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WU3Bopa: Y pasy je aHanm3npaHa moryhHOCT cyllera XpacToBMX 1amesia — TaHKOT C/10ja MacuB-
HOr ApBeTa y BuLecnojHOM nogy. Pokyc NpBor gena paja je Ha KOHAEeH3aUMOHMM cyllapama
Koje Cy 3a cyluerbe XPacToBUX NaMesia afiTepHaTMBa KOHBEHLMOHANHUM cywiapama. NMpaheHa
Cy ABa LMKAYCa Cylleha y MHAYCTPUJCKOj Cyllapu U napameTpu cyluera nopeheHun ca apxu-
BOM LMKNYCa CylleHa amena Y KOHBEHUMOHANHO]j cylwapu. MIcToBpemeHo, cyluere namena
je cnpoBefeHo y KMma KOMOPU rAe je NpMMereHa B1LIA NoYeTHa TemnepaTtypa. [okasaHo je
[a ce xpactoBe namene aebsbrHe 5 mm Mory ycnewHo cywmTy y KOHAEH3aUMOHMM cyluapama,
Y3 penaTMBHO KPaTKO BpeME CyLLEeHa U BUCOK KBaAWUTET. Ca NPUMEHEHUM PEXKMMOM (MoYeTHa
TemnepaTypa 36°C, KoHayHa 46°C) 04EKMBAHO je a LMKAYC cyllera Tpaje o4 2 Ao 5 aaHa, y
3aBUCHOCTM OZ, KOJIMUMHE lamMena U NoYeTHE BNAaXKHOCTU. 360r BeiKe Bp3MHe ucnapaBarba
Boge M HemoryhHOCTH cylape Aa je oacTpaHe J0BO/bHO 6pP30, cylere Namena ce Uy KOoH-
[EH3aLNMOHMM U Y KOHBEHLMOHAHMM CyLlapama O4BWja NpU PaBHOTEXKHO] BAIAXHOCTU Koja je
BUWLLA OZ, 3a4aTWX BPeHOCTH.

K/byuHe peuu: xpacTtoBa fiamesa, BULIECNOjHM NMOAOBM OZ APBETA, CyLUeHe, KOHAEH3aLMOHa

cywapa

YBOA

Cywere pesaHe rpahe xpacTa, jegHe op,
Haj3Ha4YajHMjUX, @ CBAKAKO HajCKyn/be eBpPOmMncKe
BpCTe APBETa, je KOMMJ/IEKCaH 3aaTaK. XpacTosa
rpaha je CK/JIOHa HaCTaHKy rpellaka cylwera
(NpBEHCTBEHO MYKOTMHA), @ Cam MpoLec Beo-
ma gyro Tpaje. OcMm 3a n3pagy HamewTaja Kao
HajBaKHUjer TMna NPoM3BO4A O XPacTOBUHE, OBaA
BPCTa je HEMPUKOCHOBEHA M Ha TPXMULWWTY NOAO-
Ba oA ApseTa — Buwe oz 80% noposa of Apse-
Ta y EBponu je uspaheHo opg xpacra (FEP 2021).

! leo oBor paja je mMpe3eHToBaH Ha 5. KOHbepeHumju
,Wood Technology & Product Design“, Oxpua, CesepHa
MakegoHuja.

TpajHoCT OBe BpcTe, 04/IMYHA MEXaHMYKa CBOjCTBa
M KapaKTEPUCTUYAH U3res, cy pasnosu 360r Kojux
je xpacToBMHa TONIMKO TpaxeHa. OBa NOTPaXKba,
Kao M HeZl0BO/bHE KOMIMYMHE CUPOBUHE, CY JOBEN
[0 CTa/IHOT pacTa LeHa XpacToBUX Tpynaua u pe-
3aHe rpahe. MNpBeHcTBEHO 360r TOra y nocneaHux
ABajeceT roanHa ydewhe Ha TpxuUwTy noseha-
Bajy BMULLEC/N0jHN NOJ0BM, Tako ga cy 2013. npea-
cTaB/bann 50% ykynHe npogaje nogoBa o4 ApBeTa
(Infographic Journal, 2013), a 2020. Ha nogpyuyjy
Espone uak 82% (FEP 2021). Paau ce o ABOC/Oj-
HUM UK TPOCNOjHUM NOLOBMMA FAe je No npa-
BWJIy CaMO (penlaTMBHO TaHaK) ropkby C/10j noga
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nspaheH og macvBHor apseTa (Hajuewhe xpacr,
ann ce KOPWUCTE U jaceH, opax, TPOMCKe BpcTe).
YobuuajeHo ce 3a 0Baj C/10j KOPUCTU TEPMUH Na-
mena u npema ctaHgapay SRPS EN 13756 weHa
MWHUMaNHa gebsbuHa je 2,5 mm. MNopen edurkac-
Hujer kopuwhera cMpPOBKHE, OBM NOLOBU CY U -
MEH3MOHO cTabunHuju (3axBasbyjyhu yKpTary
cnojesa) y nopehery ca KnacMyHMM NoAoBUMA
04, MacMBHOT ApBeTa.

Mpw npon3BoaHM XpacToBux namena Hajsehu
nojeAMHaYHM TPOLWAK je cama CUPOBMHA —
Buwe o 80% yKRynHux Tpowkosa (Ortowski i
Walichnowski 2013), wTto nosehasa 3Hauaj
nsberasarba WKapTa. Jlamene ce y ApBHOj UHAY-
CTpUju mory nspahmsaTi y BUAY ceveHor pypHupa
Tj. dYPHMPCKMM HOXKeM (WwTo foHocK npobneme
Yy BUAY MUKPOMYKOTMHA, Na je ynotpeba oBaKkBUX
namena spno orpaHmyeHa (GrubfiiJohansson
2018) wunu npepagom pesaHe rpahe. U3 pesa-
He rpahe namene ce uspahyjy Ha ABa HaumHa:
paspe3unBarbem cyse pesaHe rpahe (obuyHo ce
pa3pesyje rpaha gebsbmHe 25 mm) unm paspesu-
BakbEM CMpOBe pe3aHe rpahe, nocne yera cneam
npouec BewTaykor cylwera. OBaj Apyrn HauyuH
obesbehyje BennKy ywTeay y BpeMeHy, jep je cy-
WweHe namena xpacta kKpahe v suwe og 10 nyta 'y
nopehery ca cylwerem pesaHe rpahe 25-30 mm
nebmuHe.

Mpobnemu Koju ce jaBsbajy y MHOYCTPUjCKO]
npaKcu cylera 1amesna ce oAHOCe Ha NojaBy AnC-
Konopaumja, febopmaLmja U HejegHaKe KOHaYHe
BnaxHoctn (Milié et al. 2021). Ha nogpyujy jy-
rovctovyHe EBpone ce namene cylwe y KOHBEH-
LMOHANHMM, @ Y Noc/iefHe Bpeme CBe BULe U Y
KOHAEH3aLMOoHMM cyluapama. NpeaHOCT KOHAEH-
3aLMOHMX Cyllapa je y TOMe WTO MOTy Aa paje
6e3 KoT/1a, Npy YeMy HeMa pasmeHe Basayxa ca
CMNoJballlkOM CPEeAMHOM, Tj. CMakbEH je PU3MK Of,
nojase aAnckonopauuja. OBe cywape gaHac mory
noctmsatm Temnepatype o 60°C wTo je Buwe
Hero 0BOJ/bHO 3a cyllerbe lamena. MNpu Tome je
notpebHo oko 0,3 kWh enekTpuyHe eHepruje 3a
ucnapasarbe 1 KuMnorpama Boge, WTO MX YMHU
€KOHOMWYHUjUM 0f, KOHBEHLMOHANHUX cyllapa
(Mili¢ 2019).

LUum osor gena paga je ga ce aHanusupa
npoLec cywekra namena xpacTta y MHAYCTPUjCKOj
KOHAEH3aLMOHOj Cylapu 1 ynopean ca KOHBEH-
LMOHANHUM cyllietbem. MNpakTUyHKu pesyntatu he
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6uTK ynopeheHu 1 ca pesyntaTuma cyllerba y na-
60opaTopunjckoj KAMma KoOMopHu.

MATEPHUJAA 1 METOA

McTparkmBare je cnpoBefeHO Ha XpacToBUM
namenama aebsbuHe 5 mm (wupmHa 100-170 mm,
ayunHa 700-2100 mm). Jlamene cy uspesaHe Ha
XOPU30HTA/IHOj TPAYHO] TECTEPU U3 CUMPOBE pe-
3aHe rpahe gebsbuHe 29 mm. U3 cBake gacke je
pobujeHo no 5 namena.

Jlamene cy no nspesnBary cnaraHe Ha nna-
cTuyHe neteuue H npoduna (camka 1) kKako 6m
ce CMamKWOo pU3MK 04 Nojase guckonopaumja. Y
KOHAEH3aLMOHY cyliapy (MakcMmanaH Kanauurtet
oKko 1600 m? cMpoBuMX Namena) je cnaraHo 2 peaa
cnoxaja no gybuHu cywape (moryhe je Tpu pega),
M 2 CNOKaja No BUCUHM (CAmKa 2).

Cylwetbe je cNpoBeAEHO MO pPeXxumy Koju je
npenopy4yeH og, npoussohaya cywape (tabena 1).
OBaj peXxum y3numa y 063up orpaHMyera KOHAEH-
3aUMOHe cyllape y norneay BUCMHE NOYETHE TeM-
nepatype (Kako 6u ce omoryhuno pazg KoHAEeH3aUU-

Cnuka 1. Chararbe XpacToBMX laMena Ha NAacTuyHe
netsuue (H npoduna)

Cnuka 2. Cnoxkaju namena y KoHAeH3aUMoHoj cylapu



CYWEHE XPACTOBUX TAMEJA: AEO 1. AHAJZIM3A MPOUECA Y KOHAEH3AUMOHOJ CYLLAPK

Tabena 1. Pexvm cyluerba XpacToBe Slamesie — KOHAEH3aLMOHa cyLwapa

u (%) >60 50 40 30 27
T(°C) 35 36 36 36 36
u, (%) 200 19 175 155

Brzina ventil. (%) 94 94 94 94 94

OHor arperata). Mako je pasa KOHAULMOHUPaHA
BP0 KOPUCHA Npu cyllery pesaHe rpahe (Milic i
Kolin 2008, Salin 2001), n3BspLlueHu cy npeanmu-
HapHW eKcnepMMeHTH Kako bu ce yTBpAMNO aa nu
oBa $asa Mma yTuLaj Ha KOHAYHW KBaZIUTET Xpac-
TOBWX namena. Y Ty CBpXY, y NPeNMMUHAPHOM UC-
TpaXKMBaky cy nopeheHe KOHaYHe BAAXKHOCTU Na-
Mena usmehy wapxe ca ¢pasom KOHAULMOHMPaHbA
(y Tpajarby o4 3 yaca) u wapxe 6e3 ose ¢dase.
YTBpheHo je Aa He NOoCTOoju CTaTUCTUUYKM 3HaYajHa
pa3fIMKa y KOHAYHO] BNAXKHOCTU, HUTU je KBanuTeT
cywera 60sbu. 360r HaBeAEHOT, Y OBOM UCTPAXKMU-
Bakby Ha Kpajy npoueca Hucy cnposohere dase
usjefHavyaBarba M KOHANLMOHMPAHLA.

Pexxunm je 3acHOBaH Ha npahetby BAAXKHOCTU
namena wTo je omoryheHo Kpo3 mepetrba 4 coH-
ae y cywapw. MpaheHa cy ABa UMKAyCa CylleHba, a
LM/baHa KOHaYyHa B/IAXKHOCT Namena je M3Hocmna
7%. MoyeTHa M KOHaYHa BIAXKHOCT lamena cy oa-
peheHe rpaBMMETPUjCKMM METOAO0M (cnKa 3) 1 To
Ha no 8 namena. Yetmpu namene cy nsabpaHe us
pefia naMena Koje cy uspesaHe 13 NOBPLUMHCKOT
cnoja pesaHe rpahe, a YeTMpu U3 cnoja 4o Tor.
[ocTu3ame Xe/beHnx napameTapa TOKOM OBOT
peXxuma y KoHAEeH3aLMoHOj cywapw je nopeheHo
Ca apxvMBaMa npoLieca cylliera 1amena y KOHBEH-
LUMOHaNHoj cywapu. Mopehere je BpLIEHO camo
Yy CMUCAY [OCTU3akba 3a4aTUX NapameTapa v aHa-
N13e pexnma.

14.2

24 21 18 15 12 9 6
37 38 40 42 44 46 46

12.8 11.2 100 85 6.5 4.5 3.8

92 90 88 86 84 84 84

Mopen ncnutnuBama y MHAYCTPUjCKOj KOHAEH-
3aUMOHOj cylwapu, CNpoBeAeHa Cy U TpU LMKayca
cyllena y nporpaMmbunnHoj Kamma komopu. Linsmbs
OBMX TECTOBA je 6MO UCMUTATK YTULA] BULIMX NPU-
MeHeHNX TemnepaTtypa Ha KBaNUTET cylera. Y
NPBOM TECTY NPUMEHEHA je KOHCTaHTHa Temne-
paTypa 45°C (Tabena 2), AOK je paBHOTEXKHA BAK-
HOCT $a3HO cHUKaBaHa ca 19% Ha 8%. YKynHo
Bpeme cyllerba je nsHocmao 60 yacosa. CyweHo
je 15 namena pacnopeheHux y 7 pegosa. lNoyeTHa
M KOHaYyHa BNaXHOCT lamena cy oapehusaHu rpa-
BMMETPUjCKUM METOAOM U pe3ynTaTv nopeheHun
ca pesynTatuma AobujeHum y nHayctpuju. Mocne
NpBOr, CNPoBeAeHa Cy jow ABa LMKAyca Cyllera
(ca jow BULWMM TemnepaTypama), a CBM AeTasby U
pesynTaTi OBUX LMKAyca AaTu Cy Y APYrom geny

paga (deo 2).

Ta6ena 2. Pexkum cyLuerba XpacToBe lamene — KAMma
Komopa

®aza | 1 1
Bp(:')"e 12 24 24
(‘,Tc) 45 45 45
(;:) 19 13 8

W25 em”T

CnuKa 3. LLema n3pesnBatba namena 3a rpaBUMETPUjCKo oapehnBatbe BaXKHOCTH
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PE3YATATH U AUCKYCHJA

MoyeTHa BNAXKHOCT Namena 3a Cyluere Yy UH-
OYCTPUjCKOj KOHAEH3aLMOHO] CyLWapK je U3HOCKU-
na namehy 44% n 60%. 360r HETa4YHOCTU MepeHa
BNAXKHOCTM CMPOBOT ApPBETA COHAE Y Cylapu cy
noKasusane Huxe BpegHocTu (31-49%, NnpoceyHo
39%). Bapujaumja noyeTHe BNAXKHOCTU je OYeKU-
BaHa M3 HeKonMKo pasnora. [pBo, noctoju Ba-
pujaunja BnaxHOCTM M3Mmehy gacaka U3 Kojux ce
nspahyjy namene (pasnmunTu Tpynum, Nonoxaj y
Tpynuy). MoTom, 0O4eKMBaHa je 1 pasanKa y BRax-
HOCTU n3mehy namena n3pesaHux U3 Ucte gacke,
360r npucyTHOT rpafmjeHTa BAaXKHOCTM No Aeb/bu-
HU rpahe. KoHa4yHO, HAPOYUTO TOKOM NIETHET Me-
puvoaa, pasNnMunT BPeMEHCKU NePUO, KOju NPoTeK-
He of, NpopesuBakba Tpynaua A0 M3pase fnamena
je 3HayajaH y3poK Bapujaumje NoYeTHe BAAXKHO-
cT. JleThM Nepros y KOM je uctpaxkusarse pahe-
HO je y3pOK penaTMBHO HUCKE NpOoCeyHe novyeTHe
BNIAXHOCTM Namena.

MpoceyHa KOHaYHa BNAXHOCT Namena je U3Ho-
cuna 6,8% y3 penatMBHO Mana oacTynama noje-
AMHAYHMX BpegHOCTU (cTaHAapZHa Bapujauuja
0,41%).

MpoceyHo Bpeme cyllera y KOHAEH3aLMOHO]
cywapwu je usHocuno 50 yacosa. OBO je BepoBaT-
HO 1 Hajkpahe moryhe Bpeme cyliera, 4OCTUXK-
HO jeANHO Yy C/ly4ajy penaTtMBHO Mane KOAUYnHe
namena y cywapu. Osge je To u 6Ko cnyyaj, jep
Cy NyeHa caMo ABa pefa c/o¥aja no AybuHu Ko-
Mope, a 6o4YHUM pasmak nsmehy namena y cnoxajy
je 6o penaTMBHO BeAUMKK (cnmKa 1).

AHanusa npoueca y KOHAEH3aLMOoHOoj U
KOHBEHLMOHA/IHOj CyLapu

Ha cavum 4 je npuKkasaH jefaH LMKNYC KOHOEH-
3aLMOHOr CyLllera, @ Ha CIMUM 5 LIMKAYC KOHBEH-
LMOHaNHOr cywerba namena. Ca caunke 4 ce Buan
4a TemnepaTtypa Npu KOHAEH3aLUWMOHOM CyLlekby
He JOCTUXKe 3aJaTe BPegHOCTU (HapoynTo Ha no-
YeTKy npoueca). Y KacHUjum dpasama cyluera cy
pasnuKke namehy 3agate U UsMepeHe Temnepary-
pe mane. Pasnor oactynama je WwWro KOHAeH3aum-
OHa Cylwapa Huje KopUCTUaa TONJOTHY eHeprunjy
13 KoTna, Beh je cBa ToN/s0THa eHepruja gobujaHa
pagoM KOHAEH3ALMOHOr arperarta, a To Y HeKUM
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daszama Huje 6Mn0 fOBO/BLHO. OYEKNBaHO, Npu
cylwerby Y KOHBEHLUMOHAMHO] Cyllapu Hema npo-
6nema y focTU3akby TemnepaTtype (camnka 5) ¢ Tum
LUTO je Ba*KHO HAracuUTU Aa Cy Ha NOYeTKy npoue-
ca TemnepaType 3HaTHO HUXKe Hero y KoHAeH3a-
LMOHOj cywapw. MNpn KOHBEHLMOHAHOM CyLIeHY
noyeTHa Temnepatypa je ceera 25°C u TeK Kaga
BNIAXKHOCT Namena nagHe ucnog 30% npumemsyjy
ce Temnepatype n3Hag 30°C. Huxke temnepaty-
pe 3a cywere flamena y KOHBEHLMOHANHUM Cy-
wapama cy yobuyajeHe, ca Um/beM cMakbuBarba
pU3KnKa of, NOTEHLMjAHUX ANCKONOpaLMja U Apy-
rMX rpewaka. Y oBom c/y4ajy je npouec cywema
Y KOHBEHLMOHA/IHOj Cyllapu Tpajao 78 yacosa, a
[yKe Bpeme je pesynTaT Bulle NoYeTHe BaXKHO-
cTn namena (M3Hag 50% mepeHo eneKkTpoBaaro-
Meprma y Cyllapu), HAXKUX TemnepaTtypa y NpBom
Aeny npoueca u Behe KonmMumMHe namena y camoj
cywapu.

3a pasnuKy og, TemnepaTypa, PaBHOTEXHEe
BNAXKHOCTM NOKa3yjy cnMYaH TpeHa — y oba Tmna
Cyllapa je paBHOTEXHA BAAXKHOCT U3HAZ 3a4aTUX
BpegHocTM. Ha noyeTKy npoueca je pasavka us-
pajkeHwuja (Koa KoHAEH3aUMOHe MaKCUmanHo 5%
W3Hag, 3a4aTe BPeAHOCTH, @ KO KOHBEHLUMOHAaNHe
4%), a c BpemMeHOM ce NocTeneHo cmakbyje. JacHo
je na je — 6e3 0b63upa Ha TMN cylape — OCHOBHMU
npobsem yknararbe Be/IMKe KONYMHE BOAeHe
nape Koja ce jas/ba Ha No4YeTKy npoueca. Hanme,
c 063Mpom pa ce paam O TaHKOM MaTepujany
(0bnuHO fO 6 mm), yKynHa NoBpLlMHA ApBeTa
Ca Koje BOAa mcnapasa je BuLecTpyko Beha Hero
npw cywemy pesaHe rpahe. MctoBpemeHo, Jomu-
HaHTHa KOMMOHEHTA NpoLLeca cyllera je ynpaso
ncnapaBakbe BOAe Ca MOBpLUMHE ApBeTa, AOK je
3Hayaj audysuje JaNeKo Marbu HEro Npu cyllery
pesaHe rpahe. Y cnyyajy KOHBEHLMOHA/HE CyLua-
pe pasmeHa BasAyxa ca CNosballkbOM CPeguHOM
HUje AOBO/bHO epMKacHa ga 6u cHM3MANa pena-
TUBHY B/IQ’KHOCT BasZyxa Yy Cyllapu, AOK Y Cay4ajy
KOHAEH3aLUMoHe cyllape Huje A0BO/bHO epuKacaH
KOHAEH3aUNOoHM arperat. EBeHTyasHe BuLe Tem-
nepartype y pexxmmy KOHBEHLMOHAIHWX Cyllapa 6u
omoryhune fa paBHOTEXKHA BAAXKHOCT Yy CyLlapu
byae 6aunKa 3a4aToj BPeAHOCTH, jep TONMjM Bas-
AyX MOXe fia npumu Behy KoNnumHy BofeHe nape
(Hnp. Ba3ayx TemnepaTtype 25°C Mmoske Aa cagpu
MaKCMManHo 23 g BogeHe nape no m, 0K je npu
36°C Ta BpegHocTt 39,6 g/m3). Mehytum, Buwwe
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Cnuka 4. BnaxKHOCT ApBeTa, TemnepaTypa U PaBHOTENKHA BNAXKHOCT TOKOM KOHAEH3aLLMOHOT Cyllerba
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Cnuka 5. BnaxkHOCT gpBeTa, TemnepaTypa ¥ paBHOTEXHA BNIaXKHOCT TOKOM KOHBEHLMOHA/HOT CylleHa
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TemnepaType 6u 3Hauune u bpxKe ncnapasare
BOAe 1 Behu pU3MK oA Nnojase rpeLlaka cylema.

TpeHA CHUXKaBarba BAAXKHOCTU namena y oba
TMNa cylwapa AMPEKTHO 3aBUCU Of, CHUXKaBakba
paBHOTEXHe BnaxHocTu. C 063upom aa je pas-
HOTEXHA B/IAXKHOCT Ha Kpajy npoueca v gabe
BULUA Of, 3a4aTe BPEAHOCTU (AaKkae MUHMMANHO
moryha), peanHa MoryhHoCT je cylumnTu namene u
6e3 meperba BNAXKHOCTU CAMUX laMmena, Tj. caMo
Ha OCHOBY BPEAHOCTM PaBHOTEXKHE BNAXKHOCTM.
OBoO 6M f04AaTHO NOjeLHOCTABUIO MPOLEC, Na U
notpebHy onpemy cyluape.

MoTeHuMjanHe rpeLlKe cylwera

KBanuTeT cywerwa HAaKOH LUUKAyca KOHAEH3a-
LMOHOr cyletrba je 6mo Bpno BMCOK. 360r Hepo-
cTaTKa onTtepehera, y ropkbuM pegoBuma cio-
»Kaja [onasu 4o nojaBe KOpUTaBOCTU (CauKa 6),

Cnuka 6. KoputasocT namene ns nocnegrer pega
cnoxaja

Cnuka 7. YeoHe nyKOTMHE Ha XpacToBOj namenu
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aNn 3HaYajHO Makbe Hero LTO Cy PerucTpoBanu
Baranski et al. (2020) npu cywery HeonTe-
peheHux XxpacToBUX namena y n1abopaTopmjckum
ycnoBuma.

Ha manom 6pojy namena youeHa je nojasa
YeoHMX NYKOTWMHa (cnuKka 7). YrnaBHOM Cy OHe
nocneamua MHULMjaHUX MYKOTMHA Koje cy Ha na-
menama bune npucyTHe Npe BeLITaYKor Ccylletsa.
GrubfiiJohansson (2018) HaBoAge Aa cy ynpaso
yeoHe NyKoTMHe Hajuewhu pasnor (23%) oabaum-
Batba Namena y Aasboj npounssoaru. Mopes yeo-
HUWX, HUCY yOUeHEe HUKAKBe HeNnpuxeaT/bMBe MyKo-
TUHe (noZena Ha NPUXBAT/bMUBE U HEMPUXBAT/bUBE
nykotuHe npema Pahlberg et al. 2018).

YoueHe cy v Bapujaumje gebsbuHe namena, Kao
1 Bapupare gebsbrHe No WUpUHU namene, WTO
Cy rpeLuKe Koje yTnyy Ha nojasy aedopmaumja un
reHepasHoO cmakbyjy nckopuiwhere cMpoBUHE.
MnakK, c 063Mpom fa oBe rpellKke HUCY pesynTaTt
BELUTAYKOr CyLleHa, 0BAE HUCY aHaM3NpaHe.

Cywierwe y Kimma Komopu

Cylwetbe y KNMma Komopu ce oasuja b6e3 pas-
MeHe Ba3ayxa ca CNno/ballkbOM CpeanHOM, na
je no Tome CANYHO KOHAEH3ALMOHOM CyLUehy.
MpoceyHa noyeTHa BAAXKHOCT Yy WUCNUTUBAHO]
Wwapxun mnsHocuna je 47,2% (ctaHpapaHa ae-
Bujaumja 1,8%), a HaKoH cywera og 60 yacoBsa
(y 3aBplwHOj dhasm je paBHOTEXKHA BNANKHOCT U3-
Hocuna 8%) BnaxHOCT namena je 6una 9,3% (ct.
neB. 0,2%). Mako je noyeTHa TemnepaTtypa 6una
penatueHo BUcoKa (45°C), HAaKOH cywera HUCY
yoyeHe HWKaKBe nykoTuHe. OBO nokasyje Aa je,
360r mane aeb/brHe maTepujana, pUsuK oa nojase
Hanpesarba U NYKOTMHA BULLECTPYKO Makbh HEro
npu cywemry pesaHe rpahe Kaja je Temnepatypa
BaykaH ytuuajHu ¢pakrop (Oltean et al. 2007).
NcToBpeMeHO, O4EKMBAHO je Aa bu eBeHTya/He
BMLIe TemnepaType y KacHMjum dpasama cylierba
(HapouunTo Mcnog, 12% BnaxkHocTU namena) ybp-
3ane npouec (Straze et al. 2020). Ca acneKTa ge-
dopmaumja, 3abenexkeHa je bnara KOPUTABOCT LUTO
je nocneguua HeontepeheHocTn namena. BusenHa
KOHTPOAA je yKa3ana Aa Hema 3HayajHe pas/nke y
60ju namena npe 1 nocse cywera, Kao HU Yy Mo-
pehery ca namenama CyleHUM Y MHAYCTPUjCKOj
KOHZEeH3aLMOoHOj cyllapu (aeTasbHa aHanusa 6oje
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je ypaheHa y HapegHa ABa LMKAyca cyleha u
npukasaHa y gpyrom geny paga). Cee HaBegeHo
yKasyje Ha MoryhHOCT NpMMEHe BULLMX NMOYETHUX
TemnepaTypa y O4HOCY Ha TPeHYTHO KopuwheHe y
MHAYCTPUjW LUTO je carnacHo ca pesyntatuma apy-
rmx ayTopa (Skuratov et al. 2020).

3AKAYIIIN

Y paay je aHanuampaHa moryhHocT cywerba
XpPacToOBMX laMmena y KOHAEH3aLMOHUM cyLlapa-
Ma ¥ npouec je ynopeheH ca KOHBEHLMOHANHUM
cywerem. JegHa o4 OCHOBHUX MPeaHOCTU OBUX
cywapa — nopes, 6o/be eHepreTcke eduUKacHOCTH
n moryhHoctu paga 6e3s Kotaa — je U 0ACYCTBO
yBohera cBexer Basgyxa y KOMOpY LITO je mno-
*eJsbHO ca acnekTa 6oje gpseTa.

MoKasaHo je Aa ce, Npu NPUMEHU pPeEXUMa
npenopy4yeHor o4 cTpaHe npoussohaya cywape,
XpacTtoBa namena gebsbnHe 5 mm moKe ocywnTm
3a 2 10 5 naHa (y 3aBUCHOCTU Of, KONMYMHE Name-
Na y cywapw v noyeTHe BAAXKHOCTH). 3@ pasnunky
O/, KOHBEHLMOHaNHe cylape, TOKOM KOHAEeH3a-
LMOHOr npoLeca ce YyrNaBHOM Huje AocTusana
Kes/beHa TemnepaTtypa (HapoyYMTO Ha MoYeTky
npoueca), WTo je nocnegmnua paga 6es ekcrepHe
TONMOTHE eHepruje. Y 0ba Tvna cywapa je paBHo-
TEXHa BNAXKHOCT CBE BpeMe cyllera buna nsHag,
3apate BpegHocTn. OBO He yTUYe 3HayajHO Ha
NpoAy»eTak npolieca cyllera, a cMmakyje moryh-
HOCT HacTaHKa rpelaka cywema. C o63mpom ga
He MOCTOjM ONacHOCT Aa PAaBHOTEXHA BIAXKHOCT Y
cywapwu byae HUKa of, 3a4aTe BPeAHOCTH, OTBOpe-
Ha je MoryhHOCT cyLlera 7amenia CaMo Ha OCHOBY
BPEeAHOCTM PAaBHOTEKHE BAIAXKHOCTH.

MpBK LUMKAYC cylera y KAMMa KoMopHu je no-
Ka3ao fa ce Mory NnpumMer1MBaTh 1 BULLE NoYeTHe
Temnepatype (MuHumanHo 45°C). Mnak, notpeb-
Ha je naxk/bMBa aHanusa noseharba TPOLIKOBA
cywema (fofaTHa eHepruja u3 Kotna) y cayyajy
npUMeHe BULLIMX TemnepaTypa.

HanomeHa: Papg je peanvsoBaH y OKBUPY
npojekarta 6p. 451-02-68/2020/14/2000169 (Mu-
HUCTAPCTBO NPOCBETE, HAYKe M TEXHO/IOLWKOT pas-
Boja Penybnuke Cpbuje) n 6p. 442-01 (PoHpg, 3a
WMHOBALMOHY AeNaTHOCT).

51



Goran Mili¢, Nebojsa Todorovi¢, Marko Veizovi¢, Ranko Popadi¢

DRYING OF OAKWOOD LAMELLAS: PART 1. ANALYSIS OF THE
PROCESS IN ADEHUMIDIFICATION KILN'

Goran Mili¢, full professor, University of Belgrade, Faculty of Forestry (goran.milic@sfb.bg.ac.rs)
Nebojsa Todorovi¢, associate professor, University of Belgrade, Faculty of Forestry

Marko Veizovi¢, teaching assistant, University of Belgrade, Faculty of Forestry

Ranko Popadi¢, associate professor, University of Belgrade, Faculty of Forestry

Abstract: The subject of this paper is to analyse the drying process of oak lamellas, which are
the solid wood top layer of engineered wood flooring. The focus of the first part of the paper
is on dehumidification kilns. Drying in a dehumidification kiln is an interesting alternative to
conventional drying of thin solid oak wood with the aim of reaching high drying quality in a rea-
sonable time. Drying tests were done in an industrial dehumidification kiln, and drying parame-
ters were compared with the drying in the conventional kiln. Simultaneously, a drying test at a
higher temperature was done in the programmable climate chamber. It was demonstrated that
thin oak lamellas (approx. 5 mm thick) could be successfully dried in a dehumidification kiln in a
relatively short time and with high drying quality. With the applied drying schedule (initial tem-
perature of 36 °C, final temperature of 46 °C), the drying cycle will last 2 to 5 days, depending
on the amount of wood and the initial MC. Due to the high rate of water evaporation and the
inability of the kilns to remove it fast enough, the drying of lamellas in both dehumidification
and conventional kilns takes place at a higher equilibrium moisture content than the set values.

Keywords: oak lamella, engineered wood flooring, drying, dehumidification kiln

INTRODUCTION

Drying of oak timber, one of the most impor-
tant and certainly the most expensive European
wood species, is a complex task. Oak timber is
prone to drying defects (primarily cracks) and has
a low drying rate. Apart from furniture, as the
most important oak wood product, this species
is the dominant choice in the wood flooring mar-
ket. More than 80% of wooden floors in Europe
are made of oak (FEP 2021). High durability, ex-
cellent mechanical properties, and appearance are
the reasons for this high demand for oak wood.
However, due to the high demand and scarcity of
raw materials, the price of oak logs and timber has
been steadily rising. Due to that, the market share
of engineered (multilayer) floors has increased
in the last two decades. In 2013, they represent-
ed 50% of total sales of wood floors (Infographic

1 A part of this paper was presented and published in the
conference proceedings of the 5" International Scientific
Conference "Wood Technology & Product Design”, Ohrid,
the Republic of North Macedonia.
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Journal, 2013), and in 2020 in Europe, as much as
82% (FEP 2021). These are two-layer or three-layer
floors where only the (relatively thin) top layer of
the floor is made of solid wood (usually oak, but
ash, walnut, and tropical species are also used).
The term “lamella” is usually used for this layer,
and according to the standard SRPS EN 13756, its
minimum thickness is 2.5 mm. In addition to the
more efficient use of raw materials, these floors
have better dimensional stability (thanks to the
crossing of layers) compared to solid wood floors.

The cost of raw wood is the highest single cost
of lamella production — more than 80% of the to-
tal cost (Ortowski and Walichnowski 2013),
which increases the importance of avoiding de-
fects in wood. Lamellas in the wood industry can
be made in the form of sliced veneer (due to prob-
lems with microcracks. The use of such lamellas
is limited (Grubfi and Johansson 2018)), or if
made from sawn timber, two options are possi-
ble: sawn from dry timber (usually 25 mm thick
timber) or green timber, followed by kiln drying.
The second option provides huge savings in drying
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time because the drying of thin oak material is 10
times (and more) shorter as compared to the dry-
ing of 25-30 mm thick boards.

Problems occurring in the industrial practice of
drying lamellas are related to the appearance of
discolourations, deformations, and unequal final
moisture content (Mili¢ et al. 2021). In the area
of Southeast Europe, lamellas are dried in con-
ventional and, lately, more and more in dehumid-
ification kilns. The advantage of dehumidification
kilns is that they can work without a boiler while
no air exchange with the outside environment is
present, i.e., the risk of discolouration is reduced.
Nowadays, dehumidification kilns are capable of
reaching temperatures of up to 60 °C, which is
more than needed for oak lamella drying. About
0.3 kWh of electrical energy is needed to remove
a kilogram of water, making them overall more
economical than conventional kilns (Mili¢ 2019).

The objective of this part of the study was to
analyse the drying process of oak lamellas in an in-
dustrial dehumidification kiln and compare it with
conventional drying. Results from the industry will
also be compared with the results of drying in a
laboratory climate chamber.

MATERIAL AND METHODS

The research was performed on 5 mm thick
oak wood lamellas (width 100-170 mm, length
700-2100 mm). The lamellas were produced on
a 29 mm thick horizontal band saw from raw tim-
ber. Five lamellas were obtained from each board.
They were stacked on plastic H-shaped stickers
(Fig. 1) to reduce the risk of discolouration. Two
rows of stacks (three rows possible) were placed
along the depth of the dehumidification kiln (max.
capacity of about 1600 m? of raw lamellas) and 2
stacks in height (Fig. 2).

Figure 1. Stacking of oak lamellas on H-shaped
stickers

Figure 2. Stacked lamellas in the dehumidification kiln

The drying schedule recommended by the
kiln manufacturer was used (Table 1). It takes into
account the limitations of the dehumidification
kiln in terms of the minimum initial temperature
(to enable the operation of the heat pump sys-
tem). Although very useful in drying sawn timber
(Mili¢ and Kolin 2008, Salin 2001), preliminary
experiments have been conducted to determine
whether the conditioning phase has an impact
on the drying quality of oak lamellas. In a prelimi-
nary study, the final moisture content (MC) of the
lamellas was compared between the batch with
the conditioning phase (lasting 3 hours) and the
batch without this phase. No statistically signifi-
cant difference was found, and the drying quality
was similar. That is why no equalization and con-

Table 1. Drying schedule (oak lamella) — dehumidification kiln

MC (%) >60 50 40 30 27
T(°C) 35 36 36 36 36
EMC (%) 20 19 175 155 142

Fan speed (%) 94 94 94 94 94

24 21 18 15 12 9 6
37 38 40 42 44 46 46
12.8 112 100 85 6.5 4.5 3.8
92 90 88 86 84 84 84
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ditioning phases were performed at the end of
drying.

The drying schedule is MC-based, and the MC
was measured by 4 electric probes in the kiln.
Two drying cycles were monitored, and the final
MC was 7%. The initial and final MCs were deter-
mined on 8 lamellas by the oven-dry method (Fig.
3). These lamellas were selected from the group of
lamellas cut from the surface layer of sawn timber
(4 lamellas) and the layer next to it (4 lamellas).
Achieving the set air parameters in the dehumid-
ification kiln was compared with the lamella dry-
ing process in a conventional kiln. The comparison
was performed only in terms of reaching the set
parameters and the drying schedule analysis.

The drying tests were also done in a program-
mable climate chamber. The aim of these tests was
to examine the influence of higher temperatures
on drying quality. In the first test, a constant tem-
perature of 45°C was used (Table 2), and the EMC
was reduced gradually from 19% to 8%. The total
drying time was 60 hours, and 15 lamellas (ar-
ranged in 7 rows) were dried. The initial and final
MCs were determined by the oven-dry method,
and the results were compared with the results
obtained in the industry. After the first, two more
drying cycles were carried out (with even higher
temperatures), and all the details and results of
these cycles are given in the second part of the
paper (Part 2).

RESULTS AND DISCUSSION

The initial MC of lamellas at the beginning of
dehumidification drying was between 44% and
60%. As expected, the electric probes in the kiln

Table 2. Drying schedule (oak lamella) — climate
chamber

Phase | 1} 1
T:?)e 12 24 24
(OTC) 45 45 45
E(';')c 19 13 8

showed lower values (31-49%, average 39%).
Variation in the initial MC is expected for several
reasons. First, there is an MC variation between
the boards from which the lamellas are made (dif-
ferent logs, different positions in the log). Then,
the difference in the MC between the lamellas cut
from the very same board is also expected due to
the MC gradient across the thickness. Finally, es-
pecially during the summer, the different time that
elapses from log sawing to lamella production is
a significant cause of variation of the initial MC.
This research was conducted during the summer,
which is the cause of the relatively low average
MC.

The average final MC of lamellas was 6.8%,
with relatively small deviations of individual values
(stand. dev. 0.41%).

The average drying time in the dehumidifica-
tion kiln was 50 hours. That is probably the short-
est possible drying time, achievable only in the
case of a relatively small number of lamellas in
the kiln (which was the case here). Moreover, the
lateral distance between the lamellas in the stacks
was relatively large (Fig. 1), which also reduced the
total number of lamellas.

—100em™

_ Masem

_—10.0em™—

Figure 3. Lamella cutting scheme for MC determination by the oven-dry method
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Analysis of the process in the
dehumidification and conventional kiln

Fig. 4 illustrates a cycle of dehumidification
drying of lamellas, while the cycle of conventional
drying is depicted in Fig. 5. It can be seen (Fig. 4)
that the temperature during the dehumidification
drying does not reach the set values (especially at
the beginning of the process). In the later stages
of drying, the difference between the set and the
measured temperature is small. The reason for the
deviation is that the dehumidification kiln did not
use the thermal energy from the boiler (all ener-
gy was obtained from the heat pump system, and
that was not enough in some phases). As expect-
ed, when drying in a conventional kiln, there are
no problems in reaching the temperature (Fig. 5),
but it is important to emphasize that at the be-
ginning of the process, the temperatures are sig-
nificantly lower than in the dehumidification kiln.
In conventional drying, the initial temperature is
only 25°C, and it rises above 30°C after the MC of
lamellas falls below 30%. Low temperatures in in-
dustrial conventional kilns are common, intending

to reduce the risk of potential discolouration and
other drying defects.

Unlike temperature, the EMC showed a similar
trend in both types of kilns — the EMC is above
the set values. At the beginning of the process, the
difference is more pronounced (in the dehumidifi-
cation kiln, a maximum of 5% above the set value,
and in the conventional kiln 4%), and it gradual-
ly decreases over time. It is clear that, regardless
of the kiln type, the basic problem is the removal
of a large amount of water vapour that occurs at
the beginning of the drying. During the drying of
thin wood material (usually up to 6 mm), the to-
tal area of wood from which water evaporates is
many times larger compared to the drying of sawn
timber. At the same time, the dominant compo-
nent of the lamella drying process is the evapo-
ration of water from the wood surface, while the
diffusion is insignificant (again, when compared to
the drying of sawn timber). In the case of conven-
tional drying, the exchange of air with the outside
environment is inadequate to reduce the EMC in
the kiln, while in the case of a dehumidification
kiln, the heat pump system is not efficient enough.
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Higher temperatures in the conventional drying
schedule would make it possible to have the EMC
in the kiln closer to the set value because warmer
air can hold a larger amount of water vapour (e.g.,
moist air at 25°C can hold max. 23 g of water va-
pour per m3, while at 36°C this value is 39.6 g/m?3).
However, higher temperatures would also mean
faster evaporation of water and a somewhat high-
er risk of drying defects.

The trend of decreasing the MC of lamellas in
both kiln types depends directly on the EMC de-
crease. Since the EMC at the end of the process
is still higher than the set value (although the
minimum possible), there is a possibility of dry-
ing lamellas without MC measurement, i.e., only
based on the EMC values. That would further sim-
plify the process, as well as the necessary equip-
ment in the kiln.

Potential drying defects
The drying quality after the dehumidification

drying cycle was high. Due to the lack of load,
cupping occurred in the upper rows of the stacks
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ring conventional drying

(Fig. 6), but significantly less than reported by
Baranski et al. (2020) after drying unloaded oak
lamellas in laboratory conditions.

The appearance of end checks was observed
on a small number of lamellas (Fig. 7). They are
mainly a consequence of the initial checks that
were present on the lamellas before kiln drying.
Grubfi and Johansson (2018) stated that end
checks are the most common reason (23%) for re-
jecting lamellas in further production. In addition
to the end checks, no unacceptable cracks were
observed (division into acceptable and unaccept-
able cracks according to Pahlberg et al. 2018).

Figure 6. Cupping of a lamella from the highest row
of the stack
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Figure 7. End checks on an oak lamella

Deviations in the thickness of the lamellas
were also observed, as well as deviations in the
thickness along the width of the lamellas, and
these are the defects that cause deformations and
generally reduce the utilization of raw materials.
However, since these defects are not the result of
kiln drying, they are not further analysed.

Drying in the climate chamber

Drying in the climate chamber takes place
without air exchange with the outside environ-
ment, so it is similar to dehumidification drying.
The average initial MC in the tested batch was
47.2% (st. dev. 1.8%), and after 60 hours of drying
(in the final phase EMC was 8%), the lamellas MC
was 9.3% (st. dev. 0.2%). Although the initial tem-
perature was relatively high (45°C), no cracks were
observed after drying. This demonstrates that, due
to the small thickness of the material, the risk of
developing stresses and cracks is many times low-
er than in the case of drying sawn timber (when
the temperature is an important factor in stress
development — Oltean et al. 2007). At the same
time, it can be expected that higher temperatures
in the later stages of drying (especially below 12%
MC) would accelerate the process (Straze et al.
2020). Regarding deformations, slight cupping

occurred, which is a consequence of drying the
unloaded lamellas. Visual control indicated that
there was no significant difference in the colour
of the lamellas before and after drying, as well as
in comparison with the lamellas dried in an indus-
trial dehumidification kiln (detailed colour meas-
urements and analysis were done for the next
two drying cycles and presented in Part Il of the
paper). All of the above indicates the possibility
of applying higher initial temperatures compared
to those currently used in the industry, which is
in agreement with the results of other authors
(Skuratov et al. 2020).

CONCLUSIONS

In this part of the paper, the possibility of dry-
ing oak lamellas in a dehumidification kiln was an-
alysed and compared with the process of conven-
tional drying. One of the main advantages of these
kilns, in addition to better energy efficiency and
the ability to work without a boiler, is the absence
of fresh air entering into the kiln, which is favour-
able from the aspect of wood colour.

It has been shown that, when applying the
drying schedule recommended by the kiln manu-
facturer, 5 mm thick oak lamellas can be dried in
2 to 5 days (depending on the amount of wood in
the kiln and the initial MC). Unlike during the con-
ventional process, in the dehumidification kiln, the
desired temperature was generally not reached
(especially at the beginning of drying), which is a
consequence of working without external thermal
energy. In both kiln types, the EMC was above the
set values throughout the drying process. This did
not significantly affect the prolongation of the dry-
ing process, but it reduced the possibility of drying
defects. Since there is no risk of the EMC in the
kiln being lower than the set value, there is poten-
tial for drying the lamellas without the MC meas-
uring, i.e., based only on the EMC values.

The first drying cycle in the climate chamber
showed that higher initial temperatures (minimum
45°C) could be applied. However, a careful analysis
of the increase in drying costs (additional thermal
energy from the boiler) is required in the case of
higher temperatures.
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