
Introduction

Soybeans are rich in vegetable protein as well as a 

variety of functional ingredients, and contribute to the 

prevention of adult diseases. While eating habits have 

become more westernized, including higher meat con-

sumption, public interest in soybeans is increasing as 

they can improve dietary health (Cho, 2012). Although 

soybean consumption in South Korea has experienced 

steady growth, the cultivation area of soybeans has 

continuously decreased from 10,000 ha in 1995 to 8,000 

ha in 2013. Soybean importation has been on the rise, 

costing USD 644.9 million in 2009 and USD 883.3 million 

in 2013 (Ministry of Agriculture, Food and Rural Affairs, 

2016).

Soybeans undergo a drying process for long-term 

storage, timely harvest, and quality improvement. This 

process aims to maximize moisture removal while mini-

mizing quality degradation (Keum et al., 2002). 

High-temperature drying procedures for rapid moisture 

removal may increase stress by creating imbalances in 

the internal temperature and moisture content of beans, 

and these increased stresses may result in grain cracking, 

and thus quality degradation, if extended beyond the 

limits of the material (Yamaguchi et al., 1980). The quality 

of all grains varies significantly depending on their drying 

conditions; as such, determining the optimal drying 

conditions for grains by analyzing the drying process is 

important for maintaining the quality of grains (Keum et 

al., 1997). 

In order to determine optimal drying conditions, the 
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thin layer drying model is considered a basic component 

for the development of the deep bed drying simulation, 

including the development of the dryer and determination 

of the drying conditions (Basunia and Abe, 1998; Han et 

al., 2006). Kim et al. (2004) conducted rice drying 

experiments at low temperature and low relative humidity, 

and reported that the Page model best suited to rice 

drying. Kim et al. (2016) evaluated the suitability of the 

Lewis, Page, Thompson and reduced moisture diffusion 

models (thin layer drying models generally used for 

sorghum) at three drying temperatures between 30 and 

50°C as well as three levels of relative humidity between 

30 and 50%. They reported that the reduced moisture 

diffusion model was the most suitable. Most thin layer 

drying models concentrate on major grains such as rice; 

however, studies on other miscellaneous grains are 

lacking. Other models have been used due to the lack of 

domestic studies. However, foreign and domestic grains 

differ in their physical properties and thus require 

different drying conditions. This study was conducted to 

identify the drying characteristics of domestically popular 

soybeans (white and black beans) and develop a suitable 

thin layer drying model from the four widely used thin 

layer models (Lewis, Page, Thompson, and moisture 

diffusion model). 

Materials and Methods

Sample

Samples produced in 2015 from Yeongwol, Gangwon- 

do were used for this experiment. The samples were 

threshed, sealed, and stored in a low-temperature 

storage tank at 2°C to reduce the overall moisture 

deviation. They were left at room temperature while 

sealed one day before the beginning of the experiment to 

reach equilibrium with the external atmosphere. Threshing 

was delayed until the pods had dried because separating 

the pods was difficult at the time of harvesting; this 

resulted in their low initial moisture content. The 

moisture content of the soybeans was measured using 

the atmospheric-pressure constant-temperature measure-

ment method conditions in accordance with 103°C-15 

g-72 h (ASAE standard, 2004). The initial moisture 

content of the white beans was 14.9%, w.b.; however, 

that of the black beans was 14.7%, w.b.

Thin layer drying apparatus

The equilibrium moisture content was measured using 

the dynamic measurement method, and an air conditioner 

(MTH4100, SANYO, UK) was used to generate air at a 

constant temperature and humidity. The air conditioner 

produced dry air in a 20-70°C (±0.3°C) temperature 

range and a 30-98% (±2.5%) relative humidity range 

(Fig. 1). The equilibrium moisture content of soybeans 

(white and black beans) was measured at drying tem-

peratures of 50 and 60°C and relative humidities of 30, 

40, and 50% for a combined total of six drying conditions. 

The air generated under each drying condition was 

transferred to the air filling and drying chambers by the 

air blower, and the air that passed through the drying 

chamber was returned to the air conditioner. The drying 

chamber was cylindrical with a 250 mm diameter and 

400 mm height, and a rectifying grid was installed at the 

bottom to ensure constant air distribution. The wind 

velocity in the thin layer drying chamber was measured 

with an anemometer (VELCICALC-PLUS, TSI, USA) at 10 

points, and found to be 0.60±0.05 m/s. Soybeans were 

arranged in a thin layer on a 250 mm-diameter round 

wicker sample tray installed in the thin layer drying 

chamber, and weight changes were measured at 10 min 

intervals using an electronic scale (GF-4000, AND, Japan) 

Figure 1. Schematic diagram of experimental apparatus for drying.



Kim and Han. Predictive Thin Layer Drying Model for White and Black Beans

Journal of Biosystems Engineering • Vol. 42, No. 3, 2017 • www.jbeng.org

192

to track changes in the moisture content. Drying was 

performed until the equilibrium moisture content was 

reached in the drying conditions. Experiments were 

repeated three times under each drying condition. The 

first and second experiments were averaged and used to 

identify the drying model, and the third experiment was 

used to verify the developed model.

Thin layer drying models

To determine the model and parameters of the soybean 

thin layer drying equations, existing agricultural product 

thin layer drying models were used. Four drying models 

that have been shown to produce accurate results with 

convenient calculations were selected and compared 

(Keum et al., 1997).

Verification was performed using the Lewis model 

based on Newton’s law of cooling, the Page model based 

on the thin layer drying model of corn, the Thompson 

model using corn, and Henderson’s drying model using 

the solutions of the moisture diffusion law (Kim, 2004). 

The four models are shown in the following equations 

(1)-(4):

 - Lewis (Lewis, 1921):

 exp∙ , (1)

 - Page (Page, 1949):

 exp∙ (2)

 - Moisture diffusion (Henderson, 1952):

∙exp∙ , (3)

 - Thompson (Thompson, 1967):

 ∙ ln∙, (4)

where 







,

  : Moisture ratio (dimensionless), 

 : Moisture content (%, d.b.), 

  : Equilibrium moisture content (dec., d.b.),

 : Initial moisture content (dec., d.b.), 

t : Drying time (h),

      : Empirical constants.

The moisture ratio represents the degree of drying for 

an assigned initial moisture content of 1. The moisture 

ratio becomes zero when the soybeans reach their equili-

brium moisture content. The measured moisture ratio 

then underwent nonlinear regression analysis using SAS 

9.4 (SAS institute, Cary NC) to determine the parameters. 

The parameters of the drying model were    

 , which were determined by the drying temperature 

() and relative humidity () (equation (5)).

      = 





⋅

 , (5)

where,      : Empirical constants,

 : Temperature (°C), 

 : Relative humidity (dec.).

The experimental constants were determined using 

the PROC STEPWISE of SAS 9.4 (SAS institute, Cary NC). 

The accuracy was obtained using the   and RMSE 

between the measured moisture ratio and the predicted 

moisture ratio.

Result and Discussion

Drying rate

Figures 2 and 3 represent the drying rates of white and 

black beans at relative humidity levels of 30, 40, and 50% 

for both drying temperature as the changes in moisture 

ratios. As shown in the figures, the drying rates of both 

white and black beans changed exponentially. The 

half-drying time (time to reach MR=0.5), generally 

considered to be an indicator of the drying rate, 
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Figure 2. Drying curves of white beans at various air temperatures 
and relative humidity.
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decreased in the first two hours after drying began and 

then tapered to a more gradual decline. The drying rates 

of white and black beans were similar; however, the 

drying rate of white beans was slightly faster. The drying 

rate was faster with lower relative humidity and higher 

drying temperature, and showed significant variations 

depending on the drying temperature.

Thin drying model

Table 1 shows the parameter values of the Lewis, Page, 

Thompson, and moisture diffusion models for white and 

black beans, where  and  are, respectively, the 

drying temperature and relative humidity for each 

condition. The determination coefficient (P) was high for 

white beans in the Page model, and the k value was high 

for black beans in the Lewis model. The determination 

coefficient (A) was 0.7727 in the moisture diffusion 

model for white beans; however, it decreased to 0.6979 

for black beans in the Thompson model. While these 

coefficients of determination were low due to differences 

in the graphed starting points, the coefficients of 

determination for all other models were greater than 

0.94, showing relatively good agreement.

To verify the suitability of the four proposed drying 

equations, the   and RMSE values between the measured 

and predicted moisture ratio for each temperature are 

shown in Table 2. For white beans,   was 0.91 or greater 

and RMSE was 0.1099 or less for the Lewis model,   was 

0.94 or greater and RMSE was 0.2067 or less for the Page 

model, and   was 0.86 or greater and RMSE was 0.0432 

or less for the reduced moisture diffusion model. For the 

Thompson model,   was 0.97 or greater and RMSE was 
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Figure 3. During curves of black beans at various air temperatures 
and relative humidity.

Table 1. Estimated values of experimental coefficients for drying model

Type Model Experiment coefficients R2

White

beans

Lewis  










∙


0.9773

Page












∙


0.9954












∙


0.9137

Thompson












∙

 0.9233












∙


0.9426

Simplified

diffusion












∙


0.7727















∙


0.8343

Black

beans

Lewis  










∙


0.9906

Page












∙


0.9432












∙


0.8187

Thompson












∙


0.6979












∙


0.8788

Simplified

diffusion












∙


0.9607















∙


0.9484



: Drying temperature



: Relative humidity

  

 


   : Empirical constants
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0.0508 or less. Of the four models, the Thompson model 

was thus determined to be the most suitable for re-

presenting the drying rate of white beans.

In the case of black beans,   was 0.91 or greater and 

RMSE was 0.0993 or less for the Lewis model, and   was 

0.87 or greater and RMSE was 0.0486 or less for the 

reduced moisture diffusion model. For the Page model, 

the   value was 0.99 or greater; however, the RMSE was 

0.0963. Results therefore indicated this model is 

unsuitable for black beans because of the high RMSE, 

even though the determination coefficient was high. For 

the Thompson model,   was 0.97 or greater and RMSE 

was 0.0308 or less; thus, the Thompson model was found 

to be the most suitable of the four models to represent the 

drying rate of black beans because of its high deter-

mination coefficient ( ) and low RMSE. The Thompson 

model was found the most suitable for both white and 

black beans, followed by the reduced moisture diffusion 

model.

Figures. 4-9 show the moisture ratios measured in the 

experiment as well as those predicted by the four models 

using white beans at temperatures of 50 and 60ᵒC and 

relative humidities of 30, 40, and 50%. At a drying 

temperature of 50ᵒC, the Thompson model show good 

agreement for the overall drying process. The moisture 

diffusion model had poor accuracy at the beginning of 

drying but showed good agreement after the halfway 

point in the drying. Similar trends were seen at a drying 

temperature of 60ᵒC: at the beginning of drying, the Page 

model showed good agreement, but after two hours of 

drying, the results of the Thompson and reduced moisture 

diffusion models were relatively accurate. However, 

although the reduced moisture diffusion model had a 

small moisture ratio error, the slope of its graph was not 

aligned. The Lewis model was found to be unsuitable as a 

drying model because it showed significant differences 

from the beginning of drying. The Thompson model 

exhibited good agreement between the predicted and 

measured moisture ratio throughout the drying process 

except at the start of drying. 

Figures. 10-15 show the moisture ratios measured in 

the experiment as well as those predicted by the four 

models using black beans at temperature of 50 and 60ᵒC 

and relative humidities of 30, 40, and 50%. The Thompson 

model and the reduced moisture diffusion model showed 

relatively good agreement, as in the case of white beans. 

However, the reduced moisture diffusion model had a 

relatively small moisture ratio error but notably different 

graphed slope. The Lewis and Page models were found to 

be unsuitable as drying models because they showed 

significant differences from the beginning of the drying 

process. As in the case of white beans, the Thompson 

model exhibited good agreement between the predicted 

and measured moisture ratios throughout the drying 

process, with an exception at the beginning of drying.

Figures. 16 and 17 compare the predicted values of the 

thin layer drying process for soybeans presented by 

Overhults (1973) to those of white and black beans 

Table 2. Estimated coefficients of determination and root mean square errors between measured and predicted of moisture ratios for 
each temperature and relative humidity

Type

Drying 
condition

R2 RMSE R2 RMSE R2 RMSE R2 RMSE

Model Lewis Page Thompson Moisture diffusion

White
beans

50°C-30% 0.9304 0.094 0.9715 0.2067 0.9799 0.0144 0.8819 0.0408

50°C-40% 0.9109 0.1015 0.9595 0.2497 0.9734 0.0176 0.8683 0.0408

50°C-50% 0.9121 0.0992 0.9576 0.2778 0.9827 0.0104 0.8663 0.0389

60°C-30% 0.9296 0.1021 0.9886 0.2067 0.9979 0.0236 0.8688 0.0374

60°C-40% 0.9093 0.1099 0.9564 0.2647 0.993 0.0172 0.8612 0.0432

60°C-50% 0.9139 0.1049 0.9476 0.2922 0.9981 0.0508 0.8629 0.0387

Black
beans

50°C-30% 0.9602 0.0961 0.9966 0.0963 0.9829 0.0109 0.8755 0.0391

50°C-40% 0.9164 0.0993 0.9928 0.0741 0.9709 0.0199 0.8725 0.0486

50°C-50% 0.9282 0.0923 0.9972 0.0952 0.9725 0.0062 0.8891 0.0352

60°C-30% 0.9251 0.0981 0.9946 0.0767 0.9924 0.0259 0.8668 0.0367

60°C-40% 0.9289 0.0915 0.9933 0.0682 0.9869 0.0308 0.8901 0.0288

60°C-50% 0.9359 0.0913 0.9973 0.0741 0.9791 0.0208 0.8990 0.0316
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Figure 4. Comparison of measured and predicted white bean 
moisture ratios from four different drying models at 50℃ and 30% 
relative humidityhoutdlhe were seen at aoving this portion or 
including further explanation.rmaton.

Figure 5. Comparison of measured and predicted white bean 
moisture ratios from four different drying models at 50℃ and 40% 
relative humidity.
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Figure 6. Comparison of measured and predicted white bean 
moisture ratios from four different drying models at 50℃ and 50% 
relative humidity.

Figure 7. Comparison of measured and predicted white bean 
moisture ratios from four different drying models at 60℃ and 30% 
relative humidity.
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Figure 8. Comparison of measured and predicted white bean 
moisture ratios from four different drying models at 60℃ and 40% 
relative humidity.

Figure 9. Comparison of measured and predicted white bean 
moisture ratios from four different drying models at 60℃ and 50% 
relative humidity.
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Figure 10. Comparison of measured and predicted black bean 
moisture ratios from four different drying models at 50℃ and 30% 
relative humidity.

Figure 11. Comparison of measured and predicted black bean 
moisture ratios from four different drying models at 50℃ and 40% 
relative humidity.
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Figure 12. Comparison of measured and predicted black bean 
moisture ratios from four different drying models at 50℃ and 50% 
relative humidity.

Figure 13. Comparison of measured and predicted black bean 
moisture ratios from four different drying models at 60℃ and 30% 
relative humidity.
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Figure 14. Comparison of measured and predicted black bean 
moisture ratios from four different drying models at 60℃ and 40% 
relative humidity.

Figure 15. Comparison of measured and predicted black bean 
moisture ratios from four different drying models at 60℃ and 50% 
relative humidity.
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presented by the developed drying model. There was no 

difference in the drying model between white and black 

beans at a drying temperature of 50ᵒC. The developed 

model showed differences from the Overhults model at 

all relative humidity conditions. The drying temperature 

of 60ᵒC showed a similar tendency to that of 50ᵒC, but the 

error grew larger as drying continued. A comparison of 

the predicted values of the three models showed the 

moisture ratios were different in all temperature ranges, 

but the slopes of moisture ratios showed similar 

tendencies.

Conclusions

This study was conducted to develop a thin layer 

drying model for domestic white and black beans under 

drying conditions at 50 and 60°C and relative humidities 

of 30, 40, and 50%. The suitability of the developed 

drying model was verified using four thin layer drying 

models (Lewis, Page, Thompson, and moisture diffusion 

models) which are widely used for predicting the 

moisture content of grains, and the parameters were 

expressed as functions of drying temperature and 

relative humidity. The relative suitabilities of the four 

drying equations were verified using their predicted 

values for white beans as well as their   and RMSE from 

the experiment results. It was found that the Thompson 

model was the most suitable for white beans with a   of 

0.97 or greater and an RMSE of 0.0508 or less. For black 

beans, the Thompson model was also found to be the 

most suitable with a   of 0.97 or greater and an RMSE of 

0.0308 or less. A comparison between the predicted 

values of the thin layer drying equation proposed by 

Overhults (1973), which depended only on the drying 

temperature, and the developed thin layer drying 

equation for white and black beans revealed that both 

drying temperature and relative humidity are required 

for accuracy in soybean thin layer drying models. As 

there were no significant differences between the 

predicted values for white and black beans using the 

developed thin layer drying model, the same model can 

be applied regardless of the soybean type. 
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