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The poor ther mal ex change be tween the ab sorber and the fluid in the so lar air flat plate
col lec tor, gives the bad per for mance and the me di o cre ther mal ef fi ciency. The in tro duc tion 
of ob sta cles in the dy namic air vein of the so lar col lec tor in or der to ob tain a tur bu lent flow
is a tech nique that im proves the ther mal ex change by con vec tion be tween the air and the
ab sorber. This ar ti cle pres ent a com pu ta tional anal y sis on the tur bu lent flow and heat
trans fer in so lar air col lec tor with rect an gu lar plate fins ab sorber and baf fles which are ar -
ranged on the bot tom and top chan nel walls in a pe ri od i cally stag gered way. To this end we 
solved nu mer i cally, by the fi nite vol umes method, the con ser va tion equa tions of mass, mo -
men tum and en ergy. The low Reynolds num ber k-e model was adopted for the tak ing into
ac count of tur bu lence. The ve loc ity and pres sure terms of mo men tum equa tions are solved
by the SIMPLE al go rithm. The pa ram e ters stud ied in clude the en trance mass flow rate of
air. The in flu ence of the mass flow rate of air on the ax ial ve loc ity and the ef fi ciency of up -
ward type baf fled so lar air heat ers have been in ves ti gated nu mer i cally. The re sults show
that the flow and the heat trans fer char ac ter is tics are strongly de pend ent on mass-flow rate 
of air and the pres ence and/or the ab sence of the baf fles and fins in the so lar col lec tor. It
was ob served that in creas ing the Reynolds num ber will in crease the ef fi ciency of the so lar
panel, as ex pected.

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

In tro duc tion

In the so lar en ergy pos sesses, a ther mal con ver sion mode ne ces si tates a sim ple tech -
nol ogy which is adapted to the site and to the par tic u lar re gion for many ap pli ca tions. These sys -
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tems are all based on the so lar air flat plate col lec tor. The air is a bad con duc tor of heat on the ba -
sis of its low pro pri eties used in the so lar col lec tors. The user is obliged to em ploy a fully
de vel oped tur bu lent flow for air. Among the meth ods used to in crease the ther mal heat trans fer
be tween the ab sorber-plate and the fluid is the in ser tion of the ob sta cles ar ranged into the air
chan nel duct. These ob sta cles al low a good dis tri bu tion of the fluid flow. The fluid flow and heat 
trans fer char ac ter is tics over baf fles and fins has been stud ied by dif fer ent au thors. The pres ence
of these baf fles causes the flow to sep a rate, re at tach and cre ate re verse flow (Yang et al. [1],
Patankar et al. [2], and Kelkar et al.  [3]). In gen eral, Nusselt num ber and fric tion co ef fi cient in -
crease with the Reynolds num ber (Berner et al. [4], Webb et al. [5], and Lopez. et al. [6]). Cheng 
et al.  [7] have in ves ti gated the case where the trans verse baf fles are not sym met ri cally placed.
Their re sults have in di cated that the rel a tive po si tion of the baf fle ar rays is an in flu en tial fac tor
on the flow field, es pe cially for baf fles with a large height. In the ex per i men tal ef forts, Founti et
al.  [8] used LDA to de duce the ve loc ity field in an axisymmetric heat exchanger with baf fles on
the shell-side sur face. The sim i lar dis tri bu tions of the mean flow ve loc ity and tur bu lent in ten sity 
were found af ter two sets of baf fles from the chan nel en trance. Later, Berner et al. [9] and
Berner et al. [10] ob tained ex per i men tal re sults of mean ve loc ity and tur bu lence dis tri bu tions in
flow around seg mented baf fles. Ex per i men tal in ves ti ga tion of char ac ter is tics of the tur bu lent
flow and heat trans fer in side the pe ri odic cell formed be tween seg mented baf fles stag gered in a
rect an gu lar duct was stud ied by Habib et al. [11]. The ex per i men tal re sults in di cated that the
pres sure loss in creased as the baf fle height did. For a given flow rate, lo cal and av er age heat
trans fer pa ram e ters in crease with in creas ing Reynolds num ber and baf fle height. Re cently,
Bazdid-Tehrani et al.  [12] have pre sented a nu mer i cal so lu tion for the fluid flow and heat trans -
fer in a duct with in line baf fles and re ported that the heat trans fer be hav ior of this type of baf fles
is some what in ef fi cient for large val ues of the block age ra tio. How ever, as noted by pre vi ous ar -
ti cles, for the case of stag gered baf fles, the op po site is true. Ackermann et al. [13] pre sented a
com pu ta tional study to ex am ine the fully de vel oped lam i nar flow and heat trans fer char ac ter is -
tics in so lar col lec tor pan els with in ter nal, lon gi tu di nal, cor ru gated fins. The fins are in te grally
at tached to the up per and lower panel walls. The ob jec tive of the study is to de ter mine the ef fects 
of vary ing the fin pitch, the fin thick ness, the ra tio of the ther mal con duc tiv ity of the panel walls
and the fin to that of the fluid, and the ther mal bound ary con di tion on the panel heat trans fer and
pres sure drop.

The par tic u lar ity of this com pu ta tional study is the con ju gate heat trans fer as pect. In
the first part of this pa per, we pres ent a hy dro dy namic as pect and the in flu ence of the air mass
flow rates on the ve loc i ties. In the sec ond part the anal y sis of tem per a ture pro file of the ab -
sorber, the in su la tor, and the air was pre sented. The com par i son of the ef fi ciency be tween the
so lar air heat ers with and with out fins and baf fles has been in ves ti gated nu mer i cally.

Prob lem state ment

One of el e ments treated in the spe cial ized lit er a ture (Bhargava et al. [14];
Wijeysundera et al. [15]) is the man ner of air cir cu la tion to wards the ab sorber. Var i ous con fig u -
ra tions are pos si ble and the main ge neric types are shown sche mat i cally in fig. 1.

As the ex per i men tal work done by Ben Slama [see 27], the so lar col lec tor type 2 in fig.
1, equipped with baf fles, is better than type 4 be cause it pro vides sig nif i cant ther mal ad van tages
over those with out baf fles.
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Our prob lem is in te grated in the
air so lar col lec tor with baf fles plate 
and fins. Fig ure 2 pres ents the up -
ward type so lar air heater un der
con sid er ation. The phys i cal do -
main is be tween two par al lel
plates. The outer sur face of the top
wall of the chan nel is uni formly
heated while the outer sur face of
the bot tom wall is ther mally in su -
lated. The fluid is incompressible
with con stant prop er ties and the
flow is con sid ered turbulent and
un steady.

Math e mat i cal for mu la tion

Youcef-Ali [16], Youcef-Ali [17], and Moummi et al. [18] have shown that the low
thermophysical char ac ter is tics of air used as a heat trans fer fluid in the so lar col lec tors with ther -
mal con ver sion re quire a fully de vel oped tur bu lent flow.

Gov ern ing equa tions 

The k-e, low-Reynolds num ber clo sure model pro posed by Jones et al. [19] is adopted
in this study. In Car te sian co-or di nate, the con ti nu ity, mo men tum, en ergy, and tur bu lence equa -
tions for un steady in com press ible flows can be writ ten as:

Con ti nu ity equa tion
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Figure 1.Various configurations of air passage in solar collector panel

Figure 2. Schematic of the problem



y-Mo men tum equa tion
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Tur bu lent en ergy equa tion
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Tur bu lent dis si pa tion equa tion
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En ergy equa tion in the fluid re gion
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En ergy equa tion in the solid re gion
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For a two-di men sional flow pro duc tion term be comes:
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The tur bu lent vis cos ity is cal cu lated as: 

m r
e
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k 2

(9)

ELRN is a term ap plied for the k-e low Reynolds num ber model. The con stants of the
stan dard  k-e  model  are   those  given  by  Jones  et al. [19] and are: Cm = 0.09, C1e = 1.44, C2e =
= 1.92, sk = 1, se = 1.3, and st = 0.9.

In eqs. (4) and (5) the terms D and ELRN are de fined by: 
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Low Reynolds num ber k-e model

In the ver sion of Versteeg et al. [20], the mod el ling damp ing func tions f1, f2, and fm
used for the LRN k-e model are pre sented as:
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The damp ing func tion (fm), which is a func tion of dimensionless wall-nor mal dis tance
Ry = y+ = y(k)1/2/n, is used to model the damp ing ef fect as so ci ated with pres sure-strain cor re la -
tions in the vi cin ity of walls. 

Bound ary con di tions

The com pu ta tional do main and bound aries are pre sented as: 

In let bound ary: (x = 0)

The char ac ter is tic length is the equiv a lent di am e ter of the duct:
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For the fluid re gion: disol £ y < H + disol. The air is taken at am bi ent con di tions:
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where kin is the in let con di tion for the tur bu lent ki netic en ergy and ein – the in let con di tion for the 
dis si pa tion rate.

Exit bound ary: (x = L),

For the fluid re gion:  disol £ y < H + disol, all gra di ents are as sumed to be zero.
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where f º (u, v, T, k, e).
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Wall side at the in let and the exit so lar col lec tor for the solid re gion 
(ab sorber or in su la tor): 0 < y < disol  and  H + disol £ y < yL
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where  f º (u, v, k, e)
Fluid solid in ter face: u = v = 0, k = e = 0, 

T T
T

n

T

n
ff s

f

n

s
s

n

= =, l l
¶

¶

¶

¶
(19)

where n is the co or di nate nor mal to the wall.

The outer sur face of the in su la tor: y = 0 

we have:                                  lisol w a
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where Ta is the am bi ent tem per a ture and hw – the ex ter nal con vec tive heat trans fer co ef fi cient
be tween air and glass cover. hw de pends pri mar ily on the wind ve loc ity V [21]:

hw = 5.7 + 3.8V (21)

The top sur face of the ab sorber: y = H + disol + dabsor
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where Gv is the in ci dent so lar ra di a tion af ter glaz ing. This value is es ti mated for the site of
Tlemcen town, Al ge ria, taken from ref. [22]

Col lec tor ef fi ciency

Ac cord ing to the mass flow rate of air, of the spe cific heat and the exit and the in let
tem per a tures of the air, Whillier [23], Hottel et al. [24], and Whillier [25] have pre sented the ef -
fi ciency for sheet and tube so lar en ergy col lec tors as:
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Al though there are many dif fer ent de signs of flat plate col lec tors avail able, it is for tu -
nately not nec es sary to de velop a new anal y sis for each sit u a tion ac cord ing to Hottel et al. [24].

Nu mer i cal so lu tion pro ce dure

A fi nite vol ume method was used to discretize the gov ern ing equa tions and bound ary
con di tions. The nu mer i cal so lu tion was ob tained us ing the SIMPLE al go rithm de vel oped by
Patankar [26]. The dis crete con ser va tion equa tions were solved by the TDMA and the
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line-by-line it er a tive meth ods pro posed by Patankar [26]. The un der-re lax ation fac tor was care -
fully cho sen to pre vent large vari a tions in the source terms. 

Non-uni form grids are taken in both the fluid, baf fles, and fins re gions. For the con di -
tions m = 60 kg/h, L/B = 1.8/0.3 = 6, I0 = 1043 W/m2, w = 2 cm, R = 16 cm, the ef fect of the grid
size on ef fi ciency and mean ax ial ve loc ity was tested for var i ous non-uni form grid sys tems
((106; 67), (112; 67), (118; 67), (112; 61), (112; 73) and (112; 80)) and the choice of the grid dis -
tri bu tion (112; 67) was suf fi cient to pro vide a grid-in de pend ent. Typ i cally, it took about
1500-2500 it er a tions to reach con ver gence. 

In creas ing the num ber of nodes up to (112; 117) does not af fect much on the mean ax -
ial ve loc ity. The min i mum rel a tive er ror de fined by Er = (fgrid1 – fgrid2)/fgrid1 be tween the so lu -
tions of dif fer ent grid stud ied is about 0.707% for ef fi ciency of so lar col lec tor and less than
0.1559% for the mean ax ial ve loc ity. 

Code val i da tion

The nu mer i cal code de vel oped
in the pres ent work was tested
against pre vi ous stud ies for tur bu -
lent flow over baf fles and fins of
so lar col lec tor. The heat trans fer re -
sults are pre sented in terms of ef fi -
ciency has been val i dated us ing the
re sults of Ben Slama et al. [27].
They have nu mer i cally in ves ti -
gated a sim i lar prob lem for air flow
in a two di men sional chan nel for
the follow ing con di tions (L/B =
1/6, I0 = 830 W/m2, w = 2 cm, R = 8
cm). Fig ure 3 shows the ef fi ciency of the so lar col lec tor against the vol ume flow rate of air, for
unit area. This fig ure pres ents a good agree ment be tween our re sults and those of Ben Slama et
al. [27]. These slight dif fer ences be tween the two re sults are caused ba si cally for three or ders of
rea sons:
(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.

Re sults and dis cus sion

In or der to better an a lyze the ef fects of the pa ram e ters un der con sid er ation, the fol low -
ing val ues are used in the nu mer i cal sim u la tions.
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Fig ure 3. Com par i son of our re sults in terms of ef fi ciency with
those of Ben Slama et al. [27] (L/B = 1/6, I0 = 830 W/m2, 
w = 2 cm, R = 8 cm)



Geo met ri cal pa ram e ters: Ac = BL = 0.54 m2; L = 0.9 m; B = 0.6 m; H = 5.5 cm; wb = 6 cm,
R = 8 and 16 cm. The ab sorber is made of alu mi num (labsor = 200 Wm/K) and the in su la tor of poly sty -
rene (liso = 0.034 Wm/K).

Bound ary con di tions: I0 = 1043 W/m2; Ta = 303.15 K; Tf in = 303.15 K, V = 1 m/s.
The mass flow rate of air var ies from 30 to 80 kg per hour. The air prop er ties are used

to eval u ate the ef fi ciency of the so lar col lec tor ac cord ing to Latif [28]. 
In fig. 4, we pres ent the

dif fer ent so lar ra di a tion for
the town of Tlemcen on June
21 namely: di rect global ra di -
a tion, the con stant ra di a tion
in a clear day, and fi nally the
global ra di a tion af ter glaz ing
in plate so lar col lec tor in clud -
ing and tak ing into ac count
the as tro nom i cal conditions
of Tlemcen town.

For all cal cu la tions
worked out in this ar ti cle
takes a reg u lar form and
reaches a max i mum value of

(1043 W/m2) for the town of Tlemcen at so lar mid day [22] (fig. 4).

Hy dro dy nam ics as pects

The im pact of the baf fle and fins on the struc ture of the near wall flow is pre sented in fig.
5 for the ax ial ve loc ity of the air for m = 30 kg/h, L/B = 6, I0 = 1043 W/m2, w = 2 cm, R = 8 cm. A
clock wise vor tex is gen er ated up stream near the first baf fle. As the fluid turns up ward into the
by-pass pas sage be tween the top face of the first baf fle and the up per chan nel wall, the fluid di -
rectly im pinges the top face of the first fin caus ing a recirculation zone to be formed within the
inter baf fle and fin groove. The sec ond im por tant vor tex is shown near the top of the do main in the
down ward re gion; it is caused by the ac cel er ated flow be tween the tip of the first fin and the in su la -
tor. A third and more im por tant clock wise vor tex is also cre ated down stream of the last fin.

Fig ure 6 shows the ve loc ity pro files be tween the first baf fle and the first fins at a po si tion 
x = 0.201 m, x = 0.232 m, and x = 0.241 m from the en trance. The flow is char ac ter ized by the very
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Fig ure 4. Evo lu tion of to tal ra di a tion (day of June for Tlemcen town
(Al ge ria) [22]

Figure 5. Axial velocity [ms–1] field distribution in the solar collector
(color image see on our web site)



high ve loc i ties at the lower part 
of the chan nel, ap proach ing
250% of the ref er ence ve loc ity. 
In the up per part of the chan nel, 
neg a tive ve loc i ties in di cate the
pres ence of the recirculation
be hind the first baf fle. Its ve -
loc ity is re duced in the up per
part of the chan nel, while in the 
lower part is in creased. The ve -
loc ity pro files is al most flat in
the lower part of the chan nel,
while in the up per part the flow
starts to ac cel er ate to ward the
gap above the first fin.

In fig. 7, the ve loc ity pro -
files be tween the first fin and 
the sec ond baf fle were pre -
sented  at  the  po si tions: x =
= 0.258 m, x = 0.29 m, and x = 
= 0.314 m from the en trance.
Con versely with the pre ced -
ing case, its ve loc ity is re -
duced in the lower part of the 
chan nel and is in creased in
the up per part. The pres ence
of the neg a tive val ues of the
ve loc ity in di cates that the
flow starts to ac cel er ate to -
ward the gap above the sec -
ond baf fle. 

The ef fect of the mass flow 
rate of air on the ax ial ve loc ity
pro files, in dif fer ent sec tions
of the so lar col lec tor, is shown 
in figs. 8-10. One ob serves
that the flow ac cel er ates in the
di rec tion of the flow and the
length of the recirculation re -
gions is pro por tional to the in -
crease in the flow of air in
flow. This re sult can be ex -
plain by the fact of the ve loc -
ity in creases of air flow and
also the con vec tive heat trans -
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Fig ure 6. Ve loc ity pro files be tween the first baf fle and the sec ond
fin

Fig ure 7. Ve loc ity pro files be tween the first fin and the sec ond
baf fle

Fig ure 8. Ef fect of the mass flow rate on the ax ial ve loc ity pro files
up stream of first baf fle 



fer from the sur face of the ab -
sorb ing plate to the fol low ing
air.

Heat trans fer as pects

The tem per a ture con tours
in the so lar col lec tor with baf -
fles and fins are plot ted in fig.
11. The plot shows that the
fluid tem per a ture in the vor tex
re gion is sig nif i cantly high as
com pared to that in the same
re gion of no baf fle re gion. In
the re gion down stream of the
two baf fles, recirculation cells
with low tem per a ture are ob -
served. In the re gions be tween
the tip of the fins and the chan -
nel wall, the tem per a ture is in -
creased. Due to the changes in
the flow di rec tion pro duced by
the pres ence of the sin gu lar ity
of ob sta cles, the high est tem -
per a ture value ap pears be hind
the lower chan nel wall with an
ac cel er a tion pro cess that starts
just af ter the first fin and the
sec ond baf fle. 

The tem per a ture pro files in
lon gi tu di nal sec tions of the so -

lar col lec tor are plot ted in figs. 12 and 13 at the po si tions de fined in figs. 6 and 7. By re fer ring to
the ve loc ity dis tri bu tion, the tem per a ture gra di ent at the heated wall de creases with in creas ing
the flow ve loc ity. This is due to the fact that the ap pear ance of the neg a tive val ues of the ve loc ity 
re duces the level of the tur bu lence in ten sity in side the bound ary layer. The re cir cu lat ing re gion
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Fig ure 9. Ef fect of the mass flow rate on the ax ial ve loc ity pro files
up stream of sec ond baf fle

Fig ure 10. Ef fect of the mass flow rate on the ax ial ve loc ity pro files
be tween the sec ond baf fle and the sec ond fin  (x = 0.352 m)

Figure 11. Temperature [K] distribution in the solar collector (m = 20 kg/h, L/B = 3/2, I0 = 1043 W/m2,
R = 16 cm) (color image see on our web site)



and the tem per a ture lines are 
both re stricted to the lower
left cor ner of the baf fle. The
cold ex ter nal air flows par al -
lel along the bot tom wall. 

The fluid con tin ues to be
heated up along the duct pro -
por tion ally to the num ber of
baf fles at tached to the ab -
sorber. Fur ther, for high
flow rates, the col lec tor op -
er at ing tem per a ture would
be lower, figs. 14 and 15, re -
sult ing in lower heat losses
and, con se quently, higher
ef fi cien cies, fig. 16.

In term of ef fi ciency, the
fig. 16 shows the ef fect of
mass flow rate on the per for -
mance of so lar col lec tor. As
ex pected, it can be clearly
ob served that val ues of ef fi -
ciency be come higher with
in creas ing val ues in the mass
flow rate. This in cre ment in
the per for mances is caused
by in creas ing the ve loc ity of
the flow. Also, the com par i -
son be tween the so lar col lec -
tor with and with out fins and
baf fle, ac cord ing to the
graphs of the ef fi ciency,
shows a no tice able im prove -
ment of the per for mances of
the in su la tor pro vided with
fins. In crease in ef fi ciency due 
to the in flu ence of fin is, also,
a func tion of flow (for ex am -
ple for an air flow of 30 kg/h,
one notes an in crease of
15.5%).

Fig ure 16 show the ther -
mal ef fi ciency for dif fer ent
val ues of mass flow rate of air
and for three cat e go ries of so -
lar panel. It is ob served that
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Fig ure 12. Tem per a ture pro files in dif fer ent sec tions of the so lar 
col lec tor (m = 30 kg/h, L/B = 3/2,  I0 =1043 Wm2, e = 2 cm, 
R = 16 cm) 

Fig ure 13. Tem per a ture pro files in lon gi tu di nal sec tions of the so lar
col lec tor

Fig ure 14. Mass flow rate ef fect on air tem per a ture 



the in crease in the val ues
of the ef fi ciency are more
sig nif i cant for a col lec tor
pro vided with baf fles and
fins com pared with those
ob tained for a so lar col -
lec tor with out baf fles and
fins. It is clear that the
ther mal im prove ments are 
even more sig nif i cant for
low mass flow rates of air
com par ing with the high
and av er age mass flow
rates of air.

Con clu sions

The pres ent nu mer i cal 
study has fo cused on the
in ves ti ga tion of forced
con vec tion and flow char -
ac ter is tics of a tur bu lent
flow of air in a so lar col -
lec tor with fins and baf -
fles in serts. The ge om e try 
of the prob lem is a sim pli -
fi ca tion of the ge om e try
found in so lar col lec tor
with baf fles and fins.

The nu mer i cal re sults ob tained by this study have been val i dated by ex per i men tal re -
sults. The ob jec tive was to pres ent an anal y sis of the dy namic and ther mal com port ment of tur -
bu lent flow us ing the k-e model at low Reynolds num ber in a rect an gu lar chan nel equipped with
baf fles and fins. 

Pro files ve loc ity dis tri bu tions show a zone of recirculation rel a tively in tense, over ev -
ery as pect of baf fles and fins, which moves down stream. The high est dis tur bance is ob tained be -
fore the first fins. Fi nally, these vor tex ar eas are re spon si ble for vari a tions of lo cal heat trans fer
along the sur faces of fins and hot wall.

The re sults are re ported for dif fer ent mass flow rate and for dif fer ent con fig u ra tions of
col lec tors. It was ob served that the ef fi ciency in creases with the in ten si fi ca tion of the vol ume
flow rate in one hand and also in creases with the pres ence of fins and baf fles in other hand.
How ever, in creas ing the air flow rate not only in creases the pres sure loss but also in creases the
fan power and, thereby, leads to in creased op er at ing cost. Con se quently, a proper in crease of the 
col lec tor as pect ra tio and proper in stal la tion of fins and baf fles should be eco nom i cally fea si ble
in the de sign of a so lar air heater.
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Fig ure 15. Mass flow rate ef fect on ab sorber plate tem per a ture

Fig ure 16. Ef fi ciency of dif fer ent so lar col lec tors
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