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Abstract
An alternative to a rotary dryer for biomass is a bed dryer. In this type of dryer, the wood particles are stationary, and the

air passes upward through them. Compared with rotary dryers, bed dryers may be more economical to operate on a small
scale. The present work investigated drying biomass in a fixed bed dryer.

The drying characteristics of wood biomass were measured using a thin-layer drying technique at inlet gas conditions of
508C to 2008C and 0.3 to 0.9 m/s. The drying behavior was modeled using a one-parameter Newton model. The thin-layer
model was then used in a deep bed model to predict drying times and moisture profiles in the bed. Drying times based on the
model at depths up to 23 cm were within�22 toþ12 percent, and typically within 64 percent, of the experimental results.

A drying zone ranging from 0.13 to 0.18 m in depth moves up the bed as drying occurs. The biomass is wet above and dry
below this zone, resulting in considerable variability in moisture content within the bed. The material in an industrial dryer
would need to be mixed or a dryer would need to be designed with stages if a uniform moisture content among the particles
was an important criterion.

Drying is often an important step to convert biomass
into bioproducts (Phanphanich and Mani 2009). A moisture
content of 20 percent is needed for some gasifiers and an
even lower value for pelletization (Roos 2008). Even for
direct incineration, lower moisture content can lead to
greater efficiency and fewer emissions (Jackson et al. 2010).

The most common type of dryer for wood and bark
residues is the rotary dryer in which particles are fed
through a rotating drum, often with concurrent airflow. An
alternative to the rotary dryer is a bed dryer in which air
passes upward through a layer, or bed, of biomass. The bed
might be stationary, as in some batch agricultural applica-
tions, or it might be moving on a conveyer, as in a
continuously fed dryer. For small particles (,6 mm), a
spouting bed may be used; this type of dryer contains a
central jet that carries the particles upward surrounded by an
annulus of downward-moving particles (Cui and Grace
2008). A fluidized bed (Milota and Wilson 1990) could be
used for very small (,3-mm) particles that are not
elongated. Forest biomass produced with a hog or grinder
tends to have a wide size distribution and particles with very
nonspherical or elongated shapes. This can cause feed
problems in the airlocks of a rotary dryer, particularly in a
small-scale operation, and poor flow in a spouted or
fluidized bed.

The air entering a bed dryer is typically lower in
temperature than for a rotary dryer, making the bed dryer
more suitable for recovering low-grade heat and reducing
the chance of fire. For example, Yrjölä and Saastamoi

(2002) describe a heat recovery system in which the drying

air is heated in a recuperative heat exchanger using the

boiler flue gases. The bed dryer will have lower organic

emissions due to the lower operating temperature (Otwell et

al. 2000) and may also have lower particulate emissions

because the biomass is not mixed, resulting in less breakage.

This may reduce the capital and operating costs compared

with a rotary dryer, partly because less pollution control

equipment may be needed (Jackson et al. 2010). The

moisture content leaving a bed dryer is not as uniform as

with a rotary dryer (Wang and Chen 1999); however,

mixing the biomass or several drying stages could resolve

this. Bed dryers have a larger footprint than a rotary dryer of

comparable productivity, but this can be reduced with a

multiple-pass arrangement.

Models for bed dryers are often developed by determining

the drying behavior of individual particles and then using a

mathematical technique to predict the behavior for a deeper

bed. The particle drying characteristics could be fit to an
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empirical model (Gigler et al. 2000) or a theoretical model
(Wang and Chen 1999).

In this article, we determine the drying characteristics of
Douglas-fir and hemlock biomass in a batch fixed bed dryer.
The objectives were to determine the effect of gas
temperature and velocity on the drying rates and to develop
a model to simulate bed drying. Drying curves were first
determined by drying a thin layer of wood so that
temperature change through the layer was minimal and all
the wood was exposed to essentially the same conditions.
Experiments were then done to determine the drying rate
and temperature profile in a deeper bed. Finally, a model
was developed using the drying curves from the thin-layer
experiments to predict behavior in the deeper bed, and the
results were compared with the deep bed measurements.

Procedures

The biomass used in this study was western hemlock
(Tsuga heterophylla) and Douglas-fir (Pseudotsuga menzie-
sii) wood chips sampled from outdoor storage piles.
Material was taken from the inside of the piles and stored
in 20-gallon plastic containers for up to 2 weeks at 58C or in
a freezer at �58C for longer-term storage.

Size distribution of the material was determined by
screening material from four randomly selected containers
into those smaller than 3 =

8 inch, those from 3 =

8 to 2 inches,
and those larger than 2 inches (,10, 10 to 50, and .50 mm,
respectively) and weighing the fractions. The moisture
contents of four 120-g samples were used to determine
initial moisture content by ASTM D4442 (ASTM Interna-
tional 2007). Starting and ending moisture contents were
also determined for each drying experiment using this
method.

A 42-cm-diameter batch bed dryer was direct-fired with
natural gas (Fig. 1). Gas was supplied to the dryer from a
New York Blower 1804S pressure blower controlled with a
Toshiba variable-frequency drive. A Power Flame FD75

natural gas burner controlled by a Honeywell Modutrol IV
motor was located at the blower intake. Combustion gas
from the burner was combined with ambient air and went to
the blower intake and to a duct with a Y-connection. The Y-
connection allowed the air to go to or bypass the dryer so
that the burner and blower could be run at steady conditions
while the dryer was being loaded or unloaded. At the base of
the dryer, the duct made a 908 turn and expanded to 46 cm.
There were two perforated plates to make the airflow
uniform across the bed cross section. The open area of the
perforated plates was 33 percent.

The dryer walls are square in cross section, 56.5 cm on a
side, and 125 cm in height. The bottom of the dryer had a
46-cm-diameter hole to which the ductwork from the blower
was attached.

A basket 42 cm in diameter and 56 cm in height had a
circumferential flexible gasket at its base to seal the gap
between the basket and dryer structure. The basket rested on
four rods that passed though the bottom of the dryer and
were supported by load cells, allowing the basket and wood
to be continually weighed with the load cells outside the
heated space.

Thermocouples were used to measure temperature under
the perforated plates, in the bed at three locations, and at the
dryer exit. Pressure was measured below the distributor
plates, below the basket, and above the basket. The
differential pressure across the basket and its area were
used to adjust the measured basket weight for the lifting
force caused by the gas pressure. The pressure transducers
were located outside the dryer and connected to small
copper tubes that terminated at the measurement location.

The blower and burner were computer controlled with
Labview software. The software also recorded all temper-
atures and pressures. Additional experimental details can be
found in Yang (2012).

Figure 1.—Schematic of drying equipment. T and P indicate locations where temperature and pressure, respectively, were
measured.

FOREST PRODUCTS JOURNAL Vol. 63, No. 5/6 149

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2024-12-26



Thin-layer drying

Thin-layer drying of hemlock was conducted at a depth of
approximately 1.3 cm so that little temperature change
occurred throughout the bed depth. All the biomass was
exposed to approximately the same gas temperature and
velocity. Drying curves were then constructed for temper-
atures of 508C, 1008C, 1508C, and 2008C and air velocities
of 0.3, 0.6, and 0.9 m/s. Three replications were done at
each of the 12 conditions.

A 50- to 100-g sample of material to be dried was taken to
determine initial moisture content (MI). The dryer was
brought to a steady-state temperature with the empty basket
in the dryer. The basket was then loaded with 800 g of wood
in a thin layer. At regular intervals, a sample of
approximately 50 g of material was removed from the
bed, and the material remaining in the bed was leveled. The
removed material was weighed and its moisture content
determined. The time intervals for sample collection ranged
from 30 seconds to 10 minutes, depending on the dryer
conditions and drying time. Samples were closely spaced in
time early in the drying process and for higher temperatures.
From the initial moisture content and the current moisture
content (M), the relative moisture content (MR) was
determined for each 50-g sample as

MR ¼
M �ME

MI �ME

ð1Þ

where ME is the equilibrium moisture content (US
Department of Agriculture 2010) with the humidity values
based on a stoichiometric calculation on the incoming gas.
Volatilization of wood components would appear as
moisture loss. However, the samples contained moisture
when taken and were cooled by evaporation during drying,
so significant volatilization was unlikely.

Ten models from the literature (of the 14 models
summarized in Ertekin and Yaldiz 2004; Table 1) were fit
to the drying curves. Time was the independent variable,
and relative moisture content was the dependent variable.
The average root mean square error and adjusted r2 for all
the thin-layer hemlock drying experiments were used as the
primary criteria to select the best model to predict the drying
rates. Having fewer parameters was also considered to be a
positive property of a robust model. The model coefficients,
which vary with drying conditions, were then fit to the air
temperature and velocity with a second regression using the
equations in Table 2.

Bed drying

The dryer, including the basket, was preheated to a
steady-state condition matching the experiment to be
performed. Most experiments were done with hemlock,
but for a limited set, we used Douglas-fir. The initial
moisture content was determined from three 100- to 200-g
samples of the material to be used for the experiment.

The airflow was set to bypass the dryer, and the basket
was removed, loaded, and weighed. If used, thermocouples
were placed at 1 =

3 and 2 =

3 of the depth as well as at the surface
of the bed. The basket was returned to the bed, the dampers
reset, and the drying started. Steady-state conditions of
508C, 1008C, 1508C, or 2008C and an air velocity of 0.3, 0.6,
or 0.85 m/s were held until the bed approached dryness, as
evidenced by the bed weight. Air velocities were less than
0.9 m/s because significant particle entrainment started to
occur at this velocity. Three replications were done at each
combination of temperature and air velocity.

At the end of drying, the basket with biomass was
weighed, and three 500-g samples were used to determine
the final moisture content. Moisture content at any time was
calculated from the load cell weight data.

Model

A bed drying model was developed to predict the
performance of the deep bed from the model representing
thin-layer drying. The model divides the bed into layers
(0.5-cm layers were used). The drying air enters the bottom
layer, and the thin-layer drying model is used to obtain a

Table 1.—Models from Ertekin and Yaldiz (2004) tested to create drying curve for thin-layer drying.

Name Modela Adjusted r2 RMSEb

1 Newton MR ¼ e�kt 0.97 0.06

2 Henderson and Pablis (1962) MR ¼ a�e�kt 0.16 0.32

3 Logarithmic MR ¼ a�e�kt þ c 0.36 0.28

4 Two-term MR ¼ a�e�k0 t þ b�e�k1 t 0.07 0.33

5 Two-term exponential MR ¼ a�e�kt þ (1 � a)e�kat 0.16 0.31

6 Wang and Singh (1978) MR ¼ 1 þ a�t þ b�t2 0.97 0.60

7 Paulsen and Thompson (1973) t ¼ a�ln(MR) þ b(ln(MR))2 0.92 1.52

8 Diffusion approximation MR ¼ a�e�kt þ (1 � a)e�kbt �0.57 0.43

9 Verma et al. (1985) MR ¼ a�e�kt þ (1 � a)e�gt 0.99 0.03

10 Modified Henderson and Pablis MR ¼ a�e�kt þ b�e�gt þ c�e�ht 0.99 0.04

a Terms are defined in the article text. a, b, c, d, e, f, and g are empirical coefficients.
b RMSE¼ root mean square error.

Table 2.—Equations and parameters tested to fit k to gas
temperature and velocity.

Equation/model parametera r2 RMSEb

1 k ¼ �e
b
T �a

ffiffiffiffi

V
p
þ c 0.90 0.03

a ¼ 11.46, b ¼ �1,583.41, c ¼ 0.016

2 k ¼ a�eb
T 0.63 0.07

a ¼ �4.24, b ¼ 1,366.48

3 k ¼ a�T2 þ b�V þ c 0.83 0.05

a ¼ 0, b ¼ �0.15, c ¼ 0.28

4 k ¼ a�T þ b�V þ c�T�V 0.92 0.03

a ¼ 0, b ¼ 0.91, c ¼ �0.003

5 k ¼ a�T þ b�V þ c 0.84 0.05

a ¼ �0.002, b ¼ �0.15, c ¼ 0.62

a Terms are defined in the article text and Table 1.
b RMSE¼ root mean square error.
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drying rate based on the temperature, humidity, and velocity
at entry. A new moisture content is calculated for the layer.
The gas humidity leaving the layer is calculated by a mass
balance and its temperature by an energy balance using the
process calculations in Chapter 3 of Mujumdar (2007). Air
at the new temperature, humidity, and velocity enters the
second layer, and the calculations are repeated to the top of
the bed. The bed drying model can predict drying time or
final moisture content given other parameters such as initial
moisture content, air temperature at entry, and air velocity at
entry. The moisture content and gas temperature for any bed
location can also be predicted at any time.

Results and Discussion

The hemlock was uniform in size, with 95 percent of the
wood chips in the medium class (3 =

8 to 2 in.), 4.5 percent in
the small class (,3 =

8 in.), and 0.5 percent in the large class
(.2 in.). The uniform size was a result of prescreening at
the mill. The average initial moisture content was 159.8
percent (62.3%). The Douglas-fir had been across the same
screen and had a similar size distribution with an initial
moisture content of 92 percent.

Thin-layer drying

An increase in temperature greatly reduces drying time
(Fig. 2). For example, increasing the temperature from 508C
to 1008C reduced the drying time from green to 10 percent
moisture content at the low velocity by a factor of
approximately 2.32, while increasing the temperature from

1508C to 2008C reduced drying time by a factor of 1.43. One
would expect factors of 2.22 and 1.62 for the experimental
value H ¼ 16,000 J/mol if drying is mostly controlled by
internal diffusion (D) and based on the Arrhenius relation-
ship

D ’ e�H=RT ð2Þ
where H is the activation energy, R is the gas constant
(8.316 J/mol/K), and T is the absolute temperature (K).
Published values for H are 35,564 J/mol (Skaar 1998) to
40,000 J/mol (Siau 1984). There are several possible reasons
why the experimental value is different. The mechanism for
moisture movement in the small particles may be only
partially diffusion controlled. At the higher temperatures,
the internal water may evaporate rapidly, and wood
permeability may control the rate. In addition, the published
values are for a lower temperature (258C) than used in the
dryer for this study, and the wet-bulb depression and
equilibrium moisture content are somewhat different at each
of the four drying conditions, which changes the driving
force for diffusion in addition to affecting the change in
diffusion coefficient.

An increase in gas velocity increased the drying rate (Fig.
2) at 1008C, 1508C, and 2008C, but the effect of velocity
appeared to be small at 508C. Greater velocity increases
convective heat transfer from the surrounding gas to
evaporate surface moisture (Mujumdar 2007). This suggests
that at 508C, the drying rate is mostly limited by internal
diffusion. At 2008C, the drying times to 10 percent moisture

Figure 2.—Thin-layer drying data from one replication (points) and results of modeling based on all replications (lines).
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content (13.0, 8.0, and 6.8 min) change by factors of 1.62
from 0.3 to 0.6 m/s and 1.17 from 0.6 to 0.9 m/s. This is in
approximate agreement with the theory that heat transfer
increases with the square root of velocity. Perfect agreement
would mean factors of 1.41 and 1.22, respectively. This
indicates that drying rate is externally controlled at higher
temperatures.

Of the 10 models from Ertekin and Yaldiz (2004) that
were tested (Table 1), the Newton (Westerman et al. 1973),
Verma et al. (Verma et al. 1985), Wang and Singh (1978),
and modified Henderson and Pablis (Henderson and Pablis
1962) models provided good fits with average adjusted r2

values of 0.97 or greater. The Verma et al. model, however,
has three parameters, while the modified Henderson and
Pablis model has six. The Newton model was selected for
further study for several reasons: It fits well, has only one
parameter, conforms to drying theory for the falling rate
period, and has been widely used in many drying
applications, including for wood.

Mujumdar (2007) suggests Equation 3 for biological
materials, where k embodies diffusion, thermal conductiv-
ity, and interface heat and mass transfer and t is time:

dM

dt
¼ k � ðM �MEÞ ð3Þ

the solution of which has a form matching the Newton
model:

M �ME

MI �ME

¼ ekt ð4Þ

The parameter k changes as the drying conditions change
and needs to be expressed as a function of temperature and
gas velocity. Each model in Table 2 was fit to the values for
k obtained at each condition of air temperature and velocity
at entry. The models represent either a linear combination of
the drying variables or an e1/T form for temperature and a
square root relationship for velocity. Model 4 had the best
fit; however, Model 1 was selected because it contained
terms that matched drying theory—an Arrhenius-type term
for temperature and a square root term for velocity. The
values for k predicted by the model with a ¼ 11.46, b ¼
1,581.41, and c ¼ 0.016 are shown in Table 3. When the
equation for k is substituted into Equation 4, the drying
curve is described as

M ¼ ðMI �MEÞ � e�ð11:46�e
1;581:41

T �
ffiffiffi

V
p
þ0:016Þ þME ð5Þ

for particles exposed to a certain temperature (T; K) and gas
velocity (V; m/s). The lines in Figure 2 show the model
predictions using Equation 4 compared with the experi-
mental results and indicate that the model predicts k well at
air velocities of 0.3 and 0.6 m/s and also at 0.9 m/s if the
temperature is high. The average difference between the k
values predicted by Equation 4 and those fit directly to the

data for a given experiment is 6 percent at 0.3 m/s, 2 percent
at 0.6 m/s, and 19 percent at 0.9 m/s. The predictions were
better at 1008C, 1508C, and 2008C than at 508C. The average
difference between the model and the experiment is 19
percent at 508C and ranges from 4 to 11 percent at 1008C to
2008C.

Bed drying

Figure 3 shows the relationship between moisture content
and time during bed drying. After a short warm-up period in
which bed conditions stabilize, the curves are mostly linear
until 15 to 30 percent moisture content is reached, and then
they become asymptotic to equilibrium moisture content as
time becomes long. The linear portion is due to the gas in
the bed reaching saturation before exiting the bed rather
than being affected by the drying characteristics of the
biomass. Higher temperatures result in faster drying in this
region because the adiabatic saturation temperature of the
air is higher and it can carry more water from the bed.
Higher velocities in this region result in faster drying
because more air is available to carry the water. The
nonlinear portion begins when the air leaving the bed is no
longer saturated.

Saturation of the air occurs over a portion of the bed, as
illustrated by temperature measurements at various bed
depths (Fig. 4). The temperature at 1 =

3 the bed depth (T1/3 in
Fig. 4) starts rising at approximately 25 minutes and
approaches the temperature at the inlet (Fig. 4) at
approximately 95 minutes. Before 25 minutes, the air
reaching this depth is saturated, and the temperature is near
the adiabatic saturation temperature. At 25 minutes, the
wood at this point begins to dry, and at 95 minutes, it is dry.
Thus, there is a drying zone below which the wood in the
bed is dry and above which no drying has occurred because
the air is saturated. A similar trend is seen for the
temperature at 2 =

3 of the bed depth.
The speed at which this drying zone moves and its

thickness are of interest in dryer design. These can be
determined for any drying condition using the curves in
Figure 3. The top of the drying zone is near the distributor
plate at the beginning of the linear portion (t¼0). The top of
the drying zone is at the top of the bed at 120 minutes (ttop)
for the case shown in Figure 3. A close approximation to the
drying zone velocity (Vdz) can be expressed as

Table 3.—Values for k predicted from the model.

Velocity (m/s)

Temperature (8C)

50 100 150 200

0.3 �0.031 �0.074 �0.133 �0.205

0.6 �0.050 �0.111 �0.194 �0.296

0.9 �0.065 �0.140 �0.241 �0.366

Figure 3.—Experimentally determined curves for moisture
content versus time from drying hemlock in a 23-cm-deep
bed under a range of conditions.
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Vdz ¼
h

ttop

ð6Þ

where h is the bed depth and Vdz is 2.2 mm/min for the
conditions used for the data in Figure 3. Over the range of
bed conditions, the drying zone velocities ranged from 1 to
10 mm/min and varied with the rate of drying.

The bottom of the drying zone reaches the top of the bed
at tend (Fig. 3). Therefore, the width of the drying zone (Wdz)
can be expressed as

Wdz ¼ Vdz � ðtend � ttopÞ ð7Þ

The drying zone width varied from 0.13 to 0.18 m and
was narrower with increasing temperature and decreasing
gas velocity.

Model for bed drying

The lines in Figure 5 show results from the bed model
overlaid on the experimental hemlock bed drying data.
Initially, the model predicted drying that was too fast. This

was attributed to channeling in the bed observed during the
experiments, and a channeling factor was added to the
model and set to 30 percent. The differences between drying
time to 12 percent moisture content between the model and
experiment ranged from �22 to þ12 percent, with an
average of 63.4 percent. The model also predicts the shape
of the drying curves, with pseudo r2 values for any given
simulation ranging from 0.84 to 1.00. The pseudo r2 is used
because the model and data are not linear and the value is
only an estimate of the true r2. The deep bed model also
predicted a drying zone width of 0.11 to 0.18 m, in good
agreement with the range estimated from the experimental
data (0.13 to 0.18 m).

There is considerable moisture content variability in the
bed when the final desired average moisture content
reached. This is demonstrated in the model results (Fig. 6)
that show as high as 50 percent moisture content in the
upper layers and almost 0 percent in much of the lower
portion at the end of drying, when the average bed moisture
content is 7 percent. This suggests that mixing or a two-or-
more-stage conveyer dryer might be needed to reduce
moisture variability. The first stage would be slightly deeper
than the drying zone width and operated until the drying
zone reached the bed surface. This would avoid severe
overdrying of the lower portion while maintaining thermal
efficiency. The material would then be mixed and fed to
another stage. The second or subsequent stages could be
somewhat deeper because the width of the drying zone will
increase if the concentration of wet material is less.

The deep bed drying model can predict the drying for
Douglas-fir of the same shape and size (Fig. 7) using the
thin-layer model for hemlock (Eq. 5). The fit is good, with a
pseudo r2 of 0.99 at both 1008C and 1508C. The lack of a
difference in the bed drying characteristics of these two
species is partly because a portion of bed drying is
controlled by the saturation of the drying air and possibly
because they have a similar specific gravity as well as
particle size and shape.

With a deep bed drying model, the drying time in a fixed
bed can be predicted given the initial moisture content and
the inlet temperature, gas velocity, and humidity. Alterna-
tively, the temperature and gas velocity required to dry in a
given time could be determined. This is significant for
determining the size of the dryer needed to process a certain
amount of biomass. With a little extra calculation, the
designer could determine the energy requirements for a
dryer and size of the burner as well.

Figure 4.—Temperatures at the inlet and at different heights for
drying in a 23-cm-deep bed with inlet conditions of 1008C and
0.3 m/s.

Figure 5.—Experimentally determined curves for moisture
content versus time (broken lines) from a 23-cm-deep bed with
model results (solid lines).

Figure 6.—Moisture content versus bed depth at the end of
drying at 1508C. The average bed moisture content is 7
percent.
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The model also predicts the vertical moisture content
profile within the dryer and may help designers determine
the appropriate bed depth. In addition, the moisture
variability leaving a dryer can be calculated, which may
impact how downstream operations are performed. A
designer would want the bed to be deep enough to contain
the drying zone for most of the biomass residence time to
maintain dryer efficiency. The model does not help the
designer determine when channeling will occur or indicate
when particle entrainment and carry over will occur.

Conclusions

The drying characteristics of wood particles can be
measured by passing air through a thin layer of particles and
obtaining the relationship of moisture content versus time.

A simple, one-parameter Newton model can describe the
thin-layer drying in a fixed bed. The parameter is affected
by temperature and air velocity. The Newton model
developed for hemlock particles also works well for
Douglas-fir particles. Further work is needed to determine
the effects of size and shape on the model parameters.

A thin-layer drying model can be used in a deep bed
model to predict the bed behavior at various drying
temperatures and air velocities. This was demonstrated by
experimentally developing thin-layer drying curves at
temperatures from 508C to 2008C and velocities from 0.3
to 0.9 m/s in a 1.3-cm-deep bed. The model was then used to
predict the behavior in a deep bed and was experimentally
verified.

A drying zone ranging from 0.13 to 0.18 m in depth
occurs when drying hemlock particles. This was observed
based on bed temperatures taken at different bed depths and
was predicted by the deep bed model. An industrial dryer
needs to be designed with a bed deep enough to fully
contain the drying zone to maximize the efficiency of the
dryer. The drying zone moves upward as drying proceeds,

with the velocity and width of the drying zone being
affected by the temperature and velocity of the drying air.

The material in an industrial dryer needs to be mixed, or a
dryer needs to be designed with stages to avoid having very
dry material at the bottom of the bed and very wet material
at the top of the bed at the end of drying. Channeling air
through the fixed bed may pose a problem for dryer
efficiency in deep bed drying.
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