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Abstract: This paper puts forward a methodology for calculating the duration and energy efficiency
of regimes for autoclave steaming of wooden prisms for veneer production at limited heat power
of the steam generator, depending on the dimensions of the prism’s cross section, wood moisture
content, and loading level of the autoclave. The methodology is based on the use of two personal
mathematical models: the 2D non-linear model of the temperature distribution in non-frozen wooden
prisms subjected to steaming and subsequent conditioning in an air medium, and the model of
the non-stationary heat balance of autoclaves for steaming wood materials. Using the suggested
methodology, the calculation and research into the duration and energy efficiency of regimes for
heating of beech prisms have been carried out. The variables used were an initial temperature of 0
◦C, cross-section dimensions 0.3 × 0.3 m, 0.4 × 0.4 m, and 0.5 × 0.5 m, moisture content of 0.4, 0.6,
and 0.8 kg·kg−1, during their steaming in an autoclave with a diameter of 2.4 m, length of 9.0 m and
loading level of 40, 50, and 60% at a limited heat power of the steam generator, equal to 500 kW. It
has been determined that the duration of the autoclave steaming regimes, at a loading level of 50%
being most often used in the practice beech prisms with moisture of 0.6 kg·kg−1, does not exceed 9 h,
13 h, and 20 h for prisms with cross-section 0.3 × 0.3 m, 0.4 × 0.4 m, and 0.5 × 0.5 m, respectively.
This duration is less than half of the corresponding duration of the steaming regimes at atmospheric
pressure. The energy needed for warming up such prisms themselves does not exceed 60, 65, and 69
kWh·m−3, respectively, and the energy consumption of the whole autoclave then is equal to about 90,
99, and 105 kWh·m−3, respectively. The energy efficiency of the autoclave steaming regimes changes
between 62.2% and 68.8% for the studied ranges of the influencing factors and it turns out to be
more than 2–3 times larger in comparison with the efficiency of the steaming at atmospheric pressure.
The methodology can be used for various calculations with ANSYS and to create the software for
systems used for computing and model-based automatic realization of energy-efficient regimes
for autoclave steaming of different wood materials from various species. This could be useful in
developing similar methodologies in different areas of thermal treatment at increased pressure of
various capillary-porous materials of plant or technical origin.

Keywords: autoclave steaming; wood materials; moisture content; loading level of autoclave; dura-
tion of regimes; energy efficiency

1. Introduction

For plasticizing prismatic wood materials in the production of veneer and plywood,
the materials are usually subjected to steaming in different types of equipment which
operate at atmospheric or increased pressure [1–8], etc.

The steaming of wood at atmospheric pressure is carried out in pits or in chambers.
The steaming under increased pressure of the processing medium in autoclaves is used in
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many applications due to its higher energy efficiency and lower duration in comparison
with the steaming at atmospheric pressure [4,6,9–19].

Information about the duration and energy consumption of steaming wood materials
in atmospheric or increased pressure only for the cases of unlimited generator power has
been presented in [3,5,20–26], etc. For example, the following durations of the steaming
process at atmospheric pressure at 80 ◦C of the non-frozen beech prisms considered below
with initial temperature of 0 ◦C and thicknesses of 0.3 m, 0.4 m, and 0.5 m, intended for
the production of veneer are equal to 18 h, 28 h, 38 h, respectively [21], or 15 h, 29 h, and
45 h [3].

After 24 h steaming of non-frozen beech prisms with thickness in the range from
0.3 to 0.4 m in good insulated pits, heat energy consumption between 140 kWh·m−3 and
170 kWh·m−3 has been measured in [27]. After 28 h boiling of beech prisms in a pit at 80 ◦C
with dimensions of 0.4 × 0.4 × 1.2 m, initial temperature of 10 ◦C and moisture content of
0.8 kg·kg−1, intended for the production of veneer, the energy consumption and efficiency
of 176.2 kWh·m−3 and of 29.1%, respectively, have been determined in [22]. It has been
noted that the energy efficiency of the steaming wood materials in pits is approximately
equal to 18% [27]. There is no information in the accessible specialized literature on the
availability of verified mathematical models of the heat balance and the energy efficiency
of steaming chambers which operate at atmospheric pressure.

The development of correct, efficient and non-defective carrying out of the steaming
process in autoclaves depends on the dimensions and initial temperature of the wood
materials, on the microstructure specifics and fiber saturation point of the wood species, on
the anisotropy of the wood, and on the content and aggregate condition of the water in it.
Other important factors are the low change in the temperature of the steaming medium,
the design parameters of the autoclave and the degree to which it is loaded with wood
materials, the thermo-physical characteristics of the autoclave‘s metal body and insulating
layer, and also of the condensed water gathered in the autoclave and of the surrounding
air used for subsequent conditioning of the steamed materials. In addition, some of these
influencing factors are immeasurable [28]. That is what makes the science-based study
and research of the whole complexity of the autoclave steaming process of wood materials
possible, only by using adequate mathematical models.

In [12,18], the authors create, numerically solve and validate their own 3D, 2D, and
1D mathematical models for the non-linear heat conduction in anisotropic prismatic wood
materials during steaming in autoclaves with the unlimited power of the steam generator.

For small and medium-sized veneer production companies, steaming regimes for
wood materials with limited power of the steam generator are of considerable interest.
In [28,29], the authors describe an approach for computing the processing medium temper-
ature during steaming of wooden prisms for veneer production in an autoclave at limited
power of the steam generator.

This work considers a methodology for using personal mathematical models to com-
pute the duration and energy efficiency of regimes for steaming of non-frozen wooden
prisms intended for the production of veneer at limited power of the steam generator,
depending mainly on the following influencing factors: dimensions of the prism’s cross
section, wood moisture content, and loading level of the autoclave.

2. Materials and Methods
2.1. Material for the Investigations

The good suitability of the models, obtained in [12,18] through industrial experiments
on a wide variety of wooden species, allows them—and the approach suggested in [28,29]—
to be used for a simulation study of the impact of the above-mentioned three main factors
upon the duration and energy efficiency of regimes for autoclave steaming of non-frozen
wooden prisms for veneer production at limited power of the steam generator.
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The current research has been conducted over non-frozen beech (Fagus sylvatica L.)
prismatic materials, which are often subjected to steaming in the practice in order to
plasticize in the production of veneer.

During simulations with two of our own models, the following values of the factors
influencing the duration and energy efficiency of the prism steaming regimes were set:

1. Dimensions of the square cross section of beech prisms with thickness d and width b:
0.3 × 0.3 m, 0.4 × 0.4 m, and 0.5 × 0.5 m.

2. Initial moisture content u of the prisms subjected to autoclave steaming: 0.4 kg·kg−1,
0.6 kg·kg−1, and 0.8 kg·kg−1.

3. Basic density of 560 kg·m−3 for the beech wood.
4. Inner diameter of 2.4 m, length of the cylindrical part of 9.0 m and internal volume of

48 m3 of the steaming autoclave.
5. Loading level, γ, of the autoclave with filled in prisms for steaming: 0.4 m3·m−3,

0.5 m3·m−3, and 0.6 m3·m−3 (i.e., γ = 40%, γ = 50%, and γ = 60%, respectively).
6. Limited heat power qsource = 500 kW of the generator, which feeds the autoclave with

saturated water steam.
7. Initial and the maximal values of the steaming medium temperature Tm0 = 273.15 K

(i.e., tm0 = 0 ◦C) and Tm1 = 403.15 K (i.e., tm1 = 130 ◦C), respectively.
8. Temperature of the surrounding environment near the steamed prisms during their

conditioning out of the autoclave Tm-cond = 293.15 K (i.e., tm-cond = 20 ◦C).

2.2. Modelling of the 2D Temperature Distribution in the Wooden Prisms during Their Steaming
and Subsequent Conditioning in an Air Medium

It is well known that the moisture diffusion of the wood is hundreds of times smaller
than its temperature conductivity. Because of this, it is widely accepted in the theory of
wood thermal treatment that the change in temperature of wood materials during their
steaming or boiling is a result of a purely thermo-exchange process [1–6,12,18,21,30–36].

Thus, if the length of the prisms, l, is at least more 4–5 times greater than the thickness,
d, and the width, b, is no more than 3 times the thickness, then the non-stationary change
in the temperature in the prism’s cross section—which is equally distant from the frontal
sides (Figure 1) (i.e., along x and y of this section) during heating and cooling in steaming
or air medium with the following 2D model—can be calculated [12,18]:
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cw(T, u) · ρw(ρb, u) ∂T(x,y,τ)
∂τ = ∂

∂x

[
λwr(T, u, ρb)

∂T(x,y,τ)
∂x

]
+

+ ∂
∂y

[
λwt(T, u, ρb)

∂T(x,y,τ)
∂y

] (1)
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at
T(x, y, 0) = Tw0 (2)

and boundary conditions:

- during the steaming process:

T(x, 0, τ) = T(0, y, τ) = Tm(τ) (3)

- during the conditioning process of the steamed prisms in an air environment:

∂T(x, 0, τ)
∂y

= −
αw−cond(x, 0, τ)

λwt(x, 0, τ)
[
T(x, 0, τ)− Tair−cond(τ)

]
(4)

∂T(0, y, τ)
∂x

= −
αw−cond(0, y, τ)

λwr(0, y, τ)
[
T(0, y, τ)− Tair−cond(τ)

]
(5)

where cw is the specific heat capacity of the wood, which is the same for all wood species
J·kg−1·K−1; λwr and λwt—thermal conductivities of the specific wood species in radial and
tangential direction, respectively, W·m−1·K−1; ρw—prism’s density, kg·m−3; ρw—basic
density of the wood species, kg·m−3; u–initial moisture content of the prism, kg·kg−1;
x—coordinate along the prism’s thickness (see Figure 1): 0 ≤ x ≤ d, m; d—thickness of
the prism, m; y—coordinate along the prism’s width: 0 ≤ y ≤ b, m; b—width of the prism,
m; τ—time, s; T—temperature, K; Tw0—initial average mass temperature of the prism,
K; Tm—temperature of the processing medium, K; Tair-cond—temperature of the ambient
air during the conditioning of the steamed prism, K; αw-cond—heat transfer coefficient
between the prism’s surfaces and surrounding air during the conditioning process of the
heated prisms, W·m−2·K−1.

The following mathematical descriptions of the change in cw, λr and λt of the non-
frozen wood during its heating and cooling have been suggested in [12,13,18,23,37,38],
based on the relationships that were experimentally determined in the dissertations of
Chudinov [1] and Kanter [39] for the change in c and λ of frozen and non-frozen wood as a
function of t and u.

cw =
1

1 + u
·
(

2862u + 2.95T + 5.49u · T + 0.0036T2 + 555
)

(6)

λw = λw0 · [1 + β(T − 273.15)] (7)

λw0 = Kad · v · [0.165 + (1.39 + 3.8u) ·
(

3.3.10 × 10−7ρ2
b + 1.015 × 10−3ρb

)
] (8)

v = 0.1284 − 0.013u (9)

β = 3.65
(

579
ρb

− 0.124
)
× 10−3 (10)

With the help of numerous real and model experiments in [6,12,18,23], the precise
values of the coefficient Kad in Equation (8) for different anatomical directions and wood
species have been determined. For the beech wood discussed in this paper, the following
values of this coefficient in radial Kad-r = 1.35 and in tangential Kad-t = 1.21 directions have
been obtained. The experiments at increased pressure have shown that the influence of
the gaps between prisms in a given autoclave batch on the temperature distribution in the
separate prisms is negligible.

It must be noted that the experimentally derived data for cw(t, u) and λw(t, u) in [1,39]
are widely used in both the European [3–6,20,21,40,41] and the American specialized
literature [30–36] when calculating various processes of wood steaming and boiling.

The wood density ρw, which participates in Equation (1), is determined above the
hygroscopic range according to the below equation [3,4,12,18,20,42,43]:
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ρw = ρb · (1 + u) (11)

In [6,12], the following dependence for computing the convective heat transfer coefficient
between steamed wood materials and surrounding air has been experimentally received:

αw−cond = 0.38 × 1.026[T(0,0,τreg)−Tair−cond(τ)] · [T(0, 0, τ)− Tair−cond(τ)] (12)

where τreg is the duration of the steaming regimes, s.

2.3. Modelling of the Heat Energy Consumption and Energy Efficiency of Autoclaves

On the grounds of energy analyses, the structural model, presented in Figure 2, of
distribution of the energy consumption of autoclaves for steaming wood materials of
different shape and applications has been created [12].
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The non-stationary heat balance of the steaming autoclave can be mathematically
described by the following model, which has been experimentally verified in [12]:

Qn
ha = Qn

hw + Qn
hf + Qn

hil + Qn
he + Qn

hfv + Qn
hcw (13)

where Qha is the specific (for 1 m3 wood) heat energy, which is supplied into the autoclave,
kWh·m−3; Qhw—energy used for heating of the subjected to steaming wood materials,
kWh·m−3; Qhf—energy used for heating of the autoclave’s body and the metal trolleys
in it, kWh·m−3; Qhil—energy used for heating of the insulating layer of the autoclave,
kWh·m−3; Qhe—energy used for heat emission, kWh·m−3; Qhfv—energy used for filling in
with steam of the autoclave’s free volume, kWh·m−3; Qhcw—energy, which is accumulated
in the condense water, kWh·m−3; n—time coordinate, which is used to numerically solve
the models in Equations (1)–(13).

Mathematical descriptions of all components of the heat balance in Equation (13),
depending on the influencing factors, have been given in [6,12] as follows: Qhw = f [cw(x,y,τ),
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ρw, Tw0, Tw(x,y,τ), Tw-avg, Sw], Qhf = f [cf, ρf, Vf, Tm0, Tm(τ), Va, γ], Qhil = f [cil(z,τ), ρil, Til0,
Til(z,τ), dil, Va, γ], Qhe = f [Fil, Fs, T(dil,τ), Tair(τ) αil(τ), αs(τ), Va, γ], Qhfv = f [ρv(τ), Va, γ],
Qhcw = f [mcw(τ), hcw(Tm,τ), Va, γ].

The meaning of the variables in these dependences, whose explanation is not given
under Equation (5), is, as follows: Sw—area of the prism’s cross section, m2; cs and cil—heat
capacities of the autoclave’s steel body and insulating layer, respectively, J·kg−1·K−1; ρf
and ρv—density of the autoclave’s steel body and the water steam in the autoclave, respec-
tively, kg·m−3; Tw-avg—average mass temperature of the prisms, K; Tm0 and Til0—initial
temperature in the autoclave and of the insulating layer, respectively, K; Tair—temperature
of the air near the autoclave, K; Va—internal volume of the autoclave, m3; γ—loading level
of the with filled in prisms for steaming, m3·m−3; z—coordinate along the thickness of the
insulating layer in 1D model of its unsteady heating, m; dil—thickness of the insulating
layer, m; Fil and Fs—aria of the insulating layer and of the uninsulated autoclave’s surfaces,
respectively, m2; αil and αs—convective heat transfer coefficient between the ambient
air and insulated layer and uninsulated autoclave’s surfaces, respectively, W·m−2·K−1;
mcw—mass of the condensed water in the autoclave, kg; hcw—enthalpy of the condensed
water which is gathered in the autoclave, J·kg−1; τ—time, s.

In [44], the following mathematical description of Qn
hw for prismatic wood materials

is given:

Qn
hw =

ρw
3.6 × 106Sw

.

x

Sw

cwatTn
i,k + cwatTw0

2
·
(

Tn
i,j − Tw0)dSw

 (14)

Using this description and also the description of Qn
ha, it is possible to calculate the

current value of the energy efficiency (in %) of different regimes for autoclave steaming of
wood materials, η, according to the following equation:

η = 100
Qn

hw
Qn

ha
(15)

2.4. Change in the Processing Medium Temperature Tm in Regimes for Steaming of Prisms in an
Autoclave and for Their Subsequent Conditioning

The typical change in Tm in regimes for autoclave steaming of wooden prisms and
their subsequent conditioning in air environment, which was used during the numerical
simulations below, is shown in Figure 3. These regimes contain five stages [8]:
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1. Intensive increasing of Tm during the time 0–τ1, which is caused by the full opening
of the valve directing the water steam in the autoclave. An intensive increase in Qhfv
during this stage occurs, but the rest of the components of the autoclave’s heat balance
then change slowly.

2. Constant Tm of the steaming medium during τ1–τ2 caused by dosed introduction of
water steam in the autoclave. During this stage of the regime, the largest heating of
the prisms takes place and a gradual increase in Qhw, Qhil, Qhe, and Qhcw occurs. At
the same time, the energy Qhfv remains unchanged. After reaching a certain value of
Tw-avg at τ2, the supply of water steam to the autoclave is stopped. The calculated
values of Qhw and Qha at τ2 are used below to determine η for each of the studied
regimes for prisms autoclave steaming.

3. Decreasing Tm of the steaming medium during τ2–τ3 caused by using the already
accumulated heat in the autoclave.

4. Decreasing Tm of the steaming medium during τ3–τ4, which is caused by the opening
the cranes directing the steam and condensed water out of the autoclave.

5. Decreasing Tm of the air near the steamed prisms out of the autoclave during τ4–τf.

The time from 0 to τ4 represents the duration of the regime for autoclave steaming of
the prisms, τreg.

3. Results and Discussion

In order to numerically solve the models aiming to calculate the duration and en-
ergy efficiency of the autoclave steaming regimes of prisms for veneer production at
limited power of the steam generator, a software package was prepared, which was
input in the platform of Visual FORTRAN developed by the world famous American
company Microsoft, Redmond, WA, USA.

In order to transform the models into a form suitable for programming in FORTRAN,
an explicit form of the finite-difference method was used, which excludes any simplification
of the unsteady models [6,18,21,23,28]. During the simulations with the two experimentally
verified models presented above, the factors influencing the duration and energy efficiency
of the prisms steaming regimes, listed in Section 2.1, were used.

With the help of the software package, simulations were made to compute the Tm and
also the 2D unsteady change in the temperature in the square cross section of the studied
beech prisms during their steaming in an autoclave. The coordinates of the characteristic
points of the prisms, in which the change in T was recorded, were equal, as follows: Point
1 with T1: d/8, b/8 and Point 2 with T2: d/2, b/2 (center of the prisms).

At the same time, the average mass temperature of the prisms, Tavg, the energy
needed to warm them, Qhw, and the entire energy consumed by the autoclave, Qha, were
calculated. For this purpose, using Equation (11), the following values of the wood density
of the subjected to autoclave steaming beech prisms were applied: ρw = 784 kg·m−3 for u =
0.4 kg·kg−1, ρw = 896 kg·m−3 for u = 0.6 kg·kg−1, and ρw = 1008 kg·m−3 for u = 0.8 kg·kg−1.

Using the obtained values of Qhw and Qha, the energy efficiency of the steaming
regimes was determined according to Equation (15).

3.1. Computing the Unsteady 2D Temperature Distribution in Prisms during Autoclave Steaming
and Consequent Conditioning

In Figures 4–6, the calculated changes in the surface temperature, ts, average mass
temperature, tw-avg, and t of 2 characteristic points t1 and t2) of the beech prisms with
d × b = 0.4 × 0.4 m, moisture content u = 0.4, 0.6, 0.8 kg·kg−1, and loading level of the
autoclave γ = 40%, 50%, 60%, respectively, during their autoclave steaming and subsequent
conditioning are presented.
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Figure 4. Changes in ts, tw-avg, and t in 2 characteristic points t1 and t2 of the prisms with
d × b = 0.4 × 0.4 m and γ = 40% during their steaming in an autoclave and subsequent conditioning,
depending on u and τ.
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Figure 5. Changes in ts, tw-avg, and t in 2 characteristic points t1 and t2 of the prisms with
d × b = 0.4 × 0.4 m and γ = 50% during their steaming in an autoclave and subsequent conditioning,
depending on u and τ.
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Figure 6. Changes in ts, tw-avg, and t in 2 characteristic points t1 and t2 of the prisms with
d × b = 0.4 × 0.4 m and γ = 60% during their steaming in an autoclave and subsequent conditioning,
depending on u and τ.

The change in ts, t1, t2, and tw-avg during the steaming of prisms with intermediate
values u = 0.6 kg·kg−1, and γ = 50%, and d × b = 0.3 × 0.3 m and d × b = 0.5 × 0.5 m is
shown in Figures 7 and 8, respectively.
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Figure 7. Changes in ts, tw-avg, and t in 2 characteristic points t1 and t2 of the prisms with
d × b = 0.3 × 0.3 m during their steaming in an autoclave at γ = 50% and subsequent condition-
ing, depending on u and τ.
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τ4 = τreg, 
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t2  
at τ2,  

°C 

t1  
at τ4,  

°C 

t2  
at τ4  
°C 

t1 at τ4 + 
1 h,  
°C 

t2 at τ4 + 
1 h,  
°C 

t1 at τ4 + 
2 h,  
°C 

t2 at τ4 + 
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°C 
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Figure 8. Changes in ts, tw-avg, and t in 2 characteristic points t1 and t2 of the prisms with
d × b = 0.5 × 0.5 m during their steaming in an autoclave at γ = 50% and subsequent condition-
ing, depending on u and τ.

In these figures, the minimal and maximal values of the temperature, topt-min = 62 ◦C
and topt-max = 90 ◦C, respectively, are also shown. In order to obtain quality veneer from
plasticized beech wood, the temperature of all characteristic points of the prisms during the
veneer cutting process must stay between these optimal values of the temperature [6,12,19].

The temperatures in the figures, and in the analyses below, are given in ◦C instead in
K, which is more convenient for understanding and practical use.

Carrying out calculation of the temperature distribution in the prisms has been in-
terconnected for the processes of their steaming in an autoclave and their subsequent
conditioning in an air environment.

Table 1 shows the changes in the duration of the stages τ2, τ3 and τ4 (see Figure 3),
the temperatures t1 at τ1 and t4 at τ4, and also after 1 h conditioning (at τ4 + 1 h) and after
2 h conditioning (at τ4 + 2 h) of prisms with d × b = 0.4 × 0.4 m.

Table 1. Changes in the Duration of the Steaming Regimes τreg for Autoclave Steaming at tm1 = 130 ◦C of Beech Prisms
with tw0 = 0 ◦C and d × b = 0.4 × 0.4 m, Depending on Moisture Content u and Loading Level γ.

u,
kg·kg−1

γ,
%

τ2,
h

τ3,
h

τ4 = τreg,
h

t1
at τ2,
◦C

t2
at τ2,
◦C

t1
at

τ4, ◦C

t2
at τ4
◦C

t1 at τ4 +
1 h,
◦C

t2 at τ4 +
1 h,
◦C

t1 at τ4 +
2 h,
◦C

t2 at τ4 +
2 h,
◦C

0.4 40 8.65 10.65 12.15 120.4 31.8 90.6 56.9 66.7 62.4 49.6 66.9
0.4 50 8.80 10.80 12.30 120.4 32.4 90.5 57.3 66.3 62.8 49.5 67.2
0.4 60 8.95 10.95 12.45 120.4 32.3 90.4 57.2 65.9 62.7 49.3 67.1

0.6 40 9.00 11.00 12.50 120.4 32.0 90.7 56.5 67.1 62.0 50.4 66.4
0.6 50 9.20 11.20 12.70 120.4 31.7 90.7 56.2 67.1 61.7 50.3 66.2
0.6 60 9.40 11.40 12.90 120.4 31.9 90.7 56.3 67.1 61.8 50.4 66.3

0.8 40 9.35 11.35 12.85 120.4 31.8 90.9 55.8 67.9 61.3 51.2 65.8
0.8 50 9.65 11.65 13.15 120.4 32.1 90.8 56.0 67.5 61.5 51.1 65.9
0.8 60 9.95 11.95 13.45 120.4 32.2 90.9 56.0 67.9 61.5 51.2 65.9

The same parameters of prisms with d × b = 0.3 × 0.3 m and d × b = 0.5 × 0.5 m but
only at the intermediate value of γ = 50% are presented in Table 2.
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Table 2. Change in the Duration of the Steaming Regimes τreg for Autoclave Steaming at tm1 = 130 ◦C and γ = 50% of Beech
Prisms with tw0 = 0 ◦C, d × b = 0.3 × 0.3 m and d × b = 0.5 × 0.5 m, Depending on u.

u,
kg·kg−1

γ,
%

τ2,
h

τ3,
h

τ4 = τreg,
h

t1
at τ2,
◦C

t2
at τ2,
◦C

t1
at τ4,
◦C

t2
at τ4
◦C

t1 at τ4 +
1 h,
◦C

t2 at τ4 +
1 h,
◦C

t1 at τ4 +
2 h,
◦C

t2 at τ4 +
2 h,
◦C

Prisms with d × b = 0.3 × 0.3 m

0.4 50 4.40 6.40 7.90 117.2 18.4 85.5 58.3 57.2 65.8 39.9 70.0
0.6 50 4.75 6.75 8.25 116.7 18.5 84.5 58.8 52.2 65.8 39.2 67.9
0.8 50 5.15 7.15 8.65 116.0 19.2 84.9 58.3 54.3 65.3 40.4 69.1

Prisms with d × b = 0.5 × 0.5 m

0.4 50 15.40 17.40 18.90 121.8 42.8 96.9 58.3 78.2 62.2 61.3 65.7
0.6 50 15.90 17.90 19.40 121.8 42.5 97.3 57.7 79.3 61.5 62.4 65.0
0.8 50 16.45 18.45 19.95 121.9 42.6 97.5 57.3 80.0 61.1 63.3 65.6

The obtained results, some of which are presented above, have led us to making the
following statements about the change in the duration of the regimes for plasticizing of
beech prisms, τreg, in an autoclave with inner diameter of 2.4 m, length of its cylindrical
part of 9.0 m, and inner volume of 48 m3, depending on the studied influencing factors:

1. The increase in the prisms’ dimensions at given values of u and γ causes non-
linear increase in τreg. For example, at the most often used in the practice variables
of u = 0.6 kg·kg−1, and γ = 50%, the duration τreg at tm1 = 130 ◦C (see Figure 3) and
qsource = 500 kW obtains the following values: 8.25 h for prisms 0.3 × 0.3 m; 12.70 h
for prisms 0.4 × 0.4 m, and 19.40 h for prisms 0.5 × 0.5 m.

2. The increase in the prisms’ moisture content from 0.4 to 0.8 kg·kg−1 at given values
of d × b and γ causes an insignificant, practically linear increase in τreg. When d × b
= 0.4 × 0.4 m and γ = 50%, the duration τreg at tm1 = 130 ◦C and qsource = 500 kW is
equal as follows: 12.30 h for u = 0.4 kg·kg−1, 12.70 h for u = 0.6 kg·kg−1, and 13.15 h
for u = 0.8 kg·kg−1.

3. The increase in the loading level of the autoclave from 40 to 60% at given values of
d × b and u causes a slight linear increase in τreg. When d × b = 0.4 × 0.4 m, and
u = 0.6 kg·kg−1 the duration τreg at tm1 = 130 ◦C and qsource = 500 kW obtains the
following values: 12.50 h for γ = 40%, 12.70 h for γ = 50%, and 12.90 h for γ = 60%
(Table 1).

4. It can be seen on Figures 4–8 and Tables 1 and 2 that the temperatures of the studied
characteristic points near the prisms surfaces (t1) and in the prisms center (t4) enter
between topt-min = 62 ◦C and topt-max = 90 ◦C after duration of the conditioning of
the steamed prisms at tm-cond = 20 ◦C (see Figure 3) in an air environment equal to
approximately 30 min (i.e., τ4 + 0.5 h) when d × b = 0.3 × 0.3 m, to 60 min (i.e., τ4 +
1 h) when d × b = 0.4 × 0.4 m, and to approximately 120 min (i.e., τ4 + 2 h) when d ×
b = 0.5 × 0.5 m.

It must be noted that the impact of the prism’s dimensions d × b and γ on the duration
τ1 (refer to Figure 3) in the beginning of the steaming regimes at a given value of qsource
has been already considered and explained in [29].

The results obtained in the present paper show that the increase in the wood moisture
content, u, practically caused a linear increase in τ1. The reason for this is that the larger
wood moisture content means there is a larger capacity of the wood subjected to steaming
in the autoclave. Because of that, a smaller increase in tm during any next time step ∆τ of
the models’ solving is calculated.

3.2. Computing the Energy Efficiency of the Regimes for Steaming Prisms in an Autoclave

In Table 3, the calculated by Equation (15) change in the energy efficiency η of the
presented on Figures 4–6 regimes for autoclave steaming of beech prisms is given. The
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values of η are determined for the time τ2 of the steaming regimes (see Figure 3) when the
supply of water steam in the autoclave is terminated.

Table 3. Change in the Energy Efficiency η of the Regimes for Autoclave Steaming at tm1 = 130 ◦C of Beech Prisms with
two = 0 ◦C and d × b = 0.4 × 0.4 m, Depending on Moisture Content u and Loading Level γ.

u,
kg·kg−1

γ,
%

τ2,
h

τ4 = τreg,
h

tw-avg
at τ2,
◦C

Qw
at τ2,

kWh·m−3

Qa
at τ2,

kWh·m−3

η

at τ2, %

0.4 40 8.65 12.15 90.1 52.41 84.24 62.2
0.4 50 8.80 12.30 90.3 52.57 81.71 64.3
0.4 60 8.95 12.45 90.3 52.51 79.63 65.9

0.6 40 9.00 12.50 90.2 65.49 101.95 64.2
0.6 50 9.20 12.70 90.0 65.35 98.81 66.1
0.6 60 9.40 12.90 90.2 65.39 96.86 67.5

0.8 40 9.35 12.85 90.2 78.38 119.24 65.8
0.8 50 9.65 13.15 90.3 78.32 116.44 67.4
0.8 60 9.95 13.45 90.2 78.36 114.35 68.6

The analogous values of η for prisms with d × b = 0.3 × 0.3 m and d × b = 0.5 × 0.5 m
steamed only at γ = 50% are given in Table 4. All calculated values of η are graphically
presented in Figure 9.
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Table 4. Change in the Energy Efficiency η of the Regimes for Autoclave Steaming at tm1 = 130 ◦C and γ = 50% of Beech
Prisms with tw0 = 0 ◦C, d × b = 0.3 × 0.3 m and d × b = 0.5 × 0.5 m, Depending on u.

u,
kg·kg−1

γ,
%

τ2,
h

τ4 = τreg,
h

tw-avg
at τ2,
◦C

Qw
at τ2,

kWh·m−3

Qa
at τ2,

kWh·m−3

η

at τ2, %

Prisms with d × b = 0.3 × 0.3 m

0.4 50 4.40 7.70 81.8 47.76 74.11 64.6
0.6 50 4.75 8.25 81.2 59.24 89.20 66.4
0.8 50 5.15 8.65 80.7 70.53 104.16 67.7

Prisms with d × b = 0.5 × 0.5 m

0.4 50 15.40 18.90 95.2 55.25 86.32 64.0
0.6 50 15.90 19.40 95.1 68.98 104.62 65.9
0.8 50 16.45 19.95 95.1 82.68 123.01 67.2

The analysis of the received simulation results allows us to make the following state-
ments about the change in η of the regimes for plasticizing beech prisms in an autoclave
with inner diameter of 2.4 m, length of its cylindrical part of 9.0 m, and inner volume of
48 m3, depending on the studied influencing factors:

1. The increase in the prisms dimensions at given values of u and γ causes a slight
reduction of η. For example, when u = 0.6 kg·kg−1 and γ = 50% the efficiency η at
tm1 = 130 ◦C obtains the following values: 66.4% for prisms 0.3 × 0.3 m; 66.1% for
0.4 × 0.4 m, and 65.9% for 0.5 × 0.5 m.

2. The increase in u from 0.4 to 0.8 kg·kg−1 at given values of d × b and γ causes an
increase in η within a maximum of 4%. When d × b = 0.4 × 0.4 m and γ = 50%, the
efficiency η at tm1 = 130 ◦C is equal as follows: 64.3% for u = 0.4 kg·kg−1, 66.1% for
u = 0.6 kg·kg−1, and 67.4% for u = 0.8 kg·kg−1.

3. The increase in γ from 40 to 60% at given values of d × b and u also causes an increase
in η within a maximum of 4%. When d × b = 0.4 × 0.4 m and u = 0.6 kg·kg−1 the
efficiency η at tm1 = 130 ◦C. the following values are obtained: 64.2% for γ = 40%,
66.1% for γ = 50%, and 67.5% for γ = 60%.

4. Conclusions

The present paper describes a methodology for calculating the duration and energy
consumption and efficiency of regimes for autoclave steaming of wooden prisms intended
for the production of veneer, τreg, Qha, and η, respectively, at limited heat power of
the steam generator, depending on the separate combinations between the following
influencing factors: dimensions of the prism’s cross section, d × b, wood moisture content
u, and loading level of the autoclave, γ.

The methodology is based on the use of two personal mathematical models: 2D
non-linear model of the unsteady distribution of t in non-frozen prismatic wood materials
subjected to steaming and subsequent conditioning in an air environment, and model of
the non-stationary heat balance of autoclaves for steaming wood materials.

For numerical solving of the models and practical application of the suggested method-
ology for the calculation of τreg and η, a software package was prepared in the platform of
Visual FORTRAN developed by Microsoft.

The paper presents and analyses tables and diagrams of the non-stationary 2D temper-
ature distribution and of the change that is dependent on it in τreg and η of beech prisms
with cross-section dimensions 0.3 × 0.3 m, 0.4 × 0.4 m, and 0.5 × 0.5 m, initial temperature
of 0 ◦C, basic density of 560 kg·m−3, moisture content of 0.4, 0.6, and 0.8 kg·kg−1, during
their steaming in an autoclave with inner diameter of 2. 4 m, length of its cylindrical part
of 9.0 m and loading level of 40, 50, and 60% at a limited heat power of the steam generator,
equal to 500 kW.
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It has been found that the increase in the cross-section dimensions of the prisms at
given values of u and γ causes a non-linear increase in τreg and a slight reduction in η. The
increase in u at given values of d × b and γ causes insignificant linear increase in τreg and
almost proportional increase in η within a maximum of 4%. The increase in γ at given
values of d × b and u causes a slight linear increase in τreg and an increase in η within
maximum of 4%.

Numerous data points for τreg and η, depending on different combinations of d × b, u,
and γ, have been given in the paper. According to these, the durations of the autoclave
steaming regimes at γ = 50% for the beech prisms most often used in the practice with
u = 0.6 kg·kg−1 do not exceed 9 h for prisms with d × b = 0.3 × 0.3 m, 13 h for prisms with
d × b = 0.4 × 0.4 m, and 20 h for prisms with d × b = 0.5 × 0.5 m. This duration is less than
half of the corresponding duration of the steaming regimes at atmospheric pressure.

The energy needed for warming up such prisms, Qhw, does not exceed 60, 65, and
69 kWh·m−3, respectively, and the energy consumption of the whole autoclave, Qha, then
is equal to about 90, 99, and 105 kWh·m−3, respectively.

The energy efficiency of the autoclave steaming regimes turns out to be more than
2–3 times larger in comparison to the efficiency of steaming at atmospheric pressure, and for
the studied ranges of the influencing factors, it changes between 62.5% and 68.8% for prisms
with d × b = 0.3 × 0.3 m, between 62.2% and 68.6% for prisms with d × b = 0.4 × 0.4 m,
and between 62.2% and 68.4% for prisms with d × b = 0.5 × 0.5 m.

The suggested methodology and the equations presented above can be applied to
calculate—with the help of the commercially available multi-purpose software product
ANSYS—energy effective autoclave steaming regimes, depending on the influencing fac-
tors. This methodology can also be used to create the software of systems for the calculating
and model-based automatic creation of optimized regimes for autoclave steaming of differ-
ent wood materials from various species at limited power of the steam generator.

This methodology could be useful in developing similar methodologies in different
areas of thermal treatment at increased pressure of various capillary-porous materials of
plant or technical origin.
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