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Abstract

Project Code : RSA5680056

Project Title : Microwave/Signal Processing Applications for Rubber Latex and Oil Palm
Fruit

Investigator : Mitchai CHONGCHEAWCHAMNAN Prince of Songkla University

E-mail Address : mitchai.c@psu.ac.th

Project Period : 2 Years

Keywords : Microwave, image processing, rubber latex, oil palm, heating

This research presents a microwave/signal processing technique which applies to rubber
latex and oil palm fruit. Three subprojects are (1) to develop a mathematical model to
detect extraneous materials in fresh rubber latex (2) to develop a technique to classify
ripeness degree and determine oil extraction rate for palm fruit and (3) to develop a
mathematical model for palm fruit and palm bunch to design a microwave sterilization
system for a small-scale mill. Three main outputs from these subprojects are (1) a
portable DRC measurement system equipped with a smart alogorithm that accurately
determines DRC of latex even the latex is contaminated with powder or potassium
carbonate (2) a portable system that automatically determine oil extraction rate and
ripeness degree for palm fruit and (3) a design of a continuous-belt sterilization syetm for

oil palm based on microwave heating technique.
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ﬂﬂmqmauumaamLwasummvl@aLaﬂmﬂmaamma DRC @i 9 7 lidansidanusingnsn

= A o A o @ val a X v a o
URIILID WRIWILATDIIA DRC 1%0’]%1%3\]9']’]”L'ﬂUﬂ@50@30%%LL3$@53%3@%3\1T\U%’]U’N

ad A @
2.2 V]f]jﬂ'{]ﬂLﬂ g3V

2.2.1 1a39839089N9INEAININENS
by ~ A & . = \ o Aa
e Jguant@iduminaanasd (Colloid) ayninnidsniznsagludanaisnd
dndudrndsznauniaNifondn win (Serum) ayniasivainadusrinaiives
lalasansueuniizeniaaiiii 1, 4 - wedlalowiu Niilawsaseluenawuuda (cis - 1, 4 -
polyisoprene) @437 1 Usznaudisaniuan (C) 5 azaau Au'lalasian (H) 8 avaay 1Tu

uauaiNas (monomer) va4lalowin (isoprene) danudrwinannidumulaluanas [2]

CH, T H,C _CH, T

| - c=cC N
CH,-C=CH-CH, |_|3(3-’f ~H
Tolaniu (Isoprene) wodlolwwiu (cis - 1, 4 - polyisoprene)

3171 1.1 g@ﬂma@am adlalanIulazwas o lawsu

o

HETITNTANRAFINVDIFINUITZNAVAIANTIIN 1.1

= . S
@130 1.1 FuznauvaIisIza

asalsznay  OHGE

Rubber particles (cis - 1, 4 -polyisoprene) 30.0-40.0
Protein 2.0-3.0

Water 55.0-65.0
Sterol glycosides 0.1-0.5
Resins 1.5-3.5
Ash 0.5-1.0
Sugars(Carbohydrate) 1.0-2.0




. A A ca a

fuNtduen9senaadi DRC yaunNIALIN (cis - 1, 4 — poly isoprene) Uszunm
Josaz 30-40

2) &uflulgens (Non Rubber Content) tuansan e 7 laildans danvusznavdis

WaNUTRe 1% 1U3Ew 1 arsu a3ty laiase lusietagas 60-70

222 ﬂé’ﬂmsa:ﬁauﬂﬁummﬁga
mmwim:ﬁnmJaoﬂﬁumwﬁgomm‘“a@;ﬁaﬂmaaawﬁ@ mﬂqmauﬁamaﬁa@!
AINANNUANANNWAIEFINA IAARBUIIFIBRENAUNAY wasvinliAaaantluaIna1Iti
a v @a A ' A L % A o o Y ) A
AZLALINWALARWUIFIBNRIANTDRINWITN M TwEnaanandle nsazannauuinnia
v n&, s 1 6 A Qanql' 1 6 Aa annql' s % a qq:
WOUUBNUANNDINDEURNG (1) ULAZANNAINNGIA (&) VAIAINAII [6] NUb AIUH
% A af [ . - o a af ' ' . .
fNUIEANTN1IREN 8% (Reflection coefficient, Fb) ey RNUIEANINIIRINOW (Transmission
coefficient, T?) YaIARUNUIIHIDLADIZNINNAINANNININIZTUNBINUA 4 LT € VB
[ % d'l VL 1A [ > nﬂl b A a qq/' [ = a
1wQAINANY AduAzlAansaziawnauLila I'° = 0 niaanasrissasainaraiusiia
W@eIN® A1aaINEInAAWIY (Standing Wave Ratio: SWR) 32LTINUAR WIS o WNALNIN
A o A o & A A Anad . @ & @ & L
Wity nydleananandsasdaunestazdifawinnu (i = py) TIuaadinaanatsi b

TRQUNIRAN Yinlw

SWR=\/§_: ;£1>£2 (11)

1AT98 19N INBATND BTN 819N ILNBUAIBRRITA9 "l&iLﬂui'a@;LLstﬁﬂ 39

ﬁ’]&l’]iﬂﬂizﬁlﬁﬂ@ﬂfﬂ ANNNTNFNNNT (1.1) TaNARDUAILUTNIUE1ILAT LA UAZRINITRATIR

v
aand

A 1 S : ' S A, ca A '
geNUmd auslum HLNTIZAIAL TN ’P]‘lJﬁﬁ'ﬁ‘Ylﬂﬂ El’]\‘]l%%’] HINUATNNBINNAIANLLANAT

2.2.3 dwatiadIfuaIgsns

1 6Aa AA & a a U A 1 o a o a

anwasiaI AL uUTuI N9 IR LT ITan JIu0IA13 I BITILAZIIUIUIUANTN
FrwrnaTiunuquantdanuiduladiaaain (Dielectric) 1Tundindrnsfiladiinain
(Dielectric constant, &, ) ﬁimﬁ‘hmuﬁu@mwLmummwvlsjawyitﬁmaamwmﬂﬂa&aﬂ@l%n
A & o ° Y a ' a &0 a P
Fannnamaugimanini Wi lduazazifoniiuduannitidingyidssasledidn
@30 (Dielectric loss factor, €,) aasiduladianasnfoaansi lsarsilnd wu o9 uia
YO Lﬁaﬁnmﬂ@SLﬁﬂm%ﬂ"LaJma"H‘s:M’m@”aLﬁﬂﬂ‘::ﬁﬂﬂﬂﬁ Ybadlanasnazvinlwainu
AN IWRITERI I UBANaaad  TulanitigTlaaLlanasngaITia laun a1TladlanaIn

A& A e A & a A& I A & a A& a
wuufaauazuuulaidan ssladianasnuuufian (Polar) Wuanstadianasngedlalna



Tutundn13 Wil uuua1as (Permanent dipole moment) 1laansladiinainuuuiitiatlu
sl azfianszsesvasluanamufiansvasamnlWingazdf 2

®® A oo
S>> DD
QQ@ S OOD

E=0 E >

311 1.2 T LABLANASALLUNTN

3ladanasnuuy it Lﬂums"l@'é‘l,ﬁn@%ﬂﬁl,ﬁagnmﬁmﬁwmaumﬂﬂﬁwmwaﬂLL@T’J

9azina lalwalutuneanie bwwn @T@gﬂ‘ﬁ 13

QOO

OO0
OO0
OO0
OO0
GOOOG
OOOG
GOO®
jeleee

I000
-GOOG

311 1.3 ssledidnasnuuylaidsy

v & o AaA A A& A o & a A & A a SR~ @

asuwiagnddinafladidnaingsdaiduiag ladidnasniianauduings swnsnnn
otz i s i@ dasiledidnaIndsdanisanumunialundaiioad
vasluianaaufianivasswin i drfvananuduauwiuaziSundidladidnainines
a AAd‘y . . PO 1 dl A« a | 1 d'u/
1a@36 (Dielectric permittivity ) lasaasn ladianasnidua1NiaanuaIuTa bl ua15asas
wasnuswN Wi uazdnigyiissesladiinaIndudindaanuaansalunindfou
Wadn W Nazauduna s uanusen [31], [32] mm‘mmwﬁ'uw”uﬂugﬂmaaaumiﬁ
1.2

e=¢" +je'" =¢y(e) +ije) =g (e} +jwi£0) (1.2)
e j=v-1
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&, Ao AMnasia@lnvasanna (Permittivity of free space) fenivinAy 8.85x1072
F/m
1 A 1 d' A a . .
& fB faIn ladLanasn (Dielectric constant)

1A ' a a a . .
& A ﬂ’?ﬂ’ﬁtﬂiyl,ﬁil?ladvl,@mﬂﬂ@liﬂ (Dielectric loss factor)

A13197 1.2 et lasLanasnaa9ass [34]-[37]

CGAR] dnsiladiinasn
Non polar 1-20
Semipolar 20-50
Polar >50

[ [
a a

ai U ni 1 =Bl A A& a l; 1 1 nid
ANANTTNN 1.2 amgﬂvl,m'mmswvlwma:ummw"l,@amﬂmﬂmm’] 20 EIURRIINATIL
Je1aaNladLanaINIINNI1 50

A19191 1.3 A1AIN IABLANAINUDITDILKA

a13 aasfiladi&nasn
Water 78.5
Glycerol 42.5
Methanol 32.6
Ethanol 243
Acetone 20.7
Isopropy! Alcohol 18.3
Benzyl Alcohol 131
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2.2.4 dwasia@IauaIin
Y o & o o A & 'Y A Ada 4 =< ,
idusssiuginireynidussddsznaunanesfeddiauazluiiens msdnwnen
€ana AaAa 3’ di o a 6 di di Qs :‘ (3
wasiaaifuasinieszsunninlefursdanngmsalileadullannsznunusiensld
S a ' a ~ Ao Ja = ¥ P
mwmﬂamuzmamu:waﬂﬂummmmfﬂmmaamuz*’naaLﬁaasﬁaIuLaqamaauw vl
Ao & a A C & v A&
Imaqamm Tasazaauvadsaandiandiildwaulantay wazazaanvadlalasanidanin
UINLRNaY ﬁoﬁﬂﬁﬁ’]ﬁ@hmﬁ%§L§ﬂ'ﬂ'§ﬂga A9 ﬁﬂuamuzﬁazLfIm”a@!"L@SLﬁﬂm%mLa:
fanaan badLann3nuinny 78.5 [33] Iuanﬁa:QM%Qﬁﬁaa Imaqamaaﬁw:ﬁmw,azﬁ]”mn
A A oA @ % A A :’ & =
wu s dnenig u,mLuavl,muaum"LWmewmmuﬂaumwmga Imaqaﬂnaamﬂa:amsm
@Tamuﬁﬂmwaaauw"LWWm”ﬂugﬂﬁ 1.2 @151N 2.3 keI NDuaTUsznauniaiaan
"L@SLﬁn@?ﬂgaLﬁmﬁsmﬁwaommﬁu

2.2.3 gunsnBanlafiinesuuunnnase
LwﬂTuIaﬁﬁmaulaﬁ%ﬁmﬂ%’lﬁﬁaszuui’@LLumaﬂ‘wa?w%aﬁsndwqﬂnsﬂ%ﬂanh
Jinosuuuwnwada [91111] 2asmduwsaslulasnuuuniadn (Passive) [12] ATanau
sxiaunauaniagiasululasnllannsznuussutasnnudvasdygroliinfasiaun
AN AEIA8799303295 U899 (Detector) Nﬁ]i%ﬂwa%ﬁaﬁ@mi’ﬁ’mmmﬁgaﬁay
é’dgﬂﬁ' 1.4 dsznausie (1) wnssdudasugimlalasw 2) lassngWiuuurnwesa
Laz (3) 299309299UMRINU 4 2993 FygImINunssiiesyyimlalasanaldan
ﬂizﬂuﬁ’uf@]qﬁwafmLm@{vgmaﬂmmhﬂvl,wﬂmuumwai(@l LAANIIRZAUNAULASNIZUR
Wasa 4 é’mumuﬁmﬁvlﬁﬁ)mLm@Tvg‘nmamwimaﬁﬁuﬁwéﬁmm:daLﬂTﬂ"Lﬂﬁanadﬂamm@L§mﬁa
AN IBANE ATIEI Y DI A I THA ABRE T D WNAUNU AN RSN UARBAFINUAEIT LT AR A
gmsulasstneWiuuunnnesaitdszneusmunsoda s uainisaTnadnuuu i 9
RAMNARLTHA LT mmdu%ama@;mmu (parallel-coupled line: C) [28] 2923uU4/3201N89

HEIBAMVAULLIRN WA (Wilkinson power combiner/splitter: D) 2ATULITNAINBULLA
18134385 90 a9en (90° quadrature hybrid: Q) 2933uL9/TINANRINBLLLLFUSA 180 B3

(180° hybrid: H)

N BN N
( s )|
\ _./ ()2 (D)

RN AN

a a,
JE - Six-port Junction —| DUT

:a:'].l“?l 1.4 Iﬂi(‘l&'%]x‘i“ll@x‘i’lx‘i"i]i%ﬂW a3


http://www.foodnetworksolution.com/wiki/wordcap/%E0%B9%82%E0%B8%A1%E0%B9%80%E0%B8%A5%E0%B8%81%E0%B8%B8%E0%B8%A5%E0%B8%82%E0%B8%AD%E0%B8%87%E0%B8%99%E0%B9%89%E0%B8%B3

12

1n3Uf 1.4 weda 1 (P1) deagiuunasdrsadusygimlulasan weda 2 (P2) de
anuiRgNAReY dunaia 3-6 (P3-P6) Lluwaianildiadasnulniuiadiuimnidn
e a Ag v A di = dll v N ‘qu/ 1 o a Q€
sulsendnsasvion lag a; Aenduannizny b; Aenauasrion aInuaAIFNUTEANTANY
sazviousadimgnase UM ldandanaiusznininduanniznuinesa 2 (ay) nuadn

Reviaunnesa 2 (b,) niaduwmdusunmslaasaunsn 1.3

=%
['= B, (1.3)

A A

v 1 6 dl v g = a 6 s
b Wﬁnsmﬂmoaﬁwamwwﬁ UVLWVq\T’l BUUANNDIANRINNIWBICUNIIULADINTIZIN

=)

NIUNFNAUTIUIAINUBBIAAUANNTENY a; uazadussion b, inadalag wasala
o @ & A A v & o I
NAROUMAINU (Wa3a 3 4 5 uaz 6) azlilnduannizny aimududsndunmieds a,uaz

J v U a 6 s v gl’
a, TmanTautrumsiagltnindieesnszaanseans laasdh [29]

bi = Si1a1 + Sizaz s i =1,2,3...,6 (14 )
¢ A o
ANwasan 2 azla
a, = b2=522a2 (1.5)
S21

Ce

Py ' o a a% v A 6 o A 3 . ' . aZ v ' . a
Wassudszandacnaunwatalanansznan (I) viny S WAWNUAN ap = b,I, a3uu
2

U s

o % ' 6 a i g
aﬂJﬂ’]iﬂ']aﬁﬁ'T%l%LL(ﬂaZWai@la’]&l'ﬁﬂlﬂ] qul Jh

P; = |bs|? = |AI} + B|?|b,|? (1.6 n)
Py = |by|* = |CI} + DI?|b,|? (1.6 )
Ps = |bs|> = |[ET} + F|?|b,|? (1.6 @)
Pg = |bg|? = |GI}/ + H|?|b,|? (1.6 9)

JUNNT (1.6 1 - 1.6 ¥) WUFNATURAIANNFUNUTVINaIAN LT I uA1 I iad w1289
{ = \ A A &
Wasa 3,4,5,6 laufl A,B,C,D,EF,GH \Jud1niindinasuesisasnnnasa Saanaitazni
>3 = n:i v = 1 Qs a ng v . tﬁj ;4! ada
WNNMIUTUIAELI99T WalaasnaeInshaasudszindnisasvion () Tandkaluitns
WKaLABYaITasNMIRAanIlEITawaIng
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3. NINAFDILAZHANITINARDY

' g a o Y AR A o A o A '
Tasanistiandh fulmunegarinofedanainuvedniesin DRC NuieUsziiiuen
DRC 1%‘11’1EI’NVLGTLL&iuﬂ’ILL&Tﬁ’]EJ’fo%ﬁ]:QﬂLﬁaﬁ’maa’]iﬁvl&ﬂ”ﬁl,ﬁamd fIU FR1INALTART
2‘ o A Qs dl > v U
TwiingnsazinrualdangadainneaInsindssinalnainazlflunslaan laun Yuanauaz
LIV w”aaam”whoLﬂuamiﬁﬁmgﬂ WITaladNe ad%u BaTalun1IniInasadle
Tassnistagiilsznaudae

€A

Qs o aad :‘ a '
® NITWABILUUINNDILNDINAIAVBIWIE1NNAT DRC @139

° msﬁm:nwamnﬁuLLﬂasJ”uLLa:gumﬂuﬁﬂma@iamﬂ‘%mmmaal,rﬁa (Total solid

o

content : TSC) NNMAILURANAINNNITALUAY

=3 6a aada :’ ' dll a L ai
® nAENEINAvEIWETIaATIAYaINIL1 1w Waln vy wuleiwuazy wunafn
DATIRINAN

e 3 fanada g’ a '
3.1 MIWRIUILLLINNDILWDINGAIAVDIUET1INAT DRC 614 9

ANITNAWILLLINR I HAAIRATVAI1N L9 I ATINIIHITWAUIINNA NI TAT A
90/ A [ a 6 o Qs dl v 1 U o v dl 1 o
pashenedaduninidmeidnunelwinnlandnldus lumadaniiwen  wuudieas
AAANFAIATWAIUIANANATHAIAVD I 819N gﬂﬁ 1.2 LRAININTWLEAINITIA
Lﬂ%ﬂd’imﬁzﬂmafﬁ’]yé’@luﬁ'ﬁju HP8510C L[Wa1a Wradsnanniandnlulasanain
A'l a 1 % A U dll >3 fni A 1 d'l nql/

Lm:aa'sLﬂﬁ:ﬂmamna@quma:aiﬁaﬂauatymﬂmgﬂsﬁwuwmmnma6] ARUKIE
RIEBINTULNBTINY AR tHaaawUNTENUALINE199 TUNIEIUY 0 IR ALFEY D%
navlunlwtudasde aauRaasuazranduIsUIzuIaNaz A UAIAARNRZ AWNAL T
ludrwmduweiliadrfvasinsininasey o anudeeg U7 1.6 usasnwdions
[ dl A dl >3 ] 6 A Aagl/ 3’ ‘: 1 a 6 a
Ia29LnTaslaNalaA W@ iavestiens g Wo1azlgluiininesuasd
maﬂuﬁmas’f@qmﬁgﬁmaaﬁwma ﬁﬂmas’a:mﬂudnEjuﬁﬂﬂnl,ﬁaﬂauquqmﬁgﬁﬁ
o [ A & o & & A > A A o & o
@29n1330 AaNWILaaINLTaNdwI Tz TaNdanUIIaIlaIaNIUuNeINIANIAI3 1% GPIB

(General Purpose Interface Bus)

LASRNIATIEALATINNY | —m — —a ]
e . o — — | Wsuwumedn | ___| wew
AL UIIR
o e — — > fAnwesnau
ADLRILADS

= % . A A A o, ca aad &
E]_I‘YI 1.5 HINTWVBINTITIALATDINBLNDIAANUNDINAAIAVDIUENI



14

=)

JUN 1.7 ugaanwd 83ia3ALT9Tawuadth1819NA1 DRC 60.80% (@),

a

45.05% (A), 37.79% (®), 23.25% (M), 1Ngunuih (+) Ngaannd n) 10°C, 1) 15°C @)
27°C WAz 1) 40°C lasunuuaudadl we' wazunuaifodl & a5 lavasniig
gunnd 27 svmadasidunsiiFuassdanusuider ameniionannnsdl
ANNFUNUTRINTINAL DM AUA TIFDIEIU LARTFIUTBNFUATITUA N LFUNUEIYY
fuaaslusUnamusaaialiiiudunsSudundiuveaduasslidnanutudoni ns
nUnngawanduidaiuuazinnutundranuiuiiazananmsnyuadluanasii
v d. e L= dl 1 L v v A I
meldzuwyWdnudsEununaifnuandanuaadgnwiIafey  annulIasauniadn
' Y Ada A . = [ !
nauluanaiindssz uazdnamwniadunguluanavasihfieglnanunduagniaens
wazldaTudniwannusanniziianeynianelt aauu uuudiaeannenIniag
ITaweanesiadiavasinenslassdaaduiuuiiaasuuunauaaioni (Double
relaxation model) Niafunuanwuznwyuvasluanailugwnliinaninuaadand
AanuaaInItiasn lauanuwas l3Teen  Usngnisalinmemeniwdagusasindaas
aXa A A ¥ o PN A ) . .
nydiiAaaadsnluenainaisaraiuficrasauwia Wi ndouldn (relaxation time)

A ¥ ' ' o ° ' ad &
FIANIRIBAFAIAMAZLANANINY  LUUINRDILUUHAWARIENIBRINITOLRAIL D UFNNT

@

laaath

Agq + Agy . 04
1+jwt(T,DRC) 1+jwt,(T,DRC) ]wso_d

e (w,T,DRC) = €4+ (1.7)

eaa

SanNEol &* unuawaidaalavaingng

v
faaada o A

€md mehLwaimm@maammmmmﬁ'qa

04 e Infwesingtsf DRC ANAg

7 ﬁa@hnaN'auﬂmﬂmaaIwLaqaﬁwﬁaizluﬁwawo

Ty ﬁaﬂ"]L’Ja’lNauﬂmEJ‘IJadIﬂJLaqai{’lﬁa%Jﬂﬂﬁﬁﬂﬂﬁjﬂﬁ]kbﬂ’]ﬂﬂ’]d
0q WNUANWATIAAIAVEIDINIATIN

. a A4 @
LR J BNWRVIBANIWDININY V—1
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Slim probe

- —> Beaker|

t:i ' o A = A o g 6a nng g’
Eﬂ“ﬂ 1.6 MNDIYNIIALATDINDLNDIAANLWDINAGIAVDI UL

qmwwswﬁma{mamUnﬂwmaaﬁﬂmavl,éﬁm €.404 T1 Ty #ien DRC wazgnndananuas
ldannsdszyndinafiamadsuiduldsnnsunisuuudiaeidenaaioninunguaden
Lwa%ﬁﬁ%ﬁﬁi’@wﬂﬁaq@mﬁﬁmai‘mamalmwf'rgﬂ@”auwmuﬂum@;wa LRZNAVDINTT
Usudnlasladaulszaninisud i R atjlu79 0.96-0.99 wana N 1o un e
ANIITLAD NI M ANAELUUI R IHEUAMBLULNG Uaz AN TIWHALWINW
Cole-Cole I@mﬁmﬂﬁ'ﬂﬂﬁjud%was’ﬁ@aﬁ?ﬁaaﬁwmaﬁi’m%wﬁgﬂﬁ 1.8 njunawiwas
f83a7saldasslndldnetunuusiaasfiinanann e mmmagﬂ"lﬁimuuﬁmaa
W

BUART m?ﬁusiﬁ;"qwmmmﬁﬁm asmImenwanansnaiuneiin El’]\‘]vl,@T

100
80 &
+
- 60 | *
W ! &
+
40 * L ] +
A‘o '- ++
20 AA.‘Q.'.I +++
NN
0 1 1
0 5.0x10'2 5.0x10'3



8”

100

80

100

80

60

40

20

5.0x10"3
;+ +
+
| +
i +
i. +.
%,.' . .,
A . - g
Ay A * ,."l o
AAA{AA::’O... -
\ “‘ ()
0 5.0x10'2 5.0x10"3
4
n&
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100 ¢
80 |
[+ 4
ol -
~ i +
-.LU + .
b 4 *
40 45.’. . .. p + " .
‘A - D [ ]
20 ““A-:A::‘o:.'
A
0 1 1
0 5.0x10'? 5.0x10"°
mE,
d)

gﬂﬁ 1.7 wadteeienlasianasninaiinsauaasiiensiien DRC 60.80% (@), 45.05%
(A), 37.79% (®), 23.25% (M), isunui (+)I@Ul“ﬁLLUU?ﬁ’madﬁuﬂ’]iﬁqm%ﬂﬁ n)
10°C, 1) 15°C @) 27°C uaz 9) 40°C

25 ¢
T
-' »"”—-‘"\’\ ~
v’ Y L
g BT 8 Ak, A.\ W
i LN N
10 si B Nt %% e
/‘ O ! %
o
5 |
0 1 1 1 L 1 1
0 10 20 30 40 50 60
/
e
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-’ R
IS R . i\
0’1” *\‘\A \\
',’ : I\Q l. \
‘A"‘ ""f- E ‘\\ i N
PN e
A : A“ AN i Vo
i "\ A ““ lz \ I'
] \"

10 20 30 40 50 60
8,
)
nthfia g
u ' A ‘\
L 2% t
0.,’- '*\’\ -i‘ -
. i i
A‘A‘“ﬂ\ * i ‘\‘\‘ E
Toen N L wd
A & * \
7, % \ 5
.6\" A
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25 ¢

® A
R .y LY | *
' 3 H ]
% e
-~ 15 B :' “3A i‘\. i
LU A a l\“ * \'\ g

h .‘k\ .‘ \\\ + ‘ .

10 = E A‘\\ “\ E \\ F
i ‘\\ ‘\ i ' :I

e S A, o d
: Y, 9 n
é
s | W
0 1 1 1 1 1 L
0 10 20 30 40 50 60
/
&E
)]
gﬂ‘ﬁ 1.8 HaNIINRBIAILLLUIIRILLLKNaUARENT (Dash line) WIsuifisunuaLNesS
Jadsansalda39289Wn197 DRC 60.08% (@), 45.05% (A ), 37.79% (® ), uas 23.25%

(M) ﬁ'qmmﬁ (n) 10°C, (1) 15°C, (A) 27°C, WAz (3) 40°C.

3.2 ﬂ’]iﬁﬂ‘h}’maﬂ’]ilﬁ&lLLﬂG&ﬁLLLﬂ:H%T’]’JI%fL’]U’M@iE]@i’]ﬂ%il’]fLL?JE]GLL?‘TG (Total solid

content : TSC) NARORAINNNTALURAI

p v . S e e a ¥ ¥ I
Wasaniinensdsznauie 3 @udianfe s e wasdwi ldldong sesaun
Lilsengasdtszanmiasas 1-2 1¥i1%w MnRaanaztduiin uaztihas1d @1 DRC Tuiingns
RIUNINWT LAANNBATIFIWIZHINNNIAVBILHE A UALNIAVDINT 1 DRC gouaaaind
& A ~ [ ¥ A 9 & A A
UIBVDILHDLIININLE AL UNUNIRTEINT NIINEN FRIIN bl lrendlutinendazinunantn
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(Corrected Image)

s - P
Wanduyaisedvosginsal
(Device profile function)

I
I
|
|
I
|
I
I
I
I
: Wandurawsdvosgnsal
|
I
I
I
I
I
I
I
|
I
I

(n) (V)
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3.2.2 ANHHEFVDINALANZAUUIRNINN
o . A & & A A Ada A \ =
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A 2K A ™ o 6 o [ 6 2’ e A [ A 6
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a A d' % 6 A < ] [ A ni % di 1
ssfdpfllunisuansiussdaduundondinuuesnsigaduaiuuaslugg 430 uas
670 WlNAT WAlITUauAL T URIIRFULAIRINITDRNALT UENT LT laTANSUB WS INI LA LI
v aarn-ualsfin uer we-ualsfin  dmdbsedagiugiugariofouaulnlomiiu
. 8 ad & | o A o o & o
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wRIlaeing 530 wluluas
’Lummzﬁ'waﬂﬁuﬁwé’aqﬂﬁomelugﬂﬁ 26  USiaeslulaesaazanadnazay
wWaswldidunsanfwa'lse (Glyceride acid) #anani YSunmaaalsiasnanaiasyinliana
& A A & v A o A ' A
thauasunnndenduuasdudsazgngaduaiuluing 430 uaz 670 wilwwas e
o a A ' a a . (Y '
WisufisuAuada (Hue) G9atun3nsl HSV (Hue Saturation Value) W& WUINEUDIHA
6 d' I = 1 Aa £ [ A =
havazddouudaslugie -10 89 70 a9an wazdA&@F192 g 0 asen (Faduiuas) n
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3.2.3 msﬁ'mmmzﬁ'ummqﬂLLa:V‘hmﬂﬂ%mmﬁwﬁ'umaamaﬂﬁwﬁm"’u
ﬂszmumsﬁ'@]Lmﬂsz@”uquﬂuazﬁﬂmzlﬂ%mmﬁwﬁ'u‘l,uwaﬂﬁuﬁm”u (Ol
Extraction Rate : OER) ﬁ%ﬁmL’%'uﬁumﬂmm”@mez@”ummqﬂmaawamﬁwﬁm‘”mﬂu 3
32U Lﬁiaﬂ”@]Lwﬂim”um’mqml,a"s naawsazaellgInTzuInn I s SN asinain
(1) mei']aaamsu,ﬂas:@”umwuqﬂmaawaﬂﬁuﬁm”u
luﬁ'aiaf:a:ﬂdnﬁamsaémLmuéﬁﬁ'@Lmﬂsm"'ummqﬂmaawaﬂﬁu (RDC) lasld
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NNUN 2.8 FAv09HaLAN (Lateral hue) gnuiitaanidu 20 &% (k=20) auuw?
mmgwaawaﬂﬁwLﬁammLaﬁwaa@hﬁﬁﬂuuﬁia:dm INBUNAANTIZRIG LU Iaaa

Q A g ] 1
memuquﬂmawamﬁu (RDC) mﬁﬁugmaQuuimamUﬂizmmﬁﬂmmuﬂau

Muningadaleas (Two-layer feedforward neural network) @ﬁua@ﬂugﬂﬁ 29

wl(1,1) nl(n) al(ly  w3(1.1) n3(1)
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deao 1 \\'3(3.3(1‘ -
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31N 2.9 lassuzamifisudwivdausnszauaugnuaInaisy (RDC)

m:mumiﬂ”@mem‘"ummqnmaawaﬂﬁmQ:Lﬁaﬂlﬁmwmﬂsm’mLﬁﬂmmu
Faulaluas (Layer) 7u1a 30 Liua (Node) lugﬂﬁ' 28 uaaslassanafiniiana
UsznauaIsLaluasHaans (Output layer) 3 I%u@mmhs:@”ummqﬂ leun gnian (L-
Grade) U14nad (M-Grade) Uazgnan (H-Grade) TeAUAMNENTBINALNANLILATIZHN
Wafka “winner take all’ s’fjaLﬁaﬂmﬁmﬁfﬂmaaLaLya?waé’wﬁﬁlﬁmmﬂﬁq@mnﬁmm
Amnaldainminuasnivasudaziawaiae al, a2 LATIZAUANNENVBINALIAY ¥ 32
smusafianuladnauns (2.5)-(2.7)
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al = fA(Wlp +b?) (2.5)
a’? = f?(W?al +b?) (2.6)
y = index(max{a?}) (2.7)

o fLf2 fewsrdudnuesduaaniass (Sigmoid function vector) T89LaLua Tan
LASLALUDINAANT

p Aonniaesuesiiivesnatsy (W1, W2) dawasndainninveaawas
TOULALLALLDTHARND LAY

(b1, b?) AariniasenrinninvasiawoTTanLazLal o TNAaNE
A1 (W1 W2) uaz (b!, b?) azdmaannssniinsiiuuiiluy SCG (Scaled Conjugate
Gradient Back propagation training process) HAFWSA1IzALANNFNVAINALNEY Y 22N
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3.2.5 N3zUIUNINWIE OER (OER Determination Algorithm)
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ﬂgam@ﬁﬂfsmsﬁ'wfauﬁamﬁq@ Qmé’nwmuﬁuﬁ'ﬁwmﬂi:ﬂqﬂmﬁl"ﬁﬁamﬁﬁa LRZANAINNBNAT
2898v89HaLNEN (Hue and Saturation) 783nWHALN AT HUSII M98 20 USIBE 9

LLa@alugﬂﬁ 2.10



45

Whole fruit 80 (
. - * -
= =t o
é 60 l'. ]
g T R
© w PRI EY law
Te * § 04 1
v [TTrTTTTTTTTTTATT
20 -:‘? 02
! . : 150 o -=I'u 0 0 ‘lf'm 150
S‘atv 0.5 . = 0 50 ]“0) Hue (degree)
g 750 518
o 0 Viue (@8

3111 2.10 AFLATANNBNAIAAY 20 fIUVINAUNANTIIINY 30-73%

ﬂiﬂWlugﬂﬁ 210 WU ﬁmsm:ﬁnséﬁmaaﬁagaqmﬁaomﬂwamﬁuaQ"Luamn
[ ~ ] [ i d? =3 o va £ 6 A

Ln@aauﬂmuqu"l,wvl,@ W WRY  ANNTU YRY mmlvxmmuumawamawiamagﬂ
TUMIK  AIRWIILLINTRTNAN B U INALNANa o N T UAIEIW &IWN 1 AZRINTKIN
= A o Qv a A af 4 o X A&
ﬂawawa‘nmﬂfl@m"l,wl‘ﬁm@migmumwﬁwwuwiﬂUﬂizmmmﬂa: 35 VYAINUNNIRNA
é’aLLa@d‘lugﬂﬁ 211 WazEIUNFaIfa fIUNALNAUNIAAE  INMINARBINLIT AR
Ltﬂiﬂsmmaa“ﬁagaﬁ AMNANGY LAz USINmnNwNIe e nNatauaIwnnauLtInaa
U IEIRIRAITUN 212 asin WINTUAMIUYN W 8US U et a1l a N8 82

v a ' & o A o ] a a
aammm’mmagamnmmmmwamamﬂaummumd @]\‘]LLﬁ@dl%ﬁNﬂ’]Tﬂ 2.8

= > B ' '
nauwa \' ‘ o /“— Wuidman
&

s 4 v - (bottom hue)
VU laonae 5000z 35 T ”
Aogalaanaurasena

3 2.1 wamﬁuﬁgﬂﬂﬂfl@ﬁmﬂﬁuwa

65% of fruit 80 (
(top hue & saturation) * . ' "
—~ - b . i | |
2 60 ’-‘.i [N
< ‘ g -
= AR 4 =
L] - -
O 40 e ... g 04
oy " “ 0
. -
20 o : N
1 — 8’.-‘ e . R 0 S0 100 150
o2 150 Hue (deeree
%{? 04 . S “ 100 ue (degree)
0 O -
‘g, s0 ° ree)
l 0 e deg



46
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OER= Poo plOHave + pOlSave + pZOH:ve + pllHaveSave + pozs:ve (2.8)
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fRIUNTELIRMITATR 3219 JAMA unanlunisdszuana lasldinafianis
AenziuuunanasdwiusunIzareivesguUnol (device profile function) FIEWNT0AN
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ARM 11 uanmﬂmsaﬂnmmsﬂszmawa@hﬂg@ﬁﬂé’lﬁ SIMD L& NIENWIHAIILNBUR
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thdushadwduimasgfiananauisaliuTainaisiuunnigadiafisuiuis
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Inafituasunislininusaudiauiigu 2 358s n1meathauiidudianiszne uaznis
auwhsthaushadudsausaua laanuaulaslslwdusonds (53 tonsuniiueg 2546;
HIEN Naazd il uazamte 2528; WITL (nRasannindd 2523) nizuaumsliauien
a9na13 1935 5530a M3 1 (Convectional method) N@1AENA LNANTENENAINTDBULLAITNN
anutaudunan ag191908 suumatornnfyTynidsayfa Fuddoszeziia
Uszangnin (dwasanud) uazldnfanalifquain wislisinaue) Gran laniazds
2548; Drouzas ety 1999, 117-122)
A Y ! . . a
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2. NSDULWIAANTIIVY
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& ) o Voo A o o @ a ~ o ' =
maulﬁgﬂ@laaLmummmﬂmimmymiaﬁmﬂﬂa"l,ﬂmimasuwaomuammmmaniﬂﬂw
Lflu%é’amumwﬁauﬁamiﬁnﬁami@hmmuéﬁaaaLwafﬁ@]‘iﬁﬁmﬂﬁ'umawaﬂﬁuw‘”mjm
1 =3 A J 1 a 6 [ ai a 6
WA (AR Nzan waztUAanuan) Juagnuwiniiass & AuaNuiLazgmnnd Tasasa

v 1 g o v d v 4 v a a
mwgmmﬁmmmmvl,ﬂﬂi:qﬂ@ﬂmaaﬂLLum:uummﬂﬂﬁuvlmiﬂiLaWI%ﬁﬂizawﬁﬂﬁw;;m
meimaa"l,@é‘mﬂ@]'%ﬂﬁﬁ%auaﬁ]za"ﬁmsLL@iazfuwama‘wLLazLﬂuﬁdﬁfuﬁuqm%nﬂﬁ (10-70
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Communities, AOAC (Horwitz uag Latimer Jr 1995) lfanTid3naaninuazidea 0.1 N3y Uas
tunnmafouudasiminvasdatdunng wii $1mm 102 Ha Ianuduisudunasgu
Honlusassasas 27.81-33.13 d1audulade (Statistical mean) wazALdEIUUIIAIZIN
(Standard deviation) LI 30.81 uag 2.27 eus1aU

ANSLASHNAIBENINARTTUVBINALNAN (WAALK NZaN waztURanuan) FULARTTUIN

a 1 & a A a o = 1 <& dw A 6 a aa
azidoe antuRnddenuanianwmeursnnnieliaulasui ltdninasauia 50 Gaffas
Y ' o A = a A aa o o 1 [y 4
idradansmziIveudussasdiunm 30 Jadfas uazdudadiadrsliuiuinena

{ o £ o \ H o & & {

o mafiiadunoluznguzasdnaing uaaslugdi 3.2 m3iadre NemuTuvaInal &
AW 0.5-6 GHz uazgmanil 10-70 °C MInaaaddazyndlidsniuguamnnInddunu
= A A . ' P &
i Segmngiiiiianaglutrininzaungalunmisaoowlodlawsvesnathduyszanm 55

°C (81303 FRa LazAtue 2009)

(n) () ()
317 3.2 dragsudazTusainathan (n) wWialu (v) nzan waz (A) wWisnuen
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Temp

d

gﬂ‘ﬁ 3.3 AWAAWNTIG € LGRS TUUIAINALNAY

Iugﬂ‘ﬁ' 3.3 ULRAINIIIA & LL@ia:"ﬁzmawama‘mT’mem (85070E Dielectric Probe
Kit) iiandanuiaiesdiasnzdlasitnosalud Howarotaidaunuiiuiu
HUBER+SUHNER® SUCOFLEX_102 %oﬁﬁaaqmmﬁmsﬁnmu 55-165 °C LazalUa
Ls‘ﬁmsﬁaﬂwsumsﬁwmmmmi’@mmﬁvlﬁ 0.5-50 GHz LLa:qm%Qﬁ 0-125 °C ﬂ'aums‘i'@
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wllasasiianzilastnesaluififaduindosadiston 30 wifl nasantudassen
WoudwiasinidiogUniniaauifisuuIaIgIULULEAIY (Series 85070-60004 short for
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Tauazdayaiiinnujrasdndasidudanuianaiauaniiye guaginnauiiainud 056
GHz fidiasnin 0.97 % @”ﬁgﬂﬁ' 3.4 (Julrat LezATKE 2012, 3019-3030; Kaatze 1989, 371-
374)

mﬂzﬂﬁ' 3561’ Was & LAazTwUaINatduTANE 2.45 GHz lum\iqmmgﬁ 10-
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(2) ﬁmu@lﬁ%aa@Lmﬂﬁmamf]mmdaﬁ’nﬁ@ﬂﬁuvlﬂmnwg:ﬂa'aUwé'amuﬂﬁ'ugﬂ
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(800 W/1 uuniasa) mu‘ﬂ'aﬁmﬁuﬁ'aﬁfm%mawwﬂ%mﬂﬁu TE,o (Transversed Electric
Field)

(3) ﬁ'mymzmomslmwwaﬂﬁwﬁufmmaiw ﬂs:ﬂqﬂm‘iﬁmm‘haaa"lm&ﬁnm%n%mm
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Slice: Electric field norm (V/m)
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1. Introduction

It is well known that real part (¢) and imaginary part (¢”) of
permittivity at microwave frequencies is related to the phys-
ical properties (for instance constituents, volume fraction,
relaxation time, relaxation frequency, etc.) of a heterogeneous
material (Debye, 1929). A substantial body of research has
been published on the application of microwave complex
permittivity measurements in determining the properties of
various agricultural products (Guo, Wu, Zhu, & Wang, 2011,
Julrat et al., 2012; Khalid, 1991; Nelson, 1992, 2005; Nelson &
Trabelsi, 2008; Ragni, Gradari, Berardinelli, Giunchi, &
Guarnieri, 2006; Sacilik, Tarimci, & Colak, 2006; Sosa-Morales
et al.,, 2009; Trabelsi, Krazsewski, & Nelson, 1998; Trabelsi &
Nelson, 2006; Trabelsi, Nelson, & Lewis, 2009). Water, a major

* Corresponding author.

component, is sensitive to the applied microwave energy and
so the measured complex permittivity is influenced by the
water content. It is well known that bulk water molecules are
dipolar and can polarise readily with the applied electro-
magnetic field at microwave frequencies. The bulk water
molecules, formed in a tetrahedron shape (Eisenberg &
Kauzmann, 1969; Kaatze, 2005; Sharp, 2001) are linked by the
hydrogen bond. The behaviour of water molecules when
solids are present is different to that in bulk water. In agri-
cultural products, some water molecules are bound and the
overall polarisation characteristic when an external electric
field is applied will be influenced by these bound molecules.
As the characteristic of bound water is generally different
from bulk water (Nandi & Bagchi, 1997), the behaviour of
bound water in agricultural products depends on its
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constituents, volume faction and environment. No single
definition can completely describe the characteristics of
bound water. However, the bound characteristic can be
described by studying the relaxation time, which is related to
the bond strength and is determined by measuring the
permittivity as a function of frequency.

Measurement of the dielectric properties of rubber latex
can be applied to determine the dry rubber content (DRC),
which is a quality indicator for latex in industrial centrifugal
processing of rubber. Methods for measuring DRC have been
briefly reviewed by Julrat et al. (2012). The latex obtained from
rubber trees is a complex biological colloidal liquid consisting
of a large water content (50—80%) with typically 25—45% hy-
drocarbon rubber (dry rubber) and 2—5% non-rubber constit-
uents (Khalid, Hassan, & Yusof, 1997). The non-rubber
components are, for example, proteins, lipids, carbohydrates,
inorganic ions and salts. The proportion of these natural
contents depends on the variety, season and environment.
The DRC in rubber latex reflects the fraction of dry rubber.
Since the non-rubber content is quite small in rubber latex,
the DRC can be related to the water content in rubber latex.
Understanding the characteristics of bound water in rubber
latex is necessary in order to develop a model that enables
DRC to be extracted from the microwave measurements,
thereby assessing the rubber latex quality.

The characteristics of bound water in rubber latex were
first investigated over the frequency range 10 °-10° Hz
(Hassan, 1999) by measuring the complex permittivity of
rubber latex samples that have different water contents at
—30 °C and comparing it to ice. The complex permittivity of
bound water was found to lie between that of bulk water and
ice, while the relaxation peak depends on the water content in
rubber latex. However, there is little knowledge of how bound
water affects the complex permittivity of rubber latex at mi-
crowave frequencies, where the two key parameters are vol-
ume fractions (DRC, water content and non-rubber content)
and the ambient temperature.

In this paper, the complex permittivity of rubber latex is
extensively characterised, for the first time, over the full mi-
crowave frequency range. The relaxation characteristics of
rubber latex with different ambient temperatures and volume
fractions are analysed. Knowing the microwave properties of
rubber latex is an important step in the development of mi-
crowave sensors for determining the quality of rubber latex
for agriculture and industrial application. Section 2 describes
the experimental setup and conditions for the measurements.
In Section 3, the complex permittivity of several rubber latex
samples with different DRC percentages is presented, for
different conditions, and the Cole—Cole plots as a function of
temperature and DRC are obtained. In Section 4, the relaxation
processes and activation energy of rubber latex are analysed
using a graphical method. In Section 5, the extended Debye
equations are applied to model the rubber latex permittivity
behaviour.

2. Experimental setup

As shown in Fig. 1, the complex permittivity of the rubber
latex was determined using the Agilent 85070E dielectric

7

Slim probe

Fig. 1 — Experimental setup.

probe kit (Agilent Technologies, 2008) with a slim probe form,
which is specially designed for liquid measurement applica-
tions. The reflection coefficient of the probe immersed in
rubber latex was measured and the data transferred via GPIB
(General Purpose Interface Bus) to a computer, where the
dedicated Agilent dielectric measurement software extracted
the complex permittivity. To obtain accurate and reliable
measurement results, the dielectric probe kit needs to be
calibrated. This was done by using a standard short circuit
(series 85070-60004 short for the slim form probe), air, and
then reference water, from 0.5 to 33 GHz. The temperature of
the water during calibration was recorded and subsequently
used by the calibration software.

Each sample was prepared as 40 ml of liquid (30 mm high
from the beaker bottom) in a 50 ml beaker with 60 mm height.
The slim probe was placed at the centre of the beaker, 20 mm
from the beaker bottom. The temperature of the rubber latex
sample was measured by a thermometer that was dipped in
the sample and positioned close to the probe. The tempera-
ture of the sample was controlled by immersing the beaker in
a water bath at room temperature of 27 °C. The desired tem-
perature of rubber latex sample was achieved by mixing water
in the bath with boiling water at 100 °C, or cooled water at 0 °C.
The temperature in the water bath was monitored using a
Fluke®62 mini IR thermometer. For each measurement, the
controlled temperature liquid sample was left for 20 min and
carefully stirred to obtain a uniform distribution of tempera-
ture and mixture in the liquid sample.
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3. Complex permittivity measurement

The rubber latex samples were prepared to get different DRC
percentages by diluting concentrated rubber latex (about 60%
DRC, 38% water, 0.4% ammonia and non-rubber contents for
the remainder) with Milli-Q® water. Four different DRC per-
centages of latex samples covering DRC ranges of concen-
trated and natural fresh latex were prepared. The DRCs of the
rubber latex samples were validated immediately after the
measurement using the standard oven-drying method (ISO
126:1972 Dry rubber content, DRC).

Figure 2 shows the Cole—Cole plots of the measured com-
plex permittivity (¢ and &”) of rubber latex samples at four
different DRC percentages (60.80%, 45.05%, 37.79% and 23.25%)
at 10 °C, 15 °C 27 °C and 40 °C. The conductivity region is
clearly evident at frequencies below 2.5 GHz. The character-
istic of ¢’ is mainly influenced by the ionic conductivity caused
by the non-rubber contents in the rubber latex samples, such
as ammonia (ammonium hydroxide). It is shown in this fre-
quency region that ¢’ decreases with frequency but increases
with the ambient temperature, because the conductivity in-
creases with temperature.

It appears that the diameter of the semi-circular part of the
plot decreases with DRC for all temperatures. The diameter of
the semi-circular part of the Cole—Cole plot is proportional to
the relaxation amplitude and also decreases with DRC value
for each temperature, implying that the relaxation time of
rubber latex decreases with temperature.

The temperature variation of the complex permittivity of
low-DRC rubber latex is more prominent than that of high-
DRC rubber latex. This is because of the dominant role of
bound water in the low-DRC rubber latex. At very low fre-
quency, the temperature dependence of the complex
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permittivity of the rubber latex is a result of the ionic con-
ductivity. On the other hand, the complex permittivity of the
rubber latex in the high frequency region changes little with
temperature because the dielectric characteristic of rubber
latex in this frequency region is mainly governed by the bound
water molecules.

The complex permittivity above 2.5 GHz obviously varies
with DRC and becomes less dependent on DRC at high fre-
quency. We believe that this is because the water in the rubber
latex is bound and therefore exhibits a different distribution of
relaxation times for different DRC values.

4. Relaxation time and activation energy

It is observed from Fig. 2 and from Hasted (1973) and Kaatze
(2005) that the Cole—Cole plots of the rubber latex have
similar shape to that of bulk water. Hence, we can apply the
same procedure as defined for bulk water to investigate the
relaxation characteristic under the assumption that the
dielectric properties of the rubber latex are a combination of
the dielectric properties of the constituents in rubber latex.
For bulk water, the procedure to determine the relaxation
time is achieved by modelling the measured complex
permittivity with the Debye equation (Haynes & Locke, 1995)
as follows:

€0 — €x
1+ iwr’

(1)

N Y
e =€ —1le =€4+

where i = vV—1, ¢, is the dielectric permittivity extrapolated to
high frequency, ¢ is the static dielectric permittivity, w is the
angular frequency of the applied electric field and 7 is the
Debye relaxation time. Consequently, the ¢ and ¢’ of bulk
water can be obtained as follows:
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Fig. 2 — Gole—Cole plots of rubber latex samples from 0.5 to 33 GHz for DRC 60.80% (e), 45.05% (4), 37.79% (¢) and 23.25% (M) at

(a) 10 °C, (b) 15 °C, (c) 27 °C, and (d) 40 °C.
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d=eaty o5 (2a)
" €0 — €x

s =% . 2
i e (wT) (2b)

Since the rubber latex has conductivity at low frequency,
as shown in Fig. 2, the ionic conductivity term (¢/eow) in rubber
latex needs to be included in Equation (2b) as follows:

" €0 — €x

(wr) + -2 (2¢)

T 1+ w212 0w

where ¢ is the conductivity of the rubber latex, which can be
simply obtained by applying a regression technique. From
Equations (2a) and (2c), the relationship between ¢ and ¢’ can
therefore be expressed in terms of either ¢, or g (Connors,
1990) as follows:

&= (-7) <w£” - i) + &o. (3)
€
In Equation (3), ¢ can be characterised as a linear function of
¢". The relaxation time is related to the slope, where ¢ is the
intersection on the ¢ axis of the Cole—Cole plot. Hence, the
Debye relaxation time () can be determined using a graphical
method.

Figure 3 shows the graphical analysis for the complex
permittivity of rubber latex samples and bulk water at 10 °C,
15 °C, 27 °C and 40 °C. The plotted data from left to right
represents the complex permittivity from 0.5 to 33 GHz. The
bulk water data can be completely characterised with a single
slope function, illustrating that only one relaxation process is
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present in the bulk water over the measured frequency range.
The straight lines shown in Fig. 3 separate two regions, indi-
cating that two relaxation processes exist. Each region is
characterised by the slope of the straight line fit. Each slope
was determined by applying linear regression analysis with
Equation (3). The obtained correlation coefficients R*> were in
the range of 0.96—0.99.

The relaxation time obtained from the graphical analysis
using Equation (3) is plotted with error bars for standard de-
viation in Fig. 4. Each relaxation time is computed from the
graph slope as shown in Fig. 3. The two relaxation times (r,”
and 7,”) imply the existence of two mixing constituents in the
rubber latex. In Fig. 4(a), the 7," relaxation times increase with
DRC, showing that the bound water molecules in rubber latex
take a longer time than bulk water molecules to align with the
field. On the other hand, ,” shown in Fig. 4(b) decreases with
DRC which is opposite to the previous case.

The activation energy parameter is applied in this paper to
investigate the molecular mechanisms in rubber latex.
Theoretically, the relaxation time is related to the activation
energy (E,) by using the Arrhenius equation (Hasted, 1973) as
follows:

T = Tge’%‘ﬂf. (43‘)
Using the logarithmic form, one can write Equation (4a) as

In(r1) =5 H Fin(rY). (4b)

where 7 is pre-exponential factor, R is Boltzmann's constant
(8.314] mol‘l), and T is the temperature in K. In this case, the
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Fig. 3 — Analysis of complex permittivities of rubber latex samples for DRC 60.80% (), 45.05% (a), 37.79% (), 23.25% (M), and
water (+) using Equation (3) at (a) 10 °C, (b) 15 °C, (c) 27 °GC, and (d) 40 °C.
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—E4/R term can be determined from the slope of the plot of
In(r~?) versus 1/T of relaxation time in Fig. 4.

From Fig. 5, the E, of rubber latex at various DRCs can be
determined, and the results are listed in Table 1. The calcu-
lated E, of water from Equation (4) is 18.96 kJ mol™*, which
closely agrees with that reported by Chaplin (2007). The value
of E, of 18.96 kJ mol ! is related to the energy of hydrogen
bonding of O—H "0 in the bulk water. In the relaxation process
represented by 7,”, the E, of rubber latex (from 14.91 to
9.36 k) mol ') decreases with percentage of DRC (from 23.25 to
60.80%). This can be attributed to the characteristic of
hydrogen bonding of N-H 'O, due to the presence of ammo-
nium hydroxide in the rubber latex. For the relaxation process
represented by 7,”, E, (from 17.18 to 21.09 kJ mol’l) increases
with DRC (from 23.25 to 60.80%) and is slightly higher than
bulk water. We believe that this is related to the bound water
molecules in rubber latex that have higher bond strength than
bulk water molecules.

5. Dielectric model for rubber latex

The characteristics of the relaxation time in rubber latex as
shown in Fig. 4 can be related to different polarisation types
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Fig. 5 — Activation energy of rubber latex samples obtained

from Equation (4) at DRC 60.08% (e), 45.05% (a), 37.79% (e),
and 23.25% (M), for (a) r,” and (b) 72".

and mixing constituents. This can then confirm that multiple
relaxation processes exist in rubber latex. To demonstrate
this, the extended Debye equations for the double relaxation
processes obtained in Fig. 5 can be modelled as follows:

Aeq 4 Aey _ iﬂ

1+iwr (T, DRC) 1+iwr,(T,DRC) weoq’

©)
where Ae; and Ae, are relaxation amplitude of the relaxation
time region (Buchner, Baar, Fernandez, Schrodle, & Kunz,
2005; Stuerga, 2006), a4 is electrical conductivity, ¢4 is static
permittivity and ¢, 4 is the dielectric permittivity at high fre-
quency. Next, nonlinear regression analysis was applied with
Equation (5) to predict a4, €0 4, £c0,d, Ae1 and Ae,. The initial value
of 64 was chosen to be small (0.5 x 10%?). The initial value of
£w,als equal to 5, which is the dielectric permittivity of water at
very high frequency. The initial value of ¢, 4 Was set to be twice
that of ¢, 4. The initial values of A¢; and Ae, were 5 and 10,
respectively. For each T and DRC, the values ;" (T, DRC), 75"
(T, DRC) obtained in Fig. 4 and the measured ¢ were
substituted into Equation (5). Nonlinear regression analysis
was performed by setting the parameter ranges which are g4
[0,2], £0,a€[4,8], €0,a€[8,16], and Aeq, Ae,€(8,16]. The goal was
to obtain the highest value of R% Table 2 shows the model
parameters and the R? value. It is shown that ¢4 changes only
with temperature. ¢4, £,,4 and Ae; change with DRC, and Ae,
changes with DRC and temperature. The modelling results,

£ (,T,DRC) = 44 +
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Table 1 — Activation energy E, of different DRC rubber latex samples.

Relaxation process

Activation Energy E, (k] mol™?)

DRC@23.25%

DRC@37.79%

DRC@45.05%

DRC@60.80%

14.91 + 0.50
17.18 + 0.50

14.91 + 0.50
18.21 + 0.50

13.24 + 0.50
18.26 + 0.50

9.36 + 0.50
21.09 + 0.50

Table 2 — Model parameters in Equation (5).

Temp. (°C) DRC (%) Double relaxation model R?
04 (102 Sm™) Eoo,d €0.d Agq Aey 71" (ps) 73" (ps)

10 60.80 0.45 5.50 10.00 4.50 12.30 14.30 8.76 0.96
45.05 0.45 5.60 10.50 4.90 22.50 12.40 8.88 0.92
37.79 0.50 6.20 11.00 4.80 31.00 13.50 9.75 0.94
23.25 0.45 6.40 12.00 5.60 38.50 13.20 10.40 0.97
15 60.80 0.50 5.50 10.00 4.50 12.00 12.50 8.28 0.96
45.05 0.50 5.60 10.50 4.90 22.00 11.80 8.14 0.93
37.79 0.50 6.20 11.00 4.80 29.80 11.10 8.90 0.98
23.25 0.50 6.40 12.00 5.60 37.50 10.60 9.49 0.99
27 60.80 0.63 5.50 10.00 4.50 11.80 10.70 6.22 0.99
45.05 0.62 4.90 10.50 4.90 21.10 9.63 6.33 0.98
37.79 0.60 6.20 11.00 4.80 28.80 8.91 6.67 0.98
23.25 0.60 6.80 12.00 5.20 36.00 8.78 7.01 0.99
40 60.80 0.70 5.50 10.00 4.50 11.00 8.51 4.64 0.99
45.05 0.70 5.60 10.50 4.90 20.50 7.26 4.97 0.98
37.79 0.70 6.20 11.00 4.80 27.30 6.68 5.26 0.97
23.25 0.70 6.40 12.00 5.60 33.50 6.69 5.61 0.99

60

0 . . . . . . . . . :

0 10 20 30 40 50 60 10 20 30 40 50 60

&' €

Fig. 6 — Fitting data with Equation (5) (dashed line) comparing the complex permittivity of rubber latex samples at DRC
60.08% (e), 45.05% (a), 37.79% (), and 23.25% (M) at (a) 10 °C, (b) 15 °C, (c) 27 °C, and (d) 40 °C.
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describing the complex permittivity of the rubber latex using
the relaxation time obtained from Equation (3), are shown in
Fig. 6. From the R? results, it is shown that the double relax-
ation model given in Equation (5) can accurately describe the
dielectric properties of rubber latex.

6. Conclusions

The complex permittivity of rubber latex samples with various
DRCs has been extensively characterised over the frequency
range 0.5—-33 GHz for an ambient temperature range of
10—40 °C. It is found that the ¢ of rubber latex increases with
water content and exhibits both frequency and temperature
dependency, like bulk water. Below 2.5 GHz, the value of ¢” is
dominated by ionic conductivity, which is related to the non-
rubber constituents. The results show that the ¢ of rubber
latex is mainly governed by the water content. Consequently,
determining the DRC value for a given rubber latex sample can
be accomplished by measuring only ¢. On the other hand, the
imaginary part, ¢, can indicate non-rubber content in the
sample. By measuring complex permittivity for a range of
frequencies and temperatures, it is found that the complex
permittivity at low frequency is more frequency-dispersive
than in the high frequency region. The relaxation process is
analysed by using a graphical method that is based on the
Debye equation. The results confirm that bound water is
present, with behaviour different to bulk water, and that
multiple relaxation times are observed due to the presence of
non-rubber constituents and ammonium hydroxide. An
extended Debye equation has been used to model the dielec-
tric properties of rubber latex and shows a good fit to
measured data. In conclusion, the extensive complex
permittivity measurements and modelling results presented
in this paper give a better understanding of the properties of
rubber latex at microwave frequencies, and this is important
for the future development of microwave sensors for use in
agriculture and industrial processing.
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In this paper, a simple scheme based on an image processing technique for determining oil
content in postharvest oil palm (Elaeis guineensis Jacq.), implemented for a mobile device, is
proposed. The scheme has three main algorithms for colour correction, classification and
oil extraction rate (OER) determination. The colour correction algorithm can correct image
colour from the device-dependence effect in the standard RGB (sRGB) colour model based
on the determined device profile function. The classification process was developed on a
two-layer feedforward neural network by using features from the hue value of oil palm
fruits. The OER determination function was modelled by using a polynomial regression
model based on the hue and saturation values. The results demonstrated that the proposed
scheme can classify and determine the OER with a simple calculation. The scheme was
implemented on a mobile device/phone and tested with 64 oil palm fruit samples.
Compared with the standard Soxhlet extraction measurement, the scheme achieves a
mean error of OER 2.20 with a postharvest OER range of 30—73%.

© 2015 IAgrE. Published by Elsevier Ltd. All rights reserved.

1. Introduction

fruit. Farmers can gain much revenue by trading palm fruit for
its oil product. The degree of oil palm fruit ripeness and its oil
content, defined in terms of oil extraction rate (OER), are the

Oil Palm (Elaeis guineensis Jacq.) is an important global eco-
nomic plant because it produces higher oil content than other
oil producing crops. Palm oil is used as a crucial substance to
produce several consumer products including soap and diesel
engine fuel. Generally, the palm fruit var. Tenera is most likely
to be chosen to farm due to the highest oil producing palm

key indicators for determining product quality and pricing.
Thus, a grading process for palm fruit is required for palm
trading markets. Currently, this grading process is performed
by human experts who can classify palm fruit quality from
colour, shape, texture and some other profiles of oil palm.
However, human errors can occur due to work overload. For
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Nomenclature

Oy regression coefficient

@ offset of the linear function

e regression error

Er total Euclidian distance in the standard RGB
space

AEy, . total colour difference in the CIELab space

h number of hidden nodes of the neural network

Hgpe average value of the bottom hue

k number of subsections of the lateral hue

[AL;, Aa;, Ab;] difference values of lightness, a*and b*in
the CIELab colour space

m Slope of the linear function
n number of the colour patches
S average value of the bottom saturation.

[sR,sG,sB]| captured standard RGB data set
[SR,sG,sB] reference standard RGB data set

X; reference image colour

Xi captured image colour

y classifier output

a',a® output vectors of the hidden and output layers

b',b?>  bias vectors of the hidden and output layers

.12 sigmoid function vectors of the neural network

p input feature vector of the neural network

WL, W? weighting coefficient matrixes of the hidden
and output layers

X vector of the reference image colour

X Vandermonde matrix of the captured standard
RGB space

o vector of the regression coefficients

this reason, numerous non-destructive techniques have been
proposed for classifying palm fruit. A transmission-mode ul-
trasonic technique has been proposed to predict oil content in
oil palm fruit (Suwannarat, Khaorapapong, &
Chongcheawchamnan, 2012). Using a neural network model,
they reported that the technique achieved a mean absolute
error of 2.2 within the OER range of 20—60%. However, a
measurement setup for this ultrasonic technique must be
installed which is difficult for in-field applications. A micro-
wave technique was proposed to measure the moisture con-
tent of oil palm. The moisture content was computed from the
complex permittivity of the palm fruit (Abbas et al., 2005; Yee,
Abbas, Jusoh, Yeow, & Meng, 2011; Yeow, Abbas, & Khalid,
2010). Based on dielectric constant permittivity, the OER
determination function was related to the average spatial
dielectric constant of oil palm fruit (Pamornnak,
Limsirorattana, & Chongcheawchamnan, 2013). However,
this technique is both complicated and a destructive method.

Since qualities of agricultural products are related to their
peel colour information, various research works on image
based non-destructive testing have been reported. An image
classification/recognition algorithm has most typically been
used as the core algorithm where RGB (Red, Green and Blue)
and hue colour were usually adopted to characterise colour
information. For example, post-harvest quality of mangosteen
was determined from the relationship between the pericarp

hue colour and the anthocyanin composition (Palapol et al.,
2009), a rapid flesh colour determination for clingstone
peaches was proposed by forming a relationship between peel
and flesh hue degrees (Slaughter, Crisosto, & Tiwari, 2013),
and a quality grading system for tomatoes was proposed by
forming the colour of interest in RGB to a one-dimensional
index colour space (Lee, Archibald, & Xiong, 2011). The RGB
colours of an apple were transformed to monochrome prior to
applying a feature extraction algorithm for grading apple
quality (Rennick, Attikiouzel, & Zaknich, 1999). An automatic
technique for predicting the ripening index of olives based on
the RGB colour model and artificial neural network has also
been reported (Furferi, Governi, & Volpe, 2010). The technique
was applied for predicting the harvest time for olives. For
image processing applied to oil palm, a machine vision system
was applied to classify and predict oil content in palm fruit as
well as in palm bunches. Several systems were proposed for
automated industry production by using colour feature
models such as RGB, HSI, or relative reflectance (Abdullah,
Guan, Mohamed, & Noor, 2002; Abdullah, Guan, & Mohd
Azemi, 2001; Alfatni, Shariff, Shafri, Saaed, & Eshanta, 2008;
Balasundram, Robert, & Mulla, 2006; Junkwon et al., 2009;
Razali, Wan Ismail, Ramli, Sulaiman, & Harun, 2009, 2011;
Tan, Low, Lee, & Low, 2010).

High performance processors and digital CMOS sensors are
commonly embedded in smart mobile devices (mobile tablets,
phones, embedded computers, etc.). Image processing tech-
niques have been implemented in these mobile devices for
various applications. However, it is well known that image
colour obtained from a digital camera unavoidably depends
on three important factors. These factors include the camera
device, the illumination condition (Barnard, Martin, Coath, &
Funt, 2002; Granzier, Brenner, & Smeets, 2009; Wang &
Zhang, 2010), and the snapshot scene. Factors affecting the
colour image in a camera device include the image sensor,
lens, as well as the preprocess algorithm embedded in the
camera. Consequently, a preprocess algorithm is needed to
correct image colour information (Gijsenij, Gevers, & Weijer,
2011; Park, Lee, Kim, & Ha, 2005). Colour information, if un-
corrected, can be distorted and subsequently deteriorate
performances of the core image processing algorithm. Thus,
from a practical viewpoint, colour correction algorithm has to be
implemented. Automatic white balance algorithms (Chiu &
Fuh, 2010; Hsu, Mertens, Paris, Avidan, & Durand, 2008; Huo,
Chang, Wang, & Wei, 2006; Lam, 2005; Liu, Chan, & Chen,
1995) have been implemented and embedded in camera de-
vices to correct colour information suffering from different
illuminants. Several algorithms have been proposed such as
Gray World, a calibration based technique, and white object
purification, etc. Unfortunately, such methods fail to correct
colour information suffering from the different camera device
effect (device-dependence effect). As far as the authors are
aware, there has yet to be any such algorithm that can correct
the image colour from device and illumination dependence
problems simultaneously, using a simple calculation.

In this paper we propose a simple scheme which can be
implemented on a mobile device to predict the OER of oil palm
fruit using features extracted from the HSV colour space. The
standard RGB (sRGB) was adopted because of its widespread
use. The algorithms implemented in our scheme consist of
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three algorithms for colour correction, palm fruit classifica-
tion and OER prediction.

This paper is organised by addressing the preprocessing
process which includes the colour correction algorithm and
their performances in Section 2. The methodology, which in-
cludes the classification algorithm, the prediction function
and their performances will be illustrated in Section 3. The
proposed system design and mobile device implementation
are demonstrated in Section 4.

2. Preprocessing process and performance

This section describes the preprocessing technique proposed
in this paper and its performance.

2.1.  Device-Dependence Colour Correction (DDC)

Here we present an algorithm which corrects colour infor-
mation affected by several factors in a camera device. The
algorithm, called DDC (Device-Dependence Colour Correc-
tion), consists of two main steps. The first step, as shown in
Fig. 1(a), is to estimate the device profile function for the indi-
vidual colour channels, whereas the second step, shown in
Fig. 1(b), is to correct image colour with the estimated profile
function set.

To estimate a device profile function for a digital camera,
the reference colour information data set (reference sSRGB) was
based on the measured sRGB of the GretagMacbeth standard
colour checker (24 patches) as shown in Fig. 2. A HunterLab
ColourFlex colorimeter (Hunter Associates Laboratory,
Reston, VA) was used to measure the reference sRGB.

First, the colour checker was captured by a digital cam-
era required for colour correction. The captured image data
was modelled in sRGB colour space. By averaging colour
information of all pixels in each colour patch area, the
captured image information in the sRGB model called the
captured sRGB data set was obtained. The device profile
function was calculated by mapping the reference sRGB and
the captured sRGB data sets for the three colour channels as
shown in Eq. (1),

| Captured sRGB | | Reference sRGB|

Uncorrected image

4
Device profile
function
Device profile .
o - Corrected image

(@) (b)

Fig. 1 — Diagrams of (a) device profile estimation step and
(b) colour correction step.

Fig. 2 — Standard GretagMacbeth colour checker with 24
patches (BabelColor, 2012).

SR = fa(sR)
sG = f5(sG), 1)
sB = fa(sB)

where fz(+),fo(+) and fz(+) are mapping functions for the three
colour channels, [sR,sG,sB] is the captured sRGB data set, and
[sﬁ, sé,sﬁ] is the reference sRGB data set.

In this paper, since colour channels in a digital camera are
assumed to be physically independent as shown in Fig. 1(a), a
second order polynomial device profile function was proposed
for correcting colour channels as shown in Eq. (2),

Sﬁ = OéRQSRZ + DéR715R + aRrpo
Sé = 0((;23G2 + DéGJSG + G0, (2)
sB = OLB_QSB2 + OCB_lsB + ago

where arjac; and ap; are the coefficients for the colour
channels of the camera device to be corrected. These co-
efficients were enumerated by applying the multiple regres-
sion technique as shown in Eq. (3),

X1 1 % %

Xs 1 x %5 | [axo €o

X3 | =1 x5 x3| ||+ |e1], (3)
: N Qx2 €

Xn 1 x, %

where X;, x;, ax;, and e; are the reference image colour, captured
image colour, regression coefficients, and regression error,
respectively. For the second-order polynomial functions, n is
the number of colour patches (n=24). The regression co-
efficients estimated by using the ordinary least square
method are as shown in Eq. (4),

o= (X"X) 'X"x, (4)

where a is the vector of the regression coefficients, X is the
Vandermonde matrix of the captured image colour and X is the
vector of the reference image colour, respectively. Applying the
regression coefficients obtained from Eq. (4) to Eqg. (2), the
device profile functions for the three colour channels were
obtained. The colour correction process is shown in Fig. 1(b).

2.2. DDC experiment and performances
To demonstrate the performance of the DDC algorithm, image

information from the standard GretagMacbeth colour checker
shown in Fig. 2 was used as the reference sRGB data set. Digital
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cameras equipped on three different mobile devices were
used including Samsung GT-P1000 (T), Samsung Galaxy Note
(N) and Sony Xperia Z (X). To alleviate different illuminant
effects, all experiments were performed using auto-exposure
and in-built fluorescent white-balance functions. The exper-
imental setup used to evaluate the performance of DDC al-
gorithm is depicted in Fig. 3. Two arrays of white light-
emitting diodes (LED 5630 SMD, 14 W, 6500 K temperature,
430—680 nm response, CRI 82) were installed at the top of the
light-controlled box. A standard colour checker was posted
against the inside wall.

The snapshots of the standard colour checker from these
three cameras are shown in Fig. 4(a). Noise in each of the
captured images was reduced using a median filter. Evidently,
the original colour information obtained from these three
cameras should be different due to the device-dependence
effect. Figure 4(b) and (c) shows the corrected image after
applying the Poly-3 (Wang & Zhang, 2010) and the DDC algo-
rithms, respectively. The colour sRGB data after applying the
correction algorithms is called corrected sRGB.

In this paper, the correction algorithm performance was
evaluated by computing the total distance between the
compared and reference data sets of all 24 patches. This was
defined by the Total SRGB Euclidian distance (Et) as shown in Eq.
(5) and the Total colour difference (AE;b,T) as shown in Eq. (6).

n _\2 Z\2 ~\2
o (-] (s6-s6) + (-sB) O
j=1
s =30 (o) (s )’ )
j=1

where [sﬁ,—,sé)-,sﬁj] and [sR;},sG},sBj] are the reference and the
compared data sets of colour patch j, and [AL;, Aa;, Ab/] are the
difference values between the reference and the compared data
in CIELab colour space (Westland, Ripamonti, & Cheung, 2012).
The [sR, sG;, sB)f] are the mean values of the sRGB colour data in
the colour patch j.

To compare the performances of the DDC with the Poly-3
algorithm for all 24 colour patches, the reduction rates in Er
and AEy, . after applying the correction algorithm were eval-
uated. The values of Er and AE;M and the performance com-
parison between the two algorithms are summarised in Table
1. It is shown that the DDC algorithm corrects colour better
than the Poly-3 algorithm for all devices.

LED light source

(a)

Color checker

Device ‘T’

Device ‘N’

Device ‘X’

Uncorrected

(@)

Device ‘T’ Device ‘N’ Device ‘X’

Fig. 4 — Image snapshots of the standard colour checker
taken from three different cameras, (a) uncorrected, (b)
corrected with Poly-3, and (c) corrected with DDC.

To demonstrate the similarity of the corrected colour with
the reference colour, the relation between the corrected sRGB
and the reference sRGB image information should be deter-
mined. A linear function was used as follows,

X =mx+c, (6b)

where x and x are the reference sRGB and compared sRGB data
sets, respectively, while m and c represent the slope and offset
of the linear function, respectively. If an algorithm can correct
colour efficiently, then X should be related to x, with m and ¢
being 1 and 0, respectively.

Table 2 shows the linear regression results. As shown in
Table 2, correlation parameters of uncorrected, the Poly-3 al-
gorithm, and the DDC algorithm are detailed. The slope and
offset of the DDC algorithm were very near to 1 and 0,
implying that the corrected colour tones were very close to the

(b)

Fig. 3 — Setups for the (a) light-controlled box and (b) experiment.
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Table 1 — Performance comparison of the correction algorithms for different camera devices.

Device Total Euclidian distance Reduction
rate (%)
Uncorrected Poly-3 DDC Poly-3 DDC
Er AE;b‘T Er AE;hT AEZb‘T Er AE;b‘T Er AE;b.T
T 1755 35.64 543 7.18 522 6.79 69 80 81
70
N 1593 37.36 630 10.04 520 7.20 60 73 81
67
X 2267 42.00 694 9.90 529 6.80 69 76 84
77
Mean 1872 38.33 622 9.04 524 6.93 66 76 82
71

reference ones. On the other hand, slope and offset values of
the Poly-3 algorithm were not close to 1 or 0. The average
values of slope and offset obtained from the Poly-3 algorithm
were 0.92 and 13.40, whereas those obtained from the DDC
algorithm were 1 and 0.14. The residuals from the DDC algo-
rithm was smaller than the Poly-3 algorithm and uncorrected
image. This showed that the DDC algorithm corrected colour
information better than the Poly-3 algorithm. Moreover, the
DDC algorithm is very suitable for a mobile device since it is
simple enough to implement using a Look Up Table (LUT)
technique from the device profile function.

3. Methodology and performances

In this section, two proposed algorithms in an OER determi-
nation scheme are described. The first algorithm aims to
classify palm fruit into three groups of different ripeness de-
grees. The second algorithm was devised to predict the OER. In
this paper, only the palm fruit var. Negrescens Tenera is of in-
terest due to its high oil production and because it is the most
cropped palm in the main palm oil producing countries, which
include Malaysia, Thailand, and Indonesia.

3.1. Colour characteristics of oil palm

In this subsection, we describe the colour characteristics of oil
palm fruit, which is related to the fruit ripening mechanism.
The issue of the natural pigment of palm fruit will be dis-
cussed first, followed by the colour information of the HSV

colour model of oil palm fruit, which represents colour in a
visible spectrum (Forsyth & Ponce, 2002; Gonzalez, Woods, &
Eddins, 2003).

One of the basic roles of organisms is to provide attractive
colours for leaves, flowers, fruits, vegetables, and skin (on
animals) by natural pigments (Delgado-Vargas, Jiménez, &
Paredes-Lopez, 2000). The principal pigments that produce
colour in oil palm are chlorophyll, carotenoids and anthocy-
anins (Edem, 2002; Mortensen, 2006; Tan et al., 2010). Princi-
pally, Chlorophyll is a green pigment used in the
photosynthesis process. It absorbs light in the range of
approximately 430 and 670 nm (Mortensen, 2006; Tan et al.,
2010). Carotenoids, a yellow-orange-red pigment, can extract
to become hydrocarbon compound carotenes such as a- and
B-carotenes (Mortensen, 2006). Anthocyanins have mainly
blue-purple-red pigments depending on the pH value of the oil
palm (Wrolstad, Durst, & Lee, 2005). In oil palm fruit, antho-
cyanin is mixed with flavonoids and produces yellowish-
orange pigments (Delgado-Vargas et al., 2000; Hazir, Shariff,
& Amiruddin, 2012) absorbing visible light in the spectrum of
530 nm (Tan et al., 2010).

From the unripe to fully-ripe stage as shown in Fig. 5(a)—(c),
carbohydrates gradually decrease, while glyceride acid in-
creases (Luengarpapong, 1980). By observation, unripe fruit
which contain chlorophyll and anthocyanins absorb visible
lights in the spectrum of 430, 530 and 670 nm so the colourant
of unripe palm fruit looks dark (Tan et al., 2010). For the under
ripe to fully-ripe stage, the quantity of chlorophyll decreases
along with the anthocyanins and flavonoids, so the palm fruit
reflects a yellow to reddish-orange colour as the result of the

Table 2 — Colour correlations between reference and uncorrected-corrected colours.

Device Uncorrected Poly-3 algorithm DDC algorithm
Slope Offset Residual Slope Offset Residual Slope Offset Residual
T sR 1.56 —2.47 77.86 0.96 5.96 75.22 1.00 0.18 77.24
sG 1.28 18.67 58.18 0.95 7.92 56.62 1.00 0.46 57.74
sB 1.2 -30.74 78.28 1.09 —14.24 80.09 1.00 0.08 76.88
N sR 1.05 39.22 73.88 0.92 14.38 81.51 1.00 0.11 68.76
sG 0.79 54.22 61.62 0.76 37.15 65.6 1.00 —0.03 60.95
sB 0.8 5.78 81.1 1.05 —8.58 75.64 1.00 0.11 75.43
X sR 1.27 48.38 72.38 0.86 23.86 94.32 1.00 -0.21 71.37
sG 0.91 68.37 62.24 0.69 49.02 69.5 1.00 0.63 66.53
sB 0.9 18 82.75 0.96 5.12 79.96 1.00 —0.08 81.92
Mean 1.08 24.38 72.03 0.92 13.40 75.38 1.00 0.14 70.76
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Fig. 5 — Colour of oil palm related to pigments (a) unripe, (b)
under ripe, and (c) ripe.

carotenoid quantity (Hazir et al., 2012). The carotenoids cause
the colour of the palm fruit to change from yellow to reddish-
orange which related to the hue value range of around —10 to
70° (Tan et al., 2010). At the fully-ripe stage, the hue value of
palm fruit is very close to zero, which represents a reddish
colour.

As mentioned above, hue information is the key colour
variable that can indicate the palm quality. This hue infor-
mation can be extracted from various colour spaces such as
HSV, CIELab or CIELuv spaces. The HSV space was chosen due
to its general usage. To make the implementation simple as
well as accurate, we proposed to use hue for the classification
step while both hue and saturation features were proposed in
the OER determination step.

Table 3 — Classification Grades, low, medium and high,

for OER.

Grade L-Grade M-Grade H-Grade
OER 30—40 40-50 >50.00
3.2. Ripeness degree classifier (RDC) and performances

In this subsection, a ripeness degree classifier (RDC) for oil
palm is presented. The selected features from images of each
fruit shown in Fig. 6 will be discussed, followed by the clas-
sification process.

As shown in Fig. 6, a lateral surface of the palm fruit, which
was captured under a light-controlled box, was divided into 20
subsections (k = 20) and the mean hue value for all sub-
sections, called a lateral hue, was calculated from the digital
image. The lateral hue of 45 postharvest fruit samples (var.
Negrescens Tenera, Suratthani-2) of different ripeness condi-
tions (15 samples for each class) were applied to classify the
samples into three fruit grades. These three grades were
related to the OERs obtained from the Soxhlet extraction
(ISO9001:2008) as shown in Table 3. The RDC algorithm based
on a two-layer feedforward neural network (Hagan & Menhaj,
1994) (a hidden and an output layer), shown in Fig. 7, was
chosen for the classification algorithm.

The hidden layer of the RDC was formed with h neuron
nodes as shown in Fig. 7. There are three output nodes in the
output layer. These three outputs were applied to the output
layer to classify the ripeness degree of the fruit, which in-
cludes low OER (L-Grade), medium OER (M-Grade), and high
OER (H-Grade). The classifier output,y, was chosen based on
the “winner-take-all” technique. The variables a',a? and y are
defined as shown below,

al =f (W'p+b'), 7)
a’ = f*(W?a! + b°), ®)
y = index(max{a®}), 9

where f* and f? are the sigmoid function vectors, p is the input
feature vector, W! and W? are the weighting coefficient ma-
trixes of the hidden and output layers, b* and b? are the bias
vectors of the hidden and output layers, and a* and a? are the
output vectors of the hidden and output layers. Weighting

5% of the total fruit was measured for each subsection

20 subsections
for classification
(lateral hue)

—»| Two-layer feedforward
neural network
L

Outputs
3

L-Grade, M-Grade, H-Grade]

-

Fig. 6 — Image subsections (conceptual) of oil palm for classification.
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Fig. 7 — Neural network structure for oil palm classification.

coefficient matrixes (W' and W?) and bias coefficient vectors
(b* and b?) in the hidden and output layers were calculated
from the scaled conjugate gradient (SCG) backpropagation
training process by using the neural network pattern recog-
nition tool (nprtool) in MATLAB® R2013a (MathWorks, Natick,
MA). The output of the RDC indicating the ripeness degree of
the fruit was obtained from the index of the maximum value
from the three output nodes in the output layer. The value of y
was subsequently applied to the OER determination
algorithm.

The optimum network for this application was obtained by
investigating the network performance with several h nodes
starting from 15 nodes and incrementing in steps of 5 until
reaching 40 nodes. According to the suggestion by Furferiet al.
(2010), the mean square error (MSE) was used for monitoring
the network performance during the training process based
on the SCG algorithm. The optimum network was obtained
with h=30 nodes for its lowest complexity and lowest MSE.

To test the performance of our classification algorithm, 64
untrained samples were chosen, that is all 64 samples had not
been included in the sample used to train the algorithm. The

classification algorithm provided classification results
without error.
Whole fruit 30
.
S s
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3.3. OER determination algorithm and performances
To make the computation simple, an OER determination al-
gorithm for oil palm was proposed using a regression func-
tion. Again the lateral hue values of 45 palm fruit samples
previously applied in the classification process were used to
develop the feature for a determination algorithm. The spatial
mean of the lateral hue and saturation values of each fruit
section was computed. In this OER determination algorithm,
the hue and saturation of each whole fruit which was
captured from light-controlled box was computed by aver-
aging the spatial mean of 20 lateral sections. Figure 8 shows
the plots for the whole-fruit hue and saturation values of 45
palm fruits and their OERs, which were 30—73%. Large varia-
tions of hue and saturation values ranging from —54 to 89° and
0.32—-0.81 were obtained, respectively. This large variation
caused some difficulties to model an OER hue-saturation
function for a determination algorithm. Consequently, using
the hue and saturation values from the whole fruit was not
suitable to model an OER function.

Rather than using hue and saturation values from the
whole fruit, some specific areas of the palm fruit were inves-
tigated to obtain smaller hue and saturation variation to relate

Saturation

50

100 150

e 150
5o 100 Hue (degree)

0 e @™

Fig. 8 — OER versus the hue-saturation values (whole fruit) of 45 samples.
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Fig. 9 — Oil palm with and without perianths.

with the OER. The first investigation was obtained by aver-
aging spatial means of lateral hue and saturation values over
a) section #1—#13 (called top hue and saturation) and b) section
#14—#20 (called bottom hue and saturation). The bottom hue and
saturation are the hue-saturation information of the fruit area
under the perianths, which normally covers around 35% of the
whole fruit. These perianths protect the fruit from various
hazardous environments such as light and rain as shown in
Fig. 9. The second investigation used the spatial mean of the
bottom hue and saturation only.

The spatial means of the top hue and saturation and bottom
hue and saturation of 45 fruit samples were plotted against

65% of fruit

OERs in Fig. 10(a) and (b), respectively. The bottom hue and
saturation provides smaller variation than the top hue and
saturation. This is expected because the perianths protect the
bottom area of the palm fruits from the external environ-
ment. Since smaller hue and saturation variation offers a
simpler mathematical model, we decided to select the
feature obtained from the bottom hue and saturation to
formulate a mathematical function for an OER determination
algorithm.

The bottom hue and saturation shown in Fig. 10(b) was
applied to model the OER function regarding three fruit grades
as described in Table 3. We found that each grade was well
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Fig. 10 — OER and spatial mean of the hue and saturation for 45 samples (a) top hue and saturation, (b) bottom hue and

saturation.
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Fig. 11 — OER and means of bottom hue and saturation for each class (a) L-Grade, (b) M-Grade and (c) H-Grade.
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characterised with a cubic function as shown in Fig. 11. The
mathematical model for determining the OER is defined in Eq.
(10).

OER = Poo + plOHaue + pOlSaue + onHﬁve + pllHaveSaue + Pozsiw
(10)

where Hg,, is the average hue value of the bottom hue, and
Save is the average saturation value of the bottom saturation.
As shown in Fig. 12, our proposed prediction algorithm has
three OER prediction functions (prediction vectors) for
three different ripeness degrees. The ripeness degree ob-
tained from the RDC indicates which OER prediction
function should be applied. From the average value of the

lateral hue
4
Yy
L ———————
RDC
H
Classifier

bottom hue and bottom saturation of an unknown OER palm
fruit, its OER value can be predicted. The prediction vector
coefficients of three functions are shown in Table 4.

To evaluate the performance of the determination algo-
rithm, another 64 fruit samples were applied to the OER pre-
diction algorithm. The fitting functions of the bottom hue and
saturation data were related to the OER with the polynomial
function given in Eq. (10). The performance of the algorithm
proposed to determine the OER is summarised in Table 5. The
prediction algorithm achieved an average error of an OER of
2.20. In summary, we strongly believe that the performance of
the proposed prediction algorithm and its simplicity can be
readily implemented on a mobile device.

bottom saturation

\Z

bottom hue

I
{

M

V

H

v

—> %OER

Predictor

Fig. 12 — Proposed OER prediction algorithm.
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Table 4 — Prediction vector coefficients.

Grade Coefficients

Poo P1oX 102 Po1 p20><1074 p11><1072 Doz
IL —433.40 —34.83 1322.00 —45.12 90.35 —937.70
M 47.81 6.68 -17.49 27.30 —-35.41 23.22
H 408.10 80.54 —923.80 —35.70 —117.70 602.60

Table 5 — Oil Content Prediction Results of 64 fruit
samples.

Average error (OER)

L Grade M Grade H Grade All Grades
1.38 1.30 2.81 2.20
4. Mobile device implementation

In this section, we present the implementation of the OER
scheme on a mobile device. All proposed algorithms in the
scheme were implemented based on open source platforms
which include OpenCV, a Java Matrix Package (JAMA) and
Android. This allowed our scheme to be applicable on several
mobile devices.

For the proposed mobile based OER determination algo-
rithm, the image processing algorithm was run on an OpenCV
core, while the JAMA core supported mathematical process-
ing. A graphical user interface via a touch screen LCD was
developed on an Android platform. For our implementation as
shown in Fig. 13, the acquisition, oil palm detection, pre-
processing, and OER determination processes were pro-
grammed using OpenCV. For image acquisition and detection
processes, an image was automatically captured on a white
background in a light-controlled box as explained in Section
2.2. The contour of the palm fruit was determined with a
threshold level at 0.5. The image of the palm fruit was sub-
sequently cropped to only the biggest contour area of the
image scene.

The JAMA core was used to compute the device profile
function and operate the least square technique for regression
analysis. Two speed optimisers were employed in the system.
Single Instruction, Multiple Data (SIMD) was applied to reduce
computation time (Pulli, Baksheev, Kornyakov, & Eruhimov,
2012). The matrix computation can perform faster on SIMD
processor types such as ARM11 architecture. The second
speed optimiser was implemented for a device profile function in
the form of an LUT for the colour correction process. The
mapping function results were stored in arrays for correcting
colours of fruit images to considerably simplify the compu-
tation task.

For implementing classification algorithms for palm fruit,
neural network weights, biases and prediction vector co-
efficients were stored in a configuration file. The user interface
of a mobile device which installed the software is shown in
Fig. 14(a). Figure 14(b)—(d) shows the functions of image
acquisition, colour correction and OER determination.

To evaluate the performance of the OER determination
system on a mobile device, our proposed experiment was
conducted on a Samsung Galaxy Note (ARM Cortex A9 Dual
Core 1.4 GHz, 1 GB of RAM). The image resolution was
2048 x 1536 pixels in ARGB-8888 format. The speed perfor-
mances of the system implemented on a mobile device based
on a conventional iteration approach and using two speed
optimisers proposed in this paper are shown in Table 6.

In our implementation, the overall process based on SIMD
and LUTs took only 395 ms, which is sufficient for real-time
application. It is 91.12 times faster than a calculation based
on iteration. However, this does not include other operation
time such as file operation or image acquisition time. The
overall computation time can be changed depending on other

Threshold : T
Capture - > Find max contour area > Crop original image
P sRGB (Le\"'el = 03) Binary Crop P g g
I to gray image area 1\
Original image
‘ Oil-Palm fruit image
4 R
Color correction | Classification > OER determination
sRGB
Color Correction RDC Weights. Prediction Vector i 760ER
LUT (DDC) Biases Coefficients i
T  Configuration files T \_ Y,

Fig. 13 — Block diagram of mobile OER determination system.
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©

(d)

Fig. 14 — Functions of the mobile OER determination system: (a) graphical user interface, (b) image acquisition, (c) colour

correction, (d) OER determination.

factors. We strongly believe that our method is very appro-
priate for several practical applications. In addition, our
method can also be applied to portable computing devices in
practice. In the future, we are going to improve our application
for using the colour correction algorithm outdoors with
automatic intensity correction for daylight.

5. Conclusion

A simple non-destructive method for classifying and predict-
ing oil content of oil palm from hue and saturation features has
been presented. The determination scheme has three main
algorithms for colour correction, classification and OER pre-
diction processes. The colour correction algorithm proposes to
correct image colour from the effects of device-dependence in
an sRGB colour model with a 71% and 82% sRGB Euclidian
distance and colour difference reduction rate, respectively. The
classification process based on a two layer feed-forward neural
network was developed by using features from the hue values
on an oil-palm surface, while the OER determination process

Table 6 — Performances of the mobile OER determination
system.

Calculation Process time (ms) Total

matned Preprocessing RDC&OER
determination

Iteration 35,800 194 35,994

SIMD + LUTs 215 180 395

was developed by using a polynomial regression model based
on the hue and saturation features of the fruit bottom. The
measurement system was applied and tested under indoor
conditions (in a light-controlled box) with several oil palm fruit
samples. Our experiment was also compared with the Soxhlet
extraction measurement. The results demonstrated that the
proposed method was able to classify correctly and determine
the OER with 1.38 OER for L-Grade (30—40%), 1.30 OER for M-
Grade (40—50%), 2.81 OER for H-Grade (more than 50%), and 2.20
OER error for all grades. Finally, the oil content determination
scheme implemented on a mobile system was conducted with
an average speed of 395 ms.
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ABSTRACT

This paper presents the frequency and temperature-dependence complex
permittivity (¢ = & + je") of three layers (the mesocarp, shell and kernel) in palm
fruit var. Tenera. The complex permittivity was measured and reported at
frequencies between 0.5-6 GHz from 10-70°C. Dominated by the frequency
characteristic of free water in these three layers, the & and&" decreased
significantly with the increase in temperature at the measured frequencies. The
temperature characteristic of £ at 2.45 GHz was investigated. It was found that &',
£" and the loss tangent for the mesocarp layer were higher than those of the kernel
and shell layer. This was especially so for the loss tangent case; this means that the
mesocarp layer can absorb microwave energy and convert it to heat more readily
than the other two layers. The penetration depth, D, for each layer at 2.45 GHz
between 10-70°C was computed and confirms volumetric heating does occur in all
three layers. Temperature-dependence models for £ of all three layers at 2.45 GHz
were formulated by applying regression analysis to the measured & with a 95%
confidence interval. The three models were applied to form a multilayer concentric
model for palm fruit and can be applied for microwave heating. The temperature
distribution profiles in the palm fruit predicted from the model and the
experimental results showed good agreement.

Index Terms —Complex permittivity,

dielectric constant, loss tangent,

penetration depth, microwave, electric field, heating, energy.

1 INTRODUCTION

A heating process for palm fruit is dispensable for oil
production[1] since it was reported that if palm fruit is
heated to 70 °C, the lipase enzyme action mechanism in
the palm fruit will be inhibited and the extracted oil will be
of high quality (low free fatty acid) [2]. Generally a hot-air
technique has been applied for heating palm fruit,
however, its energy efficiency is low. In past decades, a
microwave heating technique was proposed to replace this
energy-inefficient hot-air technique [3, 4]. The microwave
heating technique provides more energy-efficiency and
heats more rapidly. Unlike the hot-air technique, a heating
mechanism using the microwave technique is

Manuscript received on 31 May 2013, in final form 27 November 2013,
accepted 29 January 2014.

characterized as dielectric heating. The complex
permittivity of palm fruit (¢) is very important for
determining microwave power absorption, penetration
depth and the temperature distribution profile in palm fruit.
Therefore, if € of all fruit layers are known, a dielectric
model for palm fruit can be developed. The dielectric model
is very important for designing energy-efficient microwave
heating system [5-8].

Many research works reported the & of palm fruit at
different frequencies. In [9], € and the penetration depth of
palm-fruit layers of biological substances at 915 and 2450
MHz were reported. The ¢ of the abscission layer of a palm
bunch and the mesocarp layer of palm fruit at frequency
range of 0.2 to 20 GHz was investigated and applied to
study the stripness efficiency in the microwave heating
process [4]. It was shown that only frequency
characteristics of the ¢ were investigated. There has not

DOI 10.1109/TDEL2014.004022
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been any investigation reported on the temperature
characteristics of the € of palm fruit, which is one of the
most important keys to accurate predicting the temperature
profile in palm fruit.

There is a need to know the temperature- as well as the
frequency-dependent characteristics of € of palm fruit to
design a highly efficient microwave heating system. The ¢
of palm layer (var. Tenera) as a function with temperature
and frequency is of interest. In this paper, we present-

= the frequency and temperature characteristics of €
for each layer from 0.5-6 GHz from 10 to 70 °C,

= a development on a temperature-dependence
multilayer concentric model based on the
measured ¢ at 2.45 GHz and its application for
microwave heating.

2 MEASUREMENT SETUP AND
COMPLEX PERMITTIVITY

2.1 MEASUREMENT SETUP

All palm fruit samples in this paper were obtained from
various local areas in Songkhla province, Thailand. The
palm fruit var. Tenera was adopted for this study since it
produces the most oil in comparison to other varieties of
palm fruit. Eight year old palm fruit [10] were cut from
several palm trees for experiment use within 24 hours.
According to AOAC (1995) standards [11], moisture
content of 102 ripe palm fruits were measured using a
digital balance (0.1 g uncertainty). The values of moisture
content in percentage (wet basis) of these fruits ranged
from 27.8 to 33.1, while the statistical mean and the
standard deviation are 30.8 and 2.3, respectively.

Samples of three layers from the palm fruit (kernel,
shell, and mesocarp) were prepared by chopping them in
to very small pieces. The exocarp layer was not of interest
in this paper because only a very small interaction to the
applied electromagnetic field exists for the negligible
thickness of this layer. In preparing a semi-solid sample as
shown in Figure 1, each sample layer of 30 ml was
contained in a 50 ml beaker. Each sample was compressed
firmly to reduce air pores between sample particles before
complex permittivity measurement was performed.

Figure 1. Prepared samples of (a) kernel, (b) shell and (c) mesocarp
layers.
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Figure 2. Schematic diagram of measurement setup.
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Figure 3. Magnitude error of distilled water measured at 27 °C compared
with the theoretical data.

In this study, the values of & for the three layer
samples from 0.5 to 6 GHz were investigated since this
frequency range is applicable for a low-cost heating
application. In the experiment, the temperature range of
10 to 70°C was chosen to cover 55°C, the most suitable
temperature to dissolve Lipase enzyme in palm fruit
[2].

Figure 2 shows a schematic diagram of the
measurement setup. The complex permittivity
measurement of each layer sample was performed with
a slim form probe (Agilent 85070E) [12] connected to
an automatic network analyzer (HP8510C, Santa Clara,
USA) via a coaxial cable (HUBER+SUHNER®
SUCOFLEX 102) [13]. The operating temperature of
the coaxial cable ranges from -55 to 165 °C. The slim
form probe can be applied to measure from 0.5 to 50
GHz, while its operating temperature is 0 to 125 °C.
Before making the measurement, the network analyzer
was warmed up for at least 30 minutes. After the
analyzers were properly calibrated from the
recommendation prescribed in the datasheet [13], the
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dielectric probe kit was connected and calibrated using
a standard short circuit (series 85070-60004), air, and
distilled water from 0.5 to 6 GHz. For measuring the
temperature of the sample for each layer, a type-K
thermocouple temperature sensor was positioned next
to the slim probe and dipped in the sample. The
distance between the thermocouple and the probe was
20 mm, in accordance with the recommendation
datasheet of the slim probe [13]. To control the sample
temperature, the beaker containing the sample was
immersed in water at room temperature of 27 °C.
Increasing or decreasing the sample temperature was
achieved by contact with the hot plate and adding cool
water, respectively. The sample temperature was
raised from 10 to 70 °C in increments of 10 °C for
each of step. At each measuring, a reflection
coefficient of the tested layer sample was collected via
a GPIB (General Purpose Interface Bus) port to
compute & using Agilent dielectric measurement
software.

To validate the measurement setup, the measured ¢
of air and distilled water was compared with the
theoretical results [14]. The measured ¢ of air at 27 °C
is very close to the theoretical data which is around 1.
The complex permittivity of distilled water at 27°C
was also compared with the theoretical data [15, 16].
Figure 3 shows the percentage magnitude error
calculated from these two datasets from 0.5 to 6 GHz.
The magnitude errors at all frequencies were less than
0.97%, thus confirming the wvalidity of the
measurement setup.

2.2 COMPLEX PERMITTIVITY

Figures 4 and 5 show the frequency characteristics
of the dielectric constant, &', and the dielectric loss
factor, €", of the three layer samples from 10-70 °C.
The complex permittivity data of the kernel, shell and
mesocarp layers are plotted in subfigure (a), (b) and
(c), respectively. The temperature was stabilized for 5
minutes before recording each complex permittivity
data. For each layer sample, 200 permittivity data bins
from 0.5-6 GHz were collected at each temperature.

Theoretically, the € data of each layer (kernel, shell
and mesocarp layers) depends on the compositions of
water, ash, carbohydrates, proteins, and oil. Generally,
water is found to exist in the three fruit layers, either
in free form or in a loosely defined state called a
bound state. Free water is found in capillaries,
whereas bound water is physically absorbed to the
surface of dry samples. Free water molecules that have
a permanent electric moment formed by hydrogen and
oxygen atoms can simply polarize to an incident
electric field. This moment is usually termed a dipole
moment. For free water, each molecule is forced to
align with the applied field at the rate determined by
the electric field frequency. On the other hand, bound
water does not align to the applied field as freely as
free water.
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Figure 4. Measured & of the (a) kernel, (b) shell and (c) mesocarp layer in
10 °C step.

This is because bound water is physically bonded to
other strong energy bonding molecules such as protein,
carbohydrates, etc. The aligning capability of molecules to
an applied electric field can be described with €'. The data
of ¢’ for each layer shown in Figure 4 was taken from its
components. The characteristic of ¢’ is dominated by free
water molecules. Also the amount of heat generated in
each layer is related to its €". This heat is generated from
material loss during free and bound water molecule
orientations. Since the relaxation process of bound water
occurs below the microwave frequencies, its contribution is
minimal for microwave heating application.
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Figure 5. Measured &' of the (a) kernel, (b) shell and (c) mesocarp layer
in 10 °C step.

Figures 4 and 5 show that the measured &' and €" of the
three layer samples are frequency and temperature
dependence parameters. We can observe in Figure 4 that
the characteristics of ¢’ for all layer samples are inversely
proportional to frequency as well as temperature because
the polarization process in this frequency region is
dominated by the dipolar orientation process of water. As
free water molecules play a dominant role in orientation
polarization, the frequency dispersion of &' is therefore
governed by the frequency characteristic of water in the
three layer samples. When the temperature increases, then
&', which relates to the ability of water molecules to align
with the applied electric field, decreases.

Figure 5 shows that the slope of &" at high temperature
decreased more rapidly than those at low temperature. These
findings are in accordance with a previous study reported in
[4]. In theory, electric conduction and polarization
mechanisms (dipole, electronic, atomic and ionic) contribute
to &" [17]. The characteristics of &" for the three layer
samples within the measured frequency range are mainly
influenced by two loss mechanisms; ionic and dipole losses.
The latter loss results from polarized molecules and is the
dominant loss mechanism for microwave frequency [17].
The frequency dispersion characteristic of €" shown in Figure
5 for different temperatures can be divided into two regions;
below 3 GHz and from 3 to 6 GHz. The &" within the
frequency region of 3 to 6 GHz is dominated by the dipole
rotation [4, 18]. Below 3 GHz, ¢" is influenced by ionic
conductivity [19-22]. For any given substance, other factors
(composition, shape, stage, etc.) [19, 21-24] also influence
the complex permittivity.

3 MEASUREMENT SETUP AND COMPLEX
PERMITTIVITY

3.1 COMPLEX PERMITTIVITY AT 2.45 GHz

Figures 6a and 6b show the temperature characteristics of
¢ and €" for each layer at 2.45 GHz, respectively. Strong
nonlinear characteristics with temperature are evidently shown.
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Figure 6. Temperature characteristics of (a) €'and (b) £"of each layer at
2.45 GHz.
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It can be seen from Figure 6a that &' for each layer
increases with temperature because of the dipolar process.
The &’ of the mesocarp layer is higher than those of the
other two layers, meaning that the capability of
electromagnetic energy storage in the mesocarp layer is
better than the shell and kernel layers. This confirms the
feasibility of applying microwave energy to inhibit the
enzyme lipase in the mesocarp layer.

Figure 6b shows that the &" of the mesocarp and kernel
layer increases with temperature, while for the shell layer
it is almost independent. The positive slope of &" with

. de"
increased temperature —; can lead to a phenomenon

called thermal runaway, which is a critical concern for
microwave heating application. Since we know that
incident microwave energy absorbed by any material will
convert to heat, witnessed by an increase in temperature,
such material which has a positive €" slope with increased
temperature will face indefinite continuous increase in
temperature. This finally results in damage to the material
which can appear in several forms including cracks and
burns [25]. Avoiding such thermal runaway effects can be
achieved by controlling the input microwave power levels
appropriately. Small changes in &" with increased
temperature in the shell layer could be attributed to the
balance between the dipole rotation and ionic conduction.

The regression analysis was applied to model the
temperature-dependence complex permittivity functions of
the three layers. The &' and €" at 10-70 °C (in 5 °C steps)
computed from the models were tested with the measured
data as shown in Figure 6. From the statistical analysis, the
complex permittivity results obtained from the model are
consistent with the measured results with a 95% chance of
probability.

3.2 LOSS TANGENT

The ratio of ¢’ and &"represents the loss tangent, tan &,
which is defined as [26],

tans =< (),

&l
where & is the loss angle of the complex permittivity. The
loss tangent of any material describes conversion
capability of the material to convert microwave energy to
heat. When microwave energy incidents on a given
material, the temperature of a high loss tangent material
will increase more rapidly than a low loss tangent one.

In the illustration in Figure 7, loss tangents as a function
of temperature from 10 to 70 °C of the three layers are
computed at 2.45 GHz. It is shown that the loss tangent of
the mesocarp layer is higher than the other two layers.
This means that the mesocarp layer can absorb microwave
energy and convert it to heat more readily than the other
two layers. In addition, the capability of the mesocarp
layer to convert energy to heat is independent of
temperature.

3.3 PENETRATION DEPTH

Penetration depth, D,, a specific parameter for
characterizing a material under wave incident, is the depth
at which microwave power is decreased to e™! of its value
at the surface of the material. D,, can be calculated from the
measured € as shown [27, 28],

D, = 2 2

2w 2e’ 1+ tané$ %2-1

where A is the wavelength in free space. It is shown in (2)
that the penetration depth depends on tan §, 1 and &'. One
can conclude that D,, is not governed only by the material
properties but also by the wave parameter A.

D,, is the optimum size of the material to be heated. If the
material has a thickness less than D,, (which is relevant to
our case), a resonance is formed due to a combination of
forward and reflected waves at the interface between
materials with different complex permittivity. In this case,
heat will be generated in the material, this is called
volumetric heating, and as a result, a highly efficient
microwave heating design can be obtained. However, if the
material size is several times thicker than D,, the
temperature gradient will be similar to traditional heating.
The temperature characteristic of traditional heating
contrasts with volumetric heating. For the traditional
heating technique, the temperature at the material surface is
higher than the internal temperature. In summary, D, is
very important for a microwave heating process design. For
example, if the material to be heated with a microwave is
very thick, a low-frequency heating system is
recommended.

Table 1 shows D,, with temperature for each layer at 2.45
GHz from 10-70 °C. Based on a previous report [29], the
thickness values of the three layers are 0.94, 0.34, and 0.2
cm for the mesocarp, kernel and shell layers, respectively.
Greater penetration depths at this frequency for other
products were reported [22, 23]. When microwave heating
at 2.45 GHz is applied to the three layers, as shown in
Table 1, the D,, for 10-70°C is considerably greater than the
thickness in all three layers. This confirms that volumetric
heating at 2.45 GHz can occur in the three layers of palm
fruit.

Table 1. Penetration Depth of Each Palm Layer at 2.45 GHz.

Penetration depth (cm).

0

TCO) Mesocarp Kernel Shell
10 2.36 17.57 1987.08
20 223 10.18 85.01
30 2.29 8.45 18.96
40 2.17 7.26 18.32
50 2.10 5.46 18.33
60 1.96 3.32 18.69
70 1.90 3.43 13.14
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Figure 7. Temperature characteristics of loss tangent for each layer
sample at 2.45 GHz.

4 MICROWAVE HEATING APPLICATIONS

In this section, the temperature-dependence complex
permittivity equations for the three layers developed in
Section 3 are applied to form a multilayer concentric
model for the palm fruit var. Tenera. The multilayer
model is intended to be applied for a microwave heating
technique to predict the temperature distribution profile in
palm fruit.

4.1 MECHANISMS OF MICROWAVE HEATING

The palm fruit, which is assumed to be spherical, is
placed in a microwave rectangular cavity. The
electromagnetic field generated from a magnetron with
a rectangular waveguide is distributed in the cavity
and the palm fruit. Let ¢ r,0,¢ be a wave function
defined in the spherical coordinate r,0,¢ ,
Ecavity 70,9 be the electric field within the cavity, y
be the wave propagation constant where y =y, + yg +
Y4, and thus the electromagnetic field distribution in
the palm fruit can be described from Maxwell’s
equations by [30, 31],

V2XE 1,0, +y2E 1,0,¢ =~ ;220100

s 1(;2 or or
1 Y 1,0, 1 Y 1.0,¢
r25sin6 00 sin¢ a0 + r2sinf 9¢p? +
2 —
r 1,[) T, 9: ¢ - Ecavity T, 9' ¢ (3)

The boundary condition for a Perfect Electrical
Conductor (PEC) is applied at the cavity and walls of the
waveguide. No electric field in the normal direction of
each PEC wall exists. This can be written as shown,

nXE=0 (4),
The electric and magnetic field intensities at the
interface between the two different mediums (air and the

fruit surface) are continuous, hence the boundary
conditions are shown as,

nX(Hy—Hy)=nX(E;—E})=0 (5),

where n represents the unit normal vector to the interface.
Finally, we assume that no electric field exists at the initial
time ¢, thus

E, ty ,Eg to ,Ep ty =0 (6).

Electromagnetic energy is transmitted in space by
mutually supportive alternating electric and magnetic fields
in the form of electromagnetic waves characterized by 4,
frequency (f), magnetic field strength (H), and the electric
field strength (E). When palm fruit is exposed to such a
wave, part of the electromagnetic energy is absorbed and
converted to heat [30, 31]. The microwave absorbed power
in a unit volume of a material, P(r, 6, ¢, t), depends on its &
and can be calculated from fand E as follows [31,32]:

P(r,0,$,t) = 2nfeoe’ E - tand ),

Since the magnetic permeabilities of all layers in palm fruit
are equal to that of free space, u = 47 X 10~7 H/m, there is
no magnetic field interaction with the palm fruit. The power
equation shown in equation (7) illustrates that the
microwave power absorbed in palm fruit is linearly
proportional to f; €', tan §, and the square magnitude of the
electric field. This can be described by the following
Fourier heat transfer equation,

k 18 50T ro¢t 1 8 . ,OT rb.¢it

- - n 9 R Ak b
pCp 1201 or r2sin6 00 a0 +

1 AT ro,¢it P(r0.6t) _ OT 10,¢:it ®)
r2sinf®  9¢? 2pCp - ot >

where T r,0,¢:t is temperature at the coordinates

r,0,¢ at time ¢ (min), T, is the ambient temperature in
Kelvin units, and k is the thermal conductivity of the palm
fruit defined in W-m™ - K.

The heat transfer analysis is considered only in the palm
fruit domain, which does not include the surrounding space.
To simplify the analysis process considerably, the
boundaries of the fruit surface are considered as an
insulated boundary (no heat between the system and
surroundings). This can be defined by,

V.- —kVT =0 ),
where the initial temperature in the palm fruit at ¢, is,

T to b To (10).

4.2 EXPERIMENT SETUP AND COMPUTAION
METHOD

The proposed model was applied to a three-dimensional
finite element model implemented by COMSOL™
Multiphysics software. The experiment results performed
with a microwave oven (LG MS2349HK) were compared
with the computed results from COMSOL™. The
microwave oven dimensions of 485 mm x 385 mm x 280
mm was used to simulate the electromagnetic field



IEEE Transactions on Dielectrics and Electrical Insulation Vol. 21, No. 3; June 2014 1421

distribution. A magnetron tube with four different output
powers (160, 320, 480, and 800 W) radiates the field in the
interior of the microwave oven at 2.45 GHz. A palm fruit
was tied to the center of the oven and weiched using a
digital balance with good accuracy of *0.1 g. The
experiment setup is shown in Figure 8.

Digital balance

\ / Microwave Oven

Palm frui -
[}

é =]

—

|0

[ 1

Figure 8. Microwave heating system.

Time=8 min Slice: Temperature (degC)

.

‘Width(mm)

—_-
e

0 020 30 40 50
Length(mm)

(a) (b)

Figure 9. Temperature distribution profile in palm fruit, (a) measurement
and (b) computation from COMSOL™.

Since oil is mainly extracted from the mesocarp layer,
only the temperature distribution profile in this layer is of
our interest. The comparison of temperature distribution
obtained by computation and measurement were made at
two positions in the mesocarp layer. These two positions
lie in the middle of the mesocarp layer between the shell
and the exocarp layer as shown in Figure 9a. In oy
experiment, the temperature profile was recorded every

minute with an infrared thermometer with accuracy of
0.5% (Fluke 62 mini infrared (IR) thermometer). For 160
W microwave power, temperatures in the palm fruit were
recorded for 14 minutes. When the microwave power level
was at 320, 480 and 800 W, the temperature record
duration times were 10, 8 and 3 minutes, respectively. It
should be noted that a short record duration time for very
high microwave power is required to protect the palm fruit
from burning. To provide reliable results, all experiments
were repeated three times.

120 4 + —Sim.
® Exp. 160W
100 A X Exp.320W
+ Exp. 480W
80 A Exp. 800W
) 1
© 60
<
[—1
40

0 — T T T T T T T
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100 A B Exp. 160W
a X Exp.320W
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QT 60
2 [ ]
=
40
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01 2 3 4 5 6 7 8 9 1011 12 13 14
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Figure 10. Comparison between computed and measured temperatures at
position (a) 1 and (b) 2.

Comparison of the temperature distribution in the palm
fruit obtained from the system by experiment and by
computation from the model is shown in Figure 10. The
results indicate that the temperature in the mesocarp layer
rapidly increases at high microwave power more than at
low microwave power. This shows absorbed microwave
power appeared in the form of generated heat, which is in
accordance with equation (7), which describes that the
amount of absorbed power remains proportional to E . The
comparison between the computation and measurement of
the temperature distribution inside the palm fruit resulted in
good agreement for both positions. The correlation analysis
was applied to demonstrate the accuracy of the model. For
320, 480 and 800 W, we obtained correlation coefficients in
the range of 0.96-0.99. A small difference between these
two data sets was expected from the non-homogeneity in
the palm pulp. Only in the case of 160 W measured at the
second position shows a correlation coefficient of 0.75. We
believe that this resulted from uncertainty that could have
occurred in the measurement. However, the overall results
show that the fruit model developed from the temperature-
dependence complex permittivity functions reported in this
study can quite accurately predict the temperature
distribution profile in palm fruit.
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5 CONCLUSION

The complex permittivity for each layer of palm fruit
var. Tenera was measured at frequencies between 0.5-6
GHz from 10-70 °C. Both & and &" decreased
significantly with temperature increases at measured
frequencies. The temperature-dependence complex
permittivity functions for the three layer samples were
formulated by using the regression technique. The loss
tangents of the three layers in the palm fruit were
analyzed as a function of temperature from 10-70 °C at
2.45 GHz. It was found that the loss tangent in the
mesocarp layer was much higher than those for the
kernel and shell layers. This means that more heat-
electromagnetic energy conversion occurred in the
mesocarp layer than in the other two layers. By
considering the computed penetration depth, it confirmed
that volumetric heating at 2.45 GHz did occur in the
three layers. The temperature-dependence complex
permittivity functions of the three layers at 2.45 GHz
were applied to formulate the multilayer concentric
model for the palm fruit. This model was applied to a
microwave heating application to predict a temperature
distribution profile in palm fruit. Analysis results were
compared with the experimental results for the
microwave heating technique at four different power
levels (160, 320, 480, and 800 W). The multilayer
concentric model for palm fruit developed from the
temperature-dependence complex permittivity functions
could predict the temperature distribution profile in the
palm fruit quite accurately. This model proves the
validity and applicability of the complex permittivity
function presented in this paper and the feasibility of
applying microwave technology for palm fruit.
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Abstract: This study presents the application of a differential six-port reflectometer to the design of a portable system for
measurement of the dry rubber content (DRC) of latex. The proposed DRC measurement system consists of a 1 GHz
reflectometer used with an open-ended coaxial-probe sensor, a temperature sensor, a display and a microcontroller.
The complex permittivity and temperature of the rubber latex are measured, and a temperature-dependent model for
DRC determination based on a dielectric mixture theory is used. The reflectometer performance is verified by
comparing the measured complex permittivity with the results obtained from a commercial dielectric measurement
system. Finally, the accuracy of the DRC measurement system is assessed by comparing the measured DRCs from

different latex samples over the range of 10-40°C with the standard oven-drying method.

1 Introduction

The dry rubber content (DRC) of rubber latex has to be determined
for the pricing of rubber latex in the trading market. Traditionally,
the DRC is analysed based on the proven dry-oven method (ISO
126:1972). Since the dry-oven method is time consuming and
needs a sophisticated measurement set-up, alternate solutions are
needed — particularly in the field, for use by farmers. Several
methods have been proposed and applied for pricing rubber latex.
A faster standard method can be achieved by using a commercial
microwave oven to dry the latex sample, but this method depends
on special expertise. The Metrolac [1] method, which is based on
the specific gravity measurement principle, has been used in
several local trading markets. However, the Metrolac method takes
about 20 min to obtain the result, while its accuracy is arguable
because a measurement error can be created from misinterpretation
of the results. The ideal DRC measurement system for pricing
rubber latex in a trading market should be portable, user-friendly,
accurate, reliable, automatic and fast.

Several attempts to improve the performance of the previously
mentioned DRC measurement techniques have been made [2-10].
These research works were developed based on electrical
measurement for obtaining a quick and automatic measurement. A
low-cost high-performance portable DRC measurement system
would be of particular importance for farmers. Several methods have
been proposed to determine the DRC of rubber latex from the
high-frequency wave parameters, which are measured from either
transmission or reflection mode. From this research, the reflection
mode microwave measurement method is particularly promising.

Recently, a microwave multiport reflectometer technique was
proposed for determining the qualities of agriculture products owing
to its low complexity system [9, 11]. A low-cost DRC system based
on a six-port microwave reflectometer was reported in [9]. Since
rubber latex has water as the main component, which is
fundamentally sensitive to the ambient temperature, measuring the
dielectric permittivity of rubber latex fundamentally requires
multiple parameters to determine accurate DRC results. The system
utilises a temperature sensor to measure the ambient temperature.
This temperature parameter will assist for evaluating the DRC
of rubber latex. A six-port reflectometer (SPR)-based DRC
measurement system can be made portable because of low hardware
complexity of a SPR. A dielectric probe sensor can be fabricated
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simply using an open-ended coaxial line. The open-ended coaxial
probe sensor is equipped to the SPR and applied for measuring the
reflection coefficient of rubber latex. The measured reflection
coefficient is converted to complex permittivity of the rubber latex
using a mathematical model of the open-ended coaxial sensor.
A microcontroller was proposed for computing the reflection
coefficient and subsequently DRC. The measured complex
permittivity is applied to the model to compute the DRC in rubber
latex. One of the key requirements for a high accuracy DRC
measurement system is a mathematical model that rigorously relates
the electrical properties of the latex under test and the ambient
temperature to the DRC of the rubber latex sample.

Since an SPR system operates in mixed-signal mode, an advanced
integrated technology, for example system on a package (SoP), should
be applied to meet the low-cost goal. The high-frequency circuit part
of'the SPR, which consists of a six-port network, power detectors and
signal source, can be integrated onto a single chip whereas the digital
part can be integrated using either advanced specific integrated circuit
(ASIC) or field-programmable gate array (FPGA) technology on a
cheap silicon substrate. Unfortunately, silicon is a lossy material and
also analogue circuits are fundamentally sensitive to common-mode
noise and electromagnetic interference. Therefore the accuracy of a
measurement system designed will be considerably degraded by this
common-mode noise and interference. To counteract this, a
measurement system with high common-mode rejection ratio
(CMRR) by design is required. It is well known that the
common-mode rejection performance can be considerably enhanced
by using a differential measurement technique.

In this paper, we first apply a differential SPR (DSPR) for
DRC measurement system to demonstrate the feasibility for
implementing DRC measurement with differential measurement
technique. The DSPR was recently proposed in [12] to counteract
the common-mode noise effect for six-port measurements.
Applying the previously proposed DSPR topology that employs a
differential sampled-line six-port network operated at 1 GHz, a
DRC measurement system equipped with a temperature sensor is
realised. The DRC determination algorithm based on the dielectric
mixture theory is developed as a model for DRC determination.
The performance of the proposed system will be validated by
measuring several rubber latex samples for different DRCs over
the range 10-40°C. The DSPR concept is described in Section
2. In Section 3, the proposed differential SPR measurement system
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is described. The calibration performance of the system is
demonstrated in Section 4 and the DRC determination algorithm is
presented in Section 5. The system performance, the measured
dielectric permittivity of rubber latex and the DRC determination
results are described in Section 6. Finally, the paper will be
concluded in Section 7.

2 Differential SPR (DSPR)

A DSPR is an alternative reflectometer for determining the reflection
coefficient (I') of a device under test (DUT) while combating
common-mode noise and interference. The system diagram is
illustrated in Fig. 1. As compared with the regular single-ended
SPR (SSPR), the DSPR system needs six baluns and a differential
six-port network to operate. The baluns are needed to serve as a
transition network and feed differential signals to the differential
network. The differential six-port network acts as a core network
which samples the reflected signal (a,) from the DUT to four
differential signals (b3, b4, bs, bg) for suppressing common-mode
noise as well as electromagnetic interference.

In Fig. 1, the incident and reflected waves at the signal source and
measurement ports are denoted by a; and b,. The single-ended output
signals from four baluns are connected to power detectors and the
direct current (DC) outputs are used to compute the reflection
coefficient of the DUT by solving the following equations
simultaneously

P43 = |Aa, + Bby|* = |AT + B*|b,|* 1)
P, = |Cay + Db,|* = |CT + D|*|b,|? @)
Ps = |Eay 4+ Fby|* = |ET + F*|b,|? 3)
P = |Ga, + Hb,|* = |GT + H|*|b,|* “4)

where I'=a,/b,, a, is the reflected wave from DUT and b, is
the incident wave to the DUT. Pg, Py, Pys and Py are the
differential DC power readings at ports 3, 4, 5 and 6, respectively.
The parameters 4, B, C, D, E, F, G and H of the DSPR are
obtained from the six-port calibration procedure [12]. The CMRR
of the DSPR can be evaluated as the ratio between the differential
and common-mode signal transmissions [12]. It is noted that the
core differential six-port network can be implemented with several
topologies of six-port network, and is not only limited to the
sampled-line structure which is used in this paper.

3 Differential measurement system for DRC
determination

In this section, a differential measurement system for DRC
determination system is proposed and illustrated in Fig. 2. The
concept of the measurement system is similar to an in-field DRC
measurement system [9] that uses a SSPR. A DSPR based on a
sampled-line six-port network topology is chosen because of its
low complexity. The system utilises an open-ended coaxial probe
sensor to measure the reflection coefficient from the latex

Balun Balun
a; L 180° _f_?i
== —_ || Differential Six-Port Network = outT
by 180" o az

Tm b:l’% IﬂT‘#b; gy |4
,MV-BMUHH .vaalun ‘Balunov ‘ Balunvl

f bas fbae fbes {bes
5 W

Fig. 1 DSPR topology [10]
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sample under test while the ambient temperature will be measured
with a temperature sensor. A liquid crystal display is used to show
the measured DRC and temperature. In Fig. 2, four DC output
signals from four logarithmic detectors and one DC signal from
the temperature sensor are sampled and digitised using an
analogue-to-digital converter (ADC). Noise signals in these five
digitised channels are further reduced with five infinite impulse
response (IIR) low-pass filters. After filtering noise, the I' of the
latex sample will be computed using the algorithms programmed
in the system. The three main algorithms embedded in the 32-bit
floating-point microcontroller are (i) a mathematical model for
DRC determination under several in-field ambient temperatures,
(ii) a six-port calibration program and (iii) a reflection coefficient
computation algorithm.

Fig. 3 shows a photograph of the proposed DRC measurement
system based on a DSPR designed to operate at 1 GHz. This
frequency is chosen with the following rationale:

e The complex permittivity function of rubber latex can accurately
characterise the DRC of rubber latex in the temperature range of
interest [9, 11].

e Simple implementation and low-cost hardware design.

As shown in Fig. 3, a differential sampled-line six-port network
designed on low-cost FR4 substrate (1.57 mm thickness) was chosen
for the six-port network. The chip balun, LDB21942M20C-001, from
Murata is selected for single-ended to differential signal conversion.
The chip balun provides at least 20 dB CMRR at 1 GHz [12].

As in our previous work, we choose an SMA open-ended
coaxial connector as a low-cost dielectric probe sensor for
measuring the reflection coefficient owing to its ready availability,
small size and low cost. The LT®5534 power detector [13] was
chosen for its wide dynamic range, from 0 to —60 dBm over
0.5-3 GHz, which is sufficient for our design. Without any signal
conditioning circuitry, the detector provides an output voltage
range of 0.2-2.2 V. A 32-bit ET-STM32F103 microcontroller [14]
with embedded 12-bit ADC was selected as a low-cost processor
for implementing the algorithms with floating-point arithmetic.
The quantisation resolution obtained from the selected
microcontroller is 8.06 x 10™* V/quantisation level. A 16 x 2 liquid
crystal display was selected for showing the DRC results while a
LM355 [15] sensor was chosen to measure the ambient
temperature. A low-pass five-tap IIR filler with elliptic response
was adopted to reduce the noise. The elliptic function is employed
since it provides a sharp cutoff while the phase linearity in the
passband is not taken into account.

Microcontroller

I
1 DRC determination algorithm
|

I Dielectric permittivity

I determination
I
]
]

DRC prediction (. ;

el - =>» LCD Display
Reflection coefficient '
]

determination
B g s . o
71171
Digital filter
[ I N N

ADC - |

[ I

RF detector

Mﬁlmélmim?ll
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Fig. 2 Block diagram of the DRC measurement system
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-
Temperature sensor: LM355
LCD Display

SMA open-ended coaxial sensor

Fig. 3 DSPR measurement system for DRC determination

4 System calibration

The calibration procedure is presented in this section. This process is
to eliminate all systematic errors that can be introduced by the
various subsystems, for example, the differential six-port network,
power detector, ADC and so on. The properties of three main
components are needed in order to calibrate the system prior to
measurement. These are the DSPR, the coaxial probe sensor and
the LM355 temperature sensor.

4.1 DSPR calibration

The characteristic parameters of the DSPR must be determined using
a calibration procedure prior to measuring the I" of the DUT. Here,
we choose the calibration algorithm based on a statistical method.
The method uses a weighted squared error technique [16] to
calibrate the designed DSPR as follows

4 .
_ Yict Fi +iG)P oy
i ()P

where F;, G; and H; are the characteristic parameters of the DSPR,
P, +; are power reading from the baluns and i=1-4. Ten known
electrical loads were chosen in the calibration procedure. It should
be noted that the calibrated loads are chosen such that their
reflection coefficients are distributed in the four quadrants of the
Smith chart, as suggested in [12].

After calibration was performed, the I'’s of ten calibrated loads
were measured. Fig. 4 compares the measured I'’s obtained from
the DSPR with those obtained from a standard automatic network
analyser (HP8510B). It is shown that the DSPR provides
sufficiently accurate results. Comparing with the results from the
network analyser, the DSPR provides the magnitude mean
absolute error of 0.033.

®)

4.2 Open-ended coaxial probe sensor calibration

Here, the complex permittivity of rubber latex can be obtained from
the measured I' through the mathematical model of the open-ended
coaxial probe sensor [17] as follows

1T o

=— 6
“ G+ G ©

where &, is the complex permittivity of rubber latex, o is the applied
signal’s angular frequency, Z, is the characteristic impedance, which
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®
-1

Fig. 4 Measured I"’s of the DSPR ( x ) compared with automatic network
analyser (o)

is normally set to be 50 Q, j = V=1, C, and Crare the open-ended
coaxial sensor capacitance parameters needed as the calibration
parameters. These parameters describe the characteristics of the
SMA open-ended coaxial probe sensor, which is based on the
capacitance model of the capacitor filled with air and dielectric
material.

To determine these capacitance parameters, distilled water
was used as the standard sample. The dielectric permittivity of
distilled water was obtained from a Debye-type relaxation spectral
function [18] over the temperature range 10-40°C. The initial
values of Cy and C, were 0.040 and 0.009 pF, respectively. These
values were obtained by calculation based on the physical
dimensions and materials for the coaxial probe sensor. After
calibration was performed, we obtained Cy and Cr of 34 and 9 fF,
respectively.

4.3 LM355 temperature sensor calibration

Using distilled water as a calibrated sample, the LM355 temperature
sensor was calibrated with the Fluke® 62 mini infrared thermometer
sensor [19] which was selected as a reference temperature sensor.
The distilled water is measured from both sensors concurrently.
The results of the LM355 sensor were interpreted from the output
voltage signals. The voltage characteristic for theLM355 against
the temperature obtained from the standard thermometer sensor
was analysed with the regression technique and the R-square
regression obtained was 0.999.

5 Algorithm for DRC determination

In this section, the dielectric mixture model theory is chosen to form
a mathematical model for determining DRC. The advantage of using
the dielectric mixture theory is its foundation in the physical
background of the material. The technique was already
demonstrated for DRC determination in [9], showing very accurate
results for DRC determination. Hence, we apply the same model
for determining DRC as follows [20]

Eugr — € g, —¢€

W :f S W (7)

Eeir + 28y, + V(€ — &) g+ 28, + (e — &)

where €. is the measured complex permittivity of the rubber latex,
obtained from the DSPR measurement system; &, is the complex
permittivity of water that can be obtained from Debye-type
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relaxation spectral function [18] as a function of temperature and
frequency by supplying the measured frequency and temperature
of the rubber latex; &5 is the complex permittivity of dry rubber
that is assumed to be temperature and frequency independent and
equal to 2.2-0.05: [4]; v is a dimensionless parameter describing
the polarisation effect between neighbouring dry rubber particles
and water molecules, and f is the dry rubber volume fraction,
which is the solution of (8). Finally, the percentage of DRC can
be computed as follows

Dif

PRC = b7+ D, —1)

x 100 ®)

where D; is the density of solid rubber that is equal to 0.90 g/cm® and
D, is the temperature-dependent density of water that is well known.

6 Experimental results and discussion

In this section, the performance of the proposed DSPR measurement
system is evaluated with two experiments; measuring complex
permittivity and determining DRC of several rubber latex samples
for different ambient temperature conditions.

6.1 Complex permittivity measurement

Numerous diluted concentrated rubber latex samples were prepared
at various temperatures. This was done by immersing the rubber
latex samples in the temperature controlled water bath. Each
diluted concentrated rubber sample was contained in a 40 ml
beaker. To measure the complex permittivity of the rubber latex
samples, the LM355 temperature sensor and SMA open-ended
coaxial sensor are dipped in the rubber latex samples.

Figs. 5a and b show the measured dielectric constant and dielectric
loss factor of the rubber latex samples as a function of ambient
temperature, respectively. It can be seen that the dielectric constant
of rubber latex decreases with increased temperature. This can be
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Fig. 5 Measured complex permittivity of rubber latex at 1 GHz as a
function of temperature by using the proposed DSPR measurement system

a Dielectric constant
b Dielectric loss factor
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explained by the fact that the polarisation in rubber latex is mainly
governed by the dipolar orientation process. Since the strength of
the hydrogen bond of the water molecule in latex is weakened as
the ambient temperature increases, the dipole moment of the latex
sample is reduced. This, in turn, decreases the ability of the water
molecule to align with the applied electric field. On the other
hand, the dielectric loss factor increases with the ambient
temperature which is mainly governed by the conductivity
characteristic of rubber latex. The bond energy in rubber latex
reduces as temperature increases, leading to more free ions that
can orient with the applied electric field.

Furthermore, Figs. 6a and b show the measured dielectric constant
and dielectric loss factor of rubber latex at various temperatures as a
function of DRC, respectively. It is shown in Fig. 6a that the
dielectric constant relates to the ambient temperature and, if
compared with the dielectric loss factor shown in Fig. 6b, can be
modelled more simply than the dielectric loss factor. We believe
that the characteristic of dielectric constant at 1 GHz reflects to the
dipolar process of water molecules, which is inversely proportional
to DRC. Hence, a mathematical model for DRC determination can
be developed based on the dielectric constant only.

Meanwhile, the non-rubber components in the rubber latex, such
as sodium salts, proteins and lipids, play a dominant role in the
low-frequency dielectric constant. Since we employ microwave
frequency, a mathematical model for DRC determination will be
considerably simplified by using only the dielectric constant and
neglect the dielectric loss factor information, but still providing a
satisfactory degree of accuracy.

6.2 DRC prediction

As described in the previous subsection, only the dielectric constants
are substituted in the DRC determination model. Fig. 7 shows the
results of DRC determination using the DRC measurement system
based on a DSPR. The value of the parameter v was adjusted to be
1.65, to attain the minimum standard deviation of absolute error of
DRC over the experimental temperature range. This parameter was
carefully chosen as the same approach suggested in [9].
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Fig. 6 Measured complex permittivity of rubber latex at 1 GHz at various
temperatures as a function of DRC
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Fig. 7 DRC determination results at various temperatures from dielectric
constant measurement at 1 GHz

a Predicted results
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Figs. 7a and b show the DRC predicted results and the prediction
errors of DRC at 1 GHz, respectively. It can be seen that the
predicted DRC results are in agreement with those obtained from
the standard method ISO 126:1972 (DRC) with 2.77% of mean
absolute error and 1.82% of standard deviation error. However, the
errors of the proposed DRC measurement system are higher than
the results obtained from the SSPR which was designed based on
a five-port ring structure [9]. We believed that this error is mainly
caused owing to poorer performance of sampled-line six-port
network used in the DSPR. From our previous study [21], a
sampled-line six-port network requires more signal-to-noise ratio
than a five-port ring six-port network topology. Various techniques
such as increasing bit resolution can be applied to improve the
accuracy performance. Another solution is to apply a DSPR based
on differential five-port ring or other six-port network topology
which has better performance.

7 Conclusion

The DSPR system for DRC determination system based on a 32-bit
microcontroller has been presented in this paper. The proposed
differential DRC measurement system was developed to achieve
an automatic, high accuracy and low-cost system. The system was
designed using the differential sampled-line six-port network and
the DRC determination algorithm that is based on dielectric
mixture model theory as a temperature-dependent model was
developed. The validation of the system has been demonstrated at
1 GHz with several measurements on different DRC diluted rubber
latex samples were performed. The results were verified with the
standard oven-drying method (ISO 126:1972, DRC) over a

IET Microw. Antennas Propag., 2015, Vol. 9, Iss. 8, pp. 847-851
© The Institution of Engineering and Technology 2015

temperature range of 10—40°C. The proposed technique provides
an accurate performance, with the mean absolute error and
standard deviation absolute error being 2.77 and 1.82%,
respectively. The accuracy can be improved if some other
differential six-port network topologies are applied. We believe
that the differential measurement technique can be applied to
implement a DRC measurement system in mixed-signal integrated
circuit formed on a silicon substrate in the future.
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Effects of Contaminations in Rubber Latex on
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Abstract—This paper proposes an analysis on the effects of
contaminants and studies the contamination detection in rubber
latex with relative permittivity at 0.5-2.0 GHz. In order to
develop a mathematical model for detecting contaminants in
rubber latex, it can apply to the DRC measurement system which
has been created earlier. The DRC measurement system is
designed to be the mostly operate at 1.0 GHz. From this
experiment, the percentage of dry rubber content (DRC) is
increasing with the amount of contaminants. Thus, the
contaminated latex is not detected by the Total Solid Content
method (TSC). The contaminated latex can be detected by the
relative permittivity. In this result, the dielectric loss factor can
distinguish of contaminated latex better than dielectric constant.
Finally, the DRC measurement systems can be measured DRC
and detected contamination in rubber latex on a single device in
the future.

Keywords—rubber  latex;  contaminated latex; reletive

permittivity; dielectric constant; dielectric loss factor

I. INTRODUCTION

In a rubber industry, the rubber processing is primarily to
be processed and used as a raw material in the manufacturing
of a product such as rubber tire, motorcycle tire, gloves,
condoms, etc. Currently, focused on the production of rubber
sheet and rubber latex for exports to other countries. The
industry has been purchased fresh latex from farmers for using
in the manufacture of rubber sheets and rubber latex. In
trading fresh latex, a price of fresh latex depend on percentage
of dry rubber content (DRC) which is a ratio of rubber content
in rubber latex. The DRC affects to the quality of rubber latex.
In trading a fresh, some farmers are an opportunity for profit
to themselves. They add contaminants that look like a rubber
latex in the rubber latex, such as cassava starch, gypsum,
calcium carbonate, cement, for increasing the weight and the
DRC. Moreover, Adding ammonia to the excessive amounts
for the treatment of rubber latex[1] which is affected to the
stability of the rubber latex. Therefore, the contamination in
the rubber latex is harmful to the process and low quality of
the product.

Commonly, In trading fresh latex has two method for
determining the DRC. There are metrolac method[2] and
microwave drying method[3]. The metrolac method use the
density of rubber latex to determine DRC. The method is fast

978-1-4799-7961-5/15/$31.00 ©2015 IEEE

processing but low accuracy. For the microwave drying
method, the DRC is calculated from the ratio of the weight of
rubber latex samples before and after drying. Thus, the
microwave drying is a Total Solid Content method (TSC). It
was found that, the TSC method is complicated and slow
processed for DRC determination. However, the method is
more accurate than metrolac method. Therefore, the farmers
use TSC method to calculate the DRC for determine the
quality and price of the rubber latex.

Previously, the research work proposed the microwave
technology products and agricultural application [4-5]. In
addition, the research work is proposed the prototype of DRC
measurement systems base on six-port reflectrometer, which is
the microwave technique for determining DRC [6]. It operates
at 1GHz. The DRC measurement system is high accurate, fast
and small. Moreover, It field tested with rubber latex from
various cooperative of rubber latex. The result is comparable
to the global standard (ISO 126: 1972 Dry rubber content,
DRC). The error are only 0.36% and 0.95% in the case of
measuring rubber latex and fresh latex, respectively.
However, DRC measurement systems has not reported the
detection of contaminants in the rubber latex which add by
farmers.

Therefore, this paper proposes the effect of contamination
with cassava starch and CaCo; in rubber latex. In order to
study the method for detecting the contaminants in rubber
latex. In this experiment, there are two methods. The first is
the analysis of contamination in rubber latex with the TSC
method. The second is the analysis of contaminations in
rubber latex with relative permittivity. They are explained in
section II. The results and discussion is described in section
II1. The conclusions of this paper is in last section.

II.  MATERIALS AND METHOD
A. Materials

Although, the TSC method can determine the DRC of
rubber latex. The researcher is interested the TSC method to
test the contaminated detecting. This method compare the
DRC of latex with non-contaminated latex and contaminated
latex. The contaminants are used in experiment which are



cassava starch and CaCos;. Moreover, the DRC measurement
system is the high-frequency technique for determining DRC.
It uses the relative permittivity to predict the DRC. Therefore,
this method analyzes the contamination of rubber latex by
relative permittivity. Comparisons the relative permittivity of
non-contaminated latex with contaminated latex at 0.5-2.0
GHz. They are measured by the 85070E Agilent dielectric
probe kit and HP 8510B network analyzer. The experiments
measure in the laboratory at room temperature (27 °c).

B. Methods
1). The analysis of contamination in rubber latex with the
TSC method

In this method, it analyzes the effects of contaminants,
which are cassava starch and CaCos;, are contaminated in
rubber latex. Thus, this process compares the DRC from
calculation method with TSC method of contaminated latex.
For this method, the test rubber latex, which the DRC is about
20, is used for analyzing the effects of contamination in rubber
latex. The contaminants 1 gram are added into 50 cm® of test
rubber latex. Then, it can calculate the DRC by eq. 1.

vipre ~ (MM,

ot = x100, M
M)
Where, M; is the weight of dry rubber in gram, M, is
weight of contaminants in gram. M, is the weight of
contaminated latex in gram. The DRC of test rubber latex is
about 20. It can calculate the weight of dry rubber of
rubber(M,) by eq. 2.

- %DRCXMV, )
100

Where, M, is weight of test rubber latex. It can calculate
by the density of rubber latex equation is eq. 3.

p, =M. (3)

Where Dj is the density of dry rubber. It is about 0.90 g /
em’[7]. Then, M, is the sum of weight of test rubber
latex(M,.) and weight of contaminants(M.) which is
contaminated in rubber latex. It can calculate by eq. 4.

M, =M, +M,. “4)

Then, the contaminants are stirred to dissolve in test rubber
latex. The contaminated latex is measured DRC by TSC
method. After that, the contaminants 1 g is added into
contaminated rubber latex. The contaminated latex is
determined the DRC by calculation method and TSC method.
Then, the method repeat this process until the contamination
of 15 grams. It was observed that the DRC calculation is
depends on the weight of the contaminants. Finally, this

method is a analysis the amount of contaminants in rubber
latex are affected to DRC by TSC method. The rise of DRC is
determined by TSC method. They are a contamination from 1-
15g of cassava starch and CaCos;. Then, the DRC of
contaminated latex by TSC method are compared with the
calculation method.

2). The analysis of contaminations in rubber latex with

relative permittivity

The relative permittivity &, is a complex number which is
real and imaginary parts are denoted as eq. 5.

g}” = gr '+jgr” (5)

Where E; and Er” are dielectric constant and dielectric loss
factor of the material, respectively. This method is a study of
relative permittivity of rubber latex. The non-contaminated
latex and contaminated latex are measured the relative
permittivity by 85070E Agilent dielectric probe kit. The
rubber latex A, B and C represent the contaminated latex,
which the DRC of rubber latex are 30, 25 and 28 respectively.
The rubber latex D and E represent the contaminated latex,
which are the rubber latex B was contaminated the cassava
starch and CaCos, respectively. In addition, the contaminants ,
they are cassava starch and CaCos, are added into rubber latex
B in order to increase DRC is almost equal the rubber latex A
(DRC 30). Then, it is a relative permittivity comparison of
contaminated latex and non-contaminated latex. After that,
the relative permittivity of contaminated latex is used to
calculate the DRC by mathematical model for predicting the
DRC as the eq. 6.

DRC D.J

"D D(-) ©

When Dy is the density of dry rubber which is about 0.90
g/ em’. D, is the density of water. It depends on the

temperature. DRC  is obtained from the ratio of weight

relative to the weight of dry rubber. f is dry solid rubber
volume. It can be obtained from the eq. 6.

Epp — &y £ €, (7

£, +2¢,+v(E,, —€,) £, +2¢e,+v(e, —€,)

When &, is relative permittivity of water. € is relative
permittivity of dry rubber. It is about 2.2-0.05i [8]. Eqf¢f is
relative permittivity of rubber latex which was measured from

the test rubber latex using a high frequency technique. v is
the variables that is used to explain the effects of polarization



mechanism of dry rubber and water. For this experiment, it

use VU =2 because it is the most appropriate for predicting the
percentage of dry rubber latex at 1 GHz.

III. RESULTS AND DISCUSSIONS

The effect of contamination in rubber latex is analyzed by
the contamination with cassava starch and CaCo;. This
experiment uses DRC of rubber latex is about 20. The result of
rubber latex contaminated with cassava starch and CaCos are
shown in Fig. 1. For the cassava starch is contaminated in
rubber latex. They dissolve a homogeneous and no
precipitated which made the DRC is higher. It found that the
DRC from the TSC method is close to the DRC calculation.
The average error between TSC method and DRC calculation
are about +£0.80 DRC. Thus, the rubber latex is contaminated
with cassava starch cannot be verified by TSC method. For the
rubber latex is contaminated with CaCos. It observes that, after
adding CaCos into the rubber latex in the equal amount of
cassava starch. It made DRC which is lower than cassava
starch contamination. When the CaCos; is contaminated less
than 2 grams can dissolve well in latex. The DRC from a TSC
is almost equal to the DRC calculation. When the CaCo; is
contaminated from 3 to 9 grams in rubber latex, they begin to
precipitate. Therefore, it made the DRC from TSC method less
than the DRC calculation. In addition, if the CaCo; more than
10 grams in rubber latex, the physical changes of the rubber
latex is obviously. The DRC from TSC method of rubber latex
is contaminated with CaCo; more than 10 grams is almost
equal the DRC calculation. From Fig. 1. Observe that, the
rubber latex is contaminated with less than 10 grams of CaCo;
cannot be verified by TSC method. The comparison average
error with DRC calculation is about -2.65 DRC
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Fig. 1. Show the effects of the contamination in rubber latex

From the results, the amount of CaCo; is more than
cassava starch which are added to get the same DRC. If the
CaCoj; is contaminate in rubber latex more than 10 grams. The
physical changes of the rubber latex. However, when
comparison is compared to rubber latex contaminate with

cassava, which is still in a state of rubber latex as shown in
Fig. 2.

a).

Fig. 2. The physical of contaminated rubber latex after contamined 15grams

a). cassava starch b). CaCos

The next method is the study of relative permittivity
analysis of the rubber latex contamination. The DRC of rubber
latex A B and C are 30, 28 and 25, respectively. They are non-
contaminated latex. The rubber latex D is the rubber latex C
was contaminated with cassava starch. The rubber latex E is
the rubber latex C was contaminated with CaCos;. The DRC of
contaminated latex D and E are about 30. The relative
permittivity of non contaminated latex and contaminated latex
are measured by 85070E Agilent dielectric probe kit as shown
in Fig. 3 and Fig. 4.
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Fig. 3 shows the comparisons of dielectric constant of all
rubber latex. It observe that the dielectric constant of rubber
latex B is the highest of all rubber latex because the rubber
latex B has DRC the least of all. Therefore, The DRC is
inversely to the dielectric constant. The DRC of rubber latex A
D and E are almost equal. So, the dielectric constant of their is
the same trend. Thus, the dielectric constant is difficult to
distinguish the rubber latex which are contaminated and non-
contamination from each other.

Fig. 4 shows the dielectric loss factor of all rubber latex.
The rubber latex A, B and C is almost equal and same trend. It
found that, the dielectric loss factor of non-contaminated latex
has almost equal. The dielectric loss factor of contaminated
latex is different significantly. From the results, it used the
dielectric loss factor for detecting the rubber latex
contaminated. After that, the dielectric constant of rubber latex
are used to calculate the DRC with mathematical model. This
method verify the accuracy of the DRC measurement systems
which predict the DRC. The comparisons of the DRC with
mathematical model at 0.5-2.0 GHz as shown in Table I.

TABLE I. COMPARISONS OF DRC WITH MATHEMATICAL MODEL

Sample 0.5 GHz 1.0 GHz 1.5 GHz 2.0 GHz
rubber
latex model A model A model A model A

A (DRC 30) 30.0 00 293 07 289 1.1 28.9 1.1
B (DRC 25) 23.8 1.2 235 1.5 227 23 23.0 2.0

C(MDRC28) 278 02 272 08 267 13 267 13
D (DRC 25) +

(Cassava 109y 302 52 298 49 298 48 299 49
E (DRC25) +

(CaCo310g) 312 62 303 53 298 48 297 47

From Table I., where A is the absolute error of DRC
which are measured by DRC measurement system and
calculated by mathematical model. Observed that, the DRC
from mathematical model cannot distinguish the contaminated
latex. Therefore, the dielectric constant is not suitable to used
to detect contamination in rubber latex.

However, the study of the relative permittivity of the
contaminated rubber latex can use dielectric loss factor for
distinguishing the contamination in rubber latex. For this
experiments, they can design the mathematical models for
contaminated detection in rubber latex and applied the model
to a DRC measurement system[6] . The finally, the
measurement system can measure the DRC and detect
contamination in one single device.

IV. CONCLUSIONS

The effect of cassava starch and calcium carbonate in
rubber latex has been presented. The contaminants in rubber
latex made the DRC is higher. However, the contaminated
latex can measure the DRC by TSC method but cannot
distinguish the contamination in rubber latex. Because the
DRC is increased by the amount of contaminants. The
dielectric constant cannot detect the contamination in rubber
latex. The contaminations in rubber latex was detected by the
dielectric loss factor. From the results, researcher can design a
mathematical model for contaminating detection in rubber
latex in the future work. In addition, the contaminated
detection model can apply to the DRC measurement system
base on  six-port reflectrometer. Therefore, the DRC
measurement system can be measuring DRC and detecting
contamination in rubber latex on a only one device.
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ABSTRACT

A microwave heating process for palm fruit can quickly remove the moisture content
and destroy any free fatty acids (FFA) in palm fruit. In this paper, the key parameters for palm
fruit to design an effective microwave heating system, effective moisture diffusivity, activation
energy and dielectric model are reported. These parameters can predict the temperature
distribution and moisture ratio in var. Tenera palm fruit when using a 2.45 GHz microwave,
heating at four different power levels (160, 320, 480, 800 W). By assuming that each palm
layer is homogeneous, a model composed of physical layers (mesocarp, shell and kernel) was
developed. The effective moisture diffusivity of the palm fruit is determined by Fick’s second
law for mass transport mechanism. The calculated value of the effective moisture diffusivity
of the palm fruit increases with the temperature since the water molecules in the palm fruit
diffuses quickly at high temperature. In addition, the activation energy of palm fruit ranges
from 31.06 to 48.91 kJ(mol)' with the different microwave powers, which were obtained
by applying the linear regression technique to the Arrhenius equation model. Finally, the
comparisons between the computed and the actual experiment for the moisture ratio with
the different microwave powers were computed from the effective moisture diffusivity in the
palm fruit. The results obtained from both data sets highly correlate.

KEYWORDS: Microwave heating; three-layer dielectric model; palm fruit; dielectric properties.

INTRODUCTION

The palm plant, Elaeis consensus Jacq., provides the highest yields per hectare of
all oil producing crops [Prasertsan and Prasertsan, 1996; Sumathi et al., 2008]. Crude oil is
derived both from the mesocarp and kernel layers of the palm fruit. Currently, the process of
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extracting crude oil can be classified into two
types. The first type, which is the standard
process, uses hot steam to sterilize a palm
bunch for stripping and drying palm fruit. The
second type, which is suitable for small-scale
production, uses a frying method for heating
palm fruit. This way is low in cost, but the
oil product obtained is low in quality since
it is a mixture from the mesocarp and kernel
[Basiron, 2005; Poku, 2002]. To maintain the
quality and prolong shelf life of the product
[Maskan, 2000], both heating process types
employ heat convection mechanisms to expel
moisture in the palm fruit.

Differing from the conventional
heating process, a microwave technique
provides an alternative solution that promises
a rapid heating mechanism, especially
for agricultural and food products, which
are porous media. It was reported that a
microwave heating technique [Sukaribin and
Khalid, 2009; Mohd Halim Shah et al., 2009]
can dry palm fruit more rapidly and uniformly
than the conventional techniques because
heat is developed from the internal volume
of the palm fruit. Moreover, the technique
is a clean technology because no exhaustive
fumes are produced in the process.

To produce a high quality oil product
with low free fatty acid (FFA), heating
palm bunches using a microwave technique
was proposed to replace the conventional
sterilization process [Sukaribin and Khalid,
2009]. High-efficient stripping of palm fruit
from a palm bunch was obtained. Afast heating
process was also achieved. This brought about
much attention from both industrial and
academic sectors for its application. Several
investigations regarding applying microwave
heating for palm fruit were performed. To
design an effective heating process, several
parameters regarding heat and mass transfer
processes are needed, these include effective
moisture diffusivity (D, ), activation energy
(E, ) and a dielectric model for palm fruit.

Theoretically, D, E and temperature
distribution of products under heating are
essential for an effective microwave heating

system design. D, and E can be used to
compute the temperature distribution in the
palm fruit under microwave heating, using
the dielectric properties of the palm fruit
(2£) and the moisture ratio (MR) in the palm
fruit [Aghbashlo et al., 2008; Minaer et al.,
2011; Motevali et al., 2012;]. Our survey of
the literature in this field revealed that there
are no reported studies of the D and E of
the palm fruit under microwave heating, as
presented in this paper, which makes this
current research necessary.

THREE LAYER DIELECTRIC MODEL AND
ANALYSIS EQUATIONS
Model

To describe the characteristics of
microwave heating for palm fruit, a model
needs to be developed which incorporates
several key physicaland electrical parameters.
Elaeis quineensis Jacq. var. Tenera Palm was
chosen because it is the most popular variety
of palm fruit for cultivating. Since it has been
reported that the palm is most productive
at eight year old [Prasertsan and Prasertsan,
1996], the physical and electrical parameters
were applied to palm fruit at this age to form
the dielectric model. Based on the statistical
data of the palm fruit dimensions [Owolarafe,
2007], a model with spherical shape was
chosen for the palm fruit. Naturally, the palm
fruit has four physical layers which include:
the exocarp, mesocarp, shell, and kernel.
The exocarp layer is very thin compared with
the other three layers, hence it negligibly
contributes to the heat and mass transport
mechanisms in the palm fruit; thus, the
exocarp layer was excluded from this study
leaving this proposed dielectric model with
three layers, where each layer was assumed
to be homogeneous.

Physical content and dielectric properties

The three fruit layers (mesocarp, shell
and kernel) and their physical contents by
weight are shown in Figure 1. Palm is naturally
contained in the mesocarp and the kernel.
The shell layer, which is only 9.4% of the fruit,
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~

Palm oil 30.8%

‘Water 36.4%

Fiber 15.4%

N
(]

Palm oil 3.76-4.16% I

| Water 0.48-0.64% I

Protein 0.6-0.88% I

Carbohydrate 1.84-1.93%

\_ | Ash 0.6-0.4% I

Figure 1. Physical content of Elaeis quineensis Jacq. var. Tenera.

protects the kernel and consists of only fiber.
The kernel constitutes about 8% of the palm
fruit and includes five components: oil, water,
protein, carbohydrate, and ash [Choi and
Okos, 1986; Narv et al., 2008]. The mesocarp
is the largest layer of the fruit containing oil,
water, and fiber. As shown in Figure 1, oil is
contained mostly in the mesocarp layer [Choi
and Okos, 1986].

To  accurately calculate the
temperature distribution in the palm fruit,
the £ of each layer is required. The dielectric
constant (¢’ ), the real part of z, relates to
microwave energy stored in the fruit layer.
The dielectric loss factor (¢”), the imaginary
part of ¢’, governs the energy conversion
mechanism from electromagnetic waves to
heat. A microwave frequency of 2.45 GHz
was chosen for heating the palm fruit

because a high power microwave source at
this frequency is easy to use and inexpensive
to purchase. In addition, this 2.45 GHz
source is more energy efficient compared
to other signal sources operating at lower
frequencies.

Table | shows the £ of each layer
in Elaeis quineensis Jacq. var. Tenera
[Pongsuwan et al., 2014]. The temperature-
dependenceequationsfore’ande”at2.45GHz
of all three palm layers are formed with
polynomial functions. The £ characteristics
of the mesocarp and kernel layers are
more sensitive with temperature than the
shell layer. To predict the temperature
distribution profile in the palm fruit, a three-
layer dielectric model for the palm fruit is
formed with the polynomial functions shown
in Table I.

Table I. Dielectric equations of three layers of the palm fruit at 2.45 GHz.
Layer g’
Kernel -1.560x107T° + 2.969x105T* - 1.975x103T3 + 5.809x102T2-0.720T + 5.937
Shell 4.396x10°8T° - 4.614x10°T* - 3.924x10°T> + 1.620x102T2-0.415T + 4.060
Mesocarp 1.302x107T> - 2.658x10°5T* + 2.068x103T3 - 7.435x102T2 + 1.222T + 1.947
Layer e’
Kernel -6.288x10° T 5+ 1.135x10° T4 - 7.335x104 T3 + 2.111x102 T 2 - 0.256 T + 1.286
Shell -3.276 x10 1°T® + 7.499x108T> - 6.352x10¢T* + 2.418x10“T? - 3.966x10°T2 + 2.652x102T- 5.087x10?
Mesocarp 3.750x108 T 5 - 8.102x10° T * + 6.605x10“ T 3 - 2.451x102 T 2 + 0.408 T + 0.241
T=Temperature (°C)
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Thermal property

To accurately predict the thermal
characteristics of the microwave application
for heating the palm fruit, the three
following parameters, thermal conductivity
(k), density (p), and specific heat capacity
(C ), wereincluded in the model [Becker and
Fricke, 1999]. To model thermal conductivity
of the palm fruit at a specific temperature,
k ... (T), thermal parameters of all physical
contents in the palm fruit, as illustrated in
Figure 1, were considered. This is described

by,
krwa(1) =Yk (DV(T) (1)

where k(T) and V(T) are the thermal
conductivity and the volume fraction
of layer i (i is the mesocarp, kernel, or
shell), respectively. The volume fraction is
proportional to the mass fraction, W(T), and
density, p (7), of layer i as shown by

W)/ (1) )
> W1/ (1))

V(1) =

The density of the palm fruit, p . (7), can
be calculated from,

-1
pTolal(T)z(ziV;/l:E;;J (3)

Assuming that each layer in the palm
fruit is anisotropic and homogeneous, the
thermal conductivity of each palm layer
can be considered to be dependent on the
heat flow direction. The mesocarp layer (as
seen in Figure 1) is predominantly liquid
containing water and oil except for a small
layer of solid fiber. Let V,(7) and V(T) be
the average volume of all the contents in
the mesocarp layer and the volume of fiber,
respectively, therefore the proportion of
fiber contained in the mesocarp layer is
defined by V(T)/ V,(T) . Since the mesocarp
layer mainly contains liquid, the thermal
conductivity depends on the direction of heat
flow. Hence, £, , the thermal conductivity of

) M?

the mesocarp layer in the W(meK) " unit, can
be written as [Kopelman, 1966],

2/3
1_(?(?}
L 2/?4( ) 1/3 (4)
1_[Vf(T)J 1_[Vf(T)J
Vi (1) V(D)
In Equation (4), k, is the thermal
conductivity of the water and oil in the
W(meK)" unit. Finally, the specific heat
capacity of the palm fruit, C ,  (7), in the
J(kg+K) " unit can be calculated by averaging

specific heat capacity, C  (7) , for all layers
in the palm fruit given by

C, s (D= ZW(T) C, (T) (5)
Computation approach
Electromagnetic field distribution

A rectangular cavity is normally
chosen for microwave heating applications.
Therefore, we have investigated the
electromagnetic field distribution in the
microwave-heated palm fruit by placing it in
a rectangular cavity. Electromagnetic waves
were generated from a 2.45 GHz magnetron.
Let w(r, 0, O) be a wave function defined
with the spherical coordinate (r, 0, @) and
y be the wave propagation constant where
y =7+7,%7, thus the electromagnetic field
distribution in the palm fruit can be described
from Maxwell’s equations by Equation (6)
[Metaxas and Meredith, 1983; Geedipalli et
al., 2007; Tang et al., 2002],

Vi< E(r.0.0)+ 7 E(r.0.9)= %g{ﬁ M}+
or or

! a{smea‘” r.0.4)| ,
r2sin @ 06 06

1 al//(r70>¢) 2 (6)
r’sin@  Og? +ru(r.0.9)

The boundary condition of the Perfect
Electric Conductor (PEC) was applied to
the cavity and the walls of the waveguide.
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No electric field in the normal direction of
each PEC interface exists. This is given by
Equation (7)

ix (A, —H,)=0 (7)
where 71 represents the normal vector unit
to the interface. Since the electric and
magnetic field intensities at the interface
between the two different mediums (air and
the palm fruit surface) are continuous, the
boundary conditions are

ix(f, —H,)=0 (8)

ix(E, —E,)=0 9)
Finally, we assume that no electric field
exists at the initial time ¢,, thus

E(t).E, (), E,(,)=0

r

(10)

Volume heat generation Q (r, 0, J; t)
obtained from the applied electric field is
defined as a heating rate per unit area. It
can be calculated from thze magnitude of the
electric field intensity (’E‘ ) at frequency (f ).
The ¢’ and the loss tangent (tan o) of the
palm fruit layers are related to QO (r, 0, O; ©)
as shown below [Tang et al., 2002;
Ratanadecho et al., 2002],

O(r.0.4:1) = 2nfe,e'|E[ 1an 5 (11)
where ¢, is the dielectric constant for free
space.

Heat transfer equation

The microwave power absorbed in the
palm fruit is 2linearly proportional to f, ¢’,
tan ¢, and ‘E‘ According to Equation (10),
this absorbea power converts to heat. An
instantaneous temperature in the palm
fruit, T (r, 0, O; 1), can be obtained from
the Fourier heat transfer equation as shown
in Equation (12) [Geedipalli et al., 2007;
Dincov and Parrott, 2004],

k {1 a{iaT(F,9,¢,1)}+

pC, \r? or | r? or
LIS 98]’(r,9,¢,t)} N
r?siné 06 00

L o040, Or0.4.1) _o1(r0.4.1) (12)
r’sing  og? 20C, A

where T is the ambient temperature in
Kelvin units and k is the thermal conductivity
of the palm fruit in W(m«K)" units. The heat
transfer analysis is considered only in the
palm fruit. It does not include the space
surrounding the palm fruit. To simplify the
analysis process considerably, the boundaries
of the palm fruit surface are considered as
an insulated boundary (no heat between
the system and surroundings). This can be
defined by

V- (-kVT)=0 (13)
The internal temperature in the palm fruit
at the initial time ¢, is

(14)

Effective moisture diffusivity

To analyze the characteristic of
the drying rate, a simple diffusion model
based on Fick’s second law is applied to
investigate how the moisture is transported
in the palm fruit. Let D be the effective
moisture diffusivity in m?s' units and M be
the moisture content at arbitrary time.
According to Fick’s second law, the equation
for the transport of moisture in palm fruit is
as follows [Crank, 1975],

@ =v(vD,,M)

(15)

Since the model for the palm fruit
is assumed to be spherical, the MR can be
computed from [Liu and Bakker-Arkema,
1997; Senadeera et al., 2003; Motevali et
al., 2012; Minaei et al., 2011],

2

7°D,,

—n? 2‘”1}
r

M= jli (16)
)
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where r is the radius of the sphere in
meter units. The MR is computed from the
summation of infinite terms. It is, however,
suggested that all higher order terms in
Equation (16),n=2, 3,..., «ocan be neglected
as advocated by other researchers [Adu and
Otten, 1996; Babalis and Belessiotis, 2004].
Hence Equation (16) can be simplified to
[Babalis and Belessiotis, 2004; Motevali et
al., 2012; Minaei et al., 2011],

_ﬂquﬁat
6 2
—€

”2

Applying the natural logarithm to both sides
in Equation (17), one obtains MR

6 ﬂ'zDe

T

MR

I

(17)

From Equation (18), a plot of (MR) and ¢ gives
a straight line with a slope of &, in Equation
(19).

2
o = F P (19)

(U 2

r
Hence D, can be determined by

applying the linear regression technique. The
dependence of the D, on the temperature
distribution in the palm fruit can be described
with E governed by the Arrhenius equation
as shown below [Babalis and Belessiotis,
2004; Maskanet al., 2002; Motevali et al.,
2012; Minaei et al., 2011],

iﬁ (20)
D, =Dy ™"

where D, is the Arrhenius factor in m?s™" units
and R is the gas law constant in kJ(moleK)"
units. Equation (20) can be rearranged to
a linear function with 7' by applying the
logarithmic function as shown,

InD,, =InD, ——= (21)

From Equation (21), the slope k, of T is

k== (22)

The linear regression analysis
method was used to fit the equation to the
experimental data with high R? to determine
E,.

Statistical analysis

The regression analysis was applied
to determine the parameter £ , D, and D,
To see if the calculations could ﬁt with our
model, they were verified by the correlation
parameter (R? ). Meanwhile, the relevance
between the computed and experimented
MRs was tested with three statistical
parameters, R*> , Root MeanSquareError
(RMSE) and Chi-square (y*)to indicate the
accuracy of the parameters and the model for
the MR of the palm fruit with four different
microwave power levels. These parameters
were computed by

2

o > (MR, ~MR,,) (23)
2
zn:1 (MR pre = MRy, )
1 22
RMSE = [NZ:/:I(MRPVM ~MR., ) }2 (24)
N 2
2 _ zn:l (Mchp,n _MRpre,n)
1= N2 (25)
where MR, is the experimental moisture

ratio of n" data, MR
moisture ration of n data, MR, is the
mean value of MR ., N is the number
of observations, and z is the number of
constants in the drying model. High R?, low
RMSE and low ¥’ indicate a good fit [Caglar
et al., 2009] hence our model was a good fit.

.. is the predicted

EXPERIMENT AND COMPUTATION METHODS

The palm fruit for our experiment
were obtained from several local areas in
Songkhla province, Thailand. Eight year old
var. Tenera palm fruit were adopted. All the
palm fruit were cut from several palm trees
and experimented upon within 24 hours.
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Digital balance

7

‘ﬂ\ Microwave oven
/

.

Palm fruit

L

—

Figure 2. Experiment setup.

They had a length, width and weight
of 40.14+2.27 mm, 26.94+3.25 mm and
15.34+£1.56 g, respectively. The initial
moisture contents of the palm fruit were
measured using a digital balance with 0.1
gram uncertainty by the method of AOAC
standards [A. of O. A. Chemists, 1995]. The
moisture content of the palm fruit ranged
from 29.50 to 30.20 % wet basis, while the
statistical mean and the standard deviation
were 29.84 and 0.21, respectively, from 113
ripe palm fruit.

In this paper, a microwave oven
with cavity dimensions of 485x385x280 mm
was used for heating the palm fruit. Four
different microwave powers (160, 320,
480 and 800 W) at 2.45 GHz from a power-
adjustable magnetron were applied to the
rectangular waveguide to the fruits. In the
experiment setup shown in Figure 2, the
palm fruit was placed in a small container
which was tied and hung with a digital
balance for measuring weight. Since oil is
mainly contained in the mesocarp layer, our
interest lies in the temperature distribution
characteristic of the mesocarp layer.

Temperature distribution

The temperature-dependent equations
shown in Table | were applied to the three-
layer dielectric model in the previous section.

The governed equations for computing
the electrical field and temperature
characteristic in Equations (6)-(14) were
applied. The electric field distribution in
the cavity at steady state was analyzed
by Maxwell’s equations. With the three-
layer dielectric model for the palm fruit
and the given boundary conditions for
electric field and temperature, the electric
field distribution in each palm layer was
converted to determine Q (r, 6, O; 1).
The solutions were numerically computed
using the Finite Element Method via
COMSOL™ Multiphysics software. Figure 3
summarizes a flow diagram of the analytical
detail for computing the temperature
distribution in the palm fruit from the three-
layer dielectric model.

D, and E,

The three-layer dielectric model
was applied to compute the temperature
distribution. Subsequently the £ _and D were
derived, and these parameters were used to
compute the MR of the palm fruit for the
different microwave power levels. The flow
diagram for this computation is illustrated
in Figure 4. The diagram illustrated the
coupling between the heat and mass transfer
mechanisms. In Figure 4, the D,_of the palm
fruit is determined by Fick’s second law by
applying the experimental data of M and M,.

Governing equations:

Governing equations: -
| Heat transfer equations (Eq.12)

Maxwell’s equations of

electromagnetic (Eq.6) ¢
¢ Boundary conditions:
Boundary conditions: (Eq.13)
PEC (Eq.7-10)

|

l Solution:
Input parameters: FEM using COMSOL
(Table 1 and Eq.1-5)

l Calculations of Temperature I

Boundary conditions:
FEM using COMSOL

!

Calculate Q
(Eq.11)

Figure 3. Flow diagram for temperature distribution
calculation.
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Mass transfer
Governing equations:
Fick’s second law (Eq.18)

Governing equations:
Arrhenius equations (Eq.21)

‘

E,.D,

Tim Governing equations:

Do.ca Governing equations:
Arrhenius equations (Eq.20) MRy, (Eq.17)

Figure 4. Flow diagram for computing D, and E,.

Three-layer
dielectric model

Based on the measured temperature and
the D, estimated from Fick’s second law,
two parameters of the Arrhenius model (£,
D,) shown in Equation (21) were evaluated.
Finally the values of MR for the palm fruit for
different temperatures were computed using
Equation (18). The computed and measured
MR were compared to validate the D, and E,.

RESULTS AND DISCUSSION
Temperature distribution

Figure 5 shows the simulated and
measured temperatures of the palm fruit
heated with a 160 W microwave power
source for 14 minutes. The temperatures
in Celsius units were measured with a FLIR
i3 infrared thermal imaging camera. The
measurement accuracy of the camera is
within +2% of a reading. It is shown that the
measured results were good and agreed with
the simulated ones. To further validate the
three-layer dielectric model, we measured

\TiQe=l4 mins Temperature (degC) 2
L A 7735

18

the instantaneous temperature of the palm
fruit at four microwave power levels. The
temperature measurements were performed
every minute. Since high microwave power
can burn the palm fruit quicker than low
power, the final measurement results for
four different powers were different. At
each sampling time, temperatures measured
at eight positions around the middle area of
the mesocarp layer (shown in Figure 5) were
recorded. These 8 spatial temperatures were
averaged and the output was called a spatial
temperature mean. To reduce measurement
variation, the experiment was performed
with three different palm fruits for each
recording time. Thus the instantaneous
temperature in the mesocarp layer was
obtained from the average value of three
spatial mean temperatures.

The experiment temperatures
obtained by averaging temperatures of eight
positions in the mesocarp layer compared
with the average eight temperatures in
the mesocarp layer computed from the
dielectric model are plotted in Figure 6. The
temperature characteristic in the mesocarp
layer after applying four different power
levels (160, 320, 480 and 800 W) were
plotted with the drying time of 14, 9, 7
and 3 minutes, respectively. The increase
of temperature represents the increase of
absorbed power that appeared in the form

Figure 5. Temperature distribution in the palm fruit heated with the microwave source (14 minutes @160 W) obtained

from (a) simulation and (b) experimentation.
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of O (r, 0, O; t). The absorbed power is
proportional to E]z , fand ¢” as governed by
Equation (11). The temperature in the palm
fruit increased more rapidly with higher
microwave power compared with lower
microwave power, which is relevant to the
nonlinear relationship shownin Equation (11).
The measured temperature distribution in
the palm fruit has excellent agreement with
the model results determined from Equation
(12). Correlation analysis was applied to both
sets of temperatures shown in Figure 6 for
microwave power at 160, 320, 480 and 800 W.
The correlation coefficients computed
between these two data sets are 0.997-
0.999, which are excellent correlations. This
certainly proves the validity of the three-
layer dielectric model for the palm fruit
and the time-dependent dielectric functions
presented in Table I.

D, and E,

It is well known that the D is a
critical parameter to characterize the
diffusion properties of fluid molecules in
palm fruit from high to low concentration
regions. The D, of the palm fruit can be
applied to predict the MR in the palm fruit
under microwave heat. In this paper, we
determined D, from the experimented MR.
The measured weights of all the experiment
palm fruit (before and after the microwave
heating) were applied to compute the MR
for each sampling time. Once the MR is

100
90 -
80 -
70 -
60 -
50 -
40 -
30 @
20 -
10 -

0

—Sim.

OExp. 160W
O Exp. 320W
A Exp. 480W
X Exp. 800W

T(-C)

4 5 6 7 8 9 10 11 12 13 14
t(min)

Figure 6. Comparison between measured and computed

temperatures.

known, the instantaneous D values can
be determined by solving Equation (18).
Figure 7 shown plots of the D . from the
MR obtained from the experiment. The D,
increases with temperature since the water
molecules in the palm fruit diffuse quicker
at high temperature. The D of palm fruit
increases with microwave power, which is
also commonly found in other agricultural
products [Al-mahasneh et al., 2007; Minaei
et al., 2011; Motevali et al., 2012].

Based on the D shown in Figure 7,
the parameters £ and D, were obtained by
the applying the linear regression technique
to the Arrhenius equation model shown in
Equation (21). Table Il shows the values of E,
and D, for four different microwave powers
used in the palm fruit. The R? values are
obtained close to 1, which demonstrates a
good fit with the Arrhenius model. The E,
indicates the required energy to remove
moisture in the palm fruit. The obtained
E of the palm fruit ranges from 31.06 to
48.91 kJ(mol)' for the different microwave
powers. These E are in accordance with the
E_ for food and agricultural crops which lie
in the 12.7-110 kJ(mol)' range [Aghbashlo
et al., 2008]. In addition, the D is similar
to research on the microwave-convective
drying of garlic cloves [Sharma and Prasad,
2004].

Validation Results

The derived E, and D, data shown
in Table Il was used to compute the MR of
the palm fruit. Comparisons between the
computed and experimental MR were made.
To validate the results, various statistical
analysis techniques were performed.

Table Il. £ and D, for microwave heating of the palm

fruit.

Power (W) [ £, (kJ(mol)") D, (m*s™) R?
160 48.910 101.413 0.980
320 47.880 61.087 0.956
480 34.680 0.795 0.913
800 31.060 0.643 0.964
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The instantaneous MR for the
different microwave powers were computed
from Equation (17) with the computed D,.
The MR shown in Figure 8 decreased with
time. Increasing the microwave power
will increase the heat energy produced
and, hence, accelerate the mechanism of
moisture transport and vaporization. As palm
fruit is porous, the moisture content (29.84%
wet basis) in the palm fruit continuously
decreased from the initial moisture content

1
0.9 1
0.8 1

—Cal.

0.7 4 0O Exp. 160 W

O Exp. 320 W

oz 0.6 1 A Exp. 480 W
=05 4 X Exp. 800 W

0.4
0.3
0.2
0.1

t (min)

Figure 8. The value of MR the palm fruit with four
different microwave power levels.

until it reached the final palm fruit moisture
content of 3.34, 5.09, 5.43, and 5.72%
when heated at 160, 320, 480 and 800 W,
respectively, while the drying times were 10
min, 6 min, 4 min, and 2 min, respectively.
These results are the proper moisture
levels in the process of extracting crude oil
[Khumhom and Arjharn, 2008]. These MR
were compared with the experimental ones
as shown in Figure 8 where it is shown that
both data sets are highly correlated. The
statistical parameters summarized in Table
Il shows R?>0.996, RMSE<1.336x10% and >
<1.963x10“. These results confirm excellent
agreement.

Table lll. Statistical parameters for correlation
analysis applied to the model and the experiment
results of MR .

Power (W) R? RMSE e
160 0.996 2.303x102 5.683x10*
320 0.999 1.336x102 1.963x10+
480 0.999 4.331x10°3 2.144x10
800 1.000 1.461x105 2.846x10°1°
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CONCLUSION

The D, E, and D the three-layer
dielectric model for microwave heating
application of palm fruit at 2.45 GHz have
been presented. We proposed the three-
layer dielectric model which is based on
the physical structure of the palm fruit for
the heat transfer mechanism. It consists of
three dielectric layers being the mesocarp,
shell and kernel. The model can accurately
predict the temperature in the palm fruit.
For the mass transport mechanism, the D,
D, and E reported in this paper are the key
parameters for predicting the MR in the
palm fruit. We believe that our findings
can be applied for designing an energy-
efficient microwave heating system for the
palm fruit.
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