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ris 3 abpasuBy rpaHaty 36insuiyBanacs B 1,3...1,5 pa3u, B Toii yac konu criiikicts ab-
pa3sHBHHUX KpyriB 3 kapOiqy KpeMHito fqocarana 3 THC. nor. M. npouutigoaliol noBepxHi
6epe3u i 6ins 2 THC. NoOr. M NMoOBepXHi Oyka.
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Puc. 1. Cxema npouecy mnigiyeanns

[MOSCHUTH TaKe SBHLIEC MOXKHA THM, L0 3aBISKH 3HHXXEHHIO TeMINepaTypH abpa-
3UBHKX 3epeH pobouoi MoBEpXHi Kpyra 3Ha4HO 3MEHILYETECA HMOBIPHICTb HANMNAHHA
Ha HHUX 3pi3aHol cTPYKKH. Binomo, 110 HaiMnaHHsa CTPYKKH Ha pi3anbHUit IHCTPYMEHT
BUKJIMKAHO HaABHICTIO CTPYKTYpi N€PEBHHH LYKPHCTHX Ta CMOJIAHMCTHX peuoOBHH. 3a-
BISKH 3MOUYBaHHIO 3¢PCH BOIOIO LieH mpouec 3HauHO 3aTpyaHseTbea. Kpim usoro 3mo-
4eHi abpasuBHi 3epHa MalOTh HIDKYUM KoediLiEHT TepTa Ao o6pobdnioBaHOro Martepiany,
1LIO TEX CTIPUAE 3HMKCHHIO TEMIIEPATYPH B 30HI pi3aHHs Ta 3MEHUIYE WBHIKICTD 3aTyn-
JIEHHS 3€PCH, WO MPUIMAaOThL y4acTh B poboTi.

[Iposeneni nonepeaHi QOCAIMKEHHS MOKa3anW, WIO 3aNpONOHOBaHWH criocib
uutidpyBaHHs AepeBHHHU KOPCTKUMH aBpasuBHUMH KpyraMH € eeKTHBHHUM i 3aC/TyroBye
Ha #oro 6inbu rnuboKe TEOpeTHYHE Ta NPAKTHYHE BUBYEHHS.
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DETERMINATION AND CONTROL OF THE LUMBER STRESSED-
STRAINED STATE IN THE PROCESS OF DRYING

The problem of identification and control of the stress-strain state of wood in the process
of drying taking into account its viscoelastic properties in this article is considered.
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Bu3Ha4eHHs Ta KOHTPOJIbL HanpyKeHo-AeGopMiBHOrO cTany NuJoMarepianiB y
npoueci CyiiHHsA

Pozrmmacrbcg npqﬁnema inenTHQIKaNii T2 KOHTPOJIO, HaNpyXeHO-AeOPMIBHOTO CTaHy

JAEPEBHHHM Y NMPOLIECT CYUIIHHA 3 BpAXYBAHHAM NMPYXHOB'A3KOMIACTUYHUX i1 BNACTHBOCTEHR

In this paper the calculating methods of the lumber stressed-strained state in the
process of drying are worked out. On its basis the numeric experiment is carried out.
This experiment finds out wood rheological behaviour peculiarities in the conditions of
heat-mass exchange. The way of non-destructive current control, offered in {8], of the
moisture and moisture-residual stresses on the surface and in the mean of the lumber in
the process of drying, is substantiated in this paper.

1. The calculating methods of the stressed-strained state include: a) physical
and mathematical model showing the interrelation of the moisture and moisture-residual
stresses in the wood and its moisture state [4-7]; b) dependence of the local and mean
moisture content difference in the material on drying agent parametres [6]; c) determin-
ing methods of the lumber rheological properties [3, 4].

1.1. Interrelation of stressed-strained and moisture states of the wood in the
process of drying can be described by the system of equations |3, 4, 6]

o(ty)=o, (Ly)+o, _ (Ly), (N
o, (L) =fEy uty) = ueep®}

T
O o (N ==Y RE=,y)ute’.y)-veep(s7)]

wheref(z, y)= E(t, y)B(t, y)/[1+ B(t.y)]y, ; y — coordinates of the material boundaries ac-
cording to its central plane; u, . the initial moisture content; E(7, y), f(t. ), R(v-7", y)
physical and mechanical characteristics of the wood (modulus of elasticity, coefficient
of drying, kernel of relaxation), u(zy), u.,(7) — characteristics of the wood moisture
state (function of the moisture content distribution along the plate thickness and mean
moisture content); ou(Ty), o7y} ofty) — moisture, moisture and residual and full
stresses correspondingly.

The ox(7y) is preconditioned by elastic properties of the wood and after drying
process termination, for example at the moment of time 7 = 7, its change in relation to
time is constant, i.e./ that is o,(7,y)= =0y(1.y)=const for 7 > 1, preconditions the de-
crease of the component op(7,y). The component g;.,(zy) is characterized by wood vis-
cous properties and its quantity and the character of its change in relation to time de-
pend on the "history" of moisture content change development.

Finishing the analysis of the system (1) it should be noted, that it gives the pos-
sibility for calculating (estimation) of the stressed-strained state in lumber in the case,
when dynamics of the local and mean moisture contents difference and the kernel of
material relaxation R(7-7°) are known.

1.2. Dependence of local (u(ty)) and average (u..,(1)) moisture contents dif-
ference according to the data from the studies [6] are as follows:

for the period of constant drying rate
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po — relative density of lumber; a,, — coefficient of wood moisture conductivity; D, —
coefficient of wood moisture conductivity referred to pressures difference; ., 4y —
moisture contents at the beginning of the irregular regime period of moisture change (on
the surface and in the central plane of the plate); u. constant moisture content; P, . —
pressure of saturated vapour; ¢(1), 1.(7), At (7) — drying agent parametres (relative mois-
ture, temperature, psychometrical difference of temperatures); Fy =a,1/b°, Bi=ab/a,;
Nu=0,6{vLA["*% — the criteria of Fourier, Bio and Nuselt, correspondingly; v — drying
agent rate; v— coefficient of drying agent viscosity; 2b — material thickness; L — charac-
teristic linear dimension of material; /1(Fp) — function of Heaviside. Coefficients s, 4, —
are determined by the equations, presented in the studies |2]
clgn, =p,3 A, =2sinp, /(u, + 2sinp, cosp,)

for 0<u, <n/2.

Formula (3) can be carried out in the case when Bi> /0.

1.3. The methods for determination of physical and mechanical characteristics
of the wood, worked out in the studies |3,4] are based on the results of reological tests,
carried out on the wood patterns to determine their creep nature in different stationary
temperature and moisture conditions and interpolation methods of wood manufacturing.
These methods give the possibility to determine the kernel of relaxation for lumber
which belongs to the equation of the system (1).

Specifically, these methods have determined R(7-7") for pine and fir-tree in tangential
direction of deformation
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Figure 1. The curves of creep nature of the wood, namely pine under the temperature 80°C in
the tangential direction of deformation for different values of moisture \V.

where Ey(W,t) — continuous modulus of wood elasticity of the temperature 7 and relative

moisture W; .., (W,1) — time of relaxation of the deformations of wood creep.

The curves of wood creep, approximated by the equations of Voltaire-Bolzmann [9] for

different values of temperature =20 °C, 40 °C, 60 °C, 80 °C, 100 °C,120 °C] and levels

of moisture in the tested pine material W= [10 %, 14 %, 22 %, 36 %] have been built.

As the example figure 1 shows the curves of creep nature of material with the tempera-

ture /=80 °C.

2. The numeric experiment. On the basis of above presented methods for cal-
culating stressed-strained state of lumber, in the conditions of heat mass exchange,
o5(1y). Os(1y) and o (7y) in pine lumber (E=280MPa; E;=167MPa; = 0,0023; p,
= 480 kgdr’ ana 1=20°C and W=25 %) of different thickness, dried in the conditions of
constant technological regime (£.=88°C, Ar=14°C, ¢ =55 %, drying agent rate v=2 m/s).

Specifically, figure 2 shows the results of calculation o,(7y), os.(7.y), gotten for
tangential pine plate, which is 13 mm thick (25=13 mm).
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Figure 2. Dynamics of moisture (a), moisture and residual (b) stresses for irregular and
regular regimes of the declining drying rate period for tangential pine plate with thickness
26=13 mm: 1- on the surface; 2 —~ at the distance b from the surface; 3 — at the distance b/2 from
the surface
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Analysis of the graphical dependence (fig. 2a) proves, that with the time in-
crease at the irregular regime period the stretching moistures of o,(zy) stress on the sur-
face (y=b) of the material and compressing ones oy(5y) in the central layer (y=0) in-
crease. At the regular regime period (r>0,2b2/a,,,, ou(1,b) and oy(7,0) with the growth of
r decrease to zero asymptotically. In the dots, which are remote from the surface of
lumber at the distance y=b/2 in time range 0,1b6%/a,,< r<0,2b%a,, there is the change of
value sign (on(7,82)) happens (curve 3 in the fig. 2a). This change, according to the
second equation of the system (1) is preconditioned, obviously, by the change of the
sign in the difference of moisture contents u(z 6/2) and u..,(7). This is the proof of that
in the process of lumber drying (of lumber) the boundary of distribution of surface
stretching and inner compressing stresses moves along the material thickness and in any
moment of time 7can be determined by the equation

u(r,y):uup(r). (5)

Such a behaviour of moisture stresses dependence from the beginning of the
process of drying in the declining rate period is natural and has physical substantiation.
In fact, in the declining rate drying period two processes take place in lumber: hygro-
scopic moisture evaporation from the subsurface levels and transfer of moisture from
the drying material mean to its surface. At the stage of irregular regime the forces of
moisture transfer (capillary, osmotic, diffusive, adsorption forces etc.) are not quite
powerful and thus they are not able to fulfill minimal work for overcoming potential dif-
ference of moisture transfer from central and surface layers of the material [2]. This
phenomenon we will call potential barrier. That is why in this case the evaporation
process of bonded moisture, namely osmotic moisture is mainly observed. The energy
of its bondedness is the lowest [2] in comparison with capillary-, adsorption- and
chemical-bonded moisture. As the result the surface layers dry and their linear dimen-
sions become decreased (shrinkage phenomenon), and the same phenomenon is happen-
ing with inner layers dimensions. It preconditions some increase of stretching moisture
stresses in the subsurface layers and compressing moisture stresses in the mean layers at
the stage of irregular regime (fig. 2a).

With the increase of drying continuity at the stage of irregular regime moisture
content on the lumber surface gradually decreases, the distribution of moisture in central
and surface layers increases, and thus, moisture transfer potential dimension increases
as well (moisture gradient). However, the forces, preconditioned by the moisture gradi-
ent are not able to overcome the potential barrier mentioned above. Simultaneously with
the surface drying the amount of lightly bonded moisture in the subsurface layers and
evaporation potential decrease. Evaporation potential is the difference between partial
pressures of the vapours in the water from the lumber side and drying agent on the sur-
face, which separates them. Thus the evaporation process takes place slowly and the
shrinkage phenomena race on the lumber surface in the process of drying decreases.
This limits the increase of moisture stress o (7)) at the stage of irregular regime. Actu-
ally, according to the figure 2a increasing race o,(7,)) at the range of time 0<r<(), 16%/ay,
declines to zero.

At the stage of regular regime moisture evaporation race from the surface of the
material is approximately the same as the race of surface moistening, which is precondi-
tioned by moisture transfer processes in the material volume. That is why it can be con-
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sidered that in the case of ©>0,/b/a,, moisture content on the surface of drying lumber
is the constant value. In such case, it obviously, that the character of moisture is stresses
development in the process of drying will be determined by the moisture flux from the
mean of the material to its surface. It will brings about the subsurface layers moistening
and drying of the inner layers. Moistening will cause swelling and drying — shrinkage,
which is the reason of decrease of the absolute values o,(7,y) on the surface and in the
mean of the material at the stage of regular regime in the process of drying (fig. 2a).

The comparative analysis of the graphical dependence for moisture o,(7y) (fig.
2a) and moisture-residual o;.,(7y) (fig. 2b) stresses has found out that the character of
the change o3, (7)), is determined by increase ou(zy) at the range of time
0<1<0,1b’/a,, from 1,8 MPa 10 2,7 MPa, moisture-residual stresses oy., (7.y) increase
from 0,8 MPa to 1,3 MPa, and in the case when 7>4 hours both components decrease.
Relation of a,.; (7,y) and o;,(7y) is substantiated by the equations of the system (1). Ac-
tually, putting the second equation of the system (1) into the third equation of this sys-
tem we will get

T »
Ty o) ==J " sy G de )
Or
O'b_a(t,y) = —E[é[cb(i,y) + }R(r < .y) sy (,‘ ,y)—“" ]] + qb(ny)
0 N
Hence, as according to the equations of Voltaire-Bolzmann
* * t-]
oo et ol gt ®
then
oy (ty)=-Ec, ,(ty)+o,(ry) &)

where &,,5(7y) — deformations of creep in drying lumber, preconditioned by the force of
moisture stresses cy(7,y).

Since R(7-77)>0, then according to (8), the character of the development of the
creep deformations &,,(7y) can be determined by value op(7y). That means that under
the force of stretching stresses oy(zy) in drying wood the stretching deformations of
creep will develop &,,(7y), and under the force of compressing stresses o,(7,y) — com-
pressing deformations.

Accordingly, surface layers will produce the resistance to compression of inner
layers, and inner layers produce thew resistance to stretching the surface layers. Thus,
moisture-residual stresses in drying lumber are preconditioned by uneven distribution of
creep deformations in its volume.

3. The control of stressed-strained state in drying lumber according to the
difference of local and mean moisture contents [8] The essence of this way lies in
continual calculating by conductive and metrical method of the difference of local u(z,y)
and average u..,(7) moisture contents and the following calculating moisture os(zy);
moisture and residual o;,(zy) and full of7y) stresses by the formulae (1) and (4). This
way of calculating differs from known methods [1,9] (namely, differential shrinkage,
according to moisture distribution and average moisture content) first of all because it
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allows during drying time to determine: 1) the influence of viscous-elastic characteris-
tics of lumber (E, £y, 7pe, and R(7- 7°,y)) on its stressed-strained state; 2) the dynamics of
moisture and residual stresses on the surface and inside the lumber.

On the basis of the describe way of control of stresses in this studies the system
of automatic conducting the process of lumber drying according to the stresses values in
their volume is worked out, and its functional scheme is shown on the fig. 3.

u(ty) u(n.,0) W)
AD >
(T)
Ueep(n,0 >
WedT)
AD

Figure 3. The functional scheme of the system of automatically conducting the process of
lumber dryving: A/D and D/A — analogous—digital, and digital-analogous transformers; CPK —
digital conducting mechanism, namely IBM PC; NC — executing mechanism.
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BILJIMB ®LJILTPYBAJBHOI CTIHKH HA PO3MOALI
TAHTEHUIAJIbHOI CKJIAJOBOI IIBUAKOCTI MOBITPAHOI'O
INOTOKY Y HUKJIOHAX

OnKcaHo OCHIHKCHHSA, AK1 TPOBOAHNCA aBTOPAMH. 110 BUBYCHHIO TaHTEHUIANbHOI CKa-
JIOBOT UIBHAKOCTI NMOTOKY Y uHkioni 11H-15 ta ginsTpyiodomy 1ukioni. [loxa3ano no3uTHeHUA

BILIUB (UILTPYBAILHOT CTIHKH HA PO3NOALT TAHICHUIATLHOT UIBHAKOCTI HOTOKY [10BITPS Y MOIIC-
PCUHOMY NICPEPIsi IMKIOHA.
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To the problem of distribution of the tangential velocity component of the flow
in the cyclon's
This article describes rescarches, carried out by the authors, concerning the study of the

tangential velocity component of the airflow in the cyclone L{H-15 and filter cyclone. It shows
positive filter wall influence on the distribution of the tangential velocity of the flow.

Jins onucy pyXy YacTHMHOK Y UHKJIOHI BUKOPDHCTOBYIOTh Pi3HOMaHITHI MaTeMa-
THYHI Mozelti.

Binblua yacTHHA LIMX MaTeMaTHYHHX MOJENeEl CTBOPIOIOTECA HA OCHOBI HACTYM-
HHX MipKYBaHb. Ha 4acTHHKy nuy, ika 3HaXOAUTBCSA Y LIMKJIOHI, OiIOTh TaKi CHAH: Bil-
uentposa, Ctokca, TaxinHa, Kopeonica Ta aepoaunamiuHi cunu Mardyca i Cedpmana
| 1-4]. TlpoTe BH3HAYaNLHUMH € BiAUEHTPOBa cuna Ta cuna Crokca. Tax, Hanpukan,
cHNa TAXKIHHA € MEHILOO 3a BiaueHTpoBy cuny B 100...2000 pasis [3].

BinueHTpoBy cuily o64HCIOOTH 33 HOpMYIIOH0

3 2
7-d V.
P= p (1
6 r

ne: d — piaMeTp 4acTHHKH; p — TYCTHHA MaTepially YacTHMHKH; V7 — TaHreHUianbHa
CKJIaJIOBA IMBUAKOCTI MOTOKY; 7 — BiZICTAHb Bi/l OCi LIMKJIOHA A0 YaCTHHKH (pHC. 1).
Cunry CTokca MOXHA BU3HAUHTH AK

Fgp = 3mudV ,, (2)

ne: Vg — panianbHa WIBRAKICTL YACTHHKH; 1 — NHHAMIYHA B'A3KICTbH MOTOKY MOBITPA.
EdekTHBHICTD LMKIOHA XapaKTEepH3y€ETHCA YMOBHUM AiaMETPOM YaCTHHKH, 11O
JIOCSTHE 30BHIIIHBOT CTIHKH LIMKJIOHA, SKWI1 BU3HAYAETHCS 3 PIBHAHHSA

n-d3 12

[pH piZHOMAHITHHX MiAXOAaX A0 PO3B'A3aHHA JAHOTO PIBHAHHS ONEPXKYHOTh
HacTynHi Gopmynu:
e Ui MIHIMANBLHOTO liamMeTpa yacTuHky [4]

C))

® IS CEpPEeAHBLOro iameTpa [5]

MR, -h-ciga
3 3
1-k -pV_ -
(I-k,.)-p-V,-L
ne: n, — KinbKicT 06€pTiB, WO 3AIHCHIOE YaCTHHKA HABKONO OCi UHMKIOHA, R, — nia-
METp BUXNONHOT Tpy6H; R>— niamMeTp 30BHIIHBOT CTiHKH UHKIOH2 (pHC. 1); dpip — PO3-
MIp HaMEHUIMX YACTHHOK, WO TMOBHICTIO BIIOBIIOIOTHCA Y UMKIOHI; R,=(R,+R;)/2;

h=R,~Ry dp — PO3MIP YACTHHOK, MMOBIPHICTb YJIOBNEHHS SKHX LIMKIIOHOM CKIafae
50 %; k py — KOCHILIEHT NOBTOPHOTO 3aXOMIEHHS YACTHHOK MOTOKOM.

d

(5)

cep =
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