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ABSTRACT KEYWORDS
In the present paper, an attempt has been made at finding the moisture Permittivity;
dependence of the relative permittivity and dielectric loss factor of Spring Dielectric lossfactor;
Barley kernel samples at 2.45 GHz and 24°C to give quadratic and cubic Nonlinear regression;
models for the variation of the two dielectric properties with (i) decimal Agricultural products;
moisture content, m (ii) moisture density (product of decimal moisture con- Microwave frequency;
tent and bulk density of the sample, m_) and (iii) moisture specific volume Composite materias.

(ratio of decimal moisture content to bulk density of thesamplem ). Thelast
parameter has been introduced by the authors in order to remove or mini-
mizetheirregularitiesin the trend of variation of dielectric loss factor with
moisture content. Resulting data and the plots of such variations, derived
from eight equations for the effective dielectric function of random media
are presented. On their bases, it is shown that the moisture content of a
given sample could instantly be estimated for a given set of values for the
two dielectric properties and the technique may be applied over the entire
acceptabl e range of moisture contentswithout the aid of any reference data
points. A better performance of the present models compared with those of
Nelson and Kraszewski is reported. Average percentage errors of predic-
tion of about 1.4 and 1.5 from the present quadratic and cubic models for
relative permittivity versus decimal moisture content have been achieved
as compared to 3.61 and 3.5 from the corresponding Nelson’s models. The
average percentage errors in loss factor from the present models are about
0.4 and 0.5 as compared to 24.8 from the Nel son’s solitary model.

© 2008 Trade Sciencelnc. - INDIA

INTRODUCTION dielectric propertiesoffer apotential meansin making

devicesfor sensing the moisture content of individua

Theuseof eectrica propertiesof grainsfor mois-  grainkernels, which helpin preventing the spoilage of
ture measurement has been the most prominent agri-  largeblended lotsstored in eevators, shipsor millg*2.
cultura applicationfor dielectric propertiesdata. The Severd effortsto modd thedidectric propertiesof
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grains have been made®4. The purpose of the present
paper isto consider amoregenera approach towards
modeling thedielectric properties of samplesof spring
barley, Hordeum\VulgaresL., using the dataof results
for them at afixed frequency of 2.45 GHz at 24°C, to
present empirical expressonswhich alow predictions
of permittivity andlossfactor.

Theéectricd propertiesof gransareinfluenced by
ionic conductivitiesand bound-weter- rel axations. The
result of measured val uesisthen acomplicated func-
tion of theamount of water inthegrain. However, al
these effectsdisappear dmost completely at higher mi-
crowavefrequencies. Thus, microwaves offer anon-
destructive, sengitiveand feasiblemethod for determin-
ingthewater contentingrains.

EXPERIMENTAL

Resulting datafor measured values of bulk density,
decimd moigturecontent (m) and dielectric congtant were
taken fromthe TABLE 5. For deriving thevalues of
bulk density p,, Kernel densities p, and hencethevol-
umefractions(=p,/p,) of thematerid inthemixture, the
equations (7) and (8) of the same paper’® were used.
Thegenerd quadratic and cubic modesgivenby Nelson
and Kraszewski? connecting diel ectric constant, mois-
ture contentsand frequency of operationwereused for
their compari son with the corresponding new models
proposed in the present study. Theeguationsare:
¢ =[1+{A-B,logf +(C,-D,logf) M} p]? (1)
Andg"=[1+{AB,logf +(C,-D,logf) M}p]? 2

Thesolitary equation for thedielectriclossfactor
availablefor comparisonisof theform:
¢''= 0.146 p? +0.004615 M?p?0.32log f +1.743/log f-1](3)
where p = p, =bulk density of thematerial ingramxcm®, M =%
moisture content, wet basis= 100 m, f = frequency of operation
inMHz.

Thevaluesof constantviz.,A,,B,, C,, D, 0rA,,
B, C., and D, of equations (1) and (2) for spring bar-
ley weretakenfromthe TABLE 6 of Nelson’s papert?.
M odel development and evaluation of constants

Based on observations of amost linear plots ob-
tained for the dependenceof rd ativepermittivity of grans
and cered swith moi sture content, especidly inthemi-
crowaverange, it was proposed to give quadratic as
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well ascubicmodd sfor suchvariations Onamilar lines
of theworksof Noh and Nelson'® onrice samples, the
second and anew term, called moisture density (prod-
uct of decima moisture content and bulk density), was
asoused. Thethird and the new term, called moisture
specificvolume(ratio of decima moigturecontent tobulk
density, m ), in addition to m and m,, was also pro-
posed to beincorporated in the composite model pro-
posed in the present study. Thecompositemodelsare:

Quadratic
m| 2|m

g =a| my +b[ Mg| +K4 (4a)
my, my

and
m| 2|m

n

€ =c| My| +d| my| +K, (4b)
my, my

Cubic
m|3|m]2|m

g'" =a| Myl +p| my|+c| My| +K4 (5a)
my m,, my

and
m|3|mj]2|m

&' =d| mg| +e| my|+f| Mg| +K, (5b)
my, my, my

Thevalueof the constant K, wastakento be equal
totheaverage of therelative permittivitiesasderived
from equations (1) and (2) by putting M= O inthem.
The corresponding value of p wasderived from equa-
tion (7) of the Nelson’s paper® by puttingm=0Qinit.
Similarly, thevalue of K, wastakento beequa tothe
valueof thelossfactor from equation (3) of the present
paper by putting the abovementioned va ueof p corre-
spondingto M=0. Inthisway
K,= ("), _,=0.146 (p )? (6)
(p,=bulk density at m=0)

From thedataof resultsfor relative permittivity at
different decimal moisture contentsand bulk densities,
the constants for the first part of each of the sets of
models were evaluated using the method of |east-
squaresit for nonlinear regression.

The same method was adopted using the datafor
dielectriclossfactor derived from theworksof S.O.
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Figurel: Variation of relative per mittivy and lossfactor of
spring barley kernelsat 2.45GHz and 24°C asfunctions
of decimal moisturecontent in thelight of quadratic model

Nelson™ i.e., fromfigure 1(b) for the operating fre-
quency of 2450 MHz. Theresulting dataare presented
inTABLE 1 and theevaluated constantsarelisted in
TABLE2.

In order to extend the applicability of the present
mode stograin kernels, thevauesof relative permittiv-
ity of themoist grain samples, (supposedto bean air-
particlebinary mixture), were proposed to be converted
to those of solid materials (particles) with the help of
e ght didl ectric mixtureequationg™,

Brief introduction of thedielectric mixtureequa-
tionsused

1. Rother-Lichtenecker formulaor thelogarith-
miclaw of mixing for Chaotic mixtur€®

Ing =X f Ing (for n component mixture) @)
Thusfor anair-particle binary mixture
Ing =f 1ng +flng, (8)

where e = permittivity of the mixture, f,= packing fraction of air,
&, = permittivity of air (= 1), f,= packing fraction of the particles
suchthat f +f,=1, e, = permittivity of the particulate material.
Also,

e,=exp[lUf,Ing ] 9

2. Taylor’s formula for random angular distribu-
tion of needles®

3e (e,-€,)f=(¢,-¢,) (2¢,+¢) (10
Whereg, = permittivity of theinclusion=c¢,, ¢, = permittivity of
thehost (air) =1

Taking only the positiveroot of the quadratic equa-
tionwhichtherelation (7) yielded:

TABLE 1: Data of measured valuesof relative per mittivity
and lossfactor of spring barley, Hordeum VulgaresL.at 24°C
and 2450 M Hz at different bulk densitiesand moistur e con-
tents

Moisture content Bulk density Relative  Dielectric

%, wet basis in gxem®  permittivity loss factor
8.2 0.588 2.05 0.284
11.3 0.597 2.28 0.328
12.8 0.600 2.36 0.375
14.9 0.595 2.54 0.409
17.4 0.592 2.68 0.437
19.7 0.602 2.92 0.484
21.1 0.601 3.05 0.512
23.4 0.586 3.26 0.575
25.1 0.588 3.17 0.597

TABLE 2: Data of evaluated constants for the different
modelsfor spring barley, Hordeum VulgaresL. at 24°C

Nelson’s Models M odels from present

study
Models Quadratic Cubic  Quadratic  Cubic
(A) a=-57.6759
Moddls a=-0.3256 b=20.8360
with A,=0317 A3=0270 b=7.3844 ¢=5.5789
decimal B,=-0.0410 B;=-0.0101 c = -0.4760 d =45.0734
moisture C,=0.0946 C;=0.0498 d=2.0891 e=-17.0137
content D,=0.0164 D;=0.0082 K;=145 f=3.5001
m ' K,=0.10 K;=1.45
K»=0.10
a=-187.4127
(B) a=13420 b=41.7622
Modes b=121706 c=10.1427
with i i ¢ =-1.7787 d=110.2285
moisture d=3.5831 e=-25.5522
density, K;=145 f=47758
My K»=10.10 K,=1.45
K2= 0.10
©) a=-15.6034
Models a=-0.4274 b=9.3163
with b=4.4882 c=3.07430
moisture i i c=-0.3289 d=25731
specific d=12996 e=-1.9357
volume K;=145 f=15328
m ’ K2= 0.10 Kj_: 1.45
v K2= 0.10
€,=0.25[{2+3/f (¢ -1) - ¢ } + [ [{2+3/f (¢, -1)} (1)

5,1+ 8]

3. Taylor’s formula for random angular distribu-
tion of disks?

[3(e,- &) (5, + & )I/f = (g,- &) (¢, +¢)) (12)
Onsimilar pattern as2, one gets
&,= 0.5[[(1-3/f) - (5-3/f) g ] + [{(1-3/f)

(13)

- (5-3/f)g }2+4{(3/f)e 2+(5-3/f)e }]7]
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Taylor proposed atheory of dliptical inclusions of
another didectric materia which could beexpanded to
includethe case of lossy mediain thiscase. The host
medium issupposed to contain homogeneousrandom
concentration of particlesof the materid with the con-
ditionthat thefieldinthevicinity of thedlipsoid canbe
regarded asuniform and that <<, wherel isthelarge
dimension of thedlipsoid and A isthewavelength of
thewave. Also, the averagefield approximationsare
validonly for f 2<<1.

L ewin’s formulal’¥

Lewin proposed aformulafor the computation of
permittivity and permesbility of mixtureconsistingof a
homogenous material inwhich spherical particlesare
embedded. Theformulaisgivenas:
(e.-¢,) &, =3f (g -¢, ) e, (1+2f)+e (1-f)}
whichinthepresent casesmplifiesas
&,=[e (1+2f) —(1-H)/[(1+2D)-¢ (1-)] (15)

Thus, theupper limit to the usefulnessto the above
formulashould bef<n/6. However, it hasbeen reported
that higher values of f gave quite good agreement with
the equation. Here the particleswere supposed to be
arranged inacubic lattice spread in semi-infinitere-
gion, which hasbeen reported to bevalid at high fre-
guency and hence it was supposed to be appropriate
for themicrowave frequency region of the measure-
ment of permittivities.

(14)

Sillar sformulal

g =g, [e, +D(1-N)+][e -¢,]/[g, +D(1-f) (g -€,)] (16)
Where D = depolarization factor depending on the shape of
the particles.
For the present case theformulareducesto
& = [1+{D(1-f)+f }(e -1) ]/[ 1+D(1-f)(e,-1)]
=>g,=[{g ~1}/{f-D(1-f)(g —1)}]+1 (where D=0.2)  (17)
Surprisingly enough, thedatagivethebest fit for
the value of D = 0.2, as derived for rutile particles,
suggesting that the shape of the particleswerethesame
in both the cases. Other wise, other valuesof D were
tobetriedfor best fit.

Sadiku’s formula™?
(e.- 1)/ (g +u)="f(g-1)/(e,+u) + (1-f) (¢,-1)/ (g, +u) (18)
For the present caseg, ¢,= 1 and ¢, = ¢, as before
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andthusgivingriseto
(e,- 1)/ (&, +u)=f (g,-1) /(g,+u) (19)
Inthe aboveformulau=form no., supposed to be
depending on the shape of the particlesand thevaues
of u=5for snow or icetakenfromtheliterature, gave
thebest fitasD =0.2for rutileinthe previousformula.
It alsoled usto supposethat there must bearelation
like D = 1/u between D and u. Thus, by putting u=5,
theformulafinaly reducesto:

g,+2=3[g, (1+f) + (5f-1)]/[(1+5)- & (1-)] (20)

Again, thelimitation for thevalidity of theWeiner
formulaisthat the particles should be small ascom-
pared to thewavel ength used.

Formulaobtained from effectivemedium theor y!*3

g, =8, [(1+2f) g +28,, (1-)]/[g (1) + (2+0)g, ] (21)
Likeother cases, ¢, = 1land g =¢,givesriseto:
g,= [(2+f) g, -2(1-1)]/[(1+2f-g, (1-F)] (22

Intheaboveformula, particulate materia hasbeen
taken asthefirst component and air asthe second one
under thelimiting caseof smdl concentration of thecom-
ponent A in the binary system AB-opposed to those
takenin other formulae.

Skipetrov formula®

&,,.&,[1{3f, (5,- & )}{e (2+ )+e,(1-f,)}]
For the present case

(23)

e,=¢..8-¢,=1;f="f(say)

Theeguationfinaly gives:

g, = 1+[3f (g,- D]/[(2+f)+e,(1-F)] (24)

The above express on has been supposed to bean
origina expressionfor theeffectivedidectricfunction
of dilute suspension of spherical beads of diameter
d<<\. Further, it hasbeen claimed that the abovefor-
mulaisexpected to be more appropriatefor theinter-
pretation of theexperimentsand behavior at higher vol-
umefractions.

Inall theaboveequations, except thelast one, air
has been taken asthefirst component and the particu-
late material asthe second one.

Using any measured vaueof € , the corresponding
vaueof volumefraction of theparticle, f = (f), thevadue
of the permittivity of the particles, ¢, (=¢,, say) was

Hn Tudian Jounual
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caculated choosing any of the eight equations, say the
first one. Thecongtants of thefirst set of equations con-
cerning relative permittivity versusm (say) for thequa
dratic or the cubic model, as the case may be, were
used to computethevaueof m, (say). Usingtheseval-
uesof mand the constantseval uated for the second set
of equations (concerning lossfactor versusmoisture
content, say), thevalue of lossfactor of the particles
(kernels), &, werecal culated. Thus one getstheval-
uesof ¢, and &, for a given computed value of m
(say). The same process was repeated for different
vauesof volumefractionsof agivensample. A smilar
processwas adopted by taking another dielectric mix-
ture equation one by one, to get the data points. The
some process was repeated for computation of &, and
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g, asfunctionsof m andm for bothtypesof thepro-
posed models. It wasexpected to achievethe estimates
of &, ande,” of spring barley kernelsasfunctionsm, m,
andm_.

RESULTSAND DISCUSSION

Dataof measured va uesof rdative permittivity and
lossfactor at 2.45 GHz and 24°C and a nine moisture
contentsareillustrated in TABLE 1. Instead of report-
ing thewholeset of datafor computed valuesof &, and
&, resulting from the different diel ectric mixtureequar
tionsand computed valuesof m, m and m , only the
eva uated constants of the different modelshave been
presented in TABLE 2. Theresultsare shown graphi-
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cdlyinfigurelthrough 6. Themoded sand plotsshowed
their usefulnessfor practical applications. Further, the
quantitativerelative performances of the present mod-
elsas compared with those of Nelson arereportedin
TABLE 3. The coefficients of determination (r?) and
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of spring barley kernels at 2.45GHz and 24°C as func-
tionsof moistur especific volumein thelight of cubic model

average percentage errorsof prediction for each of the
different model s have a so been reported.

Examination of datain TABLE 3revedsthat the
quadratic and cubic modelsof Nelsonrelating relative
permittivity and decima moisturecontent generaly pre-
dicted ailmost the same valuesand in only afew in-
stances did they disagree with measured values by
greater than 5%. Theaverageerror of prediction over
all moisture contentswas 3.6 for the quadratic model
and 3.5 for the cubic modd. The corresponding aver-
ageerrorsof prediction for the present two modelsare
1.4%and 1.5 %. Themain differencethat isobserved
isthat Nelson’s cubic model giveslittle better perfor-
mance as compared to quadratic model whereasre-
verseisthecasewith the present models. Theaverage
error of prediction with the Nelson’sonly onemodel
for thelossfactor against decima moisturecontentisa
bit higher ~24.8 % whilewith the corresponding two
models proposed in the present study the errors are
~0.4 % and 0.6 % respectively.

TABLE 3: Compar ative performancesof different modelsfor the variation of relative per mittivity and lossfactor with
moistur e content of spring barley samplesat 24°C and 2.45 GHz

(A)
Nelson’s model (NM) for relative per mittivity Present models for reative per mittivity
QM* CcM™ QM CM
Predicted r?%Average% Predicted r%Average% Predicted r%Average% Predicted r*Average%
values error values error values error values error
2.121 2.122 2.053 2.016
2.357 2.353 2.280 2.263
2.475 2.469 2.390 2.384
2.615 2.606 2.543 2.553
2.795 0.997/3.615 2.784 0.998/3.468 2.725 0.999/1.408 2.748 0.997/1.501
3.018 3.012 2.892 2.917
3.129 3.124 2.994 3.013
3.248 3.242 3.160 3.157
3.400 3.400 3.283 3.251
(B)
Nelson’s model (NM) for loss factor Present models for loss factor
, QM , CM ,
Predicted values FIAVErage  pregicted values | 2VS'3%€  predicted values | AVerage
Yo error % error % error
0.115 0.268 0.298
0.178 0.330 0.343
0.216 0.359 0.364
0.270 0.401 0.393
0.346 0.986/24.818 0.449 0.999/0.406 0.431 0.977/0.556
0.444 0.493 0.474
0.499 0.579 0.504
0.572 0.563 0.565
0.655 0.594 0.619

*QM — quadratic mode! ; **CM - cubic model
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Also presented in TABLE 1 arethe coefficients of
determinationwiththedifferent mode swhich show that
al of them providegood fittingswith experimental data
in having r’~0.99. However, alittle better fitting with
thenew quadratic mode isindicated (having r>~0.999).

CONCLUSION

Theresultsderived fromthemodesareindica
tiveof thefact that these equationsshould be generally
useful for predictive purposesin most practical appli-
cationsi.e., they provideameansfor estimating thedi-
electric propertiesof theindividual kernelsof spring
barley, Hordeum VulgaresL. at atemperature of 24°C
measured at 2.45GHz and over the moisture content
rangefrom about 8 % to 25 %, wet basis.
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