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ABSTRACT

Project code: RTA4680012

Project title: Development and Improvement of Agricultural and Food Preducts with Combination of

Various Drying Techniques

Investigators (71 people):

Investigators Organization
1. Prof.Dr.Somchart Soponronnarit Division of Energy Technology, School of Energy
and Materials, KMUTT (Head of project)
2. Assoc.Prof.Warunee Tia Division of Energy Management Technology,
School of Energy and Materials, KMUTT
3. Assoc.Prof Dr.Somkiat Prachayawara- Division of Chemical Engineering, Faculty of
korn Engineering, KMUTT -
4. Asst.Prof.Dr.Adisak Nathakaranakule | Division of Energy Technoiogy, School of Energy
and Materials, KMUTT
5. Asst Prof.Sakamon Devahastin Division of Food Engineering, Faculty of
Engineering, KMUTT
6. Dr.Thanit Swasdisevi Division of Thermal Technology, School of Energy
and Materials, KMUTT KMUTT
7. Asst.Prof.Cr. Thanid Madhiyanon Department of Mechanical Engineering, Faculty of
Engineering, University of Technology Mahanakorn
B. Asst.Prof.Dr.Chaiyong Taechapairoj Faculty of Engineering and Technology,
Silpakorn University
9. Asst.Prof.Dr.Chareonporn Lertsatitthanakomn | Faculty of Engineering. Marasarakham University
10. Asst.Prof.Dr.Sampan Rittidech Faculty of Engineering, Marasarakham University
11. Asst.Prof.Dr.Nattapol Poomsa-ad Faculty of Engineering, Marasarakham University
12. Asst.Prof.Dr.Songchai Wiriyaumpaiwong | Faculty of Engineering, Marasarakham University |
13. Asst.Prof.Dr.Umphisak Teeboonma Faculty of Engineering, Ubonratchathani University
14. Asst.Prof.Dr.Jindaporn Jamradloediuk Faculty of Engineering, Marasarakham University

15. Seventeen doctoral and forty master students

Email Address: Somchart.sop@kmutt.ac.th




Research field. Energy technology/ Post-harvest technology
Project fund:; Six million: baht approved, about four million baht actual payments

Project period: 1 October 2003 ~ 30 September 2006

Obijectives:

The objective of the Project "Development and Improvement of Agriculfural and Food
Products with Combination of Various Drying Techniques” is to enhance the research capabilities of the
lecturers and researchers involved in the project, and to produce numbers of graduated doctoral and
master students as well as international journal publications and transfer research outputs to industrial

sections and commercialization.

Methodology:

During each semester, there are about 15 master and 8 doctoral students working in the
project. Project meeting was arranged weekly for discussion between the students and supervisors who
co-operated under senior-supported advisor system. All colleagues had a responsibility to publish the
knowledge from his/her researches especially in cited international journals. Collaboration was also

made with industrial sectors to produce prototyped dryer and with expertise research institutes.

Research tapics of the project are mostly in the field of drying technology. Resezairch topics
separated by products are emphasized on grains (i.e. paddy, corn, and soybean), vegetable, fruit, herb
and meat. The topics are also separated by drying technology into hot air and superheated steam
drying, fluidized bed and spouted bed drying, heat pump drying, drying using adsorbent, far-infrared
drying, drying under low pressure and drying by combined techniques. Renewable energy from biomass

and drying energy saving are also included in the research topics of the project.

Results:

The success of this project is beyond the proposed target. The outputs of the project are 28
publications in international journals (excluding some papers in print), 13 publications in national
journals, 15 papers in international proceedings, 60 papers in national proceedings, and one chapter in
one book. One patent of invention is on pending status. Eight doctoral and 31 master students in the
project have been graduated. Besides the academic outputs, the knowledge of the project is also
transferred to industrial sectors in grain, vegetable and fruit drying. Private companies have been
produced and commercialized fluidized bed dryers for drying paddy, parboiled rice, corn and soybean;
rice-husk cyclonic furnace; heat pump and hot air dryer for fruit and vegetable drying industries; and coal

air ventilation system in a paddy silo.



Discussion and Conclusion:

1. Twenty eight papers have been published in international journals with overall impact factor
(2004) of 29.085.

2. The overall budget used in this project is about 4 million baht and is about equivalent to
143,000 baht per an international journal paper.

3. Fifteen papers have been published in national journals. If two national journal papers are set to
be equivalent fo one international journal paper, it costs about 123,000 baht per an equivalent
international journal paper.

4. Research outputs transferred to industrial sectors resulted in high benefit to these sectors, such
as saving drying energy, improving drying performance and dried products’ qualities. This
technology transfer also produced more incomes from exporting fluidized bed dryers and rice-
husk cyclonic furnaces.

5. Advantages of using superheated steam for drying paddy, vegetable, fruit and meat were found
from this research. This drying technique has a trend to use for developing new drying
processes, especially new techniques for producing parboiled rice which have low drying cost
and short drying time.

6. Mathematical models of studied drying techniques have been developed to the fevel that can be
used for optimizing drying designs and cperations.

7. The most success of the project is the cooperation of 71 researchers from multi branches of

knowledge for three years.

Key words: adsorbent, drying, far-infrared, fluidization, fruit, grain, heat pump, low pressure,

mathermatical model, quality, superheated steam, vegetable, food.
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Engineering 62, 1-7. (IF = 1.22)
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Simulation and grain quality for in-store drying of paddy. Joumal of Food Engineering 64, 405-
415 (IF = 1.22)
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Wirivaumpaiwong, S., Soponronnarit, S. and Prachayawarakorn, S. 2004, Comparative study of
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Methodology of enhancing drying rate and improving maize quality in a fluidized-bed dryer.
Joumal of Stored Products Research 40, 379-393. (1.044)

Taechapairoj, C., Prachayawarakorn, 8. and Soponronnarit, S. 2004. Characteristics of rice
dried in superheated-steam fluidized-bed. Drying Technology-An International Journal 22(4),
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quality of shrimp under different two-stage drying processes. Drying Technology-An
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Prachayawarakom, S., Prachayawasin, P, and Soponronnarit, S. 2004. Effective diffusivity and
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superheated-steam fluidized bed. Drying Technology-An Intemational Jounal 22{9), 2095-2118.
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Prachayawarakorn, S., Poomsa-ad, N. and Soponronnarit, S. 2005. Quality maintenance and
economy with high-temperature paddy-drying process. Journal of Stored Products Research 41,
333-351. (1.044)

Suvarnakuta, P., Devahastin, S., Soponronnarit, S., Mujumdar, A.S., 2005. Drying kinetics and
inversion temperature in a low-pressure superheated steam drying system. Industrial &
Engineering Chemistry Research 44(8), 1934-1941 (IF = 1.424). (Lﬂuuaaquiupu:ﬁfn%“uﬁ
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Poomsa-ad, N., Soponronnarit, S., Prachayawarakom, S. and Terdyothin, A. 2005.
Investigations on head-rice yield and operating time in the fluidized-bed drying process :
Experiment and simulation. Journal of Stored Products Research 41, 387-400. (1.044)
Prachayawarakomn, S,, Choteboon, C. and Soponronnarit, S. 2005, Simultaneous momentum,
heat and mass transfer with color change during paddy storage in silo. Drying Technology-An
International Journal 23(1&2), 205-223, (IF = 0.987}

Namsanguan, Y., Tichangteng, 3., Tia, W., Soponronnarit, S. and Devahastin, S. 2005.
Simulation of a mixed air and superheated steam drylng system. Drying Technology-An
International Journal 23(1&2), 225-248. (iF = 0.987)

Madhiyanon, T. and Soponronnarit, S. 2005. High temperature spouted bed paddy drying with

varied downcomer air flows and moisture contents: Effects on drying kinetics, critical moisture -

content, and milling quality. Drying Technology-An International Journal 23(3), 473-495, (IF =
0.987) (1ﬂunanu1u§1u:ﬁn’aﬁ'uﬁL§quuﬁmu1ﬁn35uuﬁﬂlnﬂ ana.)

Rittidech, S., Dangeton, W. and Soponronnarit, S. 2005, Closed-ended oscillating heat-pipe
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v oav o md . [ - .
raulugusinddpiaumuiainiTuwilg &ana.)



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Prachayawarakomn, S., Tia, W., Poopaiboon, K. and Soponronnarit, S. 2005. Comparison of
performances of puised and conventional fluidized-bed dryers. Journal of Stored Products
Research 41, 479-497. (1.044)

Rordprapat, W., Nathakaranakule, A., Tia, W. and Soponronnarit, 8. 2005. Comparative study
of fluidized bed paddy drying using hot air and superheated steam. Journal of Food
Engineering 71, 28-36. (IF = 1.209)

Lertsatitthanakom, C., Remgwongwitaya, S. and Soponronnarit, S. 2006. Field experiments and
economic evaluation of an evaporative cooling system in a sitkworm rearing house. Biosystems
Engineering 93, 213-219. (IF=0.496) (Lﬂuwamulug']mﬁ’n‘iiuﬁLﬁvﬂmuﬁ'@mmﬁnﬁwﬁﬂm
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Soponronnarit, S., Nathakaranakuie, A., Jirajindalert, A. and Taechapairoj, C., 2006. Parboiling
brown rice using superheated steam fluidization technique. Joumnal of Food Engineering 75,
423-432. (IF = 1.209)

Taechapairoj, C., Prachayawarakom, S., and Soponronnarit, S., 2006. Modelling of parboiled
rice in superhealed steam fluidized bed. Joumnal of Food Engineering 76, 411-419. (IF=1.209)
Prachayawarakorn, S., Kaewnin, N., Natahkaranakule, A, and Soponronnarit, S. 2006. Effects of
peeled and unpeeled garlic cloves on the changes of drying rate and quality. Drying
Technology-An International Journal 24(1), 65-75. (IF=0.987)

Prachayawarakorn, 8., Prachayawasin, P. and Soponronnarit, S. 2006. Heating process of
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Madhiyanon, T., Techaprasan, A. and Scponronnarit, 3. 2006. Mathematical models based on
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Local Journal Papers:

Wanichsumran, S., Tungtrakul, P., Waranyanon, W. and Soponronnarit, S. 2003. Increased yield
in head rice of poor quality paddy by combined soaking and fluidized bed drying. The Joumal of
the Royal Institute of Thailand 28(4), 1160-1169 (in Thai).

Madhiyanon, T., Piriyarungroj, N., Nathakarannakule, A. and Soponronnarit, S. 2003. The

vortexing-fluidized bed combustor cold model : experimental study of air - rice husk flow
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behavior. Research and Development Journal of Engineering Institute of Thailand, 14(4}, 59-67
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Soponronnarit, S., Jirajindalert, Nathakaranakule, A., Taechapairoj, C. 2005. Parboiling brown
rice using superheated steam fluidization technique. The Joumal of the Royal Institute of
Thailand 30(1}, 76-91 (in Thai).

Rordprapat, W., Nathakaranakule, A., Tia, W. and Soponronnarit, S. 2005. Development of a
superheated-steam-fluidized-bed dryer for parboiled rice. The Journal of the Royal Institute of
Thailand 30{2), 363-378 (in Thai).

Tia, W., Jangploy, P., Sakunpongmalee and Soponronnarit, S. 2004. Status and research trends
on renewable energy in Thailand. The Journal of the Royal Institute of Thailand 30(3), 658-677
(in Tha).

Taechapairoj, C., Sinprasert, S., Prachayawarakorn, S. and Soponronnaril, S. 2005, Effect of

drying medium on drying kinetics and beef quality. The Journal of the Royal Institute of Thailand -
30(4), 870-987 (in Thai).

Book Chapters:

1. Soponronnarit, S. and Prachayawarakorn, S. 2003. Research and development work on paddy

drying in South-east Asia. Lectures and Workshop Exercises on Drying of Agricuttural and

Marines Products. Eds: Ghin, Y.B. et al.,, ASEAN SCNCER, pp.87-112.



Keynote/Invited speaker in Conferences/Symposiums.

Sapenronnarit, S. 2003. Fluidised bed grain drying. Proceedings of the 3" Asia-Pacific Drying
Conference, 1-3 September 2003, Asian Institute of Technology, Bangkok, Thailand, pp. 55-71
(keynote paper).

Soponronnarit, S. 2003. Fluidised bed grain drying. Presented at the Intemnational Seminar on
Grain Drying in South Asia, 1-2 Dec. 2003, Durgapur, India (keynote paper).

Soponronnarit, S. and Prachayawarakorn, S. 2004. Mathematical modelling anc simulation of
fluidized-bed drying, tempering and ventilation of grains. Proc. 15" International Symposium on
Transport Phenomena (ISTP-15), 97-13" May 2004, Bangkok, Thailand, pp. 8-14 (keynote
paper).

Soponronnarit, S. and Prachayawarakorn, S. 2004. Mathematical modelling and simulation of
fluidized-bed drying, tempering and ventilation of grains. Presented at The 18" Conference on
Mechanical Engineering Network of Thailand, Khonkaen ,18-20 Oct. 2004. Also in KKU
Engineering Journal 32(1), 1-14.

Tia, W., Jangploy, P., Sakunpongmalee, K. and Soponronnarit, S. 2005. Status and research
trends on renewable energy in Thailand. CD-Rom Proceedings of the 1" Energy Network
Conference, Paftaya, 11-13 May 2005, 18 p. {invited paper in Thai}.

Saponronnarit, S. and Prachayawarakomn, S. 2005. Research and development work on paddy
drying in South-East Asia. Paper presented at the 3™ National Technical Seminar on Post-
harvest/Post-production Technoiogy, Cha-am, 10-11 Oct. 2005 (keynote paper).

Soponronnarit, S., Prachayawarakorn, S. and Taechapairoj, C. 2005. New method for producing
parboiled rice under high-temperature superheated-steam fluidization. Proc. of the 4" Asia
Pacific Drying Conference, 13-15 Dec. 2005, Kolkata, India (invited paper).

Soponronnarit, S. and Prachayawarakorn, S. 2006. Research and development work on paddy
drying in South-East Asia. In CD-Rom Proc. of the 7" National Conference of the Thai Society
of Agricultural Engineering, 23-24 Jan. 2006, Marasarakham, pp. 15-31 (keynote paper).

International Conference Papers:

Namsanguan, Y., Tia, W., Devahastin and S. Soponronnarit, S. 2003. Drying kinetics and quality °
of shrimp undergoing two-stage superheated steam and heat pump drying. Proceedings of the
3" Asia-Pacific Drying Conference, 1-3 September 2003, Asian Institute of Technology,
Bangkok, Thailand, pp. 457-467.

Tirawanichakul, S., Prachayawarakom, $., Varanyanond, W. and Sopcnronnarit, S. 2003.
Diffusion model of a wide drying temperature range for fluidized bed paddy drying. Proceedings
of the 3"j Asia-Pacific Drying Conference, 1-3 September 2003, Asian Institute of Technology,
Bangkok, Thailand, pp. 657-666.



10.

11.

12.

Jamradloediuk, J., Nathkaranakule, A., Soponronnarit, S. and Prachayawarakorn, S. 2003,
Drying of durian slices in superheated steam and hot air. Proceedings of the 3"j Asia-Pacific
Drying Conference, 1-3 September 2003, Asian Institute of Technology, Bangkok, Thailand, pp.
667-677- (ijumamu‘lugm:mmsﬁﬁﬂ?nmimnu adn. &na.)

Uengkimbuan, N., Soponronnarit, S., Prachayawarakom, S. and Nathkaranakule, A. 2003.
Comparaltive study of pork dried using superheated steam and hot air. Proceedings of the 3"
Asia-Pacific Drying Conference, 1-3 September 2003, Asian Institute of Technology, Bangkok,
Thaitand, pp. 679-691. (L'ﬂuwamu‘lug’m:mmsﬁﬁxﬁnmémqu aln. &n7.)

Rordprapat, W., Nathkaranakule, A., Tia, W. and Soponronnarit, S. 2003. Effect of soaking time
and drying media on qualities of paddy dried by fluidization fechnique. Proceedings of the 3
Asia-Pacific Drying Conference, 1-3 September 2003, Asian Institute of Technology, Bangkok,
Thailand, pp. 693-704.

Meeso, N., Nathakaranakule, A., Madhiyancn, T. and Soponronnarit, S. 2003, Effect of far-
infrared radiation and tempering on subsequent drying of paddy by fluidization technique.
Proceedings of the 3" Asia-Pacific Drying Conference, 1-3 September 2003, Asian Institute of
Technology, Bangkak, Thailand, pp. 705-720.

Sathapomprasath, K., Devahastin, S. and Sopenronnarit, S. 2004. Effects of operating

conditions on the overall performance of an air and superheated steam-operated impinging

stream dryer. Proc. 15" International Symposium on Transport Phenomena (ISTP-15), 9"13"

May 2004, Bangkok, Thailand, pp. 55-59.

Suvarnakuta, P., Devahastin, 5., Seponrennarit, S. and Mujumdar, A.S. 2004. Drying rate and
inversion temperatures of porous particles undergoing low-pressure superheated steam and
vacuum drying. Proc. 15" international Symposium on Transport Phenomena (ISTP-15), 9m13"
May 2004, Bangkok, Thailand, pp. 60-64. (n"Ju,uaamlupu:in%ﬁ‘uﬁLﬁumuﬁmmf{nﬁa"uuﬁn
nsi &m.)

Rittidech, S., Soponronnarit, S. and Dangeton, W. 2004. Effect of hot gas temperature and
working fluid on effectiveness of a closed-end oscillating heat pipe air-preheater for dryer. Proc.
15" tnternational Symposium on Transport Phenomena (ISTP-15), 9"‘-13u1 May 2004, Bangkok,
Thailand, pp. 65-72. (Lﬂunamu'lugm:ﬁn%"uﬁL"Earmnuﬁ'mmﬁfn’lé’mﬁﬂmj an7.)
Prachayawarakorn, S., Ruengnarong, S. and Soponronnarit, S. 2004. Characteristics of heat
transfer in two-dimentional spouted bed. Proc. 15" International Symposium on Transport
Phenomena (ISTP-15), 9"-13" May 2004, Bangkok, Thailand, pp. 73-78.

Tirawanichakul, Y., Prachayawarakorn, S., Varanyanon, W. and Soponronnarit, S. 2004. In-
store paddy drying under tropical atmostsphere: strategy and quality aspects. Proc. 15"
International Symposium on Transport Phenomena (ISTP-15), 9 -13" May 2004, Bangkok,
Thailand, pp. 431437

Prachayawarakom, S., Choteboon, C. and Soponronnarit, S. 2004. Moisture transport and
change of yellowness of paddy during sterage. Proc. 15" International Symposium on

Transport Phenomena (ISTP-15), 9"-13" May 2004, Bangkok, Thailand, pp. 609-614.



13. Jamradloedluk, J., Nathakaranakule, A., Scpenronnarit, S. and Prachayawarakorn, S, 2005.
Modelling of dehydration and redehydration kinetics of durian. Proc. 2" Int. Conf. on
Innovations in Food Processing Technology and Engineering, 11-13 Jan. 2005, Bangkok,
Thaitand, pp. 267-277.

14. Witinantakit, K., Prachayawarakorn, S., Nathakaranakule, A. and Soponronnarit, $. 2005. Drying
of paddy using rice husk as adsorbent. Proc. 2" int. Conf. on Innovations in Food Processing
Technology and Engineering, 11-13 Jan. 2005, Bangkok, Thailand, pp. 312-319,

15. Uengkimbuan, N., Soponronnarit, S., Prachayawarakom, S. and Nathakaranakule, A. 2005.
Drying kinetics and physical properties of dried pork using two-stage technigques. Proc. 2™ Int.
Conf. on Innovations in Food Processing Technolegy and Engineering, 11-13 Jan. 2005,

Bangkok, Thailand, pp. 320-328.
Local Conference Papers:

1. Madhiyanon, T., Piriyarungroj, N., Nathakarannakule, A. and Soponronnarit, S. 2003.
Development of a vortexing-fluidized bed combustor for rice husk fuel. CD Rom Proc. the 7"
Conference on Mechanical Engineering Network of Thailand, KMITNB-Prachinburi., 15-17 Oct.
2003, 9 p (in Thai), (Lﬁuuaom'l,uﬁﬂmﬁtﬁnmua:ﬁé’ y3I)

2. Madhiyanon, T., Baingam, M. and Soponrennarit, S. 2003. Solid fuel producing from sawdust by
extrusion technique, CD Rom Proc. the 17" Conference on Mechanical Engineering Network of
Thailand, KMITNB-Prachinburi., 15-17 Oct. 2003, 6 p (in Thai). (Lﬂuwamu‘tugﬂmﬁlﬁn&mm
WU

3. Madhiyanon, T. and Soponronnarit, S. 2003. High temperature spouted bed grain drying with
various downcomer-airflow, CD Rom Proc. the 17 Conference on Mechanical Engineering
Network of Thailand, KMITNB-Prachinburi., 15-17 Cct. 2003, 12 p (in Thai). (Lfiumm'm'lu_ﬁ’m:
f{n"zé’uﬁ;ﬁruoquﬁmmﬁfnﬁﬁ'mﬁﬂmj ane.)

4. Jamradloedluk, J., Soponronnarit, S., Nathakaranakute, A., and Prachayawarakom, S. 2004.
Compressive behaviors of durian slices during hot air and superheated steam drying. Proc. the
5" Technical Conference of Thai Society of Agricultural Engineering, 26-27 April 2004, Bangkok,
pp. 1-7. (Lﬂuwamulug’m:a'm'mfﬁ\_l‘a"nmiw'qu aln. &na.)

5. Uengkimbuan, N., Soponronnarit, S., Prachayawarakom, S., and Nathakaranakule, A. 2004.
Pork drying using superheated steam and hot air. Proc. the 5" Technical Conference of Thai
Society of Agricuttural Engineering, 26-27 April 2004, Bangkok, pp. 8-14 (in Thai). (Lﬂuuamu‘lu
uzeIitEnsnunu an. &)

6. Witinantakit, ¥., Nathakaranakule, A., Prachayawarakom, S., and Soponronnarit, S. 2004.
Drying of paddy using rice husk as an adsorplion medium. Proc. the 5" Technical Conference of
Thai Society of Agricultural Engineering, 26-27 April 2004, Bangkok, pp. 15-21 (in Thai).

7. Jaekum., S., Nathakaranakule, A,, Prachayawarakom, S., and Soponronnarit, S. 2004, Fruit and

hurb drying using combined techniques of heat pump and far-infared radiation. Proc. the 5"
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12.

13.

14,

15.

16.

17.

18.

Technical Conference of Thai Society of Agricultural Engineering, 26-27 April 2004, Bangkok,
pp. 22-28 (in Thai).

Tia, W., Soponronnarit, S., and Athasart, S. 2004. Cogeneration potential of a parboiled rice
mill. Proé. the 5" Technical Conference of Thai Society of Agricultural Engineering, 26-27 April
2004, Bangkok, pp. 29-35 (in Thai).

Prachayawasin, P., Soponronnarit, S., and Prachayawarakam, S. 2004. Soybean drying using
superheated steam fluidized bed. Proc. the 5 Technical Conference of Thai Society of
Agricultural Engineering, 26-27 April 2004, Bangkok, pp. 36-43 (in Thai).

Kaewnin, N., Prachayawarakom, S., Soponronnarit, S., and Nathakaranakule, A. 2004.
Appropriate strategy for drying garlic. Proc. the 5" Technical Conference of Thai Society of
Agricultural Engineering, 26-27 April 2004, Bangkek, pp. 44-51 (in Thai).

lam-mi, ch., Tungtrakul, P., Taechapairoj, Ch., and S., Sopenronnarit. 2004. The drying for
parbeiling aromatic rice using superheated-steam fluidized bed., Proc. the 5" Technical
Conference of Thai Society of Agricultural Engineering, 26-27 April 2004, Bangkok, pp. 52-61 (in
Thai).

Prakotmak, P., Soponronnarit, S. and Prachayawarakorn, S. 2004. Effect of pore size
distribution on water transport inside porous materials. Proc. the Sm Technical Conference of
Thai Soclety of Agricultural Engineering, 26-27 April 2004, Bangkoek, pp. 62-69 (in Thai),
Teeboonma, U. and Soponronnarit, 3. 2004. Heat pump drying design using optimization
technique. Proc. the 5" Technical Conference of Thai Society of Agricultural Engineering, 26-27
April 2004, Bangkok, pp. 70-77 {in Thai).

Buranapsetch, T., Seponronnarit, S., and Poomsa-add. N. 2004. Equilibrium moisture content
and drying kinetics of mulberry leaves. Proc. the 5" Technical Conference of Thai Society of
Agricultural Engineering, 26-27 Aprit 2004, Bangkok, pp. 125-131 (in Thai). (Lﬂunmm'lug’m:
ﬁfn"’zé“ﬂﬁL'é‘(umuﬁ'eumﬁn%ﬁ'wﬁﬂm ani.)

Teeboonma, U. and Soponronnarit, 5. 2004. Comparative assessment of R134a, R407C, and
R410A as alternatives to R22. Proc. the 5 Technical Conference of Thai Society of Agricultural
Engineering, 26-27 April 2004, Bangkok, pp. 139-146.

Sathitruangsak, P., Soponronnarit, S. and Madhiyanon, T. 2004. Briquette fuel product from
coconut shell by extrusion technique using molass as binder. CD Rom Proc¢., The 18"
Conference on Mechanical Engineering Network of Thailand, Khonkaen, 18-20 Qct. 2004, 7p.
(in Thai). -
Madhiyanon, T., Sathitruangsak, P. and Soponronnarit, S. 2004. A study of influences of binder
treated from wheat straw on physical properties of fuel briquette. CD Rom Proc., The 18"
Conference on Mechanical Engineering Network of Thailand, Khonkaen, 18-20 Oct. 2004, 5p.
(in Thai).

Madhiyanon, T., Piriyarungroj, N., Thongnork, P. and Soponronnarit, S. 2004. Vortexing-fluidized

bed combustor (VFBC) : Part | Effects of primary air on performance of combustor. CD Rom



19,

20.

21.

22.

23.

24,

25.

26,

27.

28,

Proc. The 18" Conference on Mechanical Engineering Network of Thailand, Khonkaen , 18-20
Oct. 2004, 9p. (in Thai). (Lﬂuwaq'}u’lugwu:'?ia_ﬁnmtl,a:‘ﬁus'ﬁu)

Madhiyanon, T., Piriyarungroj. N., Thongnork, P. and Soponronnarit, $. 2004. Vortexing-fluidized
bed combustor (VFBC) : Part |l Effects of secondary air on performance of combustor. CD
Rom Proc. The 18" Conference on Mechanical Engineering Network of Thailand, Khonkaen |
18-20 Oct. 2004, 9p. (in Thai). (tﬂuuaam‘lugm:ﬁﬁnu’m.a:"::a"m”m)

Thuwapanichayanan, R., Soponronnarit, S. and Prachawarakorn, S. 2004. Mathematical model
for fluidized bed drying using superheated steam. CD Rom Proc. The 18" Conference on
Mechanical Engineering Network of Thailand, Khonkaen, 18-20 Oct. 2004, 6p. (in Thai).
Dangton, W., Rittidech, 8. and Soponronnarit, S. 2004 Performance tests of a closed-end
oscillation heat pipe air preheater for dryer. CD Rom Proc. The 18" Conference on Mechanical
Engineering Network of Thailand, Khonkaen, 18-20 Oct. 2004, 8p. (in Thai). (\{lunaulugiue
ﬁn":i’ﬂﬁLguqquﬁwuﬂﬁnﬁiu%ﬁwlﬁﬂ §N1.)

Montripila, M., Soponronnarit, 8. and Poomsa-ad, N. 2004. Drying kinetics of cooked glutinous
rice using superheated stsam and hot air. CD Rom Proc. The 18" Conference on Mechanical
Engineering Network of Thailand, Khonkaen, 18-20 Oct. 2004, 6p. (in Thai). (Lffuwad"lu‘lug’m:
ﬁn’;é’uﬁfL&Ynaquﬁmuﬂﬁnﬁﬁnuﬁﬁlwﬂ &na.)

Jutajan, W., Seponronnarit, S., Siriamornpun, S. and Poomsa-Ad, N. 2005. Physical properties
of cooking glutinous rice after drying. In CD-Rom Proc. of the Technical Conference of the Thai
Society of Agricultural Engineering, Bangkoek, 30"-31" March 2005, pp. 379-386 (in Thai).

Sathapomprasath, K., Devahastin, S. and Soponronnarit, S. 2005. Effects of operating
conditions on the overall performance of impinging stream dryer. In CD-Rom Proc. of the
Technical Conference of the Thai Society of Agricultural Engineering, Bangkok, 307-31" March
2005, pp. 463-471.

Witinantakit, K., Prachayawarakorn, S., Nathkaranakule, A. and Soponronnarit, S. 2005.
Modeling of paddy drying using rice husk as adsorption medium. in CD-Rom Proc. of the
Technical Conference of the Thai Soclety of Agricultural Engineering, Bangkok, 30"-31" March
2005, pp. 472-482 (In Thai).

Jamradioediuk, J., Nathkaranakule, A., Soponronnarit, S. and Prachayawarakorn, S. 2005,
Rehydration kinetics of dried durian. In CD-Rom Proc. of the Technical Conference of the Thai
Society of Agricultural Engineering, Bangkok, 3.0"1-3‘1St March 2005, pp. 483-490.

Tachapiroch, C., Prachayawarakorn, S., Trangtrakoon, P., Tarmaisuk, P. and Scponronnarit, S.
2005. The effect of drying on instant rice properties. In CD-Rom Proc. of the Technical
Conference of the Thai Society of Agricultural Engineering, Bangkok, 20"-31" March 2005, pp.
491-498 (in Thai).

Uengkimbuan, N., Sopcnronnarit, S., Prachayawarakorn, S. and Nathkaranakule, A. 2005.
Drying kinetics and physical propertiss of pork dried using two-stage techniques. in CD-Rom
Proc. of the Technical Conference of the Thai Society of Agricultural Engineering, Bangkok, 30"

31" March 2005, pp. 499-506 {in Thai).
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32.

33.

34.

35.

36.

37.

38.

Wongkaew, P., Prachayawarakorn, S., Nathkaranakule, A. and Soponronnarit, S. 2005. Effects
of bulk density of rice husk and mixing ratic on drying characteristics of paddy. In CD-Rom Proc.
of the Technical Conference of the Thai Society of Agricultural Engineering, Bangkok, 30"-31"
March 2005, pp. 507-518 (in Thai).

Buakhom, R., Soponronnarit, S. and Prachayawarakorn, S. 2005. Drying of coffee berries using
heat pump and hot air. In CD-Rom Proc. of the Technical Conference of the Thai Sociely of
Agricultural Engineering, Bangkok, 30"-31™ March 2005, pp. 519-529 {in Thai).

Ngamchum, R., Swasdisevi, T., Devahastin, S. and Soponronnarit, S. 2005. Cavendish drying
with far infrared—vacuum dryer. In CD-Rom Proc, of the Technical Conference of the Thai
Society of Agricultural Engineering, Bangkok, 30"-31" March 2005, pp. 930-542 {in Thai).
Kratwanichku!, W., Nathkaranakule, A. and Soponronnarit, S. 2005. Chicken drying using
superheated steam combined with heat pump. In CD-Rom Proc. of the Technical Conference of
the Thai Society of Agricultural Engineering, Bangkok, 30™-31" March 2005, pp. 543-554 (in
Thai).

Yuttachai, W., Soponronnarit, S. and Prachayawarakom, S. 2005. Effect of soaking on urease
inactivation and protein solubility in soybean during treatment with hot air fluidized bed drying. In
CD-Rom Proc. of the Technical Conference of the Thai Society of Agricultural Engineering,
Bangkok, 30"-31" March 2005, pp. 555-565 (in Thal). ‘

Kaewnok, S., Prachayawarakom, S., Nathkaranakule, A. and Soponronnarit, S. 2005, Effects of
temperature on drying characteristics and quality of garic clove. In CD-Rom Proc. of the
Technical Conference of the Thai Society of Agricultural Engineering, Bangkok, 30"-31" March
2005, pp. 566-576 (in Thai).

Madhiyanon, T., Adirekrut, S., Sathitruangsak, P. and Soponrocnnarit, S. 2005. A study of
coconut drying using hot air combined with desiccant. In CD-Rom Proc. of the Technical
Conference of the Thai Society of Agricultural Engineering, Bangkok, 30"-31" March 2005, pp.
577-586 (in Thai).

Chanapai, U., Soponronnarit, S. and Prachayawarakorn, 5. 2005. Mathematical modeling for a
single soybean drying with superheated steam and hot air. In CD-Rom Proc. of the Technical
Conference of the Thal Society of Agricultural Engineering, Bangkok, 30"-31" March 2005, pp.
587-601 (in Thai).

Namsanguan, Y., Tia, W., Devahastin, S. and Soponronnarit, S. 2005. Characteristics of shrimp
dried by two-stage drying technique at different drying conditions. In CD-Rom Proc. of the
Technical Conference of the Thai Society of Agricuitural Engineering, Bangkok, 30"-31" March
2005, pp. 620-629 (in Thai).

Kitikhun, C., Soponronnarit, S., Teeboonma, U. and Wiriyaumpaiwong, S. 2005. Production of
steam for domestic industry using traveling grate combustor as heat source. In CD-Rom Proc. of
the Technical Conference of the Thai Society of Agricultural Engineering, Bangkok, 30 -31"

March 2005, pp. 858-867 (in Thai).
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Madhiyanon, T., Sathitruangsak, P., Thongnark, P., Soponronnarit, S. and Wongchang, T. 2005,
A short combustion chamber fluidized-bed combustor: Part |. Effects of primary air on combustor
performance. In CD-Rom Proceedings of the 19" Conference of Mechanical Engineering
Network of Thailand, 19-21 October 2005, 8p.

Madhiyanon, T., Sathitruangsak, P., Wongchang, T. and Soponronnarit, S. 2005. A short
combustion chamber fluidized-bed combustor: Part Il. Effects of upper secondary air on
combustor performance. In CD-Rom Proceedings of the 198" Conference of Mechanical
Engineering Network of Thailand, 18-21 October 2005, 9p.

Madhiyanon, T., Lapirattanakun, A., Sathitruangsak, P. and Soponronnarit, S. 2005. Vortexing-
fluidized bed combustor: The performance and gas distribution, within a combustor. in CD-Rom
Proceedings of the 19" Conference of Mechanical Engineering Network of Thailand, 19-21
October 2005, 15p.

Madhiyanon, T., Sathitruangsak, P. and Soponronnarit, S. 2005. Study of solid fuel produced
from ground anthracite by extrusion technique. In CD-Rom Proceedings of the 1 9" Conference
of Mechanical Engineering Network of Thailand, 19-21 October 2005, 6p.

Madhiyanon, T., Sathitruangsak, P., Adirekrut, S. and Soponronnarit, S. 2005. A coconut drying
kinetics comparison between drying in a combined hot air-desiccant system and a hot air
system. In CD-Rom Proceedings of the 19" Conference of Mechanical Engineering Network of
Thailand, 19-21 October 2005, 8p.

. Madhiyanon, T., Sathitruangsak, P., Adirekrut, S. and Soponronnart, S. 2005. A study of the

influences of drying air relative humidity in a combined hot air-desiccant dryer. In CD-Rom
Proceedings of the 19" Conference of Mechanlcal Engineering Network of Thailand, 19-21

October 2005, 10p.

Yangwo, P., Wirlyaumpaiwong, S. and Soponronnarit, 5. 2006. Multi-stage reduction of moisture
of paddy by using tapioca flour as adsorption media. In CD-Rom Proc. of the 7" National
Conference of the Thai Society of Agricultural Engineering, Mahasarakham Univ., 23".24"
January 2006, pp.381-388 (in Thai}.

Rikham, K., Wiriyaumpaiwong, S. and Soponronnarit, S. 2006. Multi-stage reducticn of moisture
of paddy by using rice husk as adsorption media. In CB-Rom Proc. of the 7" Natonal
Conference of the Thai Society of Agricultural Engineering, Mahasarakham Univ.,, 23".24"
January 2006, pp.389-395 (in Thai).

Witinantakit, K., Prachayawarakom, S., Nathkaranakule, A. and Soponronnarif, S. 2006. Multi-
pass drying of paddy uslng rice husk. In CD-Rem Proc. of the 7" National Conference of the
Thai Society of Agricultural Engineering, Mahasarakham Univ., 23".24" January 2006, pp.396-
402 (in Thai).

Jamradioediuk, J., Soponronnarit, S., Nathakaranakule, A. and Prachayawarakom, S. 2006.
Adsorption isotherms of durian flour undergoing three different drying techniques. in CD-Rom
Proc. of the 7" Nationa Conference of the Thai Society of Agricultural Engineering,

Mahasarakham Univ., 23°-24" January 2006, pp.403-410 (in Thai).
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Wongsri, P., Swasdsevi, T., Prachayawarakon, S. and Soponronnarit, S. 2006. Superheated
steam pork meat drying. In CD-Rom Proc. of the 7" National Conference of the Thai Society of
Agricultural Engineering, Mahasarakham Univ., 23“.24" January 20086, pp.437-446 (in Thai),
Plytho, N., Prachayawarakorn, S., Tia, W. and Soponvonnarit, S. 2008, Effect of pretreatment on
drying kinetics and quality of banana slices. In CD-Rom Proc. of the 7" National Conference of
the Thal Society of Agricultural Engineering, Mahasarakham Univ., 23"-24" January 2006,
pp.447-455 (in Thai).

Nimmol, C., Devahastin, S., Swasdisevi, T. and Soponronnarit, S. 2006. Drying of carrot by far-
infrared radiation under vacuum condition. In CD-Rom Proc. of the 7" Nationa! Conference of
the Thai Society of Agricultural Engineering, Mahasarakham Univ., 23".24" January 20086,
pp.456-463 (in Thai).

Thuwapanichayanan, R., Prachayawarakom, S., and Soponronnarit, S. 2006. Drying of foam-
mat ripe bananas. In CD-Rom Proc. of the 7" National Conference of the Thai Society of
Agricultural Engineering, Mahasarakham Univ., 23°.24" January 2006, pp.464-472 (in Thai).
Sinprasert, S., Taechapairoj, C., Prachayawarakom, S. and Soponronnarit, S. 2006.
Investigation of drying kinetics of beef dried using superheated steam and hot air. In CD-Rom
Proc. of the 7" National Conference of the Thai Society of Agricultural Engineering,
Mahasarakham Univ., 23".24" January 2006, pp.473-481 (in Thai).

Chiawwet, M., Prachayawarakorn, S., Tungtrakul, P. and Soponronarit, S. 2006. Accelerating
aging of paddy using fluidized bed drying followed by tempering. In CD-Rom Proc. of the 7"
National Conference of the Thal Society of Agricultural Engineering, Mahasarakham Univ., 23m-
24" January 2006, pp.482-490 (in Thai).

Jaisut, D., Prachayawarakorn, S., Varanyanond, W., Tungtrakul, P. and Soponronnarit, S. 2006.
Producing high quality brown rice using fluidization technique. In CD-Rom Proc. of the 7"
Naticnal Conference of the Thai Society of Agricultural Engineering, Mahasarakham Univ., 23".
24" January 2008, pp.491-499 (in Thai),

Meeso, N., Nathakaranakule, A., Madhiyanon, T. and Soponronnarit, S. 2006, Feasibility study
of combined FIR and hot-air convection in fluidized bed paddy dryiong. In CD-Rom Proce. of the
7" National Conference of the Thai Saociety of Agricultural Engineering, Mahasarakham Univ.,
23“1-24lh January 2006, pp.500-507 (in Thai).

Jarlyatontivait, W., Prachayawarakorn, S., Teachapalroj, C. and Soponronnarit, S. 2006. Effects
of soaking time and pre-steaming for production of parboiled rice using hot air fluidized bed. In
CD-Rom Proc. of the 7" National Conference of the Thai Society of Agricultural Engineering,
Mahasarakham Univ., 23%.24" January 2006, pp.508-515 (in Thai). .
tuangmalawat, P., Nathakaranakule, A., Prachayawarakom, S., Tungtrakul, P. and
Soponronnarit, S. 2006. Effect of drying methods on quality of cooked rice. In CD-Rom Proc. of
the 7" National Conference of the Thai Soclety of Agricultural Engineering, Mahasarakham
Univ., 23"-24" January 2008, pp.516-524 (in Thab).

Madhiyanon, T., Sathitruangsak, P., Adirekrut, S. and Soponronnarit, S. 2006. A study of
coconut drying kinetics by fluidized bed technique. In CD-Rem Proc. of the 7" National

Conference of the Thai Society of Agricultural Engineering, Mahasarakham Univ., 23"24"
January 2006, pp.525-530 {(in Thal).



60. Jamradloedluk, J., Soponronnarit, S., Nathakaranakule, A. and Prachayawarakom, S. 2006.
Physical and pasting properties of durian flour obtained by different drying methods. In CD-Rom

h .
Proc. of the 7" National Conference of the Thai Society of Agricultural Engineering,

Mahasarakham Univ., 23°-24" January 2006, pp.566-572 (in Thai).

Patents:

1. Equipment and processes in steaming and drying cereal grains using superheated steam

fluidization technique. Patent (Invention) pending No. 083492,
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Keynote/invited speakers,

a4, . .
¢ The 3" Asia-Pacific Drying Conference, 1-3 Septamber 2003, Asian Institute of
Technology, Bangkok, Thailand.

® The International Seminar on Grain Drying in South Asia, 1-2 Dec. 2003, Durgapur,
India.

® The 15" international Symposium on Transport Phenomena (ISTP-15), Bangkok,
Thailand, 9-14" May 2004,

& The 18" Mechanical Engineering Network Conference, Khonkaen, Thailand, 18-20" Oct.
2004.

® The 1" Energy Network Conference, Pattaya, Thailand, 11-1 3" May 2005.

¢ The 1% Technical Conference of Mahasarakham University, Thaitand, 1" Sep. 2005.

® The 3" National Technical Conference on Post-harvest Technology, Cha-am, Thailand,
10-11" Oct. 2005.

® The 4" Asia Pacific Drying Conference (ADC 085), 12-15" Dec. 2005, Kolkata, India.

® The 7" National Agricultural Engineering Conference, Marasarakham University,
Thailand, 23"-24" Jan. 20086.

® Technology and innovation for Sustainable Development Conference, Khonkaen,

Thaitand, 25-27" Jan. 2006.
hiT

Yatudiumsapuwaiintfansauny  Japan Intemational Research Center for
' a - e A o a [ P
Agricultural Sciences Iﬂﬂﬂnnunmd‘ﬂ’]mim&m‘s WRSHEDTLUWITUD TR ITUREWRI U HRA N U

amTinduinwasaRad (1 @aiaN 2546 - 31 Hwna 2548)
= ) bt o A s -
iuinsnrivgurseodrnunul ey

e mrm (309 nIrFieTetunwide, 2004

o any (e nMadipuunanuily, 2004

® ST L'%aa Key features for successful research, 2004

® Expert consultation on post-harvest technologies for ensuring food safety and value
addition for enhanced income, Asia-Pacific Association of Agricultural Research
Institutions, Bangkok, 1-3 Dec. 2004,

e an) 1399 New Technique for Producing Parboiled Rice, n13yszgu dnituwinlnany

whidvanla and, 14-16 u.n. 2548
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® Advisory panel of International Drying Symposium

® Board member of Section V. Post-harvest Technology and Process Engineering,

Congre International de Genie Rural (CIGR)
® FEditorial member of International Energy Journal
® Editorial member of Asian Journal of Energy and Environment
¢ Editorial member of Engineering Joumal, Khonkaen University

® Editorial member of the Journal of the Royal Institute of Thalland
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Abstract

The influence of relative humidity and temperature on colour changes in garlic slices has been investigated. The lab colour
parameters, lightness, redness and yellowness, were used to determine the colour changes in the environments of isothermal heating
al 20, 37 and 50 °C and relative humidity at 30%, 70% and 90%. The experimental results have shown that temperature and relative
humidity greatly affect the redness, yellowness and lightness. A first-order kinetic model is an appropriate representation for des-
c¢ribing the changes in the experimental values of the lightness and redness. In contrast 1o the redness and lightness, the yellowness is
described by a first-order kinetics in series, characterised the rise in the yellowness to a maximum value followed by a decrease.
According to the experimental results indicated by total colour difference, the maximum browning rate occurs at 70% relative

humidity.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Garlic; Browning reaction; Colour kinetics

i. Introduction

Garlic is a semi-perishable spicy herb, used as a pni-
mary ingredient for preparing the various kinds of na-
tive food in Asia. The moisture content of fresh
harvested garlic is approximately 162% (dry basis) and
the garlic is then dried by sun drying or convective
drying to maintain its quality for prolonged storage. The
drying process and phenomenclogical changes that oc-
cur during drying prominently affect the product quality
attributes such as colour and texture (Ambrose & Sre-
enarayanan, 1998). In general, garlic that meets the re-
quired market specification appears light brown or
creamy-white in colour.

The colour, one of the most important qualities of
acceptance for products, reflects a sensation to the hu-
tan eye and visual examination is the common method
of assessing product colour. The change of product
colour is caused by the reactive components in the food
activated during the drying process. Colour develop-

* Corresponding author. Tel.; +662-4270-9221; fax; +662-428-3534.
E-muil address: somkiat.pra@kmutt.ac.th (5. Prachayawarakorn}.

0260-3774/% - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10,1016/50260-8774(03)00163-8

ment is the result of various reactions such as non-en-
zymatic browning reactions and pigment destruction
(Cormwell & Wrolstad, 1981; Wong & Stanton, 1992). It
results in undesirable colour, odour, flavour changes
and lowering of nutritive value (Toribio & Betusawa,
1978). In non-enzymatic browning reactions, the
browning rates are closely related to temperature and
relative humidity (Labuza & Saltmarch, 1981; Rapusas &
Driscoll, 1995; Samaniego-Esguerra, Boag, & Robertson,
1991; Soponronnarit, Snisubati, & Yoovidhya, 1998).
Maximum stability of dried foods can be obtained by
dehydrating and maintaining them at the monolayer
moisture content.

Colour can be characterised by spectrophotometer at
any wavelength. For example, 420 nm is one of the
wavelengths most frequently used for juices. Colour
determination can also be detected by a tristimulus
colourimeter in terms of redness, yellowness and light-
ness. The latter is the simplest instrumental method and
it has been previously proved to be valuable in des-
cribing discolouration and providing useful information
for quality control of food products (Feng & Tang,
1998; Garza, Ibarz, Pagan, & Giner, 1999, Krokida,
Tsami, & Urbricain, 1998; Maskan, 2001).
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In the present work, the kinetics of the browning
reaction in garlic slices is determined quantitatively us-
ing the colourimetry and the generalised kinetic models
for L-, a- and b-values are then proposed to describe its
colour change with environmental conditions as well
as with time. The kinelic parameters are correlated
empirically with a modified Arrhenius-type equation.
The kinetic models proposed in this present study, in
association with heat and mass transfer equations, en-
ables us to predict the changes in colour during garlic
drying. Tt also can be used to identify an appropriate
drying condition in order to obtain high quality dried
garlic.

2. Material and methods

Dry garlic bulbs obtained from the local market were
sliced Lo a uniform size of 15x15x3 mm®. The dry
garlic slices were rewetted to the desired moisture con-
tent of 1.6 dry basis and kept in cold storage at 5+0.5
°C for a week. To follow the colour development with
relative humidity and temperature levels, the static
method was employed. In this work, three levels of
temperature, 20, 37 and 50 °C, and four levels of relative
humidity, 30%, 50%, 70% and 90% for each temperature
were used for determining the browning kinetics of the
garlic slices. This temperature range is relevant to
commercial practice.

A series of saturated salt solutions was prepared in
order to obtain the required relative humidity. The salt
solutions used were MpgCl; - 6H,0, Mg (NO,); -6H,0,
NaCl and BaCl; and the corresponding water activity
levels were prepared from the data reported by Gus-
tafson (1972). Samples were left on a wire screen placed
inside airtight containers, which were then sealed and
kept in temperature-controiled incubators, temperature
fluctuation being *1 *C. To ensure the uniform moisture
content, the garlic slices were spread in a single layer
with a mass of 4,2 g. Samples were removed at difierent
exposure time intervals to measure their colour,

The degree of browning is represented by the values
of L, @ and b, measured by a JP-700 Hunterlab Juki
colourimeter. The colourimeter was calibrated each time
with a standard reference having a value of L, @ and &
corresponding to 97.76, —0.06 and -0.3, respectively.
The values of @ and b range from -60 to +60. The
positive values of a and & represeni redness and yel-
lowness respectively and the negative values of a and &
show the respective greenness and blueness. The value of
lightness can vary between 0 and 100, with the highest
one showing the highest lightness of the sample. Five
pieces of sample were used to measure the colours, each
of which were measured at five different surface posi-
tions. The results reported throughout this work were
based on the average value.

3. Results and discussion
3.1, Change of L-, a- and b-values

Garlic samples initially had a creamy-white colour.
This colour was represented by a L-value between 66
and 68, an a-value between —3.77 and —3.16 and a- b-
value between 14.3 and 16.2. Figs. 1-3 show respectively
the L-, a- and b-values at different levels of relative hu-
midity and temperature, indicating the dissimilar pai
terns of the individual lab colour parameter over the
exposure time. For the lightness, the L-value rapudly ana
linearly drops during the early period whilst the a- and
b-values increase as shown in Fig. 1(a)-(c). After a long
exposure iime, the changes in the lightness and rednes:
become rather slower. The yellowness presented in Fig.
3(a)-(c) exhibits the opposite behaviour, that is, after
rising to a maximum value, the b-value then reduces
with time. This suggests that destruction of yellow pig-
ments takes place. The disappearance rate in the latter
period varies rapidly especially at high temperature and
relative humidity.

As seen in Fig. 1(a)—(c), changing L-value seems to b«
independent of relative humidity at relative humidities
lower than 50%. Similar results are found for the rednes:
and yellowness. These results reveal that the relative
humidity is not an important factor in accelerating
colour change when the relative humidity is lower than
50%. However, under such low humidity, the tempera-
ture will have a greater effect; garlic had slightly more
yellowness and redness as well as becoming darker with
increase in temperature.

When the relative humidity is higher than 50%, the
trends of change in all the Hunter parameters are stil!
similar to those mentioned above, but the rate change
for each one is faster and now dependent on the relative
humidity, in addition to the temperature effect. How-
ever, when the relative humidity is higher than a certamn
level, the colour changes, instead of increasing, become
smaller and comparable to that at lower humidity. This
can be seen in the case of 90% relative humidity com-
pared to that at 70%.

The changes in colour values, L, a and b, for garlic
under different levels of relative humidity and tempera-
ture appear to have different behaviours and it is difficult
to describe such changes by a single kinetic model. A
first-order reaction was chosen to describe the changes
of L- and a-values. This can be expressed by the fol-
lowing equation:

Xoq — x(1)

Icq — X9

= exp(~k), Q)

where x and xy are the a- or L-values at time 7 and at the
beginning, k is the reaction constant (min™'}. X, is the
equilibrium value at infinite time and can be determined
by linear regression. For the b-value, first-order reaction
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Fig. 1. Change of lightness at different levels of relative humidity and
temperature.

kinetics is oot suitable to describe the change in the
yellowness because there are two different behaviours,
the rate of formation and rate of disappearance.
Accordingly, a combined kinetic equation is proposed,
in which the kinetics reactions are considered to consist
of two series steps, the first and second steps, corre-
sponding to colour formation and degradation, followed

6
(a)20°C i A 4
41 A
- Sy ¥ . .
21 = 4 - ™
5.0 o
CRAS -
i ; ‘A o®
24
A.‘*" + W%RA
4 u S0%RH
A 70%RH
—_  C%RH
0 100 200 300 400 500 600 700 800
Time (min)
8
[+
5-(b)37c A d A A A A
J Fan
4 —
w27 L3S
1 A
& +
0 ¢ 30%RHA
A
= 50%RH
21 . ATO%RH
! -* ® YRRH
479 , . ;
0 100 200 00 400
Time(min)
10 "
¢) 50°C
34 () i A A
[ ]
6 £ ¢ .
.
o 41 2 u
= $ L J
2 o *
: L ]
o
0 A la
2 a + W0%RHA
“hd ¥ S0%RH
_4' AT%RE
® % %HRA
R — — r
0 100 200 300 400
Time (min)

Fig. 2. Change of redness at different levels of relative humidity and
temperature.

by a first-order reaction. The combined kinetics model

can thus be expressed by

exp(—kpf)
ky) — ks

b(6) = cky [ezi(:l;:.t)

] + bg exp(—kut),

(2)

where &, and k,; are the reaction constants (min™"), b is
the b-value at t = 0 and c¢ is the constant. If b; becomes
zero, Eq. (2) will then be reduced to the equation as
reported by Levenspiel (1999). As may be expected, the
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Fig. 3. Change of yellowness at different levels of relative humidity and
temperature.

values of &y and k;; govern the locations of maximum
yellowness. The time at which the maximum b-value
occurs is thus

kbz
ax = ——— In | —{| = bolks2 — & . 3
s = e 0 |2 (1 = btk — )} )
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Fig. 4, Colour changes of garlic at different levels of relative humidity
and temperature.

Substituting 7. in Eq. (3) into Eq. (2), we obtain the
following equation for calculating the maxunum b-
value:

kpz Ky flkn1—kaz)
bmu :C(k_(l +b0(kb| “"kyz))
&l

x [l ~ bokss +@]. (4)
c

By regression of experimental data with Eq. (1) for a-
and L-values and Eq. (2) for b-value, reaction constants
were obtained from garlic placed in various temperature
and relative humidity environments. The predicted and
experimental colour parameters for some conditions are
illustrated in Fig. 4(a)-{c) for redness, hghines and
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yellowness, respectively, showing the proposed models
capable of predicting the colour changes. The solid line
of calculated lightness at 30% relative humidity shown
in Fig. 4b is superimposed with the one at 50%.

In order to obtain the functional relationships be-
tween constant parameters in the equations of -, a- and
b-values and operating conditions, the empirical models
were developed by non-linear regression analysis. The
correlation equations, along with their coefficients of
determinations {R?) and residual sum of squares (RSS),
for each colour parameter are given as follows:

Redness:
84.13 523.97 2279.64
k“=(4'68"TUT__T_)exP(~ T
558.98 N 13.8562 12987
RH RH RH /'
R? = 0.90, RSS = 0.005, (5)

aeq = (307.7 + 0.2326T) exp(0.000065RH
—exp(—0.0196RH + 0.2723))

— 2.585RH,
R? =0.96, RSS = 0.81. (6)
Lightness:
2177.04 279.872

ky, = (0.00000298) exp ( 7+ R

_ 69329.7

RHT )’
R? = 0.96, RSS = 0.0022, (7)
L (347.39—0.7940T —£03) exp(0.24182RH) + 8.83 x 108
i 13131500 +exp(0.2418RH) !
R*=0.99, RSS=1.66. (8)
Yellowness:
129.4451 90.74128 1908.852
ky = (090386+ T - RE + RH?
3884.178 3252.927 + 542.3706
" RHT T RH
+ 886.3580 )
RH? !
R* =098, RSS = 0.004, (9)
—4376.0011

ks = (127.96954) exp [(—T—)

39,7552 11608.7
Pl e rREE )|

R =0.98, RSS = 0.003, (10

¢ = (31.70352 — 0.204875T + 0.00033372)
x exp{—0.03741RH + exp(0.010838RH
+ 1.19392)] — 0.105791RH,

R* =0.98, RSS = 0.003, (11)

where 7 is the absclute temperature and RH is the
percentage of relative humidity. _

When garlic is exposed to different relative humidity
and temperature levels for a very long time, it becomes
darker, in particular at high relative humidity and
temperature which shows a low calculated Leg-value,
lower than that at the mild conditions shown in Fig. 5.
In addition to low luminosity, the garlic loses its yellow
pigment and becomes redder when held at higher rela-
tive humidity and temperature. The redness behaviour
at equilibrium can be seen in Fig. 6 and it exhibits the
highest value at a relative humidity between 70% and
80% for any temperature.

90
— =200 ----370 ——
%0 | 3 50 C

70 4

50 4

L -value .

N

20 T T — T T
e 40 50 60 70 80 90

Relative humidity(%)

Fig. 5. Prediction of Lg-value at different levels of relative humidity
and temperature.

8,,-value

s0C
0 T T T T T
30 4 50 60 76 80 90

Relative humidity({%)

— - -20C - -« -37C

Fig. 6. Prediction of a.-value at different levels of relative humidity
and temperature.
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3.2. Maximum yellowness (bn,.)

The required time to obtain the maximum yellowness
was found to range from 50 to 480 min depending on the
relative humidity and temperature; the shorter time be-
ing obtained with higher temperatures and lower relative
humidity levels. The bmax-value presented in Fig. 7 in-
dicates that the increase in relative humidity and tem-
perature induces more yellowness in garlic, except for
the temperature of 37 °C at which shows lower b,,,, over
the relative humidity range.

3.3. Change of AE

Total colour difference (AE) was calculated from
the Hunter parameters, L, a and b, using the Hunter-
Scotfield equation:

AE = \J (L) - L) + (alt) — ao)? + (b() — bo)?,  (12)

where L(f), a{t) and b{1) are respectively the lightness,
redness and yellowness at time t in minutes. The total
colour difference is shown in Fig. 8(a)-{c) showing that
the value of AE is dependent on the temperature and
relative humidity. The AE-value obtained at any tem-
perature is noticeably higher for the high relative hu-
midity condition than for the low one although the
increase in the AE-value for the latter case in the early
period seems to be higher, especially at a temperature of
20 °C. This behaviour can be explained by the state of
the bound water and the sclute mobility. At low hu-
midity, the moisture content of garlic falls quickly be-
fore reactive species can reach each other. Therefore, the
AE-values for the low humidity levels of 30% and 50%
are almost equal and relatively low compared to the
values at higher humidity levels. These results clearly

40
@
=
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>
]
2
=]
15 1
10 1
54 4 MWC —--Cak1C & ¥C
e-asCale.57C @ SC Cale. S0 C
1} T T T T T
30 40 50 &0 70 80

Relative humidity (%)

Fig. 7. Comparison of bpu-value obtained from the experiment and

calculation by Eq. (4).
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Fig. 8. C.hang-e of AE-value at different relativé humidity and tem-
perature levels.

indicate that the relative humidity at low levels plays an
important role in retarding the browning reactions.
When considering the temperature effect, it appears that
the total colour difference is slightly depended on the
temperature when the relative humidity is lower than
50%.

For the high humidity, on the other hand, the loss of
moisture content is slow and the water inside the garlic
acts as a solvent. As a result, as the temperature in-
creases, the reactive species can dissolve in the water so
that their potential mobility and reactivity become
higher, resulting in higher AE values as represented in
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Fig. &a){c) for the 70% relative humidity. As the rela-
tive hurnidity is higher than 70%, the opposite result to
those mentioned above becomes evident. The lowering
of AE-value is noticed with increase in relative humidity.
This result can be explained by the fact that that there
exists a large amount of water in the garlic and the
dilution of reactive species inhibits the browning rate.

According to the experimental results at various rela-
tive humidity levels, the maximum browning rate for the
garlic occurs at 70% relative humidity. This result is
similar to the work reported by Rapusas and Driscoll
{1995) who studied the browning rate in the dehydrated
food product and observed the occurrence of maximum
browning rate ranging from 65 to 75% relative humidity.
Thus, to keep the low browning rate, use low relative
humidity and temperature for storage or dehydration.

As shown in Fig. 8, the proposed empirical kinetics
models for L, a and &, which are used to calculate the
total colour difference by Eq. (12), can reasonably pre-
dict the changes in total colour difference under various
operating conditions.

4. Conclusion

Three colour parameters, lightness (L), redness (a),
and yellowness (), were used Lo investigate the changes
in colour of garlic. The lightness, redness and yellowness
were found to be dependent on relative humidity and
temperature. The reduction in the lightness and increase
in the redness with time can suitably be described by a
first-order kinetics model. For yellowness, it rises to a
maximum value, after which it declines, and such
characteristics of the yellowness-time curve can be rep-
resented by first-order reactions in series. The reaction
rate constants for the L, a and b kinetic equations
are empirically correlated with relative humidity and
temperature in the ranges of 30-90% and 20-50 °C,
respectively. As indicated by the total colour differ-
ence, there exists a maximum browning rate for garlic
which was isothermally heated at a relative humidity of
70%.
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Abstract

Quality of product obtained from dehydration process is important 1o consumer and foed manufacturer. Experiment resalts
from the in-store drying technique using ambient air temperature have shown that the head rice yield, stickiness and whiteness of
samples dried from initial moisture contents of 18.5-20.6% to 13.3 + 0.6% wet basis at temperature of 30 £4 °C and specific airflow
rates of 0.65-1.5 m*/min m?® of paddy reduces bul hardness increases. As compared with the qualitics of control samples which were
gently dried by ambient air acratien in thin layer dryer, they are all slightly different. A near-equilibrium drying model incorporating
the yellowing kinetics of paddy is proposed which takes accounts of the experimental observations. The model is reasonable to
predict the experimental data. The simulation results indicate that the degree of whiteness depends on temperature, relative hu-
midity. leading capacity and airflow rate. The relative humidity lower than 70% and specific airfiow ratz higher than 0.75 m¥/minm?

of paddy are recommended.
© 2003 Elsevier Ltd. Al rights reserved.

Keywords: In-store drying; Microstructure; Near equilibrium model; Rice quatity

1. Introduction

Freshly harvested paddy may contain the water
around 18-26% wet basis. The management of highly
moist paddy during the harvesting period is a serious
problem in Asian countries because high humidity
conditions can encourage the excessive mould growth
and the high respiration rate from grain. Consequently,
the dry matter of grain is lost and heat liberated from its
respiration and biological activities may accelerate rice
yellowing (Soponronnarit & Nathakaranakule, 1990).
To obtain high quality of paddy and prevent all the
above problems, moisture content of paddy must be
reduced to moisture content of 12.0-14.0% wet basis.
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The in-store paddy drying, which is well known as a
fixed-bed drying, i1s the most common method used for
the purpose of paddy drying. 70 ensure a high head rice
yvield and a high germination rate of rice, the recom-
mended drying temperature should not exceed 43 °C
(Soponronnarit & Preechakul, 1990).

Physical quality index used for considering quality of
rice is the head rice yield and the rice yellowing. Many
researchers have studied on physical quality in terms of
yellowness or whiteness (Bason, Gras, Banks, & Esteves,
1990; Gras & Bason, 1989; Gras, Banks, Bason, & Ar-
riola, 1989; Phillips, Widjaja, Wallbridge, & Cooke,
1988; Quitco, 1982; Soponronnarit, Srisubati, & Yoo-
vidhya, 1998; Yap, Juiliano, & Perez, [988}. The
yellowing of rice was mainly caused by either non-
enzymatic reactions or enzymatic reactions. The enzy-
matic reactions induced by the fungal metabolites might
be expected to produce the distinctly yellowed individual
rice kernel while the non-enzymatic browning reaction
might cause the overall change in hue. For non-enzy-
matic reactions, the water activily and temperature play
an important role in accelerating the yellowing of rice
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kernele while oxyeen shows a minor effect. In addition
o such {uctors, variety and ageing also have some ef-
fects.

The effect of various postharvest treatments on
chemical and physicochemical properties of rice were
mvestigated by using texture profile (Juliano, 1985;
Ngamchuen, Lamaimaat, & Kanchana, [985), micro-
structure (Inprasit & Noomhorm, 2001; Zhou, Robards,
Helliwell, & Blanchard, 2002), sensory analysis
{Ngamchuen et al, 1985; Jean, Meullenet, Bradley,
Cinffin, & Daniels, 1999) and thermal analysis (Ohtsubo,
foyoshima, & Okadome, 1998, Ong & Blanshard,
1995). The low-temperature fixed-bed drying takes long
time to reduce the moisture content of paddy. This long
period of drying Jooks like as the storage duration.
Storage duration and temperature had profound effects
nn the sensory analysis, texiure profiles and chemical
oroperty (Gras & Bason, 1989; Jean et al, 1999;
Ngamchuen et al., 1985; Zhou et al, 2002). A few
Mudies have been conducted on effect of fixed-bed dry-
g at low temperature on quality.

The objective of Lhis paper is to investigate the quality
il paddy obtained by in-store drying technique. The
nthematical model developed by Soponronnarit and
Sathakamuakule (1990) is used for predicting moisture
contzul aod degrees of yellowness represented in the

i of value of whiteness. In addition, the physical
peahiv. physicochemical quality, microstructure and
permination are also determined.

B Door for tozd and unload puddy

et Ball valve fur sampling
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J —
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2. Materials and methods
2.1, In-store drying system

Fig. | illustrates the schematic diagram of in-store
dryer and its componenis. A deep bed dryer is composed
of a cylindrical bin with a diameter of 0.75 m and
height of 2,75 m, a blower and an electrical heating unit
(in case of control relative humidity of inlet drying air
temperature, the air will be heated but it is not used in
these experiments). However, the electrical heating unit
was shut off during the experiment. In the experiments,
the bed depth of paddy was fixed at 1.0 m. Ambient air
flow rates of 0.93, 0.65, 1.20 and 1.50 m¥minm*® of
paddy for experiment Nos. 1, 2, 3 and 4, respectively,
were blown through the grain bed. The outlet air was
then delivered to the atmosphere. The desired air flow
rate was controlled by the combination of a frequency
inverter and a butterfly valve.

2.2. Methods

2.2 1. Paddy drying condition

Suphanburi 1, the long grain indica variely with a
high amylose content of 27-29% provided by Rice Re-
search Station at Pathumthani province, Thailand, was
used in the experiments. To obtain the uniform moisture
content, fresh paddy was rewetted by spraying water
and then mixed and kept in a cold storage at the tem-

fm o ——— o e ———

Atr Plenum

/‘L £ 13.0m

]
,1" 075 m

Fig. . Schematic diagram of in-store dryer [the electrical heaters were shut off in this work}
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perature of 4-8 °C for a week. Before running the ex-
periments, paddy was placed at the ambient environ-
ment until its temperature was closed to ambient air
lemperature. The initial moisture contents were 20.1%
wel basis for experiment No. | and experiment No. 3,
18.5% wet basis for experiment No. 2 and 19.5% wet
basis for experiment No. 4. The moisture content of
paddy was determined by using AOAC standard meth-
od (AOAC, 1995). During the experiments, inlet air,
moisture content, grain temperature and outlet air were
recorded. Paddy sample was taken out from the bin for
determining head rice yield and whiteness of rice.
Moisture content of the sample was determined in every
5 day, except for the first 3 day of the experiment that it
was checked in every 24 h. To avoid disturbance of
drying process, the sampling for determining head rice
yield was done in every 5 days. The grain temperature,
dry bulb and wet bulb temperatures were measured by
K-lype thermocouple, which were continuously moni-
tored by a Yogokawa data logger with a precision of
*0.1 °C. Air relative humidity was determined from dry
and wet bulb temperatures. Air velocity was measured
by a hot wire anemometer with a precision of £0.1 m/s.

2.2.2. Quality of paddy

Quality of paddy from the fixed-bed experiments
were characterized by head rice yield, whiteness, pasting
properties and texture properties, germination and
compared with the control one, for which paddy lied in
a single layer was dried by ambient air ventilation. The
details on each method were reported in the following
items.

2.2.2.1. Head rice yleld. The method of head rice yield
determination was followed as by the guideline of
USDA method (USDA, 1988). Percentage of head rice
vield was reported as the average value of two replica-
tions. The relative head rice yield is referred io the ratio
of head rice yield obtained from the dried sample to that
from the control sample.

2.2.2.2. Whiteness of rice. The rice whiteness was mea-
sured by the light reflectance at the surface of rice kernel
using a Satake milling meter. Before measuring, the
meter was calibrated with standard pure white magne-
sium oxide powder. The initial yellowness value was
measured in Hunter 4 unit by using Data Color meter
and used as an input paramelter for calculating the rice
whiteness [see Eq. (16)].

2.2.2.3. Microstructure study. The structure of rice ker-
nels were characterized with a Phillips 535-M scanning
electron microscope at 10-20 kV, Before scanning, the
milled rice samples were cut in cross section. Then, the
samples were giued on the metal stubs for the stable
supporting and were coated with gold (~30 nm thick) to

become the electrical conductor for electron attachment
during scanning.

2.2.2.4. Texture measuremen:. Hardness and stickiness
of rice were determined by a bench-top Texture analyzer
model TA-XT2: {Stable Micro Systems Lid) A 30 g
portion of each dry-milled head rice sample was put in
an aluminum cylindrical cup (diameter of 7 em and
height of 7 cm) and rice sample was rinsed twice with
distilled water and the distilled water was added in an
amount equal to a 1:1.7 ratio of rice to water by weight.
After cooking cycle, the sample was then taken out and
cooled down to room temperature for 1 h. The cocked
rice sample was taken from the middle of cup and this
portion (50.0 £0.1 g) was placed | cm equidistant from
each other on the base of the Texture analyzer. The
initial height of the compression probe (Ottawa cell) was
set at 120 mm. During the compression, the lest speed
was 0.5 mun/s. The maximum force required to compress
the cooked rice to 90% of initial portion height 10 mm
measured as hardness. The initial height ol the com-
pression probe (Ottawa cell) was set at 120 mm. The
pretest speed of probe was 1.5 mm/s. During the com-
pression, the test speed was set up at 0.5 mm/s and the
post test speed in retraction period was 10 mmv/s. In the
other words, the hardness was the height of the force
peak on the first compression. For measuring stickiness
value, the cylindrical probe P50 was used in this work.
The texture profile analysis used for determining hard-
ness and stickiness of cooked rice was recorded in
kilogram.

2.2.2.5. Pasting property. The pasting properties of hy-
drothermally treated rice flour samples were determined
using a Rapid Visco Analyzer [RVA] (Newport Scien-
tific Ltd., Warriewood, NSW, Australia Model 3D) with
approved method 61-02 (AACC, 2000). Viscosity of rice
flour was reporled as the average value of 1wo replica-
tions. A heating and cooling cycle was used at a constant
shear rate where the sample was equilibrated at 35 °C
for 2 min and heated up 10 95 °C at the rate of 11.8 °C/
min, held at 95 °C for 2.5 min and cooled down o 35 °C
at the same rate. The RVA parameters measured as
peak viscosity (the maximum hot paste viscosity),
holding strength (the trough at the minimum hot paste
viscosity), final viscosity (the viscosity at the end of the
test after cooling to 30 °C), setback {the final viscosity
minus peak viscosity), peak time (min) and pasting
ternperature (°C). Those of RVA parameters were ex-
pressed in Rapid Visco Unit (] RVU = 1072 cP).

2.2.2.6. Germination of rice. The mature paddy samples
were chosen and kept at room ¢nvironment for 4 weeks
before germination test. The germination test of dried
paddy and comtrel paddy was done following the
method of the Rice Research Station, Pathumthani
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province, Thailand. Two hundred mature kernels were
placed in a Petri disc added with the distilled water of
200 ml and then were left for a2 week. A percentage
of paddy germination, defined as the ratio of number of
germinated seeds to total seeds and multiplied by 100,
was represented. Percentage of paddy germination was
reported as the average value of triplicate.

2.3. Mathemarical model

Mathematical simulation of grain drying has been
studied and the models for deep bed grain drying could
be divided into the 3 models as follows: non-equilibrium
model (Brooker, Bakker-Arkema, & Hall, 1992), near-
equilibrium mode! (Sopounrennarit, 1988; Sopenronna-
rit & Chinsakolthanakorn, 1990; Soponronnarit &
Nathakaranakule, 1990; Thompson, Peart, & Foster,
1968) and logarithmic model (Barre, Baughman, &
Hamdy, 1971; Hukill, 1947). The mathematical deep bed
paddy drying model used in this work is based on a
near-equilibriwm model, which has been developed by
Soponronnarit (1988}, In this model, it supposes that the
temperatures of air and grain are in thermal equilibrium
at a certain grain layer and a small time interval. The
main equations of model are as follows.

2.3.1. Energy balance equation for a thin layer

In the model, the grain bed is composed of series of
thin layer. For a given thin layer, the energy equation is
derived based on the first law of Thermodynamics by
assuming that heat Joss is very small and can be negli-
gible. Thus, the sum of changes of the internal energy in
the control volume of a thin bed and enthalpy of flowing
stream is equal to zero. The following equation can thus
be written as (Soponronnarit, 1988)

ey To + (2502 4 ¢, T )W, + Repuls
= coTy + (2502 + ¢, T)W + RepTh (n

where ¢ is the specific heat capacity (kJ/kg°C), T is the
atr temperature (°C), 0, i1s the grain temperature (°C), ¥
is the absolute humidity (kg HyO/kg dry air), and R is
the ratio of dry grain mass to dry air mass (kg dry
matter/kg dry air) with subscripts: “a’ is the dry air, ‘f" is
the after drying, ‘o’ is the before drying, ‘pw’ is the wet
grain, and 'v’ is the water vapor.

2.3.2. Mass balance equation for a thin layer

The assumption is that water vapor evaporated from
the thin layer is equal to the changes of water vapor in
flowing stream. The equation of mass balance can thus
be written as (Sopenronnarit, 1988}

We— Wy = (M, — Mi)R (2)

where M is the grain moisture content (decimal dry
basis).

The moisture equilibrium for paddy is given by
Henderson's equation (Henderson, 1952) as follows:

My = (1—(1)—0) [{C(IF.ST;}E;).T)}

where M,q is the equilibrium moisture content {decimal
dry basis), T and RH are the air temperature (°C} and
relative hurnidity (in decimal), respectively, and C and ¥
are the arbitrary constants depending upon agricultural
material (dimensionless).

For paddy, the values of C and N are ~7.87x 107
and 2.088, respectively.

1N

(3)

2.3.3. Thin layer drying equation

An empirical thin layer drying equation developed by
Agrawal and Singh (1977) is used. It can be written as
the following equation:

MR = (H) = exp(—xf) {4)
where
x = 0.02958 — 0.44565RH, + 0.012157, (5)
y=0.13365 + [.93653RH, — 1.77431RH?

+ 0.0094687, (6)

where RH, is the relative humidity of air before drying
(in decimal), M., is the initial grain moisture content
{(decimal dry basis), and ¢ is the drying time (h).

2.3.4. Encrgy balunce at fan

Temperature rise of air while flowing across a fan is
determined by applying the first law of thermodynamics
for steady state flow process. Eq. (7) is used for calcu-
lating temperature rise of air across fan given by (So-
ponronnarit, 1988)

(7

where #r is the air mass flow rate (kg/s), AT, is the
temperature rise of air while flowing across a fan (°C), p,
is the air density (kg/m?), P is the pressure (kPa), and E,
is the fan efficiency, 0.60 (in decimal).

Shaft power for driving fan can be calculated by the
following equation (Sopoonronnarit, 1988):

= (9)(AR)/Em {8)

where BP is the shaft power (kW), g is the volumetric air
flow rate (m’/s), AP, is the total pressure loss of system
(kPa), and E,, is the mechanical efficicncy (in decimal).

2.3.5. Dry matter loss

The dry matter loss (DML) equation for paddy used
in the present work was obtained from Seib, Pfost,
Sukaboi, Rao, and Burroughs (1980), showing that the
loss of dry matter depends on grain temperature and
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moisture content. The dry matter loss equation can be
written in the following empirical form:

DML = I — exp{TERM] ()
in which

0.7101
TERM = 0. 001889( 1000)

x exp[0.0274(1.86 — 28}] exp[31.63(M,, — C.14)]

(10)

where DML is the dry matter loss (in decimal), ¢ is the
drying time (h), # is the long grain temperature (°C), and
M, is the long grain moisture content {decimal dry ba-
sis).

Carbon-dioxide and water vapor are the by-products
from the respiration reaction. A 1% of dry matter loss
per kilogram of dry matier produces about 0,15778 MJ
of heat. Therefore, the heat and moisture liberated from
respiration was calculated by the following equations

(Seib et al., 1980):
AT, = 15778DML/cpm {11)
AM, = 0.6DML (12)

where ATy, is the temperature rise of grain (°C), and AM;,
15 the moisture rise of grain (decimal dry basis).

The heat from this respiration process was important.
In the simulation program, there is an optional condi-
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tion for simulation with and without heat of grain res-
piration.

2.3.6. Shrinkage of paddy

The shrinkage of bulk paddy’s equation for long
grain rice with a validation of moisture content from
12.0% dry basis to 39% dry basis developed by Pre-
echakul (1986) i1s given by

v=10.001997 + 0.0012M {13)

where v is the the volume per kilogram of dey matter
{m¥/kg), and M is the moisture content of paddy (deci-
mal dry basis).

2.3.7. Yellowness of rice kernel

The yellowing rate of paddy was explained by tem-
perature and water activity and the following empirical
equations are used to predict the change in the yellow
color developed by Soponronnarit et al. (1998) as

db
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and
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Fig. 2. Evolution of temperature profile during drying at different air low raies {Amb. means amb eni air): (a) experiment No. T (0.93 m*min m? of
paddy}; (b) experiment No. 2 (0.65 m*/minm’ of paddy); (¢) experiment No. 3 (1.20 m*/minm? of paddy); (d} experiment No. 4 (1.50 mYminm’ of

paddy).
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where b is the yellowness of rice (Hunter b unit), ; is the
time (day), & is the constant value for the yellowing rate
(Hunter b unit/day), RH is the relative humidity (in
decimal), and 7y is the temperature (K).

From the experimental data, the empirical equation
of rice whiteness (#;,} was formulated by a linear re-
gression relation to the yellowness of rice as given by
(Soponronnarit et al., 1998)

W, = 85.1 - 3.36b (16)

where W, is the whiteness of rice.

Finally, the average moisture content and the average
whiteness can be determined by Egs. (17} and (18), re-
spectively.

.8 _foi'M(x)dx
= LW (x) &
Wha\‘ =ILI§%E (18)

where M, is the average moisture content of paddy (%
wet basis), Wy, Is the average whiteness of rice kernel,
M(x) is the moisture content of paddy (% wet basis),
W, (x) is the whiteness of rice in each bed depth, and dx is
the bed depth (m).

The yellowness of paddy in each thin layet is caleu-
lated during drying time by using the air temperature
and air relative humidity, which were in the thermal
equilibrium with thin layer of grain kernel. The average
moisture content and the average whiteness can be cal-
culated by Egs. (17) and (18), respectively.

2.4. Grain drying system program

The mathematical model of Grain Drying System
Program (GDS) incorporating the Eqgs. (14)-{16) was
written by QBASIC language. The input parameters
were composed of initial grain moisture content, grain
temperature, inlet ambient air temperature, airflow rate
and relative humidity.

The major assumption was that there exists thermal
equilibrium between grain and drying air and the outlet
drying air condition from the first thin layer is used as
the input drying air condition for the next layer and the
same calculation precedure is made for all thin layers
with advancing time step.

3. Results and discussion
3.1. Moisture profife and energy consumption

Fig. 2(a)-(d) shows the evolution of temperatures
during drying period for all experiments. The inlet air

temperature and relative humidity change with time in
range of 30+ 4 °C and 76% 8%, respectively. As seen

from these figures, the temperature during early drying
period is relativeiy higher at the bottom level than at the
upper level. When a particular period of drying time
elapses, depending on the specific air flow rate and initial
moisture c¢ontent of paddy, the temperatures at
the lower and upper parts of bed appreach together. The
phenomena of temperature change is correlated with the
change of moisture profiles presented in Fig. 3(a) and
{b), showing that drying zone starts from the bottom
and then moves towards the top layer of paddy. At the
end of drying, the moisture content of paddy at various
levels is close to 13.3% wet basis. According to these
resuits, they indicate that the transfer of heat and mass is
in the equilibrium stage at the drying end.

In Fig. 3(a) and (b), they also show that the proposed
model can predict the moisiure content at various bed
levels and is in a good agreement with the experimental
results. In this calculation, the respiration effect and
experimental weather data is used to predict the mois-
ture change.

Fig. 4(a)-(d) intends to show the average moisture
content prediction, which are included and excluded

25
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Fig 3. Moisture profile in fix-bed drying at various specific air flow
rates (including respiration): (a) experiment No. 3 (A 20.1% w.h., Af
14% w.b., 1.20 m*/minm® of paddy); (b) experiment No. 4 (M 19.5%
w.b., M; 13.7% w.b., 1.50 m*/minm® of paddy).
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Table 1

Comparison of energy consumption between experiments and simulations of vartous drying strategies (grain bed depth 1.0 m, M, 18.5-20.6% wet

basis and A 13.3# 0.7% wet basis)

Pescriptions

Simulated results of energy
consumption, MJ/kg of water
evaporated

Experimental results of energy
consumption, MJ/kg of water
evaporated

Simulated results of energy from
respiration effect, [% DML] MJ/kg
of waier evaporated

Exp. 1: 0.93 mYminm’ of paddy
Exp. 2: 0.65 m¥minm® of paddy
Exp. 3: 1.20 m¥%minm?® of puddy
Exp. 4: 1.50 m¥/minm® of paddy

0.07
0.11
0.09
0.13

0.09
0.11
0.08
0.09

0.80 [21.80]
2.00 [3.90]
1.07 [1.66]
1.01 [0.73]

respiration effect for the calculation of experiment Nos.
1, 2, 3 and 4, respectively. The simulation including the
respiration effect shows the moisture content predictions
more accuracy than the excluding one. This is because
heat liberated from grain respiration increases the air
temperature while air flows through the bed, thus al-
lowing the more potential capability to remove the
moisture inside the paddy.

The specific energy consumnpten reperted in this
work covers only the mechanical energy used for driving
the fan. The energy consumption from the experiments
shown in Table 1 is in a range of 0.08-0.11 MJ/kg of
waler evaporated for the specific air flow rate at 0.65-
1.50 m*minm?® of paddy. The prediction of specific

energy consumption from the model has a similar trend
to the experimental values.

From the prediction of DML value, energy liberation
of grain respiration corresponding to dry matter loss of
0.66-0.9% is about 0.8-2.0 MI/kg of water evaporated
(as given in Table 1). These amounts of energy are the
main energy source used for evaporating water.

3.2. Paddy qualities

3.2.1. Head rice yield and whiteness

The average head rice yield of paddy samples at the
beginning was about 40% for the first two experiments
and 51% for the latter two experiments. The value of
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Table 2
Physical quaiity and physicochemical quality of Suphanburi 1 rice variety dried by in-store dryer
Drying strategy  Fardness (kg) Stickiness (kg)  Peak viscosity Final viscosity Relative hicad Average Germination
(RVL) (RVL) rice yield whiteness (%)
Control rice 16.66+4.25 ~ 293.33 380.50 | 50.3 =
EXP-!
After drying 23874528 - 304.58 389.67 0.93 48.8 =
EXP-1
Control rice 16.14+1.89 -0.11x£0.04 246.58 286.01 i 49.8 97.2
EXP-2
After drying 22.84+13.43 -0.07+£0.06 266.81 311.47 0.94 49.0 96.3
EXP-2
Control rice 20.18£0.69 -0.1720.04 239.00 261.25 1 51.1 91.7
EXP-]
After drying 19.28+0.04 =014 £0.03 255.17 27217 0.95 49.3 %6.8
EXP-3
Control rice 16.86 + G 48 -0.29+6.06 247.29 267.61 i 51.2 971.7
EXP4
After drying 17.61 £0.03 -0.29+ (.0t 313.72 26477 0.98 50.1 97.2
EXP-¢
® Not available.
relative head rice yield after drying for all experiments
was in between 0.93 and 0.98 as shown in Table 2. This 51 cae Experiment
indicates that the low drying temperature with low &
specific air flow rate of 0.65-1.5 m*/minm® of paddy p > 005
2 = 4 .2 .05m
does_ not affect the head rice yle.ld (p < O.QS). 1 g0l N\ PR -
Fig. 5(a) shows the change in the whiteness of rice 3
kernel during drying at bed depths of 0.05-08 m for =~ | = T wTieeealf
experiment No. 1. It seems that the value of whiteness at 49 R L it
the bottom part, where the grain contacts with the low
relative humidity, is slightly higher than at the upper s
: 5 48
par_t even _at the upper part of paddy bed the rice B T o e
whfleness Is Sllgh'tl)’ lower than ?he lower part, the @ Drying time (h)
whiteness value still be acceptable in the market (>45).
The similar behavior is also found in the experiment 510

Nos. 2-4. However, the difference of whiteness at vari-
ous bed levels is insignificant (p < 0.05), so that the
average value of rice whiteness is presented. Fig. 5(b)
shows the change in whiteness of rice kernel with drying
time, indicating that the grain drying model incorpo-
rating the yellowing rate of rice is reasonable to predict
the change in the whiteness during drying. The average
value of rice whiteness for each experiment is shown in
Table 2 indicates that the whiteness obtained the ex-
periments slightly changes, comparing to that from the
control sample.

3.2.2. Microstructure of rice

Fig. 6(a) and (b) shows examples of the microstruc-
ture of Suphanburi 1 rice kernel in cross section area
before and after in-store drying of the rice samples, re-
spectively. As shown in Fig. 6(a), the small granular
shapes of rice sumples with diameters of 4-8 um are
starch granules. The morphologies of starch granules do
not change with the low temperature drying technique
although drying Lime takes very long.

Averzge whiteness

¢ Experiment — Simulwsicn
48.0 !
!
Py ¥ 7 SN —— ——————————
0] 144 288 432 578 T2 8§64
L] Drying time thy

Fig. 5. The change of rice whiteness during drying: (a) whiteness value
in each bed depth for experiment No. 1 (0.93 m¥/minm® of paddy); (b)
whiteness value in each level of paddy bed depth for experiment No. 3
(1.20 m*/min m? of paddy).

3.2.3. Texture und pasting property
Table 2 presents the physical quality and physico-
chemical quality of dried rice compared to that of the
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Sturch grunwles

Fig. 6. 1Sm_n.uing electron micrograph of rice kernel in cross section view before and after in-store drying using ambient air at volumetric flow rate
0.65 m¥minm’ of paddy (Suphanburi 1 variety): {a) before drying (control rice); (b) after drying.

control one. The hardness value increases whilst the
stickiness slightly decreases. The change in the hardness
correlates with the final viscosity, as shown in Table 2.
The peak viscosity and final viscosity after drying rela-
tively increase, however, the value of the final viscosity
remains higher than the corresponding value of peak
viscosity in all the cases. The long period of drying using
ambient air ventilation can take the paddy aged like as
the storage duration of paddy in ambient environment,
This result is similar to the previous works reported by
some researchers (Inprasit & Noomhorm, 2001; Juliano,
1985; Zhou et al., 2002). The change in hardness and
stickiness from texture analysis correlates with the in-
crease in final and peak viscosities of rice flour.

The germination of paddy was determined and av-
erage percentage for germination of rice was about
97.5+£0.2% for control paddy and 96.8 £ 0.4% for dried
paddy, respectively. Thus, it can be concluded that the
in-store drying by ambient air ventilation does not affect
the germination of rice.

3.3. Drying strategy by GDS program

To investigate the proper drying condition for low-
temperature air drying, simulation model (GDS pro-
gram) had been performed at air temperatures of 30-40
°C, relative humidity (RH) of 60-90%, paddy bed
depths of 1.8-3.6 m, initial moisture content of 18-20%
wet basis, whiteness value of 48 at the beginning, specific
air flow rates ranging of 0.35-1.0 m*/minm?® of paddy
and the limiting value of the dry matter loss is lower
than 0.5%.

3.3.1. Whiteness—relative humidity of ambient air

The relation between whiteness and relative humidity
of ambient air is shown in Fig. 7. It indicates that at air
temperature of 30 °C, the average whiteness is slightly
changed with relative humidity between 60% and 90%.

48

47

o
o

Whiteness

F
La

43 1 ! t =4 ) : 1
55 60 65 70 15 80 85 %0 95

Relative humidity (%)

Fig. 7. The simulated values of whiteness of rice during various am-
bient air conditions of in-store paddy drying at the flow rate of 0.5 m*/
minm® of paddy.

But, at temperatures of 35 and 40 °C, the average
whiteness values show the large change when RH of
inlet air is higher than 70%. This can be explained that
as the temperature increases, the reactive species can
more dissolve in the water so (hat their potential mo-
bility and reactivity become higher, resulting in the large
change in whiteness of rice. For determination of
whiteness value in the mathematical model, the rice
whiteness is inversely related to the yellowness of rice
and this yellowing is depended on the temperature and
relative humidity. Thus, paddy drying among the high
relative humidity and high temperature can encourage
the decrease of rice whiteness. This change of whiteness
is also discussed by Gras et al. (1989), Phillips et al.
(1988) and Bason et al. (1990). Moreover, the prediction
results show that the average final moisture content of
paddy cannot be reduced to 14% wet basis because of
high relative humidity.

3.3.2. Whiteness-specific air flow rate
Fig. 8 shows the change in the value of rice whiteness
with air flow rate of 0.35-1.0 m¥minm?® of paddy,



mended. For the in-store paddy drying, the suitable
specific air flow rate should not be lower than 0.75
m*/minm? of paddy.
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mndicating that using high air flow rate results in high
value of the rice whiteness. Besides the air flow rate, the
whiteness also depends on the loading capacity: higher
loading, corresponding to higher bed depth, shows the
lower whiteness. This is because at low flow rate be-
iween (.35 and 0.5 m*/min m? of paddy and slow drying
rate, the heat liberated from grain respiration causes the
vellowing of rice kernels, especially at high bed depth.
For the high air flow rate of 0.75 and 1.0 m*/min m* of
paddy, the heat from respiration is easy to deliver to the
atmosphere. Moreover, the DML with air flow rate
telow of 0.75 m*min m’ of paddy is higher than 0.5%.
From these simulations, the recommended specific air
flow rate should be higher than 0.75 m¥minm?® of
paddy.

4. Conclusions

L. The in-store paddy drying using near ambient air
temperature has a slight effect on the head rice yield
and yellowing of the rice kernel. The value of hard-
ness increases slightly whilst that of the stickiness de-
creases shightly due to drying.

2. The grain drying model including the vellowing kinet-
ics can suitably describe the change in moisture con-
tent and rice whiteness occurring in the deep bed
drying.

3. The simulation including the respiration effect shows
the higher accuracy of average moisture content of
rice at given drying time than that excluding respira-
tion effect predictions. Thus, in the low temperature
in-stere drying, the energy liberated during the respi-
ration of product is a dominant factor to reduce its
moisture content.

4. The drying temperatures between 30 and 40 °C, along
with the relative humidity lower than 70%, are recom-

the Institute of Food Research and Product Develop-
ment (IFRPD) at Kasetsart University, Thailand for
testing of rice gualities and Institute of Technology
Rajchamongkrala, Headquarter, Pathumthani, Thai-
land for rice whiteness testing.
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Abstract

The influence of far-infrared (FIR) irradiation in multi-stage paddy drying process on moisture reduction and milling quality has
been experimentally studied. The process, running in series, comprised fluidized bed drying, FIR irradiazion, tempering and ambient
air ventilation. The experimental results showed that the critical moisture content after the fluidized bed drying was around 23% d.b.
whereas incorporating with the FIR irradiation could continuously reduced the moisture content to 21% d.b. without affecting
paddy head rice vield and whiteness. Under the intensity of FIR irradiation, wet paddy was more sensitive than dry paddy.
However, to maintain head rice yield, moisture equalization by a subsequent tempering stage was still required. Studying the
microstructure of rice kernels and the pasting behavior of rice flours showed the presence of partial gelatinization resulted in the

improvement of head rice yield.
2004 Elsevier Ltd. All rights reserved.

Keywords: Ambient air ventilation: Fay-infrared irradiation: Fluidized bed; Tempering

1. Intreduction

Two-stage paddy drying; fast dried in a fluidized bed
dryer and then slowly dried by in-storage drying to
moisture contents of 23% dry basis {(d.b.) and 16% d.b.
respectively, was recommended by Soponronnarit (1995)
to maintain paddy qualities, such as head rice yield and
whiteness. Poomsa-ad, Soponronnarit, Terdyothin, and
Prachayawarakron (2001} suggested that the moisture
content of paddy, after drying by a fluidized bed dryer,
should not be less than 22.5% d.b. in order to maintain
or in some cases {o increase the head rice yield. High
temperature use in the first stage, led to the development
of a moisture gradient inside each grain kernel, and re-
sulted in cracking and breakage of the paddy kernels.
This problem can be solved by introducing a tempering
process between the two stages in order to increase or
maintain the paddy head rice yield and reduce the paddy

" Corresponding author. Tel.ffax; +662-470-8663.
E-mail address: a_meeso@hotmail.com (N. Meeso).

0260-8774/% - see front matter © 2004 Elsevier Lid. All rights reserved.
doi: 10.1016/j.jfoodenp.2004.01.033

moisture content in the second stage (Soponronnarit,
Wetchacama, Swasdisevi, & Poomsa-ad, 1999; Steffe,
Singh, & Bakshi, 1979). The benefit of the tempering
process depended on two mairn factors; tempering tem-
perature and time (Poomsa-ad, Soponronnarit, Prac-
hayawarakron, & Terdyothin, 2002; Stefle & Singh,
1980).

The fluidized bed paddy dryer that s suitable for high
moisture grain (i.e. from 35% to 23% d.b.) has been
widely used in more than 10 countries. However, in
maintaining the head rice yield, paddy moisture reduc-
tion must be limited. According to the mechanism of
FIR drying, heat is generated deep inside the grain and
tends to be selectively absorbed in the regions with high
moisture content. Thus the vapour pressure would be
the largest in these regions, and the moisture diffusion
will be in the direction toward the areas of lower vapour
pressure such as the grain sucface (Afzal & Abe, 1998;
Afzal, Abe, & Hikida, 1999; Ratti & Mujumdar, 1995;
Sakai & Hanzawa, 1994). Therefore, it may be possible
to apply FIR irradiation in the drying process to lower
this limit. Suitable wavelengths for medium paddy ker-
nels were in the range of 2.9-9.5 pm for FIR (Bekki,
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1991). The depth of penetration of FIR in grains was
just under 1-2 mum (Datta & Ni, 2002; Nindo, Kudo, &
Bekki, 1995; Sandu, 1986). Hence, FIR was suitable for
small grains, such as paddy or wheat. In addition,
temperature of the FIR radiator, distance between the
FIR radiator and the grain bed, imtial grain moisture
content and dtying time significantly affected grain
temperatures. However, FIR radiator temperature and
radiator height had no significant effect on grain final
moisture content (Fasina, Tyler, & Pickard, 1998).

Recently, the concept of FIR irradiation application
immediately after convective warm air (approximately
40 °C) drying of paddy has been utilized in the paddy
industry in Japan especially for the recirculating batch
dryer (Bekkt, 1991; Institute of Agricultural Machinery,
Japan, 2003). It is believed to save energy consumption
and obtained better product quality. In contrast to the
FIR irradiation technique, much higher air temperature
(approximately 120-150 °C) is usually used for paddy
drying with the fluidization technique in the Thai rice
industry. Thus, FIR irradiation was introduced in the
production line, just after fluidized bed drying to im-
prove the paddy quality. The purpose of this study was
to experimentally investigate the influence of FIR irra-
diation on moisture reduction and milling qualities of
paddy.

Air outlet

2. Materials and methods
2.1. Experimental apparatus

The experimental apparatus consisted of a batch-type
fluidized bed dryer, a box-type FIR dryer, a tempering
glass bottle and an ambient air ventilator as follows:

The batch-type fluidized bed dryer shown in Fig. 1,
comprised a cylindrical drying chamber, a 12 kW elec-
trical heater, a centrifugal fan driven by 1.5 kW motor.
The drying temperature was controlied by a PID con-
troller giving an accuracy of £1 °C.

The box-type FIR dryer, shown in Fig. 2, comprised
a radiative chamber and air vents at the back of a
chamber. A ceramic infrared heater had a diameter of
1.7 cm, a length of 60 cm, and maximum power of 800
W. Its surface temperature was controlled by ON-OFF
controller. An acrylic sample tray had dimensions of
50x60x 1.5 cm,

The tempering glass bottle had a diameter and a
height of 12 and 10 cm respectively. It could be closed
completely and kept in a hot-air oven at a temperature
equal to the paddy temperature after the fluidized bed
drying.

The ambient air ventilator had a diameter of 20 cm
and a sample tray made of wire mesh. Air velocity,
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Fig. 1. Schematic diagram of a batch-type fluidized bed dryer.
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Fig. 2. Schematic diagram of a box-type FIR dryer.

ventilated throughout the tray, was measured by hot-
wire anemometer {accuracy of +0.1 mJs).

The temperatures of grain, drying air and ambient
conditions were measured by K-type thermocouples
connected to a data logger with an accuracy of %1 °C.

2.2. Experimental procedure

The multi-stage drying process in each experiment
was operated in series. It comprised fluidized bed (FB)
drying, FIR irradiation, tempering (TEM) and ambient
air ventilation (AAV). The experiments were divided
inio six conditions as shown in Table 1.

In the drying process, paddy was dried by a fluidized
bed dryer at 150 °C for 1-2 mun. Then, it was moved
immediately into the sample tray as a single layer of
grain and irradiated in a FIR dryer at intensities of 0.310
and 0.707 W/cm? for 0.5-1 min. After that, it was tem-
pered in the tempering glass bottle for 20 min before

Table |
The experimental conditions of the paddy drying process

being exposed in ambient air with velocity of 0.15 m/s
for 30 min.

Fresh harvested paddy (Supanburi 1) was rewetted to
about 30.0-34.0°% d.b. and kept ir 2 cooling room at 3-5
°C for 7 days. Before starting the experiments, the paddy
was left in ambient air until its temperature was close to
ambient temperature.

Paddy samples were taken afier each stage of the
drying process, except after the tempering stage, for
measuring moisture content and quality. The moisture
contents of paddy were determined by drying three
samples in a hot-air oven at 103 °C for 72 h (AACC,
1995). The paddy qualities in terms of head rice yield
{HRY) and whiteness (Wh) were tested by the test
method of the Ministry of Agriculture and Coopera-
tives, Thailand and measured using a KETT whiteness
tester model C-300 respectively. The head rice yield was
also presented in terms of relative head rice yield, which
is the ratio of head rice yield obtained from the afore-
mentioned drying processes to the head rice yield ob-
tained from ambient air drying.

The change in microstructure of rice kernels during
the multi-stage drying process was observed by scanning
electron microscopy (SEM) (JSM-5600 Low vacuum,
JEOL Co. Ltd) at 15 kV. The polished rice kernels
(befere and after each drying process) were broken
along the cross-sectional axis, placed on adhesive tape
attached to a SEM stub, coated with gold-palladium
then examined, and photographed.

A rapid visco analyzer (RVA) (Newport Scientific
Instrument, Narrabean N.S.W., Australia) was used 1o

The drying process

The conditional numbers

A B C D E F
¥B Adr temperature (PCP 150 150 150 150 150 150
Bed thickness (cm)* 9.5 9.5 9.5 9.5 9.5 9.5
Alr velocity (m/s) 2.6 2.6 26 2.6 26 2.6
Time (min) 1 1 1.5 1.5 2 2
FIR Average radiative intensity 0.312 0707 0.310 0.689 0310 0.310
(Wiem?)
Bed thickness - b - -b b b
Average load of radiative 2.0 0.9 2.1 09 2.1 2.1
chamber (Kgucy paaay/W)
Distance between heater- 15 15 15 15 15 15
paddy (cm)*
Time (min) 1 1 Q0.5 0.5 0.5 0.3
TEM Temperature (°C) 75 75 80 80 85 -
Time (min) 20 20 20 20 20 -
AAV Bed thickness {cm)* 3 3 3 3 3 3
Air velocity (mfs)* 0.15 0.15 0.15 0.15 0.15 0.15
Time (min) 30 30 30 30 30 30

*Recommended by Poomsa-ad et al. (2001},
®Carresponding lo a paddy single layer of .1 KEuwe paddy-
“Recommended by Afzal et al. (1999}.
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investigate the pasting behavior of milled rice flour
according to the AACC (1995, standard method). Rice
flour (3 g on % d.b.) was placed in water (25 ml) in the
canister and mixed thoroughly. The operating temper-
ature was first maintained at 50 °C for 1.5 min to allow a
uniform temperature and then raised to 95 °C at a rate
of 12 °C/min. The sample was maintained at 95 °C for
2.5 min, then cooled to 50 °C at a rate of 12 °C/min.
After the sample was maintained at 50 °C for 1.5 min.,
the pasting behavior was specifically measured as the
temperature where viscosity first increased by 2 rapid
visco units (RVU) over a 20 s period and by the peak
viscosity. These are needed in order to investigate the
gelatinization of rice flour during the multi-stage drying
process.

3. Results and discussion
3.1. Moisture reduction

The moisture content evaluations in the paddy drying
processes shown in Figs. 3-6 show the change in mois-
ture content of paddy after fluidized bed drying, FIR
irradiation, tempering and ambient air ventilation with
processing time.

Focusing on the FIR irradiation stage, the experi-
mental results clearly showed that FIR intensities aided
removing moisture from paddy, which still had high
moisture contents after the fluidized bed drying stage,
by approximately 1.5-2.6% d.b. (Fig. 3). These drying
curves indicated that the moisture content of paddy was
significantly reduced with higher radiation intensity.
However, the radiation intensity had no influence on

Moisture content {%d.b.)

0 10 20 30 40 50 60
Processing time (minutes)

Fig. 3. Evolution of moisture content of paddy during conditions: (A)
FB(£50 °C, 1 min), FIR (0.312 Wem™, | min), TEM (75 °C, 20 min)
and AAV (30 min, ambient air condition: 29.2 °C, 70% RH). (B) FB
(150 °C, 1 min), FIR {0.707 W cin=2, 1 min), TEM (75 °C, 20 min) and
AAV (30 min. ambient air condition: 29.2 °C, 70% RH).
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Fig. 4. Evolution of moisture content of paddy during conditions: (C)
FB (150 °C, 1.5 min). FIR {0.310 Wcm™, 0.5 min), TEM (80 °C, 20
min) and AAYV (30 min, ambient air condition: 29.2 °C, 70% RH). (D)
FB (150 °C, 1.5 min). FIR (0.689 W cm~2, 0.5 min), TEM (80 °C, 20
niin) and AAV (30 min, ambicnt air condition: 29.2 °C, 70% RH).
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Fig. 5. Evolution of meisture content of paddy during conditions: (E1)
FB (I50 °C, 2 min}, FIR (0.310 Wem™, 0.5 min), TEM (85 °C, 20
min) and AAV (30 min, ambicnt air condition: 29.6 °C, 67% RH). (E2)
is repeated experiment of El coaditions.

moisture reduction of paddy with low moisture contents
particularly for moisture contents less than 23% d.b.
(Fig. 4). This was illustrated by comparing the moisture
reduction between radiation drying with an FIR inten-
sity of about 0.7 Wem™? and that of about 0.3 Wem™?
as shown in Figs. 3 and 4. The result in Table | was also
indicated that the moisture reduction increased with the
decrease of the load of radiative chamber. The amount
of radiation energy absorbed by paddy was directly
proportional to the amount of water contained inside
the paddy kernel. However, drying effectiveness of FIR
irradiation covered a wide range of paddy moisture
contents after finidized bed drying, ie. 26%, 23% and
21% d.b. as shown in Figs. 3-5 respectively.
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Fig. 6. Evolution of moisture content of paddy during conditions; (E3)
FB (150 °C, 2 min), FIR (0.310 Wcm™2, 0.5 min), TEM (85 °C, 20
min) and AAV (30 mia, ambient air condition: 29.6 °C, 67% RH). {F)
FB (150 °C, 2 min), FIR (0.310 Wcm™?, 0.5 min) and AAV (30 min,
ambient air condition: 29.6 °C, 67% RH).

During the transition period from the tempering to
the ambient air ventilation period indicated by the
drying curves in Figs. 3-5, the moisture content dropped
progressively within 5 min after exposure 10 ambient air
and thereafter it reduced gradually. Fig. 6 reflected the
influence of FIR irradiation on moisture reduction in
the ventilation stage by comparing the drying curves
between the multi-stage drying processes with and
without tempering stage after the FIR irradiation stage.
The slopes of curve E (with a tempering stage) and curve
F (without a tempering stage) during the ventilation
period were almost the same. This meant that the mul-
tistage drying with the existence of a tempering stage
after the FIR irradiation stage did not provide more
benefit in moisture reduction in the ventilation stage
compared with that without the tempering stage. It may
be inferred that the mechanism of FIR irradiation,
which may support redistribution of moisture inside
paddy kernels, may be somewhat analogous to the
tempering mechanism. However, the milling quality and

Table 2
Evolutien of milling quality of paddy during conditions A and B

especially the head rice yield was quite different between
the two cases, which will be discussed jn the next section.

3.2. Milling qualities

3.2.1. Head rice yield

The head rice yield of paddy under each experimental
condition is shown in Tables 2--5, The relationship be-
tween head rice yield and moisture content after each
drying stage were plotted and shown in Figs. 7-9. A
relative head rice yield over 100% could be achieved
if the moisture content of paddy after fluidized bed
drying was not less than 23% d.b. (Fig. 7). This limita-
tion of paddy moisture content confirmed the results of
Poomsa-ad et al. (2001). After passing the FIR irradi-
ation stage, the results revealed the possibility of further
paddy moisture content reduction to approximately 21%
d.b., whereas the relative head rice yield was still
maintained over 100%. (Fig. 8). An improvement in
head rice yield in the drying process was mainly due to
the rapid increase in paddy grain temperature during the
fluidized bed stage (Table 6) to the temperature level of
partial gefatinization (68-78 °C depending on the types
of paddy (Sanders, 1996)). Meanwhile, during FIR
irradiation which probably functioned as a partial
tempering process, the radiation energy absorbed by
moisture inside a paddy kernel aided moisture migration
from inside to outside the paddy kernel. Thus, moisture
removal and moisture leveling were occurring simulta-
neously. The latter resulted in decreasing moisture gra-
dient as well as the stresses development within the
kernel, hence head rice yicld was maintained. Decreasing
the moisture content lower than those limits (23% d.b.
by fluidized bed drying and 21% d.b. by FIR irradiation
after fluidized bed drying) resulted in more grain dam-
age, as the stresses inside the paddy kernels increased
due to high moisture and temperature gradients. In the
experiments, when paddy transited from the tempering
stage to the ventilation stage, no change in head
rice yield was assumed. Therefore, head rice yield
after ambient air ventilation shown in Tables 2-5 was

Drying process The conditional numbers

A 8

HRY (%) Wh HRY (%) Wh
Initial quality 52.2 50.4 522 50.4
Quality after FB 56.9 50.9 55.7 50.6
Quality after FIR 55.9 50.7 56.9 46.1
Quality after TEM NA NA NA NA
Quality after AAV 1.7 494 36.7 51.1

A: FB (150 °C, | min), FIR {0.312 Wem™?, 1 min), TEM (75 °C, 20 min} and AAYV (30 min, ambienl air condition: 29.2 °C, 70.0% RH).
B: FB (150 °C. 1 min), FIR (0.707 Wcm ™, | min), TEM (75 °C, 20 min) and AAV {30 min, ambient air condition: 29.2 *C, 70.0% RH).

™A: non-available.
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Table 3 wl
Evolution of milling quality of paddy during conditions C and D
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Drying process The conditional numbers

C D

HRY (%) Wh HRY (%) Wh
Initial guality 522 50.4 522 50.3
Quality after FB 55.4 50.3 55.8 50.
Quality after FIR 52.2 50.0 54.7 50.4
Quality after TEM NA NA NA NA
Quality after AAV 55.8 49.8 56.6 50.3

C: FB (150 °C. 1.5 min), FIR (0.310 Wcm~>, 0.5 min}, TEM (80 °C, 20 min) and AAY (30 min, ambient air condition: 29.2 °C, 70.0% RH).
D: FB (150 °C, 1.5 min), FIR {0.689 Wem=2, 0.5 min), TEM (80 °C, 20 min) and AAV (30 min, ambient air condition: 29.2 °C, 70.0% RH).

NA: non-available.

Table 4
Fvolution of milling quality of paddy during conditions E1 and E2

Drying process The conditional numbers

El E2

HRY (%) Wh HRY (%) Wh
Initiai quality 54.2 51.6 54.2 51.6
Quality after FB 3t.0 47.7 27.8 48.4
Quality after FIR 20.0 45.4 21.9 46.4
Quality after TEM NA NA NA NA
Quality alter AAV 46.6 48.7 47.1 48.6

El: FB (150 °C, 2 min), FIR (0.310 Wem™, 0.5 min), TEM (85 *C, 20 min) and AAV (30 min, ambient uir condition: 29.6 °C, 67.0% RH).

E2 is repeated experiment of E! conditions.
NA: non-available.

Table 5
Evolution of milling quality of paddy during conditions E3 and F

Drying process The conditional numbers

E3

F

HRY (%) Wh HRY (%) Wh
Initial quality 47.3 524 47.3 52.4
Quality after FB 48.7 49.3 47.0 48.8
Quality after FIR 458 48.4 452 47.1
Quality after TEM NA NA - -
Quality after AAV 47.9 413 30.0 46.2

E3: FB (150 °C, 2 min), FIR {0.310 Wem~2, 0.5 min), TEM (85 °C, 20 min) and AAVY (30 min, ambient air condition: 29.6 °C, 67.0% RH).
F: FB (150 °C, 2 min), FIR {0.310 Wem™2, 0.5 min) and AAV (30 min, ambient air coadition: 29.6 °C, §7.0% RH).

NA: non-available.

representative for head rice yield after tempering. As the
tempering temperatures of these conditions (75-80 °C)
were in the range of gelatinization temperatures, head
rice yields was slightly improved because of a continu-
ous gelatinization reaction during tempering. This rea-
son could be confirmed by much improvement of head
rice yields of paddy in condition E (Table 4 and Fig. 9).

For the multi-stage drying process without tempering
after the FIR trradiation stage {condition F in Table 5),
the result showed that head rice yield was significantly

reduced because of sudden cooling at the beginning of
the ventilation stage. Therefore, moisture relaxation
during the tempering process before ventilation was
recommended for maintaming grain quality. This also
mmdicated that even though FIR irradiation may support
moisture redistribution inside the kernel, moisture
redistribution could not completely occur without the
tempering process.

The change in the microstructure of the gelatinized
kernel samples during condition D was observed by
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Fig. 7. The relationship between moisture content after fluidized bed
drying and relative head rice yield.
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Fig. 8. The relationship between moisture content after FIR irradia-
tion and relative head rice yield.

SEM (Fig. 10). This figure has an enlarged photograph
of the kernels, in cross-sectional view. Fig. 10a showed a
cross-sectional view of the kernel before drying that had
the distinctive structure of starch granules spreading
throughoui. During fluidized bed drying, the kernel
temperature rose rapidly, starch granules swelled,

Table 6
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Fig. 9. The relationship between moisture content after ambient air
ventilation and relative head rice yield,

absorbing surrounding moisture, and gelatinized. This
gelatinization existed at the surface of starch granules
and is called partial gelatinization (Fig. 10b). The
granule surface gelatinization existed continuously in
the FIR irradiation and tempering stages (Fig. 10¢ and
d). Therefore, it was proven that, in the multi-stage
drying, starch gelatinization certainly occurred in the
rice kernels, and could support head rice yield mainte-
nance,

In order to confirm the explanation in the previous
section, the gelatinization of rice kernel samples during
condition D was again investigated using RVA, as
shown in Fig. 11. The pasting curve of milled rice Aour
before drying had a pasting temperature and a peak
viscosity of 75.2 °C and 191.2 RVU, respectively.
Reduction in the peak viscosity to 167.4 RVU afier the
fluidized bed drying stage indicated that the gelatiniza-
tion has partially occwrred in the rice kernel during
fluidized bed drying. Similar to the rice flour after flu-
idized bed drying, the peak viscosity after the respective
FIR irradiation and tempering stages had the slight
difference, approximately 160.5 and 150.6 RVU. These
results may support the explanation of gelatinization in
the rice kernels, even though the reduction in peak vis-
cosity after the fluidized bed drying stage, FIR irradia-
tion and tempering stage were not significantly different.

Average grain temperature of paddy after fluidized bed drying and FIR irradiation

Conditien no. FB drying FIR irradiation
Drying Time (min) Average grain Radiative chamber Time {min} Average grain
temperature (°C) temperature {°C) temperature (°C) temperature (°C)

A 150 i 75 80 1 55.2

B 150 1 75 150 [ 60.7

C 15¢ 1.5 80 80 0.5 57.4

D 150 ] 80 150 0.5 64

E,F 150 2 85 80 0.5 68
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Fig. 10. Photos of cross-section of kernels during condition D: {(a) belore drying, (b) after fluidized bed drying, (c) after FIR irradiaton and (d} after

umbient air ventilation,
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Fig. 11. Pasting curves of milled rice flour during coadition D: (1)
before drying, (2) after fluidized bed drying, (3) after FiR irradiation
and (4) after ambient air ventilation.

3.2.2. Whiteness
The results of paddy whiteness are shown in Tables
2-5, indicated that whiteness of paddy after each drying

stage was not significantly changed. Its value was
approximately 50, which is in a good commercial crite-
Tion.

4. Conclusions

Intensity of FIR was more effective in moisture
reduction of wet paddy than dry paddy. The moisture
content of paddy from the fluidized bed drying stage was
limited to mot lower than 23% d.b. but with integrating
FIR irradiation into the paddy drying process, the
moisture content could be further reduced to around
21% d.b. without any significant grain damage. Never-
theless, tempering was still necessary to achieve high
head rice yield for the multi-stage drying process.
Studying the microstructure of rice kemels and the
pasting behavior of rice flours indicated partial gelati-
nization during fluidized bed drying, FIR irradiation
and tempering processes reflected in head rice yield
improvement.
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Abstract

_ Heal.ing 15 very important to inactivale anti-nutritional factors and enhance quality of soybean products. Four heating tech-
nigues ie. extrusion, fluidized bed. spouted bed and infrared radiation have been investigated along with their performances,
regarding moisture reduction, urease inactivation, protein solubility and tysine. The rate of moisture diffusion for soybean kernel in
the spouted bed and infrared dryer was described by 4 semi-empirical drying equation for which the drying constant was determined
using non-linear regression. The experimental resulls have shown that the water mobility is more rapidly acceleraled by infrared
radiation. Every technigue has a potential to reduce the urease activity 10 the standard range, with the quantity of remaining lysine
being insignificantly different (p < 0.03) under the testing conditions. The extent of urease inactivation in each technique depends on
the maisture content, time and temperature, the latter being the most impertant factor. High moisture content induces rapid urease
inactivation for the soyheans treated by the convection and radiation-type equipments. Conversely, inhibited inactivation is
encountered with the extruded soybeans due to the strong cohesive forces amongst ground soybeuns at a higher moisture content of
24% d b., inducing poor mixing behaviour in the barrel. The results from the lab- and commercial-scule equipment are shown
have higher soluble protein content in 0.2% KOH for the infrared-treated soybeans, comparing to the other techniques. Extrusion
consumed the largest quantity of energy followed by the fludized bed with no recycled air and the micronizer becomes the most
efective ecnergy utihzation.

D 2004 Elsevier Lid. All rights reserved.

Kevwords Anu-nutritional factors: Protem solubitity; Urease, Sovbean

1. Introduction

Osborne and Mendel (1917) first proposed the
necessity of healing raw soybeans in order to improve
their nutritional values since raw soybeans contain anti-
nutritional factors, i.e. trypsin inhibitors, hemaggluti-
nins, leclins and saponins, which cause ineffective food
utilization, thereby depressing the growth rate of ani-
mals (Hensen, Flores. Tanksley. & Knabe, 1987; Liener,
1994; Vandergrifi, Knabe, Tanksley, & Anderson,
1983). Methods of heat treatment used in the feed meal
industries can generally be divided into three techniques:
radiation, conduction and convection (Fasina, Tyler,
Pickard, Hua Zheng, & Wang, 2001; Mustakas &
Grilfin, 1964; Soponronnarit, Swasdisevi, Wetchacama,
& Wutiwiwatchai, 2001).
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Within radiation techniques, infrared 1s one of the
common methods. Infrared radiation is not entirely a
surface heating method, but the energy rather penetrales
inside the kernel in a non-contact mode. Two conven-
tional types of infrared radiators are commercially used,
namely. electric radiators and gas-fired radiators, the
latter mostly available to the feed meal industries. For
conduction heating, the matenial is heated at the surface
and heat is thereafter transferred to the interior of the
material. Solids are directly contacted with the energy
source. Extrusion employs this heating method to
inactivate such anti-nutritional factors (Camire, Camire,
& Krumhar, 1990; Mustakas & Griffin, 1964). In this
process, whole or ground soybeans receive the heat not
only from the barrel wall, but also from the friction
forces between screw and barrel while being passed
through the barrel. The extruder is operated in a con-
tinuous manner at high temperature for a relatively
short time, Some experimental works have shown that
soybeans treated by extrusion yield higher weight gain
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and animal growth than the infrared roasted soybeans
(Faber & Zimmerman, 1973; White, Greene, Waldroup,
& Stephenson, 1967).

Convective heating involves the transfer of heat be-
1ween the kernels and the heating media, in which heat
from the media is conveyed to the kernels. Heating
efficiency depends on how well the media and kernels
contact. Fluidized bed and spouted bed heating systems
are two of the most popular convective heating tech-
niques. A rigorous mixing between solids and media
oceur in these heating systems. consequently enhancing
heat and mass transfer rates. The impertant character-
istics of fluidization and spouted bed are that the par-
ticles are suspended in the medium and move randomly
like a fluid. This behaviour makes it less variable in
quahty. The use of a hot air temperature above 120 °C
for the fluidized bed can reduce the urease activity o a
pH difference of 0.3 or lower (Osella, Gordo, Gonzilez,
Tost. & Ré. 1997; Soponronnarit et al., 2001). This value
is an upper limit which is still safe for the feed meal
products {ASA, 1990) and the lower limit should not be
below 0.02 pH difference: if fower, it becomes over-
vooked.

In the present work, three processes were used on a
laboratory-scale to investigate the urease inactivation
and protein solubility of soybeans. These were spouted
bed, mirared radiation and twin-screw extrusion. Be-
sides the urease inactivation and protein solubility, the
drying rate was studied using only the spouted bed and
mmfrared radiation since the moisture conlents at any
tume of extrusion process cannot be measured. In addi-
tion, the three different heat treatments being operated
o the feed meal industries were comparatively studied.
I'hese were micronization, single-screw extrusion and
Auidized bed. Their performance was evaluated in terms
of encrgy consumption in addition to their urease
ictivity and protein solubility. It was anticipated that
this work would lead to an understanding of the
behaviour of urease inactivation for each heal treatment
techmuque and give some information about what tech-
nique should be appropriate for treating the raw soy-
beans [or the feed mulling or related industties.

2. ivlaterials and methods
2.4, Heal treatinent rechnigue

2.4.1. Fluidized bed

An industrial-scale fluidized bed dryer with a feed
rate of 2 ton/h capacity as shown in Fig. 1 was used,
consisting of a drying chamber with a dimension of
0.7x2.1x1.3 m’. A diesel oil burner was used to heat
the air with an average temperature of 164.5 °C. A
thermostat was used to control the temperature with an
accuracy of 21 °C. A backward curved blade centrifugal

Exhauysl air

Grain inlet

* Grain outley

Fig. 1. Schematic diagram of fluidized bed drver {industry}.

fan driven by a 50 kW motor was used to supply hot air
to the dryer. The exhausted air was discharged to the
atmosphere. Grain in the drying chamber was forced by
the hot air to move forward until it reached the dryer
exit.

2.1.2. Spouted bed

The schematic diagram of a two-dimenstonal spouted
bed dryer with draft plates in a laboratory-scale unit is
shown in Fig. 2. The inlet cross sectional area was 4x 13
em?, drying chamber 60x 15x 30 cm?, spout width § em
and entrance height 12.5 cm. The selected values of
spout width and entrance height were appropnate [or
steadily maintaining ihe spouting behavieur and the
transport of sovbeans from the downcomer to the spout
region, where intensive mixing between hot air and
soybeans takes place. A 24 kW electrical heater was used
to heat the air. A PIDD controller handled temperature
with an accuracy of 1 °C. A backward-curved blade
centrifugal type fan driven by a 2.2 kW motor was used
to supply hot air into the dryer. The airflow rate was
controlled by a variable speed unit. The heated air flo-
wed through the spouted bed dryer in which 90% of
total airflow rute passed between the draft plates, with
the remaining proportion flowing through the down-
comer. After that, some of the exhaust air was dis-
charged to the atmosphere and the remaining air was
recycled and then mixed with fresh air.

2.1.3. Extrusion

The extruders used in this study were the single-screw
type for soybcan treatment on a commercial-scale (93
kW insta-pro modet 2500) and a counter-rotating, in-
termeshing twin-screw type for the laboratory-scale
experiments (4.8 kW Thermo Haake). Fig. 3 shows the
schematic diagram of the commercial single-screw ex-
truder with a pre-conditioner. The pre-conditioner is an
additional part and acts as a pre-heating unit for the
product before it enters the system, thereby increasing
the extruder capacity and reducing the wear and tear on
the machine. A steam jacket in the pre-conditioner was
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Fig. 2. Schematic diagram of a two-dimensional spouted bed dryer {lub-scule).
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Fig. 3. Schematic disgrum of single-screw extruder with a pre-condi-
tioner (industry).

fed with low-pressure steam (0.9 MPa). The product was
then forced through a barrel with variable screw con-
figurations and eventually reached a di¢ at the end of the
barrel. The heat generated from the friction and shear-
ing forces in the extruder barrel typically raised the
temperature 1o 104-115 °C at a feed rate of | ton/h,
corresponding to a retention time of 2.9 min. In the
faboratory experiment, the extruder used was the twin-

screw type for which the screw configuration is shown in
Fig. 4. At the inter-screw region, it exhibited very
complex flow. This would induce the shear and exten-
sional flows required for mixing. The twin-screw ex-
truder consists of a barrel, a 4.8 kW maotor to drive
the screws and a I kW electrical heater.

2. 1.4 Infrared radiation

Both an industrial-scale micronizer and a laboratery-
scale single layer infrared drver were used. The micro-
nizer, with a capacity of 1.5 ton/h as shown in Fig. 3.
consisted of the three main components, namely, a

g e
X
B
|
i
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Fig. 4. Schematic diagram of twin-screw extruder (laboratory).
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Fig. 4. Schemaue disgram of micronizer being operated in feed meal
industry {Micro Red 20 purchased from Micronizing Company (UK)
Liited)

iceder. vibrating unit and infrared radiation source. This
generated infrared wavelengths of 1.8-3.4 um. Radia-
tion is emitted when ceramic tiles are heated by the
ignition of a pre-mixed air and natural gas or LPG.
Soybeans, moved on the vibrating screen, driven by a
6 kW motor, then absorbed the energy from the
heated ceramics. The environmental temperature within
chamber was approximately 180-220 *C which was high
enough to eliminate the anti-nutritional factors. For the
laboratory infrared equipment, the system contains a
drying chamber fitted with two 630 W electrical infrared
bulls and a tray 1o hold the soybeans. The temperature
used in the experiments was in the range of 100-160 °C,
the highest temperature that the components of dryer
could withstand without any damage. A schematic
diagram for the single layer infrared dryer is shown

in Fig. 6.

2.2, Materials

2.2.1. Commerciaf-scale operation

Raw soybeans, with a moisture content of 12% d.b,,
used for producing the animal feed, were stored in silos
i order to prepare the raw material before treating by
the fluidized bed dryer and micronizer. Soybeans treated
by these techniques possessed full kernels. The residence

FIR heater 800 W andreflector
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Fig. 6. Schematic diagram of single layer infrared dryer {laboratory).

times of soybeans in the processes were approximately
3-4 min for the micronizer and 10 min for the fluidized
bed. However, the kernels were ground to soy flour for
the extrusion process due to the constraint of the screw
gap. The initial moisture content ranged from 3% to
14% d.b. for the extrusion. The moisture contents of
samples were determined at a temperature of 103 °C for
72 h, according to ASA standard (1990). The product
temperature was measured by using a type K therme-
couple submerged into the grains in the container at
the end of the heating system.

2.2.2. Laboratory-scale operation

Soybeans were rewetted to obtain moisture contents
between 14% and 28% d.b. and then kept in a temper-
ature-controlled room between 8 and 10 °C for 5 or 7
days. Before starting the experiments, the sovbeans were
placed in ambient condition until the grain temperature
rose to rocom temperature.

2.3. Thin layer drying model

Drying of most agricultural materials occurs in the
falling rate period, during which diffusion mechanisms
dominate. When the main resistance 1o the water diffu-
sion inside a kernel occurs at the outer layer of the
kernel, a semi-empirical grain drying model can rea-
sonably be used to describe its transport. In the model,
the rate of moisture loss of a single kernel surrounded by
air is proportional to the difference between the kernel
moisture and its equilibrium moisture content, and the
drying rate can thus be expressed by
M _
de
By integrating Eq. (1) from time 0 to ¢, corresponding to
moisture content change from M, to M, the grain drving
equation 15 obtained as

M(t) — M.,

Min — Mtq

—k(M — M) (1)

= exp(—#t) | (2)

where 4 is the drying constant, My, is the initial moisture
content and M. is the equilibrium moisture content.
The drying constant refies upon the heat treatment used,
in addition to temperature and moisture content. The
equilibrium moisture content for drying at above the
normal boiling point temperature may be reasonably
assumed to be zero.

2.4. Quality

Urease activity was determined by following the
AACC method 22-90 (AACC, 1995). Urease was used
as a measure of the level of trypsin inhibitor (Cheong,
1997). The difference between the pH of the test sample
and the pH of the blank was used as an index of urease



