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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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 Forced convection solar dryer has been widely used for effective drying of 

agricultural products because it permits better ventilation which makes it less 

dependent on weather conditions and removes moisture faster, hence preventing 

stagnation. Though the solar dryer has proved its usefulness, its major obstacle in 

its applications is the optimization of its performance. For the future sustenance of 

the solar dryers, the design, development, and optimization must depend on 

thorough theoretical tools. Hence, the current study presents the finite element 

analysis simulation of forced convective heat transfer in a photo voltaic-powered 

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. 
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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 х 75 х 15 cm3. 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 160 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 

𝜕𝑢

𝜕𝑥
 +

𝜕𝑣

𝜕𝑦
= 0                                    (1) 

 

x-momentum equation 

𝜕𝑢

𝜕𝑡
 + 𝑢

𝜕𝑢

𝜕𝑥
 + 𝑣

𝜕𝑢

𝜕𝑦
= −

1

𝜌

𝜕𝑝

𝜕𝑥
 + 𝑣 [

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦
]                                 (2)

                                                                                                                 

y-momentum equation 
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𝜕𝑣

𝜕𝑡
 + 𝑢

𝜕𝑣

𝜕𝑥
 + 𝑣

𝜕𝑣

𝜕𝑦
= −

1

𝜌

𝜕𝑝

𝜕𝑦
 + 𝑣 [

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
]                                                           (3)

                                                                                                                     

Energy Equation 

𝜕𝑇

𝜕𝑡
 + 𝑢

𝜕𝑇

𝜕𝑥
 + 𝑣

𝜕𝑇

𝜕𝑦
=  𝛼 [

𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
]                       (4) 

                                                                                                                       

The initial condition is given as

𝑡 = 0,      𝑢 = 0, 𝑣 = 0, 𝑇 = 𝑇∞, 𝑝 = 𝑝∞   𝑓𝑜𝑟 0 < 𝑥 < 𝐿, 0 < 𝑦 < 𝐻 

        The boundary conditions are given as :

𝑡 > 0,    𝑦 = 0,       𝑢 = 𝑣 = 0,
𝜕𝑇

𝜕𝑦
= 0,

𝜕𝑝

𝜕𝑦
= 0                                      0 < 𝑥 < 𝐿 

𝑡 > 0, 𝑦 = 𝐻,      𝑢 = 𝑣 = 0,
𝜕𝑇

𝜕𝑦
= 0,

 𝜕𝑝

𝜕𝑦
= 0                              0 < 𝑥 < 0.4𝐿 

 

𝑡 > 0, 𝑦 = 𝐻,         𝑢 = 0, 𝑣 = 𝑈𝑐 , 𝑇 = 𝑇𝑐 , 𝑝 = 𝑝∞                      0.4𝐿 < 𝑥 < 0.6𝐿 

𝑡 > 0, 𝑦 = 𝐻         𝑢 = 𝑣 = 0,
𝜕𝑇

𝜕𝑦
= 0,

 𝜕𝑝

 𝜕𝑥
= 0                            0.6𝐿 < 𝑥 < 𝐿 

𝑡 > 0, 𝑥 = 0,        𝑢 = 𝑈∞ , 𝑣 = 0, 𝑇 = 𝑇ℎ , 𝑝 = 𝑝𝑚              0 < 𝑦 < 0.3𝐻 

𝑡 > 0, 𝑥 = 0         𝑢 = 𝑣 = 0,
𝜕𝑇

𝜕𝑥
= 0,

𝜕𝑝

𝜕𝑥
= 0                             0.3𝐻 < 𝑦 < 𝐻 

𝑡 > 0, 𝑥 = 𝐿         𝑢 = 𝑣 = 0,
𝜕𝑇

𝜕𝑥
= 0,

𝜕𝑝

𝜕𝑥
= 0                             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. 

𝑋 =
𝑥

𝐿
  , 𝑌 =

𝑦

𝐻
,   𝜏 =

𝑡𝑢∞

𝐿
,   𝑈 =

𝑢

𝑈∞
,   𝑉 =

𝑣

𝑈∞
,   𝑃 =

𝑝

𝜌𝑈2
∞

, 𝜃 =
𝑇−𝑇∞

𝑇𝑤−𝑇∞
  (5b) 

With the substitution of the non-dimentional parameters into the equations (1-4), we obtain: 

Continuity equation 

𝜕𝑈

𝜕𝑋
 +

𝜕𝑉

𝜕𝑌
= 0                     (6) 

X-momentum equation 

𝜕𝑉

𝜕𝜏
 + 𝑈

𝜕𝑈

𝜕𝑋
 + 𝑉

𝜕𝑈

𝜕𝑌
=  −

𝜕𝑃

𝜕𝑌
+

1

𝑅𝑒
(

𝜕2𝑈

𝜕𝑋2
+

𝜕2𝑈

𝜕𝑌2
)         (7)  

Y-momentum equation 

𝜕𝑉

𝜕𝜏
 + 𝑈

𝜕𝑉

𝜕𝑋
 + 𝑉

𝜕𝑉

𝜕𝑌
=  −

𝜕𝑃

𝜕𝑌
+

1

𝑅𝑒
(

𝜕2𝑉

𝜕𝑋2
+

𝜕2𝑉

𝜕𝑌2
)                 (8)  

Energy Equation 

𝜕𝜃

𝜕𝜏
 + 𝑈

𝜕𝜃

𝜕𝑋
 + 𝑉

𝜕𝜃

𝜕𝑌
=  

1

𝑅𝑒𝑃𝑟
(

𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2
)        (9)  

or       

𝜕𝜃

𝜕𝜏
 + 𝑈

𝜕𝜃

𝜕𝑋
 + 𝑉

𝜕𝜃

𝜕𝑌
=  

1

𝑃𝑒
(

𝜕2𝜃

𝜕𝑋2
+

𝜕2𝜃

𝜕𝑌2
)       (10)   

    The initial condition is given as 

𝜏 = 0,      𝑈 = 0, 𝑈 = 0, 𝜃 = 0,   𝑃 =
𝑝∞

𝜌𝑈∞
2

           0 < 𝑋 < 𝐿, 0 < 𝑌 < 𝐿 

  The boundary conditions in the non-dimentional scales are: 

  𝜏 > 0,    𝑌 = 0,       𝑈 = 𝑉 = 0,
𝜕𝜃

𝜕𝑌
= 0,

𝜕𝑃

𝜕𝑌
= 0                                             0 < 𝑋 < 1 
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𝜏 > 0, 𝑌 = 1,      𝑈 = 𝑉 = 0,
𝜕𝜃

𝜕𝑌
= 0,

 𝜕𝑃

𝜕𝑌
= 0                                       0 < 𝑋 < 0.4 

       𝜏 > 0, 𝑌 = 1,         𝑈 =
𝑈𝑐

𝑈∞
, 𝑉 = 0, 𝜃 = 0,

𝑃 = 𝑝∞/𝜌𝑈2             0.4 < 𝑋 < 0.6 

       𝜏 > 0, 𝑌 = 1         𝑈 = 𝑉 = 0,
𝜕𝜃

𝜕𝑌
= 0,

 𝜕𝑃

 𝜕𝑋
= 0                                     0.6 < 𝑌 < 1 

       𝜏 > 0, 𝑋 = 0,        𝑈 = 1, 𝑉 = 0, 𝑇 = 1,

𝑃 = 𝑝𝑚/𝜌𝑈2                 0 < 𝑌 < 0.3 

       𝜏 > 0, 𝑋 = 0         𝑈 = 𝑉 = 0,
𝜕𝜃

𝜕𝑋
= 0,

𝜕𝑃

𝜕𝑋
= 0                                      0.3 < 𝑌 < 1 

      𝜏 > 0, 𝑋 = 𝐿         𝑈 = 𝑉 = 0,
𝜕𝜃

𝜕𝑋
= 0,

𝜕𝑃

𝜕𝑋
= 0                                      0 < 𝑌 < 1 

(11) 

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

Continuity Equation results into 

 

𝑈𝑖+1,𝑗
𝑛 −𝑈𝑖,𝑗

𝑛

∆𝑋
+

𝑉𝑖+1,𝑗
𝑛 −𝑉𝑖,𝑗

𝑛

∆𝑌
= 0     or     

𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
 + 

𝜕𝑉𝑖𝑗
𝑛

𝜕𝑌
= 0         (12) 

 

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

 

𝑈𝑖𝑗
𝑛+1−𝑈𝑖𝑗

𝑛

∆𝜏
= 𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
− 𝑉𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑌
+

1

𝑅𝑒
(

𝜕2𝑈𝑖𝑗

𝜕𝑋2
+

𝜕2𝑈𝑖𝑗

𝜕𝑌2
)

𝑛

−
𝜕𝑃𝑖𝑗

𝜕𝑋
   + 𝑈𝑖𝑗

∆𝜏

2

𝜕

𝜕𝑋
[𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
+

                     𝑉𝑖𝑗
𝑛 𝜕𝑈𝑖𝑗

𝑛

𝜕𝑌
+

𝜕𝑃𝑖𝑗
𝑛

𝜕𝑋
] + 𝑉𝑖𝑗

∆𝜏

2

𝜕

𝜕𝑌
[𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
+ 𝑉𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑌
+

𝜕𝑃𝑖𝑗
𝑛

𝜕𝑋
]               (13a) 
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y momentum equation becomes a semi-discrete form as follows: 

 

𝑉𝑖𝑗
𝑛+1−𝑉𝑖𝑗

𝑛

∆𝜏
= 𝑈𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑋
− 𝑉𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑌
+

1

𝑅𝑒
(

𝜕2𝑉𝑖𝑗

𝜕𝑋2
+

𝜕2𝑉𝑖𝑗

𝜕𝑌2
)

𝑛

−
𝜕𝑃𝑖𝑗

𝜕𝑋
+ 𝑈𝑖𝑗

𝑛 ∆𝜏

2

𝜕

𝜕𝑋
[𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
+

𝑉𝑖𝑗
𝑛 𝜕𝑈𝑖𝑗

𝑛

𝜕𝑌
+  

𝜕𝑃𝑖𝑗
𝑛

𝜕𝑋
] +  𝑉𝑖𝑗

𝑛 ∆𝜏

2

𝜕

𝜕𝑌
[𝑈𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑋
+ 𝑉𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑌
+

𝜕𝑃𝑖𝑗
𝑛

𝜕𝑋
] +

𝐺𝑟

𝑅𝑒2
𝜃𝑖𝑗

𝑛                              (13b)

                                               

                                                                                                

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

 

              
  𝑈𝑖𝑗−𝑈𝑖𝑗

𝑛

∆𝜏
= 𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
− 𝑉𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑌
+

1

𝑅𝑒
(

𝜕2𝑈𝑖𝑗

𝜕𝑋2
+

𝜕2𝑈𝑖𝑗

𝜕𝑌2
)

𝑛

+ 𝑈𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑋
(𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
+

𝑉𝑖𝑗
𝑛 𝜕𝑈𝑖𝑗

𝑛

𝜕𝑌
) 

                 +𝑉𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑌
(𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
+ 𝑉𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑌
)                                                      (14) 

                                    

                                                                                                                              

 𝑉𝑖𝑗−𝑉𝑖𝑗
𝑛

∆𝜏
= 𝑈𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑋
− 𝑉𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑌
+

1

𝑅𝑒
(

𝜕2𝑉𝑖𝑗

𝜕𝑋2
+

𝜕2𝑉𝑖𝑗

𝜕𝑌2
)

𝑛

+ 𝑈𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑋
(𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
+ 𝑉𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗
𝑛

𝜕𝑌
) +

                  𝑉𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑌
(𝑈𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑋
+ 𝑉𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗
𝑛

𝜕𝑌
) +

𝐺𝑟

𝑅𝑒2
𝜃𝑖𝑗

𝑛                                    (15) 

                    

 

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: 

𝑈𝑖𝑗
𝑛+1−�̃�𝑖𝑗

∆𝜏
= −

𝜕𝑃𝑛

𝜕𝑋
+ 𝑈

∆𝜏

2

𝜕

𝜕𝑋
(

𝜕𝑃

𝜕𝑋
)

𝑛
+ 𝑉

∆𝜏

2

𝜕

𝜕𝑋
(

𝜕𝑃

𝜕𝑋
)

𝑛
       (16) 

 

𝑉𝑖𝑗
𝑛+1−�̃�𝑖𝑗

∆𝜏
= −

𝜕𝑃𝑛

𝜕𝑌
+ 𝑈

∆𝜏

2

𝜕

𝜕𝑋
(

𝜕𝑃

𝜕𝑋
)

𝑛
+ 𝑉

∆𝜏

2

𝜕

𝜕𝑌
(

𝜕𝑃

𝜕𝑌
)

𝑛
       (17) 
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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; 

∂𝑈𝑖𝑗
𝑛+1

∂X
+

∂𝑉𝑖𝑗
𝑛+1

∂Y
−

𝜕�̃�𝑖𝑗

𝜕𝑋
−

𝜕�̃�𝑖𝑗

𝜕𝑌
= −∆𝜏 (

𝜕2𝑃𝑖𝑗

𝜕𝑋2
+

𝜕2𝑃𝑖𝑗

𝜕𝑌2
)

𝑛

       (18) 

Which gives the pressure caculation 

(
𝜕2𝑃𝑖𝑗

𝜕𝑋2
+

𝜕2𝑃𝑖𝑗

𝜕𝑌2
)

𝑛

=
1

∆𝜏
(

∂�̃�𝑖𝑗
𝑛

𝜕𝑋
+

∂�̃�𝑖𝑗
𝑛

𝜕𝑌
)         (19) 

Since (continuity equation); 

∂𝑈𝑖𝑗
𝑛+1

∂X
+

∂𝑉𝑖𝑗
𝑛+1

∂Y
= 0                   (20) 

Determining the Temperature  

When the characteristic Galerkin procedure is applied to the temperature equation (11), the 

resulting equations become: 

𝜃𝑖𝑗
𝑛+1−𝜃𝑖𝑗

𝑛

∆𝑡
= 𝑈𝑖𝑗

𝑛 𝜕𝜃𝑛

𝜕𝑋
− 𝑉𝑖𝑗

𝑛 𝜕𝜃𝑖𝑗
𝑛

𝜕𝑌
+

1

𝑅𝑒𝑃𝑟
(

𝜕2𝜃𝑖𝑗

𝜕𝑋2
+

𝜕2𝜃𝑖𝑗

𝜕𝑌2
)

𝑛

+ 𝑈
∆𝜏

2

𝜕

𝜕𝑋
(𝑈

𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
) +

                    𝑉
∆𝜏

2

𝜕

𝜕𝑌
(𝑈

𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
)

𝑛
         (21) 

The intermediate x-momentum equation is summarizes as follows: 

�̃�𝑖𝑗−�̃�𝑖𝑗
𝑛

∆𝑡
= 𝑈

𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
− 𝑉

𝜕𝑈𝑖𝑗
𝑛

𝜕𝑋
+

1

𝑅𝑒
(

𝜕2𝑈𝑖𝑗

𝜕𝑋2
+

𝜕2𝑈𝑖𝑗

𝜕𝑌2
)

𝑛

+ 𝑈𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑋
(𝑈𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗

𝜕𝑋
+ 𝑉

𝜕𝑉𝑖𝑗

𝜕𝑌
)

𝑛

+

                 𝑉𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑌
(𝑈𝑖𝑗

𝑛 𝜕𝑈𝑖𝑗

𝜕𝑋
+ 𝑉

𝜕𝑈𝑖𝑗

𝜕𝑌
)                                                          (22) 

                                                                                                                        

 

And the intermediate y-momentum equation is: 

 �̃�𝑖𝑗−�̃�𝑖𝑗
𝑛

∆𝑡
= 𝑈𝑖𝑗

𝜕𝑉𝑖𝑗
𝑛

𝜕𝑋
− 𝑉

𝜕𝑉𝑖𝑗
𝑛

𝜕𝑌
+

1

𝑅𝑒
(

𝜕2𝑉𝑖𝑗

𝜕𝑋2
+

𝜕2𝑉𝑖𝑗

𝜕𝑌2
)

𝑛

+ 𝑈𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑋
(𝑈𝑖𝑗

𝑛 𝜕𝑉𝑖𝑗

𝜕𝑋
+ 𝑉

𝜕𝑉𝑖𝑗

𝜕𝑌
)

𝑛

+

                 𝑉𝑖𝑗
𝑛 ∆𝜏

2

𝜕

𝜕𝑌
(𝑈

𝜕𝑈𝑖𝑗

𝜕𝑋
+ 𝑉

𝜕𝑈𝑖𝑗

𝜕𝑌
)                    (23) 

 

Pressure Calculation 
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(
𝜕2𝑃𝑖𝑗

𝜕𝑋2
+

𝜕2𝑃𝑖𝑗

𝜕𝑌2
)

𝑛

=
1

∆𝜏
(

∂�̃�1

𝜕𝑋
+

∂�̃�

𝜕𝑌
)           (24) 

 

Temperature equation  

𝜃𝑖𝑗
𝑛+1−𝜃𝑖𝑗

𝑛

∆𝑡
= 𝑈𝑖𝑗

𝑛 𝜕𝜃𝑛

𝜕𝑋
− 𝑉𝑖𝑗

𝑛 𝜕𝜃𝑖𝑗
𝑛

𝜕𝑌
+

1

𝑅𝑒𝑃𝑟
(

𝜕2𝜃𝑖𝑗

𝜕𝑋2
+

𝜕2𝜃𝑖𝑗

𝜕𝑌2
)

𝑛

+ 𝑈
∆𝜏

2

𝜕

𝜕𝑋
(𝑈

𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
) +

                   𝑉
∆𝜏

2

𝜕

𝜕𝑌
(𝑈

𝜕𝜃

𝜕𝑋
+ 𝑉

𝜕𝜃

𝜕𝑌
)

𝑛
                    (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 = 𝑁𝑖𝑈𝑖 + 𝑁𝑗𝑈𝑗 + 𝑁𝑘𝑈𝑘 = [𝑁][𝑈]             (26) 

𝑉 = 𝑁𝑖𝑉𝑖 + 𝑁𝑗𝑉𝑗 + 𝑁𝑘𝑉𝑘 = [𝑁][𝑉]                                                      (27)   

𝑃 = 𝑁𝑖𝑃𝑖 + 𝑁𝑗𝑃𝑗 + 𝑁𝑘𝑃𝑘 = [𝑁][𝑃]                                                            (28)  

𝜃 = 𝑁𝑖𝜃𝑖 + 𝑁𝑗𝜃𝑗 + 𝑁𝑘𝜃𝑘 = [𝑁][𝜃]                                                    (29)  

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

spatial discretization is  

 

[𝑀𝑒] =
𝐴

12
[
2 1 1
1 2 1
1 1 2

]                    (30) 

 

And the Element Convection Matrix 
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[𝐶𝑒] =           
1

24
[

(𝑤𝑠𝑤 + 𝑢𝑖)𝑏𝑖 (𝑤𝑠𝑤 + 𝑢𝑖)𝑏𝑗 (𝑤𝑠𝑤 + 𝑢𝑖)𝑏𝑘

(𝑤𝑠𝑤 + 𝑢𝑗)𝑏𝑖 (𝑤𝑠𝑤 + 𝑢𝑗)𝑏𝑗 (𝑤𝑠𝑤 + 𝑢𝑗)𝑏𝑘

(𝑤𝑠𝑤 + 𝑢𝑘)𝑏𝑖 (𝑤𝑠𝑤 + 𝑢𝑘)𝑏𝑗 (𝑤𝑠𝑤 + 𝑢𝑘)𝑏𝑘

] +

         
1

24
[

(𝑤𝑟𝑤 + 𝑢𝑖)𝑐𝑖 (𝑤𝑟𝑤 + 𝑢𝑖)𝑐𝑗 (𝑤𝑟𝑤 + 𝑢𝑖)𝑐𝑘

(𝑤𝑟𝑤 + 𝑢𝑗)𝑐𝑖 (𝑤𝑟𝑤 + 𝑢𝑗)𝑐𝑗 (𝑤𝑟𝑤 + 𝑢𝑗)𝑐𝑘

(𝑤𝑟𝑤 + 𝑢𝑘)𝑐𝑖 (𝑤𝑟𝑤 + 𝑢𝑘)𝑐𝑗 (𝑤𝑟𝑤 + 𝑢𝑘)𝑐𝑘

]             (31)   

   

 

Where  

𝑤𝑠𝑤 = 𝑢𝑖 + 𝑢𝑗 + 𝑢𝑘 

𝑤𝑟𝑤 = 𝑣𝑖 + 𝑣𝑗 + 𝑣𝑘 

 

[𝐾𝑒] =
𝑅𝑒

4𝐴
[

𝑏𝑖
2 𝑏𝑗𝑏𝑖 𝑏𝑘𝑏𝑖

𝑏𝑖𝑏𝑗 𝑏𝑗
2 𝑏𝑘𝑏𝑗

𝑏𝑖𝑏𝑘 𝑏𝑗𝑏𝑘 𝑏𝑘
2

] +
𝑅𝑒

4𝐴
[

𝑐𝑖
2 𝑐𝑗𝑐𝑖 𝑐𝑘𝑐𝑖

𝑐𝑖𝑐𝑗 𝑐𝑗
2 𝑐𝑘𝑐𝑗

𝑐𝑖𝑐𝑘 𝑐𝑗𝑐𝑘 𝑐𝑘
2

]        (32) 

 

For the momentum diffussion, we have; 

 

[𝐾𝑡𝑒] =
𝑃𝑟

4𝐴
[

𝑏𝑖
2 𝑏𝑗𝑏𝑖 𝑏𝑘𝑏𝑖

𝑏𝑖𝑏𝑗 𝑏𝑗
2 𝑏𝑘𝑏𝑗

𝑏𝑖𝑏𝑘 𝑏𝑗𝑏𝑘 𝑏𝑘
2

] +
𝑃𝑟

4𝐴
[

𝑐𝑖
2 𝑐𝑗𝑐𝑖 𝑐𝑘𝑐𝑖

𝑐𝑖𝑐𝑗 𝑐𝑗
2 𝑐𝑘𝑐𝑗

𝑐𝑖𝑐𝑘 𝑐𝑗𝑐𝑘 𝑐𝑘
2

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

 

[𝐾𝑠𝑒] =
𝑈𝑎𝑣

12
[

𝑏𝑖
2 𝑏𝑗𝑏𝑖 𝑏𝑘𝑏𝑖

𝑏𝑖𝑏𝑗 𝑏𝑗
2 𝑏𝑘𝑏𝑗

𝑏𝑖𝑏𝑘 𝑏𝑗𝑏𝑘 𝑏𝑘
2

] +
𝑈𝑎𝑣

12
[

𝑏𝑖𝑐𝑖 𝑏𝑖𝑐𝑗 𝑏𝑖𝑐𝑘

𝑏𝑗𝑐𝑖 𝑏𝑗𝑐𝑗 𝑏𝑗𝑐𝑘

𝑏𝑘𝑐𝑖 𝑏𝑘𝑐𝑗 𝑏𝑘𝑐𝑘

] +

𝑉𝑎𝑣

12𝐴
[

𝑐𝑖𝑏𝑖 𝑐𝑖𝑏𝑗 𝑐𝑖𝑏𝑘

𝑐𝑗𝑏𝑖 𝑐𝑗𝑏𝑗 𝑐𝑗𝑏𝑘

𝑐𝑘𝑏𝑖 𝑐𝑘𝑏𝑗 𝑐𝑘𝑏𝑘

] +               
𝑉𝑎𝑣

 12𝐴
[

𝑐𝑖
2 𝑐𝑖𝑐𝑗 𝑐𝑖𝑐𝑘

𝑐𝑗𝑐𝑖 𝑐𝑗
2 𝑐𝑗𝑐𝑘

𝑐𝑘𝑐𝑖 𝑐𝑘𝑐𝑗 𝑐𝑘
2

]    (34) 

 

Where 𝑈𝑎𝑣and 𝑉𝑎𝑣  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: 

𝐾 =
1

4𝐴
[

𝑏𝑖
2 𝑏𝑗𝑏𝑖 𝑏𝑘𝑏𝑖

𝑏𝑖𝑏𝑗 𝑏𝑗
2 𝑏𝑘𝑏𝑗

𝑏𝑖𝑏𝑘 𝑏𝑗𝑏𝑘 𝑏𝑘
2

] +
1

4𝐴
[

𝑐𝑖
2 𝑐𝑖𝑐𝑗 𝑐𝑖𝑐𝑘

𝑐𝑗𝑐𝑖 𝑐𝑗
2 𝑐𝑗𝑐𝑘

𝑐𝑘𝑐𝑖 𝑐𝑘𝑐𝑗 𝑐𝑘
2

]     (35) 

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

 

[𝐺𝑢] =
1

6
[

𝑏𝑖 𝑏𝑗 𝑏𝑘

𝑏𝑖 𝑏𝑗 𝑏𝑘

𝑏𝑖 𝑏𝑗 𝑏𝑘

]          (36) 

 

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

[𝐺𝑣] =
1

6
[

𝑐𝑖 𝑐𝑗 𝑐𝑘

𝑐𝑖 𝑐𝑗 𝑐𝑘

𝑐𝑖 𝑐𝑗 𝑐𝑘

]          (37) 

 

The obtained forcing vectors of the 𝑥-component for momentum equation is: 
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[𝑓1] =
Γ

4𝐴
𝑅𝑒 [

𝑏𝑖𝑢𝑖 𝑏𝑗𝑢𝑗 𝑏𝑘𝑢𝑘

𝑏𝑖𝑢𝑖 𝑏𝑗𝑢𝑗 𝑏𝑘𝑢𝑘

0 0 0

]

𝑛

𝑛𝑢 +
Γ

4𝐴
𝑅𝑒 [

𝑐𝑖𝑢𝑖 𝑐𝑗𝑢𝑗 𝑐𝑘𝑢𝑘

𝑐𝑖𝑢𝑖 𝑐𝑗𝑢𝑗 𝑐𝑏𝑘𝑢𝑘

0 0 0

]

𝑛

𝑛𝑣   (38) 

 

Where 𝑖 𝑗 is the boundary edge of an element. 

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

 

[𝑓2] =
Γ

4𝐴
𝑅𝑒 [

𝑏𝑖𝑣𝑖 𝑏𝑗𝑣𝑗 𝑏𝑘𝑣𝑘

𝑏𝑖𝑣𝑖 𝑏𝑗𝑣𝑗 𝑏𝑘𝑣𝑘

0 0 0

]

𝑛

𝑛𝑢 +
Γ

4𝐴
𝑅𝑒 [

𝑐𝑖𝑣𝑖 𝑐𝑗𝑣𝑗 𝑐𝑘𝑣𝑘

𝑐𝑖𝑣𝑖 𝑐𝑗𝑣𝑗 𝑐𝑘𝑣𝑘

0 0 0
]

𝑛

𝑛𝑣           (39) 

The obtained forcing vector using the discretization of the second-order of pressure terms in the 

calculation of pressure is as follows: 

 

[𝑓3] =
Γ

4𝐴
[

𝑏𝑖𝑃𝑖 𝑏𝑗𝑃𝑗 𝑏𝑘𝑃𝑘

𝑏𝑖𝑃𝑖 𝑏𝑗𝑃𝑗 𝑏𝑘𝑃𝑘

0 0 0

]

𝑛

𝑛𝑢 +
Γ

4𝐴
[

𝑐𝑖𝑃𝑖 𝑐𝑗𝑃𝑗 𝑐𝑘𝑃𝑘

𝑐𝑖𝑃𝑖 𝑐𝑗𝑃𝑗 𝑐𝑘𝑃𝑘

0 0 0

]

𝑛

𝑛𝑣                        (40) 

 

 

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

order is: 

 

[𝑓4] =
Γ

4𝐴
𝑃𝑟 [

𝑏𝑖𝜃𝑖 𝑏𝑗𝜃𝑗 𝑏𝑘𝜃𝑘

𝑏𝑖𝜃𝑖 𝑏𝑗𝜃𝑗 𝑏𝑘𝜃𝑘

0 0 0

]

𝑛

𝑛𝑢 +
Γ

4𝐴
𝑃𝑟 [

𝑐𝑖𝜃𝑖 𝑐𝑗𝜃𝑗 𝑐𝑘𝜃𝑘

𝑐𝑖𝜃𝑖 𝑐𝑗𝜃𝑗 𝑐𝑘𝜃𝑘

0 0 0

]

𝑛

𝑛𝑣                (41) 

 

 

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
𝚫[�̃�]

𝚫𝐭
] = [𝒇𝟏] − [𝑪][𝑼]𝒏 − [𝑲𝒎][𝑼]𝒏 − [𝑲𝒃][𝑼]𝒏                                             (42)  

Calculations of the Intermediate Velocity in the 𝑦-Component 

[𝑴
𝚫[�̃�]

𝚫𝐭
] = [𝒇𝟐] − [𝑪][𝑽]𝒏 − [𝑲𝒎][𝑽]𝒏 − [𝑲𝒔][𝑽]𝒏                                              (43)  

 

Step 2: Calculation for Pressure 

 

[𝑲][𝑷]𝒏 = [𝒇𝟑] −
𝟏

𝚫𝐭
[𝑮𝒖][�̃�] + [𝑮𝒖][�̃�]                                                                (44)                                                                                       

 

Step 3: Correction of Velocity term 

 

[𝑴][𝑼]𝒏+𝟏 = [𝑴][�̃�] − 𝚫𝛕[𝑮𝒗][𝑷]𝒏                                                                        (45a)                                                                                             

 

[𝑴][𝑽][𝒏+𝟏 = [𝑴][�̃�] − 𝚫𝛕[𝑮𝒗][𝑷]𝒏                                                                        (45b)                                                                                          

 

Step 4: Computation of Temperature term 

[𝑴
𝚫[𝜽]

𝚫𝐭
] = [𝒇𝟒] − [𝑪][𝜽]𝒏 − [𝑲𝒇][𝜽]𝒏 − [𝑲𝒔][𝜽]𝒏                                               (46)  

 

 

5. Results and Discussion 

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 Temperature Distribution in the drying chamber              Fig. 3 Velocity Distribution in the drying chamber  
at an Aspect ratio (L/H) of 1 and Blower speed 0.2m/s              at an Aspect ratio (L/H) of 1 and Blower speed 0.2m/s 

 

 

Fig. 4 Pressure Distribution in the drying chamber                     Fig. 5 Temperature Distribution in the drying chamber  
at an Aspect ratio (L/H) of 1 and Blower speed 0.2m/s               at an Aspect ratio (L/H) of 1 and Blower speed 0.6m/s 

 

     Fig. 6 Velocity Distribution in the drying chamber                        Fig. 7 Pressure Distribution in the drying chamber  
at an Aspect ratio (L/H) of 1 and Blower speed 0.6m/s                          at an Aspect ratio (L/H) of 1 and Blower speed 0.6m/s 
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Fig. 8 Temperature Distribution in the drying chamber                      Fig. 9 Pressure Distribution in the drying chamber  
at an Aspect ratio (L/H) of 1 and Blower speed 1.0m/s                      at an Aspect ratio (L/H) of 1 and Blower speed 1.0m/s 
 

 

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 oC 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.  

 

Fig. 10 Temperature Distribution in the drying chamber                  Fig. 11. Pressure Distribution in the drying chamber  
at an Aspect ratio (L/H) of 1 and Blower speed 3.0m/s                    at an Aspect ratio (L/H) of 1 and Blower speed 3.0m/s 
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Fig. 12 Temperature Distribution in the drying chamber                           Fig. 13 Pressure Distribution in the drying chamber  

at an Aspect ratio (L/H) of 2 and Blower speed 3.0m/s                            at an Aspect ratio (L/H) of 2 and Blower speed 3.0m/s 

 

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. 

 

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

at an Aspect ratio (L/H) of 0.5 and Blower speed 3.0m/s                            at an Aspect ratio (L/H) of  0.5 and Blower speed 
3.0m/s 
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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 65oC 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 

Pr     Prandtl number 

Re   Reynold Number 

Pe   Peclet number 

t      time, s 

T     temperature, oC 

Tw   wall temperature, oC 

T∞   atmospheric temperature,  oC 

U    dimensionless velocity along x-axis 

u∞   free stream velocity, m/s 

V    dimensionless velocity along x-axis 

x     length of the oven, m 

X    dimensionless length of the oven 

y     breadth of the oven  

Y    dimensionless breadth of the oven 

Symbol 

    thermal diffusivity, m2/s 

 θ     dimensionless temperature 

    dimensionless time 

    density, kg/m3 


 
  coefficient of dynamic viscosity, kg/ms 
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