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ABSTRACT:

A numerical investigation of steady two dimensional laminar
natural convection heat transfer in plain and wavy solar collector is
presented in this work. The parameters adopted are Rayleigh number
range (10° to 10°), aspect ratios (2, and 4) for wavy enclosure with
number of undulation(1 to 4), and nanofluid volume fraction range (0
to 10%). The continuity, Navier-Stokes and the energy equations are
solved by utilizing (FLUENT 6.3) software which is based on the
finite volume method. SIMPLE algorithm with upwind scheme is
adopted to compute the velocity components, temperature, pressure
and Nusselt number (local and average). This study considers the
effect of different boundary conditions on the heat transfer within the
air space above the absorber and base fluid or nanofluid below the
absorber. It is found that, the heat transfer rate increases with
increasing Rayleigh number. The Nusselt number increases with
increasing volume fraction in plain enclosure. Nu No. increases with
increasing volume fraction. It is found that the heat transfer in plain
enclosure decreases as aspect ratio increasing, while it increases in
wavy enclosure. The maximum heat transfer occurs when the wavy is
designed with two undulations for pure fluid and one undulations for
nanofluid. The results show that the Nusselt number in wavy collector
Is higher than that of flat collector.
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1. INTRODUCTION

Free convection in enclosures is widely studied in the literature for
square, rectangular or inclined walled geometries. In the literature are
a limited number of studies with wavy walled enclosures due to the
complexity of flow inside the enclosure and difficulty of obtaining
boundaries of the enclosure. This kind of model can be used to
enhance heat transfer in such applications as heat exchangers, solar
collectors and so on. Mahmud et al. [1] made a numerical solution to
investigate free convection inside an enclosure bounded by two
isothermal wavy walls and two adiabatic straight walls. They observed
that aspect ratio is the most important parameter or heat and fluid
flows and higher heat transfer is obtained at a lower aspect ratio for a
certain value of Grashof number. Mahmud and Islam [2] solved the
laminar free convection and entropy generation inside an inclined
wavy enclosure using SIP (Strongly Implicit Procedure) solver on a
non-staggered grid arrangement. They obtained that the inclination
angle of cavity affects the entropy generation due to the heat transfer
and fluid friction. Kumar and Shalini[3] investigated the effects of
surface undulations on natural convection in porous enclosure with
global cumulative heat flux boundary conditions for different
undulation numbers and thermal stratification level. They indicated
that the local Nusselt numbers are very sensitive to thermal
stratification. In another study, Kumar [4] made a numerical work for
the natural convection in a porous enclosure which their vertical wavy
surfaces under constant heat flux. Murthy et al. [5] analyzed the effect
of the surface undulations on the natural convection heat transfer from
an isothermal surface in a Darcian fluid-saturated porous enclosure by
using the finite element method on a graded non-uniform mesh
system. They found that the flow-driving Rayleigh number (Ra)
together with the geometrical parameters of wave amplitude, wave
phase, and the number of waves considered in the horizontal
dimensions of the cavity influenced the flow and heat transfer process
in the enclosure. Rees and Pop [6] performed an analytical study
solving boundary layer equations for the wavy surface in a porous
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medium. Gao et al. [7] solved the natural convection inside the wavy
and inclined solar collector but they did not interest in flow behavior.
Adjlout et al. [8] performed and solved a similar problem with Gao
and others, but in their case, the left vertical wall is flat and cold,
whereas the right wall is wavy and hot. They indicated that the mean
Nusselt number is decreased when it is compared with the square
cavity. Das and Mahmud [9] analyzed the free convection inside both
the bottom and the ceiling wavy and the isothermal enclosure. They
indicated that, only at the lower Grashof number, the heat transfer rate
rises when the amplitude wave length ratio changes from zero to other
values. Recently, Dalal and Das [10] made a numerical solution to
investigate the inclined right wall wavy enclosure with spatially
variable temperature boundary conditions. Oztop[11] applied the
elliptic grid generation to obtained sinusoidal duct geometry to
enhance the forced convection heat transfer. Varol and Oztop[12, 13]
investigated the effects of inclination angle on the laminar natural
convection heat transfer and fluid flow in a wavy solar collector in
steady state regime. They observed that the inclination angle is the
most important and effective parameter on heat transfer which can be
used to control the heat transfer inside the collector. The main purpose
of the present paper is to provide natural convection heat transfer
inside a shallow and horizontal wavy enclosure. To the best of the
authors' knowledge, free convection in the shallow wavy enclosure
has not yet been investigated. The Rayleigh number and the aspect
ratio are the main parameters which are effective on thermal and flow
fields. The results are presented in terms of streamlines, isotherms and
Nusselt numbers.

2. PHYSICAL MODEL

Schematic configurations of the considered model are depicted in
Fig. 1 and Fig.2. In this figure, a solution domain is chosen as the
upper part of the model. Boundary conditions are also plotted on the
figure showing that vertical walls are adiabatic with height, H. A and
A refers to the amplitude and wave length, respectively. The length of
enclosure is fixed as 1.4 m.
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Fig.1: Schematic Configuration for a Horizontal Wavy Enclosure
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Fig.2: Schematic Configuration of Flat Solar Collector with Wavy Absorber

3. MATHEMATICAL MODEL

The continuity, momentum and energy equations can be written
for a two dimensional laminar flow of an incompressible Newtonian
fluid. For these equations it is assumed that there is no viscous
dissipation, the gravity acts in vertical direction, and fluid properties
are constant. However, the Boussinesq approximation is accepted.
Thus, governing equations are obtained as
ou ov

&4‘5:0 (1)
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3.1 Boundary Conditions

The boundary conditions of the considered system are shown in fig. 1
for both configurations.

3.1.1 Wavy Collector
The upper wall (y=H, at any x), u=v=0, T=Tc (12)
The lower wall (y=0, at any x),u=v=0, T=Tj (13)
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oT

Vertical boundaries u, v=0, = =0 (14)
X
3.1.2 Flat Solar Collector with Wavy Absorber
The upper glass wall (y=H;+H,, x),u=v=0, T=T¢ (15)
The lower wall (y=0, x),u=v=0, T=T, (16)
The absorber (y=H1+A (sin 27 2 n)),u=v=0, (Z—T =Qs (17)
Yy

( (x=0, y), u=v=0, LI
OX
Side walls (18)

<(X:L, y), u=v=0, a =0
oX

~—

L J

Table 1 : Thermo-physical properties of pure fluid and nanoparticles

Physicalproperties Fluid Phase(water) Cu
Cp(J/kg K) 4179 385
p(kg/m3) 997.1 8933

K(W/m k) 0.613 400
a*107(m2/s) 1.47 1163.1
B*10-5(1/k) 21 1.67

4. NUMERICAL ANALYSIS

Equations of Vorticity and Energy are solved using the finite
volume approach (Patanker, 1980; Versteeg and Malasekera, 1995).
The diffusion and convective term in the Vorticity and energy
equations is approximated by second order upwind scheme. Fluent
and Gambit are using to solve governing equation.The mesh was
generated in the preprocessor Gambit.

Relaxation factors are taken to be default values. Convergence
criterion set for 10 for continuity, x-momentum and y-momentum
and 10°® for energy.
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Table 2: Relaxation Factors
pressure | Density | Body force | Momentum | Energy
0.3 1 1 0.7 1

5. RESULTS AND DISCUSSION

The upper wall temperature of the solar collector is fixed to the
reference temperature at 22C° whereas the hot wavy absorber
temperature is set to 32C°, while the bottom and other side walls are
adiabatic. The upper part of solar collector is filled air while the
bottom part is filled base fluid (Water) and (nanofluid).The effect of
aspect ratio in flat solar collector with sinusoidal absorber is studied
by varying (AR) from 2 to 4. Isotherms and stream contours are
shown in Figs. (1) And (2), for (N = 3.5), and tilt angle (y=0"). From
the isotherms contour the temperature distribution is not clearly, in
other ward solar collector is divided in two regions. Two circulation
cells are formed in the crest of wavy absorber at bottom part.Local
Nusselt number is presented along wavy absorber at air and water side
in figures (3) and (4). In the case, the variation of local Nusselt
number shows wavy variation.Figs (5) and (6) illustrate the isotherms
contours, stream contours and local Nusselt number on wavy
absorber. The copper particles added to water are not affecting to the
general form of isotherms, stream andthe value of local Nusselt
number. Figure (7) illustrates the stream contours, isotherms contours
for Ra=6*10°, Aspect ratio =2, number of undulation=3.5 and tilt
angle =0". Two circulation cells are formed in the bottom of wavy
absorber, while other small circulation cells are seen the vertical sides.
The fluid rises in the middle from the crest wavy hot absorber towards
the top flat cold wall and then descends on the sides of the collector.In
the case, the variation of local Nusselt number shows wavy
variation.Figure (8) illustrates the stream contours, isotherms contours
for Ra=6*10°, Aspect ratio =8 and tilt angle =0".The stream contours
in the core region two circulation cells are stretched out toward the
vertical sides of the collector.It can be observed from the isotherms
contour, the heated fluid rises along the right and left side walls as a
result of buoyancy forces. From the figure (9) the Nusselt number in
the case of wavy collector is more than of flat collector.
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Fig (1)Specification of Natural Convection in Wavy collector (Water, AR=2, N=3.5, Ra
(air) =1.33*105, Ra (water) =3.03*107 and y=0°)
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Fig (2)Specification of Natural Convection in Wavy collector (Water, AR=4, N=3.5, Ra
(air) =1.33*105, Ra (water) =3.03*107 and y=0°)
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Fig (3) Variation of local Nusselt number on absorber on a-air side, b-water side for
(Water, AR=2, N=3.5, Ra (air) =1.33*105, Ra (water) =3.03*107 and y=0°)
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Fig (4) Variation of local Nusselt number on absorber on a-air side, b-water side for
(Water, AR=4, N=3.5, Ra (air) =1.33*105, Ra (water) =3.03*107 and y=0°)
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Fig.(5): Specification of Natural Convection in Wavy collector (Cu-water, AR=4, N=3.5,
®=5%, Ra (air) =1.33*105, Ra (Nanofluid) =1.39*107 and y=0°)
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Fig (6) Variation of local Nusselt number on absorber on a-air side, b-water side for
(Cu-water, AR=4, N=3.5, =5% Ra (air) =1.33*105, Ra (Nanofluid) =3.03*107 and y=0°)
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Fig (7)Specification of Natural Convection in Wavy collector Heated from Below (Air,
AR=2, N=3.5, Ra =6*106 and y=0°)

25 +

Nul

== Qir

X(m)

Fig (8) Variation of local Nusselt number on Wavy heated absorber on for (Air, AR=2,
N=3.5, Ra =6*106, and y=0°)
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Fig (9)Specification of Natural Convection in Plain collector Heated from Below (Air,
AR=2, N=3.5, Ra =6*106 and y=0°)
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Fig (10) Variation of local Nusselt number on Wavy heated absorber on for (AR (wavy)
=2, AR=8 (plain), N=3.5, Ra =6*106, and y=0°)

6 CONCLUSIONS

Natural convection heat transfer in steady-state regime in shallow
wavy enclosure has been studied numerically. The main conclusions
that are drawn from the present study are provided below.

1. Flow and thermal fields are affected by geometrical parameters
2. Local Nusselt numbers show wavy variation
3. Heat transfer is increased with the decreasing of aspect ratio

4. The Nusselt number in the case of wavy collector is higher than
for flat collector.

5. The copper nanoparticles added to water are not affecting on the
value of local Nusselt number.
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