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ABSTRACT
 

A study was cazried out to evaluate the effectiveness of
 
high temperature conduction heating for sterilizing and drying
 
freshly harvested rough rice (RD-23 variety). Experimental proto­
typo heating unlts were specifically designed and constructed to
 
provide surface temperatures ranging from 75 to 200 0 C. The
 
qua lity effects of heat treatments on rough rice were investi­
gated in terizs of moisture removal, head rice yield, milled rice 
whiteness and cooked rice texture. Safe holding periods of heat­
trested rough rice samples were evaluaited based on accepted 
cr1terid o reduction in head rice yield and an increase in the 
proportion of discolored kernels. Finally, the performance and 
economic feasibility of using the proposed prototype heating-cum­
drying units were evaluated. 

Conduction heat troatments distinctly reduced fungal activi­
ty in rough rice as measured by dilution plating and carbon 
dioxide production. Exposure times for isothermal heating of
 
rough rice wer- detormined for inactivating the fungi to specific 
.1evei ba;ed on the heating surface temperature. Subsequently, a 
genera i procedure which accounted for the heating lags was deve-
Iopeod for -.t imatlirig the heat dosages based on the time-tempera­
itre history of 'he bulk grain in any given heating equipment. 

in leneral, conduction heating prevented the spoilage of 
high mo' tre rough rice leading to its safe temporary storage 
prior to drying. Heat treatment of rough rice corresponding to 90 
ti- 9,')0 funsal mortality increased the safe holding periods of 
al,-tit 10 to 23 days based on an acceptable limit of 1.5% increase 
i. discolorod kernels in the milled rice. Heat treatments 
resllting >n fingal mortality levels equal to 90% and higher were 
found to b -- at ,stactory for general use. A relationship was 
developed for t at-.ng the safe storage periods of heat-treated 
r1ugh niiod on its moisture content and fungal mortality 
achiev-.d with vartous heat treatments. A comparison of computed
:ind oxPerlmen':i safe storage periods determined with a full­

ale protot y;, heating unit showed a reasonable agreement and 
thus validarVed the general applicability of the proposed heat 

,- se]nt
t I a pr :)Cedureo 

He,at-treated rough rice showed an increase in head yields
 
accompanied by a reduction in milled rice whiteness and improve­
ment. Il cookF.d-rice texture depending upon the heating surface
 
temperature, exposure time, and initial moisture of rough rice.
 
Heat treatments of rough rice corresponding to fungal inactiva­
tion level of 95% led to maximum head rice yields and acceptable
 
leve[ of reduction in the whiteness of milled rice. In general,
 
high temperature conduction heating was found to be suitable for
 
continuouf, rapid drying of high moisture rough rice down to about
 
15% w.. without significant reduction in milling quality.
 

Finally, a comparison of rice drying costs when using the
 
proposed retcry conduction heating systems -and conventional
 
heated-air drying systems clearly showed the rice husk-fired
 
rotary dryer to be highly competitive.
 



- i v -

ACKNOWLEDGEMENTS
 

The financial support of the United States Agency for
 
International Development, Grant No. 936-5542 is gratefully
 
acknowledged for making this study possible. Special thanks are
 
due to Mr. Robert F. Barnes and Dr. Jaroon Kumnuanta of USAID
 
(Thailand) for assistance and encouragement throughout the
 
duration of the project. The support of many individuals, who
 
provided significapt inputs through their thesis research and
 
while working temporarily, especially Mr. Jiin-Tsuen Lin, Mr.
 
Fook Hai Heng, Mr. Benjamin T. Molano, Mr. Nitat Tangpinijkul,
 
Mr. Yongyuth Puechkamutr and Mr. Kittichai Banjong is highly
 
appreciated. Finally, acknowledgement is also made to Mr. Jugal
 
Agarwalla, Mrs. Amara, Mrs. Kanchana and other staff members in
 
the Division of Aqricultural and Food Engineering for their kind
 
cooperation and assistance.
 



TABLE OF CONTENTS
 

Clhaltu TAilK 	 Kaue
 

Title 	page i
 
Project profile 	 i
 
Abstract 	 iii 
Acknowledgement iv 
Table of contents v 

INTRODUCT ION 	 I
 

1
1.1 	General 

1.2 	Objectlves 2
 

2 REVIEW OF LITERATURE 	 3 

2.1 	 Spoilago of High Moisture Rough Rice 3 
2.2 	 Source of Fungal Inoculum 5 
2.3 	Quality Deterioration due to Microbial Infestation 5
 

2.4 	Control of Quality Deterioration in High Moisture Rice 7
 

2.5 	High Temperature Heating of Grains 9 
2.6 	 Conduct ion Heating of High Moisture Grains for 

Funga i Disne tat i on 11 

3 MATERIALS AND METHODS 	 12 

3.1 	 Preparation of Samples 12 
3.2 	 Heat Application Units 12 

3.2.1 	 Small-scale rotary heating unit with 
axial flights (model 1) 13 

3.2.2 	 Small-scale one-pitch rotary heating unit 
(model if1 12 

3.2.2 	Full-scale prototype rotary heating unit with
 
axial 	 flight:: 15 

3.2.4 	 Full-scale prototype rotary heating unit with 
helical fliqhts 17 

3.2.5 	 FLuldized-bed heating unit 19 
3.3 	 Preliminary Studies on High-Temperature Short-Time 

(HTST) Heating of High Moisture Rough Rice 20 
21
3.4 	 Heat Sterilization and Accelerated Drying 

3.4.1 	 Heat sterilization of rough rice samples 21 
1.4.2 	 Accelerated drying of high moisture 

22rough 	 rice 
3.5 	 Quality Effects of HTST Heat Treatments 22 

3.5.1 	 EFiects of heat treatments on temporary 
storage 22 

3 5.2 	Effects on millinq and cooked-rice quality 24
 

3.6 	 Fluidized-Red Drying 24 

3.7 	 Performancp and Ecornomi Evaluation of Prototype 
Un it : 25 



)ntwt axa, 1gt PooyeI 	 5 

34.7. 	 PrforaceV evlution", of te prototype r- ay
hs (~Ptotye2I
 

;tos.I
bo tq rttp rtr d-. 
La raoyr Fiia, acteriztion-/ 

3, 8flDltlo-atng asayjA 2614~ 8'.~2> 213,42~ Diict platingapa 

8 4 b Iasndi kide e5riet-y ~ f4-44442 

43 8.6~ Gran te'mperature' measurement 29: 
.8.7> Milling~ test Y 

' 

4t4Vj44:3

3.,8_8~ Germination' test , - -1i 31 
~~ ~3.8.9- Discolored iernels measurement -~~>''- 31--

3.r8.10 Evaluation of' okdrice texture 

4 RESULTS AND~DISCUSSIONi 	 ~0X 4 4 3<3'444 

4.1 Preliminary Studies' ~44444444 33 
4444 .4.2 Heat Sterilization -of High Moisture~~,.Ruhice444443'.4: 6

.2 1 Fungi'present in freshly haryested~rice~ ~ 36 
444-4& ,4,2.2	Time-tomperature.hii'toryof 'rough rice 

~dtdrng~conduction" beating 
4 

364.2,3 Fungal'inaciationdun olUtofl+4>44'4444
 
heating ,. 4444 	 44-' 

4.2.4 Generalized,.repre6sentation of fuga

Sinactivation ~~-4~~ 	 42 

4.2.5 	Reainhpbt~e fnacount and,, b~~ 
4~~4 carbon 4dioxide produiction 
 .,,.48 

4.3 Accelerated ibrying of HihMitr ie5 
4444.3.1- Selection of,'coolilg rate,f 5044 

4,3.2 Moisture removalI1during heating ~-4 51~4~ 
C 3 .3 Analysis~o drying based on bulkc grain440 

4time-terperature ,history -- 44 5 
444444 ~ >4.4 Effects ofHeat Treatment~on~Temporary Storage--> 621
~'>~4.4.1 Effects4 of temporary storage on 'head-rice
 

yield 4 4 ' <444444461:
'4. 4,-2' 	

4 4

Effect of tomporary storage on dis4 coloration > 
44. of 4milled rice 	 4-4444 63 

'4.4.3 
 Safe holding period 'of hi'g'h'mitr.ic 6. 
414.4 	 Heat 4sterilization of high moisture_ rice in ~ 

prototype unit 684-.44-44 

4 5.4.Carbon 	
4-

dixidepoutn by heat-treated~j 4 
4rough 	 rice samples' ~, >>444- 694444 

4.4.6 	4The4 role~of'funji. in discoloration 71
<.444444 

4 4444.5 Effects of,"Heat Treatment on HeidlRice Yield 75
 
it ~~4.5.1 Optimum heating~ti me.0fr 4maxmm a reoer 8 

S4.5.2 Relations'hip44between head '4yed and d~rying'.c~siderations ~ 4 -4?4 ~ ~ 4, 7 
4 5.3.Kine.~tics representation of changes in hepad 

.Efect of~eattreatment milled4 	 on rc 
44''whiteness 
 89,
 

http:hi'g'h'mitr.ic


4.5.5 	Effects of heat treatment on cooked-rice
 
texture 90
 

4.6 Performance of Full-Scrie Prototype Units 	 93
 
4.6.1 	Prototype dryer with axial flights
 

(Protntype I) 93
 
4.6.2 	Prototype dryer with helical flights
 

Protot ype II) 95
 
4.6.3 	2pouted -bed drying of rough rice 106
 

4.7 Thermal EilIicency and Drying Costs 	 113
 
4.7.1 	 Tl',-rmal f, fficiency 113
 
4.7.2 	 D /lujn ,:. 115i ;t 

5 SUMMARY AND 

REFERENCES 


APPENDICES 


APPENDIX A 
 Drying Cost Calculations 130
 

APPENDIX B 


APPENDIX C 
- Presented and Published Papers 144
 

CONCL USION', 	 119
 

122
 

130
 

- Detailed Drawings of the Rice Husk-Fired
 
Rotary Dryer 138
 



I I /
 

I. INTRODUCTION
 

1.1 General
 

In the tropics, rice is not only a staple food but also a
 
m;)or source of livelihood. Rice supports more human beings per
 
hectare than any other grains. Therefore increased production
 
through direct increace in yield and minimization of losses,
 
will directly contrILitle to the better well-being of most
 
peoples of Asia.
 

Rough rice is usually harvested at relatively high moisture
 
levels (22 to 26 % w.b. ) to minimize field losses and maximize
 
the quality of milled rice. However at these moisture levels,
 
rough rice may suffer substantial losses both in quality and
 
quantity due to specific physical, physico-chemical, and
 
biological factors, or a combination of them. In freshly
 
harvested rough rice, the iosses resulting from the rapid
 
growth of micro-organisms on and within the grains are much
 
more significant ( Schroeder and Sorenson, 1961; Mendoza et
 
al., 1981). These losses include reduction in germinability,
 
discoloration of whole or part of the graina, reduced milling
 
yields, unfavorable changes in cooking and eating quality, and
 
potential health hazards from mycotoxins. In tropical and sub­
tropical countr -:, the rate of these losses is further 
accelerated by unfavorable warmer and more humid climatic 
conditions. 

Quality deterioration in rice following harvest leads to a
 
direct economic loss. A real solution to this problem will
 
consist of either avoiding the drying delays or extending the
 
safe t-orage perLod of high moisture rice. Methods of holding

high moisturo rice prior to drying include the aeration of wet
 
grain (Ca]derwood, 1966 and 1979), airtight storages (de Padua,
 
1965) and the use of chemical preservatives (Calderwood and
 
Schroeder, 1975). These methods have been used only with limited
 
success. 

Heat L :e:ilization and accelerated drying of high moisture 
grains as a method of arresting spoilage has not been attempted 
in the past. Earlier studies carried out at the Asian Institute 
of Technology clearly showed that high-temperature short-time 
drying of high moisture rewetted and parboiled rice in a screw 
conveyor heat exchanger heated by a rice husk-fired furnace could 
prove to be an innovative and practical approach (Suhargo and 
Jindal, 1983; Obaldo, 1983). Though these experiments aimed 
initially at the accelerated drying, they can be used for heat 
sterilization of high moisture rice to increase its safe storage 
period prior to final drying. Therefore, this study aimed at
 
evaluating the thermal inactivation of fungi present in freshly
 
harvested high moisture rough rice as a means of extending its
 
safe storage period prior to drying. In addition, the effects of
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heat treatments on accelerated drying and associated changes in 
the physical quality of rice were also investigated. 

The results of this study will be particularly useful to
 
the capital short tropi cal countri where climate accelerates 
the dotoriora: ion in qual ity of rough rice following the 
harvest. Th, ppiirvod benefits include the preservation of rice 
qua.lity, increoasmi production through minimization M' losses, 
and improved utli zationu of dryers through proper scheduling of 
Irying and heat redtment nporations. 

The overall ohjoctive of this study was to evaluate the heat 
sterilizaton-cum-accalerated drying of high moisture rice as a 
moans of preveiving its physical quality and milling potential. 
The specific objectivos consisted of the following: 

1 	 to evaiutt the qualty effects of high-temperature 
short- tme HTST) expo;urn of high moisture rice, 

ii) to invpo; t ijat e heat sterilization and accelerated drying
of rice in expermental rotary conduction dryers to pro­
long its cWae s torage period, and 

iii) to compare -onduction and fluidized-bed heating and their 
economic f'as bili ty. 
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2. REVIEW OF LITERATURE
 

2.1 Spoilage of High Moistllre Rough rice 

In high moisture tresti rough rice and similar grains, the

loss in quality and quantity is mainly caused by field and
 
storage fungi (Schrooder and Sorenson, 1961; Mendoza et 
 al.,

1981; Naewbanij et. al. , 1981, flag, 1982, Quitco, 1982).
Generally, the field fungil are those that invade the grain while
the plant. i. ;ti 11 qrowin.g in the field or after the grain is cut 
but before it is threshed. While the storage fungi are those
which dev lop on and within the seeds in storage. Freshly
harvested rough rice if stored at 18% moisture content and above
provide!; a good 1 iving environment for field and storage 
funri. 

In any at t.empt to prevent microb-iological deterioration in 
hi r t moisturo atterition be focused on the controlai, should 

or eradication of both fi.id and storage fungi. 
 As of to date,

th. -ontrol o) those oicroorganisms haF; been ineffective 
espec Ia 11y for higli moistire food grains. 

Many ;tudies nay: demonstratod the similarities in 
microfora found in paddy and other grains. Therefore, selected
investijation:; On other food grains were also included in this 
rev 1 ow . 

2.1 . I Freld fungi 

Thie reportr.d old fungi that invade the rice grains

are s ocios of . Q\,..aPpi-i um, vry i, Fusarium,

[QL~q QJ_4 and i._Qp ' Yinsoe and Christensen, 1970; Schroeder,
1963; Mondoza Pet a,-. 12 '.. All field fungi require a high
moisture conlient in <.qui bri rum with a relative humidity of 90% 
or higher (Chwlten and K-iufmann, 1969; Ayerst, 1969; Lacey,
1980; ChrIstensen 11d Sauer, 1982). The equilibrium moisture 
content of rough ricc- at this relative humidity and 
temperature of ]0 's about 1.8.0 (Wassermann% and

Caldorwood, 1972). T1erefutre. during temporary storage of high

moisture -u- n ric i eld fungi continue to grow in 
compot.ittion with other st-or-ago fungi. 

A summary of thE- fIungi with their growth requirements
is prosentd in Table 2.1. 

2.1.2 S Vozaqe fuin,:i 

HOE. qt., funu have the ability to grow in food
grains whc;e molst 1r, are:onte)rnt in equilibrium with relative 
humidities of 'L, and above (Table 2.1). The major fungi that
 
invade the 01 at 9t 7 e'i tu 20% moisture contents are 

iA-cis; Un:11nicimLJ!pn. >'e '. of anda ten (Schroeder
Sorenson, lvbl ; h ;tener, 1969) . 
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TablG 2.1 Growth limits of some common fungi
 
............................................................................
 

Some common Physiological classification(4 ) Growth limits
 

Minimum rice(') 
rice funoi Temp-r ture Water activity 0C moisture(% w.b.) 

Pen Ic 1lla P c r oto 1,!-an t -10 -35(4) 
rpp. (20-25) (3) 

Lower Slightly 2 ­ 37(4) 15 - 17(4 

meusoph ic xerophilic 

U~per Slightly 5 - 50(4) 15 - 17(4 

mesophilic xerophilic 

Aspergillus Uppe!r Moderately 5 - 50 ( 4 ) 14 - 15 4) 
f lavus n. aphii!ic xerophilic (33)(2- (>24)(2) 

A. candidus sanlne same 5 - 55(3 ,4 ) 14 - 15 4 

A. ochraceus same 	 same 5 - 55(l) 14 - 15(4) 

A. 	glaucus Mesophilic Extremely 2 - 50(4) 13 -144
 

xerophilic (30-35)(3)
 

A. restrictus Mesophiltc same 2 - 50 (4 ) 13 - 14( 4)
 

(30-35)(3)
 

Helminthos- Lower Hydrophilic 2 - 37(4) >18( 4) 
por.um niesophilic (24-25) (6) 

Fusarium Lowear Hydrophilic 2 - 37(4) >18(4 
mesophilic (24-25) (6) 

Cladosporium Psycl - Slightly - 1E - 17(") 
tolet.nt xerophilic 

Alternaria Lownr Hydrophilic max 37(t) >18(l) 
mesophil ic 

Mucor 	 Hydrophilic 2 - 50W4) >18(4)
 

Fhlzopus 	 Hydrophilic 5 - 50(4) >18(4)
 
(24--25)( 6)
 

Note: Items in parenthosls ace oa)timum levels for growth. 
Source: (1) Apinis (1972) 

(2) Ayerst (1969)
 
(3) Christensen and raufmann (1974) 
(4) Lacey et al. (198o) 
(5) Quitco (1982) 
(6) Ilag (1982) 
(7) Wratton and Kendrick in Wassermann and Calderwood (1972)
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In~resh1y harvested~ rice stored at 18 moisture 

(Medoia ot 198 -llg 18;Quitco,-182) 

22 'Source of Fungal ncuu 

~At_ the'tio rv, zosjft0s' mycelium onL and w~ithin
thei~iugh:,rice kcernels -appears to that
be of . Alrnari,Helminhoiori , Fuaiumdx '', ote-ield~ furigi (-Schroeder , an~d, 

no'ciant
T 6esr ofpdreo<iancie'aiungt medomntisporyt are. 'd t'fr 
tsk~gUu6,"h ri- r r gccu tand3 Bjzpii rthrso n"
 

Th9ei 'tosorim reon mnenra
ourslycW, n hYBae~ 

unde f~'~2~Qali\ytrora odtions du gii soat4>f gais(eg
 

Fungi growing in "stored grains can rest i'~sbtalL
 
<'~~'qualitativ4e aqd quantitative l10sses.~ These apre discus 'ed in the
 

folwn sections . ,, ~'3 " " 

-~- 2.3.1 Decrease~i gorminability~ ~ ~ ~ 
There lB considerble evide.-.6i 2 teltrtr t 

>support tt ivion ''bystorage aswl as field' fungi ,'Can'result in loss ot~germinabili4ty.,of 'the' grtain'. Jn ,nfcis b~y

'.' usdrium and ,Helinnhosvorium, usualliy result .in de~ath -anhd
 
3 discoloration. of 3the -grainL,(Schroeder, and Sorenson',1496Quitco, 1982)., In rally rilc'stog stdis anivasion. bystrae fungi~ was, .accoaid"'4by a redu~ction iL

e.mnaiit_(Papaviza a and "Chri'stensen," 1960; Fields 'ndI'ng1'>[-.'~~Q962),.
', BUt-not all decreasiie'n germinabil ty, could' beattributed
Sto ,fungi, high ',temperatures',!,can iifso beielthal.to. the L 'ed,especially 'at high moisture content. 
 '§~"~' ' 

2. 3 .2 Discoloration 77 " Y> : "3 

both.fil andcsoae . 4inh general, fieldg ifungi may, cause-
Aad Icol'oration,I~ ofL thes'.whole 'seed or portioi it", lyof 'particizlIarI 
333 h'germ.' --Mh othe diBC6orat'ion 3cauge6.by f'ie)d fungi' 'occurs

prior) "t&Iharves't .' However," ,.,thelactIivi'ies ,of~ 'field -fin ngia 

Rbh.z'OU'-"~and';A 'i igmented-!produce materials Lwh'en'3growing in ,>'i,ice. Gra'tn.,'discoloraitio'ns froni 'red: ,tojyellow. .have'
 
-. been .,-associae. with, ilsaiDA.''.1 clamvdosorium (Schroeder" 1964;:,
" 

3'uit,'l 1982)'. )D kto brown 'discoloration is~o te found.4 3
Mhihpercentage 6f jr ce V7:kerne 1s,infected by'3 Helinthos~Doum
 

4, Quitco, 1982') 1_-hl 'infested gris -r'dc
 

- 3,, 
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, 6­

-'soraefngi alo~.ave beens asocitid with,
 

recogn~zed'to. givee' oliskh coor irce.- (Schroeder, :-1'957 
Tatsumo1, 1963; Qutc6,1982; Christenseni and KumaniT97) 

~2.3.3~Respiration and heat.ing9 ~ 

Allliig things respire and as a result, of this,
WateYr 'and heat~are producd't and barbon diboide eved A 
m~oisture 6contoent s that~ are sitbe~ fgrination,' 

fungan sed" esprato cotribute2 to' 60to respiration.~ j 
Itha'~ ~z( o aowbanij4 Pe al, (1~~981) ha

rxice bhaving~grae fugl oddrespires moreha sampleshvig
less Ifungal load duinig tem~porary storage'at22ow tmeaue 

2.3.4 Biochemicalchange
 

-A 
 variety of bicoi41cane copn. or followthet: invasio~n oL stored seds byfugic, The~nijor I biochemical" 
-chngos -~are inc'rsase i~n fatty, 'i~d 4 s ucr 
sugrs 1 decrease ininon-reducing -~sugars-, a -ncreasedd
respir~ation (Pfomeianz, 1982) 

Techanges1 that occurin ri-ead Ohrcra-

<grains /are-1,inner changes 'occurring, in,!grain_ themselv~es id, 
'~ tesaaged caused4 -byfungi;, . These' ch'anges, and da'magos 'tend to-_
YKtake place ,,imultaneously uring thet storage andare inseaabe 
fromie'ach'other.prae
 

1Some metabolites of fungi rthatrow, inrice have' been~shownV to be'.1detrimental,- or eventoxic 'toL hin ni te. 
animals (iscocjcs, .1965; -Schroeder' _4969;; 'Christensen~ and 
Kaufmann, 199 Those metaboiitsis are' cale my94~is 

Species , f:te seg 1l' vlF group cnstitute a
~universal ,and], significant part~lof the fungal. 4flora- of. stod 

, 	 rice.j',Af-latoinsk which: ar knvn' ohv-ee'rsoiil d

th,, ah of'ag number .offp 1"ly are. toxi~ metabolites/


\, produc~d,_y- sp ',,~~is~ne and Kaumnn, 1974 
-. ice ' has . 'been:, shown 9-to be~n oxe1n~rt sppti~ 

sj'ubstrate' sp , .,o ~qIgroup for-- the:f'or, cies tl&, and 
rditio':of rafloin (Schioder'(4V1969 ;::Schroeder and Ashworth,""
19~i66 nI196 ~llfar4 an'd-Shoer, found~ aflat xin2(i1 j 251' 
P~cn f h"8 sampl'es, frb"Mh ii-growing'areas in-' the

SU.S.,i_ However, , only 0.7%' samples co'ntainel' sigzn ficant ..&moin

of iflatoziii. 	 If 
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i.ie ',,r~~eI air asmoisure sorj .ow ow ignortent 

an ouater layer, of thpe" kernel". 'Therefore ordi.aryLtd l 
Hrowever-ric 6rn lat~Qox i'h tonccIxpetii'gja may. hav 

2.,ot. ecy utinecs a n' aking 

These,:r~pesenadane sae o"poiage by~fngi 
and are~fjfdetecable, by thyeji9, unade yb noe, Webbr~ingee ali 

offn'th~d'ie yeimb6otwen ker~nels re 
~degre'e ofA 7ic1lumping' oi. 6akin'g o 'the- kernels.' Caked' and 

decaed ais otapeah'n t h coner'thust~ladingt
A reducti.on n'marcet. va&-ue-. ;. 

Conro ofQaiyDtroain 4. nAg4os eRc
 

.There iare basically two general h 
li'o~it either through 'the' 
ueof.c'heicals (gas treatments and furigk, e 'o yteatb

ofphysical~ agents ,to kilh ug anhd other 

T,- microorganisms. The meansi: to pr log:1h L trg ife3 of high
mJoisture.:', grains can,., be also 'Classip 's Aeither contror. 0f 
mi~&lhcrorganis5ms by retarding. growth (drying' aration,

>; refrgeration, controll.ed, amsh'-, so e arid theA usie of~ 
yAAAfungicides) or eontr51 sb A77(ga
eati'ents; ultravioleat radiationan ..,ionizing aiato')
 

2)A.It-Drying
 

tK~ i±Drying toasfPmitr lv'-to low, fo unit 

grow is th4,, most 'widely:use'IdAmethodo6fpr~serving jquality, in
Sgra'ins; in'itended for ?human< consumtin A:lo ,and uniformmitr 

A.content ..'is~ effec! yie inpoogng:vairny, n aintalning 2­
&AA qualityi 1 Amoit a~ricultuiral .sebeds I(Hukill:'4,1974, Fote M 

~~oi 

used',5~ 1 the, chgclad-chahn"g'es~
 

osid Cgrowh drying s. lalso~
 
:to preserve& prdc'1fo hemical 


A ,1 nIuced'-or, support ,ed by, ,exc~ss 'Moistifre, Ato reduce-the 'packaging,.
 
ststrae..ftra cAos~ts;.A,,andt A e
tnsprtation, brin prdut to­dsial -moit~elevel for1 grad~in ,t1bi­-~A.de~.alenongr purposes. A­

pI2.4.2 Aeration . A A 
1 A A.A A ,A~~~' 

~ AU!' A~ The' 'primary objective of aerationi is cooling to retard> 
mold growth~ and respiration~ of grains. i. Aeration eealr 

A results~ in slight additiona. drying and~ u'iniformn ,empera ture
throughout the , mass of~ stored grain. ThisI is, helpful -since.­

http:controll.ed
http:reducti.on


;tepeatues
unaua 	 are' know to be a irause~ of ~ moisture 

Z ~ Ihouh , ypical. airtlowrates for. aeration~range from~'j
lq 1 x~ 110- to: 2' 2110 6 M3 /8-k ~aer'tiohn- I f hi h." 16istuie'.. ricei> 46 Mbelowy I1 x 10 ij/s-kcg As: stilL ,ineffectiye&-in'ctolin theY~ 

quality deterioraiion -(Shko~eder,-and~~Sor'enson",. "9611.1 hoeder,1.963. Calde*rood,'_1966,;4e,CXast ot/41,Al S4 e§r)w9 n 

Saijlw", was,signif 	 w~c~yitdiatixinithi 	 2,
,within


~days' oeer.arain.6 ,4trug rie (2%rb. ) 'at 1'0X 6 p0­
M3/s-kg and above ould manan teqult'fJordrico foriv: 
a. very ;iied 	 periodof ,abou~t 54 ays. At, these, high
rates, the 1,increase~, ,.ri orage life of high moisture rice, was
 
miainly~due to ,the,drying and cooling',ef fects of ae6ration. 
 ' 

2,4,,3Coztrolledatmsphere oagv<>
 
Controlled' atmosphere atorae of rgh moisture' r e
 

has been found to be ineffective because of !the ability o6f 'some.
 
fungi, to grow under such' advorseO conditions', (de: Padua 1965.
 

1Hyde,. 1969; 	 Teunitason, 1954; ,Iwasaki 7and Tani,, 1967).<"j.~ " ,Teunisson 'reported
." (1954) 	 a ccntinued" growth of~ ,AnaerobicY$<
>Wbacterla., andLyeasta in rice having 'moisture in' the 'range of 18 >*. 

to -32% 1stored underana *bc~ ditions, De Padua;19'65) ,o i~ 
observed that 	 contro4lijnq the,~ levels of carbon dioxide_ ,and­
oxygen' 	was not'' effective-in inhibiting mold growth; in .high ' " 

moisture rice., 

2.4,4 	Refrigeration 
Some'fungi, when sufficient moisture is present, will:,i>i

'; gow at temperatures well below freezing. Itthas been2",reorted 
t field 'fungi' may suirvivein low temperatur torage~of 1 high-­~'hat' 

'grains'moisture and may'be 1fouid 4growing~'tvi in ncin 
with 	 storag~e fungi (Lagrandeur and Poisson,. 1968; PFlhate, 1968) . 4 

In gjeneral., refrigertio 4as,pniv~,anddrigAt


safe moisture levels may still be necessary (Kreyger, :1963). ~: i 
Therefore, refrigeration may not be economically-feasible under 
tro~pical climatic conditions, . ." 

' 

2.4.5 	Use of fungicideO ,)KJ
 

:YThe applicationof fungicides such a~jproponic . acid,
V sodium propionate, calcium'propionate, etc.,,is'hli atem irlyto '.
 
'~high moisture grains', to be useadasanimal ee'"a-(Siuer,192,; ;-P


'Lane, 1972;' -Sau'er and Burroughs,. 1974;" Perry'' j1972; 'iWilso ;;:

1972). There. ar'various 'limitationIs' in using ','thes&e' c'emhcnds'>
 
such as ;repduced germinability'. 4oeomn fai.ts6- 'n
 
odor, toxicity, to anim~als, difficulty of' application, an
 
excessive Cost's 	 )~ ''-~- ~ ~j' 

SI 	 'L. ~'' 
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2.4.6 Gas treatments
 

Fumigants such as phosphine, ethyl dibromide and
 
methyl bromidei are commonly used in stored grains to destroy the
 
mic:oorganisms and insect6. However at present, their use is
 
mainly limited to insect disinfestation in relatively dry grains

because of high costs, and ineffectiveness in high moisture
 
grains (White, 1977; Weslny et a]., 1965; Banwart, 1979).
 

2.4.7 Ionizing radiation
 

In food preservation, the uEe of gamma rays has been
 
preferred for killing microorganisms (Herson and Hulland, 1980).

The death or injury of microorganisms is due to either direct or
 
indirect effects.
 

The use of ionizing radiation proves to be an
 
expensive method of microbial destruction. At higher levels of
 
ionizing radiation, the quality of the food may suffer due 
to
 
the development of off-flavor. In addition, irradiated food may

not be easily accepted by the consumer because of the fear of
 
possible health hazards.
 

2.4.8 Ultraviolet radiation
 

The anti-microbial affect of ultra-;iolet (UV) light

has been known for about 100 years. The lethal action of UV light

varies with the intensity of light and time of exposure. However,

the energy of UV light is much lower than that of ionizing

radiation (Fioldo, 1979). Therefore, low penetrating power of UV
 
light is not' very effective in killing the microorganisms in
 
grains.
 

2.5 High Temperature Heating of Grains
 

In food industry, the most comnioi method of killing

microorganisms is based on the application of heat. 
 Besides
 
killing microorganisms, heating can inactivate enzymes (tissue
 
or microbial) causing detoriorat.on during temporary or long

storage periods. However, the use of heat treatment for
 
microbial destruction in high moisture grains for prolonging

their safe storage period has not been explored so far.
 

Heating of agricultural grains for drying is an accepted

practice. Recently, fluidized bed heating has been shown to be 
an
 
effective means of ins..ct disinfostatio in low moisture wheat
 
(Dermott and Evans, 1978). Later it was suggested that heat
 
sterilization may be used in a similar manner to reduce the
 
microbial doterioration in high moisture fresh rice (Evans,

1980).
 

Fluidized bed heating characteristically offers high rr.tes
 
of heat transfer with accurate temperature control. However, h4gh
 
power requirement is a major disadvantage in applying the
 
fluidized bed technique. As an alternative, the use of screw-type
 

http:detoriorat.on
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heat exchangere for conduction heating of high moisture paddy to
 
accelerate drying process may prove to be effective (Suhargo, 
1982; Obaldo, 1993).
 

Other d:dd o the use of olevated temperatures to 
disinfost ;,or,.d rr ii n 13 and cereal products with infra-red, 
microwave and dielect ic heating Boul.incor At- a]. , 171; Nelson, 
1972, 1973; Kirkp.,crick and Tilton, 1972; Kirkpatrick et al., 
1972; K1i'kptri 19 75 a and b: Watterst;, 1976) have evaluated 
the off,ct.vf:'neso rbating grain or flour toapidly i.fosted 
temporaturai; ,,i.Nhn rh . range o4 46 -or various exposure 
t irne followed .y p:iSS': . cooling. 

It )ppoa t h 4It : knro.dlodgo of the relationship between 
microorganisms ortality, oxpOF.uru temperature and time is essen­
tial in planrinin; heat-Inq tratogie,3 and losigning disinfestation 
systems. In addition, p,)osiblo deterioration in grain quality due 
to heating proces nood to be taken .nrt.o consideration along 
with the oc cc of OK rat ion. 

] 'c ,i\ ug2.5 . n-ot , a n of Grains foI- Dry 

'ihorf ore a I tii rd nil.ber of aidios on the applica­
tion ot condor t in :c:atirug t7 grain drying in the reported 
literature. e sc;1(,ally, two different types of conduction heat 
transfor 1y1t/m0;seen In iirst ae used. tho system, solid 
hos t transti i morli a such ;s salt or sand is used (Khan et al., 
94 ; ita,,ia~in aolHd rpr, 1974 ; Ai and Bhattacharya, 1980; 

Mtta 'Iand !,,Iaup 1-84, T",iL syst.m nece;si tates the separation 
at tti ,r-i Inrom the heet t rant for media tollowing the drying 
'n11 1aki i m nI[*n operation In theLi1.: n t-l h, lcal cumbersome. 
se<cond ::'isten., thi gr.:in is rolled ov,0r the heated surface by 
mochan coi meano: tHai! and Hall, 1961; Chancellor, 1968a; Suhar­
g1o, 1982; Aci ,raiind Belonio, 1983; Obaldo, 1983). This system 
appears too be moao practical in providing a simple means of 
applying hal. in -idirect manner. 

2.5I .2 <aoi ;ty )etericration in Grains Due to Heat Treatment 

Heai rn of grain using high temperature could be 
benof ic-a in rtnrs of rapid drying, improved milling quality and 
possible des..-truction of microorqanisms. However, it may result in 
excesslve dove ia(pmen: of cracks or fissures (Kunze, 1984), 
gelatinization (,1 starch (Khan et al., 1974; Juliano 1979; 
Caldorwood 1971 ; IKunze 1979), and loss of germinability. The 

elatilolat .n a. starch which is usually termed "parboiling 
ffect" may , appr oe:iatd because ot more translucent 

and hard -r kernels and reduced breakage during milling 
operations. In add1'.irn, there is evidence in literature that 
heati ng of , 1 h iost',ire fr;e!sh rice may result in artificial 
aging leading to significant improvements in its eating and 
cooki.ng qunltiterc (Normand et al. , 1.964; Juliano, 1979). 

http:cooki.ng
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2.6 	Conduction Heating of High Misture Grains for Fungal
 
Disinftstation
 

Aside from drying to sate misturo leve!s, presently
 
available means of extending the safe storage period of high
 
moisture rice have been used with limited success. Serious
 
limitations including ezcevslve cost, undesirable taste and odor, 
and inelloctivuhes ' ha-ve been encount er ed. 

Heat euri L zat ion at higTh moisture rough rice could prove 
to be an innovative approacih to extend its safe storage period.
The inactivat ion "f microorganisims by the application of heat 
is common in food )rocesing industr-y but it has not been applied 
to preserve the quality of high moIsture grains. Though maximum 
temperatures for fungal growth in grains have been reported to be 
in the range of 50 to 55 OC, the maximum exposure times which the 
fungi can tolerate are not known (Ayerst, 1969; Christensen and 
Kaufmann, 1974). Conduction heating of high moisture rough rice 
for inAc ivating the funi could prove to be an innovative and 
practin! approach for temporarily holding wet grain prior to 
final rying. However, evaluation of this approach must include 
dWtailed invrtrigitions of the time-temperature history of the 
grain during conduction heating, the operational characteristics 
of the hoot opp lication system and the changes in grain quality 
due to han t .. This approach could be practical because 
conduct i-, h,.'ng equipment generally require less capital 
investnut and "nergy, and such equipment are easy to fabricate 
(Chancellor, 9M; Boot and Cook, 1980). 

The iiim and temperature requirements for killing rice 
microfl,.a to any desired level would need to be established 
first. Ihis itnrrmation could perhaps be expressed in yeneral 
terms so a:; to ho applicable to a given heat treatment system. 
From practinal pt©nt of view, inexpensive conduction heating 
system would ned to he devised and evaluated for their 
performanc, Simple conduction heat application systems reported 
by Suhargo .in2), baldo, (1983), and Acasio and Belonio, (1983) 
could prove to he practical means of applying heat to high

5moiculi ,Qin for preservi q its quality during temporary 
storage. 

It is expected that possible deterioration in grain quality
due to the heating process would need to be taken into 
considerati on along with the economics of the operation. 



tIII.MATERIALS AND MEUTHODS 

~.The overalL, experimental plan included the 'following: ~~ SAi' heat a~terilization and. 'accelerated dring ofesl 
hyarvested rough' rice i4 experituental rotary conduction; heati.ng, <
units, (i ), 'qualIity effects of heat treatmentslon 'hi'g moiseure 

~, u3 ~p~omane ndeconomic anlsi 
' 

,prtotyp~kconduction and fltuidized' bed heating 'units, 
The \ irst pr of study, included" a detailed,: 

investigat!" OfAthe thermal ihactivation of fungi in freshly
harvested \"ugh >rice, and, subsequent 'drying,, during heating 

, 

operations. A the~ second part,..the ,quality effects of , heatW4' 
treatm~ents oii.gh moisture rice were investigated in 'terms _o.,~
its safe holdinr,\qeriods, hiead. rice yield, ,milled rice whiteness . ,*j
and cooked-rice \ ture. The safe holding, periods'of.Jeat ,treated ~~ 'rough rc sampfi, were determined based upon accepted' crite'ria', 2


ofkdcie 41-h, 'rice yield and an' increase in4 the 'Proportion" '' 

of discolored jcerneis. Finally, the-perfrmanceand cost anaysis

of the~ proposed prototype heating units were evaluated in detail., V'
 

3.1 Preparation of Samples
 

Rough. rice ,used for this study was a medium 'grain ~variety

(RD-23) which was harvested manually, from the experimental .field.
 
of the Division of Agricultural and Food Engineering. Ilmmediately

after harvesting, the~.moi~t'2re~content of rough'rice-was about.2,,24
4~to 24 1 wet' basis (w.b.4; In some tests, the moisture content 'of~
 
freshly harvested. rough 

' 

rice was adjusted to 26%, by :.ulight2l

addition of~water in order, to have an uniform muoistu4re'
,'initial 


content. Lower moisture content of 18%.were obtained by'exposing

the high moisture rough ice tol'ambient conditions under shade.
 
For 3 iiial moisture content samples, ruhrice was soaked
 
*in water at normal temperature for 24 hours,' then spread on a
4nylon mat under shade and frequently stirred until'the desired 
level of moisture was obtained. .Rough rice samples .were 
temporarily stored in! a freezer at about -16 OC" in 'order to 
suppress fungalqgrowth and minimize quality ,changes. Prior, to,
heating tests, rough rice was removed from the freezer and,.
conditioned to room temperature while in plastic 'storage bags.' 
 "' 

3.2, Heat Application Units 
 ,. 

In this study, two small-scala conduction heating units for 

batch operation, two full~-scale prototypes, conduction heating, 

"
 

'U' units. for continous operation and a spouted- 'bed 4 heating 'unit 
were used for heat sforilization and rapid drying,::-f freshly
harvested rough rice. The'small scale heating units were used: for 
preliminary studies and controlled'heating and' drying experi-' ..)j ~ ments. On the other hand, full-scale prototype heatin,gunits were-i~
used, to simulate on-farm handling' of,'newly harvested-high4lj

~" moisture rice, The design details'of these heating units' are~'i~ 

http:heati.ng
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presented in the following sections.
 

3.2.1 	Small-scale rotaly heating unit with axial flights 
( mode I 1 ) 

Thik. h -ype rol iry :mndurt ion heating unit 
consisted mai .! n-,m,-ry oylunder, , 75 m in diamtAer and 
0.85 m long, ,: h six equidlstant straight axial flights 
extending 4 om t. m the inuido surface. Th, schematic diagram of 
the heat trentrmient unit in pinsunted in Ai,. 3.1. A heavy duty 
ball bearing mounted on the steel frame supported the cylinder 
from one side only dur!ing its rotation. The other end of the 
cylinder ,erved as inlet and outlet for rough rice samples 
through a removable perforated cover. Samples were discharged by 
removing the cover and lifting the rear side of the unit. Four 1­
kW electric" resistance heaters were placed beneath the rotary 
cylindor to up ly the required heat. The heaters and rotary 
cylinder wore encased in an outer cylinder and insulated using 6 
cm thick wool fibre packing. The temperature of the cylinder 
surface co-uld he raisied up to 300 0C. The heating surface 
temperatu o wos regulated with an automatic electric temperature 
controller eq l pped with i copper-constantan thermocouple sensor. 
This sersor waB placed 1 cm above the surface of the rotating 
drum. The av.raqe temperature of the rotary drum surface was 
measured diroct ly uSing thermocouples connected to a separate 
temperatun, r..irden . Th- settings ot temperature controller were 
adjusted uihn,quenr.ly based on the calibration of the drum 
surface t- poraturp with the sensor temperature. It was possible 
to maintain tha tomp-ratur0 of the drum surface within + 5 0 C. 
The cylind", rutatlon speed could be adjusted from 10 to 40 rpm 
by a var iAhlo speed 1-kW electric motor. Other details are given 
by Reyos (19H6). 

.. n mal -cle one--pitch rotary heating unit ( model II 

A sacond natch type rotary conduction heating unit 
cone isvred mAinly of i r-tary cylinder, 0.6 m in diameter and 0.2 
m lon.g. Thio hatng unit represented a one-pitch section of the 
prototype rotary dyer with hel.cal xights ( see prototype 
units, section 3.2.4 ). 'ig. 3.2 show the features of this one­
pitch rotary heati ng unit. One side of the cylinder was covered 
with steel sheet -'onnated to a driving system. The other end 
which servd as a. init and outlet for rice samples was covered 
•ith a ,,rfarted pt-. h.mples were loaded through a 0.1 m 
diameter qentnr-aole of tho perforated cover and unloaded through 
a removable s.ctor of thn .urforated cover. Four l-kW electrical 
resistance heater a were placed in between the rotary cylinder and 
an insulated e::t,,ror cylinder to supply the required heat. The 
temperature f. .. cylinder surface could be raised up to 300 0 C 
and maintainp" witnin 1t 5 C by a temperature controller.The 
cylinler rotat..nin soed couId be adjusted from 3 to 35 rpm by a 
variable speod kW elect:ric motor. 
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3.2.3 Full.rscale prototype, rotary h1eating unit with axial
 

Thi,,eletrical.ly-heated, prototype heating% units 
consisted mintly'o 'hing eaerhosin,. ile 
feedsr'f andidyrsuptI 1 aelouiig.he' ' r .3.,os ilemtc 

'diagram ofti rttype'"'a heathowi'te ocemaic 

Healnq:-ylider The'_heatin4, or drying cylinder,Y

constructed fom 3mm-thick'.mil.d steel, sheat. was 2.5.mIuength anid~ 
:6 i , and.7.5m'n diameer'', '.ight: straight, flights .2,m long .m 

hkigh 'were equall'yspac -ed an~d welded along.the cylinder's 4nside 
wall.U At "~the' cinlet side' of the-cylinde'r, ,four baffles were 
alterntely' welded !45-dogrees to thel'end of four, axial,~ fl1ight's
fof' facilitatng,the flow of gIrainis..,o gud. rig,'.0 ,64 Acm 

>''' 	 tht'-k ,'and .5fcj wide, 'were, ;placed, around_ the - cylinder_; t 
facilitate 'its' smooth rotation along the <rollers. A'1l-W' i'ectric 
'motor with a'gear reducer, was us'ed 'to 'rotate the drying,, cyiner.
A chain and oprockcet gear dr ive was',used for pow.erc. tra smiission,~ 
from gear~ box~'to thepdrying cylinder. 	 J)~~'i(
 

Supiport fram,, The'dryer supo'tt frame was constructed
 
, using 5 cm angle bars., The. dryinig.cylind'er rested~on~'foiir.'rolle rs, 

10cm: in diameter and 5 cm' wide, ' ea'ch'fitted, i<roller bearings 8 'cm in dimet~' XIn, front of the rcyliind6z wa's a 
support made up o torle f 	 4,'ary'n, thoU,icm.datr'for

weight of the cylinder' and,its contents'twhen tilted ffibTh&o <dryer
~inclination could~ be adjusted, upto,9-degrees.. ','~
 

U iea±tx housing,. The heater housing(,which was-' onstri&c-"4 
'ted with 3 mm' thick'mild steel shoet~was'2 ,n'lhg-and,.Oz n 

diameter. The-cylinder hosn, a diie.into twoparts 1ngi-~
tudinally for maintenance and 'repair~purposes :-The~ih'd h'o~uin.ig 
was insulated with" t'wo 'laye'rs 'of 0.3, cm'thick :asb'estos "oard4"h,' 
the outside was insulated ,with'5 'cm thick microfibe'rjlinsuaiio 
In the lower portion of the hbusing,, 2.5 1-kw Glcrcal r3s 
tance heaters -were installed f-equally~spaced'and<. di,-idd into~
 
three 5 kW circuits. The electrical''initallation-wasd'esigned to'
 

0
provide a cylinder surface temperature'of up to "200 ?C. A-thorino­
~<A,. couple probe was placed'I cnm above.the surfae" of~the dryinigUcylinder. The probe' was 'connected tmeauecnrller
-to"a'. 


Swith 
 a range of 0 to 300 OC and a2.5%'full ,sca'le-- indicating,
accuracy.'­

'Inlet feedert. The~feed rate c'ould 'bo' controlled by a 
rotary faed gate attached to the'e1lectromag et. The-feed 'rate
 
-could be varied from 1 to 40 kcg/min, Other letails are given by'
Hi)ollano -(1-987). < ' 

http:h'o~uin.ig
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Fiq. 3.3 Schematic diaqram of prototype rotary heating unit with axial flights
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3.2.4 	Full-scale prototype rotary heating unit with helical
 
flights ( Prototype II )
 

The prototype rice husk-fired rotary heating unit 
consisted mainly of an inclinod grate-type furnace and a slowly 
rotating drying cylinder ePcloned in tKe flue gas chamber. A 
continuous helical spiral was attached to the inside wall of the 
rotary cylinder for conveying and mixing of rough rice samples 
during heating. The schematic diagram of this heating unit is 
presented in Fig. 3.4 and detailed drawings are given in Appendix 
B. The design details are discussed in trio following sections. 

Bangh 1jVQ fQy.. The feeder assumbly consisted of a 
hoppei for loading, a spout for foding thG grain into the drying 
cylinder, and an electromagnet serving as a vibrator to regulate 
and maintain tho desired feed rate. The feed rate could be regu­
lated manually by adjusting the rotary feed gate attached to the 
electromagnet from 1 to 40 kg/min, 

RMAitL'L ivri y I. The rotary heater was basi­
cally a cylinder 0.6 m in diameter and 2.2 m in length. This 
cylinder nerved as a heat exchanger for conduction heating and 
drying of high moisture paddy. It had a helical spiral welded to 
the in ide wall of the cylinder, machine girth sprocket ring anu 
chain drive assembly powered by an electric motor, flat Lar girth 
rings ridinig on bail W,arings;, a discharge spout and chute for 
unloading the hwated and dried grain. 

The 	 horizontal tra vel of the wet grains in the heat 
exchanger was affected by the helical flights. As the heating 
cylinder rotated, Lhe flight pushed and conveyed the grains
causing it to slide, roll or tumble along the inner wall of the 
hot cyli.nder. The helical flight also served as an additional 
heating aurface aside from providing grain agitation and 
transport. The rotation speed could be varied from I to 45 rpm by 
regulating the speed of the one kilowatt electric motor. 

QPn H'; Fulayn. The furnace was the main heat source 
of the rotary heator. It was fueled by rice husk with a maximum 
furnace temperature o 300 OC attainable at about 30 kg/hr feed 
rate. The furnace was made of hollow bricks and consisted of a 
hopper, hull feeder, husk flow equalizer, inclined fire grate, 
ash dropper and ash collector. The husk feeder was designed to 
facilitate uniform teed rata. The hull flow equalizer regulated 
-he even distribution of the husk as it drop down the inclined 
grate. The inclined grate was made of 110 rows of s.loping and 
horizontal fire bars. The husk feed rate ranging from 5 to 30 
kg/hr can be regulated manualiy by adjusting the rotary feeding 
gate attached to the electromagnet with an on/off switch 
mechan isn. 

Elm_ _ Ghumvx. The flue gas chamber was designed for 
enclosinq the rotary heating cylinder and hot gases coming from
 
the 	 rice husk furnace. The walls of the chamber were made of 
bricks strong enough to hold the dryer and prevent the excessive
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3 Paddy inlet hroprer 9 Fd(Jy outlet guide 
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Si.3.4 Prototype, rice husk -fi ted rc'fry dryer withi helical fi iqhts 
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heat loss. The frame to support assembly of the bricks was made
 
of 5 x 5 cm mild stool angle bars. The jointa were enclosed by 3
 
mm mild stoel shoot.
 

jQnkhJ QiL &J.1,1q. A rockbed heat storage was
 
incorporated to help minimize temperature fluctuatione in the 
hetting cylinder. It consistod of 8 to 10 cm diameter ordinary 
rocks with a total volume of about 0.5 cubic motor located 
beneath the rotary heating cylinder. The rockbed heat storage 
helpod stabilize the desirod heating surface temperature and 
maintain it over rolatively longer exposure times. 

!hllBt. The chimney was the exhaust port of the unused 
heat and ptoducts; of combustion coming from the furnace. The main 
function of the chimney was to establish the minimum draft 
required for complete combustion and to regulate the flow of hot 
gases by manually adjusting a baffle located at its base. The 
chimney was made from 1.5 mm thick mild steel and had a diameter
 
and height of 0.20 and 3.6 m, respectively.
 

3. .5 Fluidi od-Bed Heating Unit 

A spouted-bed unit representing a special type of 
fluiniized syscem wan used as an alternate method of accelerating 
the drying procoss. The spouted bed dryer consisted mainly of a 
cylindricl vessl wit. a conical bottom, a blower and a heater 
box. Fig. 3,5 shows the features of the spouted bed heating unit. 
The cy ndor wav; ", cm in diameter and about 2.4 m in height. The 
angle of We,nical bottom was about 600 from the horizontal. 
The cylind' : w ll just above the cone was fitted with a glass 
wirdwo' A nb.n vation. Copper tubes were also installed for 
meisurmt:n;: -, pressure drop and temperature along the cylinder. 
An inverted cone-shape head was connected to the top of the 
column tor measuririq the airilow rate by a vane anemometer. The 
dryor wan ao-nne: to elrctric heater box a,o:d an and centrifugal
 
blower. The blow.er and ho, tor box were connec ted by a 15 cm
 
dianeter gate valve for airflow regulation. The heating box had
 
twelve 1.-kW heat.ing coils wth on-off switch control. The heater 
box was made of double wall from 1.5 mm thick steel sheet and a 
remnovablo top cover to facil itate the repair of electric heaters. 
Fire ciy waE als;o placed in between the walls to minimize the 
heat l.rss. The pipe connecting the heater box and the drying 
column was also insulated by wool fibre. The centrifugal blower 
had i rapacity of 10! m /min of air at 3600 rpm. The blower which 
was made by Sanco anufacturin Co., Japan (model TBH-4) had a 
power requirement of about 3.7 kW or 5 hp. Other details are 
given by Hang (1987). 
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Fig. 3.5 Spouted-bed heating unit
 

3.3 	Prelimiary studies on high-temperature short-time heating

of high moisture rough rice
 

In order to assoe;s the potential of high-temperature short­
time (HTST) heating of high moisture rice in arresting fungal

growth, several preliminary tests were conducted using a standard
 
laboratory oven.
 

In the first sat of experiments, newly harvested rice

samples aaving a moisture concent of 20% (w.b.) were heated in 5
 
cm 
 layers fully covered with aluminum foil. Rough rice samples

ware heated up to 15, 25, 40 and 65 minutes at an oven setting of

200 	0C. 
After heatinq the grain to desired exposure time, it was

taken out and cooled in either rapid 
or 	 slow mode. In rapid

cooling, grain samples were spread on 
the 	floor over a nylon mat

:cil its temperature adjusted to the 
room conditions. In slow


cooling, the grain samples were 
first heated for about 20 minutes

in 	a bucket and later spread on 
the 	nylon mat. The heat treated

and 	unheated samples were 
then placed in plastic buckets covered

with perforated aluminum foil for monitoring 
 the microbial
 
activity during subsequent storage.
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In ;econd et: of experiments, rough rice rowetted from 14 to 
22% w.b. was heated to about 70 OC bulk grain temperature for 
approximately 10 minutes in the same liboratory oven. Heated 
rough rice s:irnplie wan then divided into two parts. One part was 
stored directly in plaf-tic container without cooling, but thi 
second part was cooled for about 10 minutes under room conditions 
(30 0C, 00-Ot 6 RH) prl .r to, c;torage. During ten days of storage, 
rough rice i;ampl,;: weigbing about I kq were taken at random from 
the storage) tants. for quality analyses. The amount r)f fungal 
colonIes (by di.lutiof, platinq assay) was al.so monitored during 
the test period. The direct plat:1g assay was not used because it 
was found to he! inetffctive in assessing the extent of fungal 
invas ion quantitat ivoly. 

In the hird experimert, two heating t:ials were performed 
usiig the one-pltch experimental heating unit (.odel II). The 
,_,ochod emnployed in this treatment consisted of exposing 3 kg 
rewetted rough rice samples for a period of 5 minutes at heating 
surface tamperature levels of 100 and 140 OC and cylinder 
rotati(,: speed of about 14 cpm. Immediately after heating, the 
treated gra.-s wro transferred into a sterilized aluminum tray 
and covered with aluminum foil for ambient cooling prior to 
quality eval.,Aat..Ion Initial and final grain moisture and grain 
temperature wr- , ior-d and recorded for each tree.,mo:- 'nts. 

3.4 Heat Sterilization tnd Accelerated Drying 

3.4.1 Heat s;tail:at on of rcuh rice samples 

Pough rice sampjr-les with moisture content of about 26% 
were heated in hatches of 3 kg using the experimental rotary 
unit with axial fliqht; (model I). Four heating surface 
temperature o4 75, 100, 150, 200 OC and exposure times of 3 to 
40 minuter we;re us . "the cylinder rotation speed was fixed at 
130 rp' to .int;ure frsLer heating rates. The time-temperature 
profile); ,1f the! grl-,in wiee monitored during heating and cooling 
proces;.. 

After he.-.iting the grain to a desired exposure time, it 
was ta (-o-.ut and cooled to room temperature for subsequent 
m.crobioloqica. and quality eva luations. Heat-treated rough rice 
samples ere transferred to the aluminum trays in 5,mmediately 
-m layers, completely covered with aluminum foil, and cooled to 
room temperature in a chamber maintained at -15 0 C. Cooling in a 
tully ohsed cor,'ainor was necessary to avoid any contamination 
of the amples. This method resulted approximately in a 2 0 C/min
*aooliinor,.t e. 

,m;diately after cooling, the sample was divided into
 
three sub-sarnples, one for measurement of fungal count and
 
another icr cai-bon dioxide production. The remaining sub-sample 
was dried under room conditions to about 14% moisture content for 
subsequent milling tests. 



3. Accelerated, drying, hfigh 'mit r rugh 'rice *" 

Seetin 2j cooling method,, Prior to drying~ tets,
thcc ef ect of C.01rt-ae.nh mlln-uaiy-fhae'cewasa- evaluatedl first, to, "914l" 'an% _piopit 'ooling-method,,

~Four methods,. designated as very fast,,.fast,. moderate and'slo
cooling- were wused ,f
or cooling heat, treated rough rice amls
havininitial')moisture content of '22%,'i,, 3O%~wb. For very fast.
cooling,_a perforated rotary cylinder s±,rto the h1eating 

t 
un'it
(model 'I) was used. An open cylindrici container about 30 cm in
di~ameter, and 10 cm in depth'w~ith'constant agitation was used for
ffst coolinig. A similar cylinder with perforated cover was''.Ujjilized for ,moderate cooling.. A rctngir al.uminumi tray
c re with aluminumn foil was used for'slowl cooling. 

Moisture removal dur~ing =ndUS tolin±g - The a~ccele­rated drying behaviour of high moisture rough rice' during<
conduction 
 heating :was 6evaluated> first,, -under controll~ed
~<experimental conditions 
 using the 4two electrically-heated

u;experimental heating unAts, The following experimental condit-,ns~'were' used during conduction heating in the 
 first experimental


heating unit (model 1).
 

Heating surface 
temperature :75, 100, 150, 1.75 and 200 0C . 

Initial moisture
 
content of rough

rice :18.0,~ 22,0, 26.0 and 30.0% w1b.
 

Exposure duration ;up to 1.00 minutes.
 

Cooling :moderate
 

Rotation speed 20' rpm
 

. Sample size.... 3 kg 

The drying behaviour of4 high moisture-rough-4rice in, the' "4'second experimental unit (model II) was also evaluated using' the...­_Above experimental conditions with rough rice- samples
moisture cotet 018, 22, -having---­of 
 and 26% w~b......
 

3.5 Quality Effects of HTST Heat& Treatments ., 

3.5.1 Effects of heat treatments on temporary storage
 

.~, Rough 
rice samples were heat-treated using theXexperi-.- P4
-.
<~mental heating 4unit with axial flights (model, I) and 
 iehuk~fir'd unit (Prototype II) to study their~ storability.,-For 4-the--,2' 

4 4 4 4L .4 ­ ,44 

http:C.01rt-ae.nh
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experimental unit, the test conditions were:
 

Heating surface
 
temperature 100, 150 and 200 0C
 

Initial moisture
 
content of rough
 
rice 	 22.0 - 26.5 % w.b. 

Exposure duration 	 depending upon the level of fungal
 
inactivation ('75, 90, 95% mortality
 
levels)
 

Cooling 	 moderate
 

Rotation speed 	 20 rpm
 

Storage period : 0, 3, 5, 10 and 15 days
 

Sample size 	 3 kg
 

Finally, to val.date the results from the above tests,
 
storage tests were also conducted using rice samplea heated in
 
the rice husk-fired prototype heating unit. The following were
 
the experimental test conditions:
 

Heating surface 
temperature : 100, 150 and 200 0 C 

Initial moisture
 
content of rougn
 
r3ce : 25.0 % b.
 

Exposure duration : 	 dependir% upon the level of fungal 
inactivation (90 % mortality level) 

Cooling : 	moderate 

Rotation speed : 	 10 rpm 

Feed rate : 	 7.5 kg/min ( 20 kg per run 

Storage period : 	 0, 3, 5, 10 and 15 days 

All heating tests were replicated thrice in order to
 
have sufficient quantities available for storage and subsequent
 
quality evaluation tests.
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Aftor each treatment, rough rJ.(.:e t;amples were allowed to 
cool to room tnperature in pla, tic buckets covered with 
perforated aluminum foi I to allow the eocapo of vapor during 
cooling. Subfi' h1',, cre transforrod 2 literI.cmplc2 iinto 
capacity glaL;ss bott: t ith proviiuion for carbon dioxide to 
escapc througih tho cttor, plug,; ir to the atmosphere during 
storage. The Lfamp.)eln w-r'C aeL At 0d u i ing ' s impl hand pu'ip every
24 hours to prevent t.,o building of carbon dioxide concentration 
in the storge chainb, r. The samples w)rr stored at room 
temperature (2C-)30 oC) during the tast period. 

3.5.2 Efftc tl on mi ]Lnq and cooked-rice quality 

The e:xperixiontal test conditions for milling quality
and cooked-rico tco:turu ovaluation when using small-scale and 
prototype heating unit; woi-) the samen as i. drying tests. 

3.6 Fludizod-1..i. Drying 

Several iulet air temperatures were used for evaluating the 
drying rate a:.d milling quality of high moisture rice during 
spouted bed drying. The drying experiments were conducted using 
the following expetrimental conditions: 

Weight of sample = 12 kg
 

Grain moi.sture = 26% w.b.
 

Inlet air temperature = 50, 68, 80 (±2) OC
 

Inlet orifice diameter = 5.0 cm
 

Airflow rate = t.8 m3 /rin
 

(1.10 m3 /sec.m 2 )
 

For every drying test, a control sampli weighing at least 1
 
kg was taken from the same lot and dried under shade for compari­
son purposes. Prior to any drying tests, airflow and air tempera­
ture ware set at desired levels. Rough rice samples 20-30g were
 
taken at 5 min interval during each drying test. At the end of
 
each drying test, the rough rice sample was unloaded into plastic

pail for cooling. After 2 h, the sample was spread on a tray for
 
shade drying prior to milling.
 

http:m3/sec.m2
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3.7 Performance and Economic Evaluation of Prototype Drying Units
 

In this ct ud' the performanco of two proposed heating anits 
were evaluated Finally, the cost of sterilizing and drying high 
moisture rough ricc to rpocitic lever ls were detormnid. 

3.7.1 	Performance evaluation -of the prototype rotary unit 
with axial flignts (Prototype 1) 

Th. dry(n'i parameters considered in the performance 
ovaluation of Pf )otype 1 were heating surface temperature, expo­
sure durati10n, inittal moIsture content of rough rice, grain feed 
rate, and rotation speed of the heating cylinder. However, it was 
found that the rotational speeds in the range of 6 to 30 rpm did 
not: not significantly affect the drying rates. Therefore, The 
cylinder rotAtional speed was fixed at 10 rpm for all drying
 
tests.
 

The foiow'ni test conditions were used to evaluate the 
prototype dr pt<,formance: 

Heating turf&emporature 100, 125 and 150 0CI 75, 

Initial moiiture content 	 22, 26 % w.b. 

Expo;ure duraition 	 up to final moisture content
 
of about 14% w.b.
 

Rotation speed 	 10 rpm
 

Feed rate 	 30 kg/mmn
 

Cylider inclination 	 1.5 degree
 

i,;:'-aliy the cylinder rotation speed and grain feed 
rate
 
were set as required. Conduction drying was started after
 
attaining the required heating surface temperature. After
 
heating the grain samples ror Known exposure time or number of
 
passes, they were cooleu to room temperature in plastic buckets
 
and dried subsequently to about 14% w.b. by spreading on a nylon
 
mat. Grain moisture contents were determi.ned using a Kett
 
moisture meter and later adjusted to standard oven values. For
 
each heat treatment, rough rice sample weighing 2 kg was also
 
air-dried under shade to serve as control.
 

3. 	.2 Performance evaluation of the prototype rotary unit
 
with helical flights (Prototype II)
 

Samples of high moisture rough rico, each weighing 30
 
kg, were heated in the rice husk-fired rotary dryer using the
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following experimental conditions:
 

Weating surface temperature : 100, 140 and 180 0 C
 

Initial moisture content 18, 22 and 26 % w.b. 

Exposure duatrion 
 up to final moisture content
 
of about 14% w.b.
 

Rotation speed 	 10 rpm
 

Food rate 
 30 kg/min
 

A similar procedure as described in the preceding section
 
was 	also followed in this case.
 

3.8 	Laboratory Methods for Fungal Characterization and Quality
 
Eva lua tion
 

!.-.I Dlutilon plating assay
 

Th,. number and proportion of fungi present in the

rough ric1e samplen wcpre detormnod by dilution plating assay. The
 
pour and spread plate methods as described by Flannigan (1977)
 
worm iEnd to moanure storage fungi 
in malt salt agar (MSA)
modaui, iid fiald funqi in potato dextrose agar (PDA) medium,
r"peri vVry. ilit ong were mode by blending 50 g of grain in 
50 l , 0.12% stterile agar in water for 2 min. Successive 

4i, maeVlu ' ere by transferring 10 ml of the suspension
modiiu t ml 0.12% agar in water.irU o1 One-ml and 0.2 ml of 
qp;rpzio"liu.rns ore cultured in sterilv' dishes containing
main-v' t !AT HaW) and potato dextrose agar w..dia, respectively. 
An otl i.ne of he d:lution plating method is given in Fig. 3.6. 

Malt salt aqar was composed of the fOllowoag
 

MaY: extract (dehydrated) 30 g
Mycological poptone (Difco) 5 g
Sodium chloride 100 g 
Agar No. 3 12 g 
Dint iliod water 1 ] 

Potato dextrose agar was composed of the following
 

PDA (Difco) 39 g

Distilled water 
 1 1
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3.8.4 Carbon dioxide production
 

Carbon dioxido production in rough rice samples was 
measured using a chemical absorption system similar to Steele et 
a!., (1969). A ocLematic diaqram of the set-up is shown in Fig. 
3.7. The apparatus ,nainly consisted of six sections: 1) an air 
pump for supplying a constant airflow, 2) potassium hydroxide 
solution and soda ilme vessels for carbon dioxide removal from 
atmospher1c air 3) sulfuric acid solution for continlling the 
relative humidity, 4) sample storage, 5) silica -Ie1 and 
magnesium perchlorate for moisture removal, and 6) ascarite 
backed by a nm5i it perchlorate 'or carboniamoun t magnesium 

dioxide absorptL.ol.
 

The operca ,ing dotalls of ar. identical system are giver, in 
an oarlier srudy by Tangonan (1980 ). Rough rice sample weighing 
about 700 800 q was taen from the 3 kg lot and placed inside a 
the 2 liter capacity glass 3ar. The system was operated for at
 
least. 24 houiri per treatment. Three to eight readings were taken 
durinq the t:ost period depending on the rate of respiration. The 
ascarite tube had to be detached each time for recording the gain 
in weight using an analytic balance accurate up to four decimal
 
placer.
 

Ai; airflow rate of about 100 ml/min was used to avoid
 
a significant increase in grain temperature due to respiration.
 
After each tot, the rough rice sample was removed and the empty
 
system wa. operated for at least 12 hours per run to determine
 
the gain in welght of the ascarite tube. A correction was then
 
applied to the weight gain of the ascarite tube during the
 
experimentai runs. Carbon dioxide measurements were subsequently
 
expressed in mg C02/24 h/3OGO g dry matter.
 

3.5.5 Moisture content determination 

The ms tio re cont-ent of rough rice was determined 
using tb1,met hod pc ifiod by Matthews (1962). Three replicates 
samples of whole grain weighing approximately 15 g were placed 
in an air oven at 130 OC. After 18 h, the sample container were 
taken out froi.', the oven and placed in a dessicator to cool to 
room tfmperat:ure before weighing. The moisture content was 
calculated as a percentage on the wet basis. In some cases, the 
moisture content measurements were made with a Kett moisture 
tester aid adjusted subsequently based on the calibration 
againnst the oven procedure. 

3.5. t Grain tempei'ature measurement 

The, temperature of the bulk grain was measured by
 
transferring the heated grain sample into a vacuum flask. A
 
thermocouple placed inside the flask was used to measure the
 
bulk grain tempetature after it attained a steady value.
 

http:absorptL.ol
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I-- air pump 6-- storage chamber 

2KOH 7 - silica gal 

3.soda limO 8- rnagne'sium perchlomte 

2.Hso4 9..-	 ascarito 

5.glass 	 wool S-- one %,ey stopcock 

SS._two way stopcock 

Fig. 3.7 Schematic diagram of the U. absorption system 
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3.8.7 Milling test
 

All. rough rice samples (heat-treatod and control) were 
air-dried to 14% no rsture content pL ier to iilling. The milling 
quality of rough rico samples was evaluate(i n terms of the 
percentage of the head rice representing '/4 of whole kernels 
size or lagfge tni total milled rice. For each test, 125 g of 
air-dried rougjh rice sample was passed through a Satake rubber 
roll husker (M1odel THU3,5A), w iih clearance adjusted to give 
about ')W0 brown rit-e recovery in one pass. The resulting brown 
rice war; whitoned Ior one minulte ui nig a HcGill type laboratory 
testing mill. For sparating the head rico from the brokens, a 
laboratory grader warL; ucli zd. Percent total milled rice and 
head rice yieldr wore calculated on the basis of 1.25 g sample. 
All head rice yield determinations were replicated thrice. 
Observations on head rict! yleids were later expressed as ratios 
relative to t.he hed yield of control. group. 

The dogree o whiteness of milled rice samples was 
measured using a Kett li it,.ness meter (Model C-300). At least 
three readings were made for each sample. 

3.8.8 Germinat lon test 

Rough rice samples air-dried to 14% moisture content
 
were surface st'rilized using 2% sodium hypochlorite solution for
 
one minute. After surfaco sterilization, samples were rinsed
 
throe timeo; using distilled water. Germination tests were
 
replicated twice by growing 100 rice kernels in petri dishes
 
containing moistened filter paper. Samples were examined for a
 
week and rough rice kernels having both roots and shoots were
 
considered germinated.
 

3.8.9 DisColored kernels measurement
 

The discolored kernels in milled rice were separated
 
manually from milled rice samples weighing about 20 to 30 g and
 
expressed later as a percentage by weight.
 

3.8 10 Evaluation of cooked-rice texture 

The texture of cooked rice samples was evaluated in 
terms of the tnimness. and stickiness determined with an Instron 
Universc'i Food Tester Model 1140, equipped with a 50 kg capacity 
compression load cell. A back extrusion test cell similar to one 
reported by Cagampang et al. (1984) was used for firmness 
measurements; Tue stickiness was determined using the modified 
single kerrK techni'iue of Okabe (1979). The cooked rice samples 
were prepared using rhe adequate water method (Perez and Juliano, 
1179 ). 



~ cylsisder cells5t oa 80 m'm 1 
stainess~teelCylid r avin an.nternatl diamneter of 4,6.3 ~MM 

g 's m 6 ,of ooked.:rice., was ,lace irp te~tst$~f~ce~l ;>by gently, packing.2-3 g'~of ,sample ,at'a 'time .dth.a. wooden
 
rod,:,-Ths :etod''re' dte in'a Ibbut.67.,0 mmi long'.pac-king with Ats
Upper( level. about .6Qmm below..tle top of test 'cglinder,, The
~downward stroke'bfthAe'6unger~endied about 6.4:m~~ 
h boto


of the-test' cell. The for,.e-distance cuirve during compressi 'onlof.
 
>' cooked-ricewas recorded using a crosshead speed of 1,'cm/i"nd
 a strip chart operating at a speed of 20 cm/min., Firmness was~~-~de'lined 'as: the~total compression energy orthe' area under, theforce-distance 'curve until the point~of extrusion, 
~A digitizer . was. 
used for integrating. the area underthexrinalfc­

di~stance curves, texejetlfre 

For measurement of stickiness, three kernels of ,-"ok~ed-rice-­
were placed apart with the dorsal and~ ver,'ral' side 'lying
7horizontally,. The sample was compressed,14ith~a3.,6 cm diameter
plunger at 
a speed of 0.5 cm~/min to a fixed clearance ,of,.2 ',' ~
 
After~10 seconds,- the plunger. was ~pulled up at' the sa me, sp'eed,'
Stickiness measured as ' 

,was 
 the total energy required' to lift the 
-4plunger, 
 Stickiness and firmness values were later'expresseF in.
termis 
 of stickiness ratio and firmness~ ratioq respective~ly"to

". reflect che~ changes relative to control samples.. The reported~i~f

H values of the texture parameter5.. are the average~ of, 51determinations. Other details of the'experimerntal procedure 

'"' 

are
 
q91'8 ,,by Reyes (1986). 


"" ~ 

Shrclplunger 
(12 .7mm dia) 

6 7. 0mm 60.4nimm' 2 

Final ~ 
downstroke 

Renovable 

-- -. j 3.8 Schemnatic diagram of back extrucion test-cell! for'
 
measuring the firmness of cooked rTice
 



RESULTS A$D DISCUSSION­

4. 1*1Peimn , Stde 

'results Qf 
Ai''i.' -and '4,2, It appeared -that.fungalacti~vty'assupeedb 

,. tho,'-Preliminary"tests arb~preented in 'Tables 

~ heat tetes seill. o', 0. n' 65 'm'l xoi tie at 
'200 OC: ov~nen 'eraur So,, olng 1 a dlight,.ad~nae

~~U~2,over rapid~'coo'ling,,_ itnarresting 'fuina 'growth . _This. . imaybe
attz'ibut~d 'to the'etne~e'ttet ' ~tdrn slow' 6oolingS The :percentage of 'Infected kernels, showed 'some,. Icnis'gent
trends witbh increased storage timii~perkaps 4ue.o non-Zuniformity~,

of heat'treatmeutin anj air, oven (jinidal-'4hd:0bado,<, 1985)~'floHat~

treatment 'of 'rough rice alo'eutd nAasi. eutin'i
germinabi3.ity (Table 4 .K ,hiia, bios"o ape e
for at least 40 min which showed~no ~germinatibn at~all .;'Head rzic'e 

-yield 
 (proportion. ofwhole kenl)icesd, fis and,-i:1then 
decreased sIghitly i'after 15 mi ,xoue ,Tee_ r.eiinr
results 'demonstrated ithe poeta.o hgtepruesW rt-'time
heat treatments' in arresti'ngifunqal rowithi .hi'gh ois'tu'ire' 6ougb


V	rice. However, this mode of-heating~was Inot prctical1 and hadthe 
drawback of non.-uniform' heating,ofli'.ce' kernels, 

The second set of experiments was,, specifica 1 lly a 6dI atevaluating the influence of heat Atreatments andI!,the Arole~ o~f1cooling in suppressing~funal activit'. The results~ presented in
Table 4.3 clearlysho~-the-effectiveness''of"heat-rtreatmentsT and

~the' ef fects of cooling,,,n'uppressinigthefu'ngalgoih ino'ih
rice having 22 %mosue otn. et.tetet*f'0"inaOC bulk grain temperature~reduced.~be n -,l~oad1t t 5 
and fungal' growth was inhibited'throghut'th6 ioa~ge crerid.~ 

ihu,cooling, thet~fungalgowh was ~o 7 ay'iit surpassed the fuga nnhaeIapeon'.th'e

However, heated sample with cooling exhited'teas fu' ay<
 

'got 9th-'dY 
invasion, during the entire4 peri'od of,s~'rae
" hi'clealy~so
~that; cooling~ prior>' to, storage was,neesr o iiie' theK
temperature 'differences, >that ;could lead, to,? excessive mi~~­
redi'stribution 'and condenstibn in~soije r~ats'of ti~e'ulk .ian'
Ths poe iportng ofsap esfollowing heath treatment could 'be' 

cosierd n mprant-.,a :tr.foeffective ,c~ o of they
fuglgrowth during su seque'i trae 


Tablo 4.4 shows the effect of heating 1iigh'moisturrie n
a simple :experimetal .rotary1 cndu~ton';heting ijunit. ~ItT waobvious 'that'1fungal' load, respiratdin t n~pren emna­
tion of heat treated price-samples were>subsi'ently eduiced, "OnK

the other' hand, "the hea~d rice.:an&a 1"fng-yiel'ds were 1 'greatlyj
improved' in bioth treatments'. TMi 4could' ,b6,duet sdight sur~faceA ~", 


geltinzationof the '4rAinsdurng~high,~em raur shi'ort-time~

conduction' heating of~ high moisturo~rice ,Obiervations.Aduring- he 
storage
tbec~me visually' evident only' aft,er'~411ad 7 days tin~saiples heated 
~-at 100 and 140 ODC respectively. 'In,,ufiheated rouqgii, rice samp 14s j 

:,~ of rough rice samiples reve~aled,-ia fugl netto
 

fungja].invasion was evident on the second day of ~storage.~
 

3 
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Table 4.1 Fungal nvasion in rough rice samples h'virng a 
moisture content of 20% w.b. based on ,airect 
plating, percent 

Exposure time at 200 OC (min) 

Med1Im Storage 0 15 2 41) 65 
period .. 
(day) P S 0 2 0 S R S 

1 100 100 L00 ,0 02 25 0 U 0 
3 t00 100 100 5') I?fl 12 2 0 

Ma 5 100 100 10) 1()0 100 75 37 25 2 
Salt 7 100 100 100 100 100 87 12 12 0 
Agar 14 100 100 100 100 100 100 62 1.2 1 

21 100 10G IOU 100 100 100 25 12 0 

1 100 100 100 137 100 37 12 0 25 
3 100 100 0o 87 100 7% 37 25 7 

Potato 1 100 100 100 100 100 87 100 75 75 
Dextrose 7 100 100 100 0 0 ion 100 75 100 50 
Agar 14 100 100 100 100 100 100 100 100 i CO 

21 100 100 100 100 10 0 100 100 lO0 12 

R rapid 	cooling; S Slow cooling
 

Table 4.2 	 Percentage head rice, brokerns and germination of 
rough rice -fter heat-treatment (20% w.b.) 

Exposure time at 200 -C (nin) 

Quali ty 0 15 25 40 65 
criteria ----------..----------------­

control R S R S R S R S 

Hoad rico 48.3 48.6 50.8 46.4 47.8 44.1 45.3 42.0 43.8 

1rokenF 18.8 17.0 16.9 18.4 17,3 20.1 17.9 22.1 21.2 

Grmination 85.0 60.0 63.0 27.0 32.0 0.0 0.C O.C 0.0 



-- - - - - - - - - - - - -- - - - - - - - - -

-------------------------------------------------------------

- - - - - - - -
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Table 4.3 Fungal population in rough rice during storage as
 
affected by initial haetLing and cooling interactions,
 
iungal colonies per gram of rough rice ( x 10 3 ) 

Storage ti,,1e, day
Trea tmen t M o isture ---------- ------------- ------------- -------­

content 
(% w.b.) 1 3 5 7 9
 

Unheated 22.5 21.7 135.0 3000.0 15000.0 35750
 

Heated 21.0 1.7 5.5 26.2 2475.0 3850
 
& cooled
 

Heated 21.0 3.2 9.0 240.0 10000.0 39000
 
W.thout
 
cool ing
 

Table 4.4 	Preliminary test results on heat sterilization of
 
rough rice using a rotary heating unit (exposure
 
time 5 min)
 

Heat ing
 
surface Gra,.n Moisture HeaC Respiration Fungal Germi­
temp. temp. content yield rate' count 2 nation
 

SCr) ( "C) (% w.b. ) (%) mg C02/g-day colonies/g (%) 
- -. - - - - - - - - - - - -

Control 27 29 . 54.1. 0.942 38,000 94 

100 69 21.6 63.4 0.246 90 7
 

140 88 17.3 70.8 0.162 50 2
 

-----------------------------....----------------------------------­

1 Based on carbon dioxide absorption

2 Based on dilution plating
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The reut oteepeiiaysuesndicatedhat heat 
treatmn tould' uppress. -they.fuhgal activit inV high> '461sture'~ 
rog xie.wtbtavr'eya ~f4'ts !, uality. However, 'the,
abr found'7'uta'g u to~unevenl:j'heating ~rI8tb 

.- n- i-"-a-7lvle in --rais ing. tlhe- grain,
teperature.A,sidple'Je~per mental, rotary cccndt.,cti-on' heatin'g unit<~ 

Could be mora pra~tfca'l in heating high moisture rice ,: 

4,2 eat Sterilization of High Moisture1 Rough Rc 

4.21 ,Fungi prsnti freshly ,harested rough rice 
'~The >various fuiigi,detected~in freshly harv ste'd high "' 

Moisurerouh rce ampes.azd,,thei.r respective.proportions i are
'umariedn able 45.The' fnaLcutrang Ied 'approxmately~
300 '5,5Q0coonies/g..,Arm<~', to 	 The, apparent,, variability'-in

f unqa3. count was perhaps du!&-to the ch'nges during. tii6 holding
periods, samplingi proces"and' .the .test - method. i ;eli,f 

made'up the bulkof he count ~in~all of the :samples'. These:ffungi 
are, usually considered, to ,inflictsome damage upn/thej grin~ " 
quality during temporary storage'4,.'at high mornisture'~ c nt'en' -"I" 
cTatsumo, '1963; Fazli andSchroeder, 1966a, Shred ', 4z1967
Christensen and Kaufmann,. 1974; 'Quitco, 1982).'-.Also present were,~
Rhizopz&, Mucr, Apergilluf tareu and'Aliprgillhiii scoo 
in relatively smaller proportions. 

Tabl4.6presents the proportion offuglspce
 
surviving after the heat treatment of fresh rough rice,.,samples.',,

The heat, treatment corresponded :approximately to [1!90% if unga'Lh


moraltylevel. It was obvious that,thestorage fungi such .a.
 

were most heat resistant. However, most.6f the-field fungi were ' 
reduced to a very low level after the heat treatment.
 

4.2.2 	Time-temperature history~of rough rice samples during 
conduction heating,* 

' 

The temperature history of rough rice samples having~>::~

-initial moisture content in the' range, of-18:>to '30% w"as1,,,:j1
 

,,~ adequately described by the following relationship:
 

TR =exp (-c td) 	 (4) 

4'6, TR ='temperature ratio, (Tgi- Ts )/(Tgo-'Ta)" 
~~ 	 Tvi ~,rain temperature,.OC '
 

Ts = heatingf~urface 1 temperature, OC ' K",

T96 = initial d4rain temperature,c "u"
 

~ t heating time, min~' 
c,d regression coeffiients*, *p> 4;* 

http:temperature,.OC
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Table 4.5 	Fungi present in freshly harvested rough rice
 
of variety RD--23
 

Test Number 
Fungi --.------.-------------------­

1 2 3 4 5 6 7 8 

_tmpQ 600 
100 ,'0 70 1200 0 600 100 0 
100 50 100 500 0 0 0 0 

Y1n 600 600 25 500 0 250 0
 

k. g i I I ! _a kEt. 250 590 900 3170 250U 1.200 1200 400 
A-sPxYLU~ WVAO7 ,5 40 130 500 500 1500 50 1200 
Aqi_ q 50 0 500 50oiaor 0 0 1300 300 

0 0 0 100 500 0 0 0 
and A . YQrI2C.QIQ[ 

Total fungal count 
(co,:)nie;g) 1350 1300 1800 5500 4500 5200 1650 2000
 

......................................................................
 

Table 4.6 	Survival of fungi in newly harvested rouah .ice
 
following the heat treatment corresponding to
 
about 90 % mortality level
 

--------------.-.---------------------------------------------------


Fungi 	 Percent of initial
 

count surviving
 

LhM.b5QU ,Ppp_. 0.2 
RCuQX. pp. 0.2 

Lqanu&Lumm Di-P 	 5.2 
ADPfqAiIUt IlL 2.1 
A..$_&_9..llus ni er. 1.6 

L~x~r~v~0.4 



It Was riot pos s i )1r! de lop oete ra l reiatlaonships to 
estimatett...e cot f ici on t ot Eq. 4. However, sfince the computed 
values ot coff Ic .nt (d shcwr a narow ril, a mear value of 

. war used C mod fy a. -.he ol wang form1 

-
e
n 	 .. .(4.2) 

.4hre ci ii a itgLe05Fslon coefficient. 

Finally a general prediction equation for ci was
 
developed as follows: 

ci 	 0.4425 - 0.00066182 T3 + 0.00036068 N ... (4.3) 
- 0.00011048 (MO).' 

(R-
 0.90 SEE: 0.02 4
 

where N rotation spoed of heating cylinder, revolutions/min 
Mo = initial moisture content of rough rice samples, 

% (w.b.) 

4 . 2 Fungal inact val .oni durtinq conduction heating 

1,;. 4.1 :;hows Tho reduction in fungal load ratio with 
aXporut.,, ti+ or')var iOus heat ing surf.tace temperatures. It was 
obviou l h igh conduction reducedhat tempors.ture heating the 
funqal ]o),id in high moi:teio rough rice in an ef'tective manner. 
As expi ,!l, higher hr-atirin surface temperatures resulted in 
shotrr x,posure dir a i oai, in roducing the funga l load to 
s;pec i. ,: i,'' s 

"'iq. 	4-2 shows, the noia sture content of rough rice as a 
t'unc t .on of ;.xposure time for various heat treatments. The 

11sture nt of rough r , samples was markedly reduced due 
hiA Ti ts o C I y fso ho ...0 t:i . ]1_2.'i-. hft rLa 

erupera tsr noIT oft oct of heat. i atLments in terms(honefif.cial 

r[duc, a atjvlt y and partitai drying of high moisture 

'.1u 0iIJ rafe:'sqh aj( o contribute directly to holding periods 
o->rnu l': w 'to: .' i r-,e awalti cjr, dryng 

ous t ine- tempera tu; a cor,Iina tions needed to 
,assh:.' )and 45% fungal mortality levels for the batch 
h;ent , k ruhriso shown Fig. 4.3. Asnn u samples are in 
oxpo,,t ,d t, ihor ho i n surface temperatures resulted in 
* ho:;-1r 	 1 r 1E.tns the load aftlI1'.s 	 in reducing fungal to 
:4per ri ve. .Ih.: eWxpose; rT of rough rice at 200 OC heating 

'is t , mricer, .u r,' o about 3 . 5 mmn was enough to reduce the 
IIga I I ,-. to a,.rJ!t 90P. The same level of fiengal inactivation 
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could be accomplished by heating tkhe grain using 150, 100, and

Sheating surface temp ratures for 13,, 25 and 36 min
 

Fespctivly.These, heat ,treatments will also reduce the mo~stur ',
 

ture, The bulk grain~temperatttre crresponding to heating surface 
temperature of and 200 OC were 60 and 85
75 	 OC, respectively',~'*
These experimental 
 results are based on the freshly harvested
rough 
 rice having an initial moisture of 'about 26% 
 w.b. Rough

rice with lower moistbre would Probably heat at a faster rate;

S 	 and require shorter exposure duration for a given fungal inacti­
vation level, The estimated exposure times and temperatures are ~ only applicable to the experimental ,heating unit used in thi-a­
study. A general approach for representing thermal inactivation


-'j"of fui in high moisture rice based on the bulk grain temp.6ra­
ture hl~tory is presented in the following section. 

4.2.4 Generalized representation of fungal inactivation
 

In thermal processing of foods, the lethality of a
V<thermal procesto kill the microorganisms is commonly defined
 
by 	the following equation given by Bigelow et al, (1920):
 

CT(t) 3/z'Tref 

Fproresv i( 	 .. .4 

wherprcess 	 the equivalent exposurs itime for a given
reference temperature (Trog )

T(t) =product temperature at time t 
z =inverse of the slope c~f the thermal death time 

(TDT) cire 	 drn 

Us'ing the time-temperature history of bulk grain drn

:the heating process and an iterative- procedure proposed by

fayakawa et, al. (1977), Eq. 4.4 was solved numerically for

equivalent exposure times (FD) and z-values based on bulk' grain.

temperature, The kinetic 'parameters FB and za were determined ' f or
 

75,90,and 95% fungal mortality levels (FML), The solution 
scem inole th olwigses
 

(1)Assume a za-value and from the time-temperature

curves of bulk grain for known heating durations and fungal load

reduction levels, comput*e,the equivalent-exposure time ineach
 
case by arbitrarily selectl-ig different reference bulk grain'

temperatures (Trot). 
 -

(2) Plot the FLR 'against the equivalent exposure time
and compute the time (Fb values) correspond4.ng to a 'desired 

'" 

level of FXJR for each reference bulk grain temperature. 

J,'' 
' 

http:correspond4.ng
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(3) Plot the common loqarithm of time (FB-values)

determined at Step 2 against reference bulk grain temperature
 
(T.t ) and determine the slope cf the relationship by regroission. 
Compute thu Ytciprocra of the slope to give a zB-value (ZcAi).
Compare the computed zh -value with the assumed zB -value used at 
Step I. Set zb equal to z,. and repeat Steps 1,2 and 3 untl the 
assumed 2h -v, i 1w stcones i Imost equal to the computed :B -value. 
The f lowcha r t. dp 1Ct ig the so u t ion sch ,se is presen ted in Fig. 
4.4.
 

The plot ,equiva lent exposure time (FB -value) against
reforence bulk grain roinperature obtained from the iterative 
pricAedurlw is n in Fi 1. 4. 5. The figure shows the isothermal 
hedt ing tireu; reJquired to achieve 75, 9) and 95% fungal mortality 
levels (FML) in an ideal process with no heating and cooling
lIgs. 11 a ciiton za-v iues are given for each fungal mortality
levels. A 90% reduction in funqal load could be achieved by 
'iea r ig the bulk gra in to 70 0C for 22 or to 500C for 82 min. 
The computed value,; of Fv and zn could be used in estimating theactual heati.ng t,,me required for thermal inactivation of fungi in 
high moisture rice based on its time-temperature history during
conduction heating with any given equipment. 

y2 I _j g I.. The method for calcula­
ting the required heating time is basically a trial- and- error
 
procedure requirng the fo]lowing information : (i) time-tempera­
ture profile during heating and cooling processes, and (ii) Fb 
and znP-values for desired level of fungal mortality at any
arbitrary selected reference bulk grain temperature. The FB and
 
zi--value ar-e giver by Fig, 4.5. A flowchart of tha computation 
procedure is presented in Fig. 4.6. The main steps consist of the 
fol lowing : 

(I) Assure some value of the required heating time,
 
, initially.
 

(2) From the time-temperature profile of bulk grain in 
a given heatin. system, calculate the equivalent exposure time 
using Eq. 4.4 for i selected reference bulk grain temperature 
'Tc:f) during the heating period (Fn and the cooling period 
(Fc).
 

(3) Equivalent exposure times during heating and 
cooling are combined to give a total equivalent time, Ft , based 
on To . 

(4) Compare the computed (Ft) and actual (FB) valuers 
of equivalent exposure times. If the difference between Ft and Fe 
is insignificant, then Fht is taken as the required heating time 
for the process. Otherwise adjust the assumed Fht by increasing
 
(if Ft Fe) or decreasing (if Ft > FB) its value and repeat from
 
Step 2.
 

http:heati.ng
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Fig. 4.4 Flowchart for determining z-value
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------------------------------ ------------------

The',estimated hetlnq tefor, 75 ! 90 and 95 :filriga~l 

j~~:~mOrtalitY es:ba's"Od&,onhe~~$4ng surf 'ter~i analysi's
S e., mperrurl 

<sig6ni fiant>o,
rbasedason z' chi-square$ Theifore, ta soncudd that, he two-'meho were comparl teahohr 
-~~$~achieving desiredI,~levelso fun al mortality duri the beatgrins wasLga
treatientof high'-moisture rice
 

The abov' resultsrahwed ,that, high-temperatur'e shrt­
tieconduction heating~of freshily harvested ,high mb-isu rough


rice could effectively' reduce .itsfuga factivity,i Time­
temperaturek requiremients~ for killing the fungi, in~ rough -rice
 

+ grains was generali~zed interms of the kinetic parameters (FB~addV
z- values) based on the time-temperaturo history of the,;bulk~
grain. This representation accounted for'the heating,and cooling,
lags t.that would be encountered diring~the'actial heat!' o VItreatLment 
of grains in a given equipment. 

Table 4.7 Comparison of estimated heating s
 
-- bulk grain temperature and-hetuingsur
 

Expsur
duaton (min) based on,
 
----7 -Heating Fungal~ ~ir- -- - --- -- - -- - --


surface mortality Heating: Bulk
 
temp.>, level surface grain )

(OC) (% ) ep. tem'p. 

75 75 22.8 .21.6100 , 513.8, 
150 75 6C,
200 75 0. 

7,5 90 35.4 
100. 90 25.7 

. 2 ' 5200 _-9 0* 4' ;i} ' 3.6! ', -] {-K' '+ : ! ';' ' g ; U -c'

100 95 35.4 
1095 19.40

200 95 9.0>
S --'- ' .. .. 


SChi-square: Computed 

Tabulated (0 05) 


---------------------- +
7- ' ­ - 7i7 7 - 7 
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'Z-4 	 I­

.25:Relationship 
prodlulctiorv______ 

S 	 between ftungal 'count and 'carbon dioxide ~ 
'~­

~There~ ppeaie'd 'to e~A dirc 	 6
r"~>espiration~ rate of. theirough rice samples4 ntre	 

, 

dioxide -,production and~the,'tot'allfungal count 'aadermhwd b h4

dil~ution, 'plating,' Heat treatment of rough, rice' samples resulted~~ 
"'in a'marked reduction in th'carbo6 dioxide '4productiIon . erh . ps''k" 
vueailit.' j,desruction' of 'fungal 'cells and' reduced- -,-rain~~"-v 

The ,fungal count of rough rice samples 'was'found to be
 
'44'highly corr~ed ihcro dioxide production in form of" the,-.


fol.lowing relationship,'
 

2Y a + b X + c X + d X3.. 	 (4.5) 

where Y log of fungal count. in-colonies/g 
X log of carbon d~ioxide 'production in mg/ky-day' AA 

a,b,c~d- regression coeffLicients 

The' regression coefficients of Eq.~ 4.5,representing th~xpr

,mental data are given in Table 4.8':; Theose.'esults wee'o d't''
 
be. in agreement with an earlier, study 'madobyLin(1985), whiV'hV-:
 

''-	 covered a wider, range of$ fingal ~act'ivi'ty(Fig. ,,(4.7)<I Asecond'. ~ 
degree polynomial adeq;a'tely'desci6d~the combinied'.data shoi -in 
Fig. 4. 7 (Table 4.8). 'This sugg'ests 1that that-carbon4"~di'ide --­

production could be used' as an alternative npthod 'of' 'estimating ' 

4 

' 

fungal7 activity, Sincel the experimental proc'edure'sformeasure-. ~I 
ment of carbon dioxide are sim'pler than i'.lution platinig Aassay,
monitoring' fungal' activity'indirectly would be ' more'. pra cticalj', " 	 4 

especially with large number of,-rough rice samples.~I 

----------- ---------- ------------ - - - -­4<r 
Preen std1.26 0.52 0.04 0.81 030 4"' 

'Li (1 8 )2 5 4 - . 2 9 0 8 7 - .4 0 0,896 0.7 

fanga coin an(aro1ioie9po8t5) Eq45
 
-
 -- 4 	 - - - ' - - ­
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4.3 Accelerated Drying of High Moisture Rice
 

4.3.1 Selection of cooling rate 

The chancie ,n temperartre of heated grain samples
during very fast, fast., moderato aild sl]ow coo]ling was accurately
described by the foll,-,wing equation: 

CR = exp - x tY ) 	 ... (4.6 

where CP. cooling ratio,( T i - Ta )/( Tgo - Ta) 
Tq : grain temperature, 3C 
T9 o grain temperaiturei before cooling, 0 C 

T. : ambient air temperature, 0 C 
t cCooling duriat ion, mn
 

x , y - regre :; 'n :oef fI rlots
 

The rPr0 .1,,n' 	 of 4.6 variousI oefficients Eq. for 
cool ing methods3 aro iven in Table 4.9. 

Table 4.9 	 Regression coefficients of the Eq. 4.6 relating
 
cooling rate of rough rice samples with time
 

Cooling
 
method x y R2
 

Very fart 0.85670 	 0.4147 0.920
 

Fast 	 0.03332 1.0790 0.997
 

Moderate 0.05285 	 0.8315 0.996
 

Slow 	 0.01635 1.0000 0.990
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The effect of different cooling rates on head rice 
yield was evaluated using exposure times corresponding to 75, 90, 
and 95 % fungal mortality levels. Drastic reduction in head rice 
yields occurred as a result of longer exposure times during 
heating followed by fast cooling due to sudden drop of grain 
temperature. Therefore, rough rice exposed to same heating 
durations wore ianaly.,sed for cooling rate effects. This helped 
minimlzt! the effect of heating times on head rice yield. Based on 
the multiple regression analysis, the head yield ratio (HYR) was 
expressed as 1Atfunrtion of heating surface temperature, cooling 
rite and t i e. The driveloped regression equations for rough rice 
i-1amp1ios hav1n . and 301W inItla moisture content were as 
tol lows: 

HYR .= 1, 344 4 0.0001633 Ts - 0.00201)1 2.0598 c' 

(22 % initial moisture content samples) 

z
(R = 0.89 ; SEE = 0.065) ... (4.7) 

HYR 0.1062 1 0.0060 Ts + 0.02396 t - 0.731 c' 

(30 % .nltl moisture content samples) 

t R 0.60 ; SEE = 0.100) .. (4.8) 

where HYR head yield ratio, HYS/HYC
 
HYS r head yield obLained from heated rough rice samples, % 
HJYC 7 head yl.nd obtained from control sample, % 

c :slope of log (CR) with t 

Eqs. 4.7 and 4 .8 clearly showed the dependence of head 
rice yield on the cooling rates under specific experimental 
condltions. Th-s rosult is supported by the study of Acasio and 
Beloni- (1484) which also showed a large increase in cracked 
kernels duo to rapid cooling of heated rice samples. The lower 
cooling rates, on the other hand, appeared to result in 
condensattin of moisture and its subsequent redistribution. 
Hence, moderate coolin9 of rough rice samples was adopted as a 
compromise for the quality evaluation tests. 

4.',.2 Moi::nro removal during conduction heating 

A typical plot showing the change in the moisture
 
content of rough rice during conduction heating is illustrated in
 
Fig. 4.8. Rapid moisture removal from rough rice was obvious in
 
all experiments especially at higher heating surface
 
temperatures. The results of various drying tests indicated that
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a simple logarithmic model (Hukill, 1947) and its modified form
 
(Page, 1949) could describe the individual drying tests
 
satisfactorily. The simple and modified logaritimic representa-

Lions were as iollowc: 

MR z exp ( -k t ) ...(4.9) 

MR = exp (-ki t n ) ... (4.10) 

where MR = rroiiture ratio, (Mt-Me)/(Mo-M 8 ), dimensionless 
Mt = instantaneous grain moisture content during 

drying, % w.b. 
Mi 7 grain initial moisture content, % w.b. 
M. : grain equilibrium moisture content, % w.b. 
k drying constant, (1/mn) 

nk, dry ing constant, (1/min) 
t = drying time, min 
n an exponent. 

The applicability of Eqs. 4.9 and 4.10 was examined to
 
describe the drying behaviour of rough rice during conduction
 
heating. There is no information available on the equilibrium
 
moisture content of rough rice in the temperature range of 100 to

200 0 C when the air relIative humidity is very low. However, the
 

rough rice samples will be bonedried after prolonged heating 
under such conditions. Therefore, the moisture ratio was 
approximated simply by droppping the equilibrium moisture content 
term and hhus the ratio of instantaneous moisture content of 
rough rice to its initial moisture content. The results indicated 
that both simple and modified logarithmic models described the 
drying behaviour satisfactorily as indicated by high values of 
c,)ef flclent of determination (Table 4.10). However, the modified 
logarithmic model appeared to be slightly better in i-ep:esenting 
the individual drying tests. The dependence of drying constants 
on the experimental conditions was further studied using stepwise 
multiple regression analysis resulting in the following 
equations: 

In k = -7.8623 + 0.02448 Ts ...(4.11)
 

(R 2 = 0.936 ; SEE = 0.313) 

in ki = -7.1496 + 0.02132 Ts ... (4.12) 

(R2 = 0.926 ; SEE = 0.295) 
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Eqs. 4.11. and 4.12 revealed the strong dependence of drying

constants on heating surface temperature. Figs. 4.9 and 4.10 show
 
the plots of the constants k and ki, respectively as obtained
 
from rogression analy3is against the heating surface temperature. 
The exponent n in the wodliied luqrithmic model (Eq. 4.10) did 
not fchow iny meaningful rp]ationship with the experimental condi­
tilnc. Theretore, the modified logarithmic relationship can not 
be usod T,) predic: the dry ing behaviour. However, the exponent n 
;hcw:d relaiivoly narrow range with mean 0.91 and standard 

ro r W) ( F I). 4.11). This oabs erva t ion Ied to a simplified
drying o 3 in the foI lowing form: 

9 1
 MR 7 exp(-kz to. ) (4.13)... 


9 1
where k2 z drying constant, (I/min)0 . 

Eq. 4.13 was also found to represent the drying data reasonably

well as shown by the coefficiert of determination values given
 
in Table 4.10. A plot of the drying constant k2 against the
 
heat.inj surface temperature shown in Fig. 4.12 resulted in the
 
fol lowing relationship: 

ln k2 = -7.3631 0.02298 Ts ...(4.14)
 

R2 
= 0.931 SEE = 0.0052
 

The results of above analysis showed that either the
 
logarithmic model (Eq. 4.9) or the modified logarithmic 
model
 
(Eq. 4.1.3) 
 could be used to describe the drying behaviour of
 
rough rice satisfactorily during high-temperature conduction
 
heating. For overall comparison, the values of standard error for
 
both drying models were comput:ilt considering the experimental and 
estimated moisture The standard using thecontents. overall error 
logarithmic arid the simplified logarithmic drying models were 
determined to be 0.87 and 1.18 W moisture content, respectively.

Therefore the u,;e of simple logarithmic model (Eq. 4.9) is
 
recommende for general represention of the drying behaviour of
 
rough rice during conduction heating in the experimental
conditions considered in this study. 
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'~.'. 43 3 knal1Y-sis Of) drying based on bulk ri

+.-..*.a time--temperature history ,
 

The emircal dintersna Itions ,evolopeId ln t he 
7 ~frequpmn~pelic__and__thusa.have ..4im'ited-' 

temperature history of, rou'gh, rice, 'when ,'using : 'different! 
equipment. '7"" .,,e 9,Therefore an a8ttempt was made toAescribe the drying
 

++
 behaviour rc atu ++;++: ++!+ ++ ....... '9 9 9-'9
of rough rie'in terms of the bu~lk'grain utemperature


attained during conduction heating. 'Fro6'the time-temperature *.
 

' 'history ,of rough rice, the values of mean bulk graini'
~" temperatures (Tab were co)mpe_ fo 1aiusdyn times as'~"'.1 
S illustrated in Fig. 4.13, The mean bulk temiperature values were 
j determined by dividing the area under the grain time-te'mperature 
/~curve by, the heating. duration. Subsequently',the mean b~ulk grain 

' ' 

temperature 'was' considered' as an 'independdn't variable in~ the,,"". ' 

stepwise, multiple regression analysis in place 'of heating4
surface temperature, .The following relationship was developed, for 
estimating the moicture ratio: ,' 

M= exp {-0.000645 (exp (0.06321 T)) t 0.47...
 

'999." (R2 = 0.926; SEE= 0.730) ' 9
 

A comparison of experimental and estimated moisture content:
 

values'based on Eq. '4,15'.showed a mean standard error of,0.73,.% . 

moisttre' content which was very close to the mean standard error 
values of Eqs,. 4.9 and 4:13. Therefore ,Eq." 4.15'could bejused in ~ 
in an alternate but equally satisfactory manner to, estimate the 2,

change in moisture content of rough rice> during conduction
 
heating, Fig. 4,14 shows a typical plot of'.mean'bulk'grain tempe-9
'rature against the drying time for.,variou6' iinitial.-moisture
 

2 contents of rough rice. It should be emphasized here that the' 9 

alculatiun of mean bulk grain temperature i's, based on e'
 
aumpin of isothermal heating times representing an interme-''
9- 2++++?++ + ?! + h k + + S -+ + + ni9+~~+ 'p-i++i . ............. ?:'. i:++ + +++++
 ~'' diate step in the estimationprocedure. ' 

''99 

In ord'er to validate the above procedure, the 9changes

in moisture content of rough rice during condufction heatingrUsinig
 
the small-scale one-pitch experimental unit (model II) were-pre­
dicted basedon the above' procedure. A typical plot, ofL moisti7e
 
ratio with time in ,this experimental ,unit is showni~ in Fig.' 4945*
 
The plot of drying constant k against heating, surface temperature.

is shown in Fig.' 4.16, The drying k was found rto b.9,,dependent on
 

"9 the heating surface temperature in the following; 'form: "9-9, : :' ? : 


&+++ ;;++:++++++ +++ +j++++' 2+;!++ + i++ 2 + ,, ++ ++ ++ .' . ... 

++ ... + +++''+9
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in k -6.8316 + 0.01705 Ts ... (4.16) 

2(R- 0.957; SEE = 0.137) 

timi lrto 

mean bu I k grAin t ein p .a to res ftor ous heat ing 


U tIiq -.te :ora turo hI!;tory of greain in each test, 
va r durations could

be caICu lated . A -ompar 1 o(,n ,)I oxper imental moisture contents
based orl ¢I; • .1 ' 1i, 4 . I t ,fii prdicted moiftture contents fromEq. 4. 1.', :;hk wod ,i mrain :,tandard error of (ill y . '9. mosture

T ' IIenn("rt. toh, prop :-.od genetai procedure based on thenIt, !i biI k jrii t ' p)or:itui l : u)nipt.od frt, ,m t h t ime- temperature
hrI5 tir ' f e r iI i I used :C Io - to . ma t(' the change ill 
maIst-otI d i l (ug donit Iir q I'? nl) t,I I n -:17 v i li eqou p en t sat is 
f -- tor II 

4 . 4 Eft, or ts i ti t t, re,-i t :n 1 oin temporary Stor-aqe 

Tab1e ,4 . 1 pr esents tIhe test coindit ions of heat treatmentsarid qua Ii ty irtd,.cs :;tlch ai; fungd l mortality level, fungal loadratio and head yiel.ds of rough rice samples at the start of thestorage experiments. The va lues showni in Table 4 . 11 are averageof three pIi cat ions. A,; expected, heat ng surface tamperature
1nd the fixposlure t i e played a significant role in reducing

funaial load ratio. On the contrary, 
the 

the head rice yield ratios were increasod in general perhaps due to the partial gelatiniza­
tic,n or star",h in the grains. The head yield ratio increased inthe range of 9 to, 11 percent tor rough rice with initial moisture,at 'iboalt t% w.A'. duo to high-temperature short-time conduction
heat ing. The onrspondi.lg iricrease in head yield ratio was only2a ,) 4 for rough rice with initial moisture content of about 22%.4.h. The e.ne I I o f 1:ects of heat treatments were thus obvious
II t4,rm-; 'F reduced fungaI activity and improved milling quality.It ,Ippoarod that. heat treatments corresponding to a reduction in

ftnl-ri m t.. 1 i t level of .90c to 0.95 (or fungal. oid ratio ofu . I to .05) res te.d in a final moisture of rough rice about 2t -) ' W . i hthan thIe ri 1 t al mo is ture depending upon the 
het ;ngUrta:," tempora turke 

,4. Effects ,f temporary storage on head rice yield 

In ,ieoits-aI, the head rice yield of heat-treated andcontrol sampI s decreased progressivoly with an increase in thestoragwe period in i.l expe(riments. However, rough rice sampleswhich .ere heat trU- ;od ti t least 90% fungal mortality levelshowed a marked reduct-ion in the proportions of brokens in theml led rice in comparison wit:h control sample at the start of the 
storage experimentis. addition, efferTn tie - of prolonged storagewi-; found to 1he less severe for heat-treated rough rice samples 

,o win cornpa r- wit h h, out.roI sample. The reduction in headyield appe"red ..) r, ltic-arIy relaoted wi.th the storage period in
al I tw-nty fi-,r o:.'.-1mmnets by the following equjatLon: 

http:rspondi.lg
http:irtd,.cs
http:u)nipt.od
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HYS = HYC ( 1 + b (SD) I ...(4.17) 

where HYS = head rice yield of rough rice samples, %
 
RYC = head rice yield of control sample at the start of
 

storage experiments, %
 
SD = storage period, day

b = regression cooffiiont
 

The values of regression coefficient b in Eq. 4.17 represented

the reduction in head rice yield ratio per day during the storage

and are presented in Table 4.12. A similar relationship was
 
reported by Dardo (1986) during temporary storage of rough rice
 
heated in a microwave oven.
 

Unheated rough rice samples with initial moisture
 
contents in the 
ranges of 22-23% and 26-27% showed a reduction in
 
head rice yield of about 0.45% and 1.31%, respectively for each
day of storage. However, similar rough rice samples when
 
subjected to heat treatments corresponding to at least 95% fungal

mortality level showed about 0.14% 
and 0.32% reduction in head
 
rico yield per day for low and high moisture content samples,

respectively. The higher rate of reduction in head rice yield of
 
control or 
unheated rough rice samples could be attributed to an
 
increase in the damaged kernels because of higher fungal activity

during the temporary storage. Heat-treated rough rice samples

produced higher head yields indicating low levels of damage

incurred under similar storage conditions.
 

4.4.2 Effect of temporary storage on discoloration of
 
milled rice
 

The effect of heat treatments in suppressing the fungal

growth was more pronounced in terms of reduction in discolored
 
milled rice kernels appearing during the storage period. It 
 was
 
observed that the discoloration in high moisture rice increased
 
oxlonentially with the length of storage period and could be
 
represented by the following equation:
 

bi 
DS = DC + { 1 - exp [(-al SD) ] ...(4.18) 

where DS = weight fraction of discolored kernels in rough rice 

DC = 
during storage, decimal 
weight fraction of discolored kernels in control 
sample initially, decimal 

ai, bi = regression coefficients 



,Typical:plot's of such relationships'are ~showiy in Figs, 4.~17andr 
4.18. 	 h values, ofl.regressioa cOefficieflts-a'lPald~bCapern
 

i q.,8are presented in~Table.'4.2.~'~'~' ~*~
 

rce--,,samples,--itwas observed' thatf.the rate- of; apperance fU 
di colored milled.2 1 ice kernl was reat:eyfaster ;inet&

~comparison with'the;rate of reductdn-i~n 'head ice yeld There1v
 
~forel"' ~i as obviou~l -thatr the'1 portio f 4 discolored kernels
 
~.will4be the 1 Imit'ing factor,:affecting, the safeV storage period :of~<t<
 

Srough ~rice and its markkt grade subsequently. 	 ~; 

4.4.,3 Safe holding~period for high moisture rice
 

In order~to relate theireduction in. ead~rice yield.-andyt 
an increase in the percentage of liscolored ~kern~els' with ,the' safe 
holding period of high moisture rough rie'h~acetbelmt 
of ,these quality. indices were. selectedt based. oW nese
 
reduction in U.S. market grade, (USDA,~197,7)~. Accordingly the'time~t
 

,4 	 required for a 3%reduction in the head :rice yieldg or~-: 1%5%K~jW
increase in discolored ,kernels: was defihid-asthe: sfe:,'storage'i+

period. Thet safe storage periods were;'estimated from Eqs.;.,A.7

and .4'.18 based on:the reduction, int head.,,ield: and, an nraei
 
discolored kernels.. respectively.~ Table 4,3'hw-hth 	 li',­
ting, factor affecting the markeit grade ofmilled rice_ 'Would be~
 
the percentage of discolored kernels because, of 'its ,rae
 

V 	 sensitivity to loss in quality during temporary'storage of, high'­
moisture rice. ' 

* Unheated rough rice ..amples. with, initial moisurjr 
content of approximatel 22 to 23.5% were lowared one-s,tep in, 
market grade within 3 to 5 days..Whereaserough riewt mitr 
content of about 26%.had a safe.holding periodjof about tone day <C 

These observations are in lipe with the fidnaoc~a'(90
wfiio reported storage damage iri~rough rice;,having :'24V moisture~ 

CVcontent 	 at theend of the fi.rst day~and,:for roughr'ice :having4 .21.'k
 
to 23.9%V moisture content between third nd fo urth day.:,
 

In~ general heat troatments cortespondinig to 90%,,funal~
 
mortality, in rice samples having 'moisture. in.:the range of 2,2 ,
:to 
_23.5% resulted in an increase",of ,.about 10. to,23', days -in ~the-' safe~z~ 
holding,' perilods'>C.oV example, ' heating,, -oZcuig'20I

~Surface temp~erature for,12. 2-mnt ral safe,, stor'agej~'~
period o,f-about-12 ,dniys. -On the Oth6ei hand, rough~rice_ with- 'an ' 

initial moisture Icontent .ofI26%. h~en he.t'ed ,correspoid'ing to,: 901 
to.,95%, fungal' ,ortAlity,level: '(for about, 3'.;to 9-min uing..200
 
surface temperature) Cshowedan increase of, about.itX to\ 2"days in~
 

* a~-oafo period. e storage p"ero6d dstorage This .saf r -sh enabl'e,
 
>jCffective ,ilization of drye'r capa'city through proe hdln
 
yfo heat tre'atment' and drying 'operat iohsi -, 

http:perilods'>C.oV


'Table 4.12 	 Parameters ot the equations relating head rice yield 
and percent discolored kerne[F, wirh st:orage time 

Test. Eq. 4 .11 	 Eq. 4.18 
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2.0100 U.979
 
3.2000 0 .965
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Table 4.13. Safe storage periods for nigh moisture
 
rough rice 

Sate storag" period ( days
 
Test basad on
 
number ----------------------------------


Head rice Discolored 
yield kernels 

192 V.7
 
27.3 7. 

3 Qi.5 11T.
 
4 1425 26.
 
5 9.7 4.3
 
b 12.2 5.b
7 40.2 17.9 

11.3 70.u
 
'1 14.7 5.2
 
1.) 18.7 K .2
 

11 4U.0 Z9. 0
 
K! 41.6 34.0
 
13 3.? 0.1 
14 11.7 4.0 
lb 18.1 9.5
 

1 )011)11.4

17 4.1 0.0
 
1:" 10.9 2.7
 
19 13.3 6.8
 

,-b2 4 14.0
 
/i 6.2 1.5
 
22 l.b 7 3.9
 
.. 13.6 4.5
 
24 28.7 Y.2 



Using multiple regji?0;sion analysis, a relatonship was 
developed for e t imat nq the sate storage pericd ba5Fed or. the 
fungal load ratio dn fnal moisture content attained as a result 
ot various% heat art-,tm..rictol 1ows:.- , 

In SSD r 	 7.1223 - 0.773i expi FIR) 
- 5.466 x 10 - - exp iFMC) 0.1616 (FMC) ... (4.19) 

where 	 SS safe s tor-ie per -oi , day 
FLR .	 fungal load r Ii,, (FC 1 /FCo ) decimal 
FCi 7 	 ftungal courn. ,-f heat---treatod rough rice sample, 

c': on ie ./,-i 
FCo 	 I uij ;a 1 .4 rough rice sample,olfi. unhe;td 

colonleis/g 
FMC - final o stur ,on tent of rouih rice after heat 

trea t IT-I, .b . 

The c,,-,!>:,i o determination and standard error of 
estimate t )i Eq 4 ,1 were found to be 0.90 and 0.58, 
respect Iye ly n i ; Idored I.;atAsfactory based on the 
ex[(,r7 1(- a 1 I I tt lol:. Eq. 4. 19 clearly shows the strong 
dependance )i ;,t t oraje per id of rough rice on its moisture 
'<'',hnt1 	 ar-id ungs] Lfld oiilowiiig the heat treatment. Further 
ana I r l:: how,d * ha t Ie, coef.f ic ion of determination was about 

1 wcll:rll t 	 thus0. O lt0On clonernt ai. r-alneter, i.ndicating a 
h ih :;,rt1:e L o I :*aft storal it.y of rough rice with the 
[ OIIC;d r't I VI1"'" 

4.-.4 	 ffoit st !lzati.n of high moisture rice .n prototype 
on it! 

The 	 prototype rice husk-f ired rotary heating unit 
prototype 11) was terted to further check the validity of 

proposed heat. treatment procedure for extending the safe storage 
period r) f hiqh mn-Lsture rough rice. It was not possible to 
control the heat in surf ace temperature within a narrow range due 

c. f lictuat ion.- i t porat ion of the ric -husk-fired rurnace. 
In .vodition, the grain t.emperature could not be monitored during 
rh- A-ta h,-,at inq ,+, - Therefore, avorage time-temperature;.ion. 


.st ua
pr-l ii 1naLod On tho b; 'is of exten,/;ve experimentation were 
Ic~ed i/I the qeroeral ril'rt ion procedure. 

Th, 1'( r-(,i.,p in ,qrain temperature during conduction 
heat .rci ii the p ,p., ui]t depended upon the initial moisture 
c,nteint ,,' Lice0, hlhdt Mriq surface temperature and exposure time at 
any sec'' tefd c:--.,r rotaetion speed. Eq. 4.2 described this 
re ia . n w.. .. ... t liLt, r II'/ for a feed :-ite of 7.5 kg/min and 
cyl :nder rou:'. m,. '.po, f 10 rpm. The valua of constant ci in 
Eq. 4.2 c-uu bo -s'ir:rdby the following relationshlp: 
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2
Ci = -0.88218 -0.000471 Ts + 0.1157 Mo -0.002587(Mo) ..(4.20) 

(R2 = 	0.90; SEE = 0.023)
 

Eqs. 4.2 and 4.20 were used for ejtimating the expcsure
 
duration corresponding to 90% reduction in fungal load by
 
following a similar procedure outlined in Section 4.2.4 (Fig.
 
4.6). For average heating surface temperatures of 115, 165, and
 
215 OC, feed rate ot 7.5 kg/min and grain initial moisture
 
content of 2 5%, the values of exposure durations were determined
 
to be 18, 5.2, and 4.0 min, respectively.
 

In case of the prototype rotary heater, a relationship
 
between the discoloration ratio and storage time was developed
 
similar to Eq. 4.1P. The corresponding values of regression
 
coefficints al and bi are presented in Table 4.14.
 

Based on the acceptable limit of 1.5% increase in
 
discolored rice k6rnels, safe storage periods were estimated for
 
various heat treatments. The results presented in Table 4.14
 
clearly Phow that heat-treated rough rice could be safely stored
 
for an additional period of 2 to 3 weeks in comparison with the
 
control. The safe storage periods for rough rice samples having
 
initial moisture content of 25% w.b. were estimated using the
 
general prediction equation (Eq. 4.19) for 90% fungal mortality
 
level (or fungal load ratio of 0.10). The experimental and
 
predictad safe storage periods compared reasonably well as shown
 
in Table 4,14 despite the experimental limitations. For rough
 
rice samples which were heat-treated using surface temperatures
 
in the range of 200-230 0 C, the predicted safe storage time was
 
considerably shorter perhaps due to a discrepancy in the measure­
nent of either fungal load ratio or final moisture content. 
Therefore the proposed general procedure based on the time­
temperature history of grain in a given heating system could be 
successfully used for estimating the safe storage period of high 
moisture rough rice. 

4.4.5 	Carbon dioxide production by heat-treated rough
 
rice samples
 

An atterpt was made to study the possible relationship 
between carbon dioxide production by heat-treated samples during 
storage with their safe holding periods. The production of carbon 
dioxide by rough rice samples could be attributed to the fungal 
respiration since the viability of the grains was reduced almost 
to zero level due to high temperature conduction heating. The 
carbon dioxide production was expressed in terms of equivalent 
dry matter loss (EDML) using a conversion factor of 1.46 g C02 
per g ot EDML as recommended by Seib et al. (1980), and was 
related with the storage period by the following equation: 

2
EDMI, a2 + b2 (SD) + c2 (SD)	 ... (4.21) 



--------------------------------- -------- ------ -------- ---------- ------ ------------ -------

-----------------------------------------------------------------------------------------

Table 4.14 Saie storage period o: rough rice sa" EIes h:- '::. " e 1prctcYpe 
rice husk-f-rei dryer 

Safe storage period
 
Heating Fana I Initial Hegrec ion Cdays )
surface Exposure Fungal moisture discolored coeff-ievits ---------------------­

telmp. time load content kerne. -------------------Exper me:t a1 Fredicted 
(OC) (Min) ratio (% w4.b.) ( % ) ai (prototype) (Eq. 4.17I 

Control 0.0 1.000 25..0 2.0 ILI 252 1.1071 2.3 1.6 

100 - 130 1 .2 0.U14 I .0 .0 U.1540 .4U74 23.8 26.4 

150 - 180 5.2 0.035 21.5 2.0 t.147> t.47'2 lb.3 19.1 

200 - 230 4.0 0.U19 21.2 2.0 0.0258 (l.8'7b 41.1 20.1 
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where EDML = equivalent dry matter loss,% 
SD = storage period, day 

a 2 ,b2 ,C2 : gression coefficionts 

The typical Ie ictai I heat treatment on EDML are illustrated in 
F 1qz . 1.I1' adri 4 .2.0 . The value of regress lon coefficients of Eq.
,..21 are ' I Table .I.1. Very low ard stable rates of 
re spiratonw er t! ob,;erved With high moisture rough rice samples
heat - rat 't ci or tibout 2 to m I.n:ts using heating surface 
Temperatire of'0 (1C. The rue;ults showed that rough rice having
Illitial mo1,t IIre content in the range of 18 to 22.5% fell in 
mar ket qriv i uri li storage when EDML was about 0.12% or higher.
The >Orrap ,ilg va tue of EDHL in higher moisture content range
o)f 22.5 to 2.7 was. found to be 0.20%. These results are supported
by :eeibht c.i1.(Ith0) who reported that a dry matter loss of more 
than 0.251 reduced the arket qrade of rough rice at 22% moisture 
content. The liimlti; for FAI, A,1t-sd in this study during
maximum safe storago 

the 
period appear to be somewhat stringent. This 

waa p hps dur- t ) I drastic roductlon in respiration rate of
rough r iceo ,;anp 1.e afteor the hea-, treatment and the shorter
durttI on ()f h m iflun a-te storage period itself based on a 
eIa r e Iy more fins i t iye cri ter lori of the discoloration of 

mi1 led r1c, u;e.d .n th i ; tudy. 

4.4. 6 The role! of tungi in discoloration of rice 

The res;ults from the separate sub-experiment showed
that the fungi liqailci tgpj Luni, Asperillus a ,An, 

and Af _qPL iLwq'rt
.L!I1:j produced pronounced discoloration of the
milled rice. The discoloration was probably due to the action of
fungus metrabolites on the pigments within the rice bran and/or by
pigments syntheoized by molds themselves (Schroeder and Sorenson,
1961). It was thatrevealed the growth of specific microorganisms

in the masi. of 4ralr, if left unchecked could cause discoloration 
in the following f-.rnI;I 

a. yollowi.h brown to black - by HelminthosporiuM, 
P~k Uainand h. pe~ajjU~ nige~ 

b. light yellow to yellowish green color - by Aspergilluk
 

In additi:)n, the invasion of these sp9cific fungi in 
rough rice resulted in reduced head rice yields (Table 4.16).
The rough rlce samples inoculated with Hlm'inthsoriU, 

_ i]ufn a/aJju showedand llq_ a drastic reduction in 
head rice yields.
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Table 4.15 Parametrs of Equation 4.21 rolating
 
equivalent dry matter loss in rough
 
rice samples and 


Test 
number 

1 0.0639 
2 0.0607 
3 0.0000 
4 0.0006 
5 0. 0148 
6 
7 

0.(183 
.0(0n0 

8 0 0020 
9 0.0754 

10 0.0000 
11 0.0001 
12 0.0no0 
13 0. 1851 
14 0.0722 
15 0.0193 
16 0.0077 
17 021,1 
18 0.034 
19 G.0000 
20 0.0000 
21 0.1893 
22 0.0237 
23 0.0000 
24 0.0000 

b2 


0.0186 

0 0,000 

0.0057 
0.0000 

(j0102 
Q.w72 

0.0029 
-0 .0011 

0.0295 
n.0205 
uCo o 
0.0015 

0.0348 

0.0314 


--; . t0il'8 
0.0004 
0.0366 
(.0745 
0.0635 
0.007K 

0.042', 

0.0854 

0.0631 

0.0030 


. Correlation coefficient
 

storage time
 

(7 

0.0004 0.993
 
0 ,..15 0.999 
0.0001 0.969
 
0.0000 0.996
 
0. 0003 0.998 
0.0013 0.991 
0.0002 0.944 
0 .0002 0 .992 

-0.0009 0.977
 
-0.0003 0.913
 
0.0002 0.990
 
0.0001 0.996
 

--0.0005 0.924 
-0 00o? 0.988 
0.0015 0.979 
0.0002 0.999
 
-0.0007 0.982
 
-0.0020 0.981
 
0.0005 0.971
 
0.0001 0.935
 

-0.0009 0.964 
-0.0028 0.955 
-0.0003 0.981 
0.0016 0.971 
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HllInit hoprp . (a field fungi), together with

PIiiciIliupf are the most common fungi in newly harvested rough
rice. During heat treatment, these fungi 
were either eliminated
 
jl r t!Iuced to a very low level (Table 4 .16 ) . Therefore heat
tredtment of rough rice samples using proper exposure time and
 
temperature cninbinations reduced the chances of fungal growth and
sub ;qu.,u1 occurrence o)f damaged kernels during the temporary 

Table 4.16 Hilled rice appearance and head yields obtained from
 
rough rice samples inoculated with specific fungi
 

Fungi Appearance Head rice yield
 

Control 
 none 
 56.40
 

1il~rLh. Po_/_j brown to black 
 30.13
 

p _r browh to black 
 29.98
 

At : kJ7l.[ light yellow to 42.18
 
yellow green
 

t , ;ii_ brown t black 
 39.86
 
---------------------.-----------------------------------­
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4.5 Effects of heat treatment on head rice yield
 

The effects of various heat treatments on head rice yields
 
are illustrated in Figs. 4.21 to 25. Heat-treated rough rice
 
samples Thowed an increase in head rice yield initially ard a
 
subsequent reduction dfepending upon the exposure time, heating 
surface temperature and the sample initial moisture. Similar 
observations have been reported in the past during the high
temperiture conduction heating of high moisture rough rice (Khan 
ot al., 1974; Acasio and Belonio, 1983; Jindal and Oba.do, 1986).
 
A marked improvement in head rice yield was observid in rough
rice samples having initi: I moisture content of 30% due to 
conduction heating in all e.jeriments. These results indicated 
the strong dependence of h6ad rice yield on grain initial 
moisture and heati g surface temperature. The increase in head 
rice yield may be contributed to the gelatinization of the starch 
granuie.n and cment ing o fissures present in kernels thus 
preventing therbroAkane during milling operation (Jullano, 1979).
For low mrfisture rough rice samples, a drastic reduction in head 
yield rat1i, was motiad when expcsure duration exceeded 5 min, 
especially ini higher heatin,: surfa.e temperatures.
 

The dependence of head rice yi6lds on the exposure duration 
was adequttely represented by a quadratic eqation as follows: 

2
HYR = I + A t - B t	 ... (4.22) 

where HYR = head yield ratio (HYS/HYC), decimal 
HYS = head yield obtained from heated rough rice sample, %
 
HYC head yield obtained from the control sample, %
 

L exposure duration, min
 
A,B regression coefficients
 

The dependence of the regression coefficients in Eq. 4.22 on
 
the experimental conditions was described by the following
 
relationships based on multiple regression analysis:
 

In A 	 -17.8816 + 0.079694 TA f G.35658 Ho 
- 0.001961 (T * Mo) . . .(4.23) 

R2 
a 0.927 ; SEE = 0.73) 

n B 	 -7.7149 f 0.11835 TA - 1.03754 Mo 

M02+ 0.02849 - 0.002699 Ho * TA ... (4.24) 

(R2 = 0.942; SEE = 1.00)
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4.5.1 Optimum heating time for maximum head rice recovery
 

From the experimental results it was evident that there
 
existed optimum conditiols for highest value of head rice yield

for various heat tre.,atment combinations. The heating time
 
corresponding to the highest value of head rice yield was
 
estimated by taking the first derivative of Eq. 4.22 and equating
 
it to zero to crive the follow.,ng relationship:
 

t (HYP z aax, A / 2B 	 ... (4.25) 

where t(,YA.xax) = heating time for highest value of HYR, min
 
A,B = constants of Eq. 4.22
 

The optimum heating times were computed using Eq. 4.25
 
in conjunction with Eqs. 4.23 and 4.24 giving the values of
 
constants A and B, reepectively for selected experimental

conditions. Table 4.17 shows the various combinations of
 
exposure time, heating surface temperature, and initial moisture
 
contents which could be used to attain the highest head rice
 
yields. However, the use of high-temperature short-time heating

could be more desirable for maximum utilization of the dryer.

This is supported bj thie attainable head yield ratios of the
 



- 79 ­

rough 	rice samples presented in Fig. 4.26 which were calculated
 
using Eq!. 4.22 to 4.24 and opt-,mum heating times. At 200 oC 
heating surface temperature, an optimum heating time of 3 to 6 
min would result in about. 26 percent increase in head rice yield 
for rough rice tamplos having 22 to 26% initial moisture content. 

The heat, treatient of rough rice samples would result 
in a net reduct,-v in thoir moisture content as depicted by Eqs. 
4.9 and 4.11 . Table; 4.18 shows the final moisture content of 
rough rire sam)1 i: following te heat treatment for optimum 
expo;ure dur t-.on. In general, high-temperature short-time 
heating of rouoh r *c samples could result in rapid drying and as 
well as higher heavj ric yields. 

The heatuni timefs corresponding to maximum head rice yields 
were compared wit-h- funigal inactivation tip.,-s required for 90 and 

as obvious that95% mortality ,ie .. shown in Fig. 4.27. It was 
heat trig tilmes for ach lving 90% FML were not sufficient to attain 
the h iqhe;t va u of head yield ratios. However, heating times 
corresponding to '95, F'ML and maximum head yield r7atio appeared to 
match onr aV0rage. These results indicated that thermal 
.inactv,ati n of fungi in high moisture rough rice using heating 
surface t emperatures ranging from 75 to 200 0C could be carried 
out: with a distinct improvement in its milling quality. 

In view of the complexity of Eqs. 4.23 and 4.24, an
 
alternate simplified relationship was developed to estimate the
 
optimum heating time directly in the following form:
 

log t(HYp:uax) - -2.3919 + 0.3785 Ho -0.01527 T,
 
-0.007451 (Mo2 ) + 0.0002497 (Mo * Ts) ... (4.26)
 

(R2 
= 0.999 ; SEE = 0.001)
 

The estimated values of optimum heating times Lsing
 
Eq. 4.26 and Eqs. 4.22 to 4.23 were almost identical, thus
 
validating the use of Eq. 4.26.
 

4.5.2 	Relationship between head rice yields and drying
 
cons idera tions
 

Assuming head yield ratio of 1.0 as the acceptable
 
limit for the qulity of dried rough i'ice, the required heating
 
times are qiven by Eq. 4.27 as follows:
 

t (tIYR z1.0) = A / B 	 ... (4.27)
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Table 4.17 	Optimum heating times for obtaining maximum
 
head rice yields
 

Initial 
moisture Heating surface temperature ( 0 C) 
content ------------------------------------­

(%, w.b.) 75 100 150 175 200 

18.0 22.5 12.1 3.5 1.9 1.0 
22.0 56.0 31.9 10.3 5.9 3.3 
26.0 80.6 48.6 17.7 10.7 6.4 
30.0 67.1 42.8 17.5 11.2 7.1 

-------------------------.----------------------------------


Table 4.18 	Final moisture content of rough rice samples
 
corresponding to optimum heating time
 

Initial
 
moisturo Heating surface temperature ( "C) 
co n t e n t ---- ------- ----- ------------­
(%, w.b., 75 100 i50 175 200
 

18.0 17.1 16.6 16.8 17.0 17.3 
22.(, 19.6 16.0 17.9 18.5 19.2 
26.0 22.1 19.3 18.5 19.2 20.3 
30.0 26.4 23 .4 21.7 22.2 23.0 

-. - . . . . .- . .- . .- ..-- . .- . .- .. . .- . ..- . .- . .- . .--.. -. . -. - -. - -. - -. - . .- . .-- -. - -. - -. - . . . . . . ..- - . 
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where t(myRn1.o) = heating time to obtain unit head yield
 
ratio, hini
 

From Eq. 4.2i .-' .ollowc that the heating time 
roquir-d to obtarin unit" hedd vield ratlo would be twice the 
heating tifrmv.; t,: tihe hlghert. head yield ratio. With this HYR 

all "tilh with all initial moisture content.im.t, " r ,oe :llplec; 
of 22-26% coild 1,,Zaely Iried. to 15-16% using heating surface 
temperatiure: f 100) 200 (C. Table 4.19 shows the final moisture 
olIeenIss ru jh samples when heated over a period(ti r 


correspond .n, t :hoee yile ratyiii limnit 
of unity. It is
 
obvions 1 'mpletethat. rialujIh t!ce should be suboected to additional 
h dirag t'IIII i L[r ,, er t c dry from 2__'-26% to 14% moisture content 
con tuous1y . However ia(cr ised heating duration will cause a 
.oss ble r ,duct-i-o in head yield ratio of about 5%. Therefore,
the exp'ou;Ilre at ir anaid fintl moisture contents of rough rice 
saiuiplo. r-rrerponl 1ini t, head yield ratio of 0.95 are shown -n 
Tables 4.,. aud 4.2, r 1pectively. Rough rice with an initial 
nuostir r;,,t ould be dried to 14 % with a 5 %IS- If % 
reduc t 1 s:n i H lei u:; hoa t: inq surface temperatures in the range
ft7" 21).Ii A 'A reduction in head yield ratio 
.': Yqilvalot tn ,,jt 2A roduction in head yield since the 

averaie htal, y, I,I If control inarnpl es in most cases was about 

Tb,' race s proi,,ont )d in Tab les 4. 19 and 4.21 clearly indi­
rarte that ' un t(nos drying of rough rice Samples down to safe 
storage, moisture le:vel of &;out 14% w.b. during the conduction 
heat .ng process would le accompanied by a slight reduction in 
head11 7 iC e !I01 . Therefore i multi-atage drying operation with 
provyricr; of temperinq would be a desirable option. 

4.5.3 Kinet.1-.f reprerentattcrn of changes in head rice yields 

T!a liaIi y doqradation in foods has been represented
by a lethality -ie :unction by several researchers in terms of 
attributes like ,A-q r C!(: of cookedness, enzyme inactivation 
(Mansfield, 1,) ;ayaf iwa -t al. , 1977; Bradshaw et al. , 1982).
The lt hal t y fun ti on is similar to the calculation of mass 
u;ter LInq 11 4.4) . Following a similar procedureli, f E . 
o..t i)led i.,Sect ion 4 14 (Fic. 4.6), the Fc and zc-values were 
,Itertn i idr .1' head yield ratios. Basedin 
 on practicil

considerat, '-;, !h:ti-- hu treatod rough rice samples should result 
ill head rirc yffds it least equal to that of control sample or 
hlghr. Th'qrore,-I value of head yield ratio equal to 0.95 was 
selcr .d th m[nIr;mumn acceptable limit for quality 

t.tie r I erI (i *' ri roi iI eIC 

d evnu b ielat-ionships the head yieldI..d between 
rat iand egq I "'a Io';er !xprsur e time were quadratic in form 
.Imsmar t. Eq. 4 for any arbitrarily selected reference bulk 
gra in tem),oera :ure ; tw5;I 
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Table 4. 19 	 Fii I moisture content at roUgh r ice sample-S
(t wib ) corrosponding to unit head yield ratio 

Jr. tIaI
 
1,; tuU r e He., tlig stir t ac t omp, rA1 t, ir t, ( 0(C
 

content----------. . -------------


A w.b ) 10 ) 11/ U0
 

16.3 15 .1 1 5.1 o,1 16.5 
17.4 14.b 24.5 I .5 16.7 

26.0 18.7 14. 1 12. 7 13. 9 15.5 
0.U 23.2 17,4 15.3 15.9 17.3 

Table 4. 20 Heating time (it rough rice sample. (min) 
corresponduig to unit head yield ratio of 0.95 

Initial 
moisture Hi.atnj ;urtace temprature ( )C) 

c o n t e n t. . . . .... . . -

A w.b ) 7S 1I' Sf) 175 200 

18.1) 109.9 v9.5 10.6 5.1 2.5 
,-2.J 162.0 84.7 24.1 13.2 7.3 
20.0 189.4 110.4 - . 2 2.6 13.5 
30.A 147.8 93.1 37.1 23.5 14.9 

Table 4.21 	 Final moist.ure content of rough rice samples
(% w.b.) cozresponding to unit head yield
ratio ot U).9 

tr a , 0 .~1 

moisture Heatirg surface !., 'iperature ( OC) 
content---------------------------. 

% w.b.) 75 100 1,10 175 200 

18.0 14.1 13.0 14.4 15.4 16.2 
22.0 15.5 12.7 13.4 14.8 1.6.4 
2).0 i 1 2.'9 12.0 13.'2 15.1 
30.0 21.5 17.1 14.b 15.4 16.8 
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HYR = I f A * Fc - B * Fc ...(4.28) 

where HYR = head yield ratio, decimal
 
Fc = equivalent exposure time, min
 

Ao ,Be = regression coefficients
 

The regression coefficients A0 and B were related with the
 
reference bulk ira in temperature (Troit) and initial moisture 
content of rough rico sampl (Mo) by the following equations
 

in Ao = 21.8777 - 0.09909 Trot 2.0548 M 
- 0.008808 (Trot A Mo) + 0.02548 Mo- ... (4.29) 

(R2 = 0.917 ; SEE 0.40)
 

In Bo = 12.6751 ; 0.33,4 Trt - 2.8583 Mo + 0.03280 M02 

-0.0044"O Trot' t 0.0154) (Mo * Tret ) ...(4.30) 

(02 - 0.940 SEE a 0.50)
 

Eq;. 4.z9 and 4.30 clearly showed that the changes in
 
head yield ratio were highly correlated with the equivalent
 
exposure times estimated from the trial and error procedure. The
 
relationship btweon equivalent exposure time and reference bulk
 
grain tUmpar.ture fur obtaining 0.95, 1.0 and maximum values of
 ,
head yt,,l] r.:, in 4.28 to for
r ,r, shown Figs. 4.31 various 
init 1a Imu in !i V 5f rough rice. This method ofc,rtownr:; 

P,;timdtinq Fc v:.lu;n in simi r to that of Bradshaw et al. (1982), 
where the inactlvat:,. riQ ofi a toxin was also represented by a 
quadratic relatonship. in m Fig. 4.28 it is evid6nt that high 
temperature heat-treai mont of rough rice with an initial moisture 
cntent equal . or bel ow 1.3%will not result in head rice yield
 
oquaI or hi hHr than the crt-rol sample. Obviously the initial
 
moi sture conteti A i :"ih ,:ce inf luenced the relationship
 
between F,:--valie And bulk grain temperature and hence the 
determination of z, vAlue;. To investigate the dependence of zc­
values on the mwtiu,, * o'nt , the relationships of Figs. 4.28 
to .A31 were represented in thy f'llcwing equation form: 

log Fc fy = At Bi Trot .... (4.31) 
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where Fc IiY - equivalent exposure ti.me required to attain a 
desired head yield ratio, min 

Tref = reference bulk grain temperature, 0 C 
Ai, Bi = regression coeff-.cients 

The regro6-n coefficients of Eq. 4.31 are given in

Table 4.22 for selected values of head yield ratio. 
 The inverse

of reqreE,!;ion coeffici nt Bi led 	 to the determination of zc-value
applicable to the fieat treatment of high moisture rough rice 
(Table 4. 22,. 

The possibility o f using various heat treatment
comb1natI (; to achieve specific levels of head rice ratio is

evident in Vigs. 4.30 to 4.31. For example, at 70 0C reference

bulk grain temperature, maximum head rice could be obtained if a
rough rice sample with an initial moisture content of 26% w.b. 
wa; he (,td ror about 40 min. The same result could be 
accomp i;h. d at 0 C bulk grain temperature and an equivalent
expos3urt, t ijie o abIt: 60 rmn. Us ing step-wise multiple
regr,;s ;1 a rida I I I;, the re lat ionships of Figs . 4 .30 to 4. 31 were
exprosse;<d I o q-a t, Lun f rin for 0 . 95, 1.0 and maximum values of 
head yield atlo , respect1vely for general estimation purposes as 
f (A lows : 

log Fr IYR a .95)= 0.5247 -0.04360 Tr~f + 0.3145 Mo 
- 0.005544 M0 2 

.. (4.32)
 

(R2 
= 0.994; SEE= 0.032) 

log Fc(myR 1.0) 	 -1.5225 + 0.04258 Tret + 0.2539 Mo 
-0.001353 Mo2 -0.002867 (Mo * Tref) ..(4.33) 

(R2 
 - 0.992; SEE= 0.026)
 

log FciiyRz: a:) = 	 -1.82353 f 0.042585 Traf 1 0.2539 Mo
 
-0.001353 M02 -0.002867 (Mo * Tref) ..(4.34)
 

(p2 7 0.992 ; SEE - 0.026) 

The results presented in Figs. 4.28 to 4.31 further

indicate a decrease in the magnitude of zc-values with
 
decreasing concentration of rough rice moisture. 
The dependence

of zc-values on initial moisture of rough rice (Fig. 4.32) was 
described by the following relationship: 
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Table 4.22 	 R re,sii coefficiuxitts of &q. 4.31 ralating equivalent 
e.xpca;re t~hinv ,id bulk grain tenperaturo for various 
levels of hid yield rnit io 

Head Initial
 
yield mwtst.ulre
 
ratio (% w.b.) Ai Bl R2 z*
 

0.95 113.0 4.6155 -0.04748 0.956 21.1
 
1.0 18.0 -- - -

Optimun 18.0 - - ­

0.95 22.0 5.0557 -0.04490 0.860 22.3
 
1.0 2,4 4.7488 -0.0,.30 0.865 24.2
 

Opt2rn 	 .2.0 4.4480 -0.114130 0.840 24.3 
01)" 26.0 4.9609 -0.04408 0.980 22.7 
1.0 26.0 4.4335 -0.03644 0,576 27.4
 

C4ptlIr.z 26.0 4.1206 -0.03625 0.970 27.6
 
0.35 30.0 3.349/ -0.01908 0.950 52.4 
1.0 30.0 3.2687 -0.01820 0.950 115.0
 

Opt nmin 10.0 9.0795 -0.01836 0.955 54.5
 

,c-values applicable to varios head yield ratios (z I/131 

.56
 

Head yield ratio 
52
 

o maximum 
4 8  
 a 1.0 -


0 0.95 
(944 

0
 

36
 

rX32
 

24k
 

20 I I . I I I I I I
 
16 18 20 22 24 26 28 30 32
 

Initial moisture content (S w. b.) 

iil,;..1. 2 . ,i'l( ,l.etw,:,rI -Vflu . nd injt.jtl noituLe content of rouqh rice 
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zc r 13.5255 + 0.4322 Mo + 2.5225 X 10-12 exp(Mo) ... (4.35) 

(R2 
= 0.99; SEE 2.01)
 

,rho multiple regression analysis also showed that the influence
 
of various levels ot hoad yield ratio on zc--values was not 
statistically sicgnificant. 

The F, ru1t .:. .VIue -, do term inkd i n tnic study should be 
applicable -n geinerAl ii, iny coriduc tio heat-ing system provided
the-I t m - temp ,r.t ure h1i tory of rough rice in the system under 
considorclition iE; known. 

4.5.4 Effects of heat treatment on milled rice whiteness 

Heat t ro "od rough rice san,ples yielded milled rice 
which wii; sightly yellowish-brown in appearance in comparison
with the unheated control sample. This change in color could be 
due to the n n-enzyma t ic browning and/or the diffusion of 
coloring pigments of the hull and bran to the endosperm caused by
the exposure of the grain to very [igh temperatures. Generally,
the change in color was less severe for milled rice produced from 
rough rice samples having lower initial moisture content and as 
well as from samples exposed to lower heating surface 
temperatures. Whiteness ratio (WR) of milled rice and heating 
duration appeared to be related in the following equation form: 

b 
WR $exp (-a'* t ) . .(4.36) 

where WR whitaness ratio, Ws/W. 
WB whiteness units of mliled rice obtained from
 

heated rough rice samnple-
We whiteness units of milled rice obtained from the 

control sample 
t = heating duration, min 

a' , b' rngressi]on coefficients 

The above relationship was considered satisfactory since the
 
average value- of coefficie.nt of determination for all experimen­
tal tests was found to be 0.84 with a standard deviation of
 
0.073. Thii dependence of regression ci,,-fficients a' and b' on the 
moisture content. of rough ice and h(ting surface temperature 
was given by the following equations: 

http:coefficie.nt
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In a' = -43.4066 + 0.2177 Ts 4- 1.2208 Mo 
- 0.006737 (Ts.Mu ) ... (4.37) 

(R 2 0. 900; SEE - 1.250) 

b' = 8.3793 - 0.03905 T3 0.2593 Mo
 
+ 0.001357 )Ho * Is ) . . . (4.38) 

(R2 = 9.800; SEE = 0.310)
 

The average whitenosi, value of milled rice samples produced 
from unheated rough i)c.' was about 31 .8 units. Since the change 
in the whiteness of milled rice detectable to human eye yielded 
whi telless meter readings bet weon 25 and 26 units, a minimum 
acceptable lever of wi tee:;- rati.o was selected to be 0.8. Based 
on t his Io(ler.ratlcm llowable hoat ing times were computed 
using Eq.; 4 .4 And for combination heating.1?, 4 . ", oach of 
s urface t:enprattx and initial moisture content of rough rice 
and compared with heat i.g t lines required for maximum head rice 
yields (Fig. 4.33). Those results showed that high moisture rough 
rice couId be hated up to 95% FML for obtaining maximum head 
yilId without significant reduction in the whiteness of milled 
r ice. 

4.5.5 Effects of heat treatment on cooked-rice texture 

An improve ,)t in both cooked-rice firmness and sticki­
ness was observed following conduction heating of fresh rough 
rice samples us.-ing heating surface temperatures ranging from 75 
to 200 OC. tinhated control samples exhibited characteristic soft 
and sticky texture f froshly harvested rice. In comparison, the 
heat-trea ted Fsamples produced firm and less sticky cooked-rice 
cjrairi:. The ftrmno;s of cooked-rice as measured by the total 
ener-gy ii back ext ru; in test increased approximately from 3 to 
9% deopeiding upon the' dura t ion of heating (Figs. 4.34 and 4.35). 
.,lICkie.,ss on the ot.hur hand, war. reduced in the 6 to 18 % range 
In hoat rnated camplI 'ih s improvement in cooked-rice texture 
may b vI-Wed as an adled feature of heat treatment aside from a 
"14 !" In.CreaeT in head rice yields since most people prefer 
I e s S icky and mo(oea7-tely firm cooked-rice. The changes in 
r:ookod-r:c'o textuire obse,.rved in this study are apparently similar 
t. those occur-ing In the artificial aging process reported by 
Normi.nad et a . (1964) 
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4.6 Perfomance of Full-Scale Prototype Units
 

4.6.1 Prototype dryer with axiai flights (Prototype I)
 

The operation of each protoytpe dryers was carefully

checked and analyzed before actual heating and drying tests.
 
Several adjustments were required before achieving a smooth
 
mechanical operation. Based on calibration results, it was possi­
ble to regulate the cylinder surface temperature in a close range

by monitoring the air temperature near the surface of the
 
cylinder.
 

Riidnce tmine P1L rough Lig. in the cylinder. The
 
residence time and hold-up of the rough rice in the rotary cylin­
der are related as follows:
 

tR = W / F ...(4.39) 

tA = residence time, min
 
W = hold-up in the cylinder, kg
 
F = feed rate, kg/min
 

The residence time of rough rice in the cylinder

depended upon the experimental conditions in the following
 
equation form:
 

tR = 10.375 - 1.310 ln(F) - 1.567 ln(N) - 0.657 S 
+ 0.0013 F*N + 0.0079 Ma*S + 0.0051 F*S ...(4.40)
 

(R2= 0.953; SEE = 0.124)
 

where N = cylinder rotation speed, rpm
 
S = cylinder inclination, degree
 
Mo= moisture content oi rough rice, % w.b.
 

The residence time and hc.ld-up of rough rice in the
 
rotary dryer could range from 1 to 3 min and 30 to 70 kg,

respectively depending upon the experimental conditions.
 

Moisture removal. Figs. 4.36 and 4.37 illustrate the
 
change in moisture contant and head yie.d of rough rice during

conduction heating, respectively. The drying experiments clearly

showed the rapid moisture removal especially at higher heating
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surface temperatures. 
 Those results also indicated that a simplo

logarithmic model described the accelerated drying behaviour of

high moisture rough rice satisfactorily. The dependence of the

drying constant k on the experimental conditions adequately
was 

described by the following equation:
 

ln k 	= -7.0213 + 0.01893 Ts ... (4.41) 

(R2 
= 0.981 ; SEE = 0.085)
 

Eq. 4.41 revealed the strong dependence of drying constant upon

the heating surface temperature. These results were similar to
 
those observed in the small-scale experimental heating units.
 

Quf 	 V9 y1VIA. Fig. 4.37 is a typical plot showing
the effect of various heat treatments on head rice yields. As

observed 
 during heating of rough rice in the small-scale experi­
mental heating unit,, heated high moisture rough rice generally

showed an increabe in the head rice 
 yields initially with
 
increasing 
 exposure time followed by a subsequent reduction for
 
longer exposure times. ''he dependence of head rice yields 
on the
 
exposure duration was represented by a quadratic equation (Eq.

4.22). Only a small increase in head yields was observed in this
 
prototype unit mainly because 
 of the lifting action of its
 
flights causing some 
cooling action during the heating process.

It appeared that rough 
rice could be dried continuously in this
 
unit without appreciale loss in head rice yield up to 18 to 
 19%
 
w.b. The corresponding exposure times corresponding to this final
 
moisture content for 
75, 100, 125 and 150 0 C were approximately

65, 35, 30 and 20 minutoE, respectively for rice samples having
 
an inital moisture of 26% w.b. 
 These results showed that the
 
rapid drying ot 
rough rice without significant gelatinization was

feasible under contrcLled experimental conditions. The partially

dried rough rice could be safly stored for a few weeks prior to
 
final drying to 14 1 w.b..
 

4.6.2 Prototype dryer with spiral flights (Prototype II)
 

? lya QpItLhig. A relationship between the
 
heating surface temperature and che flue gas temperature was
 
developed in the following form:
 

Ts = 	31.12 + 0.005017 Tr + 0.002367 T 2 ... (4.42) 

where 	Ts = sarface temperature of the rotary cylinder, 0 C
 
Tr = flue gas temperature, 0 C
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Eq-,'4.' 2 ws usdomntrth -,eating furfacetempeaueand 

_Y ob e ve , h t t e h t n su rfae ,, empera ure 
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airtemp eue varie rm2 o 2PC 
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2.4340 -0,1377 N +,0.002428 N2 24 '4 3_)'4 

Swhere tR =.residence time ofirough rice in,heating cyiinder, min ~ 

2 
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revolutions/min,~
 

Mis r&e' Remy Fig.,A49 -shows the changdin the 
jmoiture content during, conduction heat ng,1in' the 4ric,c husk~r~< 
d r~with helical flights. The dependence~of the dry n constanit
 

(Fig. 4'.40) on the expfle i~ odtVn wa decribe~d by the
 
following equation: U
 

I-~~n kc -5.9692 + 0,011296 Ts' ... ,44 

'4 ~ ~ ~ii~ ~4i> ~~-l 4i a typical plot showing
~the~ effect'Iof variousAI eat treatments:,on head rice yields4 7The
 

average, head_,ricP:yiel'dIof--the unheatdcontrol samiple iyas abouit "
 

42%. The;_ heat- treated~ "rough',. rice, samples 'learly showea '<in
 
-Thicrease in their,,head "rice yildr idth : incasing exposure tim'i

initially. follolwed;1 by a 'rdci'"
 
for longer heat -ingperiods.-The dependeric6,Wof he~ad rice yieldsOn
 

~the' exposure~4duratiion 'W$as''also represented, by~ia qaiai

equation: (Eq.,22)$ V-4~ ,
 

Teregression coefficients A and~B~eere e wit
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in A = 	 5.0957 - 1.6699 M + 0.04920 M 2 + 0.09411 Ts 
- 0.003408 (Mo * Ts ) .. (4.45) 

(R2 
= 0.982 ; SEE = 0.17)
 

in 2.63769 1.7264 Mo
B = - + 0.05020 Mo2 + 0.1215 Ts 
- 0.Ai." M Ts) ... (4.46) 

(R2 
= 0.960 SEE = 0.320) 

Ela¢_ 	 o ?onduction Hating Qn d le KWhieness

The 
 reduction in whiteness was minimal in rough rice exposed 
 to
 
100 0 C heating surface temperature. The dependence of 
whiteness
 
ratio (WR) on 
 exposure duration for various heating surface
 
temperatures was described by the following equation:
 

be 
WR --	 exp (- o t ). 	 ,.(4.47) 

where WR = whiteness ratio
 
t = heating duration, min
 

ao ,bo z regression coefficients
 

Eq. 4.47 was cons;idered satisfactory since the coefficient of

determination for all was
cases about 0.85 or higher. The white­
ness value of tho milled rice from the unheated control sample
 
was about 33 whiteness units.
 

The 	 regression coefficients a and b were 
related with the

experimental conditions by the following equations:
 

In ao = -17.8829 4 0.5905 Mo - 0.01187 Ts ... (4.48) 

(R 2 = 0.80; SEE = 1.10) 

bo = 	0.5747 - 0.1576 H + 0.04856 Ts
 
- 0.0001266 Ts2 
 ... (4.49)
 

(R2 = 0.800; SEE = 0.310)
 



and 449;:evealVe the~stong dependence'of constan'. a 

t-Dyin.,ondtig 
yilrto1':fruhrie-ape~wu~etat various finlalf 

Whienes A '.,Fig. 442to,4,44 show the head'
 

that, rau econdc o eatngof high moisture rough
 

ac~leratedl'ldrying., Theiincrease ihead ylild was possibly due~ 

noiel y reduce the 'drying~time but'also inaXirnze~the bead rc
 
yils. The, max,imui attainable head yield ratios were,. related
 

w:~h te initial mitr otn'o og ieadhai'
 
surface temperature in the following form:
 

1fYR aax 2,99- 0.1236 Mo + '0.003009 Mo 2 

S0.0004544 Ts .. (4.~50) 

Q(R 2 =0.97; SEE =0,011)
 

It was also possible to develop a relationshipfo simtnth-.
 
final moistUre 1content ( FM ma of 'rough r'ie 6amhples-.-:,"'
 
corresponding to the optimum head rice yield in the f6llowing
 

> form: 
II . ~ Y,' 

FMC max~ -31.3799 + 3.5528 Mo - 0.04809 Mo 2 

+ 0.1256 Ta - 0,006952 (Tai AMo) ',,.,(4.51 )~~A 

(R2 = 0.987; SEE =0,380) " 

In. this prototype unit, the heating time6s for ,maximunv-. 2 

9 head rcyilapeedto be ,rangin: from :8.to'10O 'an& 6- o1 
minforrouh rcehaving an initial mosture'content-of 22 and 
26%w~.,
esectvey.The final moisture'contents corresponding',
 

.surface temiperature of 100, '140 and 180 0C, r lspei;t i y' for>
 
trough :rice~having an, initial moisture' contI nt of 26% r$ough~'~
:Infi 

rice having~ about 22%. initial, iioisture :.coiitent, 'the, final
 
moisture, con~tent, fo~aiu he9 to'ragd'fom0
 
w.b.. The" redctonin 'whiteness rati'& was~ebout 5% br less1 for'~L~ 
rog rice samples having Iilnitia,iJS$isiure \content f',-2~ and 

gloer(Fgs, ,4.45 and.4.47), However Kru) ice '-tmoisture 
~1~<content of''26% when exposed-tooptimum he'ating' times at 100t 140, '1 

http:and.4.47
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and 1'80 cC surfac to raturQ resulted .inmilled ric'e whitenaess 

Therefore, heat ng 'surface, enmiorature: below'18O0 C should be~used 
, fo -o g -rie~ ha t r , n aos _norder - -. 7'to have mnilled r1ice,whiten a' c Onpa'rabe1aith the control samiple,


it seems: ,that~- n.high,, te,mperature conduction dirying' 'of 4high

nio sture :rough'-ricea, thezlmiting-fa~or.,would be the whiteness,

of~thb milled 'riceAside from,the head'yield.' '
 

'Drrylain g Y= m ha i a . e i c l ti n ,.; i e : manualI 2 ' 
recrclatonof' he grain might be cunibersome for .the ,'dryerA~~

-operator,,a jnechaqLca.. recirculating system could~be lncorporatedU

intepooe dryer', Thoe grain'lifting 'device could 'be'a'screw4~J 

-conveyor or a 'bucket eievator ~which ', 'are eadil';avai,ablev 
~locally. Fig. 4.48 shows the fixial dry'er's arrangement~used-i

'; tis study. Aside~from the iniclusigpn' of a~screw ,conveyor, a~bii4 
was The:~'ialso irpstallgd to sezre Las ,a'tempering,ad' stora'ge ,bin1
'bin 'could accmodate up to O.5'ton,'of rough rice- Three' final.
 
drying tests were conducted with, th'is set-up using about 0'.3 t~opf
samiple 'in each test. This allowed a temperi ,time',of' about'41

9 	 minutes between successive passes which is'common' ini large scal~ ~s 
drying operation. Rough rice samples 'intheseNtet's were' drie'dinA:~' 

,:'.tw6-stages, In the first-stage, samples hav~ing-an initalirnisu;-,e
 
.content 
 of 24% .were dried.down to a final moisture content~of,18%
 

usin4'180OOC heating surface temperature, Prior'to second staqem i'.
 
~9 drying, partially-dried 'samples 'were tempered for' at leat' 2,. , 

hours in the bin. After tempering,, samples were proceeded,~for 
final drying using a heating surface temperature' of 1 ~'C.~L0 0 
However, the first set of samples 'was dried' only using the first 9 ~
 
stage operation. 
 '"v.
 

Tk,e results of the final drying 'tests with' echancal'1 < 1 A 
recirculati n are presented in Table 4.23. ''It was' 'foundta'; 
,continuous drying (with 10O minutes tempering between' sucssv 
passes), of ~iigh moisture rough rice down'to 18%,,gave milled''rice,'' 
product that was comparable to the control unheated 'sample On,''ii
the 'other hand, rough rice samples dried down to 14 15% _gav$4'
milled rice products 'iith slightly lower hebd ~rice in compari IsoIn 2' 

with the. control sample A reduction~in head rice ,yield'of about' 1 
back,,could' be of fset~by various advatages offered by~the~'propsed 
rotary dryer., The' milled 'rice samples from) this'set' E experi1 _
 

'''nents were comparable with, "thoseobtained from ,1,t'~ c'onolA Q,
 
samiples, indicating,~the absence of.,3ny pabiig fet
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Table 4.23 Results or, two-rstage drying of rough rice in rice 
husk-fired rotary dryer with mechanical recirculation 

....................................
 

Drying In i t:lai Fina l Head Whiteness 
operation moi.ta re moit, ture rice reading 

COIW,dL (ollent dei 
wi.b, I w.b ) (%) (meter units) 

24i Control 44.8 28.0
 

First--stage 2,1.' 17.0 43. 9 27.3 
--.--------------------------------....------------­

24.0 Control 15.3 29.6
 

First-stage 24.0 18.0 46.0 29.5
 
Second-stage 1 .0 14.0 41.5 29.3 

21.0 Control 44.2 28.0
 

First-staae 21.c, 18.0 42.5 29.0
 

Second-stage 18.0 15.0 41.4 29.0
 
----------------------------------------------.---------------­

4.6.3 Spouted-bed drying of rough rice
 

r ir-'ho.Lap_2jt_ted-bed. 4.49 shows the variationQt Fig.
of pressure drop with increasing superficial air velocity for
 
rough rice at different depths. Three significant regions are 
indicated as quiscent bed, s.pouting bed and expanded bed with 
different mechanisms.. Dashed curve illustrate the reverse process 
- the collapse of spouted bed on decreasing air velocity. 

At ow velocities (e.s than 2 m3 /min), the air simply 
passel I irough the bed without PAsturbing the particles and the 
pressure drop increased with an increase in the flow rate. This 
region ,F called quiescent bed region. 

At hiatnei; air flo- iaLe:;, a small internal cavity was 
formed and a nc-tlcciable ad3justment of particles was evident by
tie liftin', of trio particles. This region which is characterized 
by a les pack,;-n-j arrangement ard less resistance to fluid flow 
throq,.,h the ph,-king is called the expansion bed region. Futher 
increase in f.o.w rite transformed the cavity into an internal 
spout. I "r.ugh no internalw,ver, rice nad significant spout
prior to spoo, sq. Due to tlhe unsteady state in the traisition 
zone, it wa difficult to observe the region between peak 
pressure drop :rd the onset of spouting. At the start of 
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thiouglathebd sufc wit 	 rate.oiliohtincrease in flo 
hi9 couJ4'be the cas ofthe~sap deductionin~presure drop~
to'Po:a rtwere th enie be bcame-moQble adsteady spouting 

.:e''hsgnliht one of spuigWt ffh nre pout 
-e a', ca~ifinea i 

s icant- effect--o-- otal; pressuredrop. Th opuigpesre
dro 5remaine'd constant in this region, 'In the ,reverse ,process, 

gtrductonan ai ve octy.
 

~twhih(lesso~ an~the pan 	 t te imum~~ase'ii u &l'n 
crduint e aldcus 	 the-cfomip fll dhevolop es~t~ incrs 

spte mumpr4essune drop, in'th le the impoutjf loite,,,(pak~ ' 

~ 
ve 1'hich,s the poct a~' 3 h. ad,the~sst-weonaicollapse when, 
q . thssu ' deptminimie7 'ho>map n 
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paaeesa etn h iiu "flortep~o'-ae The iimm
 

fouinium I .cifice ­shi~dp tws t outinga qua'te 	 di.ameter and bed'"'
deph,,wa:.oud'.o b aequteyiepresented:'by the_ follo ing.~


equation:,'~ 

Q = Dill 3 Hi/2, 	 452 i~0.3985 1 

DOrifice 'diameter,~~ 
H, bed 7depth, :cp I I"W 	 ~ 

PrsuepLjjh ii.Tehgpai 	 pressure~ 'drop 
'which 
 occurs just before-,spouting sets in is'i6n a unique' feature'
 
o~f a,spouted bed.. Itis,generally'associated with the entry of a'
 
high velocity: gas:' jet: int:6 a, be of7 solids. The resulting1,

"'iquation'for-estiinatirag'peak p'esr -rpo og iews
 

7~>~'77 -Pm- ='.42 H * f g ' 7>77 72:iL . (-4.5'3) > 

w~here~ -Pm - peak'press'ure drop, Pa: 77$7tW ~',i~ 'A~
 

~ ~H
'- ' "bed 
7 de th,7' ~~V"'---­

..dr:,nsity ofrogr cek/maclration de t>-" 	 'it '7 P 
"~~~~'"~~ "''" grv y,%<7~>7 77 

&IL 
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oting pIauMrk djn The pressure drop remains
 
substantially constant during spouting. The experimental tests of
 
Heng (1987) showed that the spouting pressure drop gradually

increased with increasing bed depth for a given inlet aperture.

The following relationship appeared to represent the spouting
 
pressure drop satisfactor:.ly:
 

- P. a0 + al + ( a2/H ) 	 ...(4.54) 

where -P, = spouting pressure drop, Pa
 
ao,al,a2 = regression coefficients
 

The regression coefficients of Eq. 4.54 are given in Table 4.24.
 

Table 4.24 	Regression coefficients of Eq. 4.54 relating spouting
 
pressure drop with bed depth
 

Orifice Regression coefficient 
diameter ------------------------------------. 
(cm) ao al a2 R2 

5.00 -824.6 29.8 9334.3 0.994
 

5.80 -691.9 29.7 6905.0 0.994
 

6.40 -426.1 26.8 3784.2 0.976
 

DlYi3n IQjgh Zinc in The changes in mois­
ture content and head rice yield during spouted bed drying are
 
illustrated by Figs. 4.50 and 4.51. Since the trends exhibited by

rough rice were similar to those observed in the conduction
 
heating axperiments, these results were represented by Eqs. 4.9
 
and 4.22. The computed values of drying constant k are given in
 
Table 4.25 and those of A and B in Table 4.26. These results
 
indicated 	 that high moisture rough rice could only be dried 
to
 
certain limits without quality deterioration depending on the
 

http:satisfactor:.ly
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Table 4.25 	Drying constant k in Eq. 4.9 fitted to rough
 
rice drying in a spouted-bed
 

Drying Continous drying Batch drying
 
a i r t e mp .. . . . . . . . . . . . . . . .. 

(°C) k F, SEE k R2 SEE 

50 0,00271 0.98, 0.0142 0.00348 0.989 0.0475 

68 0.00671 0.,196 0.0122 0.00701 0,985 0.0254 

80 0.01030 0.999 0.0109 0.01003 0.995 0.0242
 

Table 4.26 	Regression coefficients of Eq. 4.22 relating
 
head yield ratio and exposure time in spouted­
drying of rough rice 

----------------------.-------------------------------------

Drying Regression cons;tant 

c-ir temp .. . . . 
R2(()F 	 SEE 

50 -0.00142, ').00000 0.940 0.0318 

68 0.00329 0.00012 0.994 0.0218
 

80 0.00319 0.00015 0.994 0.0339
 

..-............................--------------------------­
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temperature of the heated air. Therefore the final moisture
 
contents for exposure duration corresponding to 1.0 and 0.95 HYR
 
were computed (Table 4.27). Milling quality evaluation indicated
 
that rough rice with an initial moisture content of 26% could
 
only be dried using the spouted bed dryer to a final moisture 
content of Tbout 18 - 19% without significant reduction in head 
yield. The rice samples could be dried down to this level using 
an air temperature of 80 0 C and exposure time of about 32 
minutes. 

Table 4.27. Exposure times and final moisture contents of rough
 
rice in spouted-bed drying corresponding to selected
 
values of head yield ratio
 

Air Head yield ratio 1.0 Head yield ratio 0.95 
temp. - ----------------------------­

time FMC time FMC 
(°C) (min) (% w.b. ) (mtn) (% w.b.) 

Control - 26.0 - 26.0 

- - 35.2 23.4 

68 13.7 24.0 38.3 20.4 

80 10.6 23.1 31.8 18.6 
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4.7 Thermal Efficiency and Drying Costs
 

4. '.1 Therrial Ef faciency 

In ord r t(, ,valuato the overall performance of the 
prototype dryer ; therm-tl efficiencies were determined from 
actual dry tn t ,: 

In case (l the electi irally heated rotary dryer, the 
thermal f irfl ,e-ywa2 "los. to drying efficiency since heat 
]o)Fses And h.,* erergy re-juixed for running the motor were minimal 
because f lts: lsirgn. The thermal efficiency was calculated 
using thp following relationshI.p: 

ET ( Ww * htg / Q ) * 100% 	 . . .(4.55) 

where ET thermal efficiency, % 
Ww z water evaporated, kg 

hrq latent heat of evaporation of water, kJ/kg 
Q total 	 power consumption, kJ 

The latent heat of vater vaporization was taken to be 
2456 kJ/kg as an aveirage value. rable 4.28 presents the the 
experimental data used in the calculation of thermal efficiency. 

Table 4 /'3 	 Performance: iata of the electrically-heated rotary 
dryer for thermal efficiency calculation 

Feed Hold Water Energy Input' Effi- Energy 
rate up removed used in energy ciency required 
(kg/ (kg) (kg) evaporation ------------­ ( % ) (MJ/kg) 
min) !kJ; kW h kJ 

Drying from 26 to 18% 

.0 44 4.30 10,561 6.73 24,222 43.6 5.63 
3 57 5.56 13,655 8.39 30,210 45.2 5.< 3 
40 68 6.63 16,283 10.35 37,261 43.7 5.61 
50 84 8.20 2!0,139 12.66 45,563 44.2 5.55 

Drying from 26 to 14%
 

20 44 6.l.1 15i,07 12.34 44,441 34.0 7.2 
30 57 7.')- 19,477 13.27 47,785 40.7 6.0 
40 68 9.,' 23,302 17.70 63,713 36.6 6.7 
50 84 11. 20,705 22.14 73,7U2 36.1 6.8 

including energy consumed by the motor 
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ssued
wb. It ws hatrouh r~qehaving4initiallmoisture' of' 26%was dried, own 0~ or ~ ~ r ~o~tr~ 
14%~~ Iwb1.,tcaedryer perforined~as aOrII~hte

A~s 4a predryer the: average thermal efficiency wa dtri1eto 4fl
be 44%, requ ring abdout-5",56"MJ:6f heat e irgr'i&'nfo
yk:,.,, 

~of water froni rough' rice when drying.,from4 26 to 18% wb O"the~W''~thr-~a nd~ he -ayra u~7 he~tem]edclencywas-

~trying rice' from 26 "to14%, 'w;.­

p~e Table ,4 .29 "presents 4the~thermal, efficie(icy valUes~c 
{ fromi';thelperformiancetest%-of .t1e'rice husk-fi~red "rotary 'vv.S diryer-iThe therinaiefficiency of'-the rice husk-fired rotaryldryer ~-f 

was 
 calculated to be about 18 % when',dryiing~rice,from, 26 to:w,b. and about4 11% 
for dryingtron 26 to414% w.b-,, respectively.

The 1ow44 valueB of thermal.,efficiency were mainly'due to the: 
heat ~~'
 

,losses, common 
'in ricehusk-fired fuirnacesand, partly Adue: toyfr­incomplete comibustion -of rice huskc itself. The'-low effi'ciencies

of rice husk-fired dryers have also been repcrted', in the, rangg t f.," .to 19% by Demeillo et al. (1985). Therefore t1hethermaleffi4 

f 
.

~ 
ciencies of the experimental rotary dryer4 should".be 'considered

satisfactory for general use. The experimental data also:~ nd'i- ' 

cated that 1:kg of rice husk could dry 9 to 
10 kg of,,roug ricefrom an initial moisture of 26% w~b.< to about 18%,,wb.9, If Wthe­rice moisture i-,as to be lowered to 14% w b., the'required 'amount '"4of rice husk would be doubled, The husk reqirement'for,.irice'44
drying purposes can be easily met by the 'farmers. 4since'husk­comprises about 25% of rough 'rice by weight,.--

Table 4.29 Performance data of the rice husk-fired rotary*
dryer for therval efficiency calculation*-.
 

"-~~ -4Jnitial Final -. Energy -. Rice husk4 JFf- Rice drid
moisture moisture -Water 
 used cI-used in ' ciency' 'to husk -'-S content content removed- evaporation ---7 --- rat~io.(%Wb.) (Z w~b,) g)kW)~ kg kJ 
--~ ~~- ~- - ~ ­~~ -~- - -~ -- ~ ~ - -~--------~- -- -~- ~ ~ ~ ~ ~ ~ 

-4.3 
26 18 3.90 9578.4 52199.4 ~18.3 .49.3 

. ­

22 
 18 2.00 .4912.0 3.8 46129.7 
 11.0: 10.5~'--'-'"-4 

26414 5,58 13707.9 9.3 112896.4, 1A2,1 y-:4.3, .- "" 

S 22 14 -3.72-
 9138.6 6.8 82547.9 11.1 .'-445 

*'"V~Assumptions:
a) Hold-up -,40 kg) feed rate 30 kg/min
~44'444 Heat value of rice husk~.c) 


-2,900 
 kcal/kg (12,139'kJ/Jcg)
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4.7.2 Drying Costs
 

The following drying systems were considered for cost
 
compariso:.r:
 

1) E!v :'' ! y k,<td rot -Iry dryer 
2) Rc, husk--f .red rotary dryer with manual recirculation 
3 ) Pice husk -f1 retd r >taL-y dryer with mechanical 

roc' i rcU ­at. ioln 
4) Spout e I- 1--.,J h y,tj 

Th e i:G',- Of u.ing the abov.e haating/drying units forsterltizat].on aind fIdyini high moisture rough rice were evaluated 
based on the ':xpetrimintal drying tests. Also the cost of using 
these quipm,-nt aCi t ; t-stage dryer for drying rice down to 18% 
w. b. was ev luatad. The heating surface temperature for heat 
steor i,zat.i,on and first .;t.ago drying was selected to be 170 -
I'.{) Final IL' 1n4 of .Ice to 14% w.b. could be carried out 
'j c Lqn (1 6 C he'ignq surface t:ewiperature to avoid any possible 
'hil lS 11 1111lied lic' qual ty. The assumptions used in the cost 
analysis a-nd -)t:h.i 1-,tail; ar- given in Appendix A. The summary 
of Cosr c't rucit :are gi'.'en in Iables 4.30, 4.31 and 4.32 for 
heat-i'!, t .. - ] i.,it ion, partial drying to 18% w.b., and complete 
dryi5; 144 , . inq zire contont, respectively. 

1 '11 1h.1 rf.suilts, it was obvious that high moisture 
rough rice ,1 h, -steor1ized for holding it temporarily or 
dried most ... iuiL< U]y using the rice husk-fired dryer with 
mechanicii re<circulatinn (Tables 4,30 to 4.32). The electrically 
heated rcr.i y drT,' ,qeration showed considerable drying costs 
primarily r,- th-, I;]i3 co;t of electricity, which amouted to 
52 of the drying cost. The use of a rice husk-fired furnace 
eliminate d this major ,npcnent of the operating costs. However, 
addit1aonii sin- power mv' nedod to regulate the burning of rice 
husk in order ,o ril n ithe operation thema . t smooth of furnace. 
SwItchng fr(-- y dryer a husk-fired1 1 :qctrcr- t: heated to rice 
dryor rj-:e'lte6 ii, :1 30, oavings in the drying cost. The installa­
tIor r:,'t3 ,orveyor for recirculating the grain entailed 
additional capital irivestment, but the labor cost was reduced to 
one-half. This arrangement helped reduce the drying cost by 50% 
in compari;on with the use of an electrically-heated rotary 
dryer. TIh,,- ast for drying rice from 26 to 14% w.b. using the 
rice huisk- ired dryer with mechanical recirculation was only 
about U,1;$ 1 .0/ . The 2oist of spouted-Ded heating and/or drying 
was very much hmghf;r when compared with tue use of the proposed 

onduction t y tay-. dryers. The cost of energy consumption in 
spouted 1,t1 was about f .e.1 total drying cost. In addition, 
the spoutedwl ; , , (1, d s., used only as a first-stage dryer or 
sterilLzer becAu;e t a marked reduction in head rice yields with 
the lowerlng r moi.srure cose to 14%. 

http:sterltizat].on


---------------------------------------------------------------

-- - - - - -- - - - - ----- --- -------------------------------

-----------------------------------------------------------------

in 1982j, thePhilipprines' ational ood- Authority (NA)i. 4 
reported on the costs of heated air 'dyg when'.usingt various
mechanical dyers (Table h4.33),' Theresult s showed! the: drying
cost'of a kerosene fed and rice huskrfed flat bed dryert berig~8194'/t: 	 US$
1 and, US$"2O 28/t,(US$ 1.Q0:-=PHP. 10.00),. respectively,


SThisn :.yas slight),y Jless than the drying cost . for' a tcJ ~
 
Xom ;ksdd6 dryVer -(US~ 1167f 0n-tefio'other 'hand,' .-continuous'~


<flow dryern like Satake, Woodland, and Cimbria~had an eg'timated

d rying ycoste of US$ 16/t, , US$ 31'.o/t, and. US$ .53/t,
respectively. It is'difficult to project the drying costs under
 
present conditi'ons 'due to 
 substantial currency fluctuations.
 
Hfowever, it can be concluded that the drying costs of the
posed 	 pro­rotary dryers willbe highly compete-e with the existing
W.drying systems.
 

Table 4.30 	Cost of heat sterilization of rough rice having
 
initial moisture content of about 26 %:,W.b.
 

Drying system 
 Cost (US$/t)
 
-
 -


1),EBlectrically heated
 
rotary dryer 
 3.0
 

2) Rice husk-fired rotary 
 1.9
 
dryer with 	manual
 
recirculation
 

3) Rice husk-fired rotary 	 1. 4'dryier with 	mechanical ­
recirculation
 

4) Spouted-bed dryer 
 17.3
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Table 4.31 	Costs of drying rough rice of different initail
 
moisture contents down to a final moisture of
 
about 18 w.b.
 

Drying system Cost jUSr/t) 

Initial moisture content (% w.b.) 

26 24 22 

1) Electrically heated 11.2 8.8 6.1 
rotary dryer 

2) Rice husk- tired rotary 7 . 3 6.0 4. 3 
dryer wi th manual 

3) R (ic husk 1 
dryer with 
re:i r c ai 

r > :.tary 
n:,"harlical 

)i 

5.3 4.2 3.1 

4' Spoutod-hed dryer 64.0 50.4 35.1 

Table 4.32 Costs of drying rough rice of different initial
 
moisture contents down to a final moisture of
 
about 14 w.b.
 

Drying sy'stt,,i 	 Cost ( US$/t) 

Initial moisture content (% w.b.)
 

26 24 22
 

1) Electrically heated 29.2 25.4 21.3
 
rotary dryer
 

2) Rico husk-fired rotary 18.9 18.0 17.3
 
dryer with manual 
rco rc u IIa t io,; 

3) Rice hucsk f:t,,id ror:ary 14.0 13. 12.3 
dryer wit hn .a]
recf 1t[i [a C1,)1 

4) 3p,:utfod Led dryer ( 	 technically not feasible at 
present) 

. .. ... . . . ... . . .. . . . . . .	 . . . . . . . . .
. .... ... .. . . . . . . . . . .. . . . . . . . ..
. .
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Table 4,33 Rough rice drying costs (NFA, 1982)
 

Dryer type Make Heating Drying cost 
(US$ t.) 

Flat-bed - Rice-husk 20.2B 
bat ch - Kerosee 18.94 

Batch Kongskildo 21.16
 

Cont inuou, Satake 16.52 
t1ow Wood land 31.00 

C±mbr ia 52.70 

(1982: US$ 1.0 = PHP 10.0)
 



SUMMAPY AND CONCLUSIONS
 

This study showed that high- temperature short-time conduc­
tion heating -,f freshly harv-t-d high moisture rough rice could 
effectively inactivate the fungi and extend the safe 
 temporary 
s torage pr,- to) irial drying. 

The pr-vttype rice h'sk-fired rotail heating unit developed 
;pec If ica1y for heat steriIztion of rough rice showed good

mechanicl ald thermal performance. Such rotary heaters could 
prove to be a low coIst and pracical option for sterilizing and 
accelerateld dryiiiq of high moisture rice.
 

Thermal inactivation or fungi in freshly harvested roL.gh
rice (RD-.i variety) with an initial moisture content of approxi­
mately 2,% W. was evaluated using a batch-type experimental
heating un it: using surface tempe,_atures ranging from 75 to 200 0 C 
and exposure times up to 10- minutes. The heat-treated rough rice 
samples txhIb1ted reduced fungal population as measured by the 
lilitor. plating and carbon dioxide production. The reduction in
 

fungal act.avlty depended directly upon the heating surface tempe­
ratI I, C nd rexposure time. Subsequ, ly, fungal mortality was 
express d in terms of the bull, jrain temperature and equivalent 
exposure times fr general application. A procedure was developed
for estimating the heating times required for reducing the fungal
activity to i deslred level based on the time-temperature history 
of ,rain in a g iven system. 

Peat treatments resulted in rapid moisture remcval, an 
improvement in head rice yield and cooked rice texture, and a
 
reduction .n milled rice.whiteness depending upon the heating

surface temperature, exposure time, and initial moisture of rough

ri-ce. It was possible to establish optimum time-temperature com­
binations for obtaining maximum head yields with rough rice
 
samples at differe:It initial moisture contents. A slight decrease
 
in the- whitenesu of milled rice was offset 
by improved head
 
yields and cooked rice texture. These results were generalized

subsequently in terms of bulk grain temperature and equivalent
 
exposure times for application to other heating systems.
 

Heat-treattd rough rice 
samples showed an increase in their
 
sale holding periods based upon an acceptable level of reduction
 
in head rice yield and an increase in the proportion of disco­
lored kernels. A relationship was developed for estimating the
 
safe storage period of high moisture rice in terms of reduction
 
In fungal activity and the moisture content after heat 
treatment.
 
The proposed procedure was validated by comparing the computed
 
and experimental values of 
safe storage periods of rice samples
 
using a prototype rice husk-fired rotary heating unit.
 

Finally, the performance aspects of the proposed prototype

heating units were compared with a spouted-bed heating for
 
general application. A comparison of rough rice drying costs when
 
using the proposed rotary conduction heating systems and 
 conven­



a.e~i dr~ nedt rice 

qi edx :a.oed thes 

1,. H~eat~ teatmeu ti 'rduced&the ~f uga)) growth and hre-'C'the­
oag infrshly'W rvsad high mosue -oucj~i 9le0 

its safe temporar Vag h fungal mo1.ality Ievels close .to 
90*o9slightly h~i' r r fund, to be satisfactrfogera 

2.l was 9possible tognrlz th iee'eaue 
requirements< for Q.arrestnth iiigrwhnrohrce n 
in thermal proces'V'i ,,ciltio3.ns ba'sed,on the tinme-temprkature
-history~of builk 9rain_ Such', robedure acco~unted 'fothe heatinig 
Ad,,, "oolin4g lags usal-ecu'ee duigth ! tu heating, 
~proceee -a 'givenequipment 'Fo 0 fuga ortaliy 1 i 6v le'th~e'< 
jeu~iv'aln' .e'xposure times' (F '-values) were ,;eterm'-1-ned"to be 22 43' 

Sand'84 mints-'for bulk nritemperatur' o6f 70, -60~ and 50OC 
,respectvely . 

3. The measurement of-cao dioxid whihwas; produc~ed 
predomi.natly due, to th'a re'siration of,,fg prvie asimple
alternative , for;,, Monitoring t.e' fu al growth 4in -roughrice1 in 

V: comparison with the diltion' aingmthd 

-~- 4. A imple logarith~mi reainhpdqaey describ'ed 
theil accelerate6ddryin'g~f hightisiturerough irice Thithe range
of 1'8 tfo 30% ,wb.~ dufringconductib4 hieating, Thedrying constant, 
inthe logarithmic' model depended upon t1ie' eating 'surface t'erne-. 

4rature. 

5 A~ g~nealized procedure" developed i n. I hi's study can be 
fused for estimatin the moisture 'eoval from, zough.'r icedir 

hihtemperatufre conductioni heatii g,':i terms'of - the, iean, 'lk 
grain teprtr determined fromi the time-ternperature ~iistory .of 

~grain in a given heating' equipment,*. 

6,: Te th~ral~ effects of cpnduc' ion'he'at' treatmentc on ad 
rice yield of high 'Mostre rougb rice. were, expres'sed .in-t ,o 

'~ki'ne'ti parameter~ (Fc ,and, :za-vc. ) The equivalent ', 
exposure. t3imes '(Fc -vaue) for otaining 0, 15i 0 and: opi'mum
values o'f hed yed, rtio,,were.'estabJlishe'd 'for general 

1,- The head rice yield of:-higih mistir'e rough rice, increased - ' 
dring conduction beating firstad theniidecreased w~ith'p 1roid 

~tbhe- ,ran'ge of ,22 to, 26%iJ~b. 'shotild'be dried 1,in a wo-s age"
opeain with' temeig"of,grain. using 4hea'tiiig' ruace. tempera-_r 
-ure. of, 10 ~'Vto 200 O forj 'Xiumnbenefitsu'frong 
temperatur~e conduction ',heatin sice' Oiat .treatments "crrs 
pondig o ao ~ ---ead toL, a maiul~it.,4~e 

http:ciltio3.ns
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increase in head yield ranging from 14 
to 25% and to a final
 
moistu:e content of about 1-3 to 19% w.b.
 

8. The whiteness of the milled rice obtained from the heat­
treated rough rice appoared to be the most limiting factor in its
 
acceptabilicy. However, the changes in milled rice 
 whiteness
 
could be within acceptable limits if the the heating condition,,
 
were controlled.
 

9. Milled rice ob- airned from heat-treated rough rice showed
 
a definite improvement in its cooking quality in comparison with 
fresh rice. There was a de:;ir-able characteristic Increase in the 
firmness (-f cooKed-race kerneis and a decrease in their sticki­
ness resembi.Lng the artificial aging process. 

10. Heat trcatment of rough rice having initial moisture 
contots in the range, of 22 to 26% w.b. using exposure times 
corresponding to 90% and h2gher fungal mortality levels resulted
 
_n increased safe holding periods of about 10 to 23 days.
 

Ii. The limiting factor affecting the safe hoiding period of 
high moisture rice and thus its market grade was the percentage
of discolored kernelc, It was possible to estimate the safe 
storage per1o,' from ,-he fungal load ratio and final moisture 
content of race after the heat treatment. 

12. Selected exporaments carried out with a full-scale
 
prototype rotary heater validated The applicability of proposed

heat troatment procedure and the use of developed relationships
 
for estimating the safe storage periods of high moisture rough
 
rice.
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Drying Cost. Calculations 
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APPENDIX A 

Table A.1 Assumptions in drying cost calculation
 

A Total Investment Cost (TIC) -- Cost of dryer and accessories 

P Fixed Contis 

[e' rec rlat"n - Straight line methMu 
(10% salvage vo'iuFp years lire 

span
 
Repair and maintenance n % TIC
 

-' nsurance- 1.5% TIC
 
41 W-a1 ta-'s & Llceii~er - 21 ',
 
5 : '- 1146 p r a :iIin
 

Variabl, ;i.:
 

1) ra'uai lab r US$ 2.7S 1 9 man-h
 
2; E]ec,: city - US$ 0.068 / kW-h
 

Y. 'rher As SumMP i ns 

1) Operating hours 1440 h per year
(2 months harvesting period, 

2 harvew.rini periods per year 
12 hours per lay operation)

2) Exchange rate US$ 1.0 - .:5.1 
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Table A.3 	 Cost of the rice husk-fired rotary dryer
 
with manual recirculation
 

Drying cylinder B 6,500 
Motrr ( I hp ) 1,700 
Brick hous ng!irulat on 1, 500 
Ball bear inq 4 pcs 900 
El ectro-,-m m-ie!. i pcs) 800 
-procket; 60 
Mild steel 570 
Steel rod 2,000 
Construct or cost 1 ,200 

Total Investment cost (TIC) B 15,230
 
US$ 615
 

Total investment cost (TIC) with mechanical recirculation
 

* TIC dryer w/ manual recirculation + cost of conveyor etc. 

UUS$ 615 392
 

- US$ 1,007 

Table A.4 Cost of the spouted bed dryer 

Blower ( 3.7 kW / 5 hp; 13 m3/min; 3600 rpm) B 30,000 
Heater box 300 
Spouted bed colainn 500 
Insulation wood 200 
Pipings 400 
Gate valve 200 
Heaters 1,000 

Total investment cost (TIC) B 32,600 

US$ 1,278 
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Table A.5 	 Drying cost using the electrically heated
 
rotary dryer
 

A. Total investment cost 	 US$ 1,100 

B3. Fixed cost 

1 r)epreciat ion - US$ 141
 
21 Repair A.maintenance - 55
 
3) Insuranm% 
 - 17
 
4) Local taxor & licences - 22
 
5) Interest 
 - 165 

C. Variable cost 

L) Labor I cisual labor) - 495 
2) Electricity 
 - 1,046
 

Total annual cost (TAC) 	 - 1,941 

D. Drying cost per ton of rough rice
 
1) Drying trm 26 to 14% w.b. - 29.2 
2) Drying from 26 to 18% w.b. - US$ 11.2 
3) Heat sterilization 	 - 3.0 

(90 % FML)
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Table A.6 	 Drying cost using the rice husk-fired
 
rotary dryer with manual recirculation
 

A. 	Total investment cost - US$ 615 

A. 	Fixed cost
 

1) Depreciation - US$ 79 
2) Repair & maintenance - 31 
3) Insurance 9 
4) Local taxes & licences - 12 
5) Interest - 92 

B. 	Variable cast­

1) 	Labor (2 casual labor) - 990
 
2) 	Electricity (motor: - 20
 

0.2 kW-hh
 
3) Rice husk ($0.039/30kg) - 23
 

C. 	Total annual cost (TAC) - 1,256
 

D. 	Capacity
 

1) 	Drying from 26 to 14% w.b. - 66.5/yr 
(1st stage, 26 to 18% - 180 OC; 
2nd stage, 	 18 to .14% - 100 0C) 

2) Drying from 26 to 18% w.b. - 173 t/yr
 
(180 0C heating surface temp.)
 

3) Heat sterilization - 648 t/yr 
(90% FML, 180 1C) 

E. 	Drying cost per ton of rough rice
 

1) Drying from 26 o 14% w.b. - 18.9
 
2) Drying from 26 to 18% w.b. - US$ 7.3
 
3) Heat sterilization - 1.9
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Table A.7 	 Drying cost using the rlce husK-fired rotary
 
dryer with mechanical recirculation
 

A. 	Total investment cost - US$ 1,007
 

A. 	Fixed cost
 

1) Depreciatior. - US$ 129
 
2) Repair & maintenance - 50
 
3) n:1ura-,n,1 5
r-1
 
4) Local ta;es & licences - 20
 
5) Ir:Tern-st - 151
 

b 7,riablo -on,'
 

1) Labor ( .:asual labor) - 495
 
2) Electricity (2 motors: - 40
 

0.2 kWAI
 
) Rin"e husk ($0.039/30kg) 23
 

C 	 Total annuil c-<;t (TAC) 923 

D. 	Capacity
 

I) Drying from 26 to 14t w.b. - 66.5/yr
 
(!st stage, 26 to 18% - 180 OC;
 
2nd stage, 18 to 14% - 100 oC)
 

2) 	Dryinq from 26 to 18% w.b. - 173 t/yr
 
(180 OC hating surface temp.)
 

3) Heat storlization - 648 t/yr
 
90% M, l'. 0)
 

C.. Dryinq,. 	 ',.if por LonJ A, ro,.ush..ri-Ct
 

1) Drying fzr 26 to 14% w.b. 13.9
 
2) Drying from 26 to 18% w.b. US$ 5.3
 
.) Heat zt. i :iztion 1.4
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Table A.8 Drying cost using the spouteM bed dryer
 

A. Total investment cost - US$ 1,278 

A. Fixed co!t 

I D'epr,,iit :n - US$ 164 
2 Repii- irmaintenance - 64 
3) liS arr . - 39 
4 Loca .ax (:, 2 licences - 26 

Interest - 192 

B. V i'~bIe -'. 

1) Labor I casual labor) - 495 
SE;ctr'icity - 840 

C. Total ninual cost (TAC) - 1800 

a,Capac It, 

I) Dryinq from 26 to 14% w.b. - not possible without 
significant reduction 
in head .ice yield 

2) Drying rrom 26 to 18% w.b. - 28 t/yr 
(180 1C heatin7 surface temp. ) 

3) Heat st4.r i ::at ion
(90% FML, l[;fl 02) 

- 104 t/yr 

E. Drying cost per ton of rough rice 

1) Drying from 26 to 14% w.b. - not possible without 
significant reduction 
in head rice yield 

2) Drying from 26 to 18% w.b. - US$ 64.0 

3) Heat sterilization - US$ 17.3 



APPENDIX B 

Detailed Drawilngs of the Rice Husk-Fired 

Potary Dryer 
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