
THERMAL DISINFESTATION STUDIES 
ON 

HESSIAN FLY AND WHEAT MIDGE 

A Thesis 

Submitted to the College of Graduate Studies and Research 

in Partial Fulfilment of the Requirements 

for the Degree of 

Master of Science 

in the 

Division of Biomedical Engineering 

University of Saskatchewan 

by 

V.S.VENKATESAN 

Saskatoon, Saskatchewan 

June 1989 

The author claims copyright. Use shall not be made of the material con-
tained herein without proper acknowledgement, as indicated on the copyright 
page. 



COPYRIGHT 

The author has agreed that the Library, University of Saskatchewan, 

may make this thesis freely available for inspection. Moreover, the author 

has agreed that permission for extensive copying of this thesis for scholarly 

purposes may be granted by the Professor who supervised the thesis w•rk 

recorded herein or, in his absence, by the Head of the Department or he 

Dean of the College in which the thesis work was done. It is understood 

that due recognition will be given to the author of this thesis and to the 

University of Saskatchewan in any use of the material in this thesis. Cojy-

ing or publication or any other use of this thesis for financial gain withcht 

approval by the University of Saskatchewan and the author's written permis-

sion is prohibited. 

Requests for permission to copy or to make any other use of 

material in this thesis in whole or in part should be addressed to: 

Chairman, Division of Biomedical Engineering, 
University of Saskatchewan, 
Saskatoon, Canada S7N OWO. 

he 



ii 

ACKNOWLEDGEMENTS 

My gratitude and appreciation are due to Drs. J.F.Doane, S.Sokhans nj 

and H.C.Wood for their guidance and consistent encouragement through ut 

the course of this work. Their assistance in the preparation and criti al 

review made this thesis possible. My thanks to Dr. D.T.Spurr for is 

guidance in the statistical analysis of the data and to Mr. Tim Nelson of 

Agriculture Canada, for his assistance in the experimental work. 

Behind every effort there is a silent group of individuals who provide 

the support without any rewards. In this effort my wife and children bore all 

the hardships and provided the moral support. I dedicate this work to their 

patience and support. 

This work would not have been possible but for the financial assistance 

provided by the Canadian Dehydrators Association. I am thankful to them 

for their assistance. 

This degree would not have been possible but for the timely support of 

Professor M.E.Stoneham. I am grateful to him for his support. 



111 

UNIVERSITY OF SASKATCHEWAN 

Biomedical Engineering Abstract 89A313 

Thermal disinfestation studies 
on 

Hessian Fly and Wheat midge 

Student: V.S.Venkatesan 

Supervisors: H.C. Wood and S. Sokhansanj 

M. Sc. Thesis Submitted to the 
College of Graduate Studies and Research 

June 1989 

ABSTRACT 

Thermal disinfestation strategy is gaining importance as an altern to 
method of insect control in stored grain, but minimal information exists 
the use of thermal disinfestation for alfalfa and other hay products. t 
present, phytosanitary requirements on the export of heat treated alfalfa and 
the need to declare the product free of Hessian fly necessitate the use of 190 
C product temperature. Reduction in this temperature requirement calls for 
actual determination of the thermal kill point of the Hessian fly. 

In the current study, the thermal kill point of wheat midge and Hes-
sian fly were determined and found to be in the range 52.5 C to 55 C for 
an exposure time of 3 minutes. A time-temperature study on the thermal ill 
resulted in a series of sigmoidal dose response curves. The thermal kill d to 
were incorporated in simulation models for two types of dryers. The simula-
tion results show that disinfestation can be obtained at lower temperatures, 
and even products with lower input moisture content (30%) could be dis-
infested. Prior to this study, only alfalfa with a moisture content of 55% and 
above could be used in the dryer. Experimental determination of the therrial 
kill point and consequent lowering of the temperature requirement results in 
a better product and optimises the energy requirements. A simulation traces 
the viability of the insect as it passes through a dryer with the product. 
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famine. Insect ravages in Africa have been quoted 

ancient Egyptians and Greeks. The effect of the 

described in the following words of the Bible: 

Joel 2.3 

1. Introduction 

1.1. Project Background 

The history of insects dates back to about 350 million years, long be-

fore man appeared on earth. Many harmful species of insects devour crcips 

and propagate diseases. The insects, as vectors of disease, have been the 

cause of many epidemics in history; epidemic typhus caused by the human 

louse, malaria by the anopheline mosquito, yellow fever by mosquito Aeries 

aegypti (L), sleeping sickness by tsetse flies and the bubonic plague trans-

mitted by the oriental rat flea, Xenopsylla cheopis (Rothchild). In the 14th 

century, bubonic plague epidemics claimed 25 million lives in Europe. 

In the agricultural sector, the devastation caused by insects in soMe 

parts of the world like Africa is phenomenal and is the basic cause of 

even in the literature of 

African desert locust is 

The land is as garden of Eden before them and behind them a desolate 

wilderness; Yea, and nothing shall escape them. 

For they covered the face of the whole earth, so that the land was 

darkened; and they did eat every herb of the land, and all the fruit of the 

trees which the hail had left: and there remained not any green thing in the 

trees, or in the herbs of the field, through the land of Egypt. 



The problem of the desert locust (migratory grasshopper) has continue 

into the 20th century, the latest locust invasion into Ethiopia and other n 

tions coming in the '80s. 

Insect and pest problems in America were of a lesser magnitude in the 

early period, though some insects introduced into the continent caused exten-

sive damage to crops. In Canada, major damage to crops occurred in 1850, 

when Hessian fly and wheat midge caused crop destruction of over 2 million 

dollars. Though sporadic, infestation from these pests continues even at the 

present time. 

Insects and pests cause extensive damage to agricultural crops and 

stored products like grain. In the earlier times, the pests were largely 

localised in different areas of the world although some movement of pests 

took place through marine commerce. Large tracts of sea and other water-

ways generally acted as a natural barrier and limited the migration of insects 

[1]. Modern transportation and international trade has removed thOe 

natural barriers. International trade now occurs between continents both by 

sea and air and greatly enhances the movement of pests and diseases frc4n 

one country to another or from continent to continent. The high mobility of 

people and goods acts to introduce new organisms into unexposed areas. This 

is true in all the spheres of activity ranging from agriculture to healthcare. 

In the agriculture sector, the economic impact caused by the introdulc-

tion of new strains of insects is substantial. Many countries, aware of the 

damage potential of the insects, have imposed phytosanitary requirements 

over the import of agricultural products from other countries, and imported 

food products are regularly quarantined before distribution. 

Alfalfa, a forage crop, is a major agricultural product of Canada. IA 

portion of the alfalfa is exported to Japan and South Korea, the annual eC-

port being of the order of 20 million dollars. Hessian fly Playetiola 
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destructor (Say)) is 

grasses and causes 

a tiny insect that attacks wheat, rye, barley and wild 

significant damage during periods of heavy infestation. 

To guard against the introduction of Hessian fly into their rice crops, both 

Japan and South Korea have imposed strict phytosanitary requirements On 

the import of hay products. 

At the present time, hay products in the form of cubes and pellets ate 

considered insect free because the high pressures encountered during their 

production destroys all the insects. In early 1988, the Japanese government 

allowed the imports of heat treated, chopped alfalfa on the understanding 

that the chop temperature reaches 90 C during artificial drying. In an ea lt--

lier study Sokhansanj and Wood [2] showed that, to achieve the 90 C mark, 

the moisture content of the alfalfa entering the dryer must be more than 

55%. This requirement excludes field cured and sun cured alfalfa from the 

export market unless the 90 C requirement is lowered. Apart from the im-

proved quality of the product, the lowering of temperature will result in 

energy saving during treatment and reduce the product cost giving a co 

petitive edge in the export market. Thus there is a definite need to dete 

mine, experimentally, the thermal kill point of the Hessian fly with the attn 

of reducing the treatment temperature of hay and increasing the range a 
hay products for export. 

1.2. Objectives of the Study 

The major objectives of the study are the following: 

1. To determine the 3 minute kill curve for Orange wheat blossom 
midge (Sitodiplosis mosellana) (Gehin) at different temperatures, 

2. To determine the Time - Mortality relationship for wheat midge 
at different temperatures, and 

3. To compare the responses of wheat midge with that of Hessian fly 
(Mayetiola destructor) (Say). 
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Orange wheat blossom midge (Sitodiplosis mosellana) (Gehin) was 

chosen as the insect for detailed studies, and comparative studies were to 

done on wheat midge and Hessian fly. Hessian fly is difficult to rear and is 

not available in Saskatoon, in numbers sufficient to carry out all the studis. 

Hessian fly is experimentally reared in Canada only at the Agricultre 

Canada, London Research Station. The Hessian fly and wheat midge have 

similar life cycles and both go through a cocoon/flaxseed stage. Because of 

greater availability, wheat midge was chosen as a model insect for detailed 

studies. 

1.3. Outline of the Thesis 

Keeping the above objectives in focus, Chapter 2 gives general ba k-1 

ground information on other methods of insect control both in the agric 1-

tural sector and in the case of stored products. Work done elsewhere on 

thermal disinfestation is reviewed. 

Understanding the biological aspects of an insect is often the first im-

portant step in evolving a successful disinfestation strategy and deciding the 

experimental protocol. For this reason, Chapter 3 outlines the biology of the 

wheat midge and the Hessian fly, their life cycles, the damage they cause, 

peculiarities in their growth process, and problems associated with the ex-

periment at ion. 

The actual experimental techniques are covered in Chapter 4. The 

theory of thermal kill, probit analysis and experimental details form a piirt 

of this chapter. 

In Chapter 5, the results are analysed and discussed. The three minute 

thermal kill data and time-mortality relationships for the wheat midge 6,,nd 

the comparative figures for Hessian fly are evaluated. 

Chapter 6 considers the application of the results under actual field 
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conditions. The application of thermal kill data in different dryer simulations 

and the results of the simulations are presented. Two types of dryers, a 

rotary drum dryer and a bale dryer (White Fox dryer) are discussed in this 

chapter. The rotary drum dryer dries chopped alfalfa, which is currently be-

ing exported to Japan and the bale dryer handles baled alfalfa. A significarit 

export potential exists for baled hay. 

Chapter 7 presents the conclusions of the study and speculates on the 

future lines of work. 

A large volume of data has necessitated the presentation of detailed 

data in the appendices. Only the summarised tables and representative plots 

are given in the main text. 

Appendix A gives the details and specifications of the equipments used. 

This is followed by appendices B, C and D where cumulative emergence Of 

wheat midge and Hessian fly are presented in detail. 

Plots of temperature, change in moisture content, and insect viability in 

rotary and White Fox bale dryers are included in Appendix E. 
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2. Insect Control 

2.1. Economic Impact of Insect Pests 

Insect pests cause considerable damage to agricultural crops and other 

stored food products. In the farm sector, the loss is due mainly to different 

stages of insects which feed on the plants. The literature is replete with data 

on the worldwide economic damage due to insects. During an outbreak I f 

wheat midge infestation in Northeastern Saskatchewan in 1983, the dams e 

to wheat was estimated at 30 million dollars [3]. Similar outbreaks of this 

pest, resulting in losses estimated in millions of dollars [4, 5, 6, 7], have 

been reported in North America. Various insect control measures result in 

considerable savings to the growers. According to a study of the economies 

of insect control measures in Canada between 1980 - 85, the net annual 

benefits, after accounting for all the costs like insecticide, application, 

research etc., averaged $47.5 million or 1.8% of the total Canadian wheat 

value, $122.5 million or 15.3% of total Canadian canola value, and $49.8 mil-

lion or 8.3 % of total Canadian corn value, annually [8]. 

2.2. Methods of Insect Control 

Both passive and active methods of insect control are employed. Pas-

sive methods involve, for example, planting crops after the period of peak in-

festation and using crop rotation. Active methods include chemical or pes-

ticide control, development of insect resistant varieties of crops, and bioloi-

cal control. Numerous pesticides and insecticides with varying levels of 

toxicity are currently in use. Recognising the problem of residual toxicity of 

insecticides, many controls have been imposed on the use of these chemidal 

agents. Another problem associated with the insecticides is that insects de-
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velop resistance to these chemicals over a period of time and therefore mo e 

potent pesticides are required. With the development of modern agricultur 1 

science, insect resistant varieties of plants have been developed. However, t 

limitation is that there is not a single variety of grain which is 

all the pests. The pest resistance is more selective. 

resistant 

Biological control, a technique widely used before the advent of modern 

pesticides is being stressed more now. It aims at controlling the insects y 

selectively propagating parasites and predators which cause damage to 

sects. Earlier, the above methods of insect control had been used in isolatio 

However, the current trend is towards integrated pest management, blendi 

one or more of the methods of control. 

A significant portion of the damage to food products occurs during 

storage. Cereal grains and other agricultural products like forage are subje0 

to deterioration from several sources including insects, mites and fungi. TheSe 

organisms respire, consuming oxygen and carbohydrate, and produce mainly 

heat, water and carbon dioxide. The temperature increases during prolonged 

storage, reducing the quality of the grain, and the migration of moisture 

results in mould growth and caking. In the case of fungi, the production of 

toxins is also a problem. 

Several methods of insect control during storage are in use or under in-

vestigation. Chemical methods of control like fumigation are in wide use. 

Fumigants like phosphene have been approved by U.S and Canadian 

regulatory agencies. However, the increasing resistance of insects to pesticides 

and the unacceptable presence of insecticides in food makes other alternatives 

more attractive. 

The aim in any insect control process is to restrict the life or tie 

reproductive ability of the insects. According to Howe [9], maximal growth 

potential of the insects lies within a narrow temperature range of 3-4 C 
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around its optimum value. Temperatures above and below this range tend to 

retard the development, and beyond certain limits the insect development 

ceases. For any insect species, the humidity is another important factor in 

the development and there is a low humidity threshold below which the ii-

sect dies. 

2.3. Physical Methods of Insect Disinfestation 

2.3.1. Controlled atmosphere storage (CAS) 

Controlled atmosphere storage can protect stored food products again t 

damage without leaving toxic residue. This involves altering the compositi n 

of air in a reasonably air tight enclosure so that the organisms are destroyE4 

or their function irreparably damaged. CAS uses only the normal components 

of air (nitrogen, oxygen and carbon dioxide). No chemical agent is involved. 

Various groups have studied the effects of low oxygen atmospheres as-

sociated with high percentages of N2 and CO2 on different insects [1C], 

[11, 12]. A study by Storey [li] showed that with low oxygen atmospheiT 

containing low CO2 and high N2 about 10 days of treatment at 27 C was 

required to control the most tolerant of insect species, though most insects 

were either killed or suffered irreparable physiological damage after 3-5 da s 

of exposure. His experimental atmosphere was produced by a portable g 

generator and contained less than 1% of 02, 9-9.5% of CO2 and the rest 

mainly of nitrogen. Girish [13] found that 40-64 hour exposures were requir d 

at 35 C for the kill of Trogoderma granarium(Everts) larvae using 1.1% 92 

and 0-15% CO2 in N2. Krishnamoorthy et al. [12] reported the effect of suh 

atmospheres on adult beetles at a lower temperature of 20 C. In the speci s 

tested, 100% mortality was obtained within 6 days with an atmosphere of 

1% 0 2, > 10% CO2 and the rest N2. A common factor seen in these 

studies is the long time of treatment required for disinfestation. 

Because of the obvious advantage due to the absence of chemical pes-
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ticide, a technique employing high CO2 concentration is being studied b 

Agriculture Canada, for the disinfestation of alfalfa. The effects of high C 2

(3137 

on Hessian fly is being examined. The major difference between the study in 

Ottawa and the work done earlier by others is that in the case of Hessian 

fly the mortality in the flaxseed is being evaluated whereas the reported 

works have concentrated primarily on adult insects and larvae. The diffusion 

of CO2 into the flaxseed becomes an important factor in deciding the out-

come of the experiment. 

CAS of grains, with high CO2, is used on a commercial basis [14] 

Australia, for the control of insects in wheat and has been found to be co 

petitive with conventional techniques like fumigation [15]. 

2.3.2. Aeration 

n 

Aeration is a cost effective method of insect control and does not in-

volve any chemical insecticide. Sutherland [16] investigated the use of aera-

tion in pest control and showed that aeration alone can reduce insect ah-

tivity, the resulting moisture migration and mould formation. The aeration 

process resulted in temperatures of less than 10 C, which controlled insect 

reproduction. In contrast to fumigation, which kills insects, aeration reduces 

the insect reproduction but the existing insects survive through their natural 

cycle. Studies by Ghaly [17] demonstrated that aeration contributed to better 

insect control in unshelled peanuts compared to natural ventilation systems. 

In a study on wheat [18], he found that the moisture content of bulk wheat 

(44 tonnes), treated for 18 months, increased by 2%. However, the gra4n 

quality remained unchanged and the insect counts were low. The genetal 

observation in all the aeration systems is the increase in moisture content 

over a period of time without change in grain quality. 
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2.3.3. Electromagnetic radiation for pest control 

Some of the effects of electromagnetic radiation on living systems like 

photosynthesis and the absorption of ionising radiation have been studied 

detail but many frequency bands remain to be evaluated for their biologi41 

effects. However, there is general agreement that longer wavelength radiations 

produce heating effects and short wavelengths beyond the visible spectrun 

cause chemical effects including ionisation of atoms. Nelson & Stuat 

[19] give a good summary of the earlier work done in this area. 

Interest in the control of insects using radio frequencies (RF) has ben 

based on the speculation that insects might be controlled using resonance 

phenomena or selective absorption of energy by the insects at particular fie-

quencies. Studies so far, have failed to find these selective frequencies. At 

present, there is no conclusive evidence to prove that any factor other than 

a thermal effect is involved in the killing of insects at the RF range. The 

problem associated with the evaluation of other physiological effects is the 

separation of such nonthermal effects from the thermal damage which is 

definitely present. 

Based on RF heating alone, field application of RF energy for insect 

control may be impractical because of the large electric power involv0 

[20, 21, 22]. Power requirements increase as the square of the distance 

from the radiating antenna. Several reviews have been published on the vise 

of RF energy for insect control. Most of these studies have focused on tie 

treatment of grain, wood and other food materials during storage. Fre-

quencies between 1 to 50 MHz have been used in these studies. Studies by 

Nelson & Whitney (quoted in [19]) showed that the differential heating 

tors for rice weevils in wheat varied with temperature from 2.3 to 1.2. The 

associated mortality ranged from 20-80%. In their study, the insects heated 

at a faster rate than the grain but the differential heating factor decrea4d 

with increasing temperature. A study by Frings (quoted in [19]) concluded 

that in the frequency range of 1-27 MHz there is very little possibility of 

controlling insects in fruits and vegetables without heating the plant materi al. 
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In the case of stored product insects, the adult is considered more su - 

ceptible to control by RF than immature stages [19]. Young rice weevil , 

Sitophilus oryzae (L), were found to be more resistant than adults. Complete 

mortality of the adult weevils could be obtained using RF treatments of a 

few seconds which raised the grain temperature to about 38 C. Normal y 

temperatures in this range are not lethal to insects, and differential ener y 

absorption was indicated as a plausible explanation for mortality. In the 

same study, immature rice weevils required a grain temperature of 60 C f ir 

complete mortality. 

Though considerable work has been done in the area of dielectric heap-

ing showing that RF energy is effective in controlling stored food insects, 

practical applications of any significant scale have not been developed. Any 

significant scale operation involves large RF power and expensive installations 

which in turn make this technique less cost effective. 

Ionising Radiation: 

Ionising radiation for generalised insect control and for the control of 

stored product pests has been well studied. The effects of X and GamMa 

radiation on insects arise from the ionisation of atoms. At sufficiently hiih 

doses, the radiation causes mutations in insects which are not conducive to 

their survival. One major field application of this technique is known as the 

"Sterile Male Technique". This involves sterilisation of a large number of 

male insects using gamma radiation and releasing them in insect infestOd 

areas. In such cases, females, after mating, produce non-fertile eggs and even-
' 

tually the insect population is reduced. A classic and oft quoted example of 

this technique is in the control of the Screw worm (Callitroga hominivorax 

(Coqueral)) infestation in the southern United States in 1958 [23]. 

There has been extensive work on the effect of ionising radiation 6n 

stored food products. In the case of grain, a dosage of 500 Krads was found 
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to be reproductively sterilising for insects and produced death within 

hours. On the other hand 100 Krads produced death within a week ar d 

minimised feeding damage prior to death. Between 15-20 Krads sterilisation 

was effective and death occurred within 2-5 weeks. The dosage required i o 

produce the desired effect varied with the insect species [24]. Dosage as lc‘v 

as 5 Krads was found to be adequate to arrest the development of eggs and 

larvae of granary weevils (Sitophilus granarius) but complete sterilisation re-

quired a higher dosage [19]. In general, the mortality of the insect increases 

with increasing dosage, and the time for mortality is reduced if the dosage I is 

increased. 

For any ionising radiation to be useful, the dosage should be such that 

the treatment process accomplishes the desired effect without affecting tile 

host material. If the radiation sensitivity of the host material is more than 

that of the infesting organism then radiation treatment will not be feasible. 

Studies by various groups have shown that insect control using gamria 

radiation is not feasible in grain intended for seed use [19]. At levels re-

quired for disinfestation, the grains fail to germinate or show a retarded 

growth of plant. Baker et al. [20] reported that wheat exposed to 100 Krlep 

doses of 2 MeV electrons germinated but failed to emerge from the soil. 

Seeds treated at 10 Krep gave rise to seedlings definitely retarded in growth. 

Other studies (Soderholm and Walker, 1955 quoted in [19]) also show similar 

results with doses above 40 Krep of 1 MeV electrons drastically reducing 

emergence, and lower dosages showing detrimental effects on early growth. 

Effects of radiation on food products have reportedly been studied Ox-

tensively by the U.S Army Quartermaster Corps, the U.S Atomic Energy 

Commission, and in a food irradiation research program in the U.K. At di)se 

levels required for insect sterilisation no quality change was noted in the 

products tested, including grain. In 1963, the U.S Food Drug Administration 

(FDA) approved wheat irradiation for absorbed doses of 20 to 50 Krads with 

gamma sources providing energies not greater than 2.2 MeV. 
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In spite of research results demonstrating the beneficial effects of 

radiation, this process has not found wide application in grain treatment. 

This could be attributed to the following factors. 

1. No dramatic cost saving over other methods. 

2. Uncertainty about the effect of ingesting irradiated food over a 
long period of time and the general opposition from consumer 
groups. 

At present no major commercial facility exists in Canada for the 

radiation of grain products. 

2.4. Effect of Temperature on Insects 

Temperature, apart from humidity, is an important factor which in-

fluences the life cycle of an insect. Seasonal fluctuations in the populatiOn 

density of any insect species in a certain geographical location is dependent 

upon the fluctuations in temperature, and many other factors. Temperature 

affects reproduction, every stage of development of the insect cycle, and the 

speed at which a young insect grows to maturity. Bursell [25] gives a good 

overview of the effect of temperature on insects. 

Among the various physiological functions of the insect, reproduction is 

most adversely affected by temperature. This is of direct relevance to the 

process of disinfestation because the ability to adversely affect the reprodic-

tive ability of an insect is an important criterion in the process of disinf4s-

tation. In an insect species, the temperature range at which optiMal 

reproductive function takes place is limited. This range varies from species to 

species, the male or female or both may face the ill effects, and the effect 

may be quite variable in nature in different species. 

Females of the aphid, Toxoptera graminum, lay eggs over a wide range 

of temperatures from 5-35 C (Wadley, 1931 quoted in [25]); in bed bngs 
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Cimex lectularius, ovarian development is inhibited at 8-10 C. In yet anothr 

insect Anopheles guadrimaculatus, egg laying does not occur below 

C. Males of Aphytis linguamensis, a parasite of California red scale, are 

sterilised by short exposure to -1 C whereas a proportion of the males of 

Drosophila kept at 32 C become permanently sterile. These examples 

demonstrate the wide variation in the sensitivity of the insects to temper 

ture, and the wide range in which the least susceptible ones survive a d 

multiply. 
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Figure 2.1: Rate of oviposition as a function of temperature ( [2k], 
fig.1, page 3) 

Even within the range conducive to reproduction, temperature effects 0 

the different component phases of reproduction are complex. The rate of 

oviposition in many insect species is markedly influenced by temperature las 

shown in Figure 2.1. The rate of egg production is maximal at temperatures 

near the upper limit for reproduction and falls off sharply at higher tempera-

tures and more slowly at lower temperatures. The fact that oviposition is 
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maximal at a particular temperature doesn't mean that the total number pf 

eggs produced will be maximum at that temperature. The duration f 

oviposition or the percentage of reproductive females are also affected 11 y 

temperature in such a way that overall maximum egg production takes place 

at a temperature slightly lower than the optimum for oviposition. 

2.4.1. Effect of temperature on insect development 

Like reproduction, development of insect species also occurs in a narrow 

range with more complexity in the inter-relationship because many stages Pf 

development are involved. A variety of threshold mechanisms have been iden-

tified. In the case of insect eggs, different thresholds may result in the 

failure of the eggs to hatch, or the development and emergence of fully 

grown insects. The temperature may be so low that no development occUrs 

at all (developmental threshold), or the temperature may be too low for 

complete development of the insect. In the latter case, the low temperature 

may so prolong the developmental period that food supplies are exhaustOd 

before completion of the development. In the third case, the complete 

development would have taken place but the temperature may be low enough 

to prevent hatching. Yet another temperature threshold, 'hatching-survival 

threshold', has been reported. Hodson and Alrawy (1958) have reportedly 

shown [25] that incubation of Oncopeltus eggs at 17 C and 30 C permits 

successful embryonic development, but very few larvae survived to produlce 

adult insects, despite being kept under optimal conditions. In this case t e 

lethal effect of temperature treatment does not manifest until the insect is in 

a late stage of development. Such latent effects can affect the natural death 

rate in the population, and can affect laboratory studies. Previous thernial 

history of an insect appears to be an important factor in the survival of am 

insect. 

Within the temperature range suitable for optimal development, the 

rate of development is greatly affected by temperature. The duration lof 

development as a function of temperature has been studied in various insect 
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species and a typical developmental curve in given in Figure 2.2. Within t 

temperature range, as the temperature increases, the duration of developme 

e 

stages falls sharply and reaches a plateau where any further increase has 

minimal effect on the velocity of development. As the temperature increases 

beyond the upper critical level, the developmental duration again markedly 

increases. 
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Figure 2.2: Duration of development as a function of temperatre 
( [25], fig.2a, page 6) 

Just as in the case of reproduction, maximum velocity of development 

at a particular temperature doesn't result in maximum rate of emergencel, at 

that temperature. As can be seen from Figure 2.3, the mortality among 

developmental stages may start to increase well before the absolute tolerance 

limits are reached, and optimal temperatures for survival are lower than the 

one at which the developmental velocity is maximum. The overall optimum 

is the temperature at which the development rate is reasonable and a reason-
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Figure 2.3: Mortality as a function of temperature ( [25], fig.2b, page 
6) 

ably high proportion of the population is emerging. This temperature range 

is narrower than the range suggested by Figures 2.2 and 2.3. 

Many mechanisms have been suggested for the death of an insOct 

beyond the viable range of temperature (Salt 1961, Asahina 1969, quoted lin 

[25]). At lower temperatures disruption of the micro architecture of the 

sect by the formation of ice crystals has been suggested as a possible reason. 

At the higher end of the temperature range, protein denaturation and melt-

ing of cellular lipids and phospholipids apparently cause the death. Fun-

damentally, the proteins and lipids have a fixed and narrow temperature 

threshold. However, if the wide range of temperature over which death Oc-

of curs in a number of species is considered, it appears that the mechanism 

death is not simple. 



18 

2.4.2. Upper lethal limits 

Critical upper lethal temperatures for different insect species have been 

quoted in various papers (Uvarov 1931, Wigglesworth 1950, Presser 1950, 

Cloudsley-Thompson 1970) and reviewed by Bursell [25]. However, much Iof 

the earlier work did not take into consideration the phenomenon of acclima-

tion. The thermal death point for a particular insect can be widely variable 

depending upon the thermal acclimation history. However, for a 1 hour ex-

posure duration, the maximal lethal temperature has been found to be in the 

range of 40 - 50 C for most of the species with exceptional ones dying at 

somewhat higher or lower temperatures. 
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Figure 2.4: Survival time vs Temperature for different insect speCies 
( [25], fig.3, page 10) 

In deciding the lethal temperature, it is important to consider the 

relationship between the exposure time and temperature. Figure 2.4 shows 
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the relationship between log survival time and temperature for different in-

sect species. The temperature coefficient of the process leading to thermal kill 

is very large. Even a small difference in exposure time can produce wide 

divergence in the mortality estimate or the estimate of lethal temperature 

[25]. 

Two types of acclimation processes have been discussed in the litera-

ture; one, the developmental acclimation which comes over generations and 

which is long lasting, and the other, physiological acclimation, which is 

readily reversible. The extent of physiological acclimation is dependent on 

the duration of exposure to preconditioning temperatures. It is reported that 

in the species Dahibominus the acclimation rises to a maximum at about 2 

hours, but declines to insignificant levels in the course of next 12 hours 

(Baldwin and Riordon, 1956 quoted in Bursell [25]). With extensive precon-

ditioning there may be a reversal of the normal relation. For exampl , 

Tribolium maintained at a low temperature for 3 months survives longer at 

temperatures near the upper critical limit than if maintained at a high ler 

temperature. 

The process of acclimation is of direct importance in setting up the ex-

perimental protocol so that there is no variation between the controls and 

other samples in the process or duration of acclimation. 

2.5. Thermal Disinfestation 

Thermal disinfestation in the form of sun curing of food products has 

been in existence for a long time. However, the use of elevated temperature 

as a process for the control of insects in stored products is more recent. The 

elevated temperatures are achieved using radiant heating process (infrarcid, 

microwave, or dielectric heating) or heating in a stationary or moving b0 d 

dryer. Using hot air or direct heat, the products are heated to a tempera-

ture between 50-90 C for a specified time, ranging from seconds to several 

minutes and then cooled to normal temperatures. 
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The main constraints of the thermal disinfestation process are: 

1. The quality of the product should not be adversely affected, and 

2. All the developmental stages (from egg to adult) of the insect 
must be killed. 

The maximum temperature, the duration of exposure and the initial 

moisture content of the product are the critical factors which decide the final 

quality of the heat treated product. Increasing any of the factors increases 

the probability of damage [26]. 

Evans & Dermott [27, 26] have carried out extensive studies in 
1 

Australia, on the thermal disinfestation of grain. Their preliminary studiles 

[26] showed that wheat containing all stages, including adults of 3 major 

pests, Sitophilus oryzae (L), Rhyzopertha dominica (F) and Sitotroga cereal4la 

(Oliv) could be disinfested within 4, 6 and 12 minutes when exposed to air 

temperatures of 80, 70 and 60 C in a fluidized bed. Ten kg samples were 

used in these studies. The maximum grain temperatures reached were 65, q2, 

and 59 C respectively. No change in moisture content or the quality of grain 

was noticed. Based on 80 C air temperature and 4 minutes exposure time, 

the cost of the thermal disinfestation process was found to be competitive in 

Australia with fumigation. 

As an extension, Evans and Dermott [28] studied the influence of inlet 

temperature of air, grain bed depth and grain temperature on exposure time 

required for a given level of insect mortality. R. dominica was chosen as the 

test insect because it was the most tolerant of the species tested earlier. 

Their study concluded that for a given bed depth, the 1/LT999 (1/Lethal 

time for 99.9% mortality) was linearly related to inlet air temperature. NT‘Tth 

a bed depth of 160 mm, raising the air temperature from 60 to 80 l C 

decreased the LT999 for R. dominica from 16.1 to 3.25 minutes. Cor-i 

responding times for a 20 mm bed were 1.92 and 0.54 minutes. When air 

temperatures of 80 to 90 C were used, LT values were related to bed depth 
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over 40-160 mm. However, this linear relationship did not hold true at lo4r 

temperatures. 

Evans [28] studied the influence of intraspecific variations in he t 

tolerance, age structure and previous thermal history on the mortality of t e 

exposed insects. Intraspecific variations of R.dominica did not affect the final 

outcome of the exposure studies. Likewise acclimation of R. dominica at 

22-32 C and S.oryzae at 15-30 C before heat treatment had no appreciable 

influence on heat tolerance. Evans notes that it is not surprising that no dV-

ferences were found, since the insects were exposed to 60 C, a temperature 

which far exceeds the limit of survival. He did not study the thermal aic-

climation at thermal kill thresholds. The temperatures of 32 & 22 C and .5 

& 30 C were chosen on the basis of the warmest and the coldest tempera-

ture thresholds for the development of the species. As the age span of the 

species increased, the mean tolerance and variance about the mean alSo 

showed an increasing trend. 

Evans' experiments further showed that late larval stages of develop-

ment of the insects required longer exposure time than the early stages. 

Since adult insects are less heat tolerant than immature stages [26], [2k], 

Evans concludes that the late immature stages would determine the exposUre 

time required for complete disinfestation. This study also showed th4t, 

depending upon initial moisture content and grain temperature, the time re-

quired for disinfestation varied. Lower grain temperature and higher moisture 

content increased the time required to reach a final specified grain tempera-

ture, prolonging disinfestation time. 

Bell [29] studied the effect of high temperature treatment on the 

diapausing larvae of Ephestia elutella (Lepidoptera : Pyralidae) at 40, 43 and 

45 C. Using larvae in diapause at 20 C for 1 month, complete mortality of 

the larvae was obtained with 96 hours of continuous exposure at 40 C, or 24 

hours at 43 C, or 16 hours at 45 C. However, when intermittent exposutes 
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were used, 40 C/8 hours each day for 18 days resulted in 80% survival. 

This, and intermittent exposures at other temperatures, showed that heat 

recovery could occur. In the post treatment period, the level of fertility 

showed a variation between diapausing and non-diapausing larvae, the 

diapausing ones being more fertile. The diapausing larvae were chosen for 

tests because such larvae in some species are known to be more heat tolerant 

than the nondiapausing stage [30]and Ephestia elutella is known to regularly 

overwinter as mature larvae in diapause. The studies also showed that high 

temperatures significantly hastened the termination of diapause. Stress in tie 

form of chemical fumigation is also shown to terminate the diapause early 

[31]. 

A continuous large scale drying system has dispersion effects with sorne 

particles spending less time in the dryer leading to the possibility of inset 

survival. A maximal grain temperature well above the kill temperature of the 

insect overcomes any possible influence of dispersion on insect mortality. 

Evans et al. [32] concluded that a maximal grain temperature of 65 C was 

needed to ensure complete disinfestation. However, they mention that rapid 

heating to 65 C followed by rapid cooling to safe handling temperatures is 

not the only strategy for disinfestation. According to them, disinfestation may 

also be effected with temperatures as low as 55 C, provided the heated grain 

is allowed to stand for some minutes before cooling. Such low temperatiire 

techniques are appropriate for cereals prone to temperature damage. 

Studies in other food products like fruits also report temperatures in a 

similar range for disinfestation. Yokoyama and Miller [33] reported a treat-

ment time of 55 minutes at 45 C for killing all the immature stages of 

Oriental fruit moth (Grapholita molesta (Busck)). Likewise, submerging fruits 

in hot water up to 54.4 C for 1.6 minutes has been investigated as a dis-

infestation method for killing Caribbean fruit fly (A nastrepha suspen} sa 

(Loew)) [34]. 
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All the studies indicate that disinfestation can be safely effected for dif-

ferent food products including fruits by exposing them to elevated temper - 

tures. The treatment temperatures and other parameters vary dependi g 

upon the insect involved and the product being treated. It is surprising that 

in spite of hay and hay products forming a significant portion of the farm 

produce (U.S figures : 5 billion dollars in the year 1975 [35]) there is no 

published literature on the thermal disinfestation of hay products. Thermal 

processing of hay in different types of dryers is an established process. 

infestation linked to hay drying has not received much attention. Further, 

the variability of the thermal kill points of different insects calls for tIlie 

determination of the kill temperature, experimentally, for each of these in-
' 

sects. 
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3. Wheat Midge and Hessian Fly 

3.1. Insect Classification 

The animal kingdom is divided into many large groups known as 

`phyla'. Hessian fly and wheat midge belong to the phylum of arthropod*. 

Arthropods constitute the largest group of animals with over three quarters 

of the total number of species belonging to this group. Insects, a class of 

arthropods, have the following characteristics in common. 

1. They have a series of ring like segments - the body is formed of 
a number of segments. 

2. Jointed appendages - they have legs and other appendages that 
are made up of segments and joined together. 

3. Exoskeleton - They possess 
covering of the body. 

4. Bilateral symmetry - The 
axis. 

an external skeleton, a hardened outer 

body is symmetrical about a central 

5. Ventral nerve cord - The nerve cord (equivalent to human spinal 
cord) is found within the lower part of the body. 

6. Dorsal heart - The heart is a simple tube like structure found 
within the upper part of the body. 

3.1.1. Classification scheme 

The following classification scheme is adopted to group and subgroup 

the animals. 

Kingdom Animal 
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Phylum Arthropoda 

Class Insecta 

Order 

Family 

Genus 

Species 

Figure 3.1 shows the placement of Hessian fly (Mayetiola destructOr 

(Say)) and wheat midge (Sitodiplosis mosellana (Gain)) in the insect claS-

sification. 

A scientific name is exclusively used in the classification of insect. 

However important crop and livestock insects are more known by their com-

mon names and the common names Hessian fly and Orange wheat blossorjn 

midge are used in the following chapters. 

In the agricultural sector, recognition of the various pest species is of 

importance. To take corrective control measures it is necessary to know the 

proper life cycle of the insects, variations in the life cycles of closely related 

species and their reactions to various control measures like pesticides. 

Both Hessian fly and wheat midge belong to the same order of Diptera 

and the same family Cecidomyiidae. The order of diptera is commonly known 

as flies and is characterised by distinct body features like head, thorax and 

abdomen. They possess a pair of membranous forewings with the hind pan-

modified to act as halters. The mouth parts are suitable for chewing in the 

larvae and piercing and sucking in adults. The metamorphosis from larva to 

adult stage is complex. The family Cecidomyiidae have many different generia 

and species of diverse habitats and behaviour. Some of these such as the 
wheat midge and Hessian fly are plant pests [36]. 
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Class - Insecta 

Order Diptera 

Family Cecidomyiidae 

Genus - Sitodiplosis 

Species - mosellana 

Mayetiola Contarinia 

destructor tritici 

Figure 3.1: Placement of wheat midge and Hessian fly in the insect 
classification 
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3.2. Orange Wheat Blossom Midge 

Originally described by G6hin in 1857, wheat midge, Sitodiplos's 

mosellana(Gehin) (Diptera:Cecidomyiidae) is known by the name Moselle fly 

because of the location at which it first attracted attention. It is also 

known as 'red maggot' and 'red weevil' in USA [5] and by various other 

names around the world. 

In the American continent the wheat midge was first reported in 1828 

from Quebec [37] and in the Pacific northwest the initial reports came 

1904 from the Chilliwack district in the Fraser river valley in British Colum-

bia [6]. The midge uses wheat, barley and rye as host plants with preferenee 

for wheat. Damage to grain is caused by the tiny larvae of the midge feed-

ing on the developing kernels. If one larva attacks a kernel at the time of 
development, then a shrivelled grain results at the time of maturity. When 3 

or 4 are present, then the kernel is completely destroyed [6]. The primary 

effect of S. mosellana infestations is a reduction in the number of well 

formed grains called 'firsts' and an increase in the number of small sizod 

ones or 'seconds'. At high infestation levels the grain yield is appreciably 

reduced [7], [38]. 

3.2.1. Description and life cycle of wheat midge 

The life cycle of the wheat midge is well documented in the literature 

[6], [7], [39]. S. mosellana is univoltine, one generation occurring every 

year. The eggs of the wheat midge are laid singly or in clusters in the 

grooves of the wheat head. They are cylindrical, elongated and when laid, 

are pale yellow in colour. As the incubation of the egg progresses,reddiah 

spots appear on the eggs. The eggs hatch in about a week and the newly 

emerging larvae are watery white in colour. With maturity, the colour of the 

larva changes to more orange and when fully grown the larva is distinctly 

orange. After emergence from the eggs, the larvae start feeding on the 

developing kernel and reach maturity in about 3 weeks. The mature larvae, 
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about 3 mm long remain dormant in the wheat head until the head is dam-

pened by rain and then drop to the ground, tunnel into the top layers of 

the soil and spin cocoons inside which they overwinter. The cocoon is grey, 

translucent and about 1 mm in diameter. The overwintering larva can 

seen under the microscope. There is no autumnal emergence of the lary 

The following spring the larvae emerge from their cocoons, move about in or 

on the soil for a short time, then pupate in the soil and give rise to part c)f 

the year's flight of midges. Some larvae may remain in the cocoons until 

spring of a later year and form part of the midge emergence of that year. 

The adult female is a fragile mosquito like fly, about 1/3 the size of a 

mosquito. The body is delicate salmon pink in colour, the head is brown 

with comparatively large eyes, the legs light brown and the antennae dark 

brown in colour. The wings are dusky and fringed with hairs. The abdomen 

is equipped with a long extensible ovipositor. The male midge is smaller than 

the female, the body more slender and duller in shade and the tip of the ab-

domen terminates in a turned up pair of clasping organs used in mating [6]. 

The pupal and larval cocoons (Figure 3.3) look similar, the differentiat-

ing features being that the pupal cocoons are more elongated and less trans-
' 

parent than the larval cocoons. In the pupal stage the wheat midge ui-

dergoes complex metamorphosis to emerge as an adult fly. The ecdysal 

sheaths of the cocoons apparently protect the larvae from desiccation [7].

Recent studies (Doane, unpublished) show that in Saskatchewan the lar-

vae begin to leave the cocoons in June, in response to accumulated degiee 

days, begin to pupate in about the third week of June and emerge as athilt 

flies in the first week of July. 
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Figure 3.2: Wheat midge (male) 

3.2.2 Diapause in wheat midge 

Wheat midge larvae spend the winter inside the cocoons. Diapa,use 

wheat midge is established and is known to extend, at times, over several 

years [40]. Barnes [7] cites instances of cocoons spending six winters in 

diapause with emergence in the following spring. Rearing and diapause ter 

mination of Sitodiplosis mosellan,a (Gehin) in the laboratory have beck 

studied by Hinks and Doane [41] and Basedow [42]. Basedow's studies i - 

dicated that photo period is not a factor in terminating the diapause. Their 

studies showed that immediate, further development after cocoon productidn 

was not possible in the case of wheat midge. An intervening cold perio 

when the insect is in diapa,use, was an absolute necessity. The cold pericid 

required was about 120 days during which the temperature had to drop 

) below 10 C. However, storage at 1 C appeared to be more favourable f r 

terminating the diapause than storage at 10 C. The Basedow study showed a 
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Figure 3.3: Wheat midge larval cocoons 

substantial decrease in the duration of development when the cocoons were 

placed in a warm environment after 4 months at 10 C. Basedow postulates 

that further development of S. mosellana appears to start after exposure to 

cold for 4 months. In the post diapause period, temperatures above 20 C 

were required for optimal development of mosellana. Moisture was also found 

to be an important factor in determining the level of emergence. 

Hinks & Doane [41] stored the wheat midge cocoons at 1-3 C for; 2 

months for diapause development followed by 21-23 C for 3 weeks to initiate 

development after diapause. Their studies showed adult emergence after a 

minimum cold period of 70 days and peaked at 112 days with no emergence 

from the cocoons which did not go through the cold period. Their studies 

also revealed the need for optimal requirement of RH for adult emergence. 
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3.3. Hessian Fly 

In the American continent, Hessian fly, Mayetiola destructor (Say) 

(Diptera:Cecidomyiidae)was first noticed in 1778 in Long Island, New Yortc 

[43]. The name Hessian fly originated from the notion that this pest was in-

troduced into America by the Hessian mercenaries. Apparently these mer-

cenaries had brought the pest from the native country in the straw used falr 

their bedding enroute. Since then this insect has caused extensive damage to 

wheat well into the 20th century [44], [43]. 

3.3.1. Description and life cycle of Hessian fly 

The fly (Figure 3.4, male and Figure 3.5, female) is very small being 

only about 2.5 mm long with a form much like that of a small mosquitq. 

The female has a relatively large abdomen terminating in a compressed 

cylindrical ovipositor capable of extension. The male is smaller in size, 

generally darker than the female and the abdomen ends in a pair of claspeis 

[44]. 

The life span of an adult is not more than 3 days. Oviposition is com-

pleted, usually within two days. Fecundity is variable ranging from less than 

40 to more than 450 eggs per female. The egg is very minute, about 0.5 min 

long, cylindrical, roundingly pointed at the ends, glossy, translucent arid 

slightly reddish, the colour deepening with development. The female fly lays 

its eggs in the grooves of the upper surface of the leaves of the wheat platt 

(figure 3.6). Depending upon the temperature, the eggs require 3 to 10 days 

for hatching [43]. 
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Figure 3.4: Male Hessian fly [44] 
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Figure 3.5: Female Hessian fly [44] 
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When newly hatched, the larva is smaller than the egg, with a slightly red-

dish tinge. As the larva grows in size it changes in colour to white and 

greenish white. Immediately after hatching the larvae move down the leaf 'to 

lodge themselves behind the leaf sheath. In the case of young plants the l .r-

vae descend down to just above the root. The migration of the larva takes 

from 12 to 25 hours and many die because of cold temperatures, high wind 

or low humidity. In these locations the larvae begin to feed, completing the 

feeding phase in about 2 weeks. During this phase the larva does not move 

from its chosen site. 
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Figure 3.6: Location of M. destructor egg between the hairs of the 
wheat leaf x200. (61) 

After feeding, the larvae forms a puparial stage known as the flaxseed. 

The flaxseed is 3-5 mm long and is the form in which the insect over-

winters. After overwintering, the larva transforms first into a pupa and then 

an adult fly. The complete life cycle of the Hessian fly is illustrated in 

Figure 3.7. Wheat is the preferred host plant for Hessian fly though infes-
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tations affecting barley and rye are known. Stunting of wheat occurs whei 

the larvae feed on the juices of the stem tissue at the crown of the you* 

plants. 

Hessian fly does not complete its development uniformly, since the 

emergence of at least some individuals in each generation is delayed. Such 

delayed insects remain dormant in the flaxseed stage and emerge later in la 

subsequent generation. For this reason, the group of flies of approximately 

same age is called a "brood" rather than a "generation" [45]. In the sou-

thern parts of the American continent, the Hessian fly has two generationS, 

one in spring and another in early fall. In Canada, only one generation is 

observed. 

Various studies have shown that weather conditions appear to have a 

significant impact on the insect. Field observations indicate that moisture 

stimulates emergence and dry weather tends to keep the insect in t1e 

flaxseed stage [43]. 

3.3.2. Diapause in Hessian fly 

The flaxseed stage is considered the most important and the most resis-

tant in the life cycle of the Hessian fly. It is at this stage that the insect 

withstands the excessive drought and heat of the summer and the prolonged 

cold of the winter. The length of the flaxseed stage also appears to be most 

variable ranging from 7 to 1083 days under field conditions [46]. 

Walkden [47] experimentally studied the pupal period of Hessian fly 

from the larval stage and found that the pupal period ranged from 6 to 33 
• . 

days. The pupal period was found to increase rapidly when the mean tem-

perature fell below 10 C. The author speculated that the developmental zero 

would be approached at a mean temperature of 4 C. On the higher side, the 

author considered a temperature of 23 C as approaching the temperature of 

aestivation, when no further pupation would occur. 
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Barnes et al. [48] studied the rearing of Hessian fly in the laboratory,. 

Their studies showed optimal emergence between temperatures of 15 to 20 

C. At 25 C the emergence was less satisfactory and it ceased at 30 

C. According to the authors some pupae appeared to be killed at 30 C with 

evidence of more mortality at 35 C. They recommended a constant tempera-

ture of 15 - 20 C at 95% RH as the optimum condition for rearing. 

In 1975, Foster and Taylor [49] evaluated the thermal unit requirements 

for the Hessian fly. The insects were reared at 5 different, constant tempera-

tures from 15.6 to 26.7 C. Optimum growth, developmental time and adult 

emergence occurred at 21.1 C. The larval and flaxseed developmental zeros 

were determined to be 1.6 C. 

Both wheat midge and Hessian fly undergo a diapause stage. The 

diapause of the wheat midge has been well studied and factors inducing and 

terminating the diapause are well known. Though temperature and humidity 

are known to affect diapause, there is no published data on the minimuth 

diapause period required for optimal development of the Hessian fly. In both 

cases, the flaxseed or cocoon stage appears to be the one in which the insect 

is most resistant or least susceptible to environmental factors like tempera-

ture and humidity. Further, both insects are of similar size. 
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4. Materials and Methods 

The experimental procedures were divided into four distinct phases as 

follows: 

1. sample collection and preparation; 

2. heat treatment; 

3. post treatment observation; 

4. analysis of data. 

4.1. Sample Collection and Preparation 

4.1.1. Sample preparation for wheat midge 

The cocoons are found in the soil during periods of wheat midge infe-

tation. Wheat midge infested soil samples had been earlier collected from 

two locations near Veregin in Eastern Saskatchewan during 1986 and 1987 

and stored in plastic bags in a cold room at 1-2 C. 

Cocoons were collected by passing soil through a series of screens [391, 

[50]. Bulk soil containing wheat midge was washed (Figure 4.1) through Ilia 

set of sieves using cold water under pressure. The coarse screen (U.S.Std 

sieve No. 6) retained coarse debris while the fine screen (U.S. std sieve N. 

40) retained the cocoons (size 1.35 - 0.6 mm). When all possible soil has 

been washed through the fine screen the remaining debris containing the 

cocoons was collected (Figure 4.2) and the cocoons were manually removekl 

under a low power dissecting microscope. 
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Figure 4.1: Wheat midge sample preparation 

The cocoons that were separated from the soil were placed over a moist 

filter paper in a plastic container and stored at 2 to 4 C. When storage over 

a few days was necessary, the containers were sealed to avoid loss of mois-

ture. 

4.1.2. Sample preparation for Hessian fly 

Wheat stems infested with Hessian fly flaxseeds were obtained froin 

Agriculture Canada Research station, London, where a mass rearing prograM 

is in progress. The flaxseeds held under moist conditions were air-shipped to 

Saskatoon. Hessian fly flaxseeds are found inside the sheath of the wheal 

stems and close to its root in young plants. The brown flaxseeds wete 

visible through the sheath of the stem, under a low power microscope. Sin4e 

the flaxseeds were fragile care had to be taken to avoid rupturing or piercir4g 

the flaxseed shell. The flaxseeds removed from the sheath were stored at 4 I'C 

under moist conditions until the experiments were carried out (Figures 4.3 & 

4.4). 
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Figure 4.3: Exposed view of Hessian fly flaxseed in the plant 
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Figure 4.4: Hessian fly flaxseeds 

4.2. Heat Treatment 

A convection oven was used in all the experiments. The air tempera-

ture in the oven was monitored using a thermocouple thermometer. The oven 

air temperature was brought to the required steady state value (90, 80, 7Q, 

60 and 50 C). Separate wheat midge samples were exposed to these tem-

peratures for three minutes. The time of 3 minutes was chosen because an 

earlier study by Sokhansanj and Wood [2] had shown that large stems of 

plants take approximately 3 minutes to pass through a rotary drum dryer. 

The preliminary studies indicated a significant drop in oven temperature 

during the opening and closure of the oven door. Consequently the whet

midge cocoons and the filter paper on which they were placed didn't readh 

the desired temperature within the 3 minute time. To overcome this probleM 

an aluminum block with a large thermal mass was designed (Figure 4.7). 

The block of size 7.5 cm diameter and 10 cm length had a well 1.5 cm 
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diameter and 30 mm depth at one end. A matching lid covered the well ant 

kept the air space to minimum. Through a radial hole drilled just below the 

bottom of the well the block temperature could be monitored, using a 

copper-constantan thermocouple connected to a Campbell 21X micro data 

logger. Temperatures were sampled and displayed every 2 seconds and the 

average of every minute was stored in the memory. The data were periodi-

cally transferred to a cassette tape and then on to a floppy disc for later 

analysis. Another pair of thermocouples connected to a paper recorder 

sampled the room temperature and the block temperature every 4 seconds 

and recorded it on paper during experiments. The block was placed in the 

oven and the oven controls adjusted so that the block temperature reached 

the desired steady state value. With this arrangement the block temperature 

could be maintained within ± 0.5 C at higher temperatures (90, 80 and 70 

C) and within ± 0.2 C at 60 C and below (Figures 4.5 and 4.6). Opening 

or closing the oven door didn't change the block temperature beyond this 

level. Prior to proceeding with the actual experiments all the measuring in-

struments were calibrated with a precision mercury thermometer. The con4-
, 

plete experimental setup is shown in Figure 4.8. 

The block temperature simulates the product temperature in the dryer. 

In an • earlier work, Sokhansanj and Wood [2] had developed a ther-

modynamic simulation model, with which the temperature and moisture in 

the product as it moves through the dryer could be predicted. With this ex-

perimental procedure, the insect viability could be assessed for a given 

product temperature and exposure time. 

4.2.1. 3 minute kill test on wheat midge 

For a specific test, the block was heated to the required temperature 

(say 90 C). Thirty wheat midge cocoons were transferred on to a filter paper 

under a low power microscope. When wet, the cocoons tend to stick together 

and must be physically separated. This step is to ensure that all the 

cocoons come into contact with the walls of the metal block. If this 
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Figure 4.7: Aluminum block with the top cover removed 

procedure is not adopted, some cocoons might not reach the desired 

temperature. The cocoons on the filter paper were emptied into the well bf 

the heated block maintained in the oven and simultaneously a timer was 

started. At the end of 3 minutes, the cocoons were emptied from the bloilk 

into a small plastic dish containing moist filter paper. The cocoons wete 

again counted after transfer to account for any losses. The treated samples 

were labelled and placed in an incubator at 21-23 C for observation (Figute 

4.9). Five repetitions of the experiment were conducted at 90, 80, 70, 60 

and 50 C using 30 cocoons per repetition. 
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Figure 4.8: Sample holder, convection oven and instrumentation 

4.2.2. Time - Temperature response measurement 

Three repetitions, each using 25 wheat midge cocoons, were conducted 

for each time-temperature combination. The same procedure as in the 3 

minute test was followed except for the change in exposure time. Tests were 

carried out at 90, 80, 70, 60 and 55 C with an exposure time of 1 minute. 

At lower temperatures of 47.5, 50 and 52.5 C the exposure times ranged 

from 1 to 37 minutes. 

4.2.3. Comparative 3 minute study on wheat midge and Hessian fly 

To test the comparative response of wheat midge and Hessian fly, 

samples, each containing 25 wheat midge cocoons or 25 Hessian fly flaxseeds 

were alternately exposed to 90 C for 3 minutes. The procedure was repeated 

in duplicate at 80, 70, 60, 55, 50 and 40 C as in previous tests. The wheat 

midge samples were kept in an incubator at 21-23 C. 
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The heat treated Hessian fly flaxseeds as well as the control were 

placed on a wet filter paper in a dish containing 250 g of sieved, moist soil 

and held at room temperature 20-23 C; These containers were covered with 

a conical plastic lid through which the emerging adult flies could be seen 

and counted (Figure 4.10). This arrangement was necessary because the 

Hessian Fly emerges from the flaxseed as a fully developed adult insect 

whereas only the larvae emerge from the cocoons of the wheat midge. 

4.3. Post Treatment Observation 

4.3.1. Post treatment observation for wheat midge 

All the wheat midge samples were checked every day under a micro-

scope for the emergence of larvae. The emerging numbers alive or dead were 

recorded separately. The observation period was 15 days at the end of which 

the remaining, intact, cocoons from each sample were placed in a small 

cuvette containing 8% KOH solution. This solution dissolves the cocoon shell 

and at the same time stimulates the live larvae. As a result the larvae come 

out of the shell. The larvae, dead or alive were washed in distilled water 

and placed in insect Ringer's lactate solution. Each larva was separately 

checked for signs of life. The number alive were added to the existing live 

emergence number to give the total emergence number. After this the 

samples were discarded. 

4.3.2. Post treatment observation for Hessian fly 

In the case of Hessian fly, metamorphic changes take place inside the 

flaxseed and the fully developed fly emerges from the flaxseed. The minimum 

period of observation for Hessian fly was 21 days at 19-21 C but this period 

was extended until 26 days to allow complete emergence of samples in a 

batch. The daily cumulative emergence was recorded for each sample. 

The flaxseed shells do not dissolve in 8% KOH solution. Further, the 
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diapause of Hessian fly is not established. Consequently it was not possible 

to predict whether an insect in the flaxseed was dead or in diapause, after 

treatment. The only observation possible was emergence. 

To check the possible effect of diapause, two batches of Hessian fly 

were used. The first batch was kept in cold storage at 4 C for 8 weeks and 

the second batch remained at 4 C only for 1 week. Thus the first batch had 

supposedly gone through the diapause period similar to the field conditions 

and the second could be considered as just entering the diapause stage. 

=IT 

Figure 4.9: Post treatment observation of wheat midge cocoons 

Both of the batches of flaxseeds were put through the same heat treat-

ment process. Batch I samples were observed for emergence at 19-21 C for 

21 days or till the emergence ceased. Following this the remaining intaCt 

flaxseed control and low temperature samples (50 & 40 C) were again placed 

in the cold storage for 8 weeks at 2 C and again observed for 3 weeks f‘r 

possible emergence. This was to determine whether the heat treatment 
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Figure 4.10: Post treatment observation of Hessian fly flaxseeds 

process has induced diapause and prevented emergence during the observation 

period. 

Batch II samples, control as well as the heat treated ones were kept in 

cold storage at 2 C for 12 weeks immediately following the heat treatment. 

One control sample was kept in the laboratory for observation of emergence 

without being put through the cold treatment. This was done to study the 

possible change in emergence pattern before and after the diapause. At thre 

end of 12 weeks, the samples were again put through three weeks of obser-

vation at 19-21 C and the emerging numbers of Hessian fly were recorded.
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4.4. Analysis of Data 

Disinfestation study is essentially a problem of biological response to 

treatment. In this case, the stimulus is the application of heat energy anld 

the response is the survival or mortality of the insect. Unlike physicttl 

phenomena in which, with prior knowledge, the stimulus-response can be 

predicted, biological responses show wide interspecies and intraspecies varia-

tions. Even the response of a single subject changes from time to time. In 

such cases the response cannot be determined from the prior knowledge of 

the stimulus alone and statistical analysis of the data becomes necessary. 

Disinfestation is a specific class of problem in which the response is 

"all or nothing". The interest in this study lies in whether the insect is alive 

or dead. Since the process of death cannot be quantified or graded the 

response is quantal. Such quantal problems are best analysed by a Probit 

analysis' technique [51]. 

In the case of quantal problems, the presence or the absence of biologi-

cal response will depend upon the intensity of the stimulus. For any subject, 

there is usually a threshold below which the response ceases. This threshold 

or tolerance varies from individual to individual and if a population is con-

sidered the tolerance shows a frequency distribution. In such a case, the 

tribution of tolerance may be expressed by 

dP. f(z)dz (44) 

where 'z' is the intensity of the stimulus and f(z) is the frequency fu0-

tion, uniquely determined for each value of z, dP is the proportion of the 

whole population of subjects whose tolerances lie between z and z+dz at the 

time of testing and dz is a small dose interval. 

If a dose Zo is given to the whole population, those whose threshold Iis 

below Zo will respond. If the proportion of these is P then 
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P= f 0 
f (z)dz (4. ) 

In any biological assay, there are a few subjects whose threshold or 

tolerance is high. Consequently the frequency distribution of tolerance is 

skewed. However, such distributions can be converted to a normal form 

(Gaussian distribution) by a transformation of scale. 

A variate is said to be normally distributed when 

log f x=1°g f centre/ d2 (4.3) 

where d is the distance between x, the point of interest and the centre 

of the distribution, where the frequency is at maximum. 

Logarithmic transformation of dose is a standard practice in biological 

processes. The transformed scale of dose on which the tolerances are nor-

mally distributed is known as the metametric scale and the measure of dc* 

is a dose metameter. This metameter X is defined as 

X=logz (4.4) 

where z is the original concentration of the substance or stimulus. 

The cumulative distribution of response, the graph of percentage 

response vs dose will be as shown in Figure 4.11 giving a steadily rising 

curve. The change in response is small at low and high dose levels, and 

higher in the intermediate region. 

If the scale is converted into a metametric scale then the curve be-

comes normal sigmoidal. In this case the response approaches zero or 100% 

at infinitely low and high doses. The infinitely low dose is the zero dose but 

the infinitely high dose is theoretical and simply a limiting concept. 
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Figure 4.11: Dose-response curve 

The normal frequency distribution of log tolerances is given by the 

standard expression 

1 (z 

11

_ )2) 
dP—   }dx 

af2-; (2a2) 
(4.5) 

for all values of x in the range —co to +00. In this expression x is the dOse 

metameter (= log dosage), is is the mean and a is the standard deviation of 

the distribution. 

If an insect, selected at random, is exposed to a dose of drug the prob-

ability P that the insect will die is proportional to the fraction of deaths 

that would occur if the whole population received the same dose. This is 

generally given by the equation (4.1). If P is the probability of respoime 

(death) then 1-P is the probability of lack of response. Since the response is 

quantal the probability distribution is binomial. 



51 

4.4.1. Probit transformation and Normal equivalent deviate 

The cumulative probability density function for a normal distribution iS 

given by 

P= 
f X 1 (x—A)2) 

 exp{ — }dx 
— co all271- (20') 

(4.6'I) 

For probit transformation, the probability of response is measured on a, 

transformed scale, the normal equivalent deviate. In this transformed scale, 

the response metameter 'Y' is defined as 

1 f 1 
P.— exp{(--2u2)}du 

oc) 
(4.7) 

Normal equivalent deviate (NED) of any value between 0 and 1 is defined as 

the abscissa corresponding to a probability P in a normal distribution with 

mean = 0 and variance =1. 

If X =µ +au is substituted in equation (4.6) then 

j :27rf_X:11/6 1 
P=  exp{(-2u2)}du 

Comparison of equations (4.7) and (4.8) shows that 

Y.(X--44)/cr (4. ) 

Thus the relation between the dose metameter X and the normal equiv-

alent deviate Y is a straight line. Figure 4.12 shows the normal sigmoid 

curve and the straight line obtained when its ordinates are replotted on a 

linear NED scale. NED is positive for any P above 50% and negative when 

P < 50%. 



52 

Probit fl / 

1'robit 

- 7.5 99.38 

100 7.0 97.7 

618 90 
8.5 93.3 

5.84 80 
6.1) $4.1 

5.52 70 

5.2.5 60 Probit 
5.5 69.1 

5.00 50 5.0 50.1) 

4.75 40 
4.5 3►►.9 

4.48 30 

4.0 15.9 
4.16 20 

3.72 10 3.5 6.7 

► ► 3.0 2.3 
0.6 0.8 1.0 1.2 1.4 1.6 0.4 

Log concentration 

Figure 4.12: Normal sigmoid curve and the standard deviate 

Probit' is defined as the NED increased by 5 and was introduced in 

1933, to facilitate calculations when computational aids were not availabl . 

Both NED and probit give the same results. The relation between the Probit 

of the expected proportion of responses and the dose, corresponding to equa-

tion (4.9) is the linear equation 

Yin„obits= 5+(X-µ)/0 (4.0) 

In practice the percentage of response is easily transformed to a probit scale 

using probit tables or standard computer programs. Once a regression chart 

with dose metameter vs probit is constructed the effective dose required to 

achieve the desired level of response can be estimated from the graph. 

In the thermal disinfestation study, the dose of the stimulus is the time 

of exposure (for a particular temperature) and the response is the mortality 

or viability of the insect. The % mortality is the ratio of the number of 
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sects responding to treatment to the total number treated. From the percent-

age kill data the empirical probits are calculated and a regression plot wa 

made between the dose metameter and the probit of mortality. The effectiv 

dose required for various levels of kill (ED10, ED50, ED90, ED99.99) weni 

computed. 

Using a standard computer program [521 developed by Agriculturf 

Canada, the survival data at different temperatures was analysed and ex-

trapolated to other temperatures. Maximum likelihood estimates of 

parameters were estimated using a regression model of the form 

Y=Ao+BIX+B2Z+B12XZ (4.11) 

where Y is the mortality in probits, X is the temperature, Z is the 

logarithm of the time of exposure, Ao is the overall intercept, B1, B2 and 

B12 are partial regression coefficients. 

The population of the wheat midges being tested may include a propor-

tion of insects which may die due to natural response even in the absence of 

a stimulus. The response of control was accounted for by including provisions 

for natural response rate in the regression model. 

Likelihood ratio tests were used to test the appropriateness of various 

items in the model. Using these tests the impact or significance of each 

parameter in the model can be evaluated. For example, the difference be 

tween the log likelihood of a model with the B12 term removed to the loi 

likelihood in the full model gives the loglikelihood ratio (LLR) for the interl-

action. If the LLR was found to be significant then it can be concluded that 

interaction was present. Similarly, removal of terms with B1 or B2 alloWs 

one to evaluate the impact of temperature with time. 

Using the program, the effective dose for various levels of mortality and 

the 95% confidence limits were also calculated. 
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5. Results and Discussion 

The results of the experiments on wheat midge and Hessian fly are 

presented and discussed in the following sections. Summarised results ar0 

presented in the chapter; detailed tables giving the cumulative emergence 

during the observation period are included in the appendices. In the section 

on discussion, the results are compared with other published thermal kill 

results. 

5.1. Three Minute Test on Wheat Midge 

As indicated earlier, the primary objective was to reduce the 90 C/3 

minute requirement for the thermal kill of Hessian fly and actually determine 

the kill temperature for a fixed exposure time of 3 minutes. 

Table 5.1 gives the summarised results of the 3 minute study. Detailed 

tables for 90, 80, 70, 60, 55 and 50 C giving the cumulative daily emergence 

of insects are given in Appendix B. The plot of percent mortality as a func-

tion of temperature is given in Figure 5.1. Table 5.1 shows total mortality 

for temperatures 55 C and higher with gradual transition to near total sur-

vival at 50 C with an exposure time of 3 minutes. The wave form in Figure 

5.1 is sigmoidal. The heel of the curve is not well demonstrated because this 

requires data at much closer intervals and a very much larger number of in-

sects for experimentation. 

The data in Table 5.1 are averaged, converted into probits and 

presented in Table 5.2. Survival and mortality as a percentage of the control 
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Table 5.1: Emergence of wheat midge : 3 minute test 

Trials 
Temp control I II III IV V 

C 30 30 30 30 30 30 

90 16 0 0 0 0 0 
80 25 0 0 0 0 0 
70 25 0 0 0 0 0 
60 24 0 0 0 0 0 
55 26 0 0 0 0 0 
50 24 24 26 20 19 28 

52.5 24/25 5/25 14/25 10/24 

• 

Note: The 52.5 C test was done using triplicate samples. The number 

of insects in each sample is indicated in the denominator. 

Table 5.2: Probit viability of wheat midge : 3 minute test 

Temp C viability Probit 
average 

90 0 - 
80 0 - 
70 0 - 
60 0 -
55 0 

52.5 38.67 4.7120 
50.0 97.8 7.0141 
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Figure 5.1: Wheat midge mortality vs temperature at 3 minutes 
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Figure 5.2: Probit vs temperature : 3 minute test 
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Cumulative release of larvae 90C/3 minutes 

Day Control I II III IV V mean 
30 30 30 30 30 30 30 

1 0 -2 -2 -2 -1 0 -1.4 
2 1 -3 -4 -3 -5 -3 -3.6 
3 1 -4 -4 -5 -5 -6 -4.8 
4 3 -4 -4 -5 -6 -8 -5.4 
5 9 -4 -5 -5 -8 -9 -6.2 
6 13 -4 -5 -6 -8 -9 -6.2 
7 13 -4 -5 -6 -8 -10 -6.6 
8 15 -4 -5 -6 -8 -10 -6.6 
9 15 -4 -5 -6 -9 -10 -6.8 
10 15 -4 -5 -7 -9 -10 -7.0 

11 15 -4 -5 -7 -9 -10 -7.0 
12 15 -4 -5 -7 -9 -10 -7.0 

13 16 -4 -5 -7 -9 -10 -7.0 
14 16 -4 -5 -7 -9 -10 -7.0 

Table 5.4: Cumulative release of larvae 80C/3 minutes 

Day Control I II III IV V Mean 
30 30 30 30 30 30 30 

1 0 0 0 0 0 0 0 
2 1 0 0 0 0 -1 -0.2 
3 11 0 0 -2 0 -1 -0.6 
4 14 0 0 -3 0 -1 -0.8 
5 18 0 -2 -3 -1 -1 -1.4 
6 21 -1 -3 -3 -2 -1 -2.0 
7 21 -3 -3 -3 -3 -1 -2.6 
8 22 -6 -3 -3 -3 -1 -3.2 
9 22 -6 -3 -4 -5 -1 -3.8 

10 22 -7 -4 -5 -5 -4 -5.0 
11 22 -7 -4 -6 -5 -8 -6.0 
12 22 -8 -6 -6 -5 -8 -6.6 
13 22 -11 -6 -6 -5 -8 -7.2 
14 22 -11 -7 -6 -5 -8 -7.4 
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Cumulative release of larvae 70C/3 minutes 

Day Control I II III IV V Mean 
30 30 30 30 30 30 30 

1 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 
4 7 0 0 0 0 0 0 
5 13 0 0 0 0 0 0 
6 15 0 0 0 0 0 0 
7 22 0 0 0 0 0 0 
8 22 0 0 0 0 0 0 
9 23 0 -2 0 -1 -1 -0.8 

10 23 -1 -2 -1 -1 -1 -1.2 
11 23 -1 -3 -1 -1 -2 -1.6 
12 23 -2 -5 -1 -1 -3 -2.4 
13 23 -2 -5 -1 -1 -3 -2.4 
14 23 -2 -7 -1 -2 -3 -3.0 

Table 5.6: Cumulative release of larvae 60C/3 minutes 

Day Control I II III IV V Mean 
30 30 30 30 30 30 30 

1 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 
3 7 0 0 0 0 0 0 
4 11 0 0 0 0 0 0 
5 15 0 0 0 0 0 0 
6 18 0 0 0 0 0 0 
7 19 0 0 0 0 0 0 
8 19 0 0 0 0 0 0 
9 19 0 0 0 0 0 0 

10 19 0 0 0 0 -1 -0.2 
11 20 0 -1 0 0 -2 -0.6 
12 21 0 -1 0 0 -2 -0.6 
13 21 -1 -1 0 0 -2 -0.8 
14 21 -1 -2 0 -1 -2 -1.6 
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Table 5.7: Cumulative release of larvae 55C/3 minutes 

Day Control 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

Mean 
30 

1 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 
3 5 0 0 0 0 -1 -0.2 
4 5 0 0 0 0 -1 -0.2 
5 5 0 0 0 0 -1 -0.2 
6 5 0 0 -1 -2 -1 -0.8 
7 14 -3 0 -2 -2 -2 -1.8 
8 14 -3 0 -3 -2 -5 -2.6 
9 17 -4 -1 -3 -4 -6 -3.6 

10 17 -6 -2 -3 -4 -7 -4.4 
11 19 -7 -2 -4 -5 -7 -5.0 
12 19 -8 -3 -6 -6 -10 -6.6 
13 23 -10 -3 -7 -7 -11 -7.6 
14 26 -10 -5 -10 -8 -12 -9.0 
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Figure 5.3: Cumulative release of dead larvae at various temperatures 
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group for different temperatures are calculated. The probits as a funcl-

tion of temperature are given in Table 5.2. Since at temperatures above 

C, the mortality is 100% and the probit is high, these points are not ink 

cluded in the plot. Extrapolation from the plot (Figure 5.2) of probit 

temperature yields a kill temperature of 56.25 C for an exposure time of 3 

minutes. 

Among the heat treated samples, the cumulative numbers of dead and 

damaged larvae which came out of the shell during the period of observation 

are given in Tables 5.3 to 5.7. A negative figure indicates that the larvae 

were dead when the cocoon shell broke open. The average cumulative values 

of dead and distorted larvae as a function of observation time for different 

temperatures are shown in Figure 5.3 As the temperature increases the 

damage to the larvae, as well as to the cocoon shell, also increases. At 

higher temperatures the damaged cocoon shells are weakened and during the 

post treatment observation period the shells break to reveal the dead larvae. 

This process is distinctly different from the emergence of live larvae from the 

cocoons. 

As can be inferred from Figure 5.3, the damage is maximal at 90 C, 

resulting in a rapid release of dead larvae. The damage progressivel 

decreases with temperature with transition to 'live' conditions below 5,

C. However, the temperature - damage correlation is not always true as in-

dicated by higher damage figures at 55 C. Many other factors like the pre-

vious history of the cocoons could modify the results. Yet another reason 

for the higher number of dead larvae breaking out of. the shell could be that, 

at 55 C, the larvae are alive for a very short time and they physically diS-

rupt the shell by their movement. 
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5.2. Temperature-Time Studies on Wheat Midge 

The emergence data for different time-temperature combinations is given 

in Appendix C. The different combinations of time and temperature tested 

are given in Table 5.8, and the final cumulative emergence data for each 4 

these temperatures is given in Tables 5.9 and 5.10. From Table 5.9, it can 

be seen that at temperatures above 55 C, exposure times as low as 1 minute 

caused total mortality. For any given temperature, damage to insects was 

also found to be higher with increased exposure times. 

As was expected, the data at temperatures below 55 C showed increaS 

ing survival with total survival even at an exposure time of 85 minutes at 

40 C. Exposure times below 1 minute were not attempted because of the 

practical difficulties involved in transferring the insects back and forth from 

the oven in the short time. Likewise a temperature of 40 C and time beyond 

85 minutes were considered not relevant to the treatment process. Data in 

Table 5.10 were analysed using probit techniques. The plot of percent suif-

vival vs time resulted in a series of 'S' shaped curves shown in Figure 5.4. 

Table 5.10 shows that the exposure times were sufficiently long to achieve 

100% mortality. 

Table 5.8: Different time-temperature combinations tested on wheat 
midge 

Temp C Time (minutes) 

90.0 
80.0 
70.0 
60.0 
55.0 
52.5 
50.0 
47.5 
40.0 

1, 
3, 
1, 
1, 
1, 
1, 
1, 
7, 
37, 

3, 7 
7 
3 
2, 3, 7, 
2, 3 
2, 3, 5, 
2, 3, 5, 
16, 26, 
85 

16 

7 
7, 

37 
10, 13, 16, 37 
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Table 5.9: Summary of emergence of wheat midge for temperature 
55 C and above 

t 
min 

C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

90 1 20 0 0 0 0 0 
90 3 16 0 0 0 0 0 
90 7 20 0 0 0 0 0 

80 3 17 0 0 0 0 0 
80 7 26 0 0 0 0 0 
70 1 25 0 0 0 
70 3 23 0 0 0 0 0 

60 1 29 0 0 0 
60 2 27 0 0 0 
60 3 25 0 0 0 0 0 
60 7 26 0 0 0 0 0 
60 16 28 0 0 0 0 0 

55 1 25 0 0 0 
55 2 25 0 0 0 
55 3 26 0 0 0 0 0 
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Table 5.10: Summary of emergence of wheat midge for temperatur 
< 55 C 

T t 
min 

C 
25 

I 
25 

II 
25 

52.5 1 25 8 17 
52.5 3 25 5 14 
52.5 5 25 1 0 
52.5 7 25 0 0 
50.0 1 23 23 25 
50.0 2 25 25 24 
50.0 3 24 11 23 
50.0 7 25 0 16 
50.0 10 25 0 1 
50.0 13 25 0 0 
50.0 16 28 0 0 
50.0 37 28 0 0 
47.5 7 25 24 23 
47.5 16 24 18 20 
47.5 26 23 5 9 
47.5 37 24 0 0 
40.0 37 26 28 28 
40.0 85 24 17 24 

III IV V 
25 25 25 

17 
10 

0 
0 

24 
19 
23 
13 

2 
0 
0 0 0 
0 0 0 
25 
17 

4 
0 

26 23 29 
23 20 28 

Note : At 50C/16min, 50C/37min, 40C/37min and 40C/85min, five samples 

each consisting of 30 insects were used. 

These data provide the basis for: (1) Interpolating or extrapolating the 

mortality data to predict the viability of the insect at any combination of 

time and temperature other than those tested and (2) integrating the 

cumulative mortality of insects during a drying process. 
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Figure 5.4: Survival vs exposure time at different temperatures 
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Variation of sigma with Temperature 
Wheat midge 

12 - 

• 
10-

a-

0 

4 - 

• 
2-

0
40 45 50 55 60 

Temperature, C 

Figure 5.6: a vs temperature 

temperatures gave rise to a number of straight lines (Figure 5.5). The act9l 

probits, expected probits, and the error are tabulated in Table 5.11 The 

The values of a for slope of the lines give 1/o for various temperatures. 

various temperatures are given in Table 5.12. 

A zero slope or horizontal line which is associated with ambient tem-

peratures indicates that the thermal kill effect is negligible, the insect deati 

being due to the natural life cycle of the insect. At the other extreme, the 

vertical line with a slope of 00 shows that the thermal kill is instantaneous, 

which is a theoretical concept. At that temperature, the exposure time re-

quired to achieve 100% kill is negligibly small. The zero slope corresponds to 

temperatures where the insect development is optimum. 

The values of a as a function of temperature is plotted (Figure 5.0) 

and the equation of best fit for the data is given by 

logo = 22.7973-0.4318T (5•i) 
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Table 5.11: Error between actual and expected probits for wheat midge 

Temp 

C 
Time 

min 
P Z. Z. error 

47.5 7 96 6.7507 6.506 - 3.62 
16 73 5.6219 5.3 - 5.50 
26 24 4.2937 3.919 - 8.73 
37 0 2.43 

50.0 1 96 6.7507 6.7507 0.00 
2 90 6.2816 6.3048 0.30 
3 76 5.7063 5.83 2.17 
7 39 4.7207 4.69 - 0.50 

10 8 3.5949 3.00 -16.55 
13 0 - 1.78 

52.5 2 65 5.3853 5.3853 0.00 
3 39 4.7102 4.7102 0.00 
5 1 2.6737 3.0 10.88 
7 0 1.571 - 

P-percentage viability, Z.-actual probits,Z.-expected 

probits. 

Initial viability (at time=0) was 96% equivalent to standard 

deviate of Z=1.75 

where a is the standard normal deviate and T is the temperature in 

C. Using the Equation (5.1), 1/a can be calculated for any given tempera-

ture. Knowing the initial viability of the insect, the inverse estimates are 

calculated and the exposure time required to achieve a given level of mor-

tality at a particular temperature can be calculated. 

In these studies the average initial viability of the flaxseeds was 96%. 

Table 5.13 gives the inverse estimates of effective dose for different levels a 
mortality. 
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Table 5.12: Linearised viabilities (standard deviate) of wheat midge at 
different temperatures 

Temperature C Standard deviate 

47.5 10.3828 
50.0 3.0005 
52.5 1.2001

Table 5.13: Inverse estimates of effective dose for different levels of 
mortality 

mortality Time in minutes at treatment temperatures, C 
45 50 55 60 

1 13.80 1.63 0.046 0.00004 
5 18.85 2.40 0.080 0.00009 

10 22.27 2.95 0.105 0.00015 
30 31.52 4.55 0.186 0.00035 
50 40.07 6.13 0.277 0.00063 
70 50.94 8.27 0.412 0.00113 
90 72.09 12.75 0.730 0.00262 
95 85.16 15.69 0.961 0.00398 
99 116.37 23.15 1.609 0.00849 

99.9 165.13 35.80 2.868 0.02011 
99.99 220.25 51.24 4.614 0.04070 

I 

Table 5.14: Estimates of parameters in the regression model 

Effect Parameter estimate 

Bo intercept -46.9370 

B1 temperature 0.9752 

B2 log time 13.9410 

B12interaction -0.1981 

Natural mortality rate 0.0284 
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Estimates of the effects of parameters in the regression 
model 

Model Effect LL df Likelihood 
tested ratio 

Full model -179.78 75 
** 

B12 deleted interaction -186.02 76 12.46 

B1+B12 
deleted Temperature -525.50 77 678.98**

B2+B12
deleted Time -662.25 77 952.46**

** P < 0.01 

Table 5.16: Time to achieve different 
fidence limits 45.0 C

death rates with 95% coni-

Death rate Time L 95% U 95% 

% min C.L C.L 

1.00 13.80 9.30 19.61 
5.00 18.85 13.14 27.30 

10.00 22.27 15.65 32.88 
30.00 31.52 22.08 49.45 
50.00 40.07 27.64 66.46 
70.00 50.94 34.32 90.07 
90.00 72.09 46.44 141.25 
95.00 85.16 53.51 175.85 
99.00 116.37 69.53 266.28 
99.90 165.13 92.79 425.85 
99.99 220.25 117.38 628.36 
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Time to achieve different 
fidence limits 47.5 C 

death rates with 95% con-

Death rate Time L 95% U 95% 
% min C.L C.L 

1.00 5.32 3.60 6.98 
5.00 7.53 5.49 9.38 

10.00 9.06 6.89 11.06 
30.00 13.31 10.88 15.80 
50.00 17.37 14.58 20.67 
70.00 • 22.68 19.11 27.68 
90.00 33.33 27.34 43.61 
95.00 40.09 32.19 54.71 
99.00 56.69 43.37 84.38 
99.90 83.58 60.14 138.07 
99.99 115.06 78.47 207.70 

Table 5.18: Time to achieve different 
fidence limits 50 C 

death rates with 95% con-

Death rate Time L 95% U 95% 
min C.L C.L 

1.00 1.63 1.04 2.20 
5.00 2.40 1.69 3.06 

10.00 2.95 2.18 3.66 
30.00 4.55 3.67 5.38 
50.00 6.13 5.17 7.14 
70.00 8.27 7.11 9.72 
90.00 12.75 10.76 15.86 
95.00 15.69 12.97 20.32 
99.00 23.15 18.20 32.69 
99.90 35.80 26.38 56.19 
99.99 51.24 35.68 88.04 
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Table 5.21: Time to achieve different death rates with 95% 
fidence limits 57.5 C 

con 

Death rate Time L 95% U 95% 
min C.L C.L 

1.00 0.00290 0.00000 0.04390 
5.00 0.00540 0.00000 0.06440 

10.00 0.00750 0.00000 0.07900 
30.00 0.01480 0.00000 0.12150 
50.00 0.02380 0.00000 0.16410 
70.00 0.03820 0.00000 0.22240 
90.00 0.07590 0.00010 0.34780 
95.00 0.10540 0.00020 0.43330 
99.00 0.19510 0.00160 0.66370 
99.90 0.38890 0.01060 1.11200 
99.99 0.68630 0.04810 1.81000 

Table 5.22: Time to achieve different death rates with 95% cow-
, 

fidence limits 60.0 C 

Death rate Time 
% min 

1.00 0.00004 
5.00 0.00009 

10.00 0.00015 
30.00 0.00035 
50.00 0.00063 
70.00 0.00113 
90.00 0.00262 
95.00 0.00398 
99.00 0.00849 
99.90 0.02011 
99.99 0.04070 
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In the computer analysis, all the terms in the regression model (Table 

5.14 were found to be significant including the interaction term. The inverse 

estimates of effective dosages for 45, 47.5, 50, 52,5, 55, 57.5 and 60 C for 

different levels of mortality along with the 95% confidence limit values are 

given in Tables 5.16 to 5.22. 

5.3. Dynamic Probit Viability of Insects during Drying 

The insect viability during high temperature drying is affected by a 

combination of temperature and exposure time, even where product tempera-

tures are varying continuously with time. Extensive work by Nelhat 

[53] showed that the decrease in viability for each exposure temperature fol-

lows an exponential decrease. Such a curve has the characteristics of a 

cumulative normal distribution. Various studies on insecticides has shown 

that the frequency of mortality at different doses closely follows a normal 

distribution. 

Figure 5.4 shows that the insect viability closely follows an integral Of 

the normal distribution, given by the equation 

lZ 
1P=1—  exp{-z2/2)}dz 

aViTi- - cc 
(54) 

where P is the viability in decimal and z is the normalised standard devia-

tion (standard deviate) defined as 

Z=(t m-t)/a. (5

In this expression, t is the exposure time, tm is the time required for 

50% of the insects to be killed and a is the standard deviation. Z is zero 4t 

t=tm and ranges from -3.7 to +3.7, corresponding to P from 0.01 to 0.99. A 

numerical solution for Equation (5.3) was coded in Fortran and was used to 

transform the viability data P to the corresponding Z values. 
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The viability values are nonlinear with time, but if the Y axis is trans-

formed into a probability axis (0.01 to 0.99), then the viability curves 

come approximately linear with time and the corresponding Z values can be 

rearranged to give 

Z= Zo-t/a 

where Z0 is the intercept on the ordinate corresponding to the initial 

viability of the insect and -1/a is the slope of the line. 

5.4. 3 Minute Comparative Studies on Wheat Midge and 

Hessian Fly 

The emergence of wheat midge in the study followed the pattern found 

in the earlier series of 3 minute tests discussed in section 5.1. The sample 

mortality was total at 55 C and above. The emergence at different tempera 

tures is given in Table 5.23. In the case of Hessian fly, the emergence began 

after 10 days and continued into the 4th week of observation. 

In the first batch of Hessian fly study, done in two groups, no emer 

gence was observed from flaxseeds exposed to 55 C and above for 3 minutes''. 

The emergence was maximum at 50 C and showed a marked decrease at 40 

C (Tables 5.24 & 5.25). This was in contrast to the observations in the 

case of wheat midge. Though the level of emergence in the 40 C exposed 

samples varied significantly in the two groups, both the emergence values 

were lower than those for 50 C in the corresponding series. Again, in con,

trast to wheat midge, no dead and damaged larvae were observed. In the 

case of Hessian fly flaxseeds, the only observation criterion that could be 

used was the emergence of the live, adult flies. 
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Cumulative emergence of wheat midge - 
study with Hessian fly 

Comparativ 

Day 90 80 70 60 55 50 40 C 
25 25 25 25 25 25 25 25 

1 -4 0 0 0 0 0 0 2 
2 -7 -1 0 0 0 0 0 10 

3 -9 -1 0 0 0 0 6 13 
4 -9 -2 0 0 0 0 6 19 
5 -10 -3 0 0 0 0 16 22 
6 -11 -5 0 0 0 0 16 22 
7 -11 -5 0 0 0 0 20 24 
8 -11 -6 0 0 0 0 21 24 
9 -11 -8 0 0 0 1 22 24 

10 -11 -8 0 0 0 2 24 24 
11 -11 -8 0 0 0 4 24 24 
12 -11 -8 -3 0 0 8 25 24 
13 -11 -9 -3 -1 0 11 25 24 
14 -11 -9 -3 -1 -1 14 25 24 
15 -11 -9 -3 -1 -1 20 25 24 

Table 5.24: Cumulative emergence of Hessian fly : Batch I, group I 

Day 90 80 70 60 55 50 40 Cl C2 
25 25 25 25 25 25 25 25 25 

10 0 0 0 0 0 0 0 3 0 
11 0 0 0 0 0 0 0 7 0 
12 0 0 0 0 0 0 0 9 1 
13 0 0 0 0 0 0 0 11 1 
14 0 0 0 0 0 0 0 15 3 
15 0 0 0 0 0 1 7 16 7 
16 0 0 0 0 0 5 9 16 10 
17 0 0 0 0 0 12 10 17 11 
18 0 0 0 0 0 16 10 17 11 
19 0 0 0 0 0 18 11 17 12 
20 0 0 0 0 0 18 11 17 13 
21 0 0 0 0 0 19 11 18 13 
22 0 0 0 0 0 20 11 18 16 
23 0 0 0 0 0 20 11 18 16 
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Table 5.25: Cumulative emergence of Hessian fly : Batch I, group II 

Day 90 
25 

80 
25 

70 
25 

60 
25 

55h 
25 

50 
25 

40 
25 

C 
25 

6 0 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 0 
8 0 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0 0 

10 0 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 2 
13 0 0 0 0 0 0 0 2 
14 0 0 0 0 0 0 1 6 
15 0 0 0 0 0 6 1 12 
16 0 0 0 0 0 10 1 14 
17 0 0 0 0 0 10 1 17 
18 0 0 0 0 0 14 1 17 
19 0 0 0 0 0 14 1 17 
20 0 0 0 0 0 14 1 17 
21 0 0 0 0 0 14 1 17 

Table 5.26: Emergence of Hessian fly during second observation 

Sample final emergence 

Group I 
Control I 0 
Control II 0 

50 C 0 
40 C 0 

Group II 
Control 0 

40 C 0 
50 C 0 
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As discussed in the section 4.3.2, differentiation between kill and 

diapause is not possible in the case of Hessian fly. The lower emergence at 

40 C could not readily be explained. There was a distinct possibility that 

temperature of 40 C could have stimulated diapause in the Hessian fly. 

test this possibility the treated samples were again kept in the cold storago 

at 2 C for 2 months and again observed at room temperature (19-21 C) for 

3 weeks. The results of the second observation are given in Table 5.26 

Data in the table show zero emergence during the second observation period, 

indicating that the insects had come out of the diapause during the first ob-, 

servation period and thermal treatment did not induce diapause again. Con-

sequently, zero emergence at 55 C and above results from death and not 

diapause. 

In the second batch studied the flaxseeds had been in cold storage only 

for one week before being shipped and had not undergone a long diapause 

period. In this batch, the samples were put in cold storage at 2 C for 

weeks immediately after treatment. One control sample was kept in the lab 

for observation without being put through the 12 week cold treatmen. 

Emergence in this control sample is shown in Table 5.27. As can be inferred 

from the table, the control showed better emergence (100%) compared to the' 

controls in Batch I, which showed 68% emergence. This variation in emer-

gence is within the range of fluctuations due to natural causes and there ap-

pears to be no significant effect on emergence due to diapause. 

Table 5.27: Emergence of non diapausing Hessian fly - Control 

days emergence/25 

14 4 
16 13 
18 24 
19 25 
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Table 5.28: Hessian Fly emergence table : BatchII, Nondiapausing 

Day C 90 80 70 60 55 50 

Group 1 

10 0 0 0 0 0 0 0 
11 1 0 0 0 0 0 0 
12 4 0 0 0 0 0 0 
13 9 0 0 0 0 0 3 
14 12 0 0 0 0 0 5 
15 17 0 0 0 0 0 7 
16 19 0 0 0 0 0 9 
17 20 0 0 0 0 0 11 
18 20 0 0 0 0 0 13 
19 20 0 0 0 0 0 14 
20 20 0 0 0 0 0 14 
21 20 0 0 0 0 0 14 

Group 2 

10 0 0 0 0 0 0 0 
11 2 0 0 0 0 0 0 
12 5 0 0 0 0 0 0 
13 17 0 0 0 0 0. 6 
14 20 0 0 0 0 0 8 
15 22 0 0 0 0 0 16 
16 25 0 0 0 0 0 18 
17 25 0 0 0 0 0 18 
18 25 0 0 0 0 0 18 
19 25 0 0 0 0 0 18 
20 25 0 0 0 0 0 18 
21 25 0 0 0 0 0 18 

The emergence of the samples from batch II tests is given in Tab e 

5.28. 
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5.5. Discussion 

The results indicate that the thermal kill point of wheat midge and the 

Hessian fly are in the 52.5 - 55.0 C range for an exposure time of 

minutes. These findings are in conformity with results from other invest 

tigators on other insect species. Similar temperature tolerances exhibited by 

wheat midge and Hessian fly in the 3 minute test indicates that the time4 

mortality relationship for the two insect species might also be similar. ExterH 

sive studies on Hessian fly are not feasible at this time due to the 

availability of flaxseeds in sufficient numbers. Most of the studies quoted in 

the literature have used insects in grain or other host materials. Evans and 

Dermott [54] showed that instantaneous kill of Rhyzopertha dominica wag 

possible at a grain temperature of 65 C and indicated that at 55 C the 

grain must be allowed to stand for some minutes before complete disinfes+ 

tation can be obtained. The results of the present study shows the kill time 

to be small even at 60 C and consequently the kill could be considered to be 

almost instantaneous at 65 C. 

These experimental results indicate effective kill at 1 minute even at 55 

C, and the computed inverse estimates give an effective dose of 4.614 

minutes for the same temperature, the 95% confidence limits being 2.851 

minutes and 10.95 minutes. There appears to be a wide difference between 

the experimental effective dose and the computed value; however, the corn-

puted dose projects the effective dose for a large number of insects (99.99% 

being the probability of 1 survival in 10000 insects), whereas the actual 

studies were carried out with a significantly smaller number of insects 

(25-30). The inverse estimates computed from the experimental data conform 

to the findings of Evans and Dermott for large scale disinfestation. Such ear-

lier studies on hay are not available. 

Evans and Dermott [54] have quoted the lethal time for 99.9% kill as 

3.3 minutes at a grain temperature of 59.8 C when heated with air at 60 

C. The grain depth in the study was 250 mm. The present results show an 
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ffective dose time of 2.868 minutes at 55 C. Considering that the insect wasl 

rom a different species, and the fact that no host material was used for this 

xamination, the results show close conformity. 

The present studies also indicate that the responses of both wheat 

idge and Hessian fly are similar to other insects as far as the thermal dis-

i festation process is concerned, and are not highly temperature resistant. 

.6. Diapause in Hessian Fly 

Though the concept of diapause in Hessian fly is known, no quantita-

ive data exists on the minimum period of diapause. Termination o 

iapause in some insect species is often hastened by stress. Bel

[31] observed earlier termination of diapause in samples treated with) 

umigants like phosphene compared to control samples. 

Similar results were observed in this study in wheat midge when the 

stress levels were low. Wheat midge samples treated at 40C for 3 min 

showed much earlier emergence compared to controls (refer to Appendix D) 3

but the emergence was delayed when the temperatures increased. This could. 

be attributed to thermal shock and subsequent recovery. Moderate temperaff 

tures (40 C) could be considered to give a stimulating effect encouraging ter 

mination of diapause. Higher temperatures terminate the diapause but place 

the insects in a state of thermal shock and emergence becomes relatively 

slower. As the shock level increases, the recovery period also increases. 

In the case of Hessian fly, the results of the first batch of experiments 

indicate that the insect did not go into second diapause. Consequently th0 

non-emergence has to be taken as mortality and not diapause. The results 

show total kill at temperatures at 55 C and above. There is no explanatiO 

for the low emergence at 40 C in group II (1 out of 25). Since only two 

trials were conducted, much emphasis cannot be placed on this single finding 

to advance any concept. The second batch of experiments using nondiapaus+. 
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ing Hessian fly flaxseed samples also showed similar thermal response with 

no emergence at and above 55 C. The results do not demonstrate any sig-' 

nificant difference between prediapause and postdiapause Hessian fly flaxseed 

s amp les . 

In summary, the results show consistent kill at 55 C and above, with 

the results of wheat midge and Hessian fly closely matching. These findings 

correlate well with the results of other investigators on other species of in-

sects. 
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6. Application 

A logical extension of experimental work is the application of the 

results under field conditions. In this chapter, the application of the ex 

perimental results and the probit analysis technique will be used to predict 

the viability of Hessian fly and wheat midge as hay passes through a dryerL 

A bale drying system and a rotary drum dryer for drying alfalfa have been 

chosen for this analysis. 

Moisture in stored products promotes respiration, moisture migration 

and mould growth, which in turn, reduce the quality of the product. Furl-

ther, good drying weather does not always prevail when crops are at th 

proper stage of maturity for harvesting. Hot air drying of hay is a common 

and accepted method of drying. This process can dry the product in a short 

time, preventing mould growth. Extensive studies on the optimisation and 

control has been reported [55], [56], [57], [58]. A computer simulation of the 

drying process had been earlier developed and validated using field data and 

the validated computer program used in the control and optimisation of the 

dryer [59], [60]. 
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6.1. Rotary Drum Dryer 

6.1.1. Description of the dryer 

Figure 6.1 shows the schematic of the dryer drum and the auxiliary 

equipment; forage feeder, cyclone and the blower. The dehydrator section 

composed of three concentric rotating drums in which drying air and alfalfa 

chops move concurrently (Figure 6.2). Drum rotation and airflow facilitate 

the forward movement of the solid material in the drums. The solid materi0 

is composed of various components, assumed to be stems, leaves and par-

ticles. 

To control the dryer, air temperatures are measured continuously at 

two locations; the inlet hot air temperature to the dryer, and the exhaust air 

temperature at the outlet of the dryer. An approximate relationship exists 

between the exhaust air temperature and the moisture content of the 

dehydrated product, a lower temperature being associated with higher moi-

ture content of the product. To control the process, the air exhaust temper 

ture is set at a fixed value and a temperature controller is used to regulate 

the flow of gas into the furnace. This compensates for variations in the 

moisture content of the wet chops which may tend to 

temperature to deviate from the set point. 

cause the exhauSt 

Ideally, both the chop temperature and moisture content should be 

monitored within the dryer as well as the exit. Measuring moisture content 

and temperature of the chops or any of its fractions within the dryer is nck 

feasible because the drum is rotating and each particle is travelling at a dif-

ferent rate. While the moisture content of the sample at the outlet of the 

dryer may be determined, the hay temperature cannot be determined aC-

curately due to rapid heat loss from the sample. 
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The dryer specifications were as follows: 

Outer drum diameter 
Middle drum diameter 
Inner drum diameter 
Dryer length(each pass) 
Total drying length(3 passes) 
Speed of rotation 
Air flow rate 

6.1.2. The product 

tions: 

: 2.5 m 
: 1.75 m 

1.00 m 
: 12.0 m 
: 36 m 
: 8 rpm 
: 1000 m3/min 

The chopped alfalfa was made up of the following geometries and fracl-

Leaves 

Large stems 

Small stems 

Small particles 

: Oval shaped 2.2 cm long, 1.2 cm wide, 
0.05 cm thick, mass fraction 0.47 kg/kg 

: Cylindrical shape, 3 cm long, 0.3 cm 
diameter, mass fraction 0.5 kg/kg 

: Cylindrical shape, 3 cm long, 0.1 cm 
diameter, mass fraction 0.025 kg/kg 

: spherical shape, 0.1 cm diameter, 
mass fraction 0.005 kg/kg 

These specifications were used to simulate hay transport and drying in 

the rotary dryer. 

6.1.3. Computation technique 

The mathematical model simulates the movement of the solid material 

in the drums. Each fraction of the chopped product moves at a forward 

speed depending upon its density and aerodynamic properties. Thus, the 

residence time of each fraction in the drum differs from the others. The 

drying process for each fraction was modelled with the fundamental heat and 

moisture balance equations, and standard thermodynamic properties of moist 

air. Heat losses from the wall of the drum to the outside and leakage of air 

had been omitted from the drying model to simplify computations. 
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The mathematical model for drying had been checked against measure-

ments from the actual drying plant in order to justify further analysis, and 

the feed rate in the model was adjusted to yield a value near the average 

feed rate measured daily from bulk loads to the plant. The adjustment,

provided dehydrated product with a moisture content within 0.5% of thatl 

measured. Under these conditions, the exhaust air temperatures were consis-

tently higher than the measured temperatures by 10-15 C. This discrepanci 

was due to unaccounted heat losses from the drum and leakages. The conclu-

sion was that the temperature and moisture content were correctly predicted 

by the model. 

In an earlier report, Sokhansanj and Wood [2] examined the tempera-

ture conditions within the chops inside the dryer. The inlet temperatures 

were adjusted to dry 55, 65 and 72% moisture content chops to about 10% 

dehydrated product. The simulation studies showed that in order to achieve 

the 90 C for the chops temperature and a final moisture content of 10%, the 

air temperature at the inlet should be more than 500 C. The maximum 

residence time for the chops in the dryer was calculated to be about 3 

minutes. 

In the current work, the probit mortality equation developed from the 

wheat midge and Hessian fly studies was incorporated into the simulation!

program and several simulation runs were carried out. As the alfalfa moves 

through the dryer, the temperature is constantly changing and the loss oif 

viability depends upon the temperature. The program computes the tem-

peratures reached by the different fractions of the alfalfa being dried at short 

intervals of time. At each point of time the new viability is calculated. Iti 

has been well documented that the loss of viability is very much dependent 

upon the initial viability of the insect at any instant. At every instant of 

time, the new viability is taken as the initial viability to compute the loss m 

viability. This process is carried out throughout the length of the dryer. 
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Results of the simulation for a drying temperature of 200 C and input, 

hay moisture content of 30% are given in Figures 6.3 to 6.6. Figure 6.3 

shows the moisture content of each fraction and the mass average moisture 

content of the chops. The smaller and lighter particles have a lower moisture 

content than the larger and heavier particles within the dryer. Figure 6.4 is, 

a typical trace of the air temperature and the mass average temperature oi 

the chops along the dryer length. The mass average temperature of the 

product reaches a temperature well above 60 C. Figure 6.5 shows the profile 

of the temperatures reached by the different fractions of the alfalfa as a 

function of residence time in the drum. The small particles have a short 

residence time, but their temperatures are far higher, close to the inlet aii 

temperature of 200 C. All the fractions reach a temperature of 55 C or 
higher and remain high at the exit point. 

PRODUCT MOISTURE CONTENT — ROTARY DRUM DRYER 
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Figure 6.3: Product moisture content 

Figure 6.6 shows the viability of the insect that may be associated with 

each fraction of hay during drying. It should be noted that in the case of 

small particles, because of the high temperatures reached, the insects die al-



88 

PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
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Figure 6.4: Product temperature 
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most instantaneously after entering the dryer. Because of the comparatively 
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INSECT VIABIUTY — ROTARY DRUM DRYER 
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Figure 6.6: Insect viability in the product 

slow increase in the temperature of the large stems, total mortality of the in-

sects occurs at a point about half way into the dryer. Table 6.1 summarisels 

the result of a number of drying simulations for which drying temperaturE, 

the initial moisture content and feed rate were adjusted so that an outpult 

moisture content of approximately 10% is obtained. The plots associated with 

these conditions are given in Appendix E. For each of these conditions the 

point along the dryer at which the insect viability becomes zero, or where 

the kill is 100%, is given in the last column of the table. Considering th4t 

the length of the travel in the dryer is 36 m for the modelled dryer, evi-

dently all insects die before exit from the dryer. 

6.1.4. Application of viability in computer simulation of drying Hay 

As the hay moves through any dryer, the temperature of the material 

changes continuously. For a short time step of At, which is set during the 

drying computations (often a fraction of a second), it is assumed that the 

temperature of the product remains constant. The temperature changes by ia 
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Table 6.1: Summary of the hay drying simulation including insect 
mortality in the dryer 

Temp Input mc Feed rate Output mc 

C kg/hr 

150 25 6500 8.4 17.25 
200 30 7000 9.4 18.75 
300 40 6000 10.0 12.80 
400 50 5500 10.0 3.75 
500 50 7200 10.0 1.50 
600 60 5500 10.2 1.50 
700 60 6800 10.4 1.25 

'L' is the distance in m, along the dryer at which point the 

viability of the insect becomes zero. 

small amount for the next time step. To simulate the dynamic conditionS 

during drying and to integrate the cumulative effect of temperature on 

viability of the insect, the following procedure was used. 

In a layer of drying product, the change in the probit viability during 

the j th time step At is calculated as follows: 

A Z 

The probit viability after N time steps is 

N 

Z=z0-E A Zi  (6. ) 

The procedure for computing the cumulative viability of the inset 

during drying is as follows : 

1. Initial viability P is specified 
2. The corresponding initial standard deviate Z0 is 
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computed using standard tables or using the inverse of 
Equation (5.3) 

3. The product temperature after time step At is 
computed using the drying simulation model 

4. The corresponding o is computed 
5. AZ. is computed using time steps At and 

a 
6. • ZJ is accumulated over the time steps for the 

total drying time and the final value of Z is calculated 
using Zo

7. The inverse of Z is taken to give the viability P of the 
insect. 

.1.5. Applicability of probit equations to Hessian fly 

The available experimental data consists of the three-minute kill dati, 

for Hessian fly and wheat midge and time studies on wheat midge only. In 

order to apply the probit equations developed earlier to Hessian fly there 

should be some commonality of bio-response between wheat midge and Hesr

sian fly. 

Both these insects belong to the same order of Diptera and the same 

family Cecidomyiidae. Hessian fly and wheat midge spend their larva stage 

on cereal plants and have an overwintering resting stage. The cocoon shell 

of the wheat midge was soluble in 8% KOH solution while that of the flax 

seeds did not dissolve in the solution, showing that the shells are structurally 

different. However the flaxseed shells were very fragile compared to the 

cocoon shells and broke easily under slight pressure. Further, as discussed 

chapter 5, the thermal kill response in the three minute test showed a close 

correspondence and hence the same equations are applied to the Hessian flY 

to predict the mortality. 
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6.1.6. Discussion 

The rotary drum dryer is a concurrent flow type dryer. The significant 

characteristic of this type of dryer is that the wet chops are exposed to in 

tense heat immediately after the material enters the drum. A large watet 

vapour pressure develops within the particles which is the driving force bel-

hind the rapid release of the water. This effect can be seen in Figure 6.$ 

where, within about 30 seconds, the plant material loses a large part of itS 

moisture. It is reasonable to expect that due to this intense heat any 

material such as eggs, larvae, pupa and adult insects which may be attached 

to the plant material will be ruptured immediately after entering the drurn, 

The temperature of the different particles depends on the moisture content of 

the wet chop entering the dryer. The temperature of the leaves and smai[l 

particles which dry quickly, is far higher than the required 60 C and insect 

kill is almost instantaneous. On the other hand, the temperature of a large 

stem rises much more slowly but remains above 60 C for a much longer 

time (over 3 minutes), ensuring 100% kill. All the components of the hay are 

well mixed in the cyclone where equilibrium conditions are established. 

6.2. Thermal Disinfestation in a Bale Dryer (White Fox 

Dryer) 

Preserving the integrity of hay and its components such as leaves and 

stems is essential for producing a nutritious and palatable hay product. Al-

falfa leaves contain about 70% of the total protein and 90% of the minerals 

and vitamins contained within the plant. A successful drying of baled haw 

can preserve the nutritional and physical qualities of fresh hay. To produce 

high quality hay, the integrity of the bales must be maintained during dry-

ing. In addition, temperatures and airflows must be precisely controlled to 

minimise heat damage to nutrients, and to eliminate overdrying, incomplete 

drying and uneven drying. The dryer must also be capable of processing the 

product to the existing phytosanitary requirements for export. The dryer 

must be inexpensive to build and must have low operating costs. 
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6.2.1. Description of the White Fox dryer 

The dryer has been designed to dry baled alfalfa from 30% moisture 

content at the inlet to 12% at the outlet, with a nominal capacity of 6 

tonnes per hour. The initial air temperature is 110 C. Figure 6.7 is 0, 

schematic diagram of the dryer. It consists of three drying zones and one 

cooling zone with a total length of about 16 m. Each zone is 3.67 m wide 

and 3.67 m long through which 30 cm thick alfalfa bales travel continuously 

from zone 1 through zone 4. The normal travel speed of the drying material 

is 0.61 m/min. 

Drying air circulates through a series of heating ducts designed to min-

imise energy consumption and even out the moisture content through thie 

drying bale. The air velocity for each zone is set at about 40 m/min (40 

m3/m2-min) to minimise the suspension and loss of light fractions such as 

leaves. Burners are located in separate ducts upstream from the main recir-

culated air stream to heat makeup air, thus preventing any fire sparks that 

may be caused by fine combustible particles in the recirculating air stream. 

The passive movement of the materials allows the manipulation of every 

process variable in the dryer. The travel speed of the material in the dryer, 

the heat input, the airflow rate and the recirculation ratio can be precisely 

controlled to produce a high quality hay with the desired moisture content 

and disinfestation requirements. 

A unique feature of the White Fox dryer is the capability to recover a 

portion of the unused heat energy after each zone for use in another zone. 

The ambient air, heated during the cooling of the dried product in zone 4, is 

recirculated to zone 1. The air from zone 1 is recirculated through zones 2 

and 3 before being exhausted to the outside. Heat loss from the dryer walls 

and ducts is minimised by insulating the exposed surfaces. 
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6.2.2. Computer model of the dryer 

A mathematical model had earlier been developed to facilitate the 

design of the White Fox dryer. The model consisted of four primary equ+ 

tions describing the process of heat and moisture transfer. These equations 

had been extensively used earlier for grain drying simulation by Sokhansanj 

[55], and had been further validated with the alfalfa drying experiments 

carried out at Tisdale, Saskatchewan [2]. In this simulation program, the 

bale is horizontally divided into a number of thin layers and the fundamen-

tal equations are applied to each of these layers. As air passes through each 

layer the temperature and moisture content of the air and the produClt 

changes. The exiting air conditions become the inlet air conditions for the 

next layer. Likewise, as the product moves through the dryer the conditions 

of each vertical segment also changes. As can be seen from Figure 6.7, in 

each zone the direction of airflow changes. 

Figure 6.8 shows the moisture content profile of hay during a 

tion run with 110 C air and drying alfalfa from 30% to 12% moisture con-

tent. The total drying time is about 23 minutes. In zone 1, as the air flows 

from top to bottom, the moisture content of the top layer decreases im-

mediately, while the moisture content of the bottom layer increases slightljy 

during the initial warming periods. This increase in moisture content is due 

to water condensing from hot moist air on the cold bottom layer of hay. 

However, in the next zone the air flow is reversed and the bottom layer 

dries faster. The variation in the final moisture content of the hay is min-

imal throughout the bale at the end of the drying process. Figure 6.8 shows 

a steady decrease in the average moisture content throughout the drying 

process. 
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PRODUCT MOISTURE CONTENT — WHITE FOX DRYER 
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Figure 6.8: Product moisture content 
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INSECT VIABILITY — WHITEFOX DRYER 
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Figure 6.10: Insect viability 
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Figure 6.9 shows a sample plot of the product temperature during dry-

ing. The temperature of the top layer increases rapidly and reaches the 

level of the drying air temperature by the end of zone 1. In zone 2, with the 

reversed air flow, the bottom layer is heated, and partial cooling of the top 

layer occurs. By the end of zone 2, the bottom layer reaches the drying tem-

perature. The middle layer shows a steady rise in temperature througholit 

the three zones. 

6.2.3. Insect mortality 

The mortality of insects during drying was computed using the same 

probit technique described earlier for the rotary drum dryer. To compute tle 

insect mortality at the top, bottom and the middle layer of the alfalfa, tle 

corresponding simulation temperatures reached were used. The initial 

viability of the insect for all cases was assumed to be a maximum of 99.9%. 

Figure 6.10 shows the insect viability with an air temperature of 110 C arid 

alfalfa initial moisture content of 30%. Drying with 90 and 60 C for alfalfa 
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Table 6.2: Overall performance of the White Fox dryer 

Given drying conditions: 

Ambient air temperature 
Drying air temperature 
in all the three zones 
Airflow rate in each zone 
Belt speed 
Alfalfa input rate at 30% 
moisture content 

Results: 

15 C 

110 C 
520 m3/minute 
0.61 m/min 

7.6 tonnes/hour 

Hay output at 11% 
moisture content 5.96 tonnes/hour 
Time the top layer 
at 90 C or higher 12 minutes 
Time the bottom layer 
at 90 C or higher 12 minutes 
Time the middle layer 
at 90 C or higher 4 minutes 
Exit product tempeiature 
from the cooling zone 17 C 
Heat energy per tonne 
of dried product 1 GJ 
Overall zone drying efficiency 59% 

of moisture content of 25% and 20% respectively, were simulated. These 

plots are included in Appendix E. In all the cases, the viability curve 

showed that the insects died within the dryer. Both the top and bottorki 

layer were susceptible to high temperatures, but the average kill time was 

longer because the temperature at the centre of the bale remained lower than 

the outer layers. At 110 C, the average kill time was less than 6 minutes, 

increasing to just more than 6 minutes at 90 C, and at 60 C the kill time 

was 12 minutes. 

The current phytosanitary requirement of 90 C for 3 minutes bf 
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roduct temperature is achieved and exceeded in the newly designed White 

ox dryer. Table 6.2 summarises the calculated performance of the dryer. 
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7. Conclusions and Recommendations 

7.1. Conclusions 

Laboratory experiments show that both wheat midge and Hessian fly 

are killed at temperatures of 55 C and above even when the exposure time 

is 1 minute. There is a close correspondence between the two insect species 

as far as thermal susceptibility is concerned. The data analysis shows that 

kill is almost instantaneous at 60 C and above. A treatment temperature of 

60 C for 1 minute is considered adequate under field conditions, allowing for 

errors in calibration and measurements. 

As a result of the study the specific kill temperature of Hessian fly and 

wheat midge are known. Prior to these studies such specific information was 

not available though it was generally known that exposure to temperatures 

between 50 and 60 C was lethal to insects. 

For the first time the probit technique has been directly built into ,a 

simulation model of a dryer to predict the viability of insects. Earlier use Of 

such a technique in a drying model has not been reported in the literature.

Simulation runs on the rotary drum dryer and the bale dryer shovv 

that complete disinfestation is achieved in the dryer, and that the product 

from these dryers meets the export requirements. 
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7.2. Recommendations 

It is a known and accepted fact that relative humidity affects the kill 

results [25]. The current studies were done at ambient room humidity. Do-

ing similar studies at different humidities has not yet been attempted . 

Such a line of research is worth exploring. 

These studies could also be done in the presence of host materials tO 

more closely represent the field conditions. 

A useful related line of research will be to investigate the application of 

steam in the thermal kill of more resistant species like fungi, and the aph 

plication of microwaves in the disinfestation process. 
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A. Details of the Equipment Used 
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Hot air oven : Convection oven with thermostat control, 
'Labline', Agriculture Canada No. 039266 

Thermocouple : Model BAT-5, Bailey Instruments Inc.,USA., 
thermometer Agriculture Canada No. 129297 

Datalogger : Microdatalogger -21X, multiprogrammable, 
from Campbell scientific Inc., (U of S 
No. 1854) 

Temperature : Leeds Northorp Temperature recorder speedomax 
recorder Temperature range 0-200 C, U of S No.0006387 
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B. Emergence Tables - 3 Minute Test 

Table B.1: Cumulative emergence of wheat midge 50 C/3 minute 

test 

Day C I II III IV V 
30 30 30 30 30 30 

1 0 0 0 0 0 0 

2 0 0 0 0 0 0 

3 2 0 0 0 0 0 

4 9 0 0 5 0 1 

5 15 0 0 7 0 3 
6 17 0 0 7 1 4 

7 18 0 0 8 1 4 
9 18 0 1 9 1 9 

10 18 1 1 11 1 11 

11 19 1 1 12 3 11 

12 19 1 3 12 3 13 

13 19 1 5 12 5 14 

14 21 1 5 12 5 14 

15 21 16 16 22 14 21 
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Table B.2: Cumulative emergence of wheat midge 55 
test 

C/3 minute 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 5 0 0 0 0 -1 
4 5 0 0 0 0 -1 
5 5 0 0 0 0 -1 
6 5 0 0 -1 -2 -1 
7 14 -3 0 -2 -2 -2 
8 14 -3 0 -3 -2 -5 
9 17 -4 -1 -3 -4 -6 

10 17 -6 -2 -3 -4 -7 
11 19 -7 -2 -4 -5 -7 
12 19 -8 -3 -6 -6 -10 
13 23 -10 -3 -7 -7 -11 
14 26 -10 -5 -10 -8 -12 
15 26 -13 -5 -10 -8 -13 

Table B.3: Cumulative emergence of wheat midge 60 C/3 minue 
test 

Day C I II III IV V 
30 30 30 30 30 30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 7 0 0 0 0 0 
4 11 0 0 0 0 0 
5 15 0 0 0 0 0 
6 18 0 0 0 0 0 
7 19 0 0 0 0 0 
8 19 0 0 0 0 0 
9 19 0 0 0 0 0 

10 19 0 0 0 0 0 
11 20 0 0 0 0 0 
12 20 0 0 0 0 0 
13 20 0 0 0 0 0 
14 20 0 0 0 0 0 
15 24 0 0 0 0 0 
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Cumulative emergence of wheat midge 70 C/3 
test

minuth 

Day C I II III IV V 
30 30 30 30 30 30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 3 0 0 0 0 0 
4 7 0 0 0 0 0 
5 13 0 0 0 0 0 
6 15 0 0 0 0 0 
7 22 0 0 0 0 0 
8 22 0 0 0 0 0 
9 23 0 0 0 0 0. 

10 23 0 0 0 0 0 
11 22 0 0 0 0 0 
12 22 0 0 0 0 0 
13 22 0 0 0 0 0 
14 22 0 0 0 0 0 
15 25 0 0 0 0 0 

Table B.5: Cumulative emergence of wheat midge 80 C/3 minute 

Day C I II III IV V 
30 * 30 30 30 30 30 

1 0 0 0 0 0 0 
2 1 0 0 0 0 0 
3 11 0 0 0 0 0 
4 14 0 0 0 0 0 
5 18 0 0 0 0 0 
6 21 0 0 0 0 0 
7 21 0 0 0 0 0 
8 22 0 0 0 0 0 
9 22 0 0 0 0 0 

10 22 0 0 0 0 0 
11 22 0 0 0 0 0 
12 22 0 0 0 0 0 
13 22 0 0 0 0 0 
14 22 0 0 0 0 0 
15 25 0 0 0 0 0 
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Table B.6: Cumulative emergence of wheat midge 90 C/3 minute 
test 

Day C 
30 

I 
29 

II 
26 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 1 0 0 0 0 0 
3 1 0 0 0 0 0 
4 3 0 0 0 0 0 
5 9 0 0 0 0 0 
6 13 0 0 0 0 0 
7 13 0 0 0 0 0 
8 15 0 0 0 0 0 
9 15 0 0 0 0 0 

10 15 0 0 0 0 0 
11 15 0 0 0 0 0 
12 15 0 0 0 0 0 
13 16 0 0 0 0 0 
14 16 0 0 0 0 0 
15 16 0 0 0 0 0 
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C. Emergence Tables 
Time - Temperature Study 

Table C.1: Cumulative emergence of wheat midge time series 
47.5C/7 minutes 

Day Control 
25 

I 
25 

II 
25 

III 
25

1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 6 4 2 0 
5 9 5 4 3 
7 9 12 6 10 
8 20 17 11 16 
9 22 19 15 18 

10 23 19 17 18 
12 23 20 17 18 
13 24 20 18 20 
14 25 20 20 21 
15 25 24 23 25 
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Cumulative emergence 
47.5C/16 minutes 

of wheat midge time series 

Day Control I II III 
25 25 24 25 

1 0  0 0 0 
2 0 0 0 0 
4 0 0 0 0 
5 10 0 1 1 
6 12 3 3 3 
7 18 4 7 5 
9 22 5 9 8 

10 23 10 16 13 
11 23 10 18 13 
12 24 15 18 14 
14 24 15 18 15 
15 24 18 20 17 

Table C.3: Cumulative emergence of wheat midge time series 
47.5C/26 minutes

Day Control I II III 
25 25 25 25 

1 0 0 0 0 
2 0 0 0 0 
4 5 0 0 0 
5 8 0 0 0 
6 8 0 0 0 
7 12 0 0 0 
8 18 0 0 1 
9 18 0 0 1 

10 18 0 0 1 
11 19 0 0 1 
12 20 0 0 1 
14 20 0 0 1 
15 23 5 9 4 
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Table C.4: Cumulative emergence of wheat midge time seri s 
47.5C/37 minutes 

Day Control I II III 

25 25 25 25 

1 0 0 0 0 

2 1 0 0 0 

4 7 0 0 0 

5 18 0 0 0 
6 22 0 0 0 

7 22 0 0 -1 

9 23 0 0 -2 
10 23 0 0 -2 
11 24 0 0 -2 
12 24 0 0 -2 
13 24 0 0 -3 
14 24 0 -1 -3 

15 24 0 -1 -3 

Table C.5: Cumulative emergence of wheat midge time seriOs 
50C/1 minute 

Day Control 
25 

I 
25 

II 
25 

III 
25 

1 0 0 0 0 

2 0 0 0 0 

3 5 1 0 0 
4 9 4 0 2 
5 11 7 4 2 
6 16 10 7 7 
7 18 13 11 15 

8 19 13 13 15 
9 22 15 17 21 

10 22 18 19 22 
12 22 20 20 23 

14 22 21 22 23 

15 23 23 25 24 
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Table C.6: Cumulative emergence of wheat midge time series 
50C/2 minutes 

Day Control 
25 

I 
25 

II 
25 

III 
24 

1 0 0 0 0 
2 0 0 0 0 
3 1 0 0 0 
4 9 1 3 0 
5 10 1 3 0 
6 16 14 4 0 
7 18 17 8 0 
8 20 18 8 0 
9 24 21 13 0 

10 25 22 14 2 
11 25 23 22 2 
12 25 23 22 2 
13 25 23 23 5 
14 25 23 23 6 
15 25 25 24 19 

Table C.7: Cumulative emergence of wheat midge time seri 
50C/3 minutes 

Day Control 
25 25 

II 
25 

III 
25 

1 0 0 0 0 
2 0 0 0 0 
3 2 0 0 0 
4 6 0 0 1 
5 9 0 0 3 
6 14 1 1 3 
7 17 2 1 3 
8 17 2 1 3 
9 22 5 4 8 

10 22 5 4 9 
12 24 5 4 14 
13 24 5 12 15 
14 24 5 12 15 
15 24 11 23 23 
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Cumulative emergence 
50C/7 minutes 

of wheat midge time seri s 

Day Control I II III 
25 25 25 25 

1 0 0 0 0 
2 1 0 0 0 
3 1 0 0 0 
4 11 0 0 0 
5 16 0 0 0 
6 20 0 0 0 
7 24 0 0 0 
8 24 0 0 0 
9 24 0 0 1 

10 25 0 0 1 
12 25 0 0 1 
13 25 0 3 1 
14 25 0 3 1 
15 25 0 16 13 

Table C.9: Cumulative emergence of wheat midge time seris 
50C/10 minutes 1

Day Control I II III 
25 25 25 25 

1 0 0 0 0 
2 2 0 0 0 
3 6 0 0 0 
4 10 0 0 0 
5 14 0 0 0 
6 20 0 0 0 
7 20 0 0 0 
8 22 0 0 0 
9 24 0 0 0

11 25 0 0 0 
12 25 0 0 0 
13 25 0 0 1 
15 25 0 1 5 

1 
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Table C.10: Cumulative emergence of 
50C/13 minutes 

wheat midge time series 

Day Control 
25 

I 
25 

II 
25 

III 
25 

1 0 0 0 0 
2 0 0 0 0 
3 3 0 0 0 
4 4 0 0 0 
5 4 0 0 0 
6 20 0 0 0 
7 22 0 0 0 
9 22 0 0 0 

10 23 0 0 0 
11 23 0 0 0 
12 23 0 0 0 
14 23 -1 0 0 
15 25 -1 0 0 

Table C.11: Cumulative emergence of wheat midge time series 
52.5C/1 minute 

Day Control I II III 
25 25 25 25 

1 0 0 0 0 
2 1 0 0 0 
3 3 0 0 0 
4 6 0 0 0 
5 16 0 0 0 
6 20 0 0 1 
7 22 0 1 1 
8 23 0 1 2 
9 23 0 1 3 

10 24 0 1 3 
11 24 0 2 3 
13 24 0 2 3 
14 25 0 4 5 
15 25 8 17 17 
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Table C.12: Cumulative emergence of wheat midge time seri 
52.5C/2 minutes 

Day Control 
25 

I 
25 

II 
25 

III 
25 

1 0 0 0 0 
2 0 0 0 0 
3 9 0 0 0 
4 15 0 0 0 
5 15 0 1 0 
6 17 0 3 0 
7 22 0 5 0 
8 24 0 5 0 
9 24 1 5 2 

10 24 2 5 .2 
11 24 4 7 4 
12 24 5 7 5 
14 24 5 12 6 
15 25 16 17 16 

Table C.13: Cumulative emergence of wheat midge time series 
52.5C/3 minutes 

Day Control 
25 25 

II 
25 

III 
24 

1 0 0 0 0 
2 1 0 0 0 
3 5 0 0 0 
4 15 0 0 0 
5 15 0 0 0 
6 15 0 0 0 
7 20 0 0 0 
8 20 0 1 0 
9 23 0 1 0 

10 24 0 1 0 
11 25 0 1 0 
12 25 0 1 0 
13 25 0 2 0 
14 25 0 2 0 
15 25 5 14 10 
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Table C.14: Cumulative emergence of 
52.5C/5 minutes 

wheat midge time series 

Day Control 
25 

I 
24 

II 
25 

III 
25 

1 0 0 0 0 
2 0 0 0 0 
4 3 0 0 0 
5 3 0 0 0 
6 7 0 0 0 
7 13 0 0 0 
8 21 0 0 -1 
9 23 0 0 -1 

10 23 0 0 -1 
11 23 0 0 -1 
12 23 0 0 -1 
15 24 1 -1 -1 

Table C.15: Cumulative emergence of 
52.5C/7 minutes 

wheat midge time series 

Day Control 
25 

I 
25 

II 
25 

III 
25 

1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 6 0 0 0 
5 7 0 0 0 
7 13 0 0 0 
8 21 0 0 0 
9 21 0 0 0 

10 21 0 0 0 
12 21 -1 -1 0 
13 23 -1 -1 -1 
14 24 -1 -1 -2 
15 25 -1 -3 -2 
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D. Emergence Tables 
Time - Temperature Response 

Table D.1: Cumulative emergence of wheat midge-time series 
minutes 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 3 0 0 0 1 
2 0 3 1 1 0 1 
3 0 4 6 2 3 9 
4 2 5 6 3 3 9 
5 3 5 12 4 5 9 
6 6 6 15 4 5 11 
7 9 11 15 9 10 11 
8 10 19 15 14 12 15 
9 16 22 22 22 16 16 

10 19 22 22 22 16 16 
11 21 22 22 22 17 24 
13 21 22 22 26 19 26 
14 24 26 26 26 21 27 
15 26 28 28 26 23 29 

40C/7 
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Table D.2: Cumulative emergence of wheat midge-time series 40C/85 
minutes 

Days C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 3 0 0 0 1 
2 0 3 1 1 0 1 
3 0 4 6 2 3 9 
4 2 5 6 3 3 9 
5 3 5 12 4 5 9 
6 6 6 15 4 5 11 
7 9 11 15 9 10 11 
8 10 19 15 14 12 15 
9 16 22 22 22 16 16 

10 19 22 22 22 16 16 
11 21 22 22 22 17 24 
13 21 22 22 26 19 26 
14 24 26 26 26 21 27 
15 26 28 28 26 23 29 

Table D.3: Cumulative emergence of wheat midge-time series 50C/7 
minutes 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 5 0 0 0 0 0 
4 7 0 0 0 0 0 
5 16 0 0 0 0 0 
6 16 0 0 0 0 0 
7 17 0 0 0 0 0 
8 20 0 0 0 0 0 
9 20 0 0 0 0 0 

10 22 0 0 0 0 1 
11 22 0 0 0 0 1 
12 22 0 0 0 0 1 
13 22 0 0 0 0 1 
14 22 0 0 0 0 1 
15 24 0 0 15 3 9 
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Cumulative emergence of wheat midge-time series 
minutes 

50C/1 

Day C I II III IV V 
30 30 30 30 30 30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 0 0 0 0 
5 4 0 0 0 0 0 
6 11 0 0 0 0 0 
7 18 0 0 0 0 0 
8 20 0 0 0 0 0 
9 20 0 0 0 0 0 

10 20 0 0 0 0 0 
11 20 0 0 0 0 0 
12 20 0 0 0 0 0 
13 20 0 0 0 0 0 
14 22 0 0 0 0 0 
15 28 0 0 0 0 0 

Table D.5: Cumulative emergence of wheat midge-time series 
minutes 

50C/3'

Day C I II III IV V 
30 30 30 30 30 30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 2 0 0 0 0 0 
5 10 0 0 0 0 0 
6 14 0 0 0 0 0 
7 19 0 0 0 0 0 
8 19 0 0 0 0 0 
9 20 0 0 0 0 0 

10 21 0 0 0 0 0 
11 23 0 0 0 0 0 
12 24 0 0 0 0 0 
13 24 0 0 0 0 0 
14 24 0 0 0 0 0 
15 28 0 0 0 0 0 
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Table D.6: Cumulative emergence of wheat midge-time series 
minute 

55C/1 

Day Control 
25 25 

II 
25 

III 
25 

1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 8 0 . 0 0 
5 8 0 0 0 
6 19 0 0 0 
7 19 0 0 0 
8 21 0 0 0 
9 21 0 0 0 

10 23 0 0 0 
11 24 0 0 0 
12 24 0 0 -1 
13 24 0 0 -1 
14 24 0 0 -1 
15 25 0 0 -1 

Table D.7: Cumulative emergence of wheat midge-time series 55CJ2 
minutes 

Day Control 
25 

I 
25 

II 
25 

III 
25 

1 0 0 0 0 
2 0 0 0 0 
3 2 0 0 0 
4 8 0 0 0 
5 9 0 0 0 
6 19 0 0 0 
7 23 0 0 0 
8 23 0 0 0 
9 25 0 0 0 

10 25 0 0 0 
11 25 0 0 0 
12 25 0 0 0 
13 25 0 0 0 
14 25 0 -1 0 
15 25 0 0 0 
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Table D.8: Cumulative emergence of wheat midge-time series 
minute 

60C/1 

Day Control 
30 

I 
30 

II 
30 

III 
30 

1 0 0 0 0 
2 0 0 0 0 
3 4 0 0 0 
4 9 0 0 0 
5 13 0 0 0 
6 21 0 0 0 
7 27 0 0 0 
8 27 0 0 0 
9 27 0 0 0 

10 27 0 0 0 
11 28 0 0 0 
12 29 0 0 0 
13 29 0 0 0 
14 29 0 0 0 
15 29 0 0 0 

Table D.9: Cumulative emergence of wheat midge-time series 
minutes 

60C/2 

Day Control 
30 

I 
30 

II 
30 

III 
30 

1 1 0 0 0 
2 3 0 0 0 
3 4 0 0 0 
4 10 0 0 0 
5 19 0 0 0 
6 23 0 0 0 
7 26 0 0 0 
8 26 0 0 0 
9 27 0 0 0 

10 27 0 0 0 
11 28 0 0 0 
12 28 0 0 0 
13 28 0 0 0 
14 27 0 0 0 
15 27 0 0 0 
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Table D.10: Cumulative emergence of wheat midge-time series 6003 
minutes 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 0 0 0 0 
5 2 0 0 0 0 0 
6 9 0 0 0 0 0 
7 9 0 0 0 0 0 
8 11 0 0 0 0 0 
9 21 0 0 0 0 0 

10 21 0 0 0 0 0 
11 21 0 0 0 0 0 
12 24 0 0 0 0 0 
13 25 0 0 0 0 0 
14 25 0 0 0 0 0 
15 25 0 0 0 0 0 

Table D.11: Cumulative emergence of wheat midge-time series 60C/7 
minutes 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 1 0 0 0 0 0 
4 2 0 0 0 0 0 
5 5 0 0 0 0 0 
6 8 0 0 0 0 0 
7 13 0 0 0 0 0 
8 14 0 0 0 0 0 
9 15 0 0 0 0 0 

10 19 0 0 0 .0 0 
11 21 0 0 0 0 0 
12 21 0 0 0 0 0 
13 21 0 0 0 0 0 
14 21 0 0 0 0 0 
15 26 0 0 0 0 0 
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Table D.12: cumulative emergence of wheat midge-time seris 
60C/16 minutes 

Day Control 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 1 0 0 0 0 0 
5 2 0 0 0 0 0 
6 12 0 0 0 0 0 
7 14 0 0 0 0 0 
8 16 0 0 0 0 0 
9 21 0 0 0 0 0 

10 22 0 . 0 0 0 0 
11 25 0 0 0 0 0 
12 25 0 0 0 0 0 
13 25 0 0 0 0 0 
14 26 0 0 0 0 0 
15 28 0 0 0 0 0 

Table D.13: Cumulative emergence of wheat midge-time series 
minute 

70C/ 1 

Day Control 
25 

I 
25 

II 
25 

III 
25 

1 0 0 0 0 
2 1 0 0 0 
3 5 0 0 0 
4 8 0 0 0 
5 10 0 0 0 
6 10 0 0 0 
7 13 0 0 0 
8 20 0 0 0 
9 21 0 0 0 

10 24 0 0 0 
11 24 0 0 0 
12 25 0 0 0 
13 25 -1 0 -1 
14 25 -2 0 -1 
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Table D.14: Cumulative emergence of wheat midge-time series 70C/13 
minutes 

Day C 
30 

I 
29 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 0 0 0 0 
5 8 0 0 0 0 0 
6 8 0 0 0 0 0 
7 13 0 0 0 0 0 
8 13 0 0 0 0 0 
9 14 0 0 0 0 0 

10 14 0 0 0 0 0 
11 19 0 0 0 0 0 
12 20 0 0 0 0 0 
13 20 0 0 0 0 0 
14 22 0 0 0 0 0 
15 23 0 0 0 0 0 

Table D.15: Cumulative emergence of wheat midge-time series 80C/3 
minutes 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 0 0 0 0 
5 1 0 0 0 0 0 
6 4 0 0 0 0 0 
7 7 0 0 0 0 0 
8 7 0 0 0 0 0 
9 7 0 0 0 0 0 

10 7 0 0 0 0 0 
11 7 0 0 0 0 0 
12 7 0 0 0 0 0 
13 7 0 0 0 0 0 
14 7 0 0 0 0 0 
15 17 0 0 0 0 0 
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Table D.16: Cumulative emergence of wheat midge-time series 80C/7 
minutes 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 7 0 0 0 0 0 
4 11 0 0 0 0 0 
5 19 0 0 0 0 0 
6 21 0 0 0 0 0 
7 23 0 0 0 0 0 
8 23 0 0 0 0 0 
9 23 0 0 0 0 0 

10 23 0 0 0 0 0 
11 23 0 0 0 0 0 
12 23 0 0 0 0 0 
13 23 0 0 0 0 0 
14 23 0 0 0 0 0 
15 26 0 0 0 0 0 

Table D.17: Cumulative emergence of wheat midge-time series 90C/3 
minutes 

Day C 
30 

I 
30 

II 
30 

III 
30 

IV 
30 

V 
30 

1 0 0 0 0 0 0 
2 0 0 0 0 0 0 
3 0 0 0 0 0 0 
4 0 0 0 0 0 0 
5 1 0 0 0 0 0 
6 5 0 0 0 0 0 
7 7 0 0 0 0 0 
8 9 0 0 0 0 0 
9 9 0 0 0 0 0 

10 12 0 0 0 0 0 
11 12 0 0 0 0 0 
12 12 0 0 0 0 0 
13 13 0 0 0 0 0 
14 14 0 0 0 0 0 
15 16 0 0 0 0 0 
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Table D.18: Cumulative emergence of wheat midge-time series 90C/7 
minutes 

Day C I II III IV V 
30 30 30 30 30 30 

1 0 -7 -6 -3 -2 -1 
2 0 -8 -9 -5 -3 -5 
3 1 -8 -11 -5 -5 -6 
4 4 -8 -11 -8 -6 -7 
5 6 -8 -11 -8 -6 -8 
6 7 -8 -11 -9 -6 -8 
7 10 -8 -11 -10 -6 -8 
8 10 -8 -11 -10 -6 -8 
9 12 -8 -11 -10 -6 -8 

10 12 -8 -12 -10 -6 -8 
11 12 -8 -13 -10 -6 -8 
12 12 -8 -14 -11 -6 -8 
13 12 -8 -14 -11 -6 -8 
14 17 -8 -14 -11 -6 -8 
15 20 -8 -14 -11 -6 -8 



131 

E. Simulated Performance of 
Rotary Drum and White Fox Dryers 
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PRODUCT TEMP PROFILE — WHITEFOX DRYER 
TEMP = 110C INPUT MC = 30.0% 
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Figure E.1: Dryer performance at an output of 5930kg/hr 
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Figure E.2: Dryer performance at an output of 5930kg/hr 
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INSECT VIABILITY — WHITEFOX DRYER 
TEMP = 110C INPUT MC = 30.0% 
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Figure E.3: Dryer performance at an output of 5930kg/hr 

PRODUCT TEMP PROFILE — WHITEFOX DRYER 
TEMP = 90C INPUT MC = 25.0% 
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Figure E.4: Dryer performance at an output of 5960kg/hr 
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Figure E.5: Dryer performance at an output of 5960kg/hr 
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Figure E.6: Dryer performance at an output of 5960kg/hr 
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PRODUCT TEMP PROFILE — WHITEFOX DRYER 
TEMP = 60C INPUT MC = 20.0% 
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Figure E.7: Dryer performance at an output of 6060kg/hr 
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Figure E.8: Dryer performance at an output of 6060kg/hr 
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INSECT VIABILITY — WHITEFOX DRYER 
TEMP = 60C INPUT MC = 20.0% 
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Figure E.9: Dryer performance at an output of 6060kg/hr 

PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
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Figure E.10: Dryer performance at an output of 6500kg/hr 
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PRODUCT MOISTURE CONTENT — ROTARY DRUM DRYER 
Temp = 150C Input MC = 25.0% 
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Figure E.11: Dryer performance at an output of 6500kg/hr 
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Figure E.12: Dryer performance at an output of 6500kg/hr 
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PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
Temp = 200C Input MC = 30.0% 
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Figure E.13: Dryer performance at an output of 7000kg/hr 

PRODUCT MOISTURE CONTENT — ROTARY DRUM DRYER 
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Figure E.14: Dryer performance at an output of 7000kg/hr 
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INSECT VIABILITY — ROTARY DRUM DRYER 
Temp = 200C Input MC = 30.0% 
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Figure E.15: Dryer performance at an output of 7000kg/hr 

PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
Temp = 300C Input MC = 40.0% 
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Figure E.16: Dryer performance at an output of 6000kg/hr 
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PRODUCT MOISTURE CONTENT — ROTARY DRUM DRYER 
Temp = 300C Input MC = 40.0% 
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Figure E.17: Dryer performance at an output of 6000kg/hr 
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Figure E.18: Dryer performance at an output of 6000kg/hr 
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PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
Temp = 400C Input MC = 50.0% 
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Figure E.19: Dryer performance at an output of 5500kg/hr 
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Figure E.20: Dryer performance at an output of 5500kg/hr 
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INSECT VIABILITY — ROTARY DRUM DRYER 
Temp = 400C Input MC = 50.0% 
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Figure E,21: Dryer performance at an output of 5500kg/hr 

PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
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Figure E.22: Dryer performance at an output of 7000kg/hr 
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PRODUCT MOISTURE CONTENT — ROTARY DRUM DRYER 
Temp = 500C Input MC = 50.0% 
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Figure E.23: Dryer performance at an output of 7000kg/hr 
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Figure E.24: Dryer performance at an output of 7000kg/hr 
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PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
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Figure E.25: Dryer performance at an output of 5500kg/hr 
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Figure E.26: Dryer performance at an output of 5500kg/hr 
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INSECT VIABIUTY — ROTARY DRUM DRYER 
Temp = 600C Input MC = 60.0% 
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Figure E.27: Dryer performance at an output of 5500kg/hr 

PRODUCT TEMP PROFILE — ROTARY DRUM DRYER 
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Figure E,28: Dryer performance at an output of 6800kg/hr 
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PRODUCT MOISTURE CONTENT — ROTARY DRUM DRYER 
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Figure E.29: Dryer performance at an output of 6800kg/hr 
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Figure E.30: Dryer performance at an output of 6800kg/hr 



147 

TIME —TEMP PROFILE — ROTARY DRUM DRYER 
Temp = 150C Input MC = 25.0% 
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Figure E.31: Dryer performance at an output of 6500kg/hr 

TIME —TEMP PROFILE — ROTARY DRUM DRYER 
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Figure E.32: Dryer performance at an output of 7000kg/hr 
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TIME —TEMP PROFILE — ROTARY DRUM DRYER 
Temp = 300C Input MC = 40.0% 
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Figure E.33: Dryer performance at an output of 6000kg/hr 

TIME —TEMP PROFILE — ROTARY DRUM DRYER 
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Figure E.34: Dryer performance at an output of 5500kg/hr 
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TIME —TEMP PROFILE — ROTARY DRUM DRYER 
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Figure E.35: Dryer performance at an output of 7200kg/hr 
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Figure E.36: Dryer performance at an output of 5500kg/hr 
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