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Abstract - Convective and infared (IR) Halogen Drying
processes are used in the woodchip biomass industry to test the
moisture content of woodchip. Woodchip drying, though energy
intensive, is necessary to increase the calorific content of
woodchip, in turn increasing combustibility. The bulk process
within the production of woodchip uses convective drying with
agitation. Analysis of the diffusion in wood can be used to
estimate the time to dry lumber to a specified moisture content
value. Relationships between the effect of temperature and
moisture content allow more accurate predictions and
operational evaluations of driers.

The aim of this study was to investigate constant heat
source convective and IR drying by comparing the drying curves
when batch drying a sample of woodchip biomass whilst
controlling the heat source temperature at 328K, 338K, 348K
and 358K. This was achieved through comparison of pre-
exponential diffusion coefficients and activation energy,
determining the temperature dependency of these terms in
convective and IR drying of wetted wood. Lower temperatures
increased drying time for both convective and IR drying, with
convective drying taking up to 5 times longer than IR. The pre-
exponential diffusion coefficient and activation energy found for
IR drying were 3.555x 107* +0.824 x 10™* m2s! and
3.405 x 10* £ 0.065 x 10* J.moll. The convective drying pre-
exponential diffusion coefficient and activation energy
calculated was 2.948 x 1077 £ 0.376 x 1077 m2s! and
1.619 x 10* + 0.037 x 10* J.mol respectively.

Nomenclature
M [ka] Mass
X (DB) [-] Moisture Content- Dry Basis
w [g.sTM7] Rate of Drying
D [m2st] Diffusion Coefficient
L [m] Thickness
C [mol.m3] Concentration
J [kg.s'm3] Mass Flux
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t [s] Time

T [°C] Temperature

MR [-] Moisture ratio

Dggr [m2s?] Effective Diffusion Coefficient

E, [J.Mol1] Activation Energy

A1 Conductive Heat Transfer

k [W.m7K"] Coefficient

A [m?] Surface Area

R [J.Kt.mol?] Ideal Gas Constant

q [W.m?] Heat Transfer

3pe-1 Convective Heat Transfer

h [W.m=K] Coefficient

o [W/m2K4] Boltzmann constant

€ [-] Surface emissivity

S [-] Saturation

7 [-] Porosity

Kx [-] Henrys Constant

Subscripts

e Equilibrium/Final

0 Initial

i Species i/Result i

D Drying

S Surface

o Ambient

p, va, L Porous Media, Vapour, Liquid
Keywords: Drying, Convective, Infrared, Activation
Energy, Diffusion.

1. Introduction

Woodchip production consists of processing wood
through three main stages (i) sourcing timber, (ii)
chipping of logs, and (iii) drying the chipped wood. With
the calorific (M]/kg) value of woodchip being linearly
proportional to its moisture content [1], drying wet chip



is necessary to achieve greater combustion per weight of
biomass. Biomass boilers are therefore rated to a defined
moisture content of wood feed. Other benefits of drying
include quality, characterisation of wood allowing
comparison between various origins, reduced energy
consumption for transport and storage, driven by a
reduction in mass and fungal build up. On the other hand,
the fuel sourced from woodchip is generally in higher
demand over the winter period when the supply faces a
higher moisture content due to both the colder and
wetter weather. Therefore, in winter months drying is
required to not only improve the fuels quality but also
preserve and keep a consistent supply.

Both convective and infrared (IR) drying are used
to find the moisture content of woodchip, though British
Standards recommend convective drying [2]. Convective
drying is in general slower than IR drying as energy, in
the form of heat, is first transferred to the air and then
the woodchip, whereas in IR, drying energy is
transferred directly to the woodchip and water via
radiative heat transfer. The rate of heat transfer by
convection is commonly described using Fourier’s law of
conduction and Newton’s Law of Cooling, comparatively
IR heat transfer is described using the Stefan-
Boltzmann’s law of radiation (Equations 1, 2 and 3
respectfully)[3].

q = —hA(Ts — To) 1
q=—k(Ts — Te) 2
q=—eo(Té —T2) 3
where q is heat transfer (W.m?2), h is the

convective heat transfer coefficient (W.m-3K-1), A is the
heat transfer area (m?), k is a conductive heat transfer
coefficient (W.m-1K1), € is surface emissivity, o is the
Stefan-Boltzmann constant (W.m2K+#), Ts is the solid
surface temperature (K) and T« is the ambient
temperature (K).

These show the impact of temperature on heat
transfer. For IR drying the effect of temperature increase
is amplified by the fourth power, compared to that of
convective drying for which the equation of heat transfer
contains no exponent. The driving force for heat transfer
is the temperature gradient along the woodchip and
between the atmosphere and the woodchip.

2. Mathematical Models
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The falling rate period of drying shows the
behaviour of moisture diffusing through material. After
an initial evaporation of the surface moisture, the rate of
mass loss decreases as moisture has to diffuse from the
centre of the material to the surface of the solid, obeying
Fick’s law of mass transfer;

dac;
Ji=-D T 4
Where the mass flux J; is defined by the diffusion
coefficient, D, and the concentration gradient, ﬁ.

Transforming the second Fick’s law [4], by considering

the rate of accumulation of a substrate, C; in this case

water vapour in a control volume, the resulting
ac; _ d

relationship is;
4 (pis)
dt ~ dx (D dx 5

Expressing the ratio of moisture, MR, within the
woodchip at time t from the current M;, initial My and
final masses M;

M;—Me
MR = Mo—M.

Using the assumptions of:
Symmetric uniform distribution of moisture within
the initial sample.

Symmetric mass transfer with respect to the centre
of the solid.

Constant diffusion coefficient.

Negligible shrinkage.

Instantaneous evaporation at the surface (i.e. the
concentration on the face from which the diffusing
substance emerges is maintained at effectively zero).
Steady state conditions for the finite interval of time
is defined after IR drying at 105°C [5].

The drying rate, Wp, is defined as the amount of
moisture removed from the dried material per unit time
and unit surface area [6];

—~MedX
Wo = —a 7

Where X is the moisture content on a dry basis, M.
is the equilibrium dry mass, A is area and t is time in
seconds. For a constant surface area, A, and mass of dried
solid, M., the rate, Wp, can therefore be determined
through differentiation of the moisture ratio over time.

WpA = (Mo — M) () = G 8

To define the moisture ratio diffusion coefficients
and activation energy can be calculated from singular
pieces of chip of known thickness L.

Using the following model by Crank [7];
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2D
_ Mi-Me _ 8 oo 1 —(2n+1)2(—2e“)t
MR = Mg—Me w2 =0 (2n+1)2 " 9
Using time, t (s), the effective diffusion coefficient, D¢

(m.s1) and thickness, L(m).

For long drying times;
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Temperature Dependence

The impact of temperature on effective diffusivity
can be estimated using the Arrhenius profile of effective
diffusivity, Equation 11.

Ea

Deff = DO e[_ﬁ] 11
Within these equations the pre-exponential
diffusion coefficient, D, (m2s1) and activation
energy, E,;(J.moll) are calculated constants, while
temperature, T(K), and the ideal gas constant,
R(8.314]J.K-1.mol!) are predefined and time is a

dependent measured variable.

3. Materials and Method

The woodchip was supplied by Bowland Bioenergy
Ltd. This wood had been externally stored as logs and
chipped, with no prior drying other than natural
weathering. A single chip of softwood was used which
was then soaked in deionised water for 12 hours
resulting in a wetted chip weighing ~3g prior to the
drying procedure.

3. 1. Drying Procedure
Convective Drying

Adjacent to a set of scales, with an accuracy of
+0.0005 g, a variable temperature heat gun was
mounted (shown in Figure 1)which passes air at 1.6m/s
over a sample tray. The weight on this tray was recorded
every 5 seconds, with the heat gun causing an initial
constant fluctuation in the weight and variations around
this caused by changes in the air flow. The temperature
of the air was measured 4cm from the outlet of the heat
gun and 5cm from the centre of the 10cm g sample tray.
This temperature stayed at the set temperature +5°C and
has an on/off controller set to turn off +6°C from the set
point which turns the heat source off until the
temperature drops below this value. The ambient
temperature of the room was 22°C at the start of every
experiment and the equipment was uncovered,
increasing this ambient temperature close to the sample
over time.
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Figure 1. Experimental Setup - Convective.

IR Drying

The infrared (IR) halogen drier contains scales
with a weight accuracy of +0.0005 g and was
programmed to stop when a change of 0.001g per 99
seconds was reached and the total weight recorded
every 5 seconds. The moisture balance was setup to have
a target temperature of 145% of the set temperature for
the first instance and when the set temperature is
reached the temperature is maintained. This setup
resulted in some overshoots in temperature control by a
few degrees in the first minute and then remained at the
set drying temperature +1°C, with tighter temperature
control than the convective drying. The ambient
temperature was found to have no discernible effect on
the results of IR drying due to the enclosed chamber of
the dryer. The halogen heater had a heat duty of 400W.
For Both Experiments

A single woodchip weighing ~3g was used for
investigating both convective and IR drying. This
woodchip has known dimensions of
6.13%x29.87x25.61mm3. The drying temperatures used
were 328K, 338K, 348K and 358K.

In both cases mass data were logged using a bi-
directional RS-232 cable connected to a laptop with
appropriate data logging software. The mass over time,
M,, was recorded until the mass over time levelled out for
30minutes or until the IR drier automatically stopped
and after this original session stopped saved to a file. The
first mass recorded in this session is the starting mass
Mo.

To obtain the equilibrium value, M., the IR drying
apparatus was used with the temperature set to 105°C
and weight recorded every 5 seconds, and the balance
was again programmed to stop when a change of 0.001g
per 99 seconds was reached. The final mass value from
this session was M. relating to the previous saved
session.

Once M. was obtained the woodchip was then
soaked again in deionised water, until the mass reached
Mo+0.5g after draining, which took up to 24 hours. The
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drying procedure for the next set temperature was then
repeated to obtain M: and M. data for each experimental
setup.

4. Results Analysis

A fit to Equation 15 to experimental results for the
moisture ratio has been evaluated using MATLAB and
Non-linear Least Squares regression analysis. To identify
the goodness of the fit commonly used statistical criteria
were used; these include the sum of the square estimate
errors (SSE), Equation 12, residual squared (R?),
Equation 13, and root mean squared error (RMSE),
Equation 14.

SSE = Y, (MR; — MR, ) 12

Z?=1(MRi—M_R\1)2

Z?:]_(MRi_M—Rl)Z
— 2105

RMSE = [0.5 XL, (MR; — MR,)’] 14

These results show the goodness of fit to the models

within Table 1. The closer to 1 R? is and the smaller the
SSE and RMSE values are, the better the goodness of fit

[8].

RZ2=1- 13

5. Results And Discussion

The measured mass vs time data for IR and
convective drying shows that convective drying takes
longer than IR at the same temperature shown in Figure
2 and Figure 3. The drying time was up to 5 times longer
for Convective drying than IR drying. IR drying also
resulted in a lower final mass.
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Figure 2. Plot of Experimental IR Drying Curves.
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Figure 3. Plot of Experimental Convective Drying
Curves.

The thickness of the woodchip, L in Equation 10,
was measured as 0.00613 m. Equations 10 and 11 can
therefore be combined making Equation 15, which can
be fitted to the data using MATLAB Curve Fitting Tool.

Eq
_ 2Dy e[_8.314—T] ¢
8 0.006132
MR = —e 15
T

It is noticeable that rate, or steepness of the curves
in Figure 2 and Figure 3 increases with temperature.
Therefore the effective diffusivity term will also increase
with temperature, as suggested by the Arrhenius
equation (Equation 11). From Equation 15 a lower
activation energy and pre-exponential diffusion
coefficient decrease the drying time, the wider
distribution of the IR drying curves in Figure in
comparison to Figure suggests a greater activation
energy, and the faster drying time suggests a larger pre-
exponential diffusion coefficient.
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Figure 4. IR Moisture Ratio Results and Equation 15 Fit.
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Figure 5. Convective Moisture Ratio Results and Equation 15 Fit.

Table 1. Pre-Exponential Diffusion Coefficient and
Activation Energy Results (with 95% confidence bounds).

Dy / m2.s1 E, /J.mol-!
IR 3.555x 107 3.405 x 10*
+0.824 x 107 + 0.065 x 10*
Convective 2.948 x 1077 1.619 x 10%
+0.376 x 1077 + 0.037 x 10%
The activation energy and pre-exponential

diffusion coefficient for IR drying, from Table 1, are
greater than the convective results. The order of
magnitude of pre-exponential diffusion coefficient was
much greater for IR drying, whereas for the activation
energy the orders of magnitude are the same for both IR
and convective drying. Previous experiments have found
that for Casuarina Equisetifolia wood the pre-
exponential diffusion coefficient, Dy, and activation
energy, E,, were determined as 2.15x10-2 m? .s'land
4.527x% 10* J.mol-' respectively[°]. The IR drying results
obtained in this analysis are of the same order of
magnitude and a similar value to those reported in [8] .
The most commonly reported data relating to Equation
15 are for foodstuffs, the general range reported for the
pre-exponential diffusion coefficients of foodstuffs are
generally within 10-11-10-¢ m2 s-! [10] which the
convective pre-exponential diffusion coefficient for
convective drying is within. For food materials,
activation energy is 1.27 to 11x 10%].mol-1[11] which
both results are within. The diffusivity value found for IR
drying of woodchip is outside of this range, but between
this range for fruit and the results for drying of Casuarina
Equisetifolia wood.
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Something to note from Equation 10 is that, though
this model is widely used [12,13,14], the equation itself
will never be an exact fit to moisture ratio (MR) based on
the definition of MR. As MR is the percentage moisture in
the sample based on the initial moisture content. From
time zero the value of MR is 1, however, Equation 10 will

8 : . .
always be = when t is zero and after time zero MR will

be below this value, shown by the offset of the curve fits
in Figure 5 and Figure 4. This is further supported by the
evaluation of goodness of fit shown in Table 2 with a
large SSE value and an R2 value below 0.95, below the R2
values found from previous fits of woodchip drying to
other experimental models[15,16] with multiple terms.
The model used was formed from the first term of
Equation 9, a different method to fit this equation would
be to fit the experimental data to multiple terms of the
Fourier series equations [17].

Table 2. Statistical Analysis of Goodness of Fit to

8n2e-n2D0e-£28.31470.006132t 15.

SSE Rz RMSE
IR 29.48 0.9474 0.04747
Convective 16.97 0.9724 0.03602

Equation 15 is exponential approaching zero, as
the equilibrium mass after secondary heating (used as
the dry mass) was less than that at the end of the
measured mass over time period, shown in Table 3, the
final plotted results for MR are offset from zero. This
difference in mass from the plotted period and IR drying
at 105°C is due to the activity of water; at lower
temperatures and moisture content water activity is
lower[18], reducing the total moisture loss over the
drying period.

Table 3. Experimental Initial Mass, Final Mass During
Experiments, and Equilibrium Mass.

Temperatur IR Convective
€ / K MO Mend Me MO Mend Me
328 2926 1309 1.230 2973 1363 1.246
338 2960 1272 1226 2909 1360 1.251
348 2930 1237 1224 2935 1365 1.254
358 2968 1266 1225 2984 1375 1.255

Table 3 shows the starting masses for all
experiments were within a range of 0.1g, for IR drying
the weights at the end of the temperature-controlled
experiment varied by 0.5g, for convective the lowest
measured weight was taken which differs by 0.015g. The



equilibrium weights for all experiments were within
0.03g of each other showing a good repeatability.

6. Conclusions

This study showed the drying behaviour of a single
woodchip, exhibiting falling rate characteristics and
suggesting that the drying process was diffusively
dominant. The temperature dependency of the drying
process in the model used was determined through the
Arrhenius equation.
Key Findings
Convective drying takes longer than IR drying.
The pre-exponential diffusion coefficient and
activation energy found for IR drying using
Equation 10 proposed by Crank was found to be
3.555 X 107* 4+ 0.824 x 10~* m2s! and 3.405 X
10* 4+ 0.065 x 10* J.mol, for convective drying
2.948 x 1077 £ 0.376 X 1077 m2.s' and 1.619 X
10% 4+ 0.037 x 10* J.mol-! respectively.
Crank’s equation could not effectively represent
MR data due to the equation for MR using the
initial mass as an 100% reference mass.
IR drying resulted in a higher mass loss over the
drying period than convective drying.

Highlights and Limitations

In the convective drying experimental test
fluctuations in weight from airflow patterns made it
difficult to produce live weight measurements of
samples as noise within results through this method
increased the measurement error. The ambient air
temperature increased over time with convective drying,
making it difficult to alter the sample temperature rather
than the heat source temperature, the heat source
temperature did not equate to the temperature of the air
that reached the sample and so temperature control in
IR drying was more effective due to the contained space.

7. Recommendations

The Crank model used contains a lumped diffusion
term governing moisture transport, however, water
moves through woodchip via diffusive moisture
transport and capillary moisture transport. Thus, to
properly account for this physical phenomena, separate
terms for diffusive and capillary transport of liquid water
and water vapour could be used to further describe the
movement of moisture. For example the diffusion
through a porous media Dy, can be splitinto a liquid and
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vapour term, as shown in Equation 16 proposed by
Millington and Quirk in 1961[19].

4 [ 10 10
Dj = @3 (SjaDva +S7 DL/KH>

Where D, is vapour diffusion, Dy, is liquid diffusion, Sy,
and S,, are vapour and liquid saturation, @ is the
porosity and Ky is henrys constant.

A different method to fit data to the Crank model
could be to use multiple terms of the Fourier series
expansion of Equation 9[20] (note the Crank model used
was formed from only the first term of Equation 9).

The moisture content also depends on several
other factors for instance, it can be affected by airflow,
temperature, pressure, relative humidity, and structure
on diffusivity. The full effects of drying type and
conditions on moisture loss over time can be found using
computational and experimental investigation. This
analyses could consider effects such as; responses to
high temperature drying, low temperature drying ,
convective drying, IR drying, microwave drying or freeze
drying using different models and situations.
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