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Abstract: Heat transfer to particles is a key aspect of thermo-chemical conversion of pulverized
fuels. These fuels tend to agglomerate in some areas of turbulent flow and to form particle clusters.
Heat transfer and drag of such clusters are significantly different from single-particle approximations
commonly used in Euler–Lagrange models. This fact prompted a direct numerical investigation of
the heat transfer and drag behavior of synthetic particle clusters consisting of 44 spheres of uniform
diameter (60 µm). Particle-resolved computational fluid dynamic simulations were carried out to
investigate the heat fluxes, the forces acting upon the particle cluster, and the heat-up times of particle
clusters with multiple void fractions (0.477–0.999) and varying relative velocities (0.5–25 m/s). The
integral heat fluxes and exact particle positions for each particle in the cluster, integral heat fluxes,
and the total acting force, derived from steady-state simulations, are reported for 85 different cases.
The heat-up times of individual particles and the particle clusters are provided for six cases (three
cluster void fractions and two relative velocities each). Furthermore, the heat-up times of single
particles with different commonly used representative particle diameters are presented. Depending
on the case, the particle Reynolds number, the cluster void fraction, the Nusselt number, and the
cluster drag coefficient are included in the secondary data.

Dataset: 10.17632/97y842jr5m.1.

Dataset License: Creative Commons Attribution 4.0 International (CC BY 4.0).

Keywords: particle resolved simulations; convective heat flux; radiative heat flux; drag forces;
particle cluster; particle temperatures

1. Summary

Virtual prototyping and digital twins of industrial processes for investigation and
optimization have become increasingly popular with increasing computational power.
Pulverized coal boilers [1,2] and blast furnaces [3,4] show great potential for optimization
using computational investigations. In both cases, pulverized fuel particles are injected
into the furnace, where the thermo-chemical conversion starts immediately. Even though
computational power has increased drastically in recent years, the fully resolved simulation
of most industrial-scale processes is still not viable. In order to enable simulations of these
processes, assumptions and simplifications need to be made.

For pulverized coal and blast furnaces, a common approach for modeling the pul-
verized fuel particles is the Eulerian–Lagrange (EL) approach. In EL models, the carrier
phase is described as an Eulerian phase, while the fuel particles are tracked as Lagrangian
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particles. Usually, particles are lumped into parcels to reduce the computational effort. The
parcels are assumed to consist of an arbitrary number of particles with a single representa-
tive size [5,6]. Heat transfer, mass transfer, and particle drag are calculated based on the
representative particle diameter for each parcel, neglecting any agglomeration or grouping
effects. It is essential to consider flow shielding, radiation shading, and other inter-particle
effects to predict the particle heat up and the thermo-chemical conversion within particle
clouds or dense particle jets correctly [7–14].

Lu et al. [15] used two immersed boundary methods to simulate the gas–solid heat
transfer of dense particle packing in tubes. They provide plots of the heat transfer coeffi-
cients for each of the up-to-570 particles in the packing and for Reynolds numbers of up
to 1800. They observed that the heat transfer coefficients of particles located at the fluid
entrance section of the packing are higher than those located further downstream.

The particle resolved Viscous Penalty Method (VPM) was used by Chadil et al. [16] to
determine the local and global Nusselt numbers of single spheres, a regular face-centered cu-
bic array of spheres, and randomly arranged spheres. A good agreement of the global Nus-
selt number compared with different established correlations was found for low Reynolds
numbers (Re = 50 and 100) and void fractions of φ = 0.4–0.95.

The influence of the Reynolds number and void fraction on the overall convective
heat transfer in randomly distributed arrays of spherical and sphero-cylindrical particles
was shown by Tavassoli et al. [17] and Tavassoli et al. [18], respectively. For Re < 180, the
authors provide plots of the Nusselt numbers for three and six void fractions for spheres
and sphero-cylinders, respectively.

All of the mentioned studies show how convective heat transfer is influenced by the
relative velocity and the void fraction of clustered particles. Radiative heat transfer is
neglected in all of them. None of the mentioned studies provide detailed and comprehen-
sive information about the heat transfer or heat-up times of the individual particles in the
arrangement. In most studies, the data are only presented graphically and are thus hard to
retrieve and re-use.

Yin [19] shows the importance of particle radiation in pulverized coal-fired utility
boilers. They state that an accurate description of the particles’ emissivity and scattering
properties influences the temperature and reaction extend of the coal particles, the tem-
perature profiles in the furnace, and thus the entire combustion process. Possible particle
clustering effects are not taken into account.

To evaluate the effect of particle clustering on the heat transfer, heat-up, and drag
behavior of pulverized fuels in high-temperature environments, clusters with various
cluster void fractions were constructed. Using particle-resolved direct numerical simulation
synthetic particle clusters with various cluster void fractions at different relative velocities,
we derived models that do consider particle clustering effects in EL simulations in the main
research paper: Bösenhofer et al. [20]. A detailed description of the data gathered in [20] is
presented here.

The data set presented in the current work includes additional information about
convective and radiative heat fluxes, averaged particle temperatures, and the particle
position of each particle in the cluster. The data presented in this article can help understand
the convective and radiative heat transfer, and drag behavior of single particles in a
clustered arrangement and particle clusters at void fractions close to packed beds up to
single spheres. Heat transfer and drag models can be derived from the data. The influence
of flow shading and radiation shielding on the heat transfer and particle heat-up depending
on the particle’s position in the cluster can be investigated. Thus, the presented data have
the potential to improve the simulation of heat transfer in any turbulent gas–solid flow
where clustering effects occur. These phenomena include, among others, pulverized particle
combustion, pulverized carbon carrier injection in iron making, or pharmaceutical and
chemical processes. Correct heat transfer prediction and the associated improvements of
the modeling results provide a huge potential to reduce the overall emission and to improve
efficiencies of the target processes. The full dataset is available in Mendeley Data [21].
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2. Data Description

The data presented in this work consist of the primary dataset (averaged simulated
raw data) and secondary dataset, which is derived from the primary dataset.

2.1. Primary Dataset

The primary dataset represents three different computational fluid dynamics (CFD)
simulations:

1. Steady-state simulations (ST) of the flow around particle clusters (dataset 1, Table 1);
2. Transient simulations (T) of the flow around particle clusters, including particle heat-

up (dataset 2);
3. Transient simulation of the flow around single spheres, including particle heat up

(dataset 3).

As the raw data of a single case are too big to be presented here, the averaged particle
temperatures, and integral heat fluxes and forces are provided here.

ad 1

The primary dataset consists of the data presented in Table 1 and the data provided in
dataset 1.

Dataset 1 contains the case id, the exact position of particles in the cluster, the integral
convective heat flux Q̇conv (in mW), and the integral radiative heat flux Q̇rad (in mW) for
each individual particle in the cluster. The case id, relative velocity Urel (in m/s), the
distance between particles (in µm), the integral convective heat flux Q̇conv, the integral
radiative heat flux Q̇rad for the whole particle cluster, and the net force in flow direction F
acting upon the particle cluster (in µN) are presented in Table 1.

As the velocity of the particle clusters is zero, the relative velocity in Table 1 is the
superficial velocity. The distance between particles is defined as the distance between
particle centers. The convective and radiative heat fluxes are given as absolute values.
Here, as the temperature of particles is lower than the temperature of the surroundings,
Q̇conv and Q̇rad are the total heat fluxes from the surroundings to the particles or the cluster.
The fluxes and forces presented in Table 1 are the integrated heat fluxes over all particles.
The integrated heat fluxes for each individual particle and the exact particle position in
the cluster are provided in dataset 1 for all cases ST1–ST85. Particle positions are given
relative to the reference sphere marked in Figure 1. Cases ST61–ST65 represent single
sphere simulations. Cases ST66–ST85 are simulations of random clusters with a particle
size distribution (PSD) according to the Weibull distribution [22].

ad 2

Dataset 2 contains the mass averaged temperature profile (in K) and the exact position
of each individual particle in the cluster for conditions given in Table 2. The data are
provided for simulation with and without radiation-coupled regions.

ad 3

Dataset 3 contains the mass averaged sphere temperature profile (in K) of size equiva-
lent (SE), mass equivalent (ME), area equivalent (AE), and area and mass equivalent (AME)
single-sphere simulations. Simulation conditions are shown in Table 3.
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Figure 1. Horizontal cross section of the particle cluster: 2·x is the distance between the particle
centers, which is varied to obtain clusters with different void fractions. Cuts through all Cartesian
axis planes look identical. The scaling factors of the simulation domain are a = 12, b = 3.75, and c = 10.
Adapted from [20].

2.2. Secondary Dataset

The secondary dataset contains additional information, derived from the primary
dataset. This includes the particle Reynolds number ReP (all cases), the cluster void
fraction φ (cases ST1–ST85 and T1–T6), the Nusselt number Nu, and the cluster drag
coefficient ξ (cases ST1–ST85). Secondary data are included in Tables 1–3.

Table 1. Summary particle cluster variations. Cases ST61–ST65 represent single sphere simulations.
Cases ST66–ST85 are simulations of random clusters.

Case Urel Distance Q̇conv Q̇rad F φ ReP Nu ξ
ID (m/s) 2·x (µm) (mW) (mW) (µN) (-) (-) (-) (-)

ST1 0.5 95 12.44 33.67 0.107 0.477 0.29 0.208 9.937
ST2 1 95 13.35 33.79 0.259 0.477 0.58 0.223 6.014
ST3 5 95 18.26 33.98 1.890 0.477 2.88 0.305 1.753
ST4 13 95 24.02 33.93 7.263 0.477 7.5 0.401 0.996
ST5 25 95 29.88 33.93 19.467 0.477 14.42 0.499 0.722

ST6 0.5 100 12.97 36.28 0.112 0.552 0.29 0.217 10.351
ST7 1 100 13.91 36.48 0.272 0.552 0.58 0.232 6.312
ST8 5 100 19.14 36.74 1.989 0.552 2.88 0.32 1.845
ST9 13 100 25.23 36.74 7.685 0.552 7.5 0.422 1.054

ST10 25 100 31.50 36.75 20.721 0.552 14.42 0.526 0.769

ST11 0.5 110 13.91 41.07 0.120 0.663 0.29 0.232 11.104
ST12 1 110 15.04 40.81 0.295 0.663 0.58 0.251 6.832
ST13 5 110 20.88 41.04 2.186 0.663 2.88 0.349 2.027
ST14 13 110 27.71 40.99 8.558 0.663 7.5 0.463 1.174
ST15 25 110 34.95 41.00 23.360 0.663 14.42 0.584 0.867

ST16 0.5 120 15.05 44.15 0.131 0.741 0.29 0.251 12.117
ST17 1 120 16.21 44.04 0.319 0.741 0.58 0.271 7.394
ST18 5 120 22.64 44.34 2.408 0.741 2.88 0.378 2.233
ST19 13 120 30.32 44.32 9.539 0.741 7.5 0.507 1.309
ST20 25 120 38.86 44.32 26.380 0.741 14.42 0.649 0.979
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Table 1. Cont.

Case Urel Distance Q̇conv Q̇rad F φ ReP Nu ξ
ID (m/s) 2·x (µm) (mW) (mW) (µN) (-) (-) (-) (-)

ST21 0.5 130 15.91 46.80 0.136 0.796 0.29 0.266 12.622
ST22 1 130 17.32 46.63 0.335 0.796 0.58 0.289 7.765
ST23 5 130 24.50 46.82 2.595 0.796 2.88 0.409 2.407
ST24 13 130 33.11 46.78 10.417 0.796 7.5 0.553 1.429
ST25 25 130 43.36 46.79 29.175 0.796 14.42 0.725 1.082

ST26 0.5 150 17.98 51.60 0.152 0.867 0.29 0.3 14.11
ST27 1 150 19.68 51.87 0.371 0.867 0.58 0.329 8.599
ST28 5 150 28.30 52.00 3.018 0.867 2.88 0.473 2.799
ST29 13 150 39.53 51.96 12.437 0.867 7.5 0.661 1.706
ST30 25 150 54.44 51.97 35.616 0.867 14.42 0.91 1.321

ST31 0.5 170 20.02 56.19 0.168 0.909 0.29 0.335 15.543
ST32 1 170 22.01 56.80 0.408 0.909 0.58 0.368 9.455
ST33 5 170 32.26 56.91 3.454 0.909 2.88 0.539 3.203
ST34 13 170 46.41 56.88 14.577 0.909 7.5 0.776 2
ST35 25 170 68.67 56.89 42.449 0.909 14.42 1.147 1.575

ST36 0.5 190 22.09 60.58 0.184 0.935 0.29 0.369 17.046
ST37 1 190 24.36 61.27 0.450 0.935 0.58 0.407 10.425
ST38 5 190 36.13 61.84 3.907 0.935 2.88 0.604 3.624
ST39 13 190 54.56 61.82 16.840 0.935 7.5 0.912 2.311
ST40 25 190 85.11 61.82 49.511 0.935 14.42 1.422 1.837

ST41 0.5 243 27.13 69.11 0.226 0.969 0.29 0.453 20.925
ST42 1 243 30.39 69.54 0.571 0.969 0.58 0.508 13.242
ST43 5 243 48.25 69.78 5.138 0.969 2.88 0.806 4.765
ST44 13 243 81.44 69.71 22.742 0.969 7.5 1.361 3.12
ST45 25 243 126.84 69.75 65.175 0.969 14.42 2.12 2.418

ST46 0.5 415 42.53 75.34 0.381 0.994 0.29 0.711 35.376
ST47 1 415 47.25 72.91 0.924 0.994 0.58 0.817 21.421
ST48 5 415 86.07 72.90 8.582 0.994 2.88 1.51 7.96
ST49 13 415 123.93 72.98 33.143 0.994 7.5 2.269 4.547
ST50 25 415 151.88 73.02 65.175 0.994 14.42 2.852 2.999

ST51 0.5 523 50.73 76.45 0.464 0.997 0.29 0.848 43.021
ST52 1 523 59.50 76.55 1.112 0.997 0.58 0.994 25.784
ST53 5 523 107.17 76.80 9.788 0.997 2.88 1.791 9.079
ST54 13 523 146.13 76.75 34.939 0.997 7.5 2.442 4.794
ST55 25 523 176.33 76.77 82.860 0.997 14.42 2.947 3.074

ST56 0.5 892 73.07 77.40 0.650 0.999 0.29 1.221 60.304
ST57 1 892 86.13 77.46 1.541 0.999 0.58 1.439 35.732
ST58 5 892 126.38 77.60 11.153 0.999 2.88 2.112 10.345
ST59 13 892 155.00 77.56 36.614 0.999 7.5 2.59 5.024
ST60 25 892 181.95 77.63 85.594 0.999 14.42 3.041 3.176

ST61 0.5 - 2.56 1.67 0.023 1.0 0.29 1.881 93.069
ST62 1 - 2.67 1.71 0.046 1.0 0.58 1.96 46.797
ST63 5 - 3.11 1.77 0.272 1.0 2.88 2.289 11.107
ST64 13 - 3.70 1.77 0.877 1.0 7.5 2.718 5.293
ST65 25 - 4.34 1.77 2.056 1.0 14.42 3.189 3.357

ST66 0.5 random 69.191 424.35 0.479 0.935 0.55 0.337 6.79
ST67 1 random 81.276 426.044 1.533 0.935 1.1 0.396 5.432
ST68 5 random 148.308 426.835 16.824 0.935 5.5 0.723 2.385
ST69 13 random 272.243 426.59 79.151 0.935 14.31 1.327 1.660
ST70 25 random 414.315 426.671 231.505 0.935 27.51 2.020 1.313
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Table 1. Cont.

Case Urel Distance Q̇conv Q̇rad F φ ReP Nu ξ
ID (m/s) 2·x (µm) (mW) (mW) (µN) (-) (-) (-) (-)

ST71 0.5 random 49.13 246.538 0.342 0.935 0.55 0.419 8.508
ST72 1 random 56.543 246.799 1.078 0.935 1.1 0.482 6.694
ST73 5 random 97.819 248.35 10.987 0.935 5.5 0.835 2.730
ST74 13 random 173.922 248.247 50.813 0.935 14.31 1.484 1.868
ST75 25 random 263.083 248.362 147.545 0.935 27.51 2.245 1.466

ST76 0.5 random 53.215 269.667 0.388 0.935 0.55 0423 8.981
ST77 1 random 61.628 270.173 1.142 0.935 1.1 0.490 6.602
ST78 5 random 112.043 271.776 12.243 0.935 5.5 0.891 2.831
ST79 13 random 198.243 271.734 55.261 0.935 14.31 1.576 1.890
ST80 25 random 285.621 271.82 153.915 0.935 27.51 2.270 1.423

ST81 0.5 random 53.154 291.935 0.360 0.935 0.55 0.372 7.328
ST82 1 random 61.436 292.783 1.109 0.935 1.1 0.430 5.648
ST83 5 random 105.758 294.213 11.465 0.935 5.5 0.741 2.336
ST84 13 random 182.935 294.125 52.640 0.935 14.31 1.282 1.587
ST85 25 random 283.918 294.176 154.529 0.935 27.51 1.989 1.260

Table 2. Summary of transient cluster heat-up cases (dataset 2). Adapted from [20].

Case Urel ReP φ Distance
ID (m/s) (-) (-) 2·x (µm)

T1 0.5 0.29 0.552 100
T2 13 7.50 0.552 100
T3 0.5 0.29 0.741 120
T4 13 7.50 0.741 120
T5 0.5 0.29 0.935 190
T6 13 7.50 0.935 190

Table 3. Summary of transient single sphere heat-up cases (dataset 3). Adapted from [20].

Case Urel dP ReP m
ID (m/s) (µm) (-) (kg)

SE1 0.5 60 0.29 1.24 × 10−10

SE2 13 60 7.50 1.24 × 10−10

ME1 0.5 211.8 1.02 5.47 × 10−9

ME2 13 211.8 26.46 5.47 × 10−9

AE1 0.5 397.8 1.91 3.63 × 10−8

AE2 13 397.8 49.70 3.63 × 10−8

AME1 0.5 397.8 1.91 5.47 × 10−9

AME2 13 397.8 49.70 5.47 × 10−9

3. Methods
3.1. Simulation Setup and Conditions

The synthetic particle clusters were constructed as regular rhomboid-shaped to enable
a systematic approach. The distance between particles was varied to evaluate the influence
of the cluster void fraction on the drag and heat transfer behavior. Void fractions were
chosen to close the gap from loosely packed beds (void fraction φ = 0.477) to single particles
in cross flow (φ → 1). This range of void fractions represents solid-to-gas mass ratios
of 1737 to 1 for φ = 0.477 to 0.999, respectively. For pulverized fuel particles injected by
dense-phase pneumatic conveying, the initial solid-to-gas mass ratio can exceed 100 [23–26].
It is known that particles tend to cluster randomly in turbulent flows [8,27,28]. To account
for this, simulations for four randomly shaped particle clusters with a fixed void fraction
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consisting of spheres with a particle size distribution according to the Weibull distribution
were carried out.

The data were gathered from particle resolved direct numerical simulations using
the open-source CFD toolbox OpenFOAM® v7 [29]. The particles were fixed in space to
avoid numerical expensive moving and deforming meshes in the simulations and to allow
for the investigation of different relative velocities. The numerical meshes consist of a
base cell size of 60 µm, with significant refinement in the wake of the cluster and towards
the particles, resulting in up to 14 million cells. Simulations were carried out using the
chtMultiRegionFoam solver, which couples fluid and solid regions explicitly in space and
time. Radiation was modeled by the finite volume discrete ordinates model (fvDOM) [30]
with 16 discrete rays. Gas phase radiation was modeled by gray mean absorption [31]. The
boundary conditions are summarized in Table 4. A uniform fixed value was set for the
velocity at the inlet patch, while a zero gradient, no slip and slip boundary condition was set
at the outlet, the particles, and the remaining patches, respectively. The pressure was set to a
fixed value at the outlet. A zero gradient boundary condition was used for all other patches.
The temperature was fixed at the fluid inlet, while a zero gradient condition was imposed
at all other patches. The particle surface temperature was set to a uniform fixed value
in all steady-state simulations (ST1–ST85). For particle and cluster heat-up simulations
(SE, ME, AE, AME single-sphere simulations, and T1–T6), a coupled boundary condition
was used. This boundary condition couples the diffusive, convective, and radiative heat
fluxes between the solid and fluid regions. All surfaces were treated as gray bodies with
an emissivity of ε = 1. The inlet velocity was varied based on values given in Tables 1–3.
The temperature of the gas at the inlet was set to 2500 K, and the pressure at the outlet was
fixed to 5 bar(a). In ST1–ST85, the particle temperature was fixed to a value 2450 K. The
initial temperature of particles in the transient simulations was set to 400 K.

The thermo-physical properties of the GRI3.0 mechanism [32] were applied for the
gas phase species, while particle properties were kept constant (Table 5).

Single-sphere simulations for dataset 3 used the same case setup as the cluster simu-
lations, with the exception of the cluster being replaced by a single sphere with diameter
according to Table 3. The different sphere diameters present different commonly used
representative particle diameters. Here, the particle clusters were substituted by a single
particle with one of the following:

1. A size equivalent sphere (SE): The single-sphere diameter is equal to the size of the
particles in the cluster (d = 60 µm);

2. A mass equivalent sphere (ME): The single-sphere mass is equal to the mass of the
cluster (d = 211.8 µm);

3. A surface area equivalent sphere (AE): The single-sphere surface area is equal to the
surface area of the cluster (d = 397.8 µm);

4. A surface and mass equivalent sphere (AME): The single-sphere surface area and
mass are equal to the cluster. The sphere diameter is equal to the AE case, but the
particle density is reduced to 165.8 kg/m3.

A cross section of the cluster’s simulation domain is shown in Figure 1. The size of the
simulation domain in the cluster simulation was scaled with the cluster diameter dcluster
using the constant scaling factors a, b, and c. The inlet velocity and cluster void fraction
were varied according to Tables 1 and 2. A constant particle diameter of 60 µm was used in
the cluster simulations, except for cases ST66–ST85, where a PSD was used.
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Table 4. Summary boundary conditions. Adapted from [20].

Patch U p T I

inlet fixed value zero gradient fixed value gray body
outlet zero gradient fixed value zero gradient gray body
wall slip zero gradient zero gradient gray body

fluid to solid no slip zero gradient coupled gray body

Table 5. Gas phase composition and thermo-physical properties as well as solid thermo-physical
properties used in the simulations. Adapted from [20].

Bulk Gas Phase Thermo-Physical Properties

density (ρ) 0.69 kg/m3

specific heat capacity (cp) 1300 J/(kg K)
thermal conductivity (κ) 0.133 W/(m K)

viscosity (µ) 7.213·10−5 Pa s

Solid Thermo-Physical Properties

density (ρ) 1100 kg/m3

emissivity (ε) 1
specific heat capacity (cp) 1660 J/(kg K)
thermal conductivity (κ) 1.241 W/(m K)

The resulting velocity and temperature field and the velocity and temperature contours
in the horizontal cross section for cases ST4, ST29, ST59, and ST69 are shown in Figures 2–5.
Note that the whole cluster and not only the horizontal cross section is shown. Due to
the file size for each case, the computational meshes and the respective fields cannot
be provided.

The convective (Q̇conv) and radiative (Q̇rad) heat fluxes of each sphere in the par-
ticle cluster for cases ST1–ST5, ST26–ST30, ST56–ST60, and ST66–ST70 are shown in
Figure 6a–d, respectively.

Figure 2. Graphical representation of the full cluster, velocity field, temperature field, and the
respective contours in the horizontal cross section for case ST4.
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Figure 3. Graphical representation of the full cluster, velocity field, temperature field, and the
respective contours in the horizontal cross section for case ST29.

Figure 4. Graphical representation of the full cluster, velocity field, temperature field, and the
respective contours in the horizontal cross section for case ST59.

Figure 5. Graphical representation of the full cluster, velocity field, temperature field, and the
respective contours in the horizontal cross section for case ST69.
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Figure 6. Convective and radiative heat fluxes of each sphere in a cluster for different cases.
(a) ST1–ST5, φ = 0.477, Urel = 0.5–25 m/s; (b) ST26–ST30, φ = 0.867, Urel = 0.5–25 m/s; (c) ST56–ST60,
φ = 0.999, Urel = 0.5–25 m/s; and (d) ST66–ST70, φ = 0.935, Urel = 0.5–25 m/s.

3.2. Data Collection

Simulations ST1–ST85 were evaluated after a steady state was reached (steady value
of the drag force and heat transfer rates). Transient simulations were carried out until the
mean particle temperatures were close to the gas temperature (2500 K).

The cluster void fraction was calculated from Equation (1), where d is the particle
diameter, x is half the distance between sphere centers (Figure 1), and 17.8251 is the
graphically determined number of full spheres in the considered volume (the biggest
possible rhomboid through the particle centers).

The particle temperature was calculated from the simulated cell values as the mass-
weighted average using Equation (2), where ρ is the particle density, V is the cell volume,
T is the cell temperature, and N is the number of cells in the particle.

φ = 1− Vsolid
Vtot

= 1−
17.8251 d3π

6
36x3 (1)
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Tav =
∑N

i=1(ρiViTi)

∑i(ρiVi)
(2)

The particle Reynolds number ReP, Nusselt number Nu, and the drag coefficient ξ
are calculated from Equations (3)–(5), respectively [33,34]. Here, Q̇conv is the integrated
cluster heat flux, T∞ is the gas temperature at the inlet, T is the mass averaged cluster
(dataset 1 and dataset 2) or particle (dataset 3) temperature, κ is the thermal conductivity of
the gas, ACL,S is the cluster (dataset 1 and dataset 2) or particle (dataset 3) surface area, and
ACL is the cluster cross-sectional area. All thermo-physical gas properties are calculated at
2500 K and 5 bar(a). Cases ST61–ST65 are the simulations of a single sphere in cross-flow.
Cases ST66–ST85 represent random clusters with a particle size distribution according to
the Weibull distribution (Equation (6)) [22] with a shape parameter of k = 1.14 and a scale
parameter of λ = 120 µm. The diameter used to calculate ReP in Table 1 is the first moment
of the PSD: d̄ =

∫ dmax
dmin

d q(d)dd = 114.5 µm.

ReP =
ρUd

µ
(3)

Nu =
Q̇conv d

AS κ(T∞ − T)
(4)

ξ =
F

ρ U2

2 ACL
(5)

q(d) =
k
λ

(
d
λ

)k−1
· exp

(
−
(

d
λ

)k
)

(6)
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Abbreviations
The following abbreviations are used in this manuscript:

AE Surface area equivalent
AME Surface area and mass equivalent
CFD Computational fluid dynamics
fvDOM Finite volume discrete ordinates model
ME Mass equivalent
PSD Particle size distribution
SE Size equivalent
ST Steady-state simulation
T Transient simulation
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