ne: Eyx — BapricTb eHeprii JUisi KAMEPHOTO CYIIiHHS, TPH/M®; Pp ;— TEIIOBa CIOKHUBAHA
HOTY>KHICTb Ha i-y CTYNEHI peXUMY KaMEPHOTO CYUIIHHS, BT; y7— 11Ha Tem1oBoi enep-
rif, rpu/Jlx; Pp— €JeKTpuYHa CIOXMBAaHA NOTYXKHICTb, BT; yp— IiHa eIeKTpU4HOI
eHepriid, rpa//k; Egjy — BapTiCTh €HEpril Ui KaMEpHOTO CYIIIHHS, IpH/M; Vi—

00’€M JIepEBUHH B CYIIMIBHIN Kamepi, M.
Ile nae 3Mory BU3HAYUTH IILJILOBY (DYHKITIIO

AE(WH):EK_EK;ZZ_CA , (6)
Ta cpopMyJTIOBATH 3a/1a49y ONTUMI3aIlIi:
AE(wy) > max = wp,, (6)
Wn

ne: AE — pi3HULS BUTpAT Ha KaMepHE Ta aTMOC(HEpHO-KaMepHE CYILIIHHS JEePEBUHH,
rpu/M>; Wy opt ~OTITHMATIBHA nepexijHa BOJIOTICTh ICPEBUHU.

BucHoBok. Po3po0ieHo MeToIMKy onTUMI3allli MepeXiIHOI BOJIOTOCTI MPU aTMO-
chepHO-KaMepHOMY CYIITIHHI ICPEBUHM.

IlepcneKTHBHUM HAMPSIMKOM MOAAJBIINX POOIT € YTOYHEHHS METOJIUKH 3
ypaxyBaHHSIM BTpaT IEPEBUHHU BHACIIJOK BaJI CyIIiHHS.
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Optimization of transient humidity during atmospheric and kiln drying of wood

The method of optimizing the transient humidity at atmospheric and kiln drying of wood,
which takes into account energy costs, additional costs for salaries and rent for the land.
Keywords: wood, atmospheric drying, kiln drying.
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MODELING AND SIMULATION OF HEAT-AND-MASS TRANSFER IN
WOOD DURING THERMAL TREATMENT IN CO; ENVIRONMENT

A three-dimensional mathematical model, for simultaneous heat and mass transfer taking place
during the high temperature treatment of wood in carbon dioxide environment, has been developed.
The mathematical description of wood modification process is derived substantially for treatment in
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carbon dioxide, taking into account the peculiarities of carbonic acid using as a processing environ-
ment. Set of fundamental heat- and masstransfer mechanisms is coupled with thermodynamic phase
equilibrium expressions in a way that have meaning for hygroscopic capillary-porous media. Heat
transfer by both conduction and convection is included together with mass transfer by gaseous diffu-
sion and liquid through the void space and by bound-water diffusion through the solid matrix. The
equations of the model were solved numerically using the software Femlab® for the temperature and
moisture content profiles. Calculated model predictions are in very satisfactory agreement with exper-
imental results.

Keywords: high-temperature wood treatment, carbon dioxide environment, mathematical
modeling, capillary-porous media, multiphase model, heat and moisture transfer.

Model development. Analysis of the physical picture of thermal modification of
wood in CO; environment shows that process occurs while passing coupled heat and
mass transfer of phenomena in local thermodynamic equilibrium of the system [1-14].

Given that thermodynamic equilibrium system is closed, any of internal processes
could not influence for its preservation of the total mass. Consequently, the mass bal-
ance in the system can be described by the equation of continuity:

op .
—~ +div]=0, 1
5 T A (1)

where: j is the total mass flux vector, p is the material density. Because of the mass bal-
ance meets the conditions under which the amount of moisture, released from the wood,
is equivalent to the value of the flux density, equation (1) can be written as:
2 2

ow _oL,2% @
ot Ox oy
where: J is the total mass flux vector, p, is the dry wood density, and W is the water
moisture content per unit mass of dry wood. The total mass flux reflects intensity of
moisture removal, can be written as sum of free water, bound water, water vapor and
mixture of air, carbon dioxide and organic substances respectively. The transport of free
water in wood represents by Darcy’s law, the bound water transfer takes place due to
chemical potential gradient. The value of J; is neglected, being that the gas present in
wood is immobile with a negligible heat capacity.

Liquid water flux is given by Darcy’s law at moisture contents higher than the fi-
ber saturation point as shown below:

—Py.

k,
J,==-p —VPF,

Hy , (3)
where: p; and y; are the density and viscosity of the liquid water, and 4; is the permeabil-
ity, P, is the capillary pressure. The flux of bound water is assumed to be proportional
to the gradient in the chemical potential of the bound molecules and to the volume frac-
tion of space occupied by the cell wall matrix. Since thermodynamic equilibrium is as-
sumed at every location, the chemical potential of the bound molecules is by definition
equal to the chemical potential of the vapor:

J, = D, {zwz, —SVVT}

m, | P
PLh ; 4)
where m, us the molar mass of vapor, D), the diffusion coefficient of bound water, S, the
entropy coefficient. The vapor flux can be determined as follows using Fick’s law:
m D

J, == Tp, 5)
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where: m, 1s the molar mass of vapor, D,y effective diffusivity for wood, R is the ideal

gas constant, and P, is the partial vapor pressure of water. Substituting the expressions

for the fluxes of different moisture phases in Egs. (2), the mass and energy balances can
be written as:

p, vy = V(AW + A4NT) ; (pC )a—T: V(A4VW+4VT),  (6)

d at 1 1 ’ P 6t 2 2 ”

where: A;! — A,? are coefficients of the equation obtained from Eq. 4-6, p,is a dry wood

density. However, because of chemical reactions inside the wood the density changes

due to thermal treatment [1], which influence greatly for the thermodynamic properties

of the material. To factor in this influences, the polynomial equation [5] was used:

p, =p, —1605,178 +15,088-T —255,716-7 +2,273-Tt+0,015-Tv—0,005-T°7 —

~0,1277°T —0,002-0°T — 0,003 - v*r — 0,034 - T+ 21,476 - 7° +0,0100°
“where T - temperature of treatment, v - heating rate, and 7 - hold-up time at treatment
temperature. Eq. 7 made it possible to show and consider the nonlinear impact of modi-
fication parameters (treatment temperature, heating rate, hold-up time) on wood density
changes during heat modification in carbon dioxide.
Initial and boundary conditions. The initial conditions are given by the uniform distribution
of temperature and moisture content in the wood pole at reference time zero. The boundary conditions

are obtained from the heat and moisture transfer phenomena between the surfaces and edges of the
poles and the external environment. The heat and mass balance at the surface requires that:

[/fi'VT]ﬁ:aq '(T_T;02+A)+7E).Jn ) Jn :ampv (W_VVP)’ (8)

where: A is the effective thermal conductivity, o is the latent heat of vaporization, p, is the water va-
pour density, a, is the heat transfer coefficient, a,, is the mass transfer coefficient, and W, is the equi-
librium moisture content. The values of convective heat and mass transfer coefficients at each point of
surfaces are determined from the following expressions for turbulent flow, respectively:

: L
Sh=-2L _0.664-Re" S Nu=22E20.664-Re™ P )

(7)

co,+4
where: Sh is the Sherwood number, Re is the Reynolds number, Sc is the Schmidt number, Nu is the
Nusselt number, Pr is the Prandtl number and L is the length of the sample, Dco2+a binary diffusion co-
efficient of treatment environment [4]. The other physical and transport properties were estimated us-
ing correlations from the literature [2-3]. In solving the system of Eq. 6 — 8, took into account the de-
pendence of the thermo physical characteristics on temperature and moisture content.

Numerical solution. Equations 6 and 8 are solved numerically using the commercial package
Femlab®. The problem is highly nonlinear because of the temperature and moisture content dependen-
cy. Numerical tests were conducted using different time steps and mesh sizes to verify the convergence
of the model. For the experiment trials, air-dried oak wood was used. Experiments were carried out in
an industrial oven Eko-AMS (Poland). The specimens were cut with dimensions of 0,032x0,12x1,5m.
The samples were subjected to heat treatment at 180—220°C, under atmospheric pressure in carbon di-
oxide environment.

Results and discussions. The validation of the mathematical model was carried out by compar-
ing the prediction of the model and experimental results obtained during thermal treatment in CO> en-
vironment. The temperature and moisture content distributions and time data for different operating
condition are shown at Fig.1. — Fig.2. Comparison of results for temperature and moisture content pro-
files calculated by the model with those obtained from the experimental investigation has shown good
agreement. The discrepancy observed between the predicted and the measured results is believed to be
mainly due to the inaccurate measurements of moisture distribution in wood using gravimetrical meth-
od, and indication error of thermocouples.

Conclusions. Mathematical model of high-temperature heat treatment of wood in CO; envi-
ronment has been developed to have a better understanding of the process, and to determine its de-

159



pendences by treatment parameters. Femlab® software was used to solve the system of partial differen-
tial equations. The model predictions are in good agreement with the results of the experiments. The
effects of dry wood density changes during the treatment was factored in of this study. The model can
be used as an effective tool to predict moisture and temperatures distributions for the high-temperature
thermal treatment of wood in carbon dioxide environment.
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Fig. 1. — Moisture content changes of oak Fig. 2. — Temperature changes for middle point of

during the heat treatment in CO; environ- oak (32x150mm) during the heat treatment in CO;
ment (- - - experimental data; — predicted  environment (- - - experimental data; — predicted
by model) by model)

As well as, this method can considerably reduce costly experimental time, and to and prevent
unwanted and unforeseen consequences in the manufacturing and industrial processes. The perfor-
mance of the furnace can be analyzed by changing heating schedules, initial conditions, porous media
properties, ect. Model results can be incorporated into thermo-chamber control systems, providing re-
lationships between measured values and important kiln performance parameters.
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YK 647.047 Jou. U.B. Anopawex, acnip. P.B. Illynaxiscoxuil,
cmyo. O.B. Kpuexo — HJITY Ykpainu

Mopeir0BaHHS PO3NOALLY TeMIIePATYPHHUX MOJIB Ta MOJIiB BOJIOTOCTI J1epe-
BHHH y Npoueci TepMivHOro Moau(ikyBaHHS y BYIJIEKHCJIOMY rasi

Po3pobrieHo MaTemMaTHyHy MOJIeTb TEIIOMACOIIEPEHECEHHSI y JIEPEBHHI IMPU TEPMIYHOMY MO-
midikyBaHHI B CEPEIOBUII BYIJIEKHCIIOTO a3y, 110 BpPaXxOBYe BIUIMB 3MiHHM areHTa oOpoOku. [IpoBeaeHo
YrCeNbHE MOJICTIIOBAHHS Ta EKCIIEPUMEHTAIBHI JOCITIPKEHHS PO3IOILTY TEMIIEpaTypHHUX IOJiB Ta MOJIB BO-
JIOTOCTI JIEPEBHHU TIPY TEPMIYHOMY OOpOOJICHHI Y BYIVICKHUCIOMY Tra3l 3 BpaxyBaHHSIM TEPMOTUHAMIYHUX
rapaMeTpiB BYIJIEKUCIIOTO ra3y Ta BTpaTH MacH IPEBUHHOI PEUOBMHH [y0a Ha cTafii MOau(iKyBaHHS.

Ku1ro4oBi ci10Ba: BicokoTemMnepaTypHa o0OpoOKa AepeBUHH, HAaBKOJIHIITHE CEPEIOBUINE, BYTIIe-
KHUCJIMHA ra3, MaTeMaTHuyHe MOJETIOBAaHHS, KaliJIPHO-TIOPUCTI cepeaoBHIla, OaratodasHi Mojeml me-
pEeHOCy TerIa 1 BOJIOTH.

V]IK 674(04).684.667 Hou. JI.A. Apemuyk, Kano. mexu. HaAyK;
mazicmp M.B. leawyyx — HIITY Ykpainu, JIveie

AOC/IIKEHHS BIUINBY KAHI®OJII HA TOBHIUHY IJIIBKA
CTBOPEHOI OJIIMHUMMH KOMITO3NIIAMUAU

BusnaueHo BIUIMB KiTBKOCTI MOM(iKaTOpa Ha MPOHUKHICTH OJii B IEPEBUHHY 1y0a 1 COCHU Ta
TOBIIUHY 3aXUCHO-/ICKOPATUBHUX TUTIBOK CTBOPEHUX MOJIU(DIKOBAHUMH JUITHUMH OJIISIMHU
Kurouesi ciioBa: mistHa oisi, kKaHi oIk, 1y0, COCHA, TOBIIWHA, IPOHUKHICTb.

IToctanoBka mpo0JieMH Ta aKTyaJbHICTh AOCTIAXKeHb. /[epeBUHA 37aBHA BU-
KOPHCTOBYETHCA Y HAPOAHOMY TOCHOJAPCTBI SIK OYyIiBEIbHUM, TPAHCIOPTHUM, JOPOXK-
Hii 1 MOOYTOBUI BUJ CHOKMBUYOTO Marepiaily. 3a OCTAaHHE CTOJITTS HaMOLIbIIe MOLIHU-
PEHHS JicTaja AepeBUHA K MaTepia Jjisi BUTOTOBIICHHS CTOJIIPHO-OYiBEIbHUIM 1 MeO-
JeBUX BUPOOIB. 3aXMCHO-AEKOPATUBHI MOKPUTTS € OJHUM 13 HAMBaKJIUBILINX CKJIAJ0-
BUX Y ILIUIICHOCTI BUTOTOBJIEHHSI BUPOOIB 13 IEPEBUHM 1 JEPEBUHHUX MartepianiB. Bonu
3a0e3neuyroTh He JIMIIE BUCOKOXYAO0KHE OQOPMIICHHS, aje i 3HaYHOI0 MIpOIO MOKpa-
IIYIOTh SKICHI TMOKa3HUKH BHUPOOIB, IO JA€ 3MOTY 3HAYHO 30UIBIIMTH TPUBAIICTH 1X
eKCIUTyarTallii 1, y maCyMKy, 3a0e3MeYUTH 3HAaUHY €KOHOMIIO JIICOCUPOBUHHUX PECYPCIB.

OCHOBHUMH HamlpsSIMKaM{ PO3BUTKY TEXHOJIOTII JIako(papOOBUX MOKPUTTIB €: TO-
KpAaIleHHs IeKOPATUBHUX 1 eKCIUTyaTalliiHUX BJIACTUBOCTEH MOKPUTTIB 32 paXyHOK po-
3pO0OKM HOBHMX MaTepialliB 1 METO/IIB X HAHECEHHS Ta 3aTBEPJIIHHS, 3HWKCHHS IIIK1JJIU-
BUX BHUKHUAIB B aTMocdepy Mpu MPOBEACHHI TEXHOJOTIUHUX OMepalil, IMmiJBUIECHHS
MPOAYKTUBHOCTI Tpalll, 3HWKEHHS TUTOMOI BUTPATH Jlako(hapOOBUX MaTepialiB.

CTBOpEHHS €KOJIOTTYHO-0€3MEeYHOI KOMITO3UIIIi HAa OCHOBI BITYM3HSHOI CHPOBHHU
1 IPOBENICHHS JOCIIKEHD JIJIsI BUPIIIICHHS TMPOOJIEMH SKICHOTO 1 €KOJIOTTYHOTO OTIOpPSI-
JDKEHHS IEPEBUHM 1 IEPEBUHHHUX MaTepiaiiB Ha OCHOBI MOJM(IKOBAHUX BITUYU3HAHUX
ONiHUX Jako(apOOBUX MaTepialiB € aKTyalbHOIO IpobieMoro. Bigomo, 1m0 MOKpUTTS
Ha OCHOBI OJIIWHUX MaTepialliB IOBrO BUCHXAIOTH (0 5-7 110), a MiCIs BUCUXAHHS yT-
BOPIOIOTh M SIKY TUTIBKY. {7151 MPUCKOpPEHHS TUTIBKOYTBOPEHHS Yy OJIiiiH1 JlakodapOoBi Ma-
Tepiayii 10OABJIAIOThH 3'€THAHHS JEIKUX METANTIB, K1 KaTaJiTUYHO J1IOTh Ha IPOIeC 3a-
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