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Solar energy has been used since the beginning of time and is vital to all living things. In addition to solar 
energy being a constant resource, heat and electricity are other forms of energy that can be made from 
solar energy. Technology allows solar energy to be converted into electricity through solar thermal heat. 
The main advantages of solar energy are that it is clean, able to operate independently or in conjunction 
with traditional energy sources, and is remarkably renewable. Nanofluid-based direct solar receivers, 
where nanoparticles in a liquid medium can scatter and absorb solar radiation, have recently received 
interest to efficiently distribute and store the thermal energy. The objective of the present work is to 
investigate theoretically the effect of copper nanoparticles in the presence of magnetic field on unsteady 
non-Darcy flow and heat transfer of incompressible copper nanofluid along a porous wedge due to solar 
energy. It is of special interest in this work to consider that 
unsteady flow. Copper nanofluid flow over a porous wedge 
incident solar radiation and transits it to the working fluid by convection. 

1. Introduction 

Energy plays an important role in the development of human 
society. However, over the past century, the fast development of 
human society leads to the shortage of global energy and the 
serious environmental pollution. All countries of the world have to 
explore new energy sources and develop new energy technologies 
to find the road to sustainable development. The sun is probably 
the most important source of renewable energy available today. 
Renewable energy sources which include solar energy (which 
comes from the sun and can be turned into electricity and heat), 
wind energy, geothermal energy (from inside the earth), biomass 
from plants, and hydropower from water are also renewable energy 
sources. Solar energy as the renewable and environmental friendly 
energy, it has produced energy for billions of years. Solar energy 
that reaches the earth is around 4 x 1015 MW, it is 2000 times as 
large as the global energy consumption. Thus the utilization of solar 
energy and the technologies of solar energy materials attract much 
more attention. Nano-material is a new energy material, since its 
particle size is the same as or smaller than the wavelength of de 
Broglie wave and coherent wave. Therefore, nanoparticle becomes 
to strongly absorb and selectively absorb incident radiation. Based 
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on the radiative motion properties of nanoparticle, the 
nanofluids in solar thermal system becomes the new 
Scientists and engineers today seek to utilize solar radia lofll 
directly by converting ~t into useful heat or electricity. 

The var~eties of solar energy applications and advantages re' 
enormous, scientists and engineers today seek to utilize solar , ac1 

diation directly by converting it into useful heat or electricity. 

fuels energy and other conventional sources of energy to 
worlds demands for energy both now and In the nearest 

1~ 
inadequacy and inability and the inherent danger in the use of fossil 

atmosphere and its effect on the passage of sol 
realization of full utillzation of solar energy ar 
material 1s a new energy material, since its parti 
as or smaller than the wavelength of de Broglie 

erties of nanoparticle, the utillzation of nano 
system becomes the new study hotspot. Radiative tra 
porous media has important engineering applications in 
lectors and the porous medium acts as a means to absor 
radiant energy that is transferred to or from a fluid. Generally, the 
fluid itself can be assumed to be transparent to radiation, because 
the dimensions for radiative transfer among the solid structure 
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elements of the porous medium are usually much less than the 
radiative mean free path for scattering or absorption in the fluid. 

Solar energy is one of the best sources of renewable energy with 
minimal environmental impact, Angstrom [ I ]  and Mostafa IZesha- 
varz Moraveji and Majid Hejazian 121. Power tower solar collectors 
could benefit from the potential efficiency improvements that arise 
from using a nanofluid as a working fluid. The basic concept of 
using particles to collect solar energy was studied in the 1970s by 
Hunt [3]. It has been shown that mixing nanoparticles in a liquid 
(nanofluid) has a dramatic effect on the liquid thermophysical 
properties such as thermal conductivity. Nanoparticles also offer 
the potential of improving the radiative properties of liquids. 
leading to an increase in the efficiency of direct absorption solar 
collectors. The study of heat transfer in the presence of nanofluids 
due to solar energy radiation is of great practical importance to 
engineers and scientists because of its almost universal occurrence 
in many branches of science and engineering. Numerous models 
and group theory methods have been proposed by different authors 
to study convective flows of nanofluids, e.g. Birltoff [4], Yurusoy and 
Paltdemirli [5] and Yurusoy et al. 161. 

Convective flow in porous media has been widely studied in the 
recent years due to its wide applications in engineering as post- 
accidental heat removal in nuclear reactors, solar collectors, dry- 
ing processes, heat exchangers, geothermal and oil recovery, 
building construction, etc. The effects of heat and mass transfer 
laminar boundary layer flow over a wedge have been studied by 
many authors (for example, IZafoussias and Nanousis [7], IZandas- 
amy et  al. [a] and Cheng and Lin 191) in different situations. 
Nanofluids are suspensions of nanoparticles in fluids that show 
significant enhancement of their properties at modest nanoparticle 
concentration, which was investigated by Abdul-IZahar et al. [lo]. 
IZandasamy et  al. [Ill .  Vajravelu et al. [12] and Rana and Bhargava 
[13]. Nanofluids may be used in various applications which include 
electronic cooling, vehicle cooling transformer and coolant for 
nuclear reactors. 

In this paper, we apply the so-called symmetry methods for a 
particular problem of fluid mechanics. The main advantage of 
such methods is that they can successfully be applied to non- 
linear differential equations. The method of Lie group trans- 
formations is used to derive all group-invariant similarity solu- 
tions of the unsteady two-dimensional laminar boundary-layer 
equations. On the other hand, it is now well known that the 
classical Lie symmetry method can be used to find similarity 
solutions, invariants, integrals motion, etc. systematically. 
Ovsianniltov [14] and Avramenko et al. 1151 analyzed the appli- 
cation of Lie group theory to the boundary layers. Solar energy is 
currently one kind of important resource for clean and renewable 
energy, and is widely investigated in many fields. For this reason, 
it is of special interest in this work to consider natural convection 
due to solar radiation non-Darcy flow from a wedge embedded in 
a porous medium with variable porosity distribution. The inertia 
effect is expected to be important at a higher flow rate and it can 
be accounted for through the addition of a velocity squared term 
in the momentum equation, which is ltnown as the For- 
chheimer's extension. Several researchers have studied natural 
convection heat transfer in porous medium by considering For- 
chheimer's extension. 

The motivation of the present study is to investigate the 
development of the unsteady non-Darcy boundary layer flow and 
heat transfer over a porous wedge sheet in a nanofluid due to solar 
radiation. Lie symmetry group transformation is utilized to convert 
the governing partial differential equations into ordinary differen- 
tial equations and then the numerical solution of the problem is 
accomplished by using Runge IZutta Gill method 1161 with shooting 
technique. This method has the following advantages over other 

available methods: (i) it utilizes less storage register (ii) it controls 
the growth of rounding errors and is usually stable and (iii) it is 
computationally economical. The analysis of the results obtained 
shows that the flow field is influenced appreciably by the presence 
of convective radiation and nanoparticles deposition in the pres-' 
ence of nanofluid past a porous wedge sheet. 

2. Mathematical analysis 

Let us consider an unsteady laminar two-dimensional non- 
Darcy flow of an incompressible viscous nanofluid past a porous 
wedge in the presence of solar energy radiation (see, Fig. 1). We 
consider influence of a constant magnetic field of strength Bo which 
is applied normally to the sheet. The temperature at the wedge 
surface takes the constant value T,, while the ambient value. 
attained as y tends to infinity, taltes the constant value T,. Far away 
from the wedge plate, both the surroundings and the Newtonian, 
absorbing fluid are maintained at a constant temperature T,. It is 
further assumed that the induced magnetic field is negligible in 
comparison to the applied magnetic field (as the magnetic Rey- 
nolds number is small). The porous medium is assumed to be 
transparent and in thermal equilibrium with the fluid. The thermal 
dispersion effect is minimal when the thermal diffusivity of the 
porous matrix is of the same order of magnitude as that of the 
working fluid. This viewpoint of assuming that the effective ther- 
mal diffusivity remains constant when the porosity of the porous , 
medium varies with the normal distance is shared by many other 
investigators such as Vafai et al. [17] and Tien and Hong [la].  The 
non reflecting absorbing ideally transparent wedge plate receives 
an incident radiation flux of intensity qkd. This radiation flux 
penetrates the plate and is absorbed in an adjacent fluid of ab- 
sorption coefficient [19]. Due to heating of the absorbing nanofluid 
and the wedge plate by solar radiation, heat is transferred from the 
plate to the surroundings and the solar radiation is a collimated 
beam that is normal to the plate. The fluid is a water based nano- 
fluid containing copper nanoparticles. As mentioned before, the 
working fluid is assumed to have heat absorption properties. For, 
the present application, the porous medium absorbs the incident 
solar radiation and transits it to the worlting fluid by convection. 
The thermophysical properties of the nanofluid are given inTable 1 
(see Ref. [20]). Under the above assumptions, the boundary layer 
equations governing the flow and thermal field can be written in 
dimensional form as ' 

aii ao -+-= = 0 asz ay 

A porous wedge sheet 

Fig. 1. Physical flow model over a porous wedge sheet. 
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. Table 1 
Therrnophysical properties of fluid and nanoparticles. 

(kg/rn3) c, u/kg K)  k (W/rnK) 0 x lo-' (K-') 

Pure water (c = 0.0) 997.1 4179 0.613 21 
Copper (Cu) (c = 0.05) 8933 385 40 1 1.67 
Silver (Ag) (c = 0.1) 10,500 235 429 1.89 
Alumina (AI2O3) 3970 765 40 0.85 

(5 = 0.15) 
Titania (TiO*) (c = 0.2) 4250 6862 8.9538 0.9 

Using Rosseland approximation for radiation 1211 we can write 
q:ad = -(4ul 3 k * ) ( a ~ ~  ay) where ul is the Stefan-Boltzman con- 
stant is, k* is the mean absorption coefficient. The Rosseland 
approximation is used to describe the radiative heat transfer in the 
limit of the optically thick fluid (nanofluid). 

The boundary conditions of these equations are 

Maxwell [24] model was developed to determine the effective 
electrical or thermal conductivity of liquid-solid suspensions. This 
model is applicable to statistically homogeneous and low volume 
concentration liquid-solid suspensions, with randomly dispersed 
and uniformly sized non-contacting spherical particles. It is given 
as: 

Experiments report thermal conductivity enhancement of nano- 
fluids beyond the Maxwell limit of 3c. In the limit of low particle 
volume concentration (0 and the particle conductivity (k,), being 
much higher than the base liquid conductivity (kf). Equ. (5) can be 
reduced to Maxwell 31: limit as: 

Equation (5) represents the lower limit for the thermal conductivity 
of nanofluids and it can seen that in the limit where ( = 0 (no 
particles), Equ. (5a) yields klOw = 1 as expected. Where kf and k, are 
the thermal conductivity of the base fluid and nanopakticle 
respecnvely, 4 is the nanopartlcle volume fraction, pf is the dynamic 
viscosity of the base fluid, /3f and P, are the thermal expansion co- 
efficients of the base fluid and nanoparticle, respectively, p€ and p, 
are the density of the base fluid and nanoparticle, respectively, kfn is 
the effective thermal conductivity of the nanofluid and (p~ , )~"  is the 

, .. 
- 
u = 0 v =  -vo T = T , + C ~ X ~ '  sty= 0; ii r r  heat capacitance of the nanofluid. 

[n-dimensional variables 
-- - ' f X m  T T, as L m 141 

gm+l x U T - T, a n d o = -  
where cl and nl (power index) are constants and vo and Tw are the T w - 1 -  

suction ( 0) or injection ( 0) velocity and the fluid t-I - 
the plate. Under this consideration, the potential flow velocity of 

(b! 

the wedge can be written as U(x t) = (vfxm) 6m+1, E q u a t i o n ~ ( 1 ) - ( 4 ) t a I c e - ~  
PI = (2m) (I +m), where m is a constant (see in Ref. 12211 
whereas 6 is the time-dependent length scale which is talcen to be 

+ = 
(detailed in Sattar (1994) as: 6 = 6(t) and PI is the Hartree pressure ax ay (7) 

gradient parameter that corresponds to PI = D a for a total angle 
,Q of the wedge, the temperature of the fluid is assumed to vary 

au au au following a power-law function while the free stream temperature -+u-+v- = 
au d u  F 

is linearly stratified. The suffixes w and m denote surface and t x y ( j[{"+""-"(u2-u2 

amblent conditions. Here ii and J are the velocity components in 1 - C + C $  
the X and 7 directions, T is the local temperature of the nanofluid, g 
is the acceleration due to gravity, Kis the permeability of the porous , P f , + v f -  a 2 u + { ( l - ~ + ~ ~ ) ~ s i n ~ ~ }  
medium, F is the empirical constant in the second-order resistance Pf (1 - o2 ay2 
and setting F = 0 in Equ. (2) is reduced to the Darcy law. vo is the 
velocity of suction/injection, K is the permeability of the porous 
medium, pfn is the effective density of the nanofluid, qyad is the Pf 1<(1 - <12 
applied absorption radiation heat transfer, pfn IS the effective dy- 
namic viscosity of the nanofluid, afI is the thermal diffusivity of the 
nanofluid which are defined as (see Ref. [23], 

P f Pf" = (1 - C)P~ + tps Pf" = - (1 - 0 2 . 5  

with the boundary conditions 11111 1 1  
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where Prf = v f / a f  is the Prandtl number, h = 6'"+'/(Kk2) is the 

porous media parameter, y = ( g ( p / 3 ) f ~ ~ ) /  ( p f  u 2 e )  is the buoy- 

ancy or natural convection parameter, N = ( 4 g 1 0 k ) / ( k f k * )  is the 

conductive radiation parameter, Fn = ( ( / k ) & ( ~ / & )  Forchheimer 
number, Ec = ( p f  / ( ~ C , ) ~ ) ( U ~ / ( T ~  - T , ) )  is the Eclcert number, 

M = ( c r ~ ~ / p ~ ) ( ~ ~ + ' / k ~ )  is the magnetic parameter and 
CT = T m / ( T w  - T , )  is the temperature ratio where CT assumes 
very small values by its definition as Tw - T ,  is very large 
compared to T , .  In the present study, it is assigned the value 0.1. It 
is worth mentioning that y > 0 aids the flow and y < 0 opposes the 
flow, while y = 0 i.e.. (Tw - T , )  represents the case of forced 
convection flow. On the other hand, if y is of a significantly greater 
order of magnitude than one, then the buoyancy forces will be 
predominant. Hence, combined convective flow exists when 
y = O(1). 

Following the lines of Kafoussias and Nanousis (71, the changes 
of variables are 

(1 + m) xmpl  n = YJTG. + = $ f ( r )  and 

" T - T ,  
(11) 

By introducing the stream function I), which defined as u = a q / a y  
and v = -a$/ax,  then the system of equations ( 7 ) - ( 9 )  become 

with the boundary conditions 

The symmetry groups of Equs. ( 1 2 )  and ( 1 3 )  are calculated using 
classical Lie group approach (see Ref. [ I l l ) .  With the help of these 
relations, the ( 1 2 )  and ( 1 3 )  become 

The boundary conditions take the following form 

af m + l  I - m  af - = 0, -f +-t- = -S, 8 = 1  atn = 0 and an 2 2 at  

where S is the suction parameter if S 0 and injection if S < 0  and 
5 = kx('-'")I2 171 is the dimensionless distance along the wedge 
( 5  > 0 ) .  In this system of equations, it is obvious that the non- 
similarity aspects of the problem are embodied in the terms con- 
taining partial derivatives with respect to ( .  This problem does not 
admit similarity solutions. Thus, with (-derivative terms retained in 
the system of equations, it is necessary to employ a numerical 
scheme suitable for partial differential equations for the solution.. 
Formulation of the system of equations for the local nonsimilarity 
model with reference to the present problem will now be 
discussed. 

At the first level of truncation, the terms accompanied by [ ( a / a [ ) .  
are small. This is particularly true when ( 4  K 1 ) .  Thus the terms 
with [ ( a / a e )  on the right-hand sides of Equations ( 2 0 )  and (21) are 
deleted to get the following system of equations: 



R. Kandasamy et al. 1 Renewable Energy 64 (2014) 1-9 5 

The boundary conditions take the following form 

f ' = o ,  f = - -  2S 6 = 1 a t q  = O  and 
m + l '  (20) 

f f  = 1 ,  8 4 0  asq'm 

Further, we suppose that A, = c/xm-I where cis a constant so that 
c =  (dm/vf)(d6/dt) and integrating, it is obtained that 
6 = [c(m + l ) ~ ~ t ] ' / ( ~ + ' ) .  When c = 2 and m  = 1 in 6 and we get d = 

2@ which shows that the parameter d can be compared with the 
well established scaling parameter for the unsteady boundary layer 
problems (see Ref. [25]). 

For practical purposes, the functions f (7) and O(q) allow us to 
determine the skin friction coefficient 

Table 3 
Comparison of the current results with previous published work forf"(0) and O'(0). 

y < Vajravelu e t  al. [12] Present works 

f"(0) @'(O) f"(0) O'(0) 

0.0 0.0 -1.001411 -2.972286 -1.00141137 -2.97228562 
0.0 0.1 -1.175203 -2.476220 -1.17520279 -2.47622035 
0.0 0.2 -1.218301 -2.094192 -1.21830078 -2.09419169 

and the Nusselt number 

respectively. Here, Re, = Ux/vf is the local Reynolds number. 

Fig. 2. Effects of m on the velocity distribution in the laminar flow past a wedge. 

The set of Equs. (18) and (19) are highly nonlinear and coupled, 
and therefore, it cannot be solved analytically. Therefore, the 
nonlinear systems consisting of Equs. (18) and (19) along with the 
boundary conditions (20) have been solved numerically by 
applying Runge-l<utta-Gill 1161 integration scheme together with 
shooting iteration technique(see also Ref. [8]) with Prf, c, A, nl, A,, S, 
Q. M, Fn and N as prescribed parameters. A step size of Aq = 0.01 
was selected to be satisfactory for a convergence criterion of in 
all cases. The case y >> 1.0 corresponds to pure free convection. 

Figs. 3 and 4 present typical profiles for temperature for 
different values of magnetic parameter in the case of pure water 
and Cu-water (nanofluid). Due to the uniform convective radiation, 
it is clearly shown that the above mentioned two cases, the tem- 
perature of the fluid accelerates with increase of the strength of 
magnetic field, which implies that the applied magnetic field tends 
to heat the fluid and enhances the heat transfer from the wall. As it 

y = 1.0 corresponds to mixed convection and y << 1.0 corresponds 
to pure forced convection. Throughout this calculation we have 1 2  

considered y = 2.0 unless otherwise specified. In order to validate Pure water 

our method, we  have compared the results off (q), f'(q) and f"(q) 
for various values of q (Table 2) with those of White [26] whereas I 

f"(0) and 8'(0) for various values of r (Table 3) with those of Vaj- 
ravelu et al. [12] and found them in excellent agreement. 

In order to ascertain the accuracy of our numerical results, the 0 8 

present study is compared with the available exact solution in the 
literature. The velocity profiles for different values of m are 
compared with the available exact solution of Ref. (251, is shown in t O 6  

Fig. 2. It is observed that the agreement with the theoretical solu- ' ( 7 )  

tion of velocity profile is excellent. 
I 

0 4 I 

I I 
Table 2 
Companson of the current results wlth prevlous publ~shed work forflq),f'(q) and 

I 
0 2 

f"(7) 

q Wh~ te  [26] Present works 

f (7) I 'm) I"(?) f(q) I'(7) f"(q) 
0 

0.0 0.000000 0.000000 0469599 0.000000 0.000000 0.469686 

/II :,: i:;:::: : : :::::::; ::$;;;: :::::::: ~2:;ertro;;fi;~~~;~s values of M (pure water) (c  = 0.00, A" =!o.I. 
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Pure water 

Fig. 6. Effects of convective radiation over temperature profiles (Pure water) ([ = O.QO, 
Fig. 4. Temperature profiles for various values of M (Cu-water) (( = 0.05, 1, = 0.1, A, = 0.1, M = 1.0 and m = 0.0909 (0 = 30")). 
N = 0.5 and m = 0.0909 (0 = 30")). 

moves away from the plate, the effect of M becomes less pro- significantly as compared to that of the base fluid, because the 

nounced. The effects of a transverse magnetic field to an electrically copper Cu has high thermal conductivity. Magnetic nanofluid is a' 

conducting fluid gives rise to a resistive-type force called the Lor- unique material that has both the liquid and magnetic properties. 

entz force. This force clearly indicates that the transverse magnetic Many of the physical properties of these fluids can be tuned by 

field opposes the transport phenomena and it has the tendency to varying magnetic field. These results clearly demonstrate that the 

slow down the motion of the fluid and to accelerate its temperature magnetic field can be used as a means of controlling the flow and 

profiles. In all cases, the temperature vanishes at some large dis- heat transfer characteristics. 

tance from the surface of the wedge. This result qualitatively agrees Fig. 5 illustrates the effect of nanoparticle volume fraction c on 

with the expectations, since magnetic field exerts retarding force the nanofluid temperature profile. It is clear that as the nano- 

on the natural convection flow. Physically, it is interesting to note particle volume fraction increases, the nanofluid temperature in- 

that the temperature of the nanofluid (Cu Water) increases 
creases and tends asymptotically to zero as the distance increases 
from the boundary. Increasing the volume fraction of nanoparticles 
increases the thermal conductivity of the nanofluid and we predict 
a thickening of the thermal boundary layer. We also observe that 
the temperature distribution in Silver-water and Alumina-water 
nanofluids are higher than that of Cu-water nanofluid. It is 
observed that with increasing c, the thermal boundary layer 
thicltness increases. The sensitivity of thermal boundary layer 

t 

Fig. 5. Temperature profiles for various values of [ (N = 0.5, 1, = 0.1, M = 1.0 and Fig. 7. Effects of convective radiat~on over temperature profiles (Cu-water) ([ = 0.05; 
rn = 0.0909 (0 = 30")). A, = 0.1, M = 1.0 and m = 0.0909 (0 = 30")). 
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Fig. 8. Temperature profiles for various values of unsteadiness parameter ([ = 0.05. 
N = 0.5, M = 1.0 and m = 0.0909 (B = 30")). 

thickness with is related to the increased thermal conductivity of 
the nanofluid. In fact, higher values of thermal conductivity are 
accompanied by higher values of thermal diffusivity. The high value 
of thermal diffusivity causes a drop in the temperature gradients 
and accordingly increases the boundary thickness as demonstrated 
in Fig. 5. This agrees with the physical behavior, when the volume of 
copper nanoparticles increases the thermal conductivity increases, 
and then the thermal boundary layer thicltness increases. Changes 
in the size, shape, material and volume fraction of the nanoparticles 
allow for tuning to maximize spectral absorption of solar energy 
throughout the fluid volume because the nanoparticle volume 
fraction parameter depends on the size of the particles. Enhance- 
ment in thermal conductivity can lead to efficiency improvements, 
although small, via more effective fluid heat transfer. In convective 
heat transfer in nanofluids, the heat transfer depends not only on 
the thermal conductivity but also on other properties, such as the 

0 0.5 1 1.5 

r l -  

Fig. 9. Forchheimer number over the velocity profiles ([ = 0.05. 1, = 0.1, N = 0.5 and 
m = 0.0909 (0 = 30")). 

specific heat, density. and dynamic viscosity of a nanofluid. Based 
on the experimental data 1271. Utilization of nanofluid instead of 
conventional base fluids results in remarltable heat transfer 
enhancement. In straight tubes heat transfer rate goes up as the 
nanoparticle mass concentration increases. Besides, nanofluid 
flows showed much higher Nusselt numbers compared to the base 
fluid flow. Finally, it was observed that combination of the two 
enhancing methods has a noticeably high capability to the heat 
transfer rate. 

Figs. 6 and 7 present the characteristic temperature profiles for 
different values of the convective radiation parameter N in the 
presence of base fluid (pure water) and nanofluid (Cu-water). In 
both the cases, it is noticed that the temperature decelerates with 
increase of the radiation parameter N. According to Equations (2) 
and (3), the divergence of the radiative heat flux increases as 
thermal conductivity of the fluid decreases which in turn increases 
the rate of radiative heat transferred to the nanofluid and hence the 
fluid temperature decreases. The effect of radiation is to decrease 
the rate of energy transport to the fluid, thereby decreasing the 
temperature of the fluid. In view of this explanation, the effect of 
convective radiation becomes more significant as N 0 (N+. 0) and 
can be neglected when N . This is because the large values 
correspond to an increased dominance of conduction over radia- 
tion thereby decreasing buoyancy force and thicl<ness of the ther- 
mal boundary layer, despite of improved thermal conductivity for 
specific volume concentration of copper nanoparticles. Further, it is 
observed that the temperature of the Cu-nanofluid is decelerated 
significantly as compared to that of the base fluid. It should be 
noted that the enhancement of heat transfer greatly depends on 
particle type, particle size, base fluid, flow regime and specially 
boundary condition. The presence of nanoparticles in fluid changes 
the flow structure so that besides of thermal conductivity incre- 
ment, chaotic movements, dispersions and fluctuations of nano- 
particles especially near the wall leads to increase in the energy 
exchange rates and augments heat transfer rate between the fluid 
and the wall. This is in agreement with the physical fact that the 
thermal boundary layer thickness decreases with increasing radi- 
ation parameter N. 

The effects of unsteadiness parameter A, on the dimensionless 
temperature profiles within the nanofluid boundary-layer have 
been displayed in Fig. 8. It is observed that the temperature of the 

I I 
Fig. 10. Forchhelmer number over the temperature profiles (t; = 0.05,1, = 0.1, ~ 1 ' 0 . 5  
and m = 0.0909 (0 = 30")). 
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nanofluid increases with the increase of unsteadiness parameter A, 7. Copper nanofluid flow over a porous wedge plays a significant 
and also it is found to decrease with the increase of q. The variation role and absorbs the incident solar radiation and transits it to 
of the Prandtl number within the boundary layer for different the working fluid by convection. 
values of the unsteadiness parameter A, plays a dominant role on 
nanofluid flow field. Significant change in the rate of decrease of 0 The impact of nanoparticles on the absorption of radiative 
for increasing values of A, is noticed. Temperature at a point on the energy has been of interest for many years for a variety of ap- 
sheet decreases significantly with the increase in A, i.e. rate of heat plications. More recently researchers have become interested in 
transfer increases with increasing unsteadiness parameter A,. The 
reason for this behavior is that the inertia of the porous medium 
provides an additional resistance to the fluid flow mechanism, 
which causes the fluid to move at a retarded rate with reduced 
velocity. 

Figs. 9 and 10 illustrate typical profiles for velocity and tem- 
perature for different values of inertial parameter Fn in the case of 
Cu-water. In the presence of uniform magnetic field, it is clearly 
shown that the velocity increases and temperature decreases as the 
inertial parameter (Forchheimer number) increases. In particular. 
the velocity of the Cu-nanofluid increases whereas the temperature 
of the fluid gradually changes from higher value to the lower value 
only when the strength of inertial parameter Fn is higher than the 
nanoparticle volume fraction parameter. For heat transfer charac- 
teristics mechanism, interesting result is the large distortion of the 
temperature field caused for 0 05 Fn 5 0 5. The nanofluid be- 
comes unstable and has no physical application at solid volume 
fractions greater than 0.05. In the case of Cu-water, negative value 
of the temperature profile is seen in the outer boundary region for . . 
Fn = 0 1 and 0 2. Non-Darcy behavior is important fnr d ~ ~ r r ~ b  
fluid flow in porous media in situations where high velocity occurs. 
This is consistent with the fact that non-Darcy behavior is more 
severe in low permeability porous media. All these physical 
behavior are due to the combined effects of the strength of volume 
fraction of the nanoparticles in the presence of non-Darcy flow. 

4. Conclusions 

In this work, the effect of copper nanoparticles in the presence 
of magnetic field on unsteady non-Darcy flow and heat transfer of 
incompressible copper nanofluid along a porous wedge due to solar 
energy have been analyzed. It is of special interest in this work to 
consider the similarity transformation is used for unsteady flow. 

1. Thermal boundary layer thicltness of copper nanofluid is 
stronger than that of the base fluid as the strength of the 
magnetic field increases because the driving force to the nano- 
fluid decreases as a result of temperature profiles increase. 

2. It is noticed that the temperature of a nanofluid is decelerated 
significantly as compared to that of the base fluid with increase 
of convective radiation. 

3. It has been shown that mixing nanoparticles in a liquid (nano- 
fluid) has a dramatic effect on the liquid thermophysical prop- 
erties such as thermal conductivity. It implies that the thermal 
conductivity of nanofluid is strongly dependent on the nano- 
 article volume fraction. 

the radiative properties of nanoparticles in liquid suspensions 
especially for medical and other engineering applications. Be- 
sides the benefits to the optical and radiative properties, nano- 
fluids provide other benefits such as increased thermal 
conductivity and particle stability over micron-sized suspen- 
sions, which provide potential improvements to the operating 
efficiency of a direct absorption solar collector. Nanofluids have 
been shown to possess improved heat transport properties and 
higher energy efficiency in a variety of thermal exchange systems 
for different industrial applications, such as transportation. 
electronic cooling, military, nuclear energy, aerospace etc. 
Nanofluids due to solar energy are important because they can be 
used in numerous applications involving heat transfer and other 
applications such as in detergency, solar collectors, drying pro- 
cesses, heat exchangers, geothermal and oil recovery, building 
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Nomenclature 4: dimensionless nanoparticle volume fraction 
g: similarity variable 
p: dynamic viscosity 

Bo: magnetic field strength p ~ , :  effective dynamic viscosity of the nanofluid 
C: nanoparticles volume fraction a: electric conductivity of the fluid 
C,: nanoparticle volume fraction a t  the wall 01: Stefan-Boltzman constant 
C,: ambient nanoparticle volume Fraction p~ density of the base fluid 
cp: specific heat at constant pressure pfn: effective density of the nanofluid 
CT: temperature ratio ( p ~ ) ~ :  heat capacity of the base fluid 
Ec: Eckert number (pc),: effective heat capacity of the nanoparticle material 
f: dimensionless stream function u: kinematic viscosity 
F: empirical constant in the second-order resistance $: stream function 
F,: Forchheimer number a,: Stefan-Boltzman constant 
g: acceleration due to gravity P: angle of the wedge 
k: thermal conductive 




