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M3BoA: Y pasy cy NpuKasaHu pesynTaTv aHaause yTuuaja ocumavpajyhux napameTapa cylie-
Hba Ha Mepere BNAXKHOCTU ApBeTa y cywapu, Op3vHy U KBaNUTET Cyluera. 3a aHanusy cy
KopuwheH KOHBEHLMOHANHM LMKAYC Cyllerba, LMKAYC ca OCLMAaLMjaMma paBHOTEXKHE Ba-
KHOCTU M LMKAYC ca ocuuiaumMjama TemnepaType. 3a 3ajaBakbe M OCTBapere ocuunauuja
KpeupaH je nocedaH copTBepcKM fofaTak. [oKasaHo je ga ocumnaumje U paBHOTEXKHE Ba-
YKHOCTU U TemMnepaType A0BOAE A0 UMKANYHMUX NPOMEHa BAAXKHOCTU ApBETa, a/iu U [0 foAaT-
He HeMpeLmM3HOCTM Mepera BAAXKHOCTM y cylwiapu. Cylierbe Wape ca ocumnaumjama paBHo-
TeXKHe BNIaXKHOCTU je Tpajano HewTo Kpahe y ogHOCy Ha Apyre ABe WapsKe. KBaauTeT cylera
je 61o ucTn nam dosbu y Wapkama ca ocumnaumjama y o4HOCY Ha KOHBEHLMOHAHY LUap»Ky, a
Matba Hanpesaka y APBeTy Cy NOTBPAMIA aKTUBMPAHbe A0AATHOT MEXaHOCOPNUMOHOT edeKTa
TOKOM LMKAMYHUX NPOMEHA BIAXKHOCTU Y NOBPLUMHCKMM C/10jeBUMA.

K/byuHe peumn: mexaHoCOpnuUuoHM edeKaT, OCLMAATOPHO cylletbe, pe3aHa rpaha Oykse,

KBa/IUTET CylleHa

YBOA U TEOPUJCKE OCHOBE

CTanHu cy Hanopw y APBHOj MHAYCTPUjU Aa ce
aohe 40 ONTMMANHOr HauMHa cylera pesaHe
rpahe, o4HOCHO Aa ce NocTUrHe WTo S0/bU KBa-
JINTET cyllera y3 WTo Kpahe Bpeme. 36or yTesa-
Ha ApPBETAa M HaMoHa Koje Taj npouec n3asumea,
Ba)KHY YN0ry NMpyv CamoM Cylleky ApBeTa Mma
nojaBa Teuerba - TEXKHaA YBPCTOr maTepujana ga
BP/10 NOMAKO KAnM3a Mnu ce TpajHo gedopmuiie
nog aejctsom ogpeheHor, gyrotpajHor ontepehe-
Ha. Jedopmaumje Teuera Npu cylleky ce jaB/ba-
jy Kao nocnegmua yHyTpalkbMX Hanpesaka M3a-
3BaHUX yTe3arem JApBeTa, OAHOCHO yTe3ake
[pBeTa 13a3nBa HanoHe Koju Cy eKBUBANIEHT OHMU-
Ma Koje n3asuBa ontepeherbe y yodmyajeHoj aHa-
nn3n Tevera. [ledpopmauuje Teuerba penakcmpajy
nocrojeha Hanpesarba W Tako cMakbyjy moryhHocTt

HacTaHKa nyKkoTuHa. Oe fedopmaLmje 3aBuce of,
ycnosa cpeauHe n Behe cy y ycioBMma BUCOKe
TemnepaType U penaTmsHe BAAXKHOCTU. To je je-
[aH of, pasnora 3awTo dp3nHa Ko BUCOKOTeMMe-
paTypHOr Ccyliera MoXe OUTK BULLA HEro Kof,
HUCKOTEMMEPATYPHOr, a UNaK NPOU3BECTN Makbe
nykotuHa (Hanhijérvi 2007).

[lBa cy ocHOBHa Aena mexaH13ma Teyera npm
Cyllery: BUCKOENACTUYHU U MEXaHOCOPMLNOHM
(Cn. 1). NpomeHa BNaXKHOCTU y APBETY, NPU YEMY
je oHo Beh n3noxeHo oapeheHom HanoHy, 40BO-
on po nosehawa aedopmaumja Teyerwa — peHo-
MeHa NO3HAaTOor Noj MMEHOM MeXaHOCOPMLMOHO
Teyerbe WM MexaHocopnuuoHu edekaT. OBaj
edeKaT je Bp/I0 BaxaH 3a NpoLec cylera apBe-
Ta, jep je Ta medopmaumja npu cywery 0dUYHO
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Beha oa Aedopmaumje nsassaHe BUCKOeNACTUY-
HUM Teyerwem (Moutee et al. 2010). Osu ayTopu
Cy UCMUTUBANN [ejCTBO HaU3MEHUYHOT B/IaXKeha
W Cyllerba Ha BeIMYMHY MeXaHOCOPMuUoHe ae-
dopmaumje. YTBpHeHo je aa je mexaHocopnumo-
HO Teyere Behe TOKOM MPBOr LMKAyca copnuuje
HEero KoA, HapegHuX UMKAyca, Kao U Aa npsea
copnuuja, 8e3 0d3mpa fa M ce APBO BAAKK UK
CylWwu, 4OBOAM A0 NOpacTa Teyea.

Tpeda nctahu fa ce HAaM3MEHUYHO BAXKeHe
W cywerbe gpseta y oapeheHoj mepu goraha y
CBaKOj KOHBEHLMOHA/IHOj CyLlapy Kao nocaeamua
peBep3nduUNHe LMpPKynaumje Basgyxa, O4HOCHO
npomeHa cMepa KpeTarba Ba3dyxa Ha CBAKUX He-
KONMKO catu. NMpomeHa cmepa KpeTakba 4040BO-
4V [0 NOCTOojakba ocumMNaLmja napameTapa Basay-
Xa Ha MecTUMa rae Basfyx ynasu y cnoxaje. Mpsu
pen, CnoxKaja, Koju je U3NO0XKEH HAjOLITPUjUM YCI0-
BMMA, MO M3MEHW CMepa LMPKynauuje nocraje
nocnearu, OAHOCHO SMBa M3/I0XKEH Hajdnarkum
yCNnoBMMa cyliera. HoBom npomeHom cmepa no-
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CnuKa 1. BUCKOEIaCTUYHO M MEXaHOCOPNUMOHO pea-
rosarbe Apserta a) yobuuajeHa ekcnepu-
MeHTaNHa npoueaypa, 6) wemaTcku npu-
Ka3 peakumje gpseta (npema Perré 2007)
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HOBO Ce Mekbajy M napameTpu. AMNAUTYAa OcLm-
fNaumja onaja ca CHW)KaBakbeM BIaXKHOCTU apBe-
Ta y CyLlapw, jep Makba KOIMYMHA BoZe Mcnapasa
1 merba napametpe Basagyxa (Riehl, Welling 2003).
HesaBucHo og oBux Beh noctojehux n HEKOHTpO-
JIMcaHuX ocumnaumja, S1Uno je MHOro Nokylwaja aa
ce Yy KOHBEHLMOHA/IHO Cyllerbe yBeay MpuHyaHe,
KOHTpO/IMCaHe ocumiaumje napameTtapa Basayxa
Yy AedUHUCAHMM BPEMEHCKUM WHTEpBa/iMma —
T3B. OCLM/IATOPHO cylwekbe (Langrish et al. 1992,
Terziev et al. 2002, Sackey et al. 2004, De La Cruz
-Lefevre et al. 2009). Unsb je yrnasHom duo ga ce
nocnewnBakbeM MexaHOCOpnuMoHor edekTa a4o-
O6uje SosbyM KBANUTET cyllerba (Makba Hanpesatba
Yy APBETY), anu cy pesynTaTv HEKUX Of, OBUX MUC-
TpaxunBakba KOHTPAAMKTOPHU U YeCTo Hemnpume-
HWBU Y MHAYCTPUjCKMM Cyllapama.

Lum oBor paga je ytBphuBarbe yTuuaja ocum-
Naumja TemnepaTtype WaM PaBHOTEKHE BAXKHO-
CTVM Ha Mepee BNAXKHOCTM ApBeTa y cywapu u
Op3uHy cywemra. LUumb je n yTBpAUTU KaKo Lu-
KAMYHE NPOMEHe BaXKHOCTU gpBeTa (nojayaHo
MEXaHOCOPMLUMOHO Teyere) YyTUYY Ha KOHAYHM
KBA/IUTET Cyllera NOCMATPaH KPOo3 KOHaYHy Bia-
YKHOCT, rpagMjeHT BNaXKHOCTM No Aeb/buHK rpahe
M CKOPEesoCT.

MATEPUJAA U METOA

NcnutrBake je BPLUEHO Ha HemnapeHoj pesa-
Hoj rpahu dykee (Fagus sylvatica L.) nedbuHe 38
mm v gyxuHe 2,1 m. YKynHo je ocyweHo 12 wap-
*u (Mili¢ et al. 2013, Mili¢ et al. 2014), a y oBom
paay &duhe getasbHO aHanusMpaHe Tpu (Tadena
1): jeaHa KOHBEHUMOHaNHa, jegHa ca ocumaaum-
jama paBHOTexHe BnaxkHocTu (amnautyga 20%,
Tpajarbe dasa 3 yaca) M jegHa ca ocumnaumjama
Temnepatype (amnautyaa 10%, Tpajarbe dase 3
yaca). Y cBe TpM LIapKe je cylieHa cupoBa rpaha,
a UM/baHa KOHAYHa BNIAXKHOCT je usHocuaa 8%.

Cywetbe rpahe je BpLWEHO y KOHBEHLMOHaAN-
HOj cywapwu Kanauuteta 0,8 m® (choxaj 2,1 m x
0,7 m x 0,9 m), onpeM/beHOj ca ABa aKcMjanHa
BeHTunatopa (d=500 mm, P=0,37 kW), yeTtnpm
BEHTUNALMOHA OTBOpa (4Ba yCMCHA M ABa OACU-
CHa), CUCTEMOM 3a HaB/laXKMBakbe Basdyxa Xnag-
HOM BOAOM W [iBa MepHa MecTa 33 Mepere TemM-
nepaTtype 1 paBHOTEXKHE BNAXKHOCTU. Y cyllapu ce



AHATM3A MEXAHOCOPTMUMOHOT EPEKTA MPU OCLMNATOPHOM CYLWEHY PE3AHE MTPARBE BYKBE

Tadena 1. Pexxum cywera (dyksa, 38 mm)

BnaxkHocT (%) 60 55 50 45

Temnepatypa (°C) 37 38 38 38

PaBHOTeXKHa

BNAXKHOCT (%) L L

Haflasn 0caM COHAM 32 MepeHe BIAXKHOCTU Ap-
BETa U YeTUPU COHAE Koje Mory MepuTu Temnepa-
TYpY Y ApBETY. 3a Cyluerbe LWapXKKU ca ocuuaaum-
jama mopao ce aKTMBMpPATU NPETXOAHO KpeupaH
fopgatak (Cn. 2) Koju je nocTao cTaHAApAHO pelue-
e y coptBepy ,,Dry Manage” npoussohaua Hu-
roc-eNIeKTPOHUK. AyTOMATCKK1, OCHOBHU M3d0p je
4a je onumja OCUMNATOPHO CyLUeHe UCK/byYeHa
KaKo He 61 38yrMBana Makbe UCKYCHE KOPUCHU-
Ke. Kaga ce aKTMBMpa, 3a4ajy ce Tpajarbe npBe 1
apyre ¢ase (Mepuog 1 u 2), Tj. dpeksBeHuMja Y
YacoBMMa, a aMNIUTyAe TemnepaType 1 paBHOTe-
JKHE B/IQXKHOCTU Y NPOLEHTUMA Yy OAHOCY Ha, pe-
KMMOM 3a Taj TPeHyTak, npeasuheHy BpegHOCT.
M3abpaHo je Aa ce amnauTyge 3a4ajy Ha 0Baj
HaYMH KaKo du wurxoBa BennunHa duna npunaro-
heHa ¢a3u y Kojoj ce npouec cywera Hanasu.
YKOAMKO OU Ce, HapouWTO Yy Cayyajy paBHOTEXHE
BNA*KHOCTW, aMNAUTYAe 3aZaBasie y ancoNyTHUM
NPOLUEHTUMA BIAXKHOCTU OHe Ou dune y ogpehe-
HOM Aeny npoLeca Uan Npemasne UAn NpeBesvKe.
Tako, amnanTyaa ocuunaumja og 2% y anconyt-
HOM cmucny du, Ha NOYETKy Cyllera Kaja je pe-
KUMom npeasuheHa BpeaHOCT paBHOTEXKHE BAa-
}KHOCTU OKo 15%, pasana BpeaHoctn og 13% um
17%, ann du npwu Kpajy npoueca, 3a npeasuheHy
paBHOTEXHY BNAXHOCT 0f, OKo 5%, Te BpegHOCTH
nsHocune 3% n 7%. OBO nocneate je npesenvka
pa3nnKa ca HeKo/lMKo acnekaTta. pBo, cywape
TELWKO TEXHWYKMN JOCTUNKY OBAKO HUCKY BPeAHOCT
paBHOTEXHE BAaXKHOCTU (3% M Mmarbe) y3 npo-
dnem TayHOCTN Mepera 0BAKO HUCKMX BPEAHOCTU
B/IAXKHOCTM, Cama pas/iMKa y YCI0BUMA KAUME je
Be/IMKa (32 paBHOTEXKHY BAaXHocT 3 U 7% npwu
Temnepatypu og 60°C penaTvBHa BAAXKHOCT U3HO-
cn 17% opHocHO 47%) M KOHAYHO, TEOPMjCKa aHa-
/IM3a NoKasyje Aa yTuuaj ocumaaumja y osoj ¢asu
cylwerba Huje Benukm (Salin 2003), na Hema no-
Tpede 3a 0BaKo BMCOKMM amnanTyaama Koje on-
Tepehyjy cuctem. M3adpaHu HaumH omoryhyje aa

40 35 30 25 20 15 10 5

38 40 43 47 52 58 62 62

146 140 136 131 121 92 68 54 44 39

ce amnauTyge 3a4ajy y NpoueHTUMa y penatums-
Hom cmucny. OBO 3HauYM Ja YKONMKO ce u3adepe
AMNANTYAQ PaBHOTEXHe BAaXHocTu of +10%,
oHa he 3a rope HaBeAeH NPUMEpP Ha MOYETKY Cy-
Wwekra gasatu BpeaHocTn og, 13.5% n 16.5%, a Ha
Kpajy npoueca 4.5% un 5.5%. CamnyHa aHanusa
BaXXM W 33 NPeaHOCTM 3aaBakba aMNaInTyaa Tem-
nepaType y NpoueHTUMa Y OAHOCY Ha amnauTyae
y °C.

AHanu3npaH je yTuuaj ocumnaumja Ha TayHoCT
Mepetrba BIAXKHOCTU Y cyluapw (y LWap»Ku ca ocuu-
Naumjama paBHOTEXKHE BAXKHOCTU je mepere
COHAM Y cylwapu nopeheHo ca rpaBUMETPUjCKUM
oapehvBarbeM BNAKHOCTK), yTULAj HA SP3UHY cy-
Wera M Ha KBAaNUTET cyllera. AHanu3unpaH je un
npodnem mozenoBarba MexXaHOCOPMNUMOHOT ede-
KTa Y YC/I0BMMA OCLMNMpPatba NapameTapa Basay-
Xa OOQHOCHO BNAXXHOCTM ApBETa, a Y OAHOCY Ha yo-
OuyajeHe ycs0Be NPY KOHBEHLMOHA/IHOM CyLLEHY.

Y30pKOBatbe je y CBUM LUap¥Kama BPLUIEHO Ha
no 30 pgacaka u3 LeHTpasHOr Aena cnoxaja. Mpa-
BMMETPUjCKM je oapehnBaHa NoyeTHa U KOHavyHa

1% Advanced ' - 0] x|

Version [
Oscilatorno susenje da v
Period 1 (h) 3

A temp 1 (%) 10
Au1(%) 0

Period 2 (h) 3

A temp 2 (%) -10

Au (%) 0

Cnuka 2. lNapameTpu ocumnaumja y goaaTtky
coopTBEpa
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BNAXKHOCT. [PagunjeHT BAa)KHocTU no aed/buHu
rpahe je nu3payyHaBaH Ha OCHOBY rPaBUMETPUjCKK
fodnjaHe BNaXHOCTU Ha NeT flamena U3pesaHmx
no gedsmbuHu rpahe. Ckopenoct je ytephuBaHa
meperem pasmaka (CPMC EHB 14464). 3a aHanu-
3y KOHayHe BAAXXHOCTWU, ocum ctaHgapga CPMC
EH 14298, kopuwheHu cy U CTaTUCTUYKKN Napame-
TPWU KOjU Ce MOTy KOPUCTUTU 3@ KOHAYHY OLEHY
KBa/sMTeTa cylwera - CTaHAapgHa Aesujauuja,
koednumjeHT Bapujaumje (k) n penatusHa aun-
cnepsuja (RD):

k, =2100 (%)
k
Rp = Au
Uy

roe je:

0 — CTaHAapAHa AeBujaumja,

U, — CpeAtba BPEAHOCT KOHauYHe BAaHOCTK (%).
Au — pasnivKka namehy MakcMMaaHe U MUHUMaHe
oumnTaHe BpeaHoctu (%),

PE3YATATU 1 AMCKYCHJA

MNMouyeTHa BnaxHOCT (oapeheHo rpaBUMeETPUj-
CKM) je Ko CBe TpW LUapKe U3HOCU/IA BULIE Of
80%, o4HOCHO paguao ce 0 NOTNYHO CMPOBO] rpa-
Hu wTo je nocneamua Kpatkor BpemeHa og, oda-
parba cTadana 4o fonpemarba rpahe Ha cylwerbe.
OyeKMBaHO, NOYETHA BNAAXKHOCT MEPeHO CoHAama
y cywapu duna je HuxKa (Ch. 3). Tpajarbe akTUBHE
dase cywerba je Kog, wapke des ocumnaumja us-
Hocuao 308 h, Ko, Wwape ca ocumnaumnjama pas-
HoTexkHe BnaxkHocTth 300 h, a Ko wapske ca oc-
umnaumjama Temnepatype 316 h.

YTuuaj ocuunaumja Ha mepere
B/IQXKHOCTHU

Y Wwapama ca ocumnaumjama, HapoumTo nNpwm
ocuMaauMjaMa PaBHOTEXKHE BNAXKHOCTU je npu-
MeTaH yTULaj HarMx NpPoMeHa mapameTtapa Ha
n3MepeHe BPeAHOCTM BAAXHOCTH rpahe. Y nepw-
OLMMA rae PaBHOTEXKHA BNAXKHOCT (TMe M pena-
TUBHA BAAXKHOCT) pacTe Behe cy namepeHe Bna-
YKHOCTM ApBeTa M 06pHyTO. Bapujaumje BnaskHOCTH
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Cnuka 3. Kpuse cyllera 1 BpegHoCTM Temnepatype

1 PAaBHOTEXKHE BNAXHOCTU (KOHBEHUMOHAN-
Ha LWap»a, WwapsKa ca ocumiaymjama pas-
HOTENKHE BIaXKHOCTU, LWap»Ka ca ocumaaum-
jama Temnepartype)
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cy Behe y nogpyujy usHag 45% u kpehy ce no
1+1,5%, a KacHuje ce cmamyjy u ncnog 20% Bna-
JKHOCTM cy 3aHeMapsbuse. MpBK y3poK oBe Nnojase
je T3B. edekaT ncmuxpomeTpa. Mpu BAaKHOCTU rpa-
He 3HayajHO M3Hapg, rpaHuLe XMrPOCKOMHOCTH,
NoBpPLUMHA JacaKa Ce NoHala Kao MOKPU TepMO-
meTap. MHTeH3nBHO MUcnapaBarbe Baare ca Nosp-
LWWHe goBoau Ao xnahera ApseTa, 04HOCHO Tem-
nepatypa y ApBeTy je HWXa opf TemnepaType
Basayxa y cywapw, Tj. TemnepaTtype cyBor Tepmo-
meTpa. Pasnuka je ytonmko Beha wTo je penatus-
Ha B/IAYKHOCT Basayxa, a CaMMM TUM W paBHOTe-
JKHA BJIAXKHOCT, HUXKa. [pu Meperby BAAXKHOCTU
rpahe BpLK ce KOMNeH3auuja TemnepaType 1 To
npema temnepaTtypu Basgyxa. [ocneguua je ga
ayToMaTWMKa y OBOM CJ/lyyajy PerucTpyje Huy
BPEAHOCT B/IA’KHOCTU ApBeTa 04, peasHe, jep ce
KOpPEKLMja BPLUM Y OAHOCY Ha BULLY TeMnepaTypy.
HapasHo ga Tokom oBOr nepvoga [o0sasv U Ao
peanHor cHUXaBara BnarkHoctu. Kog HapeaHor
nepuoaa y Kojoj ce paBHOTEXKHA BNAXKHOCT NoBe-
haBa, pacTe 1 penaTMBHA BNAAXKHOCT Basgyxa, UC-
napaBakbe Ca MOBPLUIMHE APBETa je BP0 Mano
(vnn vak ponasu po dnaror agcopdosarba Bnare
13 Basgyxa), Na rotoBo Aa Hema pasnunke nsmehy
TemnepaType ApBeTa U Basgyxa WTo ce maHude-
CTyje CKOKOM M3MepeHe BNAXKHOCTU ApBeTa y O4-
HOCY Ha BpPeaHOCTM Yy MpeTxoaHOM nepuoay. Y
KacHMjem TOKy cyllerba je ucrnapaBakbe Boe ca
NnoBpLUMHE ApBeTa 3Ha4yajHO Makbe, na je u ede-
KaT NCMXPOMETPA CBE MakbM.

ur+ 20%, 3h

0 24 48 72 96 120 144 168 192 216 240 264 288
Bpeme (h)

Cnuka 4. Kpuse cywera mepeHo enekTposaarome-
puma 1 oapehHnBaHO rpaBUMETPUjCKM (Lua-
p¥Ka ca ocuMnaumMjama paBHOTEXKHE BaaX-
HOCTK)

Lpyrn y3poK oBe nojase je HeAOBO/bHA MOY-
34,aHOCT KOMMEeH3aunje TemnepaTtype y noapydju-
Ma BMCOKe BakHOCTWU apseTa. lMopea ysek npu-
CyTHe HenpeunsHOCTU efleKTpoBaaromepa y
noAapyyjy M3Haj rpaHuLLe XMrpoCKOMHOCTH, A0A4a-
TaH Npod/aem je WTo y TOM NoApy4jy U mana npo-
MeHa TemnepaType A0BOAM A0 3HayajHe npome-
He y CUrHany Ha OCHOBY Kor ce ogpehyje
BNAXHOCT. Mnak, ¢ 063upom faa je cTBapHa Bna-
YKHOCT ApBeTa y noapydjy msHag 30% Hajuewhe
BULLUA 0f, OHe Kojy mepe enekTposnaromepu (Cn.
4), jacHo je aa 3adenexeHe Bapujaumje y meperby
HeMajy Be/IMKM yTULaj Ha Op3nHy cyllema.

M Kog, WwaprKe rae cy BpleHe ocuuaaumje Tem-
nepartype fosas3u A0 Bapuvjaumja U3mepeHux Bna-
YXHOCTM Kao nocnegmua pasanymTe temnepatype
OpBETa M OKOJIHOT Ba3ayxa M HENOy34aHOCTU KOM-
neHsaymje OBOr nMapameTpa y NoApydjy BUCOKe
B/IAYKHOCTM ApBeTa. Bapujaumje BnaxHocTu u y
0BOM cayyajy cy go +1,5%, n nocreneHo ce cma-
HbYjy KaKo cylere ogmuye. Y 0BOM Ciyyajy cy
peanHuja Meperba BAAXKHOCTM Y NEPUOANMA HUXKE
Temnepatype (Ha noyeTKy npoteca oko 34°C), jep
je Taga TemnepaTypa Basdyxa nNpudanKHUja Tem-
nepatypu apseTa. Ca apyre cTpaHe, Npu nNpenacky
y nepuvog suie TemnepaTtype (Ha NoyeTky npote-
ca 1o je oko 41°C), Ba3gyx penatMeHo Op30 JOCTH-
e 3a4aTy Temnepatypy, WTO Huje cay4yaj ca ap-
BETOM Ma Cy U Mepera BAAXKHOCTU HepeasHuja.
My oBOM cny4yajy Bapujaumje y mepery BAAXKHO-
CTU He YTUYYy Ha peasiHy Op3uHY cyllersa.

YTuUuaj ocumnauymja Ha Sp3uHy cyluerwa

Kopg, waprke ca ocumnaymjama paBHOTEXKHE
BNIA’KHOCTM je Op3nHa cywera duna seha Hero
KOA, KOHBEHLMOHA/HE, @ NPUMapHU y3poK &1 mo-
rao dutn nosehaH rpanjeHT BAAXKHOCTU Y nepu-
O4MMa HUCKE PaBHOTEXHE BAAXKHOCTU - ycnes,
nosehaHor ncnapaBarba BAare ca NOBpPLUNHE Ap-
BeTa. Kao u Kog cywerba de3 ocumnaumja, u y
OBOM C/Ny4ajy ce 04BOjeHO MOry nocMaTtpaTu fBe
dase cywerba: NpBa, Kasa 6p3nHa cylerba 3aBu-
CW CamO Of, CNoJballikbKUX YC0Ba, OAHOCHO Kaga
je nMHWja ncnapaBarba Ha NOBPWWHU UK dansy
noBpLMHe ApBeTa 1 Apyra, Kaga ce AnHuja ucna-
paBatba MOMepa Ka YHyTpalWHOCTH, a dp3uHa
Cyllerba 3aBUCK NpBEHCTBEHO o aAndysuje. To-
KOM npBe, penaTMBHO KpaTke ¢dase NospluMHa
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[pBeTa je jow yBeK Mmana BNaXKHOCT U3HAL, TauKe
3acuheHocTn BnakaHaua 30or yera je npuTUcak
BoZeHe nape duo jegHak NpuTUCKY 3acuhersa,
O4HOCHO dYHKLM)a je jeaMHO TemnepaType NoBp-
WKHe. TemnepaTypa NoBpLIMHE APBETA je jefHaKa
TemnepaTypu MOKPOr TepMOMETpa, a TonJoTa
KOjy Ba3gyx npegaje ApBeTy TPOLWMW Ce CaMo Ha
ncnapaBakbe BOAe Koja KanuaapHUM KpeTakbem
[0Na3n 13 yHyTpallkbux cnojesa. CHUXKaBare pe-
NaTMBHe B/IA’KHOCTWU Baszyxa y nepuoay HUcke
pPaBHOTEXKHE BNAXHOCTM 3Hauu u Behy Op3uHy
ucnapasaka, jep ce nosehaBa pasnvKa y npuTu-
CKY BOZleHe nape Ha NOBPLUMHM U Y Ba3ayxy. Beha
Op3uHa ucnapaBakba nogpasymeBa u sehy ncu-
XPOMETapCKy Pas/iMKy, OAHOCHO HUXKY Temnepa-
TYpy MOKpOr TepmomeTpa (MoBpLUMHE ApBETA).
Kako BnaKHOCT apBeTa nocreneHo onaja, npu
WCTOM rPafMjeHTy BNAXKHOCTU, MHTEH3UTET KpeTa-
Ha cnodoaHe Boge ce cMakbyje 3601 cmarbera
nepmeadunHoctn. Moctoju moryhHocT aa ce ne-
puoaMMa HUCKe paBHOTEXKHe BAaxHocTu, 36or
nosehaHor rpasmjeHTa BNaXHOCTU ycropasa OBO
CMatbetbe MHTEH3MTETA KpeTakba cnodosHe Boae.
Tokom gpyre dase cylerba, Kafa cy NOBPLIMHCKU
C/I0jeBU Y XUIPOCKOMHOM MOAPYYjy BAAXKHOCTH,
HUCKa pPaBHOTEXHA B/IA*KHOCT Takohe nosehasa
Op3MHY KpeTarba BoAe, anu caja Kpos cnepehe
yT1uaje: 6p3nHa guoysuje je seha, jep je pasnunka
n3mehy KOHLEeHTpauuje Bnare y yHyTpawrbum u
NMOBPLUMHCKMM c/ojeBUMa nosehaHa; noBpLUMH-
CKM cnojeBu ce, 3601 ryduTKa Boae, YTEXY U TUMe
je nyT Koju Boga Tpeda Aa npehe of yHyTpaLIHUX
cnojeBa [0 rpaHuLe ucrnapasakba ckpaheH.
TokoM nepunosa BUCOKe PaBHOTEXKHE BAXKHO-
CTM jaB/bajy ce cynpoTHU edekTU. Matrba je dp3u-
Ha McnapaBahba 04, Koje 3aBMcK Op3uHa cyluerba
Ha MoYyeTKy npoLleca, jep je pasnnka npuTUcKa
BOZeHe nape Ha MOBPLUMHKU ApBETa U Y Basgyxy
Marba. Y KaCHUjUM CTagujymmma cyliera, nosp-
LUMHCKM CNOjeBU NPUMAjy Bary U3 Basgyxa TOKOM

Tabena 2. KoHayHa BNAXKHOCT U rPagunjeHT BNAXKHOCTH

oBe ¢ase, nosehasajy CBOjy BAaXHOCT YMme ce
[OHeK/ie 3ayCcTaB/bajy NPeTXo4HO HaBeaeHu no-
3UTUBHU edeKTn. MNepnoamyHOCT ocumnaumja fo-
BOAM M [0 NOHaB/bakba MO3UTUBHMUX U HEFAaTUBHUX
edekarta, anm 360r Tora WTO BAAXKHOCT ApBeTa
YKYMHO MOCMaTPaHO onaza, AOMUHAHTAH je no3u-
TMBaH yTuuaj. Ha oBo Tpeda gopatn u yTunuaj
“edeKkTa ncuxpometpa” (HAPOUYMTO Ha MOYETKY
cylwema) 360r Kora je usmepeHa BaaxHocT rpahe
y Nepnoamma HUCKe paBHOTEXKHE BIAaX*KHOCTU HU-
’Ka o[}, peaniHe, 0K je y nepuoaMma BUCOKe pas-
HOTEXHe BNaXXHOCTW Yy HUBOY peanHe. Mpu cywe-
HY Ca oCLMIaLMjama paBHOTEXKHE BIAXKHOCTU je
Jakne, uamepeHa BnaxkHocT rpahe y npoceky
HELUTO HU¥KA Hero Kof, KOHBEHLMOHAHON, Ma Cy U
YCNOBU Cyllerba HeLTOo OLTPUju.

Bp3unHa cylerba y WapKM ca ocuuaaumjama
TemnepaType je HeLTo HUXKA, WTo NnoTephyje Heke
HaBoge u3 nutepatype (Salin 2003) pa je edekat
TemnepaTypHUx ocumnaumja manu y nopeherby ca
ocumnaumjama penaTvBHe BNAXKHOCTU Basagyxa.

YTuuaj ocumnaymja Ha KBaJUTeT cyllera

KoHauHa BnaxkHocT (Tabena 2) Kog cee Tpu
LapKe MCnyHaBa YCA0B NPONMcaH CTaHAApAOM
CPIMC EH 14298: y rpaHunuama -1/+1% og ske/beHe
KOHauyHe BiaxHocTu n 93,5% pacaka y oncery (0,7
+ 1,3)-uk. YKonMKo ce y pasmaTtparbe 40AaTHO
yBeay M HeKW CTaTUCTUYKM NapameTpu, Kao Koe-
duumjent Bapujaumje (k ) n penateHa gucnepsu-
ja (RD), cBe Tpw Wwape 3a40B0/baBajy T38. Aodap
KBanuTeT cywewa (npema Guzenda et al. 2002),
OAHOCHO MMajy KoedbULMjeHT BapujaLmje ucnog,
20% u penatusHy aucnepsnjy ucnog 0,8 (Tadena
2). MosKe ce 3aK/byunTh 4a MO OBOM OCHOBY, Kao
M aKo ce nocmaTpa rpagujeHT BAaXKHOCTU No Ae-
O/bUHM rpahe, KBaIMTET LWapPKK ca ocuunaumjama
HuVje NowWwunjn o KOHBEHUMOHANHe Wwapxe. Mpaau-

ur+20%, 3 h t+10%, 3 h

LLlap»ka bes ocumnaumja
KoHayHa BnaHocT (%) 7,4
Koed. Bapujaumje (%) 12,6
PenatusHa ancnepsuja 0,57
lpaaujeHT BnaxkHocTK (%/cm) 1,5 (0,5)

7,8 7,6

11,0 10,9

0,50 0,40
1,5 (0,5) 1,2 (0,3)

CtaHpapAHa gesujaumja y 3arpagm
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JEHT BNIAXKHOCTU KOZ LWapKe ca ocuunauunjama
TemnepaType je HUXKK (CTaTUCTUYKM 3HAYajHa pa-
3/1MKa), a/n je OBa LWapyKa HeLWTo Ay*Ke 1 Tpajana
o4, npeoctane ase.

BennuunHa ckopenoctu rpahe nocne akTuBHe
dase cywerba je mepeHa M M3paxkaBaHa Npeko
BPEAHOCTM pa3maka, Kako TO Nponucyje ctaHaapsa,
CPINC EHB 14464. Ha Canum 5 cy npukasaHu mu-
HUMYM, MaKCUMyM, MeaujaHa v npsu u Tpehu
KBapTWA 33 BPeAHOCTM pa3maka mepeHe nocne 48
4acoBa KNIMMaTM30Baka y COOHMM ycr0BMMA.

lNpoceyHe BpegHOCTM pa3maka cy y LWapKama
ca ocuuiaumMjama paBHOTEXKHE BAaXKHOCTU (2,2
mm) 1 ocumnaymjama Temnepatype (2,3 mm) Hu-
e y ogHocy Ha wapxy 6e3 ocunnaumja (2,5 mm).
OBuM ce notephyje npeTnoctaBka ga ocumnaumje
paBHOTEXKHE BNAXKHOCTW M3a3MBajy AOAATHU Me-
XaHOCOPMUMOHN edeKaT Koju JONPUHOCKU penak-
cauMmju Hanpesara Yy ApBeETYy TOKOM Cyllerba.
MexaHocopnumMoHO Teyekre ce jaB/ba Kafa NoBp-
LUMHCKKU cnojeBu ApBeTa yhy y XUrpocKkonHo no-
Apydje BNAXXHOCTW, OAHOCHO Kafa Cy noj Hamo-
HOM Ha 3aTe3ame. Kako je TO Teyere ycmepeHo
y NpaBLy M CMepy AenoBakba HanoHa, To he ce
jaBuTM poaaTtHa gedopmaumja Koja AOMPUHOCK
penakcaumjn HanoHa. Penakcaumja HanoHa omo-
ryhasa dosbM KBasMTET Cyllerba Ha Kpajy npoue-
Ca, UK, Kao anTepHaTMBY, NOOLUTPABabE PEXKU-
Ma Y3 KBa/IMTET CylleHa Kao Y KOHBEHLMOHANHUM
wapxama. Moxe ce NpeTnocTaBuTM Aa BuLle
AMMNANTYAE N3a3UBAjY CHAXKHU]Yy MexaHoCcopnuujy,
a TMme U, oo ogpeheHe rpaHuLe, CMakbere Ha-
npesarba. Y NOBPLUMHCKUMM CN0jeBMMa ApBeTa ce,
ycnep, UMKANYHe MPOMEeHe BIAXKHOCTH, jaB/ba me-
XaHocopnumoHu edekat. To KOHTUHYMPAHO Bapw-
parbe paBHOTEXHE BNAXXHOCTU M3a3nea A0AATHY
aedopmaumjy NOBPLIMHCKMX C/I0jeBa, Koja ce He
MOKe NPUNUCaTN eNnacTU4HOoj, KOMMNOHEHTU C/O-
dofHor yTe3arba U BUCKOENACTUYHOj KOMMOHEHTH
Koje ce jaB/bajy NpPW KOHCTAHTOj BAarkHocTU (Mus-
zynski et al. 2005).

ButHO je uctahu ga ytvuaj npomeHe Kavme
Ha ApBO Huje TpeHyTaH, Beh nocToju ogpeheHo
Kalhere Koje ce noeehaa ca noseharem yaa-
JbeHOCTU ofpeheHor cnoja ApBeTa o4 NOBPLUMHE.
YTuuaj ocumnaymja onaga Kako ce nae Ka LeHTpy
ApBETa N MOXKe Ce KOHCTAaToBaTh Aa Yy CaMOM LieH-
TPy OH U Hema edeKTa, O4HOCHO HemMa NpoMeHe
B/IAYKHOCTM Yy LLEHTPY ApBeTa Koja je AMpeKTHa
nocaeamua OCLUMNOBaHA PAaBHOTEXHE BAXKHO-

ctu. Ca fpyre CTpaHe, NOBPLIMHCKM C10oj y Aedsbu-
HM 0-300 um Bpno SpP30 AOCTUNKE PABHOTENKHY
BnaxkHocT (Rosenkilde 2002). Moryhe je npeTtno-
crasutu (Cn. 6), anu cy notpedHa McNUTUBAHA Ha
MWKPOHMBOY Kako &1 ce npeunsHo yTBpAnNO me-
XaHM3aMm KpeTarba Boge ToKom oapeheHe dasze u
HaKOH Hoe.

MakKo Kao peHomeH nosHat Beh BuLwe og nona
BEKA, MEXaHOCOPNUMOHU edeKaT HUje MOoTNyHO
objawrbeH. Moryhe objalirbere MexaHoCcopnLum-
OHOT NoHalarba ApBeTa noHyaunu cy Hoffmeyer
i Davidson (1989) Koju cy y3pOK BUAENMU Yy HACTaH-
KY MUKpPOMyKOTUHa y heanjckom 3uay, T3B. KNu-
3HUX paBHu (slip plane). Mojasyje ce ogpeheHn
yrao namehy KAM3HUX PaBHU U IOHTUTYAUHANHOT
npasua cnoja C2 henunjckor 3nga, Aakne nocroju
TEXHa 3 Ce MUKPOOUSPUAM OpjeHTULY ynpas-

Tl =

Razmak (mm)
=

Bez osc. ur+20%,3h

Sarza

t£10%,3h

Cnuka 5. [prKas BpeAHOCTU pa3maka nocae akTuBHe
¢dase cywerba (HakoH 48 h KNIMmaTn3oBakHa)
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CnukKa 6. MNpeTnoctaB/beHO KpeTarbe BNAXKHOCTU MO
cnojeBMMa apBeTa TOKOM ¢asa ocumnaumja
paBHOTEXKHE BaXKHOCTU (Npema Perre 2007)
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HO Ha Hera. HacTaHaK KAM3HUX paBHU NOBE3aH je
Ca packuiarbem BOAOHUYHMX BE3a, a OBaj npoLiec
OVPEKTHO 3aBUCK O, MPOMEHEe caZprKaja Boae y
apseTy. BUTHO je HarnacuTn aa ce oBa Teopuja He
O[HOCK Ha MOjaBy MexaHOCOPMLUMOHOr Teyera
npu cywery, Beh Npu NpUTUCHUM U CaBOjHUM
HanoHWMa napajnenHo ca BAakaHuMma. CBaKako
[a 1 TOKOM cyllera duTaH yTuLaj Ha MexaHo-
COPMNUMOHO MOHalake ApBeTa MMa packuaarbe
M NOHOBHO GOpMMpate BOAOHUYHMX BE3A, OAHO-
CHO ModunHocT monekyna (Bazant 1985, Navi et
al. 2002, Navi 2007). HajHoBuja MUCTparknBama
NMoKasyjy Aa Ha nojaBy U BEANYMHY MexaHOCopn-
umoHor edekta dSUTHO yTMUy MmopdosoLLKa CBOj-
CTBa APBHUX BNaKkaHa (Dong et al. 2010). Y1Bphe-
HO je Ja BNaKHa KacHor gpBeTa nokasyjy sehu
MexXaHOCOpnuUMoHN edeKaT of BnakaHa paHor
OPBETa, @ UCTM 3aK/by4aK BaXku 3a 3pefio y OAHO-
Cy Ha jyBEHUAHO ApBO. Y3pOK je npoHaheH y pa-
3IMYNTOM yrny BnakaHa y C2 cnojy hennjckor
3143 - MakbM yrao 3Haum Behy mexaHoCOpPnuMOHY
Aedopmaunjy.

McTpaxnBara nocneprux roamHa cy nokasa-
Nla 4@ MOAENU KOjU Ce YecTo KOpUCTe Koa, onucu-
Batba cylera gpseta (Ranta-Maunus 1975,
Salin 1992) He pajy poBo/bHO aodpe pesyntaTte
KOA, Ccylwera ca ocumaaumjama napamertapa Ba-
3gyxa. 360r Tora WwTo je yTBpHEeHo Aa ce Ha noyeT-
Ky CylLerba jaB/ba U MmexaHocopnunoHa gedbopma-
LMja Koja je TpajHOr KapakTepa, dosbe pesynTate
daje moaen Koju odyxsaTa U wy (Cn. 7).

Wctpaxkusarba (Salem et al. 2016) cy notsp-
Ovna ga ce TpajHU (HEeNoBpaTHM) 4eo MexaHo-
copnunoHe aedopmaumje ja/ba Beh npu nNpsoj
NPOMEHM BNAXKHOCTWU APBETA M OCTaje Hernpome-
HEH, JOK ce MoBpaTHM Aeo aedopmaumje ca Ha-
peaHum BapwujaumMjama BnaxHocTu nosehasa Ao
oppeheHe rpaHuue.

3AKAYYIH

Y pagy je ucTparKmBaH yTuU@j ocuuaaunja
paBHOTEXHE BNIAXHOCTW, O4HOCHO Temnepartype
Ha TAaYHOCT MepeHa BNAXKHOCTM ApBeTa Y cyllapu,
6p3MHY 1 KBANUTET cyllerba. YTBpHeEHO je aa, Koz,
LWapXK ca ocumaaumjama, nsmepeHa BAAXKHOCT
ApseTa ocumnmpa Ao +1,5% y noapydjy BnaxHoCTH
n3Hag 45%. MNopen cTBapHMX NPOMEHA BNAXKHOCTH
NOBPLUMHCKMX C/l0jeBa ApBeTa, A0AAaTHO Ha mepe-
e yTuyy edekaTt NcMxpomeTpa U HeLoBO/bHA
noy3aaHoCT KOMMNeH3aumnje TemnepaType y noa-
py4Yjuma BMCOKe BNAXKHOCTU ApBeTa.

Cywerbe Wape ca ocuunaumjama pasHoTe-
YKHe BIaYKHOCTM je Tpajano HewTo Kpahe y ogHocy
Ha Apyre ABe LWapKe, a TPUMapHU y3poK 61 morao
61TK noBehaH rpafmjeHT BNaXKHOCTM y Ne-puoamma
HUCKe paBHOTEXHE BNAXHOCTU - ycnes nosehaHor
ncnapasarba BoAe Ca NOBpPLUMHE ApBeTa.

KBanuteT cywera M3paxKeH KPO3 KOHAuYHy
BNAXKHOCT, rPaAMjeHT BNAXKHOCTU N CKOPENOCT je
610 BMCOK KoZ, CBe TpU WwapKe. Huxe BpesHOCTH
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Cnuka 7. Peonowku moaen (Svensson, Torrati 2002): €° enactuyHa gedopmaumja, €' XMrpoeKkcna-H3moHa
fedopmaumja, €' BuckoenactnyHa pedopmauuja, €™ NOBPATHN AEO MEXaHO-COPMuMoHe
aedopmarmje, €™ TpajHK (HeMOBPaTHU) A0 MexaHOCopnLMoHe AedopmaLmje
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ANALYSIS OF MECHANO-SORPTIVE EFFECT IN OSCILLATORY DRYING OF BEECH TIMBER

pasmaka Kog Lapu ca ocuunaumjama notsphyjy
NPeTnocTaBKy 4a UMKAUYHE MPOMEHEe BAaXKHOCTH
MOBPLUMHCKMX C/OjeBa M3a3nBajy A0AATHU Mexa-
HOCOPMUMOHKN edeKaT Koju AONPUHOCK penakca-
UMju Hanpe3akba y APBETY TOKOM CylUeHa.

OF BEECH TIMBER

HanomeHa: Pag, je peann3oBaH y OKBMpY Npo-
jekaTta 6p. TP 31041 n TP 37008 Koje dpuHaHcKpa
MMWHUCTApCTBO NPOCBETE, HAyKe U TEXHOIOLWKOT
pa3Boja Penybnuke Cpbuje.

ANALYSIS OF MECHANO-SORPTIVE EFFECT IN OSCILLATORY DRYING

Mili¢ Goran, associate professor, University in Belgrade — Faculty of Forestry
Todorovi¢ Nebojsa, assistant professor, University in Belgrade — Faculty of Forestry

Abstract: The paper shows results of analysis of influences of oscillating parameters of drying
on measuring wood moisture content in the kiln, rate and quality of drying. For this analy-
sis, we used a conventional drying cycle, a cycle with oscillating equilibrium moisture content
(EMC), and a cycle with oscillating temperatures. A special software tool was created for man-
aging the oscillations. It was shown that oscillations of EMC and temperatures result in cyclic
changes in wood MC, but also in the additional inaccuracies of MC measurements in the kiln.
The drying process of the cycle with oscillating EMC lasted somewhat shorter than the other
two cycles. Drying quality was the same or better in the cycles with oscillations as compared to
the conventionally dried cycle, and the smaller tensions in the wood confirmed the activation
of the additional mechano-sorptive effect during cyclic changes of MC in surface layers.

Keywords: mechano-sorptive effect, oscillatory drying, beech timber, drying quality

INTRODUCTION AND THEORETICAL
BASES

There are constant efforts in timber industry
to achieve an optimal way of drying timber, that
is, to achieve the best possible drying quality in as
little time as possible. Due to wood shrinking and
the tensions caused by that process, creep plays
an important role in timber drying. Creep is a ten-
dency of a solid material to very slowly slide or to
get permanently deformed under the action of
prolonged stresses. Creep deformations in drying
appear as a consequence of inner strains caused
by wood shrinking, that is, the shrinking of wood
causes tensions that are equivalent to those
caused by stresses in ordinary analysis of creep.
Creep deformations relax the existing stresses and
therefore lower the possibility of cracks. These
deformations depend on the environment and are
larger with high temperatures and relative humid-
ities. This is one of the reasons why high-temper-

ature drying can be faster than the low-tempera-
ture drying, and still make fewer cracks.
(Hanhijérvi 2007).

There are two basic parts of creep mecha-
nism: the viscoelasticity one and the mech-
ano-sorption one (Fig. 1). Change of moisture con-
tent in wood, while the wood is already subject to
a certain stress, brings to an increase of creep
deformations - the phenomenon known as mech-
ano-sorption creep, or mechano-sorption effect.
This effect is very important for timber drying be-
cause this deformation is usually higher than the
deformation caused by viscoelasticity creep (Mou-
tee et al. 2010). These authors examined the ef-
fects of alternating moistening and drying on the
size of mechano-sorption deformation. It was con-
cluded than the mechano-sorption creep is higher
during the first sorption cycle than during the fol-
lowing cycles, and that the first sorption, regard-
less of whether the wood is moistening or drying,
leads to an increase of creep.
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Table 1. Drying schedule (beech, 38 mm)

MC (%) 60 55 50 45
Temperature (°C) 37 38 38 38
EMC (%) 15 15

It should be emphasized that the alternating
moistening and drying of wood occurs, to some
extent, in any conventional kiln, as a consequence
of the reversible air circulation in which the direc-
tion of air flow alternates every several hours.
Changes of direction cause oscillations of param-
eters of air in places where the air enters the
stacks. The first row of the stack, which is ex-
posed to the harshest conditions gets exposed to
the mildest conditions after the reversion of air
flow. A new reversion changes the parameters

Mocne uMKNUYHUX

a) KoHctanTHa  Bpeme t=0 Bpewme t
BIIaXHOCT anMena BNaXHOCTH
.7 s O . 14477,
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Figure 1. Viscoelasticity and mechano-sorption
reactions of wood a) typical experimental
procedure, b) schematic display of wood
reaction (according to Perré 2007)
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again. Amplitude of oscillations decreases with
the decrease of MC of wood in the kiln because
there is an ever smaller amount of water that can
change the parameters (Riehl, Welling 2003). Un-
relatedly to these uncontrolled oscillations, there
were many attempts to introduce into conven-
tional drying the forced, controlled oscillations of
parameters of air, in predefined intervals — so-
called oscillatory drying (Langrish et al. 1992, Ter-
ziev et al. 2002, Sackey et al. 2004, De La Cruz
-Lefevre et al. 2009). The goal was mostly to en-
hance the mechano-sorptive effect and achieve a
better drying quality (smaller stresses in wood),
but the results of some of these researches were
contradictory and often inapplicable in industrial
kilns.

The goal of this research is to determine the
influences of temperature oscillations or oscilla-
tions of EMC on measuring of MC of wood in the
kiln, and on the drying rate. The goal is also to
determine how the cyclical changes of MC (en-
hanced mechano-sorptive creep) influence the
final drying quality observed through final MC,
MC gradient across thickness, and case-hardening.

MATERIAL AND METHOD

Research was conducted on unsteamed beech
timber (Fagus sylvatica L.) that was 38 mm thick
and 2.1 m long. In total, 12 cycles were dried
(Mili¢ et al. 2013, Mili¢ et al. 2014), and this pa-
per analyzes three of them in detail (Table 1): a
conventional one, one with oscillating EMC (20%
amplitude, with 3-hour phases), and one with os-
cillating temperatures (10% amplitude, with
3-hour phases). All three cycles dried green tim-
ber, and the final MC was 8%.

Drying was conducted in a 0.8 m?® convention-
al kiln (stack 2.1 m x 0.7 m x 0.9 m), equipped
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with two axial fans (d=500 mm, P=0,37 kW), four
vents (two for inlet, two for outlet of air), a
cold-water humidifying system, and two points
for measuring the temperature and the EMC. The
kiln contains eight probes for measuring MC and
another four for wood temperature. For the os-
cillatory drying we first had to activate the soft-
ware tool (Fig. 2) which became a standard solu-
tion in the “Dry Manage” software made by
Nigos-elektronik. The default setting is that the
oscillatory drying is off, so as not to confuse the
less experienced users. When this setting is on, it
is possible to set the durations of the first and
second phase (Period 1 and Period 2), and also
the corresponding values of temperatures and
EMC’s. It was decided that the amplitudes are set
like this so that their values are adjusted to the
current drying phase. If the values would be set
in absolute values, they would be, in some parts
of the process, either too big or too small. Thus,
an oscillation amplitude of an absolute 2% would,
at the beginning of the process (with EMC around
15%), show values between 13% and 17%. The
same setting would, toward the end of drying
(with EMC around 5%), result in values between
3% and 7%, which would be an unacceptable dif-
ference in several aspects. Firstly, kilns can hardly
achieve such low MC’s (3% and less), and they are
difficult to accurately measure. Next, climate con-
ditions vary significantly (for EMC’s of 3% and 7%
at 60°C, relative humidities are 17% and 47%, re-
spectively). Finally, the theoretical analysis shows
that the influence of oscillations in this phase is

-1 x|
Version |
Oscilatorno susenje da v
Period 1 (h) 3
Atemp 1 (%) 10
A u, 1 (°/o) S 0
Period 2 (h) 3
A temp 2 (%) -10
Au 1 (%) 0

Figure 2. Oscillation parameters in the software tool

not significant (Salin 2003), and so such high am-
plitudes that would strain the system are unnec-
essary. The chosen setting enables the amplitudes
to be set in a relative sense. This means that if an
EMC amplitude of +10% is set, it will, for the
above example, provide values of 13.5% and
16.5% in the beginning, and 4.5% and 5.5% to-
ward the end. A similar analysis is also applicable
for setting the relative temperature amplitudes,
as opposed to setting them in °C.

Analyzed were the influences of oscillations on
accuracy of measurements in the kiln (during the
cycle with EMC oscillations probe measurements
were compared with oven-dry determinated MC),
on drying rate, and on drying quality. Also analyz-
ed was the problem of modeling of the mech-
ano-sorptive effect in conditions of oscillating pa-
rameters of air and MC, and it was compared to
the usual conditions in conventional drying.

In every cycle, sampling was conducted on 30
boards from the center of the stack. Starting MC’s
and final MC’s were determinated by oven-dry
method. MC gradients across thickness were cal-
culated by oven-dry method from five lamellae
cut out along the timber thickness. Case-harden-
ing was determined by measuring gaps (SRPS ENV
14464). For the analysis of final MC, aside from
the SRPS EN 14298 standard, statistical parame-
ters which can also be used for a final assessment
of drying quality were used - standard deviation,
coefficient of variation (k ) and relative dispersion
(RD):

k, =2100 (%)
Uy
_

U

RD

where:

o — standard deviation,

u, — mean final MC (%),

Au — difference between the maximal and the
minimal read-off value (%).

RESULTS AND DISCUSSION

Initial MC (determined by oven-dry method)
in all three cycles was higher than 80%, i.e. the
timber was raw, which was a consequence of the
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Figure 3. Drying curves and values of temperature
and EMC (conventional cycle, oscillating
EMC's cycle, oscillating temperatures cycle
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short period between felling trees and transport-
ing the timber to the kiln. As expected, the initial
MC as measured by probes was lower (Fig. 3).
The active phase of drying lasted 308 h with the
cycle without oscillations, 300 h with the cycle
with oscillating EMC’s, and 316 h with the cycle
with oscillating temperatures.

Influence of oscillations on
measurements of MC

The influence of abrupt changes of parame-
ters was noticeable in the cycles with oscillations,
especially in those with oscillating EMC’s. In the
periods where EMC (also relative humidity) in-
creases, higher MC were measured, and vice ver-
sa. MC variations were higher above 45% and
were up to +1.5%, while later they decrease and
below 20% they become negligible. The first cause
of this was the so-called psychrometer effect.
With MC significantly above FSP, surfaces of
boards acts like the wet bulb. Intensive evapora-
tion of moisture from the surface leads to cooling
of wood, that is, the temperature of wood is low-
er than the air temperature in the kiln, which is
itself the temperature of the dry bulb. The differ-
ence is higher if the relative air humidity is lower.
In measuring of MC of timber, a temperature
compensation takes place according to air tem-
perature. This causes the device to register a low-
er MC than real, because the correction is con-
ducted according to the higher temperature.
Naturally, a real decrease in MC also occurs during
this period. During the following period, in which
EMC increases, there is also an increase in relative
air humidity, and evaporation from wood surface
is slow (or there can even be a slight adsorption
of humidity from the air), and thus there is almost
no difference between temperatures of air and
wood, which is displayed by a surge of measured
MC. Later in the drying, evaporation kept slowing
down and so did the psychrometer effect.

Another cause of this phenomenon is an in-
sufficient reliability of temperature compensation
with high MC. Aside from the ever-present inac-
curacies of moisture meters above FSP, another
problem was that, in that range, a small change
in temperature causes significant changes in the
signal by which MC is determined. Still, consider-
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ing that the real MC above 30% is usually higher
than the one measured by moisture meters (Fig.
4), it is clear that the observed variations of meas-
urements did not have a big effect on drying rate.

The cycle with oscillating temperatures also
resulted in variations of measured MC’s as a con-
sequence of different temperatures of wood and
the surrounding air, and the unreliability of the
compensation of this parameter with high MC.
Variations of MC in this case were up to +1.5%
and decreasing with time. In this case, measure-
ments during periods with lower temperatures (at
the beginning, around 34°C) were more reliable
because the air temperature was closer to that of
the wood. On the other hand, with approaching
the higher temperatures (at the beginning this
was at around 41°C), the air achieved the set
temperature relatively quickly, which was not the
case with the wood, and this resulted in more
inaccurate measurements of MC. In this case, too,
variations in MC measuring did not influence the
real drying rate.

Influence of oscillations on drying rate

In the cycle with oscillations of EMC, drying
rate was higher than in the conventional one. The
primary cause for this might be a higher MC gra-
dient during the periods of low EMC, due to an
increased evaporation from wood surface. As
with drying without oscillations, in this case too
two phases of drying can be observed: the first,

EMC £ 20%, 3h

0 24 48 72 96 120 144 168 192 216 240 264 288

Time (h)

electric probes <+~ oven-dry method

Figure 4. Drying curves measured with moisture me-
ters and determined by oven-dry method
(oscillating EMC cycle)

when drying speed depends only on the external
conditions and when the line of evaporation is on
or close to the wood surface, and the second,
when the line of evaporation is moving toward
the inside and drying rate depends mostly on dif-
fusion. During the first, relatively short phase,
wood surface still had MC above FSP and thus the
pressure of water vapour was equal to the pres-
sure from saturation, that is, it was a function of
surface temperature only. Surface temperature
was equal that of the wet bulb, and the heat
which the air was giving out to wood was used
only for evaporation of water which was reaching
the surface by capillary movement. Decrease of
relative air humidity during the low EMC also
means a higher speed of evaporation because of
the increase of the difference between vapour
pressures on the surface and in the air. Higher
speed of evaporation also means a higher psy-
chrometric difference, i.e. a lower temperature of
the dry bulb (wood surface). As wood MC gradu-
ally decreases, at the same MC gradient, the in-
tensity of movement of free water decreases due
to lower permeability. There is a possibility that
this decrease of movement was decelerated by
the periods of low EMC, due to the higher MC
gradient. During the second drying phase, when
surface layers were under FSP, low EMC also ac-
celerates the movement of water, but by these
influences: speed of diffusion is higher because of
a higher difference between the amount of mois-
ture on the surface and in the center; surface
layers shrink due to losing water and thus shorten
the way for the water to reach the edge of evap-
oration from the inside.

During high EMC, the opposite effects oc-
curred. Speed of evaporation, on which the speed
of drying in the beginning of the process de-
pends, was lower because the difference between
vapour pressures on the surface and in the air
was lower. In later stages of drying, surface layers
received moisture from the air during this phase,
and increased their MC thus somewhat stopping
the mentioned positive effects. Regularity of os-
cillations led to the repeating of positive and neg-
ative effects, but because the total MC of wood
decreases, the positive influence was dominating.
This was enhanced by “psychrometer effect” (es-
pecially in the beginning of drying) because of
which the measured MC of timber in low EMC
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periods was lower than real, and it was around
the real one with higher EMC’s. With oscillating
EMC'’s, therefore, measured MC was on average
lower than in the conventional run, and the pa-
rameters of air were somewhat harsher.

Drying speed in the cycle with oscillating tem-
peratures was somewhat lower, which was in line
with some previous researches (Salin 2003) stating
that the effect of oscillating temperatures was small-
er than that of oscillating relative air humidities.

Influence of oscillations on drying quality

Final MC (Table 2) in all three cycles fulfilled
the SRPS EN 14298 standard within £1% from the
desired final MC and 93.5% of the boards were
within (0,7 + 1,3)-u,. If we consider some addi-
tional statistical parameters, such as coefficient of
variation (k) and relative dispersion (RD), all
three cycles fulfilled the so-called good drying
quality (according to Guzenda et al. 2002), that is,
all had the coefficient of variation below 20% and
the relative dispersion below 0.8 (Table 2). It can
be concluded that according to this, and consid-
ering the MC gradient across thickness, quality of
oscillatory cycles was not lower than that of the
conventional cycle. MC gradient in the cycle with
oscillating temperatures was lower (a statistically
significant difference), but this cycle also lasted
longer than the other two.

Case-hardening was measured after the active
drying phase, and it was expressed by values of
gap, as regulated by SRPS ENV 14464 standard.
Figure 5 shows the minimum, the maximum, me-
dian and 1st and 3rd quartile for gaps measured
after 48 hours

Average values of gap in cycles with oscillating
EMC’s (2.2 mm) and oscillating temperatures (2.3
mm) were lower than in the cycle without oscil-

Table 2. Final MC and MC gradient

I

Fd
o

w

Razmak (mm)
ﬁ
{,

e
o

°

ur+20%,3h
Sarza

Bez osc. t£10%,3h

Figure 5. Values of gap after active drying phase
(after 48 h of acclimatization)

lations (2.5 mm). This confirmed the assumption
that the oscillating EMC’s cause an additional
mechano-sorptive effect which contributes to the
relaxation of stresses in wood during drying.
Mechano-sorptive creep occurs when surface lay-
ers go below FSP, that is, when they are under
tension stress. Since this creep is directed in the
direction of the stress, an additional deformation
occurs to relax the tension. Stress relaxation ena-
bles a better drying quality toward the end of
drying or, as an alternative, a possibility of harsh-
er conditions with the same drying quality as in
conventional cycles. It can be assumed that high-
er amplitudes cause a stronger mechano-sorption
and, by that, somewhat lower stresses. In surface
layers of wood, the cyclical changes of MC cause
the mechano-sorptive effect. The continual varia-
tions of EMC cause an additional deformation of
surface layers, which cannot be attributed to the
elastic component, the component of free shrink-
ing, or the viscoelasticity components which oc-
cur at constant MC (Muszynski et al. 2005).

It is important to emphasize that the influ-
ence of climate change on wood is not instant,
but it occurs with a certain delay which increases

ur+20%, 3 h t£10%, 3 h

Cycle No oscillations
Final MC (%) 7.4
Coeff. of variation (%) 12.6
Relative dispersion 0.57
MC gradient (%/cm) 1.5 (0.5)

7.8 7.6

11.0 10.9

0.50 0.40
1.5 (0.5) 1.2 (0.3)

Standard deviation in parentheses
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Figure 6. Assumed movement of moisture across
layers of wood during phases of oscillatory
EMC (according to Perre 2007)

with the distance of a certain layer of wood from
the surface. The influence of oscillations decreas-
es closer to the center and it can be concluded
that in the center it does not exist, i.e. in the
center of wood there is no change in MC which
is a direct consequence of the oscillating EMC. On
the other hand, surface layer at depth of 0-300
um reaches EMC very quickly (Rosenkilde 2002).
This can be assumed (Fig. 6), but additional re-
search is needed on a microlevel in order to ac-
curately determine the mechanism of water
movement during a certain phase and afterwards.

Even though this phenomenon has been
known for more than half a century, the mech-
ano-sorptive effect has not been fully analyzed. A

possible explanation of the mechano-sorptive
behavior of wood was offered by Hoffmeyer and
Davidson (1989). They indicated that the effect is
caused by microcracks which appear in cellular
walls, the so-called slip planes. A certain angle
appears between the slip planes and the longitu-
dinal direction of S2 layer of cellular wall, which
causes the microphibrils to tend to align perpen-
dicular to it. The appearance of slip planes is re-
lated to the breakage of hydrogenic bonds, and
this process directly depends on the changes of
the amount of water in wood. It is important to
emphasize that this theory applies not only to the
appearance of the mechano-sorptive creep in
drying, but also to the compression and bending
tensions parallel to fibers. Certainly, the breakage
and creation of hydrogenic bonds, i.e. the molec-
ular mobility (Bazant 1985, Navi et al. 2002, Navi
2007), also has an important influence on the
mechano-sorptive behavior of wood. Newest re-
searches show that the appearance and size of
mechano-sorptive effect is heavily influenced by
morphological properties of wood fibers (Dong et
al. 2010). It was indicated that the fibers of late-
wood have a bigger mechano-sorptive effect than
those of earlywood, and the same conclusion is
valid for mature wood and juvenile wood. The
cause for this was found in a different angle of
fibers in S2 layer of cellular wall — a smaller angle
means a higher mechano-sorptive deformation.
Researches in the last several years have
shown that the models that are often used for
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Figure 7. Rheological model (Svensson, Torrati 2002): €° elastic strain, € hygroexpansion strain, " viscoelastic
strain, g™ reverse part of mechano-sorptive strain, €™ irrecoverable part of mechano-sorptive strain
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describing wood drying (Ranta-Maunus 1975, Sa-
lin 1992) do not show results that are good
enough for drying with oscillating air parameters.
Because it was determined that a irrecoverable
part of mechano-sorptive deformation occurs at
the beginning of drying, the model that also en-
capsulates this deformation is giving better results
(Fig. 7).

Researches (Salem et al. 2016) confirmed that
the irrecoverable part of mechano-sorptive
deformation occurs already with the first change
of wood MC, and that it remains unchanged,
while the recoverable part of the deformation in-
creases to some extent with the following varia-
tions of MC.

CONCLUSIONS

The research examined the influence of oscil-
lating EMC and oscillating temperatures on the
precision of measurements of wood MC in the
kiln, on drying rate, and on drying quality. It was
determined that, in the cycles with oscillations,
the measured MC oscillated up to +1.5% above
45% MC. Aside from the real changes of MC in
wood surface, the measurements were addition-
ally influenced by the psychrometer effect and by
the insufficient reliability of temperature compen-
sations at high MC.

Duration of the cycle with oscillating EMC’s
was somewhat shorter than the other two cycles.
The primary cause for this might be an increased
MC gradient at low EMC’s, due to a faster evapo-
ration from the wood surface.

Drying quality, as expressed by final MC, MC
gradient, and case-hardening, was high in all
three cycles. Lower values of gap in oscillatory
cycles confirm the assumption that cyclic changes
in MC of surface layers cause an additional mech-
ano-sorptive effect which contributes to relaxa-
tion of stresses in wood during drying.

Note: This research was realized within pro-
jects TR 31041 and TR 37008, financed by Minis-
try of Education, Science and Technological Devel-
opment of Republic of Serbia.
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