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Abstract  

The goal of this study is to demonstrate the effectiveness of applying chilling temperatures during 

on-farm, in-bin drying and storage to maintain rice quality. Specific objectives include to 

demonstrate the effectiveness of chilling aeration to preserve rice quality characteristics, determine 

the drying kinetics of rice under low temperature environments, and develop models to predict 

heat and mass transfer in rice kernel during drying at low temperature environment. To date, there 

is limited research describing storability or drying behavior of rice in chilled environments. 

However, it is understood that chilling of high-moisture, > 21% wet basis rough rice could reduce 

the time pressures on commercial and on-farm dryers to reduce the rough rice moisture content 

below 12% within two weeks of harvest. Chilling aeration of rice could also eliminate the pre-

parboil steps where rice that has been dried to < 11% moisture, must be soaked in water to ~35-

38% moisture prior to parboiling. Eliminating this initial drying step potentially reduces energy 

and operations costs. It is important to investigate suitability of chilling aeration for rice by 

considering implications on rice milling yields and quality, and process operation costs. 
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 Introduction 

A considerable number of rice producers use on-farm, in-bin rice drying and storage facilities. The 

on-farm, in-bin rice management systems use natural air for conditioning or drying rice; if not 

managed properly, the rice processed using the system is prone to promote the development and 

contamination of the grain with mold which may lead to increased public health risk. To minimize 

the issues of rice deterioration, the trend among many rice growers in the U.S., in recent years, has 

been adoption of new processes in post-harvest production such as use of grain cooling/chilling 

systems. Chilling aeration presents an alternative method to chemical methods for preventing 

spoilage and insect infestation. While this technology has found use in other countries, application 

for use in the USA for rice has been hampered due to lack of scientific and industry relevant data. 

It is important to investigate suitability of this technology for rice by considering implications on 

rice milling yields, quality, and process operation costs. The objectives of this research were as 

following:  

1. Development of models for more accurate prediction of kinetics of rice quality during on-

farm, in-bin chilling aeration.  

2. Determination of moisture removal, and changes in milling and quality characteristics of 

rice stored at chilled environment prior to treatment by conventional means.  

3. Generation of new models for predicting equilibrium moisture content (EMC) isotherms 

of long-grain hybrid rice at chilled environment.  

4. Conduct simulations to determine heat and mass transfer of long-grain hybrid rice under 

chilled environment.  
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Results for the first and second objectives are covered in the second and third chapters of this 

dissertation and have been published with titles “Prediction of rice milling yield and quality 

attributes during storage using regression analyses” and “Effect of rice chilling on drying, milling 

and quality characteristics”, respectively. Results from researches related to the third and fourth 

objectives are discussed in the fourth chapter of this dissertation with the title “Modeling heat and 

mass transfer of long-grain hybrid rice at chilled environment”; as of time of writing of this 

dissertation, this portion of the study has not yet been published.  
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 Prediction of rice milling yield and quality attributes during storage using 

regression analyses 

Soraya Shafiekhani, Jung Ae Lee, Griffiths G. Atungulu 

2.1 Abstract 

Regression analyses were performed to determine the storage conditions that exhibited the best 

outcomes for long-grain, hybrid milled rice yield and quality. This study evaluated mold 

population on rough rice, milled rice discoloration, and head rice yield (HRY) after storage of 

rough rice in airtight conditions at moisture contents (MCs) of 12.5%, 16%, 19%, and 21% wet 

basis and temperatures of 10°C, 15°C, 20°C, 27°C, and 40°C at two-week intervals for 12 weeks. 

The experiment used a popular long-grain hybrid rice cultivar (XL745). Rice lots were procured 

from fields with and without conventional treatment of the field with fungicide for plant disease 

management. Field treatment and no field treatment were considered as a block, and a Mann-

Whitney test was conducted to determine effect. The response surface method, an extension of 

second-order polynomial regression, was used to examine optimal treatment conditions. Mold 

population and milled rice discoloration from a combination of storage conditions were predicted 

using regression models. The first-order and second-order terms of temperature indicated a 

nonlinear relationship between temperature and ln(discoloration). The MC was positively 

associated with ln(discoloration), but the degree of impact may change with temperature because 

the interaction term was significant. From the model evaluation (R2 and lack-of-fit test), the 

discoloration level is expected to be 57% (49% to 66% confidence interval) under conditions of 

20% MC, 40°C, and nine weeks of storage for samples procured from fungicide-treated rice fields. 

This discoloration change is substantial compared to the initial discoloration of 9%. At high 

temperature (40°C) and MC (21%), discoloration started immediately after two weeks of storage. 
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Anaerobic storage conditions impeded mold growth, especially at high storage temperature 

(40°C). Low mold populations were observed in rice stored at low MC (16%). According to the 

regression model, the critical storage temperature that may lead to discoloration is between 27°C 

and 40°C. Pre-harvest fungicide treatment of rice in the field for disease control significantly 

improved the HRY but had no significant influence on mold population or discoloration. This 

study suggests a range of storage conditions to prevent losses in milling yield and quality of rice. 

In addition, the studied storage conditions mimicked the typical conditions for on-farm, in-bin 

drying and storage in the U.S. Mid-South, especially for the top layers of rice inside the bin, and 

therefore provide an important reference for growers and rice processors using in-bin structures to 

manage the quality of long-grain hybrid rice. 

Keywords: Discoloration, Head rice yield, Mold population, Regression analysis, Rice quality, 

Rice storage. 

2.2 Introduction 

The USDA has established rice grades as U.S. No. 1 through U.S. No. 6. The grade is based on 

quality reduction factors (USDA, 2009). Damage and discoloration are listed in the USDA’s 

quality evaluation criteria. Damaged rice is caused by insects as well as post-harvest processing 

(Vincent et al., 2008). Pre-harvest factors such as irrigation, nighttime air temperatures, rice 

cultivar, geographic conditions, and management as well as post-harvest factors such as moisture 

content (MC), temperature, and dockage can affect the quality of rice (Bason et al., 1990; Trigo-

Stockli and Pedersen, 1994; Siebenmorgen et al., 2013; Atungulu et al., 2016; Shafiekhani et al., 

2018). 

Pinciroli et al. (2013) indicated that fungi growing on rice can cause discoloration. These fungi 

can be categorized as field fungi that infect rice before harvest and storage fungi that develop on 
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the grain after harvest (Neninger et al., 2003). Pinciroli et al. (2013) reported that field fungi were 

located in the hulls and bran layers, while storage fungi were mainly in the germ and endosperm. 

The development of storage fungi in stored grain is influenced by conditions of high moisture and 

high temperature and the amount of insect infestation. Mason et al. (1997) stated that rice starts to 

deteriorate from the time of harvest due to interactions among the physical, chemical, and 

biological variables in the environment. 

One of the most important parameters for the rice processing industry is head rice yield (HRY). A 

head rice kernel is defined as a milled rice kernel with 75% (or more) of the length of a whole 

kernel (Marchezan, 1991; Ghadge and Prasad, 2012). Broken rice costs 30% to 40% less than 

whole kernels (USDA, 2018). To reduce the occurrence of fissures and improve the milling 

quality, proper post-harvest management of rice is critical (Sajawan et al., 1990; Dong et al., 2003; 

Debabandya and Satish, 2004; Rehal et al., 2017). Siebenmorgen et al. (1992) reported a 

correlation between HRY and rice kernel MC distribution at harvest. As harvest time progresses 

from early harvest dates to later dates, the MC of rice in the field generally decreases. The optimal 

HRY of long-grain rice is obtained when the rice is harvested at MC between 19% and 21% wet 

basis (w.b.). 

Meullenet et al. (2000) presented regression models to demonstrate the effect of post-harvest 

variables such as MC, temperature, storage duration, and their interactions on rice sensory quality. 

Cooper et al. (2006) used regression models to describe the variation in rice milling quality with 

nighttime air temperatures. High daytime temperatures during the beginning of grain filling were 

detrimental to HRY, while high daytime temperatures at the end of grain filling increased HRY. 

Therefore, southern U.S. producers consider planting their rice crops earlier in the season, or 
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planting an early-maturing cultivar in July, which may prevent the HRY reductions associated with 

high nighttime temperatures during grain filling. 

Kim et al. (2017) developed a prediction model for rice eating quality using physicochemical 

properties and sensory quality evaluation. They evaluated the eating quality of rice based on a rice 

palatability evaluation (RPE). The quality characteristic of milled rice (MR) and cooked rice (CR) 

were determined by moisture content, color, and hardness. According to the prediction model, the 

quality factors from the combination of MR and CR, rather than from either MR or CR alone, 

should be used to predict the eating quality of MR. 

This study evaluated the individual and interaction effects of rough rice storage MC, temperature, 

and duration on HRY, discoloration, and mold population for samples procured from fields with 

different disease management practices to control microbes on the grain using pre-harvest 

fungicide treatments. The studied postharvest storage conditions mimicked the typical conditions 

for on-farm, in-bin drying in the U.S. Mid-South, especially for the top layers of rice inside the 

storage bin. Although numerous studies have reported optimal storage conditions for rice and the 

causes of rice quality loss, little research has been done to correlate HRY, discoloration, and mold 

population with rice MC, temperature, and storage duration for long-grain hybrid rice cultivars. 

Therefore, the objectives of this study were to (1) use a regression model to accurately predict the 

optimal conditions for rice storage and (2) investigate the impacts of pre-harvest, in-field treatment 

of rice with fungicide on HRY, discoloration, and mold population during rice storage. 

2.3 Materials and Methods 

2.3.1 Sample Preparation 

Freshly harvested rough rice (long-grain hybrid XL745) from commercial field plots with and 

without pre-harvest fungicide application (Quilt-Xcel at the rate of 17 oz. per acre) was harvested 
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at 23% MC w.b. Rice samples from each plot were cleaned with a dockage tester (model XT4, 

Carter-Day, Minneapolis, Minn.). The cleaned rice samples were conditioned to MCs of 12.5%, 

16%, 19%, and 21%. A conditioned environment chamber (26°C, 56% relative humidity) was used 

by placing the rice samples on a tarp in a stand-alone air conditioner (5580A, Parameter Generation 

and Control, Black Mountain, N.C.) to gently dry the samples to the desired MC. The MC of the 

samples was measured following the procedure in ASABE Standard S352.2 (ASABE, 2017), 

which involves drying 15 g of rough rice in an oven at 130°C for 24 h. After drying the rice samples 

to the desired MC levels, subsamples of approximately 300 g were placed in individually labeled 

sealed glass containers and transferred to five separate temperature environments (10°C, 15°C, 

20°C, 27°C, and 40°C). The temperature environments involved an incubator (Binder Inc., 

Bohemia, N.Y.) for samples stored at 40°C, a conditioning chamber for the 27°C samples, and 

three refrigerators for the 10°C, 15°C, and 20°C samples. The samples were stored for 12 weeks, 

with samples taken every two weeks. Two replications were used for each storage condition. 

2.3.2 Analysis of Milled Rice Yield and Quality 

After removing the samples from storage, approximately 30 g subsamples from each sealed glass 

container were taken for fungi population analysis, and the rest of the samples were gently dried 

in a conditioning chamber (AA5582, Parameter Generation and Control, Inc., Black Mountain, 

N.C.) to 12.5% MC. This was done to standardize the samples for the subsequent quality analyses. 

Subsamples of 150 g from each dried sample were dehulled with an impeller husker (model FC2K, 

Yamamoto Co., Yamagata, Japan) and then milled with a laboratory mill (McGill No. 2, Rapsco, 

Brookshire, Tex.). The milling duration was 35 s to attain a head rice surface lipid content (SLC) 

of 0.4%, as measured by near-infrared reflectance (NIR) spectroscopy (DA 7200, Perten 

Instruments, Springfield, Ill.). After milling, the milled rice was aspirated for 2 min with a seed 
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blower (South Dakota Seed Blower, Seedboro, Chicago, Ill.) to remove any remaining dust or 

particles. A laboratory-scale rice sizing device (model 61-117-01, Grainman Machinery 

Manufacturing, Miami, Fla.) was then used for separating broken kernels from head rice. The head 

rice obtained after sizing was sorted again by hand to separate milled kernels of 3/4 length or 

greater of whole kernels. To calculate the HRY, the weight of sorted milled whole kernels was 

divided by the initial weight of the rough rice sample (150 g). 

Subsequent analyses (color measurement) were performed on the milled whole kernels. The color 

of the whole kernels was measured using an image analysis system (WinSEEDLE Pro 2005a, 

Regent Instruments Inc., Sainte-Foy, Quebec, Canada). The system comprises a scanning bed with 

a blue background lid, an acrylic tray sample holder (152 mm  100 mm  20 mm), and software 

that is installed on an auxiliary computer. The measurement method involves spreading 100 head 

rice kernels from each subsample in a thin layer on the acrylic tray sample holder and placing the 

sample holder on the scanning bed. The software measures the projected area and quantifies the 

color of the kernels. The software was calibrated with discolored kernels of interest from this study. 

The specific colors in the profile were selected and defined as follows: translucent white, opaque 

white, three shades of yellow, black/brown, red/brown, pink/red, and light pink. The software 

reports the area of each color classification, and then the percentage of discoloration is calculated 

as the colored area divided by total projected area. 

The microbial isolation and counting processes were performed following the AOAC Method 

997.02 (AOAC, 2002). This method involves mixing a 10 g sample of rough rice with 90 mL of 

sterilized phosphate-buffered dilution water in a sterile stomacher bag and masticating at 0.5 stoke 

s-1 for 240 s. The pulverized samples were used for total microbial load analyses. Consecutive 

dilutions were made by mixing 1 mL of the mixture with 9 mL of phosphate-buffered dilution 
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water in a test tube. The dilution was repeated until a 10-5 dilution was achieved. Petrifilm mold 

count plates (3M Microbiology Products, Minneapolis, Minn.) were used for enumeration of mold 

count. Before enumeration, the inoculated plates were placed in an incubator (Thelco model 4, 

Precision Scientific Instruments, Inc., Chicago, Ill.) at 25°C for 120 h. After removing the 

inoculated plates from the incubator, the total colony forming units per gram of rice (CFU g-1) 

were determined by dividing the enumerated CFU on the plate per gram of rough rice, considering 

the dilution rate. 

2.3.3 Statistical Analysis 

First, three-way analysis of variance (ANOVA) was used to determine whether the three treatment 

factors (MC, temperature, and storage duration) led to any significant changes in discoloration, 

mold population, and HRY. A total of 240 rice samples from each plot (fungicide and non-

fungicide) were randomly assigned to treatment combinations (4 MC levels  5 temperature levels 

 6 weeks  2 replications). Several ANOVA models were analyzed to confirm the treatment effect 

with or without interaction terms under the blocking variable (fungicide application). The overall 

F-test revealed significant treatment effects for all three factors. Note that ANOVA only identifies 

treatment effects by mean differences, not the effective level of treatment on the response. 

Second, we focused on determining the storage conditions, i.e., the levels of MC, temperature, and 

storage duration, that exhibited the best outcomes for discoloration, mold population, and HRY 

using response surface methodology (RSM). RSM is basically a second-order polynomial 

regression in which the treatment factors were treated as continuous explanatory variables with 

transformation. Due to the significant interaction effects in the preceding models, we stratified the 

models by week and by temperature. The final models were based on a two-factor standard RSM 

model, which is also commonly used for central-composite or Box-Behnken designs (Box and 
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Behnken, 1960). Model diagnostics, such as the assumptions of equal variance, normality, and 

lack-of-fit test, were performed as appropriate. All analyses were conducted using SAS version 

9.4 (SAS Institute Inc., Cary, N.C.) and R version 3.3.2 (R Core Team, Vienna, Austria). 

2.4 Results and Discussion 

2.4.1 Discoloration Model 

The overall regression model for discoloration is as follows: 

 

Eq 2.1 

ln(𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛) = 𝑏𝑙𝑜𝑐𝑘𝑗  

+𝑀𝐶𝑗 + 𝑤𝑒𝑒𝑘𝑠𝑗 + 𝑡𝑒𝑚𝑝𝑗 + 𝑡𝑒𝑚𝑝𝑗
2  

+𝑀𝐶𝑗 × 𝑤𝑒𝑒𝑘𝑠𝑗 + 𝑀𝐶𝑗 × 𝑡𝑒𝑚𝑝𝑗 + 𝑡𝑒𝑚𝑝𝑗 × 𝑤𝑒𝑒𝑘𝑠𝑗  

+𝑀𝐶𝑗 × 𝑤𝑒𝑒𝑘𝑠𝑗 × 𝑡𝑒𝑚𝑝𝑗  

+ԑ𝑗  

where j = 1, …, 240 (index of samples = 4 MC levels  5 temperature levels  6 weeks  2 

replications). The block term in the first line of Eq 2.1 indicates the condition of either pre-harvest 

fungicide or non-fungicide treatment of rice in the field. The main effects of MC, weeks, and 

temperature and the second-order effect of temperature are in the second line of Eq 2.1. Two-way 

and three-way interaction terms are in the third and fourth lines, respectively. Finally, the error 

term (j) is assumed to be normal, with zero mean and a constant variance. The ln(discoloration) 

term is the natural logarithm of discoloration. A natural logarithm of discoloration was necessary 

to fix the nonlinearity and skewness of the data, and the predictors were transformed for 

orthogonality in RSM. 

Each term in Eq 2.1 was worth adding to the model based on the sequential F-test. The quadratic 

effect of temperature was shown to be significant, indicating a non-linear relationship between 



11 

 

temperature and ln(discoloration). The three-way interactions term among MC, weeks, and 

temperature was also statistically significant (p < 0.05). Any main effect or two-way interaction 

term cannot be interpreted in a universal way. Therefore, we stratified the regression models by 

temperature and by weeks to investigate these relationships under certain conditions. 

2.4.2 Discoloration Models Stratified by Weeks 

Due to the interaction effect, models separated by weeks are proposed here to verify the effects of 

MC and temperature and their interaction. The six models stratified by weeks are given by: 

 

ln(𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛)𝑖𝑗 = 𝑏𝑙𝑜𝑐𝑘𝑖𝑗  + 𝑡𝑒𝑚𝑝𝑖𝑗  + 𝑀𝐶𝑖𝑗  + 𝑀𝐶𝑖𝑗  ×  𝑡𝑒𝑚𝑝𝑖𝑗  + 𝑡𝑒𝑚𝑝𝑖𝑗
2  +  ԑ𝑖𝑗   Eq 2.2 

where j = 1, …, 40 (index of samples = 4 MC levels  5 temperature levels  2 replications) for i 

= 1, 2, …, 6 (index of weeks). 

The mean and standard deviation (SD) of discoloration (%) at week 0 were 8.75 and 0.96, 

respectively. As the storage duration increased, not surprisingly, the mean and SD of discoloration 

also increased (Table 2.1). The difference in discoloration became evident after six weeks of 

storage and is attributed to MC, linear and quadratic effects of temperature, and interaction 

between MC and temperature. The coefficients and p-values were adjusted after controlling for 

fungicide and non-fungicide treatment effects. 

The first-order and second-order terms of temperature indicated a nonlinear relationship between 

temperature and ln(discoloration). MC was positively associated with ln(discoloration), but the 

degree of impact may change with temperature because the interaction term was significant as 

well. Note that the meaning of a coefficient is not straightforward due to the variable 

transformations. Therefore, the coefficient was less important because the main objective was to 

develop a prediction model and ultimately determine the optimal operating conditions. The 

interaction between temperature and MC was significant, which means that the effect of MC 
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depends on temperature, and vice versa. In addition, this interaction effect may not be the same in 

different weeks (very significant after week 6), indicating three-way interaction, as shown in the 

full model (eq. 2). The R2 values were reasonably high for prediction purposes after week 6. In the 

last column of table 1, a higher p-value (p > 0.05) indicates no lack-of-fit problem from the F-test. 

From the coefficients and the model fit, only three models (for weeks 6, 8, and 10) were useful for 

further prediction and are indicated as (A), (B), and (C) in Table 2.1 and Table 2.3. 

Table 2.1 Discoloration change by storage duration (weeks) and affecting factors for long-grain 

rice hybrid XL745 (MC = moisture content, SD = standard deviation, and temp = storage 

temperature). 

Discoloration (%) 

 

Coefficients[a] 

 

Model Fit 

Weeks Mean SD Temp MC MC  Temp Temp2 R2 Lack of Fit 

2 9.11 1.62  0.11** -0.05 0.08* 0.03  0.54 0.10 

4 9.21 3.20  0.18* 0.14* 0.13 0.01  0.31 0.99 

(A) 6 12.87 9.19  0.32*** 0.14** 0.23** 0.25**  0.73 0.45 

(B) 8 15.17 15.05  0.43*** 0.26 *** 0.41*** 0.47***  0.89 0.70 

(C) 10 17.03 19.51  0.59*** 0.26 *** 0.37 *** 0.58***  0.93 0.55 

12 19.19 23.00  0.63*** 0.21*** 0.38*** 0.59***  0.91 0.005 
[a] Asterisks indicate p-values: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 

Figure 2.1 shows contour plots of the response surface for the interaction effect of MC and storage 

temperature on the response of ln(discoloration). Due to the natural logarithm scale of the 

response, 4 is equivalent to 55% discoloration, 3 is about 20%, and 2.3 is about 10%. Both high 

MC and high temperature (top right corners of the contour plots) had the most severe effect on 

discoloration, although the degree of severity depended on the storage duration (weeks). 

Meanwhile, lower levels of the mean response were associated with either lower temperature or 

lower MC. The yellow highlighted areas indicate the safe storage zones, i.e., optimal MC and 

temperature conditions to maintain about 10% discoloration, which is close to the control 

conditions. 
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Figure 2.1 Contour plots of response surface of ln(discoloration) for MC and temperature at 

different weeks of storage for long-grain rice hybrid XL745: (a) week 6, (b) week 8, (c) week 10, 

and (d) week 12 (MC = moisture content, and w.b. = wet basis). 

2.4.3 Discoloration Models Stratified by Temperature 

Separating the models by temperature allowed us to focus on MC, weeks, and their interaction at 

a given temperature. The five models stratified by temperature are given by: 

ln(𝑑𝑖𝑠𝑐𝑜𝑙𝑜𝑟𝑎𝑡𝑖𝑜𝑛)𝑖𝑗 = 𝑏𝑙𝑜𝑐𝑘𝑖𝑗  + 𝑤𝑒𝑒𝑘𝑠𝑖𝑗  + 𝑀𝐶𝑖𝑗  + 𝑀𝐶𝑖𝑗  ×  𝑤𝑒𝑒𝑘𝑠𝑖𝑗  +  ԑ𝑖𝑗                   Eq 2.3 

where j = 1, …, 48 (index of samples = 4 MC levels  6 weeks  2 replications) for i = 1, 2, …, 5 

(index of temperature levels). 

Table 2.2 summarizes the results of the discoloration change by temperature and other affecting 

factors. From the coefficients and the model fit, only one temperature model (40°C) was useful for 

further prediction and is indicated as (D) in Table 2.2 and   

Table 2.4. 
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Table 2.2 Discoloration change by storage temperature (temp) and affecting factors for long-

grain rice hybrid XL745 (MC = moisture content, SD = standard deviation, and weeks = storage 

duration). 

Discoloration (%) 

 

Coefficients[a] 

 

Model Fit 

Temp (°C) Mean SD Weeks MC Weeks  MC R2 Lack of Fit 

10 8.20 1.53  0.02 0.01 0.05  0.06 0.48 

15 9.13 1.81  -0.01 -0.03 0.07  0.08 0.48 

20 9.21 2.18  0.04 0.12** -0.001  0.24 0.53 

27 10.66 3.51  0.12* 0.18*** 0.15*  0.51 0.91 

(D) 40 31.60 25.77  0.85*** 0.52*** 0.38***  0.88 0.21 
[a] Asterisks indicate p-values: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 

The interaction effect between MC and weeks (storage duration) was shown to be significant at 

27°C and 40°C. Longer storage with higher MC jointly affected the discoloration, especially at 

high temperatures. Figure 2.2 shows contour plots of the response surface for the mean levels of 

ln(discoloration), storage duration, and MC. Due to the natural logarithm scale of the response, 

4.6 is equivalent to about 99% discoloration, 3 is about 20%, and 2.3 is about 10%. Both long 

storage duration and high MC (top right corners of the contour plots) had the most severe response 

for discoloration, especially at 40°C. Lower levels of mean response are associated with either 

lower MC or shorter storage duration. The yellow highlighted areas indicate the safe storage zones 

with optimal conditions of MC and storage duration to maintain 10% or less discoloration. 

 
Figure 2.2 Contour plots of response surface of ln(discoloration) for MC and storage duration at 

different temperatures for long-grain rice hybrid XL745: (a) 27°C and (b) 40°C (MC = moisture 

content, and w.b. = wet basis). 
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2.4.4 Week 0 versus Week 2 

The initial condition of discoloration at week 0 was not included in the regression analysis because 

the environmental conditions at week 0, such as temperature, were independent of the experimental 

conditions during the following 12 weeks. Therefore, our measurements began at week 2. Separate 

analyses were conducted and compared between week 0 and week 2. After controlling MC and 

fungicide treatment (block effect), there was no significant difference in discoloration between 

week 2 and week 0. Therefore, it is reasonable to assume that the discoloration at week 2 

represented the initial condition of storage. 

2.4.5 Model Prediction 

Response surface models provide optimal operating conditions and can also be used for prediction. 

From the model evaluation (R2 and lack-of-fit test) in tables 1 and 2, the four models (A), (B), (C), 

and (D) were applied to predict the expected ln(discoloration). In Table 2.3, the predicted 

conditions of discoloration are summarized after week 6, week 8, and week 10 at 20% MC and 

35°C in storage. For example, using model (C) in Table 2.2, the discoloration at week 10 can be 

estimated with predictors of the initial MC of 20%, 35°C, and pre-harvest fungicide treatment and 

is approximately 36% with a confidence interval (CI) of (31, 42). This discoloration is substantial 

compared to the initial discoloration of 9%. 

Our proposed models were stratified based on weeks and based on temperature, so we used a 

different model with 40°C as a predictor (  

Table 2.4). For example, at 40°C, the expected discoloration level is approximately 47% with CI 

(40, 55) for 20% MC and nine weeks of storage for the non-fungicide treatment group. The 

fungicide group showed a higher level of discoloration, about 56%, with the same predictors. In 

another example, about 8.5 weeks on average (CI: 5.8, 11.1) were required for the fungicide 
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treatment group to reach 50% discoloration, whereas about 9.3 weeks (CI: 6.7, 12) were required 

for the non-fungicide treatment group. 

Table 2.3 Expected discoloration at 20% MC and 35°C by weeks of storage for long-grain rice 

hybrid XL745 (L95 and U95 are the lower and upper bounds, respectively, of the 95% 

confidence interval). 

Weeks 

Fungicide 

 

Non-Fungicide 

Discoloration (%) L95 U95 Discoloration (%) L95 U95 

(A) 6 21.18 17.74 25.29  18.68 15.64 22.30 

(B) 8 31.27 26.64 36.72  25.81 21.99 30.31 

(C) 10 35.80 30.88 41.51  30.46 26.27 34.65 

  

Table 2.4 Expected discoloration at 20% MC, nine weeks of storage, and 40°C for long-grain 

rice hybrid XL745 (L95 and U95 are the lower and upper bounds, respectively, of the 95% 

confidence interval). 

Temperature 

(°C) 

Fungicide 

 

Non-Fungicide 

Discoloration (%) L95 U95 Discoloration (%) L95 U95 

(D) 40 56.42 48.53 65.60  46.87 40.31 54.49 

 

2.4.6 Mold Count Stratified by Weeks 

Second-order polynomial regressions of mold count stratified by weeks are given by: 

𝑀𝑜𝑙𝑑 𝑐𝑜𝑢𝑛𝑡𝑖𝑗  = 𝑏𝑙𝑜𝑐𝑘𝑖𝑗  + 𝑡𝑒𝑚𝑝𝑖𝑗  + 𝑀𝐶𝑖𝑗  + 𝑀𝐶𝑖𝑗  ×  𝑡𝑒𝑚𝑝𝑖𝑗  + 𝑡𝑒𝑚𝑝𝑖𝑗
2  + 𝑀𝐶𝑖𝑗

2  + ԑ𝑖𝑗            Eq 2.4 

where j = 1, …, 40 (index of samples = 4 MC levels  5 temperature levels  2 replications) for i 

= 1, 2, …, 6 (index of weeks). 

In Table 2.5, the mean values of mold count substantially increased at 8 weeks of storage but then 

slightly decreased after weeks 10 and 12. However, the overall mean value of mold count did not 

increase during the experiment compared to the value at 0 weeks (5.92 0.09). There was a 

significant difference in mold count between week 0 and week 2 in the separate analysis. During 

the experiment (weeks 2 to 12), the variation in mold count at a fixed week can be explained by 

temperature, MC, and their quadratic effects, although the interaction effect was minor. 
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Rice encounters molds of two general classifications: field fungi and storage fungi. Predominant 

field fungi include species of Fusarium, while predominate storage fungi include species of 

Aspergillus. It is expected that the general growth responses of molds, in terms of populations at 

the studied conditions, would be similar. Other studies have documented that kernels may have 

unique stains in isolated cases when the crop is heavily affected in the field with some types of 

mold (Schroeder, 1965). Microorganisms may grow across a wide range of temperatures: 

mesophiles grow at moderate temperatures (20°C to 45°C), psychrophiles can live at much lower 

temperatures (-20°C to +10°C, and thermophiles thrive at relatively high temperature (60°C to 

108°C). The minimum equilibrium relative humidity (%ERH) value for microbial growth is 60%. 

Molds are aerobic organisms and do not grow well in conditions where oxygen is limited. In this 

study, sealed (anaerobic) conditions were used for storage. 

Figure 2.3 shows contour plots of the response surface for mold count. The pink highlighted areas 

indicate where the mold level did not change from the initial level (week 0). Therefore, the 

previous results for the optimal conditions for discoloration remained the same under the 

assumption of restrained mold population. Higher levels of mold population are associated with 

higher MC and lower temperature (top left corners of the contour plots). The minimum mold 

population is achieved at either a high temperature or a low MC (<16%).
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Table 2.5 Mold count (log10 CFU g-1) change by storage duration (weeks) and affecting factors 

for long-grain rice hybrid XL745 (MC = moisture content, SD = standard deviation, and temp = 

storage temperature). 

Mold Count (log10 CFU g-1) 

 

Coefficients[a] 

 

Model Fit 

Weeks Mean SD Temp MC MC  Temp Temp2 MC2 R2 Lack of Fit 

2 5.17 0.86  -0.49* -0.33 0.003 -0.09 0.11  0.30 0.39 

4 4.96 0.90  -0.71*** -0.55*** -0.35* -0.42* -0.18  0.75 0.89 

6 5.15 1.07  -0.86*** 0.10 -0.28 -0.80*** 0.61**  0.79 0.57 

8 5.77 0.85  -0.40* 0.47** 0.10 -0.42 0.84**  0.52 0.62 

10 5.64 0.86  -0.56** 0.41** 0.06 -0.47* 0.46*  0.59 0.60 

12 5.41 0.99  -0.72*** 0.63*** 0.32* -0.58** 0.67**  0.79 0.04 
[a] Asterisks indicate p-values: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.  

Coefficients and p-values are adjusted for block (fungicide/non-fungicide) 

 

 
Figure 2.3 Contour plots of response surface of mold count (log10 CFU g-1) for MC and 

temperature at different weeks of storage for long-grain rice hybrid XL745: (a) week 6, (b) week 

8, (c) week 10, and (d) week 12 (MC = moisture content, and w.b. = wet basis). 
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2.4.7 Mold Count Models Stratified by Temperature 

Five models stratified by temperature are given by: 

Eq 2.5 

𝑀𝑜𝑙𝑑 𝑐𝑜𝑢𝑛𝑡𝑖𝑗  = 𝑏𝑙𝑜𝑐𝑘𝑖𝑗  + 𝑤𝑒𝑒𝑘𝑠𝑖𝑗  + 𝑀𝐶𝑖𝑗   

+𝑀𝐶𝑖𝑗  ×  𝑤𝑒𝑒𝑘𝑠𝑖𝑗  + 𝑤𝑒𝑒𝑘𝑠𝑖𝑗
2  + 𝑀𝐶𝑖𝑗

2  +  ԑ𝑖𝑗 

where j = 1, …, 48 (index of samples = 4 MC levels  6 weeks  2 replications) for i = 1, 2, …, 5 

(index of temperature levels). 

In Table 2.6, the mean values of mold count decreased as temperature increased. The variation in 

mold count at a fixed temperature can be explained by weeks, MC, and their interaction. Based on 

the significant coefficients and overall average mold population, the result at 40°C can be separated 

from the results at lower temperatures. 

In Figure 2.4, at 20°C, the interaction term between storage duration (weeks) and MC is significant. 

Therefore, the effect of storage duration (weeks) or MC cannot be interpreted in a universal way. 

The mold population grew slowly as storage duration increased at high MC (20%); however, this 

was not true for lower MC. Similar analyses were performed for storage at 10°C, 15°C, and 27°C. 

MC does not behave singularly but rather affects mold count jointly with temperature. At low 

temperatures, high MC is associated with mold population over time at either a linear rate or a 

nonlinear (slow) rate. 

The low MC effect is not clear over time at low temperature. The overall mean mold population 

was lower for samples stored at 40°C (Figure 2.4b) than for samples stored at 20°C (Figure 2.4a). 

The lower mold count at higher storage temperature could have been due to the lack of oxygen 

available for mold population in the anaerobic storage conditions (Pardo et al., 2004). At high MC 

(20%), the mold population is positively and linearly associated with storage duration. At low MC 
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(14%), the mold population is negatively associated with storage duration. At high temperature 

(40°C), high MC has a negative impact for a long-term storage. Storage at low MC may have a 

positive impact for a short-term storage by retarding mold population. The form in which rice is 

stored may also affect storability. The role of the husk in protecting the grain against microbial 

attack at suboptimal MC and temperature conditions has been reported (Liu et al., 2006). In our 

experiment, paddy rice was kept in airtight storage, which also contributed to inhibiting mold 

development. 

Table 2.6 Mold count (log10 CFU g-1) change by storage temperature (temp) and affecting factors 

for long-grain rice hybrid XL745 (MC = moisture content, SD = standard deviation, and weeks = 

weeks of storage). 

Mold Count (log10 CFU g-1) 

 

Coefficients[a] 

 

Model Fit 

Temp (°C) Mean SD Weeks MC Weeks  MC Weeks2 MC2 R2 Lack of Fit 

10 5.80 0.36  0.26*** 0.12* 0.25** -0.07 0.20*  0.50 0.001 

15 5.75 0.44  0.29*** 0.16* 0.38*** -0.23* 0.25*  0.561 0.12 

20 5.61 0.74  0.38** -0.004 0.60** -0.46* 0.10  0.38 0.38 

27 5.40 0.63  0.31** 0.02 0.49** -0.09 0.34  0.37 0.23 

40 4.18 1.26  0.11 0.31 0.78* 0.08 1.21**  0.29 0.18 
[a] Asterisks indicate p-values: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 

 

 
Figure 2.4 Mold count (log10 CFU g-1) versus grid of storage duration (weeks) and MC at 

different temperatures for long-grain rice hybrid XL745: (a) 20°C and (b) 40°C (MC = moisture 

content, w.b. = wet basis, and CFU = colony forming units). 
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2.4.8 Head Rice Yield Model 

Six HRY models stratified by weeks are given by: 

𝐻𝑒𝑎𝑑 𝑟𝑖𝑐𝑒 𝑦𝑖𝑒𝑙𝑑𝑖𝑗  = 𝑏𝑙𝑜𝑐𝑘𝑖𝑗  + 𝑡𝑒𝑚𝑝𝑖𝑗  + 𝑀𝐶𝑖𝑗  + 𝑀𝐶𝑖𝑗  × 𝑡𝑒𝑚𝑝𝑖𝑗 + 𝑀𝐶𝑖𝑗
2  +  ԑ𝑖𝑗                        Eq 2.6 

where j = 1, …, 40 (index of samples = 4 MC levels  5 temperature levels  2 replications) for i 

= 1, 2, …, 6 (index of weeks). 

In Table 2.7, there is some evidence of the effect of MC and temperature on HRY, but with no 

regular pattern. The overall variations of the mean and SD over 12 weeks were not substantial in 

this experiment. It is not clear what factor is important over the storage duration. Based on Figure 

2.5, the green areas are relatively better zones that maintained the HRY as that of the initial sample. 

There was a significant negative interaction effect between MC and temperature, which caused a 

greater reduction in HRY. However, this interaction effect no longer existed at weeks 8, 10, or 12. 

Models stratified by temperature were also analyzed, and the results showed lack of fit, poor R2 

and no meaningful interpretation. 

Table 2.7 Head rice yield (HRY, %) change by storage duration (weeks) and affecting factors for 

long-grain rice hybrid XL745 (MC = moisture content, SD = standard deviation, and temp = 

storage temperature). 

HRY (%) 

 

Coefficients[a] 

 

Model Fit 

Weeks Mean SD Temp MC MC  Temp MC2 R2 Lack of Fit 

2 50.26 1.48  -0.29 -1.36*** 0.10 -0.63  0.66 0.94 

4 50.48 1.76  -1.21*** -1.08*** -0.86** -0.54  0.71 0.68 

6 50.86 1.03  -0.80*** -0.38* -0.48* -0.41  0.63 0.03 

8 51.01 1.46  -0.65** 0.31 -0.04 -1.05**  0.73 0.72 

10 49.09 1.19  -0.36 0.48 0.18 -0.43  0.28 0.49 

12 49.06 1.34  -0.53* -0.56** -0.26 1.27***  0.62 0.01 
[a] Asterisks indicate p-values: * = p < 0.05, ** = p < 0.01, and *** = p < 0.001. 
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Figure 2.5 Contour plot of response surface of head rice yield (%) for hybrid long grain rice 

(XL745); weeks 4 (a); weeks 6 (b); MC indicates moisture content; w.b. indicates wet basis. 

2.4.9 Fungicide versus Non-Fungicide Effect 

In this study, fungicide and non-fungicide treatment were considered as a block. Inclusion of this 

block is meaningful as a control variable to improve the precision of the estimation of other 

treatment effects. To test the fungicide and non-fungicide treatment effect, a Mann-Whitney test 

was conducted; this test is often viewed as an alternative nonparametric version of a two-sample 

t-test. A Mann-Whitney test is performed to determine if two independent samples are from the 

same distribution. A small p-value (p < 0.05) indicates a difference between the two samples. In 

Figure 2.6, fungicide treatment significantly improved the HRY but also slightly increased 

ln(discoloration) and mold count, indicating some trade-off in rice quality. It can be speculated 

that field fungicide treatment inhibited field fungi activity, which subsequently preserved the rice 

bran layer. Improved integrity of the bran could significant increase the HRY of samples from 

fields with fungicide treatment. 
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Figure 2.6 Impacts of pre-harvest fungicide treatment of long-grain rice hybrid XL745 on rice 

quality characteristics: (a) ln(discoloration), (b) HRY (%), and (c) mold count (log10 CFU g-1) 

(CFU = colony forming units, F = fungicide treatment, and NF = non-fungicide treatment). 

2.5 Conclusion 

This study documented safe storage conditions for rough rice to mitigate the negative effects of 

HRY reduction, mold population, and discoloration. There was a quadratic effect of MC on rice 

quality. Higher MC tended to increase both discoloration and mold population, lowering the 

quality of the rice, although this effect may change with temperature or storage duration. High 

temperature tended to increase discoloration but may suppress the mold population (conflicted 

effect of temperature) in anaerobic conditions. According to the regression model, the critical 

storage temperature that may lead to discoloration is between 27°C and 40°C. From the contour 

plots for storage durations of 6 to 12 weeks, the minimum mold population is achieved at high 

temperature (40°C). However, this result could have been due to inactivation of molds at high 
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temperature and in sealed (anaerobic) storage conditions. The variations in mold population can 

be explained by the effects of MC and temperature and their quadratic effects. When the 

temperature level was fixed (e.g., less than 25°C), then samples stored with average MC of 16% 

tended to have minimum mold populations. 

Data showed that the quality of long-grain hybrid rice can be optimized by carefully controlling 

storage MC, temperature, and duration. Optimizing parameters such as rough rice storage MC as 

a function of the predicted storage duration would help optimize the quality of U.S. rice destined 

to the consumer or processing markets. Considering pre-harvest rice management, there may be a 

need to increase the application rate of conventional fungicide (>17 oz. per acre), adjust the 

application timing, or change the type of fungicide used if a significant impact on post-harvest rice 

quality, specifically HRY, is to be expected. 
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 Effect of rice chilling on drying, milling and quality characteristics 

Soraya Shafiekhani, Griffiths G. Atungulu 

3.1 Abstract 

High temperature (field heat) and moisture content of freshly harvested rough rice promote 

excessive respiration and microbial growth. Therefore, the rice risks significant deterioration of 

quality due to delayed drying at peak harvest time when drying capacity becomes limited. The 

U.S. rice industry has identified that cooling/chilling the rice prior to drying to remove the excess 

heat, immediately after harvest, significantly preserves the quality of milled rice. This study 

experimentally simulated drying of rough rice after cold storage/chilling. The rice was dried using 

slightly-heated air and high temperature air with procedures set to mimic those practiced by 

commercial systems. Rough rice at moisture contents (MCs) of 16%, 19%, and 21% (wet basis) 

were stored at storage temperature (Ts) of 10°C, 15°C, and 20°C for up to 4 months. Following 

retrieval, the samples were dried at drying temperature (Td) of 35°C, 45°C, and 60°C and relative 

humidity (RH) of 20%. Each drying run comprised of two 20-min drying passes with the rice 

tempered at the drying Td for a duration of 4 h following every drying pass. Following the drying, 

the rice was conditioned in an equilibrium MC chamber (T=26°C, RH=56%) to 12.5% MC and 

then milled to evaluate milled rice yield and quality characteristics. The highest percentage points 

of MC removal (6.77 % points) occurred following drying at air temperature of 60°C for samples 

with initial MC at 21% and stored at 20°C. Drying with air at 60°C decreased head rice yield 

(HRY) especially for samples with initial MC at 21% and stored at 10°C (HRY=51.4% versus 

those at 45°C and 35°C, HRY=55.95% and HRY=58.8%, respectively). Drying air temperatures 

studied (35°C, 45°C, 60°C) had no significant effect of causing discoloration of samples within 

the range of the studied initial MCs and storage temperatures. Peak and final viscosities of samples 
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with different initial MCs (16%, 19% and 21%) stored at 20°C followed by high temperature air 

drying (60°C) were significantly different from those of samples stored at 10°C and 15°C. The 

results provided insight into the drying, milling and quality characteristics of rice after cold 

storage/chilling. The information provide foundation for development of new recommendations to 

improve quality of milled rice.  

Keywords: Rough rice, Cooling/chilling, Conventional drying, Storage, Milling quality. 

3.2 Introduction 

Rough rice chilling is accomplished by cooling of the grain to below ambient temperature using a 

mechanical refrigeration system (Brunner, 1990). First, the application of rice chilling may permit 

both short- and long-term storage of the grain regardless of the ambient conditions. Pre-chilling 

the grain before drying may help producers overcome drying capacity related pressure during peak 

harvest time (Maier et al., 1992). Secondly, chilling of rough rice followed by storage provides the 

opportunity to store the grain safely without using chemical protectant for insect pest control 

(Thorpe and Elder, 1982; Navarro and Noyes, 2002). Third, improvement of rice milling quality 

has also been reported for grain stored in chilled environment (Rius, 1987; Shafiekhani and 

Atungulu, 2017; Shafiekhani et al., 2018; Shafiekhani et al., 2019; Atungulu and Shafiekhani, 

2019). Maier et al. (1992) reported a market price of $16/cwt for milled parboiled rice which makes 

the chilled-aeration storage an attractive technology for both the quality preservation of stored 

rough rice and the conditioning of parboiled rice.  

A rice kernel can be regarded as a composite material consisting of several different biopolymers, 

including starch and proteins with moisture as a plasticizer (Meesukchaosumran and Chitsomboon, 

2018; Luthra et al., 2019; Shafiekhani et al., 2016). At low temperatures or moisture contents, 

starch granules in rice behave as a glassy material. Addition of thermal energy into the rice initiates 
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movement of starch granules and phase change which cause the starch to display rubbery or 

flexible characteristics (Ondier et al., 2012; Amiri et al., 2019; Anari et al., 2019). In the first stage 

of drying, the surface of the rice kernel loses moisture faster than the core of the kernel; this makes 

the rice surface to transition into the glass state first while the core is still in the rubbery state. This 

state differential may cause compressive stress and fissuring (Yang and Jia, 2004). The effect of 

moisture content (MC) on the glass transition temperature (Tg) for individual long grain rice 

kernels was measured using dynamic mechanical thermal analysis; the Tg equation developed by 

Siebenmorgen et al. (2004) is shown using the following regression equation: 

𝑇𝑔 = 100.5 − 334 × 𝑀𝐶                                                                                                      Eq 3.1 

where, Tg is the glass transition temperature (°C), MC is the moisture content, expressed on a 

decimal wet basis.  

Practically, rice growers have the option to chill freshly-harvested high moisture content rough 

rice and proceed with storage at low temperatures, during peak harvest, and dry later using 

commercial natural or heated air-drying systems. High temperature air drying of the rough rice 

requires that multiple passes of air with tempering step be used to minimize fissure formation. 

Schluterman and Siebenmorgen (2004) reported high milling yields of rice by using drying air 

temperatures of 40°C to 65°C with multiple passes of 20-40 min for each pass. Combining chilling 

aeration with high temperature drying of paddy in Malaysia increased drying capacity by 40% 

(Chek, 1989).  

Typically, tempering conditions are designed to reduce or prevent fissuring of the rice kernels. 

Ondier et al. (2012) reported that the tempering temperature should be the same as the drying air 

temperature to avoid phase transition from a rubbery to glassy state. Moreover, they considered 

the sealed headspace condition by using sealed/airtight plastic bags for tempering which minimize 
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reduction in the rice milling quality. Steffe et al. (1979) suggested that a 3 h tempering duration 

was sufficient after drying for 20 min using drying air at 50°C.  

There is very limited information on the drying behavior of freshly-harvested, high moisture rough 

rice subjected to cooling or chilling pre-drying and consequence of such practice on the milled rice 

quality. This study experimentally simulated slightly-heated and high air temperature drying of 

rough rice subjected to cold storage/chilling; the drying procedures were set to mimic those 

practiced by commercial drying systems, which use multi-pass drying and tempering. We 

hypothesized that storage/chilling temperatures prior to drying, and drying air conditions will 

influence the rough rice drying behavior and quality of milled rice. The objective for the current 

study was to determine moisture removal, milling and quality characteristics of the rice upon 

drying with the described drying methods. The results of this study describe the appropriate use of 

chilling aeration systems in the rice industry. 

3.3 Materials and Methods  

3.3.1 Collection and Preparation of Samples 

Hybrid long-grain rice cultivar (XL745) was harvested in the year 2017 from Pocahontas, 

Arkansas at MC 22% (wet basis). Henceforth, moisture content (MC) is expressed on a wet basis 

(w.b.) unless specified otherwise. Rice samples were cleaned with a dockage tester (Model XT4, 

Carter-Day, Minneapolis, MN). Then, the cleaned rice was divided into three sub lots. The weight 

of each sub lots was 6 kg. The sub lots were conditioned to obtain samples at MCs of 16%, 19%, 

and 21% using conditioned environment chamber (5580A, Parameter Generation and Control, 

Black Mountain, N.C.) set at 26°C and 56% relative humidity (RH). In these conditions drying 

lasted 24 h to reach a MC of 16%. The MC of the samples was measured following the procedure 

by the American Society of Agricultural and Biological Engineers (ASABE) Standard S352.2 
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(ASABE Standards, 2008) which involves putting 15-g of the rough rice in an oven (1370 FM, 

Sheldon Mfg., Inc., Cornelius, OR) set at 130°C for 24 h. After conditioning, the samples were 

stored in individual well labeled, sealed glass jars at three separate refrigerators with temperatures 

of 10°C, 15°C, and 20°C for 4 months. The storage temperatures were chosen based on cool 

ambient conditions through summer till late-fall season in Arkansas. Prior to drying, samples were 

withdrawn from storage and allowed to equilibrate to ambient temperature. Two replications were 

used for each storage conditions. 

3.3.2 Drying Air Conditions 

Rough rice was taken out from glass jars and was placed on a tarp (thin layer) in controlled 

environment chamber (ESPEC, Hudsonville, Mich) to dry with different drying air conditions of 

35°C, 45°C, and 60°C with constant 20% RH; the drying air conditions correspond to EMCs of 

7.33%, 6.64%, and 5.77% respectively as predicted by the modified Chung-Pfost equation for rice. 

A temperature/relative humidity sensor (Onset Corporation, Bourne, MA, USA; accuracy: 

±0.21°C and 2.5% RH) was placed inside the chamber to measure air conditions every 60 s during 

drying. For each drying condition, samples were dried for two 20-min drying passes. Immediately 

after each drying run, the rice samples were placed in individual sealed glass containers and 

tempered for 4 h at the drying air temperature (there were 4-hours tempering periods between each 

20-minute drying pass). After tempering, the samples were taken out of the sealed glass containers 

and placed into an EMC chamber maintained at 26°C and 56% RH to gently dry to 12.5% MC. 

After each drying run, the actual MC loss of the sample was determined gravimetrically. The MC 

of the samples was confirmed following the procedure by ASABE Standard S352.2. The moisture 

removal was calculated as the difference between the initial MC and the final MC after 2nd drying 

pass and reported as percentage points MC (PPMC) removal.  
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3.3.3 Milling Analysis 

150-g from each dried sample were dehulled with an impeller husker (Model FC2K, Yamamoto, 

Yamagata, Japan), then milled with a laboratory mill (McGill No. 2, RAPSCO, Brookshire, TX). 

Rice milling was set to standardize the degree of milling (Cooper and Siebenmorgen, 2007). 

Milling duration were selected as 35 s to attain a head rice surface lipid content (SLC) of 0.4% as 

measured by near-infrared reflectance (NIR) spectroscopy (DA 7200, Perten Instruments). After 

milling, the milled rice was aspirated for 2 min with a seed blower (South Dakota Seed Blower, 

Seedboro, Chicago, Ill.) to remove any remaining dust. A laboratory-scale rice sizing device 

(Model 61-117-01, Grainman Machinery Manufacturing, Miami, Fla.) was used for separating 

broken kernels from head rice. Whole kernels were regarded as rice kernels with at least ¾ of the 

length of a milled whole kernel which is defined as head rice yield (HRY). Subsequent analysis 

was performed on the milled whole kernels.  

3.3.4 Color Analysis 

The color of the whole rice kernels was measured using an image analysis system (WinSEEDLE 

Pro, 2005a™, Regent Instruments Inc., Sainte-Foy, Quebec, Canada). Approximately 100 head 

rice kernels were spread in thin layer on the acrylic tray sample holder and placed on the scanning 

bed. The software reports the area of each color classification and then the percentage of 

discoloration was calculated as the colored area divided by total projected area. The software was 

calibrated with discolored kernels which were defined as follows: translucent white, opaque white, 

three shades of yellow, black/brown, red/brown, pink/red, and light pink. 

3.3.5 Viscosity Analysis 

30-g of milled rice were ground into flour with a cyclone mill (Udy Corporation, Ft. Collins, CO). 

Pasting properties of samples were measured with viscometer (RVA Super4, Newport Scientific, 
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Warriewood, Australia). Pasting viscosity profiles were determined by mixing 3 ± 0.01 g of flour 

with 25 ± 0.05 mL deionized water to form a slurry (AACC, 2000). The slurry was agitated at 150 

rpm for 10 s for thorough dispersion. The Rapid Viscosity Analyzer (RVA) was set up on a 12.5 

min runtime (50°C for 1.0 min, then heated at 95°C in 3.8 min, held at 95°C for 2.5 min, and then 

cooled to 50°C in 3.8 min and held at 50°C for 1.4 min). A thermogram was produced by the 

viscometer software showing viscosities in centipoise (cP). 

3.3.6 Statistical Analysis 

A three-way analysis of variance (ANOVA; JMP 14.0.0. SAS Institute, Cary, NC) was used to 

determine whether the three treatment factors including initial moisture content (IMC), storage 

temperature (Ts) and drying temperature (Td) led to any significant changes in percentage point 

MC (PPMC) removal and milling characteristics (HRY, discoloration, pasting properties). A total 

of fifty-four rice samples were randomly assigned to treatment combinations (3 IMC levels × 3 Ts 

levels × 3 Td levels × 2 replications). Significant differences between samples means were 

established using test at α = 0.05. 

3.4 Results and Discussion  

3.4.1 Moisture Removal 

Analysis of the impact of storage conditions and drying air temperature on the percentage point 

MC (PPMC) removal of rice samples is shown in Table 3.1. Drying air temperature and storage 

temperature had significant impact on the PPMC removal (p-value<0.05). About 89% of the 

variability in PPMC removal is explained by the statistical model. Root mean square error indicates 

only 0.11% of the mean of response is unaccounted for implying a good fit.  
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Table 3.1 Statistical significance test of the treatment factors including drying air temperature 

(Td), storage temperature (Ts), and their interactions in percentage point MC (PPMC) removal 

and milling characteristics (HRY, discoloration, pasting properties) as response variables of the 

experiment at α = 0.05.  n.s. indicates not significant; HRY indicates head rice yield. 

Response variable  
 

P-value   Model Fit  
 Td   Ts Td × Ts  R2 

PPMC  <0.05 <0.05 n.s.  0.89 

HRY  <0.05 n.s. n.s.  0.86 

Discoloration  n.s. <0.05 n.s.  0.66 

Peak viscosity  <0.05 <0.05 n.s.  0.82 

Final viscosity  <0.05 <0.05 n.s.  0.77 

Breakdown  <0.05 <0.05 n.s.  0.79 

Setback  n.s. <0.05 <0.05  0.69 

Pasting temperature  <0.05 <0.05 <0.05  0.76 

 

Table 3.2 shows moisture contents after each drying pass and PPMC removal for the hybrid long 

grain rice (XL745) with actual IMC of the rice sample stored at indicated storage temperatures (Ts 

= 10°C, 15°C, and 20°C). Rough rice exposed to relatively low temperature air (35°C) lost a 

relatively small amount of moisture (~2%-3%) after two-pass drying. However, drying air 

temperature of 60°C resulted in removal of 2.57-6.77 PPMC removal after two-passes drying. In 

this study, EMCs corresponding to the drying air conditions of 60°C, 45°C, and 35°C at 20% RH 

were 5.77%, 6.64%, and 7.33%, respectively. According to the finding by Cnossen et al. (2002), 

drying rate increased significantly with decreasing EMC; this therefore explained the reason 

behind significant reduction in MC for high-temperature drying air (60°C).  
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Table 3.2 Moisture contents after each drying pass and percentage point moisture content 

removal for hybrid long grain rice (XL745) with actual initial moisture content stored at 

indicated storage temperatures (Ts = 10°C, 15°C, and 20°C) and dried at drying air temperatures 

(Td = 35°C, 45°C, and 60°C). Mean and standard error (% ± SE) with the same type of letters 

are not significantly different at α = 0.05 using the Tukey’s honest significant difference (HSD) 

test. IMC indicates initial moisture content; w.b. represents wet basis; MC represents moisture 

content; PPMC indicates percentage point MC removal. 

IMC 

(%w.b.) 

Ts 

(°C) 

Td 

(°C) 

Actual 

IMC 

(%w.b.) 

MC after 

1st drying 

pass 

(%w.b.) 

MC after 

2nd drying 

pass 

(%w.b.) 

PPMC 

(percentage 

points) 

  35 17.07 16.66 15.51 1.56±0.09 f 

 10 45 17.24 16.68 15.22 2.03±0.3 ef 

  60 16.63 16.06 13.68 2.95±0.24 cdef 

   35 17.02 16.51 15.38 1.64±0.66 ef 

16 15 45 17.15 16.88 14.83 2.32±0.22 cdef 

  60 16.75 15.94 13.19 3.57±0.02 cdef 

  35 17.09 15.76 14.63 2.46±0.11 def 

 20 45 17.12 15.72 13.93 3.19±0.8 cde 

  60 16.60 14.24 12.53 4.07±0.42 cd 

  35 19.99 19.59 18.12 1.87±0.86 cdef 

 10 45 19.59 19.02 16.98 2.61±0.17 cdef 

  60 19.91 17.65 17.12 2.79±0.93 cdef 

  35 19.97 19.83 17.5 2.48±0.82 ef 

19 15 45 19.43 18.54 16.93 2.50±0.6 cdef 

  60 19.8 18.09 16.69 3.11±0.15 cdef 

  35 20.13 19.47 18.13 2.0±0.69 cdef 

 20 45 19.49 19.17 17.33 2.16±0.11 ef 

  60 19.84 18.79 17.28 2.57±0.78 cdef 

  35 21.84 20.85 19.63 1.85±0.37 ef 

 10 45 21.01 20.03 17.82 3.19±0.63 cdef 

  60 21.23 20.89 17.92 3.31±0.24 cdef 

  35 21.02 20.21 19.01 2.01±0.56 def 

21 15 45 21.35 19.4 17.94 3.41±0.22 cdef 

  60 20.71 17.72 14.48 6.23±0.35 ab 

  35 21.07 20.08 18.22 2.85±0.49 cdef 

 20 45 20.83 18.3 16.63 4.19±0.46 bc 

  60 20.89 17.79 14.11 6.77±0.21 a 

 

The Arrhenius equation and activation energy may help describe the relationships observed 

between drying air temperature and moisture movement characteristics. Generally, as temperature 

increases, molecules gain energy and move faster. Therefore, the greater the drying air 
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temperature, the higher the energy level of the water molecules and thus the probability that more 

water molecules will evaporate during the drying process. Addition of thermal energy into the rice 

kernels initiates moisture migration. Lu and Siebenmorgen, (1992) reported that the diffusivity of 

moisture in rice kernel increased with increasing temperature according to Arrhenius-type 

function. Steffe and Singh (1980) used the Arrhenius-type function below to explain the diffusivity 

of moisture in rough rice components: 

𝐷 = 𝐴 𝑒𝑥𝑝 (−
𝐵

𝑇𝑎
)                                                                                                                    Eq 3.2 

where D is the diffusivity of moisture (m2/h), A and B are constants, and Ta is the absolute 

temperature (K). Steffe and Singh, (1980) reported that changes in the diffusivity of moisture in 

rice kernel could be attributed to grain type, drying conditions and grain geometry. Dong et al. 

(2009) also reported that at a high moisture gradient, the moisture diffused rapidly from the inside 

of the grain to its surface.  

Rice samples with IMC=16% and IMC=21% stored at 10°C for all studied drying temperatures 

(35°C, 45°C and 60°C) had less MC removed than those stored at 15°C and 20°C. However, the 

same result was not observed for sample with IMC=19%. For example, PPMC removal for 

samples with IMC=21% stored at 10°C, 15°C and 20°C followed by drying at air temperature of 

60°C was 3.31, 6.23 and 6.77, respectively.  

3.4.2 Drying Rate Constant and Rice Material State Transitions 

The thin layer drying equation of ASAE Standard S448 was used to calculate the drying rate 

constant k (ASAE Standards, 1999):  

𝑀𝑅 =
𝑀𝐶−𝐸𝑀𝐶

𝐼𝑀𝐶−𝐸𝑀𝐶
= 𝑒𝑥𝑝(−𝑘𝑡)                                                                                                  Eq 3.3 

where MR is moisture ratio of the rice after a drying duration of t (min), MC is moisture content 

of the rice (decimal dry basis, d.b.), EMC is equilibrium moisture content (decimal d.b.) of the rice 
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corresponding to the drying air, IMC is initial moisture content (decimal d.b.), k is drying rate 

constant (min-1). Figure 3.1 shows the drying rate constant k versus three different drying air 

conditions (35°C, 20% RH; 45°C, 20% RH; 60°C, 20% RH) after 2nd drying pass. The drying rate 

constant is an important parameter that reflects the rate at which water is removed from the kernel 

(Cnossen et al., 2002). The drying rate increased when drying air temperature increased (Figure 

3.1). Drying rate constant k for rice samples with IMC=16% and IMC=21% stored at 10°C for all 

studied drying temperatures (35°C, 45°C and 60°C) was less than those stored at 15°C and 20°C 

(Figure 3.1a and Figure 3.1c). However, drying rate constant k for samples with IMC=19% for all 

studied drying temperatures and storage conditions did not follow the same pattern (Figure 3.1b).  

Rice state transitions were assessed to help understand reasons for changes and trends of drying 

rate constant k in the different cases that were studied.  

Figure 3.2 shows the state diagram of the rice kernel surface after 1st drying pass and 2nd drying 

pass for each drying air temperatures. When using a drying air temperature of 35°C, drying 

occurred primarily in the glassy region for most kernels and was, therefore, slower (low drying 

constant) than when drying above Tg in the rubbery region. In the glassy region, the overall drying 

process was slower compared to the rubbery region. However, there was no sharp state transitions 

for kernels with IMC=19%. 

At a given MC, the temperature of the material relative to its Tg will determine whether the material 

will be in the glassy or the rubbery state. Researchers have used state diagrams and the concept of 

glass transition to predict changes in food properties and reaction kinetics below and above Tg 

(Peleg, 1996). As the kernel temperature increase above the Tg, the starch transforms to a rubbery 

state whereby its macromolecular structures have greater free volume, and thereby water in the 

starch is more mobile. Therefore, the rice kernel has a higher expansion coefficient, higher specific 
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volume, and higher heat and mass diffusivities (Cnossen et al., 2002). At the beginning of drying, 

the rice kernels were in the glassy state because their initial temperatures and moisture contents 

were about 10°C-20°C and 16%-21%, respectively. During drying, the temperature of the rice 

samples increased rapidly in the 1st drying pass. The starch in the kernel stored at 10°C was mostly 

in the glassy state during the 1st drying pass which means the moisture diffusion out of the rice 

kernel was slow. The glass transition temperatures in Figure 3.2 were calculated based on the 

equation which was developed for rice variety Drew (Siebenmorgen et al., 2004). 

Meesukchaosumran and Chitsomboon (2018) pointed out that there are upper and lower bounds 

at a 95% confidence level next to Tg line; these bounds or deviations may be due to differences in 

amylopectin percentage in starch composition of different rice cultivars. Therefore, at a given MC, 

samples stored at 20°C has less temperature gradient difference with Tg line, which means that 

most part of the kernel was in the rubbery, hence more PPMC removal during drying; the kernel 

would be expected to dry faster. In most of the runs, PPMC removal after 2nd drying pass was 

higher than PPMC removal after 1st drying pass. When the drying of rice sample is temporarily 

stopped after 1st drying pass and subjected to tempering (at Td for 4 h), the moisture within the rice 

kernel diffuses to outer layer and surface. Therefore, there is more moisture available on the 

surface to evaporate as the rice undergo the 2nd drying pass. 
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Figure 3.1 Drying rate constant k versus three different drying air conditions (T °C, RH %) after 

2nd drying pass for hybrid long-grain XL745 rice at indicated storage temperatures (10°C, 15°C, 

and 20°C) (a) IMC=16% w.b., (b) IMC=19%w.b., (c) IMC=21% w.b.; T and RH indicate drying 

air temperature and relative humidity, respectively; IMC indicates initial moisture content; w.b. 

indicates wet basis. 
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Figure 3.2 Kernel surface location after each drying pass at studied drying temperatures (35°C, 

45°C, and 60°C) plotted onto a state diagram for hybrid long-grain XL745 rice (a) IMC=16% 

w.b., (b) IMC=19%w.b., (c) IMC=21% w.b.; IMC indicates initial moisture content; w.b. 

indicates wet basis. 
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3.4.3 Milling Charachteristics (Head Rice Yield and Discoloration) 

Table 3.1 indicates the impact of storage conditions and drying air temperature on the HRY and 

discoloration of rice samples; Table 3.3 indicates mean values of HRY and discoloration after two-

passes drying. Only drying air temperature had significant impact on the HRY (p-value<0.05). 

About 86% of the variability in HRY is explained by the statistical model. Root mean square error 

indicates only 0.14% of the mean of response is unaccounted for implying a good fit. The least 

square mean HRYs of samples dried with drying air of 35°C, 45°C, and 60°C in two passes and 

exposed to 4 h tempering, were 58.24%, 56.92%, and 53.89%, respectively. Loss of HRY was 

significant (p-value<0.05) for samples dried using high-temperature drying air (60°C). There was 

no significant difference in HRY between drying air temperatures of 35°C and 45°C. The lowest 

HRY (M=51.4%) corresponded to sample with IMC=21% stored at 10°C and dried using air at 

60°C. Meanwhile, the highest HRY (M=58.8%) corresponded to sample with IMC=21% stored at 

10°C and dried using air at 35°C. Ondier et al. (2012) suggested that maintaining the entire kernel 

in the rubbery state throughout high-temperature drying would prevent intra-kernel stress 

development and minimize fissuring. Using drying air of 60°C in samples with IMC=21% stored 

at 10°C which had less PPMC removal than those sample stored at 20°C, effected HRY (Table 

3.1). The temperature gradients inside the kernel stored at 10°C and dried by heated air at 60°C is 

higher than those stored at 20°C. It is speculated that the temperature gradients inside the rice 

kernel contributed to fissuring. On the other hand, moisture gradients of the samples stored at 20°C 

was higher than those stored at 10°C (low drying rate). Based on this observation, the impact of 

moisture gradients on fissuring is minimal. The high temperature gradient might tend to mend 

fissures within the kernel, especially at a high IMC. Based on the PPMC removal and HRY results, 
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it can be concluded that high MC removal and milling yield could be achieved in samples stored 

at 10°C with initial MC of 16% followed by drying with air at 60°C.  

Table 3.3 Mean values of head rice yield (HRY) and discoloration of hybrid long grain rice 

(XL745) with initial moisture content stored at indicated storage temperatures (Ts = 10°C, 15°C, 

and 20°C) and dried at drying air temperatures (Td = 35°C, 45°C, and 60°C). Mean and standard 

error (% ± SE) with the same type of letters are not significantly different at α = 0.05 using the 

Tukey’s honest significant difference (HSD) test. IMC indicates initial moisture content; w.b. 

represents wet basis. 

IMC (% w.b.) Ts (°C)  Td (°C) HRY (%) Discoloration (%)   
35 57.6 ± 0.5 abcd 2.18 ± 0.89 ab  

10 45 55.9 ± 0.8 abcde 2.58 ± 0.6 ab    
60 55.15 ± 0.25 abcde 2.67 ± 0.16 ab 

  
 

35 56.75 ± 0.05 abcd 3.53 ± 0.35 ab 

16 15 45 55.75 ± 0.55 abcde 3.85 ± 1.17 ab   
60 52.01 ± 0.3 de 2.64 ± 0.33 ab   
35 57.55 ± 0.05 ab 3.49 ± 0.63 ab  

20 45 56.9 ± 0.5 abcd 3.10 ± 0.28 ab   
60 54.3 ± 1.9 abcde 3.34 ± 0.49 ab   
35 56.75 ± 0.95 abcd 2.42 ± 1.38 ab  

10 45 56.7 ± 1.7 abcd 3.12 ± 0.31 ab   
60 51.25 ± 1.55 e 3.46 ± 0.16 ab   
35 55.7 ± 1.9 abcde 3.1 ± 0.74 ab 

19 15 45 55.1 ± 0.2 abcde 1.69 ± 0.3 b   
60 52.83 ± 0.77 bcde 5.09 ± 1.41 ab 

 
 

35 57.05 ± 0.25 abc 6.39 ± 1.28 a 

 20 45 55.6 ± 0.05 abcde 3.97 ± 1.02 ab 

 
 

60 52.65 ± 0.95 bcde 5.79 ± 0.18 ab 

 
 

35 58.8 ± 0.2 a 2.43 ± 0.39 ab 

 10 45 55.95 ± 0.05 abcde 4.64 ± 0.44 ab 

 
 

60 51.4 ± 1.2 e 3.62 ± 0.49 ab 

 
 

35 57.15 ± 0.45 abc 3.85 ± 0.88 ab 

21 15 45 56.45 ± 0.05 abcd 3.32 ± 0.36 ab 

 
 

60 52.4 ± 0.2 cde 2.79 ± 0.83 ab 

 
 

35 57.2 ± 0.4 abc 4.01± 0.25 ab 

 20 45 52.7 ± 0.1 bcde 3.86 ± 0.75 ab 

 
 

60 53.15 ± 0.75 bcde 5.14 ± 0.77 ab 

 

Only storage temperature had significant impact on discoloration (p-value<0.05). About 66% of 

the variability in discoloration is explained by the statistical model. The least square mean (LS) 

discoloration of samples (XL745) stored at 20°C, 15°C, and 10°C were 4.40%, 3.32%, and 2.98%, 
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respectively. There was no significant difference in discoloration between storage temperatures of 

15°C and 10°C (Table 3.2). All studied samples had discolored area less than 6% which is in good 

agreement with result reported by Shafiekhani et al. (2018). In those results, the authors reported 

that storage of rice even with high initial MC (21%) at 10°C, 15°C, and 20°C caused less than 10% 

discoloration after 16 weeks of storage (Shafiekhani et al., 2018).  

3.4.4 Pasting Properties 

Table 3.4 indicates pasting properties after two-passes drying of the hybrid long grain rice 

(XL745). Peak viscosity represents the maximum viscosity value reached during the heating phase. 

It is commonly used to indicate the extent of granules swelling during the gelatinization phase 

(Liang et al., 2003). In this study, storage temperature and drying air temperature had significant 

effect on peak viscosity (p-value<0.05). About 82% of the variability in peak viscosity is explained 

by the statistical model. Root mean square error indicates only 0.18% of the mean of response is 

unaccounted for, implying a good fit (Table 3.1). There was a significant difference on peak 

viscosities of samples stored at studied temperatures. The least square mean (LS) peak viscosity 

of samples (XL745) stored at 20°C, 15°C, and 10°C, were 2861.38cP, 2752.66cP and 2616.16cP, 

respectively. Peak viscosity increased with increasing drying air temperatures and were 

significantly greater (p<0.05) at 60°C.  
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Table 3.4 Mean values of pasting properties of hybrid long grain rice (XL745) with initial moisture content stored at indicated storage 

temperatures (Ts = 10°C, 15°C, and 20°C) and dried at drying air temperatures (Td = 35°C, 45°C, and 60°C). Mean and standard error 

(% ± SE) with the same type of letters are not significantly different at α = 0.05 using the Tukey’s honest significant difference (HSD) 

test. IMC indicates initial moisture content; w.b. represents wet basis; cP indicates centipoise. 

IMC 

 (% w.b.) 

Ts 

 (°C) 

Td  

(°C) 

Peak viscosity  

(cP) 

Final viscosity 

(cP) 

Breakdown 

(cP) 

Setback 

(cP) 

Pasting temp 

(°C)   
35 2650 ± 45 abc 2931 ± 32 abc 1016 ± 12.3 abc 371 ± 0.5 ab  80.05 ± 0.03 ab 

 
10 45 2456.5 ± 52.5 c 2841.5 ± 7.5 c 966 ± 56 c 385 ± 45 ab 85.92 ± 0.42 a 

  
60 2713.5 ± 37.5 abc 3007 ± 23 abc 1143.5 ± 40.5 abc 293.5 ± 60.5 ab 80.35 ± 1.15 ab 

  
 

35 2742 ± 25 abc 3017 ± 40 abc 1167.5 ± 31.5 abc 275 ± 15 ab 79.22 ± 0.02 b 

16 15 45 2713 ± 36 abc 3007.5 ± 25.5 abc 1126.5 ± 17.5 abc 294.5 ± 10.5 ab  79.17 ± 0.02 b 
  

60 2789.5 ± 24.5 abc 3080.5 ± 9.5 abc 1165.5 ± 20.5 abc 291 ± 15 ab 79.62 ± 0.37 b 
  

35 2938.5 ± 3.5 a 3108 ± 57 abc 1313.5 ± 54.5 a 169.5 ± 60.5 ab 78.77 ± 1.17 b 
 

20 45 2802 ± 32 abc 3040.5 ± 26.5 abc 1213 ± 49 abc 238.5 ± 58.5 ab 78.82 ± 0.37 b 
  

60 2795 ± 14 abc 3084 ± 46 abc 1226.5 ± 60.5 abc 289 ± 60 ab 80.37 ± 2.35 ab   
35 2677 ± 5 abc 3058 ± 4 abc 1045.5 ± 10.5 abc 381 ± 9 ab 78.77 ± 2.32 b 

 
10 45 2471 ± 55 bc 2884 ± 46 bc 966.5 ± 19.5 c 413 ± 9 a 83.15 ± 0.01 ab    

60 2831.5 ± 118.5 abc 3075 ± 6 abc 1231 ± 139 abc 243.5 ± 112.5 ab 81.52 ± 0.4 ab   
35 2807.5 ± 41.5 abc 3082.5 ± 31.5 abc 1178.5 ± 32.5 abc 275 ± 10 ab 78.45 ± 0.8 b 

19 15 45 2659.5 ± 24.5 abc 2980 ± 24 abc 1060.5 ± 22.5 abc 320.5 ± 0.5 ab 78.8 ± 0.02 b 
  

60 2790.5 ± 156.5 abc 3061.5 ± 66.5 abc 1177 ± 110 abc 271 ± 90 ab 80.8 ± 1.2 ab 

 
 

35 2876 ± 31 a 3091 ± 56 abc 1239.5 ± 26.5 abc 215 ± 25 ab 79.17 ± 0.01 b 

 20 45 2701.5 ± 86.5 abc 2981.5 ± 0.5 abc 1155 ± 105 abc 280 ± 86 ab 80.45 ± 0.42 ab 

 
 

60 2942 ± 75 a 3192.5 ± 80.5 a 1300.5 ± 6.5 ab 250.5 ± 5.5 ab 80.85 ± 3.17 ab 

 
 

35 2697 ± 11 abc 3012.5 ± 6.5 abc 1077.5 ± 23.5 abc 315.5 ± 17.5 ab 78.72 ± 0.42 b 

 10 45 2465.5 ± 163.5 bc 2822.5 ± 136.5 c 1007 ± 56 bc 357 ± 27 ab 82.37 ± 3.17 ab 

 
 

60 2673.5 ± 107.5 abc 3001 ± 74 abc 1118 ± 17 abc 327.5 ± 33.5 ab 84.35 ± 0.45 ab 

 
 

35 2719 ± 49 abc 3038 ± 37 abc 1095 ± 17 abc  319 ± 12 ab 79.2 ± 0.05 b 

21 15 45 2637.5 ± 28.5 abc 2931.5 ± 37.5 abc 1091 ± 12 abc 294 ± 9 ab 79.97 ± 0.77 ab 

 
 

60 2915.5 ± 38.5 a 3096.5 ± 19.5 abc 1299 ± 6 ab 181 ± 19 ab 80.35 ± 0.45 ab 

 
 

35 3023 ± 48 a 3163 ± 64 ab 1322 ± 10 a 140 ± 16 b 79.12 ± 0.02 b 

 20 45 2822.5 ± 32.5 abc 3035 ± 3 abc 1221 ± 55 abc 212.5 ± 29.5 ab 79.17 ± 0.02 b 

 
 

60 2852 ± 69 ab 3141.5 ± 68.5 ab 1177 ± 14 abc 289.5 ± 0.5 ab 81.55 ± 0.05 ab 
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Final viscosity represents the ability of the starch to form a viscous paste or gel after cooking and 

cooling. Drying air temperature and storage temperature had significant effect on final viscosity 

(p-value<0.05). About 77% of the variability in final viscosity is explained by the statistical model. 

The least square mean final viscosity of samples (XL745) stored at 20°C, 15°C, and 10°C, were 

3093.0cP, 3032.77cP and 2959.16cP, respectively. Ambardekar and Siebenmorgen (2012) 

reported that peak and final viscosities increase with increasing drying air temperatures. 

Champagne et al. (1998) reported that the high peak and final viscosities of rice resulting at high 

drying temperature are associated with increased cooked rice cohesiveness.  

Breakdown viscosity represents the starch granules disruption and it is commonly used as a 

measure of paste stability (Zaidul et al., 2007). The analysis of breakdown viscosity indicates that 

the granule rigidity was significantly affected by drying temperature and storage temperature. The 

lowest breakdown viscosity (M=966cP) was obtained in samples with IMC = 16% stored at 10°C 

with drying air temperature of 45°C (Table 3.4).  

Setback viscosity reveals the gelling ability or the retrogradation tendency of starch during cooling 

phase (Zaidul et al., 2007). The results from this study have shown that storage temperature and 

interaction between storage temperature and drying air temperature affected setback viscosity. For 

setback viscosity, the samples stored at 10°C showed a higher setback viscosity (LS=343cP) than 

did the sample from the other storage temperatures of 15°C (LS=280.11cP) and 20°C 

(LS=231.61cP). The increase in setback viscosity (M=413cP) represents higher hardness of 

sample with IMC=19% stored at 10°C using drying air at 45°C (Table 3.4).  

Pasting temperature represents the temperature at which the starch viscosity starts to rise during 

heating process (Liang et al., 2003). The statistical analysis of this study has shown that pasting 

temperature of rice is a function of drying air temperature, storage temperature and interaction 

http://download.cassandralab.com/ricequality/ricequality_help/References.html
http://download.cassandralab.com/ricequality/ricequality_help/References.html
http://download.cassandralab.com/ricequality/ricequality_help/References.html
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effect between drying air temperature and storage temperature. The highest pasting temperature 

(M=85.92°C) was found in samples with IMC=16% stored at 10°C with drying air temperature of 

45°C (Table 3.4). 

Generally, storage temperature and drying air temperature had significant affect (p-value<0.05) on 

functional properties of the samples in this study. Dillahunty et al. (2001) reported that viscosity 

was affected by exposure duration and temperature. Higher PPMC removal for samples dried with 

air at 60°C indicate the reduced water absorption of samples (Table 3.2). The reduction of water 

content and absorption at higher grain temperature can result in and be attributed to the 

rearrangement of starch granules after drying, respectively (Inprasit and Noomhorm, 2001). 

Borompichaichartkul et al. (2007) and Ondier et al. (2013) pointed out that higher final and peak 

viscosities are the indications of higher values of kernel hardness, which is highly correlated with 

better cooking quality. Thus, temperature of drying air and rate of water removal affected 

physicochemical properties of milled rice.  

3.5 Conclusion 

This study documented the moisture removal, material state transition, milling and quality 

characteristics of hybrid long grain rice (XL745) subjected to chilling followed by drying with 

slightly heated and high temperature air drying methods. Drying air temperature of 60°C resulted 

in PPMC removal of 2.57-6.77 after two-passes drying. Samples with IMC=16% and IMC=21% 

stored at 20°C had higher drying rate constant than those stored at 10°C. High drying air 

temperature (60°C) caused reduction in HRY (HRY=51.4% versus those at 45°C and 35°C, 

HRY=55.95% and HRY=58.8%, respectively) for samples with IMC=21% and stored at 10°C pre-

drying. Chilling/cold storage of high MC rough rice at 10°C, 15°C, 20°C retarded discoloration of 

milled rice. Viscosity of milled rice sample was affected by drying air temperature and pre-drying 
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storage temperature. In accordance with our hypothesis, this research showed that the rough rice 

drying behavior and quality of milled rice are tied to pre-drying chilling procedure and subsequent 

drying conditions. The findings from this study provide useful information for rice growers and 

processors on impacts of the chilling aeration technology on rice moisture removal, material state 

transition, milling and quality characteristics. Based on limited information of the heat and mass 

transfer of rough rice subjected to chilled environment, the following research is suggested for 

future work: 1) develop the prediction equation to determine EMC values of rough rice at chilled 

environment, 2) evaluate the drying energy efficiency and overall drying cost associated with the 

new methods of post-harvest rice management using cold storage and chilling aeration.   
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 Modeling heat and mass transfer of long-grain hybrid rice in a chilled 

environment 

4.1 Abstract 

While chilling aeration technology for grains has found use in other countries, application for use 

in the USA for rice has been hampered due to lack of scientific and industry relevant data. The aim 

of this study is to determine the drying kinetics of rough rice at chilled environment; such data is 

vital for automated grain condition monitoring and control of aeration systems at chilled rice 

conditions. Adsorption and desorption isotherms of hybrid long-grain rough rice (XL-745) 

subjected to temperature environments that are typical in field chilled storage conditions (5 and 

15°C) were measured. The dynamic vapor sorption analyzer (IGAsorp) consisting of 

microbalances in controlled atmosphere were used to generate predictive isotherms. Changes in 

sample weight were continuously monitored across a range of equilibrium relative humidity (10-

70%) until a steady-state mass was attained. Nonlinear regression analysis was used to estimate 

empirical constants of five models used for describing grain sorption isotherms. The 

appropriateness of each model in describing the equilibrium data was evaluated to minimize the 

root mean square error (RMSE). The modified Chung-Pfost equation best described the 

experimental data with RMSEs of 0.557 and 0.912 for adsorption and desorption data, respectively. 

The equilibrium moisture content (EMC) of rice experimentally measured at the lowest extreme 

condition of 5°C with 10% relative humidity (RH) was 12.5% (dry basis). However, the EMC 

estimated using conventional modified Chung-Pfost equation was 8.9% (dry basis) which 

indicated a significant deviation in EMC value prediction with equations extrapolating data for 

chilling environments. All five prediction models (modified Chung-Pfost, modified Henderson, 

modified Oswin, modified Halsey, and modified GAB) were in good agreement for experimental 
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data at high temperature conditions (e.g. at 30°C). The results indicated that it is more accurate to 

use newly developed constants for EMC models of rice in chilled environment. The three-

dimensional ellipsoid shape was used to describe the rough rice geometry. Mathematical models 

were developed to predict the moisture and temperature distribution during the drying processes 

at chilled conditions of 5°C and 15°C. The models were solved by finite element method using 

Comsol Multiphysics® simulation program. Increasing the drying temperature from 5°C to 15°C 

increased the effective moisture diffusivity from 9.0×10-13 to 1.1×10-12 m2/s. The drying activation 

energy value reached 25.1 kJ/mol under chilled environment.  

Keywords: Rough rice, Mathematical modeling, Equilibrium moisture content, Moisture 

diffusivity, Activation energy, Chilled environment.  

4.2 Introduction 

Chilling aeration of high-moisture rough rice may permit short- to long-term storage management 

of the grain entirely independent of ambient temperature and relative humidity conditions; this 

would reduce the throughput constraints on commercial and on-farm dryers to dry all fresh rice 

within two weeks following harvest. The use of mathematical models to describe the chilling 

aeration processes is very useful and allows the design and optimization of the equipment involved 

in the process (Iguaz et al., 2003). Thus, there is need to investigate how changes in temperature 

and relative humidity (RH) influence equilibrium moisture content (EMC) of rice under chilling 

environment.  

EMC of rice is defined as the moisture content (MC) at which the rice kernels are neither gaining 

nor losing moisture. The EMC of rice depends on the temperature and RH of the surrounding air 

(Goneli et al., 2007; Ondier et al., 2012).  
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Transport phenomena which happens at the boundary surface of the grain and surrounding 

atmosphere involves adsorption and desorption. The rate at which adsorption and desorption 

happens depends on grain physical characteristics, such as roughness, porosity and chemical 

characteristics, e.g., hydrogen bonding and capillary forces (Wellingford and Labuza, 1983; Chen 

et al., 1984).  

Different methods can be used to find the EMC isotherms for rough rice, but the most basic method 

is the static method (Iguaz and Versade, 2007). This method uses saturated salt solution wherein a 

sample is stored in an enclosure (e.g., desiccators) and is allowed to reach equilibrium with the 

surrounding atmosphere of known RH maintained by the salt solutions. The sample weight is 

measured at regular intervals until a constant weight is reached; at this point the moisture content 

is taken to be the EMC. This method requires long equilibration time, which is usually from 7 – 

14 weeks for rough rice samples at temperatures of 4 – 40 ºC and RHs of 10 – 90% (Choi et al., 

2010). Thus, it is questionable whether the microbial and physico-chemical stability remain valid 

in the sample during long experimental period, especially at higher water activity (Rahman and 

Sablani, 2009). The other method to create the EMC isotherm is by using dynamic vapor sorption 

(DVS). The DVS overcomes many of the disadvantages encountered with the static method. The 

DVS system does not require the use of saturated salt solutions in order to provide the desired RH, 

but instead, uses a mixture of dry nitrogen and saturated water vapor, whose proportions are 

precisely controlled by mass flow controller. The moisture balance is designed to measure weight 

loss changes over time until the rate of weight loss reaches a constant mode. Schmidt and Lee 

(2012) and Bingol et al. (2012) reported the comparison of water vapor sorption isotherms obtained 

using the dynamic method and those obtained using the static method. They pointed out that the 
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DVS differed dramatically from the saturated salt solution isotherms in water activity range of 0.4 

– 0.8.  

Many studies have employed the use of thin layer drying equations to determine the drying 

characteristics of grain exposed to controlled air conditions (Basunia and Abe, 2001; Prakash et 

al., 2017). In thin layer drying, all rice kernels are exposed to identical drying air conditions 

(Prakash and Siebenmorgen, 2018). ASABE Standard S448.2 (ASABE Standards, 2014) defined 

three layers of kernels as maximum layer depth for thin layer drying. Mathematical equations 

utilized for describing isotherms of hybrid long-grain rice are shown in Table 4.3. For the equations 

listed in Table 4.3, T is temperature (ºC), Me is equilibrium moisture content (% dry basis), RH is 

relative humidity (decimal), and A, B and C are grain specific empirical constants. The 

mathematical equations have been successfully used by many authors to model sorption isotherms 

of rough rice (Iguaz and Virseda, 2006; Ondier et al., 2011). Studies have found that the parameters 

of thin layer drying equations depend upon the rice properties, such as harvest MC, chemical 

composition, and dimensions, as well as drying air properties, such as temperature, RH, and air 

velocity (Cnossen et al., 2002; Prakash et al., 2011). Considering that chilling aeration utilizes 

drying air temperatures that are not commonly used in the U.S. drying industry, there is need to 

evaluate the mathematical equations for estimating EMC and moisture movement at chilled 

environment conditions.  

Drying involves simultaneous heat and mass transfer phenomena (Brooker et a., 1992). To design 

the effective drying equipment, it is necessary to understand the thermodynamic properties of 

moist air and rice drying kinetics. The effective moisture diffusivity (Deff) and the activation energy 

(Ea) are important to study absorbed and desorbed water’s properties and calculate the energy 

required in the drying process. Several studies have used single-kernel mathematical models to 
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describe the moisture movement within a single rice kernel and estimate moisture gradients and 

fissuring in rice (Yang et al., 2002; Meeso et al., 2007; Prakash and Pan, 2012). Developing the 

analytical solutions is complicated due to the irregular shape of rice kernel. Therefore, in this study 

numerical methods such as finite difference or finite element methods were used to solve the heat 

and mass transport equations in single kernel of rice following the work of Igathinathane et al. 

(1999) and Prakash et al. (2011). In this study, the three-dimensional heat and mass transport model 

was solved using Comsol Multiphysics® simulation program.  

The objectives of this study were to: (1) measure the adsorption and desorption isotherms of long-

grain rough rice subjected to chilled environment using DVS method; (2) determine parameters of 

the thin layer drying equations for each air condition; (3) evaluate the appropriateness of the 

equations for estimating equilibrium data of rough rice for the range of temperature and RH 

studied; (4) determine the moisture diffusivity and activation energy values associated with 

moisture and heat transport in chilled environment, and (5) perform mathematical modeling using 

finite element method to investigate the heat and mass transfer during drying at low temperatures.  

4.3 Materials and Methods 

4.3.1 Rice Sample 

A hybrid long-grain rice cultivar XL-745 was harvested from Arkansas in the fall of 2018. Samples 

were cleaned with a dockage tester (model XT4, Carter-Day, Minneapolis, Minn.). Prior to 

equilibrium moisture content (EMC) experiments, three hundred kernels, 100 kernels for each 

replicate, were randomly selected and the moisture content (MC) of the subsample measured using 

single kernel moisture meter (Shizuoka Seiki CTR 800A). Bulk sample MCs were obtained by 

averaging 100 individual kernel MC. The rice samples were then double bagged in “Zip-loc” ® 

plastic bags and refrigerated at approximately 4ºC until testing.  
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4.3.2 Test System  

Dynamic vapor sorption analyzer (IGAsorp, Hiden Isochema Ltd., Warrington, UK) was used to 

obtain EMC of rough rice. The IGAsorp is an ultrasensitive electro-balance with 0.05 µg resolution 

and a 1 g weighing capacity. Relative humidity (RH) is controlled within the IGAsorp by 

measuring a combination of dry and wet nitrogen (N2) streams. Dry N2 enters the instrument and 

is divided into two streams. The flow rate of each stream is controlled using a mass flow controller 

(MFC). One of the N2 streams passes through a solvent reservoir, where it is saturated with the 

solvent at a set temperature. The dry N2 is then combined with the wet N2, and mixed stream flows 

into the sample chamber. A RH sensor with a measurement accuracy of ± 1% to 90% RH and ± 

2% RH from 90% to 95% RH and a platinum resistance temperature detector (RTD) temperature 

probe (± 0.1 K) located inside the sample chamber provide proportional integral differential 

feedback control to the MFCs. The sample chamber and the solvent reservoir are controlled at 

same temperature using a temperature-controlled water bath (Minnick et al., 2018).  

The isothermal kinetics of hybrid long-grain rice cultivar XL-745 were studied at chilling 

temperature levels of 5 and 15ºC; another run was conducted at 30ºC for the purpose of model 

comparisons and validations. For each studied temperature, three rice kernels were placed into the 

pan of the equipment. The RH was changed from 10% to 70% and, then back to 10% to capture 

adsorption and desorption isotherms of sample. The HIsorp software program intelligently controls 

the IGAsorp reservoir temperature to achieve the target flow rate (250 mL/min N2) and RH 

conditions. Before running the isotherm tests, all the samples were gently conditioned by the 

IGAsorp which was programmed at 26ºC and 56% RH to attain the same starting EMC.  
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4.3.3 Effective Moisture Diffusivity and Activation Energy 

Fick’s diffusion equation as a governing equation of mass transfer is normally used to evaluate the 

diffusion of moisture from rice kernels during drying process (Khanali et al., 2016). Moisture 

diffusion of rice kernels during drying is a complex process which involves molecular diffusion, 

capillary flow, Knudsen flow, and surface diffusion. To account for both liquid and vapor phase 

diffusivity in rice kernel, usually an effective moisture diffusivity (Deff) is used (Aguerre et al., 

1982). The analytical solution of the diffusion equation based on Fick’s second law with constant 

diffusion coefficient for spherical geometry is described by Crank as follows (Crank, 1975): 

𝑀𝑅 =
𝑀−𝑀𝑒

𝑀0−𝑀𝑒
=

6

𝜋2
∑

1

𝑛2
∞
𝑛=1 exp (−

𝑛2𝜋2𝐷𝑒𝑓𝑓𝑡

𝑟2 )                                                                               Eq 4.1 

Where MR is the moisture ratio (dimensionless), M is moisture content (%, d.b.) of the kernel at 

any given time t, Me is the equilibrium moisture content (%, d.b.), M0 is the initial moisture content 

(%, d.b.), n is the number of data points, Deff is effective moisture diffusivity (m2/s), and r is the 

equivalent radius of the rice kernel (m). Equivalent radius is determined by equating the volume 

of rice kernel (V, m3) to that of sphere and is given by:   

𝑟 = (
3

4𝜋
𝑉)

0.33

                                                                                                                         Eq 4.2 

The volume (V) of rice kernel was determined using equation described by Mohsenin, 1986: 

𝑉 = 0.25 [(
𝜋

6
) 𝐿(𝑊 + 𝑇)2]                                                                                                    Eq 4.3 

Where L (m) is length, W (m) is width, and T (m) is thickness of rice kernel.  

Eq 4.1 could be further simplified into straight-line equation as shown in Eq 4.4 (Dadali et al., 

2007): 

ln 𝑀𝑅 = ln (
6

𝜋2 ) − (
𝜋2𝐷𝑒𝑓𝑓

𝑟2  𝑡)                                                                                               Eq 4.4 

A straight line is obtained from Eq 4.4 by plotting Ln (MR) versus drying duration, and the Deff for 

each temperature can be calculated from the slope:  
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𝑆𝑙𝑜𝑝𝑒 =
𝜋2𝐷𝑒𝑓𝑓

𝑟2                                                                                                                         Eq 4.5 

The temperature dependence of Deff is usually expressed by an Arrhenius relationship as in Eq 4.6 

(Cai and Chen, 2008):  

𝐷𝑒𝑓𝑓 = 𝐷0𝑒𝑥𝑝 (−
𝐸𝑎

𝑅(𝑇+273.15)
)                                                                                                Eq 4.6 

Where D0 is the pre-exponential factor (m2/s), Ea is the activation energy (kJ/mol), T is the drying 

temperature (ºC), and R is the universal gas constant (8.3143, kJ/mol K).  

Taking natural logarithm of both sides of Eq 4.6, the result was given as follows:  

ln 𝐷𝑒𝑓𝑓 = ln(𝐷0) +
𝐸𝑎

𝑅
(

1

𝑇+273.15
 )                                                                                          Eq 4.7 

The activation energy could be determined from the slope of the straight line formed by plotting 

Ln (Deff) versus [1/(T+273.15)] such that the slope is Ea/R.  

To determine the value of mass diffusion coefficient (D) according to the air temperature, the 

Arrhenius equation was used where the parameters a1 = 0.0003 m2/h and b1 = -3023 K were 

obtained by fitting Eq 4.8 to the experimental data.  

𝐷 = 𝑎1𝑒𝑥𝑝 (
𝑏1

𝑇𝑎𝑏𝑠
)                                                                                                                   Eq 4.8 

4.3.4 Transport Equations 

The following assumptions were made for these simulations: 

• Liquid diffusion was considered as the mechanism of moisture movement within the rice 

kernel (Steffe and Singh, 1980); 

• Rough rice kernel assumed to be an ellipsoid shape in the model (Prakash and Pan, 2012; 

Pereira et al., 2015); 

• Shrinkage in size of the rice kernel during the drying simulation was neglected (Prakash 

and Pan, 2012); 
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• The presence of multiple components such as endosperm, bran and husk were not 

considered in model (Ece and Cihan, 1993). 

Fick’s second law of diffusion and Fourier’s law of conduction in a three-dimensional Cartesian 

coordinate system (x, y, z) were used to model the moisture transport process and heat transfer 

within the rice kernel, respectively. Using symmetry about axes in an ellipsoid shaped model was 

solved in three-dimensional objects. The governing moisture and conduction transport equations 

with initial and boundary conditions are described below.  

Governing moisture transport equation: 

𝜕𝑀 (𝑥,𝑦,𝑧,𝑡)

𝜕𝑡
= 𝐷𝛻2𝑀(𝑥, 𝑦, 𝑧, 𝑡)                                                                                                 Eq 4.9       

Initial condition: 

𝑀(𝑥, 𝑦, 𝑧, 0) = 𝑀𝑖                                                                                                                 Eq 4.10 

Boundary conditions: 

The model was tested by comparing two different boundary conditions for moisture transport of 

rice kernel. Dirichlet boundary condition assumed the kernel surface moisture M (kg water/kg dry 

matter) to have the same moisture as the equilibrium moisture content Me (kg water/kg dry matter) 

of rice in the ambient environmental conditions (Meeso et al., 2007): 

𝑀(𝑥, 𝑦, 𝑧, 𝑡) = 𝑀𝑒                                                                                                                  Eq 4.11 

Meanwhile, Newmann boundary condition equated the outward moving moisture flux to moisture 

taken away by convective air and obtained by following equation (Yang et al., 2002): 

−𝐷𝛻𝑀(𝑥, 𝑦, 𝑧, 𝑡) = ℎ𝑚(𝑀(𝑥, 𝑦, 𝑧, 𝑡) − 𝑀𝑒)                                                                          Eq 4.12         

Where t is time (s), 𝛻 is divergence operator, D is moisture diffusivity (m2/s), M is the moisture 

content (kg water/kg dry solids), Mi is the initial moisture content (kg water/kg dry solids), Me is 
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the equilibrium moisture content of rice corresponding to ambient humidity conditions (kg 

water/kg dry solids), and hm (m/s) is the surface mass transfer coefficient (m/s).  

Governing heat transfer equation:                                                                                                   

𝜌𝑐𝑝
𝜕𝑇(𝑥,𝑦,𝑧,𝑡)

𝜕𝑡
= 𝑘𝛻2𝑇(𝑥, 𝑦, 𝑧, 𝑡) + 𝑄                                                                                      Eq 4.13 

Initial condition: 

𝑇(𝑥, 𝑦, 𝑧, 0) = 𝑇𝑖                                                                                                                    Eq 4.14 

Boundary condition: 

The heat transfer by convective air to the rice surface can be equated to the conductive heat 

entering the surface and change in enthalpy of evaporating moisture. The heat transfer boundary 

condition can be described by following equation:  

−𝑘
𝜕𝑇(𝑥,𝑦,𝑧,𝑡)

𝜕𝑡
= ℎ𝑐(𝑇(𝑥, 𝑦, 𝑧, 𝑡) − 𝑇𝑎) − 𝜆ℎ𝑚(𝑀(𝑥, 𝑦, 𝑧, 𝑡) − 𝑀𝑒)                                       Eq 4.15            

Where 𝜌 is density of rice (kg/m3), Cp is specific heat (J.kg-1.ºC-1), T is temperature (ºC), k is 

thermal conductivity (W.m-1.ºC-1), 𝛻 is divergence operator, Q is volumetric heat generation 

(W/m3), Ti (ºC) is the initial temperature of rice kernel, hc (Wm-2 ºC-1) is the convective heat 

transfer coefficient, Ta (ºC) is the temperature of drying air, λ (J/kg) is heat latent of vaporization, 

hm (m/s) is the surface moisture transfer coefficient, M (kg water/kg dry matter) is kernel surface 

moisture, and Me (kg water/kg dry matter) is the equilibrium moisture content of rice. The 

equilibrium moisture content of the rough rice (Me) as a function of air temperature, T (ºC), and 

relative humidity, RH (decimal), was used in simulation of rough rice drying. 

Surface mass transfer coefficient, hm (m/s) and surface heat transfer coefficient, hc (W.m-2.K-1) 

were determined using the following relationship (Fortes et al., 1981):  

ℎ𝑚 =  
𝐷𝐴𝐵

R𝑇𝑎𝑏𝑠𝑑𝑝
[2.0 + 0.6𝑅𝑒0.5𝑆𝑐0.33]                                                                                   Eq 4.16                                                
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ℎ𝑐 =
𝑘

𝑑𝑝
(2.0 + 0.6𝑅𝑒0.5𝑃𝑟0.33)                                                                                            Eq 4.17 

Where DAB is the vapor diffusivity in the air, hm is the surface moisture transfer coefficient, hc is 

the heat transfer coefficient, dp is the particle equivalent diameter, R=287.035 J/kgK is universal 

constant for air, Tabs (K) is drying air temperature, Re is the Reynolds number, Pr is the Prandtl 

number, and Sc is the Schmidt number is obtained by the following expressions:  

𝑑𝑝 = (𝐿
(𝑊+𝑇)2

4
)

0.33

                                                                                                              Eq 4.18 

𝐵 = √𝑊𝑇                                                                                                                              Eq 4.19 

𝐴 =
𝜋𝐵𝐿2

(2𝐿−𝐵)
                                                                                                                              Eq 4.20 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇
                                                                                                                                Eq 4.21 

𝑃𝑟 =
𝑐𝑝𝜇

𝑘
                                                                                                                                Eq 4.22                                                                          

𝑆𝑐 =
𝜇

𝜌𝐷𝐴𝐵
                                                                                                                              Eq 4.23 

Where L is the length of major axis, W is width of intermediate axis, T is thickness of minor axis 

of rough rice kernel, A is surface area, ρ is air density (kg/m3), v is air velocity (m/s), D is equivalent 

particle diameter of rice, µ is air viscosity (kg/ms), Cp is air heat capacity (J/kgK), k is air thermal 

conductivity (W/mK). Moisture gradient (MG) within the rough rice kernel model was determined 

in the simulation program using the following expression (Prakash and Pan, 2012):   

𝑀𝐺 = |∇𝑀| = [(
𝜕𝑀

𝜕𝑥
)

2

+ (
𝜕𝑀

𝜕𝑦
)

2

+ (
𝜕𝑀

𝜕𝑧
)

2

]
1/2

                                                                       Eq 4.24 

Where x (mm), y (mm), and z (mm) are the three coordinates.  

4.3.5 Single Kernel Modeling 

Several studies have reported on mathematical models for irregular shapes like rice kernel. Most 

of the times rice kernels are approximated to simpler shapes such as sphere, cylinder, prolate 

spheroid and ellipsoid (Steffe and Singh, 1980; Lu and Siebenmorgen, 1992; Igathinathane and 
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Chattopadhyay, 1999; Wu et al., 2004). Studies have shown that an ellipsoidal model (three-

dimensional) may best resemble the kernel geometry and is appropriate for simulating the drying 

and adsorption process (Prakash et al., 2011; Pereira et al., 2015; Zhao et al., 2019).  

Three dimensional models developed in this study were solved using Comsol Multiphysics® 

simulation program (Comsol Inc, Palo Alto), which uses the finite element method to solve the 

model equations. The average of the rice kernel size was used for generation of the geometry. The 

rough rice size was determined by Hacihafizoglu et al. (2008) where the authors calculate the 

averages for grain dimensions after taking measurement of 100 grains. Length, width, and 

thickness of rice kernel was measured and reported (Table 4.1). Mean values of the measured sizes 

were used to describe ellipsoidal geometry of rough rice kernels in the model. The measured values 

of volume V = 24.7 mm3, the equivalent particle diameter dp = 3.5 mm, the surface area A = 3.76 

× 10-5 m2. The unstructured tetrahedral mesh was generated with maximum and minimum element 

sizes of 0.387 mm and 0.00387 mm, respectively. The representative meshed model geometry of 

rough rice is shown in Figure 4.1. The number of elements in rough rice model of ellipsoid shape 

was 67186. 

Table 4.1 Kernel dimensions of hybrid long-grain rice (XL-745) at 17.6% MC on w.b. 

Hybrid LG 

(XL745) 

Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

Mean 9.7 2.4 1.9 

(Std.) 0.5 0.1 0.09 
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Figure 4.1 Three-dimensional meshed model geometry of rough rice in Comsol Multiphysics® 

simulation program. 

4.3.6 Thermo-physical Parameters of Drying Air and Rough Rice 

The length, width, and thickness of the rough rice was determined using a digital caliper with 

accuracy of 0.01 mm. Pereira et al. (2015) reported the values of thermo-physical parameters of 

rough rice as following: density ρ = 658.75 kg/m3, thermal conductivity k = 0.11042 W/m.K, 

specific heat cp = 1916.4 J/kg.K. Air parameters used in the simulation of rough rice drying are 

presented in Table 4.2. Air flow rate of IGAsorp was 250 mL/min. Dividing the air flow rate (4.16 

× 10-6 m3/s) with the surface area of rice kernel (A = 3.76 × 10-5 m2) gives the air velocity v = 0.11 

m/s. The values of convective mass transfer coefficient and convective heat transfer coefficient 

were calculated to be 3.9 × 10-7 (m/s) and 34.8 W/m2K, respectively.  

Table 4.2 Thermo-physical properties of air used in the simulations of the rough rice drying. 

Air Parameters Values  

Density (kg/m3) 1.22 

Viscosity (kg/ms) 1.85e-5 

Specific heat (J/kg.K) 1012 

Thermal conductivity (W/mK) 0.02 

Vapor diffusivity (m2/s) 2e-5 

Flow rate (m3/s) 4.16e-6 

Temperature (ºC) 5, 15, 30 

Relative humidity (%) 40, 50 
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4.3.7 Thin Layer Mathematical Models 

Moisture sorption isotherms of hybrid long-grain rice cultivar XL-745 at chilled environment were 

modeled as 𝑀𝑒 = 𝑓(𝑅𝐻, 𝑇). Results of rough rice MC during adsorption and desorption versus 

temperature and RH were analyzed using nonlinear regression in JMP Pro 14 (SAS Institute Inc., 

Cary, NC) to estimate the empirical constants (A, B, and C) of the mathematical equations listed 

in Table 4.3.  

Table 4.3 Equilibrium models used for describing grain sorption data. 

Equation Equilibrium Moisture Content Model 

Modified Chung-Pfost (Chung & Pfost, 1967) 
𝑀𝑒 =

−1

𝐶
ln [(

−(𝑇 + 𝐵)

𝐴
) ln 𝑅𝐻] 

Modified Henderson (Henderson, 1952) 

𝑀𝑒 = [−
𝑙𝑛(1 − 𝑅𝐻)

𝐴(𝑇 + 𝐵)
]

1
𝐶

 

Modified Halsey (Halsey, 1948) 

𝑀𝑒 = [−
𝑒𝑥𝑝(𝐴 + 𝐵 .  𝑇)

ln 𝑅𝐻
]

1
𝐶

 

Modified Oswin (Oswin, 1946) 

𝑀𝑒 = (𝐴 + 𝐵 .  𝑇) [
𝑅𝐻

1 − 𝑅𝐻
]

1
𝐶
 

Modified GAB (Jayas & Mazza, 1993) 

𝑀𝑒 =
𝐴 .  𝐵 . (

𝐶
𝑇)  .  𝑅𝐻

(1 − 𝐵 .  𝑅𝐻) [1 − 𝐵 .  𝑅𝐻 + (
𝐶
𝑇) . 𝐵 . 𝑅𝐻]

 

 

4.3.8 Statistical Analysis 

Parameters of each model were determined by non-linear regression. The quality of fitting of 

experimental data to the selected mathematical models was tested with a root means square error 

(RMSE). The RMSE between the predicted and measured EMC results were calculated and 

compared. The lower the value of RMSE, the more precise the model (Chapra and Canale, 2010). 

In addition, Excel software (Microsoft Office 2019, Microsoft Corp., Redmond, Wash.) was used 

to calculate the Percent bias (PBIAS). The PBIAS measures the average tendency of the predicted 
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data to be larger or smaller than their observed counterparts (Gupta et al., 1999). The optimal value 

of PBIAS is 0.0, with a lower magnitude indicating a more accurate model prediction. Positive 

values indicate a model bias toward underestimation, whereas negative values indicate a bias 

toward overestimation. RMSE and PBIAS were calculated as follows:  

𝑅𝑀𝑆𝐸 = √∑ (𝑀𝑒
𝑖 −𝑀𝑝

𝑖 )
2𝑁

𝑖=1

𝑁
                                                                                                       Eq 4.25 

𝑃𝐵𝐼𝐴𝑆 =
∑ (𝑀𝑒

𝑖 −𝑀𝑝
𝑖 )∗100𝑁

𝑖=1

∑ (𝑀𝑒
𝑖 )𝑁

𝑖=1

                                                                                                     Eq 4.26 

Where Me is the experimental EMC, Mp is the predicted EMC, N is the number of experimental 

data point, i is the ith data point out of the N total points.  

4.4 Results and Discussion 

4.4.1 Moisture Sorption Isotherms 

The sorption isotherms of long-grain hybrid rice cultivar XL-745 at chilled environment and RHs 

ranging from 10% to 70% obtained by IGAsorp analyzer, is shown in Figure 4.2. This figure 

demonstrates that at a constant temperature, there is a positive correlation between EMC and the 

%RH of the rough rice; where an increase in %RH was accompanied by an increase in the EMC. 

These results indicate that, the sorption relation of rice can be reasonably elucidated by a sigmoidal 

shape which has been observed by several authors for starchy foods including rice (Togrul and 

Arslan, 2006; Blahovec and Yanniotis, 2009; Atungulu et al., 2016).  
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Figure 4.2 Sorption isotherms of long-grain hybrid rice cultivar XL-745 at (a) 5ºC, (b) 15ºC, and 

(c) 30ºC. 

Table 4.4 Equilibrium moisture content experimental values for adsorption, desorption and 

hysteresis of long-grain hybrid rice cultivar XL-745. 

Temperature 

(ºC) 

RH 

 (%) 

EMC of adsorption 

(% d.b.) 

EMC of desorption 

(% d.b.) 

Hysteresis 

(% d.b.) 

5 10 11.6 13.4 1.8 

5 50 15.6 16.8 1.2 

15 10 8.2 9.8 1.6 

15 40 11.9 13.0 1.1 

30 10 5.5 5.6 0.1 

30 40 8.7 9.9 1.2 
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Table 4.4 shows temperature and RH values used in the experiment, along with the EMC values 

for long-grain hybrid rice cultivar XL-745 experimental data obtained for desorption and 

adsorption, and hysteresis magnitudes. Comparing EMC values for desorption and adsorption, for 

all air conditions used leads to the conclusion that values acquired for desorption are always higher 

than those obtained for adsorption. One of the accepted theories regarding the hysteresis 

phenomenon suggests that, during adsorption, the rice kernel porous region formed by capillaries 

begins to swell up, due to the increase in RH. Once the partial pressure of the air’s water vapor 

becomes higher than the capillary’s vapor pressure, water moves towards the pore interior. 

Meanwhile during desorption, the pore is saturated at the beginning of the process. When the 

partial pressure of the surrounding air’s water vapor is lower than the vapor pressure inside the 

capillary, water diffuse from boundary to surface of the rice kernel (Zeymer et al., 2019). 

According to Table 4.4 hysteresis magnitudes decrease as temperature increases which is also 

reported by several authors (Benado and Rizvi, 1985; McLaughlin and Magee, 1998). However, 

hysteresis value at 30ºC was 0.6% d.b. higher than hysteresis at 15ºC, at 40% RH, probably due to 

the elasticity increase of the capillary walls. Similar result was encountered by Zeymer et al. (2019) 

studying sorption isotherms of paddy rice grains at temperatures 10, 20, 30, 40 and 50ºC. Zeymer 

et al. (2019) reported that hysteresis values at 30ºC were higher than hysteresis at 20ºC, at the 

water activity interval between 0.3 and 0.4. There is no concrete explanation for the hysteresis 

loop, it is commonly believed that there should be some irreversible thermodynamic reactions 

responsible for the changes of sorption characteristic of food (Rahman and Al-Belushi, 2006; 

Mousa et al., 2014). Mohsenin (1986) reported that the dehydration of food material caused an 

increase of hydrophobic particles on its surface which makes the reduction of water holding 

capacity in a further cycle of adsorption.  
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According to the EMC values of rice decreased as the temperature was increased at constant RH. 

The impact of temperature on the sorption capacity of rice was less in the adsorption data compared 

to the desorption data. The increase in EMC at the lower temperature can be explained by the 

following reasons: 1) kinetic energy the water molecules are holding is insufficient to free them 

from their corresponding sorption sites (Quirijns et al., 2005); 2) water molecules have hydrogen 

bounds along with hydrophilic groups of the biopolymer such as starch and proteins (Slade and 

Levine, 1991).  

Due to the hygroscopic nature of rice kernel, it responds to moisture changes by expanding or 

shrinking. Kunze and Calderwood (1985) reported that the rapid changes in moisture content might 

increase the risk of fissuring in rice kernels. Therefore, the rate of adsorption/desorption of rice 

kernels in different RHs and temperatures is critical for rice processors to minimize the risk of 

fissuring. In this study, the rate of the equilibration was about 0.001 mg/min to obtain the high 

accuracy equilibration curve. Bingol et al. (2012) suggested that at a certain RH level equilibration 

rate for DVS method is faster than static method and the duration to obtain a full isotherm depends 

on the number of RH steps during which the product needs to reach the moisture equilibrium.  

Figure 4.3 illustrates the effects of different isotherms at studied RHs and temperatures on the 

moisture ratio of rough rice. All the drying curves showed that the whole drying of rough rice 

occurs in the falling rate period. The results showed that the rice kernel absorb and desorb moisture 

faster when the RH is high. It is clearly seen from Figure 4.3 that rice kernel at 5ºC with 10% RH, 

absorbs and desorbs moisture slowly.  

Figure 4.4a and Figure 4.4b show the comparison of adsorption and desorption rates of long-grain 

hybrid rice cultivar XL-745 at temperatures studied (5ºC, 15ºC, 30ºC) and RH ranging from 10% 

to 70%. It is clearly seen from Figure 4.4 that the moisture changes during the first 100 hours of 



 

69 

 

adsorption/desorption of rough rice at 30ºC was higher than those at 5ºC. Kannan et al. (1995) 

reported that the effect of drying air temperature on drying rate is related to the increase of intra-

particle moisture transport as the particle temperature increases. With the increase of air 

temperature, the duration needed to achieve desired moisture content decreased (Khanali et al., 

2016). The higher rate of drying during early stages of drying is attributed to the higher rate of 

moisture diffusion to the material surface, due to the high moisture content during initial stages of 

drying. Moreover, RH could change the rate of adsorption and desorption. The rate of rice kernels 

absorption/desorption was higher when the RH was high. Among the air conditions studied, drying 

air at 30ºC and 70% RH had high (>1.4%) rate of adsorption. However, drying air at 5ºC and 30% 

RH had low (<1.1%) rate of adsorption. The sudden increase in ambient RH, especially over 40% 

RH, caused significant moisture gradients. However, changes in ambient conditions below 40% 

RH might not cause fissuring since rice kernel absorb and desorb moisture slowly, therefore the 

moisture gradients could be assumed to be too low to cause fissuring (Bingol et al., 2012).  
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Figure 4.3 Comparison of moisture ratios of long-grain hybrid rice cultivar XL-745 at different 

drying air conditions: (a) 5ºC, (b) 15ºC, and (c) 30ºC. Ads and Des indicates adsorption and 

desorption, respectively. 
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Figure 4.4 Comparison of rates of (a) adsorption and (b) desorption of moisture for long-grain 

hybrid rice cultivar XL-745 subjected to studied temperatures (5, 15, and 30ºC). M: moisture 

content at time t (g/100 g dry matter); M0: initial moisture content at respective relative humidity 

(g/100 g dry matter). 

 

4.4.2 Effective Moisture Diffusivity and Energy of Activation 

The Deff values for rough rice drying were calculated based on Eq 4.5 and are presented in Table 

4.5. Srinivasakannan et al. (1994) reported that the effective moisture diffusivity for food material 
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as 1) variety, 2) geometry and 3) ambient air conditions (Cihan et al., 2008). Khanali et al. (2016) 

reported the effective moisture diffusivity values of fluidized bed drying of rough rice in the range 

of 4.8×10-11 to 1.4×10-10 m2/s. Steffe and Singh (1982) reported the values of effective moisture 

diffusivity for convective drying of rough rice in the range of 4.7×10-12 to 6×10-11 m2/s. 

Hacihafizoglu et al. (2008) reported that the theoretical predictions of effective moisture diffusivity 

based on the prolate spheroid geometry for rough rice drying are in better agreement with the 

experimental results as compared to those based on the spherical and finite cylindrical geometry. 

Lu and Sibenmorgen (1992) reported that the effective moisture diffusivity and activation energy 

of two cultivars of long grain rice were different even at same drying air conditions.   

Increasing the drying temperature from 5ºC to 30ºC increased the moisture diffusivity from 

8.2×10-13 to 6.4×10-12 m2/s (Table 4.5). Several studies reported that the increase or decrease in 

effective moisture diffusivity is related to the magnitude of drying rates (Khanali et al., 2016; 

Cihan et al., 2008). The effective moisture diffusivity increased with increased drying temperature 

due to more energy being provided at higher drying temperatures, which increased the activity of 

water molecules and increased the drying rate. As temperature increased, the bound moisture that 

is distributed inside the grain with relatively strong bonding began to evaporate in the drying 

process (Sadaka and Atungulu, 2018).  

A linear relationship between ln (Deff) versus 1/T is presented in Figure 4.5 due to the Arrhenius 

type dependence. The value of the activation energy was determined by Eq 4.7 and was 25.1 

kJ/mol for rough rice under isothermal drying conditions. Zogzas et al. (1996) reported that the 

activation energy for drying of agricultural and food materials is mostly in the domain of 12.7-110 

kJ/mol. Iguaz et al. (2003) reported that the values of activation energy for thin layer drying of 

different varieties of rough rice are in the range of 18.5-55.4 kJ/mol. Studies have shown that the 
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higher activation energy is required to dry rice at lower air velocity, which means that it takes 

longer to dry rice at low air velocities (Iguaz et al., 2003; Khanali et al., 2016). In this study, the 

chilled environment (5-15ºC) and the small flow rate of drying air (250 mL/min or 0.11 m/s) could 

be attributed to the small value obtained for the activation energy.  

Table 4.5 Effects of studied temperatures (5, 15, and 30ºC) and relative humidities (10, 30, 40, 

50, and 70%) on the drying rate constant (k), moisture diffusivity (Deff) and activation energy (Ea). 

Ads and Des indicates adsorption and desorption, respectively. 

Temperature (ºC) RH (%) Isotherm k (h-1) Deff (m2/s) Ea (kJ/mol) 

 

 

 

 

 

5 

10 Ads 0.0086 9.0×10-13  

 

 

 

 

 

 

 

 

 

 

25.1 

30 Ads 0.0079 8.2×10-13 

50 Ads 0.0247 2.6×10-12 

70 Ads 0.0213 2.2×10-12 

50 Des 0.0248 2.6×10-12 

10 Des 0.0132 1.4×10-12 

 

 

 

 

15 

10 Ads 0.011 1.1×10-12 

40 Ads 0.019 2.0×10-12 

70 Ads 0.0432 4.5×10-12 

40 Des 0.0272 2.8×10-12 

10 Des 0.0429 4.5×10-12 

 

 

 

30 

10 Ads 0.022 2.3×10-12 

70 Ads 0.0615 6.4×10-12 

40 Des 0.051 5.3×10-12 

10 Des 0.0277 2.9×10-12 
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Figure 4.5 Arrhenius type relationship between Deff and reverse of absolute drying temperature. 

4.4.3 Modeling Sorption Isotherm 

The parameters of the sorption models for the adsorption and desorption of long-grain hybrid rice 

cultivar XL-745 along with the RMSE are presented in Table 4.6. Based on minimizing RMSE, 

for temperatures ranging from 5ºC to 30ºC and RHs from 10% to 70%, the modified Chung-Pfost 

equation was found to be the most accurate model for describing EMC for both adsorption and 

desorption data of rice samples. However, the modified Oswin and modified Halsey equations 

gave nearly identical RMSE values for adsorption (<0.95) and desorption data (<1.2). Moreover, 

modified Oswin and modified Halsey equations were superior to the other two EMC models 

(modified Henderson and modified GAB) when describing EMC data. Several studies reported the 

modified Chung-Pfost equation to be the most appropriate in describing EMC of rough rice at 

temperatures ranging from 10ºC to 60ºC (Sun, 1999; Basunia and Abe, 2001; Iguaz and Versada, 

2007; Ondier et al., 2011). Ondier et al. (2011) reported RMSE values for describing EMC data 

followed by the modified Chung-Pfost, modified GAB, modified Oswin, modified Halsey, and 

modified Henderson equations of hybrid long-grain rice (XL-730) as following 0.736, 0.724, 

0.862, 0.995, and 0.948, respectively. 
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Sorption isotherms of rough rice determined by the EMC equations (Table 4.3) for temperatures 

of 5, 15, and 30ºC are shown in Figure 4.6a, 4.6b, respectively. The experimental EMC values at 

5ºC were generally more than those of predicted equations especially at RH less than 40%. 

However, no significant differences were observed between the measured rough rice EMCs and 

EMCs predicted from the equations at 30ºC and all RHs. Ondier et al. (2011) reported the EMC 

values of hybrid long-grain rice (XL-730) at drying air temperature of 30ºC and RHs of 10%, 50%, 

and 70% as following 5.04% d.b, 11.6% d.b, and 14.8 % d.b., respectively.  

Based on RMSEs of sorption isotherms of rough rice, modified Chung-Pfost equation was 

recommended to describe the EMC isotherms of rice in the range of experiments (5-30ºC and 10-

70% RH). Table 4.7 shows the PBIAS values between measured EMC values and predicted EMC 

values from modified Chung-Pfost equation for temperatures at 5, 15, and 30ºC. The PBIAS results 

showed that predicted EMC values overestimated the actual EMC values by 14.8% and 8.7% for 

samples at 5ºC and 15ºC, respectively. However, the PBIAS value at temperature 30ºC is negative 

which means that the model underestimates the results by 7.9%. Since the values closer to zero are 

preferred for PBIAS, the modified Chung-Pfost equation accurately predicted rough rice EMC 

values at temperatures higher than 15ºC.  
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Table 4.6 Estimated coefficients of the modified Chung‐Pfost, modified Henderson, modified 

Halsey, modified Guggenheim Anderson DeBoer (GAB), and modified Oswin equations, and the 

statistical parameters used to evaluate the models. RMSE has unit % (d.b.), which is the same as 

the unit of the response variable (equilibrium moisture content) of the regression model. 

  Estimated Model 

Constants 

  Statistical 

Coefficient 

Model Isotherm A B C RMSE 

Modified Chung-

Pfost 

Adsorption 297.4197 4.8974 0.2340 0.557 

Desorption 383.3781 0.4815 0.2630 0.912 

Modified 

Henderson 

Adsorption 3.1561e-6 3.2386 3.6403 1.213 

Desorption 8.1625e-8 -2.977 5.3102 1.682 

Modified Halsey Adsorption 8.0843 -0.052 2.9750 0.855 

Desorption 10.9296 -0.091 3.7926 1.196 

Modified GAB Adsorption 14.6168 0.2844 430.30 1.318 

Desorption 17.4294 0.0005 249273.28 1.307 

Modified Oswin Adsorption 17.1191 -0.225 4.6861 0.947 

Desorption 18.7899 -0.317 6.8906 1.176 

 

Table 4.7 Comparison of percent biases (PBIASs) of experimental and predicted equilibrium 

moisture content (% dry basis) values for rough rice at 5°C to 30°C and 10% to 70% RH. 

  Equilibrium Moisture Content  

(% dry basis) 

 

Temperature 

(°C) 

Relative Humidity 

(%) 

Present 

study  

Modified Chung-

Pfost 

PBIAS 

(%) 

5 10 12.5 8.9  

 30 13.5 11.7 14.8 

 50 16.2 14.2  

 70 18.7 17.1  

15 10 9.0 7.6  

 40 12.5 11.6 8.7 

 70 16.8 15.8  

30 10 5.5 6.1  

 40 9.3 10.2 -7.9 

 70 13.7 14.3  

* Each value is an average of adsorption and desorption for each condition.  
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Figure 4.6 Equilibrium isotherms (expressed on a dry basis) from the present study compared to 

data predicted by modified Henderson (MH), modified Chung-Pfost (MCP), modified Halsey 

(MHa), modified Oswin (MO), and modified Guggenheim Anderson DeBoer (MGAB) for: (a) 

5ºC, (b) 15ºC, and (c) 30ºC. EMC indicates equilibrium moisture content; RH indicates relative 

humidity; d.b. indicates dry basis. 

4.4.4 Moisture and Temperature Distribution 

Due to existing uncertainty on mechanism of moisture movement in the rice kernel, some 

researchers have assumed Dirichlet boundary condition (Meeso et al., 2007; Prakash and Pan, 

2011) while others have considered Newmann boundary condition (Yang et al., 2002) for the 

moisture transport modeling of rice kernel. Therefore, the model was tested by comparing the 
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predicted average MC values at drying air temperature of 5°C, 50% RH in different boundary 

conditions (Figure 4.7). The results showed a high similarity between the simulated average MC 

at Dirichlet and Newmann boundary conditions. Due to the identical values for average MC for 

both boundary conditions, it can be suggest that the evaporation only occur at surface of kernel 

(Prakash and Pan, 2011). For the sake of ease in further simulation, the Dirichlet bounday condition 

was used as a selected bondary condition for moisture transport of rice kernel. In this study both 

heat and mass transfer were considered. However, it was observed that the surface and center 

temperatures only differed at first 5 hours of drying and rough rice kernel can be considred 

isothermal during drying process. Many other researchers also assumed grains to be isothermal 

during drying process and neglected heat transfer with the rice kernel (Pabis and Henderson, 1962; 

Prakash and Pan, 2012).  

 
Figure 4.7 Average moisture content of rough rice during drying at 5°C, 50% relative humidity 

or two boundary conditions. 
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Simulations were run with a model assuming ellipsoid-shaped rice to determine moisture 

distribution within the rice kernel during drying. In these simulations, drying temperatures at 

chilled condition of 5°C, 50% RH and 15°C, 40% RH with initial MCs of 18.7% and 16.8% (on 

d.b.) respectively, were used to mimic those practiced by grain cooling systems. Moisture 

distribution within the rough rice kernel for drying temperature of 5°C, 50% RH and 15°C, 40% 

RH are shown in Figure 4.9 and Figure 4.9, respectively. It can be seen that the moisture was 

transferred from the kernel center to its surface, causing an inhomogeneous moisture distribution 

inside the kernel. Pereira et al. (2015) and Zhao et al. (2019) reported that the flux of moisture 

during the drying process of rough rice occurs from the center of the rice to the surface in a non-

homogeneous flow. Moreover, it is observed that the moisture content of the rice kernel is reduced 

more quickly at the tail of rice kernel which makes it susceptible to fissuring. 
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Figure 4.8 The moisture distribution inside the rice kernel in transverse planes at drying 

temperature of 5°C, 50% relative humidity and drying times (a) 10 h and (b) 140 h. 

Moreover, the simulation was run to determine moisture gradient (MG) within the rice kernel 

during drying at 5°C, 50% RH and 15°C, 40% RH. As seen in Figure 4.10, only one-eighth of the 

actual rough rice volume was considered due to the existence of symmetry about the three axes in 

the rice kernel. The results showed that the maximum MG was located near the kernel surface. 

During drying rice kernel, the moisture diffusion boundary gradually moved from the kernel 

surface to the center and the mass transfer resistance got bigger (Zhao et al., 2019). In this study, 

the MG decreased from 40 to 10 (% d.b./mm) during first 10 hours of drying air at 5°C, 50% RH. 
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This reduction of MG reached to constant and slower pace after 70 h of drying due to the higher 

moisture transfer resistance. The maximum MG of drying air at 15°C, 40% RH was 30 % d.b./mm 

higher than those at drying air 5°C, 50% RH; this deviation is due to the higher drying rate at 15°C, 

50% RH.  

 

 

Figure 4.9 The moisture distribution inside the rice kernel in transverse planes at drying 

temperature of 15°C, 40% relative humidity and drying times (a) 10 h and (b) 155 h. 
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Figure 4.10 Moisture gradient in the ellipsoid shaped rough rice model (1/8 volume) after 10 h of 

air drying at (a) 5ºC, 50% relative humidity and (b) 15°C, 40% relative humidity. 

Three specific points located in rough rice kernel (tail, core, surface) were selected as 

representative of the sites having moisture transfer in the model. The position of core, surface, and 

tail in the Cartesian system of x, y, z were (1, 0.3, 0.3 mm), (0.6, 1, 1 mm), and (-8.7, -0.1, -0.1 

mm), respectively. The predicted MCs of the three points in the model during drying simulations 

at 5°C, 50% RH are shown in Figure 4.11. The results of the simulation illustrate that the moisture 

concentration in the rough rice is reduced more quickly at the tail of the rice, this being the area 
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most likely to fissures due to high moisture gradients in that location. However, the moisture 

concentration in the core of rice kernel reduced slowly.  

 
Figure 4.11 Moisture concentration at three specific points (tail, surface, core) located inside the 

rough rice kernel during drying at temperature of 5°C, 50% relative humidity.  

Figure 4.12a and 4.12b illustrate the comparison of the experimental and simulated values of 

average MC of the rough rice for temperatures 5°C, 50% RH and 30°C, 40% RH, respectively. It 

is observed that the experimental MC values for both drying temperatures are less than simulated 

values. The RMSE between the experimental and simulated data for average MC at 5°C, 50% RH 

and 30°C, 40% RH were 0.172 and 0.518, respectively. The small error values indicate the validity 

of the simulation results. Meanwhile, the small difference in the values of the MC is related to 

shape of the grain and diffusion coefficient consideration.  
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Figure 4.12 Experimental and simulated average moisture content of the rough rice for drying 

temperature of (a) 5°C, 50% relative humidity and (b) 30°C, 40% relative humidity. 

4.5 Conclusion  

In this study, adsorption and desorption isotherms of rough rice in the range of temperatures and 

relative humidities (RHs) commonly used in chilling aeration were determined by dynamic vapor 

sorption (DVS) method. At fixed RH, the equilibrium moisture content (EMC) decreased with the 

increase in temperature. Hysteresis was evident, and the magnitude of the hysteresis loop increased 

at 5ºC. The rates of adsorption/desorption of rough rice at 5ºC were less than those at 15ºC and 
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30ºC. Parameters of A, B, and C of the empirical equations were estimated. Among the five models 

(modified Chung-Pfost, modified Henderson, modified Oswin, modified Halsey, and modified 

GAB) which were evaluated for their ability to describe the experimental sorption data, the 

modified Chung-Pfost equation was the superior one in terms of prediction accuracy of the rice 

EMCs (RMSE<0.9). However, the modified Henderson was the inferior equation (RMSE>1.6). 

The PBIAS values of modified Chung-Pfost at 5ºC was higher than at 15ºC and 30ºC. The effective 

moisture diffusivity evaluated based on Fick’s diffusion equation was found to vary from 9.0×10-

13 to 1.1×10-12 m2/s at drying air temperatures of 5ºC and 15ºC, respectively. The activation energy 

and pre-exponential factor of the Arrhenius equation of rough rice at studied temperatures (5, 15, 

and 30ºC) were found to be 25.1 kJ/mol and 0.0003 m2/h, respectively. Based on mathematical 

model of diffusion solved by Comsol Multiphysics®, the maximum moisture gradient of rough rice 

during first 10 hours of drying at 5ºC, 50% RH was 40 %d.b./mm and it reduced to with the drying 

time. The experimental values of average MC at both drying air of 5ºC and 30ºC were compared 

with those simulated by the model and found to be in good agreement with each other. The 

knowledge of the drying kinetics and EMCs of rough rice at chilled environment could allow rice 

processors to determine the optimum processing conditions during chilling aeration and to improve 

automated monitoring of rice moisture, temperature and quality conditions. 
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 Overall Conclusion  

Much of this research focused on engineering new methods for maintaining the quality of rice 

during post-harvest storage. On a major number of farms, the bottleneck is the limitations of 

commercial and on-farm dryer capacities during peak harvesting seasons that impedes harvesting 

the entire rice crop at the optimal harvest moisture content; the result is significant quality 

degradation and subsequent profit losses by growers. Pre-chilling the freshly harvested rice and 

proceeding with storage at low temperatures, and then completing the drying later using 

commercial dryers to attain the final/desired moisture content for storage, may help producers 

overcome this bottleneck in drying capacity. Moreover, the rice processing industry faces a 

continual challenge to prevent various forms of chemical and physical degradation in order to 

maintain quality at its highest level. Chilling of rice could be an attractive non-chemical treatment 

technology which may prevent spoilage and insect infestation, especially for on-farm, in-bin rice 

management. The idea behind this research was to determine how long high moisture chilled rice 

will keep quality. Such information will allow us to know how long the rice can stay before soaking 

and steaming. This will help us determine whether it is possible to eliminates one drying step in 

the parboiled milled rice processing; this may potentially save overall energy expenditure. Whether 

this approach is more economical for the mid-southern states’ weather conditions or elsewhere 

within the rice growing region has been a research gap. Moreover, traditional on-farm, in-bin driers 

can be fitted with grain chillers to reduce field heat thereby helping to maintain the milled rice 

quality, especially minimizing the risk of discoloration which is typical in on-farm bin dried rice. 

The research used experimentation and massive simulation and modeling of the described 

operations to answer vital questions which help improve economics of rice drying and maintaining 

the rice quality. 
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