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ABSTRACT • Infrared and hot air drying characteristics of thin ash (Fraxinus excelsior L.) and oak (Quercus 
robur L.) wood lamellas were experimentally determined using an infrared and hot air laboratory device. Drying 
curves of 2 mm thick lamellas were established in the temperature range between 60 °C and 90 °C, and fi tted by 
Fick’s diffusion model. Drying effi ciency, drying rate and effective diffusivity have been estimated and compared 
between the used drying techniques. Moisture ratio exponentially decayed with duration of the process at all used 
temperatures. Effective diffusivity was greater in ash than oak wood, and it was not signifi cantly infl uenced by the 
drying technique. The increased bound water diffusivity with increased drying temperature that caused shortening 
of the drying process was confi rmed in both wood species. Similar activation energy was determined with both 
wood species, lower when the IR drying technique was used.

Key words: wood drying kinetics; hot air drying; infrared drying; moisture diffusion

SAŽETAK • Obilježja infracrvenog sušenja i sušenja vrućim zrakom tankih lamela drva jasena (Fraxinus excelsi-
or L.) i drva hrasta (Quercus robur L.) utvrđene su eksperimentalno uz pomoć laboratorijskih uređaja za infracr-
veno sušenje i sušenje vrućim zrakom. Krivulje sušenja lamela debljine 2 mm utvrđene su u rasponu temperatura 
između 60 i 90 °C te su prilagođene Fickovu difuzijskome modelu. Učinkovitost i brzina sušenja te efektivna difu-
znost procijenjene su i uspoređene unutar primijenjenih tehnika sušenja. Omjer sadržaja vode eksponencijalno se 
smanjuje s trajanjem procesa pri svim temperaturama primijenjenima u eksperimentu. Efektivna je difuznost drva 
jasena bila veća nego drva hrasta, a tehnike sušenja nisu znatnije utjecale na nju. Za obje vrste drva potvrđena je 
veća difuznost vezane vode s povećanjem temperature sušenja, što je uzrokovalo skraćenje procesa sušenja. Slična 
je energija aktivacije utvrđena za obje vrste drva, a niža je zabilježena pri IC tehnikama sušenja. 

Ključne riječi: kinetika sušenja drva; sušenje vrućim zrakom; infracrveno sušenje; difuzija vlage
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vacuum, as a result of local disappearance of liquid wa-
ter. The same research group performed successfully 
the pilot drying process of Norway spruce exposed to 
IR irradiation (Cserta et al., 2011). The movement of 
moisture, presented as dilute aqueous solution, was de-
scribed in this case as semipermeable membrane pro-
cess. The intensifi cation of sawn wood drying using IR 
radiation is also reported for hardwood species, but 
only at moisture content (MC) above fi bre saturation 
point (Pinchewska and Kompanets, 2013). The trans-
port of bound water by IR radiation, for example, has 
been studied in the drying of wood chips, where ex-
pectedly greater diffusivity was determined at the high-
er temperature used (Sridhar and Madhu, 2015).

This paper analyses the drying kinetics of 
predried thin wood lamellae, dried in normal tempera-
ture range (≤ 90 °C) to low MC by applying classical 
hot air convective drying and infrared-heating-drying 
principle. We hypothesize that the heat transfer to the 
wood structure is more effi cient at IR drying, which 
might improve the bound water mass transfer at equal 
boundary conditions.

2  MATERIAL AND METHODS
2.  MATERIJAL I METODE

2.1  Sampling
2.1.  Uzorkovanje

Predried (MCi = 12 %) radially oriented lamellae (n 
= 10) of ash (Fraxinus excelsior L.) and oak wood 
(Quercus robur L.) 5 mm thick, were obtained from local 
wood fl ooring manufacturer by random selection from 
the production process. The density of ash wood was 620 
kg/m3 (coef. of variation CV = 3.6 %) and for oak wood 
it was 605 kg/m3 (CV = 1.2 %). The lamellae were then 
conditioned in normal climate (T = 20 °C, RH = 65 %) 
for 2 weeks, and afterwards planed to the thickness of 2 
mm. The thickness of the lamellae was reduced in order 
to have as short a drying process as possible with mini-
mal lateral transport of moisture through the edges of the 

1  INTRODUCTION
1. UVOD

Wood is industrially most often dried on the con-
vective heat transport phenomenon, which is energy 
intensive and relatively slow process, as it relies on 
heat conduction from the circumference towards to the 
interior of the board (Keey et al., 2000). For the most 
part of the process, moisture from wood is removed by 
diffusion, where the opposite moisture gradient, com-
paring to temperature gradient, is present for the mass 
transfer to the wood surface.

In order to improve the heat transfer to wood, 
other ways of heating the material have been explored 
for some time. Effi cient energy transfer throughout the 
volume, even at greater thicknesses, was confi rmed for 
example by dielectric radio-frequency heating (Tor-
govnikov, 1993) and also by microwaves (Perre and 
Turner, 1999; Turner and Farguson, 1995). The use of 
infrared radiation has proven to be an even simpler 
way of heating wood, however with some limitations. 
The latter heating techniquet was found to be limited in 
penetration depth (Dupleix et al., 2012b; Zavarin et al., 
1990) and dependent on surface characteristics of 
wood (De Santo, 2007) and wood moisture content – it 
is more effi cient when wood holds free water (Koll-
mann and Cote, 1968). 

The laboratory and pilot studies confi rmed that 
infrared heating is a promising alternative to soaking of 
wood in hot water prior to veneer peeling (Dupleix et 
al., 2012a), and the green wood surface can be heated 
up to the depth of several millimetres. It has been also 
demonstrated that even living trees are heated via IR 
radiation (Potter and Andressen, 2010). Related to 
wood drying, studies report on evolution of specifi c 
temperature and moisture profi les, when wood is ex-
posed to infrared radiation (Cserta et al., 2012). The 
latter study specifi cally reports on the stagnation of 
lower temperature in the core of drying boards due to 
wood drying by osmotic effect. The evaporation of the 
internal moisture in this case was brought by a partial 

Figure 1 Parallel specimens of ash (top) and oak (bottom) for drying at temperatures of 60 °C (1-1), 70 °C (1-2), 80 °C (1-3) 
and 90 °C (1-4)
Slika 1. Istovjetni uzorci jasena (gore) i hrasta (dolje) za sušenje pri temperaturama 60 °C (1-1), 70 °C (1-2), 80 °C (1-3) i 90 
°C (1-4)
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process (me), when equilibrium was reached, was used 
to determine the dimensions less mass change, i.e. 
moisture ratio (MR, Eq. 1).

  (1)

The theoretical Fick’s model of mass transfer was 
used afterwards to analyse the kinetics of both IR and 
hot air drying. The model assumes that diffusivity is the 
sole physical mechanism responsible for the transfer of 
water to the wood surface. Relation between the mois-
ture ratio and the effective diffusion coeffi cient was 
given by Crank (Crank, 1976) and this could be used for 
slab geometry by making an assumption that the initial 
moisture is uniformly distributed in the specimen. This 
relation was reduced to Eq. 2 assuming that the wood 
specimen is homogeneous, mass transfer through the 
wood is controlled by bound water and water vapour dif-
fusion and effect of shrinkage is negligible.

  (2)

Where L is the half thickness of the wood speci-
men (m), Deff is the effective diffusion coeffi cient in 
m2/s and t is the drying time in seconds. By plotting ln 
(MR) versus drying time, Deff was determined from the 
slope (k) of the line, which is expected to increase with 
the increasing of the drying temperature. The recipro-
cal value of the slope k is defi ned as well the time con-
stant τ. It is a characteristic time of the response of the 
fi rst order system (FOS; Eq. 2) and equals the time 
when 2/3 of the total response of the system is realized. 
According to the 1st order system theory, 99.9 % of the 
response, which equals the total drying time, is 
achieved at 5 times the characteristic time τ (Bučar, 
2007).

Finally, the activation energy was estimated us-
ing Arrhenius equation (Eq. 3). In this respect, we used 
plot of ln (Deff) versus reciprocal of absolute drying 
temperature (1/T) for both tested drying techniques. 
From the slope of the line, activation energy Ea (kJ/
mol) was calculated, and from the intercept, pre-expo-
nential factor (D0) was calculated (gas constant R = 
8.314 J·mol-1·K-1).

test specimens. Finally, the lamellae were cut into 4 par-
allel test specimens of nominal dimensions 60 by 50 by 2 
mm (length × width × thickness) (Figure 1).

2.2  Experimental set-up and procedure
2.2.  Postavljanje eksperimenta i procedure
2.2.1  Drying with infrared radiation
2.2.1.  Sušenje infracrvenim zračenjem

Infrared (IR) drying was performed in a labora-
tory IR-thermogravimetric moisture analyser Kern 
DBS 60-3. The dimensions of the dryer are typical 0.15 
by 0.15 by 0.1 m with the above positioned electric IR 
heater and parabolic mirror. The test specimens were 
laid on a thin profi led metal mesh and on a weighing 
stand so that the nearest hot surfaces from the wood 
was only 20-30 mm. The IR heater (halogen glass heat-
er, 400 W, λ = 1.5 to 8 μm) maintained the constant 
temperature during each drying trial (T1 = 60 °C, T2 = 
70 °C, T3 = 80 °C, T4 = 90 °C; ΔT = ± 0.5 °C, PID-
control), and the mass (Δm = ± 0.001 g) of the speci-
men was continuously captured at 1-minute intervals 
by NI LabView software (Figure 2).

2.2.2  Hot air drying
2.2.2.  Sušenje vrućim zrakom

Hot air drying was carried out in a laboratory 
dryer (Kambič SP-210) with typical dimensions of 0.6 
by 0.7 by 0.6 m. The specimen carrier was placed in the 
middle of the chamber, and it was hung on a precise 
laboratory balance (Tehtnica Exacta 300 EB) placed on 
the dryer outside. With the axial fan mounted on the 
back of the dryer, we maintained constant air move-
ment (v = 1 m/s) at 4 individual drying temperatures: T1 
= 60 °C, T2 = 70 °C, T3 = 80 °C, T4 = 90 °C. The mass 
(Δm = ± 0.001 g) of the specimens was continuously 
captured at 1-minute intervals by NI LabView software 
(Figure 2). We ended the process with both drying 
techniques, i.e. IR and hot air, when the change in mass 
between two successive measurements was less than 
0.1 % of the initial mass of the specimen.

2.3  Analysing of drying kinetics
2.3.  Analiza kinetike sušenja

The determined weight of test specimens at the 
beginning (mi), during (mt) and at the end of the drying 

Figure 2 IR drying (left) and hot air drying experimental set-up (right)
Slika 2. IC sušenje (lijevo) i eksperimentalna komora za sušenje vrućim zrakom (desno)
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were inhibited. Eighteen measurements were conduct-
ed for each wood species.

3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Drying kinetics
3.1.  Kinetika sušenja

Fick’s law of diffusion described well drying ki-
netics of ash and oak with both used techniques in the 
studied temperature range (0.83 ≤ R2 ≤ 0.96).

In the case of IR drying, the fastest process ex-
pectedly took place at the highest used temperature (90 
°C) and was 2 times faster in ash than in oak (τash = 7.3 
min, τoak = 14.7 min). Lowering of drying temperature 
signifi cantly decreased the drying rate of both wood 
species tested. The slowest response was achieved with 
IR drying at 60 °C, where the calculated (Eq. 2) char-
acteristic drying time was 28.7 min for ash, and 49.0 
min for oak. As different drying temperatures were 
used, mean fi nal – equilibrium wood moisture content 
(MCe) also varied from 1.1 % at 60 °C to 0.1 % at 90 
°C (Figure 3).

The hot air drying of ash went about as fast as or 
slightly slower than infrared drying of this wood spe-
cies. The lowest characteristic time was determined for 
drying at 90 °C (τ90 = 8.6 min), lower for drying at 80 
°C (τ80 = 12.4 min) and 70 °C (τ70 = 23.5 min), and the 
lowest for drying at 60 °C (τ60 = 32.1 min) (Figure 4). 
Hot air drying of oak was even slightly faster (Δτ = 

  (3)

2.4  Determination of IR transmittance and IR 
absorbance

2.4. Određivanje IC transmisije i IC apsorbancije 

The penetration depth of IR radiation into the 
wood structure was checked using a FTIR spectro-
scope (Perkin Elmer Spectrum One). For this purpose, 
we made microtome slices in the radial-longitudinal 
plane of the wood on the sliding microtome (Leica 
SM2010R) of the two species studied. Transmission 
FTIR spectra were recorded on microtomic slices 10 to 
100 microns thick (ΔL = 10 μm). We transformed 
transmission spectra into absorbance spectra and cal-
culated mean IR transmittance / IR absorbance in the 
range from 4000 to 400 cm-1 (2.5 to 25 μm).

2.5  Determination of IR-emissivity
2.5.  Određivanje IC emisivnosti

A polyvinyl chloride material (3M) with known 
emissivity in the spectral range 7.5-13 μm (LWIR) was 
applied to the surface of all specimens. Thermograms 
were recorded with FLIR I60 thermographic camera at 
50 °C, and emissivity of wood in LWIR spectral range 
was determined with FLIR software. The measurement 
parameters were as follows: air temperature 21 °C, air 
relative humidity 52 %, refl ected apparent temperature 
20.9 °C, distance of objects surface from the lens was 
120 mm, angle of measurement in relation to the object 
normal was 15°, and airfl ow and dotted refl ections 

Figure 3 Kinetics of infrared drying of ash (left) and oak wood (right) at temperature between 60 °C and 90 °C (× 60 °C, Δ 
70 °C, □ 80 °C, ○ 90 °C).
Slika 3. Kinetika infracrvenog sušenja jasena (lijevo) i hrasta (desno) pri temperaturama između 60 i 90 °C (× 60 °C, Δ 70 
°C, □ 80 °C, ○ 90 °C).

Figure 4 Kinetics of hot air drying of ash (left) and oak wood (right) at temperature between 60 °C and 90 °C (× 60 °C, Δ 70 
°C, □ 80 °C, ○ 90 °C)
Slika 4. Kinetika sušenja vrućim zrakom jasena (lijevo) i hrasta (desno) pri temperaturama između 60 i 90 °C (× 60 °C, Δ 70 
°C, □ 80 °C, ○ 90 °C)
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-12.5 %) compared to IR drying of this wood species. 
The minimum characteristic time was also measured 
for drying at the highest temperature (τ90 = 11.3 min), 
lower for drying at 80 °C (τ80 = 20.3 min) and 70 °C (τ70 
= 26.9 min), and the lowest for drying at 60 °C (τ60 = 
50.5 min).

Small and insignifi cant differences in the kinetics 
of the drying processes in the tested drying techniques 
were also refl ected in the calculated effective diffusion 
coeffi cients according to Eq. 2. When drying ash wood, 
the lowest diffusion coeffi cients were measured from 
0.27∙10-9 to 0.29∙10-9 m2/s at 60 °C and the highest from 
0.91∙10-9 to 1.01∙10-9 m2/s at 90 °C (Table 1). The diffu-
sion coeffi cients measured in the drying of oak wood 
were signifi cantly smaller compared to ash, despite the 
higher density of the latter (ρash = 620 kg/m3; ρoak = 605 
kg/m3). For drying of oak wood, a diffusion coeffi cient 
of 0.17∙10-9 m2/s was measured at 60 °C for both drying 
techniques, and maximum values of 0.55∙10-9 to 
0.75∙10-9 m2/s were measured at 90 °C. Generally, the 
calculated values of the diffusion coeffi cients in trans-
verse direction of these two tested wood species are 
comparable with literature data (Siau, 1984).

From the Arrhenius equation (Eq. 3) and Arrhe-
nius plot (Figure 5), activation energy (Ea) was found 
to be between 37.8 to 46.3 kJ/mol for ash and between 
38.1 to 48.3 kJ/mol for oak, where lower values were 
found at infrared drying for both tested wood species. 
The pre-exponential factor (D0) was determined as 
2.47∙10-4 m2/s and 4.54∙10-3 m2/s for infrared and hot air 
drying of ash; the values of 1.57∙10-4 m2/s and 5.37∙10-4 

m2/s were determined for infrared and hot air drying of 
oak. The calculated activation energy value for bound 
water and water vapour diffusion in ash and oak wood 
is comparable to the literature data (Siau, 1984; Stamm, 
1964). 

Since the activation energy equals the minimum 
energy requirement that must be met for diffusion to 
occur at the studied temperature interval (60 to 90 °C), 
lower measured Ea at infrared drying actually means 
better utilization of the energy input for water vapour 
transport in both wood species. Nevertheless, this dif-
ference in activation energy between the two processes 
may also be due to differences in the temperature of the 
subjects. For IR drying, a higher temperature in the 
middle of the test pieces is expected, and thus a posi-
tive correlation of temperature and moisture gradients. 
However, the differences between the drying tech-
niques are small and the Deff deviations between tech-
niques vary at some temperatures (Table 1).

3.2  Transmission and absorption of infrared 
radiation in wood

3.2.  Transmisija i apsorpcija infracrvenog zračenja u 
drvu 

For both wood species, FTIR spectra were deter-
mined with a typical fi nger print range between 2.5 and 
10 μm. Better transmission was determined in the high-
er wavelength range, in particular between 12 and 15 
μm, and above 20 μm. Expectedly, better FTIR spectra 
(greater difference between valleys and peaks) were 
determined at thinner microtome slices of both wood 
species (Figure 6).

Table 1 Effective diffusion coeffi cient (Deff) as a function of temperature at infrared and hot air drying of ash and oak wood 
(CV – coef. of variation)
Tablica 1. Koefi cijent efektivne difuznosti (Deff) kao funkcija temperature pri infracrvenom sušenju i sušenju vrućim zrakom 
drva jasena i hrasta (CV – koef. varijacije)

T
°C

Ash / Jasen Oak / Hrast
Infrared /Infracrveno Hot air / Vrući zrak Infrared / Infracrveno Hot air/ Vrući zrak

Deff (·10-9) CV Deff (·10-9) CV Deff (·10-9) CV Deff (·10-9) CV
m2/s % m2/s % m2/s % m2/s %

60 0.29 6.8 0.27 8.4 0.17 3.1 0.17 13.0
70 0.43 3.6 0.36 5.7 0.25 7.4 0.29 8.6
80 0.60 6.1 0.68 13.5 0.34 6.3 0.41 8.2
90 0.91 5.2 1.01 10.5 0.55 4.6 0.75 9.4

Figure 5 Relation between the reciprocal of absolute temperature and effective diffusion coeffi cient at infrared (left) and hot 
air drying (right) of wood (○-ash, ●-oak)
Slika 5. Odnos između recipročne apsolutne temperature i koefi cijenta efektivne difuznosti drva pri infracrvenom sušenju 
(lijevo) i sušenju vrućim zrakom (desno) (○ – jasen, ●hrast)

ln
 (D

ef
f)

1/T, K–1

ln (Deff) = –4550.5(1/T) – 8.307
R2 = 0.998

ln (Deff) = –4578.6(1/T) – 8.760
R2 = 0.991

ln
 (D

ef
f)

1/T, K–1

ln (Deff) = –5567.6(1/T) – 5.395
R2 = 0.977

ln (Deff) = –5812.2(1/T) – 5.057
R2 = 0.990
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Expectedly, it turns out that the average IR trans-
missivity in the transmitted wavelength range (2.5 to 
25 μm) signifi cantly decreases with increasing micro-
tome slice thickness of both wood species (Figure 7). 
The found trend, i.e. logarithmic decay of intensity of 
transmitted IR beam with path length, obeys the Beer-
Lambert law. The Beer-Lambert law implies that both 
type (structure) and the concentration (density) of the 
molecules are important in the process of radiation ab-

sorption (Parker, 1971). However, an insignifi cant dif-
ference in IR absorption between the two wood species 
has been confi rmed.

Other studies, like ours, mention the possibility 
of penetrating IR radiation up to 100 μm (Makoviny 
and Zemiar, 2004), or even to a maximum of 134 μm 
(Zavarin et al., 1991). The latter study also reports on 
minor infl uence of wood density and fi bre orientation 
on energy absorption and penetration depth in wood.

3.3  Wood and emissivity of infrared light
3.3.  Drvo i emisivnost infracrvenog zračenja

No signifi cant difference was found between IR 
emissivity of ash and oak samples (Table 2). Since the 
emissivity of a surface is its ability to absorb (and emit) 
energy of radiation, the more absorbent a surface is, the 
higher is its emissivity. It has been reported that wet 
wood absorbs more IR energy than dry wood and that 
ε increases with MC up to the fi bre saturation point 
(FSP), at which point it reaches the IR emissivity of 
water (εwater = 0.93) (Kollmann and Cote, 1968).

Refl ectance of IR light is found to be related with 
the surface roughness (Jones et al., 2008). However, 
there is some controversy about the effect of surface 
roughness. Some studies highlighted that rougher the 

Figure 6 Transmission FTIR spectra of ash (above) and oak (below) microtome slice of different thickness (10 to 100 μm)
Slika 6. Transmisija FTIR spektra jasena (gore) i hrasta (dolje) mikrotomskih preparata različitih debljina (od 10 do 100 μm)

Figure 7 Relation between thickness/depth of ash (○) and 
oak (●) wood and average infrared transmission.
Figure 7. Odnos između omjera debljine/dubine drva jasena 
(○) i hrasta (●) i prosječne infracrvene transmisije

Table 2 IR emissivity (ε) of ash and oak wood samples with descriptive statistics (N – number of measurements; Mean 
– arithmetic mean; SD – standard deviation; 95 CI – 95 % confi dence interval of the mean; Med – median; IQR – interquar-
tile range; CV – coeffi cient of variation)
Tablica 2. IC emisivnost (ε) uzoraka drva jasena i hrasta s deskriptivnom statistikom (N – broj mjerenja; Mean – aritmetička 
sredina; SD – standardna devijacija; 95 CI – 95-postotni interval pouzdanosti aritmetičke sredine; Med – medijan; IQR 
– interkvartilni raspon; CV – koefi cijent varijacije)

N Mean SD 95 CI Med IQR Min Max CV
Ash / Jasen 18 0.920 0.011 0.0086 – 0.0171 0.923 0.014 0.894 0.936 1.239
Oak / Hrast 18 0.906 0.012 0.0093 – 0.0185 0.909 0.015 0.876 0.926 1.365
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wood surface, the greater the refl ection and less the IR 
absorption due to increased light scattering (Bennett 
and Porteus, 1961; De Santo, 2007). The opposite was 
also found (Zavarin et al., 1990; 1991). It was also re-
ported that the effect of surface roughness on absor-
bance differs according to the wavelength (Tsuchikawa 
et al., 1996).

4  CONCLUSIONS
4.  ZAKLJUČCI

1. Fick’s law of diffusion describes well the ki-
netics of infrared and hot air drying of ash and oak la-
mellas between 60 °C and 90 °C. The calculated diffu-
sion coeffi cient increased with used temperature and 
obeyed the Arrhenius law.

2. The diffusion of bound water and water va-
pour, despite greater wood density, was found to be 
better in ash than in oak wood, which improves the 
drying kinetics.

3. The use of infrared radiation did not affect 
signifi cantly the drying kinetics in low wood MC 
range. Calculated transport coeffi cients of ash and oak 
wood, when compared to conventional hot air drying 
of tested species, were similar. Slightly lower activa-
tion energy for transport of bound water in wood was 
found at IR drying.

4. The average IR transmittance wavelength 
range (2.5 to 25 μm) signifi cantly decreases with in-
creasing wood thickness, obeying the Beer-Lambert 
law. IR radiation reaches ash- and oak wood depth of 
approx. 100 μm.
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