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In this paper, we propose a novel approach to describe the convective drying process of deep fixed porous mate-
rial beds during the constant-rate drying period, which is based on the equation describing the heat power
conservation within the drying zone. In addition, we propose a novel iterative method to solve the equation,
which evaluates the outlet air temperature and the drying rate for the bed with given inlet air parameters. The
validity of the proposed approach is examined against experimental and CFD numerical modelling data for
two cases of biomass beds, namely, sawdust and barley grain, which represent typical porous material drying
problems. Furthermore, the analysis of the conservation equation shows that the drying rate of the bed is propor-
tional to the inlet air mass flow rate and is a function of the initial moisture content of the bed; however, it is
independent of the bed volume.
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1. Introduction

Over the last decades, the increasing global demand for energy has
led to the excessive use of fossil fuels, releasing considerable amounts
of greenhouse gases into the atmosphere, markedly affecting the envi-
ronment. Therefore, the need formore environmentally neutral alterna-
tive energy sources is evident. One of these alternative fuel sources in a
major energy sector (the heat and power generation sector) is woody
biomass, which is renewable and nearly CO2-neutral [1–3]. Today it
accounts for approximately 14% of global energy use [4]. The main
sources of woody biomass are forests, where the biomass is composed
of all parts of the tree, and wood processing residuals, where the bio-
mass is mainly composed of wood bark, sawdust and wood chips [5].

In recent years, the demand for biomass has risen; consequently, as
there is a limited supply of high-quality biomass feedstock, the heat and
power generation plants often resort to lower quality biomass [6]. The
most important quality characteristic of biomass for thermochemical
conversion is the moisture content. Inherently, biomass often has a
high amount ofmoisture, owing to its bio-origin and its ability to absorb
moisture from the environment. As a result, the biomass feedstock can
contain moisture contents of up to 150 – 300% on a dry basis (d. b.), de-
pending on the source [5,7,8]. Such high levels of moisture in biomass
reduce the calorific value of the feedstock and complicates the thermal
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conversion processes employed in heat and power generation plants,
because a considerable amount of energy is wasted to heat and evapo-
rate the excessivemoisture from the feedstock [9]. Furthermore, the in-
complete conversion of biomass occurs when the moisture content
exceeds a critical value, reducing the conversion efficiency and, if not
properly addressed, increasing the emission of harmful gasses [5,10].
In addition, in cases when the wood biomass, as well as the municipal
solid waste, is used for RDF (refuse-derived fuel) pellets production,
the moisture content over 20% on a wet basis (w. b.) causes greater en-
ergy consumption required for the pelletisation process of biomass [11].

The common solution to reduce themoisture content of the biomass
feedstock before conversion is to employ a forced convection deep fixed
bed dryers [5]. Themain controllable parameters of these dryers are the
air temperature, air flow rate and feedstock height. Due to significant
variations in the properties of the biomass feedstock, dryer parameters
need be optimised on demand for specific working conditions, such as
the biomass feedstock type, particle size distribution, initial moisture
content, and preferred moisture content for conversion [12]. Optimisa-
tion of dryer parameters requires knowledge of the heat and mass
transfer processes involved.

According to experimental studies [13–16], the convective drying
process of deep fixed biomass beds (schematic representation given in
Fig. 1 a) can be divided into three distinctive periods [17]: an initial
warm-up period, a constant-rate drying period and one or more
falling-rate periods (Fig. 1 d). In the initial warm-up period, the energy
of the inlet air is consumed to heat and dry the porousmaterial near the
inlet of the bed (the drying zone formation) and to raise the tempera-
ture of the rest of the bed from the initial bed temperature Tb, 0 to the
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Fig. 1. a) Schematic representation of convective dryingof amoist porousmaterial bed; b) bed temperature evolution at three different bedpositions; c)moisture content profile across the
bed at specific time; d) drying rate evolution (left axis) and outlet air relative humidity revolution (right axis).
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wet-bulb temperature Twb [18] (Fig. 1 b). By the end of thewarm-up pe-
riod, the drying zone is fully formed, and the bed can be divided into
three zones: the dried zone, drying zone and wet-bulb zone (Fig. 1 c).
The drying zone here is considered as the spatial region of the bed
where exchange of moisture from the wet material to the air takes
place [14]. As the drying progresses into the constant-rate drying pe-
riod, the drying zone starts to move downstream along the bed, leaving
dried material behind, while the porous material beyond the drying
zone still contains the same or slightly higher amount (due to conden-
sation) of moisture as at the beginning of the drying process. Beyond
the drying zone, the air is fully saturated with water vapour (relative
humidity is 100%) and is in thermal equilibrium with the moist bed at
the wet-bulb temperature Twb (Fig. 1 b). Therefore, heat and mass
transfer no longer take place as the saturated air continues to pass
through the bed, and the outlet air temperature during the constant-
rate drying period is equal to the wet-bulb temperature (Tout = Twb).
At the end of the drying process, the drying zone reaches the end of
the bed, and the outlet air relative humidity, as well as the drying rate,
start to decrease, while the outlet air temperature rises to the inlet air
temperature (falling-rate drying period).

As the outlet air temperatures, at which the air reaches the relative
humidity of 100% by absorbing the water vapour and losing its heat to
the porous material, and the corresponding convective drying rates
are not known in advance, many experimental studies have been
performed on the drying process to understand the effects of different
drying regimes on the drying conditions not only for woody biomass
[6,16,19–28] but also for other drying problems, including drying of
coal [29], food and fruit [30–36], textiles [37] and so on. Furthermore,
a great number of mathematical models for simulating the drying pro-
cess of deep beds with porous biological materials were proposed
since 1950s [38,39]. Such models are based on the equilibrium of the
moisture content with the environment and can be categorised as loga-
rithmic, equilibrium and non-equilibrium models [40]. However, some
degree of overlapping between different model categories exists and
2

the classification is somewhat arbitrary. The logarithmic and equilib-
rium models are in general a form of a non-equilibrium models with
simplifying assumptions to boundary conditions required to reduce
the complexity and computational time [41].

The logarithmic drying models assume that the energy required for
evaporating moisture from the wet porous material is equal to the
change in enthalpy of the air passing through the material, which
leads to a logarithmic relationships for drying parameters [39]. The log-
arithmic models are simple and computationally cheap; however, in
most cases, their application has been limited to low temperature
drying regimes of fixed porous material beds [42]. In both the equilib-
rium and non-equilibrium models, a system of differential equations is
derived considering the heat and mass balance within the control vol-
ume [43]. In case of the equilibrium models, the thermal equilibrium
between the drying air and wet porous material is assumed, which
leads to a simplified system of differential equations describing the dry-
ing process. In contrary to equilibriummodels, the equilibriumbetween
drying air and porous material is not assumed in non-equilibrium
models; thus, leading to more detailed and accurate description of the
drying process. However, the non-equilibrium models are more de-
manding as their implementation requires numerical techniques
based temporal and spatial discretization [44]. The extensive reviews
on the classic drying models can be found in refs. [43,45–48]. In addi-
tion, as the computational power has been increasing over the last de-
cades, more sophisticated and powerful computational tools based on
the temporal and spatial discretisation of the process domain (such as
CFD numerical simulations) have now replaced the classic models
used for the numerical analysis of thedryingprocesses [49]. TheCFDnu-
merical simulations method is capable of describing the drying process
in high resolution; therefore, it has been used in number of studies to
elucidate the drying experiments and predict the drying rate of various
porous materials, for example, biomass [15,50–58].

In this paper, we propose a novel approach to describe the convec-
tive drying process of deep fixed porous material beds during the
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constant-rate drying period, which is based on the equation describing
the heat power conservation within the drying zone. In addition, we
propose a simple and fast iterative method to solve the conservation
equation since the equation cannot be solved analytically due to non-
linearmaterial property dependencies on temperature and the complex
expressions of the equation terms. This method provides the possibility
to evaluate the outlet air temperature and the corresponding convective
drying rate of deep fixed porous material beds with given inlet air
parameters without the need of sophisticated modelling techniques
based on temporal or spatial discretisation of whole drying process
and domain (such as CFD approaches). Furthermore, the validity of
this approach is examined against experimental and CFD numerical
modelling data for two cases of biomass beds, namely, sawdust and
barley grain, which represent typical porous material drying problems.
Notably, although the present work is concerned with deep fixed
biomass bed drying scenarios, the method can be used to solve more
general porous material convective drying problems with any type of
evaporating liquids.

2. Materials and methods

The “Material and methods” section is navigated in the following
way. First, the equation of heat power conservation that governs the
drying process during the constant-rate period is introduced in
Section 2.1. Then, the definitions for the conservation equation terms
are given throughout Sections 2.2–2.5. Our proposed iterative method
algorithm to solve the conservation equation is described in
Section 2.6. The description of the experiments used to validate the iter-
ative method is given in Section 2.7. The description for CFD numerical
model that was used to supplement the validation and showcase some
iterativemethod's limitations is given in Section 2.8. Finally, the thermal
material properties used for both the iterative method and CFD numer-
ical modelling are described in Section 2.9.

2.1. Equation of heat power conservation

In a deep fixed moist, porous material bed, a convective drying pro-
cess can be described by the equation of heat power conservation
within the drying zone during a constant rate-period. A deep fixed
bed in this paper is regarded as a stationary porous material bed, in
which the thickness of the fixed bed Lb is greater than the thickness of
the drying zone Ldz. This condition has great importance because it
ensures that during the constant-rate period the air beyond the drying
zone is fully saturated with water vapour and is in thermal equilibrium
with themoist bed at thewet-bulb temperature Twb, which is also equal
to the outlet air temperature Tout = Twb as described in introduction. In
case this condition is not satisfied, the air is not able to reach saturation
in the bed, and the presented approach becomes inapplicable.

During the constant-rate period, the drying zone slowly moves
through the bed, and the heat power from the inlet air is consumed to
evaporate the water. The materials such as woody biomass still contain
residual water after drying [59]. The amount of residual water in dried
biomass is determined by the final moisture content Xm,end, which is an
equilibrium moisture content of biomass at inlet air conditions. The
dried solid material and residual water are then heated up to inlet air
temperature Tin within the drying zone. In the case of biomass, the
equation of heat power conservation within the drying zone
(independently of the drying zone thickness) which governs the drying
process of the bed during the constant-rate period, is written as follows:

Pin ¼ Pevap þ Psorp þ Ps þ Pm,end ð1Þ

where Pin is the heat power of inlet air, Pevap is the heat power consumed
to evaporate water within the drying zone, Psorp is the heat power used
to break hydrogen bonds of sorbedwater within the drying zone, Ps and
3

Pm,end are the heat power consumed to heat the dry solid (biomass) and
the residual water inside the solid within the drying zone, respectively.
These heat power terms during the constant-rate drying period are
evaluated as follows.

2.2. Heat power of inlet air

As the material before the drying zone is already heated up to the
inlet air temperature Tin, and the temperature beyond the drying zone
is constant and equal to outlet air temperature Tout (which is equal to
wet-bulb temperature Tout = Twb), the heat power of the inlet air Pin is
consumed within the drying zone. The heat power term Pin is defined
as the energy that is transferred by the inlet air to moist solid when
the air cools down from the inlet air temperature Tin to the outlet air
temperature Tout. In many cases, the inlet air is a mixture of dry air
and water vapour; therefore, Pin consists of two terms:

Pin Tin, Toutð Þ ¼
Z Tin

Tout

cp,air Tð Þqin,airdT þ
Z Tin

Tout

cp,vap Tð Þqin,vapdT ð2Þ

where cp,air is the heat capacity of dry air (J/(K ∙ kg)), cp,vap is the heat
capacity of water vapour (J/(K ∙ kg)), qin,air the inlet dry air mass flow
rate (kg/s), and qin,vap is the inlet water vapour mass flow rate (kg/s).
The total inlet air mass flow rate qin is a sum of mass flow rates of dry
air and water vapour:

qin ¼ qin,air þ qin,vap ð3Þ

The mass flow rates qin,air and qin,vap are calculated from the
experimentally measured inlet air volumetric flow rate Qin (m3/s),
inlet air relative humidity RHin, inlet air temperature Tin and inlet air
pressure pin as follows:

qin,air ¼ Qinρin,air ð4Þ

and

qin,vap ¼ Qinρin,vap ð5Þ

Since the water vapour pressure at the inlet is pin,vap = RHinpsat,vap
(Tin) (psat,vap is the saturation pressure of water vapour), the density of
dry air and water vapour at the inlet given by the ideal gas law are

ρin,air ¼
pin,airMair

RgTout
ð6Þ

and

ρin,vap ¼ pin,vapMw

RgTin
ð7Þ

here, pin,air = pin − pin,vap is the dry air pressure at the inlet, Mw is the
molar mass of water (kg/mol), Mair is the molar mass of air (kg/mol),
and Rg is the ideal gas constant (J/(mol ∙ K)).

2.3. The heat power of water evaporation

The heat power consumed for water evaporation for a given Tout is:

Pevap Toutð Þ ¼ qevap Toutð Þhevap Toutð Þ ð8Þ

where hevap(Tout) is the latent heat of water evaporation at outlet air
temperature Tout (J/kg). The drying rate is defined as a water mass-loss
rate from the bed:

qevap Toutð Þ ¼ qout,vap Toutð Þ � qin,vap ð9Þ
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where qout,vap(Tout) is the outlet water vapour mass flow rate (kg/s). The
mass flow rate qout,vap(Tout) for given outlet air temperature Tout,
pressure pout and relative humidity RHout can be evaluated as follows:

qout,vap Toutð Þ ¼ qout Toutð Þ � qout,air ð10Þ

where qout,air is the outlet dry airmassflow rate and is equal to qin,air. The
outlet air mass flow rate qout(Tout) is calculated as:

qout Toutð Þ ¼ qout,air
ξout,air Toutð Þ ð11Þ

where ξout,air is the mass fraction of dry air in outlet air:

ξout,air Toutð Þ ¼ ρout,air Toutð Þ
ρout,air Toutð Þ þ ρout,vap Toutð Þ ð12Þ

The density of water vapour and dry air at the outlet can be evalu-
ated analogously to Eqs. (6) and (7):

ρout,vap Toutð Þ ¼ pout,vapMw

RgTout
ð13Þ

and

ρout,air Toutð Þ ¼
pout � pout,vap
� �

Mair

RgTout
ð14Þ

2.4. The heat power of sorption water evaporation

Since the wood is a hygroscopic material, additional energy is re-
quired to break the hydrogen bonds of boundwater when themoisture
content of wood is below the fibre saturation point Xm,fsp during the
drying process. This additional energy is a function of moisture
content Xm (see Eq. (33)) and is accounted in heat power term Psorp,
which includes all additional energy required to dry the biomass from
fibre saturation point Xm,fsp to final moisture content Xm,end:

Psorp Toutð Þ ¼
Z Xm, fsp

Xm,end

qs0:4hevap Toutð Þ 1 � Xm=Xm, fsp

� �2
dXm

¼ qs0:4hevap Toutð Þ Xm, fsp � Xm,end
� �3

3X2
m, fsp

ð15Þ

Term qs will be explained in the following section. The value of fibre
saturation point of wood [60] is Xm,fsp = 0.29. The moisture content on
dry basis Xm is defined as:

Xm tð Þ ¼ mw tð Þ=ms tð Þ ð16Þ

wheremw is themass ofwater inwet biomass (kg), andms is themass of
dry material in the bed (kg). The moisture content refers to moisture
content on a dry basis throughout this paper. The mass of the dry
material is constant during the drying process.

ms tð Þ ¼ const: ð17Þ

Consequently, Xm,0 = Xm(t = 0) is the initial moisture content, and
Xm,end = Xm(t = ∞) is the final moisture content after the drying
process is completed.

2.5. The heat power of heating the solid and residual water

During the constant-rate drying period, when the drying zone
moves through the bed, the ratio of qevap to the mass rate of dried
solid qs is constant and equal to the difference between the initial and
final moisture contents:
4

qevap=qs ¼ Xm,0 � Xm,end ¼ const: ð18Þ

As the drying zone moves an infinitesimal distance during the dry-
ing, all water in the volume covered by the drying zone is evaporated,
leaving the dried solid and the residual water, which are then heated
from Tout to Tin. The rates at which the dry solid and the residual water
are separated from the evaporating water can be interpreted as the
mass rate of dry solid qs and the mass rate of residual water qm,end =
Xm,endqs, respectively. The heat power terms Ps and Pm,end, which are
consumed for heating dry solid and residual moisture, are:

Ps Tin, Toutð Þ ¼
Z Tin

Tout

cp,s Tð ÞqsdT ð19Þ

and

Pm,end Tin, Toutð Þ ¼
Z Tin

Tout

cp,w Tð Þqm,enddT ð20Þ

where cp,s is the heat capacity of dry solid (J/(K ∙ kg)), and cp,w is the heat
capacity of liquid water (J/(K ∙ kg)).

2.6. The iterative method

The heat power terms in Eq. (1) are a function of the outlet air tem-
perature Tout, which is unknown and cannot be estimated analytically
from the conservation equation (Eq. (1)) owing to the complex
expressions of the equation terms. However, here we show that Tout,
and; consequently, the drying rate of the biomass bed qevap(Tout) can
be estimated by a iterative algorithm based on the same conservation
of heat power equation given in Eq. (1). We would like to note again
that saturated air and moist porous material beyond the drying zone
are in thermal equilibrium at the wet-bulb temperature Twb.
Consequently, the temperature of saturated outlet air Tout is also equal
to the wet-bulb temperature:

Tout ¼ Twb ð21Þ

The algorithm of the iterative method, which solves Tout and
qevap(Tout) is shown in Fig. 2. Before the iterations start, the drying
conditions and material properties must be defined, which include:

• inlet conditions:Qin, RHin, Tin, pin (and the requiredmass flow rates qin,
air and qin,vap, which are evaluated by Eqs. (4) and (5), respectively);

• outlet conditions: RHout = 1, pout;
• air and biomass parameters and properties: cp,s(T), cp,air(T), cp,vap(T),
hevap(T), Xm, 0, Xm,end(RHin).

Furthermore, we define the tolerance of the relative power
disbalance εp and maximum number of iterations Nmax, which are
required to stop the iterations when the solution within the specified
accuracy is reached, or the iteration number exceeds Nmax to prevent
infinite cycles.

In the case of liquid drying, the solution of Tout is in the range
(Tfreez;Tboil), where Tfreez and Tboil are freezing and boiling temperatures
of the liquid, respectively. Therefore, the initial lower and upper limits
for Tout are

T0
l ¼ Tfreez, T

0
u ¼ Tin ð22Þ

We then guess the initial value of Tout:

T0
out ¼ min Tboil � εT ,

T0
l þ T0

u

2

 !
ð23Þ



Fig. 2. Iterative method solution algorithm.
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The Tout
0 is guessed below boiling temperature Tboil to avoid

instabilities in the solution algorithm solution, and εT is a small value
ensuring that Tout0 < Tboil. For instance, εT = 0.1 K.

After defining the initial iteration number j = 0, we calculate the
evaporation rate qevap

j (Tout
j ) according to Eq. (9) and the heat power

disbalance as follows

ΔP j ¼
P j
in Tin; T

j
out

� �
−
�
P j
evap T j

out

� �
þ P j

sorp T j
out

� �
þ P j

solid Tin; T
j
out

� �
þ P j

m;end T j
out

� �
�

ð24Þ

for guessed temperature Toutj . The terms Pinj ,Pevapj , Psorpj , Psolidj andPm,end
j are

defined according to Eqs. (2), (8), (15), (19) and (20), respectively. At
this point, if the relative heat power disbalance Δpj defined as

Δpj ¼
ΔP j
��� ���

P j
in Tin; T

j
out

� � ð25Þ

meets the condition Δp j ≤ εp (which means that required accuracy is
reached), we stop the algorithm with the solution Tout = Tout

j and qevap
= qevap

j . Otherwise, if Δpj > εp and j ≤ Nmax, we start new iteration j =
j + 1, redefine the temperature limits T l

j and Tu
j according to the

sign of the ΔPj−1 and recalculate the guessed temperature for the
qevap
j (Tout

j ) calculation in the new cycle as follows

T j
out ¼

T j
u þ T j

l

� �
2

ð26Þ

It was empirically estimated that the number of iterations N re-
quired to reach the tolerance of the relative power disbalance εP ≥ Δp j

can be expressed as a logarithmic function of εP:
5

N≈1 � 3
2

ln εPð Þ,N>1 ð27Þ

The relative tolerance for drying rate estimation in this work was set
to εp = 1 ∙ 10−8, and the number of iterations required to reach the
solution for sawdust and barley grain drying for method validation
(Section 3.1) were 28 and 30, respectively.

Let us note that the presented iterative method has an advantage
over other widely used methods to predict the drying rates, such as
CFD methods because it is based on the equation of heat power conser-
vation within the thin region of the bed (the drying zone). Therefore,
the method does not require a temporal and spatial discretisation of
the whole drying domain. Furthermore, the method does not require
any additional software and can be implemented in any standard pro-
gramming language, for example, in MATLAB/Octave.

2.7. Experimental procedure

The iterative method was validated by experimental data for two
cases of biomass beds, namely, sawdust and barley, which represent a
typical porous material drying problem.

In the sawdust drying experiment performed by Bengtsson [13], the
sawdust was placed in a cylindrical drying chamber with a 0.4m radius.
The sawdust bed heightwas 0.42m. The hot air supplied to the chamber
from belowwith a centrifugal fan was heated to 57 ° C. The inlet air ve-
locity was 0.25m/s, and the relative humidity was 20%. The final mois-
ture content Xm,end was reported to be approximately 0.056.

In the barley drying experiment [19], the freshly harvested barley
grain was dried in a cylindrical 1.37m diameter bin. The bed height
was 2.2m. The inlet air temperature was 25 ° C, and the relative humid-
ity of inlet air was 67%. The initial and final moisture contents of the
grain were 0.395 and 0.162, respectively. The initial temperature of
the fixed barley grain bed was 15 ° C. The specific inlet air mass flow
rate was 471 kg/(m2 ∙ h).

2.8. CFD numerical model

The CFD numerical modelling was performed with the same condi-
tions as in the sawdust drying experiment described above to support
the validation of the iterative method and showcase the method's limi-
tations.

Here, a standard CFD numerical model considering the fluid flow
through porous solid (biomass) was implemented in the COMSOL
Multiphysics software [61]. The biomass was considered as a solid
phase, while the moist air as fluid phase. Fluid flow momentum is
governed by the standard modified incompressible Navier–Stokes
equation formulation (Brinkman equation) in a porous medium [62]:

1
ε
ρf

∂uf

∂t
þ 1

ε
ρf uf � ∇
� �

uf
1
ε
¼ ∇ � � pIþ μ f

1
ε

∇uf þ ∇uf
� �T� �� 	

� μ f κ
� 1 þ βF uf

�� ��þ Qm

ε2

� 	
u

ð28Þ

where ε is the porosity of the solid phase; ρ, u, μ and p are the density,
velocity, viscosity and pressure, respectively; t is time; I is the identity
matrix; κ is the permeability of the porous medium; βF is the
Forchheimer drag coefficient; and Qm is the mass source due to water
evaporation, which in this case is equal to the convective mass
transport rate for water, m

:
. The subscript f denotes the fluid phase

(dry air and vapour mixture).
The respective energy conservation equations for fluid and solid

phases are:



Fig. 3. Water activity function used in CFD numerical modelling for sawdust and wood
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ερf cp,f
∂Tf

∂t
þ ρf cp,fuf � ∇Tf þ ε∇ � qf ¼ hhAsf Ts � Tf

� � ð29Þ

and

1 � εð Þρscp,s
∂Ts

∂t
þ ρscp,sus � ∇Ts þ 1 � εð Þ∇ � qs ¼

m
:
hw þ hhAsf Tf � Ts

� � ð30Þ

where cp is the specific heat, T is temperature, q = k ∇ T is the energy
flux due to thermal conductivity, k is the thermal conductivity, hh is
the convective heat transfer coefficient, m

:
is the convective mass

transfer rate for water, Asf is the specific surface area of biomass and
hw is the latent heat of water evaporation from biomass. The
subscripts f and s denote fluid and solid phases, respectively. The
specific surface area is defined as the fluid-solid contact surface area in
unit volume and can be approximately evaluated by the following equa-
tion:

Asf ¼
Ap

Vp
1 � εð Þ ð31Þ

where Ap is the average geometric surface area of the particle, Vp is the
average geometric volume of the particle, and ε is the porosity. The saw-
dust particles in the sawdust experiment are considered as sphereswith
a diameter corresponding to the average size of the particles from a
study [13]. Wood chip biomass is considered as the same material as
sawdust but with different particle sizes and shapes. The average size
of the wood chip particles for modelling was determined by measuring
the size of a certain number of randomly selected wood chip particles
[21]. The particles were idealized as rectangular prismswith average di-
mensions of Lp ¼ 2:743, 1:493, 0:385ð Þ cm. The porosity value of the
wood chip biomass with the same particle size distribution was ob-
tained by DEM simulation of particle packing in a rectangular box (see
Section 3.4). The obtained porosity value in the bulk region of the bed
0.28 is close to experimentally measured porosity values of wood chip
beds given in ref. [63]. The intra-particle moisture and temperature
are neglected in the numerical model.

The additional energy required for the bound water evaporation
below fibre saturation point in biomass is accounted in the latent heat
of water evaporation [64]:

hw ¼ hevap þ hsorp ð32Þ

and

hsorp ¼ 0:4hevap 1 � Xm

Xm,fsp

� 	2

when Xm ≤ Xm,fsp

0 when Xm>Xm,fsp

8><
>: ð33Þ

where hevap is the latent heat of evaporation of water, Xm is the
moisture content on a dry basis, and Xm,fsp = 0.29 is the fibre
saturation point [60].

Liquid water inside the biomass is transported only due to evapora-
tion; by contrast, water vapour is transported by both diffusion and con-
vection in addition to evaporation. Themass conservation equations for
liquid water in the solid phase and water vapour in the fluid phase are:

∂cw
∂t

¼ � m
: ð34Þ

and

∂cv
∂t

þ ∇ � � Dv∇cvð Þ þ uf cv ¼m
: ð35Þ
6

where c is the molar species concentration and D is a diffusivity
constant. The subscriptsw and v denote liquid water and water vapour,
respectively. The convectivemass transport rate forwaterm

:
is given by:

m
: ¼ hmAsf awcv,sat � cvð Þ ð36Þ

where hm is the convective mass transfer coefficient, cv,sat is the vapour
saturation concentration, which is calculated for the solid phase
temperature, and aw is the water activity function for wood, which
describes the equilibrium between moist wood and air (in the
literature, it is often called the equilibrium moisture content curve). In
this work, aw is expressed as a function of the local moisture content
and given by:

aw ¼ aw; min þ aw; max
� �

2
þ aw; min−aw; max
� �

2
tanh

Xm;aw−Xm

δaw

� 	
ð37Þ

The hyperbolic tangent function was chosen due to its resemblance
to thewater activity function shape [59]. The function coefficients aw,min

= − 0.051, aw,max = 1, Xm,aw
= 0.097 and δaw

= 0.065 were chosen in
such way that the final moisture content would be close to the
experimental value (see Fig. 3).

The convective heat and mass transfer coefficients are related by
equation [32]:

hm ¼ hhDf

kf
ð38Þ

The convective heat transfer coefficient is given by:

hh ¼ Nu∙kf
dp

ð39Þ

where Nu is the Nusselt number and dp is the average diameter of bio-
mass particles. It was previously shown that the Nusselt number for a
fixed bed of spherical and cylindrical particles is [65]:

Nu ¼ 1:77 �1:39ð Þ þ 0:29ε � 0:81 Re 0:73Pr0:5 ð40Þ

when the porosity is in the range 0.405 < ε< 0.539. The Reynolds num-
ber for a porous medium is given by:

Re ¼ ρfuf dp
εμ f

ð41Þ

and the Prandtl number is given by:

Pr ¼ cp,f μ f

kf
ð42Þ
chips.



Table 1
Polynomial fit coefficients for the specific heat capac-
ity of dry air.

i aair,i, J/(kgKi)

1 1.1159 ∙ 103

2 −1.7015 ∙ 100

3 1.1040 ∙ 10−2

4 −3.8574 ∙ 10−5

5 7.5225 ∙ 10−8

6 −7.4782 ∙
10−11

7 2.9567 ∙ 10−14

Table 2
Polynomial fit coefficients for the specific heat capac-
ity of water vapour.

i avap,i, J/(kgKi)

1 −5.2458 ∙ 103

2 1.0390 ∙ 102

3 −6.0648 ∙ 10−1

4 1.7676 ∙ 10−3

5 −2.59480 ∙
10−6

6 1.5801 ∙ 10−9
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Instead ofmodelling thewhole 3D cylindrical drying chamberwith a
0.4m radius and a 0.42m the bed height, wemodelled a single 2D plane
(plane dimensions 0.4x0.42 m) with axial symmetry boundary condi-
tion on the right boundary. On the left boundary (the chamber wall), a
no-slip boundary condition was used for fluid phase flow, and no-flux
conditions were used for heat transfer and mass transfer in both fluid
and solid phases. The inlet was selected at the bottom boundary, and
the outlet was selected at the top boundary. A standard COMSOL gener-
ated extra-fine quality mesh was used. The total number of mesh ele-
ments were around 371,000 with an average element inscribed
diameter of 2.5 mm. The sawdust drying simulation results did not
changewhen the quality of themeshwas further increased, which indi-
cates that the quality of themeshwas sufficient. The samemesh quality
and geometrical parameters (except the bed height) were used for
wood chip biomass drying modelling in Section 3.3. Furthermore, in
Section 3.4, the mesh quality in the regions with enlarged porosity
was increased to accurately capture the flow redistribution due to en-
larged porosity and its effects on drying.

The integration timestep was automatically controlled by COMSOL
solver by maintaining the relative tolerance of 1 ∙ 10−3 and absolute
tolerance of 1 ∙ 10−4.

2.9. Material thermal properties

In this section, we list the material thermal properties that were
used for the iterative method and CFD numerical modelling. The tabu-
lated data for the specific heat capacity of dry air cp,air [66] and the
specific heat capacity of water vapour cp,vap [67] was approximated by
a polynomial fits:

cp,air ¼ ∑
N

i¼1
aair,iT

i � 1 ð43Þ

and

cp,vap ¼ ∑
N

i¼1
avap,iT

i � 1 ð44Þ

The unit of temperature used for the relations in this section is K.
The specific heat capacity of dry wood cp,wood was defined according to
ref. [59]:

cp,wood ¼ 103þ 3:867T ð45Þ

The heat capacity of barley grainwas set as a constant value cp,solid=
1289 J/(K ∙ kg) [68]. The tabulated data for the latent heat of water
evaporation hevap [66] was approximated with polynomial fit:

hevap ¼ ∑
N

i¼1
hevap,iT

i � 1 ð46Þ

The coefficient values aair,i, avap,i and hvap,i for polynomial fits are
listed in Tables 1–3, respectively. Finally, the vapour saturation
pressure psat,vap was evaluated according to [69]:

psat,vap ¼ 611:21 exp 18:678 � T
234:5

� 	
T

257:14þ T

� 	� 

ð47Þ

The unit of temperature for psat,vap expression is °C.

3. Results and discussion

In this section, the experimental andmodelling results are presented
for the whole drying process; however, we are mainly concerned with
predicting the drying rate during the constant-rate period with the pro-
posed iterativemethod and CFDmodelling. The constant-rate period by
its length takes up a great part of the convective drying process of deep
7

fixed beds [10], and predicting the drying rate during this period is of
great importance.

Let us note that the convective drying rate evaluated from the heat
power conservation equation for 100% outlet air relative humidity is
the theoretical maximum drying rate, which can be achieved in the sys-
tem with given inlet air conditions.

3.1. Validation of the iterative method

The iterative method was validated by experimental data for two
cases of biomass beds, namely, sawdust and barley.

In the sawdust drying case [13], the experimental and CFDnumerical
modelling data shown in Fig. 4 demonstrates that the outlet air relative
humidity RHout was constant with value of 100% during the whole
constant-rate drying period, indicated by time interval [70;350] min.
During the same period, the reported experimental outlet air tempera-
ture was 32 ° C, while the experimental drying rate was 5 kg/h (the ex-
perimental drying rate here refers to the average value during the
constant-rate period, which we evaluated from the experimental data
provided in the drying rate time evolution figure from ref. [13]). How-
ever, in all performed sawdust experiments, the amounts of evaporated
water calculated by mass balance were 10 ± 3.2% greater than the
values obtained by weighting the bed before and after the drying pro-
cess. Such disagreements indicate that the drying rate was calculated
with a systematic error and; therefore, the approximate value of the ac-
tual lower limit of the drying rate in that case is 4.5 kg/h. Meanwhile, the
iteratively estimated outlet air temperature was 32.75 ° C with drying
rate value of 4.763 kg/h, which is within the experimentally measured
range of [4.5,5] kg/h.

A comparison of the barley grain experimental drying rate over a
2-week period [19] with the iteratively estimated drying rate for the
constant-rate period is shown in Fig. 5 (the term Psorp was set to zero
for drying rate estimation of barley grain). In this case, the constant-
rate period is considered to be in the time interval of [0;7] d, after
which the mean drying rate began to fall. The severe fluctuations in
the experimental data were explained by difficulties in accurately mea-
suring small changes in a large grain load and imperfect control of the
air temperature and humidity at the inlet. Nevertheless, the experimen-
tal outlet air temperature varied from 21.0 ° C to 21.3 ° C during
constant-rate drying period with the average drying rate of 1.30 ±
0.15 kg/h, while the predictions of the iterative method were 20.5 ° C



Table 3
Polynomial fit coefficients for the latent heat of free
water evaporation.

i hevap,i,
J/(kgKi−1)

1 8.0529 ∙ 106

2 −9.4702 ∙ 104

3 7.4657 ∙ 102

4 −3.3693 ∙ 100

5 9.1967 ∙ 10−3

6 −1.5301 ∙ 10−5

7 1.4742 ∙ 10−8

8 −7.1074 ∙
10−12

9 1.0731 ∙ 10−15 Fig. 5. Time evolution of the drying rate in the barley grain drying experiment. Experimen-
tal data was taken from ref. [19].
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and 1.27 kg/h. The experimental barley grain drying rate was calculated
in the sameway as in the case of sawdust. The iterativemethod's valida-
tion by both the sawdust and barley grain drying experiments is
summarised in Table 4.

In addition, the beginning and the duration of the falling-rate period
depends on the drying zone thickness and its movement speed through
the bed. However, the heat power conservation equation (Eq. (1)) is
valid independently of the of the drying zone thickness; therefore, it
cannot be estimated with the iterative method. Consequently, the dy-
namics of the drying rate during the falling-rate period also cannot be
captured by the iterative method, as it is clearly demonstrated in
Fig. 5. Due to this important limitation, the iterative method is best
suited to evaluate the convective drying characteristics for drying pro-
cesses, in which the air is capable of reaching saturation within the
bed for considerably long times (long constant-rate periods). This is
usually achieved in beds with high bed thickness to drying zone thick-
ness ratios. The cases in which the air is not able to reach saturation in
the bed due to thin bed heights and non-uniform porosity distributions
in beds are discussed in following sections.

3.2. Drying rate dependency on inlet air flow

Analysis of the drying rate qevap an expression derived from the
equation of the heat power conservation (given by Eq. (1)) leads to
the conclusion that the drying rate qevap is a linear function of inlet air
mass flow rate qin during the constant-rate drying period if the inlet
air absolute humidity remains constant:

qevap ¼ kevapqin ð48Þ

where the slope coefficient kevap is expressed from the governing
equation of heat power conservation (Eqs. (1)) by substituting the
equation terms (Eqs. (2), (8), (15), (19) and (20)):
Fig. 4. Time evolution of the outlet air relative humidity in the sawdust drying experiment.
Experimental data was taken from ref. [13].
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kevap ¼ ξin,air
R Tin
Tout

cp,air Tð ÞdT þ 1 � ξin,air
� �R Tin

Tout
cp,vap Tð ÞdT

hevap Toutð Þ þ hsorp Toutð Þ þ hheat Toutð Þ ð49Þ

Here, themass fraction ξin,air= qin,air/qin defines the inlet air absolute
humidity. The term hsorp is related to additional energy required to
evaporate water below fibre saturation point and is defined as

hsorp Toutð Þ ¼
0:4hevap Toutð Þ Xm,fsp � Xm,endð Þ3

3X2
m,fsp

Xm,0 � Xm,end
ð50Þ

and the term hheat is related to the heating of dry solid material and the
residual moisture content from Tout to Tin:

hheat Toutð Þ ¼
R Tin
Tout

cp,solid Tð Þ þ Xm,endcp,water Tð Þ� �
dT

Xm,0 � Xm,end
ð51Þ

Since the outlet air beyond the drying zone is fully saturated, it
follows that the outlet air temperature Tout is independent of inlet
air mass flow rate qin. In addition, the drying rate expression given
by Eqs. (48)–(51) shows that the drying rate of the deep fixed bed
qevap is also a function of the initial moisture content Xm,0 = mw,0/
ms(mw,0 = mw(t = 0) is the initial water mass in the bed) but is
not a function of the initial masses mw,0 and ms, which correspond
to the total volume of the bed Vb. In other terms, the drying rate
qevap is independent of the bed volume Vb if the initial moisture
content of the bed Xm,0 remains the same.

Notably, it is widely accepted by the researchers in the field to pres-
ent theirfindings on biomass drying characteristics by using the concept
of the moisture content [6,8,15,16,19,21,23,25–28,32,50]. However,
using the moisture content defined as Xm(t) = mw(t)/ms to
characterise the convective drying process of the deep fixed beds
during the constant-rate period does not seem a reasonable choice
due to the following reasons. Firstly, the moisture content Xm

describes the mass of water that is located within the whole bed
volume at a specific time mw(t) disregarding the fact that the drying
takes place only at the thin region of the bed, while the material is
fully dry in the dried zone and fullywet at thewet-bulb zone (schematic
illustration given in Fig. 1 c). Therefore, the moisture content Xm seems
to be more suitable for thin beds, in which the drying zone thickness is
greater than the bed thickness, and the drying takes place in the whole
bed simultaneously. Secondly, the time evolution of moisture content
Xm(t) during the constant-rate period

Xm tð Þ ¼ mw,0 � qevapt
ms

ð52Þ



Table 4
Comparison of iterative method predictions with the fixed bed drying experiments of sawdust and barley grain.

Sawdust experiment [13] Iterative method Barley grain experiment [19] Iterative method

Inlet temperature Tin, ° C 57 25
Inlet air mass flow rate qin, kg/h 480.31 694.8
Inlet air relative humidity RHin, % 20 67
Initial moisture content of fixed bed Xm,0 1.18 0.395
Final moisture content of fixed bed Xm,end 0.056 0.175
Outlet air temperature Tout,°C 32 32.75 [21.0;21.3] 20.5
Drying rate qevap, kg/h [4.5;5.0] 4.763 1.30 ± 0.15 1.27

Fig. 6. Time evolution outlet air relative humidity with various bed thicknesses. The bed
thickness is measured in terms of drying zone thickness.
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and its change rate

dXm tð Þ
dt

¼ � qevap
ms

ð53Þ

are both dependent on the initialmass of the solidmaterialms in the bed
(and at the same time on bed volume) while the drying rate qevap is
not. Consequently, the drying results presented through Xm(t)
becomes directly incomparable for experiments with the same inlet
air conditions but different bed volumes (for example, different bed
heights) and cannot be generalised, especially when the initial masses
mw,0 and ms are not explicitly reported.

3.3. Influence of the bed thickness on drying rate

The drying rate obtained from the heat power conservation equation
is the theoretical maximum drying rate, which can be achieved only
when the passing air is able to reach thermal equilibrium with the bed
and relative humidity of 100% before leaving the bed. If these conditions
are not satisfied during the drying process, the actual drying rate is
lower than the iterative prediction. In the current and the following sec-
tionswewill demonstrate two practical examples, which showhow the
100% outlet air conditions could be unsatisfied.

Firstly, the air reaches saturation only when it passes through the
drying zone. Therefore, the bed thickness should be greater than the
drying zone thickness so that the air could reach the relative humidity
of 100% before leaving the bed. One of themost important bed parame-
ters that influence the thickness of the drying zone is the size of the bed
particles. With decreasing particle size, the specific surface area and the
rate of heat andmass transfer increase in the bed and, as a result, the air
is able to reach saturation more rapidly and the drying zone becomes
thinner. On the other hand, with increasing particle size, the effect of
moisture and temperature intra-particle gradients becomes more
prominent since it restricts water transport from interior parts to the
particle surface, and the drying zone becomes thicker. This was con-
firmed by an experimental study by Lerman et al. [14], which showed
that the drying zone thickness for woodchip biomass is significantly
greater than for the sawdust biomass, which contains smaller particles
than woodchips. It was also confirmed that the energy consumption
for the convective drying process of biomass with smaller particles is
lower [70], which is explained by the fact that with smaller particle
sizes and, consequently, thinner drying zone, the duration of initial
warm-up and falling-rate periods with lower drying efficiency de-
creases and, as result, the duration of more energetically efficient
constant-rate period increases.

The CFDnumericalmodelling can be used to obtain outlet air param-
eters for wood chip beds with different thicknesses to demonstrate the
influence of the bed thickness to the drying zone thickness ratio Lb/Ldz
on the convective drying process. The configuration of the wood chip
bed (except the bed thickness) and the inlet air conditions were the
same as in the sawdust experiment. Furthermore, the drying zone
thickness in the numerical simulation was defined as the distance in
which the temperature inside the bed decreased from Tout + 0.99(Tin
− Tout) to Tout + 0.01(Tin − Tout) at a given time and was measured to
be Ldz = 4.98 cm for wood chips biomass (see Section 2.8).
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The numerically obtained outlet air relative humidity when the bed
thickness varied from 0.50Ldz to 1.50Ldz are shown in Fig. 6. In the
numerical simulation, the drying zone thickness was defined as the
distance in which the temperature inside the bed decreased from Tout
+ 0.99(Tin − Tout) to Tout + 0.01(Tin − Tout) at a given time and was
measured to be Ldz = 4.98 cm for wood chips biomass. The results
show that the outlet air reached 100% relative humidity during the
constant-rate drying period only when the bed thickness Lb was
greater than the drying zone thickness Ldz. In other cases, the outlet air
was not saturated and; thus, the drying rate was lower than the
iterative prediction.
3.4. Effects of enlarged porosity distribution near chamber walls

The lower drying rate than the theoretical maximum prediction by
the iterative method can also be caused by inhomogeneity of porosity
distribution, such as enlarged porosity distributions in the near-wall re-
gions of the beds with larger biomass particle sizes. The air flow rates
through such regions are higher than in the bulk region of biomass,
causing uneven drying of the bed, where the near-wall regions dry out
faster than the rest of the bed, as suggested by [21]. Since the part of
the inlet air goes through the already dried regions near the chamber
walls, the outlet air relative humidity could be below 100%.

The enlarged porosity is caused by wall effects on the particle pack-
ing efficiency near the walls. In fact, the porosity of wood chip biomass
was experimentally measured to be a function of the distance from the
bedwall with decreasing porosity values near thewall and approaching
the bulk porosity value when the distance from the wall increases [63].
To illustrate the effect of enlarged porosity near the bed walls on the
drying rate, we combined the discrete element method (DEM) results
with the CFD numerical modelling [71,72].

Firstly, the DEM simulation of particle packing in a rectangular box
(see Fig. 7) was performed to obtain the numerical porosity distribution
forwood chip biomass bed. Thewood chip particle shapeswere approx-
imated as spheres in DEM simulation with the same particle size distri-
bution as the biomass used in experiments [63]. The DEM simulation
results showed that porosity near the straight wall can be well approx-
imated by a decreasing linear function. Assuming that the diameter of



Fig. 7. DEM-simulated final state of the fixed bed containing wood chip particles approx-
imated as spheres. Different colour intensities represent different particle sizes.
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the cylindrical bed was sufficient, and the curvature of the bed did not
affect the porosity, this function for the cylindrical coordinate system
with axial symmetry can be written as:

ε ¼
εb r ≤ Rb � sp

� �
εb þ

εw � εb
sp

r � Rb � sp
� �� �

r> Rb � sp
� �

8<
: ð54Þ

where εb is the porosity of the bulk region, εw is the porosity at the wall
(when r = Rb), sp is the distance over which the wall has an effect on
porosity, Rb is the diameter of the cylindrical fixed bed, and r is the
distance from the symmetry axis of the bed.

The obtained porosity distribution function described by Eq. (54)
was implemented in CFD numerical modelling with the following coef-
ficient values: εb = 0.28, εw = 0.9 and sp = 3 mm. The bed height was
also set to 20 cm. Otherwise, the CFD numerical modelling settings
were left the same as in Section 3.3. The enlarged porosity region en-
compassed approximately 1.5% of the entire bed volume.

The CFD numerical modelling results with introduced enlarged po-
rosity distribution (see Fig. 8) show that outlet air relative humidity
reached 100% only for short period of time in the beginning of simula-
tion and then it started to slowly decrease during the rest of the convec-
tive drying process. Consequently, the drying rate also decreased
constantly during the convective drying without entering the
Fig. 8.Numerically obtained a) time evolution of outlet air relative humidity and b) time evolut
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constant-rate drying period. Such effect of enlarged porosity near the
chamber walls might be more evident in smaller beds with larger bio-
mass size fractions,where the near-wall regionmakes up a considerable
part of the bed volume. In the general case, it should be considered be-
fore the iterative method is applied to evaluate the drying rate of the
system.

4. Conclusions

In this paper, we propose a novel approach to describe the convec-
tive drying process of deep fixed porous material beds during the
constant-rate drying period, which is based on the equation describing
the heat power conservation within the drying zone. In addition, we
propose a simple and fast iterative method to solve the equation since
the conservation equation cannot be solved analytically due to non-
linearmaterial property dependencies on temperature and the complex
expressions of the equation terms. The proposed iterative method eval-
uates the outlet air temperature and the corresponding convective dry-
ing rate for any evaporating liquid fromdeep fixed porousmaterial beds
during a constant-rate drying period with given inlet air parameters.
The validity of the proposed approach was examined against experi-
mental and CFD numerical modelling data for two cases of biomass
beds, namely, sawdust and barley grain.

The evaporation rate expression derived from the heat power con-
servation equation showed that the drying rate of deep fixed moist po-
rousmaterial bed is a linear function of the inlet airmassflow ratewhen
inlet air absolute humidity is constant. Furthermore, the drying rate is a
function of the initial moisture content of the bed; however, it is inde-
pendent of the bed volume.

The CFD numerical modelling was used to illustrate the limits of ap-
proaches' applicability in cases when the bed thickness to drying zone
thickness and enlarged porosity distribution near the bed walls affect
the drying rate of the bed. Simulations showed that in beds in which
the drying zone thickness is greater than the bed thickness, the heat
and mass transport rate is insufficient for air to reach saturation before
it exits the porous material bed. Furthermore, enlarged porosity near
the bed walls causes higher flow rates of air in near-wall regions and
changes the course of the drying: the relative humidity of the outlet
air and the drying rate slowly decreases during the drying, and the dry-
ing process never enters the constant-rate drying period.

Overall, the presented novel approach evaluates the theoreticalmin-
imum possible outlet air temperature and theoretical maximum possi-
ble drying rate for a drying system with given inlet air conditions;
therefore, it could be used as a fast, supplementary tool for evaluating
the drying rate in various technological situations, designing industrial
equipment and verifying the correctness of drying experiments, be-
cause it does not require the temporal and spatial discretization of the
whole drying domain as in the sophisticated modelling approaches
and can be implemented in any standard programming language with-
out need of additional software.
ion of drying rate of wood chip bedwith enlarged porosity distributions near the bedwalls.
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