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Abstract

The entropy generation by nanofluid with variatllermal conductivity and viscosity of assisted cative flow across a
riser pipe of a horizontal flat plate solar coltactis investigated numerically. The water basedofiaid with copper
nanoparticles is used as the working fluid inside fluid passing riser pipe. The governing paddiéferential equations with
proper boundary conditions are solved by Finiterielet Method using Galerkin’s weighted residual sehavith discretization
by triangular mesh elements having six nodes. Tteets of temperature dependent thermal condugtaditd viscosity related
to performance such as temperature, velocity arad fiex distributions, heat transfer rate, meangerature and velocity,
collector efficiency and mid-height temperaturer{dnsional), mean entropy generation and Bejan nuwibéhe nanofluid as
well as base fluid are investigated systematicallye results show that the better performance af transfer through the
collector is found by using the higher and loweluea of variable thermal conductivity and viscogiggpectively. Thermal
efficiency improves about 8% using water/Cu naridfliNumerical result obtained from present studyasidated with the
result available in the literature.

Keywords: Entropy generation, assisted convection, nangflfimite element method, variable thermal condutgtivand
viscosity.
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1. Introduction

The fluids with solid-sized nanoparticles suspendedhem are called “nanofluids”. The natural coctien in enclosures
continues to be a very active area of researcinduhie past few decadd3ue to small sizes and very large specific surtaeas
of the nanopatrticles, nanofluids have superior ergs like high thermal conductivity, minimal clgigg in flow passages, long-
term stability, and homogeneity. Applications ofinparticles in thermal field are &mhance heat transfer from solar collectors to
storage tanks, to improve efficiency of coolant¢ramsformers. Thermal conductivity and viscosity gery important properties
in nanofluid heat transfer mechanism. Thermal cotidity and viscosity of fluids are temperature dagent.

Elbashbeshy (2000) and Rahmenal. (2008) investigated the effects of temperatureeddpnt thermal conductivity and
viscosity. Hwanget al. (2007) studied the stability and thermal condutticharacteristics of nanofluids. In this studythey
concluded that the thermal conductivity of ethyleglgcol was increased by 30%. Parwh al. (2012) analyzed thermal
conductivity variation of water-alumina nanofluid an annulus where two thermal conductivity modelsely were used to
evaluate the heat transfer enhancement in the amn®oslanet al. (2011) investigated heat transfer in a naonoffilidd
trapezoidal enclosure with variable thermal conghitgt and viscosity. They found that the effect thie viscosity was more
dominant than the thermal conductivity. Effectsvafiable viscosity and thermal conductivity of Cw@ter nanofluid on heat
transfer enhancement was analyzed by Abu-Nada j20®Mollaet al. (2012). Measurement of temperature-dependent #lerm
conductivity and viscosity of Ti@water nanofluids was conducted by Duangthongsuk \Wongwises (2009). Their result
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showed that thermal conductivity of nanofluids sased with increasing nanofluid temperatures am¢arsely the viscosity of
nanofluids decreased with increasing temperaturenbfluids.

Conduction convection radiation processes of arsmdector using FEA was performed Moningi (2008), Alvarezet al.
(2010). Tripanagnostopoul@s al. (2000) investigated solar collectors with coloedzsorbers. Amrutkaat al. (2012), Daraet al.
(2013) studied passive flat plate solar colledk@ranthet al. (2011) performed numerical simulation of a solat plate collector
using discrete transfer radiation model (DTRM)-aCkpproach. Dynamics (CFD) by employing conjugagatitransfer showed
that the heat transfer simulation due to soladigton to the fluid medium, increased with an @ase in the mass flow rate.

Natarajan an&athish (2009) studied role of nanofluids in seater heater. The aim of their paper was to anadygkbcompare
the heat transfer properties of the nanofluids with conventional fluids. Enhancement of flat-platdar collector thermal
performance with silver nano-fluid was conductedPmjvongsri and Kiatsiriroat (2011). With higheethal conductivity of the
working fluid the solar collector performance colle enhanced compared with that of water. taal. (1994) studied forced
convective heat transfer in cross-corrugated saitaheaters. Lit al. (2011), Tayloret al. (2011), Otanicaet al. (2009, 2010)
investigated nanofluid flow heat transfer througlas collector.

Struckmann (2008) prepared a project report onpliatie solar collector where efforts had been ntadeombine a number of
the most important factors into a single equatiod taus formulate a mathematical model. Kalogir@04) gave a survey report
based on solar thermal collectors and applicatibtestin et al. (2011), Zambolin (2011), Sandhu (2013), Karuppal. (2012)
theoretically and experimentally performed solarthal collector systems and components.

All thermofluidic processes involve irreversibiés and therefore incur an efficiency loss. In peactthe extent of these
irreversibilities can be measured by the entropyegation rate. In designing practical systemss desirable to minimize the rate
of entropy generation so as to maximize the avislabhergy Hoomaset al. (2008), Shahét al. (2011), Delavar and Hedayatpour
(2012), Khorasanizadedt al. (2013), Mahiaret al. (2014), Parviret al. (2014) and Nasriet al. (2014).

From the literature review it is mentioned thatemyfew numerical works have been done introdutémperature dependent
thermal conductivity and viscosity properties ohafuid. In spite of that there is a large scopevtok with nanofluid flow and
heat transfer by analyzing these two propertiesthla paper, the effects of variable thermal conigitg and viscosity of
nanofluid through a flat plate solar collector amgestigated numerically. So, the objective of thisicle is to present the
improvement of thermal efficiency using water/Cuofuid due to the thermal conductivity and vistgsiariation.

2. Physical Modeling

A longitudinal cross section of the system cdesed in the present study is shown in Figure  3ystem consists of a flat
plate solar collector. The numerical computationdsied on taking single riser pipe of FPSC. Thsg cover is at the top of the
FPSC. It is highly transparent and anti-reflectedlléd the glazing). The glass top surface is exgds solar irradiation. It is
made up of borosilicate which has thermal conditgtnf 1.14 W/mK and refractive index of 1.47, sjfiecheat of 750 J/kgK and
coefficient of sunlight transmission of 95%. Thewvetength of visible light is roughly 700 nm. Thidss of glass cover is
0.005m. There is an air gap of 0.005m between giassr and absorber plate. Air density = 1.269 Kghpecific heat = 287.058
J/kgK and thermal conductivity = 0.0243 W/mK. Altletse properties of air domain represent air of txatpre at 298K. A dark
colored copper absorber plate is under the air gapgth, width and thickness of the absorber pdatelm, 0.15m and 0.0005m
respectively. Coefficients of heat absorption andrgsion of copper absorber plate are 95% and S5fentisely. The riser pipe
has inner diameter 0.01 m and thickness 0.0005m.riEkr tube is also made in copper metal.

Solar irradiation  GJass cover

Air gap l l l Absorber plate

z z

Inflow o = )
e 2 = —» Out flow
e o >

Insulation Housing

Figure 1: Longitudinal cross-section of a FPSC

The working fluid in the collector is water-bdseanofluid containing Cuwanoparticles. The nanoparticles are generally
spherical shaped and diameter is taken as 5 nm.n&hefluid is considered as single phase flow amdastant analysis is
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neglectedA, L andH are the surface area, length and height of tHeatol. In the present problem, it can be considi¢hat the
flow is considered to be laminar and there is meaus dissipation. The nanofluid is assumed incessible. It is taken that water
and nanoparticles are in thermal equilibrium andalippoccurs between them. The density of the Haitbis approximated by the
Boussinesq model. Only steady state case is carside

The computation domain is a fluid passing copjar pipe which is attached ultrasonically to #i®sorber plate. The fluid
enters from the left inlet and getting heat froridsboundaries and finally exits from the right letitof the riser pipe of a flat plate
solar collector. The incident radiation is consétkto be the incoming solar radiation. For the wtofithe principal behavior of
the nanofluid based FPSC, atmospheric absorptioegdéected in this calculation. Once the intendistributions are evaluated,
the energy balance on the solar collector is peréar and the temperature profile within it is ob&éginin order to carry out these
steps, some assumptions are made.

2.1 Mathematical Modeling
Let | be the intensity of solar radiation aAide any surface area, then the amount of energyvestby any surface is:

Q=IA (1)

This equation is modified for solar collector sedaas it is the product of the rate of transmisgibithe cover €) and the
absorption rate of the absorbel).(Thus,

Qe = I (T0) A )

Then the temperature of absorber becomes higher tte of the surrounding. Some heat is lost to dtaosphere by
convection and radiation. The rate of heat I09g. depends on the collector overall heat transfaffument (U,) and the
collector temperature.

Qioss =Y, A(Tcol _Tarrb) ()
The rate of useful energy extracted by the colle@®yy) is:

Qusﬂ =Qrecv_ QIOS = l (T(X) A_UIA(TCOI _Tamb) (4)

It is also known that the rate of extraction of tieam the collector may be measured by meansefthount of heat carried
away in the fluid passed through it. Thus

Qusﬂ :rncp(Tout _Tin) (5)
wherem, C,, Ti, and Ty, are the mass flow rate per unit area, the spebifiat at constant pressure, inlet and outlet fluid
temperatures respectively.

Equation (4) may be inconvenient because of thiécdify in defining the collector average temperatult is convenient to
define a quantity that relates the actual usefatgyngain of a collector to the useful gain if thirole collector surface were at the
fluid inlet temperature. This quantity is known“#®e collector heat removal factdfg)” and is expressed as:
mC, (T =T,

- Al (T(x)—UOI (T =T |

The maximum possible useful energy gain in a sodélector occurs when the whole collector is atitilet fluid temperature.
The actual useful energy gaf@.«), is found by multiplying the collector heat renabvactor Eg) by the maximum possible
useful energy gain. This allows the rewriting otiation (4):

Quu = FrAl I (10) =V, (T, =Ty | (7)

Equation (7) is a widely used relationship for meagy collector energy gain and is generally knaagnthe “Hottel-Whillier-
Bliss equation”.

- ©)

The heat flux per unit area for the geometry hadimgjle riser pipe isﬁl— =g=Ira-U, (Tin —Tamb)whereN is number of riser

pipe andT,., is ambient temperature outside the collector.

A measure of a flat plate collector performancthécollector efficiencyy) defined as the ratio of the useful energy g&inj
to the incident solar energy. The instantaneousrtakefficiency of the collector is:
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Qusﬂ - F A|: T(X :| —
Al AI

(T, IT ) @®

The 2D governing equations for laminar forced catiom through a solar collector filled with watesfiper nanofluid in terms
of the Navier-Stokes and energy equation (dimemgifimm) are given as:

n= (ra) - F:U,

Continuity equation:
ou av

=0 ©)
ox ay
X-momentum equation:
ou du ap 0 ou 0 ou
—_—t— | = + — _ 10
o (uaX Vayj ox I:ax[/unf aXJ ay{/unf ayj} ( )
y-momentum equation:
ov ov ap ov) 0 ov
U—+V— | = -2 — |+= -— 11
pn[ X ayj ay |:ax(,unf axj ay(:unf ay]} ( )
Energy equation for fluid:
T  oT _ 1 [a( aTj a[ GTH
ox  dy (pCp)nf Ox ox ) dy oy
Energy equation for absorber:
2 2
0 'I;a N 0 Tza -0 (13)
ox oy

where, g =(1-9) p; +@ps is the density,

(,ocp)nf :(1—40)(,0Cp)f +¢)(,ocp)S is the heat capacitance,
In the current study, the viscosity of the nanaflis considered by the Brinkman model (1952)
25
Ho = 15 (1+9) (14)
The thermal conductivity of Maxwell Garnett (MG) del (1904) is

ks + 2Kk = 240(kf _ks)
ke + 2k +gkp —ks)

Knr =Kp (15)

There are very few forms of viscosity variation iafasle in the literature. Among them one is coneidehere which is
appropriate for liquid introduced by Hossain et(2000) as follows:

U= fe [1+ x (T =Tin)] = (sayum) (16)

where L, be the viscosity of the ambient fluid ar}d (aﬂjbe a constant evaluated at the film temperaturthefflow
oT

1
Ty :E(Tamb +Tin )

Consider the temperature dependent thermal comityctivhich is proposed by Charraudeau (1975) oilews
k=K, [1+0(T =Tiy)] = (saykn) 17)
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where K is the thermal conductivity of the ambient fluiddad is defined agy = 1(‘”) .
k\ 0T

The boundary conditions are:

at all solid boundariest=v=0

, L oT aT,
at the solid-fluid interfacek; [—] = Kgyiig (—aj
oy ) % Jgig

at the inlet boundaryl’ =T, u = ui,

at the outlet boundary: convective boundary coodi= 0

at the top surface of absorber: heat ﬂdxd% =q=lra-U, (T —Taw)
y

at outer surface of riser pip(%I =0
y

The above equations are non-dimensionalized bygubkin following dimensionless dependent and indépehvariables:

T-T,)k To—Tin )k
X:l,Y:l,U:L’V:L’P: p2’9:( m) f’ea:(a m)a
L L Ui Uin PiUin qL qL
Then the non-dimensional governing equations are
oxX oy
2
gy PP (1reB)(0 oV, e (ﬁa_mﬁa_u] (19)
X oY P X Repy (0X2 Y2 ) Repy \0X X aY Y
2
Ual+val - _ P 6£+(1+55) 67V+ﬂ + ¢ (ﬁa—v+%a—vj (20)
oX oY O OY  Repy | aX? aY?) Repy X 90X aY aY
2 2 2 2
ox 0y RePra, (’OCP)nf ax2  ay2 X aY
6,3, (22)
ax?  ay?

where Pr =—_ be the Prandtl number,Re:M be the Reynolds numbey; = o(T,,, ~ Ty,) @nde = (T, ~Tymy) be the
af Vi

dimensionless thermal conductivity and viscositsiateon parameter.
The corresponding boundary conditions take theWahg form:
at all solid boundarie®) =V =0
at the solid-fluid interfacek (%] =Kgig (%j
oY nf oY solid
at the inlet boundaryi=0,U =1
at the outlet boundary: convective boundary coodi = 0
Ky

at the top surface of absorber: heat f&?& =
oY Kt

at outer surface of riser pip(%I =0
y
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2.2 Average Nusselt number
The average Nusselt numb@iuj is expected to depend on a number of factors asdhermal conductivity, heat capacitance,

viscosity, flow structure of nanofluids and voluifnaction, dimensions and fractal distributions ahoparticles. Equation of local
Nusselt number for flow through the absorber tubsotar collector can be written as

Nu:UlL:Q[L]: Q [L]
kf AT kf ql_ kf
(%)

whereL is the length of riser pipe)T is the difference between riser pipe surface teatpeg and ambient temperatu€gijs the
energy received or lost by the absorber pipe serfBor a flat plate solar collector constant h&at s assigned at the absorber
top surface. For water based nanofluid flow thisagipn becomes

- g

The non-dimensional form of local convective heahsfer at the top surface of riser pipe is

_kur 06
ke OY

By integrating the local Nusselt number over the heated surface, the average convective heaferaasng the heated wall

1
of the collector is used a& = I Nu dX .
0

2.3 Mean bulk temperature and vel ocity
The mean bulk temperature and average sub domhicityeof the fluid inside the collector may be tten as

0, = J'Hd\7/\7 andv,, = J'V dV/V , whereV is the volume of the riser pipe.

2.4 Entropy Generation

The entropy generation in the flow field is caudmsd the non-equilibrium flow imposed by boundary ditions. In the
convection process, the entropy generation is duthé irreversibility caused by the heat transfeerpmena and fluid flow
friction. According to Bejan (1979, 1982, 1996) #imensional local entropy generatigp,, can be expressed by:

k 2 2 2 2 2

Syen = ;f [O_TJ N oT N Hrt 2[@] +2 ov + @+@ (23)
Tamp | L OX oy Tamb 0x oy ox oy

In equation (23), the first term represents theettisional entropy generation due to heat transfgr,), while the second term

represents the dimensional entropy generation dueidcous dissipationsf,,). By using dimensionless parameters, the
expression of the non-dimensional entropy genearafig, can be written by:

Torpl?
Sgen = Sgen 3
kf (Tcol _Ti )

:ﬁ{(ﬁf +(%j2}+)('unf {Z(G_UT*_ 2(6—Vj2+(a—u+a—vj 2} (24)
k;[\oX aY Ui oX oY oX oY

= gen,h + Sgen,v

Here Sen nand SQen, vare the dimensionless entropy generation for tiaasfer and viscous effect respectively. In E4)(R is
the irreversibility factor which represents thdaatf the viscous entropy generation to thermatat generation. It is given as:

X= TamoH U iz
kf (Tcol _Ti )2
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The dimensionless average entropy generafidor, the entire computational domain is as follows:

1 _
S =7.[ Sgen dv = Sgen,h,m + Sgen,v,m (25)

whereSye, n,m andSyen v, m are the average entropy generation for heat &alsid viscous effect respectively.

The Bejan numbeBe, defined as the ratio between the entropy gemaratiie to heat transfer by the total entropy geimeras
expressed as

Be= —Sge'“s'h*m (26)

It is known that the heat transfer irreversibilisydominant wheme approaches to 1. Whdde becomes much smaller than 1/2
the irreversibility due to the viscous effects doates the processes andBd = 1/2 the entropy generation due to the viscous
effects and the heat transfer effects are equatd€amizadeh (2013).

3. Numerical Computation

The Galerkin FEM method of Taylor and Hood (1973%nkiewicz (1991) and Dechaumphai (1999) is usesdaive the non-
dimensional governing equations along with boundamyditions for the considered problem. Conservaéquations are solved
for the finite element method to yield the velocdand temperature fields for the water flow in tHes@ber tube and the
temperature field for the absorber plate. The eéqoatf continuity has been used as a constraintdueass conservation and this
restriction may be used to find the pressure distion. Then the velocity components, (V) and temperatures),(8,) of
governing equations (18-22) are expanded usingsis lsat. The Galerkin finite element techniquedddehe subsequent nonlinear
residual equations. Gaussian quadrature techngjusead to evaluate the integrals in these equatibims non-linear residual
equations are solved using Newton—Raphson methddtesmine the coefficients of the expansions. ddmesergence of solutions
is assumed when the relative error for each varidletween consecutive iterations is recorded béh@iconvergence criterion

such tha#“*l -y"

3.1. Mesh Generation

In the finite element method, the mesh generasahe technique to subdivide a domain into a ssubfdomains, called finite
elements, control volume, etc. The discrete locatiare defined by the numerical grid, at whichwhgables are to be calculated.
It is basically a discrete representation of thengetric domain on which the problem is to be sol&dure 2 displays the finite
element mesh of the present physical domain. Thetheand width of the computational domain are 1md ®.0115m
respectively. The computational domains with irlaggeometries by a collection of finite elementaka the method a valuable
practical tool for the solution of boundary valuelglems arising in various fields of engineering.

<1.0e%, wheren is the number of iteration an#is a function otJ, V, 6 and6,.

%
1y
et

N
K7

% e
A A AT
AL Y v
AP KA SRR O E ey
25 A R L

1
RN Eawarwy AN ¥y
VAVAY s AN, i
A &,
ol

o

ol
s
7

Ay
ek
sl
I

~El

L
0
Wl

AT
o
R\

L

ALY

PAA Ry, <
AN e
e praran
4

DT
R
SAND
e
ST
W 0‘

3
)

Figure 2: Mesh generation of the FPSC
3.2. Grid Refinement Test

An extensive mesh testing procedure is conductepizmantee a grid-independent solutionfor= 5.8, = 2%,| = 215W/nt
andRe = 480 through a riser pipe of a FPSC. In the pres®rk, four different non-uniform grid systemsaxamined with the
number of elements within the resolution field:0LY, 99,832, 1,50,472, 1,68,040 and 1,90,519. Tineenical scheme is carried
out for highly precise key in the average Nussalnber for water-copper nanofluigp € 2%) as well as base fluiggE 0%) for
the aforesaid elements to develop an understardfittte grid fineness as shown in Table 1. Fromftlueth and fifth column in
the Table 1 it is observed that there is no sigaift change in the rate of heat transfer but tioreseming. So considering the
non-uniform grid system of 1,68,040 elements iggred for the computation. This element size ketafrom extra fine meshing.
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Table 1: Grid test aPr = 5.8, = 2%,| = 215W/nf andRe = 480

Elements 42,010 99,832 1,50,472 1,68,040 1,90,519
Nu (nanofluid) 7.82945 9.19176 10.17518 10.84991 10.85001
Nu (basefluid) 6.62945 7.99976 8.88701 9.551698 9.551718

Time (s) 126.265 312.594 398.157 481.328 929.377

3.3.Thermo-physical Properties
The thermo-physical properties of the water andparticles are taken from Nasrin et al. (2014) ginén in Table 2.

Table 2: Thermo physical properties of fluid and nanopetic

Physical Properties Fluid phase (Water) Cu
Co(J/kgK) 4179 385
o (kg/nT) 997 8933
k (W/mK) 0.613 400
ax10 (mP/s) 1.47 1163.1

3.4. Code Validation
The present results are verified against the exjsgsults available in the literature.

Efficiency
o o
B o

——a—— Kalogirou (2004)

0 10 20 30 40 50 60 70 80 90
Temperature difference [T; -T,] (Deg. C)

Figure 3: Code validation of heat transfer rate

The current numerical result is compared for cedieefficiency - temperature differencd; [ T,] profile of water with the
graphical representation of Kalogirou (2004) ot fidate solar thermal collectof; and T, are temperatures of input fluid and
ambient air respectively. The computation is daiéng heat transfer medium as water with irradiatievel 1000 W/rhand the
mass flow rate per unit area 0.015 kg/s. A suregprt on various types of solar thermal collectord applications was presented
by Kalogirou (2004). He presented that generaltydbllector efficiency linearly depended on tempaedifference for a FPSC.
Figure 3 demonstrates the above stated comparsmnpresent numerical solution may be treated @ertécular case of general
concept of Kalogirou (2004Rercentage of error lies between 2%-6%.

4. Results and Discussion

In this section, the behavior of Qwater nanofluid for different values of variableetmal conductivity i) and viscosity )
across a riser pipe of a flat plate solar colleeter displayedThe considered values phndecarey (= 0, 1, 2, 3 and 4) ard(= O,
2, 5, 7 and 10) while the Prandtl numier= 5.8,1 = 215 WInf, Tam = 298K, T, = 300K, mass flow rate per unit anea= m/N =
0.0037 Kg/sN = 7, = 2%,A = 1.8 nf, U, = 8 W/nfK and Re = 480 are kept fixed. The rangesjofind ¢ are chosen till
significant variation is obtained the results. The value & represents water at 300K. The values of the aeekagselt number,
mean bulk temperature, average velocity, percentdgmllector efficiency and outlet temperaturevedrking fluid are shown
graphically for the pertinent parameters.
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4. 1 Rate of heat transfer

Figure 4 (i)-(ii) displays the average Nusselt nemifNu) of nanofluid and base fluid for the effect of iadnle thermal
conductivity and viscosity respectively. Thermahdaction is the spontaneous transfer of thermatggnthrough fluid, from a
region of high temperature to a region of lower penature. Mounting thermal conductivity variatioargmetery enhances
average Nusselt number. From Figure 4(i) it is okesttthat rate of heat transfer enhances by 18% @#elfor nanofluid and base
fluid (clear water) with the increasing valuesyéfom 0 to 4. Thus if it is focused on maximizingetheat transfer coefficient, it is
clear that the thermal conductivity of the watepper nanofluid is the dominant parameter. This ésduse the thermal
conductivity of the solid particles is higher thiéwe clear water (without solid particles). This me#hat higher heat transfer rate is
predicted by the nanofluid than the base flyid(0%).

But from Figure 4(ii) it is seen that mean Nussalimber devalues for the variation of temperaturpeddent viscosity
parameter from 0 to 10. The rates of heat transfer lesseh2® and 20% for nanofluid and base fluid respebivEhe thermal
conductivity of nanoparticles is higher than waf€hat's why decreasing rate of convective heatsfiemis found lower for
nanofluid than clear water.

——=a—— Nanofluid

---@--- Base fluid
12 12

Nu
¢
¢

—=—— Nanofluid
-=--@--- Base fluid

2 L I ! 2 1 1 1 1
0 1 2 3 4 0 2 4 6 8 10

Y €
(i) (i)
Figure 4: Mean Nusselt number for theeffect of (i) yate=2and (i) eaty=1

4. 2 Mean temperature

The mean temperaturé,() of both type of fluids inside the riser pipe ofia plate solar collector for the effect of temaiire
dependent thermal conductivity and viscosity patenseare displayed by the Figure 5(i)-(ii). Fromstfigure it is found thab,,
for nanofluid and base fluid grows with the risinfboth parameterg ande. Asy =0J(T, —T,,), SO increasing values of

increase this temperature difference between thector and entering fluid. Then heat is transfdrrapidly from top to bottom
wall within the working fluidsThat's why both velocity and temperature profilesrease with the increasing valueg of

On the other hand, for escalating viscosity vasiatparametere] the friction among fluid particles rises. As wa mean
temperatures of fluids enhanek, for nanofluid is higher in Figure 5(i)-(ii) withoenpared to that of base fluid. This is due to the
fact that temperature of nanofluid rises for thghler thermal conductivity of copper nanoparticles.

1F 1F

Nanofluid Nanofluid
0.8 08|

_______ Base Fluid -==-=-=- Base Fluid

02 0.2 -

(i) (ii)
Figure5: Averagetemperaturefor theeffect of (i)yate=2and (i)eaty=1

4. 3 Average velocity

Figure 6(i)-(ii) exposes the average magnitudeaddeity (V,,) of both nanofluid and clear water inside a flpassing riser pipe
of a flat plate solar collector for the effect dfetmal conductivity and viscosity variation respesly. The mean velocity has
notable changes with different values jofand ¢. V,, enhances with increasing and decreasing valuesaoéble thermal
conductivity and viscosity respectively. It is wkhown that movement of highly viscous fluid is\str than low viscous fluid.
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Here base fluid ¢= 0%) has higher mean velocity than the water basawfluid having copper nanoparticles. This isested
because nanofluid that is fluid with solid concatioms does not move freely like clear water.

1 1

08 - 0.8 |-

0.6

Vav

Nanofluid
-------- Base fluid =-=-=--=--=- Base fluid

Nanofluid 04

04

02} 02

Y €
(i) (ii)
Figure 6: Mean velocity for the effect of (i) yate=2and (i) eaty=1

4.4 Outlet temperature

Figure 7(i)-(ii) displays the temperature (dimemsit) of water-copper nanofluid at the middle heighthe riser pipe with the
influences of variable thermal conductivity andeasity for nanofluid as well as base fluid. Frorme figure 7(i) it is shown that
the inlet temperature of fluid is maintained at RGhd then it increases gradually with the contdidteated solid upper and lower
boundaries of the riser pipe. And finally the meanput temperature of nanofluid becomes 313K, 31316K, 316K and 317K
fory=0, 1, 2, 3 and 4 respectively.

But mid-height temperaturel) diminishes with growing from O to 10. The mean output temperature of Haitbbecomes
315K, 314K, 313K, 312K and 310K with the viscosmriation of ¢ = 0, 2, 5, 7 and li@spectively.

330 330
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=2 €e=5
y=3 e=7
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Figure 7: Temperature of nanofluid at the middle of riser pipefor theeffect of (i) yate=2and (i)eaty=1

4.5 Collector efficiency

The variation of percentage of collector efficieragya function of the variable thermal conductiatyd viscosity varies from 0
-4 and 0 - 10 are exposed in Figure 8(i)-(ii)isdtobserved from Figure 8(i) that by introducingvil having more thermal
conductivity variation{ = 0 - 4) the collector efficiency increases. Caite efficiency rises from 45% to 59% and from 3%
51%for the deviation aof from 0 - 4 with Cu/water nanofluid and clear waiespectively.

Consequently rising (from 0- 10) decreases collector efficiengy%) for both type of fluids. Percentage of solaHesior
efficiency @) is higher for water-Cu nanofluid than base fluthllector efficiency devalues from 52% to 35% drwin 44% to
27% for increasing values of temperature dependsabsity parameter of water-Cu nanofluid and cleater respectively.

4.6 Mean entropy generation

The variations of average entropy generatinhggainst variable thermal conductivity) @nd viscosity ) are displayed in
Figure 9 (i)-(ii). The entropy generation increases rising y and fallinge. The increment of temperature dependent thermal
conductivity, in terms of enhancing heat transfeier observed in Figure 4(i) is also obtained mm&e of increasing entropy
production. It is seen that for a fixed valuescf 0, theS enhances slightly as with increasingrhe higher thermal conductivity
results in a smaller temperature gradient withie ttser pipe of the flat plate solar collector, ahds the average entropy
generation caused by heat transfer irreversihitityeases.



920 Nasrin and Alim/ International Journal of Engineering, Science and Technology, Vol. 7, No. 2, 2015, pp. 80-93

The average entropy, for all considered values f higher with Cu-water and lower with water. desscribed above, under the
absence of viscosity variation condition, the flaithin the collector has higher velocity and heansfer is dominated by viscous
effect. Therefore, the mean entropy generat®ncontributions of fluid friction irreversibility @d heat transfer irreversibility,
respectively, are both high, and tHiss also high. However, as the temperature dependsrosity increases, the flow velocity
within the collector decreases and a lower tempegagradient is formed near the top wall surface ianthe outlet. As a result,
the effects of fluid friction irreversibility andelat transfer irreversibility in prompting mean eply generation both decrease.
Consequently, th8 decreases slowly.
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Figure 8: Thermal efficiency for the effect of (i)yate=2and (i)caty=1
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Figure9: Mean entropy generation for theeffect of (i) yate=2and (i)eaty=1

4.7 Bejan Number
Figure 10 (i)-(ii) depict8e-y andBe-¢ profiles for the considered valuesyofrom O to 4 and 0 to 10. IncreasiBg is observed
for increasing thermal conductivity variation ofpper nanoparticles. Finally the Bejan numiie) (approaches unity, the fluid

friction irreversibility effect can be ignored.
On the other hand for a particulalower Be is observed for base fluid. Note that the Bejan Ipeimis found higher at the

constant viscosity of fluids. Then if the viscogigoperty is variable in terms of temperature tlegaB number reduces.
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Figure 10: Bgan number for theeffect of (i)yate=2and (i) eaty=1
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5. Conclusion

The influences of temperature dependent thermalwativity and viscosity on assisted convection koang layer flow through
a riser pipe of a flat plate solar collector withter based nanofluid having copper nanoparticlesaacounted. Various values of
above mentioned variable properties have been dered for the average heat transfer, mean bulk éestyre, mean velocity,
collector efficiency and outlet temperature of flipe. For this computatioRr, ¢ andRe are kept constant as 5.8, 2% and 480
respectively. The results of the numerical anallesis to the following conclusions:

. The Cu nanofluid with the highegtand lowest are established to be more effective in enhantiegmal
performance of collector.

. Viscosity variation decreases mean velocity ofdflui

. About 8% of enhanced thermal efficiency is obtaif@dhermal conductivity variation.

. To minimize entropy generation thermal conductivigyiation is set to be lower.

. Bejan number approaches to 1 for thermal condugtisdriation.
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Nomenclature

area of solar collectonf)

specific heat at constant pressurég 'K ™)
convective heat transfer coefficiefttifi 2K ™)
height of the collector (m)

mass flow ratgkgs™)

number of riser pipe

solar irradiation\(m?)

thermal conductivity of fluid\Wm*K™)
length of the solar collectom]

average Nusselt number

pressurdfg ms?)

Prandtl number

heat flux {vm?)

Reynolds number

fluid temperatureK)

velocity components along x, y directiang( )
overall heat transfer coefficieritvn ?K™)
magnitude of velocity

volume of riser pipent®)

Cartesian coordinates)
dimensionless Cartesian coordinates
collector width (m)

eek symbols

a thermal diffusivity (n’s ™)

T transmitivity

@ nanoparticles volume fraction

% dimensionless fluid temperature

U dynamic viscosity of the fluichf’s™)

v kinematic viscosity of the fluichf’s?)
p

a

Su

a

o>

Zrx—z3I=

c

OSXX g<Cce-Hmyo o
- < < (] -
-<

density of the fluid Kgm’®)
absorption coefficient

absorber
amb ambient
av average
col collector
f fluid
in input
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loss lost

nf nanofluid

out output

recv received

S solid particle

usfl useful

Abbreviation

CFD computational fluid dynamics
FEA finite element analysis
FEM finite element method
FPSC flat plate solar collector
2D two dimensional
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