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Abstract-The open-air solar drying is a traditional method used for drying Gelidium sesquipedale in Morocco, an important
commercial maritime specie of red algae existing in abundant quantities in the large Moroccan coast between Safi and EL
jadida. However, this method is not professional and is time-consuming. Here, we present a modified design of a solar air
heater destined to use as a component in an indirect solar dryer of Gelidium sesquipedale. We report the results of simulation
of the thermal behavior of a modified simple back-pass solar collector in order to predict parameters influencing its thermal
performances, such as the number and the diameter of perforations in the configuration, the airflow rate, the solar irradiance.
To achieve this, a 3D simulation with finite element model (FEM) is built using the meteorological data collected at the chosen
location during the regular harvesting period (July, August and September). The results show that the optimal simulated con-
figuration of a flat plate solar collector is of seven symmetrical perforations of 30 mm diameter, and mass airflow rate around
60kg/h. The best conditions for drying algae are achieved using a solar collector facing south and inclined by 20° to the hori-
zontal. The air outlet temperature will be in the range of 35 to 44°C that is relevant for low temperature drying of seven hours a
day, safeguarding the quality of the red algae destined for processing.

Keywords: red algae, gelidium sesquipedale, numerical simulation, solar collector, solar dryer.

transportation costs. Nevertheless, the parameters influenc-
1. Introduction ing drying such as solar irradiance, drying airflow rate, am-
bient temperature, wind velocity, relative air humidity, etc.
remain out of control, resulting in a larger drying period,
and therefore, an undesirable drying rate. Furthermore, this
method can result in quality degradation [3]. Recently sev-
eral published studies have focused on the drying of plants
and foods and maritime species using solar dryers. These
studies include drying thymus [4], cocoa beans [5], peeled
and unpeeled cherry tomatoes [6], dates [7], Mushrooms [8],

permits the conservation and the reduction of the volume it stachio 110 host Chilli P 11
and weight of products and therefore diminish storage and bitter gourd [9], pistachio [10], Ghost Chilli Pepper [11],

The gelidium sesquipedale is a very important species
of red algae and is the basic material of red algae. It is a
basic material of the Agar-Agar, a commercial product with
gelling powe [1] and having a therapeutic use [2]. The har-
vesters of this maritime plant located on Morocco’s Atlantic
coast, between EL Jadida and Safi dry it by direct exposure
to sunlight. This traditional and economical drying method
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cashew[12], chilli[13], green chilies , potato chips[14] ,
marine microalgae[15], Gelidium sesquipedale [16], etc.

The indirect solar dryer, consists of two main compo-
nents: a solar air heater collector (SAHC) and a drying
chamber. The air is heated using the solar collector before
circulating in the drying chamber. The performance of the
collector is considerably sensitive to the changes in its de-
sign parameters. Therefore, the optimization of the geomet-
rical and physical configuration of a SAHC allows to max-
imizing the use of sun's thermal energy and obtaining the
highest drying rate [17]. Over the past two decades, a num-
ber of published articles have been devoted to improving
solar air heating collectors by studying and analyzing differ-
ent collector designs. Leon et al [18] developed unglazed
transpired collectors (UTC) also known as perforated col-
lectors. They present the details of a mathematical model for
it using heat transfer expressions for the collector compo-
nents, and empirical relations for estimating the various heat
transfer coefficients. Results indicate that the promising
thermal performance of (UTC) is relevant for drying of food
products and offer itself as an attractive alternate to glazed
solar collectors. However, this type of collectors is more
used in ventilation applications than in drying ones. Many
numerical studies have been done in order to enhance the
performance of different types of collectors[19]-[20]. Re-
cently, Orbegoso et al [5] developed a computational fluid
dynamics (CFD) based model in order to numerically char-
acterize the thermal performance of (SAHC) submitted
under controllable operating conditions. The (CFD) model
was employed for three types of SAHC in order to identify
the geometric and physical parameters that affect the collec-
tors' thermal performance. The study showed that the three-
step (SAHC) having two glasses demonstrated the best
thermal performance than that observed in the case of the
three-step (SAHC) having three glasses and in the simple —
pass one-step (SAHC) of Singh et al. However, this type of
collector with two or three step will have the disadvantage
of increasing the pressure losses. Ait Mohammed et al[16]
studied the kinetic of solar drying of Gelidium sesquipedale.
They determined the suitable model for describing the dry-
ing curves. The solar dryer used in their work includes than
a conventional single cover solar air heater, an auxiliary
heating system integrated in the drying chamber. For this
reason, they tried drying at higher temperatures (50 and
60°C) and very large volume airflow rates up to 0.0833
m’/s, equivalent to mass airflow rate of 360 kg/h. Although
the performance of this hybrid equipment is very important
for drying, the use of electrical energy in the auxiliary heat-
ing system could be considered a disadvantage.

Thus, the objective of this study was to improve a back-
pass solar air heater in order to permit a 100% solar drying
of plants and agro-food. The thermal behavior of several
configurations under forced convection are numerically
characterized in order to determine their thermal perfor-
mance under several controlled operating conditions. The
heat transfers by convection and radiation are modeled, and
the behavior of the solar collector is simulated to account for
its performance for drying Gelidium Sesquipedale in El

jadida, by considering the weather conditions during the
harvesting period (July, August and September), determined
by the Moroccan Ministry of Agriculture and Maritime
Fisheries.

2. Materiel and Methods
2.1 Prototype description

The air heater collector considered is a simple back-
pass; the absorber plate is placed behind an ordinary glass
cover with a layer of static air separating it from the cover.
The air to be heated flows between the down surface of the
absorber and the upper surface of the insulation. For having
a good airflow distribution, two perforated barriers are add-
ed. The materials considered manufacturing our prototype
are ordinary, cheap, and locally available. The synoptic
diagram of the collector is shown in Fig. 1. It consists of:

(a)

Solar radiation

)

Fig. 1. Representations of a solar collector configura-
tion. Longitudinal section (a): glass (1), static air (2), air
inlet (3), air outlet (4), absorber(5), thermal insulator(6). 3D
view (b): inlet of air (7), internal perforations (8), perforated
barriers (9), outlet of air (10).

* A box made of solid wood, of dimensions
(1.440x1.013%0.231)m>, with openings on the lateral sides
of the inlet and the outlet airs.

* An ordinary 4mm lass that covers the case and en-
sures the greenhouse effect.

2004
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Table 1. Parameters assumed in predictions concerning El
jadida

July August September
4.4 4.1
Wind velocity (m/s) 4.7
Average monthly
ambient temperature 23.5 23.6 22.4
°O)
Average monthly
atmospheric pressure 100.1 100.1 100.2
(kPa)
Average monthly
relative humidity (%) 61.8% 63.3% 65.9%

* An absorbent zinc plate whose surface exposed to
radiation painted in matte black. The area of the plate is of

(1.170 x 0.900)m? and the thickness is about 0.8mm.

* A thermal insulator (expanded polystyrene) at the
bottom and on the side of the case, with thickness, respec-
tively, of 43 and 56.5 mm.

* Between the plate and the insulation, the air is dis-
tributed using two perforated wooden barriers. Each con-
taining a number N of equidistant perforations, having the
same diameter, and distributed symmetrically with respect
to the center of the barrier. We choose an odd number N
equal to 3, 5, 7,9, and 11 in order to have the central perfo-
rations aligned with the inlet and outlet perforations.

* A fan blowing air inside the collector.

* Two cylindrical pipes of 95 mm diameter are
placed at the entrance and at the exit.

The collector is in a fixed position, facing south and in-
clined by 20° to the horizontal, estimated by iterative nu-
merical calculation on the inclination angle between 0° and
90° and also iteration on the day number jin the year be-

tween (152 for July 1st) and (273 for September 30th), for
the three months of the harvesting period. The optimal angle
20° is the average of the inclination angles giving the maxi-
mum global irradiance at 12H AST (Apparent Solar Time)
on the days concerned.

2.2 Solar irradiance and meteorological conditions

In our calculations, we predict solar irradiance Using Mete-

orological Data[21]. We consider that the ambient tempera-
ture, atmospheric pressure, wind velocity and relative hu-
midity are equal to the monthly average values of the three
considered months (Table.1.) measured over 22 years be-
tween 1983 and 2005 in the area of El Jadida [22].

The existing databases offer only the measured values or the
interpolated values of the hourly horizontal global solar
irradiance, so we were obliged to estimate them for an in-
clined plane of an angle of 20°, for clear sky days, according
to a semi-empirical model. in our calculations the degrada-
tion of solar radiation due to humidity or dust will be taken
into account[23]. The direct normal irradiance /, on a re-
ceiving plane normal to this radiation is given by Eq.(1)
[24]:

1, =E, xexp(~=Ep xm, xT}) (D

n

Where E,, the solar constant, is[20]:

S

Eoor =1367x[1+o.0334xc05(w)] 2)

365.25

The Rayleigh optical thickness £, can be written from
Kasten ‘s equation, as follows [24]:

Eg =1/(0.9%m, +9.4) 3)
Where the relative optical air mass m,, is calculated for
an altitude of z above sea level [25] as the equation:

exp(-0.00011847 x z) 4
a = 1.253 )
sin(/) +0.15x (3.885 + k) 1259

his the solar altitude in (DegC); and (z =10m) for EL
Jadida .The turbidity factor7, of Link, is expressed as fol-
lows [26]:

T; =24+14.6x6+04x(1+26)xIn(P,) %)

Where f stands for the atmospheric turbidity coeffi-

cient of Angstrom [27]. For an urban environment like El
jadida g is considered equal to 0.1.

P, is the partial vapor pressure of water in (mbar). The
diffuse solar irradiance /[, and I, reflected from the
ground on a receiving plane of inclination :: are calculated
using the following equations [27]:

Ly =125%(sin h)** x (1 + cosi)/2 (6)

I, =211.86x(sin h)"* x(1-cosi)/2 (7

The global solar irradiance :—~on an inclined surface
with an angle :: is defined by the following equation [27]:

Ig=1,%xC; + 1y +1, ®)
and :7;, the inclination coefficient is[27],[28]:

C, =cosdxcoswxcos(L, - i)+sindxsin(L, - i) (9)

Where L, stands for the site latitude / is the solar alti-
tude; w is the hour angle; J is the declination; and i is the
inclination angle of collector. The global solar irradiance
received by the collector was culcuated using all the equa-
tions mentioned above, for different hours (AST) of the half

day for the three months. The results are shown in Fig. 2(a),
Fig. 2(b), and Fig. 2(c).

2005
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Fig. 2. Global solar irradiance received by the glass of the

horizontal and inclined collector (20°) versus the apparent

solar time hours (AST) rate in different months (a) July 15;
(b) August 15; and (c) September 15.

2.3 Modeling based on energy balance

The theoretical calculations are based on the energy bal-
ance of the collector are detailed by K. S. Ong [29] and also
experimentally validated by him [30]. The energy balance
equations of the various collector components per unit area
of the collector are written as follows[29]:

¢ For cover glass:

By xlg+h,, (T, (T,,-T.) = U, (1,-T,) (10)

a

bs_T; )+h'

abs-v

* For absorber plate:
TXGXIG = habs-f(T:Jbs -Tf )+ hncv (T;zbs -T\’/)
+ h;?(]—'abs -T:i) + h;bs-v(y;bs -T; )
*  For the airflow:
Pups— (L =Tp) =hy_q(Ty =T;) +F, (12)

(11)

*  For bottom plate:
hf—d(rf_Td)"'h;l(Tabs_Td)=Ub(Td_Ta) (13)

Where, P, (W /m?)stands for the useful heat transferred
to the air per unit area; /)’V is the absorptivity coefficient of
glass; T, (°C)is the ambient temperature; 7., (°C) is the
absorber temperature; 7, (°C)is the glass temperature;
T;(°C) is the airflow temperature; 7}, (°C)is the tempera-
ture of the bottom of the collector; T,(°C) is the inlet air
temperature; habs_f (W.m_2.°C"1)is the convective heat
transfer coefficient between the absorber and the airflow;
hy_q (W.m™2.°C™")is the convective heat transfer coefficient
between the airflow and the bottom of the collector;
Byina (W.m_2.°C_l)is the convective heat transfer coefficient
Wm™.°C™")is the
radiation heat transfer coefficient between the absorber and

between the glass and the wind,; h,;bs_v

the glass. h;_sky(W.m_z.c’C_l)is the radiation heat transfer

coefficient  between the glass and the  sky;
h;i(W,m_z,°C_1)is the radiation heat transfer coefficients
between the bottom of collector and the absorber plate;
U, (W.m™.°C™")is the top heat loss and Ub(W,m_z,"C_l)

is the bottom heat loss coefficients.

Assuming that P, is uniform along the collector. This

assumption implies that the air temperature varies linearly
along the collector and the amount of useful solar irradiance
absorbed by the collector, converted into heat, and received
by the circulating air can be written as follows [29]:
D, xc
£ = L’"xl x(T;=T,) (14)
Where, D, is the mass airflow rate L is the length of

the absorber flat zinc plate / is the width of the absorber flat
zinc plate and ¢ is the specific heat capacity of air.

The average airflow temperature is approximated by[29]:

1, (1,472 09

From where: P, = 2D, ><c><(Tf -T) (16)

With: T'= 2?m><cwe get: P, =I'x(T,-T)) (17)
o .

By substituting the Eq.(16) in the Eq.(12) and rearranging,
we obtain the following equations:

2006
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(hncv + h;bs-v + Ut ) T; - (hncv + hc;bs-v) T;bx - (18)
U xT -BxI, =0
_(hncv + h(;b,v-v) va + (hncv + habx-f + h;l + h{;b,v-v)T;bx - (19)

habs_ffo—h:ijd —txaxl.=0
hahs—f xT,, - (habs—f + hf—d +T) T,
+h, , xT,+I'x T, =0

By x Ty + hy yxT,=(hy+ hy+ U, )T, +U,xT,=0  (21)

(20)

abs

The convective heat transfer coefficient # between

wind
the glass and the wind can be determined from the correla-
tion [31]:

N, =0.0723xRe* " xPr'/? (22)
Where, N, is the Nusselt number, Reis the Reynolds Num-
ber, and Pr is the Prandtl number. Moreover:

By =N, xk/L (23)

Win
The sky temperature Tsky is given by [29]:
Ty, =0.0552x(Ta)'"? (24)

The Eq. (25), Eq. (26) and Eq.( 27) give the radiation
heat transfer coefficients as follows:

By =0 x8,(T2+ To WT,2 = Tg VAT, -T,)  (25)
hupeos =T 4T T +T,)  (26)
+—-1

Eabs—u Ev
' g 2 2 27
hy = I I (Tps + 1) (T +Ty) 27

+—-1

Eabs—d ‘9d

The Eq. (28) and Eq. (29) give the top heat loss coeffi-
cient and the bottom heat loss coefficient, respectively:

Ut = hwind + h;—.S'Ig/ (28)

U, =1/ [1/(% oty )+ (1 Poying )] (29)
Where, e, (m) is the insulation thickness (polystyrene)

and k

oty (W/m.K) is the thermal conductivity of polysty-

rene.

Forced convection coefficient between two parallel
plates in case of turbulent airflow given by Sider and Tate as
[18]:

Nu =0.027xRe”$x Pr’*x (‘u/ U, (30)
Where, u, (Pa.s) is the viscosity of air evaluated at the

)0.14

wall temperature and y(Pa.s)is the dynamic viscosity of
air

Sider and Tate, also give the natural convection coeffi-
cient A, between two parallel plates as follows [18]:

By = 0.2x (L1 1) x(Grx Pr)* 31
Where,

hy is the separation distance between the glass and the
absorber plate and Gr is the Grashof number.
The physical properties of air density, specific heat, dy-
namic viscosity, and thermal conductivity are given respec-

tively with the following equations [29], where T is ex-
pressed in (°C):

0,(T) =1.1774 = 0.00359x (T - 27) (32)
Cp(T) =1.005755.10° +6.6.107(T' -27) (33)

w(T)=1.983.107° +1.84.10° x (T - 27) (34)

k(T) =2.624.107 +7.58.107 x (T - 27) (35)

According to continuity equation in fluid mechanics
(conservation of mass) [32], the air velocity v; exiting the

interior perforations was estimated by Eq. (36):
N

Soxvy = (Si xvi) (36)

S, and S§;are the area of external inlet perforation and the
internal inlet perforation, respectively.

vpand v, are initial air velocity and the air velocity after

crossing the barrier, respectively.
Since[32],

Dm =SOXV0/pair (37)

Assuming that the air is distributed identically through
the N perforations, we get the following equation:

v, =Dm/[prW xT,.» xndf] (38)

The global thermal efficiency 5, of the collector is as
follows[17]:

Since our solar air heater is assumed as a short collector
(1.17m) so as demonstrated by K. S. Ong [29] we do not
need to divide it into a finite number of short collectors.
Therefore, the wall temperatures are assumed uniform and
the air temperatures are assumed to vary linearly along the
collector in the direction of airflow. The Eq. (18), Eq. (19),
Eq. (20) and Eq. (21) form a system of non-linear equations
to four unknowns:7,,T, , T, and T,. The resolution

method of this system is different from the one used by
K.S.Ong. We used the optimization toolbox in MATLAB
software allowing us to calculate accurately the values of
T,. the optimization algorithm is the trust-region-dogleg

algorithm, the Maximum number of iterations allowed is
equal to 400, and all termination tolerances are equal to the

default value of 107°.

2.4 Three dimensional FEM model

2007
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To simulate the behavior of the system, a 3D simulation
with finite element model (FEM) is built. We took into con-
sideration the simultaneous thermal interaction of the seven
union domains (static air, airflow, down insulator, lateral
insulator, absorber plat, and glass). The behavior of the
collector has been studied under stationary operating condi-
tions. The equation governing heat transfer is given by [33]:

PxCpxuVT =V.(kVT)+Q (40)

Where, T(K) is the Absolut temperature of the solid or

fluid material; p(kg/ m3); is the density of the material the

solid or fluid C,(J kg'.°C™")is the specific heat capacity

at constant pressure of the solid or fluid material; u(m/s)is

the Eulerian velocity of a fluid particle Q(J) is the Heat
Sources.

The equations governing the airflow for a Newtonian low
compressible fluid, in turbulent airflow, are defined In the

RANS (Reynolds Averaged Navier-Stokes-) approach[32],
by the following equations[33]:

P x N = -Vp+v.[(ﬂ+ﬂr>((Vu+(Vu)T)-§ (Va)D)+ 2 xg (1)
Luir X(Vu) =0 (42)

Where, p(Pa) is the Thermodynamic pressure of air; [ is
the Tensor unit; g(m/s?)is the Gravity;

k(W /mk)is the coefficient of thermal conduction;
p(kg/m’) is the density of the material; o (kg/m’); is
the density of air w(Pa.s)is the dynamic viscosity of air and
U (Pa.s) s the turbulence viscosity of air.

The radiation heat exchange between a surface and its
environment is given by the following equation:

With &, and o are the surface emissivity and Stefan-
Boltzmann constant, respectively

The radiation heat exchange between two parallel surfac-
es 1 and 2 is given by [33]:

O

= d_rd 44
Weyrey-1 B =h) )

q

The emissivity ¢; of the materials used[34], are given in
Table 2.

Table 2. Emissivity in infrared thermography of some Mate-
rials considered in predictions.

Ordinary | Plate of Oil Expanded
Material glass natural | paint | polystyrene
(4mm) Zinc matt
Emissivity &; 0.92 0.18 0.95 0

The flow chart in Fig. 3 shows the steps involved in the
simulation study. The partial differential equations shown
earlier in this section must be discretized into a set of alge-
braic equations, which may be solved based on the finite
element method (FEM). The simulations of the seven geo-
metrical domains are discretized into tetrahedral elements.
Since the most important energy exchanges take place at the
absorber level, we have increased the fineness of our mesh
size of absorber boundaries by choosing a mesh triangular
type extremely fine. The number of elements is 273942
domain elements, 52641 boundary elements, and 3646 edge
elements. Such number of mesh elements permits to have
more precision on results (Fig. 4) although it requires a
much longer computation time. The relative tolerance was

fixed at 107>.

q=¢x0ox(T; -T) 43)
Assign initial and
eomir;ii;P;odel Meshing coaes’?annis N boundary
9 conditions
v
Introduce the
Solve Assign variationals
view results inbluit tolerance equat]o‘ns
convergence concerning
physics model

Fig. 3. Flow chart for the simulation study
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Fig. 4. The mesh type

3. Results and Analysis 60
August 15th =
3.1 Validation of the numerical simulation model | a T,=23.6°C Ts
O ~ 12H(TSV) s
Figures 5 (a), 5 (b), and 5(c) represent the variation of % 50 Y (b)
the outlet simulated 7, using the FEM model and the outlet 5 e
, £ 45 ~

calculated temperature 7,, using the energy balance, versus g &
the mass airflow rate for the prototype with seven perfora- g‘ 40 e -
tions, a diameter of 30mm, and under the same conditions. et
Its show that the two results are in good agreement and the 351
discrepancies in all cases are less than1°C . This result per- 30

mits to valid the three-dimensional FEM simulation model
and then to use it to simulate several further configurations
by changing the number or the diameters of perforations in
order to identify which one demonstrated the best thermal
performance.

60
July 15th ~—n—T
55| 4 Ta=23.5°C s
) S 12H(AST) AT
o
> %0 h
5 N
£ 451 Y ) (@)
g 40 t\‘
Q
& 35
30 4+— : : :

20 40 60 80 100 120
D, (kg/h)

20 40 60 80 100 120
D, (kg/h)

551 & September 15th m T
. Ta=224°C AT
‘ sc
O 50 \ 12H (AST)
~ ol
£ 45 (©)
= 2
ot
8 40 2
: .,
= 35
30 T T r T

20 40 60 80 100 120
Dn(Kg/h)
Fig. 5. Outlet air temperatures 7, and T,. versus mass

airflow rate in different months (a) July 15; (b) August 15;
and (c) September 15.

3.2 Optimization of the performance of the prototype of
collector

For a constant airflow rate, the global thermal efficiency
of a solar collector is a linear function of the air temperature
rise between its outlet and inlet AT =T, —T,. Therefore, we
considered comparing the thermal performance of different
solar collector configurations under the same operating

2009
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condtions: [, =800W /m?,T, =T, =25°C,v,,,; =5.6m/s
and D, =60kg/h by comparing their AT . Since the glaz-

ing is the same for all configurations, a comparison is car-
ried out without glazing to reduce simulation computing
time and make a finer mesh for more accurate results.

The effect of the perforation diameter was studied by
considering three different diameters (30, 35, 40 mm). The
calculations of pressure losses (Fig.6) show that these only
depend on the collector configuration and decrease when the
number of perforations increases. Pressure losses vary
moderately for perforations between N=7 and N=11.

]
120+ e 30mm
100 = 35mm
—_ A 40mm
< 80
& .
= 60 X
q 40<
| | ®
204 A A | ®
A o s
0 1 1 1 1 1
1 3 5 7 9 11

N

Fig. 6. Pressure losses in the collector versus number and
diameters of perforations

As illustrated in the Fig.7, the results show that the
thermal performance of the collector increases as the diame-
ter of perforation decreases. It is clear that a prototype solar
collector with seven perforations with diameters equal to
30mm is more interesting as a prototype solar collector with
a single pass under absorber. A diameter of less than 30mm
seems undesirable since the pressure drop becomes very
high as illustrated in Fig. 6. The calculated air temperature
rise of the collector without perforated barrier is of
AT =5°C which is twice as small as AT in the optimal
configuration. This confirms the improvement of the simple
Back-pass collector by adding the two perforated barriers to
the design.

Physically, we can explain the shape of the curve in
Fig.7 by comparing the effect of air distribution and the
effect of turbulence produced by N perforations. While N
is less than seven, the air flow distribution improves pro-
gressively with the increase of their number, so improves
the heat transfer by convection with the absorber. At the
same time, decreases the velocity v; of the air outlet from

the perforations and consequently, will decrease the turbu-
lence, which will result in the decrease of this transfer. In
fact, the shape of the curve could be explained for N less
than seven by the predominance of the effect of air distribu-
tion on the turbulence effect, which is decreasing. From
N =7 to N=11, the effect of reduced turbulence predomi-

nates, especially as the improvement in air distribution be-
comes less and less important.

A 40mm
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Fig. 7. Air temperature rise versus the number of perfora-
tions N for different perforation diameters

The decrease of the diameter of the perforations d; will
increase the velocity of the airflow and consequently, will
increase the turbulence, from where the improvement of the
heat transfer between the air and the absorber.

All these results are in agreement with the results ob-
tained from the variation of pressure losses Ap in the solar
collector versus N, where Ap decreases gradually from 3 to 7
and remains almost constant from N=7. The decrease in
diameter d; reduces pressure losses and improves air distri-
bution and turbulence, which means improved the thermal
transfer with the absorber plate.

Fig. 8. shows the evolution of AT as a function of the
ratio 1/d,?. The statistical determination coefficient R* is

calculated for the two entities. The obtained values are near
1, that confirm a strong linear correlation between 1/d,?
and AT for a given configuration with N perforations (Ta-
ble 3).

Table 3. The Determination coefficient R? for different
configurations of air collectors

N 3 5 7 9 11

R? 0.941 0.965 | 1.000 | 0.985 1.000

The simulation, in the stationary state, using the three-
dimensional FEM model, allows evaluating the average of
outlet air temperature 7, the average absorber tempera-

ture 7, , the average glass temperature 7, (Fig. 9). It is

clear that all these temperatures decrease with increasing
airflow rate. This result can be explained by the increasing
of the amount of air passing through the collector per unit
time.
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Fig. 9. Temperatures of the outlet air, the absorber, and the
glass versus the mass airflow rate

The calculation of the global thermal efficiency of the
collector (Fig. 10) shows that the thermal efficiency increas-
es with increasing mass airflow. We explain that with the
increase of the turbulence effect, that improve the convec-
tive exchange between the flowing air and the absorbent
plate. The figures 10 shows that the correlation between
efficiency and airflow rate is not linear because airflow is
implicitly temperature-dependent. Indeed, AT Decreases
with the increase of D, . The choice of the solar collector's

operating airflow rate will therefore be a compromise be-
tween a higher air temperature rise and a higher thermal
efficiency.

The solar irradiance in the clear sky hypothesis is sym-
metrical (Fig. 3(a), Fig.3(b) and Fig 3.(c)) so we decided to
do the simulation calculations for half-day only. The simula-
tion results shown in Fig.11(a), Fig.11(b) and Fig.11(c)
illustrates the behavior of the solar collector in the stationary
case during three trial days of the regular harvesting period
of Gelidium sesquipedale. Since the air outlet temperature
and the global efficiency of the solar collector varies in
opposite ways with respect to the mass airflow, a compro-
mise between the two parameters is required. Therefore, we
fixed the operating airflow rate in the range (60+5)kg/h

allowing a sufficient global efficiency approximately equal

to 50% and a sufficient drying air temperature in all cases
between 35°C and 44°C for a duration of approximately
seven continuous hours per day from 9h (AST) to 16h
(AST).
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Fig. 10. Global collector efficiency versus mass airflow rate

3.3 Study of an eventual use in drying Gelidium sesquipe-
dale

4. Conclusion

The objective of the work was to propose a modified
configuration of a solar air heater and to determine the pa-
rameters allowing operation capable of meeting the thermal
requirements necessary to reduce the drying time of the
Gelidium sesquipedale in El Jadida in Morocco. The follow-
ing conclusion can be drawn as follows:

v' The FEM model was successfully validated
through comparison with the calculations using the energy
balance equations. Results obtained by the two approaches
are comparable.

v A simple back-pass solar collector with seven per-
forations per barrier with a diameter of 30 mm is interesting
and allows relatively a higher thermal performance in com-
parison with the other modified and the unmodified geome-
tries.

v Considering the clear sky assumption, the use of
our air heater prototype as a component in a solar dryer of
Gelidium sesquipedale, is possible for approximately seven
hours of continuous operation per day during the regular
harvesting period. The collector must be facing south, in-
clined by 20° to the horizontal in order to increase the ener-
gy absorbed, and consequently improve red algae drying
conditions. For a mass airflow rate of about 60kg/h the air
outlet temperature will be between 35°C and 44°C relevant
for low temperature drying.

v' The present study will permit the application of this
collector to study experimentally the low temperature drying
kinetics of Gelidium sesquipedale using a purely solar dryer
without any electrical energy supply.
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