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ABSTRACT

In the present work we have proposed two models namely, quadratic and
cubic, for the variation of relative permittivity and dielectric loss factor of
spring oats (Avena sativa L.) with decimal moisture content at 2.45 GHz. The
results for relative permittivity and loss factor have been derived from the
works of S.0. Nelson and the model s chosen for comparison with the present
models are a so due to Nelson. The evaluation of constants for the models
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has been done using the method of least -squares-fit for non-linear regres-
sion analysis. The values of the coefficients of determination (r?) too close
to unity and lower average percentage errors in both of our models (~6.08
and 3.09 for relative permittivity and ~5.94 and 12.09 for the loss factor)
compare our models favorably with the established models.
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1.INTRODUCTION

Theuseof electrica propertiesof grainsfor mois-
ture measurement has been one of themost prominent
agricultural applicationsfor dielectric propertiesdata
Thedidectric propertiesoffer apotentia meansin mak-
ing devicesfor send ng themoisturecontent of individua
grainkerneds, which helpin preventing the spoilage of
largeblended lotsstored in devators, shipsor millg2,

Severd effortsto modd thedieectric properties of
grains have been made®4. The purpose of the present
paper isto consider amoregenera approach towards
modeling thedielectric properties of samplesof spring
oats (Avena sativa L.), using the datafor them at a
fixed frequency of 2.45 GHz at 24°C, to present em-
pirica expressionswhichalow predictionsof permit-

tivity andlossfactor. Thedectrica propertiesof grans
areinfluenced by ionic conductivities and bound-wa-
ter- relaxations. Theresult of measured valuesisthena
complicated function of theamount of water inthegrain.
However, al these effects di sgppear dmost completely
at higher microwavefrequencies. Thus, microwaves
offer anondestructive, sensitive and feasible method
for determining thewater contentingrains.

2.EXPERIMENTAL

Datafor measured vauesof bulk density, decimal
moisture content (m) and diel ectric constant weretaken
fromthe TABLE 3. For deriving thevalues of bulk
density p,, Kernel densities p, and hencethevolume
fractions(=p,/p,) of themateria inthemixture, theequa-
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tions (7) and (8) of the same paper™ were used. The
general quadratic and cubic modelsgiven by Nelson
and Kraszewski? connecting digl ectric constant, mois-
ture content and frequency of operation were used for
their compari son with the corresponding new models
proposed inthe present study. The equationsare:

¢’ =[1+{A,-B,logf +(C,-D,logf) M} p]* @)
and
¢"=[1+{A,-B,logf +(C,—D,logf) M} p]* 2

Thesolitary equation for thediel ectriclossfactor
availablefor comparisonisof theform:
€"=0.146p2 + 0.004615 M2p?[0.32 log f +1.743/log f-1] (3)
Wherep = p, =bulk density of thematerial ingramxcm, M =%
moisture content, wet basis= 100 m, f = frequency of operation
inMHz.

Thevaluesof constantsviz.A,, B,,C,, D, orA,,
B,, C,, and D, of equations (1) and (2) for spring oats
weretaken fromthe TABLE 6 of Nelson’s paper!?.

3. Model development and evaluation of constants

Based on observations of almost linear plots ob-
tained for the dependenceof rdaivepermittivity of grains
and cered swith moisture content, especidly inthemi-
crowaverange, it was proposed to give quadratic as
wed | ascubic mode sfor such variaions. Onsamilar lines
of theworksof Noh and Nelsont® on rice samples, the
second and anew term, called moisture density (prod-
uct of decima moisture content and bulk density), was
a so used. Thethird and the new term, called moisture
specific volume (ratio of decimal moisture content to
bulk density, m ), in addition to m and m, was also
proposed to beincorporated in the composite model
proposed inthe present study. The composite models
ae

Quadratic
mi2 m

€= (M4 | +by [Md | +K; (49)
mV mV

and
mi?2 m

€'=C; | Mg | +d, |Md | +K, (4b)
mV mV

Cubic
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mi3 m |2 m
§=8g | Mg | +by [Ma | +co|Ma | +Ky (5a)
rnV mV mV
and
mis3 m|2 m
€ =d3 | Mg | +e3 [Md | +f5|Md | +K; (5b)
mV rnV rnV

Thevalueof the constant K, wastakento be equal
totheaverage of therelative permittivitiesasderived
from equations (1) and (2) by puttingM = Ointhem.
The corresponding val ue of p wasderived from equa-
tion (7) of the Nel son’s paper®® by puttingm = Qinit.
Similarly, thevalueof K, wastakento beequd tothe
vaueof thelossfactor from equation (3) of the present
paper by putting the abovementioned va ueof p corre-
sponding to M=0. Inthisway
K,=(e"),, =0.146 (p))’ (6)
(p,=bulk density at m=0)

Fromthedatafor relative permittivity at different
decima moisture contentsand bulk densities, the con-
stantsfor thefirst part of each of the sets of models
were evaluated using the method of | east-squares-fit
for nonlinear regression.

The same method was adopted using the datafor
dielectriclossfactor derived from theworksof S.O.
Nelsoni.e., from figure 1(b) for the operating fre-
guency of 2450 MHz. Theresultshave been presented
inTABLE 1 and the evaluated constantsarelistedin
TABLE2.

In order to extend the applicability of the present
model stograin kernds, theva uesof relative permittiv-
ity of themoist grain samples, (supposedtobeanair-
particlebinary mixture), were proposed to be converted
to those of solid materia s (particles) with the hel p of
eight did ectric mixture equationg®,

4. Brief Introduction of thedidectricmixtureequa-
tionsused

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

Ing = Zin:lfi In g; (for ncomponent mixture) (7a)
Thusfor an asr-particlebinary mixture
Ing =f 1ng +flne, (7o)
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Thus, g,=exp[1/f,Ing ] (7¢)
2. Taylor’sformulafor random angular distribu-
tion of needled”

3¢, (e,-¢,)/f=(g-¢.) (25, +¢)
§,=0.25[{2+3/f (¢ -1) - & }
+[[{2+3/f (¢,-1)} - &, 1° + 8¢, |7 (80)
(Taking only the positiveroot of the quadratic equa-
tionwhichtherdationyielded).

3. Taylor’sformulafor random angular distribu-
tion of diskg?

[3(e,-&,) (g, +8 )] [i=(g-¢,)(5 +¢)
onsimilar patternas 2

onegets,

€,=0.5[ [(1-3/f) - (5-3/f) g ] + [{(1-3/f)
-(5-3/f)g }>+4{(3/M)e 2 +(5-3/f) £ }]*°]

4. Lewin’sformulal™®

(8a)

(%)

()

Lewin proposed aformulafor the computation of
permittivity and permesbility of mixtureconsistingof a
homogenous material inwhich spherical particlesare
embedded. Theformulaisgivenas:

(&,-&,)jeH = 3f (8- &,) f{eH (1+2f)+el (1-f)} (10a)
whichinthepresent casesmplifiesas

&,= e (1+20) —(1-H] / [(1+2f) — er (1-F)] (10b)
5. Sillarsformula*¥

& =g,[e, *D(1-H][e -8,]  [eH +D(1-f) (el -eH)]  (118)

where, D = depolarization factor depending on the shape of
the particles.

=>¢g,=[{& -1}, {f-D (1-f) (er 1)} ] +1
(whereD=0.2)

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.

6. Sadiku’sformulal*d

(e, =1 _f(e —1)+(1—f)(8H -1
(g, +u) (g,+u) (ey +U)

(11b)

(124)

=>(g - 1)/ (¢, +u) =f(g,-1) /(e,+u) (12b)
Inthe aboveformulau =form no., supposed to be
depending on the shape of the particlesand thevaues
of u=5for snow or icetakenfromtheliterature, gave
thebestfitasD =0.2for rutileinthe previousformula
It also led usto supposethat there must bearelation

like D = 1/u between D and u Thus, by puttingu =5,
theformulafinaly reducesto:
g,+2=3[g, (1+f) + (5f-1)] / [(1+5f)- er (1-f)] (12c)
Again, thelimitation for thevalidity of the \Weiner
formulaisthat the particles should be small ascom-
pared to thewavel ength used.
7. Formula obtained from effective medium
theory(*3
g =g, [(1+20) & +2¢, (1-N)] [ & (1-f) + (2+D)e,]
g,=[(2+) g, -2(1-f)] [[(1+2f - & (1-f)](13b)
Intheaboveformula, particulate materia hasbeen
taken asthefirst component and air asthe second one
under thelimiting case of small concentration of the
component A inthe binary sysslem A B-opposed to those
takenin other formulae.

(13a)

8. Skipetrov for mulal*4

&€, [1{3f, (e,-& )} {1(2+ )+e,(1-f )}] (14a)
Theequationfinaly gives:
g = 1+[3f (g,- D)]/[(2+f)+e2(1-)] (14b)

Inall theaboveequations, e, = lande =¢,

Theabove express on has been claimed by thein-
vestigator tobean origina expressonfor theeffective
didectricfunctionof dilutesuspens on of spherica beads
of diameter d<< . Further, it hasbeen claimed that the
aboveformulaisexpected to bemore appropriatefor
theinterpretation of the experimentsand behavior at
higher volumefractions.

Using any measured vaueof ¢ , the corresponding
vaueof volumefraction of theparticle, f = (f), thevadue
of the permittivity of the particles, ¢, (=¢,, say) was
ca culated choosing any of the elght equations, say the
first one. The congtantsof thefirst set of equationscon-
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 versus moisture
content, say), thevalue of lossfactor of the particles
(kernels), &, were calculated. 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
same processwas repeated for computation of &," and
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TABLE 1: Dataof measured valuesof relative per mittivity
and lossfactor of spring oats (Avena sativa L.).at 24°C and
2450 M Hzat different bulk densitiesand moistur e contents

Moisture Bulk density

content % in Relgti_vg Dielectric

wet basis, glem?® permittivity  lossfactor
8.2 0.444 1.336 1.79
10.7 0.445 1.319 1.86
125 0.447 1.313 1.98
15.3 0.433 1.310 2.09
17.6 0.423 1.316 2.18
19.1 0.430 1.323 2.46
21.3 0.439 1.340 2.46
231 0.421 1.358 253
254 0.410 1.389 2.60

TABLE 2: Data of evaluated constantsfor thedifferent mod-
elsfor spring oatsat 24°C and 2.45GHz

Modds
Modds Nelson’s models from study
present
Quadratic Cubic Quadratic Cubic
A) 2=57143 %)867235
. A,=0.3370 A3=0.2740 b,=5.7143 s _ =
Moddswith 5" 1199 B,=0.0000 c,=-0.4286 &~ 733%
decima 2277 a= =0 ds = 45294
moisture C,=0.0982 C3=0.0543 d,=1.0714 e= 2 '1351
content, m D2~ 00154 D5 =0.0081 ﬁl—zoll(?g f,= 0.4365
275 Ky=1.0,K,=0.03
= -56.2144 & i 195.1700
_ bs =-85.3951
(B) b=211022 270
Models with C, =24.8241 ST
- _ d; =122.4643
moisture d,=0.2010 _
. - &= 9.0009
density, md K;=10 fo= 06204
K, =0.03 ST
27750 K =1.0,Ko=0.03
@=26740 %7 2.4141
(©) baong; Da=-48251
Models with G cs = 4.6882
- c; =0.5842 _
moisture _ d; =-0.1925
" do=0.1413 B
specific - &= 0.7550
volume, mv Ki=10 f3=0.1059
' K,=0.03 s

Ky =1.0, K,=0.03

g,”” asfunctions of m,  and m_ for both types of the
proposed models. It was expected to achievethe esti-
matesof ¢, and e, of spring oatskernelsasfunctions
of m,m,andm,.

3.RESULTSAND DISCUSSION

Thedataof measured vauesof relaive permittivity
and dielectriclossfactor of spring oats (Avenasativa)
L. bulk samplesat ninedifferent moisture contentsrang-
ing from 8.2 % to 25.4%, wet basisand bulk and ker-
nel densitiescorresponding to 24°C and 2.45 GHz as
taken fromtheliterature® are presented in TABLE 1.
TABLE 2 presents the constants and model param-
etersfor the present quadratic and cubic modelsrel at-
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1

Formula 1
Formula 2
Formula 3
Formula 4
Formula s
Formula &
Formula 7 &2
Fermula i
Formula 2
Formula 3
Formula 4
Formula s
Formula &
Formula 7 &2
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Figurel(a): Variation of relative permittivity and lossfac-
tor of spring oatskernelsat 2.45GHz and 24°C asfunc-
tionsof decimal moisturecontent in thelight of quadratic

modd
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L ossfactor and relativeper mittivity
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L

Formula 1
Formula 2
Formula 3
Fermula 4
Formula 5
Formula 6
Formula 7&E
Formula 1
Formula 2
m  |Formula 3
Fermula 4
g |Formula s
Formula &
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Figurel(b): Variation of relative per mittivity and lossfac-
tor of spring oatsker ndsat 2.45GHz and 24°C asfunctions

of decimal moistur econtent in thelight of cubic mode

L ossfactor and relative per mittivity
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i
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ing relative permittivity and dielectriclossfactor tom,
m, and m, evaluated withthehelp of least-squares-fit
method for non-linear regression anaysis. The same
TABLE a so presentsthe constants for the moisture-
dependent model sfor thediel ectric propertiesnamely,
relative permittivity andlossfactor. TABLE 3 presents
the quantitative comparative performances of the
Nel son’s moisture-dependent quadrati c and cubic mod-
elsfor relaive permittivity and S milar model sproposed
inthe present study. Thesame TABLE al so presents
the same comparative performance anaysis of the
present modelsfor dielectric lossfactor with that of
Kraszeweski-Nelson model for thesame. It dso pre-
sentstheaverage percentage errors of prediction for
thedifferent model swith respect to the measured val -
uesof two dielectric properties(¢'and ¢’”) dong with
the coefficients of determination (r?). Graphicd presen-
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Figure 2(a): Variation of relative permittivity and loss

factor of spring oatsker nelsat 2.45GHz and 24°C asfunc-

tionsof moisture-density in thelight of quadratic mode

L ossfactor and relativeper mittivity

2
S s B |Fommulai
= an + T |Fomnula 2
= - &« E |Formulad
& v+ F |Fomnulad
aj = o * H |Fommula 3
o a | Fommula &
O o ® J2 |Fammula T&E
= F3 # J3 |Formula1
‘a ¥ « J5 [Fommula2
T "* i &« J& |Formulad
= * Jgz  |Fommula 4
ho) #"'.'* + Jo |[Fommulad
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Figure2(b): Variation of relativeper mittivity and lossfac-
tor of spring oatskernelsat 2.45GHz and 24°C asfunc-
tionsof moisture-density in thelight of cubic model
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Figgure3(a): Variation of relative permittivity and loss
factor of spring oatsker nelsat 2.45GHz and 24°C asfunc-
tionsof moisture-specificvolumein thelight of quadratic
model

(Figure 3b)??

tationfor thee’,ande”, asfunction of decima moisture
content (m) have been given in Figures 1aand 1b.
Graphical presentation of data points for moisture-
density(m ) dependent quadratic and cubic mode!sfor
¢’ ande” aregiveninfigures2aand 2b, respectively.
Similar graphica presentationsof respectivedatapoints
for moisture-specific volume (m, ) dependent quadratic
and cubic modelsaregiveninfigures3aand 3b.

Examination of datain TABLE 3(A) revea sthat
Nel son’smoisture-dependent quadrati c and cubic mod-
elsfor relative permittivity provided va uesof average
percentage errors~3-4. Corresponding valuesfor the
new cubic and quadratic modelsare~3-6. Ther?-val-
uesfor thetwo old modelsareamost similar (~0.99)
whereas they are ~1 for both the new models (qua-
dratic and cubic). Solitary Kraszewski—Nelson Model
(KNM) aswell asthe new cubic modd (PSM) for loss
factor provides higher average percentageerrors~ 15
and 12 and almost the same order of valuesfor r? (~
0.993-0.994). On the contrary, the present quadratic
mode (PSM) providesbest fit with experimental data
inhaving r’=1 and average error ~ 6 %.

Thecubic model for thevariationof ¢’,and " ,as
function of decimal moisture content (m) provided a
poorer fitting as compared with thesimilar quadratic
model, but thetrend of variationisthe sameasinthe
density-dependent models. Asregards the moisture-
density dependent quadratic model, none other than
thethird formulaprovided accepTABLE datapoints
for computed val uesof m, and hencefor " for differ-
ent computed values of &', corresponding to different
vauesfor bulk materia samples, though seven different
dielectric mixture equationsweretried in the present
sudy(Fgure2a). However, thetrend of variationissmi-
lar asabove. Asregardsthe plot corresponding to the
cubicmode! form (Figure3b), itisseenthat dthough
thetrend of variationissimilar asin other plots, acriti-
cal computed value of m, (= 0.35) isreached beyond
which the dielectric loss factor becametoo large so
that it overtook theré ative permittivity and then con-
tinued to be ahead of relative permittivity for subse-
quent valesof m,.
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TABLE 3: Compar ative Performancesof different modelsfor
thevariation of rdlativeper mittivity and lossfactor with mois-
turecontent of spring oatsat 24°C and 2.45GHz

TABLE 3(A)

, Prasad - Singh Model
Nelson S model .(N.M.) for (PSM) for relative
relative per mittivity

per mittivity
QM c™m”™ QM CM
(] (] (] (]
3 g @6 3 g ®5 E g &5 E g &5
52 25 52 b g2 %5 52 ¥%
¢>N<\fo\° ¢>N<\fo\° 5_>N<\fo\° 5_>(§\fo\°
181 - 1.82 - 152 - 1.62 -
1.96 - 1.95 - 1.68 - 1.78 -
2.07 0.9956 2.06 0.9955 1.80 1 191 1
221 - 2.20 - 2.02 - 2.09 -
229 401 228 385 218 6.08 222 319
2.40 - 2.40 - 231 - 2.31 -
2.58 - 2.58 - 2.49 - 2.42 -
2.61 - 2.61 - 2.62 - 251 -
2.70 - 2.70 - 2.82 - 2.61 -
TABLE 3(B)
Kraszewski-Nelsons Prasad - Singh Model (PSM) for
model (KNM) for loss factor
loss factor QM CM
(] ) )
B g g5 8y 85 8¢ &5
g2 325 gz 38 gz Ib
g j\f X g Nif X g Nif X
0.071 - 0.115 - - -
0.068 - 0.139 - - -
0.091 0.9929 0.157 1 - 0.9936
0.182 - 0.184 - 0.163 -
0.204 14.96 0.205 5.94 0.198 12.09
0.273 - 0.219 - 0.223 -
0.261 - 0.238 - 0.264 -
0.261 - 0.255 - 0.300 -
0.283 - 0.274 - 0.353 -

*Quadratic model, **Cubic model

In case of m -dependent quadratic model for ¢,
and ", similar tothem -dependent quadratic model, it
wasfound that none other than thethird formulapro-
vided acceptabl e data points for computed values of
m, and hencefor &', corresponding to different com-
puted valuesof ¢’,. Further, thetrend of variationwas
similar tothat for m -dependent quadratic model. As
regardsthelast mode i.e., thecubic model for thevaria
tion of computed vauesof &', and e”, corresponding to
different valuesof m (computed), thetrend of variation
issmilar tothat offeredinthe other modd sand thefitting
wasexcellent over theentirerangeof variationof m.
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