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SEMI-EMPIRICAL RELATION FOR AIR SPACE OF A SOLAR COLLECTOR

REHENA NASRIN!, KHANDKER FARID UDDIN AHMED AND MD. ABDUL ALIM

ABSTRACT. The numerical problem of steady, laminar and incompressible natural convection flow in a wavy
solar collector is studied. In this investigation, two vertical walls are perfectly insulated. The top cover
glass surface is continuously absorbing solar energy. The bottom wavy solid surface is uniformly kept at a
constant temperature T.. Numerical analysis is done by this article for the performance of natural convective
parameter (Ra) on flow and heat transfer phenomena inside a solar collector. The solar collector has the flat-
plate cover and sinusoidal wavy absorber. Air (Prandtl number 0.7) is considered as the working fluid inside
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 effect of Rayleigh number related
to performance such as temperature and velocity distributions, convective heat transfer, mean temperature
and velocity of air is investigated systematically. The results show that better performance of heat transfer
inside the collector is found by using the highest value of Ra. Calculated average Nusselt number (Nu)
is correlated with Rayleigh number (Ra) and Prandtl number (Pr). Then a semi-empirical relation is

established from this correlation with experimental data.

1. INTRODUCTION

Solar energy, radiant light and heat from the sun,
has been harnessed by humans since ancient times
using a range of ever-evolving technologies. Of all
the sources of renewable energy especially solar en-
ergy has the greatest potential when other sources
in the country have depleted. Because of the desir-
able environmental and safety aspects it is widely be-
lieved that solar energy should be utilized instead of
other alternative energy forms, even when the costs
involved are slightly higher. Solar energy technolo-
gies include solar heating, solar photo voltaic, solar
thermal electricity and solar architecture, which can
make considerable contributions to solving some of
the most urgent problems the world now faces.

Solar technologies are broadly characterized as ei-
ther passive solar or active solar depending on the
way they capture, convert and distribute solar en-
ergy. Active solar techniques include the use of pho-
tovoltaic panels and solar thermal collectors to har-
ness the energy. Passive solar techniques include ori-
enting a building to the Sun, selecting materials with
favorable thermal mass or light dispersing proper-
ties, and designing spaces that naturally circulate
air. The development of affordable, inexhaustible
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and clean solar energy technologies will have huge
longer-term benefits. It will increase countries’ en-
ergy security through reliance on an indigenous, in-
exhaustible and mostly import-independent resource,
enhance substantiality, reduce pollution, lower the
costs of mitigating climate change, and keep fossil
fuel prices lower than otherwise. These advantages
are global. Hence the additional costs of the incen-
tives for early deployment should be considered learn-
ing investments; they must be wisely spent and need
to be widely shared.

The analysis has been substantially assisted by the
derivation of plate-fin efficiency factors. The factors
relate the design and operating conditions of the col-
lector in a systematic manner that facilitates pre-
diction of heat collection rates at the design stage.
The one-dimensional analysis offers a desired accu-
racy required in a routine analysis even though a
two-dimensional temperature distribution exists over
the absorber plate of the collector. Therefore, for
more accurate analysis at low mass flow rates, a two-
dimensional temperature distribution must be con-
sidered. Various investigators have used two dimen-
sional conduction equations in their analysis with dif-
ferent boundary conditions.
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Conventional analysis and design of solar collector
is based on a one-dimensional conduction equation
formulation of Sukhatme [1]. Stasiek [2] made exper-
imental studies of heat transfer and fluid flow across
corrugated and undulated heat exchanger surfaces.
He concluded that the measuring technique compris-
ing the use of LC flexible sheets and true-color pro-
cessing might be used for a great variety of applica-
tions and should be of considerable use in improving
the design of all types of compact heat exchanger.
Noorshahi et al. [3] studied numerically the natu-
ral convection effect in a corrugated enclosure with
mixed boundary conditions. Detailed experimental
and numerical studies on the performance of the so-
lar air heater were made by Gao [4] where the trans-
port equations are discretized on a non-uniform mesh
with a finite volume, fully implicit scheme, and the
discretized equations are then solved with the S.O.R
(successive over relaxation) iterative method.

There are so many methods introduced to increase
the efficiency of the solar water heater by Xiaowu and
Hua [5], Xuesheng et al. [6], Ho and Chen [7] and
Hussain [8]. An innovative idea is to suspend ultra
fine solid particles in the fluid for improving the ther-
mal conductivity of the fluid by Hetsroni and Rozen-
blit [9]. The absorptance of the collector surface for
shortwave solar radiation depends on the nature and
colour of the coating and on the incident angle. Usu-
ally black colour is used. Various colour coatings had
been proposed in Tripanagnostopoulos et al. [10],
Orel et al. [11] and Wazwaz et al. [12] mainly for
aesthetic reasons.

A low-cost mechanically manufactured selective
solar absorber surface method had been proposed by
Konttinen et al. [13]. Another category of collectors
is the uncovered or unglazed solar collector by Soltau
[14]. These are usually low-cost units which can of-
fer cost effective solar thermal energy in applications
such as water preheating for domestic or industrial
use, heating of swimming pools of Molineaux et al.
[15], space heating and air heating for industrial or
agricultural applications. The principal requirement
of the solar collector is a large contact area between
the absorbing surface and the air. Various applica-
tions of solar air collectors were reported by Kolb et
al. [16].

Kent [17] studied laminar natural convection in
1sosceles triangular enclosures for cold base and hot
inclined walls numerically. Effects of Rayleigh num-
ber and aspect ratio on the flow field and heat trans-
fer were analyzed. Results showed that the enclosures
with a low aspect ratio had higher heat transfer rates
from the bottom surface of the triangular enclosure.

A numerical experiment is performed for inclined so-
lar collectors by Varol and Oztop [18]. Results indi-
cated that heat transfer was increased with increasing
Rayleigh number and aspect ratio, and was decreased
with increasing wavelength. Bég et al. [19] performed
non-similar mixed convection heat and species trans-
fer along an inclined solar energy collector surface
with cross diffusion effects, where the resulting gov-
erning equations were transformed and then solved
numerically using the local non similarity method
and Runge-Kutta shooting quadrature.

Nasrin [20] investigated influences of physical pa-
rameters on mixed convection in a horizontal lid
driven cavity with undulating base surface. Results
showed that the wavy lid-driven cavity can be con-
sidered an effective heat transfer mechanism at larger
wavy surface amplitude, as well as the number of
waves and cavity aspect ratio.

From the above literature review it is mentioned
that few numerical or experimental work has been
done across air layer of solar collector. In spite of that
there is a large scope to work with air flow and heat
transfer by analyzing natural convection. In this ar-
ticle the natural convective flow and heat transfer are
presented through a solar collector having sinusoidal-
wave absorber. In addition a correlation among Nu,
Ra and Pr is developed. Then a semi empirical rela-
tion is established with experimental data of Hollands
et al. [21].

2. PHYSICAL MODELING

A schematic diagram of cross section of a solar
collector is shown in Fig. 1. The fluid is assumed
incompressible and the flow is considered to be lam-
inar. If the cold water enters under the path of the
wavy absorber then it becomes hot with contact of
the absorber. Then this hot water can be used for
household’s usage or various purposes. The solar col-
lector is a metal box with a glass cover plate on the
top surface and a dark colored undulating absorber
plate on the bottom. The bottom wavy wall is uni-
formly maintained at a constant temperature T.. The
top transparent surface is continuously absorbing so-
lar energy. The density of the fluid is approximated
by the Boussinesq model.
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Fig. 1: Schematic diagram of'the solar
collector

3. MATHEMATICAL MODELING

The governing equations for steady laminar nat-
ural convection inside air space of a solar collector
in terms of the Navier-Stokes and energy equation
(dimensional form) are given as:

Continuity equation:

u_ o
dr oy
z-momentum equation:
(uaﬁ+ 8u)_ op (@ 82714)
P "oy’ T Tox Mz T o)
y-momentum equation:
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Energy equation:
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Radiation heat transfer by the glass cover surface
must account for thermal radiation which can be ab-
sorbed, reflected, or transmitted. This decomposi-
tion can be expressed by:

Gnet = Qabsorbed + Qtransmitted + dreflected -

The amount of reflected energy from glass surface to
outside the boundary layer grefiecteq is:

greflected = qr = _hA(Tw — Ta) .

Now the amount of transmitted energy reaches from
the cover plate to the absorber without any medium
as:

Qtransmitted = qt = eclA.
Here ¢ is emissivity of the glass cover plate, ¢ is the
absorption rate of the absorber, I is the solar irradi-
ation and and T, is the variable temperature of the

glass cover plate. Again, the amount of absorbed en-
ergy is transferred from cover plate to absorber by
natural convection as:

Qabsorbed = Go = hA(Tw — T5) .

So total energy gained or lost by the cover plate is:
Onet = RA(Ty —T;) + eclA — hA(Ty — Ta) .

The boundary conditions are:

e at all solid boundaries: ©u =v =0,

e at the vertical walls g—g; =0,
e at the top cover plate:
g=hA(Ty —T;) + eclA— RA(Ty, — T,),

e at the bottom wavy absorber: T'=T..
The above equations are non-dimensionally by us-
ing the following dimensionless dependent and inde-
pendent variables:

z Yy ul vL
.L7 .L7 1% ! 1 ?
2 p—
P = Z%’g — (T TC)k
pv qL
Then the dimensionless governing equations are:
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where Pr = _ is the Prandtl number, Ra = g,Bqu
va

is the Rayleig% number.
The consequent boundary conditions get the form:

at all solid boundaries: U =V =0,

at the absorber surface: § =0,

t the t 1 face: — = -1
at the top glass surface Y% ,

. a9

e at the vertical surfaces: 3% = 0.

The shape of the bottom wavy absorber profile is as-
sumed to mimic the pattern Y = A,,[1 — cos(2A7 X))
where A,, is the dimensionless amplitude of the
wavy surface and A is the number of undulations.
Ar(= L/H) is the aspect ratio of the air layer. As-
pect ratio Ar = 11, amplitude of wave A4,, = 0.04
and number of wave A = 3.5 are assumed. L and H
are length and average height of this physical model,
respectively.
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3.1. Average Nusselt number. The average Nus-
selt number (Nu) is expected to depend on a num-
ber of factors such as thermal conductivity, heat
capacitance, viscosity, flow structure of fluid. The
non-dimensional form of local convective heat trans-
fer taken at the upper surface can be written as

Nu, = ——. By integrating the local convective
Nusselt number over the top heated surface, the aver-

age convective heat transfer along the top wall of the
1

solar collector is Nu, = Nu,. dX. The radiative

0
heat transfer rate at the top cover plate is expressed

1
as Nu, = / g¢-dX. The average Nusselt number at

0
the top surface is assumed as Nu = Nu..The mean
bulk temperature and average sub-domain velocity
of the fluid inside the collector may be written as

oy = [ 8dV ]V and V,, = VdV |V, where V is

the volume of the solar collector.

4. NUMERICAL IMPLEMENTATION

The Galerkin finite element method of Taylor and
Hood [22] and Dechaumphai [23] is used to solve
the non-dimensional governing equations along with
boundary conditions for 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. This method
is used to solve the equation (3.1)-(3.4), where the
pressure P is eliminated by a constraint £ and the
incompressibility criteria given by equation (3.1) can
be expressed as:

ou oV

P = —€(ﬁ W)'
The continuity equation is automatically fulfilled for
large values of £. Then the velocity components
(U, V) and temperature (8) are expanded using a ba-

sis set {®}V | as:

N
> Up®k(X,Y)

U =~
k=1
N
V = Ejlﬁék(X,Y)
k=1
N
(4.1) 6 ~ > 0k®i(X,Y).
k=1

The Galerkin finite element technique yields the sub-
sequent nonlinear residual equations for the equa-
tions (3.2), (3.3) and (3.4) respectively at nodes of
the internal domain Q:

R =

8%; 0%,
Y 8y

N
0%, 0%,
—VE:Ug/f&XEB?+» —E2ldXdy ;
Q

0%; 0%y,
oY oY

] dXdy +

| 0800
oYy oY

0%; 9%,
(4.4) 9‘/[6X'6X

Three points Gaussian quadrature is used to eval-

]dXdY.

uate the integrals in these equations. The non-linear
residual equations (4.2), (4.3) and (4.4) are solved
using Newton-Raphson method to determine the co-
The
convergence of solutions is assumed when the relative

efficients of the expansions in equation (4.1).

error for each variable between consecutive iterations
is recorded below the convergence criterion € such
that | 7 — O™ |< 1074
iteration and V¥ is a function of U, V and 6.

, Where n is the number of
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4.1. Mesh Generation. In the finite element
method, the mesh generation is the technique to sub-
divide a domain into a set of sub-domains, called fi-
nite elements, control volume, etc. The discrete loca-
tions are defined by the numerical grid, at which the
variables are to be calculated. It is basically a discrete
representation of the geometric domain on which the
problem is to be solved. The computational domains
with irregular geometries by a collection of finite ele-
ments make the method a valuable practical tool for
the solution of boundary value problems arising in
various fields of engineering. Fig. 2 displays the fi-
nite element mesh of the present physical domain.
Here the computational domain is discretized into
unstructured triangles.

Fig. 2: Mesh generation of the air

4.2. Grid Independent Test. An extensive mesh
testing procedure is conducted to guarantee a grid-
independent solution for Pr = 0.7 and Ra = 10°
in a thin air space. In the present study, we exam-
ine five different non-uniform grid systems with the
following number of elements within the resolution
field: 2880, 4830,6516,8157 and 10482. The numer-
ical scheme is carried out for highly precise key in
the average convective and radiative Nusselt num-
bers, namely, Nu, and Nu, for the aforesaid ele-
ments to develop an understanding of the grid fine-
ness as shown in Table 1. The scale of the average
Nusselt number (convective and radiative) for 8157
elements shows a little difference with the results ob-
tained for the other elements. Hence, considering the
non-uniform grid system of 8157 elements is preferred
for the computation.

Table 1: Grid Sensitivity Check at Pr = 0.7 and
Ra = 105,

Elements | Nu, Nu, | Time (s)
2880 4.32045 | 2.32945 | 248.265
4830 5.0176 | 2.78176 | 301.594
6516 5.77701 | 3.38701 | 395.157
8157 6.35549 | 3.82491 | 482.328
10482 6.35555 | 3.82498 | 618.375

4.3. Code Validation. The present numerical solu-
tion is validated by comparing the current code re-
sults for heat transfer - temperature difference profile

at Pr = 0.73, Gr = 10* with the graphical repre-
sentation of Gao et al. [24] which was reported for
heat transfer augmentation inside a channel between
the flat-plate cover and sine-wave absorber of a cross-
corrugated solar air heater.

5

Present Code
......... Gao etal.

AT

Fig. 3: Comparison between present code and Gao
etal [24] at Pr=073 and Ra = 10*

Fig. 3 demonstrates the above stated comparison.
As shown in Fig. 4, the numerical solutions (present
work) and Gao et al. [24]are in good agreement. In
addition, the current code results for streamlines and
isotherms at Pr = 0.71, A = 2, L = 2, ¢ = 40°,
Ra = 10° with that of Varol and Oztop [18] are com-
pared and displayed by Fig. 4. They studied Buoy-
ancy induced heat transfer and fluid flow inside a
tilted wavy solar collector.

Streamlines

Isotherms

Present Work

Varol and Oztop [18]

Fig. 4: Comparison of present code with Varol and Oztop [18]

5. RESULTS AND DISCUSSION

In this section, numerical results of tempera-
ture and velocity profiles in terms of isotherms and
streamlines for various values of convective param-
eter Ra across air space of the solar collector are
displayed. The considered values of Ra are Ra =
10%,10%,10%,5 x 10 while the Prandtl number Pr =
0.7, solar irradiation I = 600Wm™—2, absorption rate



6 R. NASRIN, K. F. U. AHMED AND M. A. ALIM.

of absorber o = 0.95 and the emissivity € = 0.95 are
kept fixed.

Ra=5%10°

108

Ra=

10°

)
\

Ra

10*

)
\

= — s o

Ra

Fig. 5: Effect of Rz on isothermal lines of air

In addition, the values of the average Nusselt num-
ber both for convection and radiation, mean bulk
temperature and average velocity of air as well as mid
height horizontal and vertical velocities are shown
graphically for the pertinent parameter Ra.

The effect of Ra on the thermal lines is presented
in Fig. 5 while Pr = 0.7, ¢ = 0.98, A,, = 0.04,
A = 35, Ar = 11. The values of Rayleigh number
are considered as 10%,10%,10%,5 x 10°. In the Fig. 5
the label in the isothermal lines indicates the number
of lines in order. Initially isothermal lines appear the
whole domain of the collector. Due to the effect of
buoyancy in free convection heat transfer, they tend
to gather the heated top surface. Also a thin ther-
mal boundary layer is developed near the upper pick
of each wave. This happens because of escalating
Rayleigh number enhances the buoyancy force of the
working fluid air. Then this force hits the fluids in
upward direction. This procedure continues till the
temperature gradient occurs.

Ra=5*%10°

10°

Ra=
\

10°

Ra=
\
7
\&
.

10

Ra=

Fig. 6: Effect of Ra on streamlines of air

On the other hand, the streamlines are expressed
in Fig. 6 for the variation of buoyancy convective

parameter Ra. Six primary recirculation cells occu-
pying the whole domain are found at the lowest value
of the Rayleigh number (Ra = 10%) in Fig. 6. In each
wave, the right and left vortices rotate in the counter-
clockwise and clockwise direction, respectively. Due
to significant effect of free convection two secondary
circulatory flows are developed at the left and right
top corner of the domain in this case. The size of
these cells becomes larger with the variation of free
convection. For increasing value of Ra, velocity of
air also increases and thus size of the created eddies
becomes larger. In addition, more perturbation is ob-
served in the streamlines at Ra = 5 x 10° because of
rising buoyancy force.

The average Nusselt number for convection and
radiation, average temperature (6,,) and mean sub-
domain velocity (V,,) profile along with the Rayleigh
number (Ra) for air (Pr = 0.7) are depicted in Fig.
7(i)-(iii). In Fig. 7(i), it is seen that Nu, and Nu,
enhance gradually due to effective buoyancy force.

Convective Nu
Radiative Nu

®

(iii)

Fig. 7: Effect of Ra on (1) average Nusselt number, (i1) mean
temperature and (iii) mean velocity of air

The increasing rate of heat transfer for air is found
to be effective. Rate of convective heat transfer en-
hances by 26 percent whereas this rate for radiation
is 14 percent with the variation of Ra from 10% to
5 x 10%. It is well known that heat transfer rate is
always higher for convection than radiation and is
justified by the current investigation. Consequently
Fig. 7(ii) shows that (6,,) falls sequentially for all
Ra. Fig. 7(iil) describes the enhancing phenomena
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in the V,,-Ra profile. It is observed that the magni-
tude of mean velocity graph is in parabolic shape.

a =10000

a =100000

a =1000000
a =5"1000000

Ra =10000
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Ra =1000000

DR Ra =5"1000000
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Fig. 8: Effect of Ra on mid height (i) U velocity and (if) ¥ velocity

The mid height horizontal (U) velocity at X = 0.5
and vertical (V') velocity at ¥ = 0.05 of the solar
collector for various Ra is displayed in Fig. 8 (i)-
(ii). Significant variation in velocity is found due to
changing Ra. In the case of Fig. 8(i) for the effect
of Ra some perturbations are seen in the U-Y graph.
The waviness in the V-X profile devalues for lower
values of Ra.

6. CORRELATION

On the basis of the current numerical study the
calculated average Nusselt number Nu is correlated
with Rayleigh number Ra and Prandtl number Pr.
Here the parametric values are taken as 0.071 < Pr <
0.73, 10> < Ra < 10%, Ar = 17, A, = 0, A = 0 and
€ = 0. This correlation can be written as follows:

(6.1) Nu = [0.6542 + 0.3061Pr](Ra)®-17%°
where the confidence coefficient for the above equa-
tion is R? = 98.30 percent.

7. SEMI-EMPIRICAL RELATION

A new experimental measurement on free convec-
tion heat transfer rates through inclined air layers
of high aspect ratio and heated from below is repre-
sented by Hollands et al. [21]. They established a
relation between Nu and Ra for tilt angles ranging

from 0° to 75° as:

B 1708(sin 1.8¢)1-°
Nu = 1+1'14(1_(Ra)cos¢>
1708 1* (Ra)cos ¢ 13
% {1 " (Ra) cos¢] ( 5830 ) “H

where the + exponent indicates that only positive
values for terms within square brackets are to be
used; in case of negative values, zero is used.

The above equation was used frequently for the
purpose of experimental studies of solar collector by
various authors such as Lior [25], Azad [26], Gang et
al. ([27],[28]), Saleh [29], etc.

For horizontal solar collector ¢ = 0°, the above
equation becomes:

17087+

Ra

Ra /5
+ [(5830) /3 1} .
The above equation is significant for air through solar
collector of high aspect ratio in the range of natural
convective parameter 103 < Ra < 10°.

A semi-empirical relation is established from the
correlation of the equation (6.1) with the experimen-
tal data provided by the equation (7.1) of Hollands
et al. [21] which can be written as:

Nu =

1+1.14 [1—

(7.1)

(7.2)
Nu = —1.1167 + [0.4936 + 0.23095Pr] (Ra)®1"%° .

8. COMPARISON WITH EXPERIMENTAL RESULT

The present results are compared with the exper-
imental results available in the literature.

Numerical
a Experimental
Semi-empirical

il
10° 10*
Ra

540 10°

Fig. 9: Nu at different Ra from the equation (7.1) of
Hollands et al. and equations (6.1) and (7.2) of
present study
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Table 2 provides the values of average Nusselt
number from the experimental result as per equation
(7.1) of Hollands et al. [21], the numerical results
from equation (6.1) and the semi-empirical result as
in equation (7.2). Value of Pr = 0.7 is used in equa-
tion (6.1) and equation (7.2).

In Fig. 9 the graphical representation of the av-
erage Nusselt number (Nu) corresponding to Table
2 has been shown. This Fig. 9 demonstrates a good
agreement between the experimental result and that
obtained by the semi-empirical relation from the cur-
rent study.

Table 2: Values of Nu at different Ra from equa-
tion (7.1) of Hollands et al. [21] and equations (6.1)
and (7.2) of present study.

Ra Eq. (7.1) | Eq. (6.1) | Eq. (7.2)

108 1 2.8285 1.0481

104 2.1442 4.4743 2.1074

5x 10% | 3.1480 5.3221 3.1426

10° 3.6995 6.5371 3.6852
CONCLUSION

The free convective flow and heat transfer for the
effect of Rayleigh number across a thin air space of
the solar collector are accounted. Various Ra have
been considered for the flow and temperature fields as
well as the convective heat transfer rates, mid height
horizontal and vertical velocities, mean bulk temper-
ature of fluid and average velocity field inside the
wavy solar collector. The numerical results lead to
the following conclusions:

e The free convection parameter Ra has a sig-
nificant effect on the flow and temperature
fields. Size of buoyancy-induced vortex in
the streamlines is increased and thermal layer
near the heated surface becomes thick with
increasing Ra.

e The highest heat transfer rate is observed for
the greatest Ra.

e Increasing values of Ra devalues mean bulk
temperature of air.

e Mean velocity rises with increasing values of
Ra.

e More considerable changes occur in the mid-
height horizontal and vertical velocity pro-
files of air at Ra =5 x 10°,
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