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ABSTRACT

Discrete Ordinates Method (DOM) is a model for thermal radiation exchange in opaque media. In this
study, the DOM formulation is employed within the framework of the Discrete Element Method coupled
with Computational Fluid Dynamics (DEM-CFD), thus including full radiative heat exchange among the
phases involved. This is done by adjusting the absorption coefficient, emission coefficient, and net
radiative heat flux of particles by incorporating local porosity into equations. A key objective is to
represent radiation propagation for different packing densities in packed beds accurately.

The model is validated by comparing the results with available data from the literature for simulations
with a P1 radiation model and corresponding experiments. The validation configuration is a heated box
filled with spherical particles under vacuum conditions.

As an application example, the radiative heat exchange between an enclosure at high temperature and
moving layers of spherical particles concurrently passed by a gas in crossflow is studied. Three packing
densities (dilute, moderate, and dense) are examined to evaluate radiation penetration into the particle
ensemble. Convective and contact heat transfer are also considered. The DEM-CFD coupling is a non-
resolved approach, where the influence of particles on the flow field is accounted for by momentum
and energy source terms together with a porosity field (Averaged Volume Method (AVM)).

Effect of convective, conductive and radiative heat transfer is analysed based on the evolution of
incident radiation flux, spatial distributions of particle surface and fluid temperatures, and particle
temperature histograms. It becomes obvious that radiation dominates the system, and that packing
density defines the penetration depth of radiation. Conduction mainly leads to a smoothening of particle
temperature distribution in the system.

© 2025 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of
Sciences. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

according to the concentration of solids they handle: dilute sys-
tems, like pneumatic conveying; moderately dense systems, such
as fluidized beds (Peng et al., 2020) and dense systems, including
rotary drums and moving packed beds. Consequently, each type of
system requires an adapted modelling approach to capture the

For many industrial applications, including rotary drums
(Scherer et al., 2016), grate firing systems (Silva et al., 2021), shaft
kilns for lime (Krause et al., 2017) and spinel production (Spijker
et al., 2023), or blast furnaces (Peters et al., 2018), the study of
moving granular assemblies in close heat exchange with their
surroundings is crucial. Particulate systems can be classified
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dynamics and heat transfer characteristics effectively. In many
technical applications, granular material is also subject to simul-
taneous fluid flow. Fluid flow is frequently employed to transport
particles, provide heat, facilitate cooling, or act as a reactive
component within a particular process. Radiation, convection and
solid-conduction can occur as heat transfer phenomena. Particu-
larly, the presence of radiation adds to the complexity of the mul-
tiphysics problem (Jaeger et al., 2023).
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Nomenclature

a Absorption coefficient, m~!
A Area, m?
Cpp Particle specific heat capacity, ] kg~ ! K~!
E Cell emission, W m—3
G Incident radiation, W m~2
g Acceleration due to gravity, m s—2
he Enthalpy, ]
htc Heat transfer coefficient, W m=2 K~!
1 Radiation intensity, W m~2 sr~!
Io Boundary radiation intensity, W m~2 sr~!
k Thermal conductivity, W m~! K~!
Mgpheres Particle mass flux, kg st
n Unit normal vector
Nshelt Number of shells
Number of particles
Nu Nusselt number
Njy,N,  Number of polar/azimuthal angles per quadrant
Pr Prandtl number
P Pressure (relative to atmospheric pressure), Pa
Prgn Gauge pressure, Pa
o) Heat rate, ] s~ !
Re Reynolds number
R Radius of particle, m
r’ Radial coordinate, m
r Ray position vector, m
s Ray direction vector
Sm Mass source term, kg m—> s~!
Sh Convective heat transfer source term, W m—>
Sh.m Source term considering variations in sensible enthalpy resulting from

mass sources, W m~>
3

Srad Radiation sources, W m™
Sreact Sources considering energy changes arising from reactions, W m—3
Ssf Momentum source/sink, N m—3
S Scattering source term, W m >
t Time, s
tresidence Residence time, s
Temperature, K
Tginer  Gas temperature at the inlet, K
Tp‘ outler Average particle temperatures at outlet of domain, K
1% Cell volume, m?
v Velocity, m s™!
Vspheres  SPheres velocity, m s~!
vgimler  Gas velocity at the inlet, m s~
X Distance, m
Y Young's modulus, Pa

Greek letters

Qofy Effective thermal diffusivity, m? s~!

e Emissivity

Vp Particle Poisson's ratio

) Density, kg m—3

c Stefan-Boltzmann constant, W m 2 K4

a5 Scattering coefficient, m~"

T Stress tensor, Pa

¢ Porosity

ey Averaged fluid properties, variable

Boemene  Averaged fluid properties of the element, variable
Angular space, sr

Wy Weighting factor

w; Discrete solid angle, sr

Abbreviations

AVM Averaged volume method

CFD Computational fluid dynamics

cv Control volume

DOM Discrete ordinates method
DEM Discrete element method
RTE Radiative transfer equation
Subscripts

cell Cell

conv Convection

cv Control volume

D- P Enclosure domain and the particles
element Of the element

face Face

g Gas

(continued on next page)
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(continued )

in Incoming

net Net value

out Outgoing

p Particle

P— P  Particle to particle
Proj Projected

rad Radiation

t Total

w Wall

Peng et al. (Peng et al,, 2020) state “Despite the significant
progress achieved in the measuring techniques of heat transfer,
e.g..., it proves extremely challenging (if not impossible) to fully
understand the heat transfer characteristics of particulate systems
via the experimental approach alone”. As a result, numerical ap-
proaches like DEM-CFD have gained popularity. An appropriate
model should contain all the heat transfer mechanisms mentioned
above. A comprehensive overview on current approaches for
convective, conductive and radiative heat transfer in DEM-CFD can
be found in (Peng et al., 2020).

In DEM-CFD with a large number of particles, the effect of the
bulk of particles in the Eulerian CFD framework is described via a
porous medium approximation with a time-resolved porosity dis-
tribution derived from DEM. This is commonly denoted as unre-
solved DEM-CFD or “Average Volume Method” (AVM). The method
is also used in the present study. This porosity-based technique
avoids continuous remeshing as for body conformal CFD meshes,
and is superior in terms of computing times compared to immersed
boundary methods. AVM proves advantageous, notably in simu-
lating device-scale scenarios where individual particle dimensions
are considerably smaller than the CFD control volumes (CVs).
Hence, it allows for computationally efficient simulations in
reasonable times. Within the AVM framework, multiple particles
are enclosed within a CFD control volume, retaining solid-fluid
interactions at their interface within the subgrid. However,
because the fluid flow lacks information about the particles'
detailed geometry (due to the coarse mesh resolution), inaccuracies
in the flow field may occur. One inherent outcome of this porosity-
based method is the necessity to characterize the influence of
actual particle shape on momentum, heat, and mass transfer be-
tween particles and the fluid by utilizing correlations (drag, Nusselt,
Sherwood correlations). These correlations must be calibrated for
actual particle shape to ensure accurate results (Jaeger et al., 2021,
2023).

In high-temperature particulate systems, radiative heat transfer
may occur among fluid, walls and particles. For densely packed
beds, gas radiation is often neglected due to the short optical path
length. The available models for radiation are generally classified
into two categories: discrete approaches and continuum
approaches.

In the discrete approach, particles are treated as individual en-
tities that interact through radiative heat exchange at their sur-
faces. The heat transfer between these surface elements is
influenced by various factors, including their temperatures, surface
properties, size, relative orientation, and separation distance. The
geometric variables are summarized in a single parameter, known
as the view factor (Peng et al., 2020). A view factor quantifies the
proportion of energy emitted by one particle that reaches the sur-
face of another particle (Macak et al., 2023). Calculating the view
factor between two particles can be difficult. Very often analytical
solutions do not exist, even for simple particle geometries. There-
fore, highly simplified assumptions are often made for the view
factor, such as assuming that it can be determined by the surface
area of neighbouring particles. These highly simplified assumptions
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are very common in current DEM simulations (Peng et al., 2020;
Peters, 2002; Peters et al., 2018, 2019; Spijker et al., 2023; Wu et al,,
2020). Although not highly accurate, this approach has the
advantage that it can also be applied to moving particle systems
with limited computational effort. Such an approach does not allow
to consider shadowing effects by other particles. Forgber and Radl
(2018) introduced a method for calculating view factors that con-
siders shadowing for a monodisperse bed of spherical particles.
They stated that the method can only be applied for small-scale
systems due to the computational effort. In (Tausendschon et al.,
2023), they extended their method to polydisperse granular as-
semblies of spherical particles using machine learning methods,
significantly reducing computational effort. Handling complex-
shaped particles currently appears to be unfeasible due to the
increased complexity and computational effort required to account
for the view factors of all the particle faces and re-computation of
the view factors when particles move.

Continuum-based models are an alternative. They consider the
compound of particles and the enclosing gas as a two-phase
continuous medium. These models are formulated based on the
radiative transfer equation (RTE) for spatially varying absorbing,
scattering and emitting continuous media (Jaeger et al., 2023). The
presence of particles and their spatial distribution domain is
accounted for by effective absorption and emission properties in
the respective control volumes (CFD-cells). In the AVM approach
used here, where typically more than one particle is contained
within a cell, the continuum model cannot account for shadowing
among individual particles which are in one fluid cell. Instead, it
considers “particle layer” shadowing among neighbouring fluid
cells. This “layer shadowing” allows to predict the net penetration
depth of radiation in packed beds, as will be demonstrated in the
results section.

In its most general form, the RTE is a function of wavelength,
two angular coordinates (azimuthal and zenith angle), and three
spatial coordinates. For simplicity, the wavelength dependency is
not considered here. There are different strategies for handling the
angular dependency. The Discrete Ordinates Method (DOM)
(Chandrasekhar, 1950; Modest, 2013), and the Spherical Harmonics
Approximation (Macak et al., 2023) are two well-known ap-
proaches. DOM involves additional domain discretization along
prescribed spatial directions (solid angles). The most common
Spherical Harmonics Approximation is the P1-approximation but,
this model is accurate only for isotropic radiative fields (Macak
et al., 2023). In addition, variations in radiative properties affect
the P1 model's accuracy (Dombrovskii, 1997; Dombrovsky, 2010;
Modest, 2013; Viskanta & Mengii¢, 1987). These non-uniform
properties are prevalent in many gas-particle systems, like grate
firing systems or fluidized beds, where time varying spatial distri-
butions in the concentration of particles are common (Macak et al.,
2023). Furthermore, the equation of radiative heat transfer predicts
temperature jumps at points of discontinuity (Heaslet & Warming,
1965). These temperature jumps cannot be resolved by the P1
model, as it is a first-order approximation. In a recent study using
the P1 model (Macak et al., 2023), unphysical oscillations in heat
flux were observed near areas with sharp gradients in the solid
fraction field.

For the present contribution, the DOM method was selected, as
it is especially suitable for situations where radiation shows
directional variability. This method involves dividing the radiation
field into a set of ordinate directions, s, in which the radiation
propagates in the medium. Each direction within the global Car-
tesian system remains fixed. Because of this structural change, the
RTE is now a transfer equation for radiation intensity, I<? -y The

radiative intensity field is computed by solving the RTE for each
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direction. Each of these spatial directions, s’, is connected to
discrete solid angles, w;. The angular space 4 is divided into Nj
polar angles and N, azimuthal angles per quadrant. A quadrant
refers to one of the four equal parts into which three-dimensional
space can be divided by the three coordinate planes. These coor-
dinate planes are the x-axis, y-axis, and z-axis in Cartesian co-
ordinates. Consequently, each quadrant is subdivided into NyN,
solid angles. This results in a total of 4 NyN,, directions for three-
dimensional analysis (Modest, 2013).

In a recent study (Tavakkol et al., 2023), significant attention was
focused on DOM for densely packed bed configurations. It specif-
ically focuses on the particle layer shadowing phenomenon. This
involved developing and integrating modified absorption/emission
coefficients within OpenFOAM to model radiative transfer. A crucial
aspect of this study was the introduction of a high (but not
generally applicable) absorption coefficient to absorb radiation
completely in CVs densely occupied by particles. In the current
work, a modified approach that circumvents complete absorption is
suggested, the details of the mathematical formulation will be
presented in section 2.

In this study, the interaction between a heated wall, moving
particle layers, and a crossing gaseous fluid (air), is considered
while focusing on three situations: dilute (porosity (@) = 93%),
moderate (g 66.5%), and densely packed particle layers
(@ = 34.5%). The dilute, moderate, and dense cases consist of 540,
2560, and 5000 randomly distributed spheres whose solid mass
flow is kept constant (i.e., they have different solid velocities and
residence time). These particles move along a fixed path inside a
rectangular domain, gradually heating as they progress towards the
exit. The temperature of the particles increases due to simultaneous
thermal radiation exchanged with a high-temperature ceiling wall
and convective heat transfer caused by the passing fluid.

The novelty of the present study is the analysis of the interplay
of convective, conductive (contact-heat transfer between particles),
and radiative heat transfer, specifically in a moving packed system
ranging from dilute to densely packed configurations within a
unified computational framework. This study aims to adjust ab-
sorption and emission coefficients within systems composed of
heat-absorbing spherical particles for all packing densities, such
that radiative heat to/from the particles is correctly distributed into
the fluid cells. Hence, it improves the applicability of the DOM
model. Furthermore, if just the net radiation shadowing effect of
areas of different packing densities is of interest, the DOM model
used in this study may avoid the need for a discrete (particle-par-
ticle) radiation model.

The model has been implemented into an in-house DEM soft-
ware, currently under development in the collaborative research
center Bulk-Reaction, and the open-source software OpenFOAM for
CFD analysis.

The article is structured as follows: in section 2, the mathe-
matical formulation of the governing equations is presented; in
section 3, the modelling approach is validated based on packed bed
experiments in vacuum and by comparing it to the corresponding
simulations of the same setup with the P1 model; section 4 de-
scribes the test case, a system of moving particle with gas flow,
section 5 presents and discusses the results and section 6 sum-
marizes the findings.

2. Mathematical formulation
2.1. Fluid phase

This study assumes that the fluid flow is laminar. The governing
equations for fluid flowing through a porous medium consist of



R. Abdi, B. Jaeger, E. lllana et al.

mass conservation (Eq. (1)), momentum conservation (Eq. (2)), and
energy conservation (Eq. (3)). To account for the existence of par-

ticles, local porosity @ and particle source terms have been
included.
o(2p =
%+v - (@pg V') =Sm (1)
Aopg V) o —
¢ T (V - (2rg7)
x) T=-0VPg—-0Vp, EX+V -(@T)+ Sy (2)
o(aph — - -
%+ V - (@pgvhe) =V - (@aeﬂcvhe) =Sh.m +Sh+Srad
+ Sreact

(3)

The variables gauge pressure, gas density, velocity, and time are
represented by Pygp, pg, 7, and t, respectively. Additionally, he, effs
7, and @ correspond to enthalpy, the effective thermal gas diffu-

sivity, stress tensor, and porosity, respectively. ?Sf is @ momentum
source/sink and deals with the presence of unresolved (AVM)
particles. It captures the dynamic forces between the fluid and
these particles and is modelled here by the Ergun equation (Ergun,
1952). The mass source is denoted by S, and this study assumes
that it is zero (particles do not react).

The first term on the left side of Eq. (3) represents the change in
enthalpy within a control volume over time. The second term ac-
counts for variations in enthalpy due to convective heat transfer.
The third term addresses changes attributed to conductive heat
transfer.

On the right side of Eq. (3), Sp,, accounts for variations in
sensible enthalpy resulting from mass sources. Thermal energy
coupling involves convective heat transfer between the fluid and
the solid. This convective heat transfer is incorporated into the
energy equation (Eq. (3)) as a source term (Sy). S,qq denotes the
contribution from gas radiation which is assumed to be zero in this
study. Sreqcr accounts for energy sources arising from reactions,
which is also assumed to be zero. It's worth noting that in this
study, radiation from surrounding walls initially interacts with the
particles (Eq. (6)), heating them up, and then subsequently in-
fluences the fluid part via the convective source term, Sj,.

The AVM operates on the premise that any particle existing
within the flow domain behaves as a Lagrangian entity that in-
teracts with one or several CVs. An arbitrary fluid property ¢, is
interpolated onto an element by the following formulation:

> wrvdty
Z wey =1 (5)

The weights, w,,, which depend on a Gaussian kernel function
(Wang et al., 2019), are CV-related and they are only applicable
when a particle has contact with several CVs. Moreover, the dis-
tribution of source terms, influenced by these averaged properties
and the particle volume, mirrors the distribution across the
respective CVs (Illana Mahiques et al., 2023).

(4)

element

2.2. Solid phase

For an individual particle, the energy conservation equation in
its differential form is:
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1 9
2 ar

oT, . .
Ppclwﬁ = (r, kp p) + Qconv + Qnet rad D—P

or’
(6)

+ Qcontact P—p
where 1’ is radial coordinate. An implicit numerical scheme was
used to solve Eq. (6), with the tridiagonal matrix algorithm (TDMA).
In this work, particles are spherical and discretized in shell-
volumes (Ngpey = 40), so Eq. (6) is effectively a 1D-Transport
equation. The meaning of each term is as follows:

The first term on the left side (ppcp 52 represents the variation
of temperature inside each particle over time. r,z 2 ( ’zkp‘f;‘f) rep-
resents the conductive heat transfer in radial direction inside a
particle. Qcon, denotes the convective heat transfer between the
fluid and the particle. Qo yaq p_p represents the net radiation ex-
change between the entire enclosure domain and the particle.

Qcontact pp Tepresents the conductive heat transfer exchanged
with another particle (or wall). This term is modelled by the
approach of McCarthy and Vargas (Vargas & McCarthy, 2001, 2002)
and we refer to their publication for details. It should be noted that
the term Qcontact p_p includes two phenomena: the direct heat
transfer through the contact point of the two solids, calculated
based on Hertzian contact theory, and the heat transferred trough
the gas layer in the vicinity of the contact point, which is dependent
on thickness of the gas layer between the two solids.

To obtain the convective heat exchange between particles and
the surrounding fluid flow on the DEM side, Qcpn, in Eq. (6),
Newton's law is used:
Qconv :AP htc (Tg - TP) (7)
where A, (= 4mR?) is the particles surface area and htc is the heat
transfer coefficient which is computed from the Ranz-Marshall
Nusselt number correlation (Ranz & Marshall, 1952):

Nu=2+0.6 VRe VPr (8)
htc=0.5 Nu kg /R (9)

where kg is the gas thermal conductivity, R is radius of particles,
Re is the Reynolds number and Pr is the Prandtl number. Since this
correlation applies to a single particle, we applied Gnielinski's
correction (Gnielinski, 1980) to account for the influence of particle
packing:
Nujp=(1+15-(1-@))-Nu;, (10)

To obtain Q ¢ rqq p_p in Eq. (6), another set of equations needs to
be solved, as discussed in the following section.

2.3. Radiation modelling

Both the Eulerian and Lagrangian computational domains
require the simultaneous consideration of radiation. First, the
equations utilized in the Eulerian frame are explained.

The total radiative intensity in a fluid cell is represented by the
incident radiation G [W/m?]:

4r
0
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where Q is the angular space, w; represents the discrete solid angle
corresponding to the direction i. The term I(? ) represents the

radiation intensity [W/(m? sr)] in the direction denoted by 5" and at
position 7. This value of G is later interpolated onto the particle
positions, where it is referred to as G¢y.

It is clear from Eq. (11) that determining I(S—> —» is necessary for

)
calculating G. To determine [ Py the DOM solves a pre-defined
number of RTEs. Note that for all radiation simulations in this
study, a discretization of 3 azimuthal angles (N,,) and 4 polar angles
(Ny) for each quadrant of the angular space was selected, resulting
in a total of 48 RTEs to be solved.

The RTE, Eq. (12), provides a description of the propagation of
radiation along a direction s” within a medium. It considers ab-
sorption, emission, and scattering of radiation within the medium
along the ray's path (see Fig. 1).

4
V'I(S—f?)'?:*(at#»dg)l(s—j? +ag%+5®+Et (12)

The left side of the equation indicates the spatial variation of
radiation intensity within the medium. The first term on the right
side of the equation describes the local change of thermal radiation
due to absorption and scattering. The second term denotes changes
due to gas emission, where ¢ denotes the Stefan-Boltzmann con-
stant. Sy signifies the scattering phase function and E; represents
total cell emission in units of W/m?>. T denotes the local gas tem-
perature of fluid cells, a; represents the total absorption coefficient,
and o signifies a scattering coefficient. The total absorption (a;) is
assumed to be the sum of gas absorption (ag) and particle ab-
sorption (ap). The total cell emission (E¢) can be written as the sum
of gas emission (Eg) and particle emission (Ep). Hence, Eq. (12) can
be written as:

(V-I)(? ) S = — (ag+ap +g5) 1(?

; T’) +ag?+.s®
+ (Eg +Ep)

(13)

By assuming ag = g5 = Si = Eg = 0, Eq. (13) can be summarized to:

4 dl
oT A
ag— A Iri ds d

T P

s
.

O O

.
.
,
.
7
.
.
,
.
.
.
.

i —(a; + 05)Ids

absorption

O
O

O

O O

Fig. 1. Consideration of particle presence by adjusting the absorption and emission
terms of the Radiative Transfer Equation (RTE). The squares represent the CFD cells.
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Ep

2 (14)

(VD5 ) - S =—ap Iy +
In Eq. (14), it is further assumed that the particles are diffuse
emitters and that their emitted radiation equally contributes to the
intensity in all spatial directions. Hence, the particle emission Ep is
divided by 4.

The radiation balance for a single CFD control volume leads to
the discretized form of the RTE:

Nrﬂy — Ep
Z Zfacelface,i SiAfce= —p Wilcenj + Ewi

i

(15)

where ?,- = §,w;. From Eq. (15), it becomes evident that by
adjusting a, and Ep, the influence of particles onto radiation passing
through the cell is incorporated. In this work, we adjust ap and Ep
depending on local porosities and number of particles. By doing so,
different packing densities of particles assemblies can be consid-
ered in the simulation or locally time varying porosities/particle
numbers may be accounted for. Ep, in the Eulerian computational
domain is equal to:

1 N
Ep=y@ ) ephpioTy; (16)
i=1

where Ap; =4mR? is the surface area of a particle i, ¢ is the
emissivity of the particle, V is the CFD cell volume and N is the
number of particles in CFD cell. Consequently, Ej, is zero in cells not
occupied by any particles. The absorption coefficient a, [m~'] in Eq.
(15) can be obtained using:

‘l N
ap =2 > epAproji (17)
i1

In this equation, the projected area of particles (Apy; = 7 R?) is
used as effective surface for absorbing radiation. As the cell ab-
sorption depends on the number of particles, this also means that
shadowing effects are accounted for, at least among CFD cells. With
increasing particle number, a, becomes larger and more radiation is
absorbed in the cell.

One of the main objectives of this paper, as discussed previously,
is to adjust absorption a, and emission Ep and the net radiative heat
flux of particles within the system, Q et rqq p_p» While maintaining a
balance between them. To achieve this balance, it is necessary that
the emission and absorption terms inserted in the RTEs are re-
flected in the heat balance Qo ;a4 p_p fOr a Lagrangian particle. The
radiative balance between absorption and emission is as follows:

: : : Gov 4
Qnet rad. D—-P = Qabsorbed rad.p. — Qemmited rad. p. ZSDQAD ( 4 - an

(18)

The value Gy was already attuned by the presence of the par-
ticles through the inclusion of a, and Ej in the RTEs, as described
above. Eq. (18) assumes that the particle experiences a spatially
homogenous radiation field.

All walls of the enclosure are also assumed to be gray and diffuse
emitters. Incoming radiation grqq in [W/m?] to the boundary of the

enclosure from all directions is determined by evaluating if 5 -

7 > 0is met, with 7 being the boundaries normal vector, pointing
outside the domain.
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the discretized form

qRad.,in (19)

The outgoing radiation for all directions where the condition 5~
« T < 0 is met is given by:
Grad.our = (1 — EW)QRad,in + SWUT\?V (20)
where Ty, and &,, are the temperature and emissivity of the wall.
From Eq. (20), the emitted radiative Intensity Iy is calculated

assuming that radiation is emitted diffusively into the hemisphere
above the wall:

IO = qRad,out/W (21)

3. Validation

The DOM model combined with solid contact heat transfer is
validated using both experimental and numerical data for a pebble
bed under vacuum conditions. The geometry used for the DOM
simulation is based on the experiments conducted by De Beer (De
Beer, 2014), as shown in Fig. 2. The setup is a cubical box with di-
mensions of 042 x 0.42x 0.42 m>. It contains 332 spherical
graphite pebbles with radius of 0.03 m arranged between a heated
(left) and a cooled (right) wall. The box has been filled by a DEM
simulation with the particles dropping from the top. The heated
and cooled wall are also made of graphite and maintained at
isothermal conditions. The other walls (top, bottom, rear and front)
have pre-defined temperatures as listed below. The numerical data
used for comparison are based on the P1 radiation model of Macak
et al. (Macak et al., 2023). Two tests were conducted: the first
analysed heat transfer with radiation only, while the second
involved a combined analysis of radiation and conduction. Each test
considered two different temperature values at the heated and
cooled walls:

e 400 °C of the left wall and 59.39 °C of the right wall
e 800 °C of the left wall and 163.35 °C of the right wall

Fig. 2. Simulation domain for the pebble bed under vacuum conditions.
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In addition, based on fitting the experimental temperature data
from De Beer (De Beer, 2014), two temperature profiles are
considered at the top, bottom, rear and front wall with x being the
spatial coordinate.

400°C: T (x)[K] = — 598.19 x* — 484.58 x -+ 697.66

800°C: T (x)[K] = — 1757.6 x2 — 479.12 x + 1077.1

The thermal conductivity k of the graphite (for particles, heated
and cooled walls) is significantly dependent on temperature, and
varies with temperature according to the below function provided
by fitting the corresponding data from De Beer (De Beer, 2014):

k (T) [%} = (—6 X 10*8) T3 +0.0002 T> - 0.3554 T

-+ 240.047

It is worth noting that the thermal conductivity of graphite (e.g.,
92 W/m-K at 400 °C (De Beer, 2014)) is much larger than that of the
other side walls, which are made from refractory material with a
thermal conductivity of 0.2 W/m-K. Additional simulation param-
eters are detailed in Table 1.

Fig. 3(a) depicts the steady-state temperatures of each individ-
ual particle along the x-direction considering only radiative heat
transfer for the 400 °C (upper left) and 800 °C (lower left) cases,
respectively. The DOM results show good agreement with the P1
model.

When conduction is included in the heat transfer analysis,
compared to the radiation solution only, the particle temperature is
slightly increased near the heated wall and decreased significantly
close to the cooled wall. Fig. 3(b) illustrates this effect for 400 °C
(upper right) and 800 °C (lower right) cases. In both instances, the
numerical results are also in good agreement with the experi-
mental data. The comparison with the experimental data highlights
the accuracy of the present approach in capturing the combined
effects of conduction and radiation. Based on this validation, the
next section will examine a more complex setup of moving parti-
cles, and it will also include the effect of convection.

Note that accurate description of convective heat transfer has
been validated in our previous studies (Rickelt et al., 2013;
Sudbrock et al., 2015).

4. Test case: numerical setup, geometry and boundary
conditions

As the motivation of the current paper is the analysis of the
interplay of convective, conductive, and radiative heat transfer in
moving packed beds of spatially varying packing density, a test case

Table 1

Simulation parameter used for validation case.
Parameter Symbol Unit Value
Simulation time step At [s] 0.05
Emissivity of particles &p [-] 0.8
Emissivity of heated/cooled wall ew [-] 0.8
Emissivity of top, bottom, rear and front walls &y, [-] 0.67
Absorption coefficient of top, bottom, ay [m1] 0.67

rear and front walls

Absorption coefficient of heated/cooled walls  aw [m1] 0.8
Absorption coefficient of particles ap [m1] Eq. (17)
Heat capacity of particles and all walls [ [J/(kg-K)] 710
Young's modulus of particles and all walls Y [GPa] 11
Density of particles and all walls P [kg/m3] 1650
Side walls thermal conductivity k [W/(m-K)] 0.20
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Fig. 3. Temperature distribution along the x-direction in the cubic domain presented in Fig. 2 under vacuum conditions.

has been setup that allows for such an analysis. This test case is
depicted in Figs. 4—6.

A box with dimensions of 0.4 x 0.3 x 0.1 m? is used (Fig. 4). The
domain is meshed by 6200 hexahedral elements. The upper part is
meshed with smaller elements, and the polyhedral elements are
located at the intersection of the small and large cells. The gas flow
enters the domain from the bottom surface and exits through a
small outlet with the dimension of 0.02 x 0.02 m?, located at the
top of the right boundary of the box (red area shown in Fig. 4). The
particles are located in the blue region shown in Fig. 4. The particle
region has a height of 0.1 m, and the particle flow occurs through
the left boundary whose dimensions are 0.1 m x 0.1 m. The par-
ticles exit through the right outlet boundary. The particle region is
positioned within a larger enclosure, leaving a free space both
above and below the particle layer. Specifically, the lower layer of
particles is positioned 0.1 m above the bottom boundary of the box,
and the top layer of particles is 0.1 m below the top wall. Three
distinct arrangements of spheres are used, as shown in Fig. 5. The
first is a dilute case composed of 540 spheres, followed by a mod-
erate case with 2560 spheres, and a dense case with 5000 spheres.

The packing porosities within the sphere zone (not the entire
box) are 93 %, 66.5 %, and 34.5 % for the cases with 540, 2560, and
5000 spheres, respectively (see Table 1). It should be emphasized
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that these porosities are mean values; however, in the fluid equa-
tions, the local porosity in each fluid cell is used.

The cases are generated as follows: First, 5000 spheres are
randomly distributed in the domain by dropping the spheres from
the top by a DEM simulation. Next, nearly half of the spheres are
arbitrarily eliminated to create a moderate case, and lastly, nearly
2000 more spheres are arbitrarily removed to reach the dilute case.
There is an average of 10, 5.12, 1.08 spheres in each fluid cell for the
dense, moderate and dilute cases, respectively.

For each case, a constant velocity in the x-direction is imposed
to all the particles (i.e., the particles follow a prescribed motion and
the mechanical part of DEM describing particle motion is not
further solved, only the thermal part of the DEM code). The particle
velocities differ across the three cases (see Table 2). However, all
cases maintain the same mass flux of particles. The particle mass
flux is 3.665 g/fs, resulting in the entry of 10 particles per second
into the domain. The time required for one particle to move from
the left to the right of the box, t;esigence> 1S Shown in Table 2.

The passing fluid is assumed to be air with a thermal conduc-
tivity of 0.04 W/(m-K). The assumed material properties for the
solid, considered to be wood, are as follows: p, = 700 kg/m? is the
density of the particles and ¢ = 1500 J/(kg-K) is the specific heat
capacity of the particles, k, = 0.19 W/(m-K) is the thermal con-
ductivity of the particles and T}, is the surface (the most outer shell)
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temperature of the particles. All particles have a radius of 5 mm,
with an emissivity ¢, of 0.85. Table 3 displays all the simulation
parameters.

The boundary conditions are depicted in Fig. 6. The air (23 mass
% 0, and 77 mass % N;) enters the domain from the bottom with
the velocity of 0.3 m/s and exits the domain at the top right. The
inlet temperature of the passing gas, Tg iner, is fixed at 1373.15 K.
The particles enter the domain from the left at 298.15 K and exit the
domain at the right side. The outlet has a zero-gradient boundary
condition for velocity and temperature. The pressure P at the outlet
is zero relative to atmospheric pressure. The velocity of the fluid at
all walls is zero (no slip condition). Furthermore, all walls are
adiabatic.

A fixed temperature of T,y = 2573.15 K is defined for the top
wall, while the remaining walls are maintained at T,y = 298.15 K.

Four different scenarios are simulated for each packing density.

Scenario I: Exclusively considers radiation effects from the top
wall. Convective heat transfer and thus conductive exchange
among particles are neglected.

Scenario II: Focuses solely on convective heat transfer between
the fluid and particles.

Scenario III: Enhances scenario II by incorporating conduction
among spheres.

Scenario IV: Convection, conduction, and radiation are all active.

Particuology 100 (2025) 78—94

5. Results and discussion

The results of this section demonstrate the effects of three
distinct heat transfer mechanisms—convection, conduction, and
radiation—in a system of spherical particles exhibiting three
different packing densities (540, 2560, and 5000 particles). The
analysis is based on the evolution of particle surface temperatures,
fluid temperature distributions, particle temperature histograms
and incident radiative heat fluxes. All results correspond to the end
of several particle residence times for each case in order to reach
steady-state conditions.

5.1. Scenario I, radiation only

Fig. 7 shows the particle surface temperature distribution (in the
frontal view) for scenario I across all packing densities under
radiative heating from the top wall set at 2573.15 K. The colour scale
represents temperature, with red indicating higher temperatures
and blue indicating lower temperatures. Particles enter the domain
(left) at a low temperature and progressively heat up as they move
towards the opposite side (right). The residence time of the parti-
cles in the domain is 54 s in the 540-sphere case, and 256 and 500 s
in the other two cases, respectively (see Table 2).

In all three cases, the particle temperature distribution is rather
“skewed”. Distinct temperature gradients are visible in vertical and
horizontal directions. This is an immediate effect of the different a)
bulk porosities and b) bulk velocities.

The heating of the particles originates from radiation by the
high-temperature top wall, which first heats up particles that are
visible to the wall. These are mostly particles in the bulk's upper
layer, but radiation can already penetrate deeper into lower layers,
depending on the local packing porosity. As the temperature of the
upper layer particles increases, the particles emit more radiation
and contribute to the heating of the particles with lower temper-
atures, which are in layers below. Thus, a radiative heating front
penetrates through the bulk in vertical direction.

Due to the bulk motion, particles in the upper layer are not
heated up homogeneously. Instead, as the particles are moving
from left to right, particles that are further at the outlet have
received more heat and are at higher temperatures. This also means
that the radiative heating front in the vertical direction already
penetrated deeper layers of the bulk at this position.

As the velocities (residence times) are different for the three
cases, the particles in the upper layer(s) also depict different
heating behaviour, which in turn affects the progression of the
heating front in vertical direction. This phenomenon will be dis-
cussed based on incident radiation G further below.

Fig. 8 shows temperature histograms, i.e., the percentage of
particles (relative to the total number of particles in each case)
versus their surface temperatures for scenario L. In Fig. 8(a), the

gas
flow
outlet

particle
flow
outlet

Fig. 5. Three distinct moving bulk cases: (a) dilute case composed of 540 spheres (b) moderate case composed of 2560 spheres (c) dense case composed of 5000 spheres.
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Table 2

Bed porosity (@), velocity of particles (vspperes), particle mass flux (Mgyperes), and the
time required for one particle to move from the left to the right of the box (t,esigence)
for the three cases. N shows the number of particles, and vg e, represents the gas
velocity at the entrance of the domain.

Parameter Unit Dilute Moderate Dense

N [-] 540 2560 5000

%] [%] 93 66.5 34.5
Vspheres [m/s] 0.00743 0.00156 0.0008
Mspheres [kg/s] 0.003665 0.003665 0.003665
Lresidence [s] 54 256 500

Vg inlet [m/s] 0.3 0.3 0.3

particles for the 540-, 2560-, and 5000-sphere case have different
residence times as listed in Table 2. In Fig. 8(b), the residence times
for 540-, 2560-, and 5000-sphere are identical with the residence
time of the 540-sphere case listed in Table 2. The reason for the
selection of an additional simulation setup with same residence
time will be explained later.

The left side of each graph in Fig. 8 represents the particles at
low temperatures near the particle inlet, as well as those in the
bottom layer. The right side of the graphs represent the particles at
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high temperatures, which are those closest to the particle outlet,
specifically, the top layer.

For the 5000-sphere case in Fig. 8(a), some particles in the upper
layers reach temperatures as high as 1567 K due to their long
exposure to radiation (the longest residence time in the domain). In
contrast, the maximum temperatures reached in the 2560- and
540-sphere case are 1347 and 1400 K, respectively. The tempera-
ture of the 540-sphere case is slightly higher than for the 2560-
sphere case, although the residence time is significantly lower for
the 540-sphere case. This can be explained with the higher visi-
bility (higher bulk porosity) of the spheres in the 540-sphere case:
Not only does the radiation penetrate better in vertical direction,
also transfer in horizontal direction is increased for the 540-sphere
case. This means that particles in the upper layer, once heated,
contribute to the heating of neighbouring particles in the same
layer. Even though the residence time is shorter in the 540-sphere
case, the cross-heating due to better visibility compensates for it.

There is a peak on the left side of the histogram for both the
2560-sphere and 5000-sphere cases, which corresponds primarily
to particles at lower temperatures in the bottom layer as well as the
incoming particles. This peak is absent in the 540-sphere case since
nearly all bottom particles receive radiation directly from the top
wall and only a few particles close to the particle inlet are at low
temperature.

To isolate the effect of bulk porosity on the radiation field and
temperature distribution, another test was performed where par-
ticles in all three cases move at the same velocity as in the 540-
sphere case, i.e., they have the same residence time of 54 s in the
domain. The results are shown in Fig. 8(b). As the residence time for
the 2560-sphere and 5000-sphere is now much smaller than
before, the number of particles at low temperatures increases
significantly in both cases. As a result, the left peak in the diagram
increases from approximately 3% to over 12%. The maximum tem-
perature decreases from 1347 K to 1179 K in the 2560-sphere case
and from 1567 K to 1320 K in the 5000-sphere case due to reduc-
tion in the residence time. Again the 540-sphere case shows the
highest temperatures with values up to 1400 K due to the “visibility
effect” explained above.

Fig. 9 shows the incident radiation G within the domain in [W/
m?] as described in Eq. (11). Fig. 9(a) shows the results for different
particles residence times and Fig. 9(b) for the same residence time.
The local G values reflect the penetration depth of radiation
through the particle bed. The region containing the particles is
highlighted in green with rows of fluid cells in this area numbered

Table 3

Simulation parameters.
Parameter Symbol Unit Value
CFD time step At [s] 0.0002
Domain size Axxdyx Az [m3] 0.4 x 0.2 x 0.02
Mesh size in the bulk region Axxdyx Az [m3] 0.02 x 0.02 x 0.02
Particle radius R [m] 0.005
Particle density Pp [kg/m?] 700
Particle emissivity & [-] 0.85
Particle absorption coefficient ap [m~1] Eq. (17)
Particle thermal conductivity kp [W/m-K] 0.19
Particle Poisson's ratio Vp [-] 0.35
Particles specific heat capacity Cpp [J/(kg-K)] 1500
Particles Young's modulus Y [Pa] 10e*?
Gas thermal conductivity k [W/m-K] 0.04
Gas absorption coefficient ag [m~1] 0
Gas emissivity e [-] 0
Absorption coefficient of top wall aw [m~1] 0.7
Absorption coefficient of all walls except top wall aw [m-1] 1
Emissivity of top wall ew [-] 0.7
Emissivity of all walls except top wall ew [-] 1

86



R. Abdi, B. Jaeger, E. lllana et al.

T

1

+—+—+—+1+1+T1++1TT1+

1+

e
T+

+——+——t++++++—++++1+++1+1+1
+—~+~+++++++++++++F+++
4+ +4++++++++++++E+H A+ A
o»\y»;*o¢q¢‘@,‘4{o‘4
1 - 1 1 1 1 & & 1 1 1 1 1 1 1 | .| * £ J
R
Phtttttrt bttt bt bttt bttt bttt bt bbbttt
ERAAAA A immm T HH
D FHHEE A
EEE e e e e e e
B e e
[ssssssssssssssssssssssssssssssssssssssns)
HHH++++++HH
sSSSSSSSSSSSSSSSSSSSSSaaESaaEEanaanaEnEE|
HHH e
B T S i i
S50 5 A R A R S A

ALY i A
8 S a e e es e

)98 8¢ 18688888 88% %
OO
X e e e e nie s
- B e i i
+—+—+—+—+++1T++1T+FT++1T1++1
+r+++4+++++++++H++H+H++H

[ | |

—=H———t—t—+—t—+—+1+—++++F+++1++
B 0 5 6 (O ' ) () (S (N T O [ (A (0 (O L) 1

1500 1000 600 300 1.

- o Lp[K]

Fig. 7. Frontal view: particle surface temperature distribution due to radiative heat
transfer in 540 (top), 2560 (middle), and 5000 (bottom) sphere cases (scenario I).

from 1 to 5. This numbering will help clarify the discussion in the
following section.

Fig. 9(a) indicates that for all three packing densities, radiation
reaches the lowest layer of particles. The radiation penetration
depth in the 5000-sphere case is larger than in the other cases,
which is related to the larger residence time of the particles in the
domain compared to the 2560- and 540-sphere cases. The densely
packed upper sphere layer in the 5000-sphere case receives more
radiation from the top wall and with sufficient time, the particles of
the top layer will emit more radiation to the lower layers, leading to
a larger penetration depth of radiation. The 540-sphere case ex-
hibits larger penetration in horizontal direction compared to the
2560-sphere case, as seen on the left side of rows 2 and 3 in Fig. 9(a)
(more red-coloured fluid cells with high G). These higher values can
be attributed to the lower packing density, which allows for higher
visibility of the spheres in horizontal direction. The already heated
particles on the right side of layers 2 and 3, transfer more effectively
heat towards the yet low-temperature neighbouring particles. This
is because the lower packing density results in a smaller absorption
coefficient in the DOM equations in horizontal direction. In the
540-sphere case, radiation also penetrates more effectively in the
vertical direction, reaching strongly down to the 3rd layer in a
shorter time (54 s) compared to the 2560-sphere case (256 s). The G
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values averaged for all fluid cells in the 2nd and 3rd rows are
notably higher in the 540-sphere case, with 389.8 and 194.7 kW/
m?, compared to 313.5 and 148.7 kW/m? in the 2560-sphere case,
respectively. Again, the more dispersed arrangement of particles
(larger void space between particles) allows radiation to penetrate
directly to the bottom layers compared to the other cases. This
ultimately means that the lower packing densities compensate for
the shorter residence times regarding heating, due to an improved
visibility. This, however, is only true to some degree, as the resi-
dence time for the 5000-sphere case is so long, that the radiation
can penetrate deeply into the bed due to the radiation of particles
from the top layers, which are at high temperature, to the bottom
layers. In fact, the 5000-sphere case exhibits the largest penetration
depth, with an average G value, for instance, in the 2nd and 3rd
rows are 566.9 and 291.8 kW/m?, which exceeds the corresponding
values in the two other packing densities. Summarizing, it can be
said that residence time and packing porosity have a competing
impact onto the penetration depth of radiation.

As can be seen in Fig. 9(b), under the condition of identical
residence time, as expected, the 540-sphere case has the highest
penetration depth compared to the other cases (deep red particles
in the 3rd row of the CV cells) due to dispersed arrangement of
particles (the large void fraction). In this case, the larger void
fraction enables radiation to reach the lower layers of particles
directly, and, therefore, the 540-sphere case shows the highest G
values for all cases considered here. For other two cases, which have
lower void fractions, the radiation front is penetrating only about
halfway through the bulk - significantly less than in the 540-sphere
case. However, for the denser cases, radiation absorption in the
dense top layers and its subsequent transfer to the lower layers
becomes more important. This effect is stronger for the denser
packed beds. This is why the values of G in the 5000-sphere case are
larger than those in the 2560-sphere case in the upper layers. For
example, in the second row, average G value is 132.42 kW/m? in the
2560-sphere case and 171.08 kw/m? in the 5000-sphere case.

The average G values in row 5 are 36.4,1.96, and 0.84 kW/m? in
540-, 2560- and 5000-sphere case, respectively. This means that
only in the 540-sphere case, the lowest particle layers really receive
direct radiative heat from the top wall. For the two other cases with
lower bed porosity, the G values are almost negligible with slightly
larger values for the 2560-spheres case due to its lower packing
density.

Fig. 10 shows the average particle surface temperatures at the
outlet of the domain. In Fig. 10(a) (different residence times), the
average particle temperatures at the outlet of the domain, T}, 5yer»
are 1024.1, 982.4, and 1160 K for the 540-, 2560-, and 5000-sphere
cases, respectively. This indicates that the temperatures are ordered
according to their incident radiation G (Fig. 9(a)) and not their bed
porosity @. The 5000-sphere case shows the highest G in Fig. 9(a)

(Tpoutler 1160 K, @ = 34.5%) followed by the 540-sphere case
(Tp outter 1024.1 K, @ = 93%), and then the 2560-sphere case (T oytler
982.4 K, @ = 66.5%). The reason for this ordering has already been
explained above.

In the cases with identical residence time (Fig. 10(b)), Tp,outle[
values are 1024.1, 626.6, and 602 K for the 540-, 2560-, and 5000-
sphere case, respectively. Here, the ordering is strictly based on bed
porosity. For the 540-sphere case, higher G values, as previously
discussed, are present in the region of the lower particle layers
(Fig. 9(b)), leading to the highest T}, syer-

For the 2560- and 5000-sphere cases, the average G values in
the 4th and 5th rows are very small (2560: 9 kW/m? - 4th row,
1.94 kW/m? - 5th row; 5000: 7.3 kW/m? - 4th row, 0.84 kW/m? -
5th row), i.e. particle heating by radiation is almost negligible for
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Fig. 8. Percentage of particles (relative to the total number of particles in each case) versus their surface temperature across the entire domain in 540 (top), 2560 (middle), and 5000
(bottom) sphere cases (scenario I). (a) Particle residence time based on Table 2. (b) Same particle residence as 540-sphere case.

both cases. Here, the larger number of particles at low tempera-
tures in rows 4 and 5 for the 5000-sphere case become important,
leading to a lower mean particle outlet temperature Tp‘outlet
compared to the 2560-sphere case). This occurs, although for the
5000-sphere case, the G values are larger in the upper rows (see
section above). Thus, the many particles at low temperatures for
the 5000-sphere case overcompensate the larger incident radiation
in the upper layers.

For the cases with different residence times, the standard de-
viation of particle temperatures is 59.8, 23.8, and 8.3 K for the 540,
2560, and 5000-sphere (Fig. 10(a)), and for the cases with same
residence time 59.8, 22.6, and 11 K (Fig. 10(b)), respectively. Thus,
the standard deviation consistently decreases as the number of
spheres increases, regardless of whether the residence times vary
(Fig. 10(a)) or are the same (Fig. 10(b)). The 5000-sphere case has
the smallest standard deviation in both Fig. 10(a) and (b). It shows
that as the number of particles increases, the thermal energy tends
to be more evenly distributed across the spheres, resulting in a
lower standard deviation of temperature. In the 540-sphere case,
individual particles may experience more significant fluctuations,
leading to a larger spread of temperatures. Fewer particles mean
that these variations are not averaged out as effectively as in denser
systems.

5.2. Comparison of scenario Il (convection), Ill (convection and
conduction), IV (convection, conduction and radiation)

Fig. 11 shows the particle surface temperatures in the packed
bed and the distribution of fluid temperature for the three sce-
narios II, III, IV. Arrows within the fluid domain represent the di-
rection of airflow. Note that fluid inlet is not positioned directly at
the lower layer of the particle bed, it is located 0.1 m below the
bottom layer of spheres, i.e., gas velocity field upstream of the bed is
influenced by the local bed porosity. This is particularly visible in
the 540-sphere case for scenarios Il and III (Fig. 11(a) and (b)). Here,
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a recirculation zone exists upstream of the bed at the right side of
the domain, also indicated by the blue colour of the gas tempera-
ture. In this area, low-temperature gas from downstream of the bed
flows back through the granular assembly. This is possible as bed
porosity is low and the low flow resistance in the bed allows for
backflow. Interestingly, the recirculation zone vanishes for scenario
IV. Additional particle heating through radiation raises particle
temperatures, which in turn increases gas temperatures, affecting
the pressure and velocity field in a way that suppresses backflow. In
the two cases with higher packing density, recirculation does not
occur at all, as flow resistance in the bed is larger due to the lower
bed porosity, and hence backflow is avoided.

In Fig. 11(a), scenario II, with just convective heat transfer, the
particle surface temperatures in the 540-sphere case remain low.
This is caused by the short residence time of the particles in the
domain, along with the relatively small heat transfer coefficients in
the bed (gas velocity is small due to the low packing density). The
gas temperature downstream of the bed is locally enhanced as the
gas is not able to transfer all its enthalpy to the particles.

For the 2560-sphere and 5000-sphere cases in Fig. 11(a), the
situation is different. The longer particle residence together with
the increased mean gas velocity in the bed (due to porosity
reduction of the bed) leads to stronger heat up of the particles. This
is mainly visible for the lower particle layers at the exit of the
domain. The upper particle layers stay at relatively low tempera-
tures, as the enthalpy of the gas is almost completely transferred to
the lower particle layers. This also results in a low gas temperature
downstream of the bed.

Fig. 11(b) shows the results for scenario Ill, where conduction
between particles is incorporated along with convective heat
transfer. The addition of conduction leads to noticeable changes in
the temperature distribution for the 2560- and 5000-sphere con-
figurations, while its effect is less significant in the 540-sphere case.
This small effect in the 540-sphere case is due to the limited
number of particles in contact. Convection dominates the heat
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Fig. 9. Incident radiation contour in 540 (top), 2560 (middle), and 5000 (bottom) sphere cases (scenario I). (a) Different residence time based on Table 2. (b) Same residence time as

540-sphere case.

transfer mechanism here. The number of contacts is 207, 4318,
16589 in the 540-, 2560-, and 5000-sphere cases, respectively.

The most notable changes occur in the 5000-sphere configura-
tion. Conduction effectively transfers heat between particles of
different temperature in this densely packed bed, causing the top
layers to heat more rapidly than before. The temperature gradients
are less steep compared to the convection-only scenario II in
Fig. 11(a).

Fig. 11(c), the combination of convection, conduction, and ra-
diation (scenario IV), provides the most uniform heating across all
configurations. The introduction of radiation from the top wall
enhances the heating of particles, especially in the upper layers.

The upper particles in the 540-sphere case, which previously
remained at low temperatures due to the limited impact of con-
vection, show now elevated temperatures due to radiative heat
transfer from the top. The top layer of particles at the outlet reaches
a maximum temperature of 1291 K, while some particles in the
bottom layer at the outlet have a temperature of 1055 K.

Radiation has a strong effect in the denser configurations. The
high-temperature zones expand as radiation heats the top layers,
which were at lower temperatures due to limited convection and
conduction. The previously observed temperature gradient be-
tween the top and bottom layers is substantially reduced. In the
2560 and 5000-sphere cases, the upper layers now reach temper-
atures slightly larger than those of the lower layers.
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In all the three different packing density cases, the gas tem-
perature downstream of the bed is now high, in contrast to scenario
Il and III. This occurs because the particles with high temperatures
in the top layers transfer significant heat by convection to the gas
phase and not all the heat supplied to the system can be stored in
the particles.

Fig. 12 displays histograms of particle surface temperature dis-
tributions for each heat transfer mode (scenarios II, 111, and IV) and
for each packing density (540, 2560, and 5000 spheres). The par-
ticles with high temperatures on the right side of each graph are
those closest to the particle outlet—specifically, the bottom layer in
scenarios Il and IIl and the top layer in scenario IV. Conversely, the
left side of the graphs represents particles with low temperature
near the particle inlet, as well as those in the top layer in scenarios Il
and IIL.

For scenario II (just convection Fig. 12(a)), the 540-sphere case
exhibits a narrow histogram of almost symmetric shape with the
particles reaching a maximum temperature of 856 K. The temper-
atures at the right side of the graph remain relatively low due to the
short residence time of the particles in the domain (54 s). A few
particles are at their initial low temperature (298 K), corresponding
to the incoming particles. In the denser cases, the particle tem-
perature distributions are broader, reaching maximum tempera-
tures up to 1322 K (2560-sphere case) and 1348 K (5000-sphere
case), i.e., some particles reach almost gas temperature
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Fig. 10. Average particle surface temperatures at outlet of the domain T}, g and the
standard deviation (as numbers) in 540 (blue), 2560 (orange), and 5000 (green) sphere
cases (scenario ). (a) Different residence times based on Table 2. (b) Same residence
time as 540-sphere case.
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(1373.15 K). This can be attributed to the extended particle resi-
dence times of 256 s (2560-sphere case) and 500 s (5000-sphere
case). A peculiarity of the histogram of the 5000-sphere case is
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b) scenario III
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its rather asymmetric shape with a peak at low temperatures; many
particles stay near their initial temperature (298 K). Particularly, in
the entrance area of the domain, the many low-temperature par-
ticles in the bottom layers consume most of the heat delivered by
the gas with the consequence that the upper layers receive no
convective heat and stay at low temperatures. A second peak is
located at higher temperature around 1200—1300 K, which is
caused by the particles in the bottom layers at the domain outlet.
These particles reach almost gas temperature. In the 2560-sphere
case, a broad distribution can be observed too. The shape of the
histogram falls between the symmetric shape seen in the 540-
sphere case and the asymmetric shape in the 5000-sphere case.
In the 2560-sphere case, nearly all particles are heated up, and the
left peak does not occur in this case. Only a few particles reach the
fluid inlet temperature, as they remain in the domain for approxi-
mately half the duration compared to the 5000-sphere case.

The histogram for the 540-sphere case in Fig. 12(b) (scenario III,
convection and conduction) shows that the temperature distribu-
tion remains similar to the convection-only case (scenario II). This is
caused by the small number of direct particle contacts for this low
packing density configuration, i.e., the contribution of contact heat
transfer is small. In the denser cases, the introduction of conduction
results in an equilibration of the temperatures in the packing
compared to the convection-only scenario II. Fewer particles
remain at their initial low temperature, but more particles reach
higher temperatures, particularly in the 5000-sphere case.
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Fig. 11. Frontal view: particle surface temperature distribution across various heat transfer modes: (a) convective heat transfer (scenario II), (b) convective heat transfer plus
conduction among particles (scenario III), (c) convective heat transfer and conduction among particles plus radiation (scenario IV).
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Fig. 12. Percentage of particles (relative to the total number of particles in each case) versus their surface temperature across the entire domain in 540 (top), 2560 (middle), and
5000 (bottom) sphere cases. (a) Convective heat transfer (scenario II), (b) convective heat transfer plus conduction among particles (scenario III), (c) convective heat transfer and

conduction among particles plus radiation (scenario IV).

Although more particles reach higher temperatures, the number of
particles reaching the highest temperature decreases. The
maximum temperatures decrease from 1322 K to 1309 K (2560-
sphere case) and from 1348 K to 1244 K (5000-sphere case). This
reflects the enhanced heat transfer due to conduction, which helps
to distribute heat more evenly across the particle bed.

As can be seen in Fig. 12(c), radiation has a significant effect on
the temperature distribution (scenario IV: convection, conduction
and radiation). The histograms become right-skewed due to the
strong effect of radiation. For the 540-sphere case, the histogram
shows that more particles reach higher temperatures compared to
scenario II and III, indicating that radiative heat transfer from the
top wall accelerates the heating of the particles drastically, partic-
ularly those in the upper layers. Radiation dramatically shifts the
temperature distributions in the denser configurations. Most par-
ticles in all packing densities now reach temperatures above
1000 K. This shift indicates that radiation is the dominant heat
transfer mechanism, overcoming the limitations of convection and
conduction. The particles reach a maximum temperature of 1386 K
in the 540-sphere case, 1516 K in 2560-sphere case and 1529 K in
5000-sphere case.

A comparison of the temperature histograms of scenario IV,
which includes convection, conduction, and radiation (Fig. 12(c)),
and the radiation-only scenario I (Fig. 8(a)) offers insight into the
contribution of the different heat transfer mechanism. Of course,
across all three packing densities, the inclusion of conduction and
convection in Fig. 12(c) results in higher overall particle tempera-
tures than in the radiation-only scenario I in Fig. 8(a). As a result,
the left peak in the temperature distribution, which corresponds to
particles at lower temperatures, is noticeably reduced in Fig. 12(c)
for all packing densities.

In the 540-sphere case, the temperature distribution changes
slightly when comparing the radiation-only scenario I to the full
heat transfer scenario IV. In the full heat transfer scenario, fewer
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particles are at the low temperature end of the histogram. Partic-
ularly, this shift is related to the fact that bottom layer particles now
receive heat due to convection.

In the 2560-sphere cases, the maximum temperature increases
from 1347 K in the radiation-only scenario I to 1516 K in the full
heat transfer scenario IV. In scenario 1V, the particles in the bottom
layers receive convective heat by the gas, and the particle tem-
perature increases in the bottom layer. Consequently, they can
absorb significantly less heat from the high-temperature particles
in the top layer, allowing the top layer particles to further increase
in temperature through radiation. This leads to the increase in
maximum particle temperatures.

In contrast, in the 5000-sphere cases, the maximum tempera-
ture decreases from 1567 K in the radiation-only scenario I to
1529 K in the full heat transfer scenario IV. Due to increased con-
duction from the higher packing density, the maximum tempera-
ture is slightly reduced, resulting in a smoother temperature
distribution throughout the domain, as shown in Fig. 11(c) (sce-
nario IV).

Fig. 13 presents the average particle temperatures at the outlet
of the domain, T}, oyger, for scenario I1, 11l, and 1V.

In scenario II (Fig. 13(a), convection only), the outlet tempera-
ture is ordered based on particle residence time. As a result, the
5000-sphere case has the largest outlet temperature, followed by
the 2560-sphere case, and then the 540-sphere case. When con-
duction is introduced (scenario III, Fig. 13(b)), the outlet tempera-
ture for the 540-sphere case remains the same, but interestingly,
the outlet temperatures for the 2560-sphere and 5000-sphere
cases, decrease slightly. The explanation for this behaviour is that
conduction equilibrates the temperatures in the bed and leads to
reduction of the driving temperature difference between gas and
particles for convective heat transfer. This is, for example, docu-
mented by the decrease of the convective heat transferred to the
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Fig. 13. Average particle temperatures at the outlet of the domain Tpvaum and the
standard deviation (as numbers) in 540 (blue), 2560 (orange), and 5000 (green) sphere
cases. (a) Convective heat transfer (scenario II), (b) convective heat transfer plus
conduction among particles (scenario III), (c) convective heat transfer and conduction
among particles plus radiation (scenario V).

particles for the 2560-sphere case. Here, the convective heat
transfer to the particles is reduced from 3117 W (scenario II, con-
vection only) to 3057 W (scenario III, convection and conduction).
As the 5000-sphere case is the most densely packed, the impact of
conduction is also the largest. This clearly shows the importance of
conduction in very densely packed beds. When adding radiation
(Fig. 13(c)), an increase in Tp,out,et occurs across all packing
densities.

The smaller standard deviation in Fig. 13(b) (scenario III)
compared to Fig. 13(a) (scenario II) across intermediate and dense
packing densities indicates better temperature uniformity. This
confirms that conduction effectively reduces temperature dispar-
ities among particles. As can be seen in Fig. 13(c) (scenario IV),
adding radiation promotes more uniform heating in the 2560- and
5000-sphere cases documented by lower standard deviation
compared to scenario Il and IIl. This is because in scenario IV the
particles in the top layers are now intensively heated by radiation.
While the top layer particles stay at relatively low temperature
without radiation, they now depict higher temperatures and,
thereby, contribute to a lower standard deviation. In contrast, for
the 540-sphere case, standard deviation increases for scenario IV.
While the high-temperature fluid flow (scenarios II/III) already
managed to heat up the particles in all layers quite equally, particles
in the top layers are now at much higher temperature than in the

540-sphere

2560-sphere
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lower layers due to radiation, thereby increasing the spread of
temperature in the bed and, hence, standard deviation.

Of course, the outlet particle temperature is larger for scenario
IV (Fig. 13(c)) compared to scenario I (Fig. 10(a)) for all packing
densities, as additional heat is supplied form outside to the system
by convection. However, the standard deviation is lower for sce-
nario IV compared to scenario I, indicating that radiation alone does
not promote uniform heat distribution as effectively as the com-
bination with convection and, particularly, conduction.

5.3. Individual contribution of the heat transfer mechanisms to bed
heating, scenario IV

To elaborate which heat transfer mechanism dominates, sce-
nario IV is analysed further concerning the heat fluxes delivered to
the particles from outside (convection and radiation). The data
clearly shows that radiation is the dominant heat transfer mecha-
nism, as the instantaneous radiative heat transferred to the parti-
cles in the 540-, 2560-, and 5000-sphere measures 3302, 4577, and
4495 W, respectively. In contrast, the heat transferred via convec-
tion is only 1069, 548, and 380 W, respectively.

The result for convection is surprising at first glance, as
convective heat of the 540-sphere case is significantly larger
(1069 W) than for the 5000-sphere case (380 W). For two reasons,
one would expect the opposite: First, porosity in the 5000-sphere
case is lower, and, hence, the mean gas velocity, and, conse-
quently, the heat transfer coefficient is larger than in the dilute
packing. Second, the number of particles in the dense packing is
around 10 times larger than for the dilute packing.

This opposing trend can be explained as follows: a) particles can
gain or lose heat through convection depending on whether the
temperature difference between gas phase and particle is positive
or negative. For the 5000-sphere case, the particles receive
a +2110 W from the gas phase whereas the particles
transfer —1730 W to the gas phase, leading to the net value of
380 W. In comparison, for the 540-sphere case the particles
receive +1213 W from the gas phase whereas the particles
transfer —144 W to the gas phase, leading to the net value of
1069 W. This means that, for the 540-sphere case, in most areas of
the particle bed the gas temperature is above the particle temper-
ature, except for the particles in the top layer towards the exit of the
domain, where some high-temperature particles transfer heat to
the gas phase. In contrast, in the 5000-sphere case there are
distinctive larger areas where the driving temperature is positive or
negative. Particles receive convective heat in the entrance area of
the domain and in the bottom layers, where particles are at a low
temperature, but also lose significant convective heat as many

5000-sphere

B Convection M Radiation

Fig. 14. Contribution of convection and radiation to the heat stored in the particles in heat transfer scenario IV for the different packing densities (540, 2560, and 5000 spheres).
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particles above gas temperature exist in the top layers (highest
radiation penetration depth as discussed before). b) when calcu-
lating the mean temperature difference between the gas phase and
the particle, which drives the convective heat transfer to the par-
ticles, this difference is 230 K for the 540-sphere case, but only 20 K
for the 5000-sphere case. This lower driving temperature differ-
ence compensates for the high particle number in the calculation of
the convective heat flux.

The net effect is illustrated in the pie charts in Fig. 14. It presents
the relative contributions of convection (blue) and radiation (or-
ange) to the heat stored in the solid phase for the three different
packing densities. In all configurations, radiation is the dominant
heat transfer mechanism, accounting for 76% in the 540-sphere
case, 89% in the 2560-sphere case, and 92% in the 5000-sphere
case. This demonstrates that radiation becomes increasingly sig-
nificant as packing density increases.

6. Summary and conclusion

This study employed the Discrete Ordinates Method (DOM)
within the framework of a coupled Discrete Element Method and
Computational Fluid Dynamics (DEM-CFD) model to effectively
simulate radiative heat transfer in granular particle systems. The
Averaged Volume Method is used, in which time-varying source
terms and a porosity field, integrated into the Navier-Stokes
equations, represents the inclusion of particles. Incorporating
local bed porosity into the equations of particle emission, particle
absorption, and radiation propagation allows to consideration of
different packing densities. The absorption and emission co-
efficients have been adapted such that a consistent balance occurs
across different packing densities. The accuracy of the DOM model
is validated by comparing its results with both the P1 radiation
model and experimental data for a bed of spherical particles.

A numerical test case has been set up to investigate the inter-
action between heated walls, moving particle layers with pre-
scribed velocity, and passing air in cross flow with the particles. The
particles are heated by the top wall (2573.15 K) of the simulation
domain and by the cross flow of air (1373.15 K) with a constant inlet
velocity of 0.3 m/s. Conduction between particles is considered too.
Four scenarios have been formulated and analysed: scenario I (just
radiation), scenario II (just convection), scenario III (convection and
conduction), scenario IV (convection, conduction and radiation).
Three granular assemblies with different packing densities are
considered: dilute (bed porosity 93%), moderate (bed porosity
66.5%), and dense (bed porosity 34.5%). The dilute, moderate, and
dense cases consist of 540, 2560, and 5000 randomly distributed
spheres, respectively. The spheres travel along a fixed path within a
rectangular domain, gradually increasing in temperature as they
progress toward the exit. The incoming particle mass flow has been
set constant, i.e., the three cases show different particle residence
time in the simulation domain. The 540-sphere case shows the
lowest residence time (54 s), whereas 5000-sphere case has the
largest residence time (500 s). In addition, for scenario I (just ra-
diation), an additional simulation setup is considered, where par-
ticles in the 2560- and the 5000-sphere case have the same
residence time as in the 540-sphere case.

A thorough discussion explains the temperature distribution
within both the fluid domain and the particle domain for the
different scenarios and packing densities. For scenario I, the inci-
dent radiation field G [W/m?] for the different cases is additionally
presented. The results show that:

e Given the selected boundary conditions, with the top wall being
at a temperature of 2573.15 K, radiation is the dominating heat
transfer mechanism.
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e When particles travel with the same residence time through the
domain, the radiation penetration depth (with the incident ra-
diation flux G being the quantitative measure) is a sole function
of packing density. Low packing densities, i.e., high porosities,
increase the visibility of the particles for the radiation emitted
from the top wall. Therefore, the mean particle outlet temper-
atures follow this trend; the dilute packing has the highest mean
particle temperature followed by the moderate and dense
packing.

¢ When particle travel with different residence times, 54 s (dilute
packing), 256 s (moderate packing), and 500 s (dense packing),
the statement above concerning particle outlet temperatures
holds true for the sequence of dilute and moderate packing.
Different compared to the same residence results, the dense
packing shows the highest radiation penetration depth. Due to
the large residence time, the top layer of particles that faces the
heated top wall receives a significant amount of radiation,
thereby, increasing particle temperature. When the particle
travel through the domain, they emit radiation to the lower
particle layers, i.e., penetration depth is no longer dominated by
wall-particle radiation, but by particle-particle radiation within
the bed.

o In scenario 1V, as packing density increases, the contribution of
convective heat transfer decreases significantly, while radiation
becomes the primary mechanism of heat transfer. In the 540-
sphere case, convection accounted for 24% of the total heat
transfer, but this proportion dropped to just 11% in the 2560-
sphere case and 8% in the 5000-sphere case. The high impor-
tance of convective heat transfer for the 540-sphere case
compared to the more densely packed cases is not intuitive, as
the 540-sphere case has the lowest mean gas velocities in the
bed (highest porosity) associated with a low heat transfer co-
efficient and the smallest number of particles. The analysis
showed that for the 540-sphere case, the particles primarily gain
heat from the gas phase and experience only minimal heat loss.
In contrast, for the 5000-sphere case, the particle assembly
gains substantial convective heat from the gas phase but also
loses a significant amount back, resulting in a low net convective
heat transfer to the particles. This could be traced back to the
quite different spatial temperature distributions in the two
configurations. The low net convective heat transfer to the
particles in the 5000-sphere is also reflected in the small mean
driving temperature difference for convection of just 20 K
compared to 230 K for the 530-sphere case.

e The inclusion of particle-particle conduction promotes a more
uniform temperature distribution across the particle bed and
helps to reduce temperature disparities among particles. This
effect is especially pronounced in the higher-density configu-
rations where particle-particle contacts are most frequent.

e The study also demonstrates that in densely packed particle
systems in scenarios Il and III, the enthalpy of the inlet gas is
almost entirely transferred to the lower particle layers, leaving
the upper particles at relatively low temperature.

¢ Adding radiation promotes more uniform heating in the denser
packing configurations compared to scenarios Il and IIl. Radia-
tion becomes more important in these denser cases, as it can
penetrate through all particle layers, and effectively heating the
entire bed in scenario IV. This leads to more uniform heating of
the particles, as evidenced by the temperature profiles, histo-
grams, and outlet temperature measurements.

Overall, denser systems exhibit the smallest standard deviation

of particle outlet temperature in all cases, reflecting the most

uniform temperature distribution.
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This work provides insights into the complex interactions be-
tween convection, conduction, and radiation of moving packed
beds, particularly on the influence of packing density on heat
transfer. It enhances the understanding of the thermal behaviour in
such systems and offers a comprehensive framework for simulating
heat transfer in industrial applications where granular materials
are exposed to high temperatures.
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