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Abstract

The forced convective flow and heat transfer characteristics of nanofluid inside a flat plate solar collector is
analyzed numerically. The water- alumina/copper nanofluid and water-alumina nanofluid are used as the
operational fluids through the fluid passing pipe of the solar collector. The governing partial differential
equations with proper boundary conditions are solved by Finite Element Method using Galerkin’s weighted
residual scheme. The behaviors of nanofluids using both nanoparticles and single nanoparticle related to the
performance such as temperature and velocity distributions, average heat transfer, collector efficiency, mean
temperature and velocity are investigated systematically. These performances include the solid volume fraction
namely ¢of nanoparticles. The results show that the better performance of heat loss through the pipe of the flat
plate solar collector is found by using the alumina and copper nanoparticles than only alumina nanoparticle.

Keywords: Forced convection, flat plate solar collector, finite element method, water based nanofluid with
double nanoparticles.

1. Introduction

Of all the sources of renewable energy especially solar energy has the greatest potential when other sources in
the country have depleted. Because of the desirable environmental and safety aspects it is widely believed that
solar energy should be utilized instead of other alternative energy forms, even when the costs involved are
slightly higher. Solar technologies are broadly characterized as either passive solar or active solar depending on
the way they capture, convert and distribute solar energy. It will increase countries’ energy security through
reliance on an indigenous, inexhaustible and mostly import-independent resource, enhance sustainability, reduce
pollution, lower the costs of mitigating climate change and keep fossil fuel prices lower than otherwise. These
advantages are global. The fluids with solid-sized nanoparticles suspended in them are called “nanofluids”.
Applications of nanoparticles in thermal field are to enhance heat transfer from solar collectors to storage tanks,
to improve efficiency of coolants in transformers.

There are so many methods introduced to increase the efficiency of the solar water heater by Xiaowu and Hua
[1], Xuesheng et al. [2], Hussain [3] and Ho and Chen [4]. But the novel approach is to introduce the nanofluids
in solar water heater instead of conventional heat transfer fluids (like water). The poor heat transfer properties of
these conventional fluids compared to most solids are the primary obstacle to the high compactness and
effectiveness of the system. The essential initiative is to seek the solid particles having thermal conductivity of
several hundred times higher than those of conventional fluids. The suspended metallic or nonmetallic
nanoparticles change the transport properties and heat transfer characteristics of the base fluid. Hwang et al. [5]
studied the stability and thermal conductivity characteristics of nanofluids. In this study, they concluded that
the thermal conductivity of ethylene glycol was increased by 30%.The absorptance of the collector surface for
shortwave solar radiation depends on the nature and colour of the coating and on the incident angle. Usually
black colour is used. Various colour coatings had been proposed in Tripanagnostopoulos et al. [6], Orel et al. [7]
and Wazwaz et al. [8] mainly for aesthetic reasons. A low-cost mechanically manufactured selective solar
absorber surface method had been proposed by Konttinen et al. [9]. The principal requirement of the solar
collector is a large contact area between the absorbing surface and the air. Kent [10] studied laminar natural
convection in isosceles triangular enclosures for cold base and hot inclined walls numerically. Nasrin et al. [11-
12] analyzed effective heat transfer phenomena by different nanofluids on natural convection inside a solar
collector.

From the literature review it is mentioned that no numerical or experimental work has been done introducing a
nanofluid having different nanoparticles. In this paper, we investigate numerically the forced convection through
the fluid passing pipe of a flat plate solar collector utilizing water based nanofluids having double nanoparticles
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such as alumina and copper as well as single nanoparticle alumina. So, the objective of this article is to present
flow and heat transfer phenomena by a nanofluid with two nanoparticles through a solar collector.

2. Problem Formulation

Fig. 1 shows a schematic diagram of a solar collector. The fluid in the collector is water-based nanofluid
containing Al,O; and Cu nanoparticles. The nanofluid is assumed incompressible and the flow is considered to
be laminar. It is considered that water and all nanoparticles are in thermal equilibrium and no slip occurs among
them. It is assumed that both the nanoparticles are spherical shaped and diameters are 5 nm. The density of the
nanofluid is approximated by the Boussinesq model. The governing equations for steady laminar forced
convection flow in terms of the Navier-Stokes and energy equation (dimensional form) are given as:
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Fig. 1: Schematic diagram of the solar collector

The non-dimensional equations for forced convective flow are
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(pCp )”f =(1-¢ - ¢, )(pCp )f +¢ (pCp )Sl +¢, (pCp )s2 is heat capacitance, @, = k,lf/(pCp )nf is the thermal
diffusivity, the effective viscosity of the nanofluid by the Pak and Cho correlation [13] is taken as modified form
My = My {1 +39.1 1(¢l +¢, ) + 533.9(¢§]2 + ¢22 )} and the effective thermal conductivity (modified form) of
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The above equations are obtained by using the following dimensionless dependent and independent variables
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Maxwell Garnett (MG) model [14] is k,, =k,

If  is the intensity of solar radiation, in W/m? incident on the aperture plane of the solar collector having a
collector surface area of 4, m”, then the amount of solar radiation received by the collector is: Q; = 1. 4
Basically, it is the product of the rate of transmission of the cover (A) and the absorption rate of the absorber (k).
Thus, Q; =1(1x)A4

The rate of heat loss (Q,) depends on the collector overall heat transfer coefficient (#) and the collector
temperature Q, = hA(T =T, ) .Thus, the rate of useful energy extracted by the collector (Q,), expressed as a rate

of extraction under steady state conditions, is proportional to the rate of useful energy absorbed by the collector,
less the amount lost by the collector to its surroundings. This is expressed as:
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0,=0,-0,=1 (ﬂK)A—hA(TC —Ta), where T, and T, are the temperature of the collector and ambient
temperature outside the collector. 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, that is: O, =mC, (r,-T1))
A measure of a flat plate collector performance is the collector efficiency (1) defined as the ratio of the useful
energy gain (Q,) to the incident solar energy over a particular time period:

_ usefulgain me(To -T;)

- availableenergy - Al

where m is the mass flow rate of the fluid flowing through the collector; C, is the specific heat; and 7; and T, are
the mean fluid inlet and outlet temperatures, respectively. The computation domain is the fluid passing pipe
which is attached to the absorber plate. At the top and bottom walls of the pipe maintain heat flux ¢ =
I(Ax)A4—hA(T, -T,).

The dimensionless boundary conditions are:

at the top and bottom walls of the pipe: non-dimensional heat flux

at the inlet opening: =0, U= 1

at all solid boundaries of the pipe: U =V =0

at the outlet opening: convective boundary condition P =0

1
The average Nusselt number at the top surface of the pipe takes the form py = _J. [’W]@é’dx . The mean bulk
k, |oY
f

temperature and average velocity of the fluid may be written as 6, = Iﬁd V/V and V,, = .[le7/ V , where

V' is the volume of the pipe.
3. Numerical Approach

The Galerkin finite element method of Taylor and Hood [15] and Dechaumphai [16] is used to solve the
considered problem. 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. The finite element method is used to solve the Egs. (2) -
(4), where the pressure P is eliminated by a constraint. The continuity equation is automatically fulfilled for
large values of this constraint. Then the velocity components and temperature are expanded using a basis set.
The Galerkin finite element technique yields the subsequent nonlinear residual equations. Three points Gaussian
quadrature 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 the convergence
criterion &. The thermophysical properties of the nanofluid are taken from Ogut [17] and given in Table 1.
Table 1: Thermo-physical properties of base fluid and different nanoparticles

Physical Properties Fluid phase (Water) AlLOs Cu
C,(J/kgK) 4179 765 385
p (kg/m®) 997.1 3970 8933
k (W/mK) 0.613 40 400
ax107 (m?/s) 1.47 131.7 1163.1

3.1 Grid Independent Test

An extensive mesh testing procedure is conducted to guarantee a grid-independent solution for Re = 400 and Pr
= 6.6 in a solar collector. In the present work, five different non-uniform grid systems with the following
number of elements within the resolution field are examines: 60, 240, 960, 3840 and 15360. The numerical
scheme is carried out for highly precise key in Nu for water-Al,O; nanofluid (¢ = 5%) as well as base fluid (¢=
0%) for the aforesaid elements to develop an understanding of the grid fineness as shown in Table 2. The scale
of the average Nusselt numbers for 3840 elements shows a little difference with the results obtained for the
other elements. Hence, considering the non-uniform grid system of 3840 elements is preferred.

Table 2: Grid Sensitivity Check at Pr = 6.6, ¢= 5% (water/alumina nanofluid) and Re = 400

Nodes (elements) 506 (60) |1788 (240)| 6692 (960) |25860 (3840)| 101636 (15360)
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) 126265 | 312.594 | 398.157 481.328 929.377
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3.2 Code Validation

The present numerical solution is validated by comparing the current code results for collector efficiency -
temperature difference [7; - T,] profile of water with the graphical representation of Kalagorirou [18] for flat
plate solar thermal collector at irradiation level 1000 W/m?. Solar thermal collectors and applications were
reported by Kalagorirou [18]. Fig. 2 demonstrates the above stated comparison.

4. Results and Discussion

In this section, numerical results of isotherms and streamlines for various values of solid volume fraction (¢ = ¢
+ @) of Al,0;/Cu /water nanofluid through a fluid passing pipe of a flat plate solar collector are displayed. The
considered values of ¢ are ¢ (= 1%, 3%, 5%, 7% and 10%) while the Prandtl number Pr = 6.6 and Re = 400 are
kept fixed.

The effect of ¢ (= ¢ + ¢,) on the thermal, velocity and heat flux fields are presented in Fig. 3 (a)-(c). Increasing
@ (solid volume fraction of alumina and copper nanoparticles equally), the temperature lines near the upper and
lower parts of the riser pipe become flatten whereas at the lower ¢ (= 1% = 0.5% + 0.5%) they are bended due to
concentration of solid particles is dominated across the pipe. With the rising values of ¢ from 1% to 5%, the
temperature distributions become distorted resulting in an increase in the overall heat transfer. This is because
the thermal conductivity of the solid particles is very high. This means that higher heat transfer rate is predicted
by the nanofluid having two nanoparticles namely Al,O; and Cu. It is worth noting that as the solid volume
fraction of Al,O3 and Cu nanoparticles increases, the thermal boundary layer near the top and bottom surfaces of
the riser pipe becomes thick which indicates a steep temperature gradients and hence, an increase in the overall
heat transfer from the absorber plate containing pipe to the outlet edge. But further increasing ¢ to 10% (= 5% +
5%) there is no perturbation observed in the isothermal lines at all. Thus adding more solid volume fraction is
not advantageous.

The corresponding velocity field indicates that at ¢ = 1% the velocity of nanofluid is high. Thus the nanofluid
quickly passes the pipe by getting heat from upper and lower walls as a result the streamlines appear the whole
riser pipe. In the velocity vector, initially the flow covers the entire domain of the pipe while it concentrates near
the middle of the pipe of flat plate solar collector due to increase solid volume fraction ¢ from 1% (= 0.05% +
0.05%) to 10% (= 5% + 5%) of water-alumina/copper nanofluid. This happens because of escalating solid
concentrations of flow. Nanofluid having larger density does not move freely.

The heatlines are smooth and it is observed that the lines are perfectly perpendicular to the isothermal lines and
the upper and lower walls. This further indicates that the heat flow is conduction dominant. From the Fig. 5(c) it
is clearly observed that the heatlines with greater strength become smaller in size at the middle of the flow pipe
for ¢= 5% (2.5%+2.5%). This happens due to more thermal conductive heat flux and as it is seen the case of the
lowest solid volume fraction, the strength of heatline goes to low. The heatlines remain constant for further
increasing ¢ from 5% to 10%. This means that major amount of heat flux or transport occurs for ¢ = 5% of
water-Al,O3/Cu nanofluid.

In Fig. 4(i)-(iii) average Nusselt number (Nu) at the upper hot surface, mean temperature (6,,), magnitude of
average velocity vector (V,,) with various solid volume fraction is accounted for nanofluid having double and
single nanoparticle as well as clear water. Nu enhances sharply with growing ¢ upto 5% and then remains
unchanged with advance mixture of solid volume faction for water based nanofluid having double as well as
single nanoparticles. Rate of heat transfer enhances by 15% and 11% with the variation of ¢ from 1% to 5% for
water-alumina/copper and water-alumina nanofluids respectively. Fig. 4(ii) displays that 6,, grows sequentially
for gupto 5% for both mixture of nanofluid. Mean temperature remains constant for further increasing values of
solid volume fraction from 5% to 10%. It is well known that total thermal conductivity of Al,O; and Cu
nanoparticles is higher than only Al,O; nanoparticle. Higher thermal conductivity is capable to carry more heat.
Thus average bulk temperature of water-Al,03/Cu nanofluid has found higher. There is no change of water (¢ =
0%) due to the deviation of nanoparticles volume fraction. Consequently V,, has notable changes with different
values of solid concentration of different mixtures of nanofluid. Growing ¢ devalues mean velocity of the
nanofluid through the riser pipe of the flat plate solar collector. Here water-alumina nanofluid has higher mean
velocity than the water-alumina/copper nanofluid. Less solid concentrated nanofluid has greater velocity than
highly concentrated nanofluid.

Fig. 5(i)-(ii) expresses the collector efficiency # (%)-solid volume fraction ¢ (%) for the nanofluid with single
and double nanoparticles and mid-height temperature (dimensional) of water-alumina/copper nanofluid. From
Fig. 5(i) it is observed that adding low quantities of nanoparticles leads to the remarkable enhancement of the
efficiency until a volume fraction of approximately 5%. After a volume fraction of 5%, the efficiency begins to
level off with increasing volume fraction. The authors attribute this unchanging to the high increase of the fluid
absorption at high particle loadings. The main difference in the steady-state efficiency occurs in water based
nanofluid having alumina and copper nanoparticles. Collector efficiency rises from 44% to 58% and from 44%
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to 54% with growing the solid volume fraction ¢ from 0% to 5% for water based nanofluid having double and
single nanoparticles respectively. On the other hand the inlet temperature of fluid is maintained at 300K and
then it increases gradually with the contact of heated upper and lower solid boundaries of the riser pipe. And
finally the output temperature of water-alumina/copper nanofluid becomes 344K, 350K, 354K, 358K, 358K and
358K for ¢= 0%, 1%, 3%, 5%, 7% and 10% respectively.

5. Conclusion

The results of the numerical analysis lead to the following conclusions:

e The structure of the fluid isotherms and streamlines through the pipe is found to significantly depend

upon the solid volume fraction of water-alumina/copper nanofluid.

e The AlLO;/Cu nanoparticles with ¢ = 5% are established to be more effective in enhancing

performance of heat transfer rate than Al,O; nanoparticle.

e Collector efficiency rises for nanofluid having two nanoparticles than nanofluid with single

nanoparticle.

e  Mean temperature rises for water- Al,O3/Cu nanofluid than water- Al,O3 nanofluid.
e  Average velocity field devalues due to growing ¢.
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