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Abstract

In this study, a convective-infrared combined dryer was used to
investigate the dehumidification process of Shitake edible-medicinal
mushrooms. The effect of input variables including temperature, inlet air
velocity and power in the combined hot-infrared air dryer on the drying
time of the samples to reach the final humidity of 10% based on fresh
weight, energy consumption, color changes, amount of antioxidants and
phosphorus extracted were investigated. Design Expert software using
central composite method has been used. After examining the effect of
variables on process responses, it was found that with increasing
temperature, speed and power, the amount of antioxidants increases.
Increasing the temperature had a significant effect on the color and
increased the amount of color changes on the surface of the samples.
With increasing temperature, the speed and power of drying time
decreased. The process was optimized to achieve the minimum amount of
energy consumption, drying time of the samples and color changes of
the surface of the samples and the maximum amount of antioxidants and
phosphorus of dried shiitake mushroom extract. Optimal operating
conditions were obtained at temperature, inlet air velocity and power of
54.88 °C, 0.53 m/s and 1183 w, respectively. In these conditions,
the amount of energy consumption, time, color change, antioxidant and
phosphorus predicted amount are equal to 1.05 kWh, 40.94 minutes,
32.24,90.42 mg/ml, 82%, respectively.
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Table 1. Studies on Shitake mushrooms with various dryers.

Oryer Type

Convective Increasing of the B12 Concentration

Microwave Shorter drying time and less color change

Shorter drying time, better quality
and less color change
Shorter drying time in comparison
to convective dryer

Vacuum-Infrared

Infrared

Vacuum

Better product quality in lower temperatures

Longer drying time
Higher Energy Consumption

Higher Energy Consumption

Longer drying time in comparison to Vacuum-infrared dryers

Structural damage in temperatures higher than 80°C
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Figure 1. Schematic and convective-infrared combination dryer used. 1- Suction fan 2- Air transmission pipes 3- Heating elements 4- Air
distributor 5- Dryer compartment 6- Infrared lamp 7- Power display and panel.
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Table 2. Values of independent process variables and their associated intervals and levels.

. Factorial Factorial
Axial Below Central
Input generation interval a’) Below 0) Above
1) (+1)
Temperature cC) 40-60 40 43 50 57 60
Velocity m/s) 0.5-1.5 0.5 0.6 1 1.4 15
Power W) 500-1500 500 646 1000 1354 1500
0=1.4 s

Infrared

power
(w)
1000
702.69
1000
1297.3
1297.3
702.69
1000
1000
1000
500
1297.3
702.69
1000
1000
1000
1000
1297.3
1000
702.69
1500
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Table 3. Complete test design table for combined hot-infrared air dryer.

Air

temperature

(°C)
52
47.24
44
56.57
47.24
56.57
52
52
52
52
47.24
47.24
60
52
52
52
56.75
52
56.75
52

Air

velocity
(mfs)

1.5
1.29

1.29

21.5
84
28
74
40
19
22
50
38
21
70
16

Energy

(kwh)

1.58
2.82
1.15
0.95
0.91
0.65
0.82
1.23
1.57
0.72
0.69
0.32
0.64
1.29
1.94
0.83
0.82
1.95
0.81
0.65

Phosphorus

A

0.84
0.48
0.67
0.63
0.21
0.79
0.68
0.71
0.81
0.15
0.61
0.25
0.55
0.78
0.54
0.68
0.65
0.91
0.31
0.35

33.1
32.2
37.57
31.6
34.71
38.4
32.02
30.95
31.01
34.12
33.32
34.14
37.01
30.95
30.74
32.54
32.45
28.45
35.99
33.1

Antioxidant

Mg/ml

90.16
94.72
90.83
90.16
89.04
90.91
89.01
90.1

90.21
90.97
89.19
91.91
88.67
89.1

90.21
90.14
88.01
90.21
91.81
89.58
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Table 4. Results of analysis of variance of drying time.

Source Sum of
Squares
A: Air temperature (°C) 98
B: Air velocity (m/s) 98
C: Infrared power (w) 1800
AB 180.50
AC 40.50
BC 40.50
A 1380.72
B’ 1010.56
c? 2167.20
ABC 60.50
A’B 158.33
AC 69.76
AB? 79.96
Model 7621.52
Error 15.88

df

[ S e N = T T = W S S SN

o
g w

S“(::Ij:?e F-value P-value
98 24.80 0.00
98 24.80 0.00

1800 455.33 0.00<

180.50 45.67 0.00

40.50 10.25 0.01
40.50 10.25 0.01

1380.72 349.34 0.00<

1010.56 255.69 0.00<

2167.20 548.33 0.00<

60.50 15.31 0.00

158.33 40.06 0.00

69.76 17.65 0.00
79.96 20.23 0.00

586.27 148.34 148.34

3.18
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Figure 2. Three-dimensional graphs of test design for drying time response: (a) Influence of inlet air temperature and infrared

power on inlet air velocity 1 m /s, (b) Influence of inlet air velocity and infrared power on temperature (50 ° C),
(c) Impact Inlet air temperature and speed at power 1000(w).
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Table 5. Results of analysis of variance of antioxidant levels.

Sum of

Source Squares Df

A: Air temperature (°C) 2.33 1
B: Air velocity (m/s) 0.64 1
C: Infrared power (w) 0.97 1
AB 2.22 1

AC 1.85 1

BC 4.08 1

A’ 0.13 1

B’ 0.01 1

Mean Square F-value P-value
2.33 4.19 0.08
0.64 1.15 0.32
0.97 1.74 0.23
2.22 3.98 0.09
1.85 3.33 0.11
4.08 7.32 0.03
0.13 0.32 0.65

0.015 0.02 0.87
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\'33 Source SS;L:QSS Df Mean Square F-value P-value
\?,: c? 1.12 1 1.12 20.2 0.20
é ABC 0.01 1 0.01 0.03 0.85
e A’B 0.04 1 0.04 0.08 0.77
é) A’C 4.82 1 4.82 8.65 0.02
o AB? 0.07 1 0.07 0.13 0.73
j Model 38.59 13 2.81 5.08 0.02
- Error 0.98 5 0.20
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Figure 3. Three-dimensional diagrams of test design for antioxidant response: (a) Influence of incoming air temperature
and infrared power on incoming air velocity 1 m /s, (b) Influence of incoming air velocity and infrared power at temperature (50 °C),
(c) Impact Inlet air temperature and speed at power 1000 (w)
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Table 6. Results of analysis of variance of phosphorus content.

Sum of

Source Squares Mean Square
A: Air temperature (°C) 50 1 50 0.95 0.36
B: Air velocity (m/s) 4.50 1 4.50 0.086 0.77
C: Infrared power (w) 32 1 32 0.61 0.46
AB 210.12 1 210.12 4.01 0.09
AC 36.13 1 36.13 0.69 0.43
BC 45.13 1 45.13 0.86 0.38
A? 5.17 1 5.17 0.09 0.76
B? 571.14 1 571.14 10.89 0.01
c? 1765.5 1 1765.5 33.66 0.00
ABC 78.13 1 78.13 1.49 0.26
A’B 119.97 1 119.97 2.29 0.18
AC 1.88 1 1.88 0.03 0.85
AB? 445.74 1 445.74 8.50 0.02
Model 3509.81 13 269.99 50.15 0.02

Error 285.50 5 57.10

Phosphorus= ++/Y#0 -+ /- Y x (temperature) ++/+-0% x (power) —+/\Y# x (temperature) (velocity) ++/+-\\ x (temperature)
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Figure 4. Three-dimensional diagrams of test design for antioxidant response: (a) Influence of incoming air temperature
and infrared power on incoming air velocity 1 m/ s, (b) Influence of incoming air velocity and infrared power on

temperature (50 ° C), (c) The effect of inlet temperature and velocity on power 1000(w).
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Table 7. Results of analysis of variance of the sample surface color.

Source Sum of Squares df Mean Square ve'l:ILIe P-value
A: Air temperature (°C) 0.16 1 0.16 0.08 0.78
B: Air velocity (m/s) 0.14 1 0.14 0.06 0.80
C: Infrared power (w) 0.52 1 0.52 0.27 0.62
AB 0.39 1 0.39 0.20 0.66
AC 18.09 1 18.09 9.28 0.02
BC 1.81 1 1.81 0.93 0.37
A’ 67.50 1 67.50 34.63 0.00
B? 2.22 1 2.22 1.14 0.32
c? 10.74 1 10.74 5.51 0.05
ABC 0.92 1 0.92 0.47 0.51
A’B 1.94 1 1.94 1 0.35
A’C 2.01 1 2.01 1.03 0.34
AB? 151 1 151 0.78 0.41
Model ARYATS 13 8.48 4.35 0.04
Error \ /AN 5 2.18
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Figure 5. Three-dimensional diagrams of test design for surface color response: (a) Influence of inlet air temperature
and infrared power on inlet air velocity 1 m /s, (b) Influence of inlet air velocity and infrared power
at temperature (50 °C), (c) The effect of inlet temperature and velocity on power 1000(w).
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Table 8. Results of analysis of variance of energy consumption.

S f
Source Mean Square F-value P-value
Squares
0.13 1 0.13 1.18

A: Air temperature (°C) 0.31
B: Air velocity (m/s) 5x10° 1 5x10® 4.545x10™ 0.98
C: Infrared power (w) 2.45x107° 1 2.45x107° 0.022 0.88
AB 0.63 1 0.63 5.75 0.05
AC 0.43 1 0.43 3.89 0.09
BC 1.13 1 1.13 10.29 0.01
A? 0.55 1 0.55 5.02 0.06
B? 0.70 1 0.70 6.37 0.04
c? 1.05 1 1.05 9.55 0.02
ABC 0.74 1 0.74 6.76 0.04
A’B 0.27 1 0.27 2.46 0.16
A’C 0.05 1 0.05 0.53 0.49
AB? 4.567x10° 1 4.56x10° 0.042 0.84
Model 6.14 13 0.47 4.29 0.04
Error 0.47 5 0.09

Energy= + \/OAO —+/V O x (temperature) + Y/AVY x (velocity) — +/+ ¥ x( power) — - /YA x (temperature) (velocity) ++/YY\ x
(temperature) ( power)-/ x(temperature) (velocity) ( power) +-/YAd x -(velocity) (temperature)® — «/\YYx(temperature )?

(power) — /- YYx (temperature ) (velocity )? )
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Figure 6. Three-dimensional diagrams of test design to respond to the amount of energy consumed: (a) The effect of inlet
air temperature and infrared power on the inlet air velocity 1 m /s, (b) The effect of inlet air velocity and infrared
power at a temperature of (°C) 50, (c) The effect of inlet temperature and velocity on power 1000(w).
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Figure 7. Optimal values of process variables to achieve minimum drying time, energy consumption and color changes, and maximum
amount of antioxidants and extracted phosphorus in the combined hot-infrared air dryer.
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Table 9. Optimal process responses and reliability testing.

Antioxi E
Phosphorus ntioxidant Color nergy_ . .
content (%) content changes consumption Operational conditions
(mg/ml) (Kw/h)
Temperature 54.86 (°C)
Predicted 0.82 90.42 32.24 1.05 40.94 Velocity 0.53 (m/s)
Power 1183 (W)
Temperature 54.86 (°C)
Experimental 0.81 90.38 33.11 1.07 40.52 Velacity 0.53 (m/)
Power 1183 (W)
Error 1.21 0.04 2.68 1.9 1.02
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