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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 s u b je c t  o f  t h i s  t h e s i s  i s  to  determine the amount o f  
microwave energy needed to  k i l l  ce rea l  g ra in s  such as spr ing  
wheat under h a rv e s t  c o n d i t io n s .  In o rder  to  determine the  be­
hav io r  o f  the  cerea l  g ra in s  under microwave exposure the  d i e l e c ­
t r i c  c o n s ta n t ,  lo s s  t a n g e n t ,  a t t e n u a t io n  cons tan t  and r e f l e c t i o n  
c o e f f i c i e n t  were measured as func t ions  o f  mois ture  c o n ten t .  From 
the  exper imental  d a t a ,  i t  was determined t h a t  the  d i e l e c t r i c  
c o n s t a n t ,  lo s s  ta n g en t ,  a t t e n u a t io n  co n s tan t  and r e f l e c t i o n  
c o e f f i c i e n t  were a l l  func t ions  of  mois ture  con ten t .  Once t h i s  
in format ion was Obta ined,  the  seeds were exposed to  a high power 
pulse  microwave system and to  a continuous wave c av i ty  oven. From 
the  high power pulse  t e s t s ,  no k i l l  p o in t  was found f o r  sp r ing  
wheat. From the  microwave oven t e s t s ,  a k i l l  po in t  was determined 
as a func t ion  o f  mois ture  con ten t  f o r  sp r ing  wheat.



CHAPTER I 

INTRODUCTION

Because " s a l in e  seep" i s  becoming an inc reas ing  problem in the 

farm lands throughout  the  world,  severa l  methods o f  a l t e r n a t e  farm 

p r a c t i c e s  are  being adapted to  minimize the  s a l i n e  seep problem. One 

such p r a c t i c e  i s  to  e l im in a te  summer fa llowing (unseeded plowed land) .  

With t h i s  change, cerea l  g ra ins  which have f a l l e n  o f f  the  t a i l  board 

o f  a combine wi l l  grow in the  unplanted a re a .  This v o lun tee r  recropped 

gra in  i s  undes i rab le  and must be e l im ina ted  in order  to  s u cc e ss fu l ly  

stop summer fa l low ing .  Due to  the im p r a c t i c a l i t y  o f  removing the  seeds 

from the  s traw which have f a l l e n  from the  t a i l b o a r d  o f  the  combine, an 

a l t e r n a t e  method which would expose the  seeds and straw to  high energy 

microwaves in o rder  to  k i l l  the  seeds was proposed by Dr. Jim Sims ( I ) .  

The purpose o f  t h i s  t h e s i s  i s  to  i n v e s t i g a t e  Dr. Sims' theory  by d e t e r ­

mining the  necessary  microwave parameters o f  various  cerea l  g ra ins  and 
!

the  amount o f  energy needed to  k i l l  the  seeds .  This, p r o j e c t  was d iv id ­

ed in to  two major a r e a s :

* Low Power Measurements
* High Power Measurements

In the  Low Power Measurements, the  amount of  energy r e f l e c t e d  and 

absorbed as a func t ion  o f  moisture  con ten t  was determined f o r  wheat,  

o a t s  and b a r ley .  In a d d i t i o n ,  the  r e l a t i v e  d i e l e c t r i c  cons tan t  and 

lo s s  tangen t  was determined f o r  wheat,  oa ts  and bar ley  as a function 

o f  moisture  con ten t .
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In the High Power Measurements, a pulsed system and a con t in ­

uous wave system were used to  f ind  a k i l l  po in t  f o r  the  seeds .  In 

the  pulsed system the  duty cy c le ,  power, pulse width and time of  

exposure were va r ied  to  f ind  the optimum k i l l  po in t  as a function 

o f  g ra in  mois ture  con ten t .  In the  continuous wave system, a micro- 

wave oven was used to  f ind  the  k i l l  p o in t  as a func t ion  o f  exposure 

time and percen t  mois tu re .  By these  t e s t s ,  the  amount o f  energy 

needed to k i l l  the  seeds was determined.



CHAPTER II

LOW POWER MEASUREMENTS

In .de te rm in ing  the  microwave p r o p e r t i e s  o f  the  seeds ,  i t  i s  

d e s i r a b l e  to  take in to  account the  mois ture  content  o f  the  seeds.

This i s  necessary  because the  high lo s s  and highly  p o la r i z a b l e  nature  

o f  water (2) causes a t t e n u a t io n  and concen t ra t ion  o f  the  e lec tromag­

n e t i c  f i e l d s .  Due to  t h i s  c o n s id e ra t i o n ,  the  low power t e s t s  were 

completed as func t ions  o f  mois ture con ten t  o f  the  seeds .

In o rde r  to  mainta in  a s tandard  in de termina t ion  o f  moisture  

con ten t  throughout  the  following exper im ents ,  drying t e s t s  were pe r ­

formed on spr ing  wheat (Levi ty p e ) .  The procedure for. the  t e s t s  was 

as fo llows:

(1) Measure the  weight o f  the  co n ta in e r

(2) Measure the  weight o f  the  seeds and the  c o n ta in e r  before  
drying (wet weight)  ■

(3) Put CaSO. Anhydrous (a d e s ic c an t )  in the  oven to  absorb the 
mois ture .

(4) Put seeds in to  the  oven and maintain  temperature  between 
100-110 0C f o r  severa l  hours.

(5) Measure the  weight o f  the  seeds and co n ta in e r  a t  d i f f e r e n t  
time i n t e r v a l s .

When these  procedures were completed, the  following equation  was used 

to  c a l c u l a t e  the  pe rcen t  mois ture  con ten t :

%mois tu r e  = (wet weight o f  the  s e e d s ) - (d r y  weight o f  the  s e e d s )xl00
wet weight o f  the  seeds
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Figures I and 2 on pages 5 and 6 shows the  drying process f o r  two 

d i f f e r e n t  samples o f  sp r ing  wheat.  As can be observed from the  two 

f i g u r e s ,  very l i t t l e  drying takes  p lace  a f t e r  the  tw enty-four th  hour. 

With t h i s  in mind, the  following c r i t e r i o n  to  determine percen t  mois­

tu re  w i l l  be used:

(1) Dry seeds a t  IOO-IlO0C

(2) Dry seeds f o r  24 hours

Because pe rcen t  mois ture  o f  s to rage  g ra in  i s  u su a l ly  l e s s  than 

10%, water  must be added to  some o f  the  t e s t  seeds in o rder  to  obta in  

energy r e f l e c t e d  and energy absorbed versus percen t  mois ture  c h a r a c t e r ­

i s t i c s  t h a t  a re  d e s i r e d .  In o rder  to  do t h i s ,  the  following s tandard  

was used to  inc rease  the  percen t  mois ture  f o r  each da ta  p o in t .  One 

gram o f  HgO was added to  30 grams of  seeds a t  s to rage  value f o r  each 

da ta  p o in t .  That i s  to  say ,  one data  po in t  would have one gram of  HgO 

per  30 grams of  seeds ;  the  next  data  po in t  would have 2 grams o f  HgO 

per 30 grams o f  seeds and e t c .  Once the  water was added to  the  seeds ,  

the  seeds would be p laced in to  a sea led  c o n ta in e r  and allowed to  absorb 

the  water* Because i t  was observed t h a t  a f t e r  the  tw enty-four th  hour 

the  seeds above 30% mois ture  would begin to  germinate ,  the  seeds would 

remain in the  sea led  co n ta in e r s  a t  most twenty -four  hours before  any 

t e s t s  were performed on them. This procedure would allow maximum time 

fo r  the  seeds to  absorb the  water without in troducing  the  e x t r a  f a c to r



Weight
o f

Seeds
(grams)

Hours in Oven

Figure I Drying Curve f o r  Spring Wheat



Weight
o f

Seeds
(grams)

40
Hours In Oven

Figure 2 Drying Curve f o r  Spring Wheat
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of  germinated seeds in the  energy r e f l e c t e d  and energy absorbed t e s t s .  

Figure 3 below shows the  r e s u l t s  o f  adding water to  inc rease  the 

percen t  mois tu re  fo r  each data  p o in t .  As can be observed,  the  seeds 

were becoming s a tu r a te d  with the water above the 30% mois ture  po in t .  

Above t h i s  p o i n t ,  the  seeds would not absorb any add i t io n a l  water and

Figure 3 Percent Moisture versus Water Added to  Seeds
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consequently  su r face  water became n o t i c e ab le  on the  seeds .  Since 

su r face  water (unbounded water) behaves d i f f e r e n t l y  than the  water 

i n s id e  the  seeds (bounded water)  due to  the  d i f f e r e n t  boundary condi­

t i o n s ,  then the  30% mois ture  po in t  wi l l  be the  upper l i m i t  in the  

succeeding t e s t s .

A f te r  e s t a b l i s h i n g  the  procedures to  inc rease  and to  measure 

pe rcen t  mois tu re  o f  the  seeds ,  the  t e s t s  to  determine exper im enta l ly  

the  a t t e n u a t io n  (energy absorbed) o f  the  seeds were undertaken.  In 

measuring the  a t t e n u a t i o n  ̂ the  s u b s t i t u t i o n  method was used (3).  See 

Appendix A f o r  the  block diagram o f  the  equipment setup and the  l i s t  

o f  procedures .  By use o f  the  s u b s t i t u t i o n  method, the  fo llowing t e s t s  

were done.

Depending on var ious  f a c t o r s ,  d i f f e r e n t  amounts o f  seeds wi l l  be 

d isper sed  from the  r e a r  o f  the  combine during ha rves t .  With t h i s  in 

mind, a t e s t ,  was run to  determine the  r e l a t i o n s h i p  between depth o f  the  

seed sample versus the  amount o f  energy absorbed. See Figure 4 on 

page 9 f o r  the  r e s u l t s .  As can be observed from Figure 4 ,  a l i n e a r  

r e l a t i o n s h i p  e x i s t s  between energy absorbed and depth o f  sample.

Because the  physical  o r i e n t a t i o n  o f  the  seeds a f f e c t s  the  amount 

o f  energy absorbed due to  the  d i f f e r e n t  boundary cond i t ions  the e l e c ­

tromagnetic  wave encoun te rs ,  t h e . fo l lo w in g  t e s t  was run to  determine i f  

random o r i e n t a t i o n  would a f f e c t  the  amount o f  energy absorbed. This 

must be considered because the  seeds on the  s ieves  in the  combine
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Attenuation
(db)

Depth of Sample 
(inches)

Figure 4 Attenuation versus Depth of Spring Wheat

will be in a random pattern (at leas t  in two axis) due to the con­

veyor be lt  action of the sieves. By using the same seeds with 

three separate random orienta t ions ,  an attenuation t e s t  was run for 

spring wheat. Table I on the next page shows the resu l ts .  As can 

be observea from Table I ,  the random orientation of the seeds did not
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Attenuat ion  in db
% moisture Tes t  I Te3t 2 Tes t  3 Maximum Varia t ion

10.7 5.0 5.0 5.0 0 .0
13.4 6.5 6 .3 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 I Maximum Var ia t ion  o f  Attenuat ion 

a f f e c t  the  r e s u l t s  o f  the  t e s t  except a t  the  30% moisture  l e v e l .

Because the  main focus o f  these  experiments i s  between 10-12% moisture 

con ten t  (h a rv es t  con d i t io n s )  ( 4 ) ,  random o r i e n t a t i o n  wi l l  be e l imina ted  

from con s id e ra t io n  as a f a c t o r  in the  following t e s t s .

The energy absorbed versus percen t  mois ture  was ob ta ined  fo r  

sp r ing  wheat,  o a t s  and ba r ley  a t  a frequency o f  8.682 GHz. The 

s u b s t i t u t i o n  method, was used to  measure the  a t t e n u a t io n  and the  follow­

ing r e l a t i o n s h i p  was used to  conver t  the  measured decibel change to the  

a t t e n u a t io n  cons tan t  in nepers per  meter.  See Appendix B f o r  the  de r ­

iv a t io n  o f  the  following equation .

Q(  = A db 
8.686x1

where I = length  o f  sample in meters
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A f te r  the  energy absorbed versus  pe rcen t  mois ture  t e s t s  were completed,  

a s t a t i s t i c a l  a n a ly s i s  o f  the  data  fol lowed. By use o f  the  l e a s t  

squares  method (5 ) ,  an exponential  func t ion  was f i t t e d  to  the  data  

p o in t s .  These r e s u l t s  a re  shown on Figures 5 , 6 ,  7 and 8 on the 

fo llowing four  pages.  Two d i f f e r e n t  t e s t s  (runs) were completed on 

sp r ing  wheat, and as  can be observed on Figures 7 and 8 ,  the  two curves 

came ou t  well w i th in  exper imental  e r r o r  o f  one another .  These r e s u l t s  

show t h a t  the  amount o f  energy absorbed by the  seeds i s  a n o n - l i n ea r  

func t ion  o f  mois tu re .  Table 2 shows the  exponential  func t ions  from the  

l e a s t  squares  curve f i t  o f  the  da ta  po in t s  f o r  sp r ing  wheat,  oa ts  and

ba r ley .  Also in the  t a b l e  a re  the  a s so c ia t e d  c o r r e l a t i o n  c o e f f i c i e n t s .
I

Seed Type Mathematical Function________ C orre la t ion  C o e f f ic ien t

Spring Wheat y = 6.20e*0756x .99
(run I) .

Barley y = 4.99e*0849x 's

Spring Wheat y = 6.14e*0784x .98
(run 2)

Oats y = 5 .24e ,0726x .97

where: y = <XTF in nepers /meter
l t IO

x = percen t  moisture 

Table 2 Mathematical At tenuat ion  Functions 

From Figures 5,  6,  7 and 8 and Table 2 i t  i s  i n t e r e s t i n g  but not 

s u r p r i s in g  to  note  t h a t  the  graphs and the  mathematical func t ions  f o r
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Figure 5 At tenuat ion  versus Percent Moisture
fo r  Barley

-I—»
35
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^ t e IO
(neper/m)

Percent Moisture
( % )

Figure 6 At tenuat ion  versus Percent Moisture
fo r  Oats
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Figure 7 At tenuat ion  versus Percent Moisture
f o r  Spring Wheat (run I)
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Figure 8 At tenuat ion  versus Percent Moisture
fo r  Spring Wheat (run 2)

— i— »

35
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d i f f e r e n t  g ra in s  a re  n ea r ly  i d e n t i c a l .  This was expected because the 

phys ica l  dimensions as well as the  c e l l u l a r  s t r u c t u r e  o f  wheat,  oa ts  

and b a r ley  a re  very s i m i l a r  (6 ) .  With s i m i l a r  seed c h a r a c t e r i s t i c s ,  

the  microwave i n t e r a c t s  approximately the  same f o r  the  d i f f e r e n t  seeds .  

A f te r  determin ing how much energy was absorbed by the. s eeds ,  the

nex t  procedure was to  determine how much energy was r e f l e c t e d  from the
• •

seeds as a func t ion  o f  percen t  mois ture .  In t h i s  t e s t ,  the  standard 

method o f  measuring the  VSWR (volt age  s tanding  wave r a t i o )  was used.

See Appendix C f o r  the  equipment se tup and the  procedures f o r  measuring 

the  VSWR. Once the  VSWR was measured, the  r e f l e c t e d  energy was ca lcu ­

l a t e d  in terms o f  the  t r a n s m i t t e d  o r  incoming energy to  the  seeds by 

the  following r e l a t i o n s h i p :

The r e s u l t s  f o r  the  VSWR t e s t s  a re  shown on Figures 11, 12, 13 and 14 

on the  next  two pages.  Also,  on the  f i g u r e s  are  the  l e a s t  squares f i t  

o f  the  da ta  p o in t s .  As can be observed,  the  r e f l e c t e d  energy v a r ie s  

f a i r l y  slowly over the  range o f  percen t  mois tu re .  As an example, data  

from Figure 12 (spr ing  wheat) w i l l  be considered .

Energy r e f l e c t e d  = Rvswr-1fj ^
Energy incoming Hvswr+I)

Ef  (0%m) = 7.4% 

ET

Ey, (30%m) = 17.6%

1 7

and
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VSWR

(%)

Figure 9 VSWR versus Percent Moisture 
f o r  Barley

VSWR

Percent Moisture 
(%)

Figure 10 VSWR versus Percent Moisture 
f o r  Oats
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Percent Moisture
(%)

Figure 11 VSWR versus Percent Moisture 
f o r  Spring Wheat (run I)

VSWR

Percent Moisture

Figure 12 VSWR versus Percent Moisture 
f o r  Spring Wheat (run 2)
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Thus only a 10.2% d i f f e r e n c e  in energy r e f l e c t e d  per energy in c id en t  

occurs  from a 0 to  30 percen t  mois ture  con ten t  change o f  the  seeds .  

The corresponding  l e a s t  squares l i n e a r  func t ion  along with the  co r re ­

l a t i o n  c o e f f i c i e n t  are  a v a i l a b l e  in Table 3.

Seed Type Mathematical Function C orre la t ion  C o ef f ic ien t

Spring Wheat y = .028x + 1.65 .72
(run I)

Barley y = .025x + 1.75 .69

Spring Wheat 
(run 2)

y = .042x + 1.69 .79

Oats y = .034x + 1.71 .56

where: y = VSWR

x = percen t  mois ture

Table 3 Mathematical VSWR Functions

Again,  the  s i m i l a r i t i e s  between the  behavior of  the  r e f l e c t e d  energy

from the  th re e  types o f  seeds can be r e l a t e d  to  the  s i m i l a r  cellu lar-

s t r u c t u r e s  and composit ions o f  the  seeds .

Due to  the  boundary cond i t ions  o f  the  waveguide, the  a t t e n u a t io n

cons tan t  (<KT, ) measured in the  waveguide i s  not the  same as the
10

a t t e n u a t io n  cons tan t  in f r e e  space.  Since i s  required  in

the  pu lse  high power t e s t  s ince  no boundries wi l l  be p r e s e n t ,  then a 

connecting r e l a t i o n s h i p  must be sought.  The r e l a t i o n s h i p  i s  as follows 

and the  d e r iv a t io n  o f  the  equation i s  in Appendix D.
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^TEM- (1"( Aa/y^c)^)^

where: A c =  „04572 meters

A a  = A o / ( r e l a t i v e  d i e l e c t r i c cons tan t  )F
I

In o rde r  to  complete t h i s  r e l a t i o n s h i p  the  r e l a t i v e  d i e l e c t r i c  cons tan t  

must be found. Of the  many techniques  a v a i l a b l e ,  the  shor ted  guide 

method f i r s t  in t roduced by Von Hippel (7) was used to  determine " £ r " 

and " t a n a s  a func t ion  o f  percen t  mois tu re .  In using t h i s  method a 

t ranscenden ta l  complex equat ion o f  the  form (tanh x ) /x  must be solved 

to  determine the  r e l a t i v e  d i e l e c t r i c  con s tan t  and lo s s  t an g en t .  The 

Newton's Rule Method (8) f o r  so lv ing  t ranscenden ta l  equa t ions  was used 

in a computer program on a Texas Ins truments  model 59 c a l c u l a t o r  to 

determine the  r e l a t i v e  d i e l e c t r i c  cons tan t  and the  lo ss  t angen t  o f  the  

seeds as a func t ion  o f  pe rcen t  mois tu re .  Figures 13 and 14 on the next 

page shows the  r e s u l t s  o f  the  shor ted  guide method to  determine " E p "  

and " t a n S ".  In Figures 13 and 14 the  lo s s  due to  the  waveguide walls 

was not taken in to  account .  With re fe rence  to  Figure 13, the  increased

concen t ra t ion  o f  HgO caused an inc rease  in p o l a r i z a t i o n  ( d i e l e c t r i c  

con s tan t  inc reased)  o f  the  seeds .  This e f f e c t  was expected because the  

high d i e l e c t r i c  cons tan t  o f  water in f lu en c es  the  p o l a r i z a t i o n  of the 

seeds more as the  pe rcen t  mois ture  o f  the  seeds in c re a s e s .  To check
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b a r ley

o a ts

Percent Moisture
(%)

Figure 13 R ela t ive  D ie l e c t r i c  Constant versus Percent 
Moisture fo r  Spring Wheat, Oats and Barley

b a r ley

sp r in g  wheat

Percent Moisture 
(%)

Figure 14 Loss Tangent versus Percent Moisture f o r  Spring 
Wheat, Oats and Barley
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these  r e s u l t s 9 a comparison was made between the  values  ob ta ined  by

S. 0.  Nelson (9) and the  values  shown in Figures 13 and 14. Because 

only one value o f  pe rcen t  mois ture  f o r  wheat was p resen ted  by Nelson, 

only a check o f  one mois tu re  level  i s  a v a i l a b l e .

S.O. Nelson r e s u l t s  proceeding t e s t  r e s u l t s
frequency 

£ r  
tan  S

% mois ture  
wheat type

Table 4 Comparison o f  Result s

8.682 GHz. 
2.74 

.1195 
10.7%

spr ing  wheat

8.388 GHz. 
2.624 

.092 
10.5%

Scout 66 HRW

As can be observed from the  above t a b l e ,  the  two values  agree well 

w i th in  experimental  l i m i t a t i o n s .

With the  d i e l e c t r i c  cons tan ts  determined, the  connecting r e l a t i o n ­

sh ip  between and " i s  complete.  In o rde r  to  v e r i f y  t h i s
10

connecting r e l a t i o n s h i p ,  the  following t e s t  was done to  exper imenta l ly  

measure The s u b s t i t u t i o n  method was again used and the  equip­

ment s e t  up i s  shown in Figure 15 page 23. Because the  e lec t rom agne t ic  

wave coming from the  horn antenna (as shown in Figure 15) i s  not a t ru e  

TEM wave due to  the  multimode cond i t ions  s e t  up by the  boundary condi­

t i o n s ,  the  a t t e n u a t io n  cons tan t  versus d i s tan ce  s ep a ra t in g  the  horn 

antennas was p l o t t e d .  By using t h i s  d a t a ,  a region can be loca ted  where 

the  sepa ra t ion  o f  the  horn antennas w i l l  j u s t  begin to  cause a loss  in
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measurement accuracy in the  a t t e n u a t io n  reading due to  the  lo s s  o f  

s c a t t e r e d  waves and j u s t  a f t e r  the  multimode components d ie  ou t .

Figure 16 on the  next  page shows the  a t t e n u a t io n  cons tan t  ( 0 ^ . ^ )  

versus horn sepa ra t ion  f o r  spr ing  wheat.  No at tempt was made to  

connect the  da ta  po in ts  to  a curve in  Figure 16 because only  enough 

da ta  was taken t o  f in d  out where the  multimodes died out and not the  

exac t  behavior  o f  the  a t t e n u a t io n  con s tan t  under multimode cond i t ions .  

Also on Figure 16 i s  the  c a lc u l a t e d  value o f  This c a lc u la te d

value was obta ined  from the  da ta  taken from Figures 7 and 13 and the 

connecting equation shown on page 20. The t e s t  was done a t  a frequency 

o f  8.682 GHz and a t  a mois tu re  con ten t  o f  7.8%. With re fe ren ce  to 

Figure 16* when the  two horns were two wavelengths (horn sepa ra t ion  o f .  

7.63 inches)  away from the  sample then the  ca lc u la t e d  value of 

agrees  very well with the  experimental  r e s u l t s .

Since s traw i s  coming o f f  o f  the  combine along with the  g r a in ,  i t  

becomes necessary  to  determine i f  the  s traw w i l l  absorb and /o r  r e f l e c t  

energy along with the  seeds .  Using the  s u b s t i t u t i o n  method o f  measur­

ing a t t e n u a t io n  and using the  VSWR t e s t  to  determine the  r e f l e c t i o n s ,  

the  energy absorbed and r e f l e c t e d  f o r  s t raw a t  8.2 p e rcen t  mois ture 

was ob ta ined .  In Table 5 on page 26 a comparsion i s  done between 

s t raw and sp r ing  wheat a t  8 .2  percen t  mois tu re  and a frequency o f  8.682 

GHz. With re fe rence  to  Table 5,  the  energy absorbed f o r  the  seeds i s
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Straw Spring Wheat
pe rcen t  mois ture 8.2% 8.2%

VSWR 1.16 1.92
power r e f l e c t e d .55% 18.1%

.91 11.5
10

Table 5 Comparison between Straw and Spring Wheat

on the  o rde r  o f  twelve t imes the  energy absorbed f o r  the  s t raw .  Also,  

the  energy r e f l e c t e d  from the  s traw i s  n e g l i g i b l e  compared t o  the 

seeds .  From these  r e s u l t s ,  the  s traw can be ignored in r e l a t i o n s h i p  

to  the  seeds as f a r  as microwave i n t e r a c t i o n  i s  concerned.



CHAPTER I I I

HIGH POWER MEASUREMENTS

From e a r l i e r  t e s t s  performed on spr ing  wheat and ba r ley  by use o f  

a microwave oven ( IO )5 i t  was determined t h a t  germination decreased to  

74% f o r  spr ing  wheat and 52% f o r  ba r ley  a f t e r  30 seconds o f  exposure 

t ime. These t e s t s  were completed using a cont i nous wave L i t to n  (model 

970) microwave oven whose power r a t i n g  i s  650 watts  and frequency i s  

2.45 GHz. For optimum performance a ins tan taneous  k i l l  r a t e  o f  100% 

i s  requ i red .

From J o l l y  and Tate ( I l ) 5 i s  was suggested t h a t  " sh o r t  time 

exposures a t  a high amplitude o f  power i s  much l e s s  favorab le  than the  

converse" f o r  enhancement o f  germination f o r  Dougla s - f i r  seeds .  J o l l y  

and Tate used exposure t imes down to  4 seconds with a 2.45 GHz m u l t i -  

mode cav i ty  (Varian model TCS-2.5A). Also,  they suggested from t h e i r  

r e s u l t s  the  following unproven p o s t u l a t e .  "The germination enhancement 

r a t e  may be p r im ar i ly  dependent upon the  amplitude o f  the  e lectromag­

n e t i c  f i e l d  and th e r e f o r e  may be more than a simple thermal phenomenon"

Using these  previous  t e s t s  and assumptions,  the  high power t e s t s  

were i n i t i a t e d  using a pulsed magnetron (Varian model VMX-1025) a t  a 

frequency o f  9.375 GHz and a Epsco model PFN-I modulator.  By use o f  

t h i s  system, the  pu lse  width was v a r ib l e  from I to  3 microseconds,  the  

duty cycle  from 0 to  .001 and an ou tpu t  power o f  18.1 k i lo w a t t s  peak 

was a v a i l a b l e .  The o b je c t  now was to  f ind  an optimum k i l l  po in t  fo r  

the  seeds .
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In performing the  high power t e s t s ,  the  equipment was setup as 

shown in Figure 17 on the  next  page. The power output d e l iv e red  to 

the  seeds was c o n t ro l l e d  by the  modulator d r iv ing  c u r r e n t .  This 

c u r r e n t  was monitored by the  o s c i l l o s c o p e .  The duty cycle  and pulse . 

width were a lso  va r ied  and c o n t ro l l e d  by the  modulator,  and monitored 

by the  o s c i l l o s c o p e .  The horn antenna used had the  following base 

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

H-plane dimension = .073 meters 
E-plane dimension = .054 meters

H-plane beamwidth = 31.4 degrees 
E-plane beamwidth = 35.0 degrees

In o rd e r  to  in su re  the  seeds are  in maximum f i e l d  s t r e n g t h ,  the  dimen­

s ions  o f  the  styrofoam t e s t  box as shown in Figure 17 must be with in  

the  above beamwidths; t h e r e f o r e ,  the  styrofoam t e s t  box was made to 

have the  same dimensions as the  horn antenna.

Because i t  i s  known t h a t  the  power received from an antenna i s  

in v e r s e ly  p ropo r t iona l  to  the  square o f  the  d is tance  between the  t r a n s ­

m i t t i n g  and rece iv ing  antenna ( F r i s s 1 t ransm iss ion  formula) then i t  i s  

necessary  to  measure the  power d e l iv e red  to  the seeds as a function o f  

d i s ta n ce  from the  t r a n s m i t t i n g  antenna.  Of the various  methods to 

measure power, making a simple c a lo r im e te r  out o f  the  styrofoam t e s t  

box seemed to  be the  most p r a c t i c a l  in terms o f  reasonable  co s t  and
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minimum d i s t o r t i o n  o f  the  f i e l d  p a t t e r n .

By using the  c a lo r im e te r  and the  following equa t ion ,  the  amount 

o f  power d e l iv e red  to  the  seeds as a func t ion  o f  d i s tance  from the 

horn antenna can be determined.

Pdel1vered <k 1 ,o w a t t s> 

where: AQ

= AQ(10.74xl0~3)
time o f  exposure (seconds)

= change ,in  hea t  in c a l o r i e s  
o f  the  water

Appendix E con ta ins  the  d e sc r ip t i o n  o f  the  ca lo r im e te r  and Appendix F 

con ta ins  the  d e r iv a t io n  o f  the  above formula.

Figure 18 on the  next  page shows the  power de l iv e red  to  the 

seeds as a func t ion  o f  d i s tan ce  from the  horn antenna.  The graph i s  

normalized to  the  reading taken from the  bolometer. As can be ob­

served ,  the  power d e l iv e red  to  the  seeds f a l l s  o f f  very qu ick ly  with 
(

d i s tan ce  from the  horn antenna,  but i t  d id  not go as the  inverse  

square o f  the  sepa ra t ion  d i s t a n ce .  The reason being secondary 

e f f e c t s  caused by the  horn antenna a t  the  measured d i s ta n ce  n u l l i f i e s  

the  f a r  f i e l d  assumption ( I s o t r o p ic  antenna)  used in de r iv ing  the 

F r is s  t ransm iss ion  formula.

Because the magnetron i s  l im i ted  to  a load mismatch o f  VSWR=I.5 

(13) ,  then the  following t e s t  was done to  f ind  VSWR versus d is tance  

s ep a ra t in g  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  r e s u l t s  shown - 

in Table 6 were ob ta ined .  A r a t h e r  i n t e r e s t i n g  r e s u l t  i s  shown in 

Table 6,  namely t h a t  the  VSWR inc rease s  a t  i n t e g e r  m u l t ip l e s  o f  h a l f  

wavelength from the  end o f  the  horn an tenna.  S im ilar  r e s u l t s  appear­

ed during four  sepa ra te  t r i a l s .

11 d" ( inches) VSWR Frequency (GHz) Wavelength (inches)
0 .0 1.5 9.375 1.26

.375 1.28 H H

.625 1.7
1.0 1.32 H

1.1875 1.32 H

■ 1.625 1.4 I i H

1.75 1.6 I l

2.0  . 1.32 I i

2.5 1.55 H

3.0 1.36
3.25 1.38 I i i i

3.375 1.16 I i H

3.75 1.3 I i

4 .0  . 1.26 M i i

4.375 1.28

Table 6 VSWR versus Horn Separa tion f o r  Spring Wheat

In a low lo s s  t ransm iss ion  medium the  VSWR should remain f a i r l y  

cons tan t  and in a high lo s s  medium the  VSWR should decrease  a t  an 

exponential  r a t e .  In the  above s i t u a t i o n  an o s c i l l a t i o n  type o f  

e f f e c t  i s  observed. From t h i s  observat ion  the following p o s tu la t e  

i s  made:

Resonant modes are  setup  between the  su r fa ce  o f  the  seeds and . 
the  horn an tenna.  When the seeds approach m u l t i - h a l f  wavelengthes



33

from the  horn a c av i ty  i s  setup between the  horn antenna and the 
seeds .  The c av i ty  causes a n . in c r ea s e  in the  d r iv ing  po in t  impedance 
o f  the  horn antenna.  This inc rease  of' impedance corresponds to  an 
in c rease  in the  VSWR.

Using the same t e s t  equipment t h i s  e f f e c t  was not noted when 

HgO was used as the  load in s tead  o f  the  seeds . (See  Figure 23 in 

Appendix E). The reason t h i s  o s c i l l a t i o n  e f f e c t  was not observed i s  

because the  water i s  very lossy  thus  the  c av i ty  setup between the 

water and the  horn antenna had a very low Q. To f u r t h e r  t e s t  t h i s  

p o s t u l a t e ,  a b rass  p l a t e  was used as a load in s tead  o f  the  seeds .  

Using the  brass  p la t e  as the  load ,  the  o s c i l l a t i o n  e f f e c t  was even 

more pronounced then when the  seeds were the  load.

To determine the  k i l l  po in t  o f  the  seeds ,  a seed sample between 

2 to  3 seeds in depth was placed in the  styrofoam t e s t  box and ex­

posed to  the  microwave pu lses  produced by the  magnetron. The reason 

t h i s  depth was chosen was because under wors t  case c ond i t ions  the 

seed depth on the  se ives  would be l e s s  than 3/16" t h i c k .  See 

Appendix G f o r  ex p lana t ion .

By varying the  power l e v e l ,  duty c y c le ,  pulse width and time of  

exposure f o r  var ious  mois ture  con ten t  o f  the  seeds ,  the  r e s u l t s  shown 

in Table 7 on the  next  two pages were ob ta ined .  In Table 7,  the 

power de l iv e red  to  the  seeds (Pd) was determined by reading the  value 

o f  power from the  bolometer and recording  the  sepa ra t ion  d is tance  

between the  horn antenna and the  seeds .  With these  two parameters



^moisture %germination Pd(average) Duty Pulse Width Exposure Time
11.1 98 9.6  watts .0008 2 microsec . 30 min.
14.2 98 I l I l I l I l

. 16.8 96 I l I l I l I l

19.4 94 I l I l I l I l

21.8 96 I l I l I l I f

7.6 98 8 .8  wat ts I l I l 45 min.
7.6 96 9.5  watts I l I l 15 min.

11.8 98 M H  . I l I l

14.1 98 I l i t I l I l

16.9 98 U I l I l I l

19.7 88 I l I l I l I l

20.1 92 I l I l I l I i

7.6 96 11.2 watts I l I l I l

10.7 100 I l I l I l I l

14.1 100 I l I l I l I l

16.6 96 I l I l U H

18.9 90 I l H I l I l

21.3 88 I f I l I l I l

7.3 100 I l I i I l 30 min.
11.5 . 100 I l I l I l I l

14.0 96 I l I l I l I l

16.9 94 I l I l I l I l

19.7 90 I i I l I l I l

22.4 84 H I l I l I l

7.8 94 13.6 watts .001 I l 15 min.
11.2 98 I l I l I l I l

14.2 88 I l I l I l I l

16.8 96 • I I l I l H

19.7 78 I l I l H U

21.6 78 U I I . I I I l

Table 7 R esu l t s  o f  Spring Wheat Exposed t o  High Pulse Power



%mois t u r e %germination Pd(average) Pulse Width
7.4 98 11.6 wat ts - .0008 3 microsec. 15 min.

12.5 96 I l I l I l H

13.7 96 I l I l I l I l

16.1 100 I l I l I l I l

19.8 96 i i I l I l H

22.5 88 I i I l .  H i i

7.4 98 H .001 I l I l

11.9 90 i i I l I l I l

15.0 92 i i I l I l  . I l

17.2 92 i i I l I l I l

19.7 98 i i I l I l I l

21.8 96 i i I l I l
"  C

7.9 96 7.8  wat ts .0008 I microsec. I l  1

11.6 98 I l I l i i I l

14.5 94 I l I l I l I l

17.8 96 I l I l I l I l

19.2 98 I l I l i i H

22.5 84 I l I l I l I l

7.8 98 10.1 watts .001 I l I l

10.9 92 I l I l I l I l

13.5 90 I l I l I l I l

16.1 96 I l I l I l IE

19.3 73 I l I l H I I

23.3 86 I l I l I l • I t

Table 7 ( c o n t . )  Result s  o f  Spring Wheat Exposed to  High Pulse Power
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the  power d e l iv e re d  to  the  seeds was determined from Figure 18. The 

peak power then can be determined by the  fol lowing equa t ion .

Ppeak = Pd/duty cycle

Again with  re fe ren ce  to  Table 7,  the  percen t  germination was 

determined by count ing the  abnormal and non-germinated seeds on the 

seventh day o f  germination.  The procedure f o r  germination o f  the  

seeds co n s i s ted  o f  p lac ing  a f i f t y  seed sample in between fou r  paper 

towels which were s a tu r a t e d  in water and then placed in to  two s t y r o ­

foam t r a y s  (9 .25"x 11.25"x .5" )  a t  room tem pera tu re . The paper 

towels were checked p e r i o d i c a l l y  over  the  course o f  seven days to 

in su re  they remained damp.

As can be observed from Table 7,  the  power level a v a i l a b l e  was 

not enough to  k i l l  the  seeds .  Other informat ion obta ined from Table 

7 shows t h a t  in almost a l l  the  runs a s teady decrease  in germination 

was noted f o r  an in c reas in g  percen t  m ois tu re .  This r e s u l t  was expec­

ted  because the  seeds absorb more energy as the  pe rcen t  mois tu re  i n ­

c reases  as was shown in the  low power measurements. Also,  the  de­

c rease  in germination seemed to  be dependent mainly on the  average 

power level  and pe rcen t  mois ture  and no t  the  peak power, duty cycle  

o r  pulse  width f o r  the  equipment used.

Since the  o r ig i n a l  assumption o f  applying a high power pulse to
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k i l l  the  seeds did  not  work f o r  the  a v a i l a b l e  peak power leve l  and 

s ince  the  r e s u l t s  tend to  focus on r a i s i n g  the average power l e v e l ,  

then i t  was necessary  to  determine how much average power was needed 

to  k i l l  the  seeds .  Since Dr. Jim Sims had not p rev ious ly  determined 

the  exac t  k i l l  po in t  o f  sp r ing  wheat by use o f  a microwave oven ( I ) ,  

i t  was decided to  continue in t h i s  d i r e c t i o n  to  f in d  the  k i l l  po in t .

The f i n a l  t e s t  in the  high power t e s t s  cons is ted  o f  using a 

F r i g i dare.Model PGM-6 microwave oven which has a power ou tpu t  o f  675 

wat ts  and a frequency o f  2.45 GHz. Because the  microwave oven i s  a 

microwave c a v i t y ,  a l l  the  outpu t  power w i l l  be absorbed by the  seeds 

except  f o r  the  small lo s s  in the  wal ls  o f  the  oven. By p lac ing  the 

seeds t h a t  are  in the  styrofoam t e s t  box in to  the  oven and by varying 

the  t ime o f  exposure and percen t  mois ture  Figure 19 on the  next page 

was ob ta ined .  With re fe rence  to  the  12% mois ture co n ten t  curve in 

Figure 19, an exposure time o f  60 seconds k i l l e d  over  90% o f  the 

spr ing  wheat. This exposure time m u l t ip l i e d  by the  amount o f  output 

power o f  the  oven gives  the  amount o f  energy needed to  k i l l  the  

seeds .  The re fo re ,  the  amount of  energy needed to  k i l l  over 90% of  

the  spr ing  wheat o f  12% moisture con ten t  was 40.5 k i low at t -seconds .

To check the  above k i l l  energy , a c a l c u l a t i o n  was performed to  d e t e r ­

mine the  amount of  hea t  needed to  vaporize  the  amount o f  water  t h a t  

would be contained in the  above 12% mois ture  content  sample.  By 

assuming s tandard  temperature  and p re s s u r e ,  the  heat needed to r a i s e
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All seed depths a re  3/16" except where noted
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Figure 19 Kill  Rate f o r  Spring Wheat



the  temperature  o f  the  water from 25°C to  IOO0C plus the  heat  o f  

v apo r iza t ion  would be 7.1 k i low a t t - seconds .  I t  seems reasonable  

and indeed the  case t h a t  the  amount o f  energy needed to  k i l l  the  

seeds would be above the  7.1 k i lowat t -seconds  fo r  the  sample weight 

o f  23 grams a t  12% mois ture  con ten t .
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CHAPTER IV

CONCLUSION

From the  informat ion gathered in the  Low Power Measurements, the  

energy absorbed and r e f l e c t e d  are  func t ions  o f  percen t  mois tu re .

These r e s u l t s  were expected due to  the  high d i e l e c t r i c  co n s tan t  and 

lo s s  tangen t  o f  water .  In a d d i t i o n ,  random o r i e n t a t i o n  o f  the  seeds 

a t  the  lower pe rcen t  mois tu re  con ten t  does not change the  energy ab­

sorbed a pp rec iab ly .  F i n a l l y ,  straw can be ignored in r e l a t i o n s h i p  to 

the  seeds when cons ider ing  microwave absorpt ion  or  r e f l e c t i o n .

In the  High Power Measurements the  p o s s ib le  use o f  a pulse 

system to  k i l l  the  seeds was t e s t e d .  By u^ing a pulse  magnetron t h a t  

produced a peak outpu t  power o f  18.1 k i lo w a t t s  and d e l iv e red  14.5 

k i low a t t s  (11.6 average w a t ts )  to  the  seeds ,  the  de s i r ed  e f f e c t  of  

k i l l i n g  the  seeds did not  work fo r  the  system used. These r e s u l t s  

i n d i c a t e  t h a t  an even h igher  power pulse  system with r e l a t i v e l y  low 

average power would s t i l l  not be an e f f e c t i v e  way to  k i l l  the  seeds .

Also in the  high power t e s t s  a continuous wave c a v i t y  microwave 

oven (f requency = 2.45 GHz) was used to  determine the  k i l l  po in t  fo r  

sp r ing  wheat.  By use o f  the  675 watt  oven i t  was determined t h a t  the  

k i l l  p o in t  was a func t ion  o f  pe rcen t  mois tu re .  This r e s u l t  was ex­

pected due to  the  inc rease  o f  energy absorbed by the seeds as percent 

mois ture  i n c r e a s e s .  In a d d i t i o n ,  the  energy level  needed to  k i l l  

over 90 percen t  o f  the  spr ing  wheat fo r  a percen t  mois tu re  o f  12 per ­

cent  was c a lc u la t e d  to  be 40.5 k i low at t -seconds .
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From the  in format ion conta ined  wi th in  t h i s  t h e s i s ,  i t  can be 

concluded t h a t  a system designed to  k i l l  the  seepls coming o f f  the 

s ieves  o f  a combine would be im prac t ica l  due to the  high power l ev e l s  

needed to  k i l l  the  seeds .
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ATTENUATION MEASUREMENT BY THE SUBSTITUTION METHOD

The block diagram o f  equipment setup i s  shown on the  next page 

and the  l i s t  o f  procedures was as fo llows:

(1) Set k ly s t ron  to  8.682 GHz. (X-band range)

(2) I n s e r t  waveguide without sample b u t  with two styrofoam 
(po lys ty rene)  ends.

(3) Adjust  s l id e - sc re w  tu n e r  to  o b ta in  match co n d i t io n .

(4) Remove s l o t t e d  l i n e  probe

(5) Set p r e c i s io n  a t t e n u a t o r  and VSWR meter to  a convenient 
r e fe rence  l e v e l .

(6) I n s e r t  sample in to  waveguide.

(7) I n s e r t  probe back in to  s l o t t e d  l i n e  and ob ta in  match 
co n d i t io n .

(8) Remove s l o t t e d  l i n e  probe.

(9) Vary p re c i s io n  a t t e n u a t o r  u n t i l  VSWR meter i s  in same 
p o s i t io n  as in s tep  5 above.

(10) Record d i f f e r e n c e  in a t t e n u a t io n  between s teps  9 and 5. 

Because the  c r y s t a l  d e t e c to r  had a measured VSWR=I.25, a second

tu n e r  to  match the  load to  the  c r y s t a l  d e t e c to r  was not requ i red  

because 98.8 pe rcen t  o f  the  power was absorbed in the  c r y s t a l .

Since po lys ty rene  has a lo s s  tangen t  and r e l a t i v e  d i e l e c t r i c  

cons tan t  nea r ly  t h a t  o f  a i r  (14) ,  then the  assumption o f  a matched 

cond i t ion  between the  po lys ty rene  and the  a i r  in the  waveguide can be
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made. There fo re ,  the  use o f  the  polys ty rene  ends to  hold the  seeds 

in the  waveguide does not a f f e c t  the  d a ta .
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DERIVATION OF THE ATTENUATION CONSTANT 

S ta r t i n g  with the  wave equa t ion ,  the  following d e r iv a t io n  was 

done to  determine the  a t t e n u a t io n  cons tan t  from the  change in "db" 

as measured from the  s u b s t i t u t i o n  method which was descr ibed  in 

Appendix A.

V 2E + 2f2E = 0

E = E+eyz + E j T ^ z

(1) E = E+e*ze d^z + E . e ^ V ^ 2

Since the  i n t e r e s t  i s  only in the  a t t e n u a t io n  and not the  phase s h i f t  

( I )  reduces to  the  fo llowing.

E =  E+e*z + E _ e ^ z 

E/E+ = e ^  + P e ^ z

where: P=  r e f l e c t i o n  c o e f f i c i e n t  = E /E,

Since the  s l i d e  screw tu n e r  was ad jus ted  to  have a VSWR = I as 

exp la ined  in Appendix A then the  following i s  t r u e .

Irl= (VSWR-I)/(VSWR+l) = 0

(2) E/E+ = e6*2

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

becomes the  fo llowing:

Adb = 201og(E/E+) = 201 oge™^ m 

This equat ion then reduces to  the  fo llowing:

G( = Adb/(8.686xm)
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VOLTAGE STANDING WAVE RATIO MEASUREMENT 

The block diagram o f  equipment setup i s  shown in Figure IC below. 

The l i s t  o f  procedures fo r  the  t e s t  are  as fo llows:

(1) Set k lys t ron  to  8.682 GHz.

(2) Move s l o t t e d  l i n e  u n t i l  minimum condit ion  i s  observed on 
the  VSWR meter.

(3) Adjust  VSWR meter u n t i l  movement i s  s e t  on I .

(4) Rotate s l o t t e d  l i n e  probe along the  l i n e  u n t i l  maximum 
condi t ion  i s  observed on the  VSWR meter.

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

S lo t ted
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Matched
Load

Klystron Frequency
Meter

Waveguide
Sect ion

styrofoam 
ends to 

hold the
seeds in the 

waveguide

Figure 21 Block Diagram o f  Equipment Setup fo r  the  VSWR Test
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DERIVATION OFOLfm FROMC(tf1110

From Ramo, Whinnery and Van Duzer (15) the  fol lowing equat ion 

was derived by r e t a in in g  the  f i r s t  two terms o f  a binomial expansion.

2£ '(  I - (u y u >)2 ) 1/2

( I )

UJ = dr iv ing  frequency ( r a d . / s e c . )
UJc- waveguide c u t o f f  frequency ( r a d . / s e c . )

= pe rm eab i l i ty  (henry/m)
B = imaginary p a r t  o f  the  d i e l e c t r i c  cons tan t  

, (farad/m)
Z = rea l  p a r t  o f  the  d i e l e c t r i c  cons tan t  

(farad/m)
£ =

Equation ( I )  becomes v a l id  when the fol lowing assumption i s  made.
I

a ) 2 -  u A t i s /  (2)
a = length  o f  the  wide end o f  the  waveguide

( m )

To check the  v a l i d i t y  o f  equation ( I )  by use o f  equat ion (2 ) ,  data  

from Figures 13 and 14 f o r  spring wheat a t  14 percent mois tu re  con­

t e n t  w i l l  be s u b s t i t u t e d  in to  equat ion (2 ) .  From t h i s  s u b s t i t u t i o n  

the  r e t e n t io n  o f  only the  f i r s t  two terms o f  the binomial expansion 

used to  de r ive  equat ion ( I )  would r e s u l t  in an e r r o r  in t ro d u c t io n  

o f  l e s s  than 4.3%. Also from Ramo, Whinnery and Van Duzer (16) the
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a t t e n u a t io n  cons tan t  f o r  the  TEM mode was der ived and i s  as follows.

0 ^TEH = 60 [M€. (3)
I E i

This equat ion was a l so  derived by r e t a in in g  only the  f i r s t  two terms 

o f  a binomial expansion and the  following equation i s  the  bases fo r  

a v a l id  assumption.

t v s  » c r  (4)

By again s u b s t i t u t i n g  data  from Figures 13 and 14 in to  equation (4) 

the  r e t e n t io n  o f  j u s t  the  f i r s t  two terms o f  the  binomial expansion 

used to  de r ive  equat ion (3) wi l l  r e s u l t  in an e r r o r  in t r o d u c t io n  of 

l e s s  than 3.3%. Because e r r o r  i n t r o d u c t io n  caused by use o f  equat ion 

( I )  and (3) are  with in  experimental  l i m i t a t i o n s  o f  , then

equat ions  ( I )  and (3) wi l l  be considered v a l id  fo r  use in the  remain­

ing d e r iv a t io n .

By moving the  rad ica l  in the  denominator o f  equat ion ( I )  to  the 

l e f t  s ide  o f  the  equation and then s u b s t i t u t i n g  the r e s u l t a n t  

equat ion in to  equation (3 ) ,  the  following r e l a t i o n s h ip  i s  formed.

C^TEM = ^ ( ! - ( ^ / u , ) 2 ) 1/ 2
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This r e l a t io n s h ip  then reduces to  the  fo llow ing equation .

°<rEM = ^ d A / ^ A c ) 2 ) 172 (5)

Ac = c u to f f  wavelength o f  the  waveguide (m)
Aq = f r e e  space wavelength (m)

Equation (5) i s  the  connecting r e la t io n s h ip  between the  a t te n u a t io n  

co n s tan t  measured w ithout boundries and the  a t te n u a t io n  co n s tan t  

bounded by a r e c ta n g u la r  waveguide.
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DESCRIPTION OF CALORIMETER

Because the  amount o f  power d e l iv e red  to  the  seeds in the  

styrofoam t e s t  box was a concern , a simple ca lo r im e te r  b u i l t  out 

o f  the  styrofoam t e s t  box was used to  measure power. A ISA type J 

Iron-C onstan t Thermocouple and a type 2809 Omega D ig ita l  Thermometer 

were used to  determine the  change in tem perature  o f  the  w ater in the  

styrofoam t e s t  box a t  various  d is ta n ce s  from the  horn antenna.

Because w ater has a high r e l a t i v e  d i e l e c t r i c  co n s tan t  with 

re s p e c t  to  a i r  a la rg e  mismatch occurs a t  the  boundries o f  the  

w ater and a i r .  Since a maximum mismatch o f  the  magnetron (VSWR =

1.5) i s  s p e c i f ie d  (13) care  must be taken not to  put the  c a lo r im e te r  

to  c lo se  to  the  antenna o r e l s e  the  s p e c i f ic a t io n  w ill  be exceeded.

By f i l l i n g  the  styrofoam c o n ta in e r  with w ater and measuring the  VSWR 

o f  w ater through the  horn antenna as shown in Figure IE on the  next 

page, a d is ta n ce  was determined were the  maximum mismatch occurs . 

Figure 2E on th e  fo llow ing page shows the  VSWR versus d is ta n c e  from 

the  w ater to  th e  horn antenna. As can be observed, the  c a lo r im e te r  

was used to  measure the  power d e liv e red  to  the  water f o r  d is ta n ce s  

g r e a te r  than 1.5 inches .

The next s tep  was to  determine the  depth and the  amount o f  water 

so t h a t  no energy w il l  be t ra n sm it te d  through the  w ater w ith  minimum
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tem perature  g ra d ie n t  in the  w ater . By using t h i s  c a lo r im e te r  with 

a thermocouple, i t  was exper im en ta lly  determined th a t  50 grams o f  

w ater be a good o p e ra t in g  load. With 50 grams o f  w ater in  the  

styrofoam t e s t  box the  w ater depth in the  box was .022 m eters .  With 

t h i s  w ater depth the  fo llow ing c a lc u la t io n  was done to  determine the  

amount o f  power t ra n s m it te d  through the  w ater compared to  the  input 

power to  the  w ater . The t ra n sm it te d  E f i e l d  through the  w ater w ill  

have the  fo llow ing form:

I f  both s id e s  o f  equation  ( I )  a re  squared and a re  d iv ided  by the 

c h a r a c t e r i s t i c  impedance o f  the  w ater then equation (2) i s  formed.

( I )

E2ZZ0 -  (E ^ Z 0 )e"2* m (2)

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

t ra n sm it te d
e -2c*m

(3)

Since "m" was given to  be .022 meters then "o<" must be found to  

so lve  equation  (3 ) .  Since i s  55 and "tan  § "  i s  .54 f o r  water



a t  10 GHz and a t  25°C (2)., then "tx"  was found by tak in g  the  rea l 

p a r t  o f  the  propagation co n stan t  as shown below.

W y M t ) 1/2 = o<+ j(3 (4)
C= Cy-  £ztan S1

S u b s t i tu t in g  the  values fo r  and " ta n g 1" in to  equation  (4 ) ,

"o<" was determined to  be 380.4 n epers /m e te r .  By s u b s t i t u t i n g  t h i s  

value back in to  equation  (3 ) ,  the  power t ra n sm it te d  through the 

w ater would be equal to  5.38x10"^ o f the  inpu t power. From t h i s  

c a lc u la t io n  i t  was concluded t h a t  a l l  the  power e n te r in g  th e  water 

in the  styrofoam t e s t  box w il l  be absorbed by the  w ater .
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DERVIATI ON OF POWER DELIVERED TO THE WATER .

By measuring the  change in tem perature  o f  the  w ater in  the  

c a lo r im e te r  the  amount o f  heat absorbed by the  water was determined 

by the  fo llow ing equ a tio n .

AQ = mCAT

where: AQ = change in heat in c a lo r ie s  
m = mass o f  w ater in  grams 
C = s p e c i f i c  heat ( f o r  w ater i t  i s  I c a l o r i e /  

gram- C)
A T = change in tem perature  in C

Knowing the  time o f  exposure and the  change in heat o f  the  w ater the  

average, power absorbed by the  w ater was determined by the  following 

equation .

Since: I c a lo r ie  = 1.163x10"^ k ilo w a tt-h o u r

I c a lo r i e  = 4.19x10™^ k i lo w a t t - s e c .

Then: P ^ ^ u ^ C k i l o w a t t s )  = AQ x4.19xl(r3k i lo w a t t - s e c .  ( I )  
aosoroea time o f  e x p o su re (s e c .)

To determine the  power d e liv e red  to  the  water the  magnitude o f  the 

r e f l e c t i o n  c o e f f i c i e n t  was found by assuming the fo llow ing:
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Iq -  377 ohms fo r  a i r

Z1 = ( / V 6 o£  ) 1/2 = 377/( £ ) 1/2 = 46.24 + j l l . 7  ohms f o r  w ater 

S ince: JPj = ^ Z 1 -Z()) / ( Z 1 +Zq )/ = /.781/

Then. ^ r e f l e c te c /^ d e l iv e re d  ~ IPI ~
Since:

P I P P I P — Iabsorbed' d e l iv e red  + r e f l e c te d  d e liv e red
by the  conserva tion  o f  energy then the  following i s  t r u e .

^ a b s o r b e d ^ d e l ivered  ~  ̂ ^

S u b s t i tu t in g  equation  ( I )  in to  equation  (2) the  d e s ired  equation 

was formed as fo llow s .

^d e liv e red  " ^absorbed^°
x

Pdplivprpd  = A Q (4.19xlO "^)kilow att-sec . 
a e n v e r e a  time o f exposure (sec . )x. 39

S l i v e r e d ^lowatts
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DETERMINATION OF DEPTH OF SEEDS LOST FROM THE SIEVES

For w orst case s i t u a t i o n  1.5 to  2 bushels  o f  g ra in  a re  l o s t  o f f  

o f  the  combine per a c re .  Since one acre  equals  43,536 square fe e t ,  

then the  square o f  208.7 f e e t  would c o n s t i tu t e  an a c re .  Using John 

Deer combines as an example, c u t t e r  head widths o f  26, 24 and 22 f e e t  

a re  a v a i l a b le .  Using a h a rv es t  u n i t  o f  26 f e e t  fo r  w orst case s i t ­

ua tion  and using the  above inform ation  the  amount o f  bushels  per 

cu t s t r i p  was c a lc u la te d  to  be:

2 bushels / (208 .7 fe e t /2 6 fe e t )  = .25 b u s h e l s / s t r ip  

Since a cu t s t r i p  i s  208.7 f e e t  long , then th e  amount o f  g ra in  lo ss  

pe r  fo o t  was c a lc u la te d  to  be:

.25 bushe ls /208 .7  f e e t  = .0012 b u sh e ls / fo o t  

Because the  weight o f  h a rv es t  g ra in  i s  on the  o rd e r  o f  60 pounds per 

b u sh e l ,  then the  weight o f  the  seeds lo s s  per foo t was as fo llow s: 

.0012 b u s h e l s / f t .  x 60 lb s . /b u sh e l  = .072 I b s / f t .  

s in ce  the  s iev e  width i s  4.39 f e e t  (17) and the depth o f  the  seeds 

i s  "y" f e e t  which i s  unknown, then the  weight lo ss  per u n i t  volume 

was c a lc u la te d  to  be:

(.072 l b s . / f t . ) / ( 4 . 39 f t .  x "y" f t . )  = .0164 lb s /  "y" f t . 3 

From the  experim ents i t  was determined t h a t  32 grams o f  sp r in g  wheat 

a t  13.4 pe rcen t m oisture  would occupy .0014 cubic f e e t  o r  22,531
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grams pe r  cubic fo o t .  Converting grams per cubic fo o t  to  pounds 

pe r  cubic foo t i t  was determined th a t  13.4 percen t m ois tu re  spring  

wheat would weight 49.68 pounds per cubic fo o t .  By knowing th i s  

in fo rm a tio n , the  depth o f  the  seed on th e  s ieves  was c a lc u la te d  as 

f b l I ows:

.0164 l b s / " y " f t . 3 = 49.68 l b s / f t . 3

y = 3 .3xl0~4 f t .

This c a lc u la te d  depth i s  an average depth o f  the  seeds on th e  s ie v e s .  

Since t h i s  value i s  l e s s  than the  ac tu a l  s iz e  o f  the  seed s ,  i t  was

decided to  run the  high power t e s t s  on a seed depth o f  3/16" which
j-

i s  between 2 to  3 seeds in  depth . This s tandard  would give approx­

im ate ly  a f a c to r  o f  50 h igher  than the  above c a lc u la te d  average 

dep th .
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