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Abstract:   

Heat transfer phenomena of flat plate solar collector filled with different nanofluids has been 

investigated numerically. Galerkin’s Finite Element Method is used to solve the problem. Heat 

transfer rate, average bulk temperature, average sub-domain velocity, outlet temperature, 

thermal efficiency, mean entropy generation and Bejan number has been investigated by 

varying the solid nanoparticle volume fraction of water/Cu, water/Ag and water/Cu/Ag 

nanofluids from 0% to 3%. It is found that the solid nanoparticle volume fraction has great 

effect on heat transfer phenomena. It is observed that the increase in the solid volume fraction 

(up to 2%) enhances the heat transfer rate and collector efficiency where after 2% the rate of 

change almost constant. Higher heat transfer rate and collector efficiency has been obtained 

19% and 13% for water/Ag nanofluid respectively. 

Keywords: Assisted convection, flat plate collector, finite element method, nanofluids, entropy generation, Bejan 

number. 

NOMENCLATURE 

 

Greek symbols 

A Surface area of the collector (m
2
) α Fluid thermal diffusivity (m

2
s

-1
) 

Ae Area base on the perimeter of collector (m
2
) β Tilt angle (

0
) 

C Constant defined in subsection 2.4 λ Transmitivity  

Cp Specific heat at constant pressure (J kg
-1

 K
-1

)  Nanoparticles volume fraction 

h Convective heat transfer coefficient (Wm
-2

K
-1

) ν Kinematic viscosity (m
2
s

-1
) 

ha Convective heat transfer coefficient between glass and ambient air 

(Wm
-2

K
-1

) 

η Collector efficiency 

I  Intensity of solar radiation (Wm
-2

) θ Dimensionless temperature  

Ae Area base on the perimeter of collector (m
2
) ρ Density (kgm

-3
) 

k Thermal conductivity (W m
-1

 K
-1

) μ Dynamic viscosity (Nsm
-2

) 

kb Back insulation conductivity (Wm
-1

K
-1

) κ  Absorption coefficient 

ke Edge insulation conductivity (Wm
-1

K
-1

) Subscripts 

 m Mass flow rate (Kg s
-1

) a absorber 

N number of glass amb ambient 
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Nu Nusselt number  av average 

p Pressure (kg m s
-2

) b bottom 

Pr Prandtl number  col collector 

q Heat flux (Wm
-2

) e edge 

Re  Reynolds number f fluid 

T Dimensional temperature (K) in input 

u, 

v 

Dimensional x and y components of velocity (m s
-1

) loss lost 

U, 

V 

Dimensionless velocities nf nanofluid 

Ul Overall heat transfer coefficient (W m
-2

 K
-1

) out output 

V Magnitude of velocity (m s
-1

) recv received 

X, 

Y 

Dimensionless coordinates s solid particle 

x, 

y 

Cartesian coordinates (m) t top 

xb Back insulation thickness (m) usfl useful 

xe Edge insulation thickness (m) 1 Cu nanoparticle 

  2 Ag nanoparticle 

1. Introduction 

Today, renewable energy based power generation is broadly encouraged all over the world because of the limited 

non-renewable energy resources, environmental awareness, and abundant renewable resources Schroeder (2009), 

Hasanuzzaman et al. (2015) and Hosenuzzaman et al. (2015). Among the renewable energy, solar energy is one of 

the most potential resources Ahmed et al. (2013). Solar collector is one the key elements in many applications (i.e. 

building heating systems, solar drying devices, etc). Flat-plate solar collector is commonly used for low temperature 

solar thermal energy (i.e. solar water-heating systems, solar space heating etc.) where performance of the solar 

collector depends on the various parameters. Heat transfer process and performance of the solar collector has been 

investigated numerically and experimentally. Saleh (2012) simulated one-dimensional mathematical model for 

transient processes which occurs in liquid flat-plate solar collectors. Flat plate and heat pipe solar collectors with and 

without color absorbers are also numerically studied Kazeminejad (2002) and Azad (2009). Struckmann (2008) 

analyzed flat-plate solar collector where efforts had been made to combine a number of important factors into a 

single equation. Martín et al. (2011) experimentally studied heat transfer in enhanced flat-plate solar collectors. To 

test the enhanced solar collector and compare with a standard one, an experimental side-by-side solar collector test 

bed was designed and constructed. They concluded that the pressure loss ratio remained constant at about 1.8 for 

Reynolds numbers higher than 500 inside the raisers and increasing pumping power improved thermal efficiency. 

Sandhu (2013) experimentally studied temperature field in flat-plate collector and heat transfer enhancement with 

the use of insert devices. Various new configurations of the conventional insert devices were tested over a wide 

range of Reynolds number (200-8000). Testing of thermal efficiency, heat transfer system, and optimization of solar 

thermal collectors were addressed and discussed by Zambolin (2011). Karuppa et al. (2012) experimentally 

investigated a new solar flat plate collector. Experiments had been carried out to test the performance of both the 

water heaters under water circulation with a small pump. Their results showed that rising values of temperature 

difference between the outlet water and the ambient air decreased thermal efficiency due to heat loss. 

Iordanou (2009) investigated flat-plate solar collectors for water heating with improved heat transfer for application 

in climatic conditions of the mediterranean region. Dara et al. (2013) conducted evaluation of a passive flat-plate 

solar collector and investigated the variations of top loss heat transfer coefficient with absorber plate emittance and 

air gap spacing between the absorber plate and the cover plate. Enhanced heat transfer using oscillatory flows in 

solar collectors, different geometric absorber configuration were analyzed by Lambert (2006) and Amrutkar (2012). 

Karanth et al. (2011) performed numerical simulation of a solar flat plate collector using discrete transfer radiation 

model (DTRM)–a CFD Approach. They concluded that temperature difference between absorber plate and fluid 

increased with increasing flow velocity and absorber plate temperature was almost linear at all considered values of 
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flow velocities. Álvarez et al. (2010) studied finite element modelling of a solar collector and presented a 

mathematical model of a serpentine flat-plate solar collector using finite elements.  

All thermofluidic processes involve irreversibilities and therefore incur an efficiency loss. In practice, the extent of 

these irreversibilities can be measured by the entropy generation rate. In designing practical systems, it is desirable 

to minimize the rate of entropy generation and to maximize the available energy Hooman et al. (2008), Delavar, and 

Hedayatpour (2012). The entropy generation induced by natural convection heat transfer in a square cavity was 

studied by Shahi et al. (2011) and found that the Nusselt number increased and the entropy generation reduced as 

the nanoparticle volume fraction was increased. Enhancement of collector thermal performance with different nano-

fluids was conducted Polvongsri and Kiatsiriroat (2011), Natarajan and Sathish (2009). Mahian et al. (2013-2014) 

performed review of the applications of nanofluids and entropy generation in solar energy. The effect of nanofluids 

on the performance of solar collectors was shown. Modeling of solar water collector of different shapes with water 

based nanofluids using various nanoparticles was conducted by Nasrin et al. (2013, 2014a-b, 2015). Hussein et al. 

(2012, 2014, 2015a-b, 2016a-c) studied computational analysis in heat transfer and entropy generation considering 

different types of geometry as well as solar collector in both two dimensional and three dimensional forms. 

From the above discussion, it is clear that the application of nanofluid is one most potential options to enhance the 

heat transfer of the solar collector systems. As this is a potential field, a good number of research works have been 

conducted in the field and still have many scopes to work with fluid flow, heat transfer, enhancement of collector 

efficiency and entropy generation using different nanofluids. The aim of the paper is to investigate the heat transfer 

phenomena in term of heat transfer rate, velocity, collect efficiency, entropy generation and Bejan number by 

varying the solid nanoparticle volume fraction of water/Cu, water/Ag and water/Cu/Ag nanofluids. 

2. Problem Formulatıon 

Figure 1 shows the schematic diagram of the collector. The numerical computation is carried on taking single riser 

pipe of FPSC. FPSC with single riser pipe gives the average heat transfer and fluid flow phenomena. The glass 

cover is at the top of the FPSC. It is highly transparent and anti-reflected. It is also called as glazing. The glass top 

surface is exposed to solar irradiation. The glass cover is made of borosilicate. It has thermal conductivity of 1.14 

W/mK, specific heat of 750 J/kgK and coefficient of sunlight transmission of 95%. Thickness of glass cover is 

0.005m. Air gap of 0.005m lies between glass cover and absorber plate. Air density = 1.269 Kg/m
3
, specific heat = 

287.058 J/kgK and thermal conductivity = 0.0243 W/mK. All these properties of air domain represent air of 

temperature at 298K. Length, width and thickness of the absorber plate are 1m, 0.15m and 0.0005m respectively. 

Coefficients of heat absorption and emission of absorber plate are 95% and 5% respectively. The riser pipe has 

height 1m, inner diameter 0.01 m and thickness 0.0005m. A trapezium shaped bonding conductance is attached to 

the absorber and riser pipe. It is located from middle one-third part of width of the absorber plate.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Longitudinal cross-section of a FPSC 
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It covers the three-fourth part of the riser pipe. It is as long as the absorber plate and tube. The absorber plate is 

modeled to provide for conduction, convection and radiation in the analysis. The absorber, riser and bonding 

conductance are made of copper metal. The computation domain is a fluid passing riser pipe which is attached 

ultrasonically to the absorber plate.  

Let I be the intensity of solar radiation and A be any surface area, then the amount of energy received by any surface 

is: AIQi .                   (1)  

This equation is modified for solar collector surface as it is the product of the rate of transmission of the cover (λ) 

and the absorption rate of the absorber (к). Thus,  AIQrecv               (2)  

Then the temperature of absorber becomes higher than that of the surrounding. Some heat is lost to the atmosphere 

by convection and radiation. The rate of heat loss (Qloss) depends on the collector overall heat transfer coefficient 

(Ul), the collector temperature (Tcol) and the surrounding ambient temperature (Tamb).  loss l col ambQ U A T T        (3)  

The rate of useful energy (Qusfl) is:    u recv loss l col ambsfl
Q Q Q I A U A T T                 (4) 

It is also known that the rate of extraction of heat from the collector may be measured by means of the amount of 

heat carried away in the fluid passed through it. Thus  inoutpusfl TTmCQ               (5)  

where m, Cp, Tin and Tout are the mass flow rate per unit area, the specific heat at constant pressure, inlet and outlet 

fluid temperatures respectively.  

To calculate the collector average temperature is difficult. The equation (4) may not be convenient. It is suitable to 

describe a quantity that communicates the actual useful energy gain of a collector to the useful gain if the whole 

collector surface is at the fluid inlet temperature. This quantity is known as “the collector heat removal factor (FR)” 

and is stated as: 
 

   
p out in

R

l in amb

mC T T
F

A I U T T




   

                (6) 

The expression of actual useful energy gain (Qusfl) can be written as:    u R l in ambsfl
Q F A I U T T                 (7) 

The heat flux q per unit area of absorber plate is   ambinl

sflu
TTUIq

A

Q
  . 

The two dimensional governing equations are given as: 

0









y

v

x

u
                                                            (8) 

2 2

2 2nf nf

u u p u u
u v

x y x x y
 

      
               

           (9) 

2 2

2 2nf nf

v v p v v
u v

x y y x y
 

      
               

          (10) 

2 2

2 2nf

T T T T
u v

x y x y


    
        

         (11) 

2 2

2 2
0a aT T

x y

  
  

   

          (12) 

where,  1nf f s        is the density,               (13) 

      1p p p
nf f s

C C C        is the heat capacitance,                                         (14) 

 
2.5

1

f

nf








is the viscosity of Brinkman model (1952)                            (15) 
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2 2

2

s f f s

nf f

s f f s

k k k k
k k

k k k k





  


  
is thermal conductivity of Maxwell Garnett model (1904)                       (16) 

 nf nf p
nf

k C  is the thermal diffusivity, 
f

f

ν
Pr

α
  is the Prandtl number and in

f

U H
Re


 is the Reynolds 

number.  

The boundary conditions are: 

at all solid boundaries: u = v = 0 

at the solid-fluid interface: a
nf solid

nf solid

TT
k k

y y

   
   

    

 

at the inlet boundary: inT T , u = Uin 

at the outlet boundary: convective boundary condition p = 0 

at the top surface of absorber: heat flux  a
a l in amb

T
k q I U T T

y



    


 

at outer surface of riser pipe: 0
T

y





 

2.1 Collector efficiency 

The instantaneous collector efficiency is:  

   
 

 usfl R l in amb in amb

R R l

F A I U T T T TQ
F F U

AI AI I


 

    
               (17) 

2.2 Average Nusselt number 

The average Nusselt number (Nu) is expected to depend on a number of factors such as thermal conductivity, heat 

capacitance, viscosity, flow structure of nanofluids and volume fraction, dimensions and fractal distributions of 

nanoparticles. Equation of local Nusselt number for flow through the absorber tube of solar collector can be written 

as l

f f f

f

U L Q L Q L
Nu

k T k kqL
k

   
     

        
 
 

 

where L is the length of riser pipe, T is the difference between riser pipe surface temperature and ambient 

temperature, Q is the energy received or lost by the absorber pipe surface. Due to assigned constant heat flux at 

absorber top surface and water based nanofluid flow this equation becomes 

nf
nf f

f f

f

T
k

k ky L T
Nu

k k q yqL
k

 
          

                  
 
 

 

Dimensionless form of local Nusselt number at top of riser pipe is 
nf

f

k
Nu

k Y


 


.  

The above equations are non-dimensionalized by using the following dimensionless dependent and independent 

variables: 

       

  

 
, , , ,

in f

in in

T T kx y u v
X Y U V

L L U U qL
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Thus rate of heat transfer at top surface of riser pipe according to Nasrin and Alim (2015)  is as

1

0

Nu Nu dX      (18) 

Normalized Nusselt number is defined as the ratio of average Nusselt number at any volume fraction of 

nanoparticles to that of pure water, is 
 

 
*

0

Nu
Nu

Nu







 

2.3 Mean bulk temperature and velocity 

The mean bulk temperature and average sub domain velocity of the fluid inside the collector may be written as  

1A
av

A

A

TdA

T TdA
HLdA

 





 and

V
1

V VA
av

A

A

dA

dA
HLdA

 





. 

2.4 Overall heat transfer coefficient 

The overall heat transfer loss from the collector is the summation of three separate components, the top loss 

coefficient, the bottom loss coefficient and the edge loss coefficient. The empirical relations for these coefficients 

are mentioned by Duffie and Beckman (1991) as follows: l t b eU U U U    where  

  

 

1

2 2

1

1

2 1 0.13
0.00591

a amb a amb

t c
aamba amb

a amb

c
a

T T T TN
U

N fhT TC Nh N
T N f












 
 

  
   

       
    

, 

b
b

b

k
U

x
 , 

 2
e e e

e

e

L W HU A k
U

A x LW

 
   

 
and  

 

   

  

2520* 1 0.000051 ,

1 0.089 0.1166 * 1 0.07866 and

0.43* 1 100 /

a amb a

am

C

f h h N

e T





 

   

 

 

2.5 Entropy generation 

The entropy generation in the flow field is caused by the non-equilibrium flow imposed by boundary conditions. In 

the convection process, the entropy generation is due to the irreversibility caused by the heat transfer phenomena 

and fluid flow friction. According to Bejan (1996), the dimensional local entropy generation, sgen, can be expressed 

by: 

2 2 22 2

2
00

2 2
nf nf

gen

k T T u v u v
s

x y T x y x yT

                
                
                   

            (19) 

where 0
2

col inT T
T


 . 

In equation (19), the first term represents the dimensional entropy generation due to heat transfer (sgen,h), while the 

second term represents the dimensional entropy generation due to viscous dissipation (sgen,v). By using 
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dimensionless parameters presented in Eq. (18), the expression of the non-dimensional entropy generation, Sgen can 

be written by: 

 

2
0

2

2 2 2 2 2

, ,

2 2

gen gen

f col in

nf nf

f f

gen h gen v

T L
S s

k T T

k U V U V

k X Y X Y X Y

S S

 






                 
                 

                    

 

           (20) 

Here Sgen, h and Sgen, v are the dimensionless entropy generation for heat transfer and viscous effect respectively. In 

Eq. (20), χ is the irreversibility factor which represents the ratio of the viscous entropy generation to thermal entropy 

generation. It is given as: 

 

2
0

2

if

f col in

UT

k T T


 



 

The dimensionless average entropy generation, S for the entire computational domain is as follows: 

, , , ,

1
gen gen h m gen v mS S dV S S

V
                  (21) 

where V is the volume occupied by the nanofluid and Sgen, h, m and Sgen, v, m are the average entropy generation for 

heat transfer and viscous effect respectively. 

Normalized entropy generation can be written as  

 
*

0

S
S

S







 

2.6 Bejan number 

The Bejan number, Be, defined as the ratio between the entropy generation due to heat transfer by the total entropy 

generation, is expressed as 
, ,gen h mS

Be
S

                (22) 

It is known that the heat transfer irreversibility is dominant when Be approaches to 1. When Be becomes much 

smaller than 1/2 the irreversibility due to the viscous effects dominates the processes and if Be = 1/2 the entropy 

generation due to the viscous effects and the heat transfer effects are equal Khorasanizadeh et al. (2013). 

3. Numerical Implementation  

The Galerkin finite element method of Reddy and Gartling (1994) is used to solve the governing equations (8) - (12) 

along with convective boundary condition for the considered problem. Conservation equations are solved for the 

finite element method to yield the velocity and temperature fields for the water flow in the absorber tube and the 

temperature field for the absorber plate. The equation of continuity has been used as a constraint due to mass 

conservation and this restriction may be used to find the pressure distribution. Then the velocity components (u, v) 

and temperatures (T, Ta) of governing equations (8) - (12) are expanded using a basis set. The Galerkin finite 

element technique yields the subsequent nonlinear residual equations. Gaussian quadrature technique is used to 

evaluate the integrals in these equations. The non-linear residual equations are solved using Newton–Raphson 

method to determine the coefficients of the expansions. The convergence of solutions is assumed when the relative 

error for each variable between consecutive iterations is recorded below the convergence criterion such 

that 1 -61.0en n    , where n is the number of iteration and Ψ is a function of any one of u, v, T and Ta. 

3.1. Mesh generation 

The finite element meshing of the computational domain is displayed by the figure 2. Extra fine meshing is chosen 

for this geometry. 
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3.2 Grid check 

A grid-independent check is performed at Pr = 5.8, I = 215W/m
2
 and Re = 480 for a FPSC. Five different non-

uniform grid systems are checked with the number of elements: 42,010, 99,832, 1,50,472, 1,68,040 and 1,92,548.  

Heat transfer rate for water-copper nanofluid ( = 2%) as well as water ( = 0%) is considered as supervising 

parameter. It is noticed from the fifth and sixth column of Table 1 that there is no considerable alteration in the value 

of mean Nusselt number but time unbearable. Thus 1,68,040 elements are considered for numerical analysis.  

Table 1: Grid Sensitivity Check at Pr = 5.8, I = 215W/m
2
 and Re = 480 

Elements  42,010 99,832 1,40,472 1,68,040 1,92,548 

Nu (Nanofluid)  1.87872 1.99127 2.10934 2.14351 2.14378 

Nu (Water)  1.59326 1.69225 1.81524 1.84333 1.84341 

Time (s)  127.52 308.75 581.11  897.23 1295.31 

 

3.3 Thermo-physical properties 

The thermo-physical properties of the nanoparticle are taken from Nasrin and Alim (2014) and given in Table 2.  

Table 2: Thermo-physical properties of fluid and nanoparticles 

Physical Properties Fluid phase (Water) Ag Cu 

Cp (J/kgK) 4179 235 385 

 (kg/m
3
) 997.1 10500 8933 

k (W/mK) 0.613 429 400 

α10
7
 (m

2
/s) 

10
6
 (Ns/ m

2
)  

1.47 

855 

1738.6 

--- 

1163.1 

----- 

3.4 Nanofluid with double nanoparticles 

Water based nanofluid with copper and silver nanoparticles is also used as heat transfer medium in this numerical 

computation. For this the effective properties of nanofluid that is equations (13-16) can be modified as:  

The effective thermal diffusivity  nf nf p
nf

k C            (23) 

effective density  1 2 1 1 2 21nf f s s                      (24) 

the effective heat capacitance 

Figure 2: Mesh generation of the 2D domain 
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        1 2 1 2
1 2

1p p p p
nf f s s

C C C C                      (25) 

the effective dynamic viscosity (modified form) of Brinkman model (1952) 

 
2.5

1 21nf f   


             (26) 

and the effective thermal conductivity (modified form) of Maxwell Garnett model (1904) 

     
     

1 2 1 1 2 2

1 2 1 1 2 2

2 2 2

2

s s f f s f s

nf f

s s f f s f s

k k k k k k k
k k

k k k k k k k

 

 

     


     
          (27) 

where suffixes 1 and 2 represent two types of nanoparticles such as Cu and Ag respectively. 

4. Results and Discussion  

Rate of heat transfer, average bulk temperature, mean sub domain velocity, mean output temperature, percentage of 

collector efficiency, mean entropy generation, Bejan number, normalized Nusselt number, normalized entropy 

generation are shown graphically for various values of solid volume fraction () of the water/Cu, water/Ag and 

water/Cu/Ag nanofluids. The considered values of  are 0%, 1%, 2% and 3%.
 
The Reynolds number (Re) = 480, 

surface area of collector (A) = 1.8m
2
, mass flow rate per unit area (m) = 0.0248Kg/s, overall heat transfer coefficient 

(Ul) = 8 W/m
2
K, solar irradiation (I) = 215 W/m

2
 and Prandtl number (Pr) = 5.8 are chosen fixed. 

4.1 Rate of heat transfer 

The Nu- profile for water-Cu, water-Ag and water-Cu/Ag nanofluids as well as base fluid are depicted in the figure 

3. The distribution of  (= 1 + 2) for water based nanofluid having copper and silver nanoparticles is as  = 1 + 2 

= 0.05% + 0.05% = 1% and so on.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the plot of the average Nusselt number (Nu)-solid volume fraction () shows that rate of heat transfer rises 

monotonically upto 2% of solid volume fraction of all nanofluids. And then there is almost no change in Nu- 

profile for extra variation of  from 2% to 3%. It is happened due to lower value of heat capacitance of nanofluid. 

Here rate of heat transfer remains constant for clear water ( = 0%) with the variation of  . Heat transfer rate 

increases by 16%, 18% and 17% with the variation of  from 0% to 2% of water-Cu, water-Ag and water-Cu/Ag 

Figure 4: Average bulk temperature for 

effect of solid concentration 

Figure 3: Mean Nusselt number for effect 

of solid volume fraction 
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nanofluids respectively. Thus, adding more nanoparticles is not beneficial because of increasing nanoparticles 

concentration increases viscosity. On the other hand heat capacitance of nanofluid is lower than base fluid. 

4.2 Average bulk temperature 

Average bulk temperature (θav) for the effect of the solid volume fraction is shown in the figure 4. θav grows 

successively for   upto 2%. Mean temperature remains constant for further increasing of solid volume fraction. It is 

well known that higher concentration of solid particle enhances thermal conductivity as well as temperature of the 

working nanofluids. Figure 4 expresses that mean bulk temperature of water/silver nanofluid becomes greater than 

water/Ag/Cu and water/Cu nanofluid. 

4.3 Mean velocity 

Mean sub-domain velocity (Vav) against solid volume fraction of different nanofluids is expressed in the figure 5. 

Vav has notable changes with different values of solid concentration. Growing  devalues mean velocity of the 

nanofluid through the riser pipe of the flat plate solar collector. This happens because more solid concentrated 

nanofluid can’t move freely like base fluid water. Greater  represents higher thermal conductivity simultaneously 

higher density properties of the nanofluid. Thus motion of the nanofluid diminishes with enhancing . Velocity of 

copper/water nanofluid is higher than other nanofluids. This is due to the fact that density of water/Cu nanofluid is 

lower than other nanofluids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4 Average outlet temperature 

Figure 6 displays the mean output temperature (Tout) of different nanofluids with the influences of volume fraction. 

From this figure it is shown that the inlet temperature of fluid is maintained at 300K and then it increases gradually 

with the contact of heated solid riser pipe. And finally the mean output temperature is obtained as 310K, 312K, 

314K and 314K for water/Cu, 310K, 314K, 316K and 316K for water/Ag, 310K, 313K, 315K and 315K for 

water/Cu/Ag nanofluid at  = 0%, 1%, 2%, and 3% respectively. Tout  remains unchanged for  = 3%. 

  

4.5 Collector efficiency 

The variation of percentage of collector efficiency as a function of the solid volume fraction varies from 0%-3% that 

is shown in figure 7. It is observed that increasing solid volume fraction (upto 2%) enhances the collector efficiency. 

Figure 6: Mean outlet temperature for the effect 

of solid concentration 
Figure 5: Mean velocity for effect of solid concentration 
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The enhancement of collector efficiency is found from 40% to 48% for Cu/water, 40% to 53% for Ag/water and 

40% to 51% for Cu/Ag/water nanofluids in the case with the variation of   from 0%-2% respectively. Mean output 

temperature of nanofluids has not been increased at 3% concentration. Consequently thermal efficiency has been 

decreased at   = 3% for all nanofluids. This result agrees the formula of thermal efficiency. So thermal efficiency 

has not been improved for further mixing nanoparticles with clear water. 

  

4.6 Mean entropy generation 

The variations of average entropy generation (S) against solid volume fraction () is displayed in the figure 8. The 

entropy generation increases by  upto 2%. The increment of nanoparticles, in terms of enhancing heat transfer rate, 

observed in figure 3 is also obtained in terms of increasing entropy production. This result is to be expected since the 

addition of a greater concentration of nanoparticles increases the thermal conductivity and viscosity of the working 

fluid. The higher thermal conductivity results in a smaller temperature gradient within the riser pipe of the flat plate 

solar collector. Thus the average entropy generation caused by heat transfer irreversibility increases. The greater 

viscosity of the working fluid increases the local entropy generation due to fluid friction irreversibility. After the 

level of  = 2%, there is no change in mean entropy generation for all types of nanofluids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.7 Bejan number 

Figure 9 depicts Be- profile for the considered values of  from 0% to 3%. Increasing Be is observed for increasing 

solid volume fraction of nanoparticles within the level 0% to 2%. For further increment of  no variation is found in 

the Bejan number for different nanofluids. If the Bejan number (Be) approaches unity, the fluid friction 

irreversibility effect can be ignored. In other words, mean entropy generation is dominated by the heat transfer 

irreversibility effect. Note that lower value of Be is observed for base fluid.  

4.8 Normalized Nusselt number  

The variation of normalized Nusselt number against  is displayed in the figure 10. Nu* is the ratio of mean Nusselt 

number for nanofluid and base fluid. From the figure 3, it is seen that Nu-  profile increases, so Nu*-  profile also 

grows up with the variation of   from 0% to 2% for all nanofluids. Values of normalized Nusselt number are found 

higher for the variation of water/Ag nanofluid than other considered nanofluids. 

 

Figure 7: Collector efficiency for the effect of 

solid concentration 

Figure 8: Mean entropy generation for the 

effect of solid concentration 
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4.9 Normalized entropy generation  

Figure 11 displays the variations of normalized entropy generation against solid volume fraction. S* is high for 

higher solid volume fraction upto 2% which is similar to the figure 8 for water/Cu, water/Ag and water/Cu/Ag 

nanofluids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Correlation 

From the current two dimensional numerical study the calculated average Nusselt number (Nu) and Bejan number 

(Be) are correlated with solid volume fraction ( ) of water/Ag nanofluid in the range of 0% ≤  ≤ 2% through the 

FPSC. These correlations can be written as:  

Figure 10: Normalized Nusselt number for 

the effect of solid concentration 

Figure 9: Bejan number for the effect of 

solid concentration 

Figure 12: Comparison between present code 

and Kalogirou (2004) 
Figure 11: Normalized entropy generation for 

the effect of solid concentration  
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Nu = 2.102*()
0.16

 , where the confidence coefficient is r
2 
= 99.8%.  

 and Be = 0.899*()
0.042 

, where the confidence coefficient is r
2 
= 99.9%. 

6. Tilt Angle for Dhaka City  

The sun’s position on the celestial sphere is usually specified in terms of the solar azimuth angle ψ and the solar 

altitude angle α. The solar zenith angle φ is the sun’s angular distance from the zenith, which is the point directly 

overhead on the celestial sphere. Thus φ and α are complementary angles. The tilt angle is just the angle at which the 

surface is inclined from horizontal and is taken positive for south facing surfaces. 

The solar altitude and azimuth angles are computed for any time, date and location using the 

formula:
090     , where φ is the latitude taken north of the equator and δ is declination angle.  

Another form of δ is  0 360
23.45 sin 284

365
d

 
  

 
, where d is the day of the year like from 1 to 365. 

For the incident ray to be perpendicular to the surface is: α + β = 90
0
, where α is elevation angle and β is tilt angle of 

the solar collector measured from the horizontal surface.  

Then from above equation it is clear that β = φ - δ  

For Dhaka city latitude and longitude are 23.7
0
N and 90.41

0
E. The tilt angle will be 

a) For May 25, 2015 (Summer), d = 31+28+31+30+25 =145. 

So, δ = 20.916
0
 

Now β = φ - δ = 23.7
0
 - 20.916

0
 = 2.78

0
 

b) For October 3, 2015 (Autumn), d = 276. 

So, δ = -5.007
0
 

Now β = φ - δ = 23.7
0
 – (-5.007

0
) = 28.707

0
 

Similarly, the tilt angle of solar collector for 365 days in Dhaka city is calculated and average value is obtained as 

23.8
0
. As β is positive, collector will be facing south. Maximum yearly solar radiation can be achieved using a tilt 

angle approximately equal to a site's latitude. To optimize performance in winter, collector can be tilted 15° greater 

than the latitude. To optimize performance in summer, collector can be tilted 15° less than the latitude. 

7. Comparison 

The current numerical result is compared for collector efficiency - temperature difference [Ti - Ta] profile of water 

with the graphical representation of Kalogirou (2004) of flat plate solar thermal collector. Ti and Ta are temperatures 

of input fluid and ambient air respectively. The computation is done taking heat transfer medium as water with 

irradiation level 1000 W/m
2
 and the mass flow rate per unit area 0.015 kg/s. A survey report on various types of 

solar thermal collectors and applications was presented by Kalogirou (2004). Author presented that generally the 

collector efficiency linearly depended on temperature difference for a FPSC. Figure 12 demonstrates the above 

stated comparison.  

 

8. Conclusion  

The influences of solid volume fraction of different nanofluids on forced convection boundary layer flow inside the 

riser pipe of a flat plate solar collector is accounted. Various  have been considered for the heat transfer rate, mean 

bulk temperature, average velocity, mean output temperature and collector efficiency through the solar collector. 

The results of the numerical analysis lead to the following conclusions: 
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 Rate of heat transfer enhancement about 19% for Ag/water nanofluid with  = 2%. 

 Collector efficiency increases about 13% for 2% solid volume fraction using water/Ag nanofluid.  

 Mean temperature increases for all nanofluids with increasing the  upto 2%.  

 Average velocity Cu/water nanofluid is higher than other considered nanofluids. 

 Mean entropy generation is obtained higher for 2% concentrated nanofluids. 

 Bejan number is found higher for water/Ag nanofluid than other heat transfer medium. 

 Adding double nanoparticles (silver and copper) with base fluid is more effective in enhancing 

performance of heat transfer rate and percentage of thermal efficiency than that of single nanoparticle 

(copper). Mean subdomain velocity is lower for nanofluid with double nanoparticles than nanofluid with 

single nanoparticle. 

 Average tilt angle of collector is about 23.8
0
 in Dhaka city. 
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