
TN

{rNrvnBsfrY OF HANÏTOBA

DTELECTRIC PROPEATTES OT WHEÀT ANÐ

TTS ÐERTV]TTTVES- DENSTTY EFFECTS

bY

B. D.1BàPP

À, TIIESIS

ST'ß}IITTED 90 THE TÀCULTY OF GRåÐUATE STUDTES

PÀÊTTA3, FUT.FTITPIENT OF THT AEQUIREMENTS FOR TÎTE ÐEGNEE

or flrÀsTßR oF scïENcE

DEPARTI{EI{? C}F AGNTCÛTTTIRÀL ENGTNEERI¡IG

{f NNlPEG, 1{ANTTOBÀ

tlâyr 19?6

I

ffii€ 
tlitrv



: :'--.:1

. : :.: :::.1
';,,.'::..:::ll

"DIELECTRiC PROPERTIES OF l¡lHEAT AND

ITS DERIVATIVES- DENSITY EFFECTS''

by

B.D. TRAPP

A clissertation subnritted to the Faculty of Grarluate sturties of'
the university ol Manitoba in partiat fulfillment ol' the requirements
of the tlcgrce of

MASTER OF SCIENCE

@ tgze

Pernlission has l¡ec¡r grantcd to thc LtBRARy oF Tilu uNlvuR-
slrY oF MANIToBA to lcnd or sell copies of this dissert¿¡tion. to
thc NATIoNAL LtBRAtìy o[¡ cANADA to ¡nicnrfìtnl this
dissertutio¡¡ and to lçnd <¡r scll copics of the film, und uNtvuRslry
MICROFILMS to publish un abstruct of this dissertation

Thc author reserves other publicatiorr rights, a¡rd ncither thc
dissertation nor extensivc cxtracts t'ronr it ruay be printetl or other-
wise reproduccd without ths uuthor's writtcn ¡rernrission.



-.1

-: i /i:.'.1

ABSTRACl

Tha effect of densi.ty on the dilectric eonstant and

loss facto¡ of wheat, qronnd rheat ar¿cl flour lras rleterminail

at selecterl frequencies betneen 75 kHz anr1 10 llHz. Tests

were performeil oû sanples at oven dry state anrÌ at noisture

contents above ancl below nornal storage moisture eontent.

The densi-tr sas variecl from the nat.uraL bulk densi-ty of a

given material- to a ilensity ahout tuo tines larser.
À parallel pl-ate capaeitor was constructed t,o contain

t he samples clutinq testing antt a hydraulic press $as

enpl-oye{l to coüpress the sanples. Electri,cal measurements

wâre nacle usiag a 0-nreter sj-th a suppl-enenÈarï voltmeter ancl

freguency eountêtr. The ef,fect of, pressüre, if any ¡ras not

investigateil"

The experímental results shsïed that, th+ relationship
betreen the ilielectrie constaat ancl l"oss factor and the

clensity was almost perfectly linear ùhroughout the range

inves ti.gated.
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CHAPTEN T

TNTAOD{'CTTCN

J.-1-*?grp9Êe r 9E:!èe_e!sÈr_esÈ_sbslsg sË_salerielg
Eiqht hunclred mill_ion bushels of qrain are harvestecl,

storeil, bouqht and sold each yÊar in Canada. Each operation
demanils an aceurate measure o.f the moist.ure content of t,he

qrain. Sinee the rlielectric properti-es of grains are

stronqly ilepenclent oD thei.r uroisture contentr several
electrical noisture neters are i-n use in the grain trade

shieh. evaluate moisture content by measuranent of dieleetric
ptoperti.es" Hoïever, factors other than moisture content

affect the dieleetrie properties of grain. These factors
iuclude the frequency at ryhich measurêment is made, t,he

temperature, type of grain ancl tt¡e ctensity of the qrain

sanple.

since qra!.n is a míxture of grain particles surroundecl

hy air, measurernent of, the d_ielactric properties i-s nore

cli-fficuLt, than if it wece a homogeneous substance consist.i-nq

of grain only, ïf the qrain to be measureil for moisture

content coulil bo reducecl to a hcu¡ogeneous nediurn by sone

simple means, it i"s erpectecl that, the accuracy and

simplicity of the neasurement urethods ïroulcl he improvecl.

appreciable errors in neasurement result fcon density
fluctuations betweea repetítj-ve samples ctue to bridqinq of
the particles. fhis effect is nore pronounced in testinq
ponilery ¡naterial_s such as flour.



It vas decided to invçstisate the feasibility of

conpressing qrain sanples to the point chere all air spaces

were ilísplaceil and to measure the effect of ilensity on the

itielectric constant and loss factor"

Since a larqe nunber of tests were to be perfornecl on

each type of nateríaI, it $as necsssary to Linrit the variet,y

of natêrials to be testecl. flheat was chosen because it is
one of Canatlars most comnon anil important crops. Flour and

ground ryheat were ehosen to exasrine the applicability of tbe

measurÊment technique to fine powclery rnateriaLs.

^1 :. 2 .-Ë.ÈÊÈe-g f;-Ëhê ;êE!

J 
"2:. 

I :-Påele gÈs!s- pr-ss eE! !ee
A ili-electric i.s clefined. as a

Consicler a capacitor

an area a lnetersal each,

material strich siIl

consisting of para1lel plates of
separatecl by a distance d (neters!

2

support a¡ elecÈric fíe1il, Nearly all materi.als except

ferro-electrícs ancl Íncl-uitinq biologicaL naterj.als betr_ong to
t,his elass. Dielectric properties are expressêtl í¡ tçrms of

the pernittivíty Ê ,and conducti.vity o-.

From the early days of electrostatic experinentation it
yas realiged that a clielectric mecti.un placeft hetreen the

plates of a capacitor had the ability to iacrease the charge

storage capability of the capacitor. îo specif y thi-s

property, the paraneter clielectric constanÈ Has defined,

usual-ly noteil by the synboL € ancl t,o for t,he free space

va1ue.



:. n vacu un,

then given as

Co = lA" a, /d

where the pernittívi.ty of free

Tf a clielectric medium was

the capacitor, the capacitance

The capacitanee of this capacitor lfaradsl 1s

{ 1 . '!)

space = 8.85x 10 F/n.

placecl batween the plates of
(faracls) woulcl then be

--.1

c - ltal /d {1 .21

It is often convênieot to erpress thê pernrittivity of

¡naterials relative t,o the free spacê value. Thís gives a

relati-ve pernittivity defined as t¡ = Ð/&o. Tn practice the

subscript r and the term relalive are often omittecl.

Rel-ative values may be ilifferentiated from absolute values

since relati.ve permj-ttivity is qaneral-Iy a nunber qreater

than unity, rhi.le absolute values inclurle a neqative pofler

of ten.

In the prevíous exanple of a paralle1 Þlate eapacitor

tf,íth capacitance Co irr vacuum the insertion of a cti-electric

naterial of relative permittivity tr woulcl increase íts
capacitancetoC=å¡C¿.

If an aLternating electronctivç foree lemf) v is
apolied across the capacitor, an alternatíng current i will
fLo¡r, its value being

be

as

Tf

1n

i = jr¿¿rCo v

losses occur there will
phase ¡rith the voLtase,

a resistive elenent of current

seLl as the ceactíve element.

3
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To account for the losses r{ithin t.he

complex permittivity is introiluced as

clieleetric a

E =år -JEil

vhere t, is the real part of the pernittivity often ealleil
the rlielectric constant, âltd f,,rt is the loss factor. It is
impossible to separate losses clue to conductivity and losses

tlue to permi-ttivity {Harrineton, 1961} . Therefor+ it has

becone custonary to êxpress all- losses by the loss faetor.
In oriler to ful1y unilerstancl dielectric phenonena, it

is necessary to examine the prccesses that contribrrte to

ênêrgy storage ancl l-osses"

1 g ?*?- Segb+a ipps 
" 
g!-psles iee!åes

Polarization is the process of alígnment of electrical
di.poles r*ithin a ilielectri-c meitiun placeô i-n an electric
field. Holecules of a clielectric nedium thouqh electrieally
neutral nay have uner¡ua3- distribution of positive ancl

negative charges' Thesê equal but opposite charges {q},
separateil by a clistanee (dì are called clípoles. T{hen

charqes are expressecÌ in esu, clistances iu angstroms (Al ,

ilipol-e noneats lqdl are in Élebyes.

ühen a ilielectríc medium is placecl ia a capacitor

eonnectecl to a batterl, the dipoles aliqn along the lines of

the field existínq between the plates. The result is the

pheaonena called polarization, ie. the fornation of chains

of alternat.ing positive and. nesative charges from one ptate

to the ot,her" The charges at tha ands of th* chains {at the



pLates of the capacitor) neutralize some of the charges o¡

the plates of the capacitor, allol¡ing a greater eharge to be

storeil on the plates.

Hany subst,ances and compcund.s, known as rlipolar
naterials have permanent clípoles arisinq from asynnetries in
t he molecular struct ure. Uncl er the inf l uence of ttre

external electric f,ield, thesa pernanent itÍ-po]-es wiLl

attenpt to align al-oßg the fíe1d by rotation. This is knonn

as orientational polaråzation. As the tenperature rises,
increased thermal aqitation lessens the alignnent possible,

anil the conÈribution of orientatioual polarization to the

ilielectric constant clecreaseÈ,

Dipolçs may be created unilar the infl:ueace of an

appl-i*d fíeld by the shiftioq of electrons relative to the

nucleus (electronic polarization) r or by a ilisplaeement of
atoms ruithin the nolecul-e latomíc polarization). These tro
forns are knoryn as i-nd.uceil, or tlistcrtional po3-arization.

Interfacial polarization occurs rhen fraa charqe

carriers, such as ions, buil-rl up along defeets ancl

interfaces in the strueture of the ctielectrie materi.al" Tlr-e

effect nay be qui.te larqe at los frequencies {beLor a fen

kilohertz) but usually di"niaishes rapidly uith incraasing

frequency.

The nechaaisns of polarization are freguencv ctepenrlent

since a finite ti-me is required fcr the realiqnnrent of tbe

ctipoles ,in the appl j-ed alter¡aÈinq f,ielcl. As the frequeney

increases the aliqnnent of the clipoles baqins to lag. The
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eo¡tri-bution to polari-zation of the dielectric cleereases

aail losses occrrr. This clecrease in the di-eleetric constant

is terrneil distrersion, whi.le the increase in losses is callecl

dielectric absorption.

Taterfaeial pol-arizatíon is the first nechanism to be

affeeted by increasing frequency. Respect,ively the next

mechanisms to be affecteil are orientational, atoníe ancl

electronic polarization.

I¡taterials are classÍfied according to the polarization

¡rechanisms they display unden an applieil fielil. Non-polac

materials, nsually purê elenents, shov eLectronic
poLarization rith ilispersion aà opticaL freguencies, Folar

materials have a polar monent indueect under an applied fielll

{nolecular polarizationl with ctispersion ín the infrare¿ as

rell as the opt.ical- regíon. Ðipola¡ materials which have

pernanent polar nonents exiblt ocientational poil.arizatíoa as

vell as the other two forms.

L *2=3 -ÞleleqÈEåç -p se pÊ E ! ! es * r el a !eü ; ! o * e ç e i a ;e n4 - se !Ê E

Grain as a ilielectrie meiliun exibits all four types of
polarlzatioa. The relative nagniturle of the effect clepends

qreatly on the moisture content of the grain.

tlater in hioloqicaL ¡natería1s exj.sts as either bounil or

free $ater, haviag tlifferent physical and clietectrie
propertS.es. Boun,l rater is tiqhtly held by the molecules of

starchr Protein ancl other coruporieats of grain and forms part

of the physical thouqh not chenieal structure of the
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molecules. ?he cliel-ectric constant of bountt yater is
sinilar to that of ice, At 1oï moistura contents almost arl-

of the rater Ín qrain nay be bound vater, rhil-e at hi-gher

noisture contents free watçr predominates.

free yater is found in capillary pores ancl other

interstitial spaces bet*een the plant mol-ecules. This water

cill act as a solvent anil Èhus uill allov eoncluetion of
erectrici.ty ilue to movement of clissolved io$s. At Lo¡s

freguencies the value of the tlielectric constant of free

vater is close to 80 while that of bor¡ail water i.s in the

oriler of, 4.5 to 5.0.

It is kaora that inte facial poLarization, vhj_eh

requÍ-res the prÊsence of free charge carriers, is generally

weak if bouniL wat.er predourinates, while the effect may be

guite larqe if much free nater is present.

ÀLt,houqh raÈer ís a dipolar substance charactçrized by

a hiqlt pol-ar noment, in the bounrl form it is restricteil in
its rotat.íon in an alternati"ng field. as a result bound

sater shons onlv a s¡raLl contribr¡tion to orientationaL
poJ-ari.zatíoa. This is the rÊason for the larqe clifferenee

in the ilielectrlc constants of the tro forns of yaÈer.

.1 *?:.4. -EBËsgÈe 0- ËÊslst Ê - ¿s -s 
giE ! g E, e - s ea Eu E I Bs g !

Às an ideal incli-eator of uroisture eontent, the

clj-electric properties woultl be affected only by the amount

of sater containeil in the material. Si.nce this is not, the

case several other factors neecl to be consi-itered in the

7



deternination of noisture content.

lileasurêments of the di-electrj.c properties of graia qive

values îepresentånq a. nixt,ure of plant naterial, uater ancl

air, not iust the uater. Cal-ibration eharts are usually

requirecl to arrive at the noisture content since the

¡neasured values ilepencl in part on the host u¡ateria1,

Separate charts nust be providetl for each type of grain,

obtainecl by conparing readinqs of t.he clielectric properties

of grain samples wíth the noi-sture content of the sane

sample as cletermined by one cf the stanrlarcl nethods

lAoÀc,1965).

The naJority of electric nroisture neters

measure the ilieleetric constant of the

i nrli-cati on of its noisture coûtent. ilost of, the

contrlt¡ution to the ftieleet.ric const.ant of grains results
fron orientational polarization of t.be free water eontainecl

in the kernels" Since iacreased t.hernal aqitation of the

cater molecules ref,uces orientational polarizatíon, t,he

ilielectrÍc constant of qraíns is tenperat-ure clependent"

Thís neaas that the tenperature must be held eonstant or be

conpensateil for vhen rnaking measurenents,

Ànother problem observed with electric moÍsture meters

is that graj.n samples of simílar moisture content as

deternineil t¡y oven nethorlsr rrêy not givp siurilar results
when testeil by clielectric neters. ?his has been noted for
samples of similar speciçs anð variety of grain but grotrn in
clifferent localities or crop years, 3e1-eny 119621 suggests

ín usÊ today

qral-n as an
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that. the snall differences olrserveil may be due to samples

wit.h +-he same moisture content havinq differeat ratios of

free and borrnd ratêr.

1:.2' 5 -Ç9,nsigsss!å eqs-e f -0 esså!l
Granular and porydery materials arË subieet to large

clensity fLuetuati.ons duo to brictqinq of the partieles when

placerl in sample hoklers f o¡ moistu¡e content

cleterninations. This e f fect is naqnif i-eil rhen sanpJ_es

havinq d,iff,erent part,ícle sizes, such as different qrínds of

flour a¡e tleinq compatrecl.

ltost of ttre grain moisture neters in use employ a

dumpinq hopper t,o ninimize variations j.n t.he loactinq process

of the sanple holtlen. Sarnples of ccnst,ant wei_ght lrÊre found.

to give sma!-ler variatíons than sanples of constant volune,

but both nethoils arê used in practice to lessen tlensity

fluctuations.

Heasurements of ttre dielect-ric properties of pol¡ðers

are more ,critical because of pctenti,ally larger yariations

i.a their bulk il.ensity than t,hose in qrains. À Életerminatioa

of the moisture content of such materials without a

correction for density is subieet Èo errors as large as 10

percent {Yevstioneyevr l93gl . Densi-ty corrections may be

achievecl by neasuring t,he vol.uma of a sanple of known weiqht

¡rhile it is contained. in the test ce1lr oE by conpressinc

the sample in some reprorlucit¡le ray.



J !.2. 5*PE Ês¿ es s-t e EE-¿s*! b e-fietð
ilany ercellent reference texts cont,aining backgrouncl

information on ciielectrie materials antt thair properties are

available, such as nill- et al. (1969), von nippel (19541,

Bot,tcher {19521 , Andersou (1c64) , antl Calder¡rooil 419111 .

Topics incluile perníttivíty, ccniluctívíty, mechanisns of,

polarization and measurement teehnigues. Tbe work of Debye,

Cole, Kirkrood, 0nsaqer, Frolich and other early

investigators is presenteil anil discussecl.

Deloor {1968} inyestigated heteroqeneous mixtures with

enphasis on naterial-s contairríng cater, Grant {1969) gave a

sinplifieil cliscussion on the use of itielect,ric urethorls in
the study of biological materials.

Several researchers have investigated the clielectric
prope¡ties of aqricult,uraL products. Nelson 11911) revieweil

experimental data of electrical properties for a siite rangê

of prodncts.includinq wood, textiles, grains, seeds, fruits,
veqetables and neat ancl ilaj-ry procluct.s. A sunmary ot

properties of grains ancl seeds ia the freguency range of 1

to 50 l{Hz nas puhlished bV Helsou {19651 . Stetson anil

Nelson (1c?0| presentecl the experimental results of tests
macle on severaL qrains and seeds at audio fregueacíes.

Heasursments of the dielectric pnoperties of grains at

hiqher frequeueies have been macle by several researchêrsr

These inclucle Nelson (19721 rho covaretl the entire frequency

rangÊ from 250 Hz, to 12.2 GHz for wheat, anri rice weevils,

10



Iïamícl et al. 119681 for sheat anil flour at 1A.93 GHz, and

Chuqh {19?31 , ïho narle nêasurements of rsheat aL 2.tt5 and 9.4

GHz.

Very little research has been done ryith grains

regarclinq the effect of lanqe cle¡sity changes on their
di.el-ec,t,rie properties, Nelson 119-12l nacle measurenents on

¡rheat at 9.367 GHz, usinq a press t,o compress the sanples.

A few experíments have baen clone to iavestigate the

effeet of pressure anrl dansity on the clielectric properties

of other matarials" ltopsik {196?) made measurements on

n-hexane, Chan et al. f19651 measureil the effeet of pressuce

oa the dielectric constant and loss faetor of ice, and

Scaj.fe (1967) stuflÍeil the ef,fect of pressure ancl density on

the dielectric propertåes of euqenol.

J : 2c ?; ll gesgge gen È -9,! :PÊE4¿È!ig!!f
Experimental nethoils for the measuremant of

pernittivity are Éliscussecl in several references íncludinq
Hi-ll et al. {1969), Anclerson 11964), Grant, 11969} and Von

Hippel (1964ì.

The equipment useð to measure pernri-ttivity is usuatr_ly

determj.ned by the fregueney range anil the uaterial to be

ínvestiqateil. Since ttre freguency ranqe of interest ín this
stutly tras from 75 kHz to'10 ltEz" either a briilge or r+sonant

circuit coulcl be usef,. Briilqe circuit methotls have an upper

frequency 1j"mit of approximatelv 10 t¡!tIz. Beyoncl thås linit,
measurenent is impaired by the effects of resirlual impedance

11
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of leacls anfl stray capacitances to grounil. Difficulties rnay

be encouatered below this upper limit.

I 
Resonant circuits are Ênployeð to minimize the eff,ects

of strav capacitancÊs. Resonaûce is inclicateil çith a

transistor voltmeter and is therefore a rtefl-ection method
:.1:.-... .. i:,::-1 j:r rather than a nul-l- method as ïith briclqe circuits. Sinee

resonant circuits ara usecl in a ryirle range of f,reguencias a

Q-neter provides a convenient solution.

..,..i

'¡..:.:j:)
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C¡TAP?EB TT

ilATERÏÀLS AND I{EîHOÐS

2; l--F.qslpeesl
The Q-neter usecl Ías a l{arccni nod.el f1245À fed fron a

Itlareoai mod.el fF1246 oseillator, haviuq a frer{uency range of

40 kltz to 50 YlHz. The Q-meter contained a variable air
capacitor and a bnil-t in VTVlt, but in order to increase the

accuracy of neasurenent. a General Ra¿tio type 1690 microneter 
:

eLectrocle capacit.or lilEc) {tlartshorn, Harô,1936t lras usetl as 
:

a st.andarcl capaeitor and a Herlett Packard nodel 427A, TVf't

was utí1ized for volt.age n€asurÊnÊnt. Test frequencies were

monitoced wit.h a l{onsanto uroclel 105À t{iqital frequancy .

icounter.
i

Sinee pressurês up to ?. BII kPa flere to be usail to 
,,

conpress the samples, the sarople holrler (test cell! had to 
i

l

be specÍally constructed.. Tn order Èo facilitate loadinq ancl 
l

unloadinq of the test cell-, i.t *ras decided to enploy a

parallel plate capacitor ryith a snrroundinq col-lar of 
,

insnl-atinq material. The final test celt is shorn in Fi-q.
,

2.1. l

À Nyl-on-6 insulating cyl-inder tsas press fitte-d ínto a

steeL collar anrl then bored out srnooth, The base anil

p1ungerweremachinedfrourstee1and.e1ectop1atedwith

copp€r in such a ¡ray that a slicliog fit was obtainetl sith

the t{y3-on-6 cylin'åer.

The test ceLl rras fittêcl into a carver moclel B

13



2.60

plunger-L0 electrode

steel collar

Nylon 6 insulator

base-Hï electrode

2.I Test cell. Base

steel. Dimensions
and plunger are

in cm.

t4

Fig..- copper-plated
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laboratory prÊss sliqhtly nodified to suj.t the testinq
procedure. Keepino all leacls âs short as possj-ble to

minimi"ze lead inriuctanee, the test ceIl, ¡{EC and fVil H€re

conneetecl in parallel with the 0-neter variable capacitor.

Tco adðitionaL lov-loss ceramie capacitors Þrere added to the

circuit as pluq-in compou.ents. Ihese werÊ necessary as the

capacitancÐ íncremeats of the üEc rere not large enor.lgh for
neasurements nade on saurples of hiqh ¡roisture eontent. A

giÈsubíshi dial gauge nith a rangÊ fron 0 to 'l in. ,âoil

resolution of 0.001 in. rras usecl to measuEe the p!.ate

sêparatíon of the test ee11.

A cal-ibratecl, ilefornable plastic strip normall-y usecl to
measure thè clêarance in aut.omotive journal beaiinqs

fr!Plastigageil, Perfeet Circle Lt.cl.) was usetl to check the

parallelisn betreen the base aud the pluneer. plastigage is
a soft plastie wire that clef orns nonelast,ically unrler

pressurer By neasu¡ing the yidth of the fl-atteneil nire, the

clearance betveeu the parts may be ileternined guite

aceurately. Ðuring the test proceilure the Plastigage ri-rê
cas aLso used to check the calibration of the dial qaugêi

The Þhotograph, Fig. 2.2, shows the assenbl-eil

eguipment" Shonn are the oscillator, p-meter, microneter

electrocle capacitor (l:EC) , transistor volt neter ftVt{} , test
cell, hydraulic press ancl the dial gauge. The freguency

counter i-s just out. of sÍqht to tha upper leftr

2: ?- ;-FÊEple;EeEsEipÈågg;ê!d-psgpsç*!i9B r
Samples flerÊ draen from a single clean batch of Ïilanitou

.: 
1
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Fig. 2,2 - Photograph of the test equipment.



variety re¿l sprindr rrheat gta¿le¿l number 1 C.T{. Flour sanples

lrere procêssecl by a laboratory-siue flour mill. Grouncl

cheat sanples Here processêd by the same míl-l br:t were not

screenecl to renove the other element s fron the flour"
conrlitioainq of the sa¡aples to the clesired moisture

content was achieved by eíther puttinq them over ryater in a

closed container, oE bv placino them in an air oven at

1000c. After conditíoninq, the samples ïerÇ atr-1owe¿l three

clays to come to equilibriun before they werê testeâ. The

exceptions to this ïere the oven dry sanples r¡hich flere

heatetl at 130oC for three hours, cool-eil, and then testecl

inmediately in order to mini-mize any uptake of moisture"

The uroist.ure content of rl-1 samples was evaluatecl by

standarcl urethods IAOÀC, 1965) . Sanple size Has kept as

uniform as possible with wheat kernel samples being e,0 çI

rithin one kernel neight,, uhile flour and qround flheat

samples Here weiqhed out to 8.000 1 0.001 q. â11 noiåture
contents as qiven in the text are psrcent r¿et base.

.: -.:ì

.4.

.:

.!,. ?rå:*-9:qeteË-!þÊ9Eï;êgë-gpeEa!ågp

2*3...1.3be-8:geÈeç

A Q-neter is normally useil to measure the perfornanee

characteristics of coils and capacitors. By definition the

Q-factor of a conponent ì s the ratio of its reactanee to its
resistance, The measurêment principle depenils on the

characteristics of a series resonant ci-rcuit at the point of
resonance. The followinq conclítions arê then true

17



Fig. 2,3 Series resonant circuit.

ri

Fig. 2.4 Schematic of measurement circuit.

1_8

r--- - - -Q-Meter---- -- ----,

I

I
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Xc=Xu

V=IXc=f)¡r=ma¡im'm

V =ïB
flhere Xc and X'. are the capacitíve and inductive f,eactancês,

vc is the voltaqe across the capacitor, R is the cireuit
resistance, and v is tbe applied enf. See Fiq. 2.3.

bydefinition 0 =X/R
.-..'.:':,: = (ïXc) /tlÊ.\
, -t:.'..,:-: l, ,..i -.
.: .. " 

. = Vc/V
.i.,: . __,

. r'.i.:: : .'.-:l

Therefore if V is naintainect at a constant aail known level a

volt.meter connected across the capacitor to i-ndicate

resonance nay be calibrated ðirectly in .ùerns of the circuit,
l

I Ç-factor,
?he s€ries resonant cireuit of the O-neter is yell i

.ì I adapted to the neasurement of the clielectrie constant and
i

the l-oss factor of a spÊcimen helcl in a test cell conneetecl l

in parallel rith the variable capacítor of the Q-neter.
r' This method. has heen used by Harþshorn, Faril 11936), Ne1son i:

.;.1. .- .r
... .: '.'_.:

'':
et aL. f1963), and Nelson 119721. ,' .:: ':

. :: .r .

_,"i .,

.r.:.- l

2 r. Js?-Hea ssr gsÊBL;gf 
- êLsle ggsig.-p g's.peglies*s,!gb-! he-g-" qe!es:-

?he Q-nete¡ usêd. in this researeh enploys an external_ 
:

oseillator connected to the Ç-meter by means of a 0.A2o. ,,

shunt resi"stor, The voltage acrcss this shunt corresponcls

to a voltaqe source sith very 1ow internal resj.stance. An

external pLuq-in inductor {t} toqether ryíth the variable

19
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capacitors (Cm andl Ci) of the Q-meter form a series resonant

eircuit. The sanple holder (Cs), ltEC and TVU are all
eonnected in paral-Lel with these capacitors. (Fiq, 2.4\

rfith an induetor selected for a qiven test fregueney

anil vith the sanple contained in the test cell, the circuit
is tuned to resonaneer This is clone by adiusting the

variabLe capacítor {Cm) contained in the e-neter, rrntil
resonance ls iaitieatecl by the external volt,meter {TvHl , ?he

sample is thea renoverl fron the test, cell, and t,he circuit
is ret.nnetl to resonance by ad iusLine the HEC.

Si-nce the tuo resonant eontlitions occur at the same

freÇueney, the total círeuít capacitance must be the sane in
both situations" Therefore, the change in capacíi*ance due

to the rêmoratr- of the sauple is equal to the change ín
capacítanc€ between the initial antl final settinq of the

tltEC. ff Cx is this change in eapaeitance, and Co j-s the

capacitance of the empty sanple ho].cler, then the ctrielectric

constant of the sanpl-e is qiven by

Sr= {Cx + Col ,/Co 12.1)

Calculation of the l"oss factor by the suseeptanee

variation nathoil relies on ttre fact that the uiitt.h of the

resonant curve is a measure of l-osses oecuring in the

circuit. The cårcuåt is tunefl to resonaace by Cn. The

resonant peak voltaqe {Vm} antl the setting of t,he t'lEC arê

noted. The circuit is then rletune¿l oD either si-ite of

resonance by the HEC to nes settinqs Ct anrl C2 corresponcling

2ß
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Fig. 2.J Clnatacteristic resonant curve.
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to a loner volt.ace T6 as indicated by the

?he process is repeated for the empty

ÁCs and ACr for the sample in and

respectj-ve1y.

It can be shown that the loss factor

from t.he foll-orying relations (ilTelson,19'l2l

ACs aCn

Tvl{" {Fiq. 2.59

test cell to gi-ve

out cond.itions

may be cal-culateil

^t?/t- Lç 
ñ,* WW

for Yc= 0, 707 Vn, t,he expression simplifies to

e" =€ ACs âCn (2.2)
2Cx

?* 1.--- 4¡PeEsæ¿leI-PË as s Ê sse

Fiva freguencies lrêre used in the frequency range under

investiqation. These frequencíes rere chosen so that the

circuit could be resonatecl with the variabLe capaci.tor

of the Q-neter set to a uininum vaLue, since accuracy in

neasuring the loss factor decreases as the total círcuit

capacitance increases (von Hippel, 19541.

The assembly of eomponents ¡ras devísetl to reduce leacl

lenqths as nuch as possible in order to minínize errors tlue

to leact incluctanbe. The a.ssembly nas also arrangecl to have

i-dentical leafl lenqths for the sanple ia and saurpl-e out

conditions,

Seven samples at a tine íera treiqhed. out froqì a bateh

22



of clesired moisture content, one sampl-e for each of the five

test freguencies and tt¡o for moisture content determination.

The samples that were not tested imnediaÈely were pLacecl in

a smaLl air-tiqht container.

The proper inductor was installed in the Q-neter, the

test f,requency Has set, and the circuit sas tuned to

rÊsonance by Cn of the 0-meter, with the sampLe holtler

emptv. Then ï5-th a sanple in the holder anil the plates in

contact vith the specimen, the circuit ras tuned to

resonance by the llEc. The output level of the oscillatot

was acljusted to qive a scale reailing coavenj-ent to eal"culate

0.707 Vn on the Tvl'l. A chanqe in the output level of thç

oscil"lator usually affected the freguency as sell, ancl

therEfore the frequenev llas adjustetl to the itesired valuÐ.

The !,¡rEc was then used to detune the circuit to 0. ?07 V¡¡ on

eaeh si-d+ of the resonant peak. Beatlings of the llEC plate

separations were recorded along flitt¿ the plate separation of

the sanple holdet, The eapacitance settinq of the ¡{Ec

correspondinq t.o vn cannot be found as accurately as the

settings corresponclínq to 0.?0? Vm sj-nce rith losses in the

circuit the peak of the resonant curve is quite broatl,

Sínce the resonant curve is synnetrieal, the value of t,he

capacitance of the t{Ec at resonance nay be nore accurately

determinecl bv takinq the value fcr Cmax as the average of Cr

ancl Cr {see Flg" 2"51 Tt¡is nethod becane imperative for

sanpl-es at hiqh moisture content ancl large clensity,

After the readi.nqs sere recorrlefi the press lras usail to

23



compress the samples to greater ilensity. Then the pressure

was released such that the plates just maintainecl contact

¡vith the sample. The proceclure of buning to resonance and

t.hen detuning to mÐasure the niilth of the resonant peak was

repeated anrl settinqs of the IrIEC anil test cel1 recorflecl.

This process r+as eontinuecl until- measuremants hacl treen naile

at sev€n densities, the last beinq about t¡riee natural 'bu1k

clensity. îhe tenperatura tras also recorcled. It variecl from

21o C to 23aC.

After these neasurenents had. been uaile, the sanple

holrler was enptied, clcaned and replaceil i.n the circuít. The

measureBent procçdure outlined above was then carrieit out to
obtain values for the empty sample holder at the plate

separations usecl dr¡ring the samnle in conclitior¡"

Thê values of Cr and C¿ obtainect at 0.70? Vm for the

sanple in ancl sample out conditions llere useil to ealeulate

ACs, ACH and Cx for insertion in eq. (2.1, anr{ lZ,Zl

It can be shown that

Acs

Ac*

Cx

Lsz L 5t

Cse - Cur

0.5 (Csr + Csz Cn,

for sample in
for sample out

C r-rz )

C" is calcnl-at eil from ê9. (1 . 1)

The nicrometer electrocle eapacitoc

standard eapacitor is a paralle1 plate

moveahle plate controlled by a nicromete¡

Faril, 19361 . il calibrated dial attacheil

lFf ECI useil as a

capacitor ¡rith one

screw lllartshorn,
to the screw qives
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readings in terns of plate sêparation, These readinqs are

converted to eapaeitance by neans of êrtr. {1,1ì.
A conputer proqram uas lrritten to calculate the

ili-electric coastant and loss factor for the samples fron eq,

12,11 anil {2,2t, respectively, the san€ progra¡n $as usecl to

calculate the capacitances for ilifferent plate separations

of the sanple holiler and the HEC fron êe. {1.'fl . The values

of capacitance ïere eorrect.ed for frinqe capaeitance

aceoriling to l(irehhoff ts formula {Scott, Curtis, 1g3gl ,,

1...,.,-

l:j:::
l:.:l Ìl

l'.
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CIIAPTER IIl

RES Utr,TS

Heasured valuês of the clielectric constant (F,tl and the

loss f,actor ftrrì f,or r¡heat ¡t 121 kHz and at 10 HHz are

shorrn ín tables 3.1 and 3.2 respecti.vely. These results are

faírly typieal for the ilata collect.ed,

ÐEGC is deq¡ees Cêlsíus, üC i-s t,he moistuce cont.ent

{rret base}, T ,ís the sarnple thíckness j-n thousandths of aD

inch, DEI{S is the itensit,y in q/cm!, Et is the clielectrj.c

eonstant anil Efl i.s the loss f actor, O. D. indieates saurples

that were orÊn iLrieil for three hours at 130oc.

The hyllraulie press ra,s used to brir¡q the sample to a

qiven ilensity, then pressurê ïas releasecl sucb that the

electroiles just ¡raintaineiÌ contact, witb tl¡e sample. The

samples $Êre not tested under pressure. The dat,a eontaineil

in tables 3.1 and 3.2 is shoçn plotteil in Fiq. 3.1 and 3.2.

It is evíilent that at both frequencies sho*n, the two

parameters, the dieleetric eonst,aat anit the l_oss factor,
i.ncrease Linearly with sample clensity. A conputer progran

cas used to fít eurves to the neasuteil points by least
sguares reqression, and to conpute the ccrrespondi-nq linear
eorrelation coefficient. An anelysis of the correlation
coef f icients sho*eil that the assnnption of a l-inear

relationshíp is valid

s j-qni ficance.

at the one percent Level of

The experinental results

26
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Table J:.1 Calculated values of the di-electric constant and

loss factor of Manitou vari-ety red spring wheat

at 72I lr-Hz,

MANITOU i/\iHEAT I^IHOLE

T DENS
MILS ÄM/CC

23ÐEGC MC=O . D. !27KH7'

ErtEr

3.10
3,43
3,56
3,86
4,3?
4.75
5,7I

o,25
o.3+
o .4¿f
o.59
o.69
o.87
o.96

o.?76
o. 843
o. BB3
1 .001
L,I3T
L,272
1.332

0.
1.
L.
2.
2,
3.
3.

3
3
3
B

7
7
3

3
9
L

3
5
9

69
25
54
o2
6t
04
1B

1-:1 r.

303.O
277.o
265,O
z+4.o
2L9.0
20+.o
Lgz,O

MANITOU

T
MILS

o.74+
o, B1¿t
o,85L
o,924
1 .030
7,L06
7,L75

ilüHEAT Ï\THOLE

DENS
GM/cc

o,L5
o,L5
o,L7
o.2!
o.24
o,24
o.29

MC =]- O , 28 LzL KHZ

E I E''

2}DEGc

29O.O
26?.0
255.O
225,0
Lgg,o
L77.0
769.o

+ ,58
5,30
5,79
7,LO
B,+2

to.L6
10. B0

MANITOU WHEAT

T
MILS

\/[HO]-,8

DENS
cM/cc

2ZDEGC MC=13.¿+ LzL KH?'

ErtEr

7
B
B
0
7
2
2

0.
0.
0.
1.
L.
L,
!.

303.O
27O.O
252.O
22!.0
1gB. o
t7g,o
t74.0

5,50
7.40
8,46

ro.73
12.BO
15.08
1_6.18
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MANTTOU WHEAT

T
MILS

l¡lH0LE

DENS
cM/cc

23DEGC MC=74.T9 tzL KHZ

E t Ett

301 .0
26I+.o
236,0
212.0
1BB. O

77L.O

o,747
o,852
o.953
L,O6L
r,tg7
1.376

II\IHEAT THOLE

DENS
GM/cc

6.Lg
B.4B

10,64
!2.1+2
L5,05
L7.6?

23DEGC MC=1 5,Bz

r.32
2.+1,
3.90
4.3r
l+.Bz
5,52

MANITOU

T
MTLS

Er
LzT KHZ

Ett

308.0 0,73r
o.856
o,926
I,OB2

263,o
243,O
208. 0

7,13
70,79
!2,82
76,92

3,58
6.56
7.77

to,7L

Table .)Z Calculated val_ues
and l-oss factor of
wheat at 10 MHz.

of the dielectric constant
Manitou variety red spring

MANITOU InTHEAT üIHOLE Zj DEGC MC=O. D.
T DENS EI

MrLS GM/CC

295.O
277,O
266,O
2+5.O
222.O
lgg,o
L90,o

o,762
O,BLz
o.845
o. g1B
L,o1,3
L,L3O
L,783

2,
2,69
2.80
2,97
3.26
3,6t+
3,BL

10 MHZ

Ett

o,25
o.29
0.30
o.37
o,42
0.45
0.48

2B



MANITOU I^/HEAT

T
MILS

23 DEGC MC=lO,28

Er

WHOLE

DENS
GM/CC

10 MHZ

Ett

293.O
267,0
255.0
227.O
7gg,o
t7g,o
1_ 68. O

MANTTOU IiIIHEAT

T
MILS

22 DI'GC MC=L3.38

Er

o,768
o.843
O. BB2
o.gg!
L,L3T
L,257
r.339

l/üHOLE

DENS
cw/cc

o,37
o,l+9
0,53
0. 70
o.96
7 .02
7.25

3,49
4.oZ
4.35
5,L7
6.zo
6,9j
? ,68

10 MTIZ

Ett

299.0
266,0
z4B,o
220,0
795,0
774.O
1,69.0

MANTTOU I\IHEAT

T
MILS

4.06
5,06
5'7t+
7 ,Lt
8.56

10,37
1o.72

23 DEGC MC=L|+,I9

Er

0,7 53
o,B+7
o, goB
L,o24
t,r55
7,294
r,333

WHOLE

DENS
cwt/cc

o .40
o,65
o,77
1 .04
1.29
t ,5r
L.58

10 MHZ

Ett

300.0
257.0
239,O
ztj,O
1BB.O
I72.0
167,0

MANITOU VúHEAT

T

23 DF,GC MC=l 5,BZ
Er

o.7 50
o.8?6
o,942
L,o72
7.L97
r,309
T,348

WHOLE

DENS

o.+6
0,7 5
0,97
L,24
L ,52
1.8¿l
2,OL

10 MHZ

Ett

+,35
5,Bg
6,Zz
8.25
9,93

TL,35
72,06

3L2,O
26r.o
237,0
270.O
189.0
t76.0
L77,0

o.72L
o,862
0.950
t.072
L.1,9L
L,279
L.316

4. Bo
6.85
B.1g
9,98tt,68

!3.07
t3,76

o,57
o,95
L.25
t ,59
T,87
2.!5
2.32
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kernels, grouncl uheat and flour are containeil in table À.1

of, the appendix. The results of these test.s are similar to
those presentecl al¡ove. the dielectric constant ancl the loss
factor increase li-nearly uith. iacreasing sanple density,
yhile inereasing the moisture content increasecl the slope of
the curves. The l-inear correlati-on coefficients of the
grounrl rheat ancl fLour sanples $ere eenerally lo¡¡er than

those of the wheat kernal samples, althouqh they ïerê still
above the one pereent level of si-qnificance. F,ig. 3.3
prêsÊnts the resul.ts of the Beasurements perforned on

samples of vheat karnels, qround ¡rheat and -flour at a

frequency of, 121 kHs. Since the sanples rere condit,ioned

separat.ely to the clesíred moisture content.s, it was not
possib1e to conpare the permittivi-t,ies of these nateríals al
iilentical- noist.ure contents.

The resul-às were similar al all of the test
fregu encíes, wi.th only ninor ctif f erences betreen the
properties of the three naterials. Àt noisture eontents

ahove. 14 percent, wheat kernels hacl hi.gher values of t,he

dí+leetric constant and loss factor than either grounil wheat

or flour sanples. Fl"our provetl tc be 1ess compressible ancl

exibiteil a sreater elasticíty at low noisture eontents than

did the other materials.

Values were interpolatecl from tha measurecl points anct

plotted to shor the variatíon of, the dielectric constant ancl

loss faetor with moisture content. of the sanpre. Fig, 3.r+

anrl 3' 5 shory the plotteâ varues for *heat kernels at 121 kHz
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a nd 1 0 DlHz respeetively.

Dashecl lines on Fig. 3,4 aùd 3,5 iaclicate the eïpected

behavior between the oven itry state ancl the next neasureil

poínt. At both freguencies the dielectric constant anit loss

factor increase slowly nith moísture eontent up to about 10

percent $C. In the range 10 to 13 percent HC, the increase

is much faster, whíle f,or I{c above 13 percent the increase

is very great ancl appears to be almost linear. The curves

*ere fitteil to the interpolated points by ctraring a smooth

li-ne throuqh tben.

Fiq, 3" 6 illustrates the frequency dependeace of the

clíelectric properties. the curvês $ere fitted by clrauinq a

smooth Line t,hrouqh the poínts ureasurecl at the inilicated
frsguencies. À regíon of clíspersåon is inclicated helo¡r 7s

kHz but measurÐnents werê not. pecforned in this ranqe so

tl'¡at j-t is not possibl-e to conf!-rm the exact shape of the

curv€s. The shape doss intlieate hovever that the peak in
the loss factor curves mav be shifting to hiql¿er freguencies

as the density of ttre sanp!-e increases.

'.-..-.1
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lsl---Ísessetrsr Å?pcBüsssÊ-qg-Ëbe-{lelcçLglc pgspgglipe-g

The decrease of permi-ttívit,y vith increasing frequency

is eausecl by the effect of fregr¡ency on the various

mechaaisns of polarization. The totaL polarizatios of a

dieleet¡ic ís nade up of contribution from electronic and

atornic polarization, orientatioaal polarization ancl

interfacial or t{axrelI-Hagner polarízation.

At 1or freguencies the ilipoles can fotlot* the applieil

field and the contribution to polarization and, therefore

permittivity is naxinum. At very hiqh fregueacies the

applied field alternates too fast for the ctipolcs to rotate

anil there is a snaller contríbution to potr-arization. Àt

soile point betveen these extremes the polarization begíns to

1ag the appliecl field, losses occur anrl the contri-bution of

that polarízation mechanisn begins to decrease, fnterfaeial
polarízation is the f!-rst mechanissr to be af,fected by

increasíng frequency. Orientational polarization is the

next to be affected, follo¡¡ed by atomíc ancl elect-ronic

polariza-tion. Atomic and electronie polarization are

effecteit onll at vÊry hiqh freguencies above 1011 H?-,

This ileerease i-n pernittivity is terned díelectric

rlispersion ancl has been studíecl by a large nunber of

researchers, such as ÐÈbye, Cole, Frolichr Kirkwood ancl

Onsager. Presentation anil discussion of their work nay be

1..:
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f ouncl in many ref erenees i nelucliug Hi 3.1

Bottcher (1952) r âDil von Hippel 11954).

et al. { 1 969} ,

Debye sugqesterl th.at for orientational polarization of

dipol-ar substanees, the clielectric properties are described

hy the following eguations

L= €* + ts t - (4" t)
t + t'12 T"

(4"2)t'=
flhere äs is the low fregueucy valua of the permittivity, Ê*

is the value ot permitti-vity above the rçgion of ilispecsiont

Z Ls t,he reLaxatioq ti.me assoeiatecl Hith the mòlecular

rotations, anil d is the angular freguency" a graphical

presentation of Ð9. 14. 1l ancl 14.21 is shocn in Fig. 4.1'

The Det¡ye equations are based on tbe assumption that

there is onlv a single relaxation tine involveil. This is

true o¡1y for a f er homogeneous uraterials {tlill et

a1. ,1 9691 . Ðue to the bonåinq forces of various types of

vater containecl in agrieultural protluets there nay be a wide

range of relaxation times present.

Heterogeneous systems containlng free charge carriers

exibit l{axwell-flagner effeets arisinq fron ínterfacial
polarízation. Interfacial polarization results from free

charge carriers pilinq up al-ong interfaces in the structure

of the dielectríc nedi-um. Thi-s causes an accumulation of

localized centers of posi-tive ancl negative eharges. Aft

(€s - t*) at
l+02T2
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t--

Fig. 4.1- Dispersion and absorption
material following the Debye

curves for a polar
relaxation process.
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increase Ín conduetivity will j.ncrease the magnítuile, aad.

alter the freguency response cf. the effeet. To bett,er

unclerstand these effeets researchers have uti-lized several

theoretical anil experinenta I moclels that gi ve results

sinilar to those founcl ïíth practical naterials.

Àn experi¡rent.a1 model of a biologi-cal systen as used by

Famon was reported by Van Beek {1967¡. Hamon coated lumps

of paraffín rax cith a conductiaq powôer and then presseil

t.hen into a soliil nass. the experinental curves of Loq F'tr

aqainst Loq frequêncy hÌere found to decrease ovêr several

ilecades of frevuency uj-thout any maximum. At hiqh

eoncentrations of the cond.ucting ponder the loss curve

approachecl a straight líne indícatinq the existence of

coaclueting paths. Sany hiol-oqical systems exit¡it a

freguency response very sj-mÍlar to this.

Other systens exibitínq Maxflel1-Hagner losses may have

a peak ia the Loss factor, and a dispersion region that

c!.osely follows the Debve equaticns {Yan Beek, 196?ì.

*:2;-*3be-pÉ89Ç!- g.g- s ol s! sre-9s-üåeIesÈsls.pssperÈleg:"

the dieLectric properties of grains arÊ stronglr¡

tlepeodent oD bot,h the nnisture cont,ent of the grain, ancl the

manner ín whi-ch the water is held. As mentioaecl in 1.2,4

uel-eny (1962) suggestecl that some clifferences noted iluring

uroisture têsting nay have been clue to clifferences in the

ratios of free vater to bouncl water between samples.

Free uater is consj.dereil to be water containetl in larqe
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capillary porÊs ani! other interstitial, spaees rithin the

grain. Its properties are close to those of çater in bulk in

t-hat it maï contain dissolvel ions and has 4 static

tli-eLect,ric constant of B0 at 20ûc. Bouncl water on the other

hand, is tiqhtlv held to the grain molecules in sueh a way

that. í+ forns part of the mechanical structure of the

molecule. As such it cannot dissolve ions antl thus cannot

eoncluct elecÈricity. Bound ryater is regarcletl as havinq a

stati.c perrnittivity in the raßgÊ frcn 4.5 to 5.0.

The ef,fect of moi"sture on the clielectric properties is

clearly shorn in Fig. 3.1, 3.2, 3.3 ancl 3.4. Fig. 3.1 and

3.2 shoç the clielectric eonstant and. loss factor of rheat

kernels at five noi-sture contents, versus sample density.

Às t,he moisture content íncreases the slope of the curves

also i-ncreases.

?he ef,fect of increasing sample moisture content is

even nore clearly illustrated in Tiq. 3" 4 and 3"5, rhere the

ilielectric properties of wheat keraels are plottetl versus

noisture eoatent. the tlata plotted in Fiq, 3.1 and 3.2 rçre

i-nterpolatecl to sho¡r the effect of moisture content at five

sanple densities" Belov 10 percent lllC, bound vater

preclominates in the sample as evidenced. by the sma1l slope

of the eurves. In the range 10 to 13 percent üe there

appears to be a transiti-on reqion sith some of the

aclditíonal water beinq stored in bcth forms cf water. Above

13 percent IIC the rapi d rise in dielectric properties

ínclicates that nearlv all of the aclcleil moisture is storeil as
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free {ater.

The effect of the ratios of bound anil free water is
eaused by nore than t.he dif f arence s in thei-r static
dielectric constaats. Free water, ilue to d.issolved ions

contributes to Maxvell-gagner losses, rhile bouad sater

cannot. Piercer âs reported hy Van Beek (196'll , made

neasurments on suspensions of ssa ryater in oil. He found

that the hiqh coniluctívity of sea water shifteit the

freguency at wbich the naximum FlaxvelJ.-Í{aqner losses oecureð

into the ruega hertz reqion. t'taxne1l- Faqner e f feets are

usnally not appreciable above a few kiLo hertz.

This shift to hi^qher freguencies of l{ax_well-fragner

ef,feets tras al-so reported by St,etson and Nelson 119701 , r*ho

performed tests on a nunber of seecls in a frequency ranqe of
250 Hz, to 20 kllz. Nebraska grorrn, Gaq€ hartl rçd, yinter wheat,

of '14.0 pçrcent fiC sho¡ved a peak irr the loss factor at about

500 Hz, rtrile a sample of 15.8 percent MC had a loss paak at

1.5 kflz. Sanples of 12 and 10 parcent tuîC shoved a gradual

rleclíne in the loss factor from 250 llz to Z0kttz with no

peak. sinrilar results $ere observecl for other seeils tested

by the san€ researehêES.

No tests rrere carried out in thís stuily belos 75 kte.

Ho¡rêver, Pig. 4.6 indicates that an increase in sanple

density is causinq a similar shift, in the loss factor yêrsus

l-og frequency curTês,
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9*3-- :-Ebe :ef f ep! -sf.- ûsE si ! y*

Àgricultural products such as graj-n and flour are

heterogeneous nixtures of particles in air, and have bean

lnvestiqaÈecl as such as earl"v as 1821" The problen of the

ilielectric properties of mixtures eomposed of different

substances has been studied for a variety of materÍals.

Ðe toor 119681 sho¡reil that by considerång granular

particles of dieLeetric constant Ei, clispersed in air of

clielectric constant Ëo, d.erivations of dieleetrÍc properties

ilay be nadle analaqous to those qíyen by Debye {19291 for

dipolar tiquids. Arl effective inter¡al ilielectrie eoastant

?,* is attributeil to t he i¡rmediate surrounclings of the

partieles to account for interactj-ons ryith surroundiag

naterial.

Àssuming the particles to
and shape, Dê Loor {1 96S}

clielectric constant (Êm) coul.d

bs ellipsoiils of si¡nilar size.

sLatecl that the macroscopie

be expressecl in the form

ô^= do - e")
.)z

.j=l
r+Aj((tt¡¿n;-r¡ (q.t)

here V¿ is the volune fillinq factor of the qranul-esr âûd

Â1, A2, A3 are the ilepolarization factors alonq tha main

axes of the qranule. Thesc factors are determined by the

shape of the granules, For spherical particles A1= å2 =43

=1/3 and 14"-ll can be uritten

* + ( e,
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De ¡,oor stateil that E* alnays lies betryeen Eo and. F,m

anil thus linits for 9n may be estimateil, I{hen the shape of

the particles is not known, linits can sti-ll tre ast-inateð. by

substitutínq ÀJ = 0, n, 1 fdisk snapb¿ particles) nith r,* =

Êm, aad Aj = 1/3, 1/3, 1/3 lspherical particles| ryith t* =

f:e ¡ Fiq. 4.2 from Ðe Loor f 1968) ílLust.rate*r the variation
of the ctielectrie const-ant çith fi-llinq faetor.

Sínce eg. (4"31 is asymmetric inù¿, sevaral- reqions are

apparent in Firt. 4.2. For fÍlIiuq factors near 0.5, a form

of ê{. f 4" 4l , knonn as Bottcher I s formul-a is often userl.

Sinee the particles are surroundecl by the mixture rather

than one of the constituents, E* is replaceil by Ern. Another

formula that often qives resnlts that agree well with

exprinmental values was ilerived by Looyenga (reporteâ by van

Beek, 19641 as

En= tl!* t *"rt ' g'!t ''t l3 14.5)

Examination of the experinental results showeÈl that the

tlielectri-c constant and loss factcr varieil 1-i.near1y ryith

density in the ranqe testecl. However, since the curves dicl

not intersect t; =i at LI¿=Q, it became apparent that they

were probablv not linear outsiile the range of densítias

examinecl.

åssumi¡rg that the hiqhest ilensit,y reachecl duri-nq the

testing ÌÍas equivalent to a fillinq factor of 0" 95, a value

of. Sí $as extrapolatecl fron the data. lhis yalue Has used

in ê9. {t¡.5, f or a rough check of e;. It was found that

.':
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above a fill-ínq factor of 0.6, the results obtainecl by ê41.

{4.51 tere uithin a fes pereent of the naasurecl val-ues"

In sectíons 4" 1 and 4.2, the effects of conductivity on

the f,reguency rêsponsÊ of the llart¡e11-Hagner absorption and

the effect of, moisture anfl of coaductivity lras díscusseil

vith respect to experinental ancl theoretical notiels. Since

compression of a sample increases its conductivity' it ís

expeeted that the sample clensity wil-l affect the fregueney

response of tbe ilíelectric in a nanner sini.l-ar to the effect

of an increase in eonductivity. This is illustrateil in Fig.

3.6.

Stetsonancl}Ie1sonl1970}sho¡¡leclthatanincreaseof
moisture content fron 14.0 t.o 15"8 percËnt in a sanple of l

sheat shifted. the critical freguency of the llaxrell-flagner l

absorption from 0.5 kllz to 1,5 kHz. Àt the same tine the 
;

eurve of the loss factor vs¡ loq c.r ¡ras nÐre sharply peaketl. l

Fig. 3.6 inilicates that a sirnilar shift Ís causeil by an l

increase in sample density although the tests were not tlone

at sufficiently lolr freguencies to estab}ish tha exaet shape .,.,'
.:."r-..: '::_.

of the curves. Tbe resuLts shonn are similar to those ,',.,.,,1,,',.,,

reporteil for the moidel nrentionect in section 4"1, eonsisting 
i:::::'::':'

:

of lumps of paraffin coateil rrith a concluctinq porder. Test,s

on this moilel shonecl a steaily decline of the loss factor

ovex severaL decaûes of f requency rith no apparent peaks, r"i.'. ,'

I g !-.- *Þ pesåeå-pg eþ-legg-sgssssÈeEÊ 4 r
The main problen encountered cluring assembly of the
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eguipnent ånvolveil the construetion of a sultable test ce11.

The prêssures to be used precluileil the use of brittle

materiaLs such as glass or ceramå-cs, Àf,te r some t.rials a

Nylon-6 cyliader with a surrouniling steel collar rras

eonstructetl ancl proved adequate.

lhere nerê inconsistencies in neasurement, r!uring trial

runs that rêrê elini-nated by relatively ninor chanqes in the

test cell. Surfaee conductivit.y of the cell $as reriuced by

chanfering the base and cuttång back the botton of the steel

collar {see Fig. 2.11. It sas also founcl that cleaninq the

walls çith an ethyl alcohol solution bef,ore each test

locered the losses of the empty test ce1l, Some of the

rantlom fluctuations ín neasured values were elì minated by

grounilinq the steel colLar to the t0 terminal- of the

ç-neter. These changes qreatly improved the relíability and

repeatabilitv of the tests"

Since sanples rel.easecl from prêssure tentlecl to have a

sl-oÍ rebouncl, it was necessary to nake electrieal

measurenents as quiekly as possibJ.e. The l{onsanto frequeney

counter used to monitor frequency shoced that changes in

sanple loss caused by conpression often caused appreeiabLe

changes in the frequency of operatioa. often this resuLtecl

in reaclings beinq naile in a series of steps. The circuit
nas arllusteil to resonaßce çith the UEC, the frequency rtas

reset if it had variedr âIìd if so the cireuit hacl f-o be

retuned" In the neantine the sample harl rebouncLecl ancl

chauqed the plate separation of the sanpl-e holiler. The
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chanqes in freguency yere guite Larqe

monitoring ïas consåclered very inportant.

ancl frequency

At frequeucies beyoncl those invesÈigat.ecl (above 10

tl Hz) , severe problens ltÊre encountered with hand

capacitance. sliqht movements cf the body near the testinq

conponents resulted in fluctuatinq reailings on the TvH.

Since the volume of data obtainecl ïas already quite large,

testing ¡ras termínated at 10 llíz. Tbe problem of hancl

eapacitance coulil be allevì-ated hocever, by the use of

styrof,oam extensions f,or the the knobs of, the variable

capacitors. This allowecl settíngs to be made cith the hanils

kept at a ilistance from t,he test components.

?he ral} of the test cylinder sas scored by the Èlcier

naterial clu¡ing testinq. If a targe number of, tests Bere to

be nade on very ilry sanples, Ít sould. be expeetecl that the

sample holcler roul-tl have a rather short llfe. As the wall

becane scoteð it ryas much more difficult to keep the wa11

clean, ancl surface conductivi-ty becane apparent"

! ar 5*,:-sÊqåe pi g*å-pÊspegËies-e!-!be-!c gL se Le gi als:
It ryas noted clurinq the tests that the deflection

vêrsus pressures eurves lrere very consistent at all moisture

content levels anil provided an excellent rouqh inclieation of

sanple noisture content. During the wri-ting of, this thesi-s,

a report ¡ras receivef, clescribinq the clevelopment of a.

moisture indicator for farm use that enploys this principle

{{IaiversÍ-tv l{eís, 1 974}
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The flour sanples proved. to be more elastic and showecl

a qreatex rehound than either the grouod or kernel uheat.

There were only minor differencas between the

coßpressibility of the kernels anil the pos¿lery naterials.

r.:.

:.: :

'-:::
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Àr. analysis of ercors ìras made by the method of

uncertainies presenteil bv KLíne anl tlcclintock {1953} r âs

given by Holnan 119?1) . This rnethotl takes into account the

relative effect cf the uncertainy cf each measured variable.

The probabLe uncectaíny of a calculateiÌ valne ís given

as the square root of the sums of the squares of the

estiuatecl uncertainies of each neasurerl variabl-e tines the

partial ileriative of the defininq eguation rith respect to

that variable. The dielectric constant is definetl by êil.

{2.11 ancl the loss factor by eq, {2 .2'l . Tf il¿ are the

uncertainies in the measurecl values, then the probable

uncertainy in the ilíelectric constant is

dt'=l (+ä dr.Ï -(#

t(* dc*)' + ( Cx
Ivo

or"ÏJ"

^,"TJ"

cli vi il in q

dt'7
for 1ory loss

approxinateLy

naterials.
0. 03 and 0.0 1

\ /c"

.(#c f"T
hy Êr = {Cx + Co

l/ Cx dCx\2
L\c"-c" c. )

(2.11

l'
materials Cx/ {Cx + C" I

0.66 and a maximum of

The asti-mated values of

respectively. Tnsertinq

(u.t)

tras a minimu¡n value of

0.95 for hiqh loss

clCx,/Cx and ð.C" /C" are

these values in {4.6}
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dE, /Er = 0,02 = 2t4 f,or low loss materials

flf,t /g,t = 0.03 = iV, ,for h:iqh loss materials

The probable uneertai-ny in the 3-css factor is

d.o"= t (#' or)'- ( #, oor,)' + (i!r*, ancn)

. (#.' d,cx )' ln

Cs - aCrt/a
{,-

€'
2Cx

=t

(

,. WX

dt

\2
ds')

+(

t F'
I ,c- da cs

'(aCs-aC^)

)'+ 
,

l

^r.)'f" I

\2c")

diviilinq hy ûrr = t"t {ACs - ACnl/2Cx {2"21

# = i( ')" 
. ( 

^#?)^ 
+ (--âs!--)' +

/ dCx \z llz\ c") l

eCx

(4.1)

Bstinated vatrues for [Cs,zl¡Cs - ACHI are A.O5/7 for 1ow

l-oss materials, and 1/40 for hiqh loss materials. Fstímateil 
t:

valnes for ÂCH ltycs - ACp) are A.ß5/1 for lor loss materials i,

and 0.05/40 for híqh l.oss materials. Inserting these values

ancl the values foc d.ït/F,¡ and clCx,/Cx in ê9. {4.?) gives
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d&tt /f,tt = 0.079 = 7 .9r/" for log loss materials

A8$/8t| = 0"044 = 4"4% for hiqh loss materials

The estíntateü uncertainíes f,or t.he measured values are

the naxímum expecteil. A further check was macle of accuracy

bv neasurinq the ilielectric constant and loss f,actor of

Teflon discs helcl in the sample hoLder. The results of

these tests ate containeil in table 4"1" l{anufacturêrs clata

for the sanples qives a value f,or the ilielectric constant of.

2,A3 to z.Oq anil a value for the loss factor of 0.0. The

maximum error in the tLiel.eetric constant was 3"5 percent,

nith an average êEror of 1.5 percent. ?he naxlmum error i-n

the loss factor ¡¡as 0,05 r¡ith an averagÊ srror of 0"015,

t.

:i
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Table

TEFLON

T
I T tS

4,I - Calculated values of the
and loss factor of Tefl-on
sample holder.

ÀT 75 KHZ

dielectric constant
discs hel-d in the

Er rEf

25s.0
216"O
111"0
58. 5

TEFLON AT 121 KHZ

T
tiï LS

2.04
2.00
1"99
2.06

0 .02
-0" 00
-0.01
-0. 01

Er tFr

217 .0
113"0
55"0

TEFTON AT 5OO KHZ

T
tTLS

1.99
2.03
1 .97

0.03
-0"00
-0,01

Er rEr

219. 0
111"0
57. 0

TEFI,ON AT 1 NHZ

T
I'1I LS

2,05
2,00
2. 02

-0.02
*0.01
-0"01

Er rEr

220 ,0
113.0
58" 0

TEFLON AT 1O i.lHZ

T
HTLS

2. 04
2"05
2.05

0. 01
-0"02
0. 02

Er rEt

254"0
216.0

58. 0

2.07
1.95
1.?9
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CHÀPTER V

CONCL.TSTONS ANÐ frTCOB}IEIgDATIONS

1. The variation of the di-electric constant and loss

factor with density of rheat karnels, grouncl uheat ancl

flour saaples !Ías found to be linear irithin the ranqê of

moi sture coatent, density antl f reguency investiqatecl.

I!o*ever, since the extrapolateð curves, r¡íth the exception

of the oven itry sanpl-es clo not intecsect ?,t = 1 for rlensitv

egual zexo, it appeaEs that the relat,ion is non-linear at

densities less than those tested, Densities below nat.ural

bul-k ilensity however, have littl"e practícal- significance ancl

can onLy be achievecl rith the u.se of a filler nateríal such

âsr f,or example, styrofoan heads,

2. Differences betreen naÈerials, anil ín sone cases

betreen noi-sture contents of the sane material, $ere more

noticeable in the loss f,actor values than in the values of

the ctielectric constant.

3, The iliffereneê i-n capacitance betveen samples of

different moisture eontent is increased by conrpression such

that there shoulll be an increase in the accuracy of the

measureneût of noistnre content bv compressing the samples.

clensit y shi ftecl4. trncreased

tf axwell-WagDer ef, fects

increase iu the sample

sampl-e

tor¡ards triqher frequencies ilue

coniluctivi ty.

the

t.o an
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5. For practical noisture üeters the measurenent

frequency shoulcl be hiqher than 1 ¡lHz to be free from any

interferer¡ce from Haxnell-wagner effects.

6. Pressures required to conpress samples to a

fillinq factor of 1 are not practical for a commercial

Boisture neter.

7. Extreme pfessures scorecl the wall of the t-est ce 11 
ri:.,,,,,,

¡rhen used lríth itry sanples, and increaseil the losses of ir,,l,',

noist sanples such that neasuremants flera made diffieult, i,:,'¡,'
i""''t

8. ?he procedure is unsuitecl for the testing of 
:

oilseetlscluetotheexpu1sionofoi1fronthesamp1esrrncle¡

conptressíon. i

9" Further exaurinati.on s hould be made of the

f,easibility of, measurinq noistura content bv neasurinq t.he

deflection of the sample versus the applied pressure"
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CHÀPTTB VT

SI'H¡{AÊY

Samples of ryheat, ground whaat and flour ïêre tested to

deterníne the effect of clensity on the clielectric coastant

anil loss factor of the materials. Itit"h the use of a

specially constructecl test cel1, it was possibLe to'conpress

sanples to about twiee the natnral density. Tests were naile

on sanples at- oven dry state anil at uoisture contents abova

and belov aornal storage levels" llhe freguencies at vhich

measurene¡ts ryere nacle ate 75 kHs, 121 kBz, 500 kíz, llHz

theancl 10 l4llz. Electrical neasurg$!ents were made

resonance nethocl, usÍng a Q-meter.

Àn introcluctj.on Èo the clielactric properties is qiven

along ryith a review of previcus investigati-ons. various

polarisation mechanisns arê cliscussed cíth reference to

theories of early resaarchers i-n the field. S5"nce the

díelectríc properties arê grÊatly affeeteð by the test

frequeney ancl the moisture conte¡t of the sampler a

discussion of these effects r¡itb respect to thê nechanisms

of polarization is presentecl.

The results of all tests nacle r ãs ealeulatetl by a

conputer program, arê containecl in the appenrlix. Typical

curves of the variation of the clielectric properties trith

tlensity, sith noisture content, anct with frequeney are shown

for sheat samples. A conparison of t he tli-e lectnic
properties of the th¡ee naterials at a freguency of 121 kHz

anil a rnoisture content of about 13 percetrt is also qiven. It

1

by

:t:l
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was not possible to compare sampl-es of id.entical

content since samp-les were conditicned separately.

The clÍelectric constant and loss f,actor uÊre

vary alnost perfeetly linearly uith rlensitv.

increasinq moisture content the dialectrie constant

factor trose slo¡rly fron 0 to 10 percent t{C, then

rhíle beyoad 13 pereent llc the ríse ías very

rnereasinq the sample clensi.ty i"ncreasecl the slope

curves.

noisture

founcl to

sith

and loss

faster,

steep.

of the

The dj,electric constant declinerl slorly uith inereasing

freguency. The loss facÈor? sspecially for wet sauples,

cleclineitr rapidly in the fregueney range from 75 to 500 kEz,

and cleclínerl more slowly from that point. For a saurpla of

uheaÈ at. 14, 19 pereent I{c {w" b.) at a frequency of 75 kHz,

tbe increase in the dielectric constant ryith density was

from 6.1tl at a clensity sliqhtLy highe¡ than natural bulk

densitv, to 15, 46 at a ilensi.ty 1.5 times that. The

corresponciinq loss factors íncreaseil from 1.69 to 5.31 in

this ranEe" At 10 t{Hz for the sanê moisture coatent the

ilielectric constant increased fron t¡.35 to 12.ç6 for ae

increase in densitl from sliqhtly greater than natural bulk

density to a densitv 1.8 tÍmes as grëat. Ihe corresponiling

loss f,actors increaseit from 0.46 to 2.01. thçre Here shifts

naile in thê loss factor versus troq frequency curves whieh

indicatetl that inereased sanple density made the effects of

I'faxwell--Tlagner absorption felt at higher freguencies.
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APPEIlÐT X

fab!.e A-1

The following pases contai..n all of the ilata that ras

collectecl iluríng the course of the proiêct. llHotE BflEAT is
Hanitou varj-ety red spring çheat in t,he kErnel forrn. T is 

,,,,,,
the sasrple thickness ín nits (thousanilths of an inchl , DENS

is the iÌensíty of the sanple in q/cst3, E, is the itilectrie

constantanclEllistbe1ossfactcr.o.D.iniÌicatessamp]-es
ir: r r::::-:

that were oven clrieit for 3 hours at 130o C. ll-1 noisture i,:,,',

contents given arê percent ttet base. it,,,,:,,
i::;. :l
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!ÍANTTOt' IIHEAT FIHOLE 23 DEG

DENS
GVt/CC

I{C= O. D.

Et

75 KHz,

Er rT
MT LS

üÀNTTOU I{ÍIEÀT I{HOI.E

3. 24
3,57
3,61
4.01
4. r{g
4. B5
5.17

23 DEGC HC= 10.28

306.0
283.0
271.0
246.0
222.0
205.0
195. 0

T
llILS

0. ?36
0" 795
0. 831
0.915
1 . 01t{
1" 098
1.154

ÐENS
Gll,/cc

0.10
0. 19
0.14
0 .1'l
0.20
0.24
0 .25

?5 KHZ

Er lrrl

t.,.

294.0
267.ç
254.0
227. A

199.0
180,0
171-0

T
IüLS

0.766
0,844
0"887
0.992
1.132
1.251
1.317

ÐENS
GÌ7/CC

4.34
5. 31
5.93
7.06
8" 62
9. B4

10.87

0. 2B
0.36
0.44
0" 56
0.72
0. g0
0.96

Er r

I{ANITOU ÐHEAT WHOT,E zzDEGC t{C=13.ó9 75KHZ

Er

303. 0
2'l1" 0
253. 0
223.0
199, 0
1?8.0
1?3,0

l.IANITO{' TdHEAT

T
t{r ts

0 "742
0., B3 0
0.889
1.008
1, 136
1.263
1 .300

f¡HotE

ÐENS
Gt4/CC

5,5B
?. 39
B. 5?

10.6-7
13" 03
15, 14
16.36

23 DEGC l{C=14. 19

a. g2
1. 47
1.76
2.50
3.06
3.25
3.68

75 Knz

Er rFl I

303. 0
269.0
245.0
213,0
191. 0

0" 744
0. 838
0.920
1.058
1" 190

6" 14
8.59

10. 05
12.92
15.46

6l

1.69
2.83
3.39
4. 50
5, 31



I{ÀNTlOU WTIEAT

T
UI LS

23DEGC MC= 15.82 75 KHZilffOLE

DENS
Gvt/cc

Er El r

312.0
264 .0
242.0
212.0

UANTTOTT T{HEÀT

T
Þ1r ts

0 "7210.853
0.930
1 -062

HHOLE

DENS
GÈ1/CC

7. 04
11,72
14.46
18.37

3.53
8.28
9.38

12.59

23DEGC HC=o. D. 121 KHZ

Er rEr

303..0
271 .0
265, Ð

244. 0
219.0
204. 0
192" 0

t{ÀNITOn hrfiEÀr

T
IIII,S

0"744
0.814
0. 851
0.924
1.030
1,106
1 .175

If llox,E

DENS
Gn/cc

23DEGC

3.10
3" 43
3, 56
3. B6
4. 37
4.75
5" 11

t4C=10. 28

Er

0.15
0" 15
0.17
0.21
0"24
0,24
0 .29

121 KHZ

Er r

290. 0
267 .0
255" 0
225.O
199.0
177 .0
169.0

T
r{ïts

0.776
0" 8rt3
0.883
1. 001
1 ,131
1.272
1 "332

ÐENS
Gt4/CC

4. 5B
5.30
5.-7 9
7 .10
8.42

10. 1S
10.80

llANIIOtt llHEÀÎ WHOLE ?0 DEc MC=13"40 121 KHZ

0"25
0, 34
0.44
0. 5g
0" 69
0. B7
0.96

Er rEt

303, 0
270,0
252.0
221.0
198. 0
179. 0
174. 0

0. ?43
0.833
0. 893
1"018
1.737
1.25'l
1" 293

5. 50
7. 40
B. 46

10.73
12. g0
15.08
16.18

0, 69
1,25
1. 54
2.O2
2.61
3.04
3" 1B
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MÀNITO{T ÞfHEAT

T
gI IS

I{HOTE

DENS
GM/CC

23DECC l{C=1 4. 1 9

Er

121 Í<f1Z

Ert

301.0
26tt.0
23{>.0
212.0
188"0
1?1. 0

T
HILS

0,7 47
0.852
0.953
1.061
1.197
1"316

DENS
Gú/CC

6, 19
B.4B

10. 64
12.42
15.05
17.67

1" 32
2" 41
3. g0
4"31
4. 82
5.52

Er r

I-{AHITO{, üfIEÀÎ Î¡HOÏ,E 23DEGC MC= 15.82 121 K,HZ

Er

308"0
263,0
243. 0
209. 0

I-{ÀNTTOU HIIEAT

T
T{ÏIS

0.731
0" 856
0.926
1"ø92

ffHOtE

DENS
Gn/cc

7, 13
10.79
12.82
16.92

3.58
6.56
7 "7114.7 1

23ÐEcC MC=t" D. 500 Kll?,

Er Ilì I

305.0
280. 0
265.0
242. Q

221.0
202.0
192,0

I{ANTTOU I{HEAT

T
I{TIS

Ð "737
0" 903
0.849
0 "929
1. 017
1 .113
1.171

BHOLE

DENS
GI'1lCC

23DEGC

2.98
3.20
3. 37
3,76
tt.12
4,5g
4.90

HC= 14.28

Er

0.22
ß .23
0,24
0"28
0. 32
0" 37
0.42

5OO K¡IU

Er r

0 "7680.842
0" 892
0. 995
1" 136
1"256
1.331

4.3'l
5.09
5.51
6.63
8" 06
9. 3It

10.07

0.26
0. 36
0" 3B
0.50
0.68
0,77
0. 86

293,0
267 .0
252.0
226.0
198.0
179.0
169.0

65



:'ìiì:::'f,;

MANÏTOU flHEAT

T
rlr ls

ITHOLE

ÐENS
Gil/cc

23DEGC llC=14. 19

Et

500 KHZ

Er r

302.0
263. 0
2tt3. 0
212"0
191.0
1'12. 0
168,0

uÀNrTot

T
1{ILS

0 .'7 45
0"856
0.926
1 "0621.179
1. 309
1.34û

}IHEAT I{HOLE

DENS
GtE/CC

5. 50
7 .55
8.62

11.09
'13, 0 B
15.70
16. 25

23DEGC &C= 15"82

0. 70
1.23
1.44
1.93
2" 25
2.78
2. 82

500 KHZ

Er rEr

312.0
265.0
243.0
211" 0
190 " 01?5.0
172.0

I{ÀNITOU {IHEAT

T
I{ÏLS

0 "7210.849
0.926
1.067
1"185
1.286
1,309

{,IHOLE

DENS
GYT/CC

23ÐEGC

6.34
9.'68

11.32
14.48
17 .09
19. 51
20.09

HC=0. Ð,

8r

1. 54
2.89
3" 35
4.23
5,03
5. 82
5. B9

1 t{flz

Er r

305.0
280.0
26'l .0
242.0
220,0
202.0
192.0

I'1ANÏ1O1' }IHEÀ1

T
ilrls

0.?39
0.905
0. 844
0.931
1 "0241.tr16
1 ,174

!IHOLE

DENS
Gt{/CC

2 3DEGC

2.90
3. 16
3. 30
3.65
4.07
It.49
4.76

!IC= 10.28

Er

0" 19
0,24
0,23
0" 33
0,40
0.45
0" 49

1 r{Hz

Er !
I J-..:

295.0
210. A
252.0
225. Q

1gg. 0
179. 0
169 .0

0.?53
0.834
0. 893
1 .000
1, 131
1.257
1.332

4.20
4. 85
5" 42
6.52
7.75
8.94
9.74

oo

0.27
0.34
0"42
0.58
0. 69
0.82
0" 92



}lANITOU I.IHEAT

T
r'trts

22 DEGC ÞIC= 13 . 19 1rl:dz,ÍTHOLE

DENS
Gtl/CC

Er Er r

299.0
269.0
250" 0
219.0
199" 0
1?8. 0
'!?1,0

I{ÄNTTOIT ÎIHEÀT

I
MÏ LS

0.753
0.837
0"901
1 .028
1. 138
1.265
1.317

!{HOLE

DENS
Gvt/cc

5. 0B
6. 39
7 .29

. 9.21
11.00
13.03
13" 6B

23 ÐEcC MC=14,19

0. 41
0. 64
Q.75
1,05
1,23
1.53
1. 60

1 MtlZ

Er rEr

UÀNTTOil I{HEAT }THOLE

5.21
7"24
8. 48

10.65
12" B0
14" 62
15. 0g

23 DEGC MC= 15.82

302.0
261.0
240, O

211,0
188. 0
172.0
167.A

T
IIÏ LS

0. ?46
0" 863
0.939
1"068
1.199
1.310
1. 350

DFNS
Gt4/CC

0.55
1.03
1.25
1.61
2.03
2.31
2.34

1 P1HZ

ErrFI

311.0
264. Q

239. 0
211"4
189"0
1?6.0
172.0

I.lANTTOIJ ¡{HEÀT

T
l1f ts

0.723
0. 852
0.945
1.066
1.190
1.278
1.307

fIT{OT,E

DE}IS
Gl[/CC

5.95
B.7g

10.97
13.33
16,04
18. 1?
19" 41

23 DÐGC ltlC=0. D.

1,05
2.06
2.68
3.21
3.45
4"04
4" 34

10 t{flz

Er rEr

295. 0
277.0
266.0
245. 0
222" 0
199, 0
190. 0

0.762
0. 812
0. 845
0"918
1.013
1"130
1.193

2.54
2.69
2" B0
2"97
3.26
3,64
3" 81

6Z

0.25
0,29
0" 30
û,37
0. 42
0.45
0"48



23 ÐEcC llC=1 0. 28IIÀNÏTOTT FHEAT

r
r{ï'Ls

ÐHOI,E

ÐENS
Gülcc

Er

10 t{Hz

Er r

293.0
267 ,0
255.0
227 .0
199.0
'179. 0
168.0

T
HIT,S

IiI.[NITOU flHEAT I{HOLE 22DEGC

0,768
0. 943
O. BB2
0.991
1.131
1 "257
1. _339

ÐENS
Gvt/cc

3.49
4.07
4.35
5, 11
6"20
6. 93
7.68

l{C=13.38

Er

0. 37
0.49
0. 53
0.70
0.96
1"02
1 .25

10 uHg

Er r

299.0
266. Q

248. 0
220"0
195.0
1?4. 0
169.0

I'IÀNTTOU HTIEÀT

T
HI TS

0.753
0, 847
0. g0g
1.024
1.155
1.294
1.333

ÐHOI,E

ÐENS
Grl1CC

4. 06
5.06
5. 74
7.11
8.56

10.37
1A.72

23 DEGC MC= 14.19

0.40
0.65
0.77
1.04
1 .29
1.51
1. 5B

10 HHZ

Er tEr

300. 0
257 .0
239"0
210. 0
1BB. O

172.0
16-l ,0

I{ANITOl' WHEAT

T
I.ITÏ,S

0.750
0" 8?6
0.942
1.072
1.197
1 .309
1.348

¡{HOtE

DENS
Gn/cc

4" 35
5. Bg
6.72
B. 25
o o?
J' JJ

11.35
12.06

23 DEGC t!C= 15.82

0.46
0, 75
0" 97
1"24
1 .52
1. B4
2.01

10 ¡{HZ

Er tEr

312. 0
261 .0
237"0
210, 0
1Bg. 0
1?6. 0
171.0

0.721
0.862
0.950
1 " 0'72
1.191
1,279
1"316

4.90
6. g5
8. 19
9. 98

11,68
13.0?
13.?6

6B

0.57
0.95
1 ,25
1.59
1.97
2" 15
2.32



üANITOT' ÐHE"âT GROUNÐ

T DENS
$I LS G\L/CC

23 DEGC $C=0.D. 75 KHZ

Er tEt

348.0
265.0
250,0
232" 0
217"0
198.0
187.0

HÀNTTOU fdHEAT

T
t{I ts

0 ,54-l
0.849
0.900
0.97t)
1.03?
1. 13?
1.203

GBOUND

DEI{S
GYt/CC

2.93
3. 50
3.69
3.94
4. 14
4.54
4.76

21 ÐEcC l{C=10.73

0.12
0.11
0. 15
0.21
0.25
o .2,6
0,26

75KHZ

Er rEr

255.0
213. 0
203. 0
193, 0
182.0
1?1.0
165" 0

l,IANITOT HHEAT

t
ü1r,s

0"992
1,057
1, 109
1.166
1.236
1.316
1. 364

GROTND

DENS
tülcc

5.57
7 .44
8.02
8,68
9.39

10" 55
11,02

23 DEGC MC= 13.16

0. 34
0" 5B
0.66
0. 58
0.79
0.92
û. 96

75 KHZ

El rEr

321.0
242" 0
223 .0
206.0
192.0
177 .0
171 .0

UÀNTTOU I{HEAI

T
MTLS

0. 701
0.930
1, 009
1.092
1.1-12
1 .271
1"316

GROUNÐ

ÐENS
Gyt/cc

5. B4
g. 46

10" 90
12.33
14.19
15. B2
16.7 4

23 DEGC l{C= 13. 75

1. 0g
2.24
2.68
3.04
3.51
3" 9B
4" 11

75 Kriz

Er rEf

322,0
241 "0225.0
206. 0
189"0
1?3.0
16'l , O

0.699
0.934
1 .000
1.092
1.191
1.301
1"349

5.36
9.13

10. 10
11.97
13.69
15.66
16,06

6g

0.92
1.gv
2.11
2,57
3.10
3.58
3,69



I,IANTTOU I[HEAT

T
Mrf,S

23 ÐEcC MC= 15.61GBOUND

DENS
Gn/cc

Et

75 KHZ

Er t

HANÏTOU IíHEÀT GROI'ND

6.25
12. D5
13.69
16.26
18.23

23 DEGC IIIC=O. D.

335.0
239. 0
221 ,0
199.0
183.0

T
MÏI.S

4.672
0" 945
1.018
1"131
1,230

DENS
GúlCC

2.50
5.43
6. 40
B "029.20

121 KHs

ErrEr

345. 0
264.0
250" 0
231"0
216. A

198. 0
199. 0

I{ANTTOTT I{HEAT

T
}fILS

Q.652
0"852
0.900
0,974
1.042
1" 13?
1.191

GROT]ND

DENS
Gl{,/cc

3.11
3.78
3.94
4.25
4. {+9
1T.94
5. 10

0,12
0"17
0. 1B
0.24
0.25
0.29
0.33

i: :

l:-::

22 DEGC l{C= 1A.73 12'1 KIIZ

ErrEt

271.0
221.0
213.0
203"0
193,0
192.0
177 .0

I
I.TtS

I'ÍANTTOU #fl8ÀT GAOUNÐ

0.830
1"018
1.057
1.109
1" 166
1,236
1.271

DENS
Gü/CC

5.24
7.31
7.74
B. 42
9.28

10,43
10.95

22ÐEcC I{C= 1 2" 6

0,31
0.54
0.59
0.62
0" 76
0, 8?
0.88

121KHZ

Er rF: I

332.0
254. 0
236. 0
209. 0
199.0
192.0
176.0

0.6?B
0.886
0" 954
1" 077
1"137
1.236
1.279

4. g4
7.16
-l .97

10.06
10.87
12.44
13. 5g

70

0" 0g
0.75
0" B5
1.09
1.23
1" 46
1.60



I{ÀNTTOT' T{HEÀT GSOT'NÐ 23DEGC PIC= 13.75 121 KHZ

T
MTf,S

DENS
GN/CC

Er Er r

333,0
244"0
228,0
208.0
190,0
1?3.0
165"0

UANTTOT] ¡ilHEAT

T
üIts

0.676
0.922
0.987
1"082
1.194
1.301
1.364

CROT'NÐ

DENS
GN/cc

5.40
B,48
9,59

1'1.02
12. 67
13" BB
13.73

23 DEcC ITC= 15. 61

0. B3
1.64
1 .62
2.00
2.40
2.63
2.32

121 KtlZ

Er rEr

347. 0
239, 0
221.0
202,0
185. 0
1?3.0
1f)6 .0

T
t{ïts

I1åNÏTOÍT flHEAT GRO$NÐ

0. 649
0.946
1,019
1,11it
1"216
1.301
1.356

DENS
Gtt/CC

6,41
11.6 6
13.28
15" 10
17.21
17 .35
1'l .53

23DEGC MC=O. D.

1, 84
4 .23
4. 80
5.68
6.93
6" 33
6"25

500 Kriu

ür rEr

349, 0
267 .0
251.0
232.4
21'l .0
203.0
194. 0

MANTTOU t{HEÀT

T
MITS

0. 645
0" 843
0" 897
0.970
1.037
1.109
1.160

GROUND

ÐENS
Gl!,/cc

2.77
3.36
3.53
3. 82
4" 04
4.24
4.43

0.19
0. 29
0. 30
0.28
0.33
a"i7
0.39

22ÐEGC MC= 10.73 500 KfrZ,

Er rEr
i..a:.

261.0
216.0
208. 0
197 .0
186, 0
173.0
169.0

0. 962
1"042
1,092
1.142
1.210
1.301
1. 332

5. 31
7. 05
7.46
8.16
8.95
9. B7
9.97

7t

0.29
0 .52
0, 57
0. 63
0" 74
0. B5
0. g2 i :. :: '¡ì.ifr-: ::: ì'



r'i '-.." ---

}1À,NITOU fTI{EAT

T
lrï ts

GROT'ND

DENS
GYt/CC

23 ÐEGC llC= 13. 75 500 KHZ

Er rEr

336.0
241.0
225,0
206 ,0
190, 0
173" 0
167 .0

f'IANIlOI' BIIEAT

T
icïts

0.670
0. 934
1. 000
1.492
1.184
1.301
1. 348

GBOUNÐ

DENS
cÌ{,/cc

4. gg
8.06
8. B3

10.30
1'1,58
13.37
13.70

0. 45
0.91
1 .02
1,21
1.42
1.74
1.71

23 DEGC l{C= 15" 6 1 500 KHZ

Et IEt

339. 0
239.0
223.0
202.ç
184" 0
171"0
164. 0

MÀNfTOT' 
'.IHEA1

T
üILS

23 DEGC ITC=O. Ð" l UHZ

Ef Et I

0"664
0 "9421"009
1.114
1,223
1.316
1. j'|2

GROUND

DENS
Gfi/CE

5.61
9, B7

10. g4
12.5 6
14, 01
14. 50
14.58

0" g5
1.9'l
2.20
2.55
2"90
2.90
2.90

I{ÀNÏTOTT I{HEÀT GßOT'ND

2.'12
3.30
3.52
3.'72
3.90
4.07
4. 44

22 DEûC llC= 10.73

349. 0
266.0
251"0
23tt" 0
2'19. Ð

206.0
191.0

T
MTLS

0" 645
0. 846
0" 89?
0,962
1.029
1.092
1,179

DENS
Grlr/cc

0. 16
0.29
0. 31
0. 36
0.38
0.44
0.45

1 [lHZ

Er rEr

265.0
215.0
208, 0
197.0
196.0
171 .0
166. 0

0.849
1.047
1 .082
1,142
1 ,210
1.316
1.356

4.99
6.82
7.15
7 ,66
8.25
9.34
9 .52

72

0, 3ñ
0.62
0.67
0.73
0. 78
0.93
0.94



HAT'¡IlOU TIHEAT

?
}1I ],S

22 DEGC tlC=12. 3 9 1ylv7,GROUND

DE}'S
Gn/cc

ll I Er r

313.0
250. 0
232.0
211 .0
194 .0
1?9,0
174.0

T
ilILS

0 .7'19
0. 900
0.974
1 .467
1.160
1.25-l
1.293

DENS
Gyr/cc

4.51
6. 46
'l .25
9,42
9. 39

10. B 7
11.27

0 .29
0.54
0.64
0. 79
0. B6
1.09
1.12

1 f!flz

Er r

UANTTOT' }TTIEAT GROT'NÐ 23 DEGC IilC= 13.75

Er

349"0
241.0
228. A

208. 0
191 .0
1?5" 0
169. 0

t{ÀNI1û{t !fHEÀT

T
UTLS

0.645
0.934
0, 987
1, 082
1 .178
1.286
1"339

GROI'NÐ

DENS
ËM/Ct

3.56
6" 9t1
8.06
9.20

10. 59
11.83
12,31

23 DEûC ùlC= 15" 6 1

0.34
1 "020. 81
û. BB
1.12
1,35
1 .36

1 },IHU

Er rEr

347. 0
241"0
225. A

202.0
'184. 0
169. 0
162.0

HÀNTTOU NH8ÂT

T
Ì,TLS

0. 649
0.934
1"000
1" 11tt
1.223
1 ,339
1"399

GROUND

DENS
Gú/CC

5.12
9"12
9.99

11, 82
13" 25
13.78
14. 04

23 DEGC ItiC= O.D.

0.69
1.51
1.'12
2,08
2" 41
2"30
2.37

1O MTIZ

Er rar

343.0
266.0
251.0
232.0
217.0
205,0
188"0

0.656
0.846
0.897
0.970
1"037
1.098
1.197

2, 40
2.96
3.01
3" 20
3.40
3.59
3,77

73

0.30
0.37
0.39
0.37
0.45
0.49
t" 53



I{ANÏIOT' ÍIHEAT

I
HITS

22DEGC FlC= 10"73GBOTINÐ

DENS
GH:,/CC

Er

1 0 r{Hz

Etr

2:67 .0
21:I .0
2Ð9.0
198, 0
186.0
1?5, 0
169" 0

T
lrIts

0. 843
'1,037
1"077
1.137
1.210
1.296
1.339

DENS
çú/cc

4.14
5" 43
5.69
6.03
6.62
7 .25
7.43

MC=12,39

ar

0,61
0. 6g
0,77
0, B3
0. 99
1,11
1"15

1O MHZ

Elr

lIÀNTTOIT WHEÀT GROUNÐ 23ÐEGC

340"0
252.0
233.0
216"0
'196.0
192. D
't ?4. 0

T
uïI,s

û"662
0.893
0.966
1.042
1,149
1.236
1.293

DENS
Gn/cc

UANlTO{' }0118À? GRO{'ND 23 DEGC

3. 5B
5.29
5, 8g
6,66
7 "71g,66
9 ,23

HC= 13"75

Er

0. 35
0"65
0.77
0.92
1.14
1.31
1 .42

10 I'IHZ

Er t

353"0
246.0
228.0
211.0
191.0
174. 0
167 .0

HSNITO{' IIHEÀT

T
I.ITLS

0. 63?
0.915
0. 987
1,067
1. 1?g
1"293
1.348

GROUND

ÐENS
GVt/CC

3.70
5.93
6.60
7.32
8.38
9, 15
9.25

2i DEGC lf C= 15. 61

0.38
0.90
0.94
1,06
1.28
1.27
1.22

1O MHZ

Er rEt

333" 0
239.0
222.0
201,0
193. 0
168, 0
162.0

0.6'16
0,946
1. 014
1.120
1"230
1 .339
1.389

4. 46
7.17
7"87
9.09

10.10
10.95
11. 00

?4

0" 47
1.04
1.20
1.29
1.51
1, 68
1.67



}:ÀNTTOU flHEÀT FtOtIR 23 DAGC HC= O. D. 75 Rnz

Er rT
üïr"s

DENS
Gt\/CC

Er

359, 0
260" 0
245.0
237.0
215.0
206.0
'194.0

ilÀNTTOU 
'THEAT

T
üILS

0.629
0. 866
0.919
0.9?4
1;04-l
1.O92
1 .160

FLOT'R

DENS
GHICC

3. 11
3.79
4" 0lt
11.12
4.49
4. 5B
tt.91

?3 DEGC l{C= 1 1" 71

0.12
0" 19
0.21
0. 20
0.26
0. 28
0"31

75 KITZ

Er IEr

362.0
246. 0
229"0
209.0
192.5
193.0
1?5" 0
169.0

l{åNf10û flnEÀT

T
HTTS

0" 622
0. 915
0.983
1.082
1 .169
1. 230
1"286
1.332

FLOI'B

DENS
GÐ/CC

13. 4B

0.15
0. 41
0. 57
0.68
0.78
0. 84
0"g1
0" 95

75 KHZ

Er r

3.96
6.81
7 .69
B. gg

10.11
10. 64
11.32
11. g0

23 ÐEcC llC=

Er

312.0
244.0
228.0
212.0
193.0
176,û
1?0.0

}lANTTOlT fl.iIEAT

T
t{ïLs

0.721
0.922
0.98?
1.061
1 .756
1.279
1 "324

Ftûr8

ÐENS
çü/cc

5.5?
9.52
9.62

10.93
12.91
14.73
15.12

23 DEGC $C= 1 4.59

0. 56
1" 16
1.32
1 .52
1"99
2.30
2. 30

75 KH?"

Er rEt

328. 0
247 .0
231.0
212.0
195. 0
179. 0
175. 0

0.695
0" 911
0.974
'1. 061
1.154
1.25'7
1.286

5" 94
9.76

10. 51
12"99
14. 75
17.22
18. 14

75

0. B?
1.93
1.88
2.89
3" 44
4.'11
4" 01



:"a.::

I{åNITOT' RflEÀT

T
lJrls

23 DEGC MC=O. D.FT,OUR

DENS
Gn/cc

Er

121 KtlZ

Elt

340.0
258. 0
245.0
231.0
215. Q

242.0
194,0

T
üII,S

0"662
0. 8?2
a .919
4.974
1.047
1.114
1.160

DENS
Gt/cc

2.94
3.86
tl" 02
4"23
4" 54
4. 88
5" 02

0.06
0.19
0.19
0. 21
0.27
0.28
0, 30

Err

[TåNTTOI' SÍTEÀ1 trTOUB 21DEGC MC=1 1"69 121 KHZ

Et

359, 0
250"0
234.5
219, 0
203. 0
1B?"0
179" 0

¡{ÀNTTOU TdHEAT

T
ilIT"S

0"627
0.900
0, 960
7.028
1, 109
1.203
1.257

Fto{ra

DENS
Gllt/cc

23DEGC

2.42
7 .15
7.98
8. B4

10.37
12.0 6
13"56

üC= 13.48

Er

0" 17
0.52
0. 61
0.69
0" g0
1,06
1.511

121 KHZ

Er r

328. 0
240" 0
228,0
208" 0
195. 0
1?5.0
169"0

T
IlILS

}IANITO{I }TTTEÀT FLOÍJR 2 3 DEGC

0"686
0. 939
0.987
1"092
1"154
1.286
1.332

DENS
Gl'1,/CC

5" 0?
8.26
9.05

10.65
11.53
13.99
14.80

HC= 14.59

Er

0, 33
0"93
1.08
1"35
1.41
1.75
1,92

121 Kltu

Er r

i-r. ...

328,0
244" 0
229"0
210.0
193"0
174,4
169.0

0" 686
0.922
0.983
1.ß72
1.165
1.293
1.339

5.62
9"32

10. 50
12.15
13.91
16.18
16"7 6

76

0. 6B
1" 49
1.72
2. 0g
2.55
2.95
3. 13



UÀNÏTOT WHEJTT

T
ltf Ls

23 DEGC üC= O. D.

Et

500 KHZ

Et r

FT,OUR

DENS
Gt1/CC

344. 0
259. 0
244 .0
230. 0
215. 0
202.0
'195. 0

TIILS

0" 654
0.872
0.922
0.978
1.O47
1.114
1.154

DENS
Gil/CC

2. 8B
3"'lÐ
3, B4
4" 05
4.36
4" 5B
4.81

0.16
0.29
0. 33
0.38
0.47
0.43
0, 46

Er r

TTANTIOT' ÐHEA? FT,ÐUR zzDEGC HC=10.82 50DKHZ

Er

389. 0
250" 0
237. 0
222.0
206.0
193, 0
184.0

iifANJTOI' !,IHEAT

T
urts

0,580
0.900
0" "950
1"014
1, 092
tr .166
1,223

¡'10ItR

DENS
Gþ1/CC

3" 3g
5.91
6, g3
7,7A
8.68
9.6'l

10, g2

23 DEGC FfC=

0.27
1 .06
t. 52
0.63
0. 73
0. B0
0.95

13,48 500 KHz,

Et Er r

33?.0
240. A

230.0
208.0
194. 0
174. 0
169.0

T.IANTTO{' WHEÀT

T
t{ïts

0.668
0,938
0. 978
1.Ð82
1.160
1.293
1.332

FTOUR

DENS
Gl{/CC

I¡. 88
7 .91
I, t¡2
9. 98

11.08
13.42
14, 18

0. 30
0.?1
0. 75
0.94
1. 07
1 ,39
1,43

23DEGC l{C= 1{t" 59 500 KHZ

Er rEr

327 "O245.0
231 ,0
210, 0
197.0
19CI.0
1'16.0

0. 698
0. 919
0. 9?4
1.072
1. -142
1 .250
7.279

5.25
g.68
9.59

11.65
12.90
14.92
15.99

77

0. 38
0"g1
1.04
1. 35
1"tt9
1.81
1.92



!{a$ïTo{t 8HEAl

T
ÞtïI,s

Fl0{tR

DENS
GM/CC

23DEGC MC= O. D.

Et

1 t{Hz

El r

I.IÀNITOU IITIEAT FTÛTIB

4.71
4" 42
4.47
4.47
4. 53
4.60
4.79

22 DEGC t{C=12.23

309, 0
257. A

243. 0
231 .0
216.0
206" 0
19?. 0

T
ilI LS

0.731
0. 876
0. 926
0"974
1"042
1.092
1.142

DENS
Gn/cc

0,20
0.30
0" 34
0" 40
0. 43
0.46
t. 50

1H flS

Er rEr

318. 0
244.0
227.0
210.0
197.0
192.A
172.0

I{ÀI{ITOT' WTiEÂT

T
T{ITS

0,708
0.922
0"991
1.072
1.1t42
1.236
1.308

FTOUR

DENS
Gtl/CC

4.3tI
6,37
7.04
?.94
B" 76
9.79

10. ?3

23 DEGC IIC= 13. ¿tB

0.27
0,5'l
0. 60
O" BB
0.79
0.90
1,04

1 nflu

Er tEr

I{âNTTûT' I{IIEÀT FTOT'8

4.83
7 .68
8.48
9,55

10.98
12.5,6
13" 30

23 DEGC ltC= 14.59

329 "0
236" 0
220 "Ð2A3.0
186. 0
169.0
162.0

T
}1I IS

0 .675
0" 942
1.010
1.095
1.195
1.315
1"372

DENS
çfi/cc

0.03
0.52
0.63
0,75
û.92
1"18
1, 28

1 yt[z

Et rEr

331.0
241"0
228,0
209"0
192. 0
1'12.0
168.0

0" 680
0.934
CI" 987
1 .0-17
1 " 1-12
'1.309
1.339

4. B9
B" 01
B. 86

10.10
11.69
13.3?
13.43

78

0, 38
0,g1
0" g3
1.12
1. 39
1. 58
1. 53



I{ANITOU TIHEÀT FI,O{'R 23 DEGC MC=O. D.

Er

10 vtllz

Er rT
tltIts

DENS
çvt/cc

340" 0
258. 0
245. 0
232, Q

218.0
205.0
193,0

?IÀNTTOT' TdHEÀT

T
nr,ts

0.662
0.872
0. 919
0" 9?0
1.032
1.098
1.166

FI,OUR

ÐENS
GYtlCC

2.42
3.02
3. 11
3" 23
3.43
3..62
3. g0

23 DEGC llC= 11 . 14

0.19
0.35
0.43
0,48
0" 47
0.47
0. 56

10 uHs

Er tEr

306. 0
243"0
230 .0
213, 0
1gg. 0
176 .0
17 2. {)

I
û1ïts

MANTTOU f{fTEAT FTO{TR 23DEGC

0" 735
0,926
0, 978
1,057
1.131
1.279
1.308

DENS
Gl{,/cc

3.67
5. 1g
5.49
6,20
6.7 6
8.03
B,40

MC= 13.48

Er

0. 41
0.71
0"78
0.94
1.04
1. 35
1.38

10 r{flz

El r

325.0
239,0
226. O

206" 0
191.0
174. 0
169, 0

üANTTOU flflEÀT

T
ürts

0.692
0.942
0. 996
1"092
1" 1?g
1.293
1.332

STOUR

DENS
Gtlt/cc

2 3DEGC

3.99
6.13
6.67
7,56
8.70

10.02
'10. ?6

HC=1 4. 59

Er

0. 42
CI.83
0.94
1.11
1.33
1. 59
1. 58

10 t{Hz

Err
:' .:_l Ì'ì

327.0
243,0
229,0
210. 0
192.0
177 .0
173" 0

0.688
0.,926
0.983
1.072
1.172
1"271
1. 301

4.21
6.61
7 .26
8.34
9.79

11"39
11,79

79

0"43
O. BB
0" 98
1.20
1.39
1.7 1

1.78


