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The poor thermal exchange between the absorber and the fluid in the solar air flat plate
collector, gives the bad performance and the mediocre thermal efficiency. The introduction
of obstacles in the dynamic air vein of the solar collector in order to obtain a turbulent flow
is a technique that improves the thermal exchange by convection between the air and the
absorber. This article present a computational analysis on the turbulent flow and heat
transfer in solar air collector with rectangular plate fins absorber and baffles which are ar-
ranged on the bottom and top channel walls in a periodically staggered way. To this end we
solved numerically, by the finite volumes method, the conservation equations of mass, mo-
mentum and energy. The low Reynolds number k-¢ model was adopted for the taking into
account of turbulence. The velocity and pressure terms of momentum equations are solved
by the SIMPLE algorithm. The parameters studied include the entrance mass flow rate of
air. The influence of the mass flow rate of air on the axial velocity and the efficiency of up-
ward type baffled solar air heaters have been investigated numerically. The results show
that the flow and the heat transfer characteristics are strongly dependent on mass-flow rate
of air and the presence and/or the absence of the baffles and fins in the solar collector. It
was observed that increasing the Reynolds number will increase the efficiency of the solar
panel, as expected.

Key words: baffle, solar collector, forced convection, fins, turbulent flow, low Reynolds
number

Introduction

In the solar energy possesses, a thermal conversion mode necessitates a simple tech-
nology which is adapted to the site and to the particular region for many applications. These sys-
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tems are all based on the solar air flat plate collector. The air is a bad conductor of heat on the ba-
sis of its low proprieties used in the solar collectors. The user is obliged to employ a fully
developed turbulent flow for air. Among the methods used to increase the thermal heat transfer
between the absorber-plate and the fluid is the insertion of the obstacles arranged into the air
channel duct. These obstacles allow a good distribution of the fluid flow. The fluid flow and heat
transfer characteristics over baffles and fins has been studied by different authors. The presence
of these baffles causes the flow to separate, reattach and create reverse flow (Yang et al. [1],
Patankar et al. [2], and Kelkar et al. [3]). In general, Nusselt number and friction coefficient in-
crease with the Reynolds number (Berner et al. [4], Webb et al. [5], and Lopez. et al. [6]). Cheng
et al. [7] have investigated the case where the transverse baffles are not symmetrically placed.
Their results have indicated that the relative position of the baffle arrays is an influential factor
on the flow field, especially for baffles with a large height. In the experimental efforts, Founti ez
al. [8]used LDA to deduce the velocity field in an axisymmetric heat exchanger with baftfles on
the shell-side surface. The similar distributions of the mean flow velocity and turbulent intensity
were found after two sets of baffles from the channel entrance. Later, Berner et al. [9] and
Berner et al. [10] obtained experimental results of mean velocity and turbulence distributions in
flow around segmented baffles. Experimental investigation of characteristics of the turbulent
flow and heat transfer inside the periodic cell formed between segmented baffles staggered in a
rectangular duct was studied by Habib et al. [11]. The experimental results indicated that the
pressure loss increased as the baffle height did. For a given flow rate, local and average heat
transfer parameters increase with increasing Reynolds number and baffle height. Recently,
Bazdid-Tehrani et al. [12] have presented a numerical solution for the fluid flow and heat trans-
fer in a duct with in line baffles and reported that the heat transfer behavior of this type of baffles
is somewhat inefficient for large values of the blockage ratio. However, as noted by previous ar-
ticles, for the case of staggered baffles, the opposite is true. Ackermann et al. [13] presented a
computational study to examine the fully developed laminar flow and heat transfer characteris-
tics in solar collector panels with internal, longitudinal, corrugated fins. The fins are integrally
attached to the upper and lower panel walls. The objective of the study is to determine the effects
of varying the fin pitch, the fin thickness, the ratio of the thermal conductivity of the panel walls
and the fin to that of the fluid, and the thermal boundary condition on the panel heat transfer and
pressure drop.

The particularity of this computational study is the conjugate heat transfer aspect. In
the first part of this paper, we present a hydrodynamic aspect and the influence of the air mass
flow rates on the velocities. In the second part the analysis of temperature profile of the ab-
sorber, the insulator, and the air was presented. The comparison of the efficiency between the
solar air heaters with and without fins and baffles has been investigated numerically.

Problem statement

One of elements treated in the specialized literature (Bhargava et al. [14];
Wijeysundera et al. [15]) is the manner of air circulation towards the absorber. Various configu-
rations are possible and the main generic types are shown schematically in fig. 1.

As the experimental work done by Ben Slama [see 27], the solar collector type 2 in fig.
1, equipped with baffles, is better than type 4 because it provides significant thermal advantages
over those without baffles.
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Figure 1.Various configurations of air passage in solar collector panel
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Figure 2. Schematic of the problem

Mathematical formulation

Youcef-Ali [16], Youcef-Ali [17], and Moummi ef al. [18] have shown that the low
thermophysical characteristics of air used as a heat transfer fluid in the solar collectors with ther-
mal conversion require a fully developed turbulent flow.

Governing equations

The k-¢, low-Reynolds number closure model proposed by Jones et al. [19] is adopted
in this study. In Cartesian co-ordinate, the continuity, momentum, energy, and turbulence equa-
tions for unsteady incompressible flows can be written as:

Continuity equation

9, ou, oY) (1)
ot Ox oy

x-Momentum equation:
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y-Momentum equation
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Turbulent energy equation

p%+pu%+pv%=ﬁ y+”—’ ok +i u+u—’ ok +P . —pe+D (4)
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Energy equation in the fluid region
p£+pu£+pv£:_a i+‘u_t Q +i ﬂ+‘u_t g (6)
ot ox 0y Ox|\Pr o )ox oy|\Pr og ) Oy
Energy equation in the solid region
2 2
psCPS ﬂ :}‘s 8T+ aT (7)
ot ox?  0y?

For a two-dimensional flow production term becomes:

2 2 2
P .=u, 2(@ +2 ﬁ + Q+@ (8)
0x oy ox Oy
The turbulent viscosity is calculated as:

k2
:ut :f,upc‘u? (9)

E|rn is a term applied for the k- low Reynolds number model. The constants of the
standard k- model are those given by Jones eral.[19]and are: C,=0.09,C,,=1.44,C,, =
=192,0,=1,0,=1.3,and 5,=0.9.

In egs. (4) and (5) the terms D and E; \ are defined by:

2 2 2 2
2 2
D =-2u ok | [adk ]| Epy —2ut|[ 22 o[ 2V (10)
Ox Oy o |\ 0y? Ox?

Low Reynolds number k- model

In the version of Versteeg et al. [20], the modelling damping functions f}, f,, and f,
used for the LRN k-¢ model are presented as:
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Ry

3
fi=1 +[@J (12)
u
fo=1-e (13)
where )
Ry =K g g, —£YEY (14)
T y
&u u

The damping function (f,), which is a function of dimensionless wall-normal distance
R =y"= y(k)V?/v, is used to model the damping effect associated with pressure-strain correla-
tions in the vicinity of walls.

Boundary conditions
The computational domain and boundaries are presented as:
Inlet boundary: (x = 0)

The characteristic length is the equivalent diameter of the duct:

4HB

D, :m (15)

The air is taken at ambient conditions:
4dm
prDZ

For the fluid region: d,

isol

<y<H+d

isol*

u:Uin =

v=0

T=T,

k;, =0005U 2
where k;, is the inlet condition for the turbulent kinetic energy and ¢;, — the inlet condition for the
dissipation rate.

(16)

Exit boundary: (x = L),

For the fluid region: d,, <y < H +d,,, all gradients are assumed to be zero.

o¢(L,y) _,

P 17)

where ¢ = (u, v, T, k, €).
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Wall side at the inlet and the exit solar collector for the solid region
(absorber or insulator): 0 <y < d,,, and H + d,,, <y <y,

0T5(0,y) _ 0Tg (L, y) _

$0, y)=¢(L, y)=0 and 0 (18)
X ox
where ¢ = (u, v, k, €)
Fluid solid interface: u=v=0,k=¢ =0,
oT oT.
Te=T, A, — =1,— 19
P T o N on|, (19)
where 7 is the coordinate normal to the wall.
The outer surface of the insulator: y = 0
oT .
we have: Aisol — =h, [T y=0)=T,] (20)
y=0

where T, is the ambient temperature and 4, — the external convective heat transfer coefficient
between air and glass cover. /1, depends primarily on the wind velocity V' [21]:

h,=57+38V 21
The top surface of the absorber: y = H + di,, + d, s,
_;tsabsor g = Gv (22)
0 Y=(H +8501+ Sapsor)

where G, is the incident solar radiation after glazing. This value is estimated for the site of
Tlemcen town, Algeria, taken from ref. [22]

Collector efficiency

According to the mass flow rate of air, of the specific heat and the exit and the inlet
temperatures of the air, Whillier [23], Hottel e a/. [24], and Whillier [25] have presented the ef-
ficiency for sheet and tube solar energy collectors as:

n= Qu _ me(Tout _Tin)
Acl 0 I OAC
Although there are many different designs of flat plate collectors available, it is fortu-
nately not necessary to develop a new analysis for each situation according to Hottel ez al. [24].

(23)

Numerical solution procedure

A finite volume method was used to discretize the governing equations and boundary
conditions. The numerical solution was obtained using the SIMPLE algorithm developed by
Patankar [26]. The discrete conservation equations were solved by the TDMA and the
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line-by-line iterative methods proposed by Patankar [26]. The under-relaxation factor was care-
fully chosen to prevent large variations in the source terms.

Non-uniform grids are taken in both the fluid, baffles, and fins regions. For the condi-
tions m = 60 kg/h, L/B=1.8/0.3 =6, [,= 1043 W/m?, w =2 c¢m, ( = 16 cm, the effect of the grid
size on efficiency and mean axial velocity was tested for various non-uniform grid systems
((106;67),(112;67),(118;67),(112; 61), (112; 73) and (112; 80)) and the choice of the grid dis-
tribution (112; 67) was sufficient to provide a grid-independent. Typically, it took about
1500-2500 iterations to reach convergence.

Increasing the number of nodes up to (112; 117) does not affect much on the mean ax-
ial velocity. The minimum relative error defined by E7 = (Pyiiq) — P grian)/Pgriar between the solu-
tions of different grid studied is about 0.707% for efficiency of solar collector and less than
0.1559% for the mean axial velocity.

Code validation ~ 90
z ]
< go
. £ .41
The numerical code developed 8 707 )
. o -
in the present work was tested S ®°] —
. . . S 504 o
o
against previous studies for turbu- 3 | /
o 404 L
lent flow over baffles and fins of = N,
o
solar collector. The heat transfer re- 3 20 Collecior with baffies and fins
sults are presented in terms of effi- g o] : —*— Ben Slama results [27] ||
= ] — «— Our simulation
Yoo f .

ciency has been validated using the
results of Ben Slama et al. [27]. <t = 40w rate of o (moh-tm2]
They have numerically investi-
gated a similar problem for air flow
in a two dimensional channel for
the following conditions (L/B =
1/6,1,= 830 W/m>, w=2cm, { =8
cm). Figure 3 shows the efficiency of the solar collector against the volume flow rate of air, for
unit area. This figure presents a good agreement between our results and those of Ben Slama et
al. [27]. These slight differences between the two results are caused basically for three orders of
reasons:

(1) Interaction of the solar collector with the medium which surrounds it: outside environment
and the accessories and components of the thermal system which the solar collector is
connected.

(2) Multiplicity of the phenomena of heat transfer concerned and the uncertainty of the
experiment boundary conditions of problem.

(3) Occurrence of the turbulent phenomena associated with the convective movements which
are established inside the solar collector.

Figure 3. Comparison of our results in terms of efficiency with
those of Ben Slama et al. [27] (L/B = 1/6, I, = 830 W/m?,
w=2cm, (=8 cm)

Results and discussion

In order to better analyze the effects of the parameters under consideration, the follow-
ing values are used in the numerical simulations.
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Geometrical parameters: Ac=BL=0.54m?* L=0.9 m; B=0.6 m; H=5.5 cm; w, =6 cm,
0=8and 16 cm. The absorber is made of aluminum (4 .. = 200 Wm/K) and the insulator of polysty-
rene (A, = 0.034 Wm/K).

Boundary conditions: I, = 1043 W/m?; T, = 303.15 K; T}, = 303.15 K, V=1 m/s.

The mass flow rate of air varies from 30 to 80 kg per hour. The air properties are used
to evaluate the efficiency of the solar collector according to Latif [28].

In fig. 4, we present the

- Egg- K IO i different solar radiation for
I : : i
£ good il T : \‘\ i i the town of Tlemcen on June
= good L \‘-\'\ B A 21 namely: direct global radi-
£ 700+ TeA e N ation, the constant radiation
E e001———1 R A W\ | inaclear day, and finally the
€ S0 A e A T \\\ = global radiation after glazing
5 400 : - >
2 ol VL = tueamionotap s o \'\\ | in plate solar. coll.ector includ
1 . ial 5. C. I ing and taking into account
200 - :( ~— —a— Global radiaiton after glazing P. S. C. N A O
100 i - LR BRI '—-v— IGIobaIIradlatlfln in cllearda.y on aIP. S. C - .. i, the astronomlcal COHdlthHS
6 7 8 9 10 11 12 13 14 15 16 17 18 19  fTlemcen town.

Time [h] .
For all calculations

Figure 4. Evolution of total radiation (day of June for Tlemcen town  worked out in this article
(Algeria) [22] takes a regular form and

reaches a maximum value of
(1043 W/m?) for the town of Tlemcen at solar midday [22] (fig. 4).

Hydrodynamics aspects

The impact of the baffle and fins on the structure of the near wall flow is presented in fig.
5 for the axial velocity of the air for m = 30 kg/h, L/B = 6, [, = 1043 W/m?, w=2 cm, (=8 cm. A
clockwise vortex is generated upstream near the first baffle. As the fluid turns upward into the
by-pass passage between the top face of the first baffle and the upper channel wall, the fluid di-
rectly impinges the top face of the first fin causing a recirculation zone to be formed within the
inter baffle and fin groove. The second important vortex is shown near the top of the domain in the
downward region; it is caused by the accelerated flow between the tip of the first fin and the insula-
tor. A third and more important clockwise vortex is also created downstream of the last fin.

Figure 6 shows the velocity profiles between the first baffle and the first fins at a position
x=0.201 m, x=0.232 m, and x = 0.241 m from the entrance. The flow is characterized by the very
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Figure 5. Axial velocity [ms™'] field distribution in the solar collector
(color image see on our web site)
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negative velocities indicate the — f,_f.f-;;_?"’{ L
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locity profiles is almost flat in
the lower part of the channel,
while in the upper part the flow
starts to accelerate toward the
gap above the first fin.

In fig. 7, the velocity pro-
files between the first fin and
the second baffle were pre-
sented at the positions: x =
=0.258m,x=0.29m, and x=
=0.314 m from the entrance.
Conversely with the preced-
ing case, its velocity is re-
duced in the lower part of the
channel and is increased in
the upper part. The presence
of the negative values of the
velocity indicates that the
flow starts to accelerate to-
ward the gap above the sec-
ond baffle.

The effect of the mass flow
rate of air on the axial velocity
profiles, in different sections
of the solar collector, is shown
in figs. 8-10. One observes
that the flow accelerates in the
direction of the flow and the
length of the recirculation re-
gions is proportional to the in-
crease in the flow of air in
flow. This result can be ex-
plain by the fact of the veloc-
ity increases of air flow and
also the convective heat trans-

Axial velocity [ms™]

Figure 6. Velocity profiles between the first baffle and the second
fin
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Figure 7. Velocity profiles between the first fin and the second
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Figure 8. Effect of the mass flow rate on the axial velocity profiles
upstream of first baffle
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Figure 9. Effect of the mass flow rate on the axial velocity profiles
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Figure 10. Effect of the mass flow rate on the axial velocity profiles
between the second baffle and the second fin (x = 0.352 m)

region is significantly high as
compared to that in the same
region of no baffle region. In
the region downstream of the
two baffles, recirculation cells
with low temperature are ob-
served. In the regions between
the tip of the fins and the chan-
nel wall, the temperature is in-
creased. Due to the changes in
the flow direction produced by
the presence of the singularity
of obstacles, the highest tem-
perature value appears behind
the lower channel wall with an
acceleration process that starts
just after the first fin and the
second baffle.

The temperature profiles in
longitudinal sections of the so-

lar collector are plotted in figs. 12 and 13 at the positions defined in figs. 6 and 7. By referring to
the velocity distribution, the temperature gradient at the heated wall decreases with increasing
the flow velocity. This is due to the fact that the appearance of the negative values of the velocity
reduces the level of the turbulence intensity inside the boundary layer. The recirculating region

1.12E-1

0.00E+0 .
3.13E+02
9.00E-1 3.03E+02

0.00E+0

Figure 11. Temperature [K] distribution in the solar collector (;m =20 kg/h, L/B = 3/2, I, = 1043 W/m’,
(=16 cm) (color image see on our web site)
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erating temperature would
be lower, figs. 14 and 15, re-
sulting in lower heat losses
and, consequently, higher
efficiencies, fig. 16.

In term of efficiency, the
fig. 16 shows the effect of
mass flow rate on the perfor-
mance of solar collector. As
expected, it can be clearly
observed that values of effi-
ciency become higher with
increasing values in the mass
flow rate. This increment in
the performances is caused
by increasing the velocity of
the flow. Also, the compari-
son between the solar collec-
tor with and without fins and
baffle, according to the
graphs of the efficiency,
shows a noticeable improve-
ment of the performances of
the insulator provided with
fins. Increase in efficiency due
to the influence of fin is, also,
a function of flow (for exam-
ple for an air flow of 30 kg/h,
one notes an increase of
15.5%).

Figure 16 show the ther-
mal efficiency for different
values of mass flow rate of air
and for three categories of so-
lar panel. It is observed that

Temperature evolution [K]

Figure 12. Temperature profiles in different sections of the solar
collector (m =30 kg/h, L/B =3/2, I,=1043 Wm?2, ¢=2 cm,
(=16 cm)
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Figure 13. Temperature profiles in longitudinal sections of the solar
collector
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Figure 14. Mass flow rate effect on air temperature
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Figure 15. Mass flow rate effect on absorber plate temperature
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with baftles and fins.

The numerical results obtained by this study have been validated by experimental re-
sults. The objective was to present an analysis of the dynamic and thermal comportment of tur-
bulent flow using the k-¢ model at low Reynolds number in a rectangular channel equipped with
baffles and fins.

Profiles velocity distributions show a zone of recirculation relatively intense, over ev-
ery aspect of baffles and fins, which moves downstream. The highest disturbance is obtained be-
fore the first fins. Finally, these vortex areas are responsible for variations of local heat transfer
along the surfaces of fins and hot wall.

The results are reported for different mass flow rate and for different configurations of
collectors. It was observed that the efficiency increases with the intensification of the volume
flow rate in one hand and also increases with the presence of fins and baffles in other hand.
However, increasing the air flow rate not only increases the pressure loss but also increases the
fan power and, thereby, leads to increased operating cost. Consequently, a proper increase of the
collector aspect ratio and proper installation of fins and baffles should be economically feasible
in the design of a solar air heater.

Figure 16. Efficiency of different solar collectors
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Nomenclature
A, — surface area of collector, LB, [m?] vV — wind velocity, [ms ']
B — collector width, [m] wy, — width of baffles, [m]
G, — specific heat of air at constant pressure, X — axial (along the wind tunnel axis),
[kJ kg 'K transversal
C, — constant used in the standard k- model y — transversal co-ordinate (perpendicular to
C,,  — constant used in the standard k- model the wind tunnel axis)
s — constant used in the standard k-¢ model VL — width of the field of calculation, [m]
D — term which arises when low Reynolds 0 — distance between two baffles or two fins,
number turbulence models are [m]
implemented
D, — equivalent diameter of conduit, [m] Greek letters
Eirn  — term which occurs when low Reynolds S — thickness of absorber, [m]
number (LRN) turbulence models are 5. _ thick finsul
used isol rickness of insulator, [m]
. _ baffle height, [m] e - dlszmgatlon rate of turbulence energy,
Jv /o J, — the modelling damping functions used for 1 _ E?)lllsect]or efficiency, []
the LRN k-& model -
. . . K — Von Karman constant (= 0.4)
H — height of air tunnel in solar collector, [m] .. . .
hy, — convective heat transfer coefficient for Ay e = theml?l (E?nductlvny of solid, fluid
air over outside surface of glass cover, - [Wm K] . .
[Wm 2K '] Aisob Aabsor— thermal conductivity of 1n51111at(3]r and
1, — incident solar radiation, [Wm™] absorber, respectively [Wm 'K g
k — turbulent kinetic energy, [m’s~] M, p; — laminar, turbulent viscosity, [Nsm™]
L — collector length, [m] e — effective viscosity, [Pa~s;
L, — distance upstream of the first chicane, [m] v — kinematics viscosity, [m’s ']
Ly — distance downstream of the second fin, P — density of the air, [kgm’3]
[m] o, — turbulent Prandtl number for ¢, [-]
m — mass flow rate of air, [kgsfl] o8 — turbulent Prandtl number for the turbulent
n — co-ordinate normal to the wall, [] kinetic energy, [—]
p — pressure, [Pa] O — turbulent Prandtl number for
Pr — laminar Prandtl number, [—] temperature
Pr, — turbulent Prandtl number, [-] @ — stands for the dependent variables u, v, k,
Py — atwo-dimensional flow production term T,and &
O, — useful gain of energy carried away by air . .
per unit time, [W] Subscripts and superscript
Re — Reynolds number, [Uinv/Ad, [-] absor — absorber
Ry Ry - constants used in LRN £-¢ model e _ effective
t — time, [s] £ _ fluid
r — temperature, [K] in, out — inlet, outlet of the test section
T, - gmblent temperature, [K] isol _ insulator
T - ;nlet temperature, LK] t _ turbulent
U, — inlet velocity, [ms™']
u, v — air velocity in the x, y direction, [ms']
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