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ARTICLE INFO ABSTRACT
Avrticle history: Forced convection solar dryer has been widely used for effective drying of
Received 20 May 2022 agricultural products because it permits better ventilation which makes it less
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Accepted 01 July 2022 dependent on weather conditions and removes moisture faster, hence preventing
Available online 01 July 2022 stagnation. Though the solar dryer has proved its usefulness, its major obstacle in
Keywords: its applications is the optimization of its performance. For the future sustenance of
Finite Element Simulation the solar dryers, the design, development, and optimization must depend on
Drying chamber thorough theoretical tools. Hence, the current study presents the finite element
Heat transfer S . . . .
Forced Convection analysis simulation of forced convective heat transfer in a photo voltaic-powered
Solar dryer solar dryer. For performance optimization in the solar dryer analysis, the effects of
the following factors such as blower speeds, the chamber ratio of the solar dryer, on
the pressure and temperature distributions as well as the velocity in the drying
chamber were investigated. From the results, the performance of the drying chamber
increases as its aspect ratio decreases and as the blower speed increases. The results
of this work could therefore be used in the design of an optimized Photovoltaic-
ventilated forced convection solar dryer.
1. Introduction

Solar radiation is abundantly available in the tropical and subtropical regions and this has proved that
solar energy can be the most desirable option for energy source in drying. The traditional method of
drying agricultural products which involves open air drying is a technique in food preservation that
lowers the contents of moisture in agricultural products. This process prevents the food from

deterioration within the period known for safe storage. However, this technique is labour intensive,
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time consuming, and large space demanding. In fact, crops get damaged and also considerable losses
occur due to hostile weather conditions, human vandalism, rodents, birds, insects, rain and
microorganisms. This method is proned to contamination by foreign materials and pest infestation
resulting in serious degradation in the quality of food and makes the food inedible. All these lead to
significant impaired quality and product loss. Consequently, quite a number of study and work have
been done in the application of solar radiation knowledge which includes fabrication, production, and
distribution of various solar dryers in developing countries [1-5]. However, these solar dryers are
neither available in the tropics nor in the subtropics. Evaluating and optimising the performance of
such systems have been the major concern and interest of most researchers of the systems. In order to
achieve this, extensive studies have been done in the simulation and optimization of natural
convective solar dryers for agricultural products [6-13]. The success rate of natural convection solar
dryers is not encouraging because of inadequate flow of induced air. Therefore, forced convection
solar drying which permits better ventilation by joining a suction fan power-driven by a solar
Photovoltaic module was incorporated. This shows an improved performance as it makes the dryer
less dependent on weather conditions and removes moisture faster, hence it prevents stagnation.
Literatures abound on performance studies concerning forced convection solar dryers [9, 14-18]. Most
of the work done as found in the literature were based on the products drying behaviour and to the
best of our knowledge, little or no attention was given to the drying characteristic and performance
of the drying chamber. Moreover, the finite element method is assumed to be useful for only
Computational Solid Mechanics or conductive heat transfer problems in Thermo-Fluid mechanics. In
fact, the Galerkin Method in the finite element methods is easily applied for heat transfer conduction
problems. But when the same Galerkin Method is applied to solve convection problems, the obtained
results will be substantially marred with false oscillations in space if critical values of certain
parameters are exceeded for instance, the element peclet number. The difficulty is not peculiar to
finite elements method as complexities are observed in most spatial discretization techniques [21].
Difficulties are also encountered when Characteristic Galerkin scheme is applied to obtain solutions
for the momentum equation. However, the application and the incorporation of Characteristic Based
Split (CBS) scheme into the finite element software/codes provides a permanent solution to this
problem. The scheme satisfies the well-known Babuska-Brezzi condition [19-21]. To the best of the
authors’ knowledge, the previous studies on the numerical simulations did not consider the pressure

and temperature distributions, as well the velocity in the drying chamber. Therefore, in this work, a
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finite element method was used to simulate the heat transfer behavior in a photovoltaic-powered
forced convection solar dryer. For performance optimization in the solar dryer analysis, the effects of
the following factors such as blower speeds, the chamber ratio of the solar dryer, on the pressure and

temperature distributions, and the velocity in the drying chamber were investigated.

2. The Equipment

The photovoltaic solar dryer is made up of the blower, the collector box, the dry chamber, and the
photovoltaic module as assembled and shown in Figure 1. The materials used for the work include;
wood, metal sheet, wire mesh, Perspex, and rock wool (used for insulation at the connections to prevent
loss of energy). The collector is made up of the absorber plate for collection of solar energy, collector
box made of frame and box, and the transparent glazing cover made of Perspex. The wooden collector
box provides channel for the airflow into the drying chamber, while the heated air increases its capacity
to sustain the water vapour. The dimensions of the drying chamber are 120 x 75 x 15 cm®. The thermal
conductivity of the aluminum sheet is 204 W/m-K and it is used for the absorber. It is painted in black
color to enhance its absorptivity and emissivity of the radiant energy. The use of Perspex instead of
glass was due to its relative elasticity, easy transportability and handling and its malleability and crack
resistance under great amount of sunlight. From inclination theory, an angle of 16° is chosen and used
for its inclination. There is an opening made of transparent glass at the backside of the drying chamber
which allows the chamber to be viewed from the backside. The chamber has two mesh trays made of
wood where the farm produce are kept. The photovoltaic-blower assembly is made up of the 11W
photovoltaic panel, 12V DC blower for the air flow and moisturized air evacuation from the drying

chamber in order to prevent moisture stagnation in the chamber.

3. The Solar Chamber

The Solar chamber is an enclosure where the product is dried and protected against insect, pest, rodent,
duct and rain from damaging agricultural product. The inlet air increases in temperature by solar
collector and channel through the drying chamber for drying the products. Blower/Fan is used to force

heated air along the passage of drying chamber so as to dehydrate the product.
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Fig. 1 Photo-voltaic forced convection solar dryer

4. Model Formulation: Solar Dryer

The Finite Element Simulation of the heat transfer process in solar dryer involves setting up heat

transfer models. The model equation formulation includes the conservation equation.

Conservation Equations Formulation of Solar Dryer Chamber

The finite element method was applied to obtain solution for the resulting conservation equations

Continuity Equation

ou v
—_— —_— 0
0x ady

X-momentum equation

ou
o TG +v ay =T T [—+—

y-momentum equation

1)

)
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o v — _ 1% [_ v
+ u + ay 5 ay 9xZ + 3)
Energy Equation
oT oT oT 02T  9%T
—t+u5 +’U$— ﬁ-l__ 4)

The initial condition is given as

t=0, u=0, v =0, T =T, P=DPs for0<x<IL, 0<y<H

t>0 =0 =v=0 aT—O ap—O 0<x<L
) y_ ) Uu=v= ) ay_ ) ay_ X
t>0 =H =v=0 aT—O ap—O 0<x<04L
) y_ ) Uu=v= ) ay_ ) ay— X .
t>0, y=H, u=0,v=U,, T=T, D =P 04L <x < 0.6L
t>0 =H =v=0 aT—O ap—O 0.6L<x<L
, y = u=v=020, ay_' o . X
t>0, x =0, u="Ug,, v=20, T =Ty, D = DPm 0<y<03H
t>0 =0 =v=0 6T_0 (')p_o 03H<y<H
’ x= u=v="5 ox ox ' y
_ =0 T _ % _
t>0, x=1 u—v—O,ax—O,ax—O 0<y<H

(5a)
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The non-dimensionalized form of the equation was obtained by applying the non-dimentional

scales as follows.

t T-T,
X=2,v=2 =2, U=—, V=", P=—L— g=—"2 (5b)
L H L Uso Uso pUZ% Ty —Teo
With the substitution of the non-dimentional parameters into the equations (1-4), we obtain:
Continuity equation
ou ov
% Ty =0 (6)
X-momentum equation
v ou ouU oP 1 (0%U , d%U
U V= Gt ) @
Y-momentum equation
v v v oP 1 (0%V 9%V
U V=t Ge ) ®)
Energy Equation
a0 a0 a0 1 0%6  0%6
o T U& + VE " Rep, (aXZ aYZ) )
or
a0 a0 a0 1 (9%0  92%6
5 U V=Gt e (10
The initial condition is given as
t=0, U=0, U=0, 9=0,P=p°o 0<X<IL, 0<Y<L
pU&
The boundary conditions in the non-dimentional scales are:
>0, =0, U=v=0 2o Z_ 0<X<1
O AR
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>0 Yy=1 U=V=0 06 =0 op 0
' ’ o B ’ ay ’ ay
Uc
>0, Y =1, U=U—, V=0, 0=0,
P =p./pU? 04<X<06
>0 Yy=1 U=V=0 o6 =0
T ) - - - Yy aY_ )
aP'—() 0e<tY <1
0X '
>0, X =0, U=1, V=0, T =1,
P =p,,/pU? 0<Y <03
>0 X=0 U=V =0 06 0
T ) - - - ) aX )
aP"O 03<Y<1
0X '
>0 X=1L U=V=0 06 =0 op =0
e B VTV T ax T

0<X<04

0<Y<l1

(11)

Finite Element Analysis for the Characteristics-Based Split (CBS) Conservation Equations

Continuity Equation results into

U1 j=Uly | Vi, =Yy _ —0 or oUj; an}_O
AX AY ax oy

X momentum equation becomes a semi-discrete form as follows:

urti-un yn 2V auj} _yn U aU" 1 (azuij azuij)” G)
o Ui Vi o Tar) Tx
naU" aP" AT 8 naU" naU”
Vij Y +V‘J 2 ay [UU X +Viiay Y

(12)
At @ OUS
Uy 2 aX[UU x +
oPj; 13
x (13a)
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y momentum equation becomes a semi-discrete form as follows:

nAT a aUn

vitt-v _yn i yn % aV” (azvij azvij) aPU LU g oY
At YU ox U oy 9X2 ay2 U2 ax | U ax
au" )2k At 8 vl vy, 0P
n i n n 9Yij n %Y
— 1
Vij oY X + Vi 2 oy [UU X i Y + ] + 91 (13b)

When the pressure term is removed from equations 13a and 13b, equation 14-15 are obtained

Uy-ul _yn oufy L] au” (OZUU N aZUi,-)" Ly Kl yn 2V aUn
AT U ax U gy ax? Y2 g T2 ax\7U ax
aU"
Vln
J 9y
AT O U" aU"
nat 9 n n
VU 2 9y (UU 0X VU oy (14)
n
Vij—Vl-" _yn i aV” _yn i aVn (a Vij + ) Lyl At & ] aU” V"a U +
AT U ax U oy X2 ay? ij 2 ax\ U ax U oy
At 0 aV'n vt
n n n ur
Vi3 2 9y (U‘J X Vi BY) + 9” (19)

When equation 14 and 15 are subtracted from equations 13a and 13b separately, the real velocity

field equations are obtained. (momentum or velocity correction equations) as:

AR op™ At @ (9P\" At @ (aP\"
ij Yy _ _ + U= ( ) V__(_) (16)
At 0X 2 0X \0X 2 0X \0X
Y. 9PN At @ [oP\" At @ [OP\"
ij y_ _ 27 + U= ( ) +VV— ( ) (17)
At oY 2 0X \oX 2 dY \oYy
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When equation 17 is differentiated further with respect to x and y, while combining the obtained

equations while neglecting the observed third-order terms in the equation yields;

annj+1 + 6V{;}+1 aUU aVU _ A (aZPij + aZPij)Tl 18
X oY ox  or  “\axz T oyz 1o

Which gives the pressure caculation

(32Pij + _azpif)n _ 1 (00" 4 my" (19)
0x? ay? AT\ 0X oY

Since (continuity equation);

6U{;+1 alli‘;l_+1
X oY

Determining the Temperature

=0 (20)

When the characteristic Galerkin procedure is applied to the temperature equation (11), the
resulting equations become:

O =05 _ ym 29" _ 05 | 1 (azei,- N azeij)" 4 Ugi(Ua_H 4 VB_H) +
At U ox YU a9y = ReP, \ 0X2 Y2 2 09X\~ 90X oy
At @ a6 ao\"
vIZ(uZ+v) 21
2 9y \~ 9x + oy (21)

The intermediate x-momentum equation is summarizes as follows:

Ui;-Uj; _ Uaui"j _v oUy + i(azuij + aZUij)” + Uﬂfi(U.n. ovyj + aVij)” +
At 0X a)g Re gXZ ay? U29x\ Y ax oY
At 0 Ui Uij
V??__(U.n._f V—) 22
U 29y \ U ax T oY (22)

And the intermediate y-momentum equation is:

V.. —pn avn avn 1 702V ArviA\" AT 9 AV VT
T A L R i R N (LTI
At J ax aaY Rea X2 Y2 J 2 ax J ax )%
At 0 Uij Uij
V-’-‘——(U V—) 23
U 2 gy )¢ T oY (23)

Pressure Calculation
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92P;; aZPU—)" 1 (0U1 aV)
(ax2 t e T At \oax +5 (24)

Temperature equation

0 =67 6™ 0% 1 (9%0y  0%0;\" | At d (,,80 , 80
2 gr 2T yn T (CE+2Y) +uEZ (Vo +ve)+
At ] ox J 9y  RepP, \ 0x2 Y2 2 09X\~ 90X oy
At @ ( 26 ae)"
Vzay U0X+V6Y (25)

Spatial Discretization

The standard Galerkin approximation method is applied to obtain solutions for equations 20-25,
the linear interpolation functions are applied for the used variables, and then the linear triangular
element spatial discretization is written as follows:

U = N;U; + N;U; + N U, = [N][U] (26)
V= NVi + NV + NV = [N][V] (27)
P = N;P; + N;P; + NP, = [N][P] (28)
6 = N;8; + N;6; + N,.6, = [N][6] (29)

The obtained Mass Element Matrix from the Characteristics-Based Split scheme following the
spatial discretization is

2 1 1
[1 2 1] (30)

And the Element Convection Matrix
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(wsw +u;)b;  (Wsw + u;)b;
[C.] = 2—14 (WSW + uj)bi (WSW + uj)bj
(Wsw +u)b;  (Wsw + uy)b;

(wsw + u; )by
(WSW + uj)bk +
(wsw + u; ) by

wrw +u)ce;  (wrw +uy)e; (wrw + u;)cy

i (Wrw + uj)ci (Wrw + uj)cj (Wrw + uj)ck
wrw +u)e; (wrw +ug)c; (Wrw + w)cy

Where
WSW = U; + U + Uy

wrw = v; + vj + vy

blz bjbl bkbi Cl-2 CjCi

Re 2 Re 2

[Ke] = m blbj bj bkb] + A CiCj Cj
bibk b]bk b,% CiCk Cjck

For the momentum diffussion, we have;

blz b]bl bkbi Ciz CjCi
PT‘ 2 Pr 2
[Kte] = a blb] bj bkbj + a CiCj Cj

bibk bjbk b]% CiCk Cjck

CkCi

Cij

CrCi
Cij

Ck

191

(31)

(32)

(33)
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The Heat diffusion and Stabilization Matrices are also obtained as follows

bl2 bjbi bkbi -bici biCj bick
[Keel ==2|biby b7 bhj|+=2|bje; byg; by | +
bib, bib,  bi | brci brcj  bycy
cib;  cibj  ciby _Cl-z CiCj  CiCk
f;: cjb;  ¢ib;  ciby [+ 11/‘;; cici ¢ cick (34)
Ckbi cxb;  cpby cre ckep cp

Where U,,and V,,, are the mean values of U and V for the elements. In order to complete the
solution process, the spatial discretization of the Characteristics-Based Split scheme involves more
forcing vectors and matrices. The discretized results yields the matrix forthe second-order terms

for the pressure parameter is:

blz bjbl bkbi Ciz

1 2 1
K = A blbj bj bkbj + A CiCi
bibk b]bk b,% CkCi

Cicj

2
Cj

Cij

CiCk
Cjck

Ck

The first gradient matrix as obtained for the x-direction is:

b;
[Gu] =% b;
b

l

b;
b
b;

b

S oS
E R

(35)

(36)

While the second-gradient matrix as obtained for the y-direction is

Ci Cj
[Gv] =—|¢G ¢
Ci Cj

(37)

The obtained forcing vectors of the x-component for momentum equation is:
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n

i bu; bju;j  bruy . Cily Ui CplUy 1"
[fil = - Re|bu; bju; bw| ny+Re|cw Cbkuk] ny (38)
0 0 0 0 0 0

Where i j is the boundary edge of an element.

The obtained forcing vector of the y- component momentum equation is:

. biv; bjv; byvy " . CiVi GV CpVg™
[f2] = Re|bv; bjv; beve| ny+;Re|civi G ckvk] n, (39)
0 0 0 0 0 0

The obtained forcing vector using the discretization of the second-order of pressure terms in the
calculation of pressure is as follows:

n

b;P; b;P; b,P,|"
i51=Z|np bP o
3 aa | Vit jLj kl'k u 4A
0 0 0

Cipi C]P Ckpk
CiPi C]P] Ckpk
0 0 0

ny (40)

Finally, the obtained forcing vector term using the discretization of the pressure term in the second-
order is:

b6; b;0; b0,
T Vi jYJ kYk r
[ ]_apr biﬁi bjgj kak ny +aPr
0 0 0

Ciei Cjej Cka (41)

Ciei C191 Ckek n
nv
0 0 0

The Matrix form of the four steps for the characteristic based split scheme is as follows.

Step 1: Calculations of the Intermediate Velocity in the x-Component
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M) = (5,1 - [l - (K01 - (K, (0]

Calculations of the Intermediate Velocity in the y-Component
Al
M = (£,] - [V - (K, V] - KV

Step 2: Calculation for Pressure

1

- A_t [Gu] [U] + [Gu] [V]

[K][P]" = [f5]
Step 3: Correction of Velocity term

[M][U]™*! = [M][O] - Ax[G,][P]"
[M][V]"™*1 = [M][V] - AT[G,][P]"

Step 4: Computation of Temperature term

[ = 17,1 - (€161 ~ [K/]i61" - (K] l6]"

A

5. Results and Discussion

(42)

(43)

(44)

(45a)

(45b)

(46)

The figures in the results shown above display the variation and the distributions in colours and

contours for the different blower speeds and aspect ratios. These results showed the air dynamics

drying chamber for 2000 sec of highest insolation.
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Fig. 2-9 show the temperature, pressure and velocity distributions of the drying chamber of an
aspect ratio 1 for the blower speeds of 0.2 m/s, 0.4 m/s, 0.6 m/s and 1 m/s. From these results, it
could be seen that the space achieved by the maximum temperature of 65 °C in the drying chamber
tends to increase in the chamber as the speed of the blower increases. However, as the blower
speed increases, pressure reduces in the drying chamber and the velocity of the hot air in the drying
chamber increases.
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Fig. 10 Temperature Distribution in the drying chamber Fig. 11. Pressure Distribution in the drying chamber
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The results of the temperature and pressure distributions in the drying chamber of an aspect ratio

1 for the blower speeds of 3 m/s are shown in Figures 10 and 11, while Figures12 and 13 show the

temperature and pressure distribution in the drying chamber of an aspect ratio 2 for the blower

speed of 3m/s. As depicted by the figures, the space achieved by the maximum temperature when

the aspect ratio is 2 was found to be reduced as compared to the aspect ratio of 1 and this shows

that performance of the drying chamber with the same blower speed of 3 m/s drops at an increase

aspect ratio.
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Fig. 14 Temperature Distribution in the drying chamber
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Fig.15 Pressure Distribution in the drying chamber

at an Aspect ratio (L/H) of 0.5 and Blower speed
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Fig.14 and 15 show the temperature and pressure distribution in the drying chamber of an aspect
ratio 0.5 and blower speed of 3ms. From the figures, the space achieved by the maximum
temperature increased significantly and the chamber seem to quickly attain a uniform maximum
temperature of 65°C over a wide range of space in the drying chamber and this show that
performance of the drying chamber with the same blower speed of 3 m/s increases at a reduced
aspect ratio. It could therefore be deduced from the results that the performance of the drying
chamber increases as its aspect ratio decreases and the blower speed increases. An aspect ratio of
0.5 is recommended as an optimum value for the drying chamber as predicted in this work.

6. Conclusion

In this work, the finite element method has been applied to analyze the heat transfer and
temperature behaviour in a forced-convective solar dryer powered by photovoltaic system. The
effects of the following factors such as blower speeds, the chamber ratio of the solar dryer, on the
pressure and temperature distributions as well as the velocity in the drying chamber were
investigated. From the simulated results, the performance of the drying chamber increases as its
aspect ratio decreases and the blower speed increases. Based on the findings in this work, It is
therefore recommended that an aspect ratio of 0.5 could be used as an optimum value for the drying
chamber. The results of this work could be used in the design of an optimised Photovoltaic-
ventilated forced convection solar dryer.

Nomenclature X length of the oven, m

Pr Prandtl number X dimensionless length of the oven
Re Reynold Number y  breadth of the oven

Pe Peclet number Y dimensionless breadth of the oven
t time,s Symbol

T temperature, °C «a  thermal diffusivity, m?/s

T,, wall temperature, °C 0 dimensionless temperature

T, atmospheric temperature, °C T dimensionless time

U dimensionless velocity along x-axis £ density, kg/m3

U, free stream velocity, m/s U coefficient of dynamic viscosity, kg/ms

V dimensionless velocity along x-axis
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