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Radio-Frequency Electric Fields for Stored Grain

IT HAS been known for many years
that insects can be killed by short
exposures to radio-frequency (r-f)* or
high-frequency (h-f)* electric fields. The
literature in- this general area has been
" summarized by Ark and Pa (2)7,
Thomas (9), Frings (4) and Peredel’skii
(7). Davis (3) in 1934 obtained a patent
on a high-frequency method for ex-
terminating insect life in seed grain or
other materials. For the most part the
literature in this area lacks descriptive
information concerning materials and
methods. Objective interpretation and
comparison of results is therefore diffi-
cult. In some instances, misunderstand-
ings of basic electrical theory have re-
sulted in erroneous conclusions. The
absence of definitions related to biologi-
cal criteria in many reports further com-
plicates the problem.

Considerable optimism regarding the
eventual application of radio-frequency
energy for disinfesting stored grain is
evident in many earlier reports. In 1952,
Thomas (9), in an excellent theoretical
treatment of the general problem of
pest control by high-frequency elec-
tric fields, concluded that “the running,
maintenance, replacement and amorti-
zation costs of h-f disinfestation are
comparable with conventional fumiga-
tion methods,” and recommended fur-
ther experimental investigation. The
possibility of selectively heating the in-
sects, the speed with which treatment
can be accomplished, the lack of harm-
ful residues, the absence of damage to
grain, and the adaptability to continu-
ous-process treatment are advantages
in favor of its development.

Soderholm and Dennis (unpublished
data) conducted studies to determine
the feasibility of using r-f energy for
stored-grain insect control. Efforts were
made to measure all important treat-
ment variables, to describe the biologi-
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FIG. 1 Polystyrene sample boxes on ther-
mocouple mount.

cal material used, and to define the
biological criteria by which experi-
mental results would be evaluated. The
work herein reported is an extension
of the previous studies.

General Principles

With rf dielectric heating, electric
energy can be transformed into heat
energy uniformly throughout the vol-
ume of a homogeneous substance by
exposing it to an r-f electric field. The
power per unit volume thus dissipated
in a dielectric is

P = [1]

where k is a constant depending upon
the units employed, f is the frequency
of the alternating electric field, E is the
field strength or intensity (voltage gradi-
ent or potential gradient), and €” is
the dielectric loss factor of the sub-
stance, or the imaginary component of
the complex permittivity € = ¢’ — je”,
the real component, ¢, being the real
permittivity or dielectric constant,
(“Permittivity,” as used in this paper,
is a dimensionless quantity correspond-
ing to the relative permittivity of the
rationalized mks system of units.)

It follows from equation [1], neg-
lecting loss of heat to surroundings and
excluding any changes in state, that
the time rate of temperature increase
due to the r-f electric field is

.........
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where K is another constant dependent
upon units, p is the specific gravity of
the material, and c is its specific heat.

Examination of equation [2] reveals
that the heating rate is dependent on
the electrical and physical characteris-
tics of the material as well as on the
frequency and intensity of the field.
The heating rate is dependent not only
on the dielectric loss factor, but also
on the permittivity of the material in
that the permittivity influences the

value of the field intensity. Thus, for
a mixture of two different materials,
there is a possibility that one will heat
at a faster rate than the other if its
characteristics are more favorable for
r-f heating,

From information available on these
electrical and physical characteristics
of insects and products they infest, r-f
treatment should be expected to raise
the temperature of the insect to a higher
level than that of the host material in
some cases. There has been some con-
troversy with respect to the existence
of an unexplained “specific effect” pro-
duced by r-f treatment of biological
systems. Thomas (9) concludes that the
evidence in favor of its existence is in-
conclusive and that the results attri-
buted to a “specific effect” can be ex-
plained by differential heating in many
cases.

Materials and Methods

The insects used in the studies re-
ported here include the rice weevil
(Sitophilus oryza [L.]), granary weevil
(Sitophilus granarius, [L.]), confused
flour beetle (Tribolium confusum
[Duv.]), red flour beetle (Tribolium
castaneum [Hbst.]), lesser grain borer
(Rhizopertha dominica [F.] and the
dermestid beetle (Trogoderma parabile
[Beal.]). The insects were reared at
Manhattan, Kansasf, under controlled
environmental conditions (80 F and
70 percent relative humidity) in ac-
cordance with established procedures
(10). Two-weeks-old adult insects were
used in the experiments for all species
except the lesser grain borers which
were treated as mixed-age adults. In
tests with immature stages the ages
were also known,

The insects and host materials were
confined in Bradley§ No. 3 polystry-
ene plastic boxes during treatment.
These boxes are about 1%” square and
% high and have a capacity of about
30 cc (Fig. 1). Samples were prepared
by filling the boxes uniformly with
wheat or wheat shortsit and then in-
troducing ten insects except where in-
ternal forms were used. For experiments
with internal forms, the boxes were
filled with infested wheat after thorough

{ Stored-Grain Insects Laboratory (AMS),
USDA.

§ Use of trade names of specific equipment
is for the purpose of identification and does not
imply endorsement by the U.S. Government.

1t Shorts are composed of small particles of
bran, germ, and flour.
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mixing to insure uniformity of infesta-
tion. Ten replicates were employed for
each exposure, each replicate consistin
of one box with at least ten boxes hel
for the untreated check or control. For
the adult insects and the free larvae,
each point shown in the figures there-
fore represents the average for one hun-
dred insects. Mortality counts were
made for each replicate at predeter-
mined intervals. Criterion for death in
adult insects and free larval forms was
complete immobility as determined by
visual examination with prodding or air-
current stimulation at stated periods
after treatment. For internal immature
forms the criterion was failure to
emerge at stated periods in an environ-
ment favorable to development.

Two r-f power oscillators were used
to treat the samples. One, operating
on a fixed frequency of approximately
39 megacycles per second, is a slightly
modified General Electric Model
4HD3B2 electronic dielectric heater.
This unit, with a sample box resting on
the lower electrode, is shown in Fig.
2. The adjustable grounded electrode

FIG. 2 Dielectric heater used for 39-me
treatments and associated equipment, in-
cluding variable transformer, vacuum-tube
voltmeter, electronic timer and grid-dip
meter.

is mounted in the top cover, which is
hinged to the frame and brings the
grounded electrode down and parallel
to the stationary electrode when the
cover is closed. These electrodes and
the sample or load constitute the ca-
pacity ot the plate tank circuit as shown
in the simplified schematic diagram
(Fig. 8). Frequency of operation is
therefore somewhat dependent on the
load. The unit employs a grounded-
plate Hartley oscillator circuit and has
an output rating of 3 kw. A Powerstat,
type 1256, variable transformer was
connected in the primary circuit of the
plate transformer in the high-voltage
power supply to provide for complete
adjustment of the plate voltage applied
to the oscillator. It can therefore be
used to adjust the rf voltage at the
treatment electrodes to the desired
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FIG. 3 Simplified schematic diagram of GE Model 4HD3B2 electronic dielectric heater

used for 39-mc treatments.

value. Other modifications and addi-
tions have been made in the timer-con-
trol circuits to provide for shorter in-
tervals and control by an external elec-
tronic timer.

The other r-f oscillator (dielectric
heater) was constructed for work at
lower frequencies. It operates in the
frequency range from 1.5 to 11 mega-
cycles, and has a maximum power out-
put of about 1 kw. It employs a tuned-
plate oscillator with inductive coupling
to the grid circuit (Fig. 4). It is shown
in Fig. 5 where the separate power
supply is partly visible below the re-
cording potentiometer. Provisions were
made for control of the treatment in-
terval with external timers.

To control time intervals for the di-
electric heaters, Cramer Type TE elec-
tric timers with maximum ranges of 15
sec and 120 sec, an Eagle 30-sec Cycl-
Flex reset timer and Ferrara model T1
and T2 electronic timers were used.
When electronic timers were employed
their calibration was checked or the
interval simultaneously measured with
a Standard Electric Model S-1 precision
timer.

Measurements of the frequency at
which the r-f equipment operated were
made using a Millen No. 90651 grid-
dip meter.

The rf electrode voltage was meas-

RECTIFIER CiRCUIT
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ured with a Hewlett-Packard model
410B high-frequency vacuum-tube volt-
meter (VIVM) equipped with a 100:1
Hewlett-Packard model 453A capaci-
tive voltage divider probe and addi-
tional 10:1 capacitive dividers which
were built into the treatment chambers
of the dielectric heaters. These addi-
tional dividers were necessary because
of the 2000-volt, rms maximum voltage
rating of the 453A probe. They were
calibrated to provide a 10:1 voltage
division at values below the maximum
voltage rating of the probe. Treatment
electrodes were adjusted to compensate
for the capacity added by the 453A
probe when connected directly to the
electrode. The calibration of the VTVM
was corrected to within % percent ac-
curacy by comparison with laboratory
meters at 60 cps. The maximum prob-
able error in measurement at 40 mc
due to frequency response of the in-
strument is about 5 percent according
to the manufacturer. Taking calibra-
tion of the capacitive voltage dividers
into consideration, r-f electrode voltages
should be accurate to within less than
10 percent. The VIVM uses a peak
measuring circuit with rms calibration
for a sinusoidal input. Voltage and
field strength values herein reported
are therefore rms values.

Temperature measurements on sam-
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FIG. 4 Simplified schematic diagram of a 1-kw power oscillator used for 5 and 10-mc

treatments.




ples were taken immediately after treat-
ment using a Leeds and Northrup Type
G, Model S, strip-chart, ten-point re-
cording thermocouple potentiometer
(Fig. 5) and thermocouples made from
No. 30 B & S gage dupﬁex copper-con-
stantan wire with glass braid insula-
tion. A ten-pole, ten-position switch,
also shown in Fig. 5, was constructed
for use with copper-constantan thermo-
couples, which permits rapid selection
of any desired combination of thermo-
couple to recorder-point connections,
The thermocouples were clamped in a
mount and inserted through a No. 60
hole drilled in one side of the plastic
boxes as they were placed on the
thermocouple mount as shown in Fig.
1. The elapsed time, ¢, between the
end of treatment and the first tempera-
ture measurement recorded on the
chart was measured with a stopwatch
and the temperature-time curve extra-
polated, as illustrated in Fig. 6, to find
the sample temperature at the end of
treatment. Studies of semilogarithmic
plots of temperature and time indicated
that %rain-sample temperatures may be
slightly higher than those obtained by
the above procedure. This procedure,
however, was selected as a practical
compromise.

Calculation of field intensity was
simplified by treating all samples with
the electrodes in contact with the to,
and bottom of the boxes, and with the
boxes completely filled with wheat or
wheat shorts. The average intensity for
the sample was calculated as follows:

where V is the r-f electrode voltage and
d, and d,, and ¢, and € are the thick-
nesses of the materials between the
electrodes and their permittivities for
the grain and polystyrene respectively.
The thickness for the grain, d;, wag
given by the assembled height of the
box less. d,, the combined thickness of
the lid and bottom of the box. The per-
mittivity of polystyrene, €2, is approxi-
mately 2.56. The permittivity of the
wheat and wheat shorts used in each
experiment was obtained by measure-
ment at room temperature following the
method previously reported (5).

At the same time that electrical meas-
urements were taken, moisture content
determinations were made on samples
from the same source in accordance
with an approved oven method (6).

Results

Only those results illustrating perti-
nent engineering information are pre-
sented here. A subsequent publication
emphasizing the entomological aspects
of these studies will be forthcoming,

FIG. 5 One-kilowatt oscillator used for
10 and 11-mc treatments.

For treatment of adult rice weevils
in wheat, high field intensities were
found to be much more efficient than
low values. This is illustrated in Fig.
7, where mortality cutves for treatments
at 3.6 and 1.2 kilovolts per inch are
compared. An important delayed mor-
tality effect is also shown in Fig. 7,
where mortalities one day after treat-
ment and one week after treatment are
compared for each of the two field in-
tensities. The difference between effects
of high and low field intensities, how-
ever, does not appear in Fig. 8 where
the emergence curves for mixed stages
of immature rice weevils are not sig-
nificantly different at the 5 percent
probability level. The better efficiency
of the higher ﬁeld-intensity treatment
may also be noted in Fig. 9, where
two mortality curves are shown for
39-mc treatment of dermestid beetle
larvae.

Fig. 9 also shows a curve for treat-
ment at 11 me. Comparison of the two
different frequencies at the same field
intensity indicates that the 39-mc treat-
ment is considerably more effective.
Fig. 10 shows a comparison of 39 and
10-mc treatments on adult rice weevils
from the same population in wheat from
the same source where heating rates
were equalized by adjustment of field
intensity. There was no significant dif-

record on a

FIG. 6 Temperature-time
strip chart showing elapsed time, t, grain-
mass temperature, T, and method of ex-
trapolation. .

ference at the 5 percent probability
level in the resulting mortality curves,
One cannot conclude, however, that
the rate of heating is the all-important
factor in these comparisons, because
in Fig. 9, the 11-mc treatment resulted
in a heating rate intermediate between
the two 39-mc treatments and still was
the least efficient.

The characteristics of the medium
in which the insects are treated also in-
fluence the effectiveness of the treat-
ment as shown in Fig. 11. When adult
confused flour beetles were treated in
wheat shorts, much more energy was
absorbed by the medium for a given
insect mortality than when they were
treated in wheat. Comparison of Figs.
11 and 7 also reveals much less delayed
mortality for adult flour beetles than
was found with adult rice weevils,
Considerable differences were found
among species of insects and also be-
tween developmental stages within spe-
cies in their reaction to r-f electrical
treatment, which .indicates the advis-
ability of using more than one species
or stage in tests of this nature.

Treatments required for 100 percent
mortality of the most resistant stages
used in these laboratory-scale studies
produced momentary mass tempera-
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FIG. 7 Mortality of adult rice weevils at
indicated times after treatment in 12.8
percent-moisture wheat at 39 mc and in-
dicated field intensities. Wheat character-
istics: ¢/ = 4.15; ¢” = 0.50.

tures of 140 to 150 F in the wheat. Ac-
cording to Soderholm (8), such treat-
ments do not reduce the germination
of wheat when the moisture content is
below about 14 percent. Subsequent
germination tests have verified this re-
port. In some preliminary studies, So-
derholm (unpublished data) also found
no appreciable difference in milling and
baking qualities of wheat due to r-f
treatment which raised the wheat to
temperatures as high as 168 F. It is
possible that treatment temperatures
higher than 150 F might be required
for some species of insects not yet
tested. With adult rice weevils, 100
percent mortality has been obtained
with treatments of less than one second
which did not raise the temperature of
wheat above 100 F.

Some experiments were conducted
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FIG. 8 Emergence of rice weevils six
weeks after treatment of mixed immature
stages in 13.6 percent-moisture wheat at
39 mec. 4VVheat characteristics: ¢ = 4.34;
€’ = 0.49.

at higher field intensities with some in-
dications of improved efficiency. Diffi-
culty with arcing and consequent burn-
ing of the kernels is encountered if the
field intensity is too high. The degree
of difficulty with arcing is also some-
what dependent upon the length of
treatment. With clean wheat, little arc-
ing was observed at intensities below
4.8 kv per inch. For treatment com-
pletely free of arcing problems, a field
intensity of 3.6 kv per inch was selected
for many experiments.

Discussion

Some of the foregoing results may be
explained by differential heating of the
insects and the medium in which the
were exposed to the r-f electric field.
The expected heating rate for any par-
ticular substance is given by equation
[2]. Consider the treatment of a few
insects in a quantity of grain. The
values for K and f in equation [2] will
be the same for both materials. All
other factors determining the heating
rate may be different for the insects and
the grain. Values for the dielectric loss
factor, €”, and the real permittivity,
€’, have been obtained for masses of
adult rice weevils and confused flour
beetle using the same method em-
ployed for measurement of the dielec-
tric properties of grain samples (5).
Values for the density and specific heat
of wheat are available in the literature
(1), and reasonably good estimates can
be made for the density and specific
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FIG. 9 Mortality of dermestid beetle
larvae five weeks after treatment in 12.6
percent-moisture wheat. Wheat character-
istics: €’ = 4.17; "1 = 0.37; €’ = 3.96;
€"'n =049,

heat of the insects. The value of E for
the grain can be calculated from other
known or measured quantities using
equation [3]. The value of E for the in-
sects is more difficult to obtain. It may
be estimated, with caution, by consid-
ering the insect as a sphere embedded
in an infinite medium and using the
dielectric properties of the insects for
the sphere and those of the wheat for
the medium. From the mathematical
model, the relationship between the
field in the sphere and that in the med-

ium is

€ T €
E1 _‘E2 (1 _262 + €‘1). .. [4]

in which subscript 1 refers to the
sphere and subscript 2 refers to the
medium. Using values obtained by
separate measurements at about 75 F
on rice weevils and wheat of 6.6 and
4.2, respectively, for the complex per-
mittivity, €, the intensity of the field
in the insect is estimated to be about
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FIG. 10 Mortality of adult rice weevils
two days after treatment producing com-
parable heating rates in 12.9 vercent-mois-
ture wheat. Wheat characteristics: ¢’ =
4.39; 6"10 = 0.39; €,sn = 4.23; E”xn = 0.51.
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0.84 times that in the wheat.** Values
obtained for the dielectric loss factor,
€”, for the rice weevils and wheat were
2.2 and 0.5 respectively. The bulk den-
sity of the wheat and that of the rice
weevils can be expected to be about the
same. The specific heat of the wheat
was about 0.4 and that of the insects
is estimated at about 0.7. Using these
figures in connection with equation
[2], the expected ratio of the heating
rate of the adult rice weevils to the
heating rate of the wheat would be
1.8. This ratio of the two heating rates
is designated as the differential heating
factor, R.

Estimates of the values of R when
confused flour beetles are treated in
wheat and in wheat shorts can also be
calculated. Values obtained by meas-
urement for the complex permittivity of
the wheat and wheat shorts used in
the experiments for which the results
are shown in Fig. 11, and the complex

*% Since the measurements of permittivity and
loss factor were made on insects in bulk, the
values obtained apply in effect to the insect and
its share of the surrounding space. Where “field
intensity in the insect” is referred to in this dis-
cussion, it must be kept in mind that this inten-

sity is a sort of average for the insect and its as-
sociated space envelope.

permittivity of the confused flour bee-
tles were, respectively, 4.26, 2.79, and
7.84. Using equation [4], it is found
that the field intensity in the insects
may be expected to be 0.77 of that in
the medium for wheat and 0.61 of that.
in the medium for wheat shorts. The
values obtained for the dielectric-loss
factor of the wheat, wheat shorts and
confused flour beetles were 0.51, 0.38
and 2.20, respectively. The density of
the wheat shorts, found by weighing
a known volume under the same com-
paction conditions as was used in the
treatments, was 0.53. The specific heat
of the wheat shorts is estimated at 0.4,
since the values for wheat and wheat
flour are both 0.4 (1). Using 0.7 for the
specific heat of the confused flour bee-
tles, and estimating their specific grav-
ity at 0.7, the expected differential
heating factors may be calculated using
equation [2]. For adult confused flour
beetles in wheat, the value of R ob-
tained is 1.6. For the same insect in
wheat shorts, the estimate is 0.9. While
these figures are based on some esti-
mates and a simple mathematical
model, the large difference obtained in
expected differential-heating factors for
the flour beetles in the two different
media is believed to explain the experi-
mental results quite satisfactorily. Dif-
ferential heating can also explain the
complete mortality of adult rice weevils
produced by some treatments which
did not raise the temperature of the
wheat in which they were treated above
100 F. The insects can normally sur-
vive exposure for many hours in a hot-
air oven at temperatures below 100 F.

In order to obtain experimental evi-
dence of differential heating, prepared
sample boxes of wheat with adult rice
weevils were preconditioned over night
at four different temperatures — held at
these temperatures until treatment, and
the resulting mortality curves plotted
as shown in Fig. 12. In analyzing this
experiment, it was assumed that there
is a critical temperature, T,, which re-
sults in a given mortality if the insects
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FIG. 11 Mortality of adult confused flour
beetles after treatment in 13.3 percent-
moisture wheat and 13.0 percent-moisture
wheat shorts at 39 mc and 3.6 kv per in.
Wheat characteristics: ¢ = 4.23;¢” = 0.51.
Wheat shorts characteristics: ¢/ = 2.76;
€’ = 0.38.




themselves are raised to this tempera-
ture momentarily under the existing
conditions. Taking R as the ratio of the
average heating rate of the insects to
that of the grain, the following equa-
tion may be written

To=Ty + RAT, ... .. [5]

in which T;, represents the initial grain
temperature, which is also the initial
temperature of the insects, and AT, is
the elevation of the grain temperature
produced by the treatment. Since Tj,
is known and AT, can be determined
from the curve for any particular mor-
tality, two unknowns remain in equa-
tion [5], T. and R. For any given mor-
tality, an equation may be written using
each curve in Fig. 12. Any pair of
curves thus provides two equations
which may be solved simultaneously
for R and T,. The mean values for R
and T, from the six possible combina-
tions of pairs of simultaneous equations
set up using the curves in Fig, 12 are
listed in Table 1 for 40, 50, 60 and 80-
percent mortality levels. The values for
the 20-percent mortality level are the
mean solutions of three combinations
of equations, since one of the curves
does not provide information at 20-
percent mortality.

TABLE 1. MEAN SOLUTIONS TO EQUATION

[5], DIFFERENTIAL HEATING FACTOR, R,
AND CRITICAL TEMPERATURE, Tc’ FOR

INDICATED MORTALITIES

Mortality Mean R* Mean Tc
20 percent 2.27 112.8 deg ¥
0 percent 1.71 1132 deg F
50 percent 1.52 1134 deg F
60 percent 1.46 116.0 deg F
80 percent 1.24 116.7 deg F

® Means are significantly different at the 1
percent probability level except those for 50 and
60 percent mortality.

The values for the differential heat-
ing factor derived from this analysis
indicate that the adult rice weevils,
when treated in wheat, do heat at a
faster rate than the wheat. The factor,
however, appears to be temperature-
dependent, as might be expected, and
decreases as temperatures increase to-
ward the point required for complete
mortality of the insects. This is appar-
ent from the convergent tendency of
the four curves in Fig. 12. The experi-
mental values for R at the 20 and 40-
percent mortality levels agree reason-
ably well with the theoretical estimate
of 1.8 which was based on measure-
ments of the dielectric properties in
the lower temperature range.

No special study of costs of r-f elec-
trical treatment to control insect infes-
tations in grain has been undertaken.
A general estimate, however, has been
made considering the cost of a 200-kw
generator with a capacity of 400 bu per
hour operating 2,000 hr per year and
the r-f energy required to raise the
temperature of wheat from 80 to 150
F. Considering depreciation, interest,
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FIG. 12 Effects of initial temperature on
mortality of adult rice weevils one day
after treatment in 13.2 percent-moisture
wheat at 39 mc and 3.5 kv per in. Wheat
characteristics: ¢/ = 4.19; ¢” = 0.47.

electric energy at 2 cents per kilowatt-
hour, vacuum tube and condenser re-
placement, and maintenance labor, it
is estimated that wheat could be treated
at a cost of about 3% cents per bushel.
This is five to seven times the present
cost for large-scale commercial treat-
ment using chemical fumigants. Also,
many elevators handle grain at a rate
of 2,000 bu per hour. R-f treatment at
this rate would require considerable
improvement in efficiency of treatment
or equipment with higher power ratings
than that which is now commercially
available in a single unit. For economi-
cal application, very significant im-
provement in efficiency, additional uses
for the equipment, or other benefits
would be necessary.

Further research is needed to es-
tablish the most effective combination
of treatment parameters for r-f insect
control. Additional studies are recom-
mended to evaluate the benefits of seed
treatment in stimulating germination
and of wheat treatment to improve
baking qualities of flour milled from
the wheat. Possible application in grain
drying processes or other conditioning

should also be investigated.

Summary

This paper reports the engineering
phases of cooperative USDA studies on
the use of radio-frequency electric
fields for stored-grain insect control
conducted by the Farm Electrification
Research Branch, Agricultural Engi-
neering Research Division (ARS-USDA)
in cooperation with the Nebraska Ag-
ricultural Experiment Station and the
Stored-Grain Insects Laboratory, Bio-
logical Sciences Branch, Marketing Re-
search Division, AMS, Manhattan, Kan-
sas.
Important reviews of the pertinent
literature and previous studies are
cited. General principles of radio-fre-
quency heating as they relate to the
problem are discussed briefly. Experi-
mental methods, equipment used for
treatment of samples, and instruments
used for measurement of important
treatment variables are described.

Several species of stored-grain insects

were treated in wheat or wheat shorts
with r-f electric fields at frequencies of
about 10 and 39 megacycles per sec-
ond and field intensities ranging from
1.2 to 3.6 kilovolts per inch (rms).

Graphical results of some of the ex-
periments are presented in the form
of mortality and emergence curves
which show the effects of different
treatment variables. High field intensi-
ties were found much more efficient in
killing adult rice weevils in wheat, but
for treatment of immature stages of
the same insect, low or high field in-
tensities produced the same results.
Treatment of confused flour beetles in
wheat and wheat shorts revealed that
much longer exposures were required
in wheat shorts for comparable mor-
tality. Treatment at 39 and 10 mc pro-
duced the same mortality curve for
adult rice weevils in wheat when the
heating rates were equalized by adjust-
ment of field intensity, but treatment
of dermestid beetle larvae in wheat at
39 mc was found more efficient than
treatment at 11 mc regardless of heat-
ing rate. Complete mortality was ob-
tained with all species tested by treat-
ments which did not reduce germina-
tion of the wheat when its moisture
content was below about 14 percent.
Treatments for 100 percent mortality
of the most resistant insect stages used
produced momentary mass tempera-
tures of 140 to 150 F in the wheat, but
higher treatment temperatures may be
required for some species of insects not
yet tested. Treatments with resulting
grain temperatures of less than 100 F
have produced 100 percent mortality
cf adult rice weevils when treated in
wheat,

A theoretical discussion is presented
on the differential heating of insects
and grain due to their different elec-
trical characteristics. An estimate of the
value of the differential heating factor
is given based on actual measurement
of dielectric properties of the grain and
masses of insects. Experimental results
are also analyzed to provide empirical
values for the differential heating fac-
tor. The values arrived at by the two
methods are in reasonable agreement.
The empirical values obtained indicate
that the adult rice weevils do heat
at a faster rate than the wheat, but that
the differential heating factor is tem-
perature dependent and decreases as
treatments approach the level required
for complete mortality.

A simple, liberal cost estimate for
disinfestation of grain using r-f energy,
considering cost of electric energy, de-
preciation, interest, and maintenance,
results in a figure of about 3% cents
per bushel, which is considerably more
expensive than present commercial
treatments with chemical fumigants.

Further research is recommended




which may result in the development of
more economical treatment and appli-
cation of the method for other seed and
grain treatment purposes as well.
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