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Drying rice grains to a safe moisture content is always a critical issue in humid tropical 

countries such as Malaysia. Observations show that conventional drying with flat and 

inclined-bed dryers are the most common drying practices in Malaysian rice processing 

industry. Many studies evidently proved that due to inappropriate set of drying 

conditions and also profound moisture and temperature gradients inside grain bed, these 

dryers produce rice with relatively low and also non-uniform milling quality. Besides, 

less satisfactory drying efficiency associated with energy consumption and drying 

capacity were observed for these popular fixed-bed dryers. Thus the first main objective 
of this study was to investigate on optimum drying condition for rice drying with flat 

and inclined bed dryers in order to ensure maximum drying efficiency and rice milling 

quality. In addition, single and periodic air flow reversal techniques in conjunction with 

one stage and two stage drying were introduced in order to improve rice drying 

performance. To carry out this study, laboratory flat-bed and inclined-bed dryers were 

designed and fabricated based on industrial dryer conditions. Drying experiments were 

carried out with different variations of air flow reversal, bed depth and temperature. 

Consequently, the effects of all drying experiments on drying performance, drying 

capacity, energy usage, and rice milling quality were evaluated. Results revealed that 

although both dryers produced rice within acceptable milling quality range but inclined-

bed dryer showed significantly better performance in terms of throughput capacity and 

energy consumption compared to flat-bed dryer for all applied temperatures. 
Furthermore, comparative analysis results between conventional and one stage air flow 

reversal drying showed that changing the direction of air flow during drying operation 

had phenomenal effects on rice milling quality. Head rice yield percentages were 

improved by 21.08% with triple air flow reversal for 50cm bed depth and 17.53% with 

twice air flow reversal for 75cm bed depth compared to common drying practice. 

Moreover, air flow reversal drying technique remarkably improved drying capacity by 

18% to 55% compared to conventional drying. This technique also had great potential 

to minimize the electrical energy usage by reducing 11%, 12% and 43% of energy 

required for drying 50cm, 75cm and 100cm rice bed depths respectively compared to 
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existing industrial drying method in Malaysia. Findings also indicated that reducing the 

bed depth had dominant effects on head rice yield, rice whiteness degree and energy 

efficiency of drying operation. Finally, findings showed that when periodic air flow 

reversal was applied in two stage drying, the excellent milling quality of almost 70%, 

the highest throughput capacity of 0.037 ton m-2 h-1 and also the lowest specific electrical 

energy consumption of 91.93 kWh ton-1 were achieved. Therefore, air flow reversal 
technique combined with one and two stage drying can be strongly recommended to rice 

industries as applicable and effective options for improving rice milling quality and 

overcoming low efficiency of existing drying operations.  
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Fakulti :  Kejuruteraan 

 

 

Pengeringan bijirin padi kepada suatu kandungan kelembapan selamat adalah senantiasa 

isu kritikal di negara tropikal seperti Malaysia. Pemerhatian menunjukan bahawa 
pengeringan konvensional dengan pengering lapisan datar dan condong adalah amalan 

paling biasa dalam industri pemprosesan beras di Malaysia. Banyak kajian telah 

menunjukan dengan jelas bahawa disebabkan oleh keadaan pengeringan tidak wajar, dan 

juga cerun suhu dan kandungan kelembapan yang menyerlah dalam lapisan bijirin, 

pengering ini menghasilkan mutu pengilangan beras yang rendah dan tidak seragam. 

Juga, kecekapan pengeringan berkaitan dengan kegunaan tenaga dan keupayan 

pengeringan yang kurang memuaskan telah terdapat pada pengering di gemari ini. Oleh 

itu tujuan utama pertama kajian ini adalah menyiasat keadaan pengeringan optimum 

untuk mengering padi dengan pengering berlapisan datar dan condong bagi memastikan 

kecekapan pengeringan dan kualiti pengilangan beras yang maksimum. Bagi 

melaksanakan kajian ini, pengering lapisan datar dan condong telah direka bentuk dan 
dibangunkan di dalam makmal berasaskan keadaan pengeringan industri. Eksperimen 

pengeringan telah dijalankan dengan perubahan berlainan bagi aliran udara teralih, 

kedalaman lapisan dan suhu.  Seterusnya, kesan semua experimen pengeringan keatas 

perlakuan pengeringan, keupayaan pengeringan, penggunaan tenaga dan mutu 

pengilangan beras telah dinilai. Keputusan mempamirkan bahawa walaupun kedua2 

pengering menghasilkan beras dengan kualiti yang boleh diterima, tetapi pengering 

lapisan condong memperlihatkan perlakuan yang lebih baik berkaitan keupayaan muatan 

dan penggunaan tenaga untuk semua suhu yang digunakan. Lebih2 lagi keputusan 

analisa perbandingan diantara pengeringan kovensional dan pengeringan satu peringkat 

dengan aliran udara teralih menunjukan bahawa menukar arah aliran udara semasa 

operasi pengeringan memberi kesan sangat memberansangkan keatas kualiti 

pengilangan beras. Hasil kepala beras di tingkatkan dengan 21.08% dalam pengeringan 
dengan aliran udara teralih tiga kali pada ketebalan lapisan 50 sm, dan 17.53% dalam 

pengeringan dengan aliran udara teralih dua kali pada ketebalan 75sm berbanding 

dengan amalan pengeringan biasa. Tambahan pula, teknik pengeringan aliran udara 
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teralih boleh tingkatkan keupayaan muatan pengeringan 18% hingga 55% berbanding 

dengan pengeringan konvensional. Teknik ini ada potensi terbaik untuk meminimumkan 

pengunaan tenaga letrik dengan mengurangkan 11%, 12% dan 43% tenaga yang 

diperlukan bagi mengeringkan lapisan padi 50sm, 75sm dan 100sm berbanding dengan 

kaedah pengeringan industri tersedia di Malaysia. Penemuan juga menunjukan bahawa 

mengurangkan kedalaman lapisan padi di dalam pengering telah memberi kesan besar 
keatas hasil kepala beras, darjah keputihan beras dan kecekapan tenaga bagi operasi 

pengeringan. Akhirnya, penemuan menunjukan bahawa apabila aliran udara teralih 

berjangka diguna dalam pengeringan dua peringkat, kualiti pengisaran beras terbaik 

menghampiri 70%, keupayaan muatan yang tertinggi 0.037 ton m-2 h-1 dan juga 

penggunaan tenaga letrik spesifik yang terendah 91.93 kWh ton-1 telah diperolehi. Oleh 

itu, teknik aliran udara teralih berganding dengan pengeringan satu dan dua peringkat 

boleh di cadangkan dengan tegas kepada industri padi/beras sebagai pilihan berguna dan 

berkesan untuk meningkatkan mutu pengilangan beras dan untuk mengatasi kecekapan 

rendah dalam operasi pengeringan padi tersedia. 
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1 

 

CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1 Overview  

 

Rice (Oryza sativa L.) is one of the leading food crop in the world which consumed by 

half of the world population (Bunyawanichakul et al., 2007; Tirawanichakula et al., 

2004a). Drying of this popular grain is always a crucial issue in rice producing countries 

especially with humid tropical climates such as Malaysia. Because, in this unfavourable 

weather condition rice is harvested with relatively high initial moisture content of 20-

25%. (w.b) (Igathinathane et al., 2008; Inprasit and Noomhorm, 2001). Grains with high 

moisture content are subjected to serious quality deterioration after harvesting (Ahmed 

et al., 2006). Thus drying rice down to safe moisture content of 12-14% in suitable time 

plays an important role in providing high quality rice for long term storage. Moreover, 

inappropriate or ineffective set of drying conditions, drying methods and also dryer’s 
type have dominant effect on rice quality and energy consumption of any drying process 

(Champagne, 2004). Since actual need of population for milled rice is increasing each 

year, improving grain quality through sufficient drying process is always the major 

concern of rice producers. It is noted that head rice yield (HRY), whiteness degree and 

degree of milling (DOM) are the main standards indicators of rice milling quality.   

 

 

Although numerous drying options have been introduced by researchers to produce high 

quality product but observations revealed that Asian rice producers still prefer to use 

conventional drying (one stage and one direction of air flow) with traditional fixed-bed 

dryers in form of flat-bed dryer (FBD) and inclined-bed dryer (IBD) (Tajaddodi, 2012; 
IRRI, 2012). Figure 1.1 shows industrial IBD and FBD which commonly used by rice 

industries.  

 

 

 
Figure 1.1: Common Industrial IBD (left side) and FBD (right side) 

(Source: PHilMech, 2008) 

 

 

Generally, non uniform distribution of temperature and moisture content inside the 

product bed are common characteristics of fixed batch dryers. Obviously grain at bottom 

layer of dryer expose to high temperature inlet air more than grains at upper layers. As a 



© C
OPYRIG

HT U
PM

 

2 

 

result, over drying in bottom grains and moisture absorption at middle and top sections 

of grains bed will be observed normally in this type of dryers (Golmohammadi et al., 

2015; Tajaddodi, 2012; IRRIa, 2011). Sarker et al. (2014) stated that rice kernels with 

extremely low moisture content are weak and may break easily after drying process.  

Researches also revealed that moisture absorption phenomena may develop fissuring in 

rice kernels which will increases the rice breakage during and after milling process 
(Kunze, 2008). Therefore, duo to mentioned reasons, milling quality of rice grains 

produced by fixed bed dryers is expected to be relatively low and non-uniform. Rice 

Knowledge Bank (2010) stated that Asian rice industries produce rice with 35 to 50 

percentage of head rice yield. Actual observation of industrial rice dryers also revealed 

that white rice produced with maximum 50% head rice yield (third grade milled rice) in 

Malaysia (Sarker, 2014; NFA 2016). It means, more than half of total milled rice mass 

did not have the trade value of whole rice and also could not be considered for exporting 

purposes. Researches stated that improving head rice yield even by one percent can save 

great amount of rice which will lead to significant incensement in annual income of this 

popular industry (Tajaddodi, 2012; NFA 2016). Beside quality aspects, studies indicated 

that fixed-bed drying of rice is long time operation which consumed great amount of 

energy (Sarker, 2014; Tajaddodi, 2012; Tirawanichakul et al., 2004a). As a result, 
overall efficiency of this popular industrial rice dryer appear to be relatively low, 

regarding capacity and energy consumption of drying operation. Since energy carrier 

cost have risen drastically in recent years, rice producers are confronting with serious 

issue. Since economic value of rice directly determine by rice milling quality, finding 

effective and applicable drying practices with existing fixed-bed dryers in order to 

improve rice milling quality could be economically beneficial for rice industries. 

Moreover, maximizing drying capacity and minimizing energy usage of drying process 

are other concerns of rice producers to reduce their production costs.   

 
 
Some researchers introduced air flow reversal technique in conjunction with 

conventional drying as a potential way to produce high quality grain such as coffee 

soybeans and maize (IRRIb, 2011; Berbert et al., 1995; Berbert et al., 1994; Davilia, 

1983). They stated that significant reduction in moisture content gradient were observed 

when air flow direction reversed during drying compared to conventional (one direction) 

drying. As a result of less moisture differences through the grain bed, quality of final 

product increased by air flow reversal technique. In is noted that in this proposed method, 

grains at both end of dryer bin have the same opportunity to be in contact with fresh inlet 
air at least one or more than one times during drying operation which is called single and 

periodic air flow reversal drying respectively. Recently Ibrahim et al. (2013) study single 

air flow reversal drying on rice with flat-bed dryer. They also stated that higher milling 

quality rice was produced by less energy cost when single air flow reversal drying was 

conducted compared to conventional rice drying. They also suggested that further work 

is required to study different aspects of periodic or periodic air flow reversal method of 

rice drying. 

 

 

Two stage drying strategy is another feasible method that have been proposed for 

producing high quality grain with high initial moisture content in shorter drying time 
such as corn, wheat and rice (Jittanit et al., 2010; Srzednicki and Driscoll, 2008; Thakur 

and Gupta, 2006). Results of these studies also revealed that stage drying have great 

effects on capacity and energy consumption of drying operation. In this technique, first 
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stage is carried out with high temperature inlet air in order to rapidly reduce the moisture 

content of grains to more manageable level. Subsequently air with low temperature 

would be used in second stage of drying to remove moisture from inner part of grains to 

final moisture content. This method is being practiced lately in many countries like 

Thailand, Philippine, Taiwan, Indonesia and Malaysia by using fluidized bed, spouted 

bed, and Louisiana State University (LSU) dryers for first-stage and fixed-bed dryer, 
ambient air ventilation or sun-drying methods in second stage of drying process (Sarker 

et al., 2013). Although two stage drying can bring great advantages for drying industries 

but due to inadequate knowledge about high temperature operation technique and also 

high cost of purchasing high temperature dryer (such as fluidized bed dryer), one stage 

drying is still preferred by Malaysian rice manufactures (Sarker et al., 2013).   

 

 

Whilst the demand for high quality rice is raising by increasing world population but 

observation revealed that producing rice grains with moderate to low milling quality is 

still a serious issue in Malaysian rice industries. Moreover this industry found not to be 

concerned enough about the importance of energy saving in recent years. Also very few 

publications appeared in literatures which focused on energy consumption and capacity 
of rice drying practices. Thus it is essential to introduce suitable and feasible drying 

options to improve rice milling quality and overall efficiency. Otherwise all efforts have 

been done to increase rice productivity will be simply thrown away.  

 

 
1.2 Main Goals of Study  
 

Present work aimed to study the drying performances of FBD and IBD with common 

drying conditions in order to guide Malaysian rice industries to optimize their existing 

drying system. Furthermore, the possibility of improving rice milling quality and drying 

efficiency by application of air flow reversal method in conventional fixed-bed drying 

was investigated in this study. In addition, air flow reversal technique in conjunction 

with two stage drying have been conducted as a third objective in order to 

comprehensively study the effect of high temperature drying on different aspects of 

producing rice. Findings could guide rice industries to achieve better quality rice at 

reasonable energy usage by conducting simple modification in their drying operations.    

 

 

1.3 Specific Objectives 

 

The specific objectives of present study could be summarized as follows: 

 

1. To determine the drying performances of conventional drying with FBD and 

IBD in two industrial ranges of temperature (38-39℃ and 42-43℃) based on 

drying capacity, energy usage and milling quality of rice.  

2. To study the effects of single and periodic air flow reversal methods with IBD 

at selected bed depths (100, 75 and 50cm) on rice milling quality and also 

drying efficiency. 
3. To investigate air flow reversal technique combined with two stage drying of 

IBD regarding rice milling quality, drying capacity and energy consumption. 
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1.4 Thesis Outline  

 

This thesis consists of six chapters. Introduction and objectives are presented in first 

chapter. Second chapter is the survey of literature and gives information about rice 

drying concepts, rice drying strategies including air flow reversal and two stage drying, 

and importance of rice quality and drying efficiency for rice industries. The overall 
experimental procedures for this study are presented and discussed in chapter three. 

Evaluation of air flow reversal and two stage drying techniques based on temperature 

and moisture profile, rice milling quality, drying capacity, and drying energy 

consumption are focused in chapter four. Finally, the conclusion of this study and 

recommendations for future works are presented in chapter five. 

  



© C
OPYRIG

HT U
PM

 

93 

 

REFERENCES 

 

 

Abe, T., Hikida, Y., Ofoche, E.C. and Yamashita, J. (1992). Effects of Drying 

Parameters on Quality of Artificial Dried Rough Rice. Agricultural 

Mechanization in Asia, Africa and Latin America 23(4). 

Abud-Archila, M., Courtois, F., Bonazzi, C. and Bimbenet, J.J. (2000). A 

Compartmental Model of Thin-layer Drying Kinetics of Rough Rice. Journal 

of Drying Technology 18(7): 1389-1414. 

Adjao, R.T. and Staatz, J.M. (2013). The Changing Asian Rice Economy and its 
Implications for the Development of the Rice Subsector in West Africa. 3rd 

Africa Rice Congress.  

Aguerre, R., Suarez, C. and Viollaz, P.E. (1986). Effect of Drying on the Quality of 

Milled Rice. Journal of Food Technology 21:75-80. 

Ahmed, C., Kamil, K. and Oktay, H. (2006). Modelling of Intermittent Drying of Thin 

Layer Rough Rice. Journal of Food Engineering 79: 293-298. 

Amer, B.A., Morcos, M.A. and Sabbah, M.A. (2003). New method for the determination 

of drying rates of fig fruits depending on empirical data under conditions suiting 

solar drying. The International Conference Institute of Agricultural 

Engineering 18-19. 

Aquerreta, J., Iguaz, A., Arroqui, C. and Virseda, P. (2007). Effect of High Temperature 

Intermittent Drying and Tempering on Rough Rice Quality. Journal of Food 

Engineering 80: 611-618. 

Arora, V.K., Henderson, S.M. and Burkhardt, T.H. (1973). Rice Drying Cracking Versus 

Thermal and Mechanical Properties. Transaction of ASAE 16: 320-327. 

Ban, T. (1971). Rice Cracking in High Rate Drying. Journal of Japanese Agricultural 

Research Quarterly 6: 113-116. 

Banaszek, M.M. and Siebenmorgen, T.J. (1990). Head Rice Yield Reduction Rates 

Caused by Moisture Adsorption. Transactions of American Society of 
Agricultural Engineers 33: 1263-1269. 

Bason, M.L., Gras, P.W., Banks, H.J. and Esteves, L.A. (1990). A Qualitative Study of 

the Influences of Temperature, Water Activity and Storage Atmosphere on the 

Yellowing of Paddy Endosperm. Journal of Cereal Science 12: 193-201. 

Berbert, P.A., Queiroz, D.M., Silva, J.S. and Pinheiro Filho, J.B. (1994). Drying of 

Coffee (Coffea 93rabica L.) in a Fixed-bed with a Simulated Periodic Air flow 

Reversal. Journal of Agricultural Engineering Research 59: 195-202. 

Berbert, P.A., Queiroz, D.M., Silva, J.S. and Pinheiro Filho, J.B. (1995). Simulation of 

Coffee Drying in a Fixed-bed with Periodic Air flow Reversal. Journal of 

Agricultural Engineering Research 60: 167-173. 



© C
OPYRIG

HT U
PM

 

94 

 

Bhattacharya, K.R. (2011). Degree of Milling (DM) of Rice and Its Effect. Rice Quality: 

A Guide to Rice Properties and Analysis (pp. 100-115). Woodhead Publishing 

Series in Food Science, Technology, and Nutrition. 

Bonazzil, C., Du Peuty, M.A. and Themelin, A. (1997). Influence of Drying Conditions 

on the Processing Quality of Rough Rice. Drying Technology: An International 

Journal 15(3-4): 1141-1157. 

Bunyawanichakul, P., Walker, G.J., Sargison, J.E. and Doe, P.E. (2007). Modelling and 

Simulation of Paddy Grain (Rice) Drying in a Simple Pneumatic Dryer. Journal 

of Biosystems Engineering 96(3): 335-344. 

Chakraverty, A. (1994). Post-Harvest Technology of Cereals, Pulses and Oilseeds. 

(Third Edition). Oxford and IBH Publishing Company.  

Chakraverty, A. and Singh, R.P. (2001). Postharvest Technology Cereals, Pulses, Fruits 

and Vegetables. Science Publishers, Inc.   

Champagne, E.T. (2004). Rice: Rice Chemistry and Technology. Third edition. 

Minnesota: American Association of Cereal Chemists, Inc. 

Cnossen, A.G. and Siebenmorgen, T.J. (2000). The Glass Transition Temperature 

Concept in Rice Drying and Tempering: Effect on Milling Quality. Transaction 

of ASAE 43: 1661-1667. 

Cnossen, A.G., Jiménez, M.J. and Siebenmorgen, T.J. (2003). Rice Fissuring Response 

to High Drying and Tempering Temperatures. Journal of Food Engineering 

59(1): 61-69. 

Das, I., Das, S.K. and Bal, S. (2009). Drying Kinetics of High Moisture Paddy 

Undergoing Vibration-assisted Infrared (IR) Drying. Journal of Food 

Engineering 95: 166-71. 

Davilia, S.I. (1983). Simulation Model for Reversed Direction Air-flow Drying of Rough 

Rice. PhD Thesis. Mississippi State University. 

Dillahunty, A.L., Siebenmorgen, T.J., Buescher, R.W., Smith, D.E. and 

Mauromoustakos, A. (2001). Effect of Temperature, Exposure Duration, and 

Moisture Content on Color and Viscosity of Rice. Journal of Cereal Chemistry 

78(5): 559-563. 

Dokurugu, I. (2009). Two Stage Drying of Paddy and the Effects on Milled Rice Quality. 

A Master Thesis. (Unpublished). Kwame Nkrumah University of Science and 

Technology. 

Dong, R., Lu, Zh., Liu, Zh., Koide, Sh. And Cao, W. (2010). Effect of drying and 

tempering on rice fissuring analysed by integrating intra-kernel moisture 

distribution. Journal of Food Engineering 97: 161-167. 

ElGamal, R., Ronsse, F. and Pieters, J.G. (2013). Modeling Deep-bed Grain Drying 
using Comsol Multiphysics. In Proceedings of the 2013 COMSOL Conference 

in Rotterdam.   



© C
OPYRIG

HT U
PM

 

95 

 

Eliasson, A.C. (1994). Interactions between Starch and Lipids Studied by DSC. 

Thermochimica Acta 246: 343-356. 

FAO. (2014). Maize, Rice, Wheat Farming Must Become More Sustainable.  

http://www.fao.org/news/story/en/item/273303/icode/. Accessed on 19 

December 2014.  

Fan, J., Siebenmorgen, T.J. and Yang, W. (2000). Effect of Drying Conditions on the 

Head Rice Yield Reduction of Long-grain and Medium-grain Rice Varieties. 

Transaction of ASAE 43(6): 1709-1714. 

Franca, A.S., Fortes, M. and Haghighi, K. (1994). Numerical Simulation of Intermittent 

and Continuous Deep-bed drying of Biological Materials. Journal of Dry 

Technology 12, 1537–1560. 

Geankoplis, Ch.J. (2003). Transport Processes and Separation Process Principles. 

(Fourth Edition). Pearson Education, Inc. 

Golmohammadi, M., (2010). Energy Optimization of a Fluidized Bed Paddy Rice Dryer. 

Master Thesis, School of Chemical Engineering, College of Engineering, 

University of Tehran. 

Golmohammadi, M., Assar, M., Rajabi-Hamaneh, M. and Hashemi, S.J. (2015). Energy 

Efficiency Investigation of Intermittent Paddy Rice Dryer: Modeling and 
Experimental Study. Journal of Food and Bioproducts Processing 94: 275-283. 

Gras, P.W. and Bason, M.L. (1989). Biochemical Effects of Storage Atmospheres on 

Grain and Grain Quality. ACIAR Proceeding, Fumigation and Controlled 

Atmosphere Storage of Grain 25: 83-91. 

Gras, P.W., Banks, H.J., Bason, M.L. and Arriola, L.P. (1989). A Qualitative Study of 

the Influences of Temperature, Water Activity and Storage Atmosphere on the 

Yellowing of Milled Rice. Journal of Cereal Science 9: 77-89. 

Hatamipour, M.S. and Mowla, D. (2006). Drying Behaviour of Maize and Green Peas 

Immersed in Fluidized Bed of Inert Energy Carrier Particles. Journal of Food 

and Bioproducts Processing 84(3): 220-226.  

Herman-Lara, E., Salgado-Cervantes, M.A. and Garcıa-Alvarado, M.A. (2005). 

Mathematical Simulation of Convection Food Batch Drying with Assumptions 

of Plug Flow and complete Mixing of Air. Journal of Food Engineering 68: 

321-327. 

Ibrahim, M.N., Tajaddodi Talab, K., Spotar, S., Muhammad, K. and Talib, R.A. (2013). 

Effects of Air Flow Reversal in Fixed-bed Drying of Rough Rice on Head Rice 

Yield and Drying Performance. Transactions of American Society of 

Agricultural and Biological Engineers 56(4). 

Ibrahim, M.N., Sarker, M. S. H., Ab Aziz, N and Salleh, M.P. (2014). Drying 

Performance and Overall Energy Requisite of Industrial Inclined Bed Paddy 

Drying in Malaysia. Journal of Engineering Science and Technology 9:3. 

http://www.fao.org/news/story/en/item/273303/icode/


© C
OPYRIG

HT U
PM

 

96 

 

Igathinathane, C., Chattopadhyay, P.K. and Pordesimo, L.O. (2008). Moisture Diffusion 

Modelling of Parboiled Paddy Accelerated Tempering Process with Extended 

Application to Multi-pass Drying Simulation. Journal of Food Engineering 88: 

239-253. 

Iguaz, A., Rodriguez, M. and Virseda, P. (2006). Influence of Handling and Processing 

of Rough Rice on Fissures and Head Rice Yields. Journal of Food Engineering 

77(4): 803-809. 

Imoudu, P.B. and Olufayo, A.A. (2000). The Effect of Sun-drying on Milling Yield and 

Quality of Rice. Journal of Bioresource Technology 74: 267-269. 

Inprasit, C. and Noomhorm, N. (2001). Effect of Drying Air Temperature and Grain 

Temperature of Different Types of Dryer and Operation on Rice Quality. 

Journal of Drying Technology 19(2): 389-404. 

IRRIa. (2011). Fixed- bed Batch Dryer. International Rice Research Institute. Available 

at: 
www.knowledgebank.irri.org/postproductioncourse/factsheetsNRefences/Dryi

ng/Fixed%20bed%20batch%20dryer.doc. Accessed 29 August 2011. 

IRRIb. (2011). Paddy Drying. International Rice Research Institute. Available at: 

www.knowledgebank.irri.org/postproductioncourse/factsheetsNRefences/Dryi

ng/Training%20Manual%20Paddy%20Drying.doc. Accessed 28 September 

2011. 

IRRI. (2012). www.knowledgebank.irri.org at @Ebook Browse. Training Manual 

Paddy Drying pdf free ebook download from 

www.ebookbrowse.com/training-manual-paddy-drying-pdf 2012; d88323894: 

18-20. 

IRRI. (2013). Paddy-drying Methods. 
http://www.knowledgebank.irri.org/rkb/paadydrying-methods.html. Accessed 

on 15 October 2013. 

IRRI. (2014). The importance of rice. 

http://www.knowledgebank.irri.org/ericeproduction/Importance_of_Rice.htm. 

Accessed on 8 September 2014. 

Islam, M., Marks, B. and Bakker-Arkema, F. (2004). Optimization of Commercial Ear-

Corn Dryers. Agricultural Engineering International: the CIGR Journal of 

Scientific Research and Development 6. 

Izadifar, M., Baik, O.D. and Simonson, C.J. (2006). Modeling of the Packed Bed Drying 

of Paddy Rice Using the Local Volume Averaging (LVA) Approach. Journal 

of Food Research International 39: 712-720. 

Jindal, V.K. and Siebenmorgen, T.J. (1987). Effect of Oven Drying Temperature and 

Drying Time on Rough Rice Moisture Content Determination. Transactions of 

the ASAE 30: 1185-1192. 

http://www.knowledgebank.irri.org/postproductioncourse/factsheetsNRefences/Drying/Fixed%20bed%20batch%20dryer.doc
http://www.knowledgebank.irri.org/postproductioncourse/factsheetsNRefences/Drying/Fixed%20bed%20batch%20dryer.doc
http://www.knowledgebank.irri.org/postproductioncourse/factsheetsNRefences/Drying/Fixed%20bed%20batch%20dryer.doc
http://www.knowledgebank.irri.org/postproductioncourse/factsheetsNRefences/Drying/Fixed%20bed%20batch%20dryer.doc
http://www.knowledgebank/
http://www.ebookbrowse/
http://www.knowledgebank.irri.org/rkb/paadydrying-methods.html
http://www.knowledgebank.irri.org/ericeproduction/Importance_of_Rice.htm


© C
OPYRIG

HT U
PM

 

97 

 

Jittanit, W., Seateaw, N. and Charoenchaisri, A. (2010). Industrial Paddy Drying and 

Energy Saving Options. Journal of Stored Products Research 46: 209-213. 

Kahveci, K., Cihan, A. and Ece, M.C. (2002). Liquid Diffusion Model for Drying a Stack 

of Rough Rice. International Journal of Energy Research 27: 1131-1143. 

Kamst, G.F., Vasseur, J., Bonazzi, C. and Bimbenet, J.J. (1999). A New Method for the 

Measurement of the Tensile Strength of Rice Grains by using the Diametral 

Compression Test. Joural of Food Engineering 40(4): 227-232. 

Karbassi, A. and Mehdizadeh, Z. (2008). Drying Rough Rice in a Fluidizing Bed Dryer. 

Journal of Agriculture Science and Technology 10: 233-241. 

Kowalski, S.J. and Pawłowski, A. (2010). Drying of Wet Materials in Intermittent 

Conditions. Journal of Dry Technology 28: 636-643. 

Kudra, T., Platon, R. and Navarri, P. (2009). Excel-based Tool to Analyze the Energy 

Performance of Convective Dryers. Journal of Dry Technology 27: 1302-1308. 

Kunze, O.R. (2008). Effect of Drying on Grain Quality Moisture Readsorption Causes 

Fissured Rice Grains. Presented at International Conference on Grain Drying 

East Asia. 

Kunze, O.R. and Calderwood, D.I. (1985). Rough Rice Drying. In: Rice Chemistry and 

Technology. Journal of American Association of Cereal Chemists, Inc. 

Kunze, O.R. and Prasad, S. (1978). Grain Fissuring Potentials in Harvesting and Drying 

of Rice. Transaction of ASAE 22: 1197-1207. 

Lan, Y. and Kunze, O.R. (1996). Fissure Resistance Characteristics Related to Moisture 

Adsorption Stresses in Rice. Transaction of ASAE 39: 2169-2174. 

Li, Y.B., Cao, C.W., Yu, Q.L. and Zhong, Q.X. (1998). Study on Rough Rice Fissuring 

During Intermittent Drying. Journal of Dry Technology 17(9): 1779-1793. 

Liyod, B.J., Cnossen, A.G. and Siebenmorgen, T.J. (2001). Evaluation of Two Methods 

for Separating Head Rice from Brokens for Head Rice Yield Determination. 

Applied Eng. In Agriculture 17: 643-648. 

MANCID. (2011). Malaysia. Malaysian National Committee of ICID. Available at: 

www.icid.org/v_malaysia. Accessed 11 July 2011. 

Moritaka, S. and Yasumatsu, K. (1972). The effect of Sulfhydryl Groups on Storage 

Deterioration of Milled Rice: Studies on Cereals Japan Society of Nutrition and 

Food Science 25(2): 59-62. 

Mossman, A.P. (1986). A Review of Basic Concepts in Rice-drying Research. Critical 
Review in Food Science and Nutrition 25(1): 49-70.  

Mujumdar, A.S. (2007). Handbook of Industrial Drying. New York: Marcel Dekker. 

NFA. (2016). Summary of Existing NFA Prices. http://nfa.gov.ph/buying-selling-price.  

http://www.icid.org/v_malaysia.%20Accessed%2011%20July%202011
http://nfa.gov.ph/buying-selling-price


© C
OPYRIG

HT U
PM

 

98 

 

Nishiyama, Y., Cao, W. and Li, B. (2006). Grain Intermittent Drying Characteristics 

Analyzed by a Simplified Model. Journal of Food Engineering 76: 272-279. 

Okamura, T. (1934). Relation between Cracked Kernels Ratio in Brown Rice and Broken 

Kernels Ratio in Milled Rice. Nogaku-Kenkyu 22: 91-105. (In Japanese). 

Okamura, T. (1937). Studies on Cracking of Rice. Nogaku-Kenkyu 27: 166-194. (In 

Japanese). 

Ondier, G.O., Siebenmorgen, T.J. and Mauromoustakos, A. (2010). Low-temperature, 

low-relative humidity drying of rough rice. Journal of Food Engineering 100: 

545-550. 

Ongrat, W., Younes, A., Elkamel, A., Douglas, P.L. and Lohi, A. (2011). Control Vector 

Optimization and Genetic Algorithms for Mixed-integer Dynamic 

Optimization in the Synthesis of Rice Drying Processes. Journal of Franklin 

Institute 348: 1318-1338. 

Pan, Z., Khir, R., Bett-Garber, K.L., Champagne, E.T., Thompson, J.F., Salim, A., 

Hartsough, B.R. and Mohamed, S. (2011). Drying Characteristics and Quality 

of Rough Rice under Infrared Radiation Heating. Transactions of ASABE 54(1): 

203-210.   

Phillips, S., Widjaja, S., Wallbridge, A. and Cooke, R. (1988). Rice Yellowing Post-
harvest Drying by Aeration and during Storage. Journal of Stored Products 

Research 24: 173-181. 

Poomsa-ad, N., Terdyothin, A., Prachayawarakorn, S. and Soponronnarit, S. (2005). 

Investigations on Head-rice Yield and Operating Time in the Fluidised Bed 

Drying Process: Experiment and Simulation.  Journal of Stored Products 

Research 41: 387-400. 

Prachayawarakorn, S., Poomsa-ad, N and Soponronnarit, S. (2005). Quality 

Maintenance and Economy with High-temperature Paddy-drying Processes. 

Journal of Stored Products Research 41: 333-351. 

Prakash, B. and Pan, Z. (2012). Effect of Geometry of Rice Kernels on Drying Modeling 

Results. Journal of Dry Technology 8: 801-807. 

Promvonge, P., Boonloi, A., Pimsarn, M. and Thianpong, Ch. (2011). Drying 

characteristics of peppercorns in a rectangular fluidized-bed with triangular 

wavy walls. Journal of International Communications in Heat and Mass 

Transfer 38: 1239-1246.  

Quitco, R.T. (1982). Studies of Fungal Infection and Heating of Paddy. In Proceedings 

GASGA seminar, paddy deterioration in the humid tropics 52-56.  

Sampaio, C.P., Nogueira, R.M., Roberto, C.D. and Silva, J.S. (2007). Development of a 

Dryer with Air flow Reversal and a Pneumatic system for Grain Movement. 

Journal of Biosystems Engineering 98: 33-38. 



© C
OPYRIG

HT U
PM

 

99 

 

Sangdao, C., Songsermpong, S. and Krairiksh, M.A. (2011). Continuous Fluidized Bed 

Microwave Paddy Drying System Using Applicators with Perpendicular Slots 

on a Concentric Cylindrical Cavity. Journal of Dry Technology 29: 35-46. 

Sarker, M.S.H. (2014). Analysis of Fluidized Bed and Inclined Bed Drying of Paddy for 

Malaysian Conditions. PhD Thesis (unpublished) Universiti Putra Malaysia 

(UPM). 

Sarker, M. S.H., Ibrahim, M.N., Ab Aziz, N. and Salleh, M.P. (2013). Drying Kinetics, 

Energy Consumption, and Quality of Paddy (MAR-219) during Drying by the 

Industrial Inclined Bed Dryer with or without the Fluidized Bed Dryer. Drying 

Technology: An International Journal 31(3): 286-294. 

Sarker, M.S.H., Ibrahim, M.N., Ab Aziz, N and Salleh. M.P. (2014). Energy and Rice 

Quality Aspects During of Freshly Harvested Paddy with Industrial Inclined 

Bed Dryer. Journal of Energy Conversion and Management 77:389-395. 

Schroeder, H.W. (1963). The Relationship between Storage Molds and Damage in High-
moisture Rice in Aerated Storage. Journal of Phytopathology 53: 804-808. 

Sharma, A.D. and Kunze, O.R. (1982). Post Drying Fissure Developments in Rough 

Rice. Transactions of the ASAE 25: 465-474. 

Siebenmorgen, T.J. (1994). Role of Moisture Content in Affecting Head Rice Yield. In: 
Marshall, W.E. and Wadsworth, J.I. (Eds.), Rice Science and Technology 15: 

341-380. 

Siebenmorgen, T.J., Yang, W. and Sun, Z. (2004). Glass Transition Temperature of Rice 

Kernel Determined by Dynamic Mechanical Thermal Analysis. Transactions 

of the ASAE 47(3): 835-839. 

Siebenmorgen, T.J., Qin, G. and Jia, C. (2005). Influence of Drying on Rice Fissure 

Formation Rates and Mechanical Strength Distributions. Transactions of the 

ASAE 48(5): 1835-1841. 

Slade, L. and Levine, H. (1995). Glass Transitions and Water-food Structure 

Interactions. Advances in Food and Nutrition Research 38: 103-269. 

Soponronnarit, S., Srisubati, N. and Yoovidhya, T. (1998a). Effect of Temperature and 

Relative Humidity on Yellowing Rate of Paddy. Journal of Stored Products 

Research 34(4): 323-330. 

Soponronnarit, S., Rordprapat, P. and Wetchacama, S. (1998b). Mobile Fluidized Bed 
Paddy Dryer. Journal of Drying Technology 16:1501-1513. 

Soponronnarit, S., Wetchama, S., Swasdisevi, T. and Poomsa-ad, N. (1999). Managing 

Moist Paddy by Drying, Tempering and Ambient Air Ventilation. Journal of 

Drying Technology: An International Journal 17(1-2): 335-344. 

Soponronnarit, S., Prachayawarakorn, S., Rordprapat, W., Nathakaranakule, A. and Tia, 

W.A. (2006). Superheated-steam Fluidized-bed Dryer for Parboiled Rice: 



© C
OPYRIG

HT U
PM

 

100 

 

Testing of A Pilot-scale and Mathematical Model Development. Journal of Dry 

Technology 24: 1457-1467. 

Srzednicki, G. and Driscoll, R.H. (2008). Implementation of Two Stage Drying System 

for Grain in Asia. International Union of Food Science and Technology Chapter 

7. 

Steffe, J.F., Singh, R.P. and Bakshi, A.S. (1979). Influence of Tempering Time and 

Cooling on Rice Milling Yields and Moisture Removal. Transaction of ASAE 

22: 1214-1218. 

Steffe, J.F. and Singh, P.R. (1980). Liquid Diffusivity of Rough Rice Components. 

Transaction of ASAE 23: 267-282. 

Sugunya, W., Kanchana, D., Sakda, J. and Boonmee, S. (2004). Effect of Drying 

Methods and Storage Time on the Aroma and Milling Quality of Rice (Oryza 

sativa L.). Journal of Food Chemistry 87(3): 407-414. 

Sutherland, J.W. and Ghaly, T.F. (1990). Rapid Fluidized Bed Drying of Paddy in the 

Humid Tropics. In: Naewbanij, J.O. (Ed.), Proceedings of the Thirteenth 

ASEAN Seminar on Grain Postharvest Technology 1-12. 

Tajaddodi, K. (2012). Fixed-bed Drying of Rice with Air Flow Reversal for Product 

Quality and Drying Performance. PhD Thesis (unpublished) Universiti Putra 
Malaysia (UPM): 200-205. 

Teo, C.H., Abd-Karim, A., Cheah, P.B., Norziah, M.H. and Seow, C.C. (2000). On the 

Roles of Protein and Starch in the Aging of Non-waxy Rice Flour. Journal of 

Food Chemistry 69: 229-236. 

Thakur, A.K. and Gupta, A.K. (2006). Two Stage Drying of High Moisture Paddy with 

Intervening Rest Period. Journal of Energy Conversion and Management 47: 

3069-3083. 

Thompson, J.F. (1998). Principle of Rice Drying. Cooperative Extension, Biological and 

Agricultural Engineering. 

Thompson, T.L., Peart, R.M. and Foster, G.H. (1968). Mathematical Simulation of Corn 

Drying- A New Model. Transactions of American Society of Agricultural 

Engineers 12(5): 685-686. 

Tirawanichakul, Y., Prachayawarakorn, S., Varanyanond, W. and Soponronnarit, S. 

(2004a). Simulation and Grain Quality for In-store Drying of Paddy. Journal of 

Food Engineering 64: 405-415. 

Tirawanichakul, S., Prachayawarakorn, S., Varanyanond, W., Tungtrakul, P. and 

Soponronnarit, S. (2004b). Effect of Fluidized Bed Drying Temperature on 

Various Quality Attributes of Paddy. Drying Technology: An International 

Journal 22(7): 1731-1754. 



© C
OPYRIG

HT U
PM

 

101 

 

Tiwari, G.N., Singh, A.K. and Bhatia, P.S. (1994). Experimental Simulation of Grain 

Drying System. Journal of Energy Conversion and Management 35(5): 453-

458.  

USDA. (1988). Grain Grade Procedure; Federal Grain Inspection Service: Washington, 

DC, USA. 

Wongpornchai, S., Dumri, K., Jongkaewwattana, S. and Siri, B. (2004). Effects of 

Drying Methods and Storage Time on the Aroma and Milling Quality of Rice 

(Oryza sativa L.) cv. Khao Dawk Mali 105. Journal of Food Chemistry 87: 407-

414. 

Yang, W., Jia, C., Siebenmorgen, T.J., Howell, T.A. and Cnossen, A.G. (2002). Intra-

kernel Moisture Responses of Rice to Drying and Tempering Treatments by 

Finite Element Simulation. Transactions of the ASAE 45(4): 1037-1044. 

Yap, A.B., Juiliano, B.O. and Perez, C.M. (1988). Artificial Yellowing of Rice at 60 °C. 

In Proceeding Group, the Source of Yellow Grains in Rice 153-157. 

Yuan, W.U. and Keey, R.B. (1994). Design of Staged Through-Circulation Drying with 

Air Reversal. Journal of Chemical Engineering Science 50(1): 99-104. 

Zare, D., Minaei, S., Mohamad Zadeh, M. and Khoshtaghaza, M.H. (2006). Computer 

Simulation of Rough Rice Drying in a Batch Dryer. Journal of Energy 
Conversion and Management 47: 3241-54. 

Zareiforoush, H., Minaei, S., Alizadeh, M.R. and Banakar, A. (2015). A hybrid 

intelligent approach based on computer vision and fuzzy logic for quality 

measurement of milled rice. Journal of Measurement 66: 26-34. 

Zhang, Q. and Litchfield, J.B. (1991).An Optimization of Intermittent Corn Drying in A 

Laboratory Scale Thin Layer Dryer. Journal of Drying Technology 9(11): 233-

244. 

Zhang, Q., Yang, W. and Sun, Z. (2005). Mechanical Properties of Sound and Fissured 

Rice Kernels and Their Implications for Rice Breakage. Journal of Food 

Engineering 68: 65-72. 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

 

115 
 

LIST OF PUBLICATIONS 

 

 

Published 

 

M. Ghiasi, M.N. Ibrahim, R.K. Basha, R.A. Talib. Energy usage and Drying Capacity 
of Flat-bed and Inclined-bed Dryers for Rough Rice Drying. Accepted for 

publication in International Food Research Journal, December, 2016.  

 

 

Under Revision 

 

M.N. Ibrahim, M. Ghiasi, R.K. Basha, R.A. Talib. Air Flow Reversal Drying 

Performance for Rice with Inclined Bed Dryer. Submitted to Journal of Stored 

Products Research, October, 2016.  

 

 



© C
OPYRIG

HT U
PM


	DRYING PERFORMANCE OF INCLINED BED DRYER WITH AIR FLOWREVERSAL AND ITS EFFECTS ON RICE MILLING QUALITY
	Abstract
	TABLE OF CONTENTS
	CHAPTER
	REFERENCES



