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Abstract

The aim of this study was to investigate the effectiveness of the application of design tools such as Composite Central Design
(CCD) and Response Surface Methodology (RSM) in modeling and optimization of spruce drying. The models were developed
based on drying simulation in a pilot-scale kiln. Optimization assumed three criteria, namely, minimization of drying time, energy
consumption and drying stress. In addition, the influence of air parameters (temperature, relative humidity and velocity) on time,
energy consumption and drying stress was analyzed. Optimal process parameters were obtained (3 m/s velocity, 72 °C temperature,
44% relative humidity) using the desirability function approach. The temperature was the most important factor that affected all
responses. The second important one was the relative humidity of air and the last important one was the air velocity. The interac-
tion between temperature (T) and relative humidity (RH) on responses was stronger than the other interactions (T vs. V, RH vs. V).

Keywords: convective drying, spruce, drying simulation, composite central design, response surface methodology.

Introduction

Convective wood drying is one of the most important
steps in wood products manufacturing because it enhanc-
es wood mechanical and technological properties. It also
ensures the protection of wood against insect and fungal
attack.

How fast the wood reaches the target moisture con-
tent is a function of the aggressiveness of the drying
schedule and the kiln design. The former makes the dif-
ference when the kilns have the same design.

Choosing the right drying schedule is a difficult task.
For example, an aggressive schedule could lead to short
drying time, but the stress developed inside wood could
be strong enough to produce defects like surface and end
checks, honeycomb and deformation. On the other hand,
a mild drying schedule might lead to a longer residence
time than needed and therefore, to a lower drying stress.
Consequently, there is a trade-off between residence time
and quality of dried wood, when a drying schedule is go-
ing to be developed (Pérre and Olek 2007).

A drying schedule consists in three parameters,
namely, temperature, relative humidity and velocity of air.

The role of temperature is to stimulate the water evapora-
tion from wood. Its value is chosen as function of species
and moisture content of wood in order to avoid stress dur-
ing drying. Relative humidity is another key parameter
of the convective drying process. This is due to the fact
that a too low relative humidity leads to a high degree
of stress inside wood, which has as result a poor quality
of the dried wood. On the other hand, a too high relative
humidity leads to an extension of timber residence time.
However, a too high relative humidity could support the
growth of mould, and/or, discolourations, e.g. blue stain,
as pointed out by Perré and Olek (2007). The role of the
air velocity is the most important until the moisture con-
tent of wood decreases below the fiber saturation point
(FSP), which is roughly 30% for most species.

Drying schedules are developed based on both trial-
and-error approach and experimental tabulated data. One
method is that proposed by Terazawa (1965) cited by
Ofori and Brentuo (2010), which assumes to dry wood
samples in oven at 100 °C. During this time, the samples
are monitored in order to observe possible drying defects
(end checks, cross-sectional deformations and honey-
comb). Based on tabulated data, the critical drying condi-
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tions are figured out. Another method is that developed at
the Forest Products Laboratory and supposes to choose
the values of air parameters from tabulated data that were
experimentally obtained (Simpson 1991). Furthermore,
Truebswetter’s method can be used to assembly a dry-
ing schedule using some tabulated guidelines and taking
into account the critical moisture content of each species
(Truebswetter 2006). One can find a short description of
other methods applied to develop a drying schedule with-
in the chapter written by Pérre and Keey (20006).

Currently, the Response Surface Methodology
(RSM), which is a class of designs of experiments, has
been widely applied to drying optimization of food (Dia-
mante and Yamaguchi 2012, Kumar et al. 2014, Dalvand
et al. 2014) and drugs (Nekkanti et al. 2009, Mileti¢ et
al. 2014). RSM allows the reduction in the number of ex-
periments, which would be necessary to estimate multiple
parameters and their interactions. Thus, time and effort
are greatly shortened.

The objective of the research reported below was to
assess if RSM can be used to find the optimal combina-
tion of air parameters in a pilot-scale kiln based on the
minimization criteria of drying time, energy consumption
and relative stress. The first and third criteria have been
usually prioritized before energy consumption reduction
(Anderson 2012). However, wood convective drying effi-
ciency must be estimated in all terms, such as drying time,
energy consumption and product quality.

Materials and Methods

Drying simulation

Over the years, substantial effort has been devoted
by researchers to develop mathematical models in order
to better understanding and optimizing the drying process
(Stanish 2008). One very practical model (TORKSIM)
was developed by Salin (1999) at SP Technical Research
Institute of Sweden. It can be used for drying schedule
optimization and process improvement.

TORKSIM has been tested against 28 full scale mea-
surements and the measured and simulated final mois-
ture content resulted in a 1.4% standard deviation (Salin
1999, 2010). The program was also tested by Tamme et
al. (2011). They validated the results of computer simu-
lation with results from industrial and laboratory drying
experiments.

The TORKSIM computer program is based on infor-
mation regarding wood properties, drying schedule and
kiln model and the results consist in drying time, energy
consumption and drying costs calculation and quality as-
pects.

Within this research, convective drying was simu-
lated in a pilot-scale kiln (Figure 1). The pilot-scale
kiln is a controlled climate air duct of rectangular sec-
tion (145x175 mm), comprising a rectangular test section
(250%300%1500 mm).

The simulation input data were:

» wood species: spruce (Picea abies)

* board thickness: 20 mm

» wood initial moisture contents: 90 % /60 % /30 %

» wood target moisture content: 10 %

* drying schedule: the moisture content based dry-
ing schedules, constant in time, were used in the drying
simulation

* the air velocities were chosen from a range of val-
ues commonly used in the industrial kiln for spruce drying
(2-3 m/s)

* the air temperature ranged from 50 to 75 °C

» the air relative humidity ranged from 40 to 58 %

* kiln model: the simulation was carried out for a sin-
gle board drying in the pilot-scale kiln, TORKSIM being
based on the same approach.

The simulation output data were:

* drying time: the time for the spruce sample to dry from
the initial moisture content (90 %, 60 % and 30 %, respec-
tively) to the average target moisture content (about 10 %).

* energy consumption: it included the energy losses
by transmission and with exhaust air, heat accumulated in

Evacuated air

Figure 1. Pilot-scale dry-

.- ingkiln
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different parts and the energy consumed to evaporate the
wood moisture.

« relative stress: it indicates the risk of surface check-
ing. The relative stress values calculated by TORKSIM
express the stress related to wood tensile strength. Checks
start to develop close to the relative stress value 0.33 and
increase as the stress increases (Tratek 2008). The maxi-
mum relative stress occurred in the surface layer up to the
end of the drying time was obtained from the program.

The drying schedule must be developed so that the dry-
ing stresses do not exceed the strength of the wood at any
given temperature and moisture content (Bergman 2010).

Statistical analysis

The Response Surface Method (RSM) was used to
estimate interaction and quadratic effects of input vari-
ables on responses. A quadratic fit is appropriate in most of
the cases in industry. RSM designs are applied in order to
find improved or optimal process settings (NIST/SEMAT-
ECH 2013). One can find more details about theoretical
bases of modeling using RSM in Whitcomb and Ander-
son (2005). The three input variables were temperature,
velocity and relative humidity of air and the responses
were drying time, energy consumption and relative stress.
The input variables were selected from the drying sched-
ule range of parameters according to the requirements of
the experimental design (Box-Wilson Central Composite
Design, simply called CCD), which was used in this pa-
per. This experimental design includes five levels of each
factor: low axial (-a), low factorial (-1), center (0), high
factorial (+1), and high axial (+a), as shown in Figure 2.
The coded and actual values for each factor are presented
in Table 1. The number of runs required by CCD for a
number of 3 factors was 20 (Table 2).

This experimental design allows the estimation of a
second-order polynomial equation:

Y: bO + lel + bZXZ + b}‘X; + blZXI X2+b13‘XVl )(3 +
+b23X2 ‘X; + b11X12 * b22X22 + b33)(32 (1)
where Y represents the response (output), X, are the
main effects (inputs), XIXJ are variables interactions, X
are quadratic effects and b are coefficients. The magni-
tude of coefficient values shows their importance; high

values indicate great importance and low values, little

Table 1. Factors and levels used in the factorial design

importance. Also, a positive coefficient denotes that the
response increases with increasing variable and a negative
coefficient denotes that the response increases with de-
creasing variable. The regression analysis and the analy-
sis of variance (ANOVA) were performed for coefficients
assessment and in order to determine the significance of
model parameters for each variable. ANOVA includes the
F-value, which indicates the statistical significance at 1%
and 5% levels. The model accuracy was checked by the
coefficient of determination. Drying optimization (mini-
mization of drying time, energy consumption and relative
stress) was performed by using the desirability function
approach, one of the most widely used methods in indus-
try for the optimization of multiple response processes
(NIST/SEMATECH 2013).

This optimization method finds operation conditions
X that provide the most desirable response values. For
each response Y,(X), a desirability function d(Y)) assigns
numbers between 0 and 1 to the possible values of Y, with
d(Y) = 0 representing a completely undesirable value
of ¥, and d(Y,) = 1 representing a completely desirable
or ideal response value. The individual desirabilities are
then combined using the geometric mean, which gives the
overall desirability, D.

D= (dl(Yl)dZ(Yz)---dk(Yk))l/k (2)

where k denotes the number of responses.

In this case, the goal was to determine the optimal pro-
cess variables, for which all responses were minimized and
the overall desirability maximized. A comparison between
predicted and simulated responses was also performed.

0,0,-a

Figure 2. Face-centered central composite design (FCD)
(Whitcomb and Anderson 2005)

Levels
Factors (a=-1.68) (-1) 0 (+1) (a=+1.68)
T,°C 41.47 50 62.5 75 83.52
RH, % 33.86 40 49 58 64.13
V, m/s 1.65 2 25 3 3.34
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Table 2. Independent process variables in the central composite design and responses

\ R,: Drying time (hours)

R,: Energy consumption R,: Stress value

Runno.  T(C) RH(%) o (KWh/m?) )
30%  60%  90% 30% 60% 90%  30% 60%  90%

1 75 40 2 14 17 20 79 1717 2672 032 031  0.31
2 62.5 64.1 2.5 64 69 71 105 197.3 2873 032 031 031
3 62.5 49 2.5 28 32 35 86 182.6 2794 036 035 035
4 50 40 2 41 47 50 99 2157 3307 043 043 042
5 50 58 2 88 95 97 109.8 2114 3105 038 037 037
6 75 58 3 20 24 26 77.9 166.6 252.8 029 029 0.8
7 62.5 49 2.5 28 32 35 86 182.6 2794 036 035 035
8 62.5 49 2.5 28 32 35 86 182.6 2794 036 035 0.35
9 62.5 49 1.65 30 36 40 87.5 1857 2827 034 034 033
10 62.5 49 25 28 32 35 86 1826 2794 036 035 0.35
11 62.5 49 2.5 28 32 35 86 1826 2794 036 035 035
12 75 58 2 21 26 30 78 167.6 2563 028 028  0.27
13 62.5 49 25 28 32 35 86 1826 2794 036 035 035
14 41.47 49 2.5 84 90 92 106.6 2222 3365 047 046 045
15 83.52 49 2.5 11 14 16 7.7 159 2450 027 027 027
16 75 40 3 13 16 18 78 172.6 2636 032 032 032
17 62.5 33.8 2.5 22 25 27 87.7 196.6 303.8 039 039 038
18 62.5 49 3.34 27 30 32 85.3 1813 2771 036 036  0.36
19 50 40 3 39 48 45 98.4 2137 3284 045 044 044
20 50 58 3 84 88 89 108 2081 3069 040 040  0.39

The statistical package Design-Expert Software Ver-
sion 9 (Stat-Ease Inc.) was used for design of experiments
and RSM applications, regression analysis, statistical
evaluation of the models, process optimization and graph-
ical representation of the response surface.

Results

Simulation results and Response Surface Modeling

RSM models were developed from simulated data
according to CCD (Table 2) for each response. All models
were significant at 1 % level. Each factor was analyzed
regarding its significance with respect to calculated p
values. According to ANOVA (Table 3), all main factors
were statistically significant at 5 % level excepting veloc-
ity in the model developed for energy consumption, when
the initial moisture content was equal to 30 % and 60 %,
respectively. It might be explained by the fact that at 90 %
initial moisture content the drying time is longer and the
velocity becomes significant in the model developed for
energy consumption.

Regarding interactions between factors, the follow-
ing remarks can be outlined:

* the interaction between temperature and relative
humidity was statistically significant in what concern the

models developed for time and relative stress for each ini-
tial moisture content (90 %, 60 % and 30 %, respectively).
This shows that the temperature and relative humidity do
not independently act upon the drying process, but there
is an interaction between them. Therefore, there can be
different combinations that can negatively or positively
influence the drying time and/or the drying stress that de-
velop in wood. Anyway, the effect of this interaction is
less strong than the individual effects of both parameters
(Table 3). The interaction between temperature and rela-
tive humidity was statistically significant for the model
developed for energy consumption only when the green
moisture content was 90 %. In any case, the combined
action of both parameters on the energy consumption has
lesser effect at this initial moisture content than the in-
dividual action of each parameter. As regards the other
initial moisture contents (30 % and 60 %), the interaction
between temperature and relative humidity has no influ-
ence on energy consumption, the individual influence be-
ing dominant (Table 3).

* the interaction between temperature and velocity
was significant for the model developed for drying time
when the green moisture content was 90 %. This effect
shows that for a certain combination of temperature and
velocity a reduction in the drying time can be acquired
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if the initial moisture content is 90 %. The effect of this
interaction is lesser than the effect of each parameter and
than the effect of the interaction between temperature
and relative humidity (Table 3 and Figure 3). Also, this
interaction was significant for the model developed for
relative stress regardless of the initial moisture content.
Again, some combinations of temperature and velocity
can positively or negatively influence the drying stress
that develop during drying for all three initial moisture
contents that were analyzed. The effect of this combina-
tion is lesser as compared to the effect of each parameter
and to the interaction between temperature and relative
humidity in the drying stress model.

* the interaction between relative humidity and ve-
locity was significant only for the model developed for
drying time, when the initial moisture content was 60 %
and 90 %, respectively. This means that a certain combi-
nation between relative humidity and velocity can reduce
the drying time, when the initial moisture is 60 % and
90 %, respectively. Anyway the effect of this combination
is lesser than that of the interaction between temperature
and relative humidity (Table 3). Also, the individual ef-
fect of both parameters is more important. At 60 % initial
moisture content, the interaction between relative humid-
ity and velocity is stronger than the interaction between
temperature and velocity.

The quadratic effects of temperature and relative hu-
midity were statistically significant at 5 % level in the dry-

ing time, energy and relative stress models. An exception
was the energy model, whose quadratic effect of tempera-
ture was not significant for the initial moisture content of
30 %. The quadratic effect of velocity was statistically
significant only for the relative stress model, when the ini-
tial moisture content was equal to 60 % and 90 %, respec-
tively. This effect is less strong than the quadratic effects
of temperature and relative humidity (Table 3).

The regression coefficients of the second-order poly-
nomial equations for the process variables and the coe-
fficients of determination are indicated in Table 4.

The coefficients of determination are high, very close
to 1, showing that a high percent of the data is close to the
regression of best fit.

The effects of the process variables on responses are
illustrated in Figures 3, 4 and 5. They show the three-di-
mensional response surfaces and the effects of different
two factors on responses.

Drying time was mostly influenced by temperature,
which had a quadratic effect, considerably decreasing with
temperature increase, but slightly increasing with increas-
ing initial moisture content (Figure 3 and Table 4). The
relative humidity was the second factor that influenced the
drying time. The increase of relative humidity had a nega-
tive effect on drying time raising with the growth in initial
moisture content. High relative humidity slows down the
moisture evaporation process, increasing the drying time.
The influence of velocity was less important. The results of

Table 3. ANOVA results of different models (in terms of coded factors)

F - value
Variables / factors R, Drying time R,: Energy consumption R, Relative stress
30% 60% 90% 30% 60% 90% 30% 60% 90%
1430 700 3964 58 145 282 2389 1508 2227
MOdeI *kk *kk *kk *kk *kk *kk *kk *kk *kk
. 8115 4108 22756 427 1203 2264 18568 11527 16274
A' temperature *k *k *k *k *k *k *k *k *k
. . . 2690 1263 7689 38 55 123 2536 1749 2827
B' relatlve humldlty *k *k *k *k *k *k *k *k *k
C: velocity 1:' 1f 2:1;1 1 2.57 7;‘16 1*7*6 1*5*4 2*7*5
. . 895 339 2088 12 0.001 10.1 20 21 53
AB interaction o o - o o o o
AC interaction 2.36 0.61 1*9 0.04 0.73 0.03 1*3 13 1,,6
. ) 0.59 5.45 9.8 0.002 0.27 0.03 0.83 1.6 3.3
BC interaction *x P
A% quadratic effect 7*8*8 337 29*20 4.34 2**5 4%3 132 Z*S 92*.531
o quadratc e € B om0 el s 2T
C?: quadratic effect 0.16 14 471 0.11 0.36 0.15 3.65 8.6 14.38

**% statistically significant at o = 0.01 level ** statistically significant at & = 0.05 level the values without asterisk are not statisti-

cally significant
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Table 4. Regression coefficients of the polynomial models for process variables (in coded factors)

Estimated coefficients

Variables / Factors R,: Drying time R,: Energy consumption R, Relative stress

30% 60% 90% 30% 60% 90% 30% 60% 90%
Constant 28.01 31.99 35 85.99 182.6 279.39 0.36 0.36 0.35
T -22.46 -23.64 -23.05 -11.79 -20.26 -28.59 -0.057 -0.056 -0.05
RH 12.93 13.11 13.40 3.54 -1.38 -6.67 -0.021 -0.022 -0.02
\Y -0.96 -1.40 -2.38 -0.59 -0.94 -1.64 0.005 0.006 0.006
TxRH -9.75 -8.88 -9.12 -2.59 -0.02 2.50 0.002 0.003 0.004
TxV 0.50 0.38 0.88 0.16 0.65 -0.15 -0.002 -0.002 -0.002
V x RH -0.25 -1.12 -0.63 -0.037 -0.40 -0.15 0.0005 0.0008 0.001
T2 6.82 7.15 6.69 1.16 2.85 4.07 0.005 0.004 0.003
RH? 5.22 5.39 4.92 3.70 5.10 5.76 -0.001 -0.0015 -0.0019
V2 0.098 0.44 0.32 0.18 0.34 0.23 -0.0007 -0.0015 -0.0015
Predicted R? 0.99 0.98 0.99 0.85 0.94 0.97 0.99 0.99 0.99

i S 58 .
5"55;é_ : ) 75 555245';.
49 - - -
6o 80 RH [%] 4674 =
RH[%] % 4+5 %% T[deg C] " Bpomm
(a) (b)
100 ——T ]
=
L+
E
E
8 . %5+
vimis] “azn g 760 vimi] T2 T
2"50 T[deg C] 50
(d) (e)

vimis] 250" a6
2

"0 2 RH ]
(g) (h)
(MC= 30%) (MC= 60%)

Time [h]

e i =
60

T(deg.C]

Time [h]

Figure 3. Response
surface plot show-
ing effects of drying
parameters on dry-
ing time: (a, b and
¢) temperature and
relative humidity at
2.5 m/s air velocity;
(d, e and f) tempera-
ture and velocity at

v ["1/3]2752 B “27® ™ 49 % air relative hu-
20 midity; (g, h and i)
(i) velocity and relative
humidity at 62.5 °C
(MC= 90%)

air temperature
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research show that fast drying is achieved in kilns by using
temperatures as high as possible and relative humidities as
low as possible, as also concluded by Bergman (2010).
The results for energy consumption show also an
important effect of temperature on energy consumption
through its high coefficient value, decreasing with increas-
ing process temperature, more evidently at higher relative
humidity than at lower relative humidity (Figure 4). The
decrease is more obvious at 30 % initial moisture content.
Contrarily to drying time, the energy consumption slightly
decreased with increasing relative humidity at 60 % and
90 % initial moisture contents. At 30 % initial moisture
content, energy consumption sharply decreased with rela-
tive humidity decrease. The latter is in agreement with the
statement that low relative humidity stimulates diffusion by
lowering the moisture content at the surface, increasing the
diffusion rate (Bergman 2010). As the moisture evaporation
slows down, the heat required for moisture evaporation de-
creases. Both, temperature and relative humidity influenced
the energy consumption due to the quadratic effects. Veloc-
ity was not a significant parameter for energy consumption

%)% *
RH[%] 47,

R0
30 *50

T[deg. C]
(a)

Figure 4. Response T
2 '60 65

surface plot show- 55
T [deg. C]

ing effects of drying
parameters on ener- (d)
gy consumption:

(a, b and ¢) temper-
ature and relative
humidity at

2.5 m/s air velocity;
(d, e and f) tempera-
ture and velocity at
49 % air relative hu-

midity; (g, h and 1)

(C)]

velocity and relative
humidity at 62.5 °C

air temperature (MC= 30%)

RH[%] “®xm~, 55 0

26" ~“70
- 65
vims] *%2 g
*50 T [deg. C]

The analysis of the process parameters on relative
stress indicated that temperature had important influence
on relative stress, while velocity and relative humidity
were not important parameters. Drying stress decreased
with increasing temperature, more obviously at higher
relative humidity than at lower relative humidity, at all
initial moisture contents (Figure 5). The results are in
agreement with the statement that temperature is the most
important processing factor because it can be responsible
for defects in each defect category (Bergman 2010).

Optimization

The Design-Expert Software generated a hierarchi-
cal range of process parameters and responses, where all
responses were equally weighed. The optimal solutions
with the highest calculated overall desirability are shown
in Table 5. A new TORKSIM simulation was performed
with the optimal parameters and the results were compa-
rable to those predicted by the model, confirming good
predictability and validity of the model applied in the ex-
perimental design.

40 "'56 T [deg. C]

(b)

24 o 4N 52
e 43 4 RH [%] v [m/s] 2422 T, 9
2 %40 RH [%]
(h) (i)
(MC= 60%) (MC=90%)
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Figure 5. Response
surface plot sho-
wing effects of dry-
ing parameters on
relative stress:

(a, b and ¢) temper-
ature and relative
humidity at

2.5 m/s air velocity;
(d, e and f) tempera-
ture and velocity at

2.60 ™

v [mis] 24 8 & .(;3""‘"5";9 . "2 % ® 499 air relative hu-
e RH 4] midity; (g, h and i)
(9) velocity and relative
humidity at 62.5 °C
(MC= 30%) (MC= 60%) (MC= 90%)

air temperature

Table 5. Optimal air parameters and responses

. Air relative Air Drying Energy Relative -
Air ter(rl%%rature humidity velocity time consumption stress Deswe;bmty
MC (%) (m/s) (hours) (kKWh/m3) (-)
Polynomial 12.76 77.26 0.330* 0.94
model prediction
72.74 43.82 3
TORKSIM 16 776 0.329 .
simulation
0,
30% Relative error (%) 20 0.4 0.3 -
Polynomial 16.21 170.85 0.330* 0.92
model prediction
TORKSIM 71.96 44.60 2.96
. . 20 171.6 0.333 -
simulation
60% Relative error (%) 19 0.44 0.9 -
Polynomial 18.59 263.6 0.330* 0.91
model prediction
TORKSIM 71.44 44.38 3
. 8 22 265 0.330 -
simulation
90%  Relative error (%) 15.5 0.52 0 -

*The relative stress requirement was to be equal with 0.33
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Conclusions and Discussion

Drying simulations of spruce were performed for a
pilot-scale kiln by varying the process variables: air veloc-
ity (2-3 m/s), air temperature (50-75 °C) and air relative
humidity (40-58 %), according to the Box-Wilson Cen-
tral Composite Design. The drying parameters were opti-
mized based on three optimization criteria, namely, mini-
mization of drying time, energy consumption and drying
stress. The air temperature had the most significant effect
on all drying results. The temperature increase resulted in
the decrease of all drying responses. The velocity played
a minor role. Also, the interaction between temperature
and relative humidity on responses was stronger than the
other interactions. The nonlinear effect of temperature
was more important than the effect of relative humidity
for drying time and stress. For energy consumption, the
nonlinear effect of relative humidity was more important
than the effect of temperature. The average air parameters
of 3 m/s velocity, 72 °C temperature and 44 % relative
humidity were found optimum for convective drying of
spruce, when the initial moisture contents were 30 %,
60 % and 90 %, respectively. The optimum response
values obtained from simulation and polynomial model
prediction were very close, showing that RSM provides
valuable information, which improves the understanding
of the process developed in a pilot-scale model.
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