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Thin-layer drying of sawdust mixture
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Drying behaviour of sawdust mixture was investigated in a convective dryer at 0.01 m/s and 25, 60, and 150oC air 
temperature. Sawdust mixture (60% of spruce and 40% of the second ingredient: beech, willow, ash, alder) and 
sawdust of spruce, beech, willow, alder and ash was used in the drying experiments. The sawdust mixture drying 
was affected by the drying of its ingredients. The experimental drying data were fi tted to the theoretical, semi–
theoretical, and empirical thin-layer models. The accuracies of the models were measured using the correlation 
coeffi cient, root mean square error, and reduced chi–square. All semi-theoretical and empirical models described 
the drying characteristics of sawdust mixture satisfactorily. The theoretical model of a sphere predicts the drying 
of sawdust mixture better than the theoretical model of an infi nite plane. The effect of the composition of the 
sawdust mixture on the drying models parameters were also taken into account.
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INTRODUCTION

In 2008, the European Union Commission put forward 
a proposal for a new directive on renewable forms of 
energy. Each of the member states should increase its 
share of renewable energies in an effort to boost the 
total share of the EU from current 8.5 to 20% by 2020. 
To assist in reaching this goal, one solution is to further 
develop drying techniques of biomasses1.

Nowadays the main source of energy in the world is 
derived from fossil fuels, and their use increases CO2 
emissions, contributing to the greenhouse effect. Bio-
mass is an alternative replacement for these sources2. 
The use of biomass as an energy source is not only very 
competitive in price and quality compared to fossil fuels, 
but using biofuels can drastically reduce CO2 emissions3. 
However, production of biomass is not suffi cient to 
meet the demand2. Among others, drying is the biggest 
challenge in obtaining energy from biomass.

Biomass, mainly in the form of wood, is the oldest form 
of energy used by humans. Woody biomass originates 
from different sources such as forest residues, wood 
processing residues and purpose grown plantations like 
short rotation coppice willow, poplar and eucalyptus4. All 
freshly cut timber has large quantities of water, which 
reduces its use in generating power. The calorifi c value 
is reduced by 2 MJ/kg for each 10% increase in wood 
moisture content2.

The moisture content of wood is dependent on the 
wood species, season of the year, location, and duration 
of storage. Typically, biomass feedstocks have a moisture 
content of 0.43 to 1.22 kg H2O/kg d.m. (30–55% w.b.) 
and they have to be dried to a typical moisture content 
of about 0.11 to 0.18 kg H2O/kg d.m. (10–15% w.b.), 
depending on the proposed use. For pellet production, 
the wood must be dried to the range 0.09 to 0.14 kg 
H2O/kg d.m. moisture content (8–12% w.b.)1. Therefore 
wood drying is one of the most important steps in wood 
products manufacturing. The drying process consumes 
roughly 40 to 70% of the total energy in the entire 
wood products manufacturing process5. Thus, drying 
units need effi cient processes. An important aspect of 
drying technology is the mathematical modelling of the 
drying process. Mathematical modelling provides a tool 

to enable drying rate and effi ciency to be predicted 
under a range conditions. Accurate prediction can 
determine among others the reduction in process time 
and in energy consumption. However, there are not so 
many works concerning mathematical modelling of wood 
drying process4, 6–8. There is also no information on the 
modelling of drying of sawdust formed by a mixture of 
different kinds of wood. Processed biofuels (pellets and 
briquettes) are made among others from dry sawdust 
formed by one kind of wood or mixture of different 
kinds of wood.

The objectives of this study were to investigate the 
drying kinetics of sawdust mixture in a convective dryer 
and the modelling of thin-layer drying of sawdust mixture.

MATERIAL AND METHODS

In this research sawdust of spruce (Picea abies) 
(100%), beech (Fagus silvatica) (100%), willow (Salix 
alba) (100%), alder (Alnus glutinosa) (100%), and ash 
(Fraxinus excelsior) (100%) was used in the drying expe-
riments. The following sawdust mixtures were also dried: 
spruce and beech (60 and 40%, respectively), spruce 
and willow (60 and 40%, respectively), spruce and ash 
(60 and 40%, respectively), and spruce and alder (60 
and 40%, respectively). The woody biomass used in 
the experiments was obtained from sawmill. The size 
distribution of sawdust was determined through screen 
analysis. The size of 86% of all particles for spruce, 82% 
for beech, 84% for willow, and 77% for alder was less 
than 10 mm and bigger than 0.5 mm. The size of 100% 
of all particles for ash was 0.5 mm or less. The initial 
moisture content of samples was ranged from: 0.45 to 
0.49 kg H2O/kg d.m. (31–32.9% w.b.) for spruce, 0.85 to 
0.90 kg H2O/kg d.m. (45.9–47.4% w.b.) for beech, 0.77 to 
0.82 kg H2O/kg d.m. (43.5–45.1% w.b.) for willow, 1.07 
to 1.16 kg H2O/kg d.m. (51.7–53.7% w.b.) for alder, and 
1.06 to 1.12 kg H2O/kg d.m. (51.46–52.83 w.b.) for ash. 
The initial moisture content of mixture samples were 
ranged from: 0.57 to 0.62 kg H2O/kg d.m. (36.31–38.27% 
w.b.) for spruce and beech, 0.54 to 0.60 kg H2O/kg d.m. 
(35.07–37.50% w.b.) for spruce and willow, 0.46 to 0.51 
kg H2O/kg d.m. (31.51–33.78% w.b.) for spruce and ash, 
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and 0.69 to 0.73 kg H2O/kg d.m. (41.18–41.86% w.b.) 
for spruce and alder.

Drying equipment and experimental procedure 
The drying experiments were carried out using Mem-

mert UFP400 (MEMMERT GmbH+Co. KG, Schwabach, 
Germany) laboratory dryer. The drying experiments were 
conducted at the drying air temperature of 25, 60, and 
150oC and airfl ow velocity of 0.01 m/s. Measurements 
of the moisture content changes carried out in the 
laboratory dryer were conducted in the following way. 
The sample was put on the tulle stretched on the metal 
frame (scale) and hung up to the electronic scales WPX 
650 (RADWAG, Radom, Poland). The accuracy of the 
weighing was ±1 mg. Computer connected to the scales 
was an additional equipment of experimental stand. It 
recorded mass of dried sample at regular intervals of 
60 s. Measurements of mass changes were recorded 
up to the moment, when mass changes of sample were 
not observed. Experiments were replicated three times. 

Air temperature inside the dryer was measured with 
0.1oC accuracy using thermocouple TP–01b–W3 (NiCr–
NiAl, CZAKI THERMO–PRODUCT, Raszyn, Poland), 
placed at a central part of dryer chamber. Temperature 
reading was done with EMT–08 meter (CZAKI THER-
MO–PRODUCT, Raszyn, Poland). The velocity of drying 
air was measured with 3% accuracy using Kestrel®4000 
Packet WeatherTM TrackerTM (Nielsen–Kellerman Com-
pany, Boothwyn, PA, USA). 

The initial and fi nal moisture contents of sawdust were 
determined using the oven method9.

Methods
Sawdust dried in this research consisted of the particles 

of different shapes. Some of them can be described as 
a sphere, the other can be considered as an infi nite plane. 
It can be accepted moreover that the water movement 
inside the dried solid is only a diffusion movement in 
the convection drying process of biological products. 
Therefore the equations applied to the description of 
the sawdust particles drying takes the following form10, 11:

– for a sphere of radius s (m):

 (1)

– for an infi nite plane of thickness 2s (m):

  (2)

where: 
MR is the moisture ratio, n is the number of terms in 
the series, D is the moisture diffusion coeffi cient (m2/s), 
and t is the time (s).

The equations (1) and (2) for sphere and infi nite plane 
were obtained using analytical methods for solving the 
Fick’s second law10, 11. If the geometry of particles shape 
is more complicated the solution of Fick’s equation can 
be obtained using numerical methods12.

Theoretical thin-layer models presented above take 
into account fundamentals of the drying process and 
their parameters have physical meaning. Therefore, they 

can give an explanation of the phenomena occurring 
during drying. On the other hand however theoretical 
models are time consuming and very often it is diffi cult 
to predict the variations of structure and composition 
occurring during drying of biological products.

In practical drying there is a need for simple thin-layer 
models, such as semi–theoretical and empirical. These 
models generally describe fairly well the evolution of 
the moisture content of the product during drying. The 
semi–theoretical models are a simplifi ed solution of 
Fick’s second law. The empirical models give a direct 
relationship between average moisture content and drying 
time. Such models are easy to use but they neglect the 
fundamentals of the drying process and their parameters 
have no physical meaning. Table 1 indicates the semi–
theoretical and empirical models used to describe the 
convection drying kinetics of sawdust and its mixtures.

To plot drying curves a dimensionless variable is used, 
the moisture ratio, calculated by Eq. (3)

  (3)

where:
Mt is the moisture content at t (kg H2O/kg d.m.), Me is 
the equilibrium moisture content (kg H2O/kg d.m.), M0 
is the initial moisture content (kg H2O/kg d.m.).

Drying rate was calculated by Eq. (4)

  (4)

where:
Mt+dt is the moisture content at t+dt.

Drying curves were fi tted to nineteen different models 
(Table 1 and Eqs. (1) and (2)). A non–linear regression 
analysis was conducted to fi t the models by the Laven-
berg–Marquardt method using the computer program 
STATISTICA 1029.

To compare the quality of fi t, the coeffi cient of cor-
relation (R), the root mean square error (RMSE), and 
reduced chi – square (χ2

 
 ) were used. High values of R 

and low values of RMSE and χ2 are needed to show 
a suitable mathematical model that explains the drying 
of sawdust mixture21.

RESULTS AND DISCUSSION 

Drying characteristics 
The exemplary results of drying of sawdust mixtures 

are presented in Figures 1–3. Each of the drying curves 
M(t) represents empirical formula which approximates 
results of the three measurement repetitions of the 
moisture content changes in time. Each of the drying 
rate curves dM/dt was obtained by differentiation of the 
drying curve. 

As can be seen the sawdust mixture drying was af-
fected by the drying of its ingredients because drying 
curve of the mixture was between the drying curves 
of its ingredients. Such results were obtained at each 
drying air temperature (25, 60, and 150°C) and for each 
sawdust mixture investigated (spruce and beech, spruce 
and willow, spruce and ash, and spruce and alder). It can 
be stated therefore that the composition of the sawdust 
mixture infl uenced the course of its drying.
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Evaluation of the models 
The evaluation of the considered semi–theoretical 

and empirical models was conducted in the following 
way. The moisture content data obtained for the dif-
ferent drying air temperatures were converted to the 
dimensionless moisture ratio and then curve fi tting 
computations with the drying time were carried on the 
seventeen considered drying models. The exemplary 
results of statistical analyses undertaken on the models 
are given in Tables 2 and 3. As can be seen from the 
statistical analysis results, generally high correlation 
coeffi cient R and low values of root mean square error 
RMSE, and reduced chi–square χ2

 
  were observed for 

all drying models. The R values varied between 0.9841 
and 1, the root mean square error ranged from 0.0007 
to 0.0606, and reduced chi-square changed from 0 to 
0.0029 for mixture of spruce and beech. The results of 
statistical analyses for spruce and willow mixture were 
following: R ranged from 0.9930 to 1, RMSE varied 
between 0.0013 and 0.0437, and χ2

 
  changed within the 

range of 0–0.0017. The correlation coeffi cient ranged 
from 0.9920 to 1, the root mean square error changed 
within the range of 0.0025–0.0920, and reduced chi–squ-
are changed within the range of 0–0.0077 for mixture of 
spruce and ash. It turned out from the statistical analyses 
that for spruce and alder mixture R varied within the 
range of 0.9950–0.9999, RMSE changed between 0.040 
to 0.0768, and χ2

 
  varied between 0 to 0.0053. It can be 

stated however that the Noomhorm and Verma model 
(R = 0.9920–1, RMSE = 0.0011–0.0883, χ2

 
  = 0–0.0030) 

gave the best results whereas the Wang and Singh model 
gave the worst results. The results of statistical analyses 
undertaken on the Noomhorm and Verma model for 
examined sawdust mixtures dried at 25, 60, and 150°C 
are given in Table 4.

The correlation coeffi cient ranged from 0.9762 to 1, 
the root mean square error changed within the range 
of 0–0.1668, and reduced chi–square changed within 
the range of 0–0.0283 for sawdust consisted of spruce 
(100%), beech (100%), willow (100%), alder (100%), 
and ash (100%). The Noomhorm and Verma model can 
be considered as the best one (R = 0.9994–1, RMSE = 
0–0.0097, χ2 

 
 = 0), whereas Lewis model as the worst one.

Further regressions were undertaken to account for 
the effect of the composition of the sawdust mixture 

Table 1. Semi–theoretical and empirical thin-layer models applied to drying curves

Figure 2. Moisture content vs. time and drying rate vs. moisture 
content for drying of sawdust at 60oC: (––) alder, 
(– – –) mixture of spruce and alder (60% and 40%, 
respectively), (–  –) spruce

Figure 3. Moisture content vs. time and drying rate vs. moisture 
content for drying of sawdust at 150oC: (––) alder, 
(– – –) mixture of spruce and alder (60% and 40%, 
respectively), (–  –) spruce

Figure 1. Moisture content vs. time and drying rate vs. moisture 
content for drying of sawdust at 25oC: (––) alder, 
(– – –) mixture of spruce and alder (60% and 40%, 
respectively), (–  –) spruce
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turned out from the statistical analyses that for all types 
of sawdust mixture tested only the Hii et al. and Kaleta 
et al. II models gave the non-acceptable results. It can 
be assumed however that for examined mixtures the 
Logarithmic, Noomhorm and Verma, Demir et al., and 
Midilli et al. models gave the best results (R > 0.9570, 
RMSE < 0.5765, χ2 < 0.2124). The results of statistical 
analyses undertaken on the Noomhorm and Verma model 
with parameters involving the composition of the mixture 
for four examined sawdust mixtures dried at 25, 60, and 
150°C are given in Table 5. It should be however stressed 
that the models with parameters determined using Eqs. 
(5)–(8) predicted the drying of sawdust mixture worse 
than the models with parameters determined using curve 
fi tting (Tables 4 and 5). The results of statistical analyses 
undertaken on the Noomhorm and Verma model given 
in Tables 4 and 5 allow for the statement that the drying 
air temperature does not infl uence the modelling results 

on the drying models parameters. The seventeen consi-
dered semi–theoretical and empirical models (Table 1) 
were used to describe the drying process of considered 
sawdust mixtures. The parameters of the models 1–17 
involving the composition of the mixture were determined 
by investigating the following type of equation

 (5)

 (6)

 (7)

 (8)
The models parameters determined using Eqs. (5)–(8) 

were then used to estimate the moisture content of 
sawdust mixtures at any time during process. Validation 
of the established models was made by comparing the 
computed moisture content with the measured ones in 
any particular drying run under certain conditions. It 

Table 2. Results of statistical analyses on the modelling of sawdust mixture of spruce and willow drying at 60oC

Table 3. Results of statistical analyses on the modelling of ash sawdust at 60oC



  Pol. J. Chem. Tech., Vol. 18, No. 4, 2016 69

although at the temperature of 25°C the obtained results 
are slightly worse.

The evaluation of the considered theoretical models 
(Eqs. (1) and (2)) was conducted after the same man-
ner as for semi–theoretical and empirical models 1–17 
given in Table 1. The effect of the composition of the 
sawdust mixture on the moisture diffusion coeffi cient 
was determined by using the following type of equation

 (9)

 (10)

 (11)

 (12)
The results of statistical analyses are shown in Tables 

6 and 7.
It can be noticed that the theoretical model of sphere 

drying (Eq. (1)) gave better results for all examined kind 
of sawdust mixture comparing to the theoretical model 
of an infi nite plane drying (Eq. (2)). It can be accepted 
moreover that both methods of modelling namely ap-
plying curve fi tting computations with the drying time 

Table 4. Results of statistical analyses on the modelling using the Noomhorm and Verma model (the best model) of sawdust mix-
tures drying

Table 5. Results of statistical analyses on the modelling using the Noomhorm and Verma model of sawdust mixtures drying and 
Eqs. (5)–(8)

Table 6. Results of statistical analyses on the modelling using theoretical models (Eqs. (1) and (2)) of sawdust mixtures drying

(Table 6) and considering the effect of composition of 
the sawdust mixture on the moisture diffusion coeffi cient 
(Eqs. (9)–(12), Table 7) gave the comparable results.

CONCLUSIONS

The results of the experiments have shown that the 
sawdust mixture drying was affected by the drying of its 
ingredients. The following sawdust mixtures were used 
in the drying experiments: spruce and beech (60% and 
40%, respectively), spruce and willow (60% and 40%, 
respectively), spruce and ash (60% and 40%, respective-
ly), and spruce and alder (60% and 40%, respectively). 
Sawdust of spruce (100%), beech (100%), willow (100%), 
alder (100%), and ash (100%) was also dried. 

Theoretical, semi-theoretical, and empirical thin-layer 
models were investigated for their suitability to describe 
the drying behaviour of examined sawdust mixtures. All 
considered semi-theoretical and empirical models may 
be assumed to represent the drying behaviour of sawdust 
mixture. The theoretical model of a sphere predicts the 
drying characteristics of sawdust mixture better than the 
theoretical model of an infi nite plane. Semi-theoretical 



70 Pol. J. Chem. Tech., Vol. 18, No. 4, 2016

and empirical models are more useful in practical dry-
ing. To account for the effect of the composition of the 
sawdust mixture on the drying models parameters all 
considered models were taken into account. It turned out 
that for such method of modelling the best results gave 
the Logarithmic, Noomhorm and Verma, Demir et al., 
Midilli et al. models, and theoretical model of sphere. 
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