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In the specialized literature there is no 
information at all about the temperature dis-
tribution in wood details during their unilat-
eral heating and about the energy consump-
tion needed for realising of such heating. 
For precise determination of the energy, 
which is consumed by the wood at every 
moment of the details’ heating it is neces-
sary to know the current value of the aver-
age mass temperature of the wood (Deliiski, 
Trichkov, Angelski and Dzurenda 2014). 

The aim of the present work is to sug-
gest an approach for the computation of the 
average mass temperature of the wood and 
the rate of its change during unilateral heat-
ing of flat wood details aimed at their plasti-
cizing before bending. The approach has to 
be based on the integration of the solutions 
of a linear model for the calculation of the 
non-stationary 1D temperature distribution 
along the thickness of subjected to unilateral 
heating flat details. 

MODELLING OF THE PROCESS 
OF UNILATERAL HEATING OF FLAT 
WOOD DETAILS 

When the width of the wood details ex-
ceeds their thickness by at least 3 ÷ 4 times, 
then the calculation of the change in the 
temperature only along the thickness of the 
details during their unilateral heating (i.e. 
along the coordinate x, which coincides with 
the thickness h) can be carried out with the 
help of the following linear 1D mathemati-
cal model (Deliiski, 2003): 
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with an initial condition  

 ( ) 00, TxT =   (2) 

and following boundary conditions: 

• from the side of the details’ heating 
– at prescribed surface temperature, 

which is equal to the temperature of 

the metal heating body mТ : 
 

 )(),0( m τ=τ ТТ ; (3) 
 

• from the opposite non-heated side of 
the details – at convective heat ex-
change between the details’ surface 
and the surrounding air environment  
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For practical usage of (1) and (4) it is 
needed to have mathematical descriptions of 
the wood temperature conductivity cross 
sectional to the fibers, ac, of the wood ther-
mal conductivity cross sectional to the fi-
bers, λc, and of the heat transfer coefficient 
between the details’ surface at their non-
heated side and the surrounding air, α. For 
this purpose the description of ac and λc giv-
en in (Deliiski 2003, 2011) can be used. The 
calculation of the heat transfer coefficient α 
can be carried out with the help of the fol-
lowing equation, which has been suggested 
by Chudinov (1968) for the cases of cooling 
of horizontally situated wood plates in at-
mospheric conditions of free convection: 

 [ ] 25.0
as )()(256.3 τ−τ=α TТ . (5) 

AN APPROACH FOR THE COM-
PUTATION OF THE AVERAGE 
WOOD TEMPERATURE AND OF THE 
RATE OF ITS CHANGE 

The average mass temperature of the 
wood details during their unilateral heating 
can be calculated after integration of the 1D 
non-stationary temperature distribution 
along the detail’s thickness using the follow-
ing equation (Deliiski, 2003): 

  τ=
)(

av d),(
1

h

xxT
h

Т . (6) 

The 1D non-stationary temperature dis-
tribution along the detail’s thickness for 
every moment of the unilateral heating, 
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wood temperature of t0 = 20 oC, and wood 
moisture content of u = 0.15 kg·kg-1 during 
10 min of their unilateral heating at tm = 
100 oC, tm = 120 oC, tm = 140 oC, and at ta = 
20 oC.  

The computations have been done with 
average arithmetic values of the spruce 
thermal conductivity cross-sectional to the 

fibers, λc = λs and of the spruce temperature 
conductivity cross-sectional to the fibres ac, 
for respective ranges from 20 oC to 100 oC, 

from 20 oC to 120 oC, and from 20 oC to 140 
oC (Deliiski, Trichkov, Angelski and 
Dzurenda, 2014).  

Figure 3 presents the temperature 
change calculated by the model in 4 equidis-
tant from one another characteristic points 
along the thickness of the details with thick-
ness h = 6 mm and h = 8 mm during their 
unilateral heating at tm = 120 оC. The coor-
dinates of those points are shown in the leg-
ends of the figure. 

 ....................  
Figure 3: Change in t along the thickness of spruce details with t0 = 20 оC, u = 0.15 kg·kg-1,  

h = 6 mm (left), and h = 8 mm (right) during their unilateral heating at tm = 120 оC and ta = 20 oC 

Simultaneously with the solution of the 
1D model, calculations of tav and the rate of 
its change have been carried out. Figures 4, 
5, and 6 present the calculated change of tav 
and its rate of change during the unilateral 
heating of the spruce details with studied 
thicknesses at tm = 100 оC, tm = 120 оC, and 
tm = 140 оC respectively.  

The obtained results show that through 
one sided heating of details the change of t, 
tav, and the rate of change of tav go on ac-
cording to complex curves.  

By increasing the heating time, the 
curves of t gradually approach asymptotical-
ly to their biggest values, decreasingly de-
pendent on the remoteness of the character-
istic points from the heated surface of the 
details (see Fig. 3). Analogously, the curves 
of change in tav approach asymptotically to 
their biggest values, increasingly dependent 
on tm and decreasingly dependent on h. The 
biggest values of t and tav are achieved when 
a stationary temperature distribution occurs 
along the details’ thickness. 
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 ....................  
Figure 4: Change in tav (left) and in the rate of its change (right) of spruce details with t0 = 20 оC,  

u = 0.15 kg·kg-1, during their unilateral heating at tm = 100 оC and ta = 20 oC, depending on h 

 ...................  
Figure 5: Change in tav (left) and in the rate of its change (right) of spruce details with t0 = 20 оC,  

u = 0.15 kg·kg-1, during their unilateral heating at tm = 120 оC and ta = 20 oC, depending on h 

 ...................  
Figure 6: Change in tav (left) and in the rate of its change (right) of spruce details with t0 = 20 оC,  

u = 0.15 kg·kg-1, during their unilateral heating at tm = 140 оC and ta = 20 oC, depending on h 

The average wood temperature tav 
reaches its biggest values when at given 
values of h, tm, and ta a stationary tempera-
ture distribution along the thickness of the 
subjected to unilateral heating wood details 
occurs, as follows: 

• for h = 6 mm: 92.8 oC after 3.5 min 
heating at tm=100 oC, 111.0 oC after 
3.8 min heating at tm= 120 oC, and 
129.1 oC after 3.9 min heating at tm= 
140 oC; 

• for h = 8 mm: 91.4 oC after 6.4 min 
heating at tm=100 oC, 108.8 oC after 
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6.7 min heating at tm= 120 oC, and 
126.5 oC after 6.8 min heating at tm= 
140 oC; 

• for h = 10 mm: 89.7 oC after 9.7 min 
heating at tm=100 oC, 106.9 oC after 
10.2 min heating at tm= 120 oC, and 
124.2 oC after 10.4 min heating at 
tm= 140 oC. 

At the beginning of the heating process 
sharply increasing of the rate of change in 
tav is observed and reaching of values, which 
go out of the graduation of the vertical coor-
dinate axes (see the right graphs on Figs. 4, 
5, and 6). This sharply increases correspond-
ing to the initial very steep section of the 
dependences tav = f (τ) (see the left graphs 
on Figs. 4, 5, and 6). 

The biggest values of the rate of change 
in tav have been reached two seconds after 
the beginning of the unilateral heating of the 
details with all studied thicknesses at all 
studied values of the heating temperature tm. 
These biggest values increasingly dependent 
on tm and decreasingly dependent on h and 
are equal, as follows: 

• for h = 6 mm: 4.87 K·s-1 at 
tm=100 oC, 6.16 K·s-1 at tm= 120 oC, 
and 7.47 K·s-1 at tm= 140 oC; 

• for h = 8 mm: 3.08 K·s-1 at 
tm=100 oC, 3.89 K·s-1 at tm= 120 oC, 
and 4.71 K·s-1 at tm= 140 oC; 

• for h = 10 mm: 2.25 K·s-1 at 
tm=100 oC, 2.84 K·s-1 at tm=120 oC, 
and 3.43 K·s-1 at tm=140 oC. 

After reaching of its biggest values, the 
rate of change in tav begins to decrease – at 
first steeply and after that lighter and lighter 
until reaching its zero values when 
a stationary temperature distribution occurs 
along the details’ thickness. 

CONCLUSIONS 
The article describes a numerical ap-

proach for the computation of the wood av-

erage mass temperature and the rate of its 
change during unilateral heating of flat 
wood details aimed at their plasticizing be-
fore bending. The approach is based on the 
integration of the solutions of a linear math-
ematical model for calculation of the non-
stationary 1D temperature distribution along 
the thickness of subjected to unilateral heat-
ing of flat wood details. 

For the numerical solution of the model 
and for the applying of the suggested ap-
proach a software program has been pre-
pared, which has been input in the calcula-
tion environment of Visual Fortran Profes-
sional. With the help of the program, com-
putations have been carried out for the de-
termination of the average wood mass tem-
perature and of the rate of its change for 
spruce details with an initial temperature of 
20 oC, moisture content of 0.15 kg·kg-1, and 
thicknesses of 6 mm, 8 mm, and 10 mm 
during their 10 min unilateral heating at 
temperatures of the heating body 100 oC, 
120 oC, 140 oC, and of the surrounding air 
20 oC. 

The obtained results can be used for a 
scientifically based dimensioning of the 
heating bodies and for the determination of 
the energy consumption, which is needed 
for unilateral heating of flat wood details 
aimed at their plasticizing before bending in 
the production of curved details for different 
applications in the furniture and other indus-
tries.  

Symbols  
a = temperature conductivity (m2·s-1) 
h = thickness (m) 
n = time level during the solution of the 
mathematical model: n = 0, 1, 2, 3, … 
R = radius of bending of the heated and 
plasticized wood details (m) 
t = temperature (oC): t = T – 273.15 
T = temperature (K): T = t + 273.15 
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u = moisture content (kg·kg-1): u = W/100 
W = moisture content (%): W = 100u 
x = coordinate along the thickness of the 

details: 0 ≤ x ≤ X = h 
α = heat transfer coefficient (W·m-2·K-1) 
λ = thermal conductivity (W·m-1·K-1) 
τ = time (s) 
Δx  = step on the x-coordinate, which 
coincides with the thickness of the detail 
(m) 
Δτ = step on the τ-coordinate, i.e. interval 
between time levels (s) 

Subscripts and superscripts: 
a = air (for the temperature of the air near 
to the non-heated side of the wood details) 
av = average (for the mass temperature of 
wood details at given moment of their uni-
lateral heating) 
c = cross-sectional to the fibers (for the 
values of the thermo physical characteristics 
of the wood) 
m = medium (for the temperature of the 
heating metal body) 
s = surface (for the non-heated surface of 
the subjected to unilateral heating wood 
details) 
0 = initial (for the average mass tempera-
ture of the details at the beginning of the 
heating or for the time level at the beginning 
of the model’s solution) 
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