations for ANSYS FLUENT simulation (i@ DQRIOXLG N

5. Conclusions

A computational simulation has been presented for foomt/ective heat transfer in an
annular pipe solar collector systamder solar radiative heat fluANSYS FLUENT 18.1
computational fluid dynamics software has been employed to analyseré¢leeimensional
steadystate incompressible laminar flow comprising wdiased nanofluid containing a
variety of metallic nangarticles (copper oxide, aluminium oxide and titanium oxide hano
particles). The TiwarDas modelwhich utilizes the MaxwelGarnett approach has been
empoyedto simulate nanoscale effects. This model provides accurate expressithesriaal
conductivity, specific heat capacity and viscosity of the nanofluid suspensions as a function of
solid naneparticle volume fractioand iseasily implemented in the FLUENT material physics
RSWLRQ XGQG&HVH: RRpRIAive heat transféras been included via tHeNSYS
solar flux and Rosseland radiative models. Miegslependence teskeve been includedhe
influence of volume fra@n on temperaturéemperature crossectionsyelocity andpressure
contourshas been computed. The present analysis has shown that:

() Copper oxide nanofluid is observed to achieve the best temperature enhancement.
Temperature contours at cressctions othe annulus are also computed.

(i) Titanium 2[LGH DFKLHYHV KLJKHU WHPSHUDWXUHV WKDQ $0O
ORZHU WHPSHUDWXUHVY WKDQ &RSSHU 2[LGH

(i) TemperatureFURWMAVFWLRQV H[KLELW VLJQLILFDQW HQKDQFHPH
IUDFWLRWKEBHHDPIOWSDAWIF QBQYRDOWKRXJIK WKH EHVW St
&RSSHU 2[LGH

(iv) There is flow acceleration for the Copper oxide cafigedhighest volume fractiadthough
it is confined tahe extremity zones of the annular geoméimiet andoutlet).

(v) Velocities are initially increased with volume fraction for the Aluminium Oxide case but
subsequently with maximum volume fraction they are reduced.

(vii 3UHVVXUHVY DUH DOVR UHGXFHG VRPHZKDW ZLWK LQFUHD
FDVIG D®RW DOWHUHG VLIJQLILFDQWO\ IRU HLWKHU 7LWDQL

The present study constitutes the first of a more general examination of annular nanofluid solar
direct absorption collectors. Currently experiments are being designed irhéneofluid
‘\QDPLFVY /DERUDWRU\ DW WKH 8QLYHUVLW\ RI 6DOIRUGTYV O
Departmentto provide a compliment to the computational simulations and efforts in this
regard will be communicated in the near futlmerthermorealternative radiative heat transfer
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models are being explored in ANSYS mughysics and inclination of the annular solar

collector is also an aspect of interest for future investigations.

Appendix -Nanofluid Properties
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