Pr-AA-GLS -

AGENTY FUR INTERNATIONAL DEVELDPMENT
WASHINGTON DC 20523

AT [/S) ' C»Z /';/ /(/S/_ —

MEMORANDUM
TO: AID/PPZ/CDIE/DL, room 209 SAa-18

FROM ; AID/C1, aesForam—Trts V‘fﬁ D

SUBJLCT Tran. mittal of AID/SCI Progress Report(s)

Attached for permanot retention/sroper disposition is the following:

/ il
4.4,
AID/BCT Progress Reoort No. e, _

: \JM“‘Z - fﬁi)@_p oYE

Attachment



FINAL REPORT

on

HEAT STERILIZATION AND ACCELERATED DRYING

OF HIGH MOISTURE ROUGH RICE FOR SAFE STORAGE

Submitted to

United States Agency for International Development (USAID)

Preparad by
V.K. Jindal and

V.G. Reyes, Jr.

AIT Research Report No. 221

Division of Agricultural and Food Engineering
Asian Institute of Techunology
Bangkok, Thailand

1988



- ii -

PROJECT PROFILE

Project Title : Heat Sterilization and Accelerated Drying
of High Moisture Rice for Safe Storage

Sponsor : United States Agency for International
Development (USAID)

Type of Grant : Program on Science and Technology Coopera*ion
Grant No. 936 - 5542

Principal
Investigator : V.K. Jindal, Associate Professor

Co-1nvestigators: V.G. Reyes, Jr., Sr. Research Associate

L.G. Obaldo, Research Assnciate

Technician : V. Plapangya



ABSTRACT

A study was carried out to evaluate the effectiveness of
high temperature conduction heating for sterilizing and drying
freshly harvested rough rice (RD-23 variety). Experimental proto-
type heating unite were gpecifically designed and constructed to
provide surface temperatures ranging from 75 to 200 ©°C. The
quality effects «f heat ftreatments on rough rice were 1nvesti-
Jared 1n terms of molsture removal, head rice yield, milled rice
whiteness and cooked rice texture. Safe holding periods of heat-
treatad rcouch rice samples were evaluated based on accepted
criteria otf 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 avaluated.

Conduction heat troatments distinctly reduced fungal activi-
ty 1n rough rice as measured by dilution plating and carbon
di1ox1de production. Exposure times for isothermal heating of
rough rice wars detormined for 1nactivating the fungi to specific
levels based on the heating surface temperature. Subsequently, a
qgeneral procedura which accounted for the heating lags was deve-
lopad  for estimating the heat dosages based on the time-tempera-
ture history of the bulk grain in any given heating equipment.

In  general, conduction heating prevented the spoilage of
high moisture rouqgh rice leading to its safe temporary storage
prior to drying. Heat treatment of rough rice corresponding to 90
te 95%  fungal mortality increased the safe holding periods of
about 10 to 23 days based on an acceptable limit of 1.5% increase
1in discolerod Yernels 1in the milled rice. Heat treatments
reculting n fungal mortality levels equal to 90% and higher were
tcund  to  ba satistactory for general use. A relationchip was
developed for awstimating the safe storage periods of heat-treated
rough rice pared on 1ts molsture content and fungal mortality
achieved with various heat treatments. A comparison of computed
and  wexzperimeniai  pafe storage periods determined with a full-
scale  prototype heating unit showed a reasonable agreement and
thus validared the genearal applicability of the proposnad heat
troa~moent procedure.

Heat-treated rough rice showed an increase in head vyields
accompanied by a roduction in milled rice whiteness and improve-
mant.  in  cooked-rice texture depending upon the heating surface
temperatire, aexposure time, and initial moisture of rough rice.
Heat <reatments of rough rice corresponding to funrgal 1inactiva-
tion  lovel of 95% led o maximum head rice yields and acceptable
level of reduction in the whiteness of milled rice. In general,
high temperatura conduction heating was found to be suitable for
continuoue rapld drying of high moisture rough rice down tc about
15% w.n. without significant reduction in milling quality.

Finally, & comparison of rice drying costs when using the
proposed raotrry <conduction heating systems -and conventional
heated-air drying rsystems clearly showed the rice husk-fired
rotary drvaer to be highly competitive.
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I. INTRODUCTION

1.1 General

In the tropics, rice 1is not only a staple food but also a
msjor source of livelihood. Rice supports more human beings per
hectare than any other grains. ‘Therefore increased production
through direct increase in yield and minimization of losses,
will directly contribute to the better well-being of most
peoples of Asia.

Rough rice 1s usgually harvested at relatively high moisture
lavels (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 1in quality and
quantity due to specific physical, physico~chemical, and
biological factors, or a combination of them. 1In ftreshly
harvested rough rice, the tosses resulting from the rapid
growth of micro-organisms on and within the grains are much
more silgnificant ( Schroeder and Sorenson, 1961; Mendoza et
al., 1981). These losses include reduction in germinability,
discoloration of whole or part of the grains, reduced milling
vields, wunfavorable changes 1n cooking and eating quality, and
potential health hazards from mycotoxins. In tropical and sub-
tropical countri.s, the rate of these 1losses 1is 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
consl1st.  2f either avoiding the drying delays or extending the
safe storage period cf high moisture rice. Methods of holding
high molsture rice prior to drying include the aeration of wet
grain (Calderwocd, 1966 and 1979), airtight storages (de Padua,
1965) and rthe uso of chemical preservatives (Calderwood and
Schroeder, 1975). These methods have Leen used only with limited
SUCCess .

Heat v terilization and accelerated drying of high moisture
grains as a method of arresting spoilage has not been attempted
in the past. Farlier studies carried out at the Asian Institute
of Technology «clearly showed that high-temperature short-time
drying of high molsture rewetted and parboiled rice in a screw
conveyor heat exchanger heated by a rice husk-fired furnace could
prove to be an 1nnovative and practical approach (Suhargo and
Jindal, 1983; Obaldo, 1983). Though these experiments aimed
1nitially at the accelerated drying, they can be used for heat
steri1lization of high moisture rice to increase its safe storage
period prior to final drying. Therefore, this study aimed at
ovaluating the thermal 1nactivation of fungi present in freshly
harvested high moilsture rough rice as a means of extending 1its
safe storage period prior to drying. 1In addition, the effects of



heat treatments on accelerated drying and associated changes 1in
the physical quality of rice were alco investigated.

The results of this sgtudy will be particularly useful to
the capital -short tropical countries where climate accelerates
the deteriorarion 1in quality of rough rice follcwing the
harvest. The perceirvaed benefits include the preservation of rice
quality, tncroasaed  production through minimization of losses,
and improved utilization of dryers through proper scheduling of
drying and heat trastment operations.

1.2 Cbhrective:n

The overall objective of thils study was to evaluate the heat
sterilization-cum-accelerated drying of high moisture rice as a
means of preserving 1ts physical quality and milling potential.
The specific objisctives consisted of the following:

1) to  evaluate the quality effects of high-temperature
short-time (HT3T) exposure of high molsture rice,

11) to anvestigate heat sterillization and accelerated drying
of rice in experimental rotary conduction dryers to pro-
long 1te pate ntorage period, and

i111) to ceompars conduction and fluidized-bed heating and their
economlzs feasibility.



2. REVIEW OF LITERATURE

2.1 Spoilage of High Moisture Rough rice

In high molsture frech rough rice and similar grains, the
loss in quality and quantity 1s mainly caused by field and
storage fung:i (Schroeder and Sorenson, 1961; Mendoza et al.,
1981; Naewbani) et al., 1981, 1Ilag, 1982, Quitco, 1982).
Generally, the fi1eld fungil are those that i1nvade the grain while
the plant 1% still growing 1o the field or after the grain is cut
but before 1t 15 threshed. While the storage fungl are those
which develop on  and within the seods in ctorage. Freshly
harvested rough rice 1f stored at 18% moisture content and above
provides a good living environment for field and storage
fungu .

In any attempt to prevent microbiological deterioration in
high melsture rice, attention should be focused on the control
or wradication of botn tield and storaye fungi. As of to date,
the  control  of these mlcroorganisms  has  been ineffective
aspecially for high moisture food grains.

Many studies nave:  demonstrated the similarities in
microilora found i1n paddy and other graines. Therefore, selected
investijations  on other food grains woere also included in this
reviow.

2.1.1 Field fungi

Tae reported field fungi that invade the rice grains

are species of Alternariy, Cladosporium., Curvularia, .
Nidrogpora and Rnizopus | Fanse and Christensen, 1970; Schroeder,
1963; Meonrdoza ot al. 19810, All field fungi require a high

moisture content 1n equiiibrium with a relative humidity of 90%
or higher (Christensen and Kaufmann, 1969, Ayerst, 1969; Lacey,

1980; cChristensen  and  Sauer, 1982). The equllibrium moisture
contant of rough  rice at this relative humidity and
temperature of 30 0¢ 15 about 18,0 % (Wassermann and
Calderwood, 1972). Therefore during temporary storage of high
moistura SOUgn rice, fi1eld fungi1 continue to grow in

compstition with other stcrage fungi.

A gummary ot the waior fungi with their growth requirements
15 presentad in Table 2.1.

2.1.2 Storage fung:

Most storage fungi have the ability to grow in food
grains whose nolsture  contont are  in equilibrium with relative
humidities «of “6¢  and above (Table 2.1). The major fungi that
invade the 1o awedn  at tvo 20% moisture contents are
Asperaillus and several spacies of Penjcillum  (Schroeder and
Soraenson, 16l Christenson. 1369).



Table 2.1 Growth limits of some common fungi

Minimum ricet?)

rice fungi rﬁmpnraruxe Water activirty oC molsture(% w.b.)
Pnnlrlllum Poye )'otolrxan- -10 -35(4)
Spp. (20-25)¢3)
Lowar Slightly 2 - 3704) 15 - 17(4)
mesophilic xerophilic
Upper Slightly 5 - 50(4) 15 - 17t
mesophilic xerophilic
Aspergillus Upper Moderately 5 - 50(4) 14 - 15C4)
{flavus mescphilic zerophilic (23} (»24)(2)
A. candidus same same 5 -« 553,40 14 - 1504
A. ochraceus same same 5 - 5504) 14 - 15(4)
A. glaucus Mesophilic Extremely 2 - 50t4) 13 - 14¢4)
xerophilic (30-35)t")
A. restrictus Mesophilic same 2 - 50(0¢) 13 - 14(4)
(30-35)(2)
Helminthos- Lower Hydrophilic 2 - 37(4) >18(4)
porium mesophilic (24-25)(6)
“usarium Lowar Hydrophilic 2 - 3704) >18(4)
mesophilic (24-25)(¢)
Cladosporium Psyct Slightly - 17 - 174
tolerant xerophilic
Alternaria Lowar Hydrophilic max 37(1) >18(€1)
mesophilic
Mucor Hydrophilic 2 - 504 >18(€4)
rhizopus Hydrophilic 5 - 50(4) >18(4)

(24-25) (&)

liotae: Jtems 1in pdrentheﬂ‘u ace optimum 1eve1s for growth.
Source: (1) Apinis (1972)
2) Ayerst (1969)
(3) Chraictensen and Faufmann (1974)
(4) Lacey et al. (1980)
(%) Quitco (1982)
(6) Ilag (1us2)
(7) Wratten and Kendrick in Wassermann and Calderwood (1972)
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2.4.6 Gag treatments

Fumigants euch as phosphine, ethyl dibromide and
methyl bromide are commonly used in stored grains to destroy the
miccoorganisms and insects. However at pregent, their use is
mainly limited to insect disinfestation in relatively dry grains
because of high costs, and ineffectiveness in high moisture
grains (White, 1977; Wasley et al., 1965; Banwart, 1$79).

2.4.7 lonizing radiation

In food preservation, the ure of gamma rays has been
preferred for killing microorganisms (Herson and Hulland, 1980).
The death or 1njury of micrcorganisms is due to either direct or
indirect effocts.

The use of 1onizing radiation proves to be an
expensive method of microbial destruction. At higher levels of
1onizing radiation, the quality of the food may suffer due to
the develcpment of off-flavor. In addition, irradiated food may
not be weasily accepted by the consumer because of the fear of
possibla health hazards.

2.4.8 Ultravinlet radiation

The anti-microbial sffect of ultraviolet (UV) 1light
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 1light is much lower than that of ionizing
radiation (Fieldc, 1979). Therefore, low penetrating power of UV
light 158 not very effective in killing the microorganisms in
grains.

2.5 High Temperature Heating of Grains

In food industry, the moat common method of killing
microorganisms 18 baeed on the application of heat. Besides
killing microorganisms, heating can inactivate enzymes (tissue
or microbial) causing deterioration during temporary or long
gtorage periods. However, the wuse of heat treatment for
microbial destruction in  high moisture grains for prolonging
their rafe storage period has not bheen 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 i1ns.ct disinfestation in low moisture wheat
{Dermott and Evans, 1978). Later it wae suggested that heat
starilization may be wused in a similar manner to reduce the
microbial deterioration 1n high meisture fresh rice (Evane,
1980).

Fluidized bed heating characteristically offers high rctes
of heat transfer with accurate temperature control. However, high
power raequirement 18 a major disadvantage in applving the
fluidized bed technique. As an alternative, the use of screw-~type
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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, 1982).

Other ostudies ou the use of elevated temparatures to
disinfest slored agrainsg and cereal products with infra-red,
microwWave and dielectric heating [Boulanger at al., 1971; Nelson,
1972, 1973, Kirkpsuvick and Yilton, 1972, HKirkpatrick et al.,
1972, ¥ickpatrios, 1975 a and h: Watters, 1976) have evaluated
the eff{cctiveness of rapidly hearing 1nfested grain or flour to
temperaturas within the range of 44 $5 ¢ sor various exposure
timos fcllowed iy passive cooling.

It appoar.  that a3 knowloadge of the relaticnship between
microorganiame sortallity, oxposure tempsrature and time is essen-
tial 1n planning heating strategies and designing dieinfestation
systemsg. In addtition, pousiblo deterioration in grain quality dus
te  heating process toeods to be taken into consideration along
with the economics of oporation.

2.5.1 Conducrted dsarting of Graing {or Drying

There aro a lumited number of studies on the applica-
tion ot c¢ondurtion bheatlng vo grain drying in the reported
literature. Bastcally, twe different types of ccenduction heat
transfar sysgtams have baen ucned. In the firgt system, a solid
hoatt transtor media  such as salt or sand 1s used (Khan et al.,
1974, Ragnavan and Harpor, 1974; Ali and Bhattacharya, 1980;
Mitrai and lLavp, 1984) . Thisn system nocecsitates the separation
o1t the warain irom the heat transfear media folloewing the drying
and  thus  Taklodg 1te mechanical  operation cumbersome. In  the
second  cveton, the  grain 1s rolled over the heated surface by
mochanica i means (Hall and Hall, 1961; Chancellor, 1968a; Suhar-
go, 1982; Acasio and Belonio. 1983; Obaldo, 1983). This system
appoars  hto  be more practical in providing a simple means of
applying haat in a direct manner.

.07 taality Deterloration in Grains Due to Heat Treatment

Heatina of grain using high tempsrature could be
benonficial in terms of rapid drying, 1mproved milling quality and
possible destruction of microorganisms. However, 1t may result in
excessive deavelopment of cracks or fissures (Kunze, 1984),
gelatinization «t starch (Khan et al., 1974; Juliano 1979;
Caldervood 1%71; FKunze 1979), and loss of germinability. The
gelatinization  of ctarch which 18 usually termed "parboiling
effect" may e approeciatad because of more translucent
and harder kernals and reduced Dbrearxage during milling
nperations. In  addition, there 15 navidence 1n literature that
heating of thigh  woarsture (rasn rice may result in artificial
aging leadingy to gignificant improvements in its eating and
cooking qualitias (Normand et al., 1964; Juliano, 1979).
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2.6 Conduction Heating of High Mcisture Grains for Fungal
Disinfestation

Aside from drying to sate morsture levels, presently
available means of extending the safe storage period of high
moisture rice have been used with limited success. Serious

limitatinns including ezcessive cost, undesirable taste and odor,
and 1neflectiveness liave Leen encounterved.

Heat sterilization ot hish moleture rough rice could prove
to be an 1nnovative approach te extend 1ts safe gtorage period.
The 1nactivation of microorganisms by tha application of heat
is common 1n food orocessing industry but 1t has not been applied
to  pregerve 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 5% °C, the maximum exposure times which the
fungl can tolorate are not known (Averst, 1969; Christensen and

Kaufimann, 1974). Conductisn heating of high moisture rough rice
for 1nactivating the fungi could prove to be an innovative and
practi~al approach for temporarily holding wet grain prior to
final 1drying. However, evaluation of this approach must include
datailod 1avestigatione of the time-temperature history of the

grain during conduction heating, thoe operatioral characteristics
of the heat application system and the changee 1n grain quality

due to  hueatinog. This approach could be practical because
conduct o heoting  egquipment generally require less capital
investment and energy, and such equipment are easy tc fabricate

(Chancellor, 1964; Poot and Cook, 1980).

The time  and  temperature reguirements for killing rice
microflora  teo any desired level would need to be established
firgt. This 1nformation could perhaps be expressed 1in yeneral
terms o as to ba applicable to a given heat treatment system.

From pract:<al vpolnt of view, inexpensive conduction heating
system  would noed to bhe devised and evaluated for their
performand:- Simple conduction heat application systems ruported
by Suharge - .422), Sbaldo, (1983), and Acasi1o and Belonio, (1983)

could prove o Le practical meanz of anplying heat to high
moisturs oraln  {or preserviang  1ts gquality during temporary
storage.

It 15 expected that poscible deterioration in grain quality
due ro the heating process would need to be taken into
consideration along with the economics of the operation.
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presented in the following zections.

3.2.1 Small-scale rotary heating unit with axial flights
( moxdel T )

Thiu motelh cype  rotary  conduction haating unit
consigted mainly ot oA rorvary eyvlainder, G070 moin diameter  and
0.85 m long, “ith  six  equidistant sYraight axial flights
ertonding 4 ~m from the incide surface. The schematic diagram of
the hoeat treatment unit 1y presoented 1n Fig. 3.1. A heavy duty
ball bearing mountsd on rhe steel frame supported the cylinder
from one side only during 1te rotation. The other end of the
cylinder aserved as  lnlet and outlet for rough rice samples
through a removable perforated cover. Samples were dircharged by

removing the covar and lifting the rear side of the unit. Four 1-
kW elactric resistance heaters were placed bencath the rotary
cylindor to¢  supply the vrequired heat. The heaters and rotary
cylinder wore encaced 1n an outer cylinder and insulated using 6
em  thick wool fibre packing. The temperature of the cylinder
surface could b raitsed up to 300 °C. The heating surface
temperatura was ragulatad with an automatic electric temperature
controlloer equivped with o copper-consgtantan thermocouple sensor.
This sengor wag placed 1 cm above the surface of the rotating
drum. The average temporature of the rotary drum surface was
meapured dJdirectly uwasing thermocouples connected to a soeparate
temparature roecorder . The settings of temperature controller were
adjueted subseqguently based on  the calibration of the drum
surface t-mperaturs with the spansor temperature. It was possible
to maintain the tomperature of the drum surface within + 5 °C,
The cyiinde:r rotation speed could be adjusted from 10 to 40 rpm
by a vartaile speed 1-kW electric motor. Other details are given
by Reyas (19H6).

4.7.2 Small! -scale ona-pitch rotary heating unit ( model II )

A aecond bpatch Uype rotary conduction heating unit
concinted mainty of 1 rotary cylinder, 0.6 m in diameter and 0.2
m lony. Thig heating unit represented a one-pitch section of the
prototype rotary dryer with nelical riights ( see prototype
units, saction 3.2.4 . t1g. 3.2 show rtho features of this one-
pltch rotary heating unit. One side of the cylinder was covered
Wwith steel sheet ~onpscted Yo a driving zystem. The other end
which servad ap an iniet and ocutlet for rice samples was covered
woth  a  oarforated plata.  Semples wers loaded through a 0.1 m
drameter center-hole of the perforated covar and unloaded through
a removable sector of the sarforated cover. Four 1-kW electrical
registance heartars wete piaced 1 between the rotary cylinder and
an insulated euztsrior <ylinder to supply the required heat. The
temperaturs i ¢ oylinder surface could be raised up to 300 ©C
and maintainal sathin o+ S °C by a  temperature controller.The
cylinder 1rotation opsed conld be adjusted from 3 to 2L rpm by a
variabls espand 1 kW electric motor.
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Fig. 3.3 Schematic diagram 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 Il )

The prototype rice husk-fired rotary heating unit
congisted mainly of an inclined yrate-type furnace and a slowly
rotating drying cylinder enclosed 1n the flue gas chamber. A
continuous helical spiral was attached to che inside wall of the
rotary cylinder ror conveying and mixing of rough rice samples
during heating. The schematic diagram of this heating unit is
presented 1n Fig. 3.4 and detailled drawings are given 1in Appendix
B. The design detalls are discussed in the following gections.

Rouah rice feeder. The feeder ascunmbly consisted of a
hopper for loading, a spout for feeding the grain into the drying
cylinder, and an etlectromagnet serving as a vibrator to regulate
and maintain the deslired feed rate. The feed rate could be regu-
lated wanuvally by adjusting the rotary feed gate attached to the
elactromnagnet from 1 to 40 kg/min.

Rotary heating cylinder. The rotary heater was basi-
cally a eylinder 0.6 m 1n diameter and 2.2 m 1in length. This

cylinder served as a heat exchanger for conduction heating and
drying of high moisture paddy. It had a helical spiral welded to

the ineide wall of che cylinder, machine girth sprocket ring ana
chain draive asgsembly powered by an electric motor, flat bLar girth
rings riding on ball twearings, a discharge spout and chute for

unloading the hwated and dried grain.

The horizontal trevel of the wet grains in the heat
¢xchanger wag affected by the helical flights. As the hesating
cylinder rotated, Lthe flight pushed and conveyed the grains
causing 1t to slide, roll! or tumble along the inner wall of the
hot c¢ylinder. The helical flight also served as an additional
heating surface aside -from providing grain adgitation and
transport. The rotation speed could be varied from 1 to 45 rpm by
reqgulating the cpeed of Lhe one kilowatt electric motor.

Rice Hugk rurnace. The furnace was the main heat source
of the rotary heatar. It was fueled by rice husk with a maximum
furnace temperature of 500 °C attainable at akbout 30 kg/hr feed
rate. The f‘urnace 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 unitform feed rate. The hull flow squalizer regulated
the even distribution of the husk as 1t drop down the inclirned
grate. The 1inclined grate was made of 110 rows of slioping and
horizontal fire bars. The husk feed rate ranging from % to 30
kKg/hr <can be reqgulated manualiy by adjusting the rotary feeding
Jate atrached to the electromagnet with an on/off switch
wechanism.

Flue Gas Chamber. The flue gas chamber was designed for
enclosing the rotary heating cylinder and hot gases coming from
the rice husk furnace. The walls of the chamber were made of
br:icke strong enough to hold the dryer and prevent the eXcessive



Rice husk hopper
Furnace

Paddy nlet hoprer
Flectro “magnel vibrator
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Yig. 3.4 Prototype rice husk-fired rotary dryer with helical flights
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heat loss. The framo to support ascembly of thoe bricks was made
of 5 x5 cm mild steel angle bars. The joints were enclosed by 3
mm mild steel shoeot.

Rockhed Heat Storage. A rockbed heat storage was
incorporatod to help minimize temperatuve [luctuations in the
heating cylinder. It czoncistod of 8 to 10 cm diameter ordinary
rocke with a total volumo of about 0.5 cubic meter located
beneath the rotary heating cylinder. The rockbed heat storage
helped stabllize the desired heating surface temperature and
malptain 1t over relatively longer axposure times.

chimney. The chimney was the exhaust port of the unused
heat and products of combustion coming frowm the furnace. The mailn
tunction of the chlmney was to establish the minimum draft
required for complote combustion and to regulate theo flow of hot
gases Dy manually adjusting a baffle located at its base. The
chimnoy wag mado from 1.% mm thick mild steel and had a diameter
and height of 0.20 and 3.6 m, respectively.

3.2.9% Fluadizond-Bed Heating Unit

A  cpouted-bed unit reprecenting a special type of
fluigdized system was used as an alternate method of accelerating
the drying procogs. Thao spouted baed dryer consisted mainly of a
cylandrical vessasl with a conical bottom, a blower and a heater
box. Figy. 2.9 shows the (eatures of the spouted bed heating unit.
The cyiwnder was 49 em oin Jdiameter and about 2.4 m in height. The
angle ¢ the conlcal bottom was about 60° from the horizontal.

The cylindes wall just above the cone was fitted with a glass
window 10U obsorvation. Copper tubes ware also installed for
measuraments o1 pressure drop and temperature along the cylinder.

An invoerted cone-shape -head was connected to the top of the
column for measuring the airfilow rate by a vane anemometer. The
dryor was connectaod to an elsctric heator box and a4 centrifugal
hblowoer. The Dblower and  hoatsar box were connected by a 15 cm
dlameter gate valve for airfliow regulation. The heating box had
twelve | -kW heating coils woth on-of{ oswitch control. The heater
hox was made of double wall from 1.5 wmm thick cteel sheet and a
removablae top cover to facilitate the repnair of electric heaters.
Fire «¢lay was aloso placad tn between the walls to minimize the
heat lassas.,  The pipe connecting the heater box and the drying
column wias also nsulated by wool fibre. The centrifugal blower
had a2 ~apacity of 13 w?/min of air at 3600 rpm. The blower which
was mado by Sanco Manufacturin Co., Japan (model TBH-4) had a
power requiremaent of about 3.7 kW or 5 hp. Other details are
given by Heng (1987).



Fig. 3.5 Spouted-bed heating unit

3.3 Prelimirary studies on high-temperature short-time heating
of high moisture rough rice

In ordar to assocs the potential of high-temperatuse short-
Lime (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 molsture concent of 20% {w.b.) were heated in 5
cm layors fully covered with aluminum foil. Rough rice samples
ware heated up to 15, 25, 40 and 65 minutes at an oven setting of
200 °C. After heating the grain to desired eXposure time, it was
taken out and cooled in either rapid or slow mode. In rapid
cooling, grain samples wore svread on the floor over a nylon mat
uncil ite temperature adjusted to the room conditions. In slow
cooling, the grein 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 periorated aluminum foil for monitoring the microbial
actlivity during subsecuent storage.
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In second set of experiments, rough rice rewetted from 14 to
22% w.b. was heated to about 70 9C bulk grain temperature for
approximately 10 wminutes in the same laboratory oven. Heated
rough rice sample wac then divided into two parts. One part was
stored directly 1in plastic coatainer without coollng, but tha
soecond part was cosled for abour 10 minutes under room conditions
(30 °C, 60-6% % RH) prior to storage. buring ten daye ot storage,

rovgh rice samples welghing about 1 kg were tauken at random from
the gRtorage tanr for gquality analyses. The amount of fungal
colonies (by dilution plating assay) wac also monitored during

the tent period. The direct plating assay was not used because 1t
wap found to be 1netfective 1n agsessing the extent of fungal
invasilon quantitativaly.

ln the third experiment, two heating tzials were performed
usl1ag the one-pitch experimenval heating unit (nodel II)}. The
wocthod employed 1n this treatment consisted of exposing 3 kg
rewetted rough rice samples for a period of 5 minutes at heating
surface tamperaturs levels of 100 and 140 °C and cylinder
rotativr> speed of about 14 cpm. Immediately after heating, the
treated qraing woere trancferred into a sterilized aluminum fray
and covered with aluminum foill for ambient cooling prior to
quality evaluation. Init1al and {final grain moisture and grain
temparature wore monlttored and recorded for sach trea. 'snts.

3.4 Heat Sterilization and Accelerated Drying
3.4.1 Heat sterilization of rcugh rice samples

Rough rice gamples with moilisture content of about 26%
were heated in batches of 3 kg using the experimental rotary

unit with axial f{lights (model 1I). Four heating surface
temperature cf 75, 100, 150, 200 °C and exposure times of 3 to
40 minutes were uged. The cylinder rotation spezd was fixed at
10 rpm to ansure fasier heating rates. The time-temperature
profiles ~f the qgraln wore monitored during heating and cooling
process.

Aftar heating the grain to a desired exposure time, it
was  takon  cut  and cooled to room temporature for subsequent
microbiological and quality evaluations. Heat-treated rough rice
samples woare i1mmnediately transferred to the aluminum trays in 5
~m layers, completely covered with alumirnum foil, and cooled to
room tomperature 1n a chamber maintained at -15 °C. Cooling in a
tully encloesged coniainar was necessary to avold any contamination
of the samnples. Th:s method resulted approximately in a 2 °C/min
coolling rate.

Ivmediately atter cooling, the sample was divided into
three =sub--samples, one for measurement of fungal count and
another fcr carbon dioxide production. The remaining sub-sample
was dried under room conditions to about 14% mcisture content for
subsequent milling testeo.
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experimental unit, the test conditions were:

Hoatingy surface
temparatura : 100, 150 and 200 °C

Initial moisture
contant of rough

rice 22,0 - 26.5 % w.b.

Exposure duration : depending upon the level of fungal
inactivation (7%, 90, 95% mortality
levels)

Cooling : moderate

Rotation speed : 20 rpm

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

Samnple size : 3 kg

Finally, to validate the results from the above tests,
setorage teets were also conducted using rice samples heated in
the rice husk-fired prcototype heating uvnit. The following were
the experimental tect conditions:

Heating surface
temperature : 100, 150 and 200 ¢°¢C

Initial moisture
content of rough
rice : 25.0 % b.

Exposure c¢uration : dependirj upon the level of fungal
inactivation (90 &% mcrtality level)

Cooling : moderate

Rotation spaed : 10 rpm

Feed rate : 7.5 kg/min { 20 kg per run )
Storage period : 0, 3, 5, 10 and 15 days

All heating teets were replicated thrice in order to
have sufficient quantities available for storage and subsequent
quality evaluation tests.



2Lorage expariments

Attar oach treatment, rough rice samples were allowed to
C00L  to roowm  temperature  in  plastic  buckets covered with
rerforated aluminum €01} te allow the escape of vapor during
conling. Subseguently, thoe sumples were tranefsrred into 2 liter
capacity 4glass  botrles with provision ior carbon dioxide to
escape  through tho cotton plugs irto  the atmosphere during
storage. Tho samploc wore acrated uging a simple hand puap every
24 hours to prevent the building of carbon dioxide concentration
in the wtorsgr chambor. The samplos were stored at  room
temperatuce (208-20 ¢C) durine the topt period.

3.5.2 Effects on milling and cooked-rico quality

The exparunontal teet conditions for milling quality
and cooked-rice toxture ovaluation when using small-scale and
prototype heating units wers the same as in drying tests.

3.6 Fludized-d:~3 Drying

Several 1vlet air tomperatures were used for ovaluating the
drying rate and milling quality of high moisture rice during
spouted bed dryving. The drying experiments were conducted using
the following experimental conditions:

Weight of sanmple = 12 kg

Grain moigrture = 26% w.b.

Inlet air temporature = 50, 68, 80 (+2) °C
Inlet orifice diameter = 5.0 cm

Airflow rate = 4.8 m¥/min

(1.10 m)/sec.m?)

ror every drying test, a control sampl., weighing at least 1
kg was taken from the same lot and dried under shade for compari-
80N purpores. Prior to any drying tests, airflow and air tempera-
ture ware cet at desired levels. Rough rice samples 20-30g were
taken at 5 min interval during cach 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 %o milling.
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3.7 Performance uand Economic Evaluation of Prototype Drying Units

In this study, the perforinance of two propeosed heating units
were oevaluated Finally, the cost of sterilizing and drying high
moisture roungh ricec to spacific levels were detormlnoed.

3.7.1 Porformance evaluation of the prototype rotary unit
with axial flignts (Prototype I)

The: Aryag parameters considered In the performance
evaluation of Protatype 1 ware heating curface temperature, expo-
sure duration, 1nitial moleture content of rough rice, grain feed
rate, and rotaticn spead of the heating cylinder. However, it was
found that the rotational speeds in the range of 6 to 30 rom did
no not significantly affect the drying rates. Therefore, The
cylinder rotational gpeed was fixed at 10 rpm for all drying
tests.

The foilowing test conditions were used to evaluate the
prototype drvyver's pertormance:

Heating rurface remperature : 75, 100, 125 and 1%0 °¢

Ini1tial moiloture corntent : 22, 2€6 % w.b.

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

Rotation speand : 10 rpm
Feed rate : 30 kg/min
Cylider 1nclination : 1.5 degree

tol*vzally  the cylinder rotation speed and grain feed rate
woere e£et as required,. Cenduction drying was started after
attaining the required hsating surface temperature. Aftoer
heating the grain samples ror known exposure time or number of
passes, they were cooleu to room temperature in plastic kuckets
and dried subsequently tc about 14% w.b. by spreading on a nylon
mat. Grain molsture contente were determined using a Kett
molsture metear and later adjusted to standard oven values. For
each heat treatmont, rough rice sample weighing 2 kg was also
air-dried under shade to serve as control.

3.7.2 Performance evaluation of the prototype rotary unit
with helical flights (Prototype II)

Samples of high moisture rough rico, each weighing 30
kg, were honated 1in the rice husk-fired rotary dryer using the



following sxperimontal conditions:

Heaving surface temperature : 100, 140 and 180 °C
Initial moisture content : 18, 22 and 26 % w.b.

Exposure duration :up to final molsture content
cf about 14% w.b.

Rotation spead : 10 rpm

Feed rate . 30 kg/min

A similar procedure as described in the preceding section
was also followed 1n this case.

3.8 Laboratory Methods for Fungal Characterization and Quality
Evaluation

t.r01 Dilution plating assay

Ths number and proportion of fungi present in the
rough rice sampies were detormined by dilution plating assay. The
pour  and spread plate methods as described by Flannigan (1977)
“ores  wed vt moasure storage fungi in malt  salt  agar (MSA)
medim and f19ld fungr 1n potato dextrose agar (D?DA) medium,
respoctivaly. Diiurions  were mede by blending 50 g of grain 1n
500wl < 0.12% ctarile agar in water for 2 min. Successive
frlutions were made by transferring 10 ml of the suspension
mediun to o %0 ml oot 0.12% agar in wster. One-ml and 0.2 ml of
pprepriare dviutions ware cultured in steriled dishes containing
madtosait 6% MaCl) and potateo dextrose agar n..dia, respectively.
Av oouttine of the drlution plating method 1s given 1n Fig. 3.6,

Mait salt agar was composed of the fcllowzag

Mal. axtract {dehydrated) 30 g
Mycological paptone (Difco) 5 g
Sodium chloride 100 g
Agar Ho. 3 12 g
Distilled water 11

Potato dextrose agar wae composed of the following :

PDA (Difco) 39 g
Distilled water 11
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3.8.4 Carbon dioxide production

Carbon dioxide production 1in rough rice samples was
measured using a chemical absorption system similar to Steele et
ai., (1969%). A pchematic diagram of the set-up 18 shown in Flg.
3.7. The apparatus ma2inly ccasisted of s1x sections: 1) an air
pump for  supplying a constant airflow, 2) potassium hydroxide
solution and soda lime vesgsels for carbon dioxide removal from

atmospheric air. s) gulfursic acid solution for controlling the
reiative  humidity, 4} sample storage, 5) s1llica geol and
magnesium  perchlorate for moisture removal, and &) ascarite

backed by a small amount of magnesium perchlorate sor carbon
dioxide absorpt.on

The operating details of an 1dentical system are given in
an earller rrudy by Tangonan (1980). Rough rice sample weighing
about 700 - 800 g was taken froim the 3 kg lot and placed inside a
the 2 ii1ter capacity glase jar. The system was operated for at
least 24 hours per treatment. Three to eilght readings wers taken
during the test period depending on the rate of respiration. The
ascarite tube had to be detached sach time for recording the gain
ln  welght using an analytic balance accurate up to four decimal
places.

A airflow rate of about 100 ml/min was used to avoid
a significant increase 1n grain temperature due to respiration.
After each teet, the rough rice sample was removed and the empty
system war opaerated for at least 12 hours per run to detcermine
the gain 1n weight of the ascarite tube. A correction was then
applied to the weight gain of the ascarite tube during the
experimental runs. Carbon dioxide measurements were subsequently
expressed 1n mg C02/24 h/1000 g dry matter.

3.6.5 Moisture content determination

The moisture contant of rough rice was determined
us1ng the method specified by Matthews (1962). Three replicates
samplas  of whole grain weighing approximately 15 g were placed
1n an ailr oven at 130 °C. Afrer 18 h, the sample container were
taken out from the oven and placed in a dessicator to cool to
room temperature before welghing. The moisture content was
calculated as a percentage on ths wet basis. In some cases, the
moisture content measurements were made with a Kett moisture
testor and adjustad gubsequently based on the calibration
against the oven procedure.

3.5.6 Graln temperature measurement

The  temperature of the bulk grain was measured py
transferring the heated arain sample into a vacuum flask. A
thermocouple placed 1neilide the flask was used to measure the
bulk grain temperature after it attained a steady value.
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3.8.7 Milling test

All rough rice samples (heat-treated and control) were
air-dried to 14% molsture content prior Lo wmiiling. The milling
quality of rough rice camples was ovaluated )n terms of the
porcentage cof the head rice reprecenting 3/4 of whole kernels
s1zo  or larger and total milled rice. For each test, 12% g of
air-dried rough rice sample was passed through a Satake rubber
rotl husker (Model THU35A), with clearance adjusted to give
about 90% brown rice recovery in one pass. The resulting brown
rice wdas whitened [or one micute using a McGill type laboratory
testing mill. For saparating the head rice from the brokens, a
laboratory grader was uvilized, Percent total milled rice and
hvad rice yields wore calculated on the basis of 125 g sample.
All head rice vield determinations were replicated thrice.
Observations on hoad rice yileids were later expressed as ratios
relative to the head yield of control group.

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

3.8.8 Gormination test

Rough rice samples alr-dried to 14% moisture content
ware surface storilized using 2% sodium hypochlorite solution for
one minute. After surface sterilization, samples were rinsed
three times 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
weaek and rough rice kernels having both roots and shoots were
coneidered germinated.

3.8.9 Disconlored kernels measurement

The discolored kernels 1n milled rice were separated
manually from milled rice samples weighing about 20 to 30 g and
expressed later as a percentage by welght.

3.8 10 Evaluation of cooked-rice texture

Tha tezture of cooked rice samples was evaluated 1in
terme of the {i1rmness and stickiness determined with an Instron
Univers~: 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
measurement s Tae stickilness was determined using the modified
single ¥ornel teczhnigque of Okabe (1979). The cooked rice samples

wole preparad using the adequate water method (Perez and Juliano,
179 .
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Tablo 4.1 Fungal ‘nvasion in rough rice samples having a
molsture content of 20% w.b. based on airect
plating, percent

Exposure time at Z00 °C (min)
Medium Storage 0 15 25 41 65
period --- @ ------ e e e
(day) R c 1 3 ¥ S R S
1 100 100 100 50 P 24 J 0 0
3 1¢0 100 100 T10u 12 1z 14 0
Mal't 5 100 100 100 100 100 74 37 25 12
Salt i 100 1906 100 100 10¢ 87 12 12 0
Aqgar 14 100 100 100 100 100 100 62 12 12
21 100 100G 100 100 100 100 25 12 0
i 100 100 100 87 100 37 12 f] 2
3 100 100 100 57 160 75 37 25 37
Potato 5 100 10C 100 100 100 &7 100 7% 75
Daxtrose i 100 100 100 100 100 100 75 100 50
Agar 14 100 100 100 100 100 100 100 100 oIt
21 10 100 100 100 100 100 100 190 2
R = rapid cooling; $ = Slow cooling
Table 4.2 Percentage hedd rice, brokens and germination of
rough rice after heat-treatment (20% w.b.)
Exposure time at 200 °C (min)
Quality 0 1% 25 40 65
criteria - - it R T
control R S R 3 R S R 3

Head rice 48.23 48.6 50.8 46.4 47.8 44.1 45.3 42.0 4.8
Brokens 13.8 17.0 16.9 18.4 17.3 20.1 17.9 22.1 21.2

Germination #$5.0 60.0 63.0 27.0 32.0 0.0 0.¢ 0.C 0.0



Table 4.3 Fungal population 1n rough rice during storage as
affected by 1nitial haeting and cooling 1nteractions,
tungal colonles per gram of rough rice ( x 10 2 )

gtorage tewe, day

Treatment MOLSTULe - oo e e e e .
content
(% w.b. ) 1 3 5 7 9
Unheataod 22.5 21.7 135.0 3000.0 15000.0 35750
Heateod 21.0 1.7 5.5 26.2 2475.0 3850
& cocled
Heated 21.0 3.2 9.0 240.0 10000.0 39000
wilthout
cooling

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

Heat ing

surface Grain Mo.sture Head Respiration Fungal Germi-

temp. temp . contant  yield rate! count? nation
i 0¢) (9Cy (% w.b.) (%) mg CO:2 /g-day colonies/qg (%)

Control 27 29 .6 54.1 0.942 38,000 94
100 ¥ 21.6 63.4 0.246 90 7
140 g8 17.3 70.8 0.162 50 2

! Based on carbon diozide absorptlon
2 Based on dilution plating
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Table 4.5 Fungl present 1n freshly harvested rough rice
of variety RD-Z3

Test Number

FUngl e e e e
1 2 3 4 5 6 7 8

Helminthosporium 500 600 600 25 500 0 250 0
Rhizopus 100 20 70 1200 0 600 100 0
Mucor 100 50 100 500 0 0 0 0
Pepacillium sep. 750 590 900 3170 2500 1200 1200 400
Asperqillus flavus t5 40 130 500 500 1500 50 1200
Aspergillus niger 50 0 0 0 500 1300 50 300
Asperqgillug terreus Q 0 0 100 500 0 0 0

Total fungal count
(colonies/q) 1350 1300 1800 5500 4500 5200 1650 2000

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

Fungi Percent of initial

count surviving

Helminthosporium spp. 0.2
Rhlzopus spp. 0.3
HuUCor SER. 0.2
Penacillium spp. 5.2
Acperalllius flavus 2.1
Asperqillus niger 1.6
Asperqillus terreusg 0.4



It wag not possible to develop general relationships to
ectimato tre coeffilciuents ot Fg. 4.1, However, since the computed
values ot coetficient d showed a narrow rahge, 4 mean value of
0.28 war nused <o modify Eag. 4., 1 the 1cllowing form:

TP = exp { -0y 908y ...(4.2)
“ilare ciy 14 a regrescion coefficient,

Finally. a gyeneral predictinon equation for <c¢i1 was
developed as follows:

0.4425 - 0.00066182 Ts + 0.00036068 N .. (4.3)
- 0.00011048 (Mo)?

aQ
Hi

(R? = 0.90 ; SEE= 0.014)

where N = rotation spoed of heating cylinder, revolutions/min
Mo = inttial molsture content of rough rice samples,
% (w.b.)

4.2.3 Fungal 1nactavation during conduction heating

iy, 4.1 shows vhe reduction in fungal load ratio with
axpogurs time for various heating surface temperatures. It was
aobvioun thar high temperature conduction heating reduced the
furngal 1oad 1n high moisture rough rice 1n an effective manner.
As  expecied,  higher heating surface temperatures resulted 1in
shorter  oxposure durations  1n reducing the rfungal load to

spesiira Lewels,

Y1, 4.2 showe the molrsture content of rough rice as a
tunction  of  axposure time for various heat treatments. The
molsture  content of rough rice samples wag markedly reduced due
T hoat,  troeatments ogpecially Inv- hyoher  heetlig surface
remperatures . The bheneficial aeftecte of heat treatments in terms
ot raduced rungal!l Aactiviby and partial drying of high molsture
rough ricy thue conld conlribute directly to safe holding periods
of nowly harvestoad rice avalrting drying

The  wvarlous  time-temperatui e comhinations needed to

actreve 750 40 and 95% fungal mortality levels for the batch
heating of 3 kg rough rico samples are shown 1n Fig. 4.3. As
axpect od, tigher  heating surface temperaturee resulted 1in
shovrtar  wsxpooure  Jnrations in reducing the fungal load to a
speciyiin tevel. The ezposurs of rough rice at 200 °C heating

gurface  tomperature far about 2.9 min was enough to reduce the
funsgal ool to o aroul 90%. The same level of fungal 1nactivation
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(3) Plot the common logarithm of time (Fp-values)
determined at Step 2 against reference bulk grain temperature
{Tree ) and determine the slope cf the relationship by regrussion.
Compute the reciprocal of the slope Lo glve a zp-value (Zcal ).
Compare the computed zp-value with the assumed zs-value used at
Step 1. Set zp equal ro 2ca) and repeat Stepe 1,2 and 3 until the
assumed  zp -value becomes almogt equal to the compuiled zp-value.
The flowchart dopicting the solution scheme 15 presented 1n Fig.
4.4.

The plot or equivalent exposure time (Fe-value) against
reference bulk grain rompoerature obtained from the iterative
procedure 1e shown in Fug. 4.5, The figure shows the 1sothermal
lheating times required to achieve 7%, 90 and 9%% fungal mortality
levels (FHML) 1n an 1deal process with no heating and cooling
lags. in aadition za-values are gilven for each fungal mortality
levels. A 50% reduction in fungal load could be achieved by
asarting  the bulk gratn to 70 °C for 22 or to 50°C for 82 min.
The computod values of Fp and zp could be used in estimating the
acrual heating tlme required for thermal 1nactivation cf fungi 1in
high moisture rice based on 1ts time-temperature history auring

conduction heating with any gilven equipment.

caleulation of heating time. The method for calcula-
ting the required heating time 1s basically a trial- and- error
procedure requiring the following information : (i) time-tempera-
ture profile during heating and cooling processes, and (i1) Fs
and  zp-values for desired level of fungal mortality at any
arbitrary selocted reference bulk grain temperature. The Fp and
zn-values are given by Fig. 4.5. A f{lowchart of the computation
procedure 1s presented 1n Fig. 4.6, The main steps consist of the
following:

(1) Assume  somé€ value or the required heating time,
Fnv, 1nitially.

{(4) From the timo-temperaturo profile of bulk grain 1in
3 glven heating system, calculate the eguivalent exposure time
using Eg. 4.4 for a selected reference bulk grain temperature
(Teaer) during the heating period (Fn; and the cooling pericd
(Fc ).

(3) Equivalent exposure times during heating and
cooling are ccombined to give a total equivalent time, Fe¢, based
on Traer.

(4) Compare the computed (F¢) and actual (Fs) valvas
of equlvalsnt exposure times. If the difference between Ft and Fs
18 1nsignificant, then Fnt is taken as the required heating time
for the process. Otherwise adjust the assumed Fnt by 1increasing
{1f Fr < F»p) or decreasing (1f Fr > Fs) its value and repeat from

Step 2.


http:heati.ng

- 44 -

TN
Start )
T ©
i
____!“___‘_ ® ime-temp profile
lo Fungal lood ratins (FLR) ‘

* Heating hme

Dot inputs i
e Heference buik grain DIFF = lZg’ch!

L_._..____..___j temperatures (T"_,()
l
|
|
I Zg* Zeg |
Assume Zg
! ! ® Equivolent exposure times
- ) Cutputs o
Corapute equivalant ® Inactivction index Zg

exnosure fimes

|

|-

Compute F - values Stop
at different T .¢

to achieve desired

fungal reduction

|
|
|
l
I

Compute  Z,

!

|

©

Fig. 4.4 Flowchart for determining zs-value



exposure lime, FB {min}

stvalent

L

i00 —
[0~
[T T
L T Fungai
- - \O\ martality
50 | ‘\\ ~0 lavel
2 ~ L-Zg=63°%C e .
~ ~ ‘\ ~ 95°%
-
10
5 | gund
3 1 1 I 1
50 55 60 63 70 75
Reference bulk grain temperature ( °C )
4.5 EqQ wvalen! exposurs rime as o tunctlon ot reference hulk

gr}. Pt

temperatlure

tor

VAriols

tunigal

mortality levels



Start )
J/
3
T
7 ® Time-temp profile during

Data Inputs heating and cooling

; . ZQI Fﬁ, Tr:f

B R S

Assume Heating
Tine (Fyy )

i

7

[Compute equivalent | ® During heating (Fy)
exposure limes at
T ® During cooling (F.)

1nf

Final Heating Tims
Fiy
|
|

Stop

Fig. 4.6 Flowchart tor “sioulatin heating time based on bulk
gralti temperatare analysis









Log of fungal count {colony/q)

® Present study

o Lin (12985) 0
7T
(o]
6 r %o
a o 8 ¢
I I
4 L 0
3
ST ¢ o °; "J
" 2

2 r 0 i;~ﬂ"’
| L
0 pe L L } 1 1 1 1 [

0.4 o8 .2 1.6 2.0 2.4 2.8 3.2 3.6

Log of carbon dioxide (mg/kg-day)

F1g. 4.7 Fungal count as & runction of carbon dioxide
producticn in rough rice samples




- 50 -

4.3 Accelerated Drying of High Moisture Rice

4.3.1 Selection of cooling rate

The <change 1in  temperature of heated grain samples
during very fast, fact, moderate and clow coollng was accurately
described by the following eguation:

CR = exp (- tt ) ...{(4.6)
where CR = cooling rati1o,{ Tgs - Ta )/( Tge - Ta)
Tg: = grain temperature, °C
Tgo + grain taemperature before cooling, °C
Ta = ambilent air temperature, °C
t = cooling duration, min
X,y = regression coeftficients

The reqgression coefficients of Eq. 4.6 for various
cooling methods are given in Table 4.9.

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

Cooling

method % Yy R?
Very fast 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



- 51 -

The effect of different cooling rates on head rice
vield was evaluated using exposure times corresponding to 75, 90,
and 95 % fungal mortality levels. Drastic reduction in head rice
vields occurred as a reswlt of longer exposure times during
heating followed by fact cooling due to sudden drop of grain
temperatura. Therefore, rough rice exposed to same heating
durations were analysed for cooling rate effects. This helped
minimize the effact of heating times on head rice yield. Based on
the multiple regression analysis, the head vield ratio (HYR) was
oxpressed as a function of heating surface temperature, cooling
rate and time. The developed regression equations for rough rice
samples  having 22 and  20% 1nitial moisture content were as
tollows:

HYR = 1. 344 + 0.0001633 Ts - 0.002091 ¢ - 2.0598 c'
{22 % 1nitial molsture content samples)
({R2 = 0.89 ; SEE = 0.065) ...(4.7)

HYR 0.1062 + 0.0060 Ts + 0.02396 t - 0.731 ¢!

{30 & 1ni1ti1al molsture content samples)

(R = 0.68 SEE = 0.100) .. (4.8)

where HYR = head yield ratio, HYS/HYC
HYS = head yield obiailned from heated rough rice samples, %
HYC = head yirld obtained from control sample, &
¢' = slope of log (CR) with t

Eqs. 4.7 and 4.8 clearly showed the dependence of head
rice vield on the cooling rates wunder specific eXxperimental
conditions. Thi:s result 1s supported by the study of Acasio and

Beloni~ (1984, which also showed a large 1ncrease 1in cracked
kernels due to rapid cooling of heated rice samples. The lower
cooling rates, on the other hand, appeared *to result 1n
condensation of molsture and 1ts subsequent redistribution.
Hence, moderate c¢onling of rough rice samples was adopted as a

compromice for the quality evaluation tests.

4.%.2 Moi1zsture removal during conduction heating

A typical plot showing the change in the molsture
content of rough rice during conduction heating 1s 1llustrated in
Fig. 4.8. Rapid moisture removal from rough rice was obvious 1in
all aexperiments especlally at higher heating surface
tempoeratures. The results of various drying tests indicated that
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a gimple logarithmic model (Hukill, 1947) and its modified form
{Page, 1949) conuld describe the 1ndividual drying tests
satisfactorily. 7The simple and modified logaritamic representa-
tions were as follows:

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

MR = axp (-k; tn) ...(4.10)
where MR = moisture ratio, (Me-Me)/(Mo-Ma), dimensionless

My = instantaneous grailn moisture content during

drying, % w.b.

Mo = grain 1nitial moisture content, % w.b.

Me = grain equilibrium poisture content, % w.b.

k= drying constant, {1/min)

Vi - drying constant, (1/min)n

t = drying time, min

n - an exponent

The applicability of Egs. 4.9 and 4.10 was examined to
describe the drying behaviour of rough rice during conduction
heating. There 1s no 1nformation available on the equilibrium
molrsture content of rough rice i1n the temperature range of 100 to
200 °C when the air relative 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 molsture content
term and thus the ratio of instantaneous moisture content of
rough rice to 1tg 1nitial molsture content. The results indicated
that both simple and modified logarithmic models described the
drying behaviour satisfactorily as indicated by high valueg of
coeffilcient of determination (Table 4.10). However, the modified
logarithmic modnl appeared to be slightly better i1n representing
the 1ndividual drying tests. The dependence of drying constants
on the experimental conditilons was further studied using stepwlse
muitiple reqression analysis resulting in the following
equatlions:

In k = -7.8623 + 0.02448 Ts o0 (4.011)
(R? = 0.936 ; SEE = 0.313)
In ki = ~-7.1496 + 0.021232 Ts ...(4.12)

(RZ = 0.926 ; SEE = 0.295)






Egs. 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 atg obtained
trom regregsion analys31e against the heating surface temperature.
The exponent n 1n the modifled logarithmic model (Eq. 4.10) did
not. chow any meaningful relationship with the experimental condi-

tions. Theretore, the modified logarithmic relationshlp can not
be used to predict the drying behaviour. Howaever, the exponent n
showed a4 relatively narrow range with mean 0.91 and standard
error L0999 {F1qg. 4.11). This observation led to a simplified

drying model in the following form:

MR = axp(-k: t0.91) ... (4.13)

where Kz = drying constant, {(1/min)0.91

Eq. 4.13 was also found to represent the drying data reasonably
wall  as shown by the coefficiert of determination values given
in Table 4.10. A plot of the drying constant k2 against the
heaving surface temperature shown in Fig. 4.12 resulted in the
following relationship:

In k2 = -7.3631 + 0.02298 Ts ... (4.14)

({ RZ = 0.931 , BSEE = 0.0052 )

The results of above analysis showed that either the
logarithmic model (Eq. 4.9) or the modified logarithmic model
(Eq. 4.13) 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: i considering the experimental and
estimated molsture contents. The overall standard error using the
logarithmic and the simplified logarithmic drving models were
determined to be 0.87 and 1.18 % moisture content, respectively.
Therefore the use of simple logarithmic model (Eq. 4.9) 1is
recommended  {or general reprosention of the drying behaviour of
rough rice during conduction heating 1in the experimental
conditions congidered 1n this study.
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In k = -6.8316 + 0.01705 Ts ...(4.16)

(R* = 0.957; SEE = 0.137)

Using time-toempgerature history of grain in each test,
mean bulk graln tempuratures for various heating durations could
be calculated. A comparison ot experimental  moisture contents
based on Kqso. 109 and 416 and predicted moirsture contents from
Eq. 4.1% showed o mean standard error of only 0.9% % moisture
coentont Theretor.s, the proposed general procedure based on the
medn  bulz o gramn tepperature computed from the tilme- temperature
history of the graln could be used Lo estimate  the change 1in
molsture  during conduction heating in any Jiven equipment satis-
tootorily.

4.4 Eftects of heat trearment on temporary storage

Table 4..1 presonts the test conditions of heat treatments
and quality indices such ag fungal mortality level, fungal load
ratio  and head yields of rough rice samples at the start of the
gtorage experiments.  The values shown in Table 4.11 are average
of three roplications.  Asn oXxpected, heafting surface tamperature
and  the axposure time played a significant role 1n reducing the
tungal leoad ratio. On the contrary, the head rice yield ratios
were ancreased 1n gencral perhaps due to the partial gelatiniza-
tion ot starch in the grains. The head vield ratio increased 1in
the range of 9 ta 11 percent for rough rice with initial moisture
ot about 6% w.bh.  duea to high-tomperature short-time conduction

heating.  The correspondiag increase in head vleld ratio was only
2to 4% foar rough rice with initial molsture content of ahout 22%
w. o The beneticial effects of heat treatments were thus obvious

tnoterms of reduced fungal activity and improved milling quality.
[t appearad that heat Lreatments corresponding to a reduction 1in
fungal moertaisty level of 0.90 o 0.95 {or fungal load ratio of

Vol to B5.05%) resulted 1noa tinal molsture of rough rice about 2
to 9% w. . lower than the 1nitial molsture depending upon the

heating surtacse temperature.

4.4.1 Effects of temporary storage on head rice vield

In  qgeanegal, the head rice yield of heat-treated and
control  samples decreased progressively with an increase in the
storage  period in all exporiments. However, rough rice samples
which were heat treated Lo at least 90% fungal mortality level
showed a marked reducrion in the proportions of brokens in the
milled rice 1n comparison with eontrol sample at the start of the
storage experiments. In addition, the effer* of prolonged storage
was  found to bo lass severe for heat-treated rough rice samples
In comparison  with the control samples. The reduction in head
vleld appaeared to be lincarly related with the storage period 1n
all twenty four vaperiments by the following equation:
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HYS = HYC { 1 + b (SD) ] . (4.17)

where HYS head rice yield of rough rice samples, %

o

HYC head rice yield of control sample at the start of
storage expoeriments, §
3D storage pariod, day

on

o} regression coefficient

The valueg of regression coafficient 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 gimilar relationship was
reported by Dardo (1986) during temporary storage of rough rice
heated in a microwave ovon.

Unheated rough rice samples with initial moisture
contents 1in the ranges of 22-23% and 26-27% ghowed a reduction in
head rice yield of about 0.45% and 1.31%, respectively for each
day of gtorage. However, similar rough rice gsamples when
subjected to heat treatmentsg corresponding to at least 95% fungal
mortality level showed about 0.14% and 0.32% reduction in head
rice vyield 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 1n the damaged kernels because of higher fungal activity
during the temporary storage. Heat-treated rough rice samples
produced higher head vields indicating low levels of damage
incurred under gimilar storage conditions.

4.4.2 Effoct 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
milied rice kernels appearing during the storage period. It was
observed that the discoloration in high moisture rice increasged
axponentially with the length of storage period and could be
reprosanted by the following squation:

b1
DS = DC + {1 - exp {(~ar SD) ]} ...(4.18)

where DS = weight fraction of discolored kermels in rough rice
during storage, decimal
DC = weight fraction of discolored kernels in control
sample initially, decimal
a1, b1 = regression coefficiants
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Table 4.12. Parameters of the equations relating head rice yield
and percent discolored kernels with storage time

rest Eq. 4.17 Eq. 4.1%8
numher o~ ---oo- e it T
b R’ ai b1 R*
1 u.00272 0.950 0.003%%%50 1.422% 0.900
0.00243 0. 900 10,0000041 4.0200 U, 4980
X U.00ing 0.910 U.001507 1.8800 0.453
4 BRI IVEAR .450 V. 000520 U.8Y8Y 0.978
) U.0064GH 0.4940 000y ETy 1.2R00 0.4971
b 0. 06N U, 9400 AR TE VAN ATTY) 1.1000 U.4880
i GO0 0.5 UL oun0I9n 2.06Y6 U.982
o] 0. 00106 T IHIY] U.0U00Re 1.21%49 0.99¢4
g .04 o910 U.0Vt4351 Z2.1600 0.9Y¢6
Lo SRR U.B6H0 0.0001610 1.49600 0,998
M .un/s41 (.94 0. 0007018 0.9117 C.85%¢0
14 UL u0s2o u.9.L0 0.00014%3 1.3161 U.900
13 D.0154% 0.9 0.0482190 0.531h 0.920
14 n.ooLilg 0.950 . 0009663 2.0015 0.996
1Y U.01082 (0. H90 0.,0000023 3.9000 0.998
i h 0. 00lyy O.9hn 0. 0000008 4.0600 .v94
17 0.071:18Y 0ogsn 0.0581920 ). 3840 U.943
1y H.01345 0. 940 0.00422%1 1.2850 .923
1 H.01697 .95 0.00NN2491% 2.0600 0.Y68
40 0.0008Y 0.930 11.0000238 2.3120 0.900
2 . us 400 0.0095140 1.1960 U.9uh
™ U.0074¢6 0.910 0.0016850 1.6200 0.93%9
A0 0.0126¢ 0,930 0.0004949 2.0100 0.979
24 U.00UKTH 0U.4900 U.0000124 3.2000 0.965

" lorrelation coefticirent
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Table 4.13. Safe storage periods for nigh moisture
rough rice

Sate storaye period { days )

Test based on
number T R e e e
Head rice Discolored
vield kernels
L 19.5 27
< 27.3 79
3 235 1.6
4 142.% 26 .0
5 9.7 4.3
b Z.2 5.6
7 40.2 17.9
a 11.3 0.0
Y 14.7 5.2
10 18,7 10.2
1 40.0 29.0
1 41.b 34,0
13 3.7 u.1
14 11.7 4.0
15 18.1 y.9
it 1034 11.4
17 4.3 0.0
15 10.9 2.7
19 15.3 6.8
e L0204 14.0
J1 b.2 1.5
s 16.7 3.9
23 13.6 5.5
24 28.7 Yy,



- 6y -

Jeing multiple regressilon analysics, a relationship was
developaed for estimating the zafo ctorage pericd kased on  the
fungal load ratio 4and final molsture content attained as a result
ot various heat treatments as tollows:

Iin SSD = 7.1222 - 0.7731 expiPFLK)
4

1
5.466 x 10 -7 exp {FMC) - (0.1616 (FMC) ...(4.19)

where SSD - safe storagae persod, day
FLR = fungal load ratio (FCy /FCo ), dacimal

FCi = fungal <¢ount of heat-treated rough rice sample,
colonses/y

FCo = fungal oconunt of unheated rough rice sample,
coloniag/qg

FMZ = final morsture content of rough rice after heat

treatment % w.b.

The coatiicient of determination and standard error of
npstimate for By, 4. .19 were found vto be 0.90 and 0.58,
respectively and considered satisfiactory based on the
experimontal limitations. Egqg. 4.19 clearly shows the strong
dependence ot sata storage perlod of rough rice on 1ts moisture
contornt and ftungal load following the heat treatment. Further
analyeis  showsd thar the coefficiont of determination was about
0.5%0  without morsture conrent ag o ‘rameter, thus i1ndicating a
high <correlation  or  cafe storabiiity of rough rice with the
fungal activity.

4.4.4 Heat steri1lization of high moisture rice in prototype
unitt

The prototype rice husk-fired rotary heatinyg unit
{prototype 11} was tested to further <check the validity of
propased  heat treatment procedure for extending the safe ztoraye
perwod  or  high moisture rough rice. It was not possible to
control the heating surface temperature within a narrow range due
to fluctuartions 1 the uperation of the rice-husk-fired rurnace.
In additilion, the gruwn temperature could not be monitored during
the e tual hearing cpervation. Therefore, avorage time-temperature
protiler estimated on the bi "vs of extensive experimentation were
used 1n the general prediction procedure.

The:  1nerease 1n yrain temperature duraing conduction
heating 10 the prototvps unit depended upon the initial moisture
cuntent oo ri1ce, heating surface tomperature and exposure time at
any seloected oyl:nder rotation speed. Eq. 4.2 described this
relat .anchiypy  catiotactorily  tor a feed ate of 7.5 kg/min and
cyl:nder rotatiron spasd of 10 rpm. The value of constant ¢ in
Eqg., 4.2 could be astimared by the fallowing relationship:
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¢y = ~-0.88218 -0.000471 Ts + 0.1157 Mo -0.002587{Mo )2 ..(4.20)
(R? = 0.90; SEE = 0.023)
Egqe. 4.2 and 4.20 were used for estimating 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
21% °C, feed rate ot 7.% kg/min and grain i1nitial moisture
content of 25%, the values of exposure durations were determined
te be 12, 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
simllar to  Eq. 4.18. The corresponding values of rearession
coefficients a1 and b1 are presented in Table 4.14.

Based on the acceptable limit of 1.5% 1ncrease 1n
discolored rice kernels, safe storage periods were estimated for
various heat treatments. The results presented in Table 4.14
clearly shoew that heat-treated rough rice could be safely stored
for an additional period of 2 to 3 weeks 1n comparison with the
control. The safe ptorage periods for rough rice samples having
initial moisture content of 29%% 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
predicted 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
1n the range of 200-230 °C, the predicted safe storage time was
conglderably shorter perhaps due to a discrepancy 1n the measure-
ment of ei1ther fungal Ioad ratio or final molsture content.
Therefore the proposed general procedure based on the time-
temperature history of grailn 1n a given heating system could be
successfully used for estimating the safe storage per:od of high
moicture 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
diox1de by rough rice samples could be attributed to the fungal
respiration since the viability of the grains was reduced almost
to zern level dus to high temperature conduction heating. The
carbon dioxlide production was expressed in terms of equivalent
dry matter loss (EDML) using a conversion factor of 1.46 g CO2
per g ot EDML as recommended by Seib et al. (1980), and was
related with the storage period by the following equation:

EDML, = az + bz (S8D) + cz2 (8D)? o0 (4.21)



Table 4.1 Sare storage period of rough rice saroles hHeste e protolvpe
rice husk-f:ired dryer
Sate stcrage period

Heating Final Initial Regre=sion {days)

surface EXposure Fungal moisture discolored coeffiUlents s e-m e e o

temp. time loagd content kernels  ------- oo Experimental Predicted

(ecC) (min) ratio (% w.b.) (%) ao ho (prototype) {Eq. 4.14)
Control 0.0 1.000 25.0 2.0 V. 2252 1.1071 2.3 1.6

i

100 - 130 18.2 0.uUl4 18.0 2.u U.154v 0.4074 23.8 8.4 )
150 - 180 5.2 0.035 21.5 2.0 G.1476  0.4772 16.3 19.1 !
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where EDML = aquivalent dry matter loss, %
SD = storage poeriod, day
az: ,b2,c2 = regression coefficilents

The typical effects of heat treatment on EDML are illustrated in
Figs. 4.1% and 4.20. The valuec of regression coefficients of Eq.
4.21 are  given in Table 4.1%.  Very low and stable rates of
respiration  were ohbserved with high molsture rough rice samples
heat -treated  1or  about 2 te 2 min:ien using heating surface
vremperature of 200 9C.  The results showed that rough rice having
tnitial  molsture  content in the range of 18 to 22.5% fell in
market  grade during storage when EDML was about 0.12% or higher.

The corresponding value of EDML 1n hlgher moisture content range
of 22.5 to 27% was found to be 0.20%. These results are supported
by Seib et al. (1920) who reportsd that a dry matter loss of more
'han V.25% reduced the warket grade of rough rice at 22% moisture
content.  The limits for EDMI obtaired in this study during the
maximum safe storage period appear to be somewhat stringent. This
was  perhaps  due to a drastic reduction in respiration rate of

rough  rice samples after the hea: treatment and the shorter
duration  of  the maximum safe storage period itself based on a
relarively more sensitive criterion of the discoloration of

miltied rice used in this study.

4.4.6 The tole of tungi1 in discoloration of rice

The results from the separate sub- experiment showed
that the fungl Helminthesporium, Penicillium, Aspergillus flavus,
and A;gggq;lius niger produced pronounced discolorat:ion of the
milied rice. The discolotation was probably due to the action of
funqgus mprdbolLtOb on the plgments within the rice bran and/or by
pigments synthesized by molds themselves (Schroeder and Sorenscn,
1961). It was revealed that the growth of specific microorganisme
in the mass of graiu 1f left unchecked could cause discolnration
1in the following forms:

a. yellowish brows to black - by Helminthoesporium,
Penlcillium. and Aspergillus niger.

b. light vyellow to yellowish green color - by Asperaillus
flavug.

In additinn, the invasion of these spscific fungi in
rough rice resulted in reduced head rice yields {Table 4.16).
The rouqgh rice  samples inoculated with Helminthesporium,

Penicgillium, and Asperqlllus niger showed a drastic reduction ir
head rice yields.
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Table 4.15 Parameisars of Equation 4.21 relating
equivalent dry matter loss in rough
rice samples and storage time

Test
number a2 bz ol R*

1 0.0639 0.0186 0.7004 0.993
2 0.0607 SIS TV IVEC C...%5% 0.999
3 0.0000 0.0057 0.0001 0.969
4 0.0006 0.000U 0.0600 0.996
5 0.0748 G.0102 0.0003 0.9928
6 0.018% NIF IO A 4.0013 0.991
7 0.0000 0.0029 n.0002 0.944
3 0,0020 ~GL.00l n.0002 0.992
9 0.07%4 0.029% ~0.000Y 0.977
10 0.0000 .020% ~0.6G00% 0.913
11 0.0007 .000%9 0.0002 0.990
12 0.0000 O0.0015% 0.0001 0.996
13 0,185y . 0348 ~0).000% 0.924
14 0.0722 (7.0314 -0.00072 0.988
15 0.0192 - o0l s H.0015 0.979
16 (3.0077 0.0004 4.0002 G.999
17 0.2131 0.0206 -0.0007 0.982
18 0.03734 0.0745% -0, 0020 0.981
19 C.0000 0.024%% . 0005 0.971
20 0.0000 0n.007: 0.0001 0.935
21 0.1863 0,040 -0, 0009 0.964
22 0.0z37 5.0854 -0.0028 0.955
23 0.,0000 0.0631 -0.0003 0.981
0.971

24 0.0000 0.0030 0.0016

* Correlation coetfilcient



Helminthosporium (a field fung1l), together with
Penicillium are the most common fungl 1n newly harvested rough
rice. During heat treatment, these fungi were either eliminated

w1 reduced  to  a very low level (Table 4.16). Therefore heat
treatment of rough rice samples 1s1ng proper exposure time and
temperature combinations reduced the chances of fungal growth and
zubsequent  occurrence  of damaged Xernels during the temporary
storadgen,

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

Fungi

Appearaéée Head rice yield
{ %)
control  nene 77T 56.40
Helminthosporium brown to black 30.13
Peniclllium browh to black 29.98
AL Llavus light vellow to 42.18

vyellow green

AL, Nlgsr brown t, black 39.86
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4.5 Effects of heat treatment on head rice vield

The effects of various heat troatments on head rice yields
are 1llustrated in Fige. 4.21 to 25. Heat-treated rough rice
samples showed an i1ncreasc 1n head rice ylield initially and a
subsequent  reduction depending upon the exposure time, heating
surface rtemperature and the sample 1nitial moisture. Similar
observations have been reported 1n the past during the high
temperature conduction heating of high moisture rough rice (Khan
et al., 1974; Acasio and Belonio, 1983; Jindal and Obaldo, 1986).
A marked 1mprovement 1n head rice yield was observad in rough
rice samples having 1niti: 1 moisture content of 30% due to
conduction heating tn all eizerimonts. Theose results indicated
the strong dependence of head rice yield on yrain 1initial
moisture and heatilng surface temperature. The increase in head
rice vield may be contributod to the gelatinization of the starch
granuies  and coementing of flssures present in Xernels thus
preventing the breakage during milling operation (Juliano, 1979).
For low moisture rough rice samples, a drastic reduction in head
vield ratio was noticed when expoesure duration exceeded 5 min,
especlally 1n higher heating surfaste temperatures.

The dependence of hoad rice yields on the exposure duration
wags adecquately represented by a quadratic eqi.ation as foliows:

HYR = 1 + A t - B t? oo (4.22)

where HYR head yield ratio (HYS/HYC), decimal
HYS hoad yvield obtained from heated rough rice sample, %
HYC = head yield obtained from the control sample, %
t exposure duration, min
A B -~ regression coefficients

it

[

L

The depeundence nf the regressicn 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 Ts + G.35658 Mo
- 0.001961 (Ts * Mo) c..{(4.23)
(R? = 0.927 ; SEE = 0.73)

ln B = -7.7149 + 0.11835 Ts - 1.03754 Mo

+ 0.024849 Mo2 - 0.002699 Mo * Ts oo (4.24)

(R? = 0.942; SEE = 1.00)
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4.5.1 Optimum heating time for maximum head rice recovery
the experimental results it was evident that there
optimun conditions for highest value of head rice yield
for wvarious heat treatment combinations. The heating time
corresponding to the highest value of head rice vyield was
estimated by taking the first derivative of Eq. 4.22 and equating
it to zero to give the follow:ng relationship:

From
existed

t (wYrR : wax) = A / 28 (4.25)

heating time for highest value of HYR, min
constants of Eq. 4.22

where t(uyr:==ax)
A,B

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

Table 4.17 shows the various combinations of
heating surface temperature, and initial moisture
could be used to attain the highest head rice
the use of high-temperature short-time heating
decirable for maximum utilization of the dryer.
tiie attainable head yield ratios of the

in
constants

conditions.
exposure time,
contents which
yields. However,
could be more
This 1s supported b
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rough rice samploe presented in Fig. 4.26 which were calculated
uging Eqs 4.22 "o 4.24 and optimum heating times. At 200 °C
heating purtace temperature, an optimum heating time of 3 to 6
min would result i1n about 26 percent 1increase in head rice vyield
for rough rice samples having 22 to 26% initial moisture content.

The  heat treatment of rough rice samples would result
1n a net reductisn 1n thelir molsture content as depicted by Egs.

4.9 and 4.11. Table 4.18 shows the final moisture content of
rough rice samplos  {following the heat treatment for optimum
exposure duration. In general, high-temperature short-time

heating of rough r.ce samples could result in rapid drying and as
well as higher head rice yields.

The heating times corresponding to maximum head rice yields
were compared with fungal 1nactivation tiraos required for 90 and
95% mortality levels as shown in Fig. 4.¢7. 1t was obvious that
heating times for achicving 90% FML were not sufficient to attain
the highest value of head yicld ratios. However, heating times
corregponding to 95% FML and maximum head yiela ratio appeared to
match DL averaqe., These resulte 1ndicated that thermal
nactivation  of fung) i1n high molsture rough rice using heating
surface temperatures ranging from 75 to 200 °C could be carried
out with a distinci 1mprovement in its milllng quality.

In wview of the complexity of Egs. 4.22 and 4.24, an
alternate simplified relationship was developed to estimate the
optimum heating time directly in the following form:

log L Hyrzwax) = -2.3919 + 0.3785 Mo -0.01527 Ts
-0.007451 (Mo2) + 0.0C02497 (Mo * Ts) ...(4.26)

(R? = 0.999 ; SEE = 0.001)

The estimated values of optimum heating times vsing
Eq. 4.26 and Eqs. 4.22 to 4.23 were almost identical, thus
validating the use ot Eq. 4.2%.

4.5.2 Relationship between head rice yields and drying
consrderations
Assuming  head yield ratio of 1.0 as the acceptable

limit for the quality of dried rough iice, the required heating
times are given by kg. 4.27 as follows:

t (HYR : 1.0) = A/ B ...(4.27)



Table 4.17 Optimum heating times for obtaining maximum

Initial
molsture
content
(%, w.b.)
18.0
22.0
26.0
30.0

head rice vields

Heating surtace temperature { °C)

75 100 150 17% 200
22.5% 2.1 3.5 1.9 1.0
56.0 31.9 10.3 5.9 3.3
80.6 48.6 17.7 10.7 6.4
67.1 2.8 17.% 11.2 7.1

Table 4.18 Final moisture content of rough rice samples

Initial
molsture
content
(%, w.b.}
18.0
22.0
26.0

30.0

corrasponding to optimum heating time

75 100 150 175 200
17.1 16,6 16.8 17.0 17.3
19.5 19.0 17.9 18.5 19.2
22.1 19.3 18.5 19.2 20.3
26 .4 3.4 21.7 22.2 23.0
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where t(myr:1.0) = heating time to obtain unit head vield
ratio, min

From Eq. 4.2% U tollowe that the heating time
roquired ta  obtain uni® head vield ratio would be twice the
heating times  for the higheut head yield ratio. With this HYR
Iimiv, all +ough rice scamples with an initlal moisture content
of  22-26% could be safely dried to 15-16% uslng heating surface
tonperatures of 100 200 ¢ Table 4.19 shows the final molsture
contents  of rovwgh o oace gamples  when  heated over a period
corrosponding vt the  head yietd ratio limit of unity. It 1s
obvious rthat rough rice sumples should be subjected to additional
heating times 1o order to dry from 22-26% to 14% molisture content
continuougly. However immcreased heating duration will cause a
rossible reduction in head yield ratio of about 5%. Theraefore,
the axposure duraticns and final moilsture contents of rough rice
samples  corracponding to head yield ratio of 0.95 are shown in
Tables 4.20 and 4.21, regspectively. Rough rice with an 1nitial

molstarae  content of 18%  could be dried to 14 % with a &5 %
reduction in HYK using heating surface temperatures 1n the range
St U5 te the Y- {Table 4.21). A 5% reduction in head vield ratic

Lo equivalont Lo aboat 2% reduction in head vyield since the
average hoad yviebd of the control samples 1n moSt cases was apout

¢ -
G

Th results presentad in Tables 4.19 and 4.2: clearly 1indi-
cate  that contipuoves deving of rough rice samples down to safe
storage molsture level of about 14% w.b. during the conduction
heatiny  process  would bLe accompanied by a slight reduction in
head  rice y1elds.  Therefore o multi-stage drying operation with
provielon of tempering would be a desirable option.

4.5.3 Kinotircs representation of changes in head rice yields

The quaiity deqgradation in foods has been represented
by a lethality-like function by several researchers in terms of
attributes like degree ofi  cookedness, enzyme inactivation
(Mansfield, 19&2; Hayakawa ot al., 1977; Bradshaw et al., 1982).
The lethality function 1 similar to the calculation of mass
stertlizing value (Hg. 4.4). Following a similar procedure
Dotlined 1n Secrion 4.24 (Fiyg. 4.6), the Fc and zc-values were
determinea for  solectad head yield ratios. Based on practical
considarations, the heat-treated rough rice samples should result
in head rice vields at leagt equal to that of control sample or
higher. Thersfore. a value of head yield ratio equal to 0.95 was
selactad - the minimum accaptable limit for quality
detoerioratlon in rough rica.

The developerd relationships between the head vyield
ratin  and  equivalert axposure time were quadratic in form
similar to kg, 4.2< for any arbitrarily selected reference bulk
graln temperature as folowes:
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Table 4.19 Final molsture content ot rough rice samples
(¢ w.b.) corresponding to unit head yileld ratio

Iritial

molsture Heatlng surtace temparature {( °C)

C()nfent U VAl UG - Y T

(% w.b.) Ty 100 180 1Y LU0
1e.0 16.3 15.4 14 ¢ 6.1 16.5
220 17.4 14.06 4.5 15,5 16.7
26.0 18.7 14.1 12.7 2.9 15.9
50,0 232 17.9 1.2 5.9 17.3

Table 4.20 Heating time of rough rice sample.. (min)
corresponding to unit head yield ratio ot (.95

Initial

molsture Heatiny surtace temperature ( 9C)

content TOTTT Tt m e s e e s s e — s s e e s e e e

(% w.b.} 7Y 160 154 17% 200
18.0 109.9 19.5 10. 6 5.1 2.5
2200 162.0 54,7 240 13.2 7.3
2h .0 189 .4 110.4 S22 22.6 13.5
20,0 147 .8 Y3.1 37.1 22.5 14.9

Table 4.21 Final moisture content of rough rice samples
{% w.b.) corrssponding to unit head yield
rat1o ot 0.9°%

Initral
molsture Heatiry surface teoparature { °C)

CONEBNTL s e o e e e e
(% w.b.) 75 100 150 175 200

18.0 14.1
22.0 15.5 1’
26.0 17.6 1¢
30.0 R 1
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HYR = 1 + Ao * Fc - Bo % Fc? ..(4.28)

1

where HYR head yield ratio, decimal
Fc equivalent exposure time, min
Ao ,Be = reqressicn coefficlents

i

The regression cocfficilents Ao and Bo were related with the
reference bulk garain temperature (Tree) and 1initial moisture
contont of rough rice sample (Mo) by the followling equations

In Ao = 21.8777 - 0.09909 Trer - 2.0548 Mo
- 0.008808 (Tret * Mo) + 0.02548 Mo? ..(4.29)
(R = Q.97 SEE = 0.40)
In Bo = 12.6751 : C.33%4 Treet - 2.8583 Mo + 0.03280 Mo?

~0.00447% Traes + 0.01541 (Mo * Tret ) ...(4.30)

(R?2 = 0.940 ; SEE = 0.50)

Bgs. 4.49 and 4.30 clearly showed that the changes in
head vyield ratic were highiy correlated with the equivalent
exposure times estimated from the trlal and error procedure. The
relationshir bhetwann equivalent oxposure time and reference bulk
graln temperature for obtalnlng 0.95, 1.0 and maximum values of
head yield rati1o are shown an Figs. 4,28 te 4.31 for various
mitial morzture  contents  of  rough  rice. This method of
estimating Fe velus 15 simiiar to that of Bradshaw et al. (1982),
whore thoe 1nactivaty sn rat i a tozln was also represented by a
quadratic relationship. e s Flg. 4.28 1t is evident that high
temperature hoeat-treacnont of rough rice with an initial moisture
content  equal to or bealow 13% will not result in head rice yield
equal  or higher than the coatral sample. Obviously the initial
molsture  content of  rowsh crce influenced the relationship
betwoen fFr-value and  bulk grain temperature and hence the
detarmination of z--values. 7To i1nvestigate the dependence of 2zc-
values on the muigtars concent, the relationships of Figs. 4.28
to 4.721 were represented 1n ths follewiny equation form:

log Fc (nyr)y = At + Br Trace ....(4.31)
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equivalent exposure time required to attain a
desired head yield ratio, min

referonce bulk grain temperature, °C

regresslon coeff . cilents

i

where Fc (uyx)

Tret
A1, Bx

[ 111

The regrescion coefficients of Eq. 4.31 are given 1in
Table 4.22 for selected values of head yield ratio. The inverse
of regression coefficlent By led to the determination of zc-value
applicable to tho heat troatment of high molsture rough rice
(Table 4.22).

The possibrlity of uslny various heat treatment
combinations to  achieve specific levels of head rice ratioe 1s
evident in Pigs. 4.30 to 4.31. For example, at 70 °C reference

bulk grain temperature, maximum head rice could be obtained 1f a
rough rice sample with an initial moisture content of 268 w.b.
wa heated for about 40 min. The same result could be
accomplished  at 6% °C bulk grain temperature ard an equlvalent
BXPOLBUr time ot about 60 min. Using step-wise multiple
regraession analysis, the relationships of Figs. 4.30 to 4.31 were
expressed  1n oquat:on form for 0.99, 1.9 and maximum values of
head yield ratio, respectively for gencral estimation purposes as
follows:

log Fc (nyr : o0.9351= 0.5247 -0.04360 Trar + 0.3145 Mo
- 0.005544 Mo? .. (4.32)

(R2 = 0.994; SEE= 0.032)

log Fethyr = 1.0) = -1.5225 + 0.04258 Tre:r + 0.2539 Mo
-0.001353 Mo? -0.002867 (Mo * Tree) ..(4.33)

{(R? = 0.992; SEE= 0.026)

1log Fc(uyr: max) = -1.82353 + 0.042585 Trat + 0.2539 Mo
-0.001253 Mo2 -0.002867 (Mo * Teer) ..(4.34)

(R?* = 0.992 ; CEE = 0.026)

The results presented in Figs. 4.28 to 4.31 further
indicate a decrease 1in the magnitude of 2zc-values with
decreasing concentration of rough rice moisture. The dependence
of 2zc-values on 1nitial moisture of rough rice (rFig. 4.32) was
described by the following relationship:



Table 4.2 Reyression coefficiants of Eq. 4.31 relating equivalent
expewdre tune and bulk grain temparature for various
levels of head yield ratio

Head Initial

yvield MmOLStULe
ratio (¢ w.b.} Ar B R? Ze X
.95 8.0 4.6155 -0.04748 0.956 21.1
1.0 18.0 - - - -
Opt 1mEm 18.0 - - - -
0.9% 2400 5.0557 ~-0.04490 0.860 22.3
1.0 2o 4.7488 -0.0.,.30 0.865 24.2
Opt 1imea 22.0 4.4480 -0.14130 0.840 24.3
0.9% 26.0 4.9609 -0.04408 0.980 22.7
1.0 26.0 4.4335 -0.03644 0.476 27.4
Ot 1nsam 26.0 4.1206 -0.03625 0.970 27.6
0.9% 30.0 3.3497 -0.01908 0.950 52.4
1.0 0.0 3.2687 -0.01820 0.950 55.0
30.0 2.9795 -0.01836 0.95%% 54.5

Opt irmam

* Ze-values applicable to various head yield ratios (& = 1/Di)

56

Head yisid ratio
52 -

- o maximum
48 - al.0
C 0.95

Z. — vatue (°C)

24 +

32

fnitial moisture content (Y w.b.)

3,42 melationship between zo-value and anitial moisture content of rough rice

P,



2c = 13.5255 + 0.4322 Mo + 2.5225 x 10-!2 exp(Mo) ...(4.35)

(R2 = 0.99; SEE = 2.01)

The multiple regression analysis also showed that the influence
of wvarious levels of head yield ratio on 2zc-values was not
statistically significant.

The Fe and oo -values determined in this study should be
applicable in general te any conduction heating system provided
the time-temporature hlstory of rough rice 1n the system under
consideration 15 Known.

4.5.4 Eftects of heat treatment on milled rice whiteness

Heatt treated  rough rice samnples yioslded willed rice
which was slirghtly vellowish-brown 1n appearance in comparison
with the unheated control sample. This change in color could be
due to the non-enzymatic browning and/or the diffusion of
coloring pigmenis of the hull and bran to the endosperm caused by
the exposure of the grain to very high temperatures. Generally,
the change 1n color was less sevore for milled rice produced from
rough rice samples having lower initial moisture content and as
woll as from samples exposed to lower heating surface
temperatures. Whitonegss ratio (WR) of milled rice and heating
duration appeared to be ralated 1n the following equation form:

WR = exp (-a'? t ) ..{4.36)

where WR = whitoness ratio, Ws/We

Ws = Whiteness units of milled rice obtained from
heated rough rice samplin
We = whiteness units of milled rice obtained from the
control sample
t = heating duration, mln
a', b' = reagression coefficlents

The above relationship was considered satisfactory since the
average value of coerficient of determination for all experimen-
tal tests was found to be 0.84 with a standard deviation of
0.073. The dependence of reqression co.fficients a' and b' on the
molisture <ontent of rough tice and heating surface temperature
was given by the fnllowing equations:
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In a' = -43.4066 + 0.2177 Ts + 1.2208 Mo
- 0.006737 (Ts Mo ) ... (4.37)
(RZ = 0. 900; 3SEE = 1.250)
b' = 8.3793 - 0.0390% Ty - 0.2593 Mo

+ 0.001357 (Mo * Tys) ...{4.38)

(R? = 73.800; SEE = 0.310)

The average whiteness value of milled rice samples produced
from unheated rough rics was about 31.8 units. Since the change
in the whitenaese nof milled rice detectable to human eye yielded
whiteness mever rsadinygs LPatweoen 2% and 26 units, a minimum
acceptable level of whiteness ratico was selected to be 0.8. Based
on this coneideranion, 1llowable heating times were computed
using Eqgion. 4.7, 4.37, and 4.38¢ for esach combination of heating
surtace temperature and initial molsture content of rough rice
and  compared wWith heating times requirced for maximum head rice
vieelds (Frg., 4.37%). These reegults showed that high moilsture rough
ricee could be heated up to 95% FML for obtaining maximum head
vield without signiflicant reduction in the whiteness of milled
rice,

4.5.5 Effects of heat treatment on cooked-rice texture

An i1mprove ,;ant 1n both cooked-rice firmness and sticki-
ness was observed following conduction heating of fresh rough
rice samples using heating surface tempsratures ranging from 75
to 200 °C. Unheated control samples exhibited characteristic coft

and sticky texture of freshly harvested rice. In comparison, the
heat-treatoed samples produced firm and less sticky cooked-rice
grainc. The firmness of cooked-rice as measured by the total

anaerqgy 10 back extrusion test i1ncreased approximately from 3 to
9% depending upon the duration of heating (Figs. 4.34 and 4.35).
s>itickiness, on the other hand, was reduced in the 6 to 18 % range
1 hearn freated samplos.  This 1lmprovement 1in cooked-rice texture
may be viewed as an added feature of heat treatment aside from a
dotnits: increase  1n head rice yielde since most people prefer
lese  sticky  and moderately firm cooked-rice. The changes in
cooked-rica texture observed 1n this study are apparently similar
t  rthose occuring i1n the artificial aging process reportad by
Normand ot acr. (1964).
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"ig. 4,33 Heating times >orresponding to the highest value of head yield 1atio
versus heating times required far minimum acceptable whiteness
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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.

WWOIMMMMWTM

residence time and hold-up of the rough rice in the rotary cylin-
der are relatod as follows:

tR =W /F ...(4.39)
tr = 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 In(F) - 1.567 1n(N) - 0.657 §
+ 0.0013 PxN + 0.0079 MoxS + 0.0051 FxsS ...{(4.40)

(R2= 0.953; 4EE = 0.124)

where N = cylinder rotation speed, rpm
3 = cylinder inclination, degree
Mo = moisture content or 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 conditioneg.

Moisture removal. Figs. 4.36 and 4.37 illustrate the

change in moisture contant and head yield 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. These results also indicated that a simple
logarithmic model described the accelerated drying behaviour of
high moisture rough rice gatiefactorily. The dependence of the
drying constant k on the experimental conditions was adequately
described by the following equation:

In k = -7.02%3 4+ 0.01893 Ts ... (4.41)

(R = 0.981 ; SEE = 0.085)

Eq. 4.41 revealed the gtrong dependence of drying constant upon
the heeting surface temperature. These results were similar to
thuse observed i1n the small-scale experimental heating units.

Head rice viold. Fig. 4.37 15 a typical plot showing
the effect of various hoat treatments on head rice yields. As
observed during heating of rough rice in the small-scale experl-
mental heating unituz, heated high moisture rough rice generally
showed an 1ucrease 1n  the head rice Yields 1initially with
lncreaslng exposure time followed by a subsequent reduction for
longer exposure times. The dependence of head rice yields on the
erposure duration was reprecented by a quadratic equation (Eq.
4.22). Only a small increase 1n head vylields was observed in this
prototype unit mainly because of the lifting action of 1its
flights causing some cooling action during the heating process.
It appearad that rough rice could be dried continuously 1in this
unit without appreciable losc in head rice yield up to 18 to 19%
w.b. The corresponding exposure times corresponding to this final
molsture content for 75, 100, 125 and 150 °C were approximately
65, 35, 30 and Z0 minuteg, respectively for rice samples having
an  inital moisture «f 26% w.b. These results showed that the
rapid drying ot rough rice without significant gelatinization was
feasible under contrciled experimental conditions. The partially
dried rough rice could be safaly stored for a few weeks prior to
final drying to 14 & w.b..

4.6.2 Prototype dryer with spiral flightsg (Prototype I1)

Rotary Diver OUperation. A relarionship between the
heating &surface temperatura and che flue gas temperature was
developed in the following form:

Ts = 31.12 + 0.005017 T¢ + 0.002367 T2 ...(4.42)
where Ts = sJurface temperature of the rotary cylinder, °C
Tr = flue gas temperature, 0C
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In A = 5.0957 - 1.6699 Mo + 0.04920 Mo? + 0.09411 Ts
- 0.003408 (Mo * Ts) ..(4.45)

(R? = 0.982 ; SEE = 0.17)

In B = 2.63769 - 1.7264 Mo + 0.05020 Mo2 + 0.1215 Ts
= 0.0uall7 (M * Ts) .. (4.46)
(R2 = 0.960 ; SEE = 0.320)

Effect of Conduction Heating on Milled Rice Whiteness.
The reduction in whiteness was minimal in rough rice exposed to
100 9C 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 (-a0 € ) ...(4.47)
where WR = whilteness ratio
t = heating duration, min
ao , bo = regresslon coefficients

Eq. 4.47 was considered satisfactory since the coefficient of
determination for all cases was about 0.85 or higher. The white-
ness value of the milled rice from the unheated control sample
was about 33 whiteness units.

The regression coefficlents a and b were related with the
experimental conditions by the followlng equations:

In @ = -17.8829 + 0.5905 Mo - 0.01187 Ts ...(4.48)

(R = 0.80; SEE = 1.10)

bo 0.5747 - 0.1576 Mo + 0.04856 Ts

- 0.0001266 Ts? ... (4.49)

(R? = 0.800; SEE = 0.310)
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Table 4.22 Resulty on two-ctage drying of rough rice in rice
hugk-tired rotary dryver with mechanical recirculation

Drying Initial Final Head Whiteness
operation molotiare molsture rice reading
CONLnL conrtent vield

tE v b (% w.b.) (%) (meter units)
o4 0 Control 44.8 28.0
First-stage 24.0 17.0 43.9 27.3
24.0 Ccntrol 15.3 29.6
First-stage 24.0 18.0 46.0 29.5
Second-stage 12.0 14.0 42.5 29.3
21.0 Control 44.2 28.0
First-staqge 21,0 18.0 42.5 29.0

4.6.3 Spouted-bed drying of rough rice

Mechanism nf spouted-bed. Fig. 4.49 shows the variation
of pressure drcp with increacing superficial air velocity for
rough rice at different depths. Three significant regions are
indicated as quiscent bed, <¢pouting bed and expanded bed with
different mechanisme. Dashed curve illustrate the reverse process

the collapse of spouted bed on decreasing air velocity.

At 12w velccities (less than 2 m?/min), the air simply
passal 1arough the bead without diszturbing the particles and the
pressurns drop increased with an increase in the flow rate. This
region s called guiescent bed roqgion.

At higher arr flow rates, a small internal cavity was
formed and a noticeable adjuziment of particles was evident by
the lifting of the particles. This region which is characterized
by o lews packiny arrongement and less resistance to fluid flow
throwgh the packing 1s called the expansion bed region. Futher
increase  1n ilow rate transformed the cavity inte an  internal

spout. Howaevar, rough rice nad no significant internal spout
prior to spouvilag. Due tc the unsteady state in the traunsition
zone, it was ditficult to  observe the region between peak

pressure drop and  the onset of spouting. At the start of
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Spoutipng pressure drep. The prescsure drop remains
substantially constant during spouting. The axperimental tests of
Heng (1987) showed that the spouting pressure drop gradually
increased with increasing bed depth for a given 1nlet aperture.
The following relationship appeared to represent the spouting
pressure drop satisfactor:.ly:

~ Pa = a0 + a1 + ( a2/H ) ...(4.54)

where -Ps = spouting pressure drop, Pa
ao ,a1,a: = 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 Ragression coefficient

dlameter  ~---- -
{cm) ao a1 az R2
5.00 824.€ 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

Pryina rough rice in spouted-bed. The changes in mois-
ture conten!. and head rice yield during spouted bed drying are
illustrated by Figs. 4.50 and 4.51. Since the trsnds exhibited by
rough rice were similar to those cobserved in the conduction
heating axperiments, these results were represented by Eqs. 4.9
and 4.22. The computed valucs 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
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Table 4.25 Dryving constant k 1n Eg. 4.9 fitted to rough
rice drying in a spouted-bed

Drying Continous drying Batch drying
A1r CLeMP - - - s s s o e e e i R
(oC) k R? SEE k R? SEE
50 0.00271 0.989 0.0142 0.00348 0.989 0.0475
68 0.00671 (.u96 n.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 constant

air temp = c---o- oo e
(°C) Ry E R2 SEE
50 -0.00142 3.00000 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 moisturse
contents for exposure duration corresponding to 1.0 and 0.95 HYR
were computed (Table 4.27). Mjlling quality evaluation indicated
that rough rice with an initial molsture content of 26% could
only be dried using the spouted bed dryer to a final moisture
content  0f about 18 - 19% without significant reduction 1n head
vieid. The rice samples could be dried down to this level using
an airr temperature of 80 9C and exposure time of about 32
minutes,

Table 4.27. Exposure times and final moilsturz contents of rough
rice i1n spouted-bed drying corresponding to selected
values of head vield ratio

Alr Head yield ratio 1.0 Head vield ratio 0.95
temp.  ----mm oo R et R PR
time FMC time FMC
(°C) (min) (% w.b.) (min) (% w.b.)
Control - 26.0 - 26.0
50 - - 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
4.7.1 Thermal Efficiency

In order to avaluate the overall performance of the
prototype dryoer:s thiermal efficliencies were determined from
actual drying teors,

In case of the electrically heated rotary dryer, the
thermal efficirency was  olose to drylng efficiency since heat
loeges and the energy required for running the motor were miniinal
because of  1ts design.  The thermal eificiency was calculated
using the ftollowing relationship:

Er = ( Wu * heg / Q) x  100% ... (4.59)

where Er thermal efficiency, %

Wv = water evaporated, kg
htg = latent heat of evaporation of water, kJ/kg
QO = tntal powar consumption, kJ

The Jlatent haat of wiater vaporization was taken to be
2456 kJ/kg as an average value. Table 4.23 presents the the
experimental data used 1n the calculation of thermal efficiency.

Table 4 24 Performance data of the electrically-heated rotary
dryer for thermal efficiency calculation

Feed Hold Water Fneraqgy Input* Effi- Energy
rate up removed used Ln enerqgy ciency required
(kg/ (kg) (k%) evaporation --—-----=-—e--o- (%) (MJ/kg)
min) (kJ; KW h kJ

Dr,lng trom 26 to 18%

4. 3¢ 10, J81 6.73 24,222 43.6 5.63
30 57 5.56 13,655 8.39 30,210 45.2 5.43
40 68 £.€2 16,282 10.3 37,261 43.7 5.61
50 84 8.20 20,139 12.66 45,563 44.2 5.55

“r,lnq from 26 to 14%

20 14 6. 11 15,078 12.34 44,441 34.0 7.2
30 57 7.9 19,477 13.27 47,785 40.7 6.0
40 68 40 23,302 17.70 63,713 36.6 6.7
50 84 l‘.‘f 28,785 22.14 73,702 36.1 6.8

* IWFlUdlnq anergy consumed by the motor
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4.7.2 Drying Ccsts

The following drying systems were considered for cost
COmMparisons:

Elecrryeslly heated rotary dryer

Rice: husk-fired rotary dryer with manual recirculation
Rice husk-fired rotary dryer with mechanical
recirevlation

4) Spouted-boed Aryeg

LD N =
— e N

The o—oets of using the abowve hsating/drying units for
sterilization and drying high moisture rough rice were evaluated
haged on thae 2xperimental drying tests. Also the cost of using
these oguipmont as rirst-stage dryer for drying rice down to 18t
w.b. wWags evaluated. The nheating surfece temperature for heat
sterilization and first stage drying was selected to be 170 -
leg 27C. #Final drving  of rice to 14% w.b. «c¢ould be carried out
using 109 °C heating surface ramperature to avoid any possible
changes 1n milled rice quality. The assumptions used in the cost
analysic  and other datatls are given in Appendix A. The summary
of  cosr astlgates are grven in vables 4,70, 4.31 and 4.32 for
heat  ararilization, partial drying to 18% w.b., and complete
drying oo 149 Lo omoisture content, respectively.

From  tha results, 1t was obvicus that high molsture
rough rice < arid  he sterilized for holding it temporarily or
dried most economlcally using the rice husk-fired dryer with
mechanical rocirculation (Tables 4.30 to 4.32). The electrically
haeated rorary drye: operation showed considerable drying costs
primarily 4ue to the Liygh cost of electricity, which amouted to
52% of the drying cont . The use of a rice husk-fired furnace
aliminated thic major component of the operating costs. However,
additional man- powar wer necded Lo regulate the burning of rice
husk 10 order 1o ma:ntoin the smooth operation of the furnace.
switching frowm ojectricaeliy heated dryer to a rice husk-fired
dryer rozulted i a 30% savinge 1n the drying cost. The installa-
L1GnO <t a c~onveyor for recirculating the grain entailed
additional capital 1nvestment, but the labor cost was reduced to
one-half. This arrangement helpsd reduce the drying cost by 50%
in comparison  with the use of an electrically-heated rotary
dryer. The coeost for drying rice from 26 to 14% w.b. using the
rice husk-fi1red dryer with mechanlcal recirculation was only
about USS 14.0/0L. The cost of spouted-ped heating and/or drving
was very much higher when compared with the use of the proposed
conduction-type rotacy dryers. The cost ¢of energy consumption in
spouted-had was about 49%% of the total drying cost. 1n addition,
the spoutad- pad  could be used only as a first-etage dryer or
sterilizer buocause of a marxed reduction in head rice yields with
the lowaring of moirsture close to 14%,
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Table 4.31 Costs of drying rough rice of different initail
molisture contents down to a final moisture of
about 18% w.bh.

Drying cystem Cost (US¢/t)

Initial moisture content (% w.b.)

26 24 22
1) Electrically heated 11.2 8.8 6.1
rotary dryer
2) Rice husk-fired rotary 7.3 6.0 4.3
dryer with manual
recirculation
3) Rice husk tired rotary 5.3 4.2 3.1
dryer with mochanical
recirculation
47 Spoutoed-hed dryer 64.0 50.4 35.1

Table 4.32 Costs of drying rough rice of different initial
molsture contents down to a final moisture of
about 14% w.b.

26 24 22
1) Electrically heated 29.2 25.4 21.3
rotary dryer
2) Rice husk-fired rotary 18.9 18.0 17.2
dryer with manual
reclircuiat 1on
3) Rice husk-ficed rovary 14.0 13.¢% 12.3
dryer Wit ceohanoal
recirculacion
4} spouted ted dryer ( technically not feasible at

present)
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Table 4.33 Rough rice drying costs (NPA, 1982)

Dryer type Make Heating Drying cost

(USS / t*)
Flat-bed - Rice-husk 20.286
batch - Kerosene 16.64
Batch Kongskilde 21.16
Continuous Satake 16.52
tlow woodland 31.00
Cimbria 52.70



SUMMARY AND CONCLUSIONS

This study showed that high-temperature short-time conduc-
tion heating of freshly harvested high meisture rough rice could
effectively 1nactivate the fungi and extend the safe temporary
storage prior to final drying.

The prototype rice husk-fired rotary heating unit developed
specifically r[or heat steril:zation of rough rice showed good
mechanical and thermal performance. Such rotary heaters could
prove to be a low cost and practical option for sterilizing and
accelerated drying of high moisture rice.

Thermal 1nactivaticn ot fungl in freshly harvestad rough
rice (RD-23 variety) with an 1nitial moisture content of approxi-
mately Lé% w.h. was evaluated using a batch-type experimental
heating unit using surface temperatures ranging from 75 to 200 °C
and exposure times up to 107 minutes. The heat-treated rough rice
samples  exhibited reduced fungal population as measured by the
drlurion plating and carbon diox:de production. The reduction in
fungal activity depended directly upen the heating surface tempe-

rature and axpogcure time. Subseque. ly, fungal mortality was
expressed  an rterms of the bulk grain temperature and equivalent
e¥posure times for gensral applicartion. A procedure was developed

for estimating the heating times required for reducing the furngal
activity to a desired level based on the time-temperature history
of grain in a given system.

Peat  treatments regulted 1n rapid moisture rem¢val, an
improvement.  in head rice yield and cooked rice texture, and a
reduction 1n milled rice whiteness depending upon the heating
surface temperature, exposure time, and initial moisture of rough
rice, It was possible to establish optimum time-temperature com-
binationz for obtaining maximum head yields with rough rice
samples at differeast 1nitial molisture contents. A slight decrease
in the whitenes, of milled rice was offset by improved head
vyields and cooked rice texture. These results were generalized
subsequently 1in terms of bulk grain temperature and equivitlent
exposure times fcor application to other heating systems.

Heat-treated rough rice samples showed an increase :a their
safe holding periodc based upon an acceptable level of reduction
in  head rice yield and an increase in the proportion of disco-
lored kernels. A relationchip was developed for estimating the
safe storage period of high moisture rice in terms of reduction
1n fungal activity and the molsture content after heat treatment.
The proposed procedure was validated by comparing the computed
and experimental values of safe storage periods of rice csamples
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 compavison of rough rice drying costs when
using the proposad rotary conduction heating systems and conven-
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increase 1in head vyield ranging from 14 to 25% and to a final
moisture content of about 13 to 19% w.b.

8. The whiteness of the milled rice obtainred from the heat-
treated rough rice appeared to be tne most limiting factor in its
acceptabilicy. However, the changez in milled rice whiteness
could be within acceptable limits if the the heating conditions
ware controlled.

9. Milled rice obvained from heat-treated rough rice showed
a definite improvement in its cooking qual:ity in comparison with
fresh rice. There was & Jesirable characteristic increase in the
firmness of cooked-rice kerneis and a decrease in their sticki-
nees resemkling the artificial aging process.

10. Heat treatment of rough rice having initial moisture
contente 1n  the rangs of 22 to 26% w.b. wusing exposure times
corresponding to 90% and hrgher fungal mortality levels resulted
-n 1ncreased safe holding periods of about 10 to 23 days.

11. The limiting factor affecting the safe hoiding period of
hign mcisture rice and thus its market grade was the percentage
of discolored kernele. 1t was possible to estimate the safe
storage perio’ from the fungal load ratio and final moisture
content of rice after the heat treatment.

12. 3elected oxporiments carried out with a full-scale
prototype rotary heator validated t“he applicability of proposed
heat troatment procedure and the uss of developed relationships
for estimating the safe storage periods of high moisture rough
rice.
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APPENDIX A

Drying Cost Calculations



APPENDIX A

Table A.1 Assumptions in drying cost calculation

h.o Total Investment Cost (TIC) - Cost of dryer and accessories
P Fixed Costs
oo bepreciation - 3traight line method

(10% salvage wvalue. 7 yearz 11
span}

) Repalr and maintenance - % % TIC

Tt o Insurance - 1.5% TIC

4 Local taves £ Licencen - 24 TIC

51 Interest - 1%¢ per annun

Variabl« Josus

1Yy Casual labor - Uss 2.7% 7 % man-h

Sy Blestiizaty - US$ 06.068 / kW-h
' “Jrher Assumptiouns

1) Operating hours - 1440 h per voar

{2 months harvesting period,

Z harvesting periods per year

12 hours per day operation)
2) Exchange rate - uUsg 1.5 - B yv.5

[as}
el
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Table A.3 Cost of the rice husk-fired rotary dryer
with manual recirculation

DPrying cylinder B 6,500
Motor (1 hp ) 1,700
Brick housing/insulation 1,500
Ball bearing (4 peco) 300
Electro-maqynet [ pcs) 800
Sprockets 60
Mild sreel 570
Steel rod 2,000
Construction cost 1,200
Total 1nvestment cost (TIC) B 15,230

Uss 615

Total 1nvestment cost (TIC) with mechanical recirculation
TIC dryer w/ manual recirculation + cost of conveyor etc.

Usg 615 + 392

e

uss 1,007

1

Table A.4 Cost of the spouted bed dryer

Blower { 3.7 kW / 5 hp; 13 m?/min; 3600 rpm) B 30,000
Heater box 300
Spouted bed coluun 500
Insulation wood 200
Pipings 400
Gate valve 200
Heaters 1,000
Total 1nvestment 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 1nvestment cost - Uss$ 1,100

B. Fixed coct

1V Depreciation - UsS$ 14:
Z2) Repair % maintenance - 55
3) Insurance - 17
4) Local taxes & licences - 22
5) Interest - 165

C. Variable cost

l} Labor (1 casual labor) - 495

2) Electricity - 1,046
Total annual cost (TAC)H - 1,941
D. Drying cost per ton of rough rice

1} Drying from 26 to 14% w.b. - 29.2

2) Drying from 26 to 18% w.b. - Uss 11.2

3) Heat sterilization - 3.0

{90 % FML)



Table A.6 Drying cost using the rice husk-fired
rotary dryer with manual recirculation

A. Total investment cost - Usy 6195

1) Depreciation - Uss 79
2) Repailr & maintenance - 31
3) Insurance - 9
4) Local taxes % licences - 12
5} Interest - 92

B. Variable cogst

1) Labor {2 casual labor) - 990
2) Electricity {(motor: - 20
0.2 KW-h'’h
3) Rice husk ($0.039/30kqg) - 23
C. Total annual cost (TAC) - 1,256
D. Capacity
1) Drying from 26 to 14% w.b. - 66.5/yr
{lst stage, 26 to 18% - 180 °C;
2nd stage, 18 to 14% - 100 °C)
2) Drying from 26 to 18% w.b. - 173 t/yr
(180 °C heating surface temp.)
3) Heat sterilization - 648 t/yr
(90% I'ML, 180 "C)
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. - Uss 7.3
3} Heat sterilization - 1.6
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Table A.7 Drying -ost using the
dryer with mechanical

Total i1nvestment cost

Fixed cost

1) Depreclravior

21 kepalr & maintenancs
23 Inrurance

4) Local rtazaes & licences
[

Vo Interseor

S

Varvtable ocoot
1) Labor {1 <asual labor)
Z2) Electricity (2 motors:
0.2 kW -h/h
7) Rice husk ($0.039/30kqg)
Total anmtal cost {(TAC)

Capacity

1) Drying from 26 to 14% w.b.
(lst stage, 46 to 18% - 180 0
2nd stage, 18 to '14% - 100 ¢

2) Drying from 26 to 18% w.b.
(180 9¢C heating surface temp.

1) Heat steral.zation
{90% FML, 1f0 97)

Drying /o070 por oo of rough vice
1) Drywng {ron 26 to L4% w.b.
2 brying from 26 to 1B% w.Db.

') Heat cteriiizztilon

i QO

~—

rice husk-fired rotary
recirculation

usy 1,007

495
40

23

- 923

66.5/yr

173 t/yr

648 t/yr

Uss$

= u;nw
L ¥\ i¥e)
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Table A.8

Total i1nvestment cost

Fixed cost

137 -

1) Depreciatyon -
2) Repali 4 malntenance -
3) Insurane ~
4) Local vaxe: & licences -
3) Interest -
Variable ~ont
1) Labor {1 casual labor) -
;. Clectricaty -
Tortal annual cost (TAC)
Capacity
1) Prying rfrom 26 to 14% w.b., -
2) Drying trom 26 to 18% w.b. -
(140 9C heating surface temp.)
3) Hea"® sterii:ization -
{90% FML, 180 o0
Drying cost per ton of rough rice
1) Drying from 26 to 14% w.b., -
2) Drying from 26 to 18% w.b, -

3) Heat sterilization

Drying cost using the spouted bed dryer

Us$ 1,278

US$ 164

64
16

192

495
840

- 1800

not possible without
significant reduction
1in head rice yield

28 t/yr

104 t/yr

not possible without
significant reduction
in head rice vield
US$ 64.0

uUss 17.3



APPENDIX B

Detalled Drawings of the Rice Husk-Fired

Rotary Dryer
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Fig. 5.1 Rice husk fired rotary dryer ( Side view)



Fig. .2 Rice husk fired rotary dryer ( Rear view)
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Rice husk fired rotary dryer ( Top view )
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