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We introduce the discrete particle method (DPM) that derives from the discrete element method (DEM). This is an advanced
numerical simulation tool that takes into account both motion and chemical conversion of granular material, such as coal
or biomass, in furnaces in conjunction with computational fluid dynamics (CFD). However, predictions of solely motion or
conversion in a decoupled mode are also applicable. The DPM uses object oriented computational techniques that support
objects representing three-dimensional particles of various shapes, size, and physical properties of particle material. This
makes DPM a highly versatile tool in dealing with a variety of problems related to different industrial applications of granular
matter. A review of literature concerning different approaches to mass and heat transfer in packed beds is presented.
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1. Introduction

An increasing environmental awareness demands re-
ductions in energy consumption by better efficiency and
a sustainable treatment of energy sources. In order to
comply with a sustainable approach, a deeper knowl-
edge of energy conversion or energy producing pro-
cesses has to be gained which is addressed by the dis-
crete particle method (DPM) introduced in the present
work. Relevant areas of application are furnaces for
wood combustion, blast furnaces for steel production,
fluidised beds, cement industry, or predictions of emis-
sions concerning air quality. Each of these applica-
tions represent complex processes involving various as-
pects of thermodynamics, fluid dynamics, chemistry,
and physics. Hence, the DPM is an advanced multi-
physics and numerical simulation tool that deals with
both motion and chemical conversion of particulate ma-
terial in conjunction with computational fluid dynamics
(CFD). However, predictions of solely motion or con-
version in a decoupled mode are also applicable.

The solid fuel consists of a number of solid particles
arranged on a grate (fixed or moving) of a combustor;
the set of fuel particles is referred to as a packed bed.

Thermal conversion of solid fuel is a complex interac-
tion of fluid flow, heat and mass transfer within both
moving and fixed beds of fuel particles. An accurate de-
scription of fluid flow through packed beds and its mass
and heat transfer is important to the design of packed
bed reactors. The solution of this problem requires an
extensive knowledge of heat transfer and mass transfer
characteristics within the bed. Although heat and mass
transfer in packed beds and to the fluid are widely ap-
plied in various domains, it is largely based on empiri-
cal correlations. The latter often describe heat transfer
insufficiently, and therefore, require more intensive in-
vestigations.

Experiments with a high resolution tend to be very
expensive, while the costs of numerical approaches
even including a large degree of details decrease. Thus,
numerical models including CFD have proven to be
a reliable tool to evaluate the interaction of fluid and
packed beds. It allows extracting a deeper knowledge
of heat and mass transfer within complex geometries
and leads to better understanding of the phenomena in-
volved. Among them are the different modes of heat
transfer, namely conduction, convection, and radiation.

© Lithuanian Academy of Sciences, 2011 ISSN 1648-8504



92 B. Peters et al. / Lithuanian J. Phys. 51, 91–105 (2011)

2. A short review of heat transfer in granular
systems

2.1. Modes of heat transfer

2.1.1. Conductive heat transfer
Conductive heat transfer in granular systems may be

described simply by conduction between the particles in
contact and no continuous phase is required. Smirnov et
al. [1, 2] investigated experimentally radial heat trans-
fer between a packed bed and walls. The flow of heat
in a rotating tumbler containing granular material was
studied by Figueroa et al. [3] dependent on the cross-
sectional shape of the tumbler, degree of filling, and
rotational speed. The approach of thermal particle dy-
namics (TPD) was employed, which assumes that the
temperature gradients propagate only within the near-
est neighbours of any given particle during a single time
step. The Péclet number for granular systems was de-
fined as a ratio of the mixing and thermal diffusion
rates. In order to quantify the impact of mixing on the
overall rate of heat transfer, the “apparent heat transfer
coefficient” was introduced, relating the wall tempera-
ture and the average temperature in the granular bed. It
has been shown that increasing mixing rates might de-
crease the rate of heating of the granular bed, because
at higher mixing rates the contact time between the par-
ticles is reduced.

2.1.2. Convective heat transfer
Convective heat transfer is distinguished in free and

forced convection, whereby forced convection, in par-
ticular in engineering applications, has a higher impor-
tance.

Free convection Laguerre et al. [4] investigated two
modelling approaches of transient heat transfer due to
free convection in a packed bed of spheres. The first
approach employed computational fluid dynamics soft-
ware which directly solves the Navier–Stokes equa-
tions and the local energy equations in the fluid and
solid phase. The entire geometry, including both fluid
and solid phases, is meshed into elementary cells for
this purpose. Additionally, this model included radi-
ation between the solid surfaces. In the second ap-
proach, the methods developed for porous media and
packed beds were applied, in particular, the Darcy–
Forchheimer equation, coupled with continuity equa-
tion:

∇ · u = 0 , (1)
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where ϱm is the air density at the mean temperature Tm,
β is the thermal expansion coefficient, ϱ and µ are air
density and viscosity coefficients, u is the velocity vec-
tor, g is the gravity acceleration vector, and C∗
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the Darcy–Forchheimer coefficients. The radial heat
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where n is the particle form-factor (n = 1 for long
cylinders, n = 2 for spheres), ϱp, Cpp , kp are particle
density, heat capacity at constant pressure, and thermal
conductivity, respectively, Tp is the particle tempera-
ture. The heat balance on the surface of the particles
per unit volume of the packed bed is given by
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(4)
where aν is the air–particle interface area per unit vol-
ume of the packed bed. The first term in (4) describes
the conductive heat flux from the particle surface to-
wards the centre, the second term is the convective
heat exchange between the particle and the air, with
heat transfer coefficient h obtained from correlations
between Nusselt and Reynolds numbers in packed beds,
and the third term takes into account the conductive and
radiative exchanges between the particle surfaces. The
equivalent thermal conductivity keq depends on fluid
and solid thermal conductivities, particle arrangement,
and surface emissivity. Similarly, the convective heat
balance for the fluid is expressed as

εϱfCpf

∂Tair
∂t

+∇ · (ϱmCpTairu) = aνh
(
Tp,s − Tair

)
.

(5)
The first term corresponding to the thermal inertia was
neglected because the thermal characteristic time for air
is much higher than that for the particles.

The heat transfer model, based on a dispersed par-
ticle approach, takes into account air–particle convec-
tion, conduction and radiation between particles. The
free convection is taken into account using the Boussi-
nesq approximation (the buoyancy term in (2)). It is
assumed that the temperature distribution inside the
particles is spherically symmetric, therefore, a one-
dimensional model is used, describing the tempera-
ture distribution in the radial direction. The numeri-
cal results obtained including particle temperature us-
ing the two approaches were in good agreement with
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the experimental values of air for a free convection con-
figuration.

Forced convection Radial and axial heat transfer be-
tween walls and a packed bed of spheres of diameter
d = 3.8 cm with an air flow of rather low velocity was
studied by Laguerre et al. [5]. Their approach distin-
guishes fluid and solid phase temperatures to character-
ize the heat transfer between both wall and air as well as
between a wall and adjacent particles. It was found that
the air velocity and the arrangement of particles along
the wall influence the convective heat transfer in the
voids near the wall and particles. However, the effect
of temperature difference between the wall and the air
is negligible.

Swailes and Potts [6] developed and analysed models
for transient forced convection of a heated gas through
granular porous media of low thermal conductivity,
based on the following equations:

∂

∂t
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∂
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ϱu = 0 , (6)
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where α is the constant bed porosity, R is the universal
gas constant for the air, c is the specific heat capacity,C1

and C2 are the Darcy–Forchheimer (drag) coefficients
given by

C1 =
µ

K
, C2 =

F√
K

, (9)

where µ is the gas viscosity, and K and F are per-
meability and Forchheimer coefficients, respectively,
modelled in the form
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d2α3
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, F =
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, (10)

where d is the particle diameter. The heat flux Φ per
unit volume from gas to solid phase can be written as

Φ =
3(1− α)

R
λ
∂θ
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, (11)

where λ is the heat transfer coefficient for the solid
phase, θ is the internal temperature inside the solid par-
ticle, and R is the particle radius.

Venugopal et al. [7] experimentally investigated the
potential of a simple and inexpensive porous inserts de-
veloped specifically for augmenting heat transfer from

the heated wall of a vertical duct under forced flow
conditions. The characteristic features of the porous
medium model on the hydrodynamic and heat transfer
behaviour have also been investigated. They developed
a new correlation method for the Nusselt number that
does not require any information from hydrodynamic
studies. Over the range of parameters considered, the
largest increase of 4.52 times in the average Nusselt
number was observed in a porous material of porosity
of 0.85 compared to that in an unobstructed flow.

2.1.3. Radiative heat transfer
The design of efficient burners, furnaces, and other

systems based on combustion requires accurate predic-
tion of heat transfer rates. Conductive and convective
heat transfer rates are generally proportional to the tem-
perature difference, while radiative heat transfer is pro-
portional to the fourth power of the temperature. There-
fore, an accurate evaluation of thermal radiation is very
important in combustion applications, where the total
heat transfer may mainly be due to thermal radiation. It
may amount up to 40% in fluidized bed combustion as
estimated by Tien et al. [8] and 90% in large-scale coal
combustion chambers evaluated by Manickavasagam
and Menguc [9].

Hence, prediction of the heat transfer process in
a typical high-temperature energy conversion device
such as an internal combustion engine includes, apart
from equations for momentum, turbulence, and mass,
also one general equation for energy conservation, in-
corporating all three modes of heat transfer. It com-
prises convection, conduction, and radiation where
the radiative heat transfer part represents an integro-
differential equation that deals with seven independent
variables:

• time,
• three space coordinates,
• two angles describing the direction of travelling pho-

tons,
• frequency of radiation,

while conduction and convection involve a maximum
of four independent variables, namely time and three
space coordinates. The general equation for energy con-
servation for moving compressible fluid is expressed
as [10]

ϱcv

(
∂T

∂t
+ v · ∇T

)
=

−∇ · (−k∇T + qR)− p∇ · v + µΦ+ Q̇′′′ , (12)
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where ϱ is the fluid density, cv is the fluid heat capacity
at constant volume, T is temperature, v is the velocity
vector, qR is the heat flux vector due to radiation, p is
pressure, µ is dynamic viscosity, Φ is dissipation func-
tion, Q′′′ is heat production per unit volume. The terms
on the left-hand side of (12) describe the energy transfer
due to convection, and the terms on the right-hand side
describe, respectively, energy transfer due to heat con-
duction, radiation, pressure work, viscous dissipation,
and the last term on the right-hand side is the source
term due to internal generation. The radiative part is
given by

∇ · qR = κλ [4πiλb (τλ)−G (τλ)] , (13)

where the blackbody intensity iλb is the Planck’s inten-
sity function, κλ is the local linear spectral absorption
coefficient of the medium, and the incident radiation G
is expressed as

G (τλ) =

2π∫
ϕ=0

π∫
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i (τλ, θ, ϕ) sin θ dθ dϕ , (14)

where the intensity of radiation at any optical depth τλ
is given by
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where θ and ϕ are the zenith and azimuthal angles of
radiation propagation direction. The source function in
the above is given by

S (τλ, θ, ϕ) = (1− ω)iλb (τλ)
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]
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where ωλ = σλs/ (κλ + σλs) is the single scatter-
ing albedo, σλs is the scattering coefficient, and
p [(θ′, ϕ′) → (θ, ϕ)] is the anisotropic scattering phase
function, representing the probability distribution of the
energy scattered into the direction (θ, ϕ) from the rays
traversing the elemental volume from all the other di-
rections (θ′, ϕ′).

A solution of the integro-differential equation for ra-
diation in general is extremely complicated and may be
obtained only by efficient and cost-effective models that

could predict radiative heat transfer rates with required
accuracy as stated by Mishra and Prasad [10]. An exten-
sive review of methods to model radiative heat transfer
was carried out in [10]. Its authors have concluded that
no single radiation model can be regarded as the best:
the selection of the model depends upon the computing
facility and desired accuracy of the result for any given
problem.

Furthermore, despite the fact that radiation remains
the dominant mode of heat transfer, the conduction and
convection also have to be considered to evaluate the
total heat transfer rate. Therefore the variation in ra-
diative heat transfer in a packed bed as a function of
the solid conductivity is of critical importance and de-
serves considerable attention as pointed out by Kaviany
and Singh [11].

2.2. Fluid flow through packed beds

Flow of a fluid through a packed bed may be treated
by two approaches. In a direct simulation approach
the fluid flow is resolved through the void space be-
tween particles. A more general approach approxi-
mates fluid flow through the packed bed as flow through
porous media. Both approaches are classified coarsely
in the so called two-phase (two-equations) and single-
(homogeneous) phase (one-equation) models.

2.2.1. One-phase (homogeneous) models
This class of models relies on an averaging process

over the solid and gaseous phase and therefore may be
most easily treated by a CFD approach expanding into
several dimensions. An additional parameter that influ-
ences the heat transfer in a packed bed is the ratio of
thermal capacity of the packed bed and the fluid flow in
the void space. If thermal capacity of the fluid is high as
compared to a packed bed, a rather homogeneous tem-
perature profile develops, as shown by measurements of
Thoméo and Grace [12].

Fanaei and Vaziri [13] predicted heat transfer in a
bio-reactor by a simple model that excluded mixing,
as it would influence negatively the bio-material in the
reactor. The bio-reactor consists of a bed of substrate
supported on a perforated base plate through which sat-
urated air containing water vapour is blown, and the
reactor geometry is cylindrical. A “lumped” model
neglected spatial variations of temperature, whereas
a distributed model includes the axial dependence.
These models are expressed, respectively, as follows,
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including the metabolic heat generation, convective and
evaporative heat removal:

ϱbCpb
∂T

∂t
=

ϱs(1− ε)YQ
dX
dt

+ (ϱaCpa + fλ)
Vz

Z
(Ta − T ) , (17)
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ϱs(1− ε)YQ
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dt

− ϱaVz(Cpa + fλ)
∂T

∂z
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∂2T

∂z2
,

(18)

where Cpb and Cpa are the heat capacities of packed
bed and air, ϱb, ϱa, ϱs are the densities of the packed
bed, air, and substrate, respectively, YQ is the metabolic
heat yield coefficient, X is the fraction of biomass in the
packed bed, Vz is the superficial velocity of air, ε is the
void fraction in the bed, Z is the bed height, Ta is the air
temperature at the inlet, f is the water carrying capacity
of air, λ is the latent heat of evaporation of water, kb is
the thermal conductivity of the bed. Both models were
employed to predict the growth of biomass in a reactor.

Moreira et al. [14] investigated the heat transfer
in packed beds by five pseudo-homogeneous models.
The models do not make distinction between different
phases due to the difficulty of measuring temperatures
of fluids and particles separately. Pseudo-homogeneous
models are described by the following differential en-
ergy conservation equation:(
Gcpg + Lcpl

) ∂T
∂z

= kr

[
1

r

∂

∂r

(
r
∂T

∂r

)]
+ ka

∂2T

∂z2
,

(19)
where G, L, cpg , cpl , kr, ka are the superficial gas
and liquid flow rates, gas and liquid heat capacities,
effective radial and axial thermal conductivities, re-
spectively. Different models differ in boundary condi-
tions, inclusion or exclusion of axial thermal conduc-
tivity, and treatment of the wall heat transfer coeffi-
cient. The experimental set-up described in [14] con-
sisted of a cylindrical column (diameter 5 cm, length
80 cm), filled with glass spheres (sizes between 1.9 and
4.4 mm), through which air and water streamed. A com-
parison between measurements and predictions yielded
good agreement.

A lot of studies rely on the radial effective heat con-
ductivity λeff and the heat transfer coefficient at the
wall αw in packed beds to describe heat transfer as em-
ployed by Zehner [15], Hennecke and Schlünder [16],

Zehner and Schlünder [17], Lerou and Froment [18],
Bauer [19], Dixon and Cresswell [20], Hofmann [21],
and Wellauer et al. [22]. A more detailed review may be
found in the articles of Westerterp et al. [23] and Tsot-
sas and Martin [24]. Such an approach requires ther-
mal equilibrium between the two phases of a packed
bed and is referred to as the one-equation model. Regin
et al. [25] applied a one-equation model to predict the
dynamic behaviour during charging and discharging of
a packed bed latent heat thermal energy storage system.
The packed bed consisted of spherical capsules filled
with paraffin wax. They found that a solidification pe-
riod is longer than a melting period due to a reduced
heat transfer during solidification. Furthermore, charg-
ing and discharging rates are significantly higher for the
capsule of smaller radius compared to those of larger ra-
dius.

In order to apply CFD-derived methods (in particular
– differential conservation equations in space and time)
for analysis of packed beds, relevant variables such as
temperature, velocity, or species concentrations are av-
eraged over the heterogeneous structure of a packed
bed as employed by de Souza et al. [26], Whitaker
et al. [27–29], and Quintard and Whitaker [30–34].
However, measurements of fluid flow velocity above a
packed bed carried out by Negrini et al. [35] demon-
strated clearly that the applicability of continuum me-
chanic approaches depends strongly on the ratio of the
overall packed bed size to particle dimensions (D/dp).
They claimed that correlations including conservation
of mass as employed by Fahien and Stankovic [36],
Schwartz and Smith [37], Vortmeyer and Schuster [38],
and Mueller [39] predict the velocity distribution ade-
quately for high D/dp ratios, although their measure-
ments and predictions still deviated considerably. For
low D/dp ratios, the flow behaviour is determined by
the anisotropic structure of the porous matrix, which
leads to a rather discontinuous variation of the velocity
field. This is confirmed by Benenati and Brosilow [40],
Haughey and Beveridge [41], Zotin [42], Govindarao
and Froment [43], Dixon [44], Mueller [39], and Zou
and Yu [45], who investigated the void distribution in
packed beds.

Winterberg et al. [46] reviewed experiments with
spherical particles and derived a simple and consis-
tent set of coefficients based on uneven flow distribu-
tions and wall heat conduction model. Distribution
of both flow and porosity has been approximated by
the extended Brinkmann equation and an exponential
expression according to Giese et al. [47, 48]. Heat
and mass transport were described by transient and
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two-dimensional differential conservation equations in
cylindrical coordinates in which the relations for the
transport coefficients were derived to fit the measure-
ments. These relationships were reported to be inde-
pendent of the bed to particle diameter ratio and appli-
cable to packed beds with chemical reactions.

Liu et al. [49] undertook a similar approach based on
transient and two-dimensional differential conservation
equations for a porous media with evaporative cooling
whereby transport properties were described by empir-
ical correlations for respective phases. Thus, they were
able to investigate the influence of diffusive motion of
vapour on transport of mass, momentum, and energy.

Vortmeyer [50] investigated the importance of an un-
even flow distribution in the vicinity of wall of porous
reactors. Due to a higher porosity in the vicinity of the
wall, the velocity increases from the non-slip condition
at the wall to a maximum value until it decreases and
levels out to an average value toward the centre of a
packed bed as compared to a plug flow profile. Thus,
he emphasizes that these wall effects may have a pro-
nounced effect on the overall transfer conditions.

Polesek-Karczewska [51] measured the temperature
distribution of a heated packed bed of different materi-
als. Furthermore, they correlated the experimental data
with theoretical and numerical approaches for a homo-
geneous phase model. They have concluded that the
value of conductivity determined for non-homogeneous
materials appears to be higher than the effective thermal
conductivity determined by widely used formulae from
the literature under steady state conditions.

Smirnov et al. [1, 2] carried out a study for radial heat
transfer in tubular packed beds consisting of cylindri-
cal beds formed of spheres, cylinders, and Rashig rings
under steady state conditions. They aimed at determin-
ing heat transfer parameters for the standard dispersion
model (SDM). As a conclusion the radial thermal con-
ductivity for all cylindrical particles with arbitrary num-
ber and form of the channels is described by one for-
mula with constant parameters.

2.2.2. Two-phase (heterogeneous) models
The homogeneous phase models of the previous sec-

tion rely on thermal equilibrium between the phases
considered. However, without thermal equilibrium the
thermal transport in each phase and the transfer be-
tween them has to be considered as confirmed by Vort-
meyer [52], Schlünder [53], Vortmeyer [52], Froment
and Bischoff [54], Pereira Duarte et al. [55], and Glatz-
maier and Ramirez [56]. A two-equation approach was
also applied by Fourie and Du Plessis [57], who derived

energy conservation equations for each phase by vol-
ume averaging; these equations are as follows:

ϱscp,s
∂⟨T ⟩s

∂t
= ∇·(kss ·∇⟨T ⟩s) +∇·(ksf ·∇⟨T ⟩f)
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)
+ ⟨I⟩s (20)

for the solid phase, and

ϱfcp,f
∂⟨T ⟩f
∂t

= ∇·(kff ·∇⟨T ⟩f) +∇·(kfs ·∇⟨T ⟩s)

−hsf
εf

Asf
V0

(
⟨T ⟩f −
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1− εf

⟨T ⟩s

)
+ ⟨I⟩f (21)

for the fluid phase. The transport parameters hsf,
kss,ff,sf,fs are introduced in (20), (21) that are, respec-
tively, interphasial heat transfer coefficient, the solid
phase and the fluid phase effective thermal conductivity
tensors, and the solid–fluid phase coupled thermal con-
ductivity tensors. These parameters can be determined
from an analysis of the characteristic microscopic level
temperature distributions in each phase within a repre-
sentative elementary volume.

Wijngaarden and Westerterp [58] assumed heat
transport to take place in a packed bed by three mech-
anisms: heat transfer from the solid to the gas, heat
transfer through the gas, and heat transfer between gas
and wall. Effective conductivity and heat transfer co-
efficients were determined by fitting the predicted tem-
peratures to the measured temperature profiles. Thus,
they achieved good agreement between measurements
and predictions and, therefore, concluded that the series
model is suited to be employed to packed beds.

Similarly, MacPhee and Dincer [59] investigated
thermal energy storage system of ice capsules embed-
ded in a liquid. During the charging process heat is re-
trieved from the ice capsules to cool the liquid, and thus,
causing the ice inside the capsules to melt. Conversely,
during discharge a liquid with a temperature below the
melting point was in contact with the packed bed of ice
capsules so that the ice capsules froze again, and thus,
“stored the cold”. The set of ice capsules is modelled
as a continuous porous media, rather than the set of dis-
crete particles.

Direct numerical simulation is increasingly applied
to study heat transfer between two phases. Although
it is considered to be the most accurate approach, it is
very expensive in terms of computer resources and only
a small area of the packed bed may be analysed nowa-
days. Lee et al. [60] predicted the flow in the core of
a pebble bed reactor and its heat transfer. They have
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concluded that the results depend significantly on the
modelling of the inter-pebble region, because the treat-
ment of the contacts among the pebbles with approxi-
mated gaps may give inaccurate information about the
local flow fields.

In general, bed reactors may be classified into the or-
dered packed bed reactors and randomly packed ones.
The latter type is easier to implement and use, how-
ever, they experience much higher pressure drop and
the overall heat transfer efficiency might be greatly re-
duced. Structured packing can reduce the pressure drop
and improve the heat transfer performance. Simula-
tions of the metal structured packed beds were reported
in [61]. Their set-up consisted of a cylindrical arrange-
ment of a number of axially parallel channels, discre-
tised by a finite volume mesh. The flow medium was
air treated as an ideal gas. It has been found that, at
low Reynolds numbers, the heat transfer capability is
mostly determined by the specific surface area, while at
high Reynolds numbers, the property of solid phase and
structure of void space is an important factor.

The effect of packing arrangement and particle shapes
on flow and heat transfer inside the pores of different
types of structured packed beds was studied numerically
by Yang et al. [62]. The set-up consisted of 8 packed
cells with symmetric boundary conditions. Spherical,
flat ellipsoidal, and long ellipsoidal particles were used,
which were arranged in simple cubic, body centre cu-
bic, and face centre cubic lattices. The fluid flow inside
the pores was described by three-dimensional Navier–
Stokes and energy equations for steady incompressible
flow. For Re > 300, the RNG (renormalization group)
k − ε turbulence model and a scalable wall function
were used. The flow in packed beds has been considered
as flow in a porous media, where the macroscopic hy-
drodynamics is modelled by an extended Forchheimer–
Darcy approximation. It has been found that a proper
selection of the packing form and the particle shape
can significantly reduce the pressure drop in structured
packed beds and improve the heat transfer performance.

The flow in an unstructured packing of poly-disperse
spherical particles with a value of polydispersity deviat-
ing by 14% from the mean diameter was considered by
Augier et al. [63]. A dense packing of spheres was gen-
erated using DEM, neglecting the friction between par-
ticles and between the particles and the walls. Drag co-
efficients and Nusselt numbers were calculated apply-
ing CFD for a single sphere and for two spheres located
close to each other. These results were transformed to
a packed bed in a column. In order to reduce compu-
tational efforts, two domains as a pie-shaped including

the near-wall region and a region from the bulk far from
the walls were extracted from the packed bed. The num-
ber of particles in these domains were 620 and 440, re-
spectively. The hydrodynamics and heat transfer equa-
tions were solved in the range of Reynolds and Schmidt
numbers of 1 < Re < 100 and 300 < Sc < 1000.
The results have indicated that contraction of particles
applied to the packing in order to enable finite-volume
meshing leads to underestimation of the transverse dis-
persion.

Papadikis et al. [64] studied the heat transfer con-
ditions dependent on the size of biomass particles ex-
posed to a fluidised bed of sand and undergoing pyroly-
sis. The size of the sand particles was 400 µm, and the
biomass particles of two size fractions, 350 and 550µm,
were used. Conductive heat transfer was considered for
larger biomass particles, but was neglected for smaller
biomass particles. The gas phase as a nitrogen gas
was described by the Eulerian approach while the solid
phase model was based on the radial distribution func-
tion and the granular temperature. Both phases were
coupled through the particle drag force in the contin-
uum and heat transfer along the particle radius by solv-
ing the heat diffusion equation for an isotropic parti-
cle. It has been found that different heat transfer mecha-
nisms are involved for particles of different sizes, result-
ing in different heat transfer coefficients. The temper-
ature gradients inside the particles could be neglected
due to small Biot numbers. According to the study,
smaller particles yield better results for fast pyrolysis
applications, because they are better entrained in the
bed during degradation. Smaller size reduced the ef-
fect of secondary reactions resulting in higher yields of
bio-fuels.

Gamson et al. [65] studied heat, mass, and momen-
tum transfer in the flow of gases through granular solids.
Correlations were given for heat and mass transfer co-
efficients and pressure drop in the direction of the flow.
They concluded that the heat transfer coefficient was in-
dependent of shape, interstitial configuration, and wet-
ness of surfaces. The latter in conjunction with dry-
ing processes was also emphasised by Zahed and Singh
[66], because heat transfer conditions determine the
drying rate of packed beds. Barker [67] presented a re-
view of heat transfer in packed beds. Correlations were
given for heat transfer coefficients in particle packings,
encountered in commercial set-ups, consisting of beds
of randomly packed and ordered spheres and cylinders.
Bowers and Reintjes [68] reviewed the literature con-
cerning fluid particle heat transfer in packed and mov-
ing beds. Practical working equations for the solution
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of problems with some restrictions involving this type
of heat transfer were developed. An extensive review
of problems and models of fluid flow, heat and mass
transfer in porous media may be found in Nithiarasu et
al. [69], Swailes and Potts [6], Laguerre et al. [5], and
Venugopal et al. [7].

3. Discrete particle method

Contrary to the continuum approach, the recently de-
veloped DPM considers a solid fuel particle as an in-
dividual entity with above-mentioned conversion and
motion attached to it. Hence, the sum of all particle
processes represents the entire process of a moving and
fixed bed and may be summarised by the following for-
mula:

Entire Process =∑
Particle Processes + CFD .

The approach includes three major processes as de-
picted in Fig. 1:
• particle conversion as an interaction process be-

tween the solid, liquid, and gaseous phases in a sin-
gle particle (conversion module);

• particle ensemble motion, i. e., bed of particles in
conjunction with their change of position (motion
module);

• reacting flow in the void space between the particles
in conjunction with heat and mass transfer between
the particle surface and gas (CFD).
The above-mentioned computational aspects are

dealt with individually in the motion and conversion
module. The latter encompasses a large variety of
chemo-physical processes such as drying, pyrolysis, de-
volatilization, gasification, or combustion in a packed
or moving bed. Conversion of a particle is described by
a set of one-dimensional and transient differential con-
servation equations including interactions such as heat
transfer between neighbouring particles. The solution
of these equations yields the distribution of temperature
and species, e. g. carbon-dioxide or alkali salts, inside a
particle versus time. Motion of particles in a rotary kiln
or on a moving grate is derived from the discrete ele-
ment method and describes the trajectory of each par-
ticle by solving Newton equations of motion [70–72].
Treatment of a flow of reacting gases in the voids is dealt
with by well-established CFD tools.

The DPM uses object-oriented techniques that sup-
port objects representing three-dimensional particles

of various shapes, size, and material properties. This
makes DPM a highly versatile tool dealing with a large
variety of different industrial applications of particulate
materials.

Contrary to the continuum mechanics approach, the
DPM considers a packed bed of solid fuel as composed
of discrete particles with individual shapes and sizes.
The conversion processes are described by transient and
one-dimensional differential conservation equations for
mass and energy with sufficient accuracy and applied
to an individual particle. Chapman [73] states that in
general elaborate models are required to gain a deeper
insight into the complexity of solid fuel conversion
[74–76] as employed in the current study. The one-
dimensional approach is supported by Man and Byeong
[77], whereas the transient character is emphasized by
Lee et al. [78, 79]. These requirements are met by the
DPM and, therefore, offer a high degree of flexibility
and detailed information. With the assumptions such
as

• one-dimensional and transient behaviour,
• intrinsic rate modelling,
• particle geometry represented by slab, cylinder, or

sphere,
• thermal equilibrium between gaseous, liquid, and

solid phases inside the particle,

the differential conservation equations for energy, gas-
eous, and solid species Yi describe particle conversion:

∂ (ρcpT )

∂t
=

1

rn
∂

∂r

(
rnλeff

∂T

∂r

)
+

l∑
k=1

ω̇kHk , (22)

∂Yi,gas

∂t
=

1

rn
∂

∂r

(
rnDi

∂Yi,gas

∂r

)
+

l∑
k=1

ω̇k,i,gas , (23)

∂Yi,solid

∂t
=

l∑
k=1

ω̇k,i,solid , (24)

where n defines the geometry of a cylinder (n = 1) or
sphere (n = 2), ρ is the density, cp is the heat capacity
at constant pressure. The locally varying heat conduc-
tivity λeff is evaluated as [80]

λeff = ϵPλg + ηλsolid + (1− η)λc + λrad , (25)

which takes into account heat transfer by conduction in
the gas, solid, char, and radiation in the pore, respec-
tively. The source term on the right-hand side of (22)
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Fig. 1. Approach to solid fuel conversion of the discrete particle method (DPM).

represents heat release or consumption due to chemi-
cal reactions k = 1, . . . , l, with reaction rate ω̇k and
enthalpy change Hk. The conservation equations for
mass (23), (24) describe the time and spatially varying
concentrationYi of species i under the influence of reac-
tive source terms, with reaction rate ω̇k,i for a species i
participating in reaction k, and diffusive transport. The
latter is omitted for solid species. An effective diffusion
coefficient Di,eff = DiϵP /τ with ϵP and τ being poros-
ity and tortuosity is employed to describe the diffusive
transport [81, 82].

3.1. Initial and boundary conditions

According to Kaume [83], the Nusselt number Nu
for heat transfer of a sphere evaluates as

Nu = f Num,sphere (26)

for a packed bed with f and Num,sphere being an empir-
ical correlation f = 1.0 + 1.5(1.0 − ϵ) and the mean
Nusselt number for a spherical geometry, respectively.
Under laminar conditions the latter is defined by

Num,sphere = 2.0 + 0.664Re1/2 Pr1/3 , (27)

where Re and Pr denote the Reynolds and Prandlt num-
bers (Pr ∼ 0.68 [84]), respectively. Similarly, mass
transfer is described by a Sherwood number Shm,sphere
[85]

Shm,sphere = 2.0 + 0.664Re1/2 Sc1/3 , (28)

where Sc is the Schmidt number. 9 Summarizing the
previous section, the following boundary conditions for
mass and heat transfer of a particle are applied:

−λeff
∂T

∂r

∣∣∣∣
R

=α(TR − T∞) + q̇cond + q̇rad , (29)

−Di,eff
∂ci
∂r

∣∣∣∣
R

= βi(ci,R − ci,∞) , (30)

where T∞, ci,∞, α, and β denote ambient gas tempera-
ture, concentration of species i, heat and mass transfer
coefficients, respectively.

The conductive heat flux q̇cond between two neigh-
bouring particles in contact is estimated by

q̇cond =− 1

1/λ1 + 1/λ2

∂T

∂r

≈− 1

1/λ1 + 1/λ2

TS,1 − TS,2

∆rS,1 −∆rS,2
, (31)

where the temperature gradient between two particles
is approximated by the temperature difference between
the outer shell values of the particles and the dis-
tance ∆rS,i from the outer particle surface. The con-
ductivities λ1 and λ2 refer to the particles in contact,
respectively. The contact area Ac is assumed to be
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quadratic and determined by the contact angles γ1 and
γ2,

Ac =
1

2

[
(R1 tan γ1)2 + (R2 tan γ2)2

]
. (32)

At higher temperatures, a particle i emits a radiative
flux at surface temperature ⟨TS⟩ and adsorbs a flux q̇rad,j
from all neighbouring particles j weighted by the re-
spective view factor Fi→j . Thus, the total flux due to
radiation is given by

q̇rad =
∑
j

Fi→j α q̇rad,j − ϵ σ ⟨TS⟩4 , (33)

where α and ϵ denote the adsorption and the emission
coefficient, respectively. The view factor is determined
as the ratio of the surface of particle i to the sum of the
surfaces of all neighbouring particles j with

Fi→j =
Ai∑
j Aj

. (34)

For a detailed description of the DPM, the reader is re-
ferred to Peters [86].

4. Results and discussion

In a first step, the DPM is applied to predict heating
of packed beds on fixed and moving grates. This partic-
ular set-up was chosen to examine the influence of bed
motion on the temperature distribution. This requires
solution of the energy equation for each particle, taking
into account conduction and radiation between particles
and convective heat transfer between the particles and
the surrounding flow field. Particles were approximated
by a spherical geometry of different sizes, and the mate-
rial was represented by a fir wood. The packed bed was
exposed to a constant radiative flux from above. In or-
der to exclude the effect of a locally varying convective
heat transfer of the gas phase in the voids of a packed
bed, gas temperature, which is used as the ambient tem-
perature for the particles in the model, and heat transfer
coefficient were kept constant.

For simulation, the packed bed consisted of 300
spherical particles with diameters randomly distributed
in the range from 8 to 16 mm. The initial particle tem-
perature was set to 400 K. The ambient fluid tempera-
ture was kept constant at 300 K for all the simulation
time. Flux of radiation from the top wall was set to
30 kW/m2, and the heat transfer coefficients were de-
fined as α = 20.0. Conversion of the packed bed was
evaluated every 1 s, while particle positions were calcu-
lated at every time step ∆t = 10−5 s of time integration

Table 1. Mechanical properties of the packed bed particles.

Property Value

Density 610 kg/m3

Young (elastic) modulus 50 MPa
Shear modulus 15 MPa
Poisson modulus 0.2
Dynamic friction coefficient 0.8
Normal dissipation coefficient 100 s−1

Shear dissipation coefficient 100 s−1

of particle motion equations. Number of cells for res-
olution of particle discretization was equal to 11. Two
problems were simulated: first, a packed bed on a fixed
grate, and the second problem was defined for moving
grate, with its bars moving with period TB = 10 s and
amplitude AB = 0.1238 m. Mechanical properties of
the particles are summarized in Table 1.

4.1. Temperature distribution in a fixed bed

As mentioned above, in a first step the particles were
distributed on the grate bars until they came to a rest.
This arrangement of particles was also used as initial
conditions to predict the temperature distribution of a
moving bed. Thus, transport of heat inside the bed
was due to conduction and radiation between particles,
whereby the latter contributes significantly at higher
temperatures only. The results obtained from a pre-
diction with the DPM at times t of 75, 150, 450, and
600 s are shown in Fig. 2(a–d). Due to a radiative flux
from above onto the surface of the packed bed, parti-
cles on the surface heat up fastest. Therefore, generally
heat is transported downward into the packed bed yield-
ing an approximate layered distribution of temperature
with lowest temperatures near the grate bars depicted in
Fig. 2(a).

However, as time proceeds, the layered distribution
of temperature is disturbed by transverse temperature
gradients shown in Fig. 2(b, c), so that the tempera-
ture gradients also occur along the grate bars. Predom-
inantly at the tip regions of the grate bars on the surface
of the packed bed particles heat up at a faster rate and,
therefore, experience higher temperatures than remain-
ing particles between the tip regions. Due to the ar-
rangement of the particles as a granular material in the
frontal edge regions of the bars, the coordination num-
ber, i. e. number of the nearest neighbours of those par-
ticles, is lower than in other regions of the packed bed.
Therefore, the heat transfer to neighbours due to both
conduction and radiation is lower than for particles with
higher coordination number. Hence, these particles ex-
perience a higher temperature due to less heat losses to
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(a) (b)

(c) (d)

Fig. 2. Temperature distribution of resting particles in a fixed bed subject to a radiative flux of q̇′′ = 30.0 kW/m2 on a forward acting grate
at different time moments: (a) t = 75 s, (b) t = 150 s, (c) t = 450 s, (d) t = 600 s.

neighbouring particles. These conditions are difficult,
if possible at all, to represent by a continuous mechan-
ics approach for a packed bed. As seen by comparing
Fig. 2(c) and (d), stationary values of particle tempera-
tures are achieved in the packed bed after a certain time
period.

4.2. Temperature distribution in a moving bed

In order to reduce simulation time, only part of the
entire grate was taken and periodic boundary conditions
were employed at the entry and exit of the grate. Parti-
cles leaving the grate at the exit area were periodically
introduced at the entry of the grate, and thus, reflecting
a sequence of grate sections.

A periodic forward and backward motion scheme
was applied to every second grate bar, so that bars be-
tween the moving bars were kept at rest. These kinet-
ics representing the operation mode of a forward acting
grate cause the particles to move over the grate through
the combustion chamber. Velocity and periodicity of
the bar motion effects the residence time of the parti-

cles to a large extent [87]. The predictions were carried
out under the same conditions as for the resting parti-
cles with the difference that the packed bed was taken
as a moving bed. Its predictions for the temperature dis-
tribution of the particles at times t of 75, 150, 450, and
600 s is shown in Fig. 3(a–d).

Although a layered temperature distribution devel-
ops during heat-up of the moving bed, transverse tem-
perature gradients disappeared due to moving particles.
Moving beds represent a system with high dynamics, so
that particles change both their neighbours and coordi-
nation number. This leads to a varying amounts of heat
transferred between particles. Additionally, initial sur-
face particles do not remain at surface during the entire
transport over the grate. Thus, particles are almost ran-
domly exposed to surface radiation for a certain period.
These mechanisms contribute to a more homogeneous
temperature distribution of the moving bed. Similarly
to the case of fixed grate, a stationary temperature dis-
tribution is attained after a certain period of time in the
packed bed on the moving grate as well (Fig. 3(c, d)).
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(a) (b)

(c) (d)
Fig. 3. Temperature distribution of particles in a moving bed subject to a radiative flux of q̇′′ = 30.0 kW/m2 on a forward acting grate at

different time moments: (a) t = 75 s, (b) t = 150 s, (c) t = 450 s, (d) t = 600 s.

5. Summary and conclusions

We have reviewed different computational approach-
es to modelling heat transfer in packed beds of dis-
crete particles. Heat-up of both the fixed and moving
beds of fir wood particles was investigated numerically
by the discrete particle method (DPM). The latter de-
scribes the temperature distribution of particles by solv-
ing the transient and one-dimensional differential con-
servation equation for energy. Spherical particles of dif-
ferent sizes were arranged on a forward acting grate and
a constant radiative flux was employed onto the surface
of the bed. Heat transfer within the packed bed was
taken into account by conduction and radiation between
neighbouring particles. In order to emphasise the effect
of bed motion, temperatures of the packed bed were pre-
dicted under motionless and moving grate conditions.
The former simulation mode yielded a layered temper-
ature distribution versus the height of the packed bed
with high temperature regions predominantly occurring
near the front edge of the grate bars due to a reduced co-
ordination number of particles in this area. Motion of a
packed bed on a forward acting grate reduces tempera-

ture gradients due to periodically changing surface par-
ticles and a varying number of neighbours versus time
and space.
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KIETOJO KURO ŠILUMINIŲ VIRSMŲ MODELIAVIMAS TAIKANT DISKREČIŲJŲ DALELIŲ
METODĄ
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a Liuksemburgo universitetas, Liuksemburgas
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Santrauka
Aprašytas diskrečiųjų dalelių metodas (DPM), pagrįstas diskre-

čiųjų elementų metodu. Tai yra pažangus skaitinio modeliavimo
įrankis, leidžiantis atsižvelgti į granuliuotos terpės, pvz., anglių ar
biomasės, judėjimą ir cheminius virsmus krosnyse, apimantis ir
skaitinę fluidų dinamiką. Taip pat galimas atskirų procesų – me-
chaninio judėjimo arba cheminių virsmų – modeliavimas. Diskre-

čiųjų dalelių metode pritaikomi objektinio programavimo principai,
vaizduojant įvairių formų, dydžių ir medžiagos savybių trimates da-
leles. Tai leidžia modelį plačiai taikyti įvairiose pramonės srityse,
susijusiose su granuliuotų medžiagų panaudojimu. Pateikta litera-
tūros, susijusios su masės ir šilumos virsmų granuliuotose terpėse
modeliavimu, apžvalga.
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