A : power control rectifier B :controller (Temp.) C :controller (RH)

D : frequency converter E : small PLC F :Switching power supply
G, P : proximity switch H : steam solinoid valve I :steam generator

I : water pump K :electronic bench balance L, M : temperature indicators
N : data acquistion board O : desktop computer Q : DC gear motor

(1), (5). (6) : louver {venting port) (2): rectangular-fin electric heater (3) : blower

(4) : drying chamber (7) : louver linkage

U9 6.2 gaulimaaaizunn lab-scale

o ,
21# 6.3 nsGelilugevliinasasauin lab-scale
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THgassanm § $u Tnofiliiausuna 2.5x2.5x34 ou. hiliiseersuitedu Wwhnia 5 o,
azFmnmaaund1eld 9 vieuluusiasdu 1ousilfiuinde 7.5 9. axGaeld 6 viou wnaall
amFauiugaude Evwmafliiiun 54 kw WudnmefuuusTudwaouiugl  Auay
grumnfilay temperature controfier 34 1Aty UATLIALENY power regulator tReLFUNTEuAR
aralMivanires mm%uﬁuﬁﬂﬂusjaumuquTmu'Hi controller 39 WWidtunyneu output Waniu
ArFuIRInInAlaunnila-gesssinuetma Wuazesanh uarlevhWiuszuy ﬁ'mtuun"ﬁ
LATATNFUR UM ST N AR N TOUF LR AN TuuAAE T 119 a Taen Ta LW A Td TRa g
Tsunsutiausia controller n‘;:‘:‘ﬂu‘lﬁﬁéuﬁqLiﬂﬁé’auqzﬁqqmnﬁamm‘%uﬁuﬁ’wé’luﬁwamm
AandAnisals mMersngAINGuTstenMAludeaninuilunsdiiguugiuezauiu
ﬁuﬁ’ﬂéﬁw‘ﬁ"aqaLﬁun'i'lﬁﬂﬁﬁaiﬁanﬁum?'mnﬁmuﬁ‘lﬁ'{o‘;’wﬁlf’ﬂuuﬁﬁz'ﬁw nsTEUIY
mm%ummﬂfa'msﬁau‘dqulﬁﬁmaumuq?nmuQumm‘guua:qmuqﬁ'lﬁmuﬁmm? nade
sneAmiussdsafastisuie lilirzuuiinnufsuuasnnn ANNLTIANTDIDINA
grusoUFAsulER s 1.1 mis B 8.8 m/s duiuvinon1ATwIA 30x30 cm’ usilunas
nareeRAranATardacdanbitiu 55 m/s Avranludeuarusolfodal 3
Anmusie Ao (constant air velocity mode, CVM) Lﬂ%‘lumﬂ'ﬂmm%uﬁ’uﬁwﬁ'mmmmmﬁl’mfh
?i'ﬁ;rf‘{'ﬂ"i (auto-switched mode, ASM) ua:tﬂguuuﬂmmumm%’uﬁ’uﬁﬂﬁ' (relating to relative
humidity, V-RH) Tunsciaas CVM ATl laun 2.2 mis, 3.3 mis, 4.4 m/s Tunsiizeq
ASM  AniranazandaiAuiclifuEnAmikiianugidndidleanniudmingsn
NIRRT U Wasuan 4.4 m/s il 2.2 mss deanududnmsraeinadings 10%
diu V-RH  Anudaauasilsuwlaesuacuiudimssesemaiiudady Tneanady
FUNE 30%-100% HHUWNAUANMGIAY 2.2 m/s-8.8 m/s UASAAMMELAMEAINTY 30%
ArGranazAsiiz 2.2 mis Alasuulasasiawlsidnannmeasdldun ROUUNT A
ANFNET9RINATUGRL AINITIAN wai Rl e twmineadifeu Fadoyanian
wabialngiAtaeiladasemildun RTD, temperature/numidity sensor, annemometer, watt
transducer, electronic bench balance Tmﬂm‘%‘mﬁﬂLuﬂ"}fvm:'lﬁﬁ’rgn;lﬁmmum'fmme
ﬁ'ryrg'ltwifmgﬂ NI-4351 uat ADC-16 %uﬂu PC-based data acquisition card L“ﬁ;ﬂuﬁiﬂﬁu

ranfinmafinatiuindeayaluusardasaanlilflunsimmning
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=il L wr IJ -ﬂ‘ » l‘!' - = od
A1319% 6.3 uanimmaanauuisliznwisndeulaniseusine e ldlunisiwssilagds

response surface

sawlsdase (coded) mm%ua;m AT | wiaanuils
e 4 _ Ay | pguda [Aenduids veluld, [Tuniseu,|lunsau, Q
NARDIN | OUVNON, T

T fwingd, O anv sl X X, (kakg) | T | (MIkg)
1 0 0 0 0.229 13.71 12.62
2 +2 0 0 0 0.147 13.50 9.79
4 -1 -1 +1 -1 0.132 15.98 13.86
5 -1 +1 -1 +1 0.297 17.89 11.38
6 0 0 0 -2 0.144 13.59 13.38
7 +1 +1 +1 -1 0.124 10.76 14.39
8 +1 -1 -1 -1 0.122 12.40 12.33
9 +1 -1 -1 +1 0.125 12.02 10.53
10 0 -2 0 0 0.151 13.08 12.80
11 -1 -1 -1 +1 0.213 14.96 11.98
12 +1 +1 -1 +1 0.216 10.33 16.18
13 0 0 0 0 0.126 23.01 18.55
14 +1 -1 +1 1 0.133 10.88 15.64
15 +1 -1 +1 -1 0.103 12.44 11.34
16 -1 +1 +1 -1 0.212 14.35 11.38
17 -1 +1 +1 +1 0.252 13.19 11.73
18 0 +2 0 0 0.215 16.28 17.36
19 -1 -1 +1 +1 0.099 22.88 16.47
20 +1 +1 +1 +1 0.160 11.65 14.74
21 -1 -1 -1 -1 0.100 17.40 14.12
23 0 0 -2 0 0.089 26.13 17.99
24 +1 +1 -1 -1 0.154 12.59 12.52
26 -1 +1 1 -1 0.218 17.29 14.46
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mnuam‘mmamﬁ‘ia’w’q:Lﬁudﬂwﬁ’qmuﬁl‘ﬂum?auLLﬁ’a'lﬁﬂ’Nwm'lu[ifﬂuuﬁwmm lab-
scale 3 'ﬁﬁﬁqmﬁfimvﬁﬁu 9.79 Mg elFanidaulalunimaased 2 lusnsiludenlonig
nARET 7 atlfarlummeassiitande 40.76 dali v lmenduliaadnasindy 16%
duulunmanesdi 1,5, 11, 12, 13, 16 B 20 waz 26 Avwduliaafadagenda 16% Fadn
tﬂw'l'ael'fl.om'lunw'mmaﬂaua:wﬁwﬁumnndﬂﬁtﬁﬂlﬁmw%uiﬂqmﬁ'qﬂ“lﬁm’lmﬁﬁﬁél"q'l")’
ﬂtymﬁtﬁm%ulum?auﬁﬁﬂuha‘w’enmqluuﬂm?wﬂammmﬁu.ﬁmmnﬁquﬂnmm'lﬁuﬁqL'%fnﬁu
Wi WiTlnAunsunssaerduaInlanaaiieliiodsa water locking ?ﬁmqu'mrngtﬁudﬁ
AangulllifinsganiAauiuiaaunereslitnams  (21.5% at 90°C (3)) faiud

] v e , - < -
Lﬁﬂuhlﬁlnq?ﬂuu“\iﬂqnﬁ'ﬂ"ldLQUN’ﬂlﬂﬁlﬂ']?‘ﬂUVlﬂ']?“ﬁﬂlﬂﬂ\'l

Response Surface Model WAZNISILATISUNNADA

Response surface Tuaa afuaindeyantmaseslumsed 6.3 aun1sit 6.3 gnulfy
UnaldAntudenanimansedldatulaanisindamamenilineneuausssielumadasaanTyl
wazimnaniiinanauaussreluaaunndndmuny  Tnesaidumeniidaauuasines
interaction W Excel Essential Regression Allunsinnsinaissedutlss@naainaunis
A 63 swunidenfisnianiesamensinaluannislfiieaiuaunis  Quadratic  TatAa
multiple regression  #inntnnanluaunsiidniaddnlifiuAaniudrdnfAnge  (critical
significance)

Tnonisldeiasiielunsin regression  arlddraunsinalwiloadnduany fidinig
wlaagtuuuressnulseeuauas (vivan © hhilu o) amnsoindeyanimeaeslafindian
nswaludloadduasdibildiinmaulasgUuunresiwlmeuaues Tumasassiulsnay
ﬂuQQf‘{'Qﬁﬁu (final MC, drying time, and drying energy) ﬁ‘lﬁuamﬁ’mumsﬁ 6.4, 6.5 LAY 6.6
Ardulszand (B) Tuaunissanann A1 coefficient of multiple determination (R®) wazan

adjusted coefficient of determination (Rzadwsted) UARIAIAITWNT 6.4
Response Model 1

xf = BO + ﬁlT + Bzxi + B3Vz + B4T-¢ + st'xi + Bﬁ¢3 + BTT°v'xi + BST2‘¢ + 69T2.V (6'4)

Response Model 2
' =B, +B,0+B,T> +Bsx; +B,0.v+B,v> +Bex; +B,T.0.v +B,T.0> +By.v? (6.5)



Respanse Modet 3

Q7 =B, +B, T +B,v: +Bx +B.T.H+ BT, + Bed-v +Byv.x; + B0’ + BT .0,
+B,,0.v.x, +B, T .v

A1 6.4 UamAANUT AV Erasauntsnltlu response surface Tuiaa

3 AEulianiie | ainiseuute | wRsuRlElunnsey
dulsrdns (B) ’
(Aann17 6.4) (ANN17 6.5) (Aaunng 6.6)
B, 0.187 0.06368 0.06760
B' -0.02329 -0.00376 0.00901
B, 0.02083 0.00298 -0.00263
B, -0.02267 0.00677 0.00217
B. -0.01648 0.00274 -0.00576
B. -0.01153 0.00285 -0.00296
B. 0.00400 0.00195 0.00357
B, 0.01165 -0.00348 -0.00420
B. 0.03385 0.01258 -0.00118
B, -0.01435 0.00673 -0.00151
B., - - 0.00358
B., - - -0.00210
R? 0.865 0.809 0.832
R? adjusted 0.772 0.677 0.664
Standard error 0.02686 0.00208 0.00749
Fafiuiuansdulszdnireamaniiifudnéry P < 0.05

siafnvia e uandulszdnieeamannivdudndy P < 0.1
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b

AYTUIARLANANTaITE A 1ATYIaIRuLsRassuAazAaRN A IABNATAtATIZ AN

wlsisau (Analysis of Variance, ANOVA) a1nans1aH 6.4 A1 R° wasaliiugn 86.5% 1890

» o » [ [ a -t L3 l
audulifgavinadnsoinuneldetiaeiubgn JAwinit 80.9% dmiumsvinunanatnidly

ML wasilaouwiutin 83% @ mFunisvinunendaunlilunisey uar response
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d. L ') Y. | . . H . ell a“ ’
surface TuiaaRm 189033 multiple regression Wuluiaaitlhi over fitted amldmnAnf R waz
\ -l
2
R adjusted

anandudessanamnilummed 6.4 cv"fquﬂi‘%mr,ﬁ‘wnﬂﬁﬁfnﬁqﬁ'{yﬁiﬂmfméu‘lﬁﬁﬂ
Yo (Busa 1, aunsi 6.4) Taomen 120 fhudrAyuiniiqalulina (P = 0.0004) niseyu
uﬁ’qﬁqamimmw%uﬁ’uﬁ’wﬁmmmmm‘lé’ﬁqqndﬁqﬂﬁmmm%ﬂﬁqmﬁwﬁqqndﬁmim
ATIAud I TasenAlRAANdn waznsauwiiisAsuiigandtazdaa e
prmduligainefisnndn dwiumendiil interaction Auszdne T Al O Ardnilszavaiieuan
wavay (3, wex B, wandinanardsnanasomiviianiieild  mendiil interaction
aranliArAruiuligaieiilonafiniunumniinrestiguunfiuazaududningls
atnalsiinn w aal Adebiamisnddatenates interaction wenld Fednfufasiansoinna

AINNITNARBANTINIBINURINDYAUAINDU

dmfunaraunan B’ uazmen B,T.0° (P = 0.02 uar P = 0.000095) Aasiwlsaaw
aunslunsdisasnamldlunigseuwia  wudumenminaidedrAyiuaatluniseuwiviag
|wiranabe mannildunlss@nd B, s naunisi 6.5 uarAn B lusnseh 6.4 ninfiniuzas
paanssi st lumsauuiianas winszduidaliainisnleinaged interaction taw
d. k3 1 < | 2] c‘; ﬂ' L 1 = ] t=: L2 v e
au 10 wiaztiulddmBunuaeadmudGuelulyd ) Suasdenatildlunnsauwiipandisn
usdun

dausnulimausuasluliean 3 WasuRFlumseuuiall) wodamen B,T° e
a ar * ﬂﬁJ - - i ) - ai'
d1Atugaan (P = 0.0008) uamadnanimpintdlunsauiihuiiadunanidenadandaaunlilun

2 L7 d. = - En - ] ﬂ: :l‘ ) -

seuwialdl TeruazBunsasdninasedsaudssine Mdulewliniseusieshulsnauanedas
natatluiadedaty

nsaauiuTuIAAYIRANNIT response surface RATINIUAINNTOAIINEDULIAAINNNG
NARBUNNATAIAEAT  F-lack of fit (F-LOF) Test AYANLUTUIIMUADY regression WAL error
WARIAI LA 6.5

ar ol gy .

Tumafiidodndyuazarunsooaniuliih F, Sdwnanndaangd (F) lumsuanuan

cnt
NWANAULL F ﬁi:ﬁuﬁfﬂﬁﬂﬁ’rgﬁﬁ'mumm:ﬁ"ﬁi'\mm%m: N1 ANANINT 5 uaseAn O
(significance level) AAMUAANNNNTUIN AN F, WinA" error probabilities (F Signif) W3en1A
Farsnandaulafidndnde F Signif lumnsnedl 5 Hawaondn 0.05-level of confidence
Tuna18e response surface Awldasitdndny warnaniuli Fauanmsad 5 Azl

wsnTumaimithinddty Tnedithen F Signif 189 regression fiAiaanda 0.05 uan
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ANOVA

Model Source SS MS Fa F Signif | Df

Regression | 0.06011 0.00668 | 9.261 | 0.000239 9

Response 1, Residual 0.00938 | 0.000721 13
mm%u‘lﬁqmﬁﬁwé‘ammu (X,) | LOF Error | 0.00407 | 0.000339 |0.0640| 0.998 12
Pure Error | 0.00530 | 0.00530 1

Total 0.06949 22

Regression | 0.00454 | 0.000504 | 6.114 | 0.00189 9

Response 2, Residual 0.00107 | 8.2%1e-05 13
anqﬁlﬁunqmuuﬁq (Th LOF Error | 0.000638 | 5.317e-05 |0.1224| 0.986 12
Pure Error | 0.000435 | 0.000435 1
Total 0.00561 22

Regression | 0.00305 | 0.000278 | 4.944 | 0.00670 | 11

Response 3, Residual 0.000618 | 5.617e-05 11
wisuRlilunseuusdis Q" | LOF Eror | 0.000298 | 2.9786-05 |0.0930| 0.992 10
Pure Error | 0.000320 | 0.000320 1

Total 0.00367 22

Fonrosos = Foos o 13= 27144, Fopipon s = Foos 613= 27144, Fo\po = F,o0\ . = 2.8206

TnrafazidodrAtyninuazatunsolfiasanuig i Hy 18 widnlunana 3 azilAn coeficient

of correlation (R’) filiga wilnipavisanaiusoueniuldedreiitudrdyanmamagaumia

ali6l F Signif uax LOF error lun1smaaay lack of fit A1 Fy aAmiu LOF 1990 ayieanuilan

0.064, 0.1224 uaz 0.093 AINAIAL A1 error probabilities AMFUNTIINARDY lack of fit tests 3

« < - v
AARUTNge (F Signif = 0.998, 0.986 and 0.992) Baunnatalumarmlaaunsaldilunas

unsdeyanimasesliatitunioame

- v [V " ar - e
77 6.4 wamedanwnizrasfeysuaniduuunlinresimulmeuaussiArumnsinlna

:’: ] -J a oed Gj L% -
e duldrzuassAanansinnadalunmne]]  nsiduniusesiulsneuaustuas

17 ' - ar . -J L '
nznszarnssdayaliifudunsaing 45 asrmmuunuusuminata Afivinunelahignies

Tuwan gz liaududesnitineniuiusn mfauﬂum'lﬁﬁ'rmfhFiw‘w'luﬂ?mnﬂm'ﬁ'aqa




waznnnaWwaTandstaiulnfeeannisiannuidesiinasdn

-J \n 2 » =t 1 1 -
LAND WUEYRINAT R® 199aNmsv e tAY w1
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AMTBURUATIULA IR UN UL

0.35 ~ 0.10 - -
e | '
0.30 — K 0.09 -
o |+
_ . . R o #~
-~ 0.0 = P
o oz e g oo ]
& . Z 007 ‘ -
- = =" L i
-3 0.20 o * |4 4
= 1 Lt g oo i e 111
3 - . — I
S 0.15 ] 2 L -1 ﬂ
a. E i Q.05 /’, _L} T
0.10 , -
] pE 0.04 j i
g [
0.05 0.03
005 01 015 02 025 03 035 003 004 005 006 007 008 0.10
Resp_1 1/ Resp_2
0.11 —
4[’4/
0.10 sy
o r
°|- [ /;‘/ A
g 0w R
5 1 T —&M -
- 008 g I . 3
?._.-’ L -‘ 1/“‘1 - j.
o T 11 |8
.8 007 & - ‘
= t |
0.06 L,H/{L :
» ]
0.05 += ‘ :
005 006 007 008 009 01 0.11
1/Resp_3

1% 6.4 neRouisuArsuauasaiuAITuIsaInles

ns1H Response Surface

Fia0ti19993n3M response surface luamiifiuanalugii 6.5 annsvinbiiunages
- 4: - [ ] -: L g L3 - ei'
QUUAN  waTAMNTUANANS YRR NIARBAMNTUAAYINaTRl] atuaznAIUATElunTen
5 ' i o » ]
W uWisufaunstraspnifisnuarannauliGusiu. anturasligavinenlfasanasdionn
AMNTUANAVSeIsIn AR 1T lunTen Mansiivasnssuwiviigruuniiniuazgnmniigs (gUR
6.5(a) AnwduliigmenldasdauAaliasuuasinefiAlszunn 16% ugnguuniiey
ua7EU9g -0.5 T4 0.5 (coded) MANTUdNMsa wiatlitiAnaduEususnfazatuism

1+ H o » ] o
avwia W ldauduliiaavomudhuwnsisesmslabidiianmianasegludalafini
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1 6.5 Feting v response surfaces uannasasRaulylunsarlivensauduligaie

((a) uaz (b)) WA TIFluNTAL () unY (d)) LREWALILA 1 lunN a1 ((e) uaz (N).

M



58

o da X y g
WiuiindunainhimfiausuGEnsiuge) aansnauuidilFmudimunaaniniuiseanns1s
A\

1 = °I ] rf ; T 0 1 ]
AUAMNITIANAITIVINTL anailaannain msldariniaanlunisauudiage] anduminds
farnirauwilugEususaInireuadms WA IuR sy o luilalibiawnsnidaun
asnufdauanlaliasanninuentadiiasuinasilatunisiAdausneaaainiu - J9eraurile

TalnenismnguupiaLwialigesuninndnadanseai @UR 6.5 (c) adwlaimuniaiu

u

4 s

anunianatafatsscdnasannn el Miliuanvielisseld  1wa1lunisauatnim
v‘i'xlﬁé’um%‘\’ima‘}’nmﬂoﬁu%uﬁ’uﬁ’wﬁqmﬁ'm'lun'wﬂu'lﬁﬁ'{'lmn'] Tnaaildlunisatazanas
atamaidiaiuaTian atlsimuiincndaanganda (coded) 0.5 (37 6.5 (d)) Az
Ligeuaronarfildiunseumnin widhdesnsaandsnuitdilumenliesmnmas acsay

wivgruuniigauazaiu@uduinsan (U7 6.5 (e) TnelifianTuGEusiumi amnmnanna

-

H 14 '
luntrsuwiasldlnsaudssnmniiguualdanruioangs  warianuauliGueiugalild

AN ALNaNa (gLIﬁ 6.5 (f)

atiWlsfinIuns N response surface AYWARUNINNAIBIAIWLTRATEADIAILLSADS
wsmouaues iannsomdeulafionzaniianlunnseuuialdils Fauideenamniieule
mmuuﬁﬂﬁmmqﬂﬁ'mm:ﬂu‘ffm"ﬂLﬂuﬁmﬁnmuﬁﬁtﬁm%uﬁiﬂﬁouﬂ?mauﬂumnnﬁauﬂi

wianiu lutassesdayamsnasaaiaunasaitulstass

e - > <4
n'\?“'ll\ﬂ’au‘l'ﬂ nisTe9u LL“Q'IN HINHITINLVANIEAH

] ]
=

anlszasdrasmamBadlinmseuuitbisewsivnzanian As wiReulainy
ms aulfuaidiian warlindwnduniseunman neegnelidadniaresmnuduliagaviny
e Ineluiidauaubissvefiveniuldedsswing 6% D4 16% A1T8FwsBass

(coded) Ainuuadaulanirausiaaindayanimaaeiha -

1BLA Y, O T Y
ﬂ'w‘i'\q 2 -2 -2 -1 -2
Aledn 0087 O 0087 -0.087
ANGIRA 1 2 2 1

Tnanisld “solver” 483 Excel Add In tool Reulamsavuiafimuizandaimuaingsia

wls ¢, T, v azlFmnusuligavinalutior 7%-15.3% dwmiuamuliGusiulaililunig
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VARDY ﬁﬂu'lmrg'l?auuﬁqﬁmm:ﬂuﬁanmoﬁa -0.78, 1.49, -0.01 \AIRAENER WA LN1sRL
¥ o - 4‘ 4 c‘i’d .I.v -
LLMQﬂﬂM?‘UNﬂiﬂ‘HﬂL'HN"I:ﬂuuﬂﬂ 10.43-11.84 42104 (T1 = 0.0959-0.0846) uaxr 9.20-10.59

MJ/kg (Q" = 0.1087-0.0944) muaTFY  Arressnulsdmiu@aulaniseuuielianamistife

ANMNTUANNS O < 3.0 %, numnil T =112.5°C uazAEIan v = 4.4 m/s watililunisau
wiasindiAseiunafildluniseuukaiigrumnigeeaslsl softwood board (Pinus radiata) (54)

Tauan latndiAssiuiisnramiusssssdaulanldainmamqamuizanlunisau

ﬁ'xﬁmn’ls"lﬁna'ﬂun'\muLLﬁQ'lﬁU'Nm?'uﬁ"]egm Gavlanrauuis (@, T.v) mantlu 2, 2,
0.35 uwilunalfdndeuleil amnsduligaioazeguaniimmneanuiuligaiiafiseanis
[fiasanasiia water locking vusReaiuirani sl lindaanulunsauielinnamnss
an Geulamseuwisazdoadu 2, 2, -2 %qLﬂutfa;'au’lmnﬁ?auﬁlus?ﬂqnﬂﬂﬁiauﬁ’ﬁmﬁ’qmnq An
pnsuldigaroRaslidfiazatuandirfisean s Fafluiiauladnarmiduredls
mqmswéuﬁuq:tﬂuﬁouﬂa*ﬁﬁwwiamm%u‘lﬁqmﬁwmnnd'\ﬁfa:dammmmuﬂ:wﬁqmuﬁ"
Hlunsey dnhdrasgomniuazaududning  Adeulrsnwidionnzaufiduadls
(-0.78, 1.49) Tdunululuma response surface FrntulGusieay (coded —0.087) azwL

1r

dgnaauutatarnuiianain 2.2 mss iy 5.5 mis arldndasulunisauiegu 15% us
sannai Flunseuuisaatia 56% NaouauliEnsiugean (X, coded 1) uaziidauliay
wierasgmuuniiuazanududiinsnimnsand iy msiuaEenan 22 mis Ty
5.5 m/s a2 THNa1 LA TE UL URNTL 46% WA lTan N1 U anad 51% Jauana i
: X 2 . v D e v . 4 .
JraNs LGl denasanannildlunig auuananadisanan s lunarauuaiie
4 B 2 X

wasuulasauiaauin ey

d. - L ] - ¢=il L]

WoAnuarasgnmgiauwisanatuasnasunlilunisay nlalaenisufFoy
Waulaulimssuiigruugiiviaseuwiaiald 0.78, -1, -0.01 (CT) Aunsauwishigmniigs
0.78, 2, -0.01 (HT) %qwud’tmmuuﬁ’\:ﬁqmuqﬁqa (high-temperature drying (HT)) a 181906 A
nawulunisauadld 36% wasammanluniseuuieadls 34% WewFuuauiuniseun
gruupinliluieesulivialy (conventional-temperature drying (CT))

Jai war Lee (13) MASmseuwisfiaumniige 110°C sulignawisuun 3 an. 73

s = [ & . -] 1% - - PP

ATNTUENEYL 72% anduliaaviien 8% Tnaliviarlunireu 28 49l Tananldies
ndnnrauwiaLnAte 72% uardszudandaanu 45% Taaldnlilbidoanniw winanisAnm

sanan lildnanteanaresnududuinsuazaniaani liluntseu
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W
Resp_3(Q")

Resp_1 ().}

Resp_2 (T) -

2 . . - . .
11lf 6.6 uamy Multiple contour plots AmFumsuidaulimseuuisnunzanainfulsasy
aunavisam (Inufawls8ase coded points An (8) P = 0uaz X, = 0. (b) v=0unz ), = 0,
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ABSTRACT

In this study, the drying properties of rubber wood, which are the basic parameters
for kiln scheduling design, were determined from desorption experiment. Equilibrium
moisture content expression was developed. The diffusion coefficients at different drying
environments were evaluated. It is more appropriate to determine the diffusion
coefficients by the optimum scheme in comparison to other schemes; the logarithmic,
square-root and half-fraction of evaporable moisture schemes. Finally, the diffusion
coefficient of rubber wood was described by, instead of wood moisture content, the
drying temperature and relative humidity, which are the parameters controlling the drying
kiln operation.
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. INTRODUCTION

Wood products were used extensively throughout history. In the past, wood was
processed with limited technology and because of the abundant supply, effective
utilization was out of concern. With the advancement of the scientific knowledge on
wood, wood processing technologies have been continuously developed and the
utilization has been extended to the previously-neglected source; agriculture-byproduct
timber. Recently the use of wood from rubber trees was increased significantly. For the
case of Thailand, the production of rubber wood timber was expected to exceed 1.6x10°
m’ in year 2000. Rubber wood has creamy-white colour, attractive texture and moderate
strength. As the agricultural residue, the rubber wood products easily penetrate into the
market where environmental concern provides the competitive advantage.

Economical life of the rubber trees is 25-30 years. The replantation of rubber trees
gives 281 m’ of biomass per hactare, where about 42 m’ of sawn timber is generally
obtained. The yield at the sawmills is relatively low because the rubber tree trunks have
small diameter of about 15-25 centimeters only. The sawn timber is chemically treated to
protect the wood from wood borers. The chemical solution-impregnated timber is then
dried in the drying kilns to bring its moisture content down to not more than 12 per cents.

Wood drying is an energy intensive process where the requirement of 4.4-7.0 MJ
heat for a kilogram of water evaporated is reported [1]. The rubber wood drying kilns use
hot air (<100°C). A preliminary study of rubber wood drying in one factory revealed that
the specific drying energy was 13.5 MJ/kg of water evaporated. The substantially high
energy consumption is caused by the poor design of the drying kilns for this industry. In
practice, the industry operates the kiln without any sound knowledge of kiln scheduling.
As a fast growing tree, the inherent growth stress in the wood can, if the kiln schedule is
not properly controlled, degrade the quality of the dry lumber in the forms of split, twist,
bow, cup, crook and kink. To obtain high quality dry wood, the moisture content (MC)
must be gradually adjusted to the targeted equilibrium moisture content (EMC) by
periodically spraying steam according to the kiln schedule. The rate of moisture removal
from the wood is controlled by the moisture diffusivity, which depends on the drying
environment and the moisture content of the wood. EMCs at different drying
environments are, therefore, the essential tool for determining the drying kiln schedule, In
this study, a desorption experiment was carried out to determine the EMC values and the
diffusion coefficients of rubber wood. It is aimed for further improvement of rubber wood
drying process.

EQUILIBRIUM-MOISTURE CONTENT

Wood is a hygroscopically porous material that can absorb or desorb moisture from
surroundings. Desorption in wood is a drying mechanism which occurs only when its
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moisture content is greater than the equilibrium point. For a particular drying atmosphere,
different wood species have different EMCs due to differences of fiber densities and
proportion of chemical compounds. EMCs of various wood species, but not rubber wood
(Havea Brasilliensis), are published by USDA Wood Handbook [2]. The EMC (X*) of
wood in general is a function of humidity and temperature as shown by eq.1.

X

24.2
.=1soo{ Kh  KKh+2KK;K’h ] )

W |1-Kh 1+K,Kh+KK,K*h?

Where W, K, K;, and K are coefficients of the desorption model, which can be
calculated from the expressions of temperature (°C).

W =349 +1.29T +0.0135T*
K =0.805 + 0.000736T - 0.00000273T*
K, =6.27-0.00938T - 0.000303T?

K, = 1.91+0.0407T —0.000293T"

Pang [3] determined the new fitted constants from the EMC data of USDA
Handbook and that of Yellow-poplar wood undergone superheated steam drying studied
by Resch et al. [4] to modify the original equation that proposed by Day and Nelson [5] to
be more accurate. The new EMC equation, which can be applied for the full commercial
temperature range of 20°C to 250°C is given in eq.2.

X' = [—Al—-ln(l - q:)]ﬂ' 2)

1
The coefficients in eq.2 are defined as functions of temperature (K):

A, =-0.34x107°T*
B, =348T %

The relative vapor pressure (¢} in superheated condition is defined by

o=Lx (3)
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. DIFFUSION COEFFICIENT

The mechanisms of drying are described by the moisture dniving force and transport
property. The transport property is commonly known that dependent on drying material
and environment (air velocity, humidity and temperature). McCabe et al. [6] suggested
that diffusion is a mechanism of slow-drying materials. The diffusion of moisture to the
surface is characterized by the moisture flux inside the material, which is governed by the
mass-transfer coefficient [7]. The resistance to the mass transfer of water vapor from the
surface of drying material to the surrounding air is usually negligible, and thus, only
moisture diffusion within the material influences the drying rate. This implies that the
velocity of the air (the drying media) has little or no effect. This suggestion agreed well
with a study by Simpson [8] on the effect of air velocity on the drying rate of a pine
board. The humidity of the air influences the process primanly through its effect on the
equilibrium-moisture content. Since diffusivity increases with temperature, hence the rate
of drying.

The diffusion coefficients of woods were studied extensively under dynamic non-
isothermal condition by Avramidis et al. [9], [10]. Accurate drying curve was
successfully produced by including the chemical potential term in the drying model. But,
it is difficult to find the chemical potential function, which is essential for evaluating the
values of phenomenological coefficients. They concluded that the Fick’s second law
without the chemical potential as a moisture driving force (eq.4) predicts the drying time
slightly less than that of the experiment under this unsteady-state condition. They also
recommended that the drying curve is a strong function of the diffusion coefficient, which
depends on the temperature and MC.

dX 9*X

)

Basad on Fick’s law, Wadsd [11] calculated a diffusion coefficient of wood from a
sorption experiment by using the square-root scheme (eq.5a). The maximum value of

»

slope (di_) was used in calculation due to the non-lineanty charactenistic of the E'-Jt
d+t

relationship. Wadsd concluded that there are non-Fickian effects in wood which are not

very well understood.
4 Ldvt
’ (xn ‘xr)
h E'= . (5b)
where X X0)
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Liu and \Simpson [12], [13], [14] determined the relationship between the surface
emission and diffusion coefficients. Because of the non-linear behavior, they used what
so called a two-stage approach in their study. The diffusion and surface emission
coefficients were evaluated from two values of moisture fraction in wood. Although this
approach predicts the diffusion curves accurately, the physical interaction is difficult to
justify.

Chen et al. [15] stated that although the surface emission coefficient may be a
predominant factor in thin wood board drying at low air velocity, its effect is usually not
important in common kiln drying conditions with high air velocity. They also suggested
that, in practice, in order to reduce the number of parameters influencing moisture
diffusivity values, it is simpler to use the single value of diffusion coefficient that derived
from the unsteady-state drying curve. They simply used three schemes namely, square-
root, logarithmic, and half-E schemes to determine the diffusion coefficients and the
optimum value from published experimental data. The optimum value is represented by
the value that gives the curve less deviate from the expenmental drying curve. The
square-root scheme as equation (6a) is believed to be valid for a short-time drying of
wood.

3 B 2
D= “: [ d(; ﬁE)] (62)
where po&KeoX) X (6b)
(X'n -X) X‘l

E is the fraction of evaporable moisture in wood. It was reported that the analytical
solution of D from eq.7, based on Fick’s second law of diffusion, is valid for the long-
time drying of slab [16]. Equation (8) is the logarithmic scheme derived by omitting the
term n >1 of eq.7. However, the five terms (for n=1 to 5) of summation in eq.7 are used to
compute the E value in order to reduce the truncation error.

(8L ]
E _{ ]E (2n — 1)2 € (7)

nz =1
> d(nE
p--2 22 ®
4 dt

Since the values of slopes (the differential terms) in eqs (6a) and (8) are not
constant, the slopes at every experimental time-interval (of desorption experiment) were
employed for the calculation of the instantaneous D values in the square-root and
logarithmic schemes. However, the D values representing these two schemes are those
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correspondjng{ to the condition of minimum sum (AE)’. AE is the defference between the
experiment and the computed values.

The scheme that determines the D value by using E = 0.5 in eq. 7 is named the half-
E scheme. The method that determines the value of diffusion coefficient from eq. 7 by
using trial and error approach, searching for the value that makes sum of (AE)* minimum
is called the optimum scheme. It has been recommended that the assumption of the
optimum scheme is that the E value at the surface immediately drops to zero at the
beginning of drying due to the negligible surface resistance [15].

In this paper, the above-mentioned four methods (square-root, logarithmic, half-E,
and optimum schemes) were used to determine the moisture diffusivity of rubber wood.

MATERIALS AND METHODS

In common practice, rubber wood drying starts with temperature around 45°C and
ends at temperature 85°C. In this study, the EMC of rubber wood was determined within
this range of temperature by desorption experiment. The experiment was carried out by
measuring the weight changes of rubber wood specimens at five temperatures, each with
three relative humidities, until equilibnum moisture content is attained. A similar
experimental procedure was previously used by Dedic [17], but in this study, salt
solutions were used to control the relative, humidity of the air instead of using
environmentally controlled chamber. Rubber wood specimens, obtained from a sawmill
nearby, were prepared from sawn timbers measured 5 by 5 ¢m. cross section and 105 cm.
in length. These lumbers were impregnated with Borax based solution in order to protect
the wood from borers. The wet lumbers were cut into several pieces in rectangular blocks
of 3x4x2.8 cm® (WxLxD). The specimens were stored according to the procedure

employed by Cloutier and Fortin [18], and Milota and Tschernitz [19]. The specimens
were encapsulated by plastic sheet and frozen in a refrigerator to retain the moisture until
they were used for experiment. Three salt solutions namely, Sodium nitrite, Sodium
chloride and Potassium sulfate, were used as the moisture absorbent. The experiment was
carried out at temperatures of 42.5°C, 61°C, 75°C, 85°C and 108°C. The relative
humidities at each temperature were set by the saturation of the respective salt solutions.
The moisture in wood was allowed to migrate in the direction normal to the grain by
coating with aluminium tape on four other sides of the block, leaving the two surfaces
perpendicular to the grain open. The drying cells are glass bottles of one litre volume with
rubber seals. One-third of the bottle was filled with saturated salt solution and three
samples were placed inside. The sealed bottle was then placed in a temperature-controlled
chamber. At a predetermined time interval, the specimens were removed for weight
change determination. The experiment ended when the change of the weight was not
detectable within at least 4 days. The resolution of the electronic balance was 0.01 g. The



76

EMC va]ues\at different temperatures and relative humidities were used to form EMC
equations by the non-linear curve fitting method.

RESULTS AND DISCUSSION

The experimental results are shown in Table 1. As expected, the equilibrium-
moisture content decreased with the increase of temperature and the decrease of the
relative humidity. Some previous studies, for example Pang [3], combined experimental
data with general properties of woods in USDA Wood Handbook in order to construct an

EMC model for a wider range of temperature and relative humidity. The same approach
was employed in this study.

Desorption Isotherm of Rubber Wood

Desorption isotherms, derived from experimental data (Table 1) were shown in
Fig.1l (smooth curve fitting was generated by MS Excel program). The curve fitting lines
are the best fit of the three experimental data points of different relative humidities.
However, data from USDA Wood Handbook at relative humidities of 65% and 85% were
also incorporated in Fig.l (but not used in curve fitting process) to demonstrate the
appropriateness of the experimental curve. The logarithmic plot in Fig.2 was derived from
the curve readings of Fig.1. It was constructed from the EMC values and the respective
relative humidities and temperatures, but was limited to the EMC values of 9-19%. The
final MC of rubber wood required for the succeeding process depends on its utilization
and environment. In general, the final MC of rubber wood for producing furniture is
about 14%. However, it is usually dried to roughly 2% below this value to provide a
margin for further moisture absorption. The enthalpy of wetting or activation energy for
each moisture content can be calculated from the gradient in Fig.2 and expressed by eq.9
(20].

E, =R d(InRH) ©)
d(1/T)
where T is the absolute temperature (K)

The change of enthalpy of wetting with respect to EMC, derived from Fig 2., is
given in Fig. 3. By the non-linear curve fitting method, Fig. 3 gives the enthalpy of
wetting as eq 10. E; increases significantly when the rubber wood is dried out. At 9%
moisture content, the energy of bonding between moisture and dry body is over 10 times
of that at 19% moisture content. It is more difficult and higher energy is needed at low
moisture content drying.
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E, =—0.02293+2.67175exp"****> MIJ/kg (10)
where the unit of X is in kg kg™

Equation (10) can be applied correctly from EMC of 9% to 19%. E; at EMC greater
than 19% approaches zero and can be neglected. Therefore, eq.10 can be used as a
guideline to design rubber wood drying process.

Equilibrium moisture content model of rubber wood

The readings of EMC values of rubber wood from Fig.l were used to construct
EMC equations, which were functions of temperature and relative humidity. Two models
were devised for the curve fitting. The first model uses only the experimental data read
from Fig.1. The second model employs the experimental data in combination with the
USDA data to provide an EMC equation for a wider range of temperature and relative
humidity. A statistic program called Sigma-Plot release 5.0 was used to determine the
best-fitted equations of the data. The forms of best-fitted equations with R? > 0.995 are
given in eq.l1 and eq.12. The coefficients, a and b, of the two models, which depend on
the temperature only, were determined by using the non-linear fitting technique.

MODEL 1 (Experimental data)
X" =-5.081016 + aexp™” (1

a=66.6418—21.8471T>° +2.78259T - 0.116442T**

1.878z
b=153145+ FEET
l+exp O0c
_RH
100

(42.5°C<T<108 °C, 53%<RH<96.2%)

MODEL 2 (Combined data)

. a(RH)ns

(14 b(RH)*) (12
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a=-1.20323+2.0225 expc—uanss:m

b= —0.106522 +[0.06627S]+[—0.027879]
Z,

2
Z;

(0°C<T<120°C, 0%<RH<100%)

where z =T z, =exp™’
1—100v 2 = EXp

The plot of model 1 together with the experimental data read from the curve of
Fig.1 is shown in Fig.4.

Equation (11) agrees well with the experimental data except at temperature of 85°C
and relative humidity greater than 82% where it predicts EMC slightly lower than the
expenmental results. It is believed that these errors were resulted from the reading of
relative humidity values in Fig.1. In addition, some coefficients in eq.11 were evaluated
with some tolerance. Thus, the development of EMC as expressed by eq.11 was achieved
with an acceptable error tolerance. It is, therefore, suggested that model ! can correctly
predict the EMC values of rubber wood.

It was found also that model 2 (eq.12) is compatible with Model 1 in the same
corresponding range of drying environment, but model 2 was extended to cover a wider
range of temperature and relative humidity. Model 2, therefore, was compared with the
previous studies [2], [3] (eq.1 and eq.2) as shown in Fig.5. It is observed that, at a
certain temperature and relative humidity, EMCs of rubber wood (evaluated from model
2) are acceptably close to the two previous models (eq.l and eq.2), especially at low
relative humidity (low EMC). At high relative humidity, model 2 gives the EMC values
of rubber wood about 7-12% lower than those of the woods from USDA Handbook and
Pang [3].

Besides the EMC, it is useful to know the fiber saturation point (FSP) of rubber
wood because most thermal properties of wood are exclusively discrete at this point. The
FSP of wood is usually known as its EMC value at 100% relative humidity. Since the
EMC expression in model 2 is valid up to 100% relative humidity, model 2 is used to
evaluate the FSP of rubber wood. The FSP of rubber wood as a function of temperature is
expressed in the form of third-degree polynomial by eq.13 with R?= 0.999.

X o (%) =25.7249 - 0.113798T + 0.0017957T* —1.13697x107°T? (13)

0°C<T<120°C
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Diffusion coefTicients

_ Diffusion coefficients of rubber wood calculated from the four schemes
(logarithmic, square-root, half-E and optimum) are given in Table 2. Out of the four
schemes, three schemes namely, the loganthmic, square-root and optimum schemes give
nearly the same moisture diffusion coefficient and believed to be more realistic in
comparison to the half-E scheme as indicated by the summation of (AE)*. The
computation by the half-E scheme is performed by using the average E value of 0.3,
which is not true since the E curve is not linear over the desorption time. The optimum
scheme, that provides the diffusion coefficient with the minimum value of sum of (AE) in
comparison to other schemes, 1s the scheme that can be appropnately used to calculate the
diffusion coefficient of rubber wood. These four methods assume constant diffusion
coefficient for each desorption condition.

The E values from the desorption experiment (eq.6b) and the calculated values based
on the optimum scheme are plotted with respect to drying time as shown in Fig.6. It was
observed that the predicted curves do not always agree with the experiment especially at
the high relative humidity, where the discrepancy is large. It is reasonable to suggest that
the experiment at high relative humidity is prone to the non-equilibnum condition after
the weighing of the specimens because the difference of the relauve hurmudity between the
surroundings and the test cell was relatively large. However, the time interval for the next
recording was long enough to achieve once again equilibrium of humidity. The weighing
was usually finished within 5 seconds, short enough to believe that the surrounding did
not disturb the instantaneous E value of the specimen.

The calculated E values denived from the optimum scheme are lower than the
experimental values at approximately the first half of desorption time and vice versa
thereafter. The E values of the whole drying period were determined from one optimum
diffusion coefficient. Thus, the calculated E values follow the path of minimum sum of (A
E)? in the evaluation of the diffusion coefficient. The cross-over point in Fig.6 represents
the point that AE = 0 (experimental D equal to predicted value). In reality, the diffusion
coefficient is not constant throughout the entire drying as assumed in this study, but it is a
function of moisture content, which is an unknown during drying course.

There were many studies reported in [21] that the diffusion coefficient depends on
wood thickness and its moisture content. It is the fact that the dependence of external
parameters with intemal parameters implicitly affects the drying behavior. For example,
air velocity and drying temperature are the external parameters, which control the
boundary layer heat and mass transfer, while the moisture diffusion coefficient is the
internal parameter that partly depends on external parameters. Thus, it should identify for
the parameters that are the main player in controlling moisture diffusion in wood.

Thickness and initial MC of wood have effect on drying time. These are minor
parameters since drying curve of most wood does not exhibit the constant-rate period
[22]. At above FSP, the moisture content of either thick or thin wood board decreases
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rapidly at the first stage of drying no matter how high or low initial moisture content is.
At moisture content below the FSP, air velocity plays an insignificant role to both drying
rate and moisture diffusivity. Therefore, the rate of moisture movement in wood strongly
depends on temperature and vapor pressure, which is the indicator of relative humidity of
the environment.

In the wood drying kiln, the drying environment was adjusted with time according
to the targeted EMC at each step of drying. Moreover, an EMC value can be specified by
more than one temperature-humidity condition. Consequently, it is possible to express the
diffusion coefficient as a function of temperature and relative humidity rather than EMC.
This provides a possibility to predict the drying curve at different drying conditions and is
used as a tool to establish a drying schedule for the kiln operation.

The relationship between the diffusion coefficient and relative humidity at different
temperatures of rubber wood is given in Fig. 7 and eq. 14.

D=aexp™ cm%/s (14)
where Y=E:
100

a =5.8356+0.061207exp™*"*"*"

b =-16.5806+25.8644expz, —11.7831z] +1.755z;

T :
Z,=——, Z, =exp(')

100

RH and T are in per cent and degree Celsius, respectively. Equation (14) is valid for
42.5°C< T <108°C, and 53% < RH < 96.2%.
It should be noted that eq.14 was derived under isothermal condition and still air.
However, in practice, rubber wood is dried under non-isothermal condition and usually
with the variation of drying air velocity and direction. Such complicated experiment is

undertaking at the Prince of Songkla University. The results of the study will be reported
in due course.

CONCLUSIONS
The equilibrium moisture contents of rubber wood were successfully determined

by desorption experiment. The EMC models of rubber wood were constructed based on
the experimental data alone and the combined data with USDA Wood Handbook for a
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wider range of drying environment. Enthalpy of wetting of rubber wood has been
determined from desorption isotherm curves. These data are valid for all rubber wood,
which were impregnated with Borax solution. Diffusion coefficient, which was assumed
constant over moisture content range, was determined by loganithmic, square-root, half-E
and optimum schemes. It was found that the optimum scheme could predict the diffusion
coefficient more accurately compared to other schemes. In this study, it should be noted
that although the diffusion coefficient is known as wood moisture and drying temperature

dependent, it is possible to be described by two kiln operating parameters, temperature
and relative humidity.
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NOMENCLATURE

a half-thickness of wood sample {cm)
D effective diffusion coefficient (cm?/s)
E fraction of evaporable moisture in wood (decimal)
EMC equilibrium moisture content (%)
E; activation energy, enthalpy of wetting or energy

of bonding between moisture and dry body (kJ/kg)
E, mean enthalpy of wetting over a moisture content range (kJ/kg)
h relative humidity (decimal)
Pv partial pressure of vapor {Pa)
Ps saturation vapor pressure (Pa)
R gas constant for water vapor (kJ/kg K)
t time (s)
T temperature (°C,K)
X average free moisture content at time tr (dry basis) (%)
X, initial free moisture content (dry basis) (%)
Xy average total moisture content at time tr {(dry basis) (%)
X initial moisture content (at t = 0) (dry basis) (%)
Xrep moisture content at fiber saturation point (dry basis) (%)
X* equilibrium moisture content (dry basis) (%)
¢ relative vapor pressure
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TABLE 1. Rubber wood EMC from desorption experiment (average of three
specimens)

TABLE 2. Diffusion coefficients of rubber wood calculated by four schemes.

Table 1

Temp. Sodium nitrite Sodium chlonde Potassium sulfate
(°C) | RH(%) | EMC (%)| RH (%) | EMC (%) | RH (%) | EMC (%)

42.5 60.7 11.05 74.8 13.93 96.2 20.97

61 57.7 9.59 744 12.91 95.4 20.24

75 56.0 8.50 74.1 11.27 94.9 19.76

85 55.0 7.82 73.9 10.65 91.6 19.24

108 53.0 5.82 734 7.69 94.1 15.60
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Table 2

85

RH
(%)

Temp
(°C)

EMC
(%)

Diffusion coefficients (x10° cm/s)

*Logarithmic

*Square-root

*Half-E

*Optimum

60.7

11.05

1.834 (0.068)

1.816 (0.066)

1.348 (0.129)

2.047 (0.054)

425 743

13.93

1.350 (0.056)

1.276 (0.062)

1.004 (0.056)

1.251 (0.056)

96.2

20.97

1.194 (0.091)

1.173 (0.092)

0.893 (0.227)

1.202 (0.074)

57.7

9.59

4.673 (0.035)

4.253 (0.038)

3367 (0.109)

4.390 (0.035)

61 | 744

12.91

2.439 (0.097)

2.465 (0.097)

1.862 (0.230)

2.452 (0.088)

954

20.24

2.329 (0.165)

2.400 (0.166)

1.607 (0411)

2301 (0.149)

56.0

8.50

5483 (0.038)

5.040 (0.038)

3.917 (0.111)

5272 (0.036)

75 | 741

11.27

4.468 (0.050)

4.395 (0.050)

3272 (0.142)

1.438 (0.048)

94.9

19.76

2.030 (0.162)

1.511 (0.177)

1.435 (0.350)

2.031 (0.162)

55.0

7.82

6.448 (0.020)

8.167 (0.025)

5.570 (0.035)

6.595 (0.019)

85 | 7139

10.65

4.924 (0.036)

4.874 (0.037)

4.211 (0.078)

5.366 (0.031)

94.6

19.24

2912 (0.091)

2.789 (0.089)

2.429 (0.107)

2,796 (0.078)

53.0

5.82

20.430

16.100

11.620

21.270

108 | 73.4

7.69

16.260

15.860

10.190

17.650

94.1

15.60

5.178 (0.083)

6.182 (0.060)

4.978 (0.094)

6.280 (0.060)

*value in () represent sum of (AE)2
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FIGURE 1. Desorption isotherms of rubber wood.

FIGURE 2. Logarithmic plots for determining enthalpy of wetting of rubber wood.
FIGURE 3. Enthalpy of wetting with respect to moisture content,

FIGURE 4. Plot of MODEL 1 compared with the experimental data (lines represent eq.
11 and symbols represent the data read from Fig.1)

FIGURE 5. Contour plots of EMC compare to previous study [2] ,[3]

(a) eq.1 & eq.12 (USDA Handbook—— & Model 2------ )
(b) eq.2 & eq.12 (Pang, 1997 & Model 2------ )

FIGURE 6. E-values as a function of drying time, comparison between the experimental

E-values (symbols) and calculated E-value (lines) determined from the
optimum scheme.

FIGURE 7. Diffusion coefficient vs relative humidity at different desorption temperatures

(lines represent predicted relation, symbols represent experiment data
calculated from optimum schemes)
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EFFECT OF KILN CONTROL PARAMETERS ON
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Abstract

In drying of rubber wood, the kiln schedule effects the wood drying rate, final moisture
content, quality of dried wood and energy consumption. In order to develop drying
strategy for rubber wood, a drying test rig was fabricated, which the relative humidity, the
temperature and the air velocities are programmable. The wood samples of 34 cm in
length and different cross section dimension were tested. The samples were stacked 1n the
same way as used in conventional kiln. The drying experiments were conducted at high

(110°C) and conventional (below 90°C) temperatures. It was found that drying at high
temperature can shorten the drying time by 50% and consume less (over 40%) energy in
constant air velocity mode (3.3 nv/s). However, v-RH mode has more influence on drying
energy and time in low temperature drying than that high of the temperature drying. High
temperature drying with proper kiln schedule yielded the dried product of the same
quality as the conventional drying schedule. In order to saving drying time and to reach
the final moisture content of 8% to 14%, the holding relative humidity should be less than
7.5% for both high temperature and conventional dryings. However, the high temperature
drying is suitable for the sample having width less than three times of its thickness
otherwise the good quality cannot be achieved.

Key Words : drying schedule; kiln control parameters; moisture content; rubber
wood
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Introduction

Drying is one of the most energy consuming processes in many industrial applications
including the timber. The main objective of wood drying is to reduce its moisture content
which consequently improves the strength and durability. Practically, wood were dnied at
moisture content below the fiber saturation point, the point that it starts to shrink. Over-
shrinking in any direction during drying makes the wood degrades. The moisture content
of the wood should be equilibrium with the environment in which they are used. Because
they are material that can both absorb and desorp the moisture from surroundings. These
problems mainly depend on the drying process. The drying temperature ts a parameter
directly influences the wood moisture content, the rate of water evaporation, the drying
time, the energy consumption and also the quality. In general, the wood drying kilns are
classified based on the maximum operating temperature. They are named as low-

temperature kiln (49°C), conventional-temperature kiln (82°C), elevated-temperature kiln

(99°C) and high-temperature kiln (above 100°C) [1]. A substantial amount of heat energy
i1s required even though the wood drying is done in the conventional drying kiln.
Although, natural air drying does not cause any expenditure for heat energy, but this
method depends on weather and it takes longer time to dry. Previous studies reported that
the energy required to remove a kilogram of water from the wood is in the range of 4.7 to
7.0 MVkg [2], or varied from 1.51 MJ/kg for a dehumidifier drying softwood to 21.78
MJ/kg for an indirect gas fried chamber kiln drying of hardwood [3].

In fumiture manufacturing factories, the size of the sawn timber is assigned by the size of
products. The rubber wood lumber is sawn into small timbers of about 105 to 135 ¢m in
length, this length includes 10 to 15 cm of extra length reserved for end cutting. After the
process of chemical solution treatment and drying, they will be cut into three or four
boards with 30 cm long. This is done in order to reject or avoid some defects such as
knots, discolor part of the board, defects of end check and end spilt due to drying. These
short boards are glued together to extended their width and length. Many rubber wood
factories in Thailand use almost the same cross section of dried boards from sawing
process to produce the products. The size is reduced before assembly step only by cross
cutting and surface planing avoid the affect of stress released due to drying. Because of
difficulty of the stress test in wood boards, the quality in this study inspected by
visualization for end checking, end spilt, bow and cup. The chemically-treated rubber
wood boards were purchased from a fumiture factory. The flat sawn boards of 25 mm in
thick, which are used by most rubber wood fumiture products, were exploited for this
drying experiment study. Various drying techniques have been developed to improve or
adopt new kiln for drying to accomplish the goal of good economy. Therefore, kiln
schedule is the strategy not only how we plan to dry the boards but also what the kiln
conditions should be to reach the target moisture content with acceptable quality.

This paper presents the effects of kiln operating parameters on the drying schedule of
rubber wood. It reports the results of lab-scale experiment.
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Materials and Methods
Experimental apparatus

The experiment of this study was carried out on a lab-scale wood drying kiln. (see Fig.1)
A lab-scale wood drying kiln was fabricated. The hot air flows through the wood stack in
one direction for both close and open loop systems with no reverse flow. The drying
chamber has volume approximately of 73.5 liters for loading 25 to 35 kg of green wood
with 34 cm in length. The samples are arranged to have its thickness face normal to the
direction of the flow with stack depth of 50 to 60 cm. Five layers stacking of sample
boards, each six boards wide for a 75x340x25 mm board and each nine boards wide for a
50x340x25 mm board, can be accormnmodated. Each layer was separated by stickers,
which are 25 mm in thick. The kiln was powered by the 5.4 kW rectangular fin-typed
electric heaters, which were controlled via temperature controller and power regulator.
The relative humidity (RH) and temperature of the kiln can be programmed in step
changes correspond to the periods of drying time. The saturated steam and the mist of

water were added when the humidity of drying air in the kiln system is below the lower
setting value.

B z

: power control rectifier

: controller (Temp.)

: controller (RH)

M fl’EqUEDCy converter

: small PLC

: Switching power supply
, P: proximity switch

: steam solinoid valve

. steam gCDEl’dtOI’

: water pump
h : electronic bench balance
16/8H6 L. M : temperature indicators

® - N : dawa acquistion board

R { O : desktop computer
Q : DC gear motor
G (1), (5}, (6} : louver (venting port)
L \ {2) : rectangular fin electric heater
(3) : blower
(4} : drying chamber

db (7): louver linkage

@
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AT OTOOOWE >

Figure 1. Experimental apparatus

Exhaust air venting devices were operated periodically at either low or high limit of the
controller setting values of temperature and relative humidity (RH), depending on each
step of drying patterns. The benefit of this venting control is that the kiln can draw in
outside air to regulate kiln atmosphere by intake and exhaust according pre-programmed
moisture and temperature. A forward curved blower was used to produce airflow inside
the kiln circuit. The air velocities can be adjusted with in the range of 1.1 m/s to 8.8 m/s
for a 30x30 cm’ duct size, however, in velocity constant mode the air velocity not
exceeding 5.0 m/s was set in this experiment. The airflow in the kiln can be adjusted to be
two different velocity modes, one is a constant velocity mode, another is auto-switched
mode. In the later case, air velocity will be switched from high to low velocity at a pre-
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determined relative humidity. At a constant velocity mode, the air velocities are 2.2 m/s,
3.3 m/s and 4.4 m/s whereas for a varying velocity mode the air velocity will be changed
from 4.4 m/s to 2.2 m/s at 10% RH or depending on pre-determined RH. The air velocity
can also be set to change according to the kiln relative humidity (v-RH mode). At RH of
30% - 100% the relevant velocities were 2.2 m/s - 8.8 m/s, respectively. A constant
velocity of 2.2 m/s 1s employed when the kiln RH decreases below 30%RH in v-RH
mode.

The measuning vanables during a drying process are the temperature, the relative
humidity, the air velocity, the electrical power consumption and the weight of rubber
wood. These data measured by different instruments such as RTD sensors, humidity
sensors, anemometers, watt transducer and electronic bench balance. The signals from
measuring instrument are interfaced with NI-4351 and ADC-16, the PC-based data
acquisition cards, and all data are periodically saved to the computer.

Experimental study

In this study the drying configurations are high temperature (110°C) and conventional
temperature (90°C) dryings with RH control. Both configurations were run at different
air velocities with venting and circulating approaches. The minimum relative humidity
of drying air was set from 2.5% to 10%. The actuators used to control the drying air

temperature and relative humidity are configured to run automatically by following
conditions:

- Exhaust air venting every 1:30 hrs of elapsed time with a venting period of 25 seconds
(day and night time)

- Exhaust air venting time of 25 seconds when the RH of drying air is 5% greater than the
set point value (s.p.) and with the time longer than 10 minutes (day time)

- Exhaust air venting immediately for 25 seconds when the RH is 5% greater than the s.p.
(night time)

- Exhaust air venting immediately for 25 seconds when the drying air temperature is 5%
greater than the s.p. (day and night time)

- Humidifying when the RH is 2% lower than the s.p. (day and night time)

Results and Discussion

Thirty-eight runs of drying experiment were performed, however, only twenty-six
experiment results were presented in Table 1.

At conventional temperature drying with RH controlled, it was found that only run
number 7, 8, 9 and 10 could be achieved target moisture content (MC) of 8% to 14%. Run
number 1 to 6 need longer time to finish. It is anticipated that the drying time could be
double. However, they were not proceeded due to water locking occurred in wood fiber
and end split, obviously seen in the table that most of the final MC are above the fiber
saturation point of 21.5% (eqn.13 in [4]). Although, the initial MC has significant effect
on drying energy due to it is prone to produce moist air inside the kiln system.
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Consequently, the kiln requires much more heat and time to bring up the kiln temperature
(see test 1 and 7). In runs 8 and 9 with constant air velocity, the RH was not controlled,
which means that the humidifying system was not configured to operate and only periodic
exhaust air venting was functioned. At low temperature drying, lower air velocity
consumes more drying time and energy than higher air velocity to reach the required MC
(test 8 and 9).

Table 1. Experiment results

Drying Minimum Air Wood motsture content (-) Drying Erer
Test| Temperature RH velocity [ | Time EY1 Remarks
(©) (%) (m/s) intial final [removed (h) (M/kg)

1 CT 65 10 2.2 1.309 | 0.395 0914 | 22.54 | 11.747 |constant vel.
2 CT 85 75 4.4/2.2 | 0772 | 0229 | 0543 | 13.71 [12.625| * 10% RH
3 CT 85 10 4.4/2.2 | 0.772 | 0.215 | 0.557 | 1628 |17.361| * 10% RH
4 CT 85 10 6.6/4.4 | 0.902 | 0.252 | 0.650 | 13.19 | 11.732 | * 15%RH
5 CT 90 7.5 2.2 0.971 | 0297 | 0.674 | 17.89 | 11.378 |Constant ve!
6 CT 90 7.5 22 0.968 | 0.213 0.755 | 14.96 | 11.982 |Constant vel
7 CT %0 10 4.4/2.2 | 1.155 | 0.126 1.029 | 23.01 | 18.550|* 17.5%RH
8 CT 90 nc 33 0.836 | 0.089 0.747 | 26.13 | 17.994 |Constant vel
9 CT 90 nc 5 0.946 | 0.099 | 0.847 | 22.88 | 16.474 |Constant vel
10 CT 90 5 v-RH/2.2| 0.773 | 0.132 | 0.641 | 1598 | 13.856| * 30%RH
11 | HT 112.5/90 5/5 33 0930 | 0.125 | 0.805 | 12.02 | 10.53] |Constant vel
12 HT 110/85 10/12.5 4.4 0772 | 0.124 | 0.648 | 10.76 | 14.392 |Constant vel
13 HT 110/90 7.5/10 3.872.2 | 0.689 | 0.154 | 0.535 | 1259 (12.518| * 10%RH
14 HT 110/90 517.5 4.4/2.2 | 0986 | 0.181 0.805 | 12.54 | 10.542 | * 10%RH
15 HT 110/90 5f1.5 4.4/2.2 | 0.822 | 0.141 0.681 | 1273 | 10.236 | * 10%RH
16 HT 110/90 5/10 4.4/2.2 | 0929 | 0216 | 0.713 | 10.33 | 16.175| * 15%RH
17 HT 110/90 7.5/10 4.4/2.2 | 0.701 | Q.123 0.578 | 12.50 | 12.649 | * 10%RH
18 | HT 114/90/110| 7.5/12.5/2.5 | 4.4/2.2 | 0.834 | 0.061 0.773 | 12.02 | 11.627| * 109%RH
19 | HT 120/110/90 | 12.5/7.5/1.5 | 4.4/2.2 | 0.841 | 0.147 | 0.694 | 1350 | 9.791 | * 10%RH
20 HT 110/90 5/1.5 4.8/2.7 | 0934 | 0.177 | 0.757 | 1033 | 10312 | *7.5%RH
21 HT 110/90 10/10 4.8/27 | 0904 | 0.160 | 0.744 | 11.65 | 14.738 | * 7.5%RH
22 HT 110/90 7.5/10 4.4/2.7 | 0.825 | 0.123 | 0.702 | 10.50 | 13.618 | * 10%RH
23 HT 110/90 7.5M10 4.4/2.7 | 0.689 | 0.120 | 0.569 | 12.08 | 14.805 | * 10%RH
24 HT 110/90 571.5 6.6/4.4 | 0928 | 0.133 | 0795 | 10.88 | 15.641 | * I5%RH
25 HT 110 7.5 v-RH2.2) 0.646 | 0.103 | 0543 | 12.44 | 11.341 | * 30%RH
26 HT 110 5 v-RH/2.2| 0.787 | 0.122 | 0.665 | 12.00 | 9.177 | * 30%RH

* is noted that the air velocity, column 4 (a/b) change from a to b at specified RH
v-RH is the mode of air velocity changing relative to RH of drying air
nc is refer 10 no RH control, HT is high temperature, CT is conventional temperature

columnn 2 represented two setting temperatures corresponded to the setting relative humidity in  column 3
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Comparing ‘the runs number 2 and number 3, at the same drying temperature, varying
velocity mode and initial moisture content but different RH control, it was found that
keeping higher RH at specified drying temperature increased the drying time and drying
energy. Drying air velocity in auto-switched mode and changing relative to RH can
reduced drying time and energy used. V-RH mode can save drying energy and drying
time compared with the velocity auto-switched mode at lower RH controlled over 25%
and 30% respectively (test 10 and 7).

At the high temperature drying, a lower drying air velocity consumed less energy but
required longer drying time. Higher RH control increased drying energy and drying time.
These trends are similar to drying experiment at low temperature. For a high initial MC
batch, it can be observed that the air velocity switched mode should be performed after
the RH of the kiln is below 10%. Because in a high MC batch, the air velocity still has
significant effect on the drying rate (test 16 and 24). However, it has less effect whether
the auto-switched mode is active at below or above 10% of RH for the air velocity after
switching be still high (4.4 m/s). Typically in the v-RH mode for this lab-scale wood
drying kiln, the relative humidity of drying air in the early drying stage is quite high, 65%
to 85% (corresponded to air velocities 5.5 to 7.4 m/s). In the early stage of drying, the
wood MC is still greater than 40%. Above this MC, the drying rate increased with air
velocity [5]. At low initial MC of wood drying batches (MC<0.7), higher RH controlled
(7.5/10} can achieve the target MC for both auto-switched mode and v-RH mode (test 13
and 25). However, the later is better. The tests 14 and 15 were run to confirm the drying
schedule at the same air velocity mode and RH controlled. The high temperature drying
can be compared to the low temperature drying at the same drying air velocity of 3.3 m/s

(test 8 and 11). It is observed that the HT drying reduces over 50% of drying time and
40% of energy used.

Conclusions

The drying experiments were performed at high (110°C) and conventional (85°C- 90°C)
temperatures. It was found that drying at high temperature can shorten the drying time by
50% and consume less (over 40%) energy as compared to the constant air velocity mode
(3.3 m/s). The v-RH mode has more influence on drying energy and time in low
temperature drying than the high temperature case. High temperature drying with proper
kiln schedule yielded the dried product of the same quality as the conventional drying
schedule. In order to reduce the drying time and to reach the final moisture content of 8%
to 14%, the controlled relative humidity should be less than 7.5% for both high
temperature and conventional temperature dryings.
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