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wamanaasamssuurankusu liivad e lulasnstiatlounaunaiadmys nhiauinns

! s ¥ o A ¥ J ﬂ' ~ ¥
FINNVITUVVANIDHUDT TN THOUAYIDDINABIHDY 114715‘(3!9!1\1‘]

211U 6 917 (A189 800 W/A1) 4800 W)

v :‘ LY @ 9 . -~ 9 a
WaNSNAABIAINN (g) HATORIINITOULNS (Drying rate) (N384 1 TFuuntinsou

.. wnin wmnin 8n5IMIBUUA
ey | gas , Y .
ADUBULNG (g) | WAIBULNA (g) (Drying rate)
1 1:1:1 361 325 0.24
2 1:1:1.5 371 322 0.27
3| 2115 366 316 0.27
4 2:1:2 353 318 0.23

$1u9u 3 A(hds 800 W/2) 2400 W gangilandeud 40°C)

¥
wamInaaaInimin (g) HaLPATINMIBULNS (Drying rate) (N304 2 Huunilnseu

(4 v
V. nin nin 8AsIMseuLi
ey | gas , Y = .
NOUBULLINI (g) VoD ULYN (g) (Drying rate)

1 1:1:1 366 322 0.63

2 | LS 361 311 0.71

3| 2:1:15 371 315 0.80

4 2:122 369 313 0.80

$1u9u 3 @213 800 W/A7) 2400 W gaingliandoud 50°C)

v °y a o v . <t s =
HANINARDIATUINUN (g) LAZDATINITDULNY (Drying rate) (NID) 3 1Huniinsou

v 24
.. miin Hmin Sns MU
Ay qas , Y . v
NBUBDULVN (g) a0 uUny (g) (Drying rate)

1 1:1:1 375 312 0.90

2 1:1:1.5 375 311 0.91

3 2:1:1.5 354 308 0.66

4 2:1:2 357 307 0.71
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9
HAMSNARBIANIMIIN (g) 1aZBATINTOULNRS (Drying rate) (58 4 IFuuniinseu

111U 3 @216 800 W/62) 2400 W gaungiiausoui 60°C)

[ 4 i 4
. vmin miin BAIINIOULHAS
&y | gas | | ) .
NOUBULVI (g) NAIB VLN (g) (Drying rate)

1 1:1:1 387 325 0.89

2 | nLLs 357 304 0.76

30| 2115 383 315 0.97

4 2:1:2 358 302 0.8

AIRMENIA IABIENASN (Dielectric Properties)

maaulia nddnasn (n3dl 1 wnilaseusiuam 6 & (11d3 800 /) 4800 W)

. Dielectric Properties
. o gATHUEY QTGN nasoy
" £ £ tan O ¢ £ tan O
1 1:1:1 2.00 0.321 0.16 1.56 0.156 0.100
2 1:1:1.5 2.25 0.436 0.19 1.50 0.153 0.101
3 2:1:1.5 2.31 0.436 0.19 1.59 0.157 0.098
4 2:1:2 1.92 0.273 0.14 1.56 0.158 0.101

maauaulia lndanasn (nsdl 2 Wunntiaseusiuau 3 fa(H1de 800 w/2) 2400 W

gamgliauioud 40°C)

Dielectric Properties
QRG] AINNEY ABuoY GEEY)
¢ £ tan O ¢ £ tan O
1 1:1:1 2.189 | 0.346 0.158 | 1.904 | 0.177 0.092
2 1:1:1.5 2.146 | 0380 0.177 | 1397 | 0.149 0.107
3 2:1:1.5 2255 | 0.446 0.198 | 1.509 | 0.154 0.102
4 2:122 2317 | 0444 0.191 | 1.569 | 0.158 0.101
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Aguauia ladidnasa (n3dl 3 duuniinseusnu 3 #a(Mds 800 W/Ra) 2400 W

gavgiiauioui 50°C)

Dielectric Properties |
GRLH]) qASHUTY AoUBY Mo
¢ £ tan O ¢ £ tan O
1 1:1:1 2375 | 0525 0221 | 1478 | 0.150 0.101
2 1:1:1.5 2396 | 0.539 0225 | 1461 | 0.144 0.099
3 2:1:1.5 2238 | 0.456 0203 | 1453 | 0.149 0.102
4 2:122 1.885 | 0306 0.162 | 1452 | 0.146 0.101

anuaulia ladidnasn (n3dl 4 dumniinsousnnu 3 Fa(M18s 800 W/Ra) 2400 W

guvgiiauioud 60°C)

Dielectric Properties
Ay gATHUTY oD VR ET
é g tan 5 é é‘: tan 8
1 1:1:1 2.598 0.610 0.235 1.468 0.145 0.099
2 1:1:1.5 2.190 0.420 0.192 1413 0.141 0.100
3 2:1:1.5 2.728 0.677 0.255 1.629 0.155 0.095
4 2:1:2 2.236 0.423 0.189 1.462 0.144 0.099

A b4
4.4 TUUVANNINYAIN NNNNA UATNINANINIOU

AUUANNIEATN NN Hazneaudou (gl 1 1Fuuniiassusiuau 6 &9 ($1aa

800 W/62) 4800 W) .
. AUAU U AMuF msawwesiiousii | Ausedtamuniely
awy | ges '
(Density g/em’) | (Moisture Content, %MC) | (Thickness Swelling, TS) |  (Internal Bond, IB)
1 1:1:1 0.8006 6 30.48 0.06878
2 1:1:1.5 0.7575 6 24.56 0.06920
3 2:1:1.5 0.8213 6 54.01 0.04583
4 2:1:2 0.7905 7 51.33 0.03112
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AUIANMENN Mana uaznanuiou (id 2 IFuuniinseudiiu 3 @2 (has

800 W/A2) 2400 W gaingilaudouh 40°C)

- ANUNUMLY ATNAY msvamesiondi1 | Mussdwmunely
Y | gas ,
(Density g/em’) | (Moisture Content, %’MC) | (Thickness Swelling, TS) (Internal Bond, IB)
1 1:1:1 0.93720 6 39.89 0.06531
2 1:1:1.5 0.78031 6 27.60 0.08626
3 2:1:1.5 0.74519 7 44.44 0.06104
4 2:1:2 0.74617 7 40.63 0.01330

AUVANINIBNIN NN LLﬁS‘VINﬂ’J'IlI%’ﬂu (ﬂ’iiﬁ 3 1%'Ltuﬂﬁmauﬂ°1uau 302 (f‘hﬁ’i

800 W/A2) 2400 W gainfilausoud 50°C)

- ANUMUTLIY AT asuamesdionsiir | Aussdummaily
mm s (Density g/em’) | (Moisture Content, %MC) (Thickness Swelling, TS) (Internal Bond, IB)
1 I:1:1 0.70887 7 31.82 0.01347
2 1:1:1.5 0.70016 6 27.02 0.02160
3 2:1:1.5 0.72469 6 43.73 0.02765
4 2:1:2 0.68114 6 37.03 0.01980

AUUATINIBNIN NeNA uazneANLsou (n3dl 4 IFuunilaseudiuiu 3 a1 (Mds

800 W/A1) 2400 W gaungiiaudouh 60°C)

o o ANURU WY mm%u ﬂ'ﬁ‘lJ’JiJWﬂQLf;Blnhﬁ fhusaéhumumulu
iy o (Density g/em’) | (Moisture Content, %MC) | (Thickness Swelling, TS) | (Internal Bond, IB)
1 1:1:1 0.70655 6 37.16 0.06080
2 1:1:1.5 0.71266 6 29.33 0.03128
3 2:1:1.5 0.71540 6 51.65 0.04739
4 2:1:2 0.73662 6 35.55 0.02877
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T Qs o A‘ o b ] A: 5% o =
ﬂmmliza‘nﬁmimﬂ3msawamwmm“luam1mﬂaanmszmwuauma

L2 wae | AWMLY mdulssAnimsihanudou
AISNARDY wrugu 18 .
(Density, g/cm’) (K, W/m'K)
1:1:1 0.8006 0.083
1:1:1.5 0.7575 0.081
Single Microwave

2:1:1.5 0.8213 0.089
2:1:2 0.7905 0.100
1:1:1 0.9372 0.095
1:1:1.5 0.7803 0.094

Microwave + Hot air (T=40°C)
2:1:1.5 0.7451 0.089
2:1:2 0.7461 0.095
1:1:1 0.7088 0.087
1:1:1.5 0.7001 0.098

Microwave + Hot air (T=50°C)
2:1:1.5 0.7246 0.093
2:1:2 0.6811 0.092
1:1:1 0.7065 0.094
1:1:1.5 0.7126 0.094

Microwave + Hot air (T=60°C)
2:1:1.5 0.7154 0.091
2:1:2 0.73662 0.092

ammsaudasandsnudumelunssuaumsevuda (Specific Energy Consumption in Drying

Process)

[ 4
I ’ mmsunldsadsnuiume lunszuums
nstl | Masnunldlunszuiumseunds

BULHA (SEC) (MT/kg)
1| Tulasnd @4soo w) 0.1220
2 | luTasin (2400 w) aufeu 40°C 0.1129
3| TuTasnd (2400 W) andeu so°cC 0.0968

4 | TuTasnn (2400 W) auou 60°C 0.0930
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Analysis of Energy Consumption in Microwave and Hot-Air Drying Process of
Particleboards from Montong durian peel Using a Continuous Belt System
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Abstract

The paper presents the energy analysis in drying process of particleboards from Montong
durian peel using microwave energy and hot-ar in a continuous belt system, consists of twelve 800
watts 245 GHz coupled into the cavity wall inside the system. A rectangular microwave cavity of
dimensions 45 cm X 90 am X 270 cm combined with hot-air generator having the maximum operating
temperature at 240 °C was chosen. Particleboards from Montong peel with dimension of 20 am x 20
am were manufactured. The test results and thermal photograph show that using hot-air drying in the
first stage, the surface of samples should be greatly dried out. As the result of hot-air drying, this was
dedicated to moisture removal of the surface of samples. Afterward, the samples were heated by
micowave drying that caused the heat was generated inside the samples, thus transporting rapidly of
moisture to the surface of samples. Therefore it would seem that the combination of microwave and
hot-air drying process provides more efficiency compared with a single microwave drying.
Keywords: Energy, Dying, Microwave, Particteboards
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from durian peel Using Microwave Energy with continuous Belt system
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Abstract

This research studies on the kinetics of drying process of particleboards from ‘durian peel of
size ‘20 x -20 centimeter using microwave energy with continuous Belt system. its internal ‘structure
included 6 magnetrons, microwave generating sources at-the frequency. level of 2.45 Gigahertz (GHz)
and power of 800 watts, built at the cavity wall inside the system. The microwave cavity was
rectangular shape with dimension of 0.45 m. x 0.90 m. The tested properties are the relations
between temperature and moisture profile with respect to elapsed time and drying rat, the
measurement of dielectric properties of particleboards from durian peel before drying and after
drying.
Keywords: Drying process using microwave energy, Continuous Belt system, Particleboards from: durian
peel.
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Energy and Efficiency Analyses in Drying Process of Particleboards from Montong durian peel
Using a NCombined Multifeed Miccowave-Convective Air and Continuous Belt System (CM(CB)
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miauu.quudu%u‘lﬁé’mwmuﬁannﬁaumaunaqimﬂlﬁ'luiﬂmwﬁﬁaﬂaunﬁuwawﬁwwﬂa il
aumssmAuseuuanfeunaraten Ao wioiios TaelrsaiwessuuUssneudsuuninseuds
Wuuvdsiulaedululasimaud 2.45 GHz YU 800 W $1aw 12 #2 mnmw‘tumuwﬁaama
muluaiuaﬁ'umsvuuluimvmﬂwé’nvmstﬂuamawnumwwm 90 cm. x 45cm. X 270 cm.uay
v paiulaaufou wuamwnumsmmumqﬂ 240 *C Fagilslumsinun fe wHuBY biSRenwdon
VFHUMIDUNOY BUTA 20 X 20 LEURWRS s e o nrneRe fdslulasian (2400 w) unaiiay
You (40,50, uar 60 *Q) ammImeaomUIY nrWisuLUasgman Sou fasosesarlunts
DU wazAATm AL Aoandseny naw’lmamwnuﬂulﬁumiusuﬂsmsvmumsauwﬂwu
UseinBnmg wesioll
Aman: Wl UseAnBam, nisouwts, Bilason, wiudulide

Abstract

The paper presents the energy and efficiency analysls In drying process of
particleboards from Montong durian peel using microwave energy and hot-alr in a.continuous
belt system, consists of twelve 800 watts 2.45 GHz coupled'lnto the cavity wall inside the
system. A rectangular micowave cavity of dimensions 45 cm X 90 cm X 270 cm combined
with hot-air generator having the maximum operating temperature at 240 °C was chosen.
Particleboards from Montong peel with dimension of 20cm x 20 cm were manufactured. The
parameter are microwave power (2400 W), temperature of hot-air (40, 50, and 60 °Q). The
results show that variation of hot-air temperature affects the drying time and Specific Energy
Consumption. Furthermore the result of energy analysis can develop the higher effidency of
drying process.

Keywords: Energy, Effidency, Drying, Micowave, Particleboards
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mstunlde mBanudumslunssuumsountte (Specific Energy Consumption in
Drying Process) ,
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SEC = Potal \\%e
Amount of water removed duringdrying | kg ®
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Frotal = Fing + Pheater + Fexfan+ F. cofan + Feon [ew x3600s] (10)
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The Experimental Studies of Drying Process Particleboards (form durian peels) By Using a
Combined Unsymmetrical Multi-Feed Microwave and
Hot Air-Continuous Belt System.

. a al a o 17 vy £ 3 Y 2 £ o 2"
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Abstract

The objectives of this research were to experimental studies on the kinetics of drying
process.of particleboards (transform durian peels) of size width 0.2 m. length 0.2 m. thickness 0.01
m. by sing a combined unsymmetrical multi-feed microwave and hot air-continuous. belt system. it
is-internal structure included 12 magnetrons, microwave generating sources at the frequency level
of 2.45 Gigahertz (GHz) and power of 800 watts, built at the cavity wall inside the system. The
microwave cavity was rectangular shape with dimension of high 0.45 m. wide 0.90 m. long 3.0 m.
and Hot air was generated using electric heaters with the maximum working temperature of 240 °C.
The tested properties are the relations between temperature and moisture profite with respect to
elapsed time and drying rat, the test of dielectric properties, Internal bonding strength and
Thickness swelling of particleboards from durian peel before drying and after drying.

Keywords: Drying kinetics, Continuous Belt system, Particleboards, Microwave
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Infquéiimmnunundoagamils Gaasun) meldannenssuwieimmuduiinGeniermmudu

v

auga (Equilibrium moisture content) uamﬁagﬂﬁ 2

(igémnial hest
) ranitfer vate rfbutmﬁg) hnxfum commlins)
f¢=———= " Faling rate pesiod cw'm <rying

AL

,%ﬁm;?sﬁt%_ ff S .\ .....s«mwpuﬁda-—O‘ |
$>< i s

X X,
X, Moisturs content; kg water/kg dry solid

o« . g [
E'LM 2: AMULIATUBINTEUIUNTIDUUM

AuRSATINSBUWRIALH (Constant rate period) WsTaniimudugeunng Sasnseuusiesgn
mugulaedrdnameousndaiinarieTanfhimnounvi wu gamgll Arwidivesine Armudusin uazALAl
dovvedle mnawswamtmangnqun‘lwmﬁamﬂmsvmm;aelau19{:4'wnmlmmﬁ’uam']msmaauﬁ'z
sonhimelutan Muvsiimuaunssuaumssuaisusuneni nawamumm%aum’]au‘lwﬁ’umvaq’luma
umm'uaanumsu.mn‘svmuwmmﬂ'nn%uginwmq (Surface diffusion) {undn n1sdumdnIINIIBULN
lumunaniiaurseildielneuninsdemarudoulaemsm (Forced convection) seifmunian
Fanamlunsiinssit daumunarisarniteuuianas (Falling rate period) dlonssurumsmasuuite
suduseiodluides 4 'wm'm%'un%"ldmﬁu"%u"'anqﬁnm%u'luﬁ'a‘vzﬁ'mﬁauﬁ'z‘lﬂz‘faﬂwx‘hnw‘lﬁ'ﬁhiwams
uwsns.mum-amﬂ'nungmvaqmi’ﬂummwawaﬂ“ Snamutuissmesenluin S nuimidagin
nsusnduasifntur s

2.4 arnivilutan
» adudumusueniawnasenhitiledluidetandaiioutunavesianfuviowh ammduly
e Yamannsouandlditu 3 wwu fe
1) s (Moisture content, MC)
MC:[qumo (3)
Wa
fio  MC Ae mrwiiu (Wedidudnasgiuuy)
W, Ao dhwinfinanla 4 (03
My Ap thimiinusis (nf)
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2) damrdrun iy (Moisture ratio, MR)
MR = M oMy
M,-M,
@
d a v z
s MR Ae dasidiuAinuty
M, o mmduluiurerian (Weddurnasgiaden)
- d & v v oo . ¢ d ¢
M. fs mduluiurasiagiviailag (Usfidudmsgiudon)
.. : . W o
Mey Fo mrtiuaumauasian (Wediduduasgruden)
3) 9A5IN1T0URM (Drying Rate, DR)
w,-W,
DR=—2——1 {5)
L=t
dle DR #e sanimsouuw, (nfu/dhluy
a 5w v Ao o -
W, fe umiinvasianfisnumien 1, (n3w)
a ¥ o v Ao s o a
W, A yminvasTaqiisihwmia 2, (n3)
4 o ’ :
T, fg awimuwid 1, (W)
- o o - ]
ty  AB LIBWMRIUVUW 2, (W)

3. sbeuiE e

wusulSn (szg:Ummnmaanvmkuawm)ﬂﬁumwﬁaaq fidwusznevde (Wulewden
Vi3ou - wdenyiley : 1) wisgnswanesniliu 4 gas fe 1:1:1, 1115, 221015, 2:1:2 muddy sum
A 0.2.13m5 81 0.2 RS WU 0.01 wiAs

3.1 indoseulilasivedntoundunariuwniiliausnasiutussuasounazawmusuisg
athwsiniiles

suulilaniitlddmivaivetuiibussululasinsilatousiumaredumisilisnnnas
ffussuuasiounazmomusndoetisaie: imonheiivfenmstivslsninnlulasaniuay
Fmana3y (RCME.) ﬁ'mm’gu Taverdeondnmudesiude 'S'aqﬁﬁ'lmn"mnizmun‘mzqnﬁ%ﬁuﬂhua'lumu
sl luglueAiindugudivion (Rectangular cavity) Famelussuvssiindauniinseu sty
Wlmsianmani 245 GHz 1dminu 12 & (i 800 Tns/s) uazindesiniiinaniou qamgligeqeivinly
Taguseanm 240 mmwawaa (wegnuamauumaa) uavvnqmquamauiﬁahmaﬁuautﬂa Tneldeiia
mamummmuuumamm mafinseshiifuuuumenusaiio innsfardantugiuvumsieui
samsanuseriiasvainszuiums Wumsdstumidutinaann lvielag wluﬁawaamﬂumaq
donailumsauazdinedss rdulilasivsnuininseu Hiedegsauquinuglnd mmiheudou
annsaildlasdudseTagldagwuiivinumadissus @unsediudsumimbateniulinng
Faam) emfumemussddeTandludnioahanuiey mavfudsiidanaoililaumsdn
uasDnuuniimsaumudwnisisims vinumatuazesnssuvlulasiiissuunisinedululasividens
'3"’1114213anmtﬁa‘lu'lﬁlﬂué’um’msiaé’ﬂﬁﬁ'ﬁnuﬁamms%’ﬂmaﬁmmgmag’lﬁtﬁu 5 fadTad/maniguiung
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dwiumsingungiifaguaasuainse Taldvisumiomadinarsenvenalulasnlaelddunsise
wesluilwed (Anuusiugnlugas £ 0.5 °C)

() (v)
- - - - s ' ' :
U 3. (0) edeshlasianvladounduvaedumisliaumnassmiussuvanfounazanenw
dndgsetwieiiies () lnevunsumwasiBuniniomnan [4]

3.2. funaumvaass

munu'vuluaﬂ(wswmmnmaanmsawuauwm) wumw‘svnwﬁa (dulawdenyiou : ue
ulaanmsuu 1h) 2uIARd1e 0.2 1WA 817 0.2 Ms 1 0.01 AT Ha 12 sl (12 gn3) uvinsin
Aty 'Jmamwnn mu’munua.,’mmauwﬂmmanmn (Relative dielectric constant, Relative dielectric
loss and Loss tangent) Budunounmaaes uammgﬂw 4.

1. Software

2 Microwave Reflect meter
3. Coaxial Cavity

4, Coaxial Cable

5. Sample

6. Female Calibration

U7 4. wdeadmifmeunlawes (Network Analyzen) (6]

nfuhnmeasdlaslfisieseululrsmviatouniuvaesumisiliannasiufuszuuay
Founararomududsieswaaiios mudeulvingvhnsdauuniinsousiuiu 6 #1 (Fd 800 Sad/ih)
4800 W FausiudulidadlldouiimuduGuiuusena 30-20 % dry  basic auaumﬁammguqmv'fw
Usea1eu 10-15 % dry basic lneyn q deulvaeiimsdaimnin mqmwnuauuwwawu‘luaﬂua zAnudy
AUWAD N 9 10 U mammsﬁnmmwuﬁuwuas"mwqamqu warmadutunawarnsaenIwIn
rudeunarinmantiladidnadnuesuiudullidaiiiuniseusondululasiaw uasihlunageudiay
Fumuussiafiarniuiamin (nternal bonding strength)  Wa¥AINISUINNEIMAINISULN (Thickness
Swelling)
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3.3 MTiATEYiNG

v . & v o w . F
AIUAUUTIININTURIMI Wnswada = {6)
W =L,

= - < FY)
dle F Ao ussagegn 1Hu fady
W As Aruninrvesiunadeu iy Sadwns

L fe anusnvestuvagey \Ju Jefwns
v o LYy t, -t
MSUIINDIRINIIUTYY Souas =-2_1x100 "
dlo t, Ao mumunvestunaaoudeuutih Wy Nadums
t, Ao AnuuITssunsasunduhi 1y Dodwns

4. HANTIVIARDINATEAUIIINANTIMARDY
. d 1 ¥ LA = . | 13 .
1390 1. AuauTRvesurutulish (wWigliannwdenyFoumieunes) nsuntseuiaswdey

sy Dielectric Properties .

e _ : sh], <= |} % Drying
whudulf  wavdevlely fioupy wiou dwindousy  hmdhwdveu e

on n'g:{:?;:u 8' 8" tans 8. 8" nS 169] ® (g/min)
1 111 (8D 200 032 0.16 156 0.15 0.100 361 318 0.24
2 1:1:1.5 (80) 225 043 0.1% 1.50 0.15 0.101 365 320 0.27
3 2:1:1.5 (80 231 Q43 0.19 1.59 0.15 0.098 364 319 0.27
4 212 (80) 1.92 0.27 0.14 1.56 0.15 0.101 357 318 0.23
5 11 (90) 215 035 0.16 148 015 0.103 358 314 0.25
[ 1:1:15 (90) 223 043 0.19 150 015 0.102 363 319 0.25
7 2:1:15 (90) 245 046 0.19 161 015 0.099 354 311 025

8 2:1:2 {90) 220 035 0.16 1.63 0.16 0.098 355 312 0.27
9 1:1:1 (100) 238 0.66 0.15 173 046 0.096 357 315 0.19
10 LL1S (100) 219 038 017 162 016 0100 362 319 0:25
11 2:1:1,5 (100) 208 0.37 0.18 1.51 05 0:103 353 310 0.26
12 2:1:2  (100) 238 048 0.20 153 015 0101 365 319 0.19

Ve w

A » : L
mInf 1 uanwamsnaasssinmsidmatlalasion 4800 Ynd imseunkudullidn (wsguen
wasnydoumeuneslasusiudulisnezdsngaslunisuds Snsdde dulawdanmdeu : waden
YWivu : 1) eehuléingdn Loss Tangent Coefficient tand vawiudubidanousyuluusasusiuiidge
P . é’ v e Y oal a % . A o v & )
Wiesnnuiudulidaududuivmininnuaziiaaniduun wazdliovinissudewdmanadulilasnag
NWUIA Loss Tangent Coefficient (tand ) vasusiutuliSausiazudiuiifianas iminanasuacanuiuf
- v J a X ~ s Y Y 4 .
anawailudae dWesingasdnndiuuasdeulslumsndauiuiulisaiinaransgadundssusinaiy
) Y s a a AT <
Lilasion Tasuniu@ 9 1:1:1 100 °C Idaminsdlumssdnaiitiosuatlunszurunisudausiudulisnoudt
gaungligeleviliiihmindesauduswilliiian Loss Tangent Coefficient (tans) #h nisazviouves
: & ¢ & » ‘i ) = ) Y A d
wasuadulilasndin vildedulilasaraunsodahdmeaneaisihufvewdudulildnn dwaly
- » . & - > a ' o - "V - ‘s b - I3
fismnseusiinimiuianulai Sandiuuasleulvlumssdauiugulisafivmnsanfesniday
= a ]
1:1:1 sungavgy 100 C
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(n) (W)
< ‘ v A e - 3 v a_ o
ZUY! 5. (n) e auTaulleviinisaL 10 ui (v) MAUAWNNANMUTOUEBYIINSOU 70 UM

U 5 uansnmidemsrndauninasTEimaslulasia 6x800 Tas gavigil 100 °C vhnseu
uuu%ulué’ﬂ (WusgusnanRenySeuvuounss) wmﬂunssmumsa'umamu‘lﬂnsnﬂmmmmuanm
msmqmmwmaaulﬂﬂsmﬂﬂmuamaﬂ Tnsdunpandvosnmaiemsaudeuvessiuiulisnassiy
ﬁwmmmmsau (10 w¥) widuliSnasiimmdou @une) nsssaiiausfiuiy msriuiuivliead
mqua umsqﬂwwmmuﬂauw[asnﬂmnvmsnmvmnmwaaudu%u'lﬁé’miqua'lv‘l't.ﬁﬂmm%'aumu'lu
ﬁvuﬁuéu’lﬁz’imh’lﬁqmwnﬁqa’gu uaziflanansuly (70 wif) muTusasaruieuresusiuiulisaey 2N
muwmnma’luaanqmmauanvaauuu%niuaﬂm‘lnmsm-a'uwamuﬂau‘hﬂﬂmﬂamaﬁwa’lwummma
nmwmumu'uuluamummm‘uuavauaq vildanudeu (aum)nsvmaagummmanmwmuwu-ﬂuiué’m
nnsimndeudieaduliulastnasyinliisveswiudulialudaluanduuntnms s i uiives
gampiiuavauumslunduulisabulusiusnduasiinmsnsznemaahiauedansaanns
uan§nuazsatinsivensiutulisals

~——Case |
—@— Case?
—d— Case}
—¥— Cased

3 Case$
—&— Case$
—+— Case?7

Tanperture (°C)

reosmmnss C s 68

(qp) 2siow

—=— Case?d
! —— Casell
- i o —8— Casell
0 10 20 30 40 S0 60 70 #- Cazeld
Time (min) R—me (6

- YR ) - F- Y
U 6. amuiduiusssvivgamalivaseuduiuia

: v ' a v < y
U7 6 uammmﬁuwuasvmwamwnuuman%vu FldanmaveasaSoudisudunat wuindle
T.umau‘m (0-50 min) unwu'luamvmmuwamulﬂmnvﬂ"ﬂmmn mawmunu%uluamumm%uaq ApuN
m'mm-zmwa«’xuhﬂﬂmwvaauuuiu'luam.,mmmaﬂauwaamnm’wmumﬂ'luuwu%uluaﬂ'lﬂmaauﬁ’daan
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10 s v ! ' - Yo a . o o o § %
gAranguen ludisusnvesnssuumssvuisnsluusiuiulidaliavesvauvaregotuseilonily
- - R [ - -t N - - o - 1Y v o + -
anSnarenunuATRIaTS (Capillary Pressure) fiduimdouveavailudiminvsawiuiulion usidle
' P & o v 4. d & 4 s ' a v & a
varulUUTnum wiuanas ilinsiedouiivesrin @adulednlng) sendfmihdadusvina
L] . . o o Y s o 04 da
YoIMsunIvesle (vapor diffusion) wasAnusiufing (Gas Pressure) Wiundn uasmdslilasivavyiouing
oA vy = ) ' ' < o v 4 4 - ok ' P M Ve A
whiBuligasziiinnnluiiusnuasezrsy q anasunsit Taoidwdulilesinineaiuniudulisaiian
3 P-4 ] o 4 R <t} -4' A vy a &
fiog 1 wudulaslutivhemmeaasswdsnuadulilasiniisuesiings Wesnuiviulisaiinuiu
o s o -t b J a [P ] . . .
anas migadundsundululasoniidasamialuime uasiiishrsziflaiudn Dielectric Properties Tu
: ' 5 S o qw. d a v v &5
m5d 1) nuihnanfilumseunnduhlifanuduiiddilndynangauinfunailude

~+— Case |

120

o
»

——®— Case2
—#— Cased

—¥— Cased

100 1

80

—®— Cases

~—o— Case6
60
~~t— Case7

(unu/B) 81 Burdiq

Temperture ¢C)

40 ——— Case§

—— Case9
20

—— Casell

0 T e - - - - 0 —®Casell
0 0 20 30 40 50 60 70 4 Casel2
Time (min) . —o——DR

= v ] o v v o
U 7. arwdiiusaywineamgiivasSnsinseuusiunm

A 7 uanseudiudsewingmgfiuassnniniseuwiiildinmmassisuiivuiunaan
wuiilugaausn (0-20 min) Sannseuuiilingetudosnisiuiulisadasimtugeduiliinginagn
Fundamadululaseusaiies wildlesvaznaruluiilisaslunseuwiasasdulisningn
%’uwimun?iu‘lﬂmmlaﬂaaqquﬁga%uuwiwé’«1umw%’auazauma’luudu‘z‘?u‘lﬁé’mé’aﬁaQ‘a’eﬁﬂﬁqmuqﬁ
Hrnsgeinhlvisasiniseuwiiidndlnddrauga
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1'U‘VI 8. mm'mmumuuﬂmmmﬂnumwuwmuu hli)ﬂ (lL‘Uﬁ‘l]!J"ﬁﬂﬂl‘Uﬂaﬂ‘VlLiﬂﬂﬂllﬂu‘v’liﬂ)

Ui 8 uansimuiumuussiiann i veswsndulien (WigtmenwdenyFeu
vueunes) wuimdnldFumssuwkihondulilasio Tassadanislusesuiudulisnimmuuduse
WNNIINTBUMIBIANBY Hot air oven Lﬁaﬁﬂmeaaua-'Ié'ﬁ‘\ﬂ'nuﬁwumuusaﬁmsqmnﬁuﬁwﬁmmv"fms
oUMBIABY Hot air oven MaafinamamnsalinTeildmumiiaevesgamgiiuazauuluwsy
‘uu‘luaﬂwaumaﬂau‘lu'lﬂsnwumwmmmmﬂﬂwamwmm'\msaummmau Hot air-oven

—a—Hot it oven |
~®-Mivrowave
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sﬂ‘w 9 uameAIMIUIImBIMINT Ut veurFulEEA (uU‘:gUmmmﬂaanmiuuv«uauwaa)
waqmnwmn*xsaumanau‘luhmﬂ wuimssuislulasiaesiifuiuiuly Tlassadradusdndy
sudovd ol mmmnumsgmuwaw\u mInszReanuiou wasmInseneatuaitaneRuduylR
uswmmua’nzvmah:Laqalu'[maa'maq'lmzﬂuuaanmmsaummmau Hot air oven dwaliiiAade
msmuwnmaamm-ummn'nmmummmau Hot air-oven (Min1suaumewmdnisustheinlilasawld
Anadsussn 37.77 % @MNAIBY Hot air oven IdAnedsvstinm 48.33 % )

5. ayunammaans

mnmsauu.munu%ulué’ﬂ(wﬁtlmmnmaanm‘s’aunuauwm)wum Tussusneasnszuiunis
BUUR unwu‘lummsn@mwwamuaau‘lu‘iﬁmw’lﬁmummnunwu‘tué’ﬂaaumwwqe vitiAnAau
'sauwnw‘luunuwluamgamu‘wmu's'mmms’lnmamaulu’(mmlmawmmawa’lwmmmu'rm‘lums
afanudouluwiuiulisags ﬁ'ﬂmnm'nmammammmsvdawamamsnamﬂula Feloftasaunaly
vilAneusulamelufusiudulisauas ﬂumw-uuaanmqmuausumaaanqmsmmnmuuan‘lﬂama
T wavdiossesnarlunsevuiaiiviy nsgadundsruedulilasionesd snanas oavnusiusuldl
daflauiuanas mﬁ'ﬂnammnun1u1uwaquuu§u1uaﬂun1 anasuasdnvusnsIARDuRYRIAImTY
faausnsnsruTuMIsuwRAeluuiutulsh sxilinaresrnunaregatirsiaienivlv winanesniiy
#umrRian3 (Capillary Pressure) vmumaawamm‘lﬁvmmuwaqunuw'luaﬂumqq widlsviawiuly
Vanmeuduanas vildnisiedeuitvesninudy (ﬁaLﬂulamu'lmu)aanamumumﬁuawswaﬂaemsuws
wesle (vapor diffusion) uavAINFuAY(Gas Pressure) Uundn mnnm5uummmmwawmﬁau
Iuiﬂﬂ’awm'iﬁuns~U'mmmU$§tJuamnmmunuiuluaﬂ nﬁ‘mmmnwaaﬂuﬂau‘lﬂﬂsnwmmsnwsqmu
Wnlvhusdudulisaiinmintseundild mnemmndoutiinan adulilasowmeluuiudulisating
ns.msmau'Nmntauammlnm'mummnmi’lu'lﬂmmamLanah]wnmuwuwmmunuauﬂumq‘lvnms
munuAunmlunsramiiliie s sraitunseuwisiduiniseukuuund uasdaudumalulad fazein
-a_uu’lwummm.,numsm'hﬂmwauﬂsgﬂnannm'nmnmitm-m'smu’tuu'szmnmuum':muqun;tumwmam's
#wen

finfinsIudssnia

ifuladveveuguilnsussnautiuiu inuinsduneluladseunagyy’ dafnau
AynsIuMITouind (w) miheiduiensliuselsnianlilasnvluniiang (RCME) uazngy
sumugaamnyilil nsuill Aldnsaduayuadde

BnaTd1de _
(1] dnfhouasegianisinemsnsensiunyasuazannsal, "%’agaﬁugwummgﬁamsmwﬁ 2553
reaulai]”, 2553, 18a7n: http/ www.dft.moc.goth.
[2] Khedari, J., Charoenvai, S,, and Hirunlabh, J., "New Insutating Particleboards from Durian Peel
and Coconut Coir”, Building and Environment (38), 2003, pp. 435-441.
(3] naednd Saunly, digyd gy, eudnd  2usedulue, grwsl Toled uas snufiou oneesd,
“myierzinssuiunlimadeuluiagledidnsdnlaslfionlulnnowesinanowududes
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wuvsierles”, mavszqudinniddivinmaietsimnsaueionawinsamelng, el 18,
UMIENdBYBULAY, 2547,

[4] Vongpradubchai, S., and., Rattanadecho, P., “Microwave and Hot Air Drying of wood using a
Rectangular Waveguide” Drying Technology (29), pp. 451 - 460, 2011.

[51 W3a Waiudmuy, nans wynes, neaity uwany, A Ja5eT5ee was 9134 Seadies,
“sunamaninssuwiniisdlefeisiamuniduriasauiuaiou”. mIUsegininms
wioteimnssmatssnawinsmalve, At 22, uivendusssumans Audsan, 2549.

[6] Vongpradubchai, S.and., Rattanadecho, P.“The microwave processing of wood using a

continuous
Microwave belt drier” Chemical Engineering and Processing (48), pp. 997 - 1003, 2009

[7] uwassed qum, wgednd Sauely uas g ndulna, “masguendssaminendulilasonlngld
seuululasiaviviiaviethafiugunsedvden (MODE: TE10), msUsesiennsieiengimnssu
wissnawisUsswiAlne, Aan 20, i Imedowaluladgsus, 2549.

[8] s Tanauseugys, mssuwiaifafivuasowisuisussian”, fuviaded 20, ngawma: aandu

wrlulagiwszasundisuys, 2540
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ith Kyoto University, is please to host the 10" Eco-
Materials Science and Engineering Symposium (10"
" This international conference is not only giving an
portunity for Thai and foreign researchers to present and discussion
their research works and update their expertise but also to initially
stimulate the development of research works on eco-energy and
materials science and engineering. Our program consists of six research
tasks: (1) Energy Technology, (2) Environmental and Social Impact,(3)
Nanotechnology and Materials Science, (4) Energy Economics and
Management, (5} New Energy technology and (6) Nuclear Technology.
I would like to take this opportunity to express our sincere gratitude to
our two distinguished Plenary Speakers for kindly accepting our
invitation. I deeply appreciative of the very strong support given by
Kyoto University. Thanks to the tireless works of the Organizing
" Comimnittee, the Technical Program Committee, the invited speakers and
. paper and poster contributors, and excellent program been assembled to
<. cover a broad spectrum of interesting topic.
- We warmly welcome you to the 10™ EMSES on December 5-8, 2012
*- ‘Ubon Ratchathani, Thailand.

oo S i

Namyoot SONGTHANAPITAK, Ph.D. By
President of Rajamangala University of Technology Thanyabnn
and Conference Chairman of 10™ EMSES 2012




was held in 2001 in Thailand and the symposxum has been expanded in
its scientific contents as well as the academic network. I believe that the
10th EMSES gives a good opportunity (o all participants to exchange
their knowledge and idea to realize eco-friendly energy system in society.

1 would like to express my welcome to all participants and sincere thanks
to the 10th EMSES organizing committce and all supporting
organizations to make us having this symposium.

I hope that the symposium will be successful and lead to further progress
in energy science and technology and also in friendships of participants.

i

Profcssor Yukio Ogata, Ph.D.
Director of Institute of Advanced Encrpy, Kyote
University >



€55 my hearty welcome to all participants of Eco-Energyf

Science and Engineering Symposium (10th EMSES). This K

um'is aiming the realization of importance of energy and -

mdterials‘technology through the academic, science and technology

-neétwork among the world communities. The symposium gives an
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Sommai PIVSA-ART; Ph.D.
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Abstract—In this study, the idea is to use alternative “green” based on renewable resources as a raw material so as to be
the adhesive into space in order to decrease formaldehyde emission in Thailand’s particleboard manufacturing industries. It
was found that dried durian peel could be used to replace formaldehyde-based resin for particleboard manufacture. In
addition, drying the durian peel particleboard reduces biochemical and microbiological degradation.

This paper presents the comparative evaluation on product properties and specific energy consumption of single
microwave dryer and combination of microwave and hot air dryer for durian peel particleboards. Microwave in a
continuous belt system, consists of twelve 800 watts 2.45 GHz coupled into the cavity wall inside the system. A rectangular
microwave cavity of dimensions 45cm x 90 cm x 270 cm combined with hot-air generator having the maximum operating
temperature at 240 °C was chosen. Particleboards from Monthong peel with dimension of 20 cm x 20 cm were
manufactured. The physical (Density, Moisture Content and Thickness Swelling), mechanical property (Internal Bond,
dielectric (Relative dielectric constant, Dielectric Constant and Loss Tangent) properties of end products were determinded.
In addition, Electron Structure using Scanning Eletron Microscopy and thermal photograph of end products were also

investigated.

Keywords— Dielectric, Internal Bond, Scanning Electron Microscopy, Thermal Photograph

1. INTRODUCTION

Agricultural waste utilization in building materials with
energy conservation properties is one promising
alternative to meeting the challenges of disposing
agricultural waste and to adding economic value to such
new building materials. Many research studies [1-9]
experimented with various raw materials and processes
with the main emphasis on finding the new materials with
low thermal conductivity suitable for use in energy-saving
buildings. A wide range of technologies have been
employed to manufacture building materials from
agricultural waste so as to reduce dependence on natural
wood and substitute the building materials commercially
available in the marketplace. Located in the tropical
zone, Thailand can grow many kinds of fruits and
therefore produces a huge amount of fruit peels annually.
Furthermore, agricultural waste is anticipated to increase
in the future, and if we are unable to efficiently dispose of
the agriculture waste, it will lead to social and
environmental problems. The goal is thus to use
agricultural waste to manufacture energy-saving building
materials with low thermal conductivity so as to reduce
heat transfer into the building [5], thereby decreasing
energy consumption of electrical appliances, e.g. air

The authors gratefully acknowledge the financial support for this work
provided by NRCT and RMUTT.

conditioner, inside the building. By so doing, not only is
the operation cost of the business slashed but the
environment is protected. Thermal conductivity and bulk
density of certain fruit peels are shown in Table 1.

Table 1 Thermal conductivity and bulk density of certain
fruits [8]

. Thermal
Types Bulk d611351ty conductivity

(ke/m’) (W/mK)
Pineapple 660 0.1149
Rambutan 636 0.1031
Durian 472 0.0921
Young coconut 330 0.0779
Pummelo 670 0.1240
Mangosteen . 580 0.1119

[8] found that coconut coir and durian peel respectively
have low thermal conductivity of 0.0779 W/mXK and
0.0921 W/m.K as shown in Table 1. Hence, [8] could be
regarded as Thai inventors who innovated the material
with low thermal conductivity produced from coconut
coir and durian peel fibers. [9] produced durian peel
particleboards using synthetic binders, i.e., Urea-
Formaldehyde (UF), Phenol-Formaldehyde (PF), and
Isocyanate. Formaldehye-based adhesives, such as UF
and PF resins, currently dominate the wood adhesive
market. However, formaldehyde, regarded by many as a
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toxic air contaminant, is a human carcinogen that causes
nasopharyngeal cancer. Besides cancer-causing hazard,
exposure to formaldehyde causes non-cancerous health
problems, such as eye, nose, and/or throat irritation
(Hashim et al, 2011). Furthermore, formaldehyde
emission and its non-renewable nature have become a
matter of increasing concern. Environmentally-friendly
adhesives from renewable resources and free of
formaldehyde therefore are now being developed to
replace the UF and PF binders. However, the binderless
particleboard has the general problem related to
“microbiological growth. Hence, drying is used to preserve
binderless particleboard. Drying the product reduces
biochemical and microbiological degradation. It is the
complicate process involving heat and mass transfer
between the material surface and its environment.
Thermal drying in solids might be regarded as a result
from two simultaneous action: a heat transfer process by
which the moisture content of the solid is reduced and a
mass transfer process that implies fluid ‘displacement
within the structure of the solid towards its surface.
Motion depends on medium structure, moisture content
and characteristics of the material. Moreover, the
separation of vapor from solid depends also on external
pressure and temperature distribution on the total area of
solid surface and the moisture content of drying air.
Provided that thermal drying occurs in slow rate at
ambient conditions, thus drying plants are designed and
developed in order to accelerate appropriate drying rates
to supply the product is more heat those of ambient
conditions [10}].

The drying of particleboard is the most energy intensive
and costly process in the particleboards industry.
Conventional particleboard dryers function under the
basis of convective heat transfer from circulating hot air
to the surface of particleboard, followed by subsequent
conductive heat transfer from the surface to the center of
particleboard. These dryers require a considerable amount
of energy and long drying times in order to obtain high-
quality particleboards. Therefore, innovative particleboard
drying methods have been researched and studied. Unlike
conventional heating, where heat is applied externally to
the surface of particleboard, microwave irradiation
penetrates and simultaneously heats the bulk of the
particleboard. When properly designed, microwave
drying systems offer several advantages over several
mechanical methods, including reduction of drying time,
high energy efficiency, and improvements in product
quality for various applications. Microwave drying of
particleboard; however, has not been used to a larger
extent in particleboard industries due to insufficient
knowledge of the complex interaction between
particleboards structure and drying process parameters
[11].

Microwave drying is one of the most interesting
methods for drying particleboards. The application of
volumetric heating could decrease the gradients of
temperature and moisture during drying, resulting in an
increase in the rate of heat transfer in particleboard.

The objective of this study was to the comparative
evaluation on product properties and specific energy
consumption of single microwave dryer and combination
of microwave and hot air dryer for durian peel
particleboards.

2. THE RELATED THEORY

Drying with Microwave Energy [2]

In convective drying, dry air is used to take away
surface water saturation from the dried sample; therefore,
creating a pressure gradient between the surface and inner
part, which causes moisture migration from inside the
sample to the surface. In this process, the temperature
gradient will enhance the ability of dry air to remove
water from the surface and increase the moisture
migration rate within the sample. However, there are
many disadvantages with this method. Among these are
low energy efficiency and lengthy drying time during the
falling rate period. This is mainly caused by rapid
reduction of surface moisture and consequent shrinkage,
which often results in reduced heat transfer. Unlike
conventional heating, where heat is applied externally to
the surface of the material, microwave irradiation
penetrates and simultaneously heats the bulk of the
material. During applied microwave energy, the
resonance effect can occur inside the material, which
results in the field distribution not having an exponential
decay from the surface. In some cases the highest field
strength and therefore power density, can actually occur
in the center of the sample. This is caused by the interfere
of waves reflected from the back side of the sample. This
mechanism pushes moisture out of the product with great
efficiency as the moisture content of the product
decreases. When properly designed, microwave drying
systems have several advantages over conventional
mechanical methods, including reducing the drying times,
high energy efficiency, and offer improvements in
product quality.

Fundamental Egquation of Heat Generation with
Microwave [2]

Dielectric materials absorb and alter microwave to heat
energy, which is called density of microwave power .
absorbed (Q) and relates to electric field and magnetic
field. In analysis of dielectric intensity E is normally used
to evaluate the microwave energy absorbed. Therefore,
the microwave energy absorbed or local volumetric heat
generation term can be defined as Eq. (1):

O=weelE* =271 f - ¢, - £ (tan ) E* 0

Where E is the electric field intensity, dependent upon
position; f is the microwave frequency, o is the angular
velocity of microwave, &% is the relative dielectric
constant which describe energy absorption, transmission,
and reflection at the microwave electric field; ¢ is the
permittivity of air; and tan &is the loss tangent coefficient
that indicates the ability of the product to absorb
microwave energy.

Corresponding to Eq. (1), in the case of the amount of
impact of tan 4, a lack of specimen penetration by the

- microwave without heat generation lowered the loss

tangent coefficient, thus decreasing its impact on the
absorbed microwave energy and volumetric heating.
However, this could change at higher temperatures
depending on relevant variables such as specific heat
capacity and the characteristics and size of the material.
When the materials is heated unilaterally, it is found
that as the dielectric constant and loss tangent coefficient
can vary, the penetration depth will be changed and the
electric field within the dielectric material is altered. The
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penetration depth is used to denote the depth at which the
power density has decreased to 37% of its initial value at
the surface.

1

_ﬂ‘/d\/H(tan&)’—l

2

2
Where Dp is the penetration depth, &% is the relative
dielectric loss factor, and v is the microwave speed. The
penetration depth of the microwave power is calculated
according to Eq. (2), which shows how it depended on the
dielectric properties of the material. It is denoted that
products with huge dimensions and high loss factors may
occasionally overheat a considerably thick layer on the
outer layer. To prevent such phenomenon, the power
density must be chosen; thus, enough time is provided for
the essential heat exchange between the boundary and
core. If the thickness of the material is less than the
penetration depth, only a fraction of the supplied energy
will be absorbed. Furthermore, the dielectric properties of
particleboard specimens typically showed moderate loss
depending on the actual composition of the material. A
greater amount of moisture content revealed a grater
potential for. absorbing microwave. For all particleboard
specimens, a decrease in the moisture content typically
decreased &%, accompanied by a slight increment in Dp.

Specific Energy Consumption (SEC)
Specific energy consumption (SEC) equation is
represented by:
_ Total electrical power supplied in drying | kW - hr
Amoumt of water removed during drying | kg ©)

Where P total is a total electrical power supplied the in
drying process; this term can be calculated from:

SEC

FProtal = Pmg + Pheater + Fexfan + Feofan *+ Feon [k W x 36003]

@

Where Pmg is the electrical power supplied in the
magnetron, P heater is the electrical power supplied in the
heater, P exfan is the electrical power supplied in the
exhaust fan, P blfan is the electrical power supplied in the
blower fan, P cofan is the electrical power supplied
cooing fan, and Pcon is the electrical power supplied in
the conveyor.

3. EXPERIMENTAL SETUP

Particleboard prepartation

The specimens were prepared by first weighing durian
peel fiber, durian peel powder and water according to the
ratios in Table 2 and mixing well. The blended particles
were gradually, manually placed layer-by-layer into a 250
mm X 250 mm mould to form the final mats which were
then pressed at a platen temperature of 150 °C. Pressure
of 1000 - 1500 psi was applied to the boards. After the hot
pressing, the boards were dried for 24 h to completely
cure before being trimmed and cut into test specimens.

Table 2 Mixing Ratio (Fiber: Powder: Water) and Drying
temperature

Mixing Ratio
Board (Fiber:Powder: Water)
and Drying Temperature
1 1:1:1
2 1:1:1.5
3 2:1:15
4 2:1:2

Fig 1. Binderless particleboard from durian peel

Microwave-convective air drying at RCME [12]
Microwave-convective air drying was carried out using
a combined muiti-feed microwaved-convective aire and
continuous belt system (CMCB). The Shape of the
microwave cavity is rectangular with a cross-sectional
area of 90 cm x 45 cm x 270 cm. The dried was operated
was operated at a frequency of 2.45 GHz with maximum
working temperature of 180 °C. The microwave power
was generated by means of 12 compressed air-cooled
magnetrons. The maximum microwave capacity was 9.6
kW with a frequency of 2.45 GHz. The power setting
could be adjusted individually in 800 W steps. In the
continuous processing equipment, two open ends are
essential, in with the material is to be heated up on the
belt conveyer where it was put in and taken out. In this
equipment, leakage of microwaves was prevented by the
countermeasure in duplicate with a combination of
mechanical blocking filter (corrugate choke) and
microwave absorber zone filter was provided at each of
the open ends. The microwave leakage was controlled
under the DHHS standard of 5 mW/cm?. The multiple
magnetrons (12 units) were installed in an asymmetrical
position on the rectangular cavity. The microwave power
was then directly supplied into the drier by using
waveguide. An infrared thermometer (located at the
opening ends) was used to measure the temperature of the
specimens (accurate to * 0.5 °C. The magnetrons and
transforms used in this system were cooled down by a
fan. In the continuous heating/drying equipment, two
open ends were essential to feed in and feed out the
product, through which the material to heated up on the
belt conveyer was arranged in certain position. The belt
conveyor system consisted of a drive motor, a tension
roller, and a belt conveyor. During the drying process, the
conveyor speed was adjusted to 0.54 m/min (at the
frequency 40 Hz) and the motor speed was controlled by
the VSD control unit. Hot air was generated using int 24
units of electric heaters with the maximum capacity of
10.8 kW and the maximum working temperature of 240
°C. The hot air was provided by blower fan with 0.4 kW
power through the air duct into the cavity. The hot air
temperature was measured using a thermocouple. For
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combination of microwave and hot air dryer drier, hot air
was varied from 40, 50 and 60 °C for comparing to single
microwave process.

Fig 2 Schematic diagram

Specimen preparation for testing
After drying, testing of specimens was carried out
according to JIS A 5908-2003 (Japanese Industrial

4. RESULTS

Standards, 2003) for physical properties, i.e., density,
moisture content, thickness swelling. Internal Bond of the
particleboard was measure using Universal Testing
(Testometric MICO 500). Thermal conductivity of the
particleboards was measured using a thermal conductivity
analyzer NETZSCH Model HFM 436 Lamda according
to ASTM C 518 (American Society for Testing and
Materials). Dielectric properties of particleboard were
measured using Network Analyzer (PUSCHNER). The
electron structure of particleboard was doned using
Scanning Electron Microscopy (JEOL, SM-6510). Results
show the comparative evaluation on product properties
and specific energy consumption of single microwave
dryer and combination of microwave and hot air dryer for
durian peel particleboards.

Experimental data are analyzed to obtain the physical, mechanical and thermal properties of particleboard under various
drying condition. The details of the analysis are as outlined in the following.

Table 3 The results of using the combination of microwave and hot air dryer

Powerof |Hotair | - .. . %Mc | sgc | KW- | Drying
Mixing : Hr - Time
magnetrons [ftempart ) Drying rate
Ratio 0]
W) ure
1:1:1 0.63 6
40 | 1:1:1.5 0.71 6 0.1129 1.5 70
2:1:1.5 0.80 7
2:1:2 0.80 7
1:1:1 0.90 7
50 1:1:1.5 0.91 6 0.0968 6 60
2400 2:1:1.5 0.66 6
2:1:2 0.71 6
1:1:1 0.89 6
60 1:1:1.5 0.76 6 0.0926 5.3 50
2:1:1.5 0.97 6
2:1:2 0.80 6
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Table 4.1 The electron Structure (Cross Section) of Particleboard
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1:5:15

2:1:15

I aad

Table 4.2 The electron structure (Surface) of particleboard
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5. CONCLUSION

A combined multi-feed microwave-convective air and
continuous belt dryer is one of the most interesting
heating methods (SEC of because requires lower energy
consumption than single microwave system (SEC of
0.16509 MJ/kg) for the same or better product qualities
than combined system. It shows the potential to reduce
electrical energy consumption. Moreover, combined
system permits quicker drying at high hot air temperature.
If this technology is implemented to industry, it will
decrease the production costs due to the lower electrical
energy consumption.
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Preface

Following the great progress made in civil engineering and building materials, the 2012 2nd International
Conference on Civil Engineering and Building Materials (CEBM 2012) aimed at providing a forum for presen-
tation and discussion of state-of-the-art development in Structural Engineering, Road & Bridge Engineering,
Geotechnical Engineering, Architecture & Urban Planning, Transportation Engineering, Hydraulic Engineering,
Engineering Management, Computational Mechanics, Construction Technology, Building Materials, Environ-
mental Engineering, Computer Simulation & CAD/CAE. Emphasis was given to basic methodologies, scientific
development and engineering applications.

This conference is co-sponsored by Asia Civil Engineering Association, the International Association for
Scientific and High Technology and International Science and Engineering Research Center. The purpose of
CEBM 2012 is to bring together researchers and practitioners from academia, industry, and government to
exchange their research ideas and results in the areas of the conference. In addition, the participants of the
conference will have a chance to hear from renowned keynote speakers Prof. LEUNG, Andrew Y T from City
University, Hong Kong and Prof. XIAO-YAN LI from University of Hong Kong.

We would like to thank all the participants and the authors for their contributions. We would also like to
gratefully acknowledge the production supervisor Janjaap Blom, Léon Bijnsdorp, Lukas Goosen, who enthusi-
astically support the conference. In particular, we appreciate the full heart support of all the reviewers and staff
members of the conference. We hope that CEBM 2012 will be successful and enjoyable to all participants and
look forward to seeing all of you next year at the CEBM 2013.

November, 20i2

Prof. Shuenn-Yih Chang
\ Dr. Suad Khalid Al Bahar
Dr. Jingying Zhao
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New Insulating Material: Binderless Particleboard from Durian Peel
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ABSTRACT: This study aims to develop a “green” alternative material for insulating products with
good energy conservation characteristics and to investigate the effectiveness of dried durian peel powder as
binding adhesive in particleboards in place of formaldehyde so as to reduce dependence on the hazardous in
particleboard manufacturing and thereby reducing its emission into the atmosphere. It was found that dried
durian peel powder could replace formaldehyde-based resin in particleboard manufacturing. This research
studied the electron structures and chemical composition of dried durian fiber and dried durian powder, both
of which were used in combination to produce the sample particleboards and the latter of which acted as the
natural binder. The performance of the particleboards was assessed in terms of physical properties, i.e., mois-
ture content and thickness swelling; and thermal property, i.e., thermal conductivity. The “green” particle-
boards, i.e. those made from durian peel fiber and bound together with durian peel powder-based adhesive,
have the advantages of being a good energy conservation building material and of being formaldehyde-free,

rendering them a suitable alternative for indoor applications.
Keyword; Insulation Material, Thermal Conductivity, Scanning electron microscopy, Chemical com-

position

1 INTRODUCTION

Agricultural waste utilization in building materials
with energy conservation properties is one promis-
ing alternative to meeting the challenges of dispos-
ing agricultural waste and to adding economic value
to such new building materials. Many research stud-
ies (Asasutjarit et al, 2007, 2008, 2009) and
(Khedari et al, 2002, 2003, 2004, 2005) experi-
mented with various raw materials and processes
with the main emphasis on finding the new materials
with low thermal conductivity suitable for use in en-
ergy-saving buildings. A wide range of technologies
have been employed to manufacture building mate-
rials from agricultural waste so as to reduce depend-
ence on natural wood and substitute the building ma-
terials commercially available in the marketplace.
Located in the tropical zone, Thailand can grow
many kinds of fruits and therefore produces a huge
amount of fruit peels annually. Furthermore, agricul-
tural waste is anticipated to increase in the future,
and if we are unable to efficiently dispose of the ag-
riculture waste, it will lead to social and environ-
mental problems. The goal is thus to use agricultural
waste to manufacture energy-saving building mate-
rials with low thermal conductivity so as to reduce
heat transfer into the building (Charoenvai, 2005),
thereby decreasing energy consumption of electrical
appliances, e.g. air conditioner, inside the building.

By so doing, not only is the operation cost of the
business slashed but the environment is protected.
Thermal conductivity and bulk density of certain
fruit peels are shown in Table 1.

Table | Thermal conductivity and bulk density of certain fruits
(Khedari et al, 2002)

Bulk density ~_-peral
Types (kg/m’) conductivity

(W/m.K)
Pineapple 660 0.1149
Rambutan 636 0.1031

Durian 472 0.0921
Young coconut 330 0.0779
Pummelo 670 0.1240
Mangosteen 580 0.1119

Khedari et al (2002) found that coconut coir and
durian peel respectively have low thermal conduc-
tivity of 0.0779 W/m.K and 0.0921 W/m.K as shown
in Table 1. Hence, Khedari et al (2002) could be re-
garded as Thai inventors who innovated the material
with low thermal conductivity produced from coco-
nut coir and durian peel fibers.

Khedari et al (2003) produced durian peel parti-
cleboards using synthetic binders, ie., Urea-
Formaldehyde (UF), Phenol-Formaldehyde (PF),



and Isocyanate. Formaldehye-based adhesives, such
as UF and PF resins, currently dominate the wood
adhesive market. However, formaldehyde, regarded
by many as a toxic air contaminant, is a human car-
cinogen that causes nasopharyngeal cancer. Besides
cancer-causing hazard, exposure to formaldehyde
causes non-cancerous health problems, such as eye,
nose, and/or throat irritation (Hashim et al, 2011).
Furthermore, formaldehyde emission and its non-
renewable nature have become a matter of increas-
ing concern. Environmentally-friendly adhesives
from renewable resources and free of formaldehyde
therefore are now being developed to replace the UF
and PF binders (Widsten and Kandelbauer, 2008).
The objectives of this study are to produce and
evaluate the new insulation material; “binderless”
durian particleboards, using durian peel powder as
adhesive.

2 RESEARCH METHODOLOGY

2.1 Chemical composition of durian peel, durian
peel fiber and durian peel powder

The results of chemical analysis of durian peel fiber
and durian peel powder conducted according to the
TAPPI standards are shown in Table 2.

Table 2 Chemical composition of durian fiber and durian pow-
der

Durian Durian
Chemical Peel Peel Pow-
Composition Fiber der
(%) (%)
Ash content 3.87 4.20
Alcohol- 22.0 18.9
benzene solubil-
ity
Hot-water 38.2 37.6
solubility
1% NaOH 56.0 56.7
solubility
Lignin 10.1 9.89
(ash corrected)
Holocellulose 48.6 47.2
Hemicellulose 10.2 9.63

It can be seen from Table 2 that both durian peel fi-
ber and durian peel powder possess similar chemical
composition and contain lignin and hemicellulose.
Durian peel fiber and durian peel powder have high
1%NaOH solubility, which is hot alkali solution to
extract low-molecular-weight carbohydrates consist-
ing mainly of hemicellulose and degraded cellulose
in wood and pulp. Lignin, an aromatic amorphous
substance containing phenolic methoxyl, hydroxyl

and other constituent groups, is a member of incrust-
ing materials forming part of the cell wall and mid-
dle lamella in wood (TAPPI Standards).

2.2 Durian peel powder and durian peel fiber
preparation

Durian peel powder was prepared by first by cutting
the fresh durian peel into smaller pieces of approxi-
mately chip size. The chip size pieces were oven-
dried at 80 °C for 8 h. and the dried durian peel chips
were hammermilled. The milled chips were then
sieved with an 80-100-mesh screen for durian peel
powder which was subsequently used as the natural
adhesive. A 60-mesh sieve machine was also em-
ployed in removing excess fines to obtain the durian
peel fiber.

Figure 1 Durian fruit (Top-Left), fresh durian peel (Top-
Right), dried durian peel (Bottom-Left)
and dried durian fiber (Bottom-Right)

Figure 2 Durian peel powder (Left) and
durian peel fiber (Right)



2.3 The electron structure of durian peel fiber and
durian peel powder
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Figure 3 SEM observation of the shredded durian peel fi-
bers (Magnified 30 X)

The structure and shape of the natural fibers are im-
portant factors affecting fiber-based composites. The
scanning electron microscope (SEM) observation of
the durian peel fibers is shown in Figure 3. The
length and diameter of dried durian fibers are ap-
proximately 2mm and 300 pm, respectively. The fi-
ber cells are linked together by means of middle la-
mellae, which are made up of hemicelluloses and
lignin. Hemicellulose consists of polysaccharides,
mainly xylos; and is typically found in the middle
lamella and the outer layer of the fiber cell wall, i.e.
the primary wall. The lignin is chiefly found in the
middle lamella (Gram, 1983).

The electron micrograph of durian peel powder is
shown in Figure 4. As seen, the durian peel pow-
der is not spherical but has irregular shapes and
large surface areas.

Figure 4 SEM observation of the durian peel powder
(Magnified 30 X)

2.4 Particleboard preparation

The specimens were prepared by first weighing
durian peel fiber, durian peel powder and water ac-

cording to the ratios in Table 3 and mixing well. The
blended particles were gradually, manually placed
layer-by-layer into a 250 mm x 250 mm mould to
form the final mats which were then pressed at a
platen temperature of 150 °C. Pressure of 1000 -
1500 psi was applied to the boards. After the hot
pressing, the boards were dried for 24 h to com-
pletely cure before being trimmed and cut into test
specimens. Testing of the specimens was afterward
carried out to determine their physical and thermal
properties.

2.5 Specimen preparation for testing

Testing of specimens was carried out according to
JIS A 5908-2003 (Japanese Industrial Standards,
2003) for physical properties, i.e., density, moisture
content, thickness swelling. Thermal conductivity of
the particleboards was measured using a thermal
conductivity analyzer NETZSCH Model HFM 436
Lamda according to ASTM C 518 (American Soci-
ety for Testing and Materials)

Table 3 Mixing Ratio (Fiber: Powder: Water) and
Drying temperature

Mixing Ratio
Board (Fiber:Powder:Water)

and Drying Temperature
1 y1:1 (80°C)
2 1:1:1.5 (80°C)
3 2:1:1.5 (80°C)
4 2:1:2 (80°C)
5 15131 (90 °C)
6 1:1:1.5 (90 °C)
7 2:1%1.5 (90 °C)
8 2:1:2 (90°C)
9 144 (100 °C)
10 1:1:1.5 (100 °C)
11 2:1:1.5 (100 °C)
12 2:1:2 (100 °C)

Figure 5 Binderless particleboards from durian peel



3 RESULT AND DISCUSSION
3.1 The Physical and Thermal Properties

The physical and thermal properties of the twelve
particleboards are shown in Table 4. It was found
that the optimum mixing ratio (durian fiber: durian
powder: water) was 2:1:1.5 with drying temperature
of 100 °C for 24 hr, of which the particleboards ex-
hibited the best physical properties but lowest ther-
mal conductivity.

Table 4 Physical and Thermal Properties of Particle-
boards

. Moisture  Thickness Thermal
Density . .
Board 3 Content Swelling Conductivity

@em) o) (%) (W/mX)
1 0.76 19.96 70 0.110
2 0.80 19.68 60 0.137
3 0.80 14.88 60 0.141
4 0.87 18.87 50 0.137
5 0.77 12.5 60 0.101
6 0.80 17.81 50 0.117
7 0.80 10.03 50 0.119
8 0.75 13.36 50 0.088
9 0.80 8.39 40 0.084
10 0.82 10.75 30 0.100
11 0.82 8.809 30 0.109
12 0.80 10.34 30 0.081

3.2 The electron structure of the binderless durian
particleboard at the optimum ratio of 2:1:1.5
and drying temperature 100 °C

Figure 6 SEM observation of the binderless durian particle-
board (Magnified 1000 X) (Surface)

Figure 7 SEM observation of the binderless durian particle-
board (Magnified 1000 X)
(Cross Section)

3.3 Comparison between UF, PF, and IC-based
particleboard and binderless particleboard

A comparison of density and thermal conductivity of
the particleboards with UF, PF or IC as adhesive and
the binderless particleboards is shown in Table 5.
As seen in Table 5, the densities of the synthetic ad-
hesive-based particleboards are not different from
that of the binderless particleboards. However, the
thermal conductivity value of the binderless parti-
cleboards is less than those of the synthetic adhe-
sive-based particleboards because the binderless par-
ticleboards contain a greater number of air voids in
the supramolecular structures than the synthetic ad-
hesive-based boards. In addition, durian peel fiber
and powder have high 1%NaOH content. Self-
bonding of binderless board can be achieved by
chemical activation reaction and physical consolida-
tion of particles under applied heat and pressure, in
which the bonding takes place by cross-linking car-
bohydrate polymers with lignin, resulting in hydro-
gen bonding. As covalent bonding in synthetic adhe-
sive-based boards is stronger than hydrogen bonding
in binderless board, the former’s strength indicates
that the atoms are difficult to separate. In addition,
the strong bonding is associated with efficient shar-
ing or transfer of electrons between the participating
atoms, giving rise to high thermal conductivity. As
such, the binderless boards is more ideal for energy-
saving buildings due to its low thermal conductivity
than the synthetic adhesive boards.



Table 5 Comparison between durian peel particle-
boards using synthetic adhesives and durian peel
powder-based adhesive

: . Thermal
Types of Density ..
Adhesives (g/em®) Conductivity
(W/m.K)
Urea
Formaldyhyde (UF) 0.907 0.1513
Phenol Formaldyhyde (PF) 0.822 0.1854
Isocyanate (IC) 0.881 0.1854
Durian Peel Powder-based ad-
hesive (2:1:1.5 drying temp at  0.809 0.1090

100 °C)

4 CONCLUSION

It was found that dried durian peel powder could re-
place formaldehyde-based resin as adhesive in parti-
cleboard manufacturing. Compared with those of the
boards with synthetic-based adhesives, ie., UF
(0.1513 W/m.K), PF (0.1854) and IC (0.1854), the
thermal conductivity of the board with durian peel
powder-based adhesive was significantly lower
(0.1090). The optimum mixing ratio (durian fiber:
durian powder: water) was 2:1:1.5 dried at 100 °C
for 24 hr. The obtained particleboards possessed
the best physical properties while yielding the low-
est thermal conductivity. Due to their low thermal
conductivity and thereby good energy conservation,
the greater use of the particleboards as a component
in the construction panels in the building industry
should be encouraged.
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Abstract

In this study, the idea is to use alternative “green” based on renewable resources as a raw material so as to be the
adhesive into space in order to decrease formaldehyde emission in Thailand’s particleboard manufacturing industries.
It was found that dried durian peel could be used to replace formaldehyde-based resin for particleboard manufacture.
In addition, drying the durian peel particleboard reduces biochemical and microbiological degradation.

This paper presents the comparative evaluation on product properties and specific energy consumption of single
microwave dryer and combination of microwave and hot air dryer for durian peel particleboards. Microwave in a
continuous belt system, consists of twelve 800 watts 2.45 GHz coupled into the cavity wall inside the system. A
rectangular microwave cavity of dimensions 45cm x 90 cm x 270 cm combined with hot-air generator having the
maximum operating temperature at 240 °C was chosen. Particleboards from Monthong peel with dimension of 20 ¢cm
x 20 cm were manufactured. The physical (Density, Moisture Content and Thickness Swelling), mechanical property
(Internal Bond, dielectric (Relative dielectric constant, Dielectric Constant and Loss Tangent) properties of end
products were determined. In addition, Electron Structure using Scanning Electron Microscopy and thermal
photograph of end products were also investigated.
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1. Introduction

Agricultural waste utilization in building materials with energy conservation properties is one
promising alternative to meeting the challenges of disposing agricultural waste and to adding economic
value to such new building materials. Many research studies [1-9] experimented with various raw
materials and processes with the main emphasis on finding the new materials with low thermal
conductivity suitable for use in energy-saving buildings. A wide range of technologies have been
employed to manufacture building materials from agricultural waste so as to reduce dependence on
natural wood and substitute the building materials commercially available in the marketplace. Located in
the tropical zone, Thailand can grow many kinds of fruits and therefore produces a huge amount of fruit
peels annually. Furthermore, agricultural waste is anticipated to increase in the future, and if we are
unable to efficiently dispose of the agriculture waste, it will lead to social and environmental problems.
The goal is thus to use agricultural waste to manufacture energy-saving building materials with low
thermal conductivity so as to reduce heat transfer into the building [5], thereby decreasing energy
consumption of electrical appliances, e.g. air conditioner, inside the building. By so doing, not only is the
operation cost of the business slashed but the environment is protected. Thermal conductivity and bulk
density of certain fruit peels are shown in Table 1. :

Table 1. Thermal conductivity and bulk density of certain fruits [8]

. Thermal
Types Bu(lll:gc/lg?;ny conductivity

(W/mK)
Pineapple 660 0.1149
Rambutan 636 0.1031
Durian 472 0.0921
Young coconut 330 0.0779
Pummelo 670 0.1240
Mangosteen 580 0.1119

Reference [8] found that coconut coir and durian peel respectively have low thermal conductivity of
0.0779 W/mK and 0.0921 W/m.K as shown in Table 1. Hence, [8] could be regarded as Thai inventors
who innovated the material with low thermal conductivity produced from coconut coir and durian peel
fibers. [9] produced durian peel particleboards using synthetic binders, i.e., Urea-Formaldehyde (UF),
Phenol-Formaldehyde (PF), and Isocyanate. Formaldehye-based adhesives, such as UF and PF resins,
currently dominate the wood adhesive market. However, formaldehyde, regarded by many as a toxic air
contaminant, is a human carcinogen that causes nasopharyngeal cancer. Besides cancer-causing hazard,
exposure to formaldehyde causes non-cancerous health problems, such as eye, nose, and/or throat
irritation (Hashim et al, 2011). Furthermore, formaldehyde emission and its non-renewable nature have
become a matter of increasing concern. Environmentally-friendly adhesives from renewable resources
and free of formaldehyde therefore are now being developed to replace the UF and PF binders. However,
the binderless particleboard has the general problem related to microbiological growth. Hence, drying is
used to preserve binderless particleboard. Drying the product reduces biochemical and microbiological
degradation. It is the complicate process involving heat and mass transfer between the material surface
and its environment. Thermal drying in solids might be regarded as a result from two simultaneous action:
a heat transfer process by which the moisture content of the solid is reduced and a mass transfer process
that implies fluid displacement within the structure of the solid towards its surface. Motion depends on
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medium structure, moisture content and characteristics of the material. Moreover, the separation of vapor
from solid depends also on external pressure and temperature distribution on the total area of solid surface
and the moisture content of drying air. Provided that thermal drying occurs in slow rate at ambient
conditions, thus drying plants are designed and developed in order to accelerate appropriate drying rates
to supply the product is more heat those of ambient conditions [10].

The drying of particleboard is the most energy intensive and costly process in the particleboards
industry. Conventional particleboard dryers function under the basis of convective heat transfer from
circulating hot air to the surface of particleboard, followed by subsequent conductive heat transfer from
the surface to the center of particleboard. These dryers require a considerable amount of energy and long
drying times in order to obtain high-quality particleboards. Therefore, innovative particleboard drying
methods have been researched and studied. Unlike conventional heating, where heat is applied externally
to the surface of particleboard, microwave irradiation penetrates and simultaneously heats the bulk of the
particleboard. When properly designed, microwave drying systems offer several advantages over several
mechanical methods, including reduction of drying time, high energy efficiency, and improvements in
product quality for various applications. Microwave drying of particleboard; however, has not been used
to a larger extent in particleboard industries due to insufficient knowledge of the complex interaction
between particleboards structure and drying process parameters [11].

Microwave drying is one of the most interesting methods for drying particleboards. The application of
volumetric heating could decrease the gradients of temperature and moisture during drying, resulting in
an increase in the rate of heat transfer in particleboard.

The objective of this study was to the comparative evaluation on product properties and specific energy
consumption of single microwave dryer and combination of microwave and hot air dryer for durian peel
particleboards.

2. The related theory

2.1 Drying with Microwave Energy [2]

In convective drying, dry air is used to take away surface water saturation from the dried sample;
therefore, creating a pressure gradient between the surface and inner part, which causes moisture
migration from inside the sample to the surface. In this process, the temperature gradient will enhance the
ability of dry air to remove water from the surface and increase the moisture migration rate within the
sample. However, there are many disadvantages with this method. Among these are low energy efficiency
and lengthy drying time during the falling rate period. This is mainly caused by rapid reduction of surface
moisture and consequent shrinkage, which often results in reduced heat transfer. Unlike conventional
heating, where heat is applied externally to the surface of the material, microwave irradiation penetrates
and simultaneously heats the bulk of the material. During applied microwave energy, the resonance effect
can occur inside the material, which results in the field distribution not having an exponential decay from
the surface. In some cases the highest field strength and therefore power density, can actually occur in the
center of the sample. This is caused by the interfere of waves reflected from the back side of the sample.
This mechanism pushes moisture out of the product with great efficiency as the moisture content of the
product decreases. When properly designed, microwave drying systems have several advantages over
conventional mechanical methods, including reducing the drying times, high energy efficiency, and offer
improvements in product quality.

2.2 Fundamental Equation of Heat Generation with Microwave [2]
Dielectric materials absorb and alter microwave to heat energy, which is called density of microwave
power absorbed (Q) and relates to electric field and magnetic field. In analysis of dielectric intensity E is
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normally used to evaluate the microwave energy absorbed. Therefore, the microwave energy absorbed or
local volumetric heat generation term can be defined as Eq. (1):

O=we B> =27 f - £, & (tan 5)E? )

where E is the electric field intensity, dependent upon position; f is the microwave frequency, ® is the
angular velocity of microwave, % is the relative dielectric constant which describe energy absorption,
transmission, and reflection at the microwave electric field; & is the permittivity of air; and tan & is the
loss tangent coefficient that indicates the ability of the product to absorb microwave energy.

Corresponding to Eq. (1), in the case of the amount of impact of tan &, a lack of specimen penetration
by the microwave without heat generation lowered the loss tangent coefficient, thus decreasing its impact
on the absorbed microwave energy and volumetric heating. However, this could change at higher
temperatures depending on relevant variables such as specific heat capacity and the characteristics and
size of the material.

When the materials is heated unilaterally, it is found that as the dielectric constant and loss tangent
coefficient can vary, the penetration depth will be changed and the electric field within the dielectric
material is altered. The penetration depth is used to denote the depth at which the power density has
decreased to 37% of its initial value at the surface.

1

| 2f 553{1-+(mn5)1 -1 0))]

v 2

where Dp is the penetration depth, £’ is the relative dielectric loss factor, and v is the microwave speed.
The penetration depth of the microwave power is caiculated according to Eq. (2), which shows how it
depended on the dielectric properties of the material. It is denoted that products with huge dimensions and
high loss factors may occasionally overheat a considerably thick layer on the outer layer. To prevent such
phenomenon, the power density must be chosen; thus, enough time is provided for the essential heat
exchange between the boundary and core. If the thickness of the material is less than the penetration
depth, only a fraction of the supplied energy will be absorbed. Furthermore, the dielectric properties of
particleboard specimens typically showed moderate loss depending on the actual composition of the
material. A greater amount of moisture content revealed a grater potential for absorbing microwave. For
all particleboard specimens, a decrease in the moisture content typically decreased £, accompanied by a
slight increment in Dp.

2.3 Specific Energy Consumption (SEC)
Specific energy consumption (SEC) equation is represented by:

SEC=

€)

Total electrical powersuppliedin drying | kW —hr
Amount of water removed duringdrying’| kg

where P total is a total electrical power supplied the in drying process; this term can be calculated from:
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Fotal = Pmg + Pheater + Fexfan + Feofan+ Feon ’[kWX360®] 4)

where Pmg is the electrical power supplied in the magnetron, P heater is the electrical power supplied in
the heater, P exfan is the electrical power supplied in the exhaust fan, P blfan is the electrical power
supplied in the blower fan, P cofan is the electrical power supplied cooing fan, and Pcon is the electrical
power supplied in the conveyor.

3. Experimental setup

3.1. Particleboard prepartation

The specimens were prepared by first weighing durian peel fiber, durian peel powder and water
according to the ratios in Table 2 and mixing well. The blended particles were gradually, manually placed
layer-by-layer into a 250 mm x 250 mm mould to form the final mats which were then pressed at a platen
temperature of 150 °C. Pressure of 1000 - 1500 psi was applied to the boards. After the hot pressing, the
boards were dried for 24 h to completely cure before being trimmed and cut into test specimens.

Table 2. Mixing Ratio (Fiber: Powder: Water) and Drying temperature

Mixing Ratio
Board (Fiber:Powder:Water)
and Drying Temperature
1 Kl:1
2 kLIS
3 Ok TS
4 2.2

Fig 1. Binderless particleboard from durian peel

3.2. Microwave-convective air drying at RCME [12]
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Microwave-convective air drying was carried out using a combined multi-feed microwaved-convective
aire and continuous belt system (CMCB). The Shape of the microwave cavity is rectangular with a cross-
sectional area of 90 cm x 45 cm x 270 cm. The dried was operated was operated at a frequency of 2.45
GHz with maximum working temperature of 180 °C. The microwave power was generated by means of
12 compressed air-cooled magnetrons. The maximum microwave capacity was 9.6 kW with a frequency
of 2.45 GHz. The power setting could be adjusted individually in 800 W steps. In the continuous
processing equipment, two open ends are essential, in with the material is to be heated up on the belt
conveyer where it was put in and taken out. In this equipment, leakage of microwaves was prevented by
the countermeasure in duplicate with a combination of mechanical blocking filter (corrugate choke) and
microwave absorber zone filter was provided at each of the open ends. The microwave leakage was
controlled under the DHHS standard of 5 mW/cm’. The multiple magnetrons (12 units) were installed in
an asymmetrical position on the rectangular cavity. The microwave power was then directly supplied into
the drier by using waveguide. An infrared thermometer (located at the opening ends) was used to measure
the temperature of the specimens (accurate to + 0.5 °C. The magnetrons and transforms used in this
system were cooled down by a fan. In the continuous heating/drying equipment, two open ends were
essential to feed in and feed out the product, through which the material to heated up on the belt conveyer
was arranged in certain position. The belt conveyor system consisted of a drive motor, a tension roller,
and a belt conveyor. During the drying process, the conveyor speed was adjusted to 0.54 m/min (at the
frequency 40 Hz) and the motor speed was controlled by the VSD control unit. Hot air was generated
using int 24 units of electric heaters with the maximum capacity of 10.8 kW and the maximum working
temperature of 240 °C. The hot air was provided by blower fan with 0.4 kW power through the air duct
into the cavity. The hot air temperature was measured using a thermocouple. For combination of
microwave and hot air dryer drier, hot air was varied from 40, 50 and 60 °C for comparing to single
microwave process.

Forced Draft Fan (A xial Fan)

Hot Awr Duct

Conveyor

[of Choke
M Applicstion

Supporting Frame

Fig 2. Schematic diagram
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3.3. Specimen preparation for testing

After drying, testing of specimens was carried out according to JIS A 5908-2003 (Japanese Industrial
Standards, 2003) for physical properties, i.e., density, moisture content, thickness swelling. Internal Bond
of the particleboard was measure using Universal Testing (Testometric MICO 500). Thermal conductivity
of the particleboards was measured using a thermal conductivity analyzer NETZSCH Model HFM 436
Lamda according to ASTM C 518 (American Society for Testing and Materials). Dielectric properties of
particleboard were measured using Network Analyzer (PUSCHNER). The electron structure of
particleboard was doned using Scanning Electron Microscopy (JEOL, SM-6510). Results show the
comparative evaluation on product properties and specific energy consumption of single microwave dryer
and combination of microwave and hot air dryer for durian peel particleboards.

4. Results and Discussion

Experimental data are analyzed to obtain the physical, mechanical and thermal properties of
particleboard under various drying condition. The details of the analysis are as outlined in the following.

4.1. Specific Energy Consumption

Table 3 and 4 present the specific energy consumption in the single microwave and the combination of
microwave and hot air dryer when drying durian peel particleboard. The electrical energy consumption
during microwave convective air drying and convective drying of combined multi-feed microwave-
convective air and continuous belt system is noted that the lowest specific energy consumption of 0.0926
MIJ/kg is observed from the microwave-convective air drying method at air temperature of 60 °C. The
reduction of specific energy consumption observed during drying and the reduction of drying time is
achieved by increasing the hot air temperature level supplied to cavity. This causes the moisture content
to decrease quickly. Therefore, microwave-convective air drying at hot air temperature of 60 °C can be
used to efficiently dry the durian peel particleboard.

Table 3. Specific energy consumption in the single microwave

Power of .. . SEC
Mixing ratio
Magnetron (MJ/kg)
1:1:1
1:1:1.5
4800 W 71135 0.22012
2:1:2
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Table 4. Specific energy consumption in the combination of microwave and hot air dryer

Power of .
magnetrons Hot air Mixing Ratio SEC
) temperature
(MJ/kg)
1:1:1
40 1:1:1.5 0.1129
2:1:1.5
2:1:2
1:1:1
50 1:1:1.5 0.0968
2400 2:1:1.5
2:1:2
1:1:1
60 1:1:1.5 0.0926
2:1:1.5
2:1:2

4.2. Physical Properties

Density, moisture content and thickness swelling of the durian peel particleboard are carried out by
two different drying methods; single microwave and combination of microwave and hot air dryer, as
shown in Fig 3-5. No mark different is found between the methods with and without hot air supplied in
cavity.

Comparision of Density in the Durian Montong particlebord

1.00 -
0.90 -
0.80 -

0.70 - 0 1:1:1

0.60 - B2 1:1:1.5
0.50 - | 2:1:15

0.40 - | 2:1:2

Density @/cm?)

0.30 -
0.20 -
0.10 -

0.00

Single Microwave Microwaveand Microwaveand Microwave and
HotAir 40°C  HotAir 50°C  HotAir 60°C

Parameter

Fig. 3. Density
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Comparision Moisture content in the Durian Montong particlebord

B8 1:1:1
2 1:1:1.5
2:1:1.5

| 2:1:2

Moisture Content (% dry basic)

Single Microwave Microwave and Microwave and Microwave and
Hot Air 40 °C Hot Air 50 °C Hot Air 60 °C

Parameter

Fig. 4. Moisture Content

Comparision Thickness Swelling in the Durian Montong particlebord

60 -
SO =
3
- g 1:1
® 40 -
= a 1:1:1.5
Q
S 30 - 8 2:1:1.5
A m 2:1:2
£
£ 20 -
©
£
'—
10 -
0

Single Microwave  Microwave and Microwave and Microwave and
Hot Air 40 °C Hot Air 50 °C Hot Air 60 °C

Parameter

Fig. 5. Thickness Swelling

4.3. Mechanical Property

For mechanical properties, it was found that durian particleboards dried by the single microwave
method have the best average internal bond properties as shown in Fig.6 . As a result, the centre of the
sample, indicating the temperature at the sample core was higher than that at the surface. This is because
microwave uniformly irradiated heat from the inside and there is more absorption of the microwave
energy at the centre of the sample, resulting in temperature at the centre being higher than other area.
Then, liquid in sample could be evaporated quickly causing vapour pressure high enough to migrate the
moisture which was condensed to cover the entire surface. Thus, microwave drying obtain high quality
mechanical property.
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Comparision Internal Bond in the Durian Montong particlebord

0.10 -
0.09 -~
0.08 ~
0.07 -
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0.05 -
0.04 -
0.03 -
0.02 -
0.01 -
0.00

0 1:1:1

/A 1:1:1.5
B 2:1:1.5

. 2:1:2

Internal Bond (MPa)

Single Microwave Microwave and Microwave and Microwave and
Hot Air 40 °C Hot Air S0 °C Hot Air 60 °C

Parameter

Fig. 6. Internal Bond

4.4. Dielectric Properties

Dielectric constant, relative dielectric constant and Dielectric loss tangent coefficient
of the durian peel particleboard are carried out by two different drying methods; single microwave and
combination of microwave and hot air dryer, as shown in Fig 7-9. No mark different is found between the
methods with and without hot air supplied in cavity.

Comparision of Dielectric constant in the Durian
Montong particlebord
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1.80 -

1.60 -
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2 1.00

8 2:1:1.

E 0.80 - 17
[} 1.
2 os0 4 B 2:1:2

0.40 -

0.20

0.00

Single Microwave Microwaveand Microwave and Microwave and
HotAir 40°C  HotAir 50°C  HotAir 60°C
Parameter

Fig. 7. Dielectric constant
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0.20

0.16
0.14
0.12
0.10
0.08
0.06

Relative dielectric constant

0.04
0.02
0.00

0.18 -

Comparision of Relative dielectric constant in the Durian
Montong particlebord

Single Microwave Microwave and Microwave and Microwave and
Hot Air 40°C  HotAir 50°C  HotAir 60°C

Parameter

0 1:1:1
0 1:1:15
8 2:1:1.5
- 2:1:2

Fig. 8. Relative dielectric constant
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Dielectric loss tangent coefficient

0.01
0.00
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in the Durian Montong particliebord

Single Microwave Microwave and Microwave and Microwave and
Hot Air 40 °C Hot Alr 50 °C Hot Air 60 °C

Parameter

o 1:1:1
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Fig. 9. Dielectric loss tangent coefficient

4.5. Microstructure of durian peel particleboard

In the following discussion, the internal structure of durian particleboard are investigated base on an
analysis of the mechanical property; internal bond, after dyring. Table 5 and 6 present the texture (cross
section and surface) overview of the durian particleboard specimen under various dried processes by
using scanning electron microscopy (SEM) technique. It is found that the dried specimens in all cases
seem to have a similar micro structure arrangement. However, the single microwave dried specimen has a
better micro structure arrangement because of uniform energy absorption and less shrinkage. This leads to

offer the mechanical property of dried product.
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Table 5. The electron Structure (Cross Section) of Particleboard

Candition

Single Microwave

1:1:1

1:1:15

2:1:15

2:1:2

Microwave and

Table 6. The electron structure (Surface) of particleboard

Candition

1:1:15

Single Microwave

Microwave and Microwave and
.......... Hot Air 60°C

Hot Air 50°C
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4.6 Thermo Photograph of durian peel particleboard

Thermo Photograph of durian peel particleboard (Drying time of 70 min) as shown in Table7. It is
found that at high hot air temperature the temperature distribution of the sample continuously rises faster
than that in the case of low hot air temperature. The reason is that in the case of high hot air temperature,
convective drying is strong while the microwave energy is still supplied. When the drying time increases,
the microwave power absorption is lowed because the moisture content decreases. This result is due to the
influence of capillary pressure and vapour diffusion, which drives the moisture to the sample surface of
durian particleboard sample. Near the end stage of the drying process as the moisture content inside the
sample is reduced, the microwave power absorption decrease accordingly.

Table 7. Thermo photograph of particleboard (Drying time of 70 min)

Microwava and Microwave and Microwavae and
Candition Single Microwave
Hot Air 40°C Hot Arr 50°C Hot Air 60°C
1:1:1
1-1:15
2:1:15
2:1:2

5. Conclusion

A combined multi-feed microwave-convective air and continuous belt dryer is one of the most
interesting heating methods (requires lower energy consumption than single microwave system (SEC of
0.16509 MJ/kg) for the same or better product qualities than combined system. It shows the potential to
reduce electrical energy consumption. Moreover, combined system permits quicker drying at high hot air
temperature. If this technology is implemented to industry, it will decrease the production costs due to
the lower electrical energy consumption.
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