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THE USE OF CELLULAR AUTOMATA IN MODELING THE PROCESSES

OF WOOD DRYING IN A STACK

In this work, we investigated the possibilities of using a model of cellular automata in solving the problem of heat and mois-
ture transfer in a periodic wood drying chamber. Thus, in this work are investigating the processes of heat and moisture transfer
between the wood and its drying agent. Studies are carried out by using CAD model of stack of dried wood. To use cellular auto-
mata, it is proposed to present the CAD model as an array of cubes, each of which has six faces (cells). In this work also proposes
to use the different research zones, each of which allows us to calculate the values of temperature and moisture content in diffe-
rent places of the CAD model. In particular, these zones can be placed inside the wood, on its boundary or in the agent of its
drying. The proposed cell-automata model contains local relationships between cells that describe their general behavior. In addi-
tion to describing the general behavior of cells, the model provides the possibility of setting the physical characteristics of the
material. This allows us to approximate processes and determine new values of the physical characteristics of the material, inclu-
ding temperature and moisture content. The proposed algorithm for the use of cellular automata makes it possible to obtain a reli-
able result unnecessarily to conduct complex and expensive practical experiments. To speed up the calculation process, propose
to use multilayered, which consists in obtaining numerical values of the physical characteristics of the material from several adja-
cent cells, which are located in the same direction of interaction. The work also provides graphs of changes in temperature and
relative humidity of the wood drying agent. In this work is also given graphs of changes in temperature and moisture content of
wood inside and on its boundary. To check the adequacy and reliability, all results are compared with the results of another expe-
riment. To check the adequacy and reliability, we compared the obtained results with the results of another experiment. For this
comparison in work it is calculated the relative error between the temperature and moisture content values of both experiments.
The value of this relative error makes it possible to determine the prospects for the use of cellular automata in the simulation of

heat and moisture transfer processes in wood drying chambers.

Keywords: cellular automata; CAD model; algorithm of work; transition rules; wood drying chamber.

Introduction

Justification for a research study. To modeling the pro-
cesses of heat and moisture transfer in the wood drying
chamber (WDC), we selected the methods of cellular auto-
mata (CA) [13]. They are flexible simulation models, which
provide the ability to set rules of conduct for each of its ele-
ments [1]. Unlike differential equations on which classical
models of physical processes are based, CA can be used in
more complex cases, without serious limitations or as-
sumptions [9].

Relevance of research. Increase the efficiency of the
process of choosing the optimal drying parameters in peri-
odic WDC.

Object of research — the processes of temperature and
moisture transfer between the WDA and the surface of the
dried wood, which is located in the stack and vice versa.

Subject of research — the CA model of temperature and
moisture transfer between the surface of the wood and its
wood drying agent (DWA).

The purpose of the research — to use a CA model to sol-
ve the problem by using new algorithms and software tools.

To achieve this purpose, the following main research
objectives are identified: develop a model of CA, which
will be able to modelling the processes of heat and moisture
transfer in WDC and determine changes in their numerical
values of temperature and moisture content over time.

Scientific novelty of the obtained research results — for
the first time develop and use the CA methods in solving the

problem of heat and moisture transfer in WDC. The propo-
sed CA model, in combination with the developed algo-
rithm for it uses, gives the opportunity to use them to deter-
mine changes in temperature and moisture content in wood,
on its surface and in WDA. In this work we also propose to
work with multilayered, in which we can use the numerical
values of temperature and moisture content from several
neighboring cells simultaneously, which in turn speeds up
the process of calculating.

The practical significance of the research results — spe-
ed up the process of calculating and reducing the number of
computer system resources that are necessary for their
implementation. This was achieved through by using diffe-
rent zones, each of which has its own characteristics and
principles of calculation.

Materials and methods of research. In this work we
used methods of CA and computer modeling.

Analysis of recent research and publications. Many re-
searchers have tried to use CA in solving various kinds of
problems. For example, in [7] the authors managed to build
a CA model for the thermal conductivity process, taking in-
to account the phenomenon of segregation. In [2] CA is
used in the modeling of probasical, evolutionary and hydro
gas dynamic processes. In turn, in [14] the authors managed
to use CA in the construction of a series of endless Petri
networks. CA are also used in simulating the grain formati-
on process in small volumes with uniform cooling, which
was demonstrated in [8].
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Most of these authors managed to develop working CA
models and apply them in solving various problems. To sol-
ve the problems, the developed models were able to impro-
ve the main characteristics of the study. For example, in [5]
due to the use of CA model, the authors managed to signifi-
cantly speed up the process of calculations when modeling
static recrystallization in non-thermal burn. In [4] the aut-
hors determined the mechanical characteristics of composi-
te materials based on microlevel cell structures. Also, in [3]
achieved good indicators of computational acceleration
when using CA for modern hardware and general-purpose
GPUs.

All these works once again demonstrate the prospects of
using CA methods, and the number of researchers that
using them is growing steadily every year. Despite this, we
first proposed to use the CA methods in the study of heat
and moisture transfer in periodic WDC [11].

The results of the study and their discussion

Description of the studied CAD model. The studied
CAD model consists of a stack of wood that needs to be
dried. The stack contains 20 lumbers which are arranged in
rows. Each of lumbers has the following dimensions: height
0.075 m., length 4 m., width 0.25 m. Each row contains 4
lumbers and arranged on gaskets, the height of which is

0.05 m. To visualize the studied CAD model, it was desig-
ned in SolidWorks (Fig. 1).

Fig. 1. View of the studied CAD model in SolidWorks

Unfortunately, in this form of the CAD model, we wont
be able to use cellular automata. To use them, it is neces-
sary to make another representation of this CAD model. We
propose to divide the CAD model into 5 different zones
(Fig. 2), each of which will have its own characteristics and
principles of calculation.
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Fig. 2. View of the locations of the zones in and around the stack

In zone "1" we have the value of parameters of WDA at
the entrance, supported at a sustainable level. In zone "2"
we can change the parameters of the WDA in time and spa-
ce. Zone "3" is the contact of the WDA with the surface of
dried wood. Zone "4" is the contact with the surface of dri-
ed wood with the WDA. In the zone "5" we can change the
temperature and moisture content in the wood.

Description of the possibilities for using zones. The first
zone allows us to use input parameters for WDA, which in
periodic WDC are always maintained at the same level.
These parameters include: 7, v, ¢, ¢, P,, a. We can descri-

be it as follows:

k=vo =const ¢* = ¢° = const

k 0

Tk =T0 = const v )
ck=cd=const P¥=P)=const a
where: T, is the temperature of WDA (°C), v is a WDA mo-
vement speed (m/c), ¢1is a relative humidity of WDA, c. is
specific heat capacity of WDA (J/kg°C), P.= f(T.) isa

pressure of saturated vapor (kPa), a=f(T,, v) is a heat

2
=" =const

exchange coefficient (W /m?°C), k, 0 are time iteration

number, which corresponds to the current modeling time #
and changes according to the time step At.

The second zone allows us to change the parameters of
the WDA. This zone applies when studied CAD model ha-
ve more than one stack. Since our CAD model has only one
stack, we dont apply to use the first two zones.

The third zone also allows us to change the parameters
of the WDA, but already taking into account the parameters
of the dried material. In this zone, there is an intensive
change the values of 7. and ¢ due to the heating and the
evaporation of moisture on the surface of the wood. In this
regard, the mathematical model of heat and moisture
transfer can be written as follows:
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where: T.=f(t, z) is the temperature of WDA (°C), ¢=f(1,2) is
a relative humidity of WDA, T, is wood surface temperatu-
re (°C), p. is the density of WDA (kg/m’), hg is gasket he-
ight (m), py is basic wood density (kg/n’), UAT,, ¢) is eq-
uilibrium humidity, a=f(U,, Tb) is the coefficient of moistu-
re conductivity (m’/s), p,=f(Tc) is saturated vapor density
(kg/m’), Uy is wood surface moisture content.

The fifth zone allows us to change the temperature and
moisture content in the wood with time, taking into account
the values on its boundary. To do this, we can use the follo-
wing mathematical model:

a7, 30, ou,
CnfPom—= =D Aj——"+ gpor——
P oy = LA e
P 3 / 82 ' 38 3)
Um Um Y;n
—= - +0) a;
o E ey OZ g

where: ¢,, is specific heat capacity of wood (J/ (kg °C)),
Aj=f(Unm T,) are

(W /m*>C), T,=t, x;) is wood temperature (°C), p,, is wo-
od density (kg/m’), t is current modeling time (s), 7 is speci-
fic heat of vapor formation (kJ/kg), a; = f (U, T,) are co-

thermal conductivity coefficients

efficients of moisture conductivity (m%/s), U,=ft, X;) is mo-
isture content of wood, e=f{(p) is coefficient of phase tran-
sition, =AU, T,,) is thermo gradient coefficient, j is res-
ponsible for the coordinate at which the calculation is per-
formed and can take the value of x(j=1), y(j=2) or z(j=3).

The fourth zone allows us to change the temperature
and humidity content on the surface of the wood, taking in-
to account the parameters of the WDA. In fact, in this zone
there is an intensive exchange of heat and moisture content
between the surface of the wood and WDA. The mathema-
tical model can be written as follows:

3 —
>4y - 2B, -Uy) = e~ T))
j=1 hy 4

3 _ 3 _ ’
Za/-é'Tb T)n-l-za/'Ub Um:ﬂ(Up_Ub)
j=1 j=1

where: /; is a displacement step at a given coordinate x, y or
z(m), a= f(U,n, T,,,) is a moisture conductivity coefficient

J J

(m’ls), B=f (» T., ¢) is moisture exchange coefficient

(m*/s).

Algorithm for using CA model. To use CA model, we
must have a set of cells. In this work, we propose to divide
the CAD model into a certain number of cubes, each of
them has 6 cells [10]. In order for all cubes have the same
size, we can set the density of the partition, for example d =
0.025 m. Next, it is necessary to indicate the type of cell
(wood or WDA) and the zone number to which it belongs.

In general, we have developed an algorithm for the use
of CA, which involves the following steps:

e We select the R; point of a certain cell according to a discrete
uniform distribution. The index i can take different values,
for example: a is a point belonging to the WDA, b is a point
that located on the boundary of wood, m is a point belonging
to wood and #mp is a point to preserve temporary values;

e We select direction of interaction W according to the X, y or
z coordinate;

e We select points R;", R, from adjacent cells, according to the
direction of interaction W,

e We define some constants C;, C,,..., Cy, which will be ne-
cessary for calculations. They will be calculated depending

on the zones of cells involved in the interaction. In general,

there are possible seven types of interactions in zones, na-

mely: [2]-[1], [2]-{2], [2]-[3], [3]-[4], [4]-[3], [5]-[4], [S]-[5].

Since there is only one stack in the CAD model, then we

dont use first and second zones, as well as interactions [2]-

(1], [2]{2] and [2]-[3];

e We determine new values of temperature and humidity con-

tent for point P;;

e We check the obtained numeric values;
e We save new numeric values for the point R,.

According to this algorithm, we see that in the process
of calculating we have an interaction between the points of
two adjacent cells. This is enough for calculations, but to
speed up the calculation process, we offer the use of multi-
layered. It involves the use of temperature and moisture
content of points for two, four or six adjacent cells at the sa-
me time (Fig. 3). However, we need some conditions for
this:

e All cells belong to the same type (wood or WDA);

e The direction of interaction between these cells is the same
and equal to /7

e The distance to cells of another type is least 3 cells.

Fig. 3. The location of cell points in 3D space when we use multila-
yered
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Fig. 4. Scheme of using CA on the material surface

Practical implementation of the proposed algorithm.
The most difficult task is to calculate the change in tempe-
rature and humidity content on the surface of the wood. It is
difficult because wood in the drying process emits part of
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its moisture, which absorbs by WDA. It happens because
the WDA gives part of its heat to the wood, thereby heating
it [6].

To implement these dependencies, when we use CA
model, we can use the scheme (Fig. 4). This scheme shows
the relationship between WDA, the wood surface, and its
internal values according to the chosen direction of interac-
tion W. Since all cubes have the same size of faces (cells),
then the distance between the points of its adjacent cells 4;
will also be the same.

When we use this scheme, the upper point-marking in-
dexes (P, PY) are responsible for numerical temperature
and humidity values at this point. In addition, the new val-
ues P,V and P,” we save only after checking the interme-

diate values P,,,Y and P,,”, which are defined as follows:

P T _ PaT(C3 - C2 - Clév) + PmT(CS - C4) - Cl(PmU - PaU) .
" C3+C5—Cy—C4—Ci8 ’
C T T U U (5)
P U_ G(Pm - lep ) + aij + C7Pa
lmp a/ +C7 .
The coefficients C;—C; are defined as follows:
G=a;pl-&)f CG=pL Cs=afh;
J ] J C7 — ﬁ h/ . (6)

C2 = (a,l,) / h/ C6 = a(,-é'

If we use multilayered (Fig. 3), to determine the internal

numeric values of 7,,, U,, in wood, we can determine inter-
mediate values P,,,Y and P,,” as follows:

Cy=aa;

PBY, = PY = Ci(2PY +5(2RT));

(7
Php=PF +Cy(SPY )+ C5( RS, - BY),
where:
szzlpU Apu Lpu —2B£+11W Lpu Lpus
6 m+3 3 m+2 P m+1 P m—1 3 m-2 6 m-3>
P! _Lpr 3+1PT ) wLpr \—2B7T wLpr l+lPT 2+1PT 5
6 m+. 3 m+. 2 m+. 2 m— 3 m-— 6 m-.
The coefficients C,—C; are defined as follows:
a At At Epor
a=U7 =-t" =P, (8)
h/’ Cmpmh/' Cmpm

To determine the numeric values 7, and ¢, when we use
CA, it is also necessary to determine the intermediate val-

ues P,,,” and P,,Y . These values can be defined as follows:

T _pT
Py =P OB - ©)
G
poU_pu GBI -U) RUF-P) RURE," RR
v Cy CsP! Cs(RY  Csh'

where: B, = f (P,,,,pT) is the new value of P(kPa) . In this ca-

se, the coefficients C1—Csare defined as follows:
G=ah;  Ci=a;poh;

Cy =veepehy

(10)

When we use CA, between adjacent cells, there is an in-
teraction, which can be described by the following transiti-
on rules:

IF we choose B,, R*, P, THEN B,,” and PB,," cal-
culate according to Eq. 5

IF we choose B,, B,*, B, THEN B,,” and P,," cal-
culate according to Eq.7

IF we choose P, P*, B~ THEN B,,” and BR,," cal-
culate according to Eq. 9

IF B,," >T.° THEN P, =T

IF B," <7, THEN B,," =T,°

IF p,Y <U, THEN B,V =U,

Cs=hep; .
C4:V,Dshg 5 1,,0‘

Analysis of the obtained results. To check the perfor-
mance of the proposed algorithm, we conducted an experi-
ment in the developed software application [11]. The input
data for the experiment we took from the work [12]. As a
result, we received graphs of changes the temperature and
the moisture content of the material (Fig. 5), as well as tem-
perature and relative humidity of the WDA (Fig. 6). In ad-
dition, we created a graph that reflects changes in tempera-
ture and humidity values on the material surface (Fig. 7).

To verify the adequacy of the results, we determined the
relative error between the obtained results and the results
that given in the work [12]. As a result, the relative error
doesn't exceed 6.9 % for T,, and 4.5 % for U,,. At the same
time, their greatest values were recorded at the beginning of
the experiment, which we can see on the graph (Fig. 8).
These results can be justified by increasing the number of
cells whose values are calculated. This number increases
over time modeling. It happens because calculations start
from zone 3 and 4 and gradually continue in zone 5.

Th Ub
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65 0.65
60 0,60
55 0,55
50 0,50
45 0,45
40 0,40
35 0,35
30 0,30
25 0,25
20 0,20
number of iteration (k)
0 0
0 10 20 30 40 50 60 70

Fig. 5. Graph of changes the temperature and the moisture content of the material in time
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Fig. 6. Graph of changes temperature and relative humidity of the WDA in time
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Fig. 7. Graph of changes temperature and humidity on the material surface in time
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Fig. 8. Graphical representation of the relative error for 7, and U,

Conclusions

As a result of the work, we obtained graphs of changes
in temperature and humidity of wood in stack. In addition,
we obtained the graph for changing the parameters of the
WDA. Despite the fact that the numerical values of the
WDA parameters in the periodic WDC action are always
supported at the same level, we see some deviations from
these values on the obtained graph. This indicates the rele-
ase of moisture from wood surface during the drying pro-
cess. As the modeling time increases and the rate of moistu-
re removal from the wood decreases, the values of WDA
returns to the initially specified level.

50 60 70 80 90 100

As a result of comparison of the obtained results with
the results of existing experiments, we received low values
of the relative error for 7,, and U,,. This indicates that the
proposed algorithm for use the CA really allows us to solve
problems of heat and moisture transfer in periodic WDC.

In addition, divide the cad model into 5 zones, combi-
ned with proposed algorithm, allows us to determine chan-
ges in the temperature and moisture content of wood in the
stack. In general, this work fully confirms the possibility of
using a CA model to solve this kind of problems. In this ca-
se, CA allow us to find the result faster, and the resulting
error isnt significant and is usually present at the beginning
of modeling.
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BUKOPUCTAHHA KJIITUHHUX ABTOMATIB IIIJI YAC MOJAE/IIOBAHAI ITIPOLECIB

CYHIIHHA AEPEBUHU Y LITABEJII

JlocmimkeHo MOJKIIMBOCTI BUKOPUCTAHHSI MOJIENI KIITHHHUX aBTOMATIB MPU BUPIIIEH] 3aBIaHHs TEIUIO- 1 BOJIOTONEePEHECeH-
HSl B KaMepi CyIIiHHS JepeBUHM mepiogudHoi faii. Tako IOCITIIKEHO MPOIECH TEIUIO- i BOJOrooOMiHy MiXK AEPEBHHOIO Ta il
areHToM cymiHHs. JlocmimkeHHs npoBesieHo 3 BukopructanusiM CAD-mozeni mrabens BUCYLIyBaHOl AepeBHHU. JJsl BUKOPHC-
TaHHS KJIITHHHAX aBTOMATiB 3aMpOINOHOBAHO MOoAaHHs AociipKyBanoi CAD-Moeni y BUIIsiAI MAacUBY KyOiB, KOXKEH 3 SIKUX Mae
ricTh rpaneit (kiitiH). Takoxk B poOOTI 3aMpoOnoOHOBaHO BUKOPUCTAHHS Pi3HUX 30H AOCIHIIKEHHS, KOXKHA 3 SIKHX JIa€ 3MOTY 00-
YHCIIIOBATH 3HAYCHHS TEMIIEPATypPH Ta BOJIOTOBMICTY B pi3HHX Micipix gociimkyBanoi CAD-Moneri, 30kpema BcepeanHi epe-
BUHH, Ha 1i MeXi 4d B areHTi ii cyuriHHs. 3amporoHOBaHa KIITHHHO-aBTOMATHA MOJIEb MICTHTh JIOKaJbHI B3a€MO3B SI3KH MiXk
KJIITUHAMH, IKi OIMHCYIOTh iX 3araibHy moBeAiHKy. OKpiM OMUCYy 3aralbHOl MOBEIIHKM KIIITHH, B MO TepeadaueHa MOXIIH-
BiCTb 33/1aBaHHs (DI3UYHUX XapaKTEePUCTHK Marepiany. le gae 3Mory anpoKCHMyBaTH MPOLIECH Ta BU3HAYUTH HOBI 3HAYCHHS (¢i-
3MYHHUX XapaKTEePHCTHK MaTepiaiy, y T. 4. TEMIepaTypy Ta BOJOTOBMICT. 3amponOHOBaHU aITOPHUTM BUKOPHCTAHHS KIITHHHHAX
aBTOMATIB J]a€ MOXKITUBICTh OTPUMYBATH AOCTOBIPHHH pe3yabTatT Oe3 moTpedu MPOBOIUTH CKIIAHI Ta JOPOrOBapTICHI MPAKTHYHI
eKcriepuMeHTH. J{J1s MPUIIBHALICHHS IPOLECY PO3PaxXyYHKy BUKOPUCTOBYETHCS OaraToiapoBicTh, sIKa MOIArae B OTPUMAHHI YHC-
JIOBUX 3Ha4YeHb (PI3MYHUX XapaKTEPUCTHK MaTepially B ACKIJIbKOX CYCIHIX KIIITHHAX, SIKi pO3TAIIOBAaHI Ha OZHOMY HAIPSIMKY
B3aemofii. B poboti Takoxx HaBeneHO rpadiku 3MiHM TeMIepaTypy Ta BiJHOCHOI BOJIOTOCTI areHTy CyIIiHHs AepeBrHH. OKpiM
LOT0, HaBe/ICHO Tpadiku 3MIHU TEMIIEpaTypH Ta BOJIOrOBMICTY IEPEBUHH BCepenuHi Ta Ha ii Mexi. J[iis nepeBipku afekBaTHOC-
Ti Ta JOCTOBIPHOCTI, MPOBOAUTHCS MOPIBHSHHS OTPUMAHUX PE3y/IbTATiB i3 pe3y/ibTaTaMHy iHIIOro eKcrepuMeHTy. J{is poro mo-
PIBHSIHHSI O0UHCIIOETHCS CepeHs a0COM0THA MOXKOKA MiXK 3HAYESHHSIMH TEMIIEPATyPH Ta BOJIOTOCTI 000X eKCIIepHUMEHTIB. 3Ha-
YeHHs I[i€i MOXUOKU MAf0Th MOMJIMBICTh BU3HAYHUTH MEPCICKTHBY BUKOPHUCTAHHS KIITHHHUX aBTOMATIB I/l 4ac MOIETIOBaHsI
MPOLIECIB TEIUIO- i BOJIOTOMEPEHECEHHsI B KaMepax CYIIiHHSI ISPEBUHH.

Kmrouoei cnosa: xnitunni asromarn; CAD-Mopierb; anropiut™ poOOTH; MpaBHiia TepexoliB; Kamepa CYLIiHHs IePEBUHI.
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