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ABSTRACT

Samson A. Sotocinal Ph.O. (Agr. & Biosystems Eng.)

Design, Fabrication and Testing of a

Particulate Medium Thermal Processor

A particulate medium thennal Processor was designed and fabricated to dry, roast,

disinfest and de-genninate cereal grains. The components are: a particulate heater, medium

and grain mixer, separation unit and aeration unit. Comparative tests showed that paniculate

medium heating was 5 times faster and 87% more efficient than convective heating. Although

the drying efficiency was 95% higher in the convection system, the overall use of input

energy was 28% higher in the Processor.

Drying ofcorn was investigated at SOOkg/h. High moisture removal was achieved at

initial moisture contents of 19% and 24% using salt at initial medium temperature of 250°C.

The highest moisture removal achieved was 6.17% (w.b.) with a corn tlow rate of500 kglh,

initial moisture content of 19%, initial medium temperature of2S0°C, and a 60 s contact time.

Soybean was roasted in the Processor at 500 kglh. Initial medium temperatures of

175, 200 and 250°C resulted in grain temperatures of 104, 107 and 127°C, respectively, for

a contact time of 60 s. An average of 4.11 % (w.b.) moisture reduction was achieved from

comrnercially dried soybean at 6.8% initial rnoisture content.

A preliminary study showed grain temperatures over 67°C was sufficient to achieve

100% insect mortality of Sitophi/us granarius for a 30 s exposure. These temperature and

contact time data were used for evaluating the possibility of thermal disinfestation using the

Processor. Tests on wheat processed at 1000 kg/h showed that grain temperatures rose to

between 69.8°C and 72.9°C forexposure times of60s. These results were achieved at thermal

efficiencies of 43% and 49% respectively. Estimated cost ofdisinfestation using the machine

was CAN$ 0.385/t.

Seed quality wheat was processed to detennine parameters leading to total thennal de­

gennination. Tests were conducted at 40, 60, 80 and 100°C. Total de-gennination of the

wheat seed was found to occur at temperatures over 80°C for an exposure time of 60 s.
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RÉSUMÉ

Samson A. Sotocinal Ph.D. (Génie Agricole et des BiosystèIŒ:s)

Conception, fabriœtion et évaluation d'un processeur thennique à granules

préchauffées

Un processeur thennique à granules préchauffées a été conçu et construit pour sécher,

rôtir, désinsectiser, et stériliser des grains et céréales. L'appareil est composé d'un élément

chauffant pour les granules, un rœlangeur, une unité de séparation, et une unité d'aération. Des

tests comparatifs ont dérmntré que le chauffage en milieu granulaire était cinq fois plus rapide et

87% plus efficace que le chauffage à convection. Cependant l'efficacité du séchage à convection

était 95% plus élevée. Néanrmins, l'utilisation d'énergie intrant du procédé granuJaire était 28%

plus élevée.

Le séchage du maiS fut étudié au débit de 500 kglh. La réduction maximale d'humidité

était de 6.17% (base humide, b.h.) dans les conditions suivantes: taux initial d'humidité de 19%,

température initiale de sel (rœdium granulaire) de 2S0°C période de contact de 60 s.

Des tèves de soja ont été roties au débit de 500 kg/h. Des températures granulaires de

175,200 et 250°C ont élIœné les fèves de soja à atteindre des températures de 104, 107 et 127°C,

pour une période de contact de 60 s. Une réduction maximale du taux d'humidité de 4.11 % (b.h.)

a été atteinte pour des tèves de soja ayant un taux d'humidité initial de 6.8%.

Une étude préliminaire dérmntta qu'un taux de rmnalité de 100% de SitophiJus

granarius peut être atteint après 30 s d'exposition à une température de 67°C. Le potentiel du

processeur pour tins de désinsectisation thennique a été évalué en détenninant la température du

blé traité à 1000 kg/h. Durant ces tests, la température des grains s'est située entre 72.9°C et

69.8°C pour des périodes d'exposition de 60 s. Ces résultats ont été obtenus à des efficacités

thenniques de 49% et 43% respectiverœnt. Les coûts de la désinsectisation en milieu granulaire

furent estimés à 0.385 $ CAN/t.

Des échantillons de grains de se~ncede blé ont été traités avec ce procédé granulaire afin

d'évaluer les p~tres pouvant causer la stérilisation thennique. Les tests furent rœnés à 40,

60, 80 et 1000 C. La stérilisation totale des grains de blé fut observée à des températures de 80 0 C

ou plus pour une exposition de 60 s.
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CHAFI'ER 1

INTRODUCTION

1.1 Thermal Processing

Conventional thermal processing techniques use heated air. Since air has a very low

heat capacity, heating is slow, thermal efficiency is low, and processing cost tends to he high.

A promising alternative to heated air thermal processing is paniculate medium heating.

Particle-to-panicle heat transfer is an efficient method of conveying heat ta the grain for

moisture removal. roasting, preheating, disinfestation and de-germination. A study by Hait

(1960) showed the relative values of the heat transfer coefficients for different modes of

heating to he 1 for convection heating, 20 for conduction heating and 200 for particulate

medium heating. The two main advantages of paniculate medium heating over convection

heating are the high heat transfer efficiency and faster rate of transferring heat from the

medium to the grain.

Exhaustive investigations on basic heat transfer and drying kinetics using panicle-to­

particle heat transfer were conducted throughout the years. Factors affecting the rate of heat

transfer were aIso investigated thoroughly. Uhl and Root (1967), Sullivan and Sabersky

(1975), Downs et al. (1977), Richard and Raghavan (1980), Richard (1981), studied the heat

transfer aspects of drying grains by immersion in heated granular media. Akpaetok (1973),

Khan et al (1973), Lappet al. (1976), Tessier (1982), Raghavan and Langlois (1984), Pannu

and Raghavan (1986), studied the drying characteristics ofcereal grains immersed in heated

media such as sand or salt. Sibley and Raghavan (1985) studied different variables affecting

grain drying by ÏJ1'1I'œrsion in a hot particulate medium; namely, initial grain moisture content,

initial medium temperature, medium panicle size, medium to grain mass ratio, and contact

time. Raghavan et aL(1914) studied the effect ofparticle size on the heat transfer coefficient.

Comparative studies on the effectiveness of different media were also undenaken.

These studies foUowed the findings of Pannu and Raghavan (1986) which suggested that

when a hot paniculate medium. such as sand9 is used to dry cereal grains, most of the heat

transferred by the medium goes to raise the temperature of the grain kemel instead of

1
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evaporating moisture. Finding a suitable hygroscopic medium to enhance mass transfer

characteristics during mixing would overcome the inherent limitations of the process

operating in a restricted airtlow environmmt of immersed grain panicles. Alikhani (1990) and

McBratney (1989) compared drying kinetics ofcorn imrnersed in heated beds ofsand. zeo lite

and molecular sieves.

Attempts to develop continuous tlow paniculate mediumdryers were a1s0 made. Khan

et al. (1973) designed a machine for drying paddy rice using sand as the heat transfer medium

Lapp et al. (1976) and Raghavan and Langlois (1984). developed a machine for particulate

medillm drying cereal grains. Pannu (1984) constnlcted a continuous tlow corn dryer which

could use sand or salt as the heat transfer medium

Besides drying of agricultural products. paniculate medium heat transfer can be used

in other fann processing operations. Grain pre-heating prior to large capacity drying or any

other subsequent application ean he undenaken faster and more efficiently. A study by

Montross et al. (1995) showed that pre-heating increased capacity in a coneurrent-tlow dryer

and improved its fuel efficiency by up to 4%.

The method can also he used in the roasting of cereal grains such as soybeans to

improve protein availability (Raghavan et al.• 1974). MeKenzie and Gottbrath (1971)

evaluated five grain processing methods which apply heat to grains and found that the cost

of roasting. extrusion. gelatinization. popping and steam t1a.king to be so expensive and said

they outweighed the benefits derived from thermal treatment. Their study emphasized the

need for developing cost-effective methods of thennal treatment of grain for animal feeding.

Tromp (1992) studied particulate medium roasting of soybean using heated salt in the

machine developed by Raghavan and Pannu (1986). His findings highlighted the potential of

the method in economically roasting grains destined for animal feed.

With eoneems over the entry of hazardous chemicals into the food chain particulate

medium thermal processing seems to he a good alternative to chemical fumigation far

cantrolling infestation in grain handling and processing eenters and farms. Research on rapid

disinfestation using physical means has centered on the use of radiant energy for heating such

as infrared (IR), radio-frequency (RF) and microwaves (MW). The capital cost of these
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methods coupled with the difficulty of operating complex electronic equipment in the harsh

environment of a grain processing facility prevcnted the widespread application of the

technique. Convective methods werc also investigated thoroughly. Studies conducted by

Sutherland (1986) showed that heating grain to temperatures of 60-65°C was effective in

controlling the population ofR. dominica, the most heat tolerant insect pest in stored grains.

Thorpe (1987) showed that heat treatment using air at 65°C in a continuous Oow fluidized­

bed disinfestor could achieve 1()()% monalityon the most convnon insect species at a cost

competitive with chemical fumigation. The primary disadvantage of the convective method

is the slow rate of heating and the significant amount of heat lost in the exiting air. With its

high rate of heat transfert paniculate medium heating can make thennal disinfestation more

economically feasible. The banning of conunonly used insecticides and fumigants of stored

grains for possible adverse health effects make paniculate medium thermal treatment a

promising immediate alternative.

The widespread use of animal manure as fenilizer supplement in fanns and the

imponation of seeds for bird feed bas spawned a problem in controlling the growth of weeds

in farming communities. Weeds are a major problem especially for seed growers who need

to ensure the purity of seeds they produce (Belcan, 1996). De-germination of ail grains

destined for animal feed will ensure that weed seeds will not be spread in the fanns during the

yearly manure application. This activity can be economically undenaken using particulate

medium thennal treatment.

Studies conducted in the area of thennal treatment by immersion in heated granular

media dealt mostly with the dynamics of panicle-to-panicle heat transfer. Although sorne

media used in Iater experiments were hygroscopie. very little information was generated on

the process of rnoisture exchange between the drying material and the heating medium The

development ofprocessing equipments using paniculate medium heat transfer was limited to

pilot scale models and has not seen commercial application. Funhermore. the high operatÛlg

temperature inherent in panicuJate medium thennal processes which can he used in other

applications such as roasting. disinfesting. and de-germination was not exploited.

3
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1.2 Hypotheses

The infonnation accumulated through review of relevant literature and preliminary

experiments on paniculate medium thermal processing leads to the foUowing hypotheses:

The drying of corn can he accomplished more efficiently by immersion in a heated

granular media than by the conventional method of heated air drying.

Particulate medium thennal treatment cao he used in the roasting of soybeans more

efficiently than conventional methods.

Particulate medium heating can be used for the rapid and economical disinfestation

of wheat from Sitophi/us granarius.

High temperature thermal treatment can he used in the de-gennination of wheat.

1.3 Objectives

The main objective of the proposed investigation is to develop a fast and efficient

system for the thermal processing of grains using paniculate medium heat transfer methods.

Specifie objectives of the study are:

To design and fahricate a continuous-flow paniculate medium grain Processor

suitable for several on-fann thermal processing applications.

To compare the Processor's perfonnance with a conventional heated air dryer in terms

of heating rate~ heating efficiency~ drying efficiency and overallthermal efficiency.

To dry corn in the Processor to evaluate the effect of grain moisture content and

medium temperature on moisture remov~ and to determine the percentage of

rnoisture removed in the mixing section and aeration section of the machine.

To evaluate the potential of the Processor in roasting soyheans and detennine the

amount of moisture reduction from the grain.
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To evaluate the possibility ofdisinfestina and de·gentùnating wheat using paniculate

medium thennal treatment.

1.4 Scope of the Study

This study will focus on the development ofa paniculate medium thennal Processor.

Four potential applications to imponant field crops will he investigated. These are: drying

(corn). disinfestation (wheat), de·gennination (wheat), and roasting (soybeans). The

particulate medium to he used is salt (NaCI). Il was selected over another hygroscopie

material. zeolite, hecause it is more resistant to attrition. A farm scale Processor will he

constructed which uses sand. salt and naturaI zeolite as heat transfer medium Although no

actual experiments will he conducted on grain disinfestation using the dryer, information on

temperature and contact time combinations obtained in an carly study will he uscd for the

evaluation.

Roasting of soybeans will he undenaken in the Processor. The results will he

evaluated by comparing temperature·time data with published information on roasting cereal

grains for animal feed. De·gernùnation sludies will be conducted at different temperatures

using wheat as test material. Results of the study will he evaluated by running gennination

tests on the treated samples. The evaluation of grain quality will he limited to rnoisture

content determination and visuaI assessment. The evaluation of machine perfonnance will he

based partly on a comparison of power utilization with a convective crossflow dryer. and

partiy on the machine's ability to achieve process objectives in severa! applications. No

attempt will he made to model the heat transfer characteristics penaining to particulate

medium heating in general or this Processor. in particular.

5
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2.1 Introduction

This literature review will begin with a brief overview ofconuncrcial grain drying in

arder to give a basis of comparison for the sections dealing with paniculate medium driers.

A number of commonly used convective dryers will he described~complete with schematics

and their operating and efficiency characteristics. A number of paniculate medium dryers

developed since 1939 will be treated in the same way in the subsequent section~ leading to a

partial justification of the work presented in tbis thesis.

2.2 Grain Drying, General

2.2.1 Grain Production

Cerealproduction is

an imponant agricultural aclivity in

most countries. Based on a

Statistics Canada survey~ a total of

6.9 million metric tons ofcorn was

produced in 1992. Figure 2.1

shows the production of selected

grains in Canada and in the United

States for crop year 1992. WhiIe

wheat and barley were widely

cultivated in Canada; com~ wheat and soybeans dominate agricultural production in the US.

2.2.2 Drying Requirements

The harvest moisture content for corn varies widely with location and weather

conditions but nonnallyranges between 20% and 35% (w.b.). For safe storage, the corn has

to be dried to a moisture content of 10-lS%(w.b.). A large amount ofmoisture is evaporated

from the grain in the drying process. Brooker et al (1992) estimated that a 10% reduction

in moisture content involves the removal of 100 kg ofwater per ton of grain which requires

over 500 Ml of heat. Based on tbis estimate around 3.45 x 109 MI of heat are expended

•
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annually to dry 6.9 million metric tons of corn produced in Canada.

2.2.3 Types of Dryers

Grains are either dried in the fann or in commercial grain elevators. This requÎTes

drying equipment with different capacities and operating characteristics. Grain dryers cao he

c1assified according to the means by which heat for water vaporization is transmitted to the

grain. and the means for moisture removal. Based on the m>de of heat ttaDsfer. grain d.ryers

can he categorized as conductive. convective. radiative. or dielectric.

In contact dryers. heat is transferred by conduction from heated surfaces which are

in direct contact with the grain and aeration is required to remove moisture from the surface

of the grain.

Convective dryers. also termed "heated air dryers". use hot air as the medium for

transferring heat into the grains.

In radiative dryers (IR). thennal energy is supplied to the wet material by

electromagnetic radiation of wavelengths in the range O.76-400pm. Electromagnetic waves

are absorbed near the surface of the material and cause vibrations of solid and liquid

molecules which result in thennal energy dissipation (Schifmann, 1987). Moisture transport

in radiative drying for bath vapour diffusion and evaporation follow the same principles as in

convective and conductive drying.

Dielectric drying is somewhat similar in nature to radiation drying since bath processes

generate heat inside the material ln the latter however. a high frequencyelectromagnetic

energy within the radio-frequency (RF) or microwave (MW) regjon is used. The greater

penetration depth of the RF and MW results in a truly volumetrie heat generation during

dielectric drying in contrast to surface heating by IR radiation.

Even though heat transfer efficiency in a convective dryer is less than the other

methods due to the low heat capacity of air, there is an advantage in convective drying since

the heat transfer medium also serves as the mass transfer medium in rern>ving moisture from

the grain. Consequently, most conunercial dryers are of the convective type using heated air

as the medium.
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Figure 2.2 Grain dryer by Kelly (1939)

2.2.4 Alternatives to Convection Drying

In a chronology of the carly use of drying, KroU (1980) stated that grains have been

dried for storage since about 100 B.e. The scientific study of drying is considered to have

begun between 1577 and 1644 A.O. (KroU et al, 1980). Since then, many alternative heating

processes for the drying of agricultural materials have been thoroughly investigated. One

alternative that has shown the promise offaster rate ofdrying and improved thennal efficiency

is conduction drying.

3. Conduction drying

Conduction drying is the tenn used to describe adrying process where heat is supplied

to the grain using a solid medium. rather than the air surrounding the grain. The earliest work

on grain drying by conduction heating was reponed by Kelly (1939). He developed a rotating

drum dryer with a coal buming furnace as heat source to dry wheat (Figure 2.2). Tests on the

dryer showed that the quality of processed wheat was satisfactory. However. the amJunt of

moisture removed was lower than required for safe storage of the product. Therefore,

modifications were required ifthe technique were to he used etIectively in the drying ofcereal

grains.

Very little work was donc on the development of conduction dryers for decades.

Subsequent work dealt mostly

with the theoretical aspect of

solid-to-solid heat transfer rather

than the development of

conduction dryingequipmcnt. Hall

and Hall ( 1961) compared

conduction and convection drying

of corn and found that heating

medium temperatures of 62 and

109°C resulted in 10.2 and 16.5%

savings in drying time respectively.

Finney et al., (1963) studied the

•
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drying ofsheUed corn by conduction heating using heated metal plates and reponed an overall

thermal efficiency as high as 70%.

Chancellor (1968) developed and tested a conduction rice dryer heated by straw. His

study exposed one of the linûtations in the use of conducted heat for grain drying. He found

that grain contacting the heated surface for long periods of time were prone to overheating.

50 a stirring blade was added to stir and mix the grain over the heated plate. Chancellor

suggested using a granular medium such as sand ta reduce excessive heating of the grains.

b. Particulate medium drying

It was in the 1970's that studies on the use of solid-to-solid heat transfer appeared.

Iyengar et al. (1971). Khan et al. (1973) and Arboleda et al. (1973) reported on the use of

heated sand for drying paddy. Lapp (1973)9 Lapp and Manchur (1974) and Manchur (1975)

studied the use of heated sand for drying rapeseed. The drying ofcorn using heated sand was

reponed by Akpaetok (1973), and Raghavan and Harper (1974) used a bed of heated salt.

Lapp et al. (1975) reponed on the feasibility of using heated sand in the drying and parching

of wild rice.

These studies have shown the possible application of solid-to-solid heat transfer in

drying various grains using different solid media. Further, these investigations have identified

the critical variables involved in the use of heated paniculate for drying. In designing a

practical unit for the drying of grains at the fann level of operation, a study of the acceptable

limits of variation of these operating variables is required.

2.3 Heated Air Drying

2.3.1 Batch dryers

In batch drying, the dryer is charged with a cenain armunt of grain which stays in the

dryer untü the desired final moisture content is reached. No grain enters or leaves the dryer

during the entire drying process. Depending on the dryer design, the grain is either agitated

in the dryer or kept stationary during the drying process. Batch dryers available on the

market fall into three categories: the batch-in-bin, the column batch dryer, and the

recirculating batch dryer.

9
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3. Batch-in-bin

The least expensive set-up for

heated-air drying is the batch-in-bin

dryer. The fllain components of tbis

system are a hin with perforated floor.

a grain spreader, a fan with a heater

unit, and an underfioor unloading auger

(Figure 2.3). The operating principle of

this dryer is to force large quantities of

heated air through a shallow bed of

grain to obtain rapid drying. The drying rate depends on variables such as grain depth.

temperature of the heated air. and air tlow rate.

The depth of the bed is usually 0.6-1.2 m and airtlow rates of6.4-14.4 m3/min-air/m3

corn at 38-71°C are commonly used (Brooker et al. 1992). When the desired moisture

content is attained. the grain is either cooled by blowing unheated air through the bed or by

transferring the warm grain to an aerated storage bine Onen (1985) investigated the effect of

exhaust heat recovery on a bateh-in-bin dryer and found that the process is more efficient than

other lùgh temperature dryers. and has a specifie energy consumption of 3.371 MJ/kg of

water evaporated. The prirnary disadvantage of the process is the large rnoisture gradient

between the tOP and bonom of the batch. Although the average rnoisture content of the grain

batch is at the desired leve~ the top layers remain wet while the bottom layers are over dried.

This situation is usually prevented by incorporating a mixing device into the system.

One modification canied out to overcome tbis problem is a design developed by

Stormor Ltd.. called the EZEE-DRY (Figure 2.4). The system consisted of a bin with an

overhead drying floor. a fan-heater unit. and loading/unloading augers. The operating

principle in tbis system is to dry a thin bed of grain on the overhead drying floor and dump

the dried graùl. into the storage-cooling area below. The major advantage ofthis system is the

recovery of heat from cooling grain. AIso. the bin serves as a full capacity grain storage.

Batch capacities of 19 to 74 rnJ are conunercially available. This is equivalent to storage

•
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Figure 2.5 Column batch dryer

Figure 2.4 Stonnor Ezee-dry dryer

capacities of 100 to 800 m3
•

b. Column batch

Another conuncrcial batch ......-----.1

dryer is the colullUl batch dryer. The

major components of this type ofdryer

(Figure 2.5) are: a holding column

made of perforated steel sheet. a

central heated air plenum chamber. a

fan with a heater unit. and an unloading

auger. The operating principle behind

this dryer is to place the grain in a tall column and force heated air through the coluOUl. The

system could he a stationary colulTU1 batch dryer or a recirculating column batch dryer. In a

stationary column batch dryer. the grain mass does not mave inside the column. Typically. air

temperatures are between 60 and 95°C and coromn dryer sizes given in a batch volume are

6.5.9.0 and 12.7 m3
• ColuOUl batchdryers are suitable for fann use and are not used for large

scale conunercial operation. The primary disadvantage ofcolwm dr)ers is operation at high

drying air temperatures which result in over dying of the grain near the heated-air plenum

chamber. It is therefore necessary to supervise them more carefully to prevent severe over

drying of the grain if a problem oecurs.

This situation is corrected in a

recirculating colullUl batch dryer where

the grain is constantly moved from the

bottom to the top of the d.ryer. thus

mixing the grain and resulting in a Imre

uniformly dried product.

c. Recirculating batch

In recirculating batch dryers. the

grain is constantly mixed while drying.

This dryer consists of a bin with a

•
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Figure 2.6 Recirculating batch dryer
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slanted perforated t1oor, a fan and

heater unit, a grain spreader, a central

recirculating auger, and an undert100r

unloading auger (Figure 2.6). The

slanted floor causes the grain to move

toward the central recirculator which in

tum lifts the grain and delivers it to the

top of the grain bin. The drying process

follows a crossflow pattern which,

combined with pennanent mixing,

results in a more uniformly dried crop than that obtained using non-recirculating type ofdryer.

A typical recirculating grain dryer cao remove 5% to 8% rnoistule (w.b.) per hour from 5 to

9 tons of grain, depending on the dryer size and operating conditions. Meiering et al. (1977)

tested a rotating batch crossflow dryer which dried 7.5 tons of corn from an initial moisture

content of 27.5% w.b. to a final moisture content of 14.2% w.b. in a total time of 3 h,

amounting to a capacity of2.5 tonslh. They found that heating of the corn to the equilibrium

drying temperature and panial overheating of the grain caused a high energy consumption of

the order of 5.243 MJ/lcg of water evaporated. Funher recirculation of the grain in several

stages reduced the overall energy

consumption down to 4.00 MJlkg of

water evaporated.

2.3.2 Continuous Dow dryers

a. Cross Dow

The crossflow dryer is the most

common continuous fiow dryer design

in the market. The major components

of the dryer are: the wet grain holding

bin, a perforated column grain bin, a

hot air plenum, a cold air plenum and

•
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an unloading auger (Figure 2.1).The operating principle of this process is to force heated air

across (crosstlow) a thin colurrm ofgrain flowing downwards by gravity. The thickness of the

grain column is usuaUy 0.24-0.45 m and the height of the grain column in the heated air

section varies from 1 to 10 m. Drying air temperatures vary depending on the grain to be

dried and the grain quality requirements. For food grains. the air temperature ranges typically

from 60°C to 15°C and for feed grains from 80 to 110°C. Air tlow rates for the drying and

cooling section range from 83-140 m3/min-t maintained at a statie pressure of 0.5-1.2 kPa

(Brooker et al., 1992).

Meiering et al. (1977) tested a dual colurm continuous Oow dryer which dried a total

of2.8 tons of corn from an initial rnoisture content of21.5% w.b. to a final rooisture content

of 14.8% in one hour. The drying process required 5.063 MJlkg of water evaporated. An

acceptable specific energy consumption of 4.216 MJ/kg waler evaporated was atlained by

recirculating the cooling air. Ouen et al. (1980) tested a commercial crossflow dryer of

capacity over 40 tonslh to detennine the effcct of using a grain invener to improve dryer

perfonnance. The dryer showed a specific energy consumption of 4.640 MJlkg of water

evaporated.

b. Concurrent ftow

The basic principle in a concurrent flow dryer is that the grain and drying air mave in

the same direction, while the cooling air

moves in the opposite direction to the

grain (Figure 2.8). Very high air

temperatures are used in these dryers

since air with the highest temperature is

forced through wet grain. Drying

capacity of the system is of the order of

0.4 t/hIm2 of column cross sectional

area and the corn is dried in a single

pasSe Even al a high drying air

temperature of 150 ° C. grain Figure 2.8 Concurrent flow dryer
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temperature remains at a safe level of 41°C due to the intense evaporation of rnoisture near

the eottance section of the dryer. Exhaust air at the drying section reaches a relative humidity

of 87% when corn is dried to 16.8% w.b. The remaining 2% moisture is removed in the

countertlow cooling section of the dryer. The specifie energy consumption amounts to 3.844

MJlkg water evaporated which can he reduced to 3.466 MJlkg if cooling air is recycled

(Meiering et al., 1977).

c. Counterflow

The principle behind countertlow dryers is to make the grain travel in the opposite

direction to the air flow. A bin is frequently used and the hot air enters from the bottom of

the bin and moves up through the bed. The grain is removed from the bottom ofthe bed once

it is sufficiently dried. In tbis type of dryer the drying zone exists only in the bottom layer of

the bed. Nearly saturated air leaving the drying zone passes through incoming grain and sorne

of its heat is used to raise the temperature of the grain. Since the drying zone containing hot

grain is exposed to hot inlet air and heat in the outgoing air is recovered by the incoming

grain, the system attains higher thennal efficiency. However9 the grain can get over dried and

grain quality suffers. Il is for tbis reason that countertlow systems are usually used for the

cooling stage in most drying installations.

d. Mixed ftow

In a mixed flow dryer, the grain is cascaded over a series of staggered alternate rows

of horizontal intake and outlet air ducts. Heated air enters the grain colurm from an open­

bottomed intake duet and tlows through the grain to the four surrounding exhaust ducts. The

relative direction of the air and the grain in a mixed·flow dryer is a mixture of concurrent,

countercurrent and erosstlow. The lateral distribution duets can he invened V-shaped or roof

shaped and have an area such that air velocity does not exceed 7.5 rn/s. The length of the

drying and cooling zones depends on the dryer throughput. The total dryer height cao vary

from 10 m to 60 ID, 20-30% of which is used as the eooling section.

Drying air temperatures ranging from 65°C to 85°C are recol1U1lended for food

grains, while temperatures between 95°C and 130°C are employed for feed grains. Air flow

rates of45-78 m3/min-ton grain al 0.25-0.50 kPa are common in mixed-flow dryers (Brooker

14
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et al.• 1992). These dryers range in capacity from 22 to 200 tonslhr.

2.3.3 Rotary dryers

Rotary dryers are presently employed in the grain industry to a limited extent. The

major components of the system are a long inclined cylindrical shell. a fan and heater unit.

loading and unloading augers. and a variable speed drive. The operating principle of this type

of dryer is to repeatedly lift the grain using a set of tlights along the perimeter of the

cylindrical shell and drop them ioto a stream ofheated air. Most rotary grain dryers are of the

concurrent flow type where grain and heated air are introduced at one end of the sheD and

dried grain and moist air exit at the other end. The grain is m>ved through the entire length

of the shell by cascading a cenain distance along the periphery of the inclined sheD such that

in each faIL the grain is D'lOved doser to the exit.

A typical conunercial rotarydryer has a sheD diameter of 1-2 m, a length of 15-30 ln,

and a slope 2-4° from the horizontal The sheD usually rotates at 4-8 rpm and drying air

temperature is 121-288°C (Brooker et al. 1992). The rotarydrying process is finding more

application in the parboiling ofrice. Ils ability to dry high rnoisture grain kemels that have a

tendency to stick together is suited to the parboiling process where the kemels are initially too

sticky to allow drying in a bin or column dryer. The specific energy consumption of the

system can not be fairly compared with other dryers since the parboiled rice is at a much

higher moisture content than the materials dried in other types of unit.

2.3.4 Dryeration

The dryeration process was developed by researchers at Purdue University in the mid

60's based on their tindings that most damage by cracking occurs at rnoisture contents less

than 18% and that stress cracking is related to drying temperature. drying rate and cooling

rate. It is a two-stage process in which grain is dried in a heated air dryer to within 2% of the

desired moisture content and then transferred to an aerating bin for 4 ta 10 hours of

tempering. The ternpering stage alIows for the redistribution of rnoisture within the kemel

which serves to relieve stresses caused by rapid drying. Tempering aIso improves moisture

removal during the aeration process as it enhances m>isture migration towards the surface

as internal kernel rnoisture equilibrate.
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Aside from the quality effects. severa! advantages of the process over conventional

drying methods can he seen. The use of higher drying air temperature is possible since the

grain does not remain in the high terr.,erature dryer until it is completely dry. An increase in

capacity for high temperature dryers is possible with the removal of the cooling stage since

cooling is accomplished in the aeration stage external to the dryer. Rerooval of the remaining

2% moisture in the grain, which is the most difficult to remove, is accomplished in a bin using

(he heat already contained within the grain. This results in fuel savings of 20% or more. One

disadvantage of the process is the possibility of excessive condensation during the cooling

stage which could eventually damage the grain. The amount ofcondensation cao he reduced

by pulling the air down through the grain or by cooling the grain immediately after it comes

out of the dryer (Raghavan, 1987).

2.3.5 Conclusions

Batch dryers can he considered to be an on-farm systems and have capacities below

10 t/h. Batch volumes from 3.5 to 70 m3 are available and operate on a stationary or

recirculating batch mode. The most recent tests by the Prairie Agricultural Machineries

Institute CPAMI) on severa! batch dryers showed that they have specific energy consumption

of 3.6 to 5.4 Ml/lcg of water evaporated.

Continuous flow dryers are usually considercd to he off-farm systems and are available

in capacities ranging from 2 to over 200 tilt. Tests conducted on continuous flow corn dryers

showed that at optimum performance a mixed tlow dryer operating at 15 to 45 tIh will yield

a specifie energy consumption of 3.2 to 4.5 MJ/lcg of water evaporated.

Aside from their high specifie energy consumption. the primary disadvantage of these

systems is that they are idIe during mast of the grain production season. Bin-type bateh dryers

are sometimes used as grain storage during off-season while column or recirculating dryers

and most continuous tlow dryers are idJe. This situation lowers the use factor of the unit and

increases overall operating cost. Funhermore, in bath batch and continuous dryers~ a

minimum amount of grain is needed to operate the system in a reasonable drying condition.

Drying of grains below the hourly throughput of the dryer will he inefficient and in sorne

systems. not possible. Table 2.1 surnmariz.es some of the characteristics of heated-air dryers.
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Table 2.1 Summary of characteristics of heated-air dryers.

Dryer type Capacity, t/h Reduction in Air tempe- Air Flow, ml Red depth or Spec. energy

or mJ/batch MC, % rature, oC /min-mJcom thickness, m con., MJ/kg

Batch dryers

Batch-in-bin 19-74 ml no data 38-71 6.4-14.4 2-4 3.31

Colunm bateh

Recire. Batch

Cootinuous Dow

dryers

Cross Flow

Counter Flow

Mixed Flow

6.5-12.7 ml

5-9 tIh

) 40 tIh

0.4l/h1m2

22-200 t/h

no data

5-8

%

13

no data

25

60-95

no data

oc

60--110

150

65-130

17

no data

no data

mJ/min-too

83-140

no data

45-78

no data

no data

m

0.24-0.45

no data

no data

no data

no data

MJ/kgof

walerevap

5.0

4.0

3.0-5.0
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2.4 Particulate Medium Processes

Particulate medium thermal treatment can he categorized as conduction heating

because heat is transmitted to the wet material by conduction from hot granular panicles.

Superior heat transfer rates result from a much higher heat capacity of solids compared to air.

Sïnce solids retain more heat than air, excess energy after the heat transfer process can he

reclaimed when the medium is recirculated. Recirculation of the media reduces heat 10ss

thereby improving overall system efficiency. Thorough mixing of the heated media and the

grain results in uniformity of heating which is attainable in a very shan time.

Five processes in sequence are involved in the thermal processing of grains using

heated particulate medium: heating the medium. mixing the medium and grain, separating the

medium from the grain, recirculating the medium, and cooling/aerating the grain before

storage. A brief description of these processes foUows.

2.4.1 Heating

Heating the medium is the mSl step in paniculate medium thermal processing of

agricultural materials. This process is the most critical in tenns of heat utilization. Transfer

ofheat usually involves products ofcombustion uansfening heat into an inen solid conducted

al very high heat transfer rates. The main objective in heating the medium is to attain a high

medium temperature at the least fuel consumption. Degree of heating sets the initial medium

temperature for thermal processing. Il is here that there is direct coupling of the external

energy source and the thermal treatment process. At this point, the tirst efficiency limitation

is encountered. Funhennore, the attained medium temperature influences the other operating

parameters subject to the set of constraints imposed by the machine and the processing

objectives.

Severa! methods of heating the paniculate material have been employed. Lapp et al.

(1976) used an electrically heated sand hopper containing ten-2 kW Calrod heaters to heat

sand up to 10SoC. A similar heating arrangement was used by Savoie and DesiJets (1978) in

heating sand for their tluidized corn drying device. Simonton and Stone (1986b) used 2.2 kW

strip and cartridge healers controlled by a computer to heat salt or Interprop to 65°C. Khan

et al. (1913), Raghavan and Harper (1974), Noornhonnet al. (1994) and Iqbalet al. (1996)
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used external in-line burners using propane or liquefied petroleum gas as fuel for heating sand.

Subsequent work by Pannu and Raghavan (1986) was done with an internai single-nozzle 44

kW propane burner. Direct contact of the medium with the flame resulted in an increase in

temperature weil above 250 Q C.

2.4.2 Mixing

Once the medium attains the specified initial temperature it is conveyed into a chamber

where il is mixed with the rnaterial to be processed. Three variables influence the rate and the

amount of heat transmitted into the grain by the medium. The initial medium temperature

influences the rate of heat transfer and the maximum temperature to which the material can

be heated. The contact time and the mass ratio between the material and the medium

determine the total amount of heat transmitted. In mixing the rnaterial and the medium. two

parameters ofimponance are thermalconductivity and the heat transfer coefficient. Extensive

investigations showed that aside from the inherent thennal characteristics of the rnaterials the

relative size, shape and orientation of the paniculates were the physical attributes that affect

the heat transfer coefficient.

Several researchers have developed different mechanisms to accomplish the task of

mixing the rnaterial and mediumefficiently. Raghavan and Harper (1974) employed a rotating

bed of heated salt in an inclined cylinder to mix corn and medium The corn is loaded in the

lower end of the cylinder and a perforated helix moves the grain upwards across the heated

salt bed consequently mixing the two materials. Lapp et al. (1976) used a tilted horizontal

cylinder for mixing the heated medium with wheat. Both materials are introduced in the inlet

end and get separated in the screened section of the cylinder. Khan et al. (1973), Tessier and

Raghavan (1984), Pannu and Raghavan (1986), Noomhonn et al. (1994) and Iqbal et al.

(1996) used a horizontal cylinder provided with spirals to mix the medium with the grain and

provide a means of uansponing the materials inside the cylinder.

2.4.3 Separation

After a specified time of contact between the medium and the grain, the grain is

separated from the medium and the medium is subsequently retumed ta the heating section

for reheating. In rmst ofthe earlier designs screening bya wire mesh or perfarated rnetal plate
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was the most conunon method of separation. Tessier and Raghavan (1984) used a *8 sieve

while Lapp et al. (1976), Simonton and Stone (1986b), and Pannu and Raghavan (1986) used

a wire mesh for separation. The machines developed by Khan et al. (1973), Noomhonn et al.

(1994) and Raghavan and Harper (1974) used perforated metal sheets for separation,

althaugh in the machine of Raghavan and Harper (1974) the perforated sheet was used both

for rnaterial transpon and for separation. Iqbal et al. (1996) used a vibratory sieve to separate

grain from heated sand after nùxing in a horizontal drum

2.4.4 Recirculation

After the medium is separated from the grain, ilS temperature nonnally drops by as

much as 30°C and it needs reheating. This requires recirculation of the medium into the

heating section of the machine by paddles, bucket elevators or rotating buckets. Lapp et al.

(1976) utilized a bucket elevator to rnove sand from the separation section to the sand

hopper. PaddIes were used in the machine of Khan et al. (1973) and Noomhorm el al (1994),

while Pannu and Raghavan (1986) and Tessier and Raghavan (1984) use<! a rotating bucket

attached ta the mixing cylinder for recirculating the medium Only Iqbal et al. (1996) used an

insulated screw conveyor to move sand from the external heater to the inlet of the mixing

drum.

2.4.5 Cooling 1Aeration

Heated grain continuos to release rnoisture to its surrounding environment and when

kept within a limited space may saturate the air leading to condensation of moisture.

Therefore, the grain has to he cooled before storage to avoid condensation which could result

in eventual spoilage. To accomplish tbis function, a cooling section is nonnally integrated into

the heating unit. On ail the machines developed 50 far, ooly the machine designed by Lapp et

aL (1976) incorporated a cooling section. It consisted of a 1.22 m long perforated cylinder

provided with an exhaust fan for caoling and moisture removal from the grain.

2.4.6 Conclusions

The processes involved in paniculate medium thermal treatment of grains seemingly

require five machine components ta accomplish the tasks of heating, mixing, separation,

recirculation and aeration. When components are designed to perfonn each function
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individually. a more complicated piece ofequipment will be consttucted. However. when the

funetions are analysed and the param:ter limits properly set, individual components can he

designed as parts of a single major machine component.

This situation is illustrated in the machines developed by Lapp et al (1976) and

Pannu and Raghavan (1986). In the fonner. each function was accomplished using individual

components resulting in a very complicated machine. An attempt to consolidate these

funetions into a single machine was made in the latter. Although the machine by Lapp et al.

(1976) was complex, it has the advantage of giving a high level ofcontrol over the operating

parameters involved in paniculate medium thermal treatment. The machine developed by

Pannu and Raghavan simplified the process by concentrating ail functions, except aeration,

into a single multi-cylinder Processor. The main disadvantage of the Processor is that if any

one parameter is altered, ail the other oPeratîng pararœters must he adjusted. In order to Cully

appreciate the limiting conditions of these processes and develop a simple machine, a

comprehensive review of the thermal tJeatment operating parameters is required. The

following section discusses these parameters as evaluated by other researchers.

2.S Particulate Medium Reating Parameters

2.S.1 Control variables

Severa! para.meters detennine the rate and amount of heat transmiued by the medium

to the grain. The rate at which heat is transferred to the material is important for thermal

proeessing applications such as pre-heating and disinfestation. It is influenced by: 1) the initial

temperature of the medium, which determines the initial thennal gradient (ân hetween

rredium and grain, 2) the heat transfer coefficient. which is a function ofboth the thermal and

physical properties of both materials. and 3) the thermal conductivity of the grain which

absorbs available heat from the medium

The amount of heat transmitted detennines the final temperature that can he attained

by the material. It is imponant in thennal processing applications such as drying, roasting and

de-gennination of seed grains. The amount of heat transferred to the material is influenced

by the heat capacity of the medium, the rate of heat transfer, and the contact time.

Sibley and Raghavan (1985) evaluated the effects of initial grain moisture content•
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initial medium temperature. medium panicle size. medium to grain mass ratio. and contact

time on the drying of shelled corn immersed in heated sand. They found that initial moisture

content, initial sand temperature. sand-to-grain mass ratio. and contact time were the main

variables affecting the proeess.

A review of the work undenaken by various researchers shows that initial medium

temperature used in the different machines tested range<! from a low of70°C (Noomhorm et

al.• 1994) to a high of274°C (Raghavan and Harper. 1974). resulting in material temperatures

ranging from 35 to 102°C. In the processing of grain destined for animal feed (roasting.

popping. gelatinizing), temperatures ranging from 100-lS0°C are nonnally used. Grains with

moisture content as low as 8% and as high as 38% have been used with mass ratios of from

1:1 to 1:25 and contact times ranging from 4-210 seconds.

2.5.2 Characteristics of Heating Media

Aside from these processing parameters, one factor that has shown a big effect on the

perfonnance ofpaniculate medium thennal processors is the type ofrœdium being used. The

media that were used were either hygroscopie or non-hygroscopie. The most common

rnaterials used were sand, salt, silica, natural zeolite and molecular sieves. Sand. which is non­

hygroscopic. has been used as heat transfer medium because of its availability and low cast.

Salt has been used because of its good heat trafisfer characteristics as well as its non-toxic

effects. The use of silica. naturaI zeolite and molecular sieve has becn studied Iately and

reports have been encouraging. These three particulates are considered hygroscopic since they

absorb moisture during the mixing and help overcome the mass transfer limitations inherent

in the restricted airflow environment of immersed panicles.

Severa! studies on the enhancement of heat transfer using different granular media

were undenaken. AJikhani (1990) compared sand and zeolite in drying ofcorn and found that

zeolite performed better than sand. He found that higher grain temperatures cao he attained

with zeolite showing that the material has a higher hcat capacity than sand. These studies

suppon the findings of McBratney (1989) and Raghavan et al (1988) that zeolite is superior

to sand as a heat transfer medium for paniculate medium thennal proeessing. MeBratney

(1989) studied the use of a natural zeolite (chabazite) as a drying medium for yellow dent
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corn. Alikhani (1990) condueted a similar study using molecular sieves. He found that over

three levels of initial medium temperature. medium-to-grain mass ratio and contact time,

molecular sieves were far better than sand in removing moisture. AIso, he found that there

was a much higher heat uansfer coefficient between molecular sieves and grain than between

sand and grain. Funhermore, the relative humidity of the air inside the dryer approached

saturation rapidly when using sand, while when using moleeular sieves. the relative humidity

dropped with contact time to reach a steady state value of 10 to 20%.

2.5.3 Conclusions

Paniculate medium thermal processing requires the control of the rate and amount

of heat transferred to the material to he heated. It involves the manipulation of several

variables that influence the flow ofheat from the extemal heat source to the medium and from

the rredium into the material being processed. Factors such as initial grain moisture content,

initial medium temperature, medium particle size. medium-to-grain mass ratio. and contact

time each influence the transfer ofheat from the medium to the material to he heated. Process

variables such as initial medium temperature. rnedium-to·graïn mass ratio and contact lime

have been found to be the main control variables affecting the process. Hence, these

parameters should be targeted when designing components of paniculate medium thermal

processors. Although many ofthe parameters affecting paniculate medium thermal processes

have been studied. specifie relationships between them have not becn determined adequately

for purposes ofdesigning praetical equipments to aecomplish most processing applications.

2.6 Partieulate Medium Dryers

The findings of Kelly (1939) indicated that grain quality after conduction drying was

satisfactory and thus demonstrated the feasibility of drying grains using solid medium heat

transfer. However. the use ofsolid heat transfer media resulted in lower reduetion ofmoisture

content than expected. This presented a challenge to researchers.

For decades after the publication of Kelly's repon. very little work had been done on

the development of dryers using solid·to-solid heat transfer. Work in the subject area dealt

more with the theoretical aspect of the process rather than the development of drying

equipments. It was ooly in the early 70's that work on prototype panieulate medium dryers
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• were undertaken. The following is a brief description of these machines. their operating

characteristics. and their performance.

2.6.1 Khan et al. (1973)

Sand Scoop Agitator

Screen Sand Scoop ........__~

Sand Pan Motor LPG Cylinder

REAR VIEW SIDE VIEW

Figure 2.9 Particulate medium dryer by
Khan et al. (1973)
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The continuous tlow d.ryer is

cornposed of a rotary drying cylinder

45 cm in diameter and 60 cm long. The

cylinder is mounted over a sand pan

which is heated by two 15 kW heaters

fuelled by liquefied petroleum gas. The

unit is fitted with an auger feeder to

obtain positive. uniform metering of

wet grain into the machine. Provisions

for the feeding. mixing and removal of

heated sand and grain were designed ioto the drying cylinder (Figure 2.9).

Tests were conducted on the machine using paddy with an initial moisture content of

32%. A paddy-ta-sand mass ratio of 1:25 was used for a contact time of 15 sec. A final grain

temperature of93 0 C was attained and a dryer thermal efficiency of35% was calculated based

on 3.256 MJ/kg water evaporated.

2.6.2 Raghavan and Harper (1974)

The dryer consists of a rotary drum 0.6 min diameter and 0.76 m long. A perforated

helix located inside the drum conveyed the product through the drum's length toward the

open end. The relatively small particles of sail mix with the product and fall back through the

helix perforations due to the inclination of the drum The perforated helix serves both as a

conveying device and a primary separator of the salt and grain panicles. Secondary separation

of salt from the grain was accomplished using the perforated spout at the exit of the drum

The angle of inclination of the drum can he varied from 5 to 28 0 above horizontal. The drum

is driven by a 3/4 hp variable sPeed motor through a chain drive. The salt within the drum is

heated by natural gas fired radiant heaters localed below and to the side of the drum. Salt

temperature within the drum is controlled by varying the flow rate of the air-gas mixture to

•
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• the radiant heaters (Figure 2.10).

A serew eonveyor driven by a

variable speed motor moves grain from

the hopper to the dryer feed spout at a

manually controUed feed rate. 1be feed

spout within the drum directs the grain

to the closed end of the inclined drum

and into the heated salt bed. The

From
storege bin:
variable
speed drive
on SCt'ew
conveyor

Varillble
speed
motor--';'-

Grain 'Iow

Variable
drum

_angleS­
to 28-

Figure 2.11 Patticulate medium dryer by
Lapp et al. (1976)
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product emerging from the drum is
. ... Figure 2.10 Particulate medium dryer by

dropped mto a forced ail' cooling Unit. Raghavan and Harper (1974)

The cooling unit consists of a drum

made of wire mesh driven by a variable speed motor and a blower whicb forces air through

the drum's perforations.

The machine was tested on corn with 15% to 21% (w.b.) moisture content fed at rates

of 1-2.7 kg/min. Salt bed temperatures ranging from 134-274°C were used with residence

times of 4-22 sec in the dryer. Results showed that the final moisture content of the grain

ranged from 9% to 18% (w.b.). For all levels of initial moisture contenty a salt bed

temperature of232oC with 13 to 20 sec residence time produced the required final moisture

content of 12% to 14%. Drying

efficieney, specifie energyeonsumption

and grain quality were not investigated

in this study.

2.6.3 Lapp et al. (1976)

The prototype dryer consisted

of a rotating drum 43.2 cm in diarœter

whose total drum length of 3.05 m was

divided ioto a 1.22 m insulated drying

section, a 0.61 m screened separating

section, and a 1.22 m cooling and
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delivery section. The cylinder was driven by a small gear rœshing with a large gear fitted to

the rotating cylinder. The angular speed of the cylinder was varied using a variable speed

reduction system driven bya 250-Watt electric motor. Two hoppers, one for damp grain and

one for hot sand, were mounted above the drying section inlet. The hoppers deliver the grain

and sand inlo the metering head. The metering head was used to achieve the desired sand-to­

grain mass ratio ioto the drying section. Adjustable legs were installed on the frame of the

machine to control the angle of inclination of the dryer (Figure 2.(1).

The residence time (time spent bya panicular grain kemel in the drum) of the sand

and grain in the drying section was regulated by varying the cylinder slope, the rotational

speed or the feed rate of wet materiaL After separation from the grain, sand was recirculated

inta the sand hopper bya 3.03 m bucket elevator and a 15.2 cm diameter pipe insuJated with

fiberglass. The sand hopper contained ten 2 kW electric heating elements. A fan capable of

maving 17m3 of air per min was installed al the cooling section.

Tests were conducted at a grain Oow rate ofbetween 1.5 and 5.0 kg/min with 60 sec

residence time. Wheat conditioned to 17% moisture content was mixed with heated sand

having an initial temperature of 105°C at a mass ratio ranging from 4:1 to 5:1. In drying

wheat from 17% to 14.5%, the drying efficiency of the system varied from 42% to 62%. In

all of the trials, moisture reduction from the grain ranged from 1.95% to 2.45% in a single

pass. The specific energy consumption calculated for each trial varied between 6 and 9 MJlkg

ofwaterevaporated. This figure compares weil with findings byPierce and Thompson (1975)

who reponed specific energy consumption of 6.9 MJ/lcg of water evaporated for the drying

of corn in a conventional heated air dryer.

The c1eaning system of the dryer was found to remove 100% of the sand panicles

from the grain. A test for residual sand in the grain was conducted by washing a sample of

grain with distilled water and evaporating the water at lIOoe. After evaporation, no residue

of sand was present.

2.6.4 Tessier and Raghavan (1984)

The drying unit consisted of a rotary drum. 0.69 m in diameter and 1.80 m long. An

annular space of O.OS m (A) was provided on the drum inner surface to allow recirculation
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Figure 2.12 Paniculate medium dryer by
Tessier and Raghavan (1984)

of the sand by gravity along its entite

length. A second spacing of 0.05 m (8)

was aIso provided in the cenual section

of the drum to allow for hot air flow.

The hot air does not come in contact

with the sand so heat transfer to the sand

was by conduction through the drum

walls. No provisions were made to force

air into the center of the drum. Initial

helical flighting was designed to

precisely control residence lime of grain

in the drum, as weil as the extent of

mixing. Angle of inclination of the drum could be varied from 3.9° ta 7.3° from the

horizontal. Weighted average panicle size of the sand used was 0.46 mm. as defined by

Richard (1981). Automatic sand recirculation and separation were achieved bya set of sieves

located at each end of the drum When necessary. an additional sieve was added at the outlet

to assist in separating the grain from the sand. The drum was driven by a 0.75 kW variable

speed motor through a chain drive. By varying the mator speed. residence time could he

varied from 26 to 40 sec. The sand was heated by a stream of hot flue gases forced ioto the

second space (B) as shown in Figure 2.12. Heat was supplied by a propane bumer, with the

constant air flow rate for all test runs. The grain was fed at the inlet section of the drum by

a variable speed auger.

The machine was tested using high moisture corn (36% w.b.) and sand at initial

temperature of 150°C. Calculated sand/grain mass ratio ranged between 3.5: 1 and 20: 1 for

a residence~ between 26 and 40 sec. Results showed that under all operating conditions,

the reduction of the moisture content was on average 3.4% (d.b.) with the final grain

temperature varying between 75 and 90°C. Drying efficiencies varied from 25% to 39% while

the specifie energy consumption ranged between 6.S and 10.3 MJ/lcg of water evaporated.

The specific energy consumption obtained in the tests were comparable to those reponed by
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Pierce and Thompson (1981) for crossf1ow air dryers and higher than those reponed in the

literatures for more efficient air dryers (Meiering et al. 1977; Morey et al.• 1978; and Ouen

et al.• 1980).

2.6.5 Pannu and Raghavan (1986)

The Grain Processor consists of tmee conical sections: inside conical drum (Cone 1)

for heating the medium. outer conical drum (Cone 2) for mixing the two media and their

subsequent transponation into the separation section, and the last conical drum (Cone 3) for

recirculation.

The internai conical drum was equipped with a torsion device made up of four steel

rads welded to the interior of the minor diarœter with a steel sleeve at its center. On the other

end. the drum was held in place byeight steel rods (ribs) fixed to a ball bearing assembly unit.

A 44-kW propane bumer protruding into the central section through a hollow shaft was

installed along with the regulatory valves. Severa! buckets were attached to the inside wall

of the internai conical drum (Cone 1) covering approximately one-hait of its length. These

fixtures direct sand panicles through the hot section of the t1ame several times before being

discharged out of the heating zone.

Before installing the outer conical clrum (Cone 2) an auger was constructed around

Cane 1. The conveying auger consisted of Il complete tlights, out of which the tirst seven

were encased by sheet metal and the remaining four were eovered bya 3.2 nun hole steel wire

mesh sereen with an 84% open area. The pan adjacent to the smaller diamcter of the outer

conical drum acts as the primary separator and the opposite end serves as the product

entrance section. Such a design of the outer conical drum pennits a three-stage operation in

one unit: feeding grain and particulate medium. thorough mixing to enable panicle-to-panicle

heat transfer, and finally separation ofdry grain from the solid paniculate media.

The third conical dnun (Cone 3) serves a dual purpose: tirst, it acts as a coUector and

second~ it carries the fine granular particles to one central point ofdischarge. The drive shaft

of the drum aIso acts as a conveying auger to transpon the medium back into the inside

comcal drum (Cone 1). The outside surface of the machine was insulated with 80 lTUn thick

R-I0 glass wool to minimize heat losses. The machine was equipped with a 0.75 kW variable
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• speed DC motor for obtaining the desired rate of rotations (Figure 2.13).

The Grain Processor was tested

29

Moisture removai from the machine ranged from 1.2% to 5.3% (w.b.) in a single pasSe

These results compared favourably with those reponed by Tessier and Raghavan (1984),

Lapp and Manchur (1974), Lapp et al. (1975, 1976), and MittaI et al.(1982).

2.6.6 Simonton and Stone (1986b)

The modelling and simulation work done by Simonton and Stone (1986a) resulted in

the design and construction of a two-stage particle-to-particle heat exchanger with five ceUs

per stage. Intricate inlet and heating ce11s were designed to allow two stages to be mounted

back to back. Each module was 30.5 cm x 147.3 cm x 15.2 cm and it was covered with a 21.9

cm insulation board with a R-value of 2.6 mOC/W. A 0.56 kW DC motor rotated the

machine, and electrical strip and cartridge heaters rated at 2.2 kW provided heat to the heat

transfer medium Two sets of slip rings were mounted on the heating section of the machine

in order to transmit power to the heaters and instrumentation signais to the monitoring

equipment. Operation of the heat exchanger was controlled by a Creative Micro Systems

MC6809-based microcomputer (Simonton and Stone, 1986b).

The approach taken to carry out a countertlow heat exchange on paniculate solids

Grain
Feed

...---Cone 3
~ Cane 2
11 Cone 1

Figure 2.13 Paniculate medium dryer by
Pannu and Raghavan (1986)

Recirculation
using corn with a moisture content in

the range between 18% and 36% (w.b.)

fed at a rate of 240 kg/h to 520 kg/h.

Heated sand was introduced at a

temperature between 180 0 C and

250 0 C and a sand to grain mass ratio

of 2.5: 1 to 9:1. The grain and sand

mixture was held in the machine for a

residence time between 22 and 37 sec

after which the grain emerged with a

final temperature between 80 0 e and

102°C.
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was that ofdiserete and repeated unit operations of mixing, heating and separating (S imonton

and Stone, 1986a). A mechanism whieh utilizes gravity-indueed tlow over an inclined sereen

was chosen for separating the materials. This set up has the advantage ofhaving less moving

parts while in operation.

A number of tests were condueted with wheat as the drying rnaterial and salt or

Interprop (a synthetie material) as heat transfer media. Three different rales of .;nergy input

(60, SO, and 100% duty cycle) at a rotational speed of 1 rpm were tested using Interprop.

Eight tests were condueted with salt: four rates ofenergy input (40, 60, SO, and 100% dutY

cycle) at 1 rpm, and four speeds (0.75, 1.20, 1.45 and 1.75 rpm) at the SO% energy input

leveL The tests with salt showed an average thennal efticieney of67.2% at 1 rpm while those

with the Interprop averaged at 53.4%. Peak thennal effieieney of S4% was attained at 1.45

rpm Since the experiments were designed to study the heat transfer characteristics of

countertlow paniele-to-panicle heat exchange, no drying or specifie energy parameters were

available for comparison with other designs.

2.6.7 Noomhorm et al. (1994)

Noomhonnet al. (1994) developed a eontinuous tlow rotary conduction heating unit.

This unit is similar in design to the one developed by Khan et al. (1973) for the aecelerated

drying of high moisture peanuts, using sand as the heating medium The horizontally mounted

drum has an inside diameter of 0.50 m

and is 1.96 m long. The front section of

the drum which is 1.195 m in length is

made up of steel sheet, and the rear

section, having a length of 0.765 Ill. is

made up of a perforated steel sheet with

4 mm diameter holes. Sand is heated in a

sand pan and fed into the rotating drum

by sand scoops ofdimension 0.53 x 0.14

x 0.20 m (Figure 2.14).

•
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Tests were condueted on the Figure 2.14 Particulate medium dryer by
Noomhorm et al. (1994)
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Figure 2.15 Paniculate medium dryer by
Iqbal et al. (1996)

machine using peanuts with an initial moisture content of 49% (w. b.) fed to the machine at

5 and 7 kg/min. Sand was supplied into the mixing section at 70 0 e to 90 0 e at a rate of4.2

to 6.3 kg/min giving a sand-to-peanut mass ratio of approximately 1: 1. Residence time in the

machine ranged from 60 to 210 s which resulted in a final peanut temperature ranging from

35 0 C to 40 °C. Analysis of results of the tests were limited to quality index of the product.

There was no significant difference between peanuts dried in the machine and those dried by

sun drying or oven drying. Significant reduction in drying time was observed with the machine

reducing kernel moisture to 10% in oRly 1.95 h compared to 58 h and 25 h for sun and oven

drying, respectively. Comparison with other solid medium dryers could not he made since

drying efficiency or specifie energy consumption figures were not given by the authors.

2.6.8 Iqbal et al. (1996)

In 1993, Younis et al. designed a mechanical-cum-manual dryer employing sand as

a heat transfer medium. The manual pouring and sieving caused heat losses and the machine

was not eonsidered practical for fanncrs in bulk grain drying. In 1996, Iqbal et al. developed

a continuous flow rotary grain dryer using heated sand as heating medium. The dryer consists

of a drying drum, a vibratory sieving system. heating system, a eonveying system, and

hopper/grain metering system (Figure 2.15).

The drying drum is a 0.15 m

diameter by 1.13 m long cylinder

containing an internal helix for

conveying and mixing the materials and

a conical feeding section for grain and

heated sand enttance into the mixing

chamber. The drying drum has an exit

section 28 cm long for controlling the

flow of rnaterial into the sieving section.

The vibratory sieving section contains

an adjustable sieve of 56 cm x 30 cm.

Motion of the sieve ean be adjusted in

•
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both the horizontal and vertical direction by changing the hangers and Iength of the vibrating

crank. Sand which was separated from the grain flows ioto a rectangular heating box under

the sieve. Vibration ofthe sieve and the slope of the heating box mayes the sand particles into

the feeding end of the sand conveyor.

Sand is heated by a natural gas bumer having a surface area of 1692 cm2 as it moves

from one end of the heating box to the feed end of the conveyor. The bumer consists of four

distribution pipes 2.5 cm in diameter having Iengths of29, 33, 39, and 40 cm Holes of0.156

diameter at 1.25 cm intervals provide uniform distribution of the flame under the heating box.

The conveying system that recirculates hot sand ioto the drying drum is a 2.5cm diameter, Il

cm long screw conveyor. It is insulated with a mixture of asbestos and plaster of Paris to

prevent heat losses while conveying sand. The grain hopper containing the grain before

processing is 45 cm by45 cm with 55.5 cm walls tapered at a 27° angle. It is connected to an

adjustable grain metering mechanism having a stepped pulley that rotates its tnetering flute

at 28, 43 and 72 rpm.

Corn was dried in the machine using initial sand temperatures of 90, 105, and 120°C

with grain rnoisture contents 28, 23, and 18% (w.b.), and residence time 22, 14 and 8 sec. A

6: 1 sand to grain mass ratio was used for ail the trials. Grain moisture content, sand

temperature and residence time were optimized. At optimum conditions, (Le., initial sand

temperature of 120°C, residence time of 22 sec and an initial corn moisture content of 28%)

maximum moisture removed and drying efficiency were 3.44% (w.b.) and 58.8%,

respectively. Furthennore, tbey found that the separated grains were Cree of sand.

2.6.9 Conclusions

In testing the performance offann level dryers, the most comnon performance indices

were the drying capacity, rated drying capacity, fuel consumption, and specific energy

consumption. The drying capacity of the dryer was defined as the rate at which grain cao he

dried to the dry moisture content specified by the Canadian Grain Conunission, when

operating the dryer at standard conditions and the settings recOlTlTl:nded by the manufacturer.

It was based on the time ta filI, dry, cool., and discharge the grain from the drying chambers.

Drying capacity figures vary with the type of grain and the amount of moisture removed.. as
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weU as the initial moisture content of the grain. On the other hand. rated capacity was defined

as the capacity of the dryer when removing 5% moisture in wheat. barley. and rapeseed. and

10% moisture content in corn. It was also based on the time to fill. dry. cool and discharge

the grain under standard conditions (PAMI, 1985).

The fuel consumption of a dryer varies with the initial temperature and moisture

content of the grain.. ambient air temperature. the drying air temperature, airtlow. and bumer

efficiency. It is a measure of the fuel used to dry a quantity of grain and expressed in gallons

of propane per 100 bushels, or titers of propane per ton of grain dried. The specific energy

consumption also varies with the operating conditions of the dryer as well as with its design.

It is related to the total amount of energy used to remove a quantity of water from the grain.

Total energy includes electrical and mechanical energy required for control and monitoring.

and the total fuel consumed in heating and drying the grain. Specifie energy consumption is

a measure of the overall efficiency of the dryer.

It is not possible to characterize and assess the perfonnance of particulate medium

dryers based on the perfonnance criteria used for farm level dryers because of the different

test rnethods employed by researchers and operating conditions the dryers are subjected to.

Aside from the dryer developed by Lapp et al. (1976). no other prototype dryer has a cooling

section. The described prototypes can be compared ooly on the basis of their operating

parameters and possibility of scale-up to industrial leveL Of the eight particulate medium

dryers studied.. the machine developed by Pannu and Raghavan (1986) exhibited good control

of operating parameters and the best scale-up potentiaL Their machine easüy achieved and

maintained steady-state conditions for continuous flow thennal processing operations.
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CHAPI'ERID

DESIGN OF THE PROCESSOR

3.1 Preliminary Study on Corn Drying

3.1.1 Introduction

The machine developed by Pannu and Raghavan (1986) was found to remove between

1.2% to 5.3% (w.b.) of moisture from the grain at a drying efficiency of Il to 26% and

showed potential for scale-up to industriallevel of operation. However. the design did not

pennit optimization ofthe parameters because the components were lumped together. making

it impossible to vary the operation of one component without affecting the functions of the

other machine components. Funhennore. the parameters which influence the relative size of

the machine was not adequately studied. Il was therefore necessary to conduct preliminary

studies to identify and evaluate the effects of severa! variables on moisture reduction. overall

heat transfer effectiveness and relative size of the machine components. The tests would aIso

compare the suitability of two materials as heating medium for corn.

A study on particulate medium drying was undenaken using salt and natura! zeolite

as media and yeUow dent corn as the drying material. Twelve drying experiments were

conducted with six using salt and the remaining six using natural zeolite as the heat transfer

medium. Salt has a unifonnly small particle size compared to natural zeolite which ranged

from fine powders to angular panicles with equivalent diameters of around 2-3 mn The size

and angularity of the paniculate used detennines the configuration and screen opening of the

separation section.

Three temperature-contact time (T-CT) combinations and two medium-to-grain mass

ratios (MGMR) were used. The three temperature-contact time combinations (T200-C30.

T150-C60, TIOO-C120) were used to compare the effectiveness of high temperature-shan

contact time (HT-SeT) with low temperature-long contact time (LT -LeT) drying. The initial

temperature of the medium determines the capacity and size of the heater. while the contact

time relates to the size and capacity of the mixer.

Medium-to-grain mass ratios of4: 1 and 6: 1 were used since they were considered to
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represent a practical range. Mass ratios beyond this value may result in a relatively large

mixer and heater for the machine.

3.1.2 Experimental Materials

Two types of paniculate media were used in the experirnents. Salt and natural zeolite

(chabazite) were used in the twelve drying experiments. The salt used was of a unifonn

particle size, averaging 0.358 mm in dïameter. The natural zeolite consisted of crushed

ehabazite with a particle size ranging from fine powder to chunks 2-3 mm in equivalent

diameter.

Figure 3.1 Adiabatic mixer
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1lle corn uscd in the experiments was obtained from a commercial corn supplier (Le

Centre Agricole, St. Clet Inc.) and was put in cold starage for a month prior to the

experiments. Before the drying experiments. corn was re-moistened by adding a pre­

ealculated arnount of water and mixed thoroughly. The samples were then put in a sealed

plastic pail and stored in the cold roam at 5°C for 24 h.

3.1.3 Equipment and Instnamentation

A laboratory scale adiabatic mixer was constructed for the experiment (Figure 3.1).

The mixer was composed of a metal cylinder 0.18 m in diameter and 0.45 m long. It was

heated on its outside surface by three-245 Welectric heaters. The heaters were attached to

a temperature controller to regulate the temperature ofthe cylinder. A stepless variable speed

motor attached to one end rotates the cylinder at speeds ranging from 0 to 120 rpm

A slide type scparating screen was

fabricated from welded wire mesh. The

sereen was tapered at one end where grain

was co llected and dropped ioto an insulated

catch pan. The eatch pan was made out of

thennos bottles fitted with thermocouples

for measuring grain temperature.

A ceramic coated metal container

was placed undemeath the scparating

sereen to keep the medium after separation

•

•



•

•

•

from the grain. The container was also fitted with a thermocouple to measure medium

temperature after mixing.

An OrnegaOM-2 thennocouple thermometercoupled to a 10-probe multiplexer was

used to measure temperature of the grain and medium before, during and after mixing. The

media used in the experiments were heated to their initial temperature using a Fisher Model

230F electric convection oven.

3.1.4 Experimental Methods

Salt or zeolite were heated in the oven for 24 h before the experiments. The media

were heated to 240°C and cooled down to the initial medium temperature byexposure to

ambient air while being agitated in the mixer. The mixing cylinder was also heated to the

initial medium temperature using the electric heaters attached ta its outer surface. Heating of

the cylinder was stopped the moment grain was loaded for mixing with the medium

Re-rnoistened corn retrieved from the cold storage was mixed for 30 minutes using

a concrete mixer ta obtain uniform moisture distribution and temperature equilibrium with

ambient air. Samples for detennination of initial moisture content were taken and loaded in

the Fisher Model 230F electric convection oven which was pre-heated and stabilized at

lOSoC.

Specific amounts ofcorn and media were prepared for mixing. For the ratio 4: 1, 1600

g of medium and 400 g ofcorn were used. At 6: 1 ratio, 1800 g of medium and 300 g of corn

was used.

A temperature-contact time combination and medium-to-grain ratio was randomly

chosen from the table of treatment combinations to be applied to the corn. The 300 or 400

g samples were weighed and their initial temperatures recorded.

The mixing cylinder was pre-heated to the desired initial temperature and the required

quantity of medium was loaded. Once the medium ternperature reached the desired initial

level, the corn was placed in the mixing cylinder.

The grain and medium were mixed by rotating the cylinder at 18 rpm for the

designated contact time. Two thermocouples placed inside the cylinder registered the

reduction in rœdium tef11lCrature during nùxing. At the end of the time interval9 the cylinder
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was tilted to pour out the grain-medium mixture into a separating screen. The final

temperatures of grain and medium were recorded by the Omega data logger.

Three samples of the grain were cooled to room temperature and placed in the aven

for moisture content determination. The same procedure was repeated for other experirnents

and combinations using salt or zeolite.

Moisture content detenninations in aIl samples were carried out according to ASAE

Standard 5352 for corn as outlined in ASAE (1982).

3.1.5 Results and Discussions

3. Mixing temperature (MT)

The decrease in the temperature

of the hot particulate and grain mixture

was plotted and is shawn in Figure 3.2.

The general trend showed that higher

initial medium temperature exhibit a steep

slope for the reduction in temperature.

The drop in mixing temperature was

faster for MGMR of 4: 1 than for a ratio

•

• of 6: 1. Bath results were expected. The Figure 3.2 Mixing temperature

higher medium temperature resulted in

greater thermal gradient between Table 3.1 Drop in medium temperature

medium and grain thereby accelerating MedJalMass Ratio Temperature· Time CombiDatioD

. . TlOO-C120 TI50-C60 T200·CJO
heat transfer ta equilibrate the ------------------

Salt /4:1 28.6 5%.4 74.0
temperature of the [WO paniculate. The

difference in the relative mass of the two
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33.0

59.0

63.426.8

50.7

58.J

35.4

14.0

%%.8

ZeoI/4:1

ZeoI/6:1

Salt /6:1
particulate also affected the rate at which

heat was transmitted. At a higher mass

ratio, the medium hold a Iarger quantity

of heat such that. with ail other

parameters being equaI. its temperature _
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change was much slower than if both materials have equal mass.

b. Drop in medium temperature (DMT)

The drop in medium temperature indicate the total amount ofenergy expended by the

medium to heat the grain and its immediate environment. The total drop in medium

temperature over the three T-cr combination is presented in Table 3.1. It can he noted that

at 4: 1 ratio, medium temperature drop increases with the change in the T-cr combination

from LT-Lcr to HT-SCT. These lesults showed that the choice of combinations for

Temperature. Time CombinationMedialMau Ratio
Salt was more sensitive to the------------------­

TU»0·C110 TI5o.C60 noo.C30

temperature and contact time fitted the ratio of heating medium to grain. The practical

options for thermal treatment being either low temperature-long contact time (LT-LeT) or

high temperature-shon contact time (HT-T ble 3 2 1 ..a . ncrease ln gram temperature
SCf) between medium and grain.

73.3

71.1

71.1

67.8

61.8

63.6

34.8

57.1

47.4

34.8

63.8

47.8

change in T-cr combination COmpared to Salt 106: 1

zeolite al 4: 1 ratio. OveraO. salt at both

4: 1 and 6: 1 mass ratio increased in DMT Salt 16:1

in its response to the change in T-CT

combination from LT-LeT to HT-SCf. bol 14:1

c. Increa.se in grain temperature (IGT)

In relation to the drop in medium bol 16:1
-------------------

temperature, shown in Table 3.2 is the
Table 3.3 Final grain temperature

resultant increase in grain temperature

•

•

MecliaIM... Ratio TelDperature - Time Co.bination
over the three T-cr combination for 4: 1

TlOO.cUO TlSO.C60 noo-CJO
and 6: 1 ratio. The table shows the same

Salt 14:1 69.6 85.8 95oS

variation as with the figures for DMT.

The 4: 1 ratio showed similar lOT change Sail 16:1 75.3 84.1 93.4

when the T-cr combination moved from

LT-Lcr to HT-SCf for bath salt and Zee1/4:1 57.1 79.3 90.1

zeolite. lOT describes the magnitude of
Zee1/6:1 70.1 81.5 93.4

heat actually transmitted by the medium to
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the grain.

d. Final grain temperature (FGT)

The effect of4: 1 ratio on the final grain temperature over the three T-CT combination

(Table 3.3) was similar to the increase in grain temperature. Funhennore, salt showed a much

higher FGT compared to zeolite. The FGT was one of the critical considerations of tbis

study. In combination with the duration of exposure, it can detennine seed viabilityand

probable damage to other grain attributes. Even with the unusual variations in DMT and IGT,

the final grain temperature showed a constant increase. The effect of medium-to-grain mass

ratio as weil as temperature-contact time combination on the final grain temperature showed

that paniculate medium method ofheat transfercan mise the grain temperature to a high level

in a short contact time.

1.30 3.11 4.05

MediaIMus Ratio Temperature - Time CombiDalioD

TlOO-CI20 TISO-C60 T1OO-C30

2.42

2.15

3.14

3.60

3.11

2.65

e. Moisture reduction (MR)

M
. d· h Table 3.4 Moisture reduction

OlSture re uctlon was t e

primary concem in the drying

application of particulate medium
Salt'4:1

heating. One of the limitations of the

method was the lack of air movement in Salt' ,: 1

the grain-medium mixture which prevent

the efficient removal of moisture from ZeoI/4:!

•

•

the heated grain. Since both media were

hygroscopie, there was no point of Zeol/':! 2.48 2.54 3.41

comparison over the actual arnount ofmoisture removed whüe the particulate materials were

mixing.

Results of the tests (Table 3.4) showed that at the 4: 1 mass ratio, moisture reduction

increases with the change from LT-KLef to HT-SCT combination for bath salt and zeolite,

with salt having a slightly higher moisture reduction than zeolite. At TIOO-C120 combination,

moisture reduction of salt at 4:1 ratio was lower than those achieved by bath salt and zeolite

at 6: 1. However. at nOO-C30 combination. salt at 4: 1 ratio had as much as 0.5 % OlOisture

reduction over zeolite at 4: 1 and 6: 1 ratio.

39



•

•

•

3.1.6 Conclusions

The values shown in Tables 3.1, 3.2, 3.3, and 3.4 indicated the heat transfer

effectiveness of using either 4: 1 or 6: 1 medium-to-grain rnass ratio. Based on the foregoing

discussion, the following conclusions can he derived:

1. At higher initial medium temperatures heat tTansfer from the medium to the grain occurs

at a faster rate. with the temperature gradient between the rnaterials serving as a driving force

for the rapid transfer of heat.

2. A rredium-to-grain mass ratio as low as 4: 1 was sufficient in removing moisture from the

grain. This means that a small particulate mixer cao handIe a relatively large amount of grain

for processing.

3. The moisture reduction from the grain increased with the change in the temperature-time

combination from LT-LeI' to HT-SCf. Salt at bath 4: 1 and 6: 1 ratio raised grain

temperature over 65 oC. This means that a small heater operating at high temperature will

perform better than a similar unit operating at low temperature.

These findings showed that equipments using the particulate medium rnethod of heat

transfer could achieve increased moisture removal through higher initial medium temperature

even at shorter contact times. The results also showed that a small machine operating at high

medium temperature will he capable of removing more moisture than a similar machine

operating at low temperature, even with extended contact time. Furthennore, a 4: 1 medium­

tü-grain mass ratio resulted in moisture reduction of 2% to 4%, comparable to findings by

Pannu and Raghavan (1986) which found a 1.2% to 5.3% moisture removaL This moisture

reduction was achieved over initial medium temperatures of 100, 150, 200°C at contact times

120, 60 and 30 seconds, respectively.

3.2 Design and Fabrication of the Proœssor

The main objective of the work presented in tbis thesis was to design and build a

particulate mediumprocessor suitable for a number ofon-farm thermal treatment applications.

Based on the review of literature, the principal design criterian was to arrive al a unit
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permitting full operational control over temperature and contact time between the medium

and the grain. The findings of the preliminary study on corn drying showed that a 4: 1 mass

ratio was sufficient to achieve unifonn heating of the grain and that a higher medium

temperature could raise the temperature of the grain for drying even at very short contact

times. These observations form the basis for designing the Processor to accomplish thermal

processing operations which demand different temperature and contact times (e.g. roasting,

disinfestation. popping, etc... ).

As pointed out eartier, the machine developed by Pannu and Raghavan (1986)

exhibited a good potential for scale-up, were it not for the difficulty in achieving independent

control of process parameters. To avoid tbis problem. each component of the Processor will

he designed to accomplish a single operation. with full operational control over the parameter

associated with mat segment of the process. This means constructing individual components

for each process. with its drive and control system This way. all thermal processing

operations cao he studied adequately to yield hetter design criteria for a conunercial scale

unit. The pilot unit of the Processor will he designed to perform small-scale farm level

processing.

The Processor is made up ofa particulate heater, medium and grain mixer, separation

unit, and a coolinglaeration unit. It also contains several associated parts for controUing

machine operation and coupling the major machine components. A detailed description ofthe

design and fabrication of these parts foUows. The data coUection instruments employed to

gather perfonnance infonnation is also described.

3.2.1 Heating section

In this section of the machine. the medium is heated with a flame from a propane

burner. Il consists of the rotary heating unit. bumer assembly, medium feed and discharge

chute, and heater drive assembly.

a. Rotary heating unit

The heating unit contains the medium while it makes contact with the Oame and flue

gas from the propane bumer. It consists of a heating tube, elevator cups. lateral transfer

plates, and heat reclaim cylinder.
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aa. Heating tube

In evaluating the performance of the machine developed by Pannu and Raghavan

(1986), Tromp (1992) found that the major source of inefficiency was in heating the rœdium

to its initial temperature. Even with a significant layer of insulation and placement of the

heating section at the center of the machine, the machine still lost a lot of heat to the

environment. To develop a more efficient heater for the Processor, it was decided to study

the factors involved so as ta enhance heat transfer from the~ to the medium and reduce

heat 10ss from the exiting flue gases.

A torizontal cylinder 0.30 m in diameter by 3 m long was chosen to contain the

rœdium during the heating process so that a large amount of medium is available to maintain

a medium-to-mass ratio ofover 4: 1. To accomplish the heating ITK)re efficiently, elevator cups

were installed to shower the medium over the t1ame. and lateral plates used to move medium

from inlet to outlet.

Figure 3.3 Full scale acrylic model
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bb. Elevator cups (Flights)

One area which requires improvement is the dwation ofcontact between the medium

and the flame. The amount of time the Acrylie
dise "­

medium is airbome and making contact

with the flame is so shon that it required

several passes before the medium attains

the initial temperature demanded by the

process. Ta achieve unifonnity in heating,

a flight configuration giving equal

horizontal distribution (EHD) of medium

over the flame was developed. The design

of the tlight was developed using the

method described by Kelly (1992). Before actually using the result of the tlight profile

generated in the calculations, it was verified by constructing a full-scale, two-dimensional

acrylic model of the heating tube incorporating the flight configuration developed using

Kelly's rnethod. Figure 3.3 shows the full-seale acryüc modeL
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Figure 3.4a Photograph of acrylic model

43

-

Figure 3.4b lVlodel installed in heater tube



•
The cascade pattern of the flight was tested by attaching the model into a variable

speed motor mounted on a steel pedestal. The model was tested on a range of rotational

speeds up to the point where cascading stopped. It was tested using salt, naturaI zeolite, and

3 sizes of molecular sieves. The salt test was conducted to verity the effect of using fine

particulate, natural zeolite to verify the effect ofangularity. and molecular sieves to detennine

the model's response to various sizes of purely spherical media.

A video camera was used to capture panicle movement during the tests. [t helped in

the comparison of cascade patterns of different rnaterials al varying speeds. Ils use was also
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Figure 3.5 Right design for EHD cascade

satisfactorytheWith

found necessary when the model was rotated at high speed where the human eye cannot

c1early see the cascade pattern generated by the modeL

Results of the tests showed the flight design to have satisfaclorily delivered an equal

horizontal cascade of rnaterials over a certain range of speeds. It was observed that at speeds

over 60 rpm, the cascade pattern shifts from a purely vertical cascade to particulate discharge

at an angle. As the speed reaches 180

rp~ discharge of media from the

flights totally stopped. It was at trus

speed that centrifugal forces reached

equilibrium with the nonnal force

exerted by the particles. Although

various shapes and sizes were tested.

their response to rotational speed and

hold-up volume remained similar.

performance of the model. the flight

design was translated as accurately as

possible into the actual cup construction used in the heating tube. The shape of the cup was

made by splitting a 12.5 cm tube and welding a 5 cm tlat bar on one side and two-2.5 cm

flatbars below it as shown in Figure 3.5. The cup was welded over a rectangular hole cut out

of the main cylinder. The main cylinder of the heating tube was made of a 5 mm truck pipe30

•
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Figure 3.6 Heater flow rate test unit
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cm in ciiaJ'reter by 3 m long. 4 flight cups were constructed foUowing the flight design tested

in the mode!. Caps were welded at both ends of the cup to prevent leakage of the medium

The assembly was rrounted on a fuU-floating support and tested. Test results showed cascade

patterns similar to that of the acrylic model.

cc. Lateral transfer plates

Another problem associated with cascading is the transport of the rœdium from one

end of the heating tube to the discharge chute. Most rotary dryer designs tilt the cylinder at

an angle in the range of 2 to 40 with the horizontal to accomplish rrovement of the particles.

This design performs lateral transport of materials while the panicle is airbome. The method

works well with larger or heavier panicles since movement is by gravity flow. However9for

fine particles such as sand Of salt the velocity of heated air affects the trajectory of the

particles as they fall from the tlights. In tms situation9 a positive lateraI movement is

necessary9 preferably while the particle is flowing at the bottom of the tube. In the Processof9

this operation was accomplished by installing 16 lateraI plates inside the tube. The plates were

5 cm wide by 15 cm long with a semi-circular shape as shown in Figure 3.11. The tube had

a l2 cm pitch, designed to move the particles 12 cm a10ng the length of the tube for every

revolution of the heater.

Severa! tests were conducted to

verify the flow of the medium through

the heating tube. The tests were

designed to evaluate the effect of the

total amount of medium circulated

through the machine on the actuaI flow

rate using salt as the heating medium.

Four salt loads were tested. The heater

was tested with 100. 1509 1759or 200

kg of salt loaded in the heater. Il was

tested with the heating tube rotating at
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speeds of 5 to 48 rpm The test unit is shown in Figure 3.6.

The tests were perfo~as foUows. The machine was operated at the set speed for

15 minutes before starting the experiment. This was to stabilize the flow of the medium. Once

the flow was stabilized, a 0.15 m diameter by 3 m long aluminum tube was inserted in the

outlet of the heater ta by-pass the flow and to feed the salt inta a container placed on top of

a weighing scale. The aJTIOunt of salt accumulated in the container in one minute was

recorded. The test was repeated three times and the average value used to calculate the

medium flaw rate through the heater. Between sampling, a 5 min stabilization period was

observed to reduce the effect of the temporary reduction in salt load created by the by-pass

and re-entry of the salt taken in the sampling. The same procedure was foUowed in testing the

heater at different salt loads and rotational speeds. Results of the tests are shawn in Figure

3.7.

It can he observed that at 100 kg total salt load, a lower flow rate was attained aver

the range of rotational speeds tested. At 150 and 175 kg salt loads the tlow rate was similar

at almost all rotational speeds. Dnly at 200 kg load was the tlow rate significantly increased

with rotational speed. However, it was also at trus speed that salt overtlowed at the discharge

end. Overall, the three salt loads

showed a linear response to increased

rotational speed ofthe heating tube. The

trend lines shawn in the figure has a

correlation coefficient between 0.95 and

0.99, with the larger salt load (200 kg)

having the highest value. This response

was expected since the lateral plates had

a fixed pitch designed to mave salt

panicles a specific distance along the

length of the tube for every revolution

of the heater.

Furthermore, the rotational speeds tested were far below the speed limitation of the



•
flight design. A1though the cascade has been unifonn throughout the 1800 arc the tlight

travels~ a certain amount of salt remained in the cups after completing the cycle at a salt load

of 200 kg. This finding shows that the load was too big for the heater tube or that additional

cups were needed to carry the particles. This problem should he dealt with when designing

a commercial scale unit for thennal processing.

A preliminary test was conducted to evaluate the perfonnance of the system in terms

of increase in medium temperature and heating efficiency at 5 levels of power inputs. They

were perforrned at an average medium flow rate of 1000 kg/h. As expected. increasing the

power input into the system resulted in increased inlet and oullet medium temperatures. The

data generated fitted a logarithmic

curve with correlation coefficients 250....-------------.T-out: salid line
T-in: dotted lin.
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between 0.88 and 0.95. The lowest

power input (9kW) fitted the curve best

having a 0.95 coefficient~ while the

19kW input resulted in a 0.88

correlation coefficient.

Furthennore~ the change in

power input also affected the

magnitude of change in medium

temperature as can be seen in Figure

3.8. This finding shows that the heater's

operating temperature cao he adjusted

by increasing or reducing power input

inta the heater. This makes it easier to

adapt the Processor to the different

temperature demands of applications it

is intended for.

Further analysis of the data

yielded the heating efficiency of the

•

•
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system as shown in Figure 3.9.

Although there was an aImost linear

increase in the medium temperatures

with power input as shown in Figure

3.8, heating efficiency actually droppe<!

from a high of 60% at 5 kW to remain

aImost constant at 39% in the higher Figure 3.10 Thermal image of test unit

power levels. This indicates that there is

an enormous heat loss generated by the exiting flue gas and the heat lost through the wide

uninsulated surface of the heating tube. The higher the operating temperature the larger was

the temperature gradient between the outer surface of the tube and

ambient air.
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Feed
auger

Figure 3.11 Recirculation tube

Surface temperature ofthe tube was evaluated by taking thermal images ofthe heating

tube at each power input (Figure 3.10). A LAND infrared camera was used to capture

thennal video images of the hot tube and a frame grabber software called Land Image

Processing System (LIPS) was uscd to convett the images ioto a fonnat (*. IMG) compatible

for use with a Personal Computer. The pictures show the heating tube surface temperature

after maximum medium temperature was attained. It cao he observed that the high

temperature zone located near the bumer end ofthe tube graclually spread towards the middle

of the tube as the power level was

increased. This increase in surface area R.circulation tub

f
5cmd~ ,

othe high temperature zo ne means gas outle

that there was a lot of heat radiated by

the surface into the environment.

consequently lowering the overa1l

efficiency of the heating tube.

dd. Recirculation tube

In order to improve the
Flight--~~­

performance of the heater. it was

•
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necessary to either insulate the tube or recycle pan of the flue gas into the heating chamber.

Since the existing configuration of the diameter of the tube showed a depression beside the

area where the cups were weIded, it was decided to recycle the flue gas through these

"channels" by welding another cylinder over the elevated section of the cups as shown in

Figure 3.11. This channel forces tlue gas over the outer surface of the heating tube,

recovering most of the beal that was exhausted to the environment. A test was conducted at

20 kW input after the installation of the outer cylinder and resulls showed a heating efficiency

of around 65%. This means an increase in heating efficiency of67% was achieved compared

to the previous value. Finally, a control system was installed to effectively regulate the

operation of the heating unit.

b. Humer assembly

Another area of improvement in heating was the propane bumer. The efficiency of

combustion depends on the correct air-fuel mixture. However, the majority of particulate

medium equiprnents using gaseous fuel depend on induced air tlow to supply primary air for

combustion. For high capacity thennal processing operations, induced air tlow will not

provide sufficient oxygen to sustain combustion. Considering the proposed applications of

the Processor and their different temperature demands, two bumers ofvarying capacity were

used.

60 .

o 10 20 30 40 50 60 70 80 90 100
Flow Met.r Setting

Figure 3.12 Rotameter calibration chan
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The bumer assembly consists of (Wo propane tanks, a pressure regulator, gas tlow

meter, two propane burners, process

controUer, and type K temperature

sensors. Each propane tank hokls 50

kgs of liquefied propane gas. Both are

attached to a central gas pressure

regulator by a stainless steel braided

pressure hose. The pressure regulator

reduces and reguIales the pressure fed

to the gas bumers at around 107 kPa

from a tank pressure of approximately

•



Figure 3.13 Schematic of bumer assembly
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Heater
discharge

Pressure A
regulator

Propane--­
tank

Solenoid

valve1

800 kPa. Propane flows from the regulator through a rotameter flow meter. A 150 mm

rotameter flow meter was used for trus purpose. Graduations in the rotameter are calibrated

in liters per minute of gaseous propane. This unit is funher convened into calibrations giving

actual kilowatt input by the bumer.

The gas flow meter was calibrated using the following procedure. First~ a 14-kg

propane cytinder was filIed with a specified amount of fuel The tank was placed on top of a

platfonn balance (digital) and ilS valve was opened to feed propane gas into the machine's fuel

line. Then~ the bumer was staned and the f10w of propane was adjusted at the rotameter

setting being tested in the scale. Initial and final weight of the tank after one minute were

recorded. Three tests were conducted and the average propane Oow rate was taken. The

average weight loss of the tank was used to calculate the power input into the Processor at

the specified setting. The tests were repeated through several settings over the operating

range of the rotameter. The values for propane flow rate were eventually convened into

equivalent kilowatt seltings in the rotameter. The kilowatt equivalent of the rotarneter settings

was ploued and made the basis for ail power calculations. The trend line drawn based on the

data has a correlation coefficient ofo.99, showing power input as a linear function of the flo w

meter setting. Results of the calibration test are shown in Figure 3.12.

From the f10w meter, propane is fed ioto a manifold containing two proponioning

valves. The proponioning valves regulate the tlow ofpropane to the two burners. The bumers

used in the Processor were designed to

deliver different ranges ofpower input.

One unit has a capacity of 100 kW and

is used as the main bumer. It supplies

the base amo unt of heat to maintain a

stable medium temperature. This

bumer used to he fuelled by ln oil~ but Pressure

was rnodified to bum propane. The gauge

unit consists of an automatic t1ame

starter, a centrifugai blower~ and an 8

•

•

•
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Figure 3.15 Schematic of discharge spout
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Stainless steel

cm diameter by 30 cm long manifold for mixing air with propane and buming the mixture in

a swirl pattern. The amount of propane fcd into the bumer is regulatcd manually using a

needle valve attached to the central gas manifold.

Another bumer with a capacity of 25 kW is used to regulate the medium temperature

automatically. This bumer is attached to the central gas manifold by a needIe valve. similar

to the main bumer. and a solenoid valve hooked up to a process controller. The bumer is

switched on and off to augment power input from the main bumer to stabilize the temperature

of the medium Outlet medium temperature is monitored by a type K thermocouple and the

signal is fed to a process controller which opens the valve when medium temperature goes

below its set-point. and shuts-offpropane flow to the bumer when the medium temperature

overshoots the set-point.

The process controUer used to

regulate medium temperature is an

Omega CN9000A controller. The

controller receives feedback from a

thennocouple located at the discharge

spout of the heater. The process

controller cao aIso use grain temperature

readings at the separation section to

regulate the outlet temperature of the

grain. Figure 3.13 shows a schematic

diagram of the bumer assembly.

c. Medium feed auger and discharge

chute

The feed auger used to introduce

the medium into the heating tube is 15

cm diarreter by 60 cm long and is driven

by a 0.785 kW induction mator. It

moves a regulated amount of medium

•

•
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from the separator chute into the heating chamber. The auger screw is held in place bya ball

bearing at the drive end and a brass bushing at the discharge. The bushing at the discharge end

is necessary since il is located within the heating chamber where temperatures usually reach

600°C which can significantly reduce the life of an ordinary bail or roller bearing. Figure 3.14

shows a schematic of the medium feed auger.

Heated medium from the cylinder is exhausted through a discharge chute measuring

10 cm wide, 100 cm long, with side walls 25 cm high. The chute is angled at 60° off

horizontal and is perpendicular to the heating cylinder and the mixing cylinder. It contains an

inner lining made of stainJess steel to improve the flow of mcdiu~ and a paddle wheel to

regulate the flow of the medium ioto the mixing cylinder. A thermocouple was insta1led inside

the spout to monitor medium discharge temperature and provide feedback to the process

controller. The paddle wheel is driven bya 1.5 kW variable speed motor driving the heating

cylinder. Figure 3.15 shows a schematic of the discharge spout.

d. Heater drive assembly

The rotary heating unit, the central pan ofthe Processor, needs to be properly coupled

to other parts of the machine in order to provide heated medium to the mixer and receive

recirculated medium with minimal heat losses. This requires that bath ends of the tube be

open for access by the bumers in one end and the feed auger at the other. ln order to reduce

the complexity of the mechanism driving the heater and provide easy access, the heating unit

is mounted on a full-floating

configuration. It is supported by two

pairs of rollers mounted on aM-frame

which is bolted into a support base

constructed out of 15 cm channels.

The two burners and their

control boxes are mounted on the

frame at the front end of the tube. The

motor for the cooling/aeratingcylinder.

the main electricalload center, and the
Figure 3.16 Heater drive assembly
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speed controller of the three drive motors are also mounted here. The feed auger holding the

set of rollers is bolted into the frame at the rear end. The base of the 0.785 kW motor that

drives the feed auger is welded directly into the lower end of the frame right where it is bolted

into the support base.

The 1.5 kW motor that serve as the main drive for the heating unit is bolted into an

adjustable frame which is welded directIy on to the support base. The drive motor transnùts

power to the heating tube using a V-beit and pulley arrangement. with a 30 cm diameter Type

B pulley welded into the end of the heating tube. The motor aIso drives the metering paddle

wheel attached to the discharge chute. Power is tl'ansmitted into the paddle wheel using a

Type A belt and pulley. A stepped pulley is used in the paddle wheel to adjust its speed when

synchronizing the heater and mixer flow rates. Figure 3.16 shows a schernatic of the heater

drive assembly.

3.2.2 Mixing section

Partieulate mediumthennal proeessing replaces air-to-solid heat transfer with particle­

to-panicle heat transfer. The transfer of heat oecurs inside a mixing chamber where the two

rnaterials make contact for a specified period of time. The primary consideration in mixing is

efficient heat transfer at the shonest possible time. This is made possible by ensuring

maximum contact between the paniculates. Another consideration is to reduce the heat lost

to the immediate environment during mixing.

With the option of using hygroscopie media. mixing time has to he adjustable for the

process to accomplish heat and mass transfer simultaneously. This situation points to two

possibilities for enhaneing the performance of the system For purely heating applications,

non-hygroscopie media can he used with the heating process aecomplished at the shortest

possible time. However. for processes that require significant moisture removal. time of

contact can he extended to exploit the rnoisture gradient between the medium and the material

to enhanee rnoisture transfer. Severa! alternatives exist to accomplish tbis operation.

One factor to eonsider in the choiee of rnethod for mixing is to integrate mixing with

rnaterial transport in a single unit. Most of the paniculate medium heating equipm:nts tested

50 far use spiraIs inside a horizontal eylinder to accomplish mixing and transport; however.
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the large revolving cylinder requires a complicated mounting and drive train to transmit power

for tube rotation. Funhermore, oolya very small fraction of the cylinder volume is used in the

mixing process. A large surface area outside the cylinder radiales heat into the environment

lowering the overall heating efficiency of the machine. Other methods such as vibratory

conveyors and pneumatic equipments require complicated mechanisms and found to be

impractical for this purpose.

To avoid this complication. an auger design is employed to mix and move the

medium-grain mixture from the inlet to the discharge end of the mixer. Since the medium­

grain mixture behaves like a tluid. the auger mixing method ensures that the casiog is full

before any rnaterial is discharged from the mixer. This results in a more effective contact

between the two rnaterials. AIso, the rate of movement of the materials inside the casing is

determined by the auger's pitch and revolution. Power for rotating the screw cao he

transmitted either directly by coupling a variable speed mator to the auger shaft or by using

a belt and pulley arrangement. Suppon of the mixer is simplified since it is stationary with

only the auger screw moving inside it.

Calculations ofthe relative size ofthe mixer based on a machine capacity of3000 kg/h

of grain gave a casing diameter of30 cm. The Iength ofthe auger is close to the overalliength

of the heater ta ensure that coupling ofthe two components can he achieved tbru gravity tlaw

of the medium by raising the discharge end of the mixer to make it coincide with the inlet of

the feed auger. Contact duration between the medium and grain is also a factor in deciding

the final length of the auger. Although the tlow rates of the mixture can be altered to suit a

certain contact time, it is better to design the auger such that contact time cao he varied

independently without any significant change io machine capacity. Considering both

constraints. the auger length is made to accommodate contact times between 15 sand 5 min

by varying the rotational speed of the auger screw.

The auger use<! as the mixing unit of the Processor was purchased from a local

agricultural rnachinery fabricator. The casiog is V-shaped and made of2 DUn thick galvanized

steel. It measures 30 cm on the inside diameter and is 3 m long. The screw is made of 3 mm

thick steel plate, 25 cm in diameter and mounted on a 5 cm diameter pipe. Two end pieces

S4
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were machined to fit as shafts which suppon the auger screw through two rectangular flange

bearings at the end caps of the casing.

The mixing auger is driven bya

variable speed motor coupled to the

shaft of the auger screw bya œlt and

pulley arrangement. Use of the variable

speed motor is necessary to vary

contact duration by changing the

rotational speed of the auger screw.

The use of a belt and pulley system to

transmit power to the auger screw

provides a non-engaging drive which

prevents damage to the motor and gear

reducer in the event a large panicle or piece of metal jams the auger screw. The drive

mechanisrn is positioned at the upper end of the mixer to prevent exposure of the motor and

gear box to extreme temperatures at the inlet of the mixer. Figure 3.17 shows a schematic of

the mixer and its drive system.

3.2.3 Separation and recirculation section

In ahnost all paniculate medium equipment described in Section 2.6 ofChapter II, the

separation unit used is active screening. This involves the use of rotating screens or variable

stroke vibratory screens. Active screening is a very effective method ofseparation, especially

when particle size classification to several levels is necessary. The disadvantage of active

screening is the power required and the compücaled mechanism associated with power

transmission to operale the unit. Active screening ooly wastes power in applications with

large relative particle size ratios that do not require any form ofclassification.

Another function of the machine that has a similar problem is recirculation of the

medium RecircuJation has presented some problems to a lot of researchers. AImost all of the

designs mentioned in the review of particulate medium equipments used sorne type of

mechanism to recirculate the medium from the separation unit to the heater. Pannu (1984)

•
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Figure 3.19 Separation and recirculation
section
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used elevator cups. Khan (1969) and

Noomhonn et al. (1992) used paddles

to move rnaterial through the heater and

scoops to 1000 it into the mixer. Lapp

(1973) used bucket elevators. and Iqbal

et al. (1996) used an auger screw to

move medium from the separatorlheater

unit into the mixing cylinder. The use of

active recirculation requires input

power and the movement of the

material has to he synchronized with the

flow rate in the heater and mixer. AIl of these mechanisms tend to complicate a relatively

simple process. The sirnplest way to reduce the complexity of these components is to

design the separation and recirculation process into a single unit and move the particulate by

gravity. This way unnecessary parts can he avoided.

ln the Processor. separation and recirculation were accomplished in a single unit by

gravity flow. The unit consists ofa slide sereen. metal trough. and metering plates. The screeR

forms a rectangular channel where the medium-grain mixture slides down and separates. It

is 0.15 m wide. 0.10 m deep and 1.50 m long. It is sl0Ped at an angle of 40° from horizontal.

The sereeR is fixerl to a rectangular trough made out of 2 nun thick steel plate having similar

dimensions as the sereen. The sereen and trough are spaced 2 cm at the top. increasing to 10

em at the bottom The upper portion of the trough is bolted into the diseharge spout of the

mixer while the lower end is bolted into the feed auger of the heater. Two plates loeated in

the lower end of the sereen regulate the flow of grain into the aeration cylinder. Figure 3.19

shows a schematic of the separation and recirculation section.

The separation and recirculation section works solely on gravity Oow. Since the

discharge end of the RÙXer is higher than the inlet of the heater. the difference in height

provides the needed slope to the sereen. The grain tlows from the sereen into the aeration unit

and ilS flow is metered by two stainless steel plates placed on the Iower end of the reetangular

•
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screen. The medium that falls through the sereen as the mixture travels downwards is

collected in the rectangu1ar trough place<! under the sereen. Since the trough is secured at a

45° angle, the medium flows downwards by gravitYinto the feed auger of the heater. And

since the auger is operated by a motor, the feed rate into the heater is regulated by the

rotation of the auger screw. The present set-up is open to ambient air in arder to make it

easier to replace screen sizes to suit the different grains heing tested. However, for a

corrunerciaI scale unit, these components must he totally enclosed and properly insulated to

reduce heat 10ss from the recirculating medium For applications with smaller particle ratios,

the unit can he fitted with eccentric vibrators to give a more effective separation.

3.2.4 Aeration section

In drying applications, the primary measure of perfonnance is the moisture reduction

capacity of the machine. In most of the equipments developed for paniculate medium

processing, emphasis has been given to the heat transfer capacity. In consequence.. these

machines were designed without a component for rnoisture removal. Given that the process

of thennal transfer occurs in an a.bn>st total absence of moving air for moisture transport,

these equipments could not he considered as dryers since there is low moisture removal in the

machine itself. Of ail the models developed, ooly the machine designed by Lapp (1963)

included a component specifically designed for moisture removal.

In the Processor, the applications can he either purely heating or also drYing. Heating

processes demand raising the temperature of grain and maintaining the grain at such a

temperature for a specified lengrh of time. Drying processes on the other hand requires that

with the amount of heat tl'ansmitted to the grain, a cenain amount of moisture he removed

from the grain as a consequence. Operations such as roasting, thermal disinfestation and de­

gennination are classified as heating processes since moisture removal is not the primary

objective. ln fact, the process is designed to result in the least moisture removal.

In order to perfonn drYing in the Processor, an aeration section was constructed to

undertake mixing of heated grain with ambient air. This section consists of a rotary aerator

and centrifugal blower. The rotary aerator is made of a 2 mm thick galvanized perforated

sheet formed into a cylinder 0.35 min diameter and is 190 m long. It is supponed on a 2.5
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Figure 3.20 Scbernatic of aerator section

cm diameter hollow shaft connected to the cylinder by 3 sets of suppon webs. The shaft is

directly coupled to a 0.785 kW variable speed motor, whiIe the other end is supponed by a

pillow block.

The centrifugai blower

consists of a rectangular box 1.25 m

wide. 0.30 m high and 0.30 m deep.

Two centrifugaI fans are p1aced inside

the box. to move air. Air enters
Drive

through a 0.18 m by 0.20 m opening motor

at the back and comes out through a 1

cm by 1.20 m long slit on the top edge

of the box.. The blower is located right

under the aerator. Il blows air through

the perforated sheet into the cascading

mass of grain inside the aerator.

Grain is fed into the aerator by the separator sPOut made of perforated gaIvanized

sheet. As the cylinder rotates, grain is pushed from the inlet end by the four plates of the

suppon web which is arranged like fan blades. Movement of the grain through the cylinder

is aided by the fluïdizing effect of the cooling air heing pushed upwards from the blower.

Cooled grain exits through a grain discharge spout locate<! near the drive end of the aerator.

Figure 3.20 shows a scbematic of the aerator section.

3.3 Conclusions

The preliminary study on paniculate medium corn drying showed that effective heat

transfer from the medium to the grain is possible at mediu~to-grainmass ratios as low as

4: 1. It showed that high temperature-shon contact time is more effective than low

temperature-long contact time. Furthermore, it showed that small salt panicles is a better

medium compare<! to chunks of natural zeolite since it covers a large surface of the grain.

Based on these findings, a particulate medium thermal Processor was designed and

fabricated which will operate at high temperatures, a medium-to-grain mass ratio over 4: 1.
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and using salt as the heat transfer medium The machine will he tested in the drying of corn,

roasting of soyheans, as well as the disinfestation and de-gennination of wheat.

With the integration of an aeration section after the medium and grain mixer, it is

expected that the Processor will be able to remove at least 10% (w.b.) moisture in drying

corn. Funhennore. a sludy ofmoisture removal for each section will determine the usefulness

of integrating an aeration section inta the machine.
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CHAPTERIV

TESTING OF THE PROCESSOR

4.1 Introduction

The main purpose ofconstructing the machine described in the preceding chapter was

to determine the suitability ofthe paniculate medium method in perfonning severa! fann level

operations. Unlike ilS predecessors, which were designed solely for drying grains, tbis

particulate medium grain processor was developed for drying, roasting, thermal disinfestation

and de-gennination of grains.

Before testing the ability of the unit to accomplish such operations. it was necessary

to evaluate its performance in tenns of rate of heating and heating efficiency. This was

accomplished by perfonning convective heating trials on a crosstlow grain dryer and the

Processor to compare their relative performance.

Severa! researchers have compare<! convection and particulate~um drying using

different methods. Raghavan (1973) compared particulate medium drying of corn with

convection drying data reponed by Pickett et al. (1963). He used heated sand for drying corn

and compared temperature and moisture content conditions of bath methods. His results

showed particulate medium drying to he 7.5 times faster than convection drying. A similar

study was reponed by Savoie and Desilets (1978) showing: particulate medium drying to he

2 to 10 times faster than convection drying. They used a fll1ïdized mixture of sand and corn

where the main mode of heat transfer was by conduction through sand particle contact with

corn.

Although the two studies were conducted using different techniques of conduction

heating, bath came to the conclusion that the rate of drying using panicle-to-particle heat

transfer was significantly faster than that of convection using air as the heat transfer rœdium

The studies mentioned above confinned that a faster rate of drying is possible using

paniculate medium heat transfer. However, they failed to quantify the magnitude of heat

transmitted by the medium to the grain to achieve the dryiJlg effect reponed. Funhennore,

their tests were conducted on small-scale models where results were compared with data in
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literature where experimental conditions may not he similar. By quantifying the actual amount

ofheat transmitted using paniculate medium heat transfer, values ofactual heating efficiencies

can be known at severa! power inputs. These values should he valuable in evaluating machine

performance for different applications.

4.2 Objectives

This study was aimed at generating information on the heating rate and thermal

efficiency ofpaniculate medium thermal processing using the new Processor developed here.

The results were compared with data from convective heating in a crossfiow dryer. Specific

objectives of the study were:

1. To construct a crosst1ow dryer using a design commonly used in drying cereal

grains.

2. To conduct thermal treatment tests using the same input power and grain tlow rate

in both machines.

3. Ta compare thermal performance of the two methods in terms of heating rate,

drying rate and thermal efficiency.

4.3 Materials and Methods

4.3.1 Design of the study

In order to compare the performance of the two machines, they were operated at the

power levels. The input power used were 10, 15 and 20 kW. For the convective rnethod, 4

units of 5 kW heaters were connected in parallel and combinations of the 4 heaters were used

to provide the necessary heating capacity demanded by the study. Heating ofair using elecuic

heating elements results in lower efficiency compare<! to direct heating by buming propane.

To compensate for the lower heating efficiency, the increase in air temperature generated by

the blower (which go as high as 10° C) was not counted as power input but rather as an

allowance to compensate for the lower heating efficiency.

In the particulate medium grain processor, the tlow meter which monitors propane

flow rate was calibrated in the equivalent kW input range. Section 3.2.2 of Chapter III
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describes in detail the calibration procedure used in detennining the heat output of the

burners. Parasitic 1000s of both units were not quantified or included in the calculations of

power input since they can change depending on how process design is accomplished. The

machines were tested at corn flow rates 65. 100 and 125 kg/h. Preliminary tests were done

to detennine the conditions of maximum change in grain temperature using both heating

media (air/salt).

Analysis of the data generated from the tests were evaluated as foUows:

- Since both rnethods were tested at their maximum perfonnance. a descriptive

analysis was done. covering increase in medium and corn temperature. time to attain

maximum temperature. maximum stable temperature taken after one hour ofheating.

and the drop in the temperature of medium used.

Average increase in grain temperature was calculated using data on grain

temperature after one hour ofoperation when both units were assumed to he in stable

operation.

- Using the average increase in grain temperature. the actual amount of heat

transmitted by the media was calculated. With trus information thermal efficiency of

the rnethod was calculated as the ratio of the actual heat transferred to the known

input power into the system at stable machine operation.

- Temperature increase of the grain was plotted and a comparison on same power

level and flow rates were made.

- The rate of healing was evaluated by calculating the amount of time each process

attains a cenain grain temperature.

- After the machines attained stable operating condition. two-500 gram samples were

taken for moisture content analysis. Samples were also taken before treaunent. The

resull of tms analysis detennine the effective moisture reduction possible wilh each

rnethod at a specified input power and grain flow rate.
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Figure 4.1 Convection dryer

GRAIN FEED AUGER--........

GRAIN T
COlLeCTOR

A convective drying unit was constructed to compare convective and paniculate

rredium heating ofcorn. The unit consisted ofa drying column. an air compressor. an electric

air heater unit. and a variable tlow rate feed and discharge auger. Figure 4.1 shows the

components of the convective drying equipment.

The air compressor delivers 420

SCFM of air at full open discharge

driven by a direct coupled 7.5kW AC

motor. The discharge of the compressor
GEAR

was connected to an air heater rated al MaTOR

l
20kW maximum capacity. The heater

consisted of a 0.25 m tube 1 m long

containing four-finned tubular heaters.

The heating elements were configured

to deliver 10. 15. and 20kW to heat

incoming air.

The heater was d.irectly coupled to the air inIet of the column dryer. The dryer column

is composed of a wooden outer wall on the back and bath sides. and a 12 nun acrylic front

plate. Eleven V-shaped channels. arranged aItemately. provide air inIet in one level and air

outlet in the next. Altemate inlet and oudet channels provide a column ofdownward flowing

grain with an average thickness of 10 cm A hopper was bolted into the lower end of the

coluron. Below the hopper, a variable tlow rate auger discharges the grain out of the column.

The auger measures 7.5 cm in diameter by 1.S m in length. The flow rate of the discharge

auger was synchronized with the tlow at the feed auger which delivers grain to the top of the

column. The feed auger was 15 cm diameter by 5 m long and driven by a 0.785 kW stepless

variable speed motor. The operating range of both augers was 50 to 3000 kg/h of corn.

The grain used in both experiments was obtained from a conunercial grain supplier

located near Macdonald Campus. One ton of corn was allotted for each method. Grain used

was destined for animal feed and contains a significant amount of impurities (chaff. broken
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grain. etc...) so it was cleaned using an aspirator. The grain was stored in a cold storage

before the experiments to prevent deterioration since the moisture content was stillquite high.

The medium used in the processor was table salt of the same quality used in the

preliminary studies on drying. A total of 175 kg ofsalt was loaded ioto the machine to achieve

a medium-to-grain mass ratio from 4: 1 and 6: 1.

To gather accurate data on the operating temperature and tUn.: in the two machines.

a Cole Parmer thermocouple thermometer was used. For the convective dryer. four type K

thermocouples were installed. They monitor the input and output grain temperatures. and the

input and output air temperatures in the drying column. In the Processor, six type K

thermocouples were instalJed to monitor the operation and gather similar infonnation as the

convective dryer. Two thermocouples monitor input and output temperatures of sand in the

heater. one thermocouple measures temperature of the grain/medium mixture. two

thermocouples monitor input and output grain temperatures in the mixer. and the last

thermocouple measures final grain temperature after aeration. Data generated from the

thermometer was transferred to a Packard Bell persona! computer. AIl information generated

in the computer was saved as delimited ASCII files for ease of data manipulation.

Propane used in the paniculate medium study was taken from a 50 kg capacity tank

purchased from a McGill University accredited supplier. The heating value of propane used

in the study was taken as 46,390 kJ/kg.

4.3.3 Methods

Prior to the tests, the corn was equilibrated for 8 h to raise its temperature from about

10°C to room temperature which was around 20°C. While the corn was equilibrating, the feed

auger was calibrated to the actual flow rate required in the test. Three samples were taken and

the average used as the actual flow rate for each setting.

a. Convection method

Lower grain flow rates were used because the heating tests were stopped only when

outlet grain temperature stabilizes to a cenain value. This usually required running the unit

for more than one hour. Three f10w rates were chosen. They were 65, 100, and 125 kg/h. To

test the effect of increasing the power input on the final grain temperature, three power levels
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(10. 15. and 20 kW) were also used.

The tests were started by filling the column with corn at ambient temperature. The

data acquisition system was activated and temperature readings from four points in the system

(air in/out and grain in/out) were monitored until they gave similar temperature readings.

Once the data acquisition was ready~ the air compressor was staned. The heaters were then

energized and grain flow through the colunm was initiated. Additional grain was fed into the

auger's hopper as soon as the Ievel of the grain dropped below a specified leveL The feeding

was continued until a maximum stable discharge temperature for grain was attained. About

30 min after the grain temperature had stabilized, the heater was stopped. The compressor

was switched off 3 min after the heaters were stopped. The column was unloaded and allowed

to cool down to ambient temperature before the next test was conducted. Succeeding

experiments were conducted using the same procedure. The temperature profiles generated

al every minute were plotted.

b. Particulate medium method

Experùnents using the paniculate medium dryer were staned after the heater and

mixer were calibrated to attain the maximum grain temperature at the power input and grain

flow rate being tested. To calibrate the heater and mixer, the desired grain tlow rate was

selected and the grain was allowed to flow into the mixing chamber. The flow ofpropane into

the bumers was set to the input power being tested and the burners were started. The heater

and mixer were set to the highest rotational specd. As saon as the outlet grain temperature

fro m the mixer attained a stable value, the rotation of the heater and mixer was reduced until

the outlet temperature of the grain reached its highest Ievel. The heater and mixer settings

were recorded and used for subsequent tests using the same power input at different tlow

rates of grain through the machine. The same procedure was repeated in calibrating the

machine for the two other power levels.

The test was staned by filling the hopper of the feed auger with corn equilibrated to

room temperature. The machine was adjusted to the optimum setting determined in the

previous calibration. The data acquisition system was activated and the thermocouples

monitored for unusual readings. This step was found to he very imponant because any
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malfunction of the system during the test would waste an enonnous amount of grain as weil

as the initial effort in setting the machine in operation.

As soon as the data acquisition system indicated unifonn initial temperature readings

in aU six thermocouple probes~ the flow ofgrain was staned and the bumers were fired up to

the power input being tested. While the machine was in operation~ the settings were checked

periodically for changes. Temperature readings in the computer were constantly scanned to

verify that aIl readings were within range. The salt flowing into the healer was also

periodically sampled for foreign material that may have fouled up the medium Air tlow into

the bumers was constantly checked 10 ensure adequate supply of air for proper f1ame color.

\\!hen the grain temperature reached the maximum IeveL ail the machine settings were

once again checked and recorded. The machine was alIowed to operate until it was absolutely

certain the readings were stable. This nonnally required operating the machine for

approximately 90 min.

After the machine had reached this state, the feed auger was stopped~ the burners were

switched off~ and the machine was allowed to discharge whatever grain was still being held

in the mixing chamber. Data on the computer was saved 10 disc and transferred into another

persona! computer for analysis. Once al1 of lhe grain was unloaded from the mixer~ the

machine was cooled off for several hours. The next experiment was conducted as soon as the

machine had reached ambient temperature. The process was repeated for aIl other paniculate

medium experirnents.

4.4 Results and discussions

Data were monitored every minute of machine operation. Figures 4.2, 4.3 and 4.4

show the temperature profiles fromconvective heating tests. Figures 4.5, 4.6, and 4.7 shows

similar data for the paniculate medium heating tests. Visual comparison of the chans showed

paniculate medium heating led to higher grain temperatures at the same power input and

grain flow rate.

4.4.1 Medium temperatures

As expected~air temperature in the convection experiments increased with an increase

in power input. At 10 kW input air temperature quickly stabilized to 60°C 5 min after the
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heaters were energized. At tbis power level maximum temperature of the air was the same

for aIl grain flow rates.

At 15 kW the temperature stabilized at around 75°C and also remained the same over

all grain flow rates. The temperature was achieved after 7 min of operation.

At 20 kW air temperature stabilized at around 85°C. Unlike the 10 and 15 kW tests,

there were sorne variations in air temperature in the three levels ofgrain f10w rate. At 65 kg/h

temperature was about 82°C, while at 100 and 125 kg/h the temperatures were about 88°C

and 85°C, respectively.

The exit temperature ofair from the drying column stayed lower than the temperature

of grain at the outlet. This shows tbat the heat capacity of air was low such that in

transmitting heat to the grain, the heat transfer process effectively lowered the temperature

of the air. As such, a large volurœ of heated air was required to raise the temperature of the

grain to a certain level

On aIl of the nine convection heating experiments, a periodic depression in medium

temperature readings was evident. At first glance, the problem could he attributed to sensing

noise with the data acquisition system However, funher observations showed the fluctuations

to he caused by the cycling of the room's ventilation system which had a discharge spout right

above the drying column.

In the particulate medium heating experiments, the chans show a period of

temperature instability in the tirst 10 to 20 min ofoperation. This was due to variations in salt

flow to the heating section as a result of settling in the mixing section and the cycling of the

medium through the machine. The first 5 min of operation showed a very steep temperature

increase which Ievelled off at temperatures between 70°C and 110°C. This period indicated

that the medium had made a full cycle of the unit. One full cycle of the medium means that

there would he an increase in salt temperature going into the heater. This in turn was

responsible for the second jump in the outlet salt temperature which continued for 3 to 4 min,

after which a sligbt temperature drop occurred. This temperature drop was the result of heat

absorption by the grain. As can he seen in the chans, the period where outlet temperature

dropped coincided with the start of the increase in oullet grain teflllCrature. After these two

77



•

•

•

distinct periods ofadjustment, the medium temperature gradually stabilized to a cenain level

Compared to the air temperature in the convection experiments there appeared to be

a wider variation in the salt temperatures. These variations were more pronounced in the tests

lOkW@ 125kg/h, 15kW@65kg/h,and20kW@125kg/h. At the 15kW@65kg/htest, there was

a flame-off at the 25th min momentarily dropping the oudet salt temperature. In the

lOkW@125kg/h and 20kW@125kg/h tests there were periodic fluctuation in the flow of sait

due to a loose V-belt driving the mixing auger.

Overall, the sait temperatures achieved in the paniculate medium experiments were

more than twice those achieved for air in the convection tests. Consequently, the discharge

temperature of salt from the mixer was also almost twice that of the air exiting from the

drying column of the convective heating unit. Even with a very high salt temperature exiting

the mixer the conduction method retained ITX>st of this heat since the salt was recycled. In the

convection method, hot air was discharged to the environment and none of the heat was

recovered.

A study conducted on a crossf1ow dryer by Ouen (1985) found that recovering heat

from the dryer exhaust will result in a 23% reduction in power consumption. However, the

addition of a heat exchanger to recover heat has an estimated payback period of Il years.

This means that the system has to be operated longer hours each year to justify the cost of

installing a recovery system.

4.4.2 Grain Temperatures

In terms of grain temperature, the trend was similar. Particulate medium heating led

to higher grain temperatures than convection heating at all power input and grain f10w rate

combinations. The highest grain temperature recorded for particulate medium heating was

l02.4°C achieved with an power input of 20 kW at a flow rate of 125 kg/h. For the

convective heating experiments, the maximum grain temperature attained was 68.6°C at an

power input of 20 kW and a f10w rate of 100 kglh. Both temperatures correspond to the

maximum increase in grain temperature which was 73 and 48°C for paniculate medium and

convection heating, respectively.
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4.4.3 Heating Rate

Table 4.1 shows the maximum temperature and heating times for both particulate

medium and convection tests in ail treatment combinations. TI1e colurm "Time, CvH" shows

the time it took for the convective dryer to attain the maximum grain temperature shown in

the preceding column. The time it took for the particulate medium Processor to reach the

sarne grain temperature is shown in the colunm "Time. PMH Equivalent. The column 'Tirre.

PMH" shows the time it took for the paniculate medium Processor to attain maximum grain

temperature. The ratio of the time it took the convection dryer to achieve maximum grain

temperature (Time. CvH) with that of the particulate medium Processor (Time. PMH

Equivalent) to attain the same grain terJ1)Crature shows how much (aster particulate medium

heating is. compared to convection heating.

An average of 77 min was required to achieve maximum grain temperature in both

particulate medium and convection experiments. However. with paniculate medium heating.

it took only an average of 16 min to reach the maximum grain temperatures achieved in the

convection experiments. This aJTX)unt of time was averaged over ail treatment combinations.

A more detailed analysis of heating time showed paniculate medium heating to be 5 times

faster than convection heating.

4.4.4 Heating Efficiency

In order to detennine the heating efficiency of both methods. the actual change in

temperature of the grain was used to caiculate the total amount of heat transmitted by the

medium to the grain to increase its temperature. It was calculated using the equation:

•

where:

mxCpxl:iT
Il ---------E

11 =heating efficiency. %

m =mass tlow rate of corn. kg/h

Cp= specific heat of corn. kJlkg-OC

â T=increase in corn temperature. oC

E = power input set in flow meter. kW
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•
The constant pressure specific heat of corn was calculated using the following

equation (A5AE, 1982):

Cp = 1.4654 + 3.5631 x 10-2
• MC

where:

Cp = specific heat of corn, kJlkg-OC

MC =moisture content, % (w.b.)

(4.2)

•

•

Since alI of the experiments were conducted using corn from the same batch, the

specific heat was the same, i.e. 2.1424 kJJkg_oC. Table 4.2 shows heating efficiencies for

particulate medium and convective heating of corn. The convective experiments gave

heating efficiencies of 6% to 23%, while panicuJate medium heating efficiencies ranged

from 14% to 37%. Average values over ail treatment combinations were 12.57% and 23.47%

for convective and paniculate medium heating, respectively. Based on these figures,

particulate medium heating efficiency was 87% higher than convection heating efficiency.

Particulate medium heating efficiencies achieved in these experiments were

surprisingly low when compared to the results presented by Pannu (1984) which showed

heating efficiencies of between 69% and 90%. However, when compared with the results

presented by Tromp (1992) the present values were much higher. He obtained efficiencies of

only 15% to 18% using the same equipment that Pannu (1984) built and tested.

Careful analysis of the methods used by bath researchers showed two different

approaches used in evaluating the thermal perfonnance of the same machine. Pannu (1984)

evaluated heating efficiency byequating the amount of heat used to raise the temperature of

the grain plus the arnount of heat used to evaporate moisture. to the amount of heat supplied

by the hot sand to raw corn. He used the equation:

(4.3)
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Table 4.1 Maximum increase in grain temperature

• Treatment Maximum Time. CvH Tïme,PMH Time

Convection Grain T.oC Min Equiv.,Min Ratio

10/65 39.60 74 13 5.69

10/100 34.20 72 14 5.14

10/125 53.00 89 22 4.04

15165

15/100

15 / 125

58.30

55.10

59.20

78

65

82

18

12

22

4.33

5.42

3.73

20/65 57.30 75 13 5.77

20/100 68.60 70 18 3.89

20/125 67.90 88 14 6.29

• Average = 4.92

Particulate Medium Max T. oC Time,PMH

10/65 76.40 89

10/100 65.40 79

10/ 125 73.60 82

•

15/65

15/100

15 1125

20/65

20/100

20/125

86.30

78.80

79.50

96.70

95.50

102.40

81

60

77

74

88

88

63
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where:

'lit = heating efficiency, %

fnw = mass of water removed, kg/h

hl. =latent heat of vaporization, kJlkg

mJ =mass of grain, kglh

Cp, = specific heat of grain, kJ/kg_OC

I1T, = increase in grain temperature, oC

ms = mass of sand, kg/h

Cps = specifie heat of sand, kJlkg-oC

I1Ts= drop in sand temperature, oC

Tromp (1992), on the other hand, divided the overall efficiency of the machine into

heating and drying efficiency. To evaluate the actual heating efficiency of the machine, he

used the equation:

(4.4)

where:

Tl = heating efficiency, %

mc = mass tlow rate of corn, kg/h

Cpc =specific heat of corn, kJlkg-OC

Lltc = increase in corn temperature, oC

mp = mass flow rate of propane, kg/h

hp = heat of combustion of propane, kJlkg

In the former method of analysis, the heating efficiency was lumped together with

drying efficiency thereby getting an unusually high value. If heating efficiency was considered

as the amount of heat responsible for raising the temperature of the grain, tbis method is

unacceptable. A much bigger error in tbis method ofevaluation was the use of heat supplied

82



Table 4.2 Average increase in temperature and heating efficiency

• Treatment Minimum Maximum Average Beating

Convection Inlet T,oC Outlet T,oC Increase,oC Eff,%

10/65 22.70 39.60 16.96 6.58

10/ 100 20.40 34.20 16.41 9.76

10/125 21.40 53.00 31.77 23.63

Average = 13.32

15/65 22.20 58.30 35.81 9.23

15/100 20.80 55.10 31.50 12.49

15/125 27.90 59.20 31.92 15.83

Average = 12.52

20/65 21.10 57.30 30.67 5.93

20/100 21.40 68.60 48.96 14.57

20/125 20.60 67.90 40.63 15.11

Average = 11.87

• Particulate Medium

10/65 20.10 76.40 52.99 20.50

10/ 100 15.10 65.40 44.37 26.40

10/ 125 16.10 73.60 49.87 37.09

Average = 28.00

15/65 21.10 86.30 65.20 16.81

15/ 100 18.70 78.80 53.84 21.35

15/ 125 19.20 79.50 55.89 27.71

Average = 21.96

20/65 19.50 96.70 70.18 13.57

20/100 16.10 95.50 68.61 20.41

20/125 19.10 102.40 73.50 27.34

Average = 20.44
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by the heated sand to raw corn as the denominator. This negated the inefficiency of the

heating stage of the process.

Tromp's evaluation was more accurate as it uses propane flow as the basis for heat

supplied to the process. In evaluating machine performance, aU components of the process

should he included in the analysis. Since ms study concerned the performance of the machine

as a roasting equipment, dividing the efficiency into drying and heating was logical. The

overall efficiency (drying + heating) achieved in bis experiments were lower than Pannu's

results because of the inefficiency in heating the medium, which the fonner study did not

considere

In the present study, the heating efficiency of both methods was evaluated using the

method of evaluation used by Tromp (1992). The overall efficiency of the two methods will

he discussed right after the evaluation of moisture reduction. More emphasis was placed on

the analysis of heating efficiency since mast of the potential applications of the particulate

medium Processor would require raising the temperature of the grain, rather than removing

moisture from the grain.

4.4.5 Drying Efficiency

In order to quantify the actual amount of heat used in evaporating rn>isture frOID the

grain, it was necessary to calculate the amount of water removed in each test. The ratio of the

mass of water removed to the original mass of the grain was obtained using the equation:

where:

1 - M.
â m = [M; - M, ( ')]

1 - M,

Mi = initial moisture content (w. b.)

M, =final moisture content (w.b.)

(4.5)

•

Since the treatment combinations resulted in different grain temperatures, the heat of

vaporization of water was calculated for each test using the equation (ASAE, 1983):

hr• = 2,502,535.144 - 2.385.76424 (T - 273.16) (4.6)

273.16 sT s 338.72
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hra = (7.329.155.978.000 - 15.995.964.08 T2)~

338.72 ~ T ~ 533.16

(4.7)

The drying efficiency was determined as the ratio of the actual arnount of heat used

in evaporating moisture to the total amount of heat available from the burners. Drying

efficiency was calculated using the equation:

(4.8)

•

•

where:

Tl = drying efficiency. %

m, = mass tlow rate of grain. kg/h

~ IN = ratio of water evaporated to grain flow rate

h" = heat of vaporization. kJ/lcg

mp =mass flow rate of propane. kg/h

hp = heating value of propane. kJlkg

Drying efficiency values for both convection and particulate medium experiments are

given in Table 4.3. Il can he observed that the convection tests have a much higher drying

efficiency than the paniculate medium tests on all treatment combinations. This result was

expected since there was minimal moisture removal during the mixing ofthe medium with the

grain. While the drying efficiency values for convective drying were not consistently high in

all treatment combinations, overaIl drying efficiency was 95% higher than particulate medium

drying. In comparison. the heating efficiency values for particulate medium heating were

consistently higher than those achieved with convective heating in aIl treatment combinations.

The overall heatingefficiency for particulate medium heating was 87% higher than convective

heating.
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4.4.6 Thermal Effidency

The thermal efficiencies of both methods were caJculated as the sum of the heating

and drying efficiencies and are presented in Table 4.3. Il can he observed that the average

thermal efficiencies for particulate medium heating was higher than those using convective

heat transfer over the tmee power input Ievels. Aside from the combination 10kW@65kg/h

and 20kW@ 100kglh, all treatment combinations showed a higher thermal efficiency for

paniculate medium than convection.

The table funher showed the overaU efficiency of both methods was higher at lower

power input levels. This can be explained by the fact that the machines were not totally

insulated, resulting in higher heat losses at elevated temperatures. Overall, the thennal

efficiency using particulate medium heat transfer was 28% higher than convection heat

transfer.

4.S Conclusions

It has becn shown that paniculate medium heat transfer was superior to convection

heat transfer in tenns of the rate of heating, heating efficiency and in overall thennal

efficiency. However, convection method was better than particulate medium method in drying

efficiency. These results confinn the findings of other researchers working on alternative

drying methods. As pointed out earlier, the processor tested was not primarily designed for

grain drying. These fmdings show that the processor was suited for thennal processing

applications which do not require moisture removal from the grain. In applications like

roasting, disinfestation and de-germination, such moisture removal during thennal treatment

will reduce the marketable weight of the product. Funhermore, should the processor he used

in drying applications a suitable hygroscopie medium should he found to enhance mass

transfer during mixing to improve drying efficiency. The use of zeolite have been shown to

enhance moisture removal in small-scale laboratory experunents. Alikhani (1990) found that

with increased residence times, the mean moisture removal percentage using zeolite was

about twice those achieved by sand.
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Table 4.3 Overall efficlency of the system

• Treatment Heating Drying Overall

Convection Emciency. % Efficiency. % Efficiency. %

10/65 6.58 23.05 29.63

10/ 100 9.76 8.99 18.75

10/ 125 23.63 7.46 31.09

Average 13.32 13.17 26.49

15/65 9.23 1.77 11.00

15/100 12.49 12.62 25.11

15/125 15.83 9.52 25.35

Average 12.52 7.97 20.49

20/65 5.93 5.86 Il.79

20/100 14.57 16.31 30.88

20/125 15.11 1.53 16.64

Average Il.87 7.90 19.77

Conduction

• 10/65 20.50 1.10 21.60

10/100 26.40 4.34 30.74

10/ 125 37.09 3.43 40.52

Average 28.00 2.96 30.95

15/65 16.81 2.67 19.48

15/100 21.35 9.69 31.04

15/125 27.71 3.74 31.45

Average 21.% 5.37 27.32

20/65 13.57 6.54 20.11

20/100 20.41 4.64 25.05

20/125 27.34 8.41 35.75

Average 20.44 6.53 26.97

•
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CHAPTER V

PARTICULATE MEDIUM CORN DRYlNG

5.1 Introduction

A preliminary study was conducted to evaluate the potential of paniculate medium

method in the drying of corn. Results of this study was made as the basis for designing a

paniculate medium thennal Processor which will he tested in the drying, roasting, de­

germination and thennal disinfestation ofgrains. Before any of tbis processes are conducted,

a test was performed to verify the advantage of paniculate medium method of thermal

processing over the conventional convective method of heating. Results of this experiment

showed the paniculate medium method to be superior in tenns of heating rate, heating

efficiency and overall thermal efficiency over the convection rnethod. However, in terms of

drying efficiency, the mcthod failed to achieve the expected level This low moisture removal

can he attributed to rapid saturation of the limited air supply in the mixer. The moisture

removal takes place to its limited extent, mainly in the mixer. As the grain exits the cylinder,

the air that escapes cames tbis moisture away. During screening and aeration, sorne more

moisture is driven out by the residual heat, but at a rapidly decreasing rate. The question

therefore arises as to whether higher initial medium temperatures could improve the extent

of moisture removal

5.2 Objectives

To study the problem oflow Imisture removal in detail, experiments were conducted

to evaJuate the operating parameters related to drying of grains in the Processor. Based on

the findings in the prelinùnary study conducted on corn, increased moisture removal can he

attained by increasing the initial medium tef11)erature. The preliminary study was performed

with temperatures 100, 150, and 2000e and contact times 120,60, and 30 s, respectively. In

this study the temperature of the medium was increased to a higher value of2S0°C to confinn

trus initial findings.

The specifie objectives were:

1. To dry feed quality corn on the Processor and evaluate ilS performance over
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different temperatures and initial moisture contents.

2. To evaluate the amount ofmoisture removal in the mixing and aeration sections of

the Processor.

3. To detennine the maximum moisture removal capacity of the Processor.

5.3 Materials

The corn used in the experiments were obtained from a commercial grain supplier

located near Macdonald Campus. The grain was destined for animal feed and contains sorne

impurities like chaff, broken grains, and other seeds sa it was passed through an aspirator for

cleaning. The corn was stored in a cold storage prior to the experiments.

The medium used in this experiment was the same salt used in the perfonnance testing

of the Processor. Additional salt was added to make-up for the amount lost due to attrition

during the previous experiment. The actual amount of salt loaded in the Processor was 175

kg.

1be propane used in this study was taken from two-50 kg propane tanks. The heating

value of propane used was taken as 46,390 kllkg.

The same data acquisition equipment used in the previous study was used in tbis

experiment. Two thermocouples measure the temperature of the medium as it goes in and out

of the rnix.ing section, and three thermocouples monitor the grain temperature at the inIet and

outlet of the mixer and the outlet of the aeration cylinder. Data generated by the

thermocouple thennorneter was transferred to a personal computer and saved as delimited

ASCII files to facilitate data manipulation during analysis.

5.4 Methods

The corn has a rnoisture content of around 18% when received from the supplier 50

in order ta run the experiment at a higher initial moisture content, water was added. This was

done by spraying a calculated amount of water iota the grain while il was being mixed inside

a concrete mixer. The rewetted corn was then stored in a cold storage prior to testing. Before
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each experiment, the corn was again mixed using the concrete mixer and kept at ambient

temperature for 2 h to equilibrate its moisture content and temperature.

While the corn samples were equilibrating, adjustments to the Processor were made.

Ta ensure that the desired initial medium tef11lCrature will he achieved the process controUer

was connected to the thermocouple which monitors the heater outlet temperature.

The heater, l1ÙXer and aeration cylinder were calibrated to a setting that gave a contact

time of 60 s and a medium to grain ratio of4: 1at a corn feed rate of500 kg/h. The feed auger

was ealibrated to deliver the feed rate required in the experiments. The aeration cylinder was

adjusted to provide a 3 min aeration to heated corn coming from the mixer.

To start the experiment, the data acquisition system was switched on and observed

for any unusual readings. As soon as the temperature readings were stabilized, the process

controller was set to the desired grain temperature and the pilot flame of the bumer was

lighted. Feeding of corn into the mixer was staned and the main bumer of the heater was

activated. As temperature of bath the medium and grain increased., it was monitored every

minute for 5 min to make sure no sensing problems occur.

Once the medium attained the set temperature and the process controller starts

cycling, samples were taken every 2 min from the inlet and outlet of the mixer and aIso from

the outlet of the aeration cylinder. Once the Iast sample Was taken., the controller was adjusted

to the next higher temperature to he tested. While the temperature of the process increased

to the next setting, the corn samples were loaded ioto the oven for moisture determination.

As soon as the next setting was attained and the process controller staned cycling, samples

were once again taken every 2 min. The same process was repeated until the Iast setting 0 f

250°C was tested and samples were taken and loaded into the oven. AIl the corn samples

taken during the experiment were kept in the oven set at 103°C for 72 h as per ASAE

Standard S352.2 (ASAE., 1982). Temperature data taken during the experiment were

converted into delimited ASCII files and transferred to a Personal Computer for analysis.

5.5 Results and discussions

Calibration of the grain feed auger was performed and the results are shown in Figure

5.1. It shows the amount of corn flowing through the feed auger to vary depending on the
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moisture content. This chan was made

as the basis for setting the feed rate of

corn into the mixer. The speed settings

used in the experiments were adjusted

to feed 500 kg/h.

5.5.1 Operating temperature

In order to reduce the amount of

grain needed for each experiment, the

medium was first heated to its initial

temperature before the corn was fed

into the mixer. The tests were tirst donc

at the lowest moisture content since the corn required does not need to he rewetted to a

higher moisture contenL The temperature tirst tested Was 150°C. As soon as the corn samples

for rnoisture determination were taken, the temperature was adjusted to the next higher

seuing to be tested. Figures 5.2, 5.3. & 5.4 shows the temperature profile generated on tests

conducted at an initial moisture content of 17%, 19%, and 24% (w.b.), respectively.

The chan contains 5 lines which correspond to each temperature sensor located in

different pans of the Processor. The top line, designated Tmi, shows the variation in initial

medium temperature. Tmf is the final medium temperature after mixing. Tgh is the grain

temperature after heating. Tga is the grain temperature after aeration, and Tgi is the initial

temperature ofthe grain before mixing with the heated rœdium Although the experiment was

designed for 120 min, the tests were usually terminated right after grain samples for

moisture detennination were taken for the 250°C experiment. The sampling periods during

which MC samples were taken are designated by a box in the chan.

As cao be secn in the chan. a lot ofvariabilily exist in ail ofthe temperatures recorded.

The readings were interrelated in such a way that grain tlow lowers the inlet temperature of

medium in the heater which correspondingly lowers the inlet temperature of the medium in

the mixer. These variations in inlel medium temperature in the mixer were supposed to he

regulated by the process controller. However. there was a large thermal inenia to overcome

•

•

•
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in actively exercising control. As an example9 the first "spike" in Tmi observed 20 min after

start-up. rippled through the other sensors and registered in the Tga sensor 10 min later. With

this time lag in sensing at the Tmi, stability of the temperatures took much longer ta achieve.

The response ofTmi on the reduction of grain tlow rate was swift. It took less than a minute

for Tmi to increase to a higher level as soon as the flow of grain into the mixer was

interrupted. In ail ofthe 3 chans, whenever Tgh plunged down, there was a resultant increase

in both Tmi and Tmf.

It can aIso he observed that the plot of Tmi follows a ladder pattern with severa!

ripples in the top land. These ripples were caused by a combination of the process controlJer

cycling and the variation in thermocouple contact with the medium The variations in

thermocouple contact was expected since the experiment was run on continuous flow and it

takes a much longer time to stabilize ail material tlows within the machine. However, as

shown in the previous experiment where no variation in power input (controller was not

cycling) was required9 the lel11Jeratures ofboth the medium and grain stabilized much faster.

Over the three moisture contents tested9 it can be 0 bserved that the final grain

temperature decreases with increased initial moisture content of the grain for a given initial

rnrlium temperature. This result was expected since evaporation of moisture from the grain

tends to lower its temperature byevaporative cooling. This finding will he validated by

evaluating the amount of moisture reduction for each of the moisture contents tested.

S.S.2 Moisture reduction

Table 5.1 shows the average moisture content of the 5 samples taken during the

experirnents. The first column showed the initial moisture content of the corn before loading

into the mixer, the second column is the moisture content after mixing, and the last column

showed the moisture content of the corn after it has becn aerated for 3 min. These values

were plotted individually for each initial MC in Figures 5.5, 5.6, and 5.7.

The slope of the line generated by the three points (initial, heated. and aerated)

showed that at 17% initial MC, the slope was gradual and showed very little difference for

the three temperatures tested. At 19% initial MC9 the two temperatures 150°C and 250°C

showed a similar trend. However, at 200°C the moisture content dropped drastically from an
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• Table S.l Average moisture content of S samples

Temperature 1MC Initial MC. % MC heated. % MC aerated. %

150/17 17.06 15.61 14.81

200/17 17.51 15.55 14.98

250/17 17.64 15.23 14.96

94

initial value of 18.93% to 12.76%. This gave a drop in moisture content of 6.17% which is

so far the biggest reduction in average moisture content for ail of the experiments. The test

perfonned at 24% MC showed a sirnilar sIope with the 17% MC samples. AIthough the

average of the experiment perfonned at 2S00C was much Iower in all three phases. the slope

of the line still remains simiIar with the two other temperatures tested.

Figure 5.8 shows the magnitude of moisture reduction at different initial MC over the

three process temperatures tested. The highest value of rnoisture reduction shown is in the

19% initial MC at the 250°C temperature Ievel. Increases in moisture reduction between

150°C and 200°C were simiIar for ail three initial MC. but between 2000 e and 250°C, the 24%

and 19% have greater moisture reductions. However, the 17% initial MC has exhibited a

more linear response to the three levels of process temperatures. These findings confirm the

result of the preliminary study that an increase in initial medium temperature results in greater

moisture reduction at aIllevels of initial moisture content.

ln order to evaluate the rnoisture reduction in the mixer and aerator. the MC reduction

•
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in the two components were plotted vs. the three Ievels of initial medium temperature as

shawn in Figure 5.9 and Figure 5.10. Figure 5.9 shows the proponion of total rnoisture

removed from the corn that can he attributed to the mixing section. It shows a low value of

1.5% at the 17% initial MC with initial medium temperature at IS00C. The highest percentage

removal in the mixer was with the 19% initial MC at 250°C whieh amounts to 5.05%

reduction in moisture content. The trend exhibited in the mixer showed moisture reduction

increasing with increased initial medium temperature. In contrast9 the moisture removal in the

aeration section (Figure 5. 10) does not exhibit any specifie trend. The values achieved in the

aerator ranged from 0.2% to a high ofonly 1.12%. This result showed that there was actually

a very minimal amount of drying that oecuned in the aeration section.

Figure 5.11 shows the

percentage rnoisture reduction in the

heater vs. the three levels of initial

medium temperature. At the lower

initial MC of 17%, the percentage of

mo isture removed in the mixer varied

linearly with the initial lemperature of

the medium. Surprisingly, the

percentage of moisture removal for the

19% case showed a high value al

the lowest initial medium temperature

of 150aC amounting to 94% of the total moisture removed. At 250°C the pereentage removal

was only 82%. This result cao he explained by going back to the plot ofprocess temperatures.

The higher initial medium temperature resulted in high grain temperature at the aerator.

Elevated grain temperatures during aeration tends to reduce more moisture because of the

greater water vapor pressure deficit between the grain and ambient air. This results in a higher

proportion of total moisture removal at the aerator.

5.6 Conclusions

Based on the preceding discussion, the foUowing conclusions ean he derived:

•
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1. The Processor dried corn at the rate of 500 kg/hr. with a peak moisture reduction

of ooly 6.17%, which feU shon of the 100/0 moisture reduction desired in the study.

2. Steady-state conditions were achieved during processing and satisfactory control

over temperature was attained at different initial moisture contents of corn.

3. The high initial moisture content resulted in a lower final grain temperature in ail

levels of initial medium temperature.

4. A greater proportion of moisture removal in the Processor occurred in the mixing

section.

5. The highest moisture removal in the Processor was 6.17% with the corn at an

initial moisture content of 19% and exposed to salt at an initial medium temperature

of 250°C for 60 s.

These findings show that the Processorcannot remove more than 10% moisture from

corn in a single pass. It aIso confirmed the results of the preliminary study that initial medium

temperature plays a significant role in increasing the drying capacity of the machine. The high

moisture reduction percentage in the mixing section requires funher study to evaluate

rnethods ofenhancing moisture removal. The high rate ofheating also highlights the potential

ofthe Processor in thermal treatments that would oot require moisture removal (e.g.• roasting

and thermal disinfestation).
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CRAnER VI

ROASTING OF SOYBEANS

6.1 Introduction

Early studies on high temperature thermal processing of grains were undertaken to

determine the maximum safe range oftefl1leratures for drying. However, tests on the grains

dried at higher temperatures showed no significant reduction in nutritional value. In fact mast

grains showed increased digestibility when subjected to relatively high temperatures

(McKenzie and Gottbrath, 1971). Consequently, several studies have been conducted to

evaluate the effects of high temperature thermal treatment on the nutritional value of grains

(Raghavan et al., 1973; Tromp et al., 1993; Alikhani et al, 1991). A1though responses of

different animaIs vary, the overall conclusion drawn from these studies was that high

temperature thermal treatment of feed grains resulted in more beneficial effects than normal

drying temperatures. The thermal treatJ'llent was also found suitable for denaturing trypsin

inhibitor in soybeans which interferes with the proper digestion of the soybean protein.

Studies on the method of thermal treatment were also conducted. Five methods were

used to apply heat to the grain to rmdify its nutritional characteristics. They include roasting,

extrusion, gelatinization, popping, and steam flaking. Earlier, the processing costs of these

methods were 50 expensive that they outweighed the benefits derived from thennal treatment.

However, with significant progress in heating technologies, methods which are potentially

adaptable to small-scale processing make thermal treatment of grains more econonùcally

feasible.

Of the tive methods available to heat the grain, dry heat roasting using hot air, flue

gas, or heated particulates were the most promising. Equipments such as the Roast-a-Tron,

Sukup Grain Roaster, and the Roast-a-Matic used a mixture ofheated air and flue gas to roast

soybean. The tirst well-documented study on the use of heated particulates for roasting was

the work of Raghavan et al. (1973).

Evaluation of paniculate medium thermal treatment parameters in the study by

Raghavan et al. (1973) showed the best operating conditions to he 272°C medium
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temperature. 20 s contact time. and a 120 s holding time. This temperature-time combination

resulted in a soybean temperature of 110 to 122°C. A subsequent study conducted by Tromp

et al. (1993) used medium temperatures of 225 to 275°C with contact limes of 15 to 60 s.

These resulted in soybean temperatures between 107 and 134°C. The increase in soybean

temperature during roasting was accompanied by a significant moisture reduction averaging

14.2%.

The studies by Raghavan et al. (1973) and Tromp et al. (1993) were performed on

laboratory scale models ofpaniculate medium thennal processors. They showed that the best

range of grain temperatures to achieve the beneficial effects of high temperature thermal

treatment for soybean was 107°C to 134°C. In order to bring this rncthod into practical

application. tests on large scale processing should he conducted to determine whether these

operating conditions cao be economically attained in a commercial scaJe continuous flow

thermal processor.

6.2 Objectives

The previous studies performed on roasting soybeans using the particulate medium

rnethod demonstrated its technical feasibility. The feeding trials and chemical analyses showed

that this thennal treatment was sufficient for animal feed. ln this study, the general objective

was to use the Processor to roast soybean at the same range of temperatures and contact

times as in the previous study, in arder to evaluate the perfonnance of the Processor in high

temperature thennal treatment of grain for animal feed purposes at the commercial scale of

operation.

The specific objectives were:

1. Roast soybean and evaluate the degree of control of medium temperature and

grain temperature.

2. Detennine the level ofmoisture reduction in roasting conunerciallydried soybeans.

3. Compare the performance of the Processor with similar roasting equipments

available in the market.
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6.3 Materials and methods

6.3.1 Materials

Two materials were used in testing the performance of the Processor. Tests were

conducted to evaluate the ability of the Processor to acbieve the temperature-time

combination necessary to roast soybean and peanuts.

Maple Glen variety soybeans were purchased from a grain dealer near Macdonald

Campus. 1lle average moisture content was 6.8%. The medium used in this experiment was

salt. as used in the previous tests.

Since soybean is more spherical than either corn or wheat, the velocity with which

individual grains roll down the sloped separation sereen is faster. To prevent soybean from

flowing over the inlet spout of the aeration cylinder, the sidewall of the spout was elevated

by adding a 5 cm by 15 cm perforated plate. An aluminunv'foam tape was placed over tbis

plate to prevent cracking of the soybean due to impact as it bits the sidewall.

6.3.2 Methods

The soybean samples were alreadydry when purchased. However, the samples were

passed thraugh an aspirator to remove chaff and other fareign matter before the tests. This

prevented fouling of the medium by unwanted materials. After c1eaning the soybean, the feed

auger was calibrated to set the actual flow rate of grain to he used in the experiments.

The experiment was designed to evaluate the ability of the Processor to achieve the

roasting temperature and duration of exposure to heated medium for the soybean to he

roasted. Three initial medium lerttJeratures were tested. They are 175, 200, and 250°C. The

contact time was set at 60 s with a medium-to-grain mass ratio of 4: 1. Aow rate of the

soybean was set to 500 kg/h.

Prior ta the experiments, the heater, mixer and aerator were calibrated to the flow

rates required ta achieve the parameters needed for roasting. First, the amount of salt in the

machine was verified and additional salt was added to bring the total load to 175 kg. The

rotational speed of the mixer was then set to gjve a 60 s contact time. The heater tlow rate

was adjusted ta deliver the required amount of heated medium to achieve a 4: 1 mass ratio in

the mixer at the feed rate of 500 kg/h of soybean.
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Figure 6. 1 Auger calibration for soybean
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Once all ofthese parameters were set. the data acquisition system was activated. After

the temperature readings stabilized. the pilot bumer of the heater was staned. The feed

conveyor was switched on and the main humer of the heater energized. Data generated on

the tirst 5 min. of operation was closely monitored for unusual variations in the sensing

performance of the thermocouples. Setting of the process controUer was adjusted to the tirst

temperature being tested (l75°C). After 30 min at this temperature the setting was adjusted

to the next test temperature. Before adjusting to tms temperature. 5 samples were taken at

the inlet and outlet of the mixer, and at the outIet of the aeration cylinder. The same process

was repeated for the other temperatures tested during the roasting experiment. AlI grain

samples taken during the experiment were kept in the oven set at 103°C for 72 h to detennine

moisture content. Data taken during the tests were convened into delimited ASCII files and

transferred to a Personal Computer for analysis.

6.4 Results and Discussions

6.4.1 Process parameters

The calibration of the grain feed

auger was conducted before the tests since

the flow rate of grain through the auger

was affected by the rmisture content of the

material. Figure 6.1 shows the calibration

chan for commercially dried soybean at

6.8% rnoisture content which was used in

the experiments. Based on tbis chan, a

speed setting of 17 which corresponds to

500 kg/h of soybeans was used in the three

roasting experiments.

During the experiment. severa! adjustments were made on the machine to he able to

gather reliable data. The speed al which soybean grains mave through the separation section

created sensing problems. The contact between the grain and the thennocouple sensor was

too shon and irregular resulting in error readings by the data acquisition equipment. The

•
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Figure 6.2 Temperature profile at 175°C
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problem was solved by installing two spring loaded weir plates to regulate the flow of grain

through the thent'K>Couple sensor on the lower end of the separating screen. This modification

made heated grain temperature sensing more reliable by making the grain flow over the

sensing plate and slowing down the passage of grain over the sensor.

Figure 6.2 shows the temperature profile generated when the temperature readings

were stabilised at the first setting of 17SoC. The chan showed the medium enœring the mixer

at an average temperature of 179°C and exiting at 130°C. Il a1s0 shows the soybean fed by

the auger at 22°C and exiting the mixer at

104°C. Although the process conttoUer

was set to reguIate outlet medium

temperature of the heater. the temperature

fluctuates between 173 and 186°C. Most of

the time, the process temperature

overshoots the set point because of the big

mass of the heater. This mass tends to slow

down the variation in medium temperature

by storing excess heat and giving it off

when the bumer is in the off cycle.

At 175°C initial medium temperature, the grain did not reach the desired processing

temperature. The minimum target temperature was 107°C as per the previous findings in

Raghavan et al. (1973) and Tromp et al. (1993). However, with the 26°C difference between

the grain and medium temperature at the outlet of the mixer, the desired temperature could

be attained by increasing the contact tiJœ between the medium and grain.

Figure 6.3 shows the temperature profile when the process conttoUer was set to

200°C. At this setting, the average initial medium temperature was 188°C and it dropped to

141°C as it came out of the mixer. The grain on the other hand was fed at 23°C and came out

at an average temperature of 107°C. The grain temperature barely met the minimum target

temperature for roasting. In this experiment. the actual medium temperature was very low

103



•
compared to the set point in the process

controUer. The trend shown in the chan

showed that the medium temperature was

decreasing while the grain temperature was

increasing. This means that the machine was

still trying to stabilize the operating

temperature when the data were taken. The

actual stabilized tel11Jerature could have been

much higher if the test was extended for a few

minutes more. However9 the length of time
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was limited by the amount of soybean available for each test.

The results of the third test are presented in Figure 6.4. The process controUer was

set to 250°C medium temperature. At tbis temperature9 the actual process temperature was

ooly 238°C and 17SoC for the initial and final mixing temperature9 respectively. As with the

200°C trials, the trend for medium temperature is still decreasing. This signifies that the

operating parameters were not fully stabilized

when data was taken. This can he confinned 300

by the grain temperature which exhibits an

increasing trend. Average value for grain

temperature was 23°C and 127°C for the inlet

and outlet temperature, respectively. This is

the best value of grain temperature for

roasting. Il faIls almost midway between the

maximum (134°C) and minimum (107°C)

•

•

temperatures aimed at in this study. Figure 6.4 Temperature profile at 250°C

Although there were differences between the process controller set point and the

actual medium temperature. the desired soybean temperature and contact time were achieved.

At a processing rate of 500 kg/h9 the results are comparable to the capacity of the Roast-a­

Tron and the Sukup Grain Toaster. 1be Processor was designed to handle 3 tIh of grain and
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the flow rate used in this study was only meant to generate temperature-time data at the half

ton level because of limitations in the amount of material available for the tests.

6.4.2 Moisture reduction
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Figure 6.5 Average moisture content
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Figure 6.6 Moisture content at 250°C

In the commercial processing of grains. control over the moisture content of the

product is critical. Too little moisture

removal in fresh grain could result in

spoilage. while too much moisture rernoval

(over drying) will result in the loss of

marketable weight of the product. Sînce the

soybean used in this study was dry, it was

necessary to evaluate the effect of the three

temperatures tested on the amount of

moisture removed from the grain. While

roasting may improve the value of the

product, too much loss of weight could

offset this advantage.

Figure 6.5 shows the average rnoisture content of soybean when processed over the

three temperature levels. The chart shows rnoisture content ofthe grain right after mixing and

after the grain was cooled in the aeration cylinder of the Processor. It can he observed that

the moisture removal increases proponionately with the temperature used in roasting.

Furthermore, the amount of rnoisture

removed in mixing the soybean with heated

salt was greater than those removed in the

aeration cylinder.

There were five sampies taken on

each of the three test conducted and on the

250°C test, the Iargest rnoisture removal was

observed. Although the average reduction in

moisture was ooly 4.11% the highest

•
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reduction was 5.22%. With this moisture removal a large amount of the marketable weight

of the soybean was lost. While the moisture reduction seems high when compared with the

other temperatures tested, it is still far from the values observed by Trorq> et al. (1993) which

showed an average of 14.2 pcrcentage points. As pointed out by McKenzie and Gottbrath

(1971). this reduction in moisture of the roasted soybean could be advantageous when the

roasting process is done on freshly harvested soybean. The combined process of drying and

roasting into one operation would improve the overall thennal efficiency of the processing

equipment. Figure 6.6 shows the moisture contents of the five samples taken at the 250°C

experiment.

6.S Conclusions

Based on the preceding discussion. the foUowing conclusions can be derived:

1. The Processor is capable of roasting soybean at a conunercial scale of operation.

2. The variation in initial medium temperature has minimal effect on the outlet grain

temperature because the mass of the heater tube as weU as the combined mass of the

rnaterials store heat which tend to stabilize process temperature.

3. The amount of moisture removed from the soybean increases with increase in the

temperature of the paniculate medium The moisture reduction in the Processor is

much lower than published results by Tromp (14.2 %).

4. The perfonnance ofthe Processor in roasting soybeans at 500 kg/h was comparable

with the capacity of the Roast-a-Tron (340 kg/h) and the Sukup Grain Toaster (364

kg/h). The capacity of the Processor could have been tested al a higher level if more

rnaterial was available.
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CHAPTERVD

THERMAL DISINFESTATION OF WHEAT

7.1 Introduction

Major insect pests have developed resistance to comman grain protectants and

industries are using new expensive insecticides as a short tenn solution. Fumigation subjects

the grain to very high concentrations of toxie chemicals, such as methyl bromïde, which Ieave

unwanted residues in the grain. A physical means of insect control is needed to reduce the

entry of hazardous chemicals into the food chain. Thennal disinfestation has been considered

to he one of the mast promising methods of inscct control.

Studies on thermal disinfestation of stored grains have been conducted using

convective heat transfer (Dermott and Evans, 1978; Evans et al, 1988; Fleurat-Lessard,

1985), high frequency waves at 10-100 MHZ (Nelson and Kantak, 1966), rnicrowaves al

300-3000 MHZ ( Locatelli and Travers~ 1989), or infrared radiation at 100-100,000 GHz

(Kirkpatric and Tillon, 1972; Tillon et al., 1983) 10 heat the grain. 1llennal disinfestation by

convective heat transfer using tluidised beds (Dermott and Evans, 1978; Evans et al., 1988;

Fleurat-Lessard, 1987) and spouled beds (Claflinet al 1986) has been lhoroughly sludied and

found to he very effective (Fields, (992).

Conduction drying in a bed of heated granular medium has been sludied (McBratney

et al., 1989; Raghavan et al, (988) and shown to exhibit more efficient heating than

convective methods (Richard and Raghavan, 1980; Raghavan and Harper, 1974; Khan et al.,

1973). However, tms technology has not )'et becn tested for disinfestation of stored grain.

In particulate medium heating, hot granular panicles are in close physical contact with

the grain and heat transfer occurs mainly by conduction. A bed of heated granular medium

also offers the possibility of disinfestation at low grain temperatures to prevent loss of

marketable weight by overdrying. The low airflow inherent in the inunersion of grain into a

bed of heated panicles coupled with the use of a non-hygroscopie medium will provide an

environmenl conducive to disinfeslation with minirnaI effects on the grain.

This study was conducted to evaluate the effectiveness of the method in thermal

107



•

•

•

disinfestation ofwheat. The test insect used in tbis studywas Sitophi/us granarius, conunonly

known as granary weevil. Infestation by S. granarius usually causes a reduction in grain

quality primarily through weight loss. Funher lasses resulting from secondary invasion of

seeds by fungi and bacte~ and occasional grain heating is also cOlTUTlOn.

S. granarius thrives mainly in countries with a cool temperate climate such as the

northem part of North America and Russia. It is a cold-hardy pest. particularly in areas that

have a high relative humidity for pan of the year. This insect feeds on whole stored cereals

such as wheat. barley. rye, corn, sorghum. nce, cowpeas, accorns, chestnuts, sunflower seed,

and bird feed.

Seed damage cao he recognized by small circular holes in seeds through which the

adult emerges. The insect develops inside the kemel. where temperature and relative humidity

are approxirnately 30°C and 70% respectively. ft consumes 64% of the kemel. destroying ail

the genn and a large part of the endospenn

Sitophilus granarius have a lOO-day lifetime and multiply at an optimum tefT1JCrature

of 27°C. The life cycle, from egg laying ta adult emergence, ranges from 28 to 40 days under

favourable conditions. Adults of this inseet are eonsidered to he the hardiest stage. The

lengths of exposure to extremc temperature neeessary to give complete kill of adults varies

from about 1 day at -15°C to 58 days at QOC. However. it is less tolerant of shan exposures

to temperatures over 40°C, unless it is aeelimatised for several generations at 30°C.

7.2 Preliminary Study

7.2.1 Objectives

This study was eoneeived as a preliminary investigation to evaluate the potential of

particulate medium thermal treatment as an alternative disinfestation method. The basic

concept of the study was to detennine the effect of different medium temperatures and

exposure times on the monality of adult insects. The test insect was SitophiJus Granarius,

a cornmon pest in grain storage and processing eenters.

Specifie objectives of the study were:

1. To rear healthy, mature insects for eontrolled infestation offeed grade wheat in the

laboratory.
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2. To study the monality of the test insect when exposed to heated saIt at 5 levels of

temperature and 5 exposure time.

3. To evaluate the magnitude of heating required to achieve total insect kill.

4. To conduct a similar heating process in the Processor and evaluate the energy

requirement of the process.

7.2.2 Materials and Methods

a. Design of experiments

To achieve the objectives in the preceding section, thermal disinfestation experiments

were conducted on fecd grade wheat infested with granary weevil. The tests were performed

using the laboratory scale adiabatic mixer used in the preliminary drying experiments. The

heating medium used was salt. A 4: 1 medium-to-grain mass ratio was used since it has been

found to result in adequate heat transfer. 800 g of saIt and 200 g of wheat was used in the

experùnents to achieve the desired ratio while maintaining the mass of the mixture within the

holding capacity of the mixer. Mixing speed was kept at 35 rpm to ensure uniform and

adequate mixing of the medium and the grain.

Combinations of 5 temperatures and 5 exposure durations were used in the

treatments. AlI treatment combinations were replicated 3 times. Funher, an untreated control

group was maintained for each treatment combination.

b. Materials

The wheat used in the experiments was destined for animal feed and was purchased

from Belcan Agrocentre Inc. It contained sorne impurities so it was cleaned and there stored

al ambient conditions for a month before the experiments. Moisture detennination tests were

performed and the samples were found to have 8-9% moisture content (w.b.).

Culture of the test insect, Sitophilus granarius (Curculionidae: Coleoptera) was

obtained from the Agriculture Canada Research Station in Winnipeg, Manitoba. It was reared

in the laboratory on wheat at 27.0± 2°C and 6S±S% RH. AIl stages of the test insect were

available during the tests. However, ooly adult insects that were 24 h old were used in the
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experiments because they were considered to he the hardiest stage of S. granarius.

The heating medium used in the experiments was table sait. The salt was ofa unifonn

particle size, averaging 0.358 mm in diameter. It was heated to the initial temperature using

a Fisher Model230F electric convection oven.

The adiabatic mixer constructed for the laboratory drying experiment was used in the

thermal disinfestation experiments. The mixer is described in detail in the preceding chapter

on grain drying. It was driven by a variable speed motor and was operated at 35 rpm to

ensure adequate mixing of the paniculates.

Temperature measurerœnts used to monitor and conuol the operation of the mixing

equipment were obtained with a Cole Parmer thennocouple thennometer. The data were

transferred to a Packard Bell persona! computer for processing.

c. Methods

The test insect was reared on wheat in plastic containers and stored in a conuolled

environment chamber al 27°C and 65% relative humidity. Prior to each experiment. adult

insects were sieved and released on a tray so that their activity levels coukl he observed. The

most active individuals were selected for the trials and handled using an aspirator. Individuals

that were sluggish or had any physica! disabilities were discarded. Each batch of50 adults

selected was released into a 200 g lot ofclean. feed grade wheal kept in plastic containers

with screened caps and held for 24 h. After tbis period. it was expected that the test insect

has infested the grain sample. knowing that it has only a 100 day lifetime.

The salt was heated in the oven to the initial temperature prior to the tests. While the

salt was being heated. the mixer was tumed on and the cylinder wall was heated to the initial

temperature of the medium Heating of the cylinder was tenninated at the instant the medium

was loaded. Once the salt reached the desired temperature. 800 g was placed in the mixer and

the insect-grain mixture added. The mator was turned on and mixing was carried out for the

required exposure time. The salt-grain mixture was then removed from the mixing cylinder

into an insulated catch pan. The salt was screened out and the insect-grain mixture transfened

to a plastic container and held for 24 h. Insect monality was recorded at the end of the

holding period. The 24 h holding period serves to eliminate bias owing to possible temporary
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Figure 7.1 Heat input by the medium
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or delayed effects of the treatrnent. The tests were replicated 3 times.

During the grain-medium mixing process, the temperature of the mixture was

monitored using thermocouples installed inside the mixing cylinder. The grain temperature

before loading into the mixer was taken using a thennocouple probe placed inside the

container. Grain temperature after mixing was taken using the same probe when the insect­

grain mixture was transferred to the plastic container for the 24 h holding periode

7.2.3 Results and Discussion

a. Heat Utilization

The use of particulate medium in

thermal disinfestaùon of grain requires

that a cenain amount of heat he

transmitted to the grain to inhibit the

growth or continued presence of the

insect on the grain. The quantity of heat

required and the duration ofexposure to

attain 100% monality of the test insect

can he determined by evaluating the

temperature of the medium-grain

mixture.

•

•

•

Figure 7. 1 shows the amount of

heat expended by the medium. Il shows

the amount of heat given off by salt at 5

different exposure periods. At

ternperatures between 40°C and 80°C,

the amount of heat expended was

relatively the same over the 5 exposure

periods. However, at 150aC, the

medium had its peak heat output at 30 s

and a significant drop in the amount of

+Qg@6OC ... Qg@7OC

-Qg@15OC

Ol.---....--~---..L..---...--~

o 30 60 90 150 200

Exposur. time, seconds

Figure 7.2 Heat absorhed by the grain
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heat given off on longer exposure durations cao be observed. This result was unexpected

since at high initial medium temperature the grain attains maximum achievable temperature

very quickly and prolonging contact between the two rnaterials would have resulted in grain­

medium temperatures approaching equilibrium A higher heat transmission was expected in

such conditions. The final temperature of the mixture averaged 135°C for a 30 s exposure.

For longer exposures lasting 300 s the average value dropped to 98°C.

The amount of heat absorbed by

the grain showed a similar trend with the

amount ofheat expended by the medium

(Figure 7.2). This was expected since

the mixing equipment was considered

adiabatic and heat 10ss to the

environrnent was minimal. Even the

maximum temperature attained by the

grain showed the same trend (Figure

7.3). At the highest initial medium

temperature of 150°C the maximum

grain temperature was only 67°C,

showing that paniculate medium thennal

disinfestation can be used for seed

quality grains since seed viability is still

considered good at such a temperature.

Based on the heat expended by

the medium and the heat absorbed by

the grain, the efficiency of heat transfer

between the salt and wheat was

calculated. Figure 7.4 shows a plot of

the heat transfer efficiency at each

temperature over the five exposure

•

•

•
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M = a + b (tt

periods. E"POnential curves adequately fit (R2 ~O.94) the efficiencies at 40°C and 150°C. The

efficiency at both temperatures exhibited an increasing trend. A1s0. the temperatures between

the two (60. 70. and 80°C) fitted an

exponential curve. However, the

efficiency trend was decreasing.

b. Insect Mortality

Monality of adult insccts was

plotted against exposure time for each

temperature and is shown in Figure 7.5.

5ince there was no monality in the

control batches (untreated and held for

24 h), the data presented were not

corrected for base monality. The lines

were generated using a non-Iinear curve

fitting routine based on the model:

•

• Where:

M = monality. %

a,b and c = constants

t = time of exposure. s

•

The constants a, band c best fitting the data at each temperature are presented in

Table 7.1. For 80°C and 150°C, the values for a and c are near zero and the values of b are

98.5 and 100, respectively.

As cao he seen in Figure 7.5, 100% monality occurs within 30 s for a medium

temperature of 80°C and above. At 70°C monality was about 95% in the tirst 30 s and

reaches 100% at an exposure time between 30 and 150 s. At temperatures below 70°C. a

Logarithmic relationship was observed. At lower temperatures of 24. 40 and 60°C maximum
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rnortalities were 50. 75 and 80% respectively. Whether this was sufficient to ensure

Table 7.1 Values or the constants used in the mode.

Temperature, 0 C a b c

24 0.307 12.653 0.270

40 0.394 7.356 0.440

60 -0.074 18.677 0.280

70 -0.001 87.108 0.028

80 -0.001 98.477 0.003

150 le-16 100.00 2e-17

protection of the stored wheat depends on the level of damage to the reproductive functions

of the surviving insects. However. reproduction after-tteatment was not measured.

c. Grain Quality

The above results c1early indicate that mixing of infested grain with pre-heated

particulate medium can he an effective method of disinfestation. However. in achieving the

primary objective of disinfesting the grain. the effects of the heat tteatment on quality of the

grain should he considered (Ghaly and Taylor. 1982). Although higher temperatures provide

rapid disinfestation. the nutritional characteristics ofthe grain may he altered. Previous studies

on thermal disinfestation c1early demonstrated that the relationship between mortality and

temperature is comp1ex and that the heat dosage required to achieve a particular level of

mortality cannot always he achieved within the constraints related 10 grain quality as

advocated by Vardell and Tillon (1981a and b). In this respect. the particulate medium

method provides an opponunity to exploit the effect of the heated media to achieve adequate

insect monality.

A visual inspection of the wheat samples after treatment showed no burning or

discolouration resulting from any of the treatment combinations. Moisture content was not

determined in tbis test since the grain was not exposed to air after ueatment. Therefore. it was

assumed that minimal moisture reduction took place during the entire thennal treatment
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process. From the other studies, such as the Iaboratory scale drying tests, moisture reduction

was only around 3% (w.b.) in the absence of aeration.

7.2.4 Conclusion

Effects of the thennal treatmcnt on adult Sitophilus granarius were found to he a

function of the initial temperature of the medium as weil as the duration of exposure.

Significant insect monality was achieved at lower temperatures. However, at temperatures

above 70°C insect kill was almost instantaneous. A monality rate of 100% was attained at the

lowest exposure time of ooly 30 s with an initial temperature of 150°C.

Evaluation of the thermal process showed the most effective temperature-time

combination for paniculate medium thennal disinfestation was a moderate (70, SOOC) or high

(150°C) temperature treatmcnt over a shon exposure period. This combination ensures a high

thermal efficiency while achieving total inscct kill. With this finding, it can he concluded that

thermal disinfestation using a heated particulate medium can he used to efficiently disinfest

grain without adversely affecting grain quality.

7.3 Thermal Disinfestation Using the Processor

7.3.1 Objectives

ln the preliminary study on thermal disinfestation, it has been established that at

temperatures over SO°C, 100% monality of adult S. granarius was achieved almost

instantaneously. At temperatures below 70°C, monality was a function of exposure time to

heated particulates. Using this infonnation, a test was conducted to determine the operating

parameters in the Processor which will yield temperature and exposure times necessary for

100% monality. Sïnce the tests using the Processor were performed in a continuous mode,

it was impractical to use actual insect infested samples. Instead, temperature-time values from

the preliminary experiments were used as a guide.

Specifie objectives of the study were:

1. To detennine the energy requirements necessary to aehieve the temperature-time

combinations which resulted in total insect kill using the Processor.

2. To detennine the thermal parameters and grain flow rates the machine is capable
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of processing.

3. To compare the operating efficiencyofthe Processor in thermal disinfestation with

those achieved in the convectionlparticulate medium study.

7.3.2 Materials and methods

a. Design of the study

To detennine the perfonnance of the Processor in disinfestation of grains. two tests

were conducted. These tests were perfonned using wheat at a moisture content of 14%

(w.b.). The use of the Processor required a large volume of material since the unit was

designed for a rated capacity of 3 t/h. ln arder to perform these experiments at a reasonable

rate, it was decided to operate the machine at 1 t/h. Based on the convection/paniculate

medium tests, the machine attains stable operating conditions alter a warm-up period of 10

to 15 JTÙn. Therefore, 500 kg of wheat were prepared for the study to get at least 15 min of

useful data. Since the grain was kept in cold storage before the experiments, its temperature

was raised ta arnbient temperature of about 200e before the experiments.

Contact time between the grain and the medium is controUed by the rotational speed

of the mixing auger. Since the mixing auger is driven bya stepless variable speed motor, the

contact period cao he varied from a low of around 15 s to a high of 15 min. Consequently,

the flow rate of grain through the mixer cao also be varied. Practical use of the unit requires

that a high grain flow rate he used at shon contact times rather than at longer exposures.

As the results of the preliminary study pointed out. total insect kill is achieved at initial

medium temperatures as low as 800e and a 30 s exposure. To achieve a much higher

assurance of total insect monality the tests were conducted at two temperatures with an

exposure tirre of60 s. A test al IOOGC and al 110°C was conducted. To reduce the wann-up

period of the Processor~ the medium was heated to its initial temperature prior to the

introduction ofgrain into the mixer, unlike in the convectionlpaniculate medium study where

grain was simultaneously loaded when the medium was being heated. Sïnce the process

controller was active in the PlO mode, temperature stabilization was achieved at the point of

grain loading into the mixer. The tests were carried out for 30 min or until aIl of the wheat
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samples were consumed.

b. Materials

The material used in thennal disinfestation using the Processor was wheat. The grain

was purchased from the same supplier of grain in the other processing experiments. The

wheat was destined as animal feed and has a moisture content of about 14% (w.b.). It was

stored in a cold area for two weeks prior to the actual experiments.

The medium used in the tests was table salt. The salt has the same quality as those

used in the preliminary thermal disinfestation experiments.

c. Methods

Prior to the experimentsy the feed auger was calibrated to determine the actual flow

rate of wheat through the machine. It was necessary to recalibrate the feed auger every time

a test was conducted because a small change in grain moisture content tends to alter the auger

feed rate. Flow rate of salt through the Processor was also calibrated to give a mass ratio of

4: 1. This flow rate stays constant as long as the amoURt of salt in the heater was around 175

kg. Any change in media flow rate was made solely by adjusting the rotational speed of the

heater. The speed of the heater was usually synchronized with the speed of the mixer to

ensure a steady flow of particulates through the machine and prevent starving or bottlenecks

in any component of the Processor.

While the flow rate of wheat and salt was being calibrated 1000 kg of wheat was

equilibrated to room temperature. Two-30 min heating tests were conducted. One experiment

was conducted al an initial medium temperature of 100°C and another at 110°C. In order to

maintain a stable contact temperature between the wheat and saltythe process controller was

set to monitor and control initial medium temperature with the probe corresponding to the

outlet medium temperature of the heater. To avoid problems associated with storing heated

wheat after treatment, the cooling cylinder of the Processor was calibrated and set to cool

grain for 3 min. After cooling, the grain was placed in plastic containers and stored in the cold

storage.

During the experimentsytemperature monitoring was done using the thermocouples

installed in the Processor. Two probes ncnitor inIet and outlet temperature of the salt in the
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heater, two probes rœasure the inlet and outlet temperature of grain in the mixer, one probe

measures grain and salt temperature at the outlet of the mixer, and one probe measures the

final grain temperature after aeration.

7.3.3 Results and discussions

During the experiments an initial period ofadjustment lasting 5 min was observed. The

process controller which regulate the medium temperature was adjusted until the temperature

of the medium stabilized without the aid of the auxiliary bumer. This was necessary in order

to monitor the actual arnount of energy the burner was feeding the machine. With the

auxiliary heater cycling on and off to stabilize the temperature, no fixed energy input can he

accounted for during the heating process.

a. 0 perating temperatures

Figure 7.6 shows the temperature profile generated with the medium at an initial

temperature of 100°C. Tmi and TOlO plots the initial medium temperature and the medium

temperature at the outlet of the mixer. Tgi, Tgo, and Tp shows the initial grain temperature,

grain temperature al the outlet of the

mixer, and its temperature after

aeration, respectively. Although the

medium was pre-heated to a value

higher than the desired contact

temperature, the Processor took 5 min

to stabilize aU its operating

temperatures. The grain initially went

up to a temperature over SO°C before 00 5 10 15

dropping to a stable temperature Time, min

around 70oe. The average grain Figure 7.6 Temperature profile @ iOOe

temperature was 72.9°C with a

standard deviation of l.SoC. This value is SoC higher than the desired grain temperature of

65°e where gennination rate of the seed is not affected by the thennal treatment. The SoC

difference shows that a much higller tlow rate could he acconunodated by the Processor al

•

•

•
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the machine settings used in the experiment.

With the process controUer maintaining an aImost constant initial medium temperature

at around l02°e. aIl other temperatures maintained their readings. A 15°C difference in

temperature exists between the salt and wheat as they exit from the O'Ûxer. A much higher

feed rate cauld have lowered the temperature difference between the two particulates.

However, since the salt was recycled after mixing the excess heat carried by the media was

totally recirculated into the system thereby preventing any heat loss in the exiting media. The

wheat experienced an increase in temperature of over 40°C. which was similar to the results

of the treatment combination of 150°C-30 s in the preliminary study. After cooling in the

aerating cylinder. the grain was unloaded from the Processor al 60°C.

At 110°C initial medium

temperature, the Processor also showed

stable operating temperatures after 5

min ofoperation (Figure 7.7). Although

there was no change in the tlow rate of

the medium and the grain. it can be

seen that there was a much bigger

reduction in medium temperature.

Funhermore, the final temperature of

wheat after mixing was almost the same

as thase in the 1000 e tests. Even the average increase in grain temperature was similar to that

of the first test. The average grain temperature was 69.8°C with a standarddeviation of2.4°C.

These results were unexpected since increasing initial medium temperature was supposed to

further increase the final temperature of the grain. However. a detailed analysis of the chart

showed initial grain temperature in the second experiment was around 4°C lower than the

100°C experiments. This factor may have affected the heating process. This effect could he

better evaluated with the analysis of the heat utilization in the Processor.

b. Heat utilization

Average operating temperatures were calculated by removing data from the initial 5

•

•
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min of wann-up time and another 5 min before the machine was stopped. In the 1000e initial

medium temperature. a drop in salt temperature of 18°C resulted in an increase in grain

temperature of 45°C. While for an initial rœdium temperature of 110°C. the drop in medium

temperature of 24°C resulted in an increase in grain temperature of 45°C. In both tests. the

average increase in temperature was abnost the sarne. As mentioned earlier, trus could he the

effect of lower initial grain temperature of the wheat in the second experiment.

The heat absorbed by the grain was calculated using the actual increase in grain

temperature as the basis. With the known grain flow rate through the mixer and the specifie

heat of wheat at 14% (ASAE, 1989) which was 2.026 kJlkg.K, the heat absorbed by the grain

is 25.44 kW in the tirst test and 25.55 kW in the 110°C test. In the 100°C experiment, the

flow meter setting was al 80 corresponding to a power input into the Processor of 52.5 kW.

With this power input the overall heating efficiency was 49%. For the 110°C test, the flow

meter was set to 90 corresponding to a power input of 59 kW. At this Ievel ofpower, overall

efficiency was calculated at 43%.

In the calculation of the heat absorbed by the grain, the amount of heat used in

evaporating moisture was not included since the actual value taken from moisture

detennination amounted to less that 1%. The low moisture reduction was due to the Jack of

air movement inside the mixing chamber. The inlet and outlet spout of the mixer was properly

sealed ta outside air during mixing such that whatever moisture evaporation from the grain

was retarded by the stagnant saturated air inside the mixing chamber.

The overall efficiencies generated in this study were significantly higher than those

achieved in the convection/particulate medium study. The results are actually expected since

in the former study it was observed that at aU three levels ofpower input (10, 15, and 20 kW)

the overall efficiency of the Processor increases with an increase in grain flow rate. This result

was especially noticeable in the values for heating efficiencies where the difference in

efficiency between flow rates at the same energy input was around 30%.

c. Cost comparison

Several studies on the economics of thermal disinfestation has shown that the cost of

using the process was comparable to the current use of chemicals to control insect pests.
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Evans (1981) evaluated severa! methods of thennal disinfestation and found the use of

fluidized bed cost between Aus$O.40 to SO.50/t and using RF or microwaves costs around

Aus$0.40/t. Thorpe et al (1984) reponed that the operating costs for spouted bed was similar

to those of fluidized bed disinfestation which has been estimated at US$0.55/t. Another study

conducted by Sutherland et al. (1986) found that fluidized bed using LPG costs Aus$0.75/t

while those using natural gas could cost around AusSO.56/t.

The cost of disinfesting wheat using the Processor was estimated and compared with

the previous figures. For the continuous disinfestation al grain temperatures around 70°Cy the

cost of operating the Processor using Propane as fuel was between CANSO.39/t to SO.75/t.

These costs are cOl11'arable to those found using heated air methods 5uch as spouted bed and

fluidized bed disinfestors. Further studies should be done to improve this cost performance

in disinfestation.

7.4 Conclusions

From the foregoing discussion, it can he concluded that thermal disinfestation of

wheat is possible using the Processor. To maintain the viability of the seed and operate at a

high efficiency. initial medium temperatures around lOOoe were effective.

The two parameters that affected the performance of the Processor in thermal

disinfestation were initial medium temperature and mass ratio between the paniculates. High

thermal efficiencies were achieved by loading the machine at relatively high flow rates to

lower the mass ratio, and maintaining a totally closed mixing chamber. The stifling

environment inside the c10sed mixing chamber not ooly improves the thermal efficiency of the

process but may also enhance the disinfesting effect of the method. The overall efficiency of

the Processor was shown to be much higher than those achieved in the preliminary

disinfestation study as weU as the convectionlpaniculate medium experiments. Estimates of

the cost of disinfestation using the method showed that it was comparable to heated air

thermal disinfestatioD.
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CHAPTER vm
DE· GERMINATION OF WHEAT

8.1 Introduction

This chapter of the study deals with a special application of the Processor related to

Agricultural Processing. It is a response to the need for reducing the proliferation of

unwanted seeds in agricultural areas. This need is expressed in policies ofAgricultwe Canada

that regulates the enuy of grains and oil seeds into the country.

A special case where de-germination of seeds is required is seen in the bird feed

industry. The demand for different varietïes of seeds for feeding pet animais has grown

steadily. As early as 1980~ imponation of these seeds has provided a lucrative business for

speciaIty grain dealers. With concem over the entry of unwanted weed seeds into the farm

areas, grains and oilseeds were required ta he de-genninated before they could be imponed

into the country. As of this time there appears to exist no de-germination facilities in Canada

(Belcan, 1996). Most of the specialty seeds entering the country in conunercial quantity go

through the United States where they are processed and re-exponed here.

Another sector of the grain indusuy concerned about the control of unwanted seed

species is the seed growers. Purity is the primary consideration demanded on seed quality

grains. It is affected by the growth of weeds in fann areas cultivating grain destined as seed

material. Two sources of unwanted seeds have been identified as major contributors ta the

pro liferation of weeds. One is the airbome source where birds handle and drop seeds while

flying, and bird droppings containing undigested seeds.

A much bigger source of weed seeds is anima.I manure used as a supplement to

commercial fertilizer. The annual manure application ta fields cultivated for cereal crops

spread all of the undigested seeds into the fann In the absence of processing before manure

application, this practice is so far the biggest source of weeds.

With facilities for de-gennination. underutilised materials removed as primary

screenings in grain elevators can he employed in animal feed as weil as bird feed. These

screenings contain a mixture of broken grains and other seeds that are srna1ler than the seeds
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being processed. They have a very low commercial value. However. when processed

properly, they cao augment the protein source needed in animal production.

8.2 Objectives

This investigation is a first attempt at evaluating the potential of particle-to-particle

heat transfer in the de-germination of grains and oilseeds destined for animal feed. The test

rnaterial is seed quality wheat. Wheat was chosen because ofits high germination capacity and

smaller panicle size. The high gennination capacity of wheat will test the maximum level of

temperature where total de-gennination is achievable. The small particle size williower the

relative size ratio between the heating medium and the grain which in tum will test the

separation capacity of the Processor.

Specifically. the work aimed to:

1. Process seed quality wheat in the Processor to determine seed viability when

exposed to temperatures 40. 60, 80. and 100Ge for 60 s.

2. Evaluate the effects of the thermal ueatmcnt on the seed after 3 days and 7 days

in germination pads.

3. Detennine any physical damage on the seed that may lower its quality after

treatment.

8.3 Materials and methods

8.3.1 Materials

The grain seed used to test the de-germination potential of the Processor was wheat.

It was purchased from Belcan Agrocentre located in Vaudreuil, Quebec. The material was

clean and was destined for seeding in the next season. Moisture detennination tests showed

the grain ta have a moisture content between 8% and 10% (w.b.).

The medium used in heating the grain was salt. ft was of the same quality as those

used in the disinfestation study. It has a uniform panicle size, averaging 0.358 mm in

diameter.
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The Processor was rnodified to accommodate the small relative size ratio between the

grain and the medium. Specifically the separation section of the machine was altered to aUow

the grain to he separated from the medium without any carry over of salt ioto the aeration

cylinder. Further, the inlet chute of the aeration cylinder was modified to prevent the smaller

wheat particles from falling through its perforations.

Temperature measurements used to monitor the operation of the Processor were

obtained using a Cole Panner thermocouple thermorneter and a SCANLOG software to

convert the data into delimiled ASCII files. The data was transferred to a Packard Bell

personal computer for recording.

8.3.2 Methods

One ton ofseed quality wheat was purchased from the supplier. It was passed through

an aspirator to remove impurities. The cleaned wheat was stored in a polyethylene bag for one

week prior to the tests to equilibrate ilS temperature to ambient conditions in the room

While the wheat was being equilibrated to room temperature. the separation section

of the Processor was modified. A rectangular trough made of perforated sheet having 2 mm

perforations was placed over the existing sereen of the separator. The inIet chute of the

aeration cylinder was modified by lining the inner surfaces with 0.5 mm thick galvanized

sheet.

Before the experiment. the grain feed auger was first calibrated to deliver 500 kg/h

with wheat that has been warmed up to room temperature. Then. the mixer was calibrated to

a contact time of 60 s. The rotation of the heater was aIso adjusted to provide heated salt to

achieve a 4: 1 ratio.

The process controller which regulates medium temperature was set to regulate the

outgoing grain temperature to ensure that the seed grain would he exposed to the desired

temperature for a pre-determined contact time. This was done by connecting the

thermocouple which monitors oullet grain temperature of the mixer to the input of the

pracess controUer.

Ta stan the experiment, the data acquisition system was switched on and observed

for any unusual readings. As soon as the temperature readings were found to he stable, the
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process controller was set to the desired grain temperature and the pilot t1ame of the bumer

was lighted. Feeding of wheat into the mixer was initiated and the main bumer of the heater

was fed with propane fuel. As temperature of both the medium and grain increased, it was

monitored every minute to make sure no sensing problems occurred. Once the grain attained

the set temperature and the process controller started cycling, three samples of 1 kg each

were taken every 3 min. Once the last sample was taken for the set temperature, the controUer

was adjusted to the next higher temperature to be tested. While the temPerature of the

process increased to the next setting, the wheat samples were cooled down to room

temperature. As soon as the next setting was attained and the process controller starts

cycling, three samples were once again taken every 3 min and cooled down. The same process

was repeated until the last setting of 100°C was attained and samples were taken.

After the last temperature setting was tested, ail of the samples were lined up on top

of a table for germination testing. From each of the three sarnples taken in each temperature

setting. 100 full-bodied seeds were selected. The seeds were inspected for any damage

incurred during thermal treatment. The seeds were spread in groups of ten over the surface

of a germination paper. Another sheet ofgennination paper was placed on top and the sheets

were rolled ioto a cylinder containing equally spaced sample of treated seeds. The cylinder

was weued with lukewarm water and placed inside a stainless steel canister containing a

12-mm level ofwater. AlI the other samples were processed the same way. The samples were

checked for number of germinated seeds after 72 h of holding time.

Another set of samples was prepared right after the first batch of samples was made

for the 72 h holding periode For tbis batch. the same method was employed to treat the seeds

prior to their being held in the stainless steel holding tank. However. tbis time a 7 day holding

period was observed.

The percentage germination was evaluated by counting the number of seeds that

sprouted. Since the sample size was 100 seeds per test. replicated 3 times. the actual couot

showed the percentage of seeds de-germinated by the treatment. AlI of the counts were

recorded and compared with samples for the 7 day holding period.
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8.4 Results and Discussions

8.4.1 Process temperature 120 1 1
j -lnl8l Temp... Out.. Temp. 100C-Sampl.

During the experiments9 the '" 100 r
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observed that at the lower grain rime, min

temperature settings it takes longer for the Figure 8.1 Grain temperature

Processor ta attain the desired temperature. At higher temperatures9 the setting was attained

in a span ofa few minutes. It was expected that using grain te"1JCrature ta control the heating

process would result in a larger time lag between sensing and actually regulating the

temperature. However. this was expected ta he constant over all the temperature settings.

This unusual result can he explained by the fact that the machine components were

already heated during the switch to a higher tel11Jerature such that a minimal amount of heat

was required to raise the operating temperature of each component to arrive at the set grain

temperature. This results in more of the heat going toward heating the grain rather than

increasing the temperature of the machine components. Although it was expected that higher

operating temperatures would mean increased heat loss to the enviromnent. tbis loss was very

minimal as most of the heat input went into raising the temperature of the grain.

The temperature chan aIso showed a very distinct pattern initially observed in the

convection vs. conduction experiments. The temperatures seem to increase to a cenain value

before it gradually lowers and stabilizes to the pre-set level. These findings show that

although the process controller was set to run on Proponional IntegraVDerivative (PlO)

control mode, the controUed parameter tends to overshoot the set value. This is a result of

the big mass of medium that absorbs the heat that was consequently transferred to the grain

to raise its temperature. The time lag between sensing9 control action by the process

controller, and the resultant increase in the grain temperature was totally due ta the time lag
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in heating the medium and transferring the heat from the medium to the grain. At higher

temperature settings. this lime lag was reduced by the frequent cycling of the process

controller due to the higher heat demand of the process.

8.4.2 Seed germination

Results of the gennination tests on

treated and untreated samples are shown

in Figure 8.2. Both the result of the 72 h

and 7 day holding periods are presented.

As cao he observed from the chan. the

de-germination percentage was lower for

the 40°C treaunent than those samples

that were not treated.1t was expected that

the seeds would respond otherwise. Even Figure 8.2 De-gennination vs. temperature

with the 7 day hokling period. the average de-germination percentage was stilliower at 40°C

than the untreated sarnple. However, at this holding period. the difference was not significant.

A search for an explanation to this phenomenon showed that at the lower temperature

of 40°C, the heat available was just enough to break the donnancy of the seed yielding a

higher germination rate. Light heat treatment of wheat, corn, and legumes has been found to

stimulate germination (Mohsenin, 1970). However, such heat treattnent will endanger the

germination and viability of the seed once the critical temperature or time of heating is

exceeded. From the de-gemùnation results seen here, it appears that for a 60 s contact time,

the critical temperature for germination and seed viability is between 400 e and 60°C.

It can aIso he observed that bath at 72 h and 7 days, the de-germination rate was the

same al sooe and IOOGe, where the latter temperature showing 100% de-gennination rate.

This showed the Processor to he an effective de-germination tool al l000e for a contact time

of 60 s.

•

•

•
A visual inspection of the wheat seeds processed was aIso done to check for any

discolouration, burning, or cracking of the seed as a result of the heat treatment in a heated

bed of salt. The 100 seed samples used in the germination tests were inspected for any such

127



•

•

•

problems and the results showed that no discolouration, burning or cracking occurred during

the thennal treatments.

8.5 Conclusions

Based on these results. the foUowing conclusions can he derived:

1. The gennination and seed viability of wheat reaches critical temperature between

40°C and 60°C for a contact duration of 60 s.

2. Total de-germination of wheat was achieved at 100°C medium temperature.

3. There was no visual indication ofdamage to the samples by the thennal treatment

to attain 100% de-gennination.

It has heen shown that the Processor is an effective de-gennination tool for preventing

the gennination of wheat seeds when used as animal feed. Similar stud.ies can he conducted

to evaluate its iJerformance on other grains destined for animal feed. Also. varying other

operating parameters of the Processor to achieve the desired results at the most economical

setting should he further studied.
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CHAPTER IX

EPILOGUE

9.1 Recapitulation of the conc:lusions

This investigation was directed at evaluating the critical parameters involved in

particulate medium thennal processing ofgrains and developing a fully functional continuous­

flow particulate medium thermal Processor. The conclusions derived from the results ofthese

study are summarized as follows:

9.1.1 Testing orthe Processor

Heating time using the Processor was 5 times faster than a unit using convection heating.

Heating efficiency of the Processor was 87% greater than the convective unit.

Drying efficiency of the convective unit was 95% higher than that of the Processor

Overall thermal efficiency of the Processor was found to he 28% higher than that of the

convective unit.

9.1.2 Particulate medium corn drying

Moisture reduction from the grain increased with an increase in initial medium temperature.

High initial moisture content resulted in lower grain temperatures at aU levels of initial

medium temperature.

A large proponion of the moisture removal in the processor occurs in the mixing section.

The highest value ofmoisture removal in the Processor was 6.17% (w.b.) with corn flow rate

at 500 kglh, an initial moisture content of 19%, and exposed to salt at 250°C for 60s..
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9.1.3 Roasting of soybeans

A significant amount of moisture was removed from the soybean when mixed with high

temperature particulate medium

An average moisture reduction of4.11 % was achieved over 3 different medium temperatures.

The moisture reduction was lower than published results by Tromp (14.2%).

The perfonnance of the Processor in roasting soybeans at 500 kg/h was comparable with the

capacity of the Roast-a-Tron (340 kg/h) and the Sukup Grain Toaster (364 kglh).

9.1.4 Thermal disinfestation of wheat

The overall thermal efficiency in disinfesting wheat was between 43% and 49%.

The most important parameter which affected performance of the machine in thermal

disinfestation was initial medium temperature.

The effic iency of the Processor was higher in disinfestation than those in the preliminary

disinfestation study as weU as in the convectionlpaniculate medium experiments.

The cost of thermal disinfestation using the Processor is comparable with heated air thennal

disinfestation data published in literature.

9.1.5 De-germination of wheat

The germination and seed viability of wheat reaches critical temperature between 40°C and

60°C for a contact time of 60 s.

Total de-gennination of wheat was achieved at 100°C grain temperature.

There was no visual indication showing damage to the samples by the thennal treatment to

attain 100% de-germination.
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9.2 Contribution 10 knowledge

This study has made an original contribution to knowledge by analysing the existing

body ofknowledge on panicle-to-particle heat transfer and synthesizing these information to

develop a fully functional conunercial-scale particulate medium thermal processor. This work

has successfully elevated paniculate medium heat transfer from a concept to a practical

method of thennal processing grains, which to date have not been achieved by other

researchers. The knowledge gained and the process involved in the developrnent of the

thennal processor constitutes an original contribution to the science of engineering as it

responds to the challenge of agricultural processing. The contribution to knowledge can he

summarized as foUows:

1. The study showed that the Processor is 5 times faster in heating and 28% more efficient

than a convective heater. However, it corJirmcd that limited moisture removal is achievable

using salt as particulate medium in drying applications.

2. In a COntinuous flow particulate medium Processor, the initial grain moisture content and

medium temperature influence the drying of corn.

3. Canunercial scale roasting of soybeans was demonstrated with results comparable ta

existing roasting equipment in the market.

4. Thennal disinfestation using paniculate medium heating is the most energy efficient

application of the thermal treatments tested.

5. Particulate medium thennalde-germination is effective at 100°C initial medium temperature

for an exposure lime of 60 s.

9.3 Recommendations for rurther studies

The biggest problem encountered in trus investigation was the limited amount grain

for processing and the unavailability of freshly harvested grains for extended drying studies.

In tenns of the process and the equipment tested, the following suggestions should provide

for interesting research in particulate medium thermal processing:
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1. In tms study, the instrumentation used were mostly manually controUed. The use of

Programmed Logic Controls (PLC) for monitoring and control ofprocess parameters will test

the maximum performance of the processor in ail of the intended applications.

2. The use of hygroscopie media should he thoroughly tested in order to improve the drying

performance of the method. Use of natural zeolite was attempted but was stopped due to a

very high level of attrition of the zeolite samples. A more dimensionally stable zeolite

derivative has to he found to benefit from its favourable characteristics.

3. A detailed chemical analysis of roasted grains should he undenaken to detennine the

different effects of thermal treatment on the nutritional aspects of the grain . Feeding trials

should be done to validate the results of Iab-scale experiments on the benefits of roasting of

animal feed.

4. Long tenn studies should be conducted on the combined drying and roasting of soybeans

destined for animal feed. This aspect of the method's application could save a large amount

of energy in storage and processing of soybeans.

5. Comparison of the quality attributes ofthe grain should he made between the conventional

method and those using particulate medium thermal treatment.
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