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Purpose: The purpose of this study is to develop a system to optimize drying potential energy of the exhausted hot air by changing relative humidity of the air. This study modified the conventional drying method into a drying method changing exhaust cycle and time in order to control the relative humidity of the exhausted hot air during drying process. Method: A valve on the vent was controlled according to a preset time to change the exhaust cycle and time. This study analyzed the influence of the two different types of drying method on the drying characteristics, required energy, and quality of the dried peppers: conventional drying method exhausting hot air continuously and new drying method controlling exhaust cycle and time. Results: Drying characteristics based on exhaust time showed that drying time increased with exhaust time, and specific energy consumption was reduced by 28% from 18.39 MJ/kg (conventional method) to 13.24 MJ/kg when exhaust time was set to one minute. Drying characteristics based on heating time showed that drying time increased with heating time and specific energy consumption was reduced by 30% from 18.39 MJ/kg (conventional method) to 12.87 MJ/kg when exhaust time was set to 22 minutes. Drying characteristics based on exhaust cycle showed that drying time increased with exhaust cycle, and specific energy consumption was reduced by 31% from 18.39 MJ/kg (conventional method) to 12.69 MJ/kg when exhaust time was set to one minute and exhaust cycle was set to 22 minutes before drying and 40 minutes after drying. The quality of the dried red peppers showed that capsaicin, color, and sugar content were high as 34.87 mg/100g, 66.33, and 11.87%, respectively, when exhaust time was set to one minute and exhaust cycle was set to 22 minutes before drying and 40 minutes after drying. Conclusions: In order to utilize the drying potential energy of the exhausted air during drying process, the conventional drying method was modified into the drying method controlling exhaust cycle and time. The results showed that drying with exhaust cycle of one minute was more efficient in terms of drying time, required energy, and quality of the dried peppers than the one with exhaust cycle of 20~40 minutes.
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IntroductionHot air drying, which transfers thermal energy to the material to be dried by contacting the hot air on the material, is popular for drying red peppers. The supplied hot air with low humidity induces water evaporation through thermal transfer by contacting on the red peppers which is low in temperature and high in moisture content. 

The supplied hot air increased humidity by the evaporated moisture from peppers, and the humid air is exhausted through the vent. The red pepper has high moisture content, but the moisture evaporates fast at the initial stage of the hot air drying. Therefore, highly efficient energy utilization is possible because the heated air with high humidity is exhausted outside as much as drying potential energy. However, the moisture content of the red pepper is reduced at the late stage of drying process, and the moisture does not evaporate as much as the drying potential 
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(a) Internal circulation mode (b) Continuous exhaust mode (c) Periodic exhaust mode

Figure 1.  Structure of the electric dryer.

energy of the heated air. The energy is not used efficiently in that the heated air having the available energy for evaporating the moisture in red peppers is exhausted and wasted (Moon et al., 1999). The humidity as well as temperature of drying air is important in terms of the utilization of energy. However, previous research on drying characteristics and quality of red peppers has focused on the drying temperature: a study with different drying temperature from 55° to 80° (Kim et al., 1975), studies with different drying methods such as hot air drying, far-infrared radiation assisted drying, and freeze drying (Koh et al., 1989; Chung et al., 2003), studies with cut or perforated red peppers (Kim et al., 1975; Yoon and Lee, 2004),and studies with different heat source such as electric heat and solar heat (Park, 1975; Yoon et al., 1999). Koh et al. (1987) tried drying red peppers by setting the temperature and relative humidity of the chamber. Their study was conducted with constant relative humidity, but the pepper dryer for farmers cannot maintain a constant humidity due to the changes of relative humidity with drying time. In addition, a heat recovery system using a heat exchanger was designed to utilize the exhausted hot air (Back et al., 2002), but the size and price of the device was not affordable. The purpose of this study is to develop a system to optimize drying potential energy of the exhausted hot air by changing relative humidity of the air. For that purpose, the conventional drying method was modified into the system changing exhaust cycle and time. And then the influence of the drying methods on drying characteristics, drying energy, and quality of the dried peppers were analyzed.

Materials and Methods

MaterialsYeongyangmat, a variety of red pepper, grown in 2011 at Naju, Jeonnam Province was used for this study. The average length of the red pepper was 124.56 mm, and the average diameter of it was 19.44 mm (longest) and 16.9 mm (shortest). And average weight of it was 18.76 g. The initial moisture content was 83.5 ~84.5% (w.b.) which was measured with Infrared moisture meter (FD-720, Kett, Japan). 3.75 kg of red peppers was dried in one experiment.
Electric dryer blowing hot air Figure 1 shows the structure of the electric dryer blowing hot air fabricated for this study, and a control algorithm was configured to control the drying time with continuous exhaust mode or periodic exhaust mode. Three modes of internal air flow were determined for the experiment: (a) internal circulation mode, (b) continuous exhaust mode, (c) periodic exhaust mode. Internal circulation mode circulated the hot dry air inside the dryer, and the exhaust mode emitted the hot humid air outside the dryer. An air vent was installed on the upper part of the dryer, and it was opened or closed by the mode of (b) and (c). Two valves (top and bottom) were installed to open and close the air flow between hot air supply chamber and drying chamber.Figure 2 shows the algorithm for the internal circulation and exhaust of the hot air. Drying time, temperature, and weight value for three different modes were determined 
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(a) Outside

(b) Inside

Figure 4.  Inside and outside of the dryer.

Figure 2.  Algorithm for the internal circulation and exhaust of the 
hot air.

Figure 3.  Schematic diagram illustrating measurement and storage 
of the data.

to control the drying conditions. After switching the heater on and off at the preset time (timer #1), the exhaust time was set (timer #2) with opening the valve. Subsequently, the drying initiated with closing the valve for the determined temperature of the hot air and the time for internal circulation (timer #3). The drying completed 

when reaching the preset weight value. The internal dimensions of the drying chamber were 505 mm* 645 mm* 940 mm (width * depth * height). Combustion chamber located on the left of the drying chamber had a blowing fan (LD-B 150, 200W, LD INC, Korea) and a 2 kW heater, and the drying chamber had two valves (top and bottom). Both combustion chamber and drying chamber had a valve (top) for air flow from inside to outside. Exhaust time was determined using the volume of the drying chamber (0.302 m3) and flow rate of exhausted air (0.418 m3/min). Figure 3 shows the schematic diagram illustrating measurement and storage of the data. The inside temperature, relative humidity of the drying chamber, 
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Table 1.  Drying conditions of conventional and cyclic exhaust drying methods

No.
Heating with internal circulation Exhaust

Drying with cyclic Exhaust
Heating with internal circulation Exhaust

Temp. (°C) Duration (hr) Duration (min) Temp. (°C) Duration (min) Duration (min)
T 1 80 4 2 65 - -

G-1
E 1 80 4 20 65 40 20
E 3 80 4 2 65 40 2
E 6 80 4 2 65 30 1

G-2
E 1 80 4 20 65 40 20
E 2 80 4 20 65 70 20

G-3
E 6 80 4 2 65 30 1
E 7 80 4 2 65 22 1

G-4

E 3 80 4 2 65 40 2

E 4 80 4 2
65 40 2
65 55 2
65 70 2

E 5 80 4 2

65 40 2
65 50 2
65 60 2
65 70 2

E 8 80 4 2
65 22 1
65 42 1

and changes of weight value of the red peppers were measured (IW2S1 - 150FE, Satorius, Germany), and the data was stored (34970A, Agilent, USA).Figure 4 shows the inside and outside of the dryer. A control device (TEMI 850, Samwontech, Korea) was attached on top of the dryer to control the drying conditions. And the dryer was composed of a combustion chamber with a fan and heater (Figure 4a) and a drying chamber (Figure 4b).
Drying methodsContinuous exhaust mode following heating and periodic exhaust mode following heating were applied. Periodic exhaust mode repeated heating and exhaust. Table 1 show each mode applied in this study. Conventional drying method used continuous exhaust mode following heating (T-1), therefore, the red peppers were dried to 14% of average moisture content with four hours heating and at 65°C of exhausting and drying. After four hours heating with 80°C, drying process continued with periodic exhaust mode of 65°C until reaching the target moisture content.Conditions of E-1, E-3, and E-6 (G-1) were experimented with exhaust times of 20 minutes, two minutes, and one minute in order to examine the drying characteristics depending on exhaust time.

In order to examine drying characteristics based on heating time, conditions of E-1 and E2 (G-2) and E-6 and E-7 (G-3) were experimented. 20 minutes of the exhaust time went with 40 minutes and 70 minutes of heating, and one minute of exhaust time went with 30 minutes and 22 minutes of heating. Conditions of E-3, E-4, E-5, and E-8 (G-4) were experimented to examine drying characteristics depending on exhaust cycle. Each exhaust cycle was set at 40 minutes, 40 minutes→55minutes→70 minutes, 40 minutes→50 minutes→60 minutes→70 minutes, and 22minutes→42 minutes. 
Drying modeling of red peppersPage model as in equation (1) was used to examine drying model for red peppers. Constant values A and B were obtained through non-linear regression analysis, and the results were verified (SAS, 2010).
  exp   (1)Where M: average moisture content (decimal) during time t 
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Figure 5.  Changes of temperature and relative humidity in the 
drying chamber by T-1.

Figure 6. Changes of temperature and relative humidity in the 
drying chamber by E-4.

 



Where M (t) : moisture content based on dry weight during time t
 : initial moisture content (decimal) based on dry weight
 : equilibrium moisture content (decimal)
 : drying time (hr)
 : drying constant

Measurement of required energy for drying Specific energy consumption (SEC), water removal rate (WRR), ratio of dry (ROD), and drying capacity (DC) were used to evaluate the required energy depending on drying methods. Following equations (2) ~ (5) were used for the calculation.

∆

    (2)


∆

  (3)
 

∆
  (4)

 


  (5)

Where P : total required energy (MJ)
∆ : weight of removed moisture (kg)
∆ : changes in moisture content (%)
 : weight of red peppers (kg)  : drying time (hr)

Measurement of components in red peppersCapsaicin, color, and sugar content were measured to evaluate the quality of dried red peppers based on drying methods. Capsaicin and sugar content were measured by HPLC (Hoffman, 1983), and the average of ASTA color value was obtained by spectroscopic analysis (Hong, 1999) using three replications. One-way ANOVA was examined to find out the relationship between the capsaicin, sugar content, and color based on drying methods. If significant relationship was observed, Duncan’s post-validation was performed (SPSS, 2012).
Results and Discussion

Changes of temperature and relative humidity 
based on drying methodsFigures 5 and 6 show the changes of temperature and relative humidity based on drying time. Figure 5 represents the continuous exhaust mode (T-1), and Figure 6 represents one condition of the periodic exhaust mode (E-4). Inside temperature and relative humidity of the drying chamber descended with exhausting, and both ascended with heating. In addition, the relative humidity ascended with drying time. 
Drying model based on drying methodsDrying constants A and B of the dried red peppers were calculated using Page model, and the results were 
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Table 2.  Coefficients of Page equations resulted from test drying with various heating conditions

Method of Drying A B R2 F value P value
T 1 0.1034 1.2185 0.9945 13235.7 < 0.0001
E 1 0.2004 0.8671 0.9974 5529.41 < 0.0001
E 2 0.2239 0.8717 0.9975 5114.00 < 0.0001
E 3 0.1114 1.1158 0.9984 4731.08 < 0.0001
E 4 0.1076 1.1406 0.9977 5063.98 < 0.0001

E 5 0.1111 1.1182 0.9983 11236.4 < 0.0001
E 6 0.1233 1.1185 0.9983 4927.61 < 0.0001
E 7 0.0900 1.2411 0.9935 5693.03 < 0.0001
E 8 0.1018 1.2271 0.9941 2921.19 < 0.0001

Table 3.  Test results of drying with various heating and exhaust time of humid air

Test designation E 1 E 2 E 3 E 4 E 5 E 6 E 7 E 8 T 1

Amount of electricity (kWh) 25.50 17.16 13.04 11.42 12.96 11.30 10.92 10.83 15.70
Drying time (hr) 28.69 25.14 22.80 22.11 22.93 20.75 19.78 18.50 18.40

SEC (MJ/kg) 29.77 20.22 15.07 13.29 15.28 13.24 12.87 12.69 18.39
WRR (kg/hr) 0.1071 0.1225 0.1344 0.1388 0.1343 0.1481 0.1556 0.1662 0.1671
ROD (%/hr) 2.46 2.80 3.09 3.19 3.07 3.40 3.56 3.81 3.83
DC (kg/hr) 0.1311 0.1482 0.1666 0.1707 0.1625 0.1807 0.1884 0.2027 0.2038

Figure 7.  Drying curves at G-1.

presented in Table 2. Smaller value of A and larger value of B tended to reduce drying time. R2 value was over 0.993 which represents model equation was consistent with experimental data. F value was in the ranges of 2.921 ~ 5693.03, and P value was under 0.0001 which showed high significance level. 
Drying characteristics based on drying 
methodsThe amount of electricity, drying time, specific energy consumption (SEC), water removal rate (WRR), ratio of dry (ROD), and drying capacity (DC) were produced from the calculation of the experimental data (Table 3). Using the data from Tables 2 and 3, the drying characteristics based on exhaust cycle and time are as follows:
Drying characteristics based on exhaust time (G-1)Figure 7 shows the changes of moisture content based on drying times of E-1, E-3, E-6, and T-1. Drying times were increased to 20.75 hours, 22.80 hours, and 28.69 hours at E-6, E-3, and E-1 conditions, respectively as the exhaust time was increased. In addition, specific energy consumption was increased to 13.24 MJ/kg, 15.07 MJ/kg, and 29.79 MJ/kg at E-6, E-3, and E-1 conditions, respectively. E-1 condition with long exhaust time was not an appropriate 

method in that it took a lot of time and energy due to the temperature drop. However, conditions of E-6 and E-3 reduced the required energy by 28% and 17% and increased drying time compared with T1 condition. From the result, short exhaust time is more efficient in terms of energy.  
Drying characteristics based on heating time 
(G-2 and G-3)In order to compare the drying characteristics based 
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Figure 8.  Comparison of drying curves of different heating times 
with 20 min exhausting time.

Figure 9.  Comparison of drying curves of different heating times 
with 1 min exhausting time.

Figure 10.  Comparison of drying curves of different heating 
conditions.

on heating time, changes of moisture content ratio in two different groups (E-1, E-2, T-1 vs. E-7, E-6, T-1) were represented as in Figures 8 and 9. Experiments (G-2) with conditions of E-1 and E-2 needed more drying time and energy than continuous exhaust mode (T-1) as in Figure 8. Condition of E-1 having short heating time and exhaust cycle was not a suitable drying method in that it needed a lot of drying time and energy for temperature compensation.  Experiments (G-3) with conditions of E-6 and E-7 needed 20.75 hours (E-6) and 19.78 hours (E-7) of drying time which was longer than continuous exhaust mode (T-1) of 18.4 hours. However, specific energy consumption was reduced to 13.24 MJ/kg (28%) with E-6 and 12.87 MJ/kg (30%) with E-7 compared to 18.39 MJ/kg with T-1. In addition, humidity of the chamber with long heating time did not rise after a certain period of time; therefore, drying potential energy decreased and drying time increased. Thus, long heating time was not efficient in terms of drying time and energy. 
Drying characteristics based on exhaust cycle (G-4) Figure 10 shows the changes of moisture content based on drying time of E-3, E-4, E-5, E-8, and T-1 to compare the drying characteristics based on exhaust cycle.  Drying times of E-3, E-4, and E-5 were longer than that of T-1 when the exhaust time was changed. However, drying time of E-8 was similar with the one of T-1 by 18.5 hours due to the short exhaust cycle. The amounts of required energy of E-3, E-4, E-5, and E-8 were 15.07 MJ/kg, 13.29 MJ/kg, 15.28 MJ/kg, and 12.69 MJ/kg, respectively. The total energy of E-8 was reduced by 31% compared to the one of T-1 (18.39 MJ/kg). Therefore, short exhaust cycle was efficient in terms of drying time and energy.
Quality of dried red peppersTable 4 shows the capsaicin, color, and sugar content measured in the dried red peppers. Total capsaicinoids was 15.282 mg/100g with continuous exhaust mode and 11.266～34.865 mg/100g with periodic exhaust mode. ASTA value was 51.201 with continuous exhaust mode and 49.380～80.579 with periodic exhaust mode. Sugar content was 11.083% with continuous exhaust mode and 7.733~12.883% with periodic exhaust mode.One-way ANOVA using the F-statistic was examined to 
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Table 4.  Capsaicinoids, ASTA and sugar content in red peppers dried with two different modes

Method of 
Drying

Total  
capsaicinoids
(mg/100 g)

Capsaicin
(mg/100 g)

Dihydro
capsaicin

(mg/100 g)
ASTA

Total  
sugars

(%)

Fructose
(%)

Glucose
(%)

Sucrose
(%)

T 1 15.282 10.245 5.037 51.201 11.083 5.150 4.917 1.017 

E 1 27.470 18.024 9.446 69.274 9.567 5.183 3.483 0.900 
E 2 23.693 15.612 8.081 80.579 7.733 4.117 2.867 0.750 
E 3 26.165 16.698 9.467 49.380 12.850 5.467 6.267 1.117 
E 4 11.266 7.444 3.822 51.933 12.300 5.400 5.867 1.033 
E 5 17.764 11.892 5.873 50.999 10.867 5.300 4.633 0.933 
E 6 26.050 16.219 9.831 69.170 12.383 5.400 5.933 1.050 

E 7 17.393 11.162 6.231 62.211 12.883 5.633 6.267 0.983 
E 8 34.865 22.877 11.988 66.354 11.817 5.400 5.267 1.150 

Table 5.  Results of Duncan’s multiple test 

Method of drying Capsaicin ASTA Sugar

G-1

E 6 26.0497b 69.0000b 12.4000bc

E 3 26.1653b 49.3333a 12.8667c

E 1 27.4700b 69.3333b 9.6000a

T 1 15.2820a 51.3333a 11.1000ab

G-2
E 1 27.4700c 69.3333b 9.6000ab

E 2 23.6930b 80.6667c 7.7667a

T 1 15.2820a 51.3333a 11.1000b

G-3
E 7 17.3927a 62.3333b 12.9000s

E 6 26.0497b 69.0000c 12.4000a

T 1 15.2820a 51.3333a 11.1000a

G-4

E 3 26.1653c 49.3333a 12.8667c

E 4 11.2660a 52.0000a 12.3333bc

E 5 17.7643b 51.0000a 10.9000a

E 8 34.8653d 66.3333b 11.8667abc

T 1 15.2820ab 51.3333a 11.1000ab

･Means with different letters in a column are significantly different at p<0.05 by Duncan’s multiple test.

find out the relationship between the capsaicin, sugar content, and color based on drying modes. The results showed that the drying modes had a significant relationship with components; capsaicin, color, and sugar content in order showed a statistically significant difference (p<0.05). Table 5 shows the results of Duncan’s multiple test on experimental groups of G-1, G-2, G-3, and G-4 which analyzed the components with the drying methods.  Values of capsaicin, ASTA, and sugar content were high with short exhaust time at G-1 while the ones of capsaicin and sugar content were high with short heating time at G-2.Values of capsaicin and ASTA were high with long heating time at G-3 and exhaust cycle of 20~40 min at G-4. 

ConclusionsThis study modified the conventional drying method exhausting hot air continuously into a drying method changing exhaust cycle and time in order to utilize the drying potential energy of exhausted hot air during drying process. A valve on the vent was controlled according to a preset time to change the exhaust cycle and time. This study analyzed the influence of the drying methods on the drying characteristics, drying energy, and quality of the dried peppers. The results of the study are as follows:
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(1) Drying characteristics based on exhaust time showed that drying time increased with exhaust time, and specific energy consumption was reduced by 28% from 18.39 MJ/kg (conventional method) to 13.24 MJ/skg when exhaust time was set to one minute.(2) Drying characteristics based on heating time showed that drying time increased with heating time and specific energy consumption was reduced by 30% from 18.39 MJ/kg (conventional method) to 12.87 MJ/kg when exhaust time was set to 22 minutes.(3) Drying characteristics based on exhaust cycle showed that drying time increased with exhaust cycle, and specific energy consumption was reduced by 31% from 18.39 MJ/kg (conventional method) to 12.69 MJ/kg when exhaust time was set to one minute and exhaust cycle was set to 22 minutes before drying and 40 minutes after drying.(4) The quality of the dried red peppers showed that capsaicin, color, and sugar content were high as34.87 mg/100g, 66.33, and 11.87%, respectively, when exhaust time was set to one minute and exhaust cycle was set to 22 minutes before drying and 40 minutes after drying.  (5) As a result, drying conditions with short exhaust time such as one minute and short exhaust cycle (not as long as 20 ~ 40 minutes) were efficient in terms of drying time, required energy and quality of the red peppers. 
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