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Abstract

Lime is an important agricultural product of Thailand for both export and household.
Also it is a Thai traditional vegetable which give sour in many food. Consequently, reliable
quality of lime is expected from consumer that should have stable water content and
enough sour. It will be beneficial for commercial if we can predict total soluble solids,
acidity water content and moisture content without doing any damage to sample. Therefore
we did the project in order to create the non-destructive multivariate mathematical model.
The models can be able to predict the internal characteristic such as total soluble solids,
acidity water content and moisture content. We studied both physical properties such as
weight, size, volume, color parameters in L a b system , light intensity from photosensor and
electrical parameters like dielectric constant , inductance, impedance , quality & dissipation
factor in 10 ranges of frequency (0.012 kHz, 0.05 kHz , 0.1 kHz, 0.2 kHz, 5 kHz, 10 kHz, 20
kHz, 50 kHz, 100 kHz, 200 kHz). The results show that both physical and electrical properties
could be used to establish the models. It had a potential to predict total soluble solids
(R=0.8), acidity (R=0.89), water content (R'=0.769) and moisture content (R°=0.934).

Keywords: lime, non-destructive, evaluation, internal quality, prediction
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weight

resistance

capacitance

inductance

impedance

reactance

quality factor

dissipation factor
moisture content
multiple linear regression

partial least square regression

coefficient of determination
correlation coefficient

number of sample

standard error of calibration
standard error of prediction

root mean square error of calibration
root mean square error of prediction
factor

geometric mean distance
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2.1.43.  Tuuzuny wwndauvuunldlunzurn 108 Tu suthay Wusidanen
wuve Wenlavinssgdwmivans

2.1.4.4. fwzund Wilueuiviedavioutle ufawdadeu udtnvios ynden

1 = ) 2 1 i v a i = 1

wul WustuauvenasiniUon1uls aunbaduen Wasnuwazulhuka UsunImimuisunnig
1y heeseedinaundn (nes sssua, Ynusdliszy)



2.2. NIVAFBUAMATNYBINZUIIAIEITNNT livinany
n1sesrvinnunmesszumlagliiinslivhats Welvaunsadlaldieiiomeasndiagn
LareduIgANNMINgYaINIAdRUALNWAE TSN s ivhanaFurou
221 ﬂ’l‘iﬂﬂﬁ@uqmmwﬁlﬁ%‘m’ﬂﬁﬁﬂaw (non-destructive evaluation)
nsnageuganmAenislivhaafunedeilinsivasvuaziiaseiaiy
Fovne vienuantRnmeluian fatanimnssuuasiatan lumedmnssulddnisdunededluld
sghunsvas Wulinaaeuvsesunwseswesiuiu wWu seusn mstaniey sesunnsesan
weluladildlunisudn ngliiatetunu Ussgndlddauafunounisudnundn sswinenns
read1e wazndinisldny gunsalnisudaiiaasldunismaaeuldun &1 vie tadesdnslu
aemsudn duludunwnsnsndlstunussgndldimshinssianaudinelu uas n1snsae
anuidemevewanaanioly Frliorsusaiiulinnmeuen Weliaunsaviuisamnmie
ATULAEMBYINEANEN NSRS LAR M
2.2.1.1 msvadeuamMa WAL IENs iivinarahudddanssy

ludsimnssuaglindnmsmieidndielinsuisnanmessiunudign
neaeulnemsmisosrmiliisialfes (discontinuity) Tugiunu Yeyafidansniludsuiduaa
wanzanlunmsldauresiunu nmaseusghifinasemsindunlulirunseanyst Tovve
FusutundnnisneWandald Wy $od uas dudes wivdnuasliih Wudu nsmeaeulagls)
vihaneluusiarisidelndSeunazdaidaiou enuauisolunisvagey Anumangan anudlly
mMsvaaeuLazdunLlunITAde UTILe AR

2.2.1.2 minadeununwmelsn1siiviangludanynsnssy

munenInssulalinsimyszgnaldinssinunmue wansmeinneg
wiunzwi1 (Fapaviml Jauyns uaz adyan weTmuwidivd, 2554) vieslern (lav LWIyne
uax 3013 ena’an, 2556) iiudu Tavdnnudneinsiaaaniwntegen LPGRIGHRIET RED:
Aovuen 879 Yviin, enuvuauiy, A1d. vune, USinas, Al dugy \udayauyinis
Answiiehnsineauamaisly Wusinann Ysinand vinarewdinely Tugduuy
VBUUVIIABMIADAMARSITUALNTSAnAUNUSHa1eR LS Multiple Linear regression (MLR)
W30 Partial Least square regression (PLS) , SnguuuunilsAenisasaasumandenisnely
vowaldl Felioraiuldnaudidu nmenseaeueinmaieuialudsnadiomalulad Near
Infrared Spectroscopy (NIR) fss1udgves (@udeau Sseduvef, 2552)

2.2.2. MIATIABUALATHUZUINETD livihaney

o

- = E&I dl o o d a e l:ll 1
AMMWYDINENS A oFINA AT nBnAmsinienisinuasianunsadaynsly

o
o a Ly =

- Y o < g o o ' | ' o
fnzaufeslauawia Snvisdananismsinuasiidnuvazidemede dmadonannld
Heuazisr mimuauaunnIndudeiideddlasgngs uzunivuiy Tnidevarsvinldauls

Tmifigauzun Weanuzuniilymaeusinahiies wiensgnuzumanUssmaduaiudns



o

MlidmseTRnmsanedeulymindri Wefvzaunsavinedymuarimssianudems
rEmausildarmii evsslonflumsmuauamam  Fadu add $r3%anduarsuinsel uwdidn
(2555) I@AdeAumIEmsvinueUsinamuy i, Usinavewditazansld, armnudunsaai
wuuldviany MmensvihnsneaerinTriRNauUAnINBnABUBNEUAT  sphericity , AE
L, a b)), Adgaainlawuees, aAnuwuindy |, Arflesh  firmness waz mada image
processing AUNEUN 109 W& wWulwnnldvALla image processing YNMUIEAUMUILUULZUT
edlanuusiugh 59.1% (f15a4191nA coefficient of determination : R® Ailéiviaiu 0.591) uas
wuianauTAnsn s mdosiuansaueEaiusum swesudiiazaislduas pH 10
wuudaesnsnaneenva T R® 16wihiu 0,31, 0.35 way 0.2 suddu edetldududunn

& ar 1

n vieunnsddnideurwiulavinsilsuiiisuauniwansluveswsun 2 anenug dug
wiila Nesianatasianfld muwug (2554) ImdTeuiisuamunimsswitassunuduivusun
YANANENTIATIER WA, v, 8 unuuzuna, ATEWUSen, sphericity, bulk density,
wsidniUden #ed% Multiple Linear regression @unsavimuagUSanmun leignaosiis 91.49%
dwiuuzuinty duusunanandila 61.86 % addumuiae sphericity wagaAuALLY
finasoUTuuzuIfin

unideuisinulafinisfinwinisdunnguatedadenisaananduiudigy JunsiIs
fumdeu warayins udsdn (2500) diamsfnstiadensnenmiiidnsueradde anns
AAs1EEes discriminant analysis Wui1 A1A9ME373 (Lishtness - L) A1 a, A1 b Juadenns
ﬁﬂ?ﬁuiﬂ%aﬁuaaé’uﬂnﬂaEhaﬁﬁ'aé’lﬁ'ﬁg (p<0.01)
2.3. I nszuaaduiazaaauifniglni

vhluisndsasndnidnibnsmuaady desmnlulymint amauifndsdildildluns
nvdinauaniRneuenvenzuIfe Anau Il laun Araiulwit (capacitance), A
Auwilenilii (inductance), Araruduniulnindsdouluiasnssuaadu (mpedance)

@ s

o Aq v 4 A e A & 2 v 1 a o A
LLagﬂqimﬂaaéqﬂﬁ'ﬁlﬁmu%lﬂﬂ'iaﬁﬂa?ﬂﬂ?ﬂﬂmauumﬂqUlwﬁqﬂixLLﬁaﬁU WABINANALATUUINND

o EJ s L2 = I
numuanuiineiuliihnszuaadudenou
2.3.1. Ihnszuasauauiuazauna (alternating current)

I nszuaadu e ifignvasnisluavoanszualafrfiivasuiianig
paaaan Ao vuzuisdandu 0 udnsistuliigaaalufiamainudianaaduo deandufias
fiffindudnauiarigean uasfiansauudresananiiu 0 8n azadufulunsaniaan dlih
nszuaaduiiauiinegg nszualniihites vafszavuiirmensiinalweng

2.3.1.1. msasalnihnseuaadu

wiasiuialvihnssuaaduiidnvarnisienu fe szvhniswdsundanunald
Dl Faedesiuiialfinnssuaadul annsafzndnussuliih AC 18lagldvannns
vesnswniertiudmnlndy Fanrsmieadudmdnlnd Husviunisvesnismienda



wseuliiluaansnih Taganeshasiedeuiiuauuusivan - ngflededmsuindosinin
il ansagnldlunsmiienisnisinaveanszualiitlumedni i douiiiuauiuuivgn
dethhuiiessunuiiemenisiadeviiveanaanh Srdunufienssmsuundnduimgnan
wilelUls uazihnawzunuiiemeveanssuailualuaindah dmiurussiulnihgeaaazgn
wierhidonunsiedouiivesandnidianfuttvemdng wasileuunsiedeuiivesana
inilegluuumuuivuuve wdnd swililifusdulwiifindy  Tuusazadailinlesduia
Tfnszuaaduindeudiasu 1 sou asnanlédn “wlosidalninszuaaduriauld 1 loda”
wazussiulnifndalifosFonduseulvih 1 lefawuiu wadlushusafionfuedasduia
1WWqﬂisLLaaa"’uﬁwwﬁmﬂsxLLa“Lwﬂﬂu'NaiﬁauginitLuuaanm1 leiAalduiu wazdmiuns
Wasuwamwewiaesdnvesludaiizendt msadu (altermation) dvisursaandatiivsuil
1Sen71 975t s(armature) wagissauliia AC ﬂy'uwgﬂmﬁmﬁﬂumimaaé Lavipdeudiann
mauﬂawuamqmmrﬁhﬁqﬂhumﬁwé’uﬁaﬁmé‘éuﬁlﬁ%ﬁmag’awﬂmammm%mama% WUWIU 2 29
agnilenit aduss §ezgniafadunsulaisresisatadniuaziusssiy anduduiisy
wsefulnih ACRIn auss uasdmiuialosdninlwianssuaasuiiosureuniasynldiin
wssulnih ACTinGh 9 fefueSesiudalnihnssudaduardasisiuuve nsaadifiuiu 3e
wiliussiulihmienhgdy |, dwiugUatuiignuslasiaiasindalnitnszuaaduazgn
3und1 JUARumEIv3ERdUzUT N (sinusoidal waveform 3D sine wave) dviunausUenesd
Wumduitugrufialfuniiaaluvssmedunssuaaduioman Suaansananldiiimenauas
el ﬂﬁ'ugﬂmaﬁgﬂmﬂLLﬁNﬁ'mﬁaﬁ%‘umau“lumﬂnmﬁﬁ %‘mﬁugﬂ%wﬁ%LuﬁauLLUadmwﬂ 0
Weufsingsamuasileidume TneviaussiuliiuasnssudlrifazedlugUome

fm;ix i

AV . ﬂf_;R

AN

i 2.2 nswinszudliihSouidiousunsmanusadng
i - http://bellissm.bloespot.com/2010/04/6.html

AU (effective value) vaslnfinszuaadu fis S1uruiiduvinanesrvesninuiou
AlilaedaunudwaSoufiovaioutusuedinszuanss  ildeuannsomld
TIneFmendiamansiiGunitgniiuaund (root- mean - square process) faduaildaazilue
Aeafuen rms anmsildtunaues rms agldmldnuresniueetazvintu 0.707 wihves
Awan Weoussulwimdenseualiii AC Alsnbifiderfuunagioidumilléiy wasines
dunnazgnuuusdiuanwuseiulviuasnszualiiheanuidueldaumia rms
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AU (period)  Rananfidasnisdmsunisadieedurey 1 luida deilmihensiadudund
(second, s) warldfydnualunuiiesh T Tnedwouvesludadiusinglumuanis 4 gn
Sundn el (frequency, f) ‘ixﬂﬂ')’mﬁﬂmﬂguh"fﬁfmizLLﬁﬁﬁUE‘U‘G’ISﬂQSQﬂLLaﬂﬂiuﬁﬂﬂJadlsﬂtﬁa
sioundl warvihevosaudfe WBsad (Hertz, Hz) wsnzaziiu 1 sadezviiy 1 lofasedund

' 1
[ =1

mwmﬂﬁugﬁmaﬁ%Lﬂuﬁquﬂﬁwadmmﬁ ﬁaﬁummﬁ%aqamunmﬁas@am FaauFUNUS
STUINATUAUALD
2.3.2. AnadRmaliiniug

2.3.2. 1Al (electrical conductivity)

=

Jha uarAmy (2010) narvieuthlniuamaud@nianislwilifiddgydu
Nl

drundurasaanuauniunsini dmhoduduuddowns anmhliiduasaiugumn
waraNtuluems nszvaumsnatgagsldndnanuildfiududedendnlunisaiunu
Tasawiznsyuiunisldanuieusuuleviudin (ohmic heating) Fadunssuunisyliemsan
memsrunszualifhadudnlilusms Tunszuaunsutidu-wiudeaifinasTaAianuimag
Inuri
2.3.2.2. anuaunulii (dielectric /resistance)

augnun il Wumsvenanauifveseaslunisiunsualihiiazsnls
unteetiiedn lnsasafiariudunumnn nssuavzeiululifos daasifaudunules
nszuavzeuldlann (15ues g2l 2553 : 174)

2.3.2.2.1. anmenuniusazaninudabnly

anmsfnsanuduiusvasinnumedndliitaznszualwiiiom

AIUAUNTUYBIAInlasmungvedleny Yilunsmudn “anudiumuvesaalansulsdunseiu
ANLEBIAIR WaRuTimaintvestaneiuns uasaudunuaelavy Izl sHARY

AUNUNNIARAYI U BIAIA LEVLLLDAI LIV IEINA ﬁﬂﬁaqmﬂuaumﬂﬁ'jw

_ £
Raar F2 @.1)

We R e Anudunu dvunedu laviy (Obhm , @)

=

e A AanmeunIu (resistivity) Sndagidulasiumns (@.m) Wudnawzvesasviiag wls

b

['s

17

TG TRRIVHE

dle  fe arwemaalave Swheodu wes

il A fio ufiniafaunwesaslave Suhedussaans
2.3.2.2.2. Tadeiiinasiorudumuluin

Aulsvaneidaidnaseanumunuldidiguanudlniinssuaadu |
ALY, ANuvULIY , aumgiuaslasadisasenmsiueg

2.3.2.2.3. myiamanauianidladidnasn
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myinmisgmeiuladidndnianudduuniuidssndadiuniisly
watinmsasaaaeulnglivhataininisnmuasiad lnglamzlugramnssuems wadans
Jaflvargitordidu Menudlulasivnaivainud wiataAnsasiounsegaduaiuaud
islauuud vienarinnneanudlniianarelawendes (coaxial)
2.3.2.3. amuylita (capacitance)

o ar o

Tuasasliinszuaaduiifuysidrdndnnilsiafe manugludh (capacitance : ©)
vthentu Wi (Farad: F) dhusnnasfonuanadiu uiluvhda (nF) wazRlarhsa (pF) winsety
Warswiufdumuezfunieni Aanumenduesiaufulsyy aslinanundaiadumiy
90 29"

Roadstrum uaz Wolaver (1994) nanyiduiuusggaauunnuainanusiulansaosusiu
nevuufuuAissesisiitsau ﬁamu%aﬁaummﬂummﬂﬁguﬂmqﬁm%"uéhLﬁuﬂsz@‘u%’um
16 uazdinrwduiusiusa

Ag (2.2)

C=—2
d

e C AaAr NNl dwbedura
dlo £, fernadiladiinesn (dielectric constant) s1eaxBoadaniAuLn A
o A Feuilumbensnuns war d Ao stosvhasewinusulansdumns
AAsfilaBidnvian (dielectric constant, €) Huanifnisli (electrical properties) Y84IER
Wurriivsuanisanudida (polarity) vosTanfigunailag Aeedladidnninveses &
F"I'}’mﬁ”lﬁ’mwﬁ‘ljﬂ’lﬁﬂEJﬂLLUULﬂ%EEN;J)ﬂiqﬂﬂ‘iﬁleL‘lJ'iz‘UE]’]Wl‘i nIEUIUMSHUTIUa IS 1 nslviany
Fousglulasinl. Yanfifidmediladidnviings dmduiagledidavsn (dielectric material) fipnnu
Hut (polan) ge amnsafnuiuussalnitils Judusathluilileia vieduauaninih Tuudvesnis
Minazany maqmmﬁﬁmmﬁlﬁﬁﬁﬂw%ﬂga w1 szanunsauisnhlfAanisuendves
electrolyte Tuildte asiifienamlasdnidnlndifeiuinosazarsfetunasfildn  awnsn
Susazidonisosndladdnasadinlslunanun @ _
Zhu wazay (2012) nanlihanemAdsvesmnniifnwnisindailedidnvsnduiiegn
walsiitu ueuila, gound, oy, & uasdudzsn wuheasiladdnnndusranasiaud
gty ﬁaé’awuﬁm’wamazﬁqmwgﬁﬁwzﬁﬁiﬂmﬁLﬁnﬂ%ﬂﬁqaﬂ'jmmusmiwmaaqﬁqmwgﬁéq
2324, rumiionhlih (inductance)

Aawieniilii inductance : 1) Wusudsddadmitdunsasininssuaadu 3
wiaeluous (Henry , H) vnseiulsasiiutussumutazimdeni aranudisdndvesi
fiuusey sxlliladmtisidiumu 90 e

2.3.2.5. Buiiunud (impedance)
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Suiuaus (impedance: Z ) wieanumumudsdou Iwmholuleviu ohm , Q)
WuRenfumLA Y (R) wnduandsfunssdidufiwnudidunasuwesenudumuiaindy
fun swfusamienihuasiuiuvlsey daonuduius

Z=V/| (2.3)
e Z Aerdufiuaud Tuhuidu Tevia
e V femarsisdndlnih fnhedubad (volt , v)
dlo | Aedinseualnil Sutheduseuuds (Ampere A)
vseawsadeulugduuudouddouldidu Z= R + Xi
R (resistance) AAMAMUAIUNIUANGAIUNIL @3 X (reactance) ADAIAIUATUNIUING
\Auuszquayiumilenth Tneunfudaairusumuandasunay esistance)  Wueniildly
2935n58UARSS dIuAT reactance - aztfudunitvasrduiiuaud sgdusnelfiAnymiva
(phase angle) senTsmaNUAIFnguaznTzLalL9A3 lA3eINETes reactance azifuaudily
N%ﬁﬁuﬁwﬁz@ u.as%LfJuanﬁmaaiﬁﬁamﬁmﬁ'l (Roadstrum uway Wolaver, 1994)
vngiaesianduRuaudienguadeviuarldrudusiudead
Z= (R® + (1/(2x T £ xQ) '+ (2x ThxfxL)) (2.4)
nsUszynAldBuRuaudiuANeInmdInsiuien
duiiunuglagmirlulflunisnsnsaeundananisnisinens a1elidedn Electrical
Impedance Spectroscopy (EIS) foilumpdiandsiiinidoadelnl wareviuldninuaulslunis
luuszgnaldiunseuiunisviuds uasnishnuenwalsl fugu Yokochi wag Ohkura  (2014)
nanliin Sufiusmddeuduiusiuna snmgliazarudueimisen duiuaudla
gnléifunaantalunisnsiaasunislasuutasvesdifan ituanugnuassaldl Wesan
auantAnliihgsaisdelus minudsuivadliusnitnssuiumsnantasivinuseiy
QREYMINTIY UBNTINTISIAINIIOAIUALNTZUIUNIHAR iWunsnudeu msvihuds nisududs
wiamsuy dwsunnnmsunnd enduiweuglagnliduitinseiueds, ludulusne vide L
wazAme (2011) lauszyndldduiitaudiunsiiasisinssuiunssiuiivosmansny ludnis
Jinsrginisnedveadinu fienufige snnndn 10kHz. Sulumngautunisliiassiniste
e adifiian
vonaniufiuaudlignldlunsiiaseiauauifvesomsiinnududusanrefiudagu
MiAdves Masot uazame (2010) Fridomsuunmudidureninndelunyduiomaians
Saedufiuaus wuirindefiruduiugesdaduiuaudganiniindefifaududud il
winwildaauuiasmuadamansdmiunsinsinaniundelunydu uazlfuuuiians
fiflarusiugdmunsviung 93.4% Yaldaind coefficient of determination (R) veeng

NAdUANMIWINTU 0.934 wseaztluauide Zywica uasaniy (2005) TaAnwaududuyeii
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wahUaiin3 lneldnauavudfnalviigu Sufiuaud , Anuduniulai, eswdilwi uazdAuen
Jaueaud WuwmSeadalunisdruun ayunan1sAny1in anudutuiuanaeiuresiiweyla

annsald guandEnsliivaisuunls WeswnauanTinmaliuedfemuuanssegedl

]
s o =i

Tdadey fenududuvesniueddafuansiu
Tudniumilerndufivaudegnlidnulassadadedovesirlaniuiu Ando  uasane

(2014) lafnwmansenurelasasaiodoreulutianmsyuis fremadadeseidufiuaud
(Electrical Impedance Spectroscopy : EIS) wuinauseuaInmsinumevinlilaseaiianigluy
waai'fut\l%"agnﬁwma w%faw]ﬁ’quﬁammﬁﬂuﬁaﬁuw%"a dawmaroduiiuaud MliABuRLaug
Wity wavannsalilsvinannudomeveaiiodeld

2.3.2.6. A quality factor (Q) wag dissipation factor (D)

Hambley (2005) pa1111AY quality factor fig §R5181UIEWINAIANLATUNIUYDIRANY
Uszgiimmiislsiuudaorausumudigns
Q = (2xTTxfx L)/ R = 1/(2 xTTxfxCxR) Haz D= RA2xTTxfx L)=2 xTTxfxCxR (2.5)

U3t GW. Instek (2011 : 130) nanyividesdniinihfitasnsmmdsudildlseninams
a deuduiusivanudlunsia lnsmaldndanulunisiades drquality factor (Q) SRR
A" dissipation factor (D) Au61 Tumaassiudmnnlindsvlunisings Aquality factor (Q)
JEE UsiEN dissipation factor (D) 9244

2.3.2.7. Ay (phase angle)

yuiat usmsynrisdianudunundn fusaradumuresiandenh + iy
UszglunsinAduiiuaug Smbeidusem

nanlagagUamuauiavsliiiveiriagauuandsiuilesnnesiszneununilvesiag
& 1 = H & i o
Wue Wwudiinu vieussgaelu (Zywica wasemy , 2005)



14

undl 3
oA HuUIY
3.1 ngAvLazasall

3.1 TngAuLazasAll
3.1.1 Ay

3.1.1.1 uzunuty
3.1.2 @Al

3.1.2.1 ludsulensenles (NaOH) 0.1 mol/t EiNEH MERCK

(%
ar

durauNInsaN (AOAC Official Method 942.15, 1942) #miinduite ldfwanfuavlnaanles

wanAvluzaden

- §1 NaOH vhuiin 4 n3y

- ara1e NaOH luthnau udwsutBumsidu 1,000 Sadsns udafy
Tun

3.1.2.2 Wuaanniau 5%

3.2 gunsal Hwan
3.2.1 vgsiiluimaues Macooh ju 2551
3.2.2 esdaiminveiaudo i SDS uID5704
3.23 insasindmnaluiiounyszase GW INSTEK §u LCR 821
3.2.4 1p30eind Minolta 3 CR-300

3.2.5 fathgism

3.2.6 LATDNINAUIANTHLYRSAS I IALAT (Ruwn WiynAuazinnT enavan, 2555)

3.2.7 TaRilneifinaa Sanwa DMM §u CD771
3.2.8 1A389A pH (pH meter) INDEX $u 1D1000

3.2.9 inseriaUinawecndiluswns (pocket refractometer) ATAGO U Pal-1
3.2.10 {la

3.2.11 Wen

3.2.12 nsguenAN 100 Jadans

3.2.13 YauMLHUmENBAmeaU3e (Fuuuuan nunns ufauin, indd $id)
3.2.14 lfussvin vunm 30 WwuRlums

3.2.15 Dusmvuna 50 daddns

3.2.16 vangUruyivug 250 dadans

3.2.17 Ywlawum 1 daddas
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3.2.18 Ing1umslvig
3.2.19 uvisunaAu
3.2.20 ¥aUANaNS
3.2.21 AFIUUN7

3.2.22 gRUANNIBY
3.3 A5n19Aa9

© msveasatunmiseieuiagiu gunsaluavansiaiivavun Tnsuzuniismunazgniu

Tugifu uazezgnieenunfigumpivieadunan 1 Autounisaasadieliliinansevuain
gamgll Buviinisvaaostiens deuhinusunadeniedasidnnsednd, Savuntianusiy
Yo UM, IAAME, T vnalai, Sadvnawas, TaUSuastaranuuILtY, YnsiilasTe
i pH  wazefludvetudefiazatetld, Tausunsuaztvindiugun, vinslmsanien
ansdunsn auddy wansseaniBuadil

3.3.1. m3taiwiin
GERRHD

iwdssinimiindiinnsetindneafavaosuviiisos 31 1D5704
25159
Fewiinuzunildlunsmanes quAsUgRvaszu Ml lunsmeaes limsafmamnszasyh
Widnnanaurdouls saaurmhminugadeudismatiuiia

3.3.2. NM3IAYUIN
\rsasdie

nosillusmaiuss
35n1590

dlevhmenessadivinmstavuinvasirede Tnedn 3 fuiidainiy fmungaini
wiweulIigUnn IunTeINE UL LARAAY Geometric Mean Diameter (GMD) &3funa
Isanaunns GMD= (axbxc)

\ile

o o 1/3
ey sphericity ATuu37n (abc)

a= mmmaaﬁwaaLé’uﬁmﬂmﬂﬂﬁgﬁﬁaﬁumw%ﬁﬂmm?}uﬁwﬁm’gﬁ'qm
b= mrmemTiwwenduiiarniminiu a nssnanansgnluszuuien i
c= mwenIiwenduiianndintuie a uay b Taefaerninanglutunds
3.3.3 ms¥adszuu CIE (L, a, b) #1381 Minolta CR 300
\3a4ile Le3asind Minolta CR-300
s iausenauie
/1 L (Lightness) Aerhauadng dediilng 100 uansingiidvnussiiioaudnlng o wanadndng

==

udaen

LY

fn a (Redness/Greenness) A Adunwmazddes deuvinuansiingldusuaadoduay
uaneIingddive,
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f1 b (Yellowness/Blueness) AomAwdauazdiniy Wabuunuanriingdindeaudedy
auuanedn Tanidiniu Redds, 2537)
B/sia

-@aty on (eidaedes

4Fon Callibrate 9w ialuBsvuifuusuidieudn Aol measure Meliliadas
asuifpudlinuiidivun

-nA color space select fiawdonitagsrudrszudla Wittidensyuu CIE (L, a, b)

‘dlefsumldmuiivesnisud Iindsataiomn Tngta 3 fumis sausneghs s
Wusa 120 esen Wivialunuiuingiidieanisesin nelfuuvadnlilivaad wdFnadutnd

AW 3.2 MsTaRvaaseIzUTIRBNTTA 3 n souNANELTI Il AR sz
SOULLUTT UAAZAYNIL 120 Ben

3.3.4. myiadmdliideyaunaminfaaUiuaziaiaeiandliiiounyszase
(GW INSTEK 5u LCR 821)
wA3aile AaseddioYanaluieundszasd (GW INSTEK, LCR 801)

“AUNUVANEARIEaUTs (Fukuuatn aunns ufauilinuasandd $id, 2552)
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WANNI$IA

uzuezgniluBafugaunumaninauie doisiuuunarasiuiuaunueaio
ag’ﬁwﬁ'}ﬁLiﬁ%ﬁlﬂﬁwﬁg&mﬂawmmun dlovhmsa ﬂixLLﬁlWﬁﬂﬁ]fjamﬂLLwdaﬁﬁLﬁﬂqimu’n
LLé’ﬁqné’ULﬁngm?'aaﬁai‘ﬂLﬁaﬁhuﬁh
A5n19ia

- thugunlllisgnhaukuamuaavosyaurumdnivadse Weliusiuamuiaa

vmiidudalwisiauanay naliwuamueauuuatnfuRuRgLT

- Wndindiasesiiotn innsuiuiisudidugud msieusmnadeiidougn
LU

- fanvudlaih, @enlwaniivinnisTa wazngtu start 1ievinnsTnen

3.3.5. IAIAUNITNLEIAELTUITEIATIIALES (SreaviBenluniauan )

\Seaii 1edpeindyaannudunas (ew Wigne, 3073 onadan, 2556)

- faffinesaanea (Sanwa DMM, CD771)
250157

- \Feuan wazdavaanl 2993t

- fegmamieuduseiuausuiiiusuise Fnuasl lngrteiunalng
Aluwuwesliliameanmld

- Yarhnaeddviaimieliliuasiuuenngarmudnly

- Dadindrssioieueesnsin fauasiny

- waWesiaglnuaigumeuadnd i lan@uaindasiimes seau
A309In8uAIUTeLa Trautuiinuanisnaasy

A 3.3 insevindyaaninsugeinnatranuduuas vusvinisvinass (@namdanges
Lideliiusuuvunmsnmanzunindanuiu suznasesndviodandeiieannansenuainuas
agusn

147951
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3.3.6. M3IAUIHIRSHATAIULILIUAEaI8gLSIN
ngUee$ALAE (Archimedes Princi ple ﬂanh'n “ﬂsmmmammmammuaﬂu

ffﬂfjamwhﬁ’uﬂsmmwmmwQmmwmmmq” Founismaassdsodoauduiussening
U3uas wa anumuuiuddasdiuinnegldiinsunuiiinlunsimuiamiviings ndnie
ﬂ%mmazLﬂué"mﬁﬁ'?uwwj'mﬁwﬁﬂﬁgﬂLmuﬁ feuzum Mytausunsusuituneudei

- Tehilsduds idoganeeonmitliney

- suuiiussiuudauaeslinlva sussiutmeRtutnnasanvasi

- spsnvuziui luidldnssuenmsliiusnamseenuosii

- Avelduzunatludng

-ldugunuilisesutmesluanumenisesn stueUiinasihilnasenun @
ATIMLuFININEIN1S D= mA Tng m Lag D Iiersanduimidnidvignunuiives
AYAMUUALYDNT 25°C AiadU

3.3.7. Msdavsanasuazimiindiuzung
w3l

- NITUDNAI 100 Haddns

- Unwnas 50 adans

- ifestsimiindidnnsefndnadsuaasiumia (SDS 31 ID5704)
3511379

HuzuTeen suisnenstudeiieldtnine suuin 50 fiaddns Savsunsthuzuagae
nsvUonms kagdimmineniuzunils sufahvindonusunfiduhesnuda

3.3.8 NMsATIERAMMNINALAS

3.3.8.1 myiadBunawewdsfiazansldvavan

\n3asile Pocket Refractometer (ATAGO ';'u Pal-1)

- WaaSasdawth 5 unil tievinisguiaes

- diasunaudaziegrsnnagou Tagld pocket refractometer

reuldauaseiifisurdasirenisnalu zero iaufudnisinmuasuaslidu o
S weadlageadil

- nady start iieliASesswAIMIinmuauas Yufindniild Waiasaidoudeslivi
AuATDIRLASEIRIBNsEmiindY udaidnliuieiasnsauiivy

- gusnvinsiafiedisrald TaglufesuSudrlidu 0 (Endunsditaudadanseq
vl ynaSsdosuiudn 0)
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AWl 3.4 Pocket Refractometer (ATAGO 71 Pal-1)

3.3.8.2 nsendnAtAnulunsn-A (pH) auisves AOAC,2000

\3aail < pH meter (INDEX $1 ID1000)
Andu
asazanuunies

Wn19In

1 © s 5 8 ° s A o 2 1 4 s «
- NBUVINTIANNATY ABININTITUTUNIRSEIULASEN (calibration) meansazaeUwivies
- Uhegedrunuyinsin 1neld electrode w09 pH meter Juadluaudn pH g

T
s

CYRENIRON
- WeYalviasalidnaiade eaeninau

A 3.5 pH meter (INDEX $u 1D1000)
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3.3.8.3. msmAranudunsavasuzun

dentslinsminusun 1 Tadansieladoulansonlas (NaOH) 0.1 mol/ Tneil
Huednmaududufiewes vnsannuaanudunse
- Udmbwgynn 1 fieddns ldlumagusas] wum 250 faddas S 3 T
- yigaTueaaY Usyunn 2-3 vien wenlidniu
- hiagUriindonUulvinsafussaraeuasgniluidenlansenlys 0.1 moll nseviadiu
\Dudvuyane Yssunm 30 Hundt ‘
-Vigauasy 3 afs Tuiinwannads
- dAUSinasadsiinmselalusmummuesiausauiunsaveniugun laeldnsndssnd
Auvinmes ( miliequivalent of citric acid) Wiy 64 Wushifieuminonaunsi (nsausiazeia
sedidniinlimiloudy nsamnirazinty 75 nsmundawity 67 , ATALAARNLVINAU 90 wag
ASABZBANVINNY 60)
Wosidudnsndnsnieiun (8/100 ml) = (V; x Mx 64x 100)/(1000x V) (3.2)
Tne  Vi= Ginadeisyleasenleaiildlunisinmsn

V2= Usinashuzunfld lunisveaesild 1 Tadang

M= enududuredeiaslonsenles lunsvnassiae 0.1 molA)

3.3.8.0 N5 InANAILTY

thuauzudaiminGudy () wihihimey (hot air oven) 1 103°C szazanau 24
.4 (ASAE standard (1999)) datitingnsing (8) thandnumimituainges

MC = [(A-B) /A] x100 (3.1)

2 n S o W ' = o 2 o
vzunlmiay (hot air oven) LLagﬁqquuﬂﬂﬁaﬂqqmaﬂi‘uﬂquQanqL‘%UUi@ULLaQ

AN 3.6 ULUNIVAINITOUUIY



A1 3.7 NSTIUIMTNUE UTIEINTTOULIA
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UNA 4
NAN15398

NMIBATEINANTRa LU INaRsmMANUAURUS ST IR LU SAUAUAILUS AU A
nsreinisanaesduduluuny ( Multiple Linear Regression: MLR uag partial least
square regression: PLSR) Tnen1sTasnzsiiinunldlusunsy Statistical Package for Social
Science (SPSS) wag Unscrambler
4.1 ANuAURUSIERINAMISINANAUNSIRGRY

s hmaveaesiimuUsiiiddyfofutmsmih. Wy earuglidh
(capacitance) fignudasindudnsiiledidngsn., dtarmmwienilwi (nductance) , Aanna
fumulily (impedance) , fir quality factor , A1 dissipation factor , yuwa  TagynAmIg
Tfl9gyinsneaesil 10 Aud (0.012kHz., 0.05kHz., 0.1kHz,, 0.2kHz., SkHz., 10kHz., 20kHz.,

50kHz., 100kHz., 200kHz.) uazl@ruduiusvosiauysrinudimegfnsmenuans

4.1.1 ANuUdUREssEInamswdafuanud
30000 -

40000 -

30000 -

“apacilanee (plYy

T 20000 -

10000

500 10.00 20.00 S0.00 100.00 200.60
Frequency (KHz)

“6,01 Q.S U.CI CI.O
A 4.1 nauansruduRuEs A IR e wsunafuR D

NANA 4.1 sdiudiBenudeniy. Aeuglwiiesioas

Frequency {(kHzj)
0 1 ol 3 ke L :
5 10 20 100 200

R

-10000 A

-20000 A

-30000 -

Inductance (H)

40000

-50000 4

‘.

-60000 -

AR 4.2 anuansrNduTuSsewInAr e nilwihAuaud
NN 4.2 ssduhdnnudidun fenuniieaheslesas Weanuiimudumaudugud

lufian
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16000 -
14000 1
12000 -
16000 ~
8000
6000 -

Impedance (ki)

4000 -
2000 -

‘¢

0.012 003 0.1 0.2 5 10 20 30 100 200
Frequency (kHz)

AT 4.3 n51LaneANUALNUS TN TIANMILA LT e uBuALauD) T uanud

PINNINA 4.3 %LﬁuiwLﬁammﬁmﬂfﬁuﬁh%uﬁmwﬁﬁwﬁaaaaaum’fﬂﬂﬁﬁuué

4.1.2 mstaanusmalwitlunssuundsuaiusung

NIMALRAIAINANNUETENINNATAINLAB LA N AN NUT LN

8w -t < w,
unuazdFunauidas Manutme geasuzuawily

_ 8E09
:’E ¥ \
= GE-09 -
sg \ y
-75;:‘ AE-09 - . o FAARNKANANATTS G S9SN memeen TN
= 2E.09 \_ J : s B NETTIRY
1 ) 3 4 5 5 7 8 9 10
st (kHz.}
AT 4.4 ATLARIANENTUSSEMINeAASLlABLEN S AU LAtz unnn AUtz uaay

QIR TRIZ LR TEAVE IR
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NIHLLERIANANRUS ST IIATAUWTIE TN I 7

UTunahinnuasdiunanitesiinnuifinsqueuzun
il
| o ¢
.’E‘ : 1 22 58 180 290
i -500
£ 1000
- }
E 1500 ‘
£ -2000 -
= sl (kHz.)

AN 4.5 nTLERInNALRESsEwIsAuwmlentn R USu Lz LUt L g U

dosiuaudseuaweuriuiu

NIMLENIAUFLINNSIZHINTNATANUA UL B Y

4 et e 2 o ¥ o o

(impedance) MUUSHIMUNNLUTIININAVUINZ U IUDEN
o

A1UNATLE

200

15687 5-

3

;
fsnnudniiey

wl
o

Arfiaiuaud (€2)

=il tfinaiin

(o]

anud {Hz.)

AW 4.6 nakAnsLdURUS ST insaA e Ul SedouBEuiiuaud) FUsinah
msunmﬂﬁ’uﬁmzunﬁaEJfTummf‘iﬁhawamsu’nm’}u

it 4.6 wuiuzumuiuiiiitiunanideseriiddufiuaudfiunnnt f1e3ueRe
dnduveunarimh Wi léd drudufiwaudidumanusumulidi mavsuauangdey
annsaliilee Apudhumussdosas wasdSunaniieos anuanunsalunisinlniineg
Toaas ATUFUNTURZINNTY
4.2. MFAATINNTAAABUITUTURUUNAR IS

mnTsimuannes dufeuniewngu fle msitsvimsonnosfififiudsdase i
Anwduddnnnndt 1 fuds uasdhudsen 1 nafilfarnmsiinseiausaagy sy

Anuduiusluglvasaumsdunse uaraunsaedusnasiusoufis umuduiusvesiuysdase
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uriazd Idudsladdviwadenisidsuudas y wnilan aunsadgusglugUiuuanuduiusiy
sUvasaunsle
‘Lumiﬁnmﬁl,ﬂumsﬁnmqmauﬁ'ﬁmemamwmauaﬂLLa:wmﬂﬁLﬁaa%’waaumiﬁmw
Uanashurun sadiunse uagen pH fen1sinsanguantAivanIenmatELenIRaLa
& USums anuvinudy dmiin dasiiladidnesn Arradumudaou ALl
A1 quality & dissipation factor #1 10 AW (0.012kHz, 0.05kHz, 0.1kHz., 0.2kHz.,
5kHz., 10kHz., 20kHz., 50kHz, 100kHz, 200kHz.) vewzumuly WethuAmszvideyn fe
TUsunsudins1ev Statistical Package for Social Science (SPSS) imslieszvidoyalnguys
uzu favn wady 2 naa launinguastaunis (calibration set) war nguvadauaNns
(validation set) mam‘smmaamamwaﬂ%mﬂmiv‘l”wmaﬁ'faa«fhLuJ‘svm"LWﬂ']aehaLﬁm wag YU
FremesnuUssnenmag i
4.2.1 Mmslwszinsonneuididunuunvsineguzunautiy

4.2.1.1 HATUIANIUFUNUSTENIFILU DI UUS ULz L

A1INT 4.1 msusnuasEAgassALSBuTisuUEInanhuzuve sndua s skAsnE
UEERIGHE REL LAV TIRY

statistic U‘%mmﬁmzmwamejuﬁ%”ia tl'%u']zuﬁ"’qmmfmaqnejuwﬂaauaums
dun13 (Calibration set) (Validation set)
73 Ha 37 Wa
Mean 44.32 ml. 4471 ml.
Std error
of mean 0.464 0.69
SD 3.96 4.25
Min 36.69 37.74

Max 54.14 57.18
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A3 4.2 MsAAsesimsaanesiensnsalriinani lngdhfulsdassidunmauiimmanenm

wagliildgaunts Ussanananieds STEPWISE

unstandardized standardized t Sig.

variable coefficients Std.error coefficients
(constant) 14.43 3.86 373  0.0004
weight  0.69 0.05 0.99 13.39 0.0000
inductance

-0.56 0.12 -0.34 -04.66 0.0000
20kHz.
phase angle

0.07 0.02 0.27 4.00 0.0002
100kHz.
dissipation
factor -6.42 2.65 -0.16 -2.42 0.0181
100kHz.

HaNNTeTEAlaeldlusun s nssinneEda SPSS  Wipad1tEunIsYiTuns A US e
thurumlalifuusaasy 66 fauls Falsznauludeusmeneamgy ana (Geometric
Mean Diameter : GMD) , i , fvmduaditusimiuanaas hue angle , ATAMULTLLEIRN
Iwulge$ Tnuds uuuuAZIL IR anvhefisAmlnit 1y AAuglii (capacitance) fign
wasandudpadiladidnnsn |, eranumidsnilidia (nductance) L AmEaEnulng
(impedance) , @1 quality factor , @1 dissipation factor , yuwla Taevnpvinelniiazyiings
‘mﬂamﬁ 10 ﬂ?l'lllﬁl (0.012kHz., 0.05kHz., 0.1kHz., 0.2kHz., 5kHz., 10kHz., 20kHz., 50kHz.,
100kHz,  200kHz) faudsiomethlulssaanagaeds Stepwise - HaganuINUIlAAN
FuUsyans R wiiu 0749 Usuendenmuduiusseninsduusiuiinadafauusaaiosnuine
thuzum Pilanuduiuslussdvgy Tsunstesyhmsidendudsiidhunsvageumsadinudain
feuduiusivaeudunsaléud dwidn deammilenhlnihiienud 20 kHe e
A1uA 100 kHz. uawe dissipation factor AAWA 100 kHz.

wnA9I5ANTua standardize  coefficient  w&anuithwiin fifingafign (0.9942)
sesaanuduuainnud 100 kHz. (0.2749) mnthwilnunn deumanefelimaniuindae
wuiu dusuaiudusainanmsiibusuniilih - ddaunismeinseiduiinashdmiu
wrunuduiinsanAduussaninisannesvesiulssass dethdulsdassdhaunsss
Water content = 14.43+0.69weight-0.56inductance,y s +0.0?phaser anglejgy wz -
6.72dissipation factor gy gz, (12)
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Waas1saunsnensalmUsuiatndmaanudunussewineadilaannnisnaassas ety

ATLlAINNTIUIEAEALNTIRET 190U Al

A13199 4.3 ArUSunadiuzunnduilaannisnaassiuaUsunaaiusunuduainnisvinuae 1

NFWU TN WA ‘c’JﬂTWLLEﬂ%‘IﬂNIWﬁ']

A193491MAaa9 (ml) A1NN1sYIUIY (ml)

39.99 40.96
37.74 39.51
40.68 40.96
41.04 40.07
41.47 41.27
41.59 4377
41.93 40.80
4219 42.14
42.46 42,60
42.99 42.29
43.25 42.93
i 43.44 4351
43.88 44.66
44.28 45.62
44.56 44.92
44.69 44.22
44.87 44.95
45.06 43.92
45.56 45,37
45.77 45.47
46.03 46.36
46.13 44.94
46.32 46.46
46.70 46.81
47.63 48.27
48.55 46.11
49.11 48.47
49.59 46.84
50.44 49.72

50.01 48.67
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NSIVILERAUANNUS TEUI S utLsuutuRInnIsIRaa s
AUAMMSHILIEAI8A2LUsINN1E ANLAZ WY
53.00 - - i S
51.00 - . e
T 4900 \
i - ; oo WS o s 2P
E 001 ¢ % ¢ R?=0.7691
& ol -
& 4500
£ 4300 1% SU—
=
41.00 -
39.00 _ —
39.00 44.00 49.00 54.00 59.00
dreds {ml)

AMA 47 askanseRdiussevinalSuadinsu i ldannisuaaesiuaUs o

UEUNMALAINANFTYIIUIEMIESLYINIINE A NLaE NS IR e s wu Ty

Woadnansanuduiug senInedIa599InnNIseaestiuaAT e nLuUS ae sl anu I

=

" a = ¢ 2 1w ' [ i €1
ArdNUSEANENITNEINTA (R) LNINU 0.7691 MUI8AIUITANNISAINAINEINNSO NS alAT

= Y AR @ 1 % AN v
Uinanhuiasslaas lnefiarnuusdudresnswensalivintu 76.91 %

4.2.1.2 NSUANUFUNUSSEnImILUsdasEAvAIA L TUnSe

A 44 esraEdRdassanSsudisuanaimiunsaveszumutiusswinanguain
AUMINUNGUVIADUALNTT

Items Calibration set Prediction set
Number of sample 84 36
Range 4.59-8.9 4.86-8.67
Mean 7.31 7.43

Standard deviation 1.02 0.96
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a1sWf 4.5 wanisaseaunisuasnaaavains Wneld pretreatments #6149 LHon1viINUNLAN

audunsavaszunudulaeds PLSR

Pretreatment F N R RMSECVY
Original 10 84 0.90 0.45
SMOOTHING 12 84 0.88 0.51
1" Derivative 10 84 0.82 0.61
2™ Derivative 8 84 0:88 0.52
Smoothing+2™ 11 84 0.90 0.46
Derivative
By o
85 .7;. ".,: ""*.
é 18 . g -
Seby] y HOX
50 S [ L ,

5.0 B 6.0

65 70 78 80
CITRIC A, PREDICTED

8.3

R

AW 4. 8 avmldnruduRussEinsmaandunsavewzunildnnnisnaasatuAaIm

Wunsatuzunalaannsviunesiesuws i vesmzunutu

NAIINNNTIASIETNNENR heasaun1Tiuieaauunsalagldniudsdase

1 = 1 & 1 ] - P i I <
#ineq Feusenaulddmisliiiiavan Wy Arruglndh (capacitance)  fignuuatAndurine

TadiEnm3n, Armauwmiertilwih (inductance), Amauauniulnili (impedance), A1 quality

factor, a1

dissipation factor, wuwa leeynAmisiiiiasiinismeaei 10 Aamd

(0.012kHz., 0.05kHz., 0.1kHz, 0.2kHz, 5kHz, 10kHz, 20kHz, 50kHz, 100kHz, 200kHz) AT
Menuailuuszinananulamaudseans R lunisyinwieminnu 0.89

4.2 1.3 RasananudunusseminemnlsdaseiuauSinuvaudsnazane lavianan
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= aa a = = - < o v &
AN 4.6 A wEdRdwsIuSgufsuAUTIuve s lavanalavianusveauzuuiiy
SEVINNGUAS NALNITUNGUVIAGEUANNTS

Items Calibration set Prediction set
Number of sample 70 35
Range 4.86-10.67 5.78-9.26
Mean 1..55 183
Standard deviation 0.92 ; 0.89

MINN 47 wanIsaETeaunsuasvaaeuauns  leeldiiuuseneg  dWenisvineaSun
voaudsfiazanalivianunvawzunutiulaeds PLSR

Variables F N R RMSECV

W+GMD+L+Z+C 9 70 0.87 0.42
(0.012-200KHZ)

W+GMD+L+Z4C 3 70 0.83 046
(1-200KHZ)
L+Z+C 3 70 0.74 0.57

(0.012-200KHZ)

L+7+C 6 70 0.77 047
(1-200KHZ)

R=0.36
RAMSEP=0 61

Birs, predicled

o

T T T T
Z 8 a 10

LI

Brix Measured
MR 4. 9 psmluamianuduiussErIrUiinaesudsiasans lavavunvassunfilaainnis
naasiuamdunsahuzunfldannnsvinnedesulsiniwssuzunutiy
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HATINMTIATISINERR WioassaunisyiuesSinavesudsiavans lévianun

TngldfaudsBaszaineg Faussnouludmalrinfieonun wu Aranuglai (capacitance)  #ign

wasandudnadiledidnndn,  Aaruwdeailuii (inductance),  A1ANAIUN LAY

(impedance), fin  quality factor, 1 dissipation factor, yauwa Ineynamisluihazyinnis

vnaasil 10 AR (0.012kHz, 0.05kHz, 0.1kHz, 0.2kHz, 5kHz, 10kHz, 20kHz, 50kHz, 100kHz,
200kHz) fuusianumilulszanananuildeduussand R lunisviunswingu 0.80

4.2.1.4 f1sanenudniusseniemnUsdaseiua pH

A9 4.8 msnadAdsTuuSeufisudl pH vewsumulusenininguadaunsiunga
VAFDUENNTT

statistic A1 pH Yaunguaie A1 pH Yasnduyngauaun1s
#un13 (calibration set) (validation set)
70 Wa 40 wWa
Mean 2.46 2.48
Std error
of mean 0.02 0.03
SD 0.32 0.2
Min 04 2
Max 3.1 f 3

HENNNFNATILINNADR s saunisiwieat pH Ingldihudsdassenn deszneu
emalwiwisman Wy Aaugliii (capacitance) fgnuvasrnueinsiledidnen , A
auwienilni (inductance) , AUl (impedance) , A1 quality factor , @1
dissipation factor , ymua Tmeynamndliiasiinisveaasfl 10 a1l (0.012kHz,
0.05kHz., 0.1kHz, 0.2kHz, 5kHz, 10kHz, 20kHz, 50kHz, 100kHz, 200kHz) Fauusiamuaily
Ussanananuildimduussans R fanuduiuslusziuaiinn Seliomnzaudmsuanldluns
Uy

4.2.1.5 WA1sanaUduNus senInemLUsdaseAuaAIAI LT
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MINA 4.9 mswaiimssuuidSsufisurmaiduvemrunuiussuiinguatsaumsiu
NEUNAFBUAUNIS

ltems Calibration set Prediction set
Number of sample 55 o
Range 50.13-84.83 52.90-82.80
Range 73.76 71.79
Standard deviation 6.92 6.90

EREALE]

oo e | IR BT

> < emas e HETH AR

Capamatinge opF )

Fregmency (3H)

=1 o ar ' ' = ' & o 3 &
AW 4.10 nsmliansaNTIRUS sz Ry Wi v AR uIInAuA1A Ly
HYowiuanuaR1 qvasuzuIudy

i
o et 1O AT
L2 pon swnse WIGH RIC
P&
B
Z i
o
oy
i
S ol N 8 5 8 A8 B &
S W e PR RFP
. Frequency (kHz) R

AT 4.11 anWudaRIAUENRLS sErIAIRA U U IR IS o BuRuaus) Ausuna
1 J ar 1 g s dl 1
A1ANTUNINAUAIAI YLD BiuAURdsqUaszuutly
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Freguenoy (kM

%) (53 Y o P S
R S
-"’(Ei‘bq
- e § AR N,
T TR wmmmn BCGH] 840
P
o
= Tl
’2
s
FLeit]
I andd a

AN 4.12 NF1ALEAIANUFUNUS TEM919AAIUHTEN T ARUS U A AL AL ATUAN
= u 3
AMUYULRINUAUAATS | VBINZ LT

P a ¢ P ¢ 0 & oy a a < wa
A19191 4.10 MeAaseinisannasiansInIalAtAIuty lastidudsdassniluanaudd
manennuaz v

F = Factors, N= number of sample, R= coefficients of correlation, RMSEC= root mean

square error calibration, RMSEP= root mean square error prediction

£

Bosquare =834 ‘ g
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Nondestructive prediction of moisture content of
lime (Citrus aurantifolia Swingle cv. Paan) by multiple
regression analysis of its electrical and physical
properties

Ho Thanh Huong’ and Sontisuk Teerachaichayutia

Faculty of Agro-industry, King Mongkur's Instizute of Technelogy Ladkrabang, Thailand

Abstract E

Large quantity of juice is an important index of lime quality that consumers
seek for. Therefore, a nondestructive technigue for prediction of lime juice quantity is
needed. In this study, moisture content (MC) of lime which is an.indicator of its fuice
quantity was predicted by multiple regression analysis of its electrical properties—

capacitanice {C); Inductance (1) and impedar atvarions frequencies (0.012, 0.05,
0.1, 0.2, 5, 10, 20, 50, 100 and 2 ] -we :

5, 10, 00 and 200 kHz)—and physical

geometric mean diameter (GMD). Samiples (N=82
{N=55} and a prediction set {N=27). A calibratio
was established and cross-validated by par
Prediction results achieved a coefficien
mean square error of pretdicti

this technique has a

Keywaords: lime, impedance, capacitance, inductance, GMD, weight, maisture content,

INTRODUCTION

Lime  (Citrus qurantifolic Swingle cv. Paan} is an economically significant
Borticultural crop in Thailand and the harvest season is from july to Septentber
{Pranmornkith et al, 2005). The price of lime strongly depends on its availability and
guality characteristics. Outside of this harvest period, the price rises gradually and reaches
the highest price in the dry season (February to April] {Pranmornkith et al, 2005},
Consumers buy lime based on acceptable quality using juice guantity as one of indicators.
After harvesting and handling, lime should be sorted to meet grade and quality standards.
Rapid nondestructive tests for determining the quality of intact fruit have been proposed
using modern techniques such as visible and near infrared spectroscopy (Vis/NIR} (Juan,
2015}, hyper-spectral imaging techniques {Hailong et al, 2015} and dielectric measurement
{Grant et al, 1978). it has been proven that dielectric properties of agricultural products can
be used as a simple, refiable, robust and nondestructive sensing technique {Nelson and
Bartely, 2000; Venkatesh and Raghavan, 2004, 2005). The use of dielectric properties to
study the composition of materials and the structure of their constituent molecules has been
carried out in recent years {Grant et al, 1978). The dielectric properties of hygroscopic
materials such as food and agricultural products depend strongly on the amount of water in
the materials, the frequency of the applied alternating electric field, the temperature, the
density, the compuosition and the strueture of the materials (Nelson and Trabelsi, 2012}

Eumil Kisontis@kinitlach
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Dielectric properties of materials that were determined by dielectric spectroscopy were a
function of frequency (Skierucha et al, 2012). The high capacitance of a capacitor is due to
the existence of a dielectric material in it {Grant, et al, 1978}

Various methods have Leen developed to determine the electrical properties of
materials. Some of the most commonly used devices for measuring dieleciric properties of
food materials include parallel plate capacitor, coaxial probe, wave guide, resonant
structure, mcuclance (1] - capacitance (C) - resistance (R} meter (LCR meter), impedance
analyzer, and scalar and vector network analyzer (Ragni et al, 2606}, Nigmatullin and
Nelson {2005} studied dielectric characterization of many kinds of fresh {ruit and vegetables
[apple, avocado, banana, cantaloupe, caryol, cucumber, grape, orange, and potato} using
various frequencies from 0.01 to 1.8 GHz. juansah et al., (2012) described that the electrical
hehavior {resistance and capacitance) of Garut citrus fruit changed during ripening. The
capacitance and impedance of Garut citrus decreased while the conductance increased when
the frequency was increased. Mizukami et al, {2006) measured the moisture content of tea
leaves using electrical impedance and capacitance, They used four stainless steel electrodes
to measure elecirical impedance, resistance, reactance and capacitance. Their results
showed that the logarithmic functions of impedance and capacitance couid be used to
estimate the muisture content of tea leaves at 3 kHz Ragni et al, (2006) also studied
dielectric properties for prediciing internal qualities of shelled eggs by measuring the
differences in capacitance (DC) and voltage (DV] using a sine wave radio frequency
oscillator with a parallel plate capacitor, The non linear regression models for predieting the
guality indices of the egas—such as storage duration, air cell heighy, yelk index, alhumen
height, and Haugh unit using the DC/DV and egg mass parameters as predictive variahles—
gave coefficients of determination from 0.64 to 0,85, Weidong {2007} designed a low cost,
high precision and good repeatability equipment using a concentric cylinder type
capacitance sensor for measuring capacitance for predicting water content of grain. It was
applied at a dryer's outlet and found to be accurate. All of the research studies mentioned
above show that nondestructive determination of internal properties of fruits and
vegetables can be done by employing their electrical properties. A positive linear
relationship between geometric mean diameter and maoisture content was observed for
pistachio nut and its kernel by Kashaninejad el al, (2005) and Seyed et al, (2007}

However, no study has been conducted to determine molsture content in lime by using
electrical and physical properties. Using multivariate analysis to forecast quality of
agricultural products is a challenge that presents itsell in many industrial problem domains
{Misty et al, 2009). We aimed to find correlations hetween electrical as well as physical
properties—capacitance, inductance, impedance, weight, GMD—and moisture content of
lime samples. It was expected we could gain good information for evaluation without
damaging samples. Therefare, the primary objective of this proposed research was
develop an accurate and non-destructive method for predicting moisture content of fime,

MATERIALS AND METHOBS

Materials

Limes of good appearance and similar size {N=82} were purchased from a wholesale
market in Bangkok, Thailand {Figure 1). Each sample was measured of its capacitance,
inductance and impedance {electrical paranieters) and weight and GMD (physical
parameters) which were the independent variables as well as its molsture content which
was the dependent variable.
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Equipment

The length, width and height of each sample and its weight were measured by a vernier
caliper (Auto-lock vernier caliper, Long Jer, Talwan] and an electronic digital weighing scale
{(WANT, Jiangsu, China) having resolutions of 0.01mm and 0.001g respectively. Its
geometric mean diameter was calculated by the following formula:

GMD = {(hwk)ys (1
where 1 is length (mm], wis width {mm) and h is height (mm] (Mohsenin, 1970). Hectrical
parameters of lime were measured (Figure 2) with an LCR meter (LCR 8§21, GW INSTEK,
Taiwan] at the frequencies of 0.012, 0.05, 0.1, 0.2, 5, 10, 50, 100 and 200 kHz. Each sample
was placed in a standard fixture consisted of two parallel stainless steel plates (15 cm length
and 10 cm width] which were connected to the LCR meter by four wire-type connections:
two outer terminals {5 force and L force for providing electric current] and two inner
terminals (H sense and L sense for measuring electric potential]. The input voltage of the
signal was 1 volt. Each sample was placed in the fixture once and repeatedly measured for
fifty times, and the average value was calculated and shown on the LCR screen
automatically.

Figure 1. Sorted limes for measurement Figure Z. A schematic flustration of the
measuring system :

Moisture content analysis (ASAE standard, 1994)

After measurement, each sample was dried to a constant weight in a hot air oven at
1032°C for 24 hours according to the ASAE standard {1994]. The moisture content of the
sample was calculated by this formula:

MC=[{A-B} /4] x10¢ (2
where A is the original weight of the sample and B is the dried weight.

Data analysis

Table 1. Statistical characteristics of calibration set and prediction set for moisture content
(Y%wetbasic) determination,

T

Statistical analysis was performed by using Unscrambler software (CAMO, Oslo,
Norway). Moisture content was assigned to be the dependent variable. The independent
variables were weight, GMD, capacitance, impedance and inductance at the frequencies of
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0.012, 0.05,0.1, 0.2, 5,10, 50, 180 and 200 kHz. The entre data (N=82) were split into two
sets for calibration and prediction.

The calibration set (N= 55) was used to establish a partial least square regression
calibration model and then fully cross-validate, while a prediction set (N=27) was used to
evaluate the predictive ability of the calibration model. Calibration performance was
reported as root mean square errar of calibration (RMSEC) and coeflicient of determination
for calibration (Rc). Prediction performance of the model was evaluated by using root mean
sguare error of predicion (RMSEP) and coefficient of delermination for prediction {R#). A
calibration model with R? » 0.8 and a prediction model with R2 > 0.5, in addition to low
RMSEC or RMSEP, were assumed Lo be valid by Kiralj and Ferreira {2009), while Chirico and
Gramatica (2011) accepted values of R » 0.7 for their calibration mode] and R2 > 0.6 for
their prediction model.

RESULTS AND DISCUSSION

The relationship between electrical properties and moisture content, and the
relationship between electrical properties and frequencies were examined by curve plotting.
Figure 3A shows that the average C of lime samples with higher MC was higher than that of
lime samples with lower MC at all frequencies. The reason that it was higher can be
described as follows. The capacitance of a parallel plate capacitor is:

C=(8:24)/D (3
where C is in Farads, £ Is the relatlve permittivity of the substance between the plates
{Fmri], g4 is the dielectric constant of vacuum {8854 = 10-2 Femt], A is the area of the
plates [m?), and D is the gap between the plates {m) (Baxter, 1997). . of a biological
material can be caleulated by the following formula:

£, = e = g'Ho/w (4]
where £ is complex permittivily, j is an imaginary unit, ¢ is the electrical conductivity of the
material, w is angular frequency {Hippel, 1995). Water has high conductivity {Walstra,
2001} and thus higher moisture content in lime samples resulted in a higher electrical
conductivity that fed to an increase in the value of z, therefore, the value of the capacitance
also increased. On the other hand, the average C of lime samples decreased when the
freguency increased as described by the formula below:

Ze = 1/(2ufC) {53
where Z¢ is capaditive impedance in ohms, 7 = 3.1416, {is frequency in herlz, G is in Farads
{Baxter, 1997).

The average 7 of lime samples with lower MC was higher than that of lime samples with
higher MC at all frequencies (Figure 3B). This can be explained as follows. Total impedance
is defined as:

Z = RejX (6)
where R is resistance (the real part of impedance), and X is reactance (the imaginary part)
(Barsoukov and Macdonald, 2005). The resistance, in turn, can be calculated by the
following formula:

R= pl/A )
where p is resistivity, | is length of the conductor and A is cross sectional area of the
conductor [Breitkopf, 2612}, Conductivity is the reciprocal of resistivity:

a=1i/p (8

Therefore, as MC increased, elecirical conductivity increased, resistivity decreased, and
resistance decreased. That is the reason that impedance decreased when moisture content
of lime increased. Furthermore, the average Z of lime samples decreased when frequency
increased that can be explained by the formula (5}.

In Figure 3C, the average L of lime saniples with higher MC was higher than that of lime
samples with lower MC. This can be explained by the following formula:

46



181
182
183
184
185
186
187

128
189
130
191

192
193
194

195
196
197
198
199
200

L= -Rjznf (%)
where L is in Henry, R is in Ohm {Dolmage, M. M., 1928). Resistance was determined by
forraula (7). In addition, electrical conductivity was caleulated by formula (8] The increase
in the amount of water content led to the decrease in resistance, and the inductance went up
a3 the moisture content of lime samples increased. The formula (%) mentioned above also
exxplains why the average inductance of lime sarples increased when frequency increased,

Bspectence {ha

i o8 oy O Tt W o |
g 5 >~ o s W
Fregueses A f : i LR
Frequenn {EH2y

Figure 34 Figure 3B

Tl ¥ ABNALLS TR

20050, B4 / 2

;.' e LW ML
bl ’, s SHCHE
snp 4

R 1

206
Figure 3C

Figure 3. Electrical properties of litme in the range of 0.0012-200 kHz: Capacitance {Figure
34), Impedance (Figure 3B) and Inductance (Figure 3C)

Table 2. Results of the PLSR model for moisture content {%wet basic) determination in the

calibration set and prediction set

R

F = Factors, = number of sample, R= coefficients of correlation, RMSEC= toot mean square ercer calibration,

RMSEP=root mean square etror prediction

To ensure good perforrance of the model, we made sure that the standard deviadions of
the MC of the samples in the calibration and the prediction set were similar. Also, the
range of MC in the predicton set was covered by the range of the calibration setas shown in
Table 1. The linearity and error between the measured value and the predicted value of MC
using a combination of independent variables of electrical {capacitance, inductance and
itnpedance] and physical properdes {GMD and weight) are shown in Table 2.
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Figure 4. Scattered plots of actual and predicted moisture content of lirmes

For a better fllustraton of the model's perfonmance, a scatter plot between the measured
moisture content and the predicted moisture content in the prediction set is shown in
Figure 4. The plot shows that the model was able to predict the MC in lirme samples with
high accuracy (R% =0.934, RMSEFP = 1822%). Therefore, the model which was established
from nondestructive variables such as physical and electrical parameters can be used to
accurately predict MC in limes.

CONCLUSIDN

A calibration model for MIC was eswmblished by FLSR using physical and electrical
variables of intact liries. The results obtained in this paper show high MC prediction
accuracy. Therefore, it is possible © use a muldvariate model thac udlizes physical and
electrical properties in an online serting system as a low cost technigue for non-desguctive
measurement of MC in limes.
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