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ABSTRACT

The effect of air flowing into an in an active indirect mode solar dryer was studied. The 
study aimed at optimizing the airflow features of a solar dryer of active indirect feature 
using Response Surface Methodology (RSM). The factors of the experiment included the 
product slice thickness of the experimental product and the air vent of the dryer. The two 
factors were considered at five levels and a total of 13 experimental runs derived. The air vent 
was based on the following shape orientations: square, rectangular, circular, and triangular. 
The thickness of the product was considered at five levels of 4, 8, 12, 16 and 20 mm. The 
responses from the experimental set up were the air flow rate and drag force, which were 
determined using established equations. The optimum values for the air flow rate and drag 
force were 0.0275 m3/s and 0.0476N, respectively. The corresponding optimal conditions 
which gave the optimum responses were 100 cm2 - square inlet and product slice thickness 
of 20 mm for air flow rate and 80 cm2 -rectangular inlet and product slice thickness of 20 
mm for drag force, respectively. The models for predicting the responses were adequate, 
with r-square values 0.9463 and 0.9376 and desirabilities of 99.2 and 95.0% for air flow rate 
and drag force respectively. The experiment was repeated using the optimal conditions to 
validate the optimum responses. The variation between the predicted and experimental data 
was less than 8%.
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1. INTRODUCTION

The airflow into a solar drying system is a critical factor 
when increased quantity moisture is to be removed from 
the product, especially within first few hours of the drying 
[1, 2]. Most researchers do not consider the design of the air 
vent and its orientation as significant, as most of them rely 
on works of literature or assume values and make use of it.

Itodo et al. [3] highlighted the need for prior attention 
be paid to the air vent in the design of solar dryers, as it 
could have some effect on the volumetric airflow and per-
formance. The study was borne out of the need to investi-
gate if the air flowing into the air vent has any sort of effect 
on the process of drying.

Several researchers have deployed response surface 
methodology in optimizing solar drying systems, includ-
ing but not limited to Erbay and Icier [4]; Majdi et al. [5]; 
Adefemi and Ilesanmi [6]; Zhanyong et al. [7]; Mohammed 
et al. [8]; Madamba [9]; Sarimenseli and Yaldiz [10]; Abano 
et al. [11]; Patil et al. [12]; Surki et al. [13] and Gupta et al. 
[14]. Adeyanju et al. [15] while determining the optimum 
conditions for deep fate drying of plantain, used response 
surface methodology and reported that the process could 
be better with the optimal conditions. Smitabhindu et al. 
[16] optimized the solar dying process for banana.

In optimizing the drying process for Moringa seed, 
Omofoyewa et al. [17] deployed the optimization method 
proposed by Box Behken and observed that the models de-
veloped predict about 70% of the responses. 

Ikrang and Umani [18] optimized the drying process of 
catfish and observed that the different product sizes were 
affected by different conditions of drying. A similar report 
was also given by some researchers [19]. They reported that 
using RSM helped in reducing experimental runs, which 
they posited could be of huge benefit economically to re-
searchers. Etim et al. [20] used RSM for optimization of the 
solar drying process for cooking banana.

This study aimed at optimizing the air inlet features (air 
flow into the dryer and force of drag) of an active indirect 
solar dryer to obtain optimum air inlet area for the solar 
dryer and examine the effect of the factors on the process 
of drying.

2. MATERIALS AND METHODS

The methodology involved computation of the air vent 
area and drag force using established equations. The inde-
pendent factors (air vent area and the product slice thick-
ness) were used to evaluate the optimal responses.

2.1. Air Inlet Area
The area of the square inlet vent was calculated using 

equation 1:
As= L × B     (1)
Where As - the area of the square shaped air inlet (cm2), 

L - the length of the inlet(cm) and 
B - the breath of the inlet (cm).
The area of the rectangular inlet vent was computed us-

ing equation 2:
Ar= L × W     (2)
Where Ar - the area of the rectangular shaped air inlet 

(cm2), L - the length of the inlet (cm) and W - the height of 
the inlet (cm).

The area of the circular inlet vent was computed using 
equation 3:

Ac= πr2     (3)
Where A_c - the area of the circular shaped air inlet 

(cm2) and r - the radius of the inlet(cm).
The area of the triangular inlet vent was computed using 

equation 4:
At= 1/2 B × H     (4)
Where A_r - the area of the triangular shaped air inlet 

(cm2), B - the base of the inlet (cm) and H is the height of 
the inlet(cm).

2.2. Volumetric Air Flow Rate
The air flowing into the dryer was determined using 

equation 5:
Air flow rate, Q=AV (m3⁄s)   (5)
Where Q - Volumetric air flow rate, A - the area of inlet 

(m2) and V - air flow velocity (m/s).

2.3. Drag Force
The force of drag was determined using equation 6:
FD=0.5ρV2 ACd (N)    (6)
Where FD - Drag force (N) is, ρ - Air Density (1.225 kg/

m3), V – Air Velocity (m/s), A - Air flow rate and Cd - Coef-
ficient of drag (Dimensionless).

2.4. Experimental Design and Statistical Analysis
The independent factors were the air inlet area and the 

product slice thickness. The experiment was designed using 
RSM based on two factors and five levels. The technique 
was also used by Taheri-Garavand et al. [21] while opti-
mizing the process of drying banana. Ndukwu et al. [22] 
also used similar method. A total of 13 experiments were 
outlined for each of the air vent shape considered. The ex-
periment was repeated thrice, and the average obtained was 
used as a reference value for the respective factors.

The total number of treatment combination obtained 
using equation 7:

n=2k (nf)+ 2k (na) + k (nc)   (7)

Highlights
• The airflow rate increases with the air vent area
• The air flow rate influences dryer performance
• Product thickness and air flow rate influences moisture removal
• Appropriate model selection helps in predicting desired 

responses
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where k - number of independent variables, n - number 
of experiment repetitions at the center point; Na, Nc, and Nf 
- the axial, central, and factorial points, respectively. The to-
tal number of design points was obtained using equation 8:

N=2k + 2k+(no).    (8)
The design gave a total of 13 experiments, 22 factorial 

points, eight axial points (α = 2) and five replications. The 
coded value of the independent variables computed using 
equation 9:

Codedvalue =
Naturalvalue-Baselevel (level 0)

Intervalofvariation  (9)
The coded values were computed using the equation 10:  
A2=(PS-12)/4     (10)
A2= Coded value for slice thickness
PS = Natural value for slice thickness
The coded values were given as -2, -1, 0, 1, and 2, where 

-2, 0, and 2 represented the least, medium, and highest level 
respectively. The coded and actual values were contained 
in Table 1.

The response function Y was obtained from the equa-
tion below: 

 (11)
Where: Y - response; β0 - the constant coefficient;  

- the summation of coefficient of linear terms;  - sum-
mation of quadratic terms;  - the summation of 
coefficient of interaction terms; Xi Xj are the independent 
variables.

2.5. Experimental Procedure and Data Collection
The dryers were subjected to tests at different levels, ac-

cording to the factor’s combination of the experiments, as 
shown in Table 2. A Lutron 4 in-1 digital meter (LM-8100), 
with a measurement range of 0.4 to 30.0m/s, was used to 
measure airflow velocity into the dyers on two hourly in-
tervals. The data obtained was utilized for the computation 
of the air into the dryer. The airflow rate was the primary 
parameter for calculating the force each inlet could drag to 
enhance the drying process. The experiment was conducted 
three times using an active indirect solar dryer connected 
to a DC battery, which powered the blowers as in Figure 1. 
The dried samples (wrapped on a transparent polyethene) 
after the drying experiment is as captured in Figure 2. 

Table 1. Levels, Codes, and Intervals of Independent Variables for square shaped air inlet

Factors Codes   Level

   -2 -1 0 1 2

Product Slice Thickness (mm) P 4 8 12 16 20
Air vent area (cm2)
 Square shape S 4 16 36 64 100
 Rectangular shape R 8 24 48 80 40
 Circular shape C 3.142 12.568 28.278 50.272 78.55
 Triangular shape T 8 16  24  32  40

Figure 1. Experimental set up.

Figure 2. Dried products after an experiment.



Clean Energy Technol J, Vol. 1, No. 1, pp. 12-22, January, 2023 15

2.6. Data Analysis
The significance of the model was determined 

using Analysis of Variance (ANOVA). It also 
showed the effect of each individual factor and 
how they interacted with the desired responses. 
The probability of error value (p-value) was used 
to check the significance of the respective coeffi-
cient of regression, which indicated the interaction 
effect. 

Data obtained were analyzed to examine the 
significant difference in the responses and their in-
teractions at a probability level of 5%. RSM plots 
were generated using a Design Expert (10.0.10) 
software package for designing experiments. Mul-
tiple regression equations were used to the relation-
ship between the independent and dependent fac-
tors and test the fitness of the models in predicting 
the responses.

2.7. Response Optimization
The optimum values were obtained for the re-

sponses using numerical and graphical optimization 
technique to analyse the independent variables (air 
vent area and product slice thickness). RSM plots 
were used for the selection of the optimum com-
bination of the independent variables to produce a 
model capable of predicting the desired responses. 
The range and optimization goals for the indepen-
dent and dependent factors are as in Table 3.

3. RESULTS AND DISCUSSION

3.1. Model Selection for Optimization of Air 
Flow Rate (AFR) of an Active Indirect Mode 
Solar Dryer

The following models were selected: linear 
(square-shaped air vent), quadratic (rectangu-
lar-shaped air vent), linear (circular-shaped air 
vent), and linear (triangular-shaped air vent). The 
regression equations for the airflow rate with re-
spect to dryers with square, rectangular, circular, 
and triangular vent were computed using equations 
12 to 15.

AFRSQ= 0.000284Sa+ 0.0004.34Ps- 
0.00000124Sa

2-0.000022 + 0.00000 6.47SaPs - 
0.00137  (12)

AFRRE= 0.000284Ra+ 0.000247Ps- 
0.000000368Ra

2-0.0000238Ps
2+ 0.00000651RaPs+ 

0.000951  (13)
AFRCR=0.00429Ca+0.00009.4Ps -0.000541 (14)
AFRTR=0.000272Ta-0.00360Ps+ 0.000347 (15)
Where AFRSQ, AFRRE, AFRCR and AFRTR, are 

respective air flow rates for air vents of square, 
rectangular, circular and triangular configurations Ta
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(m3/s); Sa, Ra, Ca and Ta, are respective areas of the square, 
rectangular, circular and triangular air vent (cm2); Ps is the 
slice thickness (mm).

Figures 3 to 6 show the relationship between air inlet ar-
eas, product sizes, and air flow rate variation. The air flow-
ing into the dryer was dependent on the air vent area. This 
trend was like what was obtainable in the airflow rate.

The model p-value of < 0.0001 obtained for the square 
inlet dryer was less than the chosen significance level 
(0.05). It showed the significance of the model. The lack of 
fit p-value (0.0915) was higher than the significance level, 
as shown in Table 4.

The p-value for the square shape air inlet dimensions of 
0.0001, was lower than the significance level (0.05), while 
the p-value of the slice thickness of 0.107, was higher than 
the level of significance. It meant that the inlet area signifi-
cantly affected the airflow rate of the square-shaped vent 
dryers, while the product slice thickness had no significant 
effect. The model gave a high coefficient of determination 
(R2 = 0.9474). The high R2 value indicated that the model 
accounts for 94.74 % of the total viability in the response 
and that there is high correlation between the independent 
variables.

The favourable linear terms of equations 13 and 15 meant 
that air flow into the dryer increased as the air vent area in-
creased. The favourable interaction terms suggested that an 

Table 3. Ranges and response goals for RSM optimization of the air flow properties

Response Unit Optimization Target (Goal) Relative Importance

Air Flow Rate m3/s Maximize Very important
Drag Force N Maximize Very important

Figure 5. Response Surface plot of air vent area, air flow rate 
and Slice thickness for circular air inlet.

Figure 3. Response Surface plot of air vent area, air flow rate 
and Slice thickness for square air inlet.

Figure 4. Response Surface plot of air inlet area, air vent rate 
and Slice thickness for rectangular air inlet.
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increase in the levels of the independent factors correspond-
ingly increased the response. The response plots in Figures 3 
to 6 were generated for best-fit as a function of the indepen-
dent factors. The response was kept at its central point. 

The airflow rate was observed to increase with increase in 
the air vent area. The slice thickness had no effect on the air-
flow into the dryer. Hedge et al. [23], Khaldi et al. [24], and 
Etim et al. [25] reported that an increase in the air vent area of 
a solar dryer enhances air flow into the dryer and efficiency.

3.2. Model Selection for Optimization of Drag Force 
(DF) of an Active Indirect Mode Solar Dryer

The models that were best fit for optimization of drag 
force were: quadratic (square-shaped air vent), quadratic 
(rectangular-shaped air vent), linear (circular-shaped air 

vent), and linear (triangular-shaped air vent). The regres-
sion equations for the drag force of the dryer for the re-
spective shape orientations were as given in equations 16, 
17, 18, and 19.

DFSQ=1.58Sa Ps+0.000779Sa+0.00168Ps-0.00000574Sa
2-

0.00069Ps
2-0.01     (16)

DFRE= 0.00000216Ra Ps + 0.000491Ra + 0.00341Ps - 
0.000000994Ra

2 - 0.000169Ps
2 - 0.02   (17)

DFCR=0.00802Ca+0.000362Ps-0.01  (18)
DFTR=0.000383Ta-1.56Ps+0.000977  (19)
Where DFSQ, DFRE, DFCR and DFTR are respective drag 

force for air vents of square, rectangular, circular and trian-
gular configurations (m3/s); Sa, Ra, Ca and Ta, are respective 
areas of the square, rectangular, circular and triangular air 
vent (cm2); Ps is the slice thickness (mm).

The RSM plots in Figures 7 to 10 show the relationship 
between air inlet areas, slice thickness, and drag force vari-

Table 4. Regression analysis of response surface quadratic model for air flow rate and drag force for 
Square Air Inlet Shape

Regression Terms Air Flow Rate (Quadratic Model) Drag Force (Quadratic Model)

Standard Deviation 0.0001.441 0.0036
Mean 0.012 0.022
Coefficient of Variation 11.97 16.32
Predicted Sum of Squares 0.00003779 0.00056
Cofficient of Determination (R2) 0.9463 0.9376
Adjusted R2 0.9414 0.8930
Predicted R2 0.9112 0.6064
Adequate precision 40.99 16.53

Figure 7. Response Surface plot of drag force, air flow rate 
and Slice thickness for square air inlet.

Figure 6. Response Surface plot of air inlet area, air vent rate 
and Slice thickness for triangular air inle.
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ation. The force of drag was a function of the air inlet area. 
This trend was like what was obtainable in the airflow rate.

Table 5 shows the quadratic model ANOVA for the 
square-shaped air vent dryer, which had the highest coeffi-
cient of determination and least standard deviation.

The p-value of the model (0.0004) for the square-shaped 
vent dryers was lower than the desired significance level. 
The lack of fit p-value of 0.2684 was higher than the 5% 

significance level. The model terms p – values were less 
than the significance level, as in Table 6. It meant that the 
terms of the model significantly affected the drag force. The 
coefficient of determination (R2 = 0.9376) meant a positive 
correlation exist between the independent variables. The 
response model was responsible for 93.76% of the total 
variations in the response. 

The positive linear term in equation 19 meant that the 
force of drag increased as the air vent area increased. The 
favourable interaction terms in equations 16 and 17 estab-
lished that an increase in the independent factors corre-
spondingly increased the drag force. 

The RSM plots in Figures 7 to 10 were generated for the 
best-fit models as a function of the factors. The force of drag 
increased with an increase in the air vent area. The product 
slice thickness had no significant effect on the drag force. 
Etim et al. [26] posited that the airflow into the dryer great-
ly influences the force of drag of an active indirect mode 
solar dryer. 

3.3. Optimization Goals 
The desired goals for each drying parameter for the re-

spective shape orientations are shown in Tables 7, 8, 9, and 
10, respectively. To optimize the air flow rate and force of 
drag by numerical optimization, the equal importance of 
‘3’ was given to the independent factors (air vent area and 
slice thickness) and the desired responses (air flow rate and 
drag force).

Figure 8. Response Surface plot of drag force, air flow rate 
and Slice thickness ze for rectangular air inlet.

Figure 10. Response Surface plot of drag force, air flow rate 
and Slice thickness for triangular air inlet.

Figure 9. Response Surface plot of drag force, air flow rate 
and Slice thickness for circular air inlet.
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The summary of the optimal air vent area and slice 
thickness and predicted optimum values for air flow rate 
and drag force were obtained as in Table 11.

3.4. Optimization and Validation of Air Flow Rate of an 
Active Indirect Mode Solar Dryer

The optimization process of the optimum value of the 
airflow rate of an active indirect mode solar dryer was per-
formed. The result is shown in Table 11. The optimal values 
of 0.0275, 0.0250, 0.0179, and 0.0105 m3/s were obtained 
for square, rectangular, circular, and triangular-shaped air 
vent dryers that corresponded to the air vent area of 100 
cm2, 80 cm2, 78.55 cm2, and 40 cm2 respectively. The corre-
sponding optimal product size was 20 mm. The optimum 
air flow rate desirability was 0.992, 0.950, 1.000, and 0.895 
for the respective air inlet shapes. Optimum values of 100 
cm2 (square air vent) and 20 mm (slice thickness) gave the 
maximum optimum air flow rate of 0.0275 m3/s and desir-
ability of 99.2 %.

The optimal conditions of 100 cm2 and 20 mm for air 
vent and slice thickness were used to validate the linear 
model of air flow rate for square air inlet dryers. The exper-
imental data for the air flow rate obtained was 0.029 m3/s. 
The variation between the predicted value and the validated 
data obtained from the field after the test run was 0.0015 
(5.17 %), as in Table 12.

The results for the predicted and experimental optimum 
air flow rate when compared showed a strong relationship 
between both sets of data. The variation between the pre-
dicted and the experimental value was relatively low, which 
suggested that the model can predict the air flow rate of an 
active indirect mode solar dryer.

3.5. Optimization and Validation of Drag Force of an 
Active Indirect Mode Solar Dryer

The optimum drag force of the dryers was determined. 
The result is shown in Table 11. Optimal values of 0.0445, 
0.0476, 0.0341, and 0.0172 N were obtained with respect to 

Table 6. ANOVA for RSM Quadratic Model for drag force of square shapes air inlet dryer

Source of Variation Sum of Squares df Mean Square F-Value Prob> F

Model 0.001329 5 0.0002659 21.04 0.0004
SAI 0.001195 1 0.0011947 94.54 < 0.0001
PS 0.000072 1 0.0000720 5.70 0.0484
SAI2 0.000041 1 0.0000412 3.26 0.1141
PS2 0.000026 1 0.0000262 2.07 0.1934
SAI×PS 0.000010 1 0.0000096 0.76 0.4114
Residual 0.000088 7 0.0000126  
Lack of Fit 0.000052 3 0.0000174 1.92 0.2684
Pure Error 0.000036 4 0.0000091  
Cor Total 0.001418 12   

Where SAI represents Square Air Inlet, PS represents Slice thickness.

Table 5. ANOVA for RSM quadratic model for air flow rate of square shapes air inlet dryer

Source of Variation Sum of Squares df Mean Square F-Value Prob> F

Model 0.0004170 5 0.00008340 68.18 < 0.0001
SAI 0.0004027 1 0.00040272 329.24 < 0.0001
PS 0.0000042 1 0.00000418 3.42 0.1070
SAI2 0.0000036 1 0.00000357 2.92 0.1313
PS2 0.0000024 1 0.00000241 1.97 0.2036
SAI×PS 0.0000018 1 0.00000179 1.46 0.2655
Residual 0.0000086 7 0.00000122  
Lack of Fit 0.0000066 3 0.00000220 4.46 0.0915
Pure Error 0.0000020 4 0.00000049  
Cor Total 0.0004256 12   

Where SAI represents Square Air Inlet, PS represents slice thickness.
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Table 7. Criteria and output for numerical optimization of square shaped air vent area of an active 
indirect mode solar dryer

Drying criteria Unit Lower limit Upper limit Optimization Goal  Relative Importance Output

Sqr air inlet dim. cm2 4.00 100.00 Range 3 100.00
Slice thickness mm 4.00 20.00 Range 3 20.00
Air Flow Rate m3/s 0.00277 0.024 Maximize 3 0.0275
Drag Force N 0.000827 0.0394 Maximize 3 0.0445
Desirability      0.992

Table 8. Criteria and output for numerical optimization of Rectangular shaped air vent area of an active indirect 
mode solar dryer

Drying criteria Unit Lower limit Upper limit Optimization Goal Relative Importance Output

Rec. air inlet dim. cm2 8.00 80.00 Range 3 80.00
Slice thickness mm 4.00 20.00 Range 3 20.00
Air Flow Rate m3/s 0.00232 0.0256 Maximize 3 0.0250
Drag Force N 0.00412 0.0502 Maximize 3 0.0476
Desirability      0.950

Table 9. Criteria and output for numerical optimization of Circular shaped air vent area of an active indirect mode 
solar dryer

Drying criteria Unit  Lower limit Upper limit Optimization Goal Relative Importance Output

Cir. air inlet dim. cm2 3.142 78.55 Range 3 78.55
Slice thickness mm 4.00 20.00 Range 3 19.94
Air Flow Rate m3/s 0.000577 0.0158 Maximize 3 0.0179
Drag Force N 0.000653 0.0303 Maximize 3 0.0341
Desirability      1.000

Table 10. Criteria and output for numerical optimization of Triangular shaped air vent area of an active indirect 
mode solar dryer

Drying criteria Unit Lower limit Upper limit Optimization Goal Relative Importance Output

Tri. air inlet dim. cm2 8.00 40.00 Range 3 40.00
Slice thickness mm 4.00 20.00 Range 3 20.00
Air Flow Rate m3/s 0.00163 0.0123 Maximize 3 0.0105
Drag Force N 0.00206 0.023 Maximize 3 0.0172
Desirability      0.895

Table 11. Optimal air vent area and slice thickness with optimum predicted responses

Air inlet shape  Drying process   Optimum predicted  Desirability 
  parameters   responses 

 Air inlet area (cm2)  PS (mm) AFR (m3/s)  DF (N)

Square 100.00  20.00 0.0275  0.0445 0.992
Rectangular 80.00  20.00 0.0250  0.0476 0.950
Circular 78.55  20.00 0.0179  0.0341 1.000
Triangular 40.00  20.00 0.0105  0.0172 0.895

PS is the Slice thickness, AFR is the Air Flow Rate, while DF is the Drag Force.
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square, rectangular, circular, and triangular-shaped air vent 
dryers that corresponded to the air vent area of 100 cm2, 80 
cm2, 78.55 cm2, and 40 cm2 respectively. The slice thickness 
that gave the optimum condition was 20 mm. The optimum 
drag force (0.0476N) was obtained from a rectangular inlet 
area of 80 cm2, with a product size of 20mm at desirability 
of 95%. Like what was obtained for a flat plate collector type 
solar dryer [27]. 

The experiment was repeated using the optimal condi-
tions of 80 cm2 and 20 mm for air vent area and slice thick-
ness for the validation of the model used. An experimental 
value of 0.0441 N was obtained. The result from the field 
based on the optimal values showed a deviation below 8% 
with the predicted value, as in Figure 11.

The predicted and experimental results for the drag 
force showed a strong relationship between both sets of 
data as in Figure 12. The lower deviation suggested that the 
model generated can predict the force of drag of an active 
indirect solar dryer for the given conditions.

4. CONCLUSIONS AND RECOMMENDATIONS

The RSM plots showed that the air vent area, air flow 
rate, and drag force were positively correlated. The models 
selected were able to predict the responses. The optimum 
responses obtained were 0.0275 m3/s and 0.0476 N for air 
flow rate and drag force, respectively. The corresponding 
dryers that gave the optimum responses were square (100 
cm2 air vent area) and rectangular (80 cm2 air vent area), 
which were recommended for optimal air flow into an ac-
tive indirect solar dryer for better performance. The desir-
ability of the responses was 99.2 and 95% for air flow rate 
and drag force, respectively. It is recommended that the 
cross-sectional area (air vent area) be kept the same for the 
different inlet shapes to examine if such would affect air 
flowing into the dryer and overall performance of the dryer.
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