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Abstract:

The subject of this thesis is to determine the amount of microwave energy needed to kill cereal grains
such as spring wheat under harvest conditions. In order to determine the behavior of the cereal grains
under microwave exposure the dielectric constant, loss tangent, attenuation constant and reflection
coefficient were measured as functions of moisture content. From the experimental data, it was
determined that the dielectric constant, loss tangent, attenuation constant and reflection coefficient were
all functions of moisture content. Once this information was obtained, the seeds were exposed to a high
power pulse microwave system and to a continuous wave cavity oven. From the high power pulse tests,
no kill point was found for spring wheat. From the microwave oven tests, a kill point was determined
as a function of moisture content for spring wheat.
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ABSTRACT

The subject of this thesis is to determine the amount of
microwave energy needed to kill cereal grains such as spring
wheat under harvest conditions. In order to determine the be-
havior of the cereal grains under microwave exposure the dielec-
tric constant, loss tangent, attenuation constant and reflection
coefficient were measured as functions of moisture content. From
the experimental data, it was determined that the dielectric
constant, loss tangent, attenuation constant and reflection
coefficient were all functions of moisture content. Once this
information was obtained, the seeds were exposed to a high power
pulse microwave system and to a continuous wave cavity oven. From
the high power pulse tests, no kill point was found for spring
wheat. From the microwave oven tests, a kill point was-determined
as a function of moisture content for spring wheat.




CHAPTER I
INTRODUCTION
Because "saline seep" is becoming an increasing problem in the

farm lands throughout the world, several methods of alternate farm.
practices are Befng adapted to miﬁimizé the saline seep prob1ém. One
such practice fs to e1fminate summef Fa]]owfng (unseeded_p]owed land).
With this:éhange, cereal grains which have fallen off the'taii board
of a combine will ‘grow in the unplanted area. This volunteer re;ropped
grain is undesirable and must be-e]imjnated in order to suééessfu]ly
stop summer fallowing. Due tonthe impractiéa]ity of removing the seedS'
from thé straw.which have fallen from the tailboard of the combine, an
alternate method which would expose the seeds and straw to high energy
micrbwaves in order to ki11 the seeds was proposed by Dr. Jim'Sims (1).
"The burpose of this thesis is to investigate Dr. Sims' thedry by_dgter-
minipg the necessary microwave parameters of various cereal grains and
the amount of energy ﬁeeded to kill the seeds. This.project_was dfvid-
ed into two major areas:

* Low Power Measurements
* High Power Measurements

In the Low Power Measurements, the amount of energy reflected and
absorbed as a function of moisture content was détermined for wheat,
oats and barley. In additioh,_the relative dielectric constant and
Toss tangent was determined for wheat, oats and barley as a function °

of moisture content.-
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' In the,High.PoWef Measureménts,la‘pulsed system and a cohtin-
uous‘wavé system were used tblfind”a.kill point fof the seeds. In
“the pu]sed System the duty éyc]e, power, pulse wfdth'and time of -
éxposuré were vafied to find the optimum kill poinf aS'a_%ﬁnctfon'
of grain moisiure content;"In~the,con£1huous wave systeh,-a_miéro-
wave oven was used to find the kill point as a funétion Qf‘éxbosﬁre
time andApercenf.moisture.‘ By these tesfs, the amounf of edergy,

'needed to kill the seeds was determined.




CHAPTER II
LOW POWER MEASUREMENTS

In determining the microwavé properties of the seeds, it is
desirable to take into account the moisture content of the seeds.
fhis is necessary because the high loss and highly polarizable nature
of water (2) causés attenuation and concentration of thé e1ectromﬁg-
netic fields. Due to this consideration, the low power tests were
completed as functions of moisture content of the seeds.

In order to maintain a standard in determination of moisture
content.tﬁroughout the following expeﬁimenfs; drying tests were per-
formed on spring wheat (Lévi type). The procedure for the tests was
as.follows: ‘ |

(1) Measure the weight of the container

(2) Measure the weight of the seeds and the container before
drying (wet weight) - :

(3) Put CaSO4 Anhydrous (a desiccant) in the oven to absorb the-
moisture.

(4) Put seeds into the oven and maintain temperature between
- 100-110 “C for several hours.

(5) Measure the wéight of the seeds and container at different
time intervals. '

When these procedures were completed, the f011dwing equation was used

to calculate the percent moisture content:

gmoisture = (wet weight of the seeds)-(dry weight of the seeds)x100
wet weight of the seeds :
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lFigures 1 and 2 on pages 5 and 6 shows the drying process for two
different samples of'spring wheat. As can be observed from the two
figures, very Tittle drying takes place after the twehty-fourth hour.
With this in mind, the f@]]owing criterion to determfne.bercent mois-
ture will be used: 4

(1) Dry seeds at 100-110°C

(2). Dry seeds for 24 hours

Because percent‘moi;ture of storage grain is usually less than
10%, water must be added to some of the test seeds in order to‘obtaiﬁ
energy reflected and energy absorbed versus pércent moisture character-
istics that are deﬁired. In order tb do this, the fo]]dwing standard
- was usedlfo increase -the percent moisture for each data poinf. One
gram of H20 was added to 30 grams of seeds at stokage value for each
data point. That'is to say, one data point would have one gram of HZO
per 30 grams'of seeds; the next data point would have 2 gramS'ofrHZO
per 30 grams of seeds and etc. Once thé water was added to the seeds,
the seeds would be placed into a sealed contaiﬁer and allowed to absorb
the Watera Because it was observed that after the twenty-fourth hour -
tﬁe seeds above 30% moisture would begin to germinate, thé seeds would
remain in the sealed containers at most twenty-four hours before any
tests were performed on them. “This procedure would allow maxihum fime

for the seeds to absorb the water without intrpduéing the extra factor
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of germinated seeds in the energy reflected and energy absorbed tests.
Figure 3 below shows the results of adding water to increase the
percent moisture for each data point. As can be observed, the seeds
were becoming saturated with the water above the 30% moisture point.

Above this point, the seeds would not absorb any additional water and

A
30
Percent
Moisture
(%)
20
10
4
0 4 et

-
0 5 10 15
H20 (grams)

Figure 3 Percent Moisture versus Water Added to Seeds
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conseduently surface water became noticeable on the seeds. Since
surface water (uﬁbounded water) behaves differently than the water
inside the seeds (bounded‘wéter) due to the different boundary condi-
tions, then fhe 30% moisture poiﬁt will bé the upper 1imit in the
succeeding test;. -

After estab]ighiﬁg the procedures to increase and to measure
percent moisture of the seeds, the tests to aetermine experimentally
the attenuation (energy absorbed) of the seeds were undertaken. In
measuring the attenuation; the substitution method was used (3). See
Appendix A for the block diagram of the equipment setup and the Tist
of procedures. By use of thé substitution method, the following tests
were done.

Depending on various.factors, different amounts of seeds will be
dispersed from thé rear of the combine during harvest. With this in
mind, a test‘was run to determine the relationship between depth of the
seed sample versus the amount of energy absorbed. See Fjgure 4 on
page 9 for the results. As can be obsérved'from Figure 4, a linear
relationship exists between energy ébsorbed and depth of sample.

Because the physical orientation of the seeds affecfs the amount
of energy absorbed due to the different boundary conditions the elec-

tromagnetic wave encounters, the following test was run to determiné if
random orientation would affect the éﬁount of energy absorbed. This

must be considered because the seeds on the sieves in the combine
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Figure 4 Attenuation versus Depth of Spring Wheat

will be in a random pattern (at Teast in two axis) due to the con-
veyor belt action of the sieves. By using the same seeds with
three separate random orientations, an attenuation test was run for
spring wheat. Table 1 on the next page shows the results. As can

be observed from Table 1, the random orientation of the seeds did not




10

Attenuation in db

% moistureé ' "Test' 1l 'Test 2' Test'3 '~ Maximum Variation
10.7 5.0 5.0 5.0 0.0
13.4 6.5 . 6.3 0.2
16.4 . 8.7 8.3 8.3 0.4
18.6 11.2 11.5 11.4 0.3
19.2 11.3. 11.2 11.6 0.4
22.2 13.0 12.3 - 12.8. 0.7
23.7 . 14,0 14.0 13.6 0.4
25.6 15.7 15.0 15.1 0.3
28.1 19.6 19.0 19.0 0.6
30.3 21.3 19.4 18.3 3.0

Table 1 Maximum Variation of Attenuation
affect the results of the test except at the 30% moisture level.
Because the main focus of these experiments is betweén 10-12% moisture
content (harvest conditions) (4), random orientation Qi]] be eliminated
from consideration as a factor in the'following tests.

The energy absorbed versus percent moisture was cbtained for

. spring wheat, oats and barley at a frequency -of 8.682 GHz. The

substitution méthod,Was used to.measure the attenuation and the follow-
ing~re1ationship was used to convert the measured decibel change to the
attenuation constant in nepers per meter. See Appendix B for the der-

ivation of the following equation.

X = _Adb
- 8.686x1

where 1 = length of sample in meters
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After the energy absorbed versus perceht‘moisture tests were‘comp1eted;
a statistical analysis of the data followed. By use of the 1eas£
§§uares method (5), an exponenﬁia] function was fitted to the data
boints. These results are shown on Figures 5,'6;-7 and 8 on the
following four pages. Two different tests (runs) were completed on
‘spring wheat, and as can be observed on Figures 7 and 8, the two curves
came out well within experimenta]le}ror of oné another. These resuits
show that the amount of energy absorbed by the seeds is a non-linear
function of moisture. Table lehows the exponentia] functibns from.the
least squares curve fit of the data points for spring wheat, oats and

barley. Also in the table are the associated correlation coefficients.

Seed Type .__Mathematical Function Correlation Coefficient
Spring Wheat y =6.20e* 07906 .99
: (run_l)_ :
Barley y = 4.99¢°0849x .98
Spring Wheat: y = 6.14e 0784X .98
(run 2) |
Oats y = 5,24¢°0726% .97

where: y =06 in nepers/meter
| TE1o
X = percent moisture -
TabTe 2 Mathematical Attenuation Functions
- From Figures-5, 6, 7 and 8 and Table 2 it is interesting but not

surprising to-note that the graphs and the mathematical functions,fOr
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different grains are nearly identical. This was expected because the
physical dimensions as well as the cellular structure.of wheat, oats
and barley are very similar (6). _With similar seed characferisfics;
the microwavé interacts approximately the same.for the different seeds.

After determining how much energy was absorbed by the seeds, thé
next procedure was to determine how much energy was refleﬁted from the
seedé as a function of percent moisture. In this test, the standard
method of mqasﬁring'the VSWR (voltage standing,waﬁe ratio).was'usea.
See Appendix C for the equipment setup and the'procedures for measuring
. the VSWR. Once the VSWR was measured, the reflected energy was calcu-
lated in terms of the trénsmitted or incoming energy to the seeds by.

the following re]a%ionship:

Energy reflected = sz?-l) 2'
Energy incoming vswr+l

The'results for the VSWR tests are shown on Figures 11, 12, 13 and 14

on the next two pages. Also, on the figures are the least squares fit
of the data points. As can be observed, the reflected energy varies
‘fair1y slowly over the range of percent moisture. Aé‘an example, data

from Figure 12 (spring wheat) will be considered.

E,. (0%m) = 7.4% and E,. (30%m) = 17.6%
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Thus only a 10.2% difference in energy reflected per energy incident
occurs from a 0 to .30 percent moisfdre content change of the seeds.
The corresponding least squares Tinear function along with the corre-

lation coefficient are available in Table 3.

Seed Type Mathematical Function Correlation Coefficient
Spring Wheat y = .028x + 1.65 .72

(run 1) -
Barley ‘ y = .025x + 1.75 _ .69
Spring Wheat y = .042x + 1,69 .79

(run 2) oo
Qats y = .034x + 1,71 .56

whére: y = VSWR
x = percent moisture

Table 3 Mathematica] VSWR Functions
Again, the similarities between the behavior of the reflected.energy
from the three types of seeds can be related to the similar ce]]u]af
structures and compositions of the seeds.
Due to the boundary conditions of the waveguide, thé attenuation
constant 0?<Th ) measured in the waveguide is not the same as the

10 _ .
attenuation constant (°<TEM)'in free space. Since °<TEM is required in

" the pulse high power test since no boundries wi11'be present, then a

connecting relationship must be sought. The relationship is as follows

and the derivation of the equation is in Appendix D.
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rgy = °<T;:_10(l;(/\a/)s'c)2)1/2

where: Ac = .04572 meters
) ' . 1
Aa =Ao/(relative dielectric constant)Z

In order to complete this relationship the relative dielectric constant

must be found. Of the many techn1ques ava11ab1e, the shorted guide

method first introduced by Von Hippel (7) was used to determ1ne "é:,"

and "tan 8" as a function of percent moisture. In using this method a

* transcendental complex equation of the form (tanh x)/x must be solved

td‘determine the rg]ative dielectric constant and loss tangent, The
Newton's Ruie Method (8) for solving tran;cendenta] equations was used
fn a computer program on a Texas Instruments model 59 calculator to
determine the relative die]ectric consfant and the loss tangenf of ﬁhe
seeds as a function of percent moisture. Figures 13 and 14 on the'next'
page shows the results of‘ the shorted guide method to determine NE "

and "tan§". In Figures 13 and 14 the loss due to the waveguide Wa]]s

.was not taken into account. With reference to Figure 13, the increésed

~ concentration of H20 caused an increase in polarization (dielectric

constant increased) of the seeds. This effect was expected because the.
high d1e1ectr1c constant of water 1nf1uen¢es the po]ar1zat1on of the

seeds more as the percent moisture of the seeds increases. To check
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these results, a comparison was made between the values obtained by
S. 0. Nelson (9) and the values shown in Figures 13 and 14. Because

only one value of percent moisture for wheat was presented by Nelson, -

only a check of one moisture level is available.

S.0. Nelson results preceeding test results
frequency , 8.388 GHz. 8.682 GHz.
Er _ 2.624 ' 2.74
tan & .092 , .1195
% moisture 10.5% , - 10.7% _
wheat type Scout 66 HRW spring wheat

Table 4 Compafison of Results

As can be observed from the above table, the two vé]ues agree well
within experimental Timitations. |
With the dielectric constants determined, the connecting relation- .
ship between "O(TEM“ and c(TElo“ is complete. In order to verify this
cohnecting re]at1onsh1p, the following test was done to exper1menta11y
measure °<TEM .' The substitution method was again used and the equip-
ment set up is shown in Figure 15 page 23. Because the electromagnetic
) wavé coming from the horn antenna (as shown in Figure 15) is not.a true
'TEM wave due to the multimode cond1t1ons set up by the boundary condi-
| tions, the attenuation constant versus distance separating the horn’
antennas was plotted. By using this data, a region can be located where

the separation of the horn antennas will just begin to cause a loss in
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measurement accuracy in the attenuation reading due to the Toss of
-scattered waves and Jjust after the mu]tjmode components die out.
Figure 16 on the next page shows the attenuation constant‘(O(TEM)
versus horn separation for spring wheat. No attempt was made to
connect the.déta points to a curve in Figure 16 because only enough
data was taken to find out where the multimodes died out and not the
exact béhavior of the attenuation constant uﬁder mu]timodé conditions.
Also on Figure 16 is the_calcu]&ted value of “o(fEM"' This calculated
value was obtained from the data taken from Figures 7 and 13 and the
connecting equation shown on page 20. The test was donelét a frequency
of 8.682 GHz and at a moisture content of 7.8%. With reference to
Figuré 16, when the two horns were two wavelengths (horn separafion of | -
7.63 inches) away from the sample then the calculated value of QC(TEM“
agrees very we11 with the experimental results. '

Since straw is coming off of the combine.along with thevgréin, it
becomes necessary to determine.if the straw will absorb and/or reflect
enérgy along with the-geedé. Using the substitution method of measur-
ing attenuation and using the VSWR test to determine the reflections,
the energy absorbed and reflected for straw at 8.2 percent moisture
was obtained. In Table 5 on page 26 a'coﬁparéion is done between
straw and spring wheat at 8.2 percent moisture and a frequency of 8.682

GHz} ‘With reference to Table 5, the energy absorbed for the,séeds ié




3 2 L

10 J. - .

> calculated value

X 1EM

(neper/m)

e >
v ra

e

0 4 P P 3 " & 3 3
v ] v L4 v - -

0 2 B 6 8 10

Distance Separating Horn Antennas
(inches)

Figure 16 Attenuation versus Horn Antenna Separation

G¢




26

Straw - Spring Wheat
percent moisture 8.2% ' 8.2%
© VSWR 1.16 1.92
power reflected .55% 18.1%
C(TE .91 ' 11.5

10

Table 5 Comparison between Straw and Spring Wheat

on the order of twelve times the energy absorbed for the straw. Also,
the energy reflected from the straw is negligible compared to the
seeds. From these results, the straw can be ignored in relationship

. to the seeds ‘as far as microwave interaction is concerned.




CHAPTER III
HIGH POWER MEASUREMENTS

From earlier tests performed on spking wheat and barley by use of -
a microwave oven (10), it was determined that germination decreased to
74% for spring wheat ane 52% for barley after 30 seconds of exposure
.time. These tests were completed using a continous wave'Littoh.(mode1
970) microﬁave oveﬁ whose power rating is 650 watts and frequency is
2.45 GHz. For optimum performance a instantaneous kill rate of 100%
is required. | |

From Jolly and Tate (11), is was suggested that fshort time
exposures at a high‘amp1itude of power is much less favorable than the
: cohversef for enhancement of germination for Douglas-fir seeds. dJolly
and Tate used exposure times down to 4 seconds with a 2.45 GHz.multi-
mode cavity (Vérian model TCS-2.5A). Also, they suggested from their
resuits the fo11owiqg unproven postulate. "The gefmination enhancement'
rate may be primarily dependent upon the amplitude of the electromag-
netic f1e1d and therefore may be more than a simple thermal phenomenon'

Using these previous tests and assumptions, the high power tests
were initiated using a‘pu1sed magnetron (Varian model VMX-1025) at a
frequency of 9.375 GHz and a Epsco model PFN-1 modulator. 'By use of
this system, the pulse width was varible from_l te 3 microeeconds, the
duty cye]e from 0 to .001 and an output power of 18.1 kilowatts peak
was available.. The object now was to find an optimum ki1l point for

the seeds.
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' Iﬁ performing the high power tests, the equipmeht was setup as
shown in Figure 17 on thé next page. The power output -delivered to
the seed§ was controlled by the modulator driving current. This
current was monitored by'the oscilloscope. The'duty cycle and pulse .
width were also varied and controlled by the modu]ator, and monitored
by the oscilloscope. The horn antenna used had the fq]]owing_base

dimensions and from Gandhi (12) the following 3db beam widths.

.073 meters
.054 meters _

H-plane dimension
E-plane dimension

H—piane beamwidth
E-plane beamwidth

31.4 degrees
35.0 degrees

In order to insure.the seeds are in maximum field Strength, the dimen-
sions of the styrofoam test box as shown in Figure 17 must be within
the above beamwidths; therefore, the.styrofoam test box was made to
have the same dimensions as the horn antenna.

Because it is known that the'pdwer received from an antenna is
inversely proportional to the square of the distance between the trans-
mitting_and receiving anfenna (Friss' transmission formula) then it is
necessary to measure the power delivered to the seeds as a function of
distance from the transmittiﬁg antenna. Of the various methods to
meagure power, making a simple calorimeter out of the styrofoah tést

box seemed to be the most practicaT in terms of reasonable cost and
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Figure 17 Equipment Setup for High Power Pulse Tests

62




.30
minimum distortion of the field pattern.
By using the calorimeter and the fof]owing equation,.thé amount
of power delivered to the seeds aé a function of distance from the’

horn antenna can be determined.

4 (kilowatts) = AQ(10.74x1075) .

P, ..
delivere time of exposure (seconds)’

where: AQ = change ,in heat in calories
of the water

Appendix E contains the description of the ca]oriméter and Appendix F
contains the derivation of the above formula.

ngure 18 on the next page shpwé the power delivered to the
seeds as a function of distance from the horn antenna. Thgéraph is
normalized to the reading taken from the bolometer. As can be ob-
served, the power delivered to the seeds falls off very quickly with
4istance from the horn antenna, but it did not.go as the inverse
shuare of the separation distance. 'The reason befhg secondary
éffects caused by the horn antenna at the measured distance nu]}ffjes
tbe far field assumption (Iéotropic antenna) used in derivin§ fhe
Friss transmission formula.

Because the magnetron is Timited to a load mismatch of‘VSWR=1.5
(13), then the following test was done to find VSWR Vérsus dfstance

separating the horn antenna from the seeds. By measuring the VSWR
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Figure 18 Normalized Power Delivered to the Seeds as a Function of Distance
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with the setup shown in Figure 22 in Appendix E, the results shown -
fn Table 6 were obtained. A rather interestfng resuft is‘shown in .
Table 6, name]y.that the VSWR incréa;es at integer muitiples of half
wavelength from the end of the horn antenna. Similar results appear;

ed during four separate trials.

"d" (inches)
0.0
.375
.625
1.0
1.1875
1.625

w
o

Frequency (GHz)- Wavelength (inches
n
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Table 6 VSWR versus Horn Separation for Spring Wheat

In a low loss transmission medium the VSWR should remain fairly

constant and in a high loss medium the VSWR should decrease at an

exponential rate. In the above situation an oscillation type of
effect. is obéerved. From this observation the foliowing postu]été
is made: o

Resonant modes are setup between the surface of the seeds and
the horn antenna. When the seeds approach multi-half wavelengthes




. 33

from the horn a cavity is setup between the horn antenna and the
seeds. The cavity causes an.increase in the driving point impedance
of the horn antenna. This increase of .impedance corresponds to an
increase in the VSWR.

Using the same test equipmentlthis effecf was not noted wﬁeh
H20 was used as the load instead of the seeds.(See.Figufe 23 in
Appendix E). The reésoh this oscillation effect was not observed is
because the wéter is Very']ossy thus the cavjty setup befween-the
water and the horn antenna had a very low Q. To further test this
postulate, a brass plate was used as a load instead ofithe seeds;
Using the brass plate as the load, the oscillation effect was even
more pronounced then when the seeds were the load.

To determine the kill poinf of the seeds, a seed sample betWeen
2 to 3 seeds in depth was placed in the styrofoam test box and ex;
posed to the microwave pulses.produced by the magnetron. ‘The reason
this depth was chosen was because under worst case cénditions the
seed depth on the seives would be less than 3/16" thick. See
Appendix G for explanation. .

By varying the power level, duty cycle, pulse width and tjme.of
eXbosure for various moisture content of the séeds, the results ‘shown-
in Table 7 on the next two pages were obtained. In Table 7, the
power delivered to the seeds (Pd) was determined by reading the value

of power from the bolometer and recording the separétioh distance

-between the horn antenna and the seeds. With these two parameters
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Results of Spring Wheat Exposed to High Pulse Power
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Zmoisture %germination Pd(average) - Duty Pulse Width Exposure Time

7.4 98 11.6 watts . .0008 3 microsec. 15 min.
12. 5 96 . u 1] ] u
13. 7 96 n n- 1] . It
16. 1 100 [[] 1] 1] 1]
19. 8 96 i 1] L un
22. 5 88 n u (] H]

7.4 98 " .001 " u
1 1 R 9 90 ] " " n
15° 0 92 n ] ] "
17. 2 92 n n 1 {3
19. 7 98 n 1] 1] "
2 1. 8 96 n . [} n (1]

7.9 ‘96 7.8 watts .0008 1 microsec. "
11 . 6 98 n L H "
14. 5 94 H L) it u
17. 8 96 B 1] " 1§ 1§
1.90 2 98 it " " 1]
22 . 5 84 1] " i u . H

7.8 98 : 10.1 watts .001 " .
10.9 92 i 1] ) 1] . u u
1.3" 5 90 " 1] " ) i
16. 1 . 96 " {t n 13
19. 3 73 " " it . n
23.3

86 H n . i - H

Table 7(cont.) Results of Spring Wheat Exposed to High Pulse Power
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the power delivered to the seeds was determined from Figure 18, The
peak power then can be determined by the following equation.

P = Pd/duty cycle

peak
Again with reference to Table 7, fhe.percent'germinatioh was
determined by counting the abnorﬁa14and non-germinated seeds on the
seventh day of germination. The procedure for germination of“the~
seeds consisted of placing a fifty seéd sample in between féur,paper
towels which were saturated in water and then placed into two styro-
foam trays (9.25"x 11;25“x .5") at room tempéfature. The paperA-
towels were checked periodically over the coursé 6f seven days to
insure they remained damp. '

_ As can Be'observed from Table 7, the power level avaf]ab]e_was
not enough to kill the seeds. Other information obtained from Table
7 shows that in almost all the runs a steady decrease in germination
was noted .for an increasing_percent moisture. This result was expec-
ted because the seeds absorb more energy as the perceﬁt moisture‘in-
creases as was shown in the low power measurements; Also, the de-
crease in germination seemed to be dgbéndent mainly on the average
power level and percent moisture and not the peak power, duty cycle
or pu]ﬁe width for the equipment used.

Since the original assumption.of applying a high power .pulse to-
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kill the seeds did not work for the available peak power level and
since the results tend to focus on raising the average power level,
then it was necessary to determine how much average power was needed
to ki1l the seeds. Since Dr. Jim Sims had not previoué]y determined
the exact kill point of spring wheat by use of a microwave oven (1),
it was decided to continue’in this direction to find the kill point.

The final test in the high power tests consisted of using a
Frigidare Model PGM-6 microwave oven which has a power output of 675
watts and a frequency.of 2.45 GHz. Eecause.the microwave 6ven is a
microwave cavity, all the output power will be absorbed by fhe seeds
except for the small loss in the walls of the oven. By placing the
seeds that are in the styrofoam test box into the oven and by varying
the time of exposure and percent moisture Figure 19 on the next page
was obtained. With reference to the 12% moisture content curve in
Figure 19, an exposure time of 60 secbnds killed over 90% of the
spring wheat. This exposure time mu]tip]ied_by the amount of output
power of-the oven gives the amount of enérgy needed to kill the
seeds. - Therefore, -the amount of energy needed to kill over 90% of
the springiwheat of 12% moisture content was 40.5 kilowatt-seconds.
To check the above kill enérgy, a calculation was performed to deter-
mine the amount of heat needed to vaporize the amount of water that
would beicontained in the above 12% moisture cdntent sample, By

assuming standard temperature and pressure, the heat needed to raise
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Figure 19 Kill Rate for Spring Wheat
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the temperaﬁure of the watef from 25°C to '100°C plus the héat of
vaporizaiion would be 7.1 kilowatt-seconds. It seems reasonab}e
and indeed the cése that the amount of energy needed to kflT the
seeds would be above the 7.1 kilowatt-seconds for the sample weight

of 23 grams at 12% ‘moisture content.




CHAPTER IV
CONCLUSION

From the information gatheredr%n the Low Power Measurements, the
-energy absorbed and reflected are functions of percent moisture.
These results were expected due to the high dielectric con;tant and
loés tangent of water. In addition, random orientation of the seeds
at the lower percent moisture content does not change the énergy ab-
sorbed appreciably. Finally, straw can be ignored in're1at{onship to
the seeds when considering microwave absorption or ref]ectibn.‘

In the High Powér Measurements the possible use of a pulse
system to kill the seeds was tested. By using a pulse magnetron that
produced a peak output power of 18{1 kilowatts and delivered 14.5 A
kilowatts (11.6 average watts) to the seeds, the desired effect of '
killing the seeds did not work for the systgm used. The;e résu1ts
indicate that ‘an even higher power pulse system with relatively 19w_
avérage power would.stil1 not be an effective way to kill the seeds.

Also in the high power tests a continuous wave cavity microwave
oven (frequency = 2.45 GHz) was used to- determine the kill pdint for
spring wheat. By use of the 675 watt oven it was determihed that the
kill point was a function of percent moisture. This result Wa§ ex-
pected due to the increase of energy absprbed by thé.seeds as percent
moisture increases._ In addition, the'energy level needed to kill
over 90 percent of the spring Qheat,for a percent moisture of 12 per-

cent was calculated to be 40.5 kilowatt-seconds. -
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From the information contained within this thesis, it can be
concluded that a system designed to ﬁi]] the seeds coming off the
sieves of a combine would be impractical due:to the high power . levels

needed to kill the seeds.
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APPENDIX A
ATTENUATION MEASUREMENT BY THE SUBSTITUTION METHOD
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ATTENUATION MEASUREMENT BY THE SUBSTITUTION METHOb

The bTock diagfam of équipment setup is shown on the next page
and the 1ist of procedures was as follows:
(1) Set k]ystron to 8.682 GHz. (X-band range)

(2) Insert waveguide without samp]e but. with two styrofoam
(po1ystyrene) ends..

(3) Adjust slide-screw tuner to obtain match condition.
(4) Remove slotted 1ine probe |

(5) Set precision attenuator and VSWR meter to a-convenient
reference level.

(6) Insert sample into waveguide.

(7) Insert probe back into slotted line and obtain match
condition,

(8) Remove slotted line probe.

(9) Vary precision attenuator until VSWR meter is in same
position as in step 5 above. -

(10) Record difference in attenuation between steps 9 and 5.

Because the crystal detector had a measured -VSWR=1.25, a second
tuner to match the load to the crystal detector was not requfred
because 98.8 pekceht of the power was absorbed in the_?rystal,

Since polystyrene has a Toss tangent and refative dieléctric
constant nearly ‘that of air (14), then the assumption of a‘matched

condition between the polystyrene and the air in the aneguide'gan be




VSWR

VSWR
eter Meter
N ravequise N
Klystron |, Frequency Precision 5| STotted [,] Tuner / Waveguide L] Crystal
Meter Attenuator Line *7 /) Section \ Detector
¥ & Yy, %
i B 1%
K____ 1/211
styrofoam
ends to
hold the

seeds in the

waveguide

Figure 20 Block Diagram of Equipment Setup for the Attenuation Tests
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made. Therefore, the use of the polystyrene ends to hold the seeds

in the waveguide does not affect the data.




| APPENDIX B
DERIVATION OF THE ATTENUATION CONSTANT
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DERIVATION OF THE ATTENUATION CONSTANT
Starting with the wave equation, the following derivation was

done to determine the attenuation constant from the change in "gh"

‘as measured from the substitution method which was deséribed in

Appendix'A. :
Vo +¥E =0
 E= E+e7}'z + E_e'g'z
(1) E = E% N N AL
Since the interest is only in the attenuation and not the phasg shift
(1) reduces td.the following. . l
E= E+e""z + E_e'a(Z
E/E, = % + ™
where:["= refiection coefficient = E_/E,
Since the slide screw tuner was adjustéd to have a VSWR = 1 as
explained in Appendix A then the following 15 true.l
IPl= (vsuR-1)/ (vsur+1) = o |
(2) E/E; = etz

Because ."z" was measured to be "m" meters long then equation (2)

~ becomes the following:

Adb = 2010g(E/E,) = 2010ge™® "

This equation then reduces to the following: .

&l = Adb/ (8.686xm)




APPENDIX C
YOLTAGE STANDING WAVE RATIO MEASUREMENT
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VOLTAGE STANDING WAVE RATIO MEASUREMENT
The block diagram of equipment setup is shown in Figure 1C below.
The 1list of procedures for the test are as follows:
(1) Set klystron to 8.682 GHz.

(2) Move slotted line until minimum condition is observed on
the VSWR meter.

(3) Adjust VSWR meter until movement is set on 1.

(4) Rotate slotted line probe along the line until maximum
condition is observed on the VSWR meter.

(5) Record the value of VSWR as read from the VSWR meter.

VSWR
Meter
4
7 N
Klystron [ylFrequency |31 Slotted |3~ Waveguide |31 Matched
’-Meter Line 5‘ Section t: Load
7 N
. P 9, €
— 12
styrofoam
ends to
hold the
seeds in the
waveguide

Figure 21 Block Diagram of Equipment Setup for the VSWR Test
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DERIVATION OF Of, .. FROM
e D(Tr:m

From Ramo, Whinnery and Van Duzer (15) the following equation

was derived by retaining the first two terms of a binomial expansion.

1/2 //’
o{ye, = wW(He) e’ (1)
0 ag - (whwH M

W = driving frequency (rad./sec.)

. W= waveguide cutoff frequency (rad./sec.)

M, = permeability (henry/m)

£'= imaginary part of the dielectric constant
(farad/m)

E = real part of the d1e1ectr1c constant
(farad/m)

£=¢¢’

Equation (1) becomes valid when the following assumption is made.
§

wprliria)? - whuel ()

a = }e?gth of the wide end of the waveguide
m -

To check the validity of equation (1) by use of equation (2), data
from Figures 13 and 14 for spring wheat at 14 percent moisture con-
tent will be substituted into equation (2). ‘From this substitution
the retention of only the first two terms of the binomial expansion
used to derive equatioﬁ (1) would result in an error introdﬁction

of less than 4.3%. Also from Ramo, Whinnery and Van Duzer (16) the
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attenuation constant for the TEM mode was derived and is aé.fo]1ows.

rE

This equation was also derived by retaining only the first two terms
of a binomial expansion and the following equation is the bases for

a valid assumption,
we >>o. (4)

By again substituting data from Figures 13 and 14 into equation (4)
the retention of just the first two terms of the binomial expansion
used to derive equation (3) will result in an error introduction of
less than 3.3%. Because error introduction caused by use of equation ‘
(1) and (3) are within experimental limitations of.O(TE R then‘
equations (1) and (3) will be considered valid for use in the remain-
ing derivation.

By moving the radical in the denominator of equation (1) to the
left side of the equation and then substituting the resultant

equation into equation (3), the following relationship is formed.

Xrem = o(rElo(l-(aayuj)Z)l/Z
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This relationship then reduces to the following eduation.

Krgy = K, (-OMEADYE (5)

A, = cutoff wavelength of the waveguide (m)
A, = free space wavelength (m)

‘Equation (5) is the connecting relationship befween the attenuation
constant measured without boundries and the atfenuation constant -

bounded by a rectangular waveguide.
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DESCRIPTION OF CALORIMETER

Because the amount of power delivered to the seeds in the
styrofoam test box was a concern, a simple calorimeter built out
of the §tyrofoam test box was used to measure power, A ISA type J
Iron-Constant Thermocouple and a type 280§ Omega Digital Thermometer
were used to determine the change in temperature of the water in the
styrofoam test box at various distances from the horn antenna.

Because water has a high rg]ative dielectric constant with
respect to air a large mismatch occurs at the bodndriés of the

water and air. Since'a maximum mismatch of the magnetron (VSWR =

| 1.5) is specified (13) care must be taken not to put the calorimeter
to close to the antenna or else the specification will be exceeded.
By filling the styrofoam container with water and measuring the VSWR
of water through the'horn antenna as Sﬁown in Figure 1E on the next
page, a distance was determined were the maximum mismatch occurs.
Figure 2E on the following page showS the szﬁ versus distance from ‘
the water to the‘horn\antenna; As can be observed, the calorimeter
was used to measure the power delivered to the water for distances
greater than 1.5 inches. | '

The next step was to determine the depfh énd the amount of water

so that no energy will be transmitted through the water with minimum
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Figure 22 Block Diagram of Equipment Setup for the VSWR Test
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temperature gradient in the water. :By using this ca1oriheter with
a thermocouple, it was experimentally determined that 50 grams of
water be a good operating load. With 5Q grams of water in the
styrofoam test box the water depth in the box was .022 mefers. With
this water depth the following calculation was done to determine the
amoﬁnt of power transmitted'through the water compared to the input
power to the water. The transmitted E field through‘the water will

have the following form:
E=Ee %M (1)

If both sides of equation (1) are squared and are divided by the

characteristic impedance of the water then equation (2) is formed.
2 - 2 =20{m
e/, = (E2/7,)e (2)

Equation (2) then reduces to equation (3) below.

- , - _=26{m
Pin Ptransmittede (3)

Since "m" was given to be .022 meters then "e¢" must be found to

solve equation (3). Since "g’" is 55 and "tan §" is .54 for water
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at 10 GHz and atl25°C (2), then "a(f was found by takfng the real

part of the propagation constant as shown bé]ow.

Substituting the values for "g/" and "tang" into equation (4);.
Mog was: determined to be 380.4 nepers)meter. By substituting this
value back into equation (3), the power transmitted through the
water would be equal to 5.38x10™8 of the‘input power. From this
calculation it wa§ concluded that a]].thé power entering the water

‘in the styrofoam test box will be absorbed by the water.




APPENDIX F
DERIVATION OF POWER DELIVERED TO THE WATER
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DERVIATION OF POWER DELIVERED TO THE WATER .

By measuring the change in temperature of the water in the
calorimeter the amount of heat absorbed by the water was determined

by the following equation.

AQ = mCAT

" ‘where: AQ = change in heat in calories
m

mass of water in grams

nounn

C specigic heat (for water it is 1 calorie/
gram- C) o
AT = change in temperature in “C

Knowing the time of exposure and the change in heat of the water the

average power absorbed by the water was determined by the following

equation.
Since: 1 calorie = 1.163x107° kilowatt-hour
| 1 calorie = 4,19x107> kilowatt-sec.
Then: P beqikilowatts) = AQx4,19x10™ ki Towatt-sec. (1)

time of exposure(sec.)

To determine the power delivered to the water the magnitude of the

reflection coefficient was found by assuming the following:
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Z, = 377 ohms for air
2, = (po/ &8 )2 = 377/ €)% = 46.24 + §11.7 ohms for water.
Since: I =Nz, -z )/(zy +2,)] =1.78Y
. - ' =il = f1
Then: Prefiected/ Pdetivered ~ 7 = -61

Pabsorbed’Pdelivered + Pref1gcted/Pdelivered =1

by the conservation of energy then the following is true. .-

P 1-.61=.,39 (2)

absorbed’ Pdelivered ~.
Substituting equation (1) into equation (2) the desired equation

was formed as follows,

Pde]ivered ) Pabsor‘bed/°39
\ .
. -3\ .
Pins = AQ(4.19x10 ~)kilowatt-sec,
delivered time of exposure(sec.)x.39
- -3 . :
Pde]ivered'~ AQ(10.74x10 ) kilowatts

time of exposure(sec.)
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DETERMINATION OF DEPTH OF SEEDS LOST FROM THE SIEVES

For worsf case situation 1.5 to 2 bushels of grain are~1ost'off
of the combine per acre. Since one acre equals 43,536 square feet.
then the squaré of 208.7 feet Wou]d constitute an acre. Using dJohn
Deer combines as an example, cutter head widths'of‘26, 24 and Zé.feet' :
are_avai]ab]e.A Using a harvest qnit of 26 feet for worst case sit~
uation and using the above information the amount of bushels per
cut strip was calculated to be:

| 2 buéhe]s/(208;7feet/26feet) = .25 bushels/strip
Since a cut strip is 208.7 feet long, then the amount of grain loss
' per foot was éa]cu]ated to be:
.25 bushels/208.7 feet = .0012 bushels/foot
Because the Weigﬁt of harvest grain is on the order of 60 pounds per
bushel, then the weight of the seeds loss per foot was as follows:

0012 bushels/ft. x 60 Tbs./bushel = .072 lbs/ft. - |
sinﬁe the sieve width is 4.39 feet (17) and the depth of the'seeds
lis y" feet whiéh is'unknown, then the weight loss per unit vd]ume
was calculated to be:

(.072 Tbs./ft.)/(4.39 ft. x "y“‘ft.y = ,0164 1bs/ "y" ft,3
From the experiménts it was -determined that 32 grahs of sprind.wheat

at 13.4 percent moisture would occupy .0014 cubic feet or 22,531




68
grams.per cubic foot. Converting grams per cubic foot to pounds
per cubic foot it was determined that 13.4 percent moisture spring
wheat would weight 49.68 pounds per cubic foot. By knowing this
information, the depth of the seed on the sieves was calculated as

follows:

19.68 1bs/ft.>
4

.0164 Tbs/"y"ft.3

3.3x10°

y ft.

This caicu]ated depth is an average depth of the seeds on the sieves.
Since this value is less than the actual size of the seeds, it was
decided to run the high power tests on a seed gepth of-3/16" which
is between 2 to 3 seeds in depth. Th{s'standa}d would giQe.approx-
imately a factor of 50 higher than thé above cé]éu]ated average

depth.
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