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Abstract:

A specific application of microwave techniques to the measurement of moisture content of fuel
materials of the forest floor is discussed in this paper. The principle of absorption of electromagnetic
energy passed through a layer of water is used to derive the equation for calculating the moisture
content of a given sample. Detailed experimental and theoretical study showed the attenuation of
microwave energy in water is a strong function of the temperature of the water. A plot of calculated
attenuation verses temperature and a table of the derived multiplying factor (k) used in the moisture
meter equation are given and compared to experimental results.

It was observed experimentally that the method used for oven drying as a check on the moisture meter
was not consistant. It was found to be necessary to remove the moisture from the air in the oven to
allow the sample materials to dry out completely. This was achieved by placing a drying agent
(calcium sulfate) in the oven. The drying agent absorbed the moisture, in the air and allowed the
sample material to dry out completely.

Methods of further study to determine the accuracy of the meter and improvements that could be made
on the moisture meter are. given in the last two chapters of this paper.
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ABSTRACT

. A spec1f1c app11cat1on of microwave techn1ques to the measure— -

ment of moisture content of fuel materials. of the forest floor is

-discussed in this paper. The principle of absorption of electro-
magnetic energy passed through a layer of ‘water is used to derive the
equation for calculating. the moisture content of a given sample.
Detailed experimental and theoretical study showed the attenuation
of microwave energy in water is-a strong function of the temperature
of the water. A plot of calculated attenuation verses temperature- '
and a table of the derived multiplying factor (k) used in the
moisture meter equation are given and compared to experimental
results.

It was observed experimentally that the method .used for oven
drying as a check on the moisture meter was not consistant. It
was found to be necessary to remove the moisture from the air in
the oven to allow the sample materials to dry out completely. This
was achieved by placing a drying agent (calcium sulfate) in the
oven. . The drying agent absorbed the moisture in the air and allowed
the samp]e material to dry out completely.
Methods of further study to determine the accuracy of the

meter and .improvements that could be made on the moisture meter are,

. given in the last two chapters of "this paper.




CHAPTER I

INTRODUCTION

~ The need for aécurate, continuous moisture monitoring équipmént
in the production of paper, textile, flour and various other products
has Brought about the use of microwave techniques‘to measufe moisture
levels where direct contact with the material is undesirable [1,2].

The technique of measuring moisture is based on the féét [3] that
the amount of microwave energy absorbed is a function of the amount

of water present. Therefore, by transm1tt1ng microwave energy through
.a sémple and meaéuring-the difference in transmitted and received
enérgy, the moisture ébntent of the sampie can be'determfned.

This investigation was undertaken to determine how tﬁe absorption
of microwave energy behaved as a function of moisture content of -
several particular materials. Also, part of the work was concerned
with find%ng 6ther variables that would have to be Eonsidered to |
Aobtain a portable microwave moisture meter that could be used by thé
Forest Service to measure moisture content of fuels on the forest
floor wifh at least as good if not better accuracy than methods

presently being usedi




e . CHAPTER II

PRINCIPLE AND DESIGN OF MICROWAVE MOISTURE METER'"

Th1s chapter d1scusses the pr1nc1p]e of the- absorpt1on of e]ectro-
'magnet1c energy in water and how this pr1nc1p1e 1s app11ed 1n the s
design of a mo1sture meter

A. M1crowave Absorption in Water

1. Absorpt1on at Resonance Frequency

The absorpt1on of m1crowaves in water is due to a resonance of the
water mo]ecule with the microwave signal [4]. Several .authors have
shOwn‘that microWave"absorption in ‘water peake out ahout'ZZ 060 MHz .
[3,5]. - The shape of the absorpt1on peak was first determ1ned by Becker
-and Aulter [5] for,water vapor. It has been shown that the. atten-
uation for-pure uater is 4Q'dB/cm at a frequency of ]Q,OOO MHz [6].
Above 10,000 MHélthe conductivity of water is independent of its salt

content and therefore the absorption of e1ectromagnet1c energy is.
| independent of salt content [6]. F1gure (1) gives a p1ot of the 1p§s:

factor of pure water verses frequency [4]. It 1s eeen then from Figure ‘
:(T) that the cho1ce of frequency to obta1n a h1gh 1oss factor and henceiy-
good sens1t1v1ty for the- meter would be in the m1croane frequency

' range. '
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Figure 1. Loss Factor for Pure Water vs. Frequency.

LOSS FACTOR LOSS FACTOR
L 0,010.11.010.0100.0 bae i 0.010.11.010.0190.0
WATER 1 WATER il
ICE PETROLEUM HYDROCARBON
DRY PULP SODIUM CHLORIDE
NATURAL WOODS POLYETHYLENE
TITANIUM DIOXIDE POLYSTYRENE
‘ METHYL METHACRYLATE NEOPRENE

| Figure 2. Loss Factor of Water and Prevalent
Materials at K-Band Microwave.
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2. - ‘Absorption of Microwaves in Materials Containing Water

Sinceﬁthe interest of thisvstudy was measuring moistnre eontent
Cof materia1s,,the.question of how e]eétrohaonetic anes‘were attenl'
uateq by water/contajned 1n‘specffic,materiais'was'raiseo. If the
- attenuatiOn.of miorowaves due to‘water contained anspecific materials :
.Was”much greater'than the attenuation due to the'materia1s.themseres-‘
‘the amount;onWater present cou]d‘be re1ated,d1rect1y,to‘the atten-':_'
“uation neasurequ | | | |
The fact that the absorption of microwares'in materials is
proportional to the loss.factor of the nateriati[4],tmpiies that the
" loss factor of water is much higher-than that of the specific materiaTs
"oflinterest..:Figore (2)'compares the loss factor'of water-to various -
- other materials'[4], - The figure shows that a ratio'of.lbo to 1 :
'::between water and base materials should exist. hisrmeans that.a
-,s1m1lar rat1o shou]d ex1st for the absorpt1on of water and the base
‘mater1a1 |
Theoret1ca11y then the mo1sture content of a samp]e of mater1a]'
could be determ1ned from the attenuat1on of a m1crowave s1gna1 passed
through it. Therefore, for a moisture meter, a source of m1crowave
s1gna1 p1us a means of guiding the s1gna1 through the samp]e mater1a] '

and measur1ng the rece1ved signal- at the other side of the samp]e is

. needed.:
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B.  Components of Moisture Meter

. 1.1‘Miér6wéve~Components

The heart of the microwave moisture meter is its source of“mipfo—
wave'energy. The requiremént that the moisture meter be portable
placed réstriétions on the choice of'microwave source. The source haq :
to’be sma11,'1ightwe%ght, and most of aﬁ] had to be powered by a dc
voltage source. A Gunn oscillator was chosen as the source because
it.is sma]],,]ight&eight and requires oniy al? vd]t dc power subp]y;_
The Gunn oscillator chosen operates at 10,525 MHz. This frequeﬁcy was
- selected so that the effects due to salts in_the Qafér.cou]d be ignored
as pfevious1y stated. ;

Miérowave horns are used to transmit ahd‘receive the mfcrowave‘
'signa].~ The horns-are-p]aced approximately 2 inches apart. Each Hofn
has an:apature area of 2.5" x 2.25" = 5.625 square inches, and each
has a gain of approximately 9 db over a dipole antenna.

For detection of.the microwave signal a standard 1N23 silicon diode
detector is used. The diode detector rectifies the microwave signal
and has a dc voltage output proportional to the microwave input level.

A precision rotary vane attenuator is used to set the level of. .

- microwave ;igna] that is transmittéd'into the‘sample. The accﬁracy
of the attenuator is #2% of db reading or +0.1 db whichever is gfeaterf
over a 0 to 56 db range. The scale on the attenuator can.be readvtq>the

‘nearest tenth'of a db in the 10 to 50 db range.




2. Electronic Components

The . e1ectron1cs of the meter are composed of a modu]ator, ampli-
fier, and power source (two six vo]t batter1es connected in ser1es).
.The modu]ator supp11es a 1 KHz square wave w1th its low Tevel at O
volts and h1gh ]eve] at 12 -volts. " The modu]ator drives the Gunn -
' oscillator which in turn outputs a 105525 MHz signal modulated by a
1 KHt‘square wave. The diode detector then has a 1 KHz square mave '
“output.  This output is fed to the amplifier (tuned to 1 Kiz) which
has a var1ab1e gain of 0 to 40 db. - The amp]ifier‘in turn‘drtves a
current meter which is used to set a reference Tevel on the rece1ved
s1gna].

Appendik i‘contains pictures‘of the Gunn osecillator, horns, diode
detector, prec1s1on attenuator, modu]ator and ‘amplifier. Abpendix-II
conta1ns the schemat1cs and spec1f1cat1ons of the modu]ator and
amp]1f1er.

C. Construction Details of Mozsture Meter

F1gure (3) is a b1ock form representation of the mo1sture meter
in terms of 1ts microwave and e1ectron1c components Severa] authors
show s1m11ar diagrams of mo1sture meters that work on the same pr1n— :
ciple of attenuat1on measurements (6,7, 8]

The mo1sture meter being discussed in this investigation was ._
.des1gned and bu11t by Dr Bruce R. McLeod, of. Montana State Un1vers1ty.

The first mode] was rather Targe and d1ff1cu]t to carry in the field..




Modulator

%1 Amplifier

Variable

~n _,@_.{ }.&Cwsta] Detector
Precision Horns

Gunn Attenuator

Oscillator

Output
Meter

Block diagram of microwave moisture meter.

Figure 3.
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The second model shown in Figure (4) was built aﬁproximateJy 2 years
1ater in 1973. It is much smaller and easier to carry in the'field.

Figure (5) shows.a rear view of the front panel. and inside view of

' the case with batteries in place. A design convenience of .the moisture

meter is_that>a]1 the parts are'attadhed to the removable fop panel
making repairs very easy. Since it is important that the measurement '

be consistant from sample to sampie, a guide is attached to the bottom f'.

~of the case in which the sample box fits. Thus, the sample box is

. held in very nearly the same place for every measurement.

It was found expefimentaJ]y that glass tape-was'the best way of
fastening the front énd back faces'to the sample box. Epoxy énd :
various other glues were tried but none he]d'up éS'1on§ as the glass
tape. The sample box dimensiéns are 5" x 5" x 2". |

D. Calculation of % Water from Attenuation and Weight

The equation for relating the moisture content of a sample material
to its weight and attenuation-of microwave energy was derived by
Dr. Bruce R. McLeod. The derivation of the equation given below can

be found in Appendix III.

100
X
where k = Multiplying Factor
w = Weight of Sample

x = Measured Attenuation




Figure 4.

Top View of the Microwave Moisture Meter
Showing Test Cell and Meter Controls.




Figure 5(a).

Inside View of the Microwave Moisture Meter
Showing Electronics and the Microwave Gear.

0l




Figure 5(b).

Inside View of the Microwave Moisture Meter Showing
the Two Six Volt Rechargeable Batteries.

LL
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. As can be seen from the equat1on the attenuat1on shou]d go up as
the we1ght of the mater1a1 goes up- for ‘a f1xed percent of mo1sture
content Th1s wou]d mean ‘that the measurement shou]d be. 1ndependent
of pack1ng dens1ty as 1ong as the mater1a1 is un1form 1n mo1sture
content and the patk1ng of the mater1a1 1n the box is un1form

- The rema1nder of this paper deals w1th the work done to determ1ne .

the accuracy of the moistdre meter and -if there were any factors-that .

-might introducé significant error into moisture content medsured with

~

the meter.'




CHAPTER III

' "T_ECHNIQUES OF GATHERING AND ANALYZING DATA

This chapper explains the pfocedure for using the moisture
meter, techniques used for gathering data; ité ana]ysfs,.andpfhe
effeéts of various factors on the accurécy of the meaéureméﬁt
techniques. |

A.  Method of Making Measurements

1;1 Measurement Techniques for the Moisture Meter

Since the function of.the moiéture meter was to measure the atten-
uation of microwave energy in a sample of material, the level of micro-
wave energy being re;eived without the sample present must be set
before inserting the sample between the horns. The Tevel of received
signal was set by placing the empty sample box between the horns, pre-
~ setting the precision attenuator to 30 db and then adjusting the
variable géin amplifier so that tﬁe odtput ﬁeter was,preéét t6 a.
reférence point (Such'as full scale). The 30 db range permits a wide
range of moisture Tevel readings. Tﬁe samp]e.box was then uniformly
filled with the material to be measured and inserted back befween the
horns. If there was water present in the sample material, the output
meter read down scale (i.e. Tess sigﬁa] received) and the attenuator '
was adjusted to give fu11 scale reqding on the output meter. Thel

amount of attenuation in (db) is the difference betwéen,the first and -
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f1na] sett1ngs of the attenuator The sample box. 1s then we1ghted
and the percent of, water in the samp]e can then be ca]cu]ated |
. Below is a.brief step—by-step summary of the‘procedure used fon'
- making a moisture measurement. |

'Step 1: Set attenuator to 30 db- and p]ace empty samp]e box
o between horns.

Step 2: Turn on.power and adjust gain on amp11f1er so that
: the output meter reads full scale.

Step 3: Fill sample box and p]ace back in case.

Step 4: Turn on power and adjust the attenuator so that -
the output meter again reads full scale.

Step 5: Note difference in first and final setting on
‘attenuator, weight mater1a], ‘and calculate percent
of water content.

2. Materials Being Investigated

Since the moisture meter will probably be used by the Forest
Service to measure moisture content of fue]s on the forest f]oor all
the data taken was on these materials. The fuel materials can be
broken up'tnto three'major categories. The first is the upper Tayer
which is compqsed of the sticks. Sticks are defined as any branches
that are broken from the narent tree and are not connected to anything
that ‘is sti]i rooted in the ground. For this investigation only sticks
up to one quarteh inch‘in diameter were measured. The next layer down,-

(visually -the surface ﬁayeh) is called the litter layer. Litter is
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composed of leaves, pine needles:anq small twigs. The lowest layer
(which is next to the grouﬁdfsurface) is the-duff 1éyef. The duff is |
the-seQera]lpfevfous year's Titter ]ayérs.whiph:héve_decdmposéd to
finely ground paffic]eé. Figure (6) ShOWS pictureé of duff?,iifter:and
sticks and Fighre (7) sﬁows a éross section of aﬁlitter—duff layer

émphasizing the separation of layers.

3. Filling Sample Box

Since the.equétion for percent of moisture was derived assuming
uniform pécking density of the material in‘the sample box it 1s impor-
tant to achieve uniform packing in the field. ‘it was observed fhat the
best method of filling the box was to add the sample material a handfu]
; at a time., Then, while holding the sample box f]at and41eVeT it was
shaken back and forth so that the material spread out in a uniform
1éyer. This was done until the materfa] was Tevel withvpr ébove.the
box edge.,.Now the.box 1id was closed, packing the material in a nearly
uniform fasﬁion. '

If the material contained Tumps it was necessary to break up these
lumps before putting the material into the box. This was done by |
rubbing the material between the hands while adding it to the box.

B. Oven Dry Techniques for Checking Moisture Meter

The oven dry technique of determining the moisture content of
materials is widely used as a standard [9]. ‘Thé method consists

essentialy of weighing a sample, drying it in an oven for some specified
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Duff Litter Sticks

Figure 6. View of the Three Types of Materials Found on the Forest Floor.

AR

Figure 7. Side View of Forest Floor Layer Showing the
Separation in the Duff Litter Layer.
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period of time and then weighing the sample again. The difference in
‘weights is the weight of water evaporated from the samp]e The
moisture. content is then ca]cu]ated using the fo]]ow1ng formu]a

% water =

wet samp]eWS:?ghgelgugter weight x 100 (2)

For all the oven dry data taken dur1ng this investigation, 15 |
:hours was the minimum oven time w1th the oven temperature set at 5°C
below the 1oca] boiling. point of water The ‘reason for stay1ng be]ow__
the 1oca] bo111ng po1nt of water is to prevent other vo]at11es in the
sample from_be1ng liberated [9].

After a measurement was taken on a sample with the moisture meter a
part of this sample was put in a small samp]e can and put throngh.the-'
oven dry process. The materia] for the oven dry sahp]e was taken from
. the center'of the samole oox Th1s was done S0 that the mater1a]
d1rect1y between the horns was be1ng used in the’ oven and also for the:"
meter. -

fo reduce the error caused by non-uniform packing in the'sample
box, five to six measurenents were taken on one samp]e. The atten-
uation readings were then averaged and this average was then used to
calculate the percent.moisture content It was observed each time the
sample material was dumped out and repacked that the.attenuation Joss :l_ -

got smallér. This was caused by the matehjal'drying out fn.the air
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during the dumping and repacking.

Since the-above method'Was 6bv10u§1y introducing efro? it was
'decided a better method would be to géther énough material in fhe fiksf .:
place to make at least five separate measurementé with the moisture
meter aﬁd to ﬁéke.ah oven dry meqsuremenf for each moisture métet'
measurement. With this method.better Eénsistancy of measurements was
observed With respeﬁt to thé moisture content of a set,of'éamD]es from .

the same batch of material.

C.. Collection of Data at Lubrecht Forest

1. Moisture Meter Prdject

Two summers weré spent at-Lubrecht Forest taking data with the
moisture meter. Lubrecht Forest is owned and operated by the Uni- -
versity of\Montana~at}Mfssou1a, Montana. Thé forest land is uséd
primarily by the forestry school ana'fire 1a55 to condUét varidug‘
résearch'prbjects.

fhe first summer of taking data resulted in efforts to decrease
the size -of the moisture meter to make it easier to carry in the fieid._
The second summer was used to test the new and smaller meter and -.
collect more data points for ana]yéing the acéuracy'of the metér.' ‘

Much of the time was spent fn the field collecting duff, ]ftter
and stick samples. The-éamp]es were collected and:put in p]éstic Bags
so.that the water ‘would not evaporate before the samp]es‘cquid bg

taken back to the lab. Usually enough of each materia] was collected '
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. sto make three or, four measurements on each mater1a1 (approximate}y.:;gy'

: :800 grams)

At the 1ab at Lubrecht there was a 1arge oven and a sca]e for use-

~Ain carry1ng out the oven dry measurements When the samp]es were -
'-brought in each day from the field, measurements were made with the .

.mo1sture meter and oven dry samples were taken -and run through the"'

dry1ng process For measurements 1n the f1e1d, a hand he1d sca]e was .

used to we1gh the samp]e box and mater1a1 A s]1de ru]e was used to .

' ca]cu1ate the percent-of mo1sture.»

2. Prescribed Burning Project

"The mo1sture content of the st1cks was measured each day in the

'f1e]d as well as in the 1ab. Th1s 1nformat1on was’ used by the- Northern

Forest F1re Labs at M1ssou1a, Montana in determ1n1ng when’ they cou]d

run a controlled burn_safe]y.andveffect1vejy; An effect1ve burn was
. defined as a fire which burned through the forest 1eavtng\the'1ar§er

~ trees esSentia11y‘uneffectedl w1th'the_forest f]oorocTeaned, the

larger trees can grow unhampered by the small scrub trees.

A section of Lubrecht‘was sectioned off'into 323p1ots .fhe: '

prescr1bed burn1ng prOJect used the p]ots for runn1ng test burns to
.'determ1ne the cond1t1ons necessary for effect1ve burn1ng as def1ned

- prev1ous1y

One cr1ter1a necessary for proper burn1ng is’ that the st1cks be

at a spec1f1c moisture level. Since the mo1sture content has been
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observed to -change in just a few hours it .is neqessa?y to be able to
measure the moisture- content just prior to starting‘fhe-burn. This j§~'
where the microane mofsture meter can play a key_foTe. The méésuke;:
ment can be made right in the field taking only the time required to
gather the samb]e while other methods take several hours and are im-

possible- to use in the field.

D. Analysis of Data Using a Computer Program

- 1. Description of Program
The program was written in Fortran IV for running on the Sigma 7-
computer at Montana State University. The program makes comparisons

between the célcu]ated'percent from the moisture meter and the measured

- oven dry percent of a sample. Data cards weke.punched'containing the

typé of material, year taken, attenuation,'weight, and the oven dry
percent corresponding to each measurement. The program then sorts the.
data byltype and year. The moisture.meter percents are calculated using
equation (1). The multiplying constant used fn the calculation is‘read‘
in on anothef control card. The program fhen calculates the multiplying
constant (k) that will yield the measured oven dry percent (using the
attenuation and weight found from the moi§ture meter measurement). The

data is ordered according to increasing calculated percent for'each,

material group. A data number, attenuation, weight, calculated percent,

‘oven dry percent and calculated k is prinféd out ih,a_table for each

material type.
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The program calculates the mean and standard deviation of the
k values. A plot is done of calculated pércent on thé y éxis_and
oven dry percent on the x axis. A line x =y js‘drawn on the same‘
graph so that the scatter.of'ca]pulated-Versu§ oven dry percents
around the 11ne'of equal calculated and oven dry percents (x = y)
~can be observed. The program also tabulates how mahy and how far

the ca]culated percents fall above or below the correspéndinghdven
Idry percents. '

The purpose of the program was to determine the expected accuracy
of the microwave mbisture measurement technique aﬁdiwhat could be ddné
to improve the accuracy. A ]istingiof the mainline program, sub-
routines, and input data can be found in Appendix IV. The output'.
tables are in Appendix V.

2. Analysis of Program Qutput

The output table for 1972 data shows that 55% of all calculated
moiéture percents were below the corresponding oven dry per;ents.whi]e
' 64% of the 1973 calculated percents were below the oven dry percents.
For both years 80.9% of all calculated mpisture percents were within
5% of. the corresponding oven dry percent while on]y‘ZQ%-of all cal-
culated percents were within 1% of their corresponding oven dry values.
This was not good enough accuracy for the moisture mefer (assuming the
oven dry méasuremenfs were correct). The fgct that 60% of all the

calculated moisture levels were below the corresponding oven dry ya]ue
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and 40% being above ;ﬁggested no obvious changes in the formg]a for
céicu]atﬁné'the moisture content. It waé'obéerved that thé moisture.
.meter wés very consistant for sets of measuremgnts from the Same
batch- of materig]. It'is‘a1sd observed thgt the oven dry'téchnfquei
was coﬁsistanfufor'sets of samples firom the same batch of material.
Figurés 8.-‘13 give a visual comparison of oven dry and ca]cdfafedl,
' percéhts. The p16t5 are separated into type'of mater151 and year.
It is observed'that a1thou§h thefe qre.manyiﬁoihté'that Tie 6%? the
line of equai percent, the points for the most part are in a region
direét]y around the ]ine of equal peréenti

The calculated mean k values give no neW‘insightlinto the brob]em
because of the fact thaf the standard deviations are re]ativé]y 1arge.'.
Thus, 63% of the calculated k values fall in a relatively large range .
of values around.the mean value. - ‘ '

A11 of the above pointed toward a need fof'a re-eva]uation of
both the microwave and oven dry techniques of measuring-the moisture
-content of the sample materials. | |

E. Temperature Effects on Measurements

1. Methods of Determination of Effects

The derivation of the equation for percent of moisture as a
function of attenuation and weight of sample.material used the princip]é
of attenuation of microwave energy in water. A value of 40 db of

attenuation per centimeter of pure water was used in the derivation.
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'Assum1ng that the value of attenuat1on 1n water 1is a constant there

should be no. charge necessary in the equat1on S1nce 1t has a]ready
been observed that above 10 GHz the attenuat10n of water is 1ndependent
of salt content [6] th1s was ruled out as a var1ab1e for 1mprov1ng
the moisture meter in this d1scuss1on

In research1ng various papers it was observed that several
authors stated that temperature had an effect on the attenuation of
water [3,4,7,8,10,11,12]. The majority of the articles agreed that

the effect of an increase in temperature is a decrease in attenuation.

" Various explanations were given-as.to the reason for the temperature

effects but no data was available giving ‘the attenuation in db/cm as
a function of temperature. | | |

To oorrect for any error in the moisture meter data due.to'tem-
perature changes, the attenuation of water asfa function of temperature
had to be determined. There were three approaches that cou]d be taken
to determine the temperature effects:

Method one is to measure the moisture content of a sample material

- at different temperatures using both microwave and oven dry techniques.

If there is a temperature effect the oven dry and microwave measurements
will oiffer as a fonction of temperatore (if the same k value is.useq
for all the'moisture meter calculations). The neasured oven dry per-’
cent, samp]e weight, and attenuation-at a specific-temperature can be.

used to calculate k at specific temperatUres. The attenuation in,db/cm
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of water at various témperatures can then be ca]cﬁlated from the k :
value. |

Mefhod two is probably the‘most‘direct but also thejmostndiffiéu1t.
This method requires measuring the attenuation of.watér as a fuﬁctiop'
of temberéturezusing microwave techniques; The k value can £hen bé
calculated as a function of temperature. .

Method three is the easiest and doesn't require any lab work.
This Tast technique is just applying e]ectromagnefic_fie]d theory and
deriviné an equatfon for the attenuation.df a‘mjbhowave enerd& in’
Qater.- |

Once the attenuation of watef as a function of temperature is
determined, the equation for percent of water can be changed to cdntdin '
“the tehperéturé of the material as one of the variab]és. ,fhe three

methods wi]] now be discussed in the order listed.

a. Measurements Made on Sample'Materia1

The measurement of moisture 1ével was done on litter over a tem-
peratufé rénge of 15°C to 50°C in steps of 5°C. The sample was placed
in the oven for é hajf hour period with the dven set atﬁa.désfred .
temperatﬁre. The sémp]é was then takeh dut and .a meésurement madé with
the mofsture méter and an oven dry sample taken. It wéﬁ 6bserved o
from the first set of data that the.samp1e'was drying'oﬁt too much to
gfve accﬁrate fesu]ts at the highest temperature. _There‘waShft any ‘L

consistancy in the way the caTcu]atéq,k values changed'wjfh temperature.
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" Therefore, on .the next run a pan of water was also placed in the

overi ﬁb-brévqnt the sample from drying out ahd‘a'thermometer;wéé'p]aced_'ﬁ_‘~'

in the sample. The sample wasn't taken out uﬁ;f] the maferiai had'
reached the temperéture desired. |
Tables 1 and 2 are daté'tab1es of two runs‘over a temperature
| .rangegdf 15°C t0..50°C in. steps of 5°C. Table 1 ﬁs a set of datq taken
on Titter and Téb]elz is a set of data taken on sticks..'Each table |
shows"the témperaturé measured atfenuat{on, weight, ovén dry percent,
and caTculated k value.
The data taken on the sticks show a strong tendancy for the k
value to increase as the temperature goes up. This:would correspond
to an Tncrease'in attenuation as the temperature goes up which is
opposite of what was expected. This‘inconsistancy.might be due fo uneven
heat{ng.of the material in the oven (i.e. tempefature gradiént éxisting:
wifh higher temperature at ouper edge of sample and_décreasing toward
‘center of sample). A moisture gradient couid,a]so exist with hjgher
‘moisture level at center of sample decreasing fdward~the oUter'edge.
Both of these factoré could account for the apparently 1n§6¥féét data ;
that was obtainéa.

b. Direct Measurement on Water

The goal of this method was to measure the atfenuation.Of a
microwave signal passing through a one centimeter Tayer of water as a

function of temperature. The method used is éxactlyrthe same as the .
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Table 1

Moisture Measurements made on Litter as a Function of the
Sample Material Temperature '

Temperature  Attenuation Weight  Oven Dry % -Ca

1. k
15°C 6.0 116.8°  16.40 365
20°C 5.6 17.7 . 17.65 .317
25°C 6.9 131.5 - 16.87 364
0°c - 6.2 118.5  15.20 397
35°C 6.1 115.9  15.95 .383
40°c - 5.8 S 1189 15.38 366
o 5.5 ) 128.8  14.76

50°C 5.2 120.6 14.87

332
333
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Table 2

Moisture Measurements Made on Sticks . as-a Funct1on of the i L

Samp]e Material Temperature

Temperature Attenuation Weight. !Oven Dry % - Cal. k
15°C . 2. 155. 12.98 .156
20°C 2. 157. 10.76 .189
25°C - 3. 164. 12.87° 176
30°C 4. 164. 12.04 - .249

~ 35°¢ 7. - 164. 13.78 .393
40°C 7. 156. 13.94 412
© 45°C 7. 164. 13.33 366
50°C 4. 164. 7.27 414
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the technique used to measure the attenuation of the sample materials
in the moispure meter. Figuré (14) iﬁia block diaéram of bench set-up
Qsed‘in tﬁe first measurements. A HeW]étt Packard Model 8090B Sﬁéep |
Osci]iator was used as the source of microwave enérgy; An- isolator
was used to pféVent thé réf]ected wave from reaéhing the source and‘
the frequency meter was used to check the frequency‘of the source
signal. The frequency of the source was_set at 10.525 GHz, the fre-
queﬁcy of the Gunn oscillator used in the moisture meter; The slotted
1ine was used to measure the standing-wave ratio (SWR).

A test cell to hold the water was made out of .25 inch plexi-
glass. The inside dimensions of the cell are 1 cm. x 5" x 5". The
test cell was centered between an open-ended waveguide (one end of
slotted Tine) and a horn. The horn was on the receiving side and wave-
guide.was the transmifting s%de. This wa§ ﬁohe so that most of the
transmitted energy would be received by .the horn.

The temperature of the water was set by regulating hot and cold
tap water. The temperature of the water was meaéured at the tap and
again in the cell. It was observed that the tap water had to be hféher
than the temperature desired for the measurement because of cooling
of the water as it was poured into the §e11.

For each temperature'the total attenuation and SWR were measufed.-
The SWR was used to calculate the db of réf]ected energy. This value

was subtracted from the total measured-attehuation_1eayjng-the value

Ul
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of attenuat1on due to absorption of e]ectromagnet1c energy in the
water The procedure for the above calcu]at1ons is given in

Appendix VI. |

- After making three sets of measurements from 15°C to 50°C fh steps
of 5°C it was ohserved that the 1eVe1 of the water in the cell changed
the amount of.measured attenuation. Thfs was due to reflection of the
signal off the water air interface at the top of the cell beck down
into the cell. | B

To avoid the problem of reflection, the horn on the receiving
s1de of the cell was replaced by another open ended wavegu1de The -
,wavegu1de did not receive the reflected signal as strongly as the
horn. It was observed that the height of the water still effected thei
measurements. A Tlayer of microwave absohbihg material was placed on
top of the.ce11 to decrease the level of reflecfion.' The effect of
the reflection was sfi]] observed to be the same. The'abéerbing matehia] .
did not reduce the reflection to a level low enough to obtain conSistant‘
measurements.

A new ce1] was made out of .125 cm thick plexiglass to reduce any
refraction that might be caused by the plane wave not being normally .
incident on the plexiglass layer.-: The cell was also made 5" x 6. 25"
inside‘width and height. The added he1ght he]ped reduce the: amount
of reflection but changes of three to five db were sti]T_observed

between different sets of measurements at the same temperature.
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The next approach was to build a new cetl'out of .125 cm thick
. plexiglass again but to make its 1ns1de thickness .5 cm instead of 1
-.cm. This presented a smaller water air surface for ref]ect1ons and
“also reduced the overal] cell th1ckness;. The width and he1ght were
aga1n15“ inside dimension. The measurements were still being made
with the cell between two open-ended waveguides. |

Two sets of measurements were made over the temperatore range and
both'sets of deta came out extremely close with no noticeable reflec- -
tion taking otace oft the top surface of water. There was a problem '
with the measured attenuat1on in that the va]ues were too high at room
temperature where the attenuat1on was’ known to be 40 db/cm at 25° C [13]
The measured va]ue of 53.45 db/cm po1nted toward some other effects~
-coming into p]ay It was concluded that the placement of the two
| waveguides so c]ose together was setting up an 1nteract1on caus1ng the
signal to lose its plane wave characteristics through the water layer.

The next step_has to rep]ace both waveguides ‘with horns to pre-.
serve the plane wave propagation through the celt. The horhs had'an
apature area of 1.55" x .9". Agatn,.the horns were centered on the
cell and adjusted for maximum received signal. Two sets of measure—_
ments were made, one at-tO.S GHz and another at 10.525 GHé. Both sets
agreed closely with each other and to the 40 db/cm value at 25°C.
" Figure (15) shows the final lab setup that was ‘used to hake the measure¥

ments. The measured values of attenuation match with the_known value
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at 25°C, but the rest of the points still have to be verified before any
- final changes can be made in the moisture meter eqﬁatioh.(eq.4(1)).
The next section will discuss calculation of the attenuation -in water

from a fields point of view.

C. Theoretica] Calculations

‘The attenuation constant of an electromagnetic b]ane wave trave]iﬁg
in a lossy dielectric materié] can be calculated as a function of the
dielectric constant, loss tangent and frequency of electromagnetic
" energy. One author'used this approach to calculate the attenuation
of a signa] in-a'given thickness of dielectric material such'as water
[13]. The derivation of this equation relating atfenuation'to the
thiqkness,'d1e1ectrié cohstant,'loss tangent and frequency of signal
is in Appendi* VII. The final equation follows below: |

A =8.686 1 2
‘ Ao @ tan & (db) : (3)

The free space wavelength (Ao) and thickness of dielectric layer
(2) are both in centimeters. Given the die]ecfric.constant (er) and
loss tangent (fan §) the attenuation can be found for a specified
frequency and thickness.

Figure 16 is a graph of the loss tangent and dielectric constant

of water as a function of temperature at various frequencies. The

\




Figure 15.

View of the Bench Setup Used to Measure the Attenuation
of Microwaves Through a 1-cm Layer of Water.
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die]ectric constant and loss tangent were taken off this graph at
various temperatures for -the 10 GHz.frequency. - The previous equation

was then used to calculate the atténuation-of a 10.525 GHz signal in

" a one centimeter layer of water at various.tehperatures; Table 3

gives the dieTeétrﬁt constant, loss tangent, and calculated atten-
uation (db/ém) at vafious,témperatures. '

Note that‘er and tan § were for 10 GHz rather than 10.525 GHz
used in the aboveica]éulations but this. amounts to only a.5% error

in frequency and e_ and tan & would show abproximate]y the saﬁe _

r
amount of change [14].

Table 4 gives the measured and calculated atténuation,in db/cm-
for a signal propagated through wafer_at variou; temperétures. It
is observed. that tHe two vaTUe§ are-very close at theAvakious tem—T
perétures. | |
| With two methods giving essenﬁia]]y the same values ;omething can
now be done to modify the moisture meter equation to take account of

the temperature of the material being measured.

2. Modified Moisture Meter Equation Containing: Temperature

‘Now that the attenuation of watef as a function of temperature
has been determined, the multiplying factor k és q-functiqn of tem—
perétdfe can be calculated. This was done and then a least ‘squares |
solution, ‘given below, was derived fﬁr k(T°C). . A computer program was

written to calculate k for temperatures from 15°C to 50°C in steps:
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Table 3

D1e1ectr1c Constant Loss - Tangent, and Ca]cu]ated Attenuat1on of
Water at Various Temperatures ’

Temperature er | tan 6 Attenuation .
se . sl 2723 ~ 49.53.db
20°C 54.4 60 45.20 db -
25°C - 56.0 | .561 10.20 db
30°C 59.2 504 37.13 db
3°c  60.8 465 .34;72 db
gocc 624 432 | 32.67 cb
gsec 62.4 .400 , 30.25 db .
50°C . 62.4 376 . 28.44 db
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Table 4

Measured and Calculated Attenuation of Water
at Various Temperatures '

* Temperature - - Measured.Attenuétion : Ca]cd]atedfﬂttehuafioﬁz a

15%¢ 950 - 49.53
. 20% B LR
'25?c' S 40.96 40,20
% - 34 - 3
35°¢ 3486 R Y
5% - - 31.78 - 32,67
% 206 .  30.25

50% . 26.66 28,44
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of one degree using the least squares solution. ‘The attenuation for
water over the same temperature range was calculated from the cal-
culated k values, Figure (17) is a pjot of k verses temperature and
Figure (18) fs_a plot of attenuation.ﬁhrough one centimeter of’water“_
verses temperature. 'Tabfe-s ines the value of k over the 15 to 50

degree rahge in one degree. steps. ‘
k(T°C) = .3944 - (6.414 X‘10_3) T+ (3;714 X 10—5) T2 (4):
When a measurement is made on a sample, the fehperature is. taken -
and the multip]yingrfactor k for that temperature is faken off Table 5.
The correct moisture content can then be calculated. 'The'use of the
table for finding. the correct k value will definitely be more
appealing for use in the field by the forester than using equation (4)_'
to'ca]éu]ate k.

F. Error in Oven Dry Measurements

Several questions were raised during thé course of this work con-
cerning the oven dry techniqﬁe of measuring moisture in materials.
Is 15'hours'enough time to drive all the water out of thé samples?
What happens if'many very wet sampies are put in the oven. wi]J.they
dry out completely in 15 hours?

For one set of oven dry measurements it was dbserved that there
" were water droplets on the inside of‘the oven door after the materiafs'
.Had been in the oven for 15 hours at 95°C. This wou1d.mean that the

moisture was not gétting out of the oven but;satUratjng the_atmosphere
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Table 5

Multiplying Factor k at Various Temperatures

Temperature k Value
15°C .307
16°C . 301
177¢C .296
18°C .291
19°C .286
20°C . 281
gt .276
227G <271
23°C .267
24°C .262
25°C w87
26°C s 203
27°C .248
2876 .244
29°C .240
30°C c235
it g e
320 227
33°C 3208
34°C .219
35°C QS
36°C vebhe
37°C .208
38°C .204
39°C .201
40°C .197
41°C .194
42°C .191
43°C .187
44°C .184
4526 . 181
46°C .178
47°C 29
48°C 178
49°C .169

50°C .167
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in the oven.” With the atmosphere saturated, the moisture level of
_ the samp]ea would be -the same as the oven air. Therefore,'if is
obvious that‘not on]& is it necessary to drive the.water out of the
sample material bat to also keep the ﬁoisture contenf-of the afmdé-'.
phere of the oven as']ow as possible.

It was initially thought,that by placing a vacuum in the oven and'
setting the even at a Tower temperafure the_materia] could be dried
out better and faster.‘ This method was tried on five‘different samples
of iitter. The samples were left in the oven at 85°C for. 15 hours. |
After the time was up the samples were weighed and percent of moisfure
calculated. Because moisture was observed on the inside of the oven
door the samples were put back in the oven under zero vacuum for another |
15 hours. The samples were.agafn weighed and pereent of moisture
calculated. Table 6 is a list of the data taken. From the table it
is observed that the calculated percent mofSture contents increased‘
by'2 2 to 3 4 percent. There was no way for the moisture to escape
from the oven with a vacuum on it.

What was needed was some way to absorb the moisture driven out of
the samp1es. "Thus, the idea of putting a drying ‘agent in the oven
with the samb]eé was conceived. Anhydrous calcium salfate (CaSO4)
was found to be a fairly inexpensive dry1ng agent

The oven was. again set at 95°C and three sha]]ow pans: conta1n1ng

the dry1ng agent were p]aced on the upper tray in the oven. The'
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samples to be dried were placed be]qw on the bottom tray; Figure (19)
shgws the oven with its door open with the pans of drying agent and
thé samples in pTain view. The scale used for weighing all tﬁe séﬁp]éS‘
is also shown. |

The samples were taken out aftef 15 hodrs, weighed,'ahd put back
in for another 15 hours. At the end of the second 15 hours, they ‘were
~again wefghed. Table 7 is a list of the data taken. It is obéérved_“l
that the édditiona1-15 hours ﬁade no markéd différgnce in the'weights,
" The aryfng agent was also weighed to check for any absorption of water.
The crysté]§ increased in weight by 18.05 grams while the samples de-
creased by 22.4 grams. From this data the assumption can be made that
the samples are driéd out completely after 15 -hours and that the drying
‘agent is absorbing almost all fhe moisture driven out of the sample.
It can be said row that the best method so far for oven ‘drying to
assuime actufate resuits is to use a dryﬁng.agent_fn-fhe oven during
'the\drying process.. ' | -

.The dry{ng”agéht can be reused as many times as'hecessary by putting o
it in an oven at a higher temperature, say 120°C to boil off the |
absorbéd‘moiéfure. The -drying agent adds only a small initial cost - K

to the project.
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Table 6

Oven Dry Measurements. at 15 Hours

While Under-a VYacuum

and 30,Hours

. Totain

Weight

. Cal. % of

Weight

Cal. %'of ‘

18.4 gr-

15.1 gr

17.9%

Weight . 15 Hours. . Water - 30 Hours Water

17.1 gr 15.0 gr* 12.3% S5 gr 1529

21.0.gr - - 18.7 gr 11.0% 18.1 gr 13.8%

16.9 gr - 14.8 gr 12.4% 14.5 gr 14.2%

17.4 gr 15.4 gr 11.5%. ' 14.8 gr 1499

18.2 g 16.3.gr 10.4% - . 15.7 gr 13.7%

Table 7
Oven Dry Measurements of 15 Hours and 30 Hours
: With Drying Agent Present '

Total Weight Cal. ¥of . Weight Cal. % of -

Weight 15 Hours: Water . 30 Hours Water

16.6 gr - 13.6 gr 18.1% 13.6.gr. 18.1%
373 9r 143 gr 17.3% s2gel 1799

15.3 gr 12.7 gr - 17.06 . 12.7 gr 17,03

20.8 gr 17.2 gr 17.3% 17.1 gr 17.8%

-15.0 gr-. 18.5%
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Figure 19. View of Scale and Oven with Door Open Showing Pans Containing
Drying Agent on the Upper Shelf of the Oven, and the Drying
Cans for the Sample Material on the Bottom Shelf.
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CHAPTER IV
SUMMARY OF RESULTS
. : N -
1t -has been” shown that the'motsture content of a materiaﬂ'can :
- be ca]cu]ated from the attenuat1on of a microwave’ s1gna1 propagat1ng

through that mater1a1 Th1s pr1nc1p1e was. then used 1n bu11d1ng a

portab]e m1crowave moisture meter. Th1s meter was used in ‘the measure- -

ment of the motsture content of fuel materials on the forest floor:
| A computer program was written to ana1yze .two years of data

taken at Lubrecht Forest The program showed that there was an

.‘add1t1ona1 factor that was 1nf1uenc1ng the. measurements

| The attenuat10n of the e]ectromagnet1c s1gna1 in water was:

'.shown to be a’ funct1on of the temperature of the water Th1s has

| "been shown both exper1menta11y and theoret1ca11y An equation was.

derived re1at1ng the moisture content of a mater1a1 to the atten-

':uat1on and temperature of the mater1a1 _
‘A better method of oven dry1ng the samp]e mater1a]s was deve1oped

The use of a dry1ng agent in the oven with the. samp]e assures faster

'-_hand comp]ete dry1ng of the samp]es |

o The next sect1on will g1ve some 1deas as to what further 1HVesQ '

t1gat1ons shou]d be carr1ed out to check the accuracy of the m1cro-. |

: wave techn1que of motsture measurement




QHAPTER v
CONCLUSIONS
_ This study was undertaken with the goal ‘of building a micro-
.wave'moisture'meter that could be used by the Forest Service;

The-atcuracy of the oven dry moisture.measurements used -in
checking the mo1sture meter was found to be poor. A better method '
was arrived at wh1ch gave better cons1stency The oven dry. techn1que.
‘should be 1nvest1gated further to. determine the necessary time re-‘.
qu1red to dry a.sample and how th1s time changes w1th the 1eve] of
_ mo1sture‘1n the material. . "

~ The equat1on re]at1ng the moisture - content of a samp]e to atten—
uat1on, we1ght and temperature should - be verified. Another summer .
~should be spent co11ect1ng-data. This time the temperature of the
material should be measured and recorded before the microwave~moisture-
" measurement is.made. _The k value can then be found from a table’ s1m11ar
to Tab]e 5 of th1s paper and then the percent of mo1sture can be o
ca]cu1ated | | ' | .. ‘

A subrout1ne can be added to the data ana1ys1s program that w11]:
ca]cufate k g1ven.the temperature of the samp}e. Th1s k W1]] be,used
by the prograh to ca1cuTate the'percent of moisture. . A better com- o
'par1son between the oven dry and ca]cu]ated percents shou]d be.. seen'T

1f the temperature effects are correct
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‘ There are further mod1f1cat1ons that cou]d be done to the
‘¢mo1sture meter to make it eas1er to use.
The addition of a bu11t in e1ectron1c sca1e with d1g1ta1 readout
'wou1d e11m1nate the need for carry1ng a sca]e along-in the f1e1d A
pressure transducer load ce]] would serve as the we1ght sensor ”Theﬁ
. ana]og s1gna1 cou]d then be converted to a d1g1ta1 s1gna1 for pro-
cess1ng to. prov1de a readout 1n grams By mount1ng a sma]] four
_'funct1on ca]cu]ator on the front pane] the ca]cu]at1on wou]d be made ..
faster and more accurate]y . | .
' The replacement of the prec1s1on attenuator w1th a p1n d1ode “
:‘attenuator wou]d save in cost, we1ght and s1ze "The d1ode attenuator
would be calibrated in steps. of 10 db from 0 db to 49 db: - The meter " -
scale wou]d then be ca11brated to read in db. This way the atten—
~uation read1ng cou]d be read d1rect1y off the meter.
A1l of the above would make the mo1sture meter a more eff1c1ent

.dev1ce to use. and a]so wou]d make it tota]]y se1f conta1ned
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Append1x I .
- This sect1on conta1ns the p1ctures of the Gunn osc11]ator, d1ode ;ﬁ
-ldetector, horns, modu]ator, and amp11f1er used in the m1crowave |
' mo1sture meter '

Figdre.(1) shows the amp11f1er on the 1eft and the modu]ator B
r1ght with a HP- 45 1nc1uded to show re]at1ve s1ze |
| F1gure (2) shows a horn with the d1ode Hetector attached on
vthe 1eft and another horn with wavegu1de to coax adaptor -and coax

- cable on the right with HP-45 1in the center 1nc1uded sca]e
Figure (3) shows the precision attenuator used 1n'the meter.
F1gure (4) shows three views. of. the Gunn osc111ator W1th a .

f1fty cent p1ece for sca]e
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Figure 1. Top View of Amplifier and Modulator.

Figure 2.

View of Horns, Diode Detector, Coax and Adaptors.
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Figure 3. View of Precision Attenuator.

Figure 4. Three Views of Gunn Oscillator.




_ Append1x II

Th1s sect1on conta1ns the schemat1cs and spec1f1cat1ons of the
'amp]1f1er and modu]ator used in-the m1crowave mo1sture meter The '%
spec1f1cat1ons for the c1rcu1ts are proceeded by the c1rcu1t
schematics. | '

. Figure t-is the schematic of the amp]tfier. The'oain of. the. .
amp11f1er is adJusted by “the 2. 5K potent1ometer The‘ampltfier‘uses
a FET 1nput for h1gh input 1mpedance and Tow: current dra1n on the
'_eource Ihe FET 1nput is fo]]owed by.a var1ab1e gain operat1onram— '
-:p11f1er (0OP. amp) stage which is foTlowed hy twofaotive filter stages .
"'wh1ch were des1gned for a center frequency of ]KHz "The. Tast active.
f11ter stage feeds another OP- -amp stage wh1ch in turen dr1Ves an em1tter
follower which prov1des the low output 1mpedance to dr1ve the outputv
.'meter circuit.
| F1gure 2 1is the schematic of the modu]ator wh1ch was built by
Mr. John Rompe], an eng1neer at Montana State Un1vers1ty The mod-
u1ator cons1sts of a s1ng1e 1KHz osc111ator and the appropr1ate 1nter- .
"fac1ng to, prov1de 1ow output 1mpedance w1th h1gh current capab111t1es

'ztO dr1ve the gunn - osc11lator
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Figure 1. Amplifier Schematic
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, . 65 . »
Amplifier Specifications

G}n‘n 0 to 40 db .

Center Frequency 1000 Hz:

12 Vo]ts M1n1mum ". '

. A]] Res1stors 1/4 Watt Un]ess Stated 0therw1se

_A]] Capac1tors G1ven in M1crofarads Un1ess Stated 0therw1se

| | ' Modulator Specifieations”
12 Vo]ts M1n1mum i :
: N Output " 1000 -Hz. Square Wave
| 460 ma. Max1mum Output Drain - .
ATT Res1stors 1/4 Watt Unless Stated 0therw1se |

;A11 Capac1tors G1ven in M1crofarads Un]ess Stated OtherW1se




Appendix IIT |

This'section presents the ‘derivation of the equatfon:used'to:oa]: o
_ cu]ate the mo1sture content of a samp]e mater1a] given 1ts we1ght and '
;'amount of attenuat1on of a microwave s1gna] passed through 1t -The ~-;5
" _der1vat1on fo]10w1ng was: first done by Dr. Bruce McLeod at Montana
| _State Un1vers1ty ‘
The va]ue of attenuat1on of a m1crowave s1gna] passed through a’
"one cent1meter 1ayer of water is 40 db- at 25 C. This fact.js.the .
‘ heart of the derjvat1on. ‘ .
| _AsSume that tno mﬁcrowave horns were placed X cm.apart.f If the
.area between the_horns was filled mith»water the attenuationrmeasured
" would be X - 40 db. This would ¢orrespond to an “a]Tswater" samp]e.
‘Since the attenuation is to be just due to absorption in the water,
'the area of water or mater1a1 is made 1arger than ‘the horn apature
' area Th1s is done to prevent the . s1gna] from refract1ng around the S
samp]e and back into the receiving horn

Now if the water between the horn is rep]aced by some mater1a1.
. conta1n1ng water and attenuat1on measured the percent of Water we1ghtﬁiﬁ.

seen by the horn WOu1d be . 3 |
| | /, H,0 we1ght (ﬁ ) vh X 100 gr
remembering that" ' ' |

| 160 =1 gr Hy |

‘where A, s the attenuation measured A is. attenuat1on for a]] water;f' '
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'~ and V, is the volume seen by the.hern.
' :-vh_?'(Horh apature ‘area) (distence between'hdkns) R

The eercent of Wejghﬁ'seen by'the~h6rnjwou1d‘be:~l

-<

% wet weight =‘(Vn) ¢ X 100

where V is the tota] volume of the box conta1n1ng the samp]e mater1a]

ahd w is the total weight of the sample.

‘The percent'of:mo1sture for any sample is given by fhe following B

" equation: Y ‘ ‘
' H20 weight

B0 = e 00
' wet weight,- HZQ weight L

. 'and after subst1tut1ng in the terms for % H 0 we1ght and % wet we1ght

. seen by the horns the fo]10w1ng equat1on is obta1ned

m
. ‘K;) yh -
% H,0 = SCL R 100. -
) M Y
t o Tt

| f',By,making thé“foiiewing manipulations the fina]?éqdaﬁibneieCObféine&: SN
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A
(K;)
% H20 = X 100
W A
() - G
t t
= 100
AW
() G -
t m

Since A, and V, are known the final equation is just

% HA0 = 100
25
k(7t)-1

m

wheré k is a constant in terms of size of the sample box and attenuation
of a microwave signal in one centimeter width of water.

| For-fhé moisture meter of this study, the horns were looking at a
5.08 cm Tayer of material and the.sampie box was 12.7 cm sqdére by

5.08 cm. wide. Thié'gives the following values for At-and'Vt,

A

& (40) (5.08) = 203.2 (db)

V, = (12.7)% (5.08) = 819.35 (cc) " -

t

and a K value equal to .248.




| Appendix IV

Thé'firét bart‘df this section contains the Tisting of.thé
Iprogram-used”to analyze. the data taken with the microwave moisture
metér. The prdgram*1fsting consists of the ﬁéin]ine program and
six subroﬁtihes.' |

The .second part of this sectfon contains a Tisting of the
‘data that was read in on cards for ana]ysjs by the program. The
"data. consists of cqntko] cards for control of the.program.and the

dafa.cakds of 1973 and 1974.
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DIMENSION ID(500)
REAL K(500),MEAN,NMS
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TKS=0
DO 20 I=1,J
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’ i )

30 FORMAT!4AXs//21Xs'MEAN VALUF OF K IS '"sF&4e3,5/,1Xs'STANDARD DEVIATIC
*N OF K IS ',F4e3)
WRITE(108,40)

40 FORMAT(1Xs/,67'm=1)
RETURN
END
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Appendix V
This section contains a Tisting of the output generated by‘thé
progfam. The ou%put Eonsists of the tab]es‘of ﬁven dry percents,
moisture meter percents, k values and various statical analysis
éarried out- by the program. The outputlis separated intb duff,

litter, and sticks for 1973 and 1974.
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1 VARIATION OF CALCULATEC PERCENT ARCUND OVEN DRYPERCENT
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1 VARIATION OF CALCULATEC PERCENT ARCUND OVEN DRYPERCENT
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1 VARIATION CF CALCULATECL PERCENT ARCUND OVEN DRYPERCENT
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1 VARIATION OF CALCULATED PERCENT ARCUND OVEN DRYPERCENT
LITTER SL73
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1 VARTIATION OF CALCULATEC PERCENT ARCUND OVEN DRYPERCENT
STICKS SU73
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36¢15X OF ALL POINTS ARE ABCVE CVEN DRY PERCENT

SugensedtseseetsosusrePalosansal @ ass st Sl ason NNl epuESlchkSeesannSang @

801L




Appendix VI
This section shows how the attenuation of an electromagnetic
signal in water is calculated from the measured attenuation and SWR.
The block diagram below represents the measured attenuation loss in

terms of absorption and reflection loss.

' | | Measured
| | | Attenuation
Measured I ' ‘ »
SWR |

g Reflection e Absorption | >
loss loss j

The absorption 1oss would be the measured attenuation minus the
reflection loss in db.
The reflection coefficient can be calculated from the SWR using

the following equation.

lo| = SWR - 1
Pl " SWR+ 1
Remembering that

Pr
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where

Pr = Power Reflected at pdint A

and - _
Pi

Incident Power at point A

. the percent of power reflected is found. The percent of power trahs-

| © mitted through to point B is

Pt = 2
E 'I.-Ipl.

“The reflection loss in db in then given by
- 2
\ A. =10 Tog (1 - |p] ).
The ébsorption loss between points B and C is

' 2
A = A =10 0g (1 - |o| ( (db)

wher‘eAm is the measured attenuation.
As an example suppose a total attenuation of 10 db and SWR of 4

is measured. The reflection coefficient is

+

a1 =41 - ¢
el =gwT =6
and '

2
lo] = .36 .
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The refiectfon loss in'db is then

>
]

10 Tog (1 - .36)

| Ar 1.94 db.

The attenuation due to absorption in the water is then

Aa=Am_Ar‘
A, =10 - 1.94 (db)
A, = 8.06 (db)

This is the method used to calculate the abéorption loss in water

“at various temperatures.




Appendix VII
This sectjon'presents the derivation of the équation used- to
cé1td1ate the attenuation of‘a microwave signal passea tHrough a
dielectric matér%a] éuch as water as a function!of its dielectric
" constant (sk), ibss tangent (tan &), thickﬁess (&), and free spéce
wavelength (Xo) of the microwave signal. |

Starting with Maxwell's equation

>
> >
- 3D
vxH = J + Y
where > >
' J = oF
> >
D = ¢k

and assuming time variation of the form
ejwt

then

After making'appropriate substitutiphs,-the following equation

is obtained

Letting
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and again rearranging one gets

> . . >
VxH = so(er - jo )JjuwE
we
(o]
which can be written as
> " >
VxH = ¢ erwE
where . N
- e, = (ep - do) (1)
we
0.
which is equal to
8I - jf’:"

for a dielectric with finite losses.
Now one can solve for the propagation vector by deriving and so1ving

tHé-wave equation. By taking the curl of

> . >

A

VxH = eochwE

one gets 5 5
' yxVxH = eoerj@VXE
where _ > > 27
" yxyxH = v(veH) - v H
>
and since v-B =0
>
VeH =0

then




. . > __a-E-
and given o _ VxE = 3t
| | > >
B = uH
> >
one gets

<7
X
m
i
1
[ars
£
=
X

this gives the following equation
| 2> 2 >

4+ =
VH+ w ueoerH 0

where

Aésuming o = 1 for most dielectric materials we finally get, '
27 2 NS
VH+wpueeH=0
oorp
wheve the propagation vector is
_ /"Z_—_A_
k =+ "u HoEoCp - (2)
- and we take the negatfve term fof our solution.
By assuming the following form of a traveling wave in the + z
direction, one can express the equation of the trave]fng wave in com-
plex form as

E=E eTJkZ.

1
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and :

jk = a + JB

where o is the attenuation constant and g the phase_factor.
Subétituting in for k from equation (2) and for gr from

equation (1) one gets

o+ JB = Juw /uoeo /er- o
we

which can be rearranged to get

ot 38 =do e Ve MT-Jo . (3)
T WE € '
or

Remembering that

and

Equation (3) can be rewritten as

o+ 8= Juue Ve, /T -Jtans

r

By applying the binomial expansion to the last right hand term

and keeping the first two terms (since ‘tan § <<1) one gets

o+ 3B ~ ju Mue. Ve, (1 -3 tan §)
. o 0 r ‘—2—-——_,
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Now equating real. parts one gets the attenuation constant

Q
[}

w YU e ve. tan:$
0 0 r -‘—2—

where

(=
i
N

=
ﬁ’

This can be substituted into'the above equation to give the fo]]owing:

T /a tan §

o]

We now have a propagation wave in + z direction in terms of .

attenuation constant given as

Since the attenuation is desiréd as a function of distance into

the dieleétric layer (in db), the following equation is used: -

. “E
~ Attenuation = 20 log Eg-(db)
1

where E2 is signal at z = % and E] is equal to signal at z = 0.
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. o © A =20 log E87
x | -

A = 20 log o

20 a2 log e

=
I

Remembering that
" Tog e = .4343
the attenuation is

A = 8.686 ar
which after substituting in o gives the final equation.

A = 8.686 §&~ /e, tan & (db) .

o]

4
5
-
ot

ey
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