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1 Models for describing the combustion and flight behav-
iour of RDF

The following section describes the physical/chemical principles of the FLUENT UDFs
used to describe the thermochemical conversion of RDF, which were developed by the
Institute of Energy Plant Technology. For the standard fuel coal dust, in case it is co-fired,
the standard routines provided by FLUENT are used.

1.1.1 Characterization of RDF

RDF is characterized by an irregular particle shape with a complex form. The modeling
approach chosen for the burning and flight behaviour is based on an approximation of the
complex, often flat particle geometry using a cuboid body with three defined edge lengths
a, b, and ¢, as shown in Figure 1.1.

Figure 1.1: Approximation of a complex particle geometry by a cuboid (according to [1])

The edge lengths of the particles must be measured and can then be compared to each
other. Figure 1.2 shows the measured aspect ratios of selected RDF fractions in a Zingg
diagram. The figure shows the characteristic ranges for the fractions, but also the disper-
sion of particle geometries within the fractions. For this reason, the statistical distribution
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of particle geometries must also be taken into account, especially with regard to simula-
tions
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Figure 1.2: Zingg diagram of measured aspect ratios of some RDF fractions [1].

In a further step of the characterization, the particle mass must be determined. Based on
the particle masses and the volumes of the cuboids, the resulting density of the fractions
can be determined.

Using the average densities of the fractions, the equivalent diameters of the measured
particles can be determined as follows:

6m
dv=< 2 ) Eq. 1.1

Here, dy, is defined as the equivalent diameter of a volume-equivalent sphere, m,, denotes

the particle mass, and p, (. represents the mean density of the fraction. On the basis of
the equivalent diameters, a Rosin—Rammler—Sperling—Bennett function (RRSB distribu-
tion) is employed to mathematically characterize the particle size distribution. The cumu-
lative residue curve R is determined from the location parameter x’ and the dispersion
parameter n.

R(x) = e G Eq. 1.2

In comparison to conventional fuels, such as lignite dust with particle sizes in the microm-
eter range, alternative fuels exhibit significantly larger dimensions. Moreover, the actual
edge lengths of the non-spherical RDF particles often exceed the calculated equivalent
diameter by several multiples. From the RRSB distributions specified in the simulations,
the principal edge length a can be back-calculated using the aspect ratios and the equiv-
alent diameter.



Modeling of Combustion Behaviour 5

AR

1.2 Modeling of Combustion Behaviour

Eq. 1.3

The RDF fractions can be classified into two groups. The first group comprises the biogenic
fractions, such as cardboard, paper, and textiles, which exhibit combustion behaviour sim-
ilar to fossil solid fuels through a pyrolysis process followed by a heterogeneous reaction
of the remaining char. The second group includes the plastic fractions, whose conversion
can be described by a phase transition from the solid to the liquid state, followed by thermal
decomposition into the gas phase. Accordingly, the simulation model described below is
based on the classification of refuse-derived fuel fractions into these two groups. The cal-
culation is carried out in the CFD simulation separately for each fraction, according to the
transformation mechanism assigned to its respective group.

Table 1.1 shows the allocation of the main fractions to the different groups and specifies
the transformation processes considered in the modeling. For the biogenic, char-forming
fractions, the modeling is conducted on the basis of established coal combustion models.
For the plastic fractions, it is assumed that no residual char is formed, although this has
been observed in individual particle reactor studies and in proximate analyses. The mod-
eling of the plastic fractions follows the approach of a model for the thermal conversion of
plastics introduced by Bluhm-Drehnhaus [2]. A particular feature is the change in particle
geometry associated with the melting process, which affects not only the heat transfer but
also the particle motion within the gas stream. For all fractions, it holds that the subpro-
cesses listed in Table 1.1 can occur simultaneously within a single fuel particle.

Table 1.1: Transofrmation Phases considered in the Model and Allocation of the Fractions.

Biogenic/char-forming frac-
tions: paper/cardboard
(P&C), textiles, fines

Synthetic fractions: foils,

Conversion Process .
3D plastics

Particle Heating

Particle Heating

Intra-Particle Drying

Surface Drying

Pyrolysis

Melting Process

Char Combustion

Thermal Decomposition

1.2.1 Mass Balance of a Single Particle

The temporal change of the particle mass during thermal conversion is given by the sum
of the changes of the fuel components: water (w), volatile matter (vol) and fixed carbon

(Cfix)-
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at ot + ot + Jat Eq. 1.4

For the plastic fractions, the fixed carbon fraction is assumed to be zero, and the corre-
sponding mass fraction is assigned to the volatile components.

1.2.2 Particle Heating

The change in particle temperature is determined from the balance of heat fluxes around
the single particle. The heat balance comprises, on the one hand, the heat exchange with
the surroundings via convection and radiation and, on the other hand, the endothermic
and exothermic thermochemical processes within the particle.

00y (T, (1, 1))

ot = ZQ = Qconv + Qrad + Qreac Eq. 1.5

In the particle energy balance, Q,,,,, represents the heat flux transferred by convection,
0,44 the heat flux transferred by radiation, and Q,.,. the resulting heat fluxes due to the
transformation processes occurring within the particle, such as drying, pyrolysis, melting,
and decomposition.

Convective Heat Flux

The magnitude of the heat transferred by convection is determined by the temperature
difference between the gas stream and the particle surface (Tg - Tp,surf)’ the heat ex-
change area between the particle and the gas and the heat transfer coefficient «a.

Qconv =a Ap(Tg - Tp,surf) Eq. 1.6

The gas-exposed heat exchange area is equated here with the particle surface area Ap,
which is calculated from the edge lengths of the cuboidal model particle. The heat transfer
coefficient a is determined by the size and geometric proportions of the heat exchange
area as well as the flow velocity. The heat transfer coefficient is estimated via the Nusselt
number, taking into account the thermal conductivity of the gas 4, and the characteristic

length L.

_Nu/lg

a=— Eq. 1.7

The Nusselt number is calculated by combining a turbulent and a laminar component [3]
with a lower limit of 2.



Modeling of Combustion Behaviour 7

Nu=2+ \/Nulzam + Nu?,,., Eq. 1.8

The laminar and turbulent Nusselt numbers for the cuboidal particles assumed in the
model are calculated using correlations for forced convection [4,5].
Nt,qm = 0,664 Re,"/*Pr1/3 Eq. 1.9

0,037Re,”® Pr
1+ 2,443Re, ™" (Pr?/3 — 1)

N Utyrp =

Eq. 1.10

The dimensionless particle Reynolds number Re, is calculated from the gas density pg,
the relative velocity between the gas and the particle #, — 9;, the dynamic viscosity of the

gas n, and the characteristic length L.

:pg'lﬁp_ﬁgl'l'c
Ng

Rep Eq. 1.11
To determine the characteristic length of the refuse-derived fuel particles, a plate of length
b of the particle is considered as being longitudinally exposed to the flow.

Lo=b=dy- |=-—— Eq. 1.12

Radiative Heat Flux

The radiative heat flux incident on the particle can be expressed for gray bodies using the
Stefan—Boltzmann law as follows:

Qrad = O-EPAp (T;Lad - T;,surf) Eqg. 1.13

The intensity of the radiative heat flux transferred is calculated from the difference between
the fourth powers of the particle surface temperature and the effective radiation tempera-
ture T,,4 Of the surroundings, the particle surface area Ap, the particle emissivity ¢, and
the Stefan—Boltzmann constant ¢ (= 5,67040- 1078 W m™2 K~%).

The effective radiation temperature is determined through the integration of the RDF model
into the CFD software ANSYS Fluent® and is calculated there depending on the selected
settings via the chosen radiation model (e.g. Discrete-Ordinates-Model). The CFD soft-
ware calculates the intensity of the incident radiation G [W/m?] on the particle surfaces,
treating the kiln walls as gray bodies. Furthermore, an overall gas emissivity is taken into
account, which is calculated from the weighted sum of all gray gases according to the
Weighted-Sum-of-Gray-Gases Model (WSGGM) by Hottel & Sarofim [6] with the weighting
function of Smith [7]. The calculation of the overall emissivity also includes the local particle
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loading and their respective emissivities. The radiation temperature is then determined
from the incident radiation as follows:

1
)

G
Toud = (E) Eq. 1.14

Reaction Heat Fluxes

The chemical and physical processes occurring during the thermal conversion of the re-
fuse-derived fuel particles generate additional heat sources or sinks within the particle,
thereby affecting the heat balance. Depending on the transformation mechanisms as-
signed to the groups (Table 1.1) the heat flux for the biogenic, char-forming fractions re-
sults from drying (dry), pyrolysis (pyr) and heterogeneous char combustion (char)

Qreac = ery + prr + Qchar
om My ame,,, Eq. 1.15
=a—tW'AhW+T'Ahpyr+—'
and for the non-char-forming plastic fractions from drying (dry), the melting process (melt-

ing), and the decomposition of the molten material (decomp).

Qreac = ery + Qmelting + Qdecomp

—_— Eq. 1.16

aom om lid
- % ' Ahmelting + T ' Ahdecomp

=—2.A
5% h,, +

Internal Heat Transfer

For refuse-derived fuel particles, Biot numbers in the range of Bi > 10 occur, resulting in
temperature gradients within the particle. For this reason, the refuse-derived fuel particles
are discretized into 30 shells over the radius r in this work, and the one-dimensional heat
conduction equation is numerically solved between the nodal points.

or _ (9T noT
ot \orz " Y or Eq. 1.17

In this equation, a, denotes the thermal diffusivity of the particle. The solution of the one-
dimensional heat conduction equation follows the approach of Brosch [8] , applying the
Crank—Nicholson method [9] for a sphere (n = 2). This represents a certain simplification
with respect to the initially rather flat RDF particles but significantly reduces the implemen-
tation effort, as the Discrete Phase Model always considers the diameter of a volume-
equivalent sphere.

The application of the shell model enables the computational representation of the tem-
perature distribution within the particle. In this way, reaction fronts for the conversion
phases described later in this chapter can be calculated. These reaction fronts divide the
particle into a region with a temperature above and a region with a temperature below a
predefined threshold temperature and can thus determine the available masses that are
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assigned to the respective conversion phase. The reaction fronts are described by dimen-

sionless reaction radii r* = rT/rp , which propagate from the particle surface toward the

particle core.

i Reaction front, r.
|
|

Shells

Figure 1.3: Progression of a Reaction Front in an RDF Particle [1].

Figure 1.3 illustrates the progression of a reaction front in a spherical particle. With in-
creasing particle temperature, the reaction front advances from the particle surface (r* =
1) toward the particle core (r* = 0). The radius r; represents the interpolated radius of an
inner shell with a temperature above the defined reaction temperature. In contrast, the
particle radius 7, always denotes the radius of the outermost nodal point and changes only
in the case of a reduction in particle mass or size.

1.2.3 Drying

For the char-forming fractions, a uniform distribution of moisture within the porous and
fibrous cell structures of the particles is assumed. Evaporation is therefore calculated via
a dimensionless drying front inside the particle, along which temperatures of at least T, =

100 °C are present (intra-particle drying).

+ _ T'r>100°C
Trr = r, Eq. 1.18
Based on the drying front, the initial particle mass m, ;,,; and the initial water content Y,,,
the maximum amount of water available for the subsequent drying process can be deter-

mined.



10 Institute of Energy Plant Technology, Ruhr-University Bochum, Docu-
mentation of the ANSYS Fluent® RDF-UDFs

My max = mp,ini ' Yw ! (1 - r%r) Eq 1.19

For the plastic fractions, in contrast, it is assumed that the water is present only on the
particle surface and that drying starts once the surface temperature exceeds 100 °C (sur-
face drying). Due to the evaporation enthalpy of water Ah,,, the drying process requires
additional heat for the phase transition of water into the gas phase. In the model, the total
amount of heat transferred to the particle is therefore initially used for drying. Conse-
quently, the available heat additionally limits the temporal change of the moisture content
within or on the particle.

am +

a_tw — _ QconZhWQrad Eq. 1.20
This results, on the one hand, in a limitation of the drying process based on the transferred
heat and, on the other hand, on the radial position of the drying front. Since the evaporation
process leads to a reduction in particle mass, the model assumes a change in density
while maintaining constant volume.

1.2.4 Pyrolysis

Since the pyrolysis rate of large particles depends both on heat transfer within the particle
and on the chemical rate of the decomposition reactions, a combined modeling approach
is employed. The limitation of the pyrolyzable mass m,,,; is defined analogously to the
drying model via a dimensionless pyrolysis radius 75,,., which describes the progression of
a minimum pyrolysis temperature across the particle radius.

= Tr>Tpy,
Pyr —

Eq. 1.21
T 9

The pyrolysis onset temperature was determined for paper/cardboard (C&P) and textiles
using a LECO® TGA-601 under an inert gas atmosphere (N;). From this, the reaction
radius temperatures were derived as T,,, pgc = 240 °C for P&C and T, rextites = 260 °C
for textiles.

The calculation of the volatile mass released during pyrolysis is performed using a multi-
step reaction mechanism. This approach accounts for the macromolecular composition of
the biogenic fractions and computes three independent parallel reactions for the main com-
ponents: cellulose, hemicellulose, and lignin. The total released mass flow of the volatile
components is thus obtained as the proportionate sum of the individual components.
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a7711;01 aai
T =—Zci§ Eq. 1.22

2

Here, the coefficient ¢; accounts for the respective fraction of the individual component in
the total volatile mass. The reacted fraction a; is calculated using a first-order Arrhenius
approach.

aai
with
kO,PyTi EPyTi
Kpyr, = v Zexp “RT,. Vs Eq. 1.24
N
In Eq. 1.25 k,,, o, denotes the pre-exponential factor and E,,,,, the activation energies of

the respective reactions. Since the temperature distribution within the particle is known
from the calculated heat conduction, the pyrolysis rate is computed for each shell at its
respective temperature T,, ;. The pyrolysis rate is weighted by the volume V; of the corre-
sponding shell.

The selection of the kinetic parameters is based on the studies by Grammelis et al. [10]
and Miranda et al. [11], which investigated the pyrolysis behaviour of various materials

from processed refuse-derived fuels. Table 1.2 provides an overview of the chosen kinetic
parameters for the P&C, textile, and fine fractions.

Table 1.2: Kinetic Data for the Pyrolysis of P&C and Textiles.

Hemicellulose Cellulose Lignin
Ko,pyr Epyr ¢ ko pyr Epyr ¢ ko,pyr Epyr ¢
[1/s] [kd/mol] [%] [1/s] [kd/mol]  [%] [1/s] [kd/mol] [%]

C&P & Fines [10]|1,35-10° 116,3 27,2 |1,52:10* 198,6 56,9 | 5,00-10" 30,7 9,7

Textiles [11] |8,33-10" 41,0 24,0|8,33:-10" 204,1 52,0| 1,66-10'"" 180,0 14,2

The enthalpy of pyrolysis is assumed to be Ah,,, = 0:—;. Analogous to the drying model

presented in section 1.2.3, pyrolysis is also assumed to occur at constant volume with a
simultaneous change in particle density.
1.2.5 Heterogeneous Char Combustion

Char combustion is modeled using a kinetic/diffusion-limited approach. An effective reac-
tion rate for char combustion, kcﬁx, is calculated based on a chemical reaction rate k. and
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a diffusion rate k,. The rate of change of the char mass is thus determined from the effec-

tive reaction rate, the particle surface area, and the oxygen partial pressure in the gas

phase po, 4-

ameix kc ' kd
ar =4y Po,g - k, + ky =—Ap Do,g" kaix Eq. 1.26
with
_ PcRTcYp, 4
pOZ,g MO Eq. 1.27

2

The rate constant of the chemical reaction is formulated using an Arrhenius approach.

E¢ Fix ]
R Tp,sur f

ke = Cicp, " €Xp [— Eq. 1.28

The constants used for the refuse-derived fuel fractions are again selected based on liter-
ature data [12] as Cy ., = 204" 1075 —2_ and E, =794 107> J/mol. The particle sur-

m2s Pa

face temperature T, ., is taken as the temperature of the outermost shell.

The diffusion rate limits char combustion through the amount of oxygen transported to the
particle surface.

c . T 4T 2 0,75
k, = Z;flx - Sh- [(Tpsurs dvg)/ ] Eq. 1.29

with C, ¢, = 5-10712—2__[13].

m-s-Pa-K975

The Sherwood number can be approximately expressed in terms of the Reynolds number
and the Schmidt number [14].

1 1
Sh =2+ 0,654 - Repz - Sc3 Eq. 1.30
The Schmidt number is given by:
Ng
Sc=—"—
py Do, Eq. 1.31

For the calculation of the diffusion coefficient Dy, , the following correlation can be applied
under the assumption of oxygen diffusion in a CO—-N, mixture [15]:

1,75

Tyourr +T,)/2\

:Doz,o'@'<( psurs +T5)/ > Eq. 1.32
p Ty

Do

2

with Dy_o = 3,49 - 107 ’”— T, =1.327 °C and p, = 1 bar [12].
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Since the particles are relatively large, the formation of CO from the heterogeneous reac-
tion is neglected, and a direct conversion to CO, is assumed.

C+0,- CO, Eq. 1.33

1.2.6 Melting Process

The modeling of the thermal conversion of the plastic fractions in this work is based on the
assumption that all particles exhibit the behavior of thermoplastics. Once the particle tem-
perature exceeds the melting temperature, a reversible transition of the particle mass into
the liquid phase occurs [16]. The modeling approach assumes a total particle mass con-
sisting of a solid (solid) and a molten (liquid) fraction.

My = Mgoria t Miiquia Eqg. 1.34

The phase transition within the particle is described, analogous to pyrolysis, by a dimen-
sionless melting front propagating from the outside toward the center. The melting front
determines the mass available for the melting process and is defined by exceeding a pre-
defined melting temperature T4 along the particle radius.

rT>Tmelting
Tp

+ —
rmelting -

Eq. 1.35

The change in the solid mass is calculated from the progression of the melting front.

0Mgyia _ Wsotia _

or,} e
ot Pp ot = —pPp 'Aboundary(rr-rtelting) '% EQ- 1.36

Here, Apounaary denotes the phase interface at the melting front. The heat required for the
endothermic melting process is calculated, taking into account the specific enthalpy of fu-
Sion Ahypeiting, as follows:

. aom lid
Qmelting = aS:l ' Ahmelting Eq 1.37

The actual molten particle mass is additionally limited by the heat transferred to the particle
in order to satisfy the energy balance (Eq. 1.5) for each time step. The values for the
melting temperature and the specific enthalpy of fusion are assumed to be analogous to
those of Bluhm-Drehnhaus [17] with Tpeiting = 127 °C @and Ahpeieing = 150 kJ /kg.

During the melting process, the increase in the liquid fraction leads to a change in particle
shape. Based on experimental results, linear functions are assumed for the geometry
change of the 3D plastics and foils. These functions describe the change of the initial as-
pect ratios (ini) as a function of the melting radius once it exceeds a value of 7,111, = 0,5.

For the 3D plastic fraction, due to the relatively low initial aspect ratios:
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a/ - 1,0
b. . )
a/b _ 17(1)1’5 Tt eting + 1,0 Eq. 1.38
a —
as =M-r+ ¥20 Eq. 1.39
c 0,5 melting , q.1.
and for the foils:
a —15
b )
@ = # *Tmelting + 1,5 Eq. 1.40
a/c = % meltmg + 8,0 Eq. 1.41

To illustrate the change in geometry, Figure 1.4 shows a particle of the 3D plastic fraction
during the melting process. The change begins at a melting radius of 7., = 0,5 and

ends once the particle is fully molten (r,5..;;iny = 0,0). The initially flat particle shape (18.9

x 6.3 x 1.0 mm) transitions, according to the linear function (Eq. 1.38 — Eq. 1.39) into a
body with more uniform edge lengths (6.1 x 6.1 x 3.1 mm).

+ — + _ + —
Tschmelz =0.5 Tschmelz =04 TSchmelz =03

rS chmelz . rS chmelz . rS chmelz

S O 8

Figure 1.4: Change in Geometry of a 3D Plastic Particle during the Melting Process.

1.2.7 Thermal Decomposition

The mass change of the liquid phase within the particle is determined using a first-order
Arrhenius approach with a temperature-dependent reaction rate.

aml id
% kdecomp Myiquid Eq 1.42

Analogous to the pyrolysis modeling, the decomposition rate is calculated for each shell at
the corresponding local temperature and subsequently averaged over the particle volume.
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kO,d Ed
kdecomp = % ) Z exp (_ %%::) Vs Eqg. 1.43

N

The chosen kinetic parameters kg gocomp = 3,943 - 1013 [1/s] and Egecomp = 224,9 kJ /mol
were determined by Bluhm-Drehnhaus [17] for PE based on experimentally measured de-
composition rates by Bockhorn et al. [18].

Since energy is required during thermal decomposition to break the chemical bonds of the
polymers, it is an endothermic process. Therefore, the energy required for decomposition
must be accounted for in the particle energy balance.

. aml' id
Qdecomp = al;]u * Ndecomp Eq. 1.44

The energy balance simultaneously limits, in addition to the reaction rate, the maximum
mass that can be decomposed within a time step. For the specific enthalpy of decomposi-
tion, a value of hyecomp 25°c = 230 kJ/kg is used, analogous to Bluhm-Drehnhaus, assum-

ing the decomposition of PE to dodecane (C;,H.s).

1.2.8 Chemical Reactions in the Gas Phase

The conversion of pyrolysis/decomposition gases in the gas phase is modeled using the
Eddy-Dissipation Concept (EDC). In this approach, the transported gases react according
to the following reaction scheme.

volatiles + v,0, - v,C0, + v3H,0 + v,N, Eq. 1.45

In this approach, the composition of the released pyrolysis gases is calculated using
pseudo-species CxH,0O; based on the elemental and proximate analyses. Starting from the
determined calorific values, the proximate analysis, and the calculated composition of the
pseudo-species, a standard enthalpy of formation AH}’ is determined. The molar masses,
standard enthalpies of formation, and the stoichiometric coefficients of the reaction equa-
tion for the volatile components of the individual RDF fractions are listed in Table 1.3.

For the calculation of the kinetically controlled conversion, a global kinetic approach ac-
cording to Westbrook & Dryer [19] is employed, with k, = 2,119 10 1/s and E =
2,027- 108 kj /mol.

Table 1.3: Parameters for Gas-Phase Reactions of the Volatile Components of RDF Fractions (per
mol of Volatiles).

. J
Fraction M [ﬁ] AH? [ﬁ v, v, Vs Vy
Fines 78,782 -1.100697-10¢ 4,398 3,269 4,117 0,052

Foils 100,000 -2.578132-10* 9,862 6,695 6,379 0,008
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3D-Plastics 100,000 -1.168794-10° 9,122 6,521 5,819 0,002
P&C 83,564 -5.793398-10° 2,632 2,438 3,343 0,009
Textiles 88,435 -5.153357-10° 5,480 4,445 3,705 0,050

1.2.9 Consideration of the Statistics of RDF Properties

To account for the heterogeneity of refuse-derived fuels in simulations of industrial plants,
additional particle properties can be assigned individually to each particle using statistically
distributed random values, in addition to specifying an (RRSB) particle size distribution.
The statistically assigned value P; is calculated from a normally distributed random number
¢, the standard deviation op,, determined from the measurement data, and the arithmetic

mean P,.

P, =P, +¢&-0p, Eq. 1.46

1.3 Modeling of Particle Motion

1.3.1 Model Fundamentals and Equations of Motion for Spherical Parti-
cles

In this work, the Discrete Phase Model (DPM) is used to describe both conventional (coal
dust) and refuse-derived fuels. The DPM is based on the Euler—Lagrange approach for
dispersed two-phase flows and calculates representative trajectories while accounting for
the forces acting on the particles in the turbulent flow field.

The change in particle velocity #, in the gas stream is calculated in the DPM by solving
Newton’s equations of motion. For the coal dust particles and fine fraction particles con-
sidered as point masses in this work, the force balance of a single particle in gas—solid
dispersions with low volume fraction and a large particle—fluid density difference reduces
to:

a‘,_]’ - - - -
mpa—t"’=ZF=1~jg+FD+FLM Eq. 1.47

Accordingly, only the gravitational force 139, the static buoyancy force ﬁLsmt and the drag

force F, are considered. The gravitational force (or weight) is the product of the particle
mass m, and the acceleration due to gravity g.

-

F, =m,-g Eq. 1.48

The resulting buoyancy force describes the displacement of the particle volume in a fluid
and is determined from the ratio of the fluid density p, to the solid density p,,.
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; ;. Po

Lstar = mp g pp Eq 1.49

The drag force causes acceleration or deceleration of the particle parallel to the relative
velocity vector v, — v, due to frictional and form drag. The magnitude of the force depends
on the particle’s projected area 4,, in the direction of the relative velocity and a drag coef-
ficient cgrqg-

1

ﬁD:EAmpg cp B, = Ty - B, — 7 Eqg. 1.50

For the coal dust particles assumed to be spherical, the correlation by Schiller & Naumann
[20] is used.

. 14 0,15 Rep %7 Re. < 1000
cp = Re, = Eq. 1.51
0,44 Re, > 1000

For the particle-related Reynolds number Re, the equivalent diameter d, is used as the

characteristic length L.

=py'|5p_ﬁg|'dv
Ng

Re

) Eq. 1.52

The modeling of the fine fraction is carried out by adjusting the drag coefficients according
to the correlation of Haider & Levenspiel [21] for non-spherical particles.

c =£(1+b -Reb2)+ bs

P Re roTp b, Eq. 1.53

p 1+ 55—

Re,

With the coefficients b, ... b,:

b, = ©2:3288-6,4581 ¢+2,4486 $* Eq. 1.54
b, = 0,0964 + 0,5565 ¢ Eq. 1.55
by = @4905-13,8944 $+18,4222 $*>~10,2599 ¢° Eq. 1.56
b, = @1:4681+12,2584 ¢—20,7322 ¢$?+15,8855 ¢3 Eq. 1.57

The sphericity ¢ is defined as the ratio of the surface area of a volume-equivalent sphere
Ay to the actual surface area of the non-spherical particle A4,,.
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Av_ T['d‘z/
A, 2-(arb+a-c+b-0)

Eq. 1.58

1.3.2 Extension of the Model for Describing the Motion of RDF

Coordinate systems and particle orientation

The particle motion depends on its orientation within the flow field. For this reason, the
particle orientation must be continuously calculated. To describe the particle orientation, a
global inertial system of the simulation environment [x, y, z] and a local particle coordinate
system [x',y’, z'] with its origin at the geometric center of the particle are introduced. Addi-
tionally, a coordinate system [x",y", z"] is defined, whose axes are parallel to the inertial
system but are also located at the particle center and move with the particle. Figure 1.5
provides an overview of the coordinate systems and their orientations.

X

Figure 1.5: Definition of the coordinate systems and the Euler angles (adapted from [22]).

The rotation of the particle coordinate system relative to the inertial system can be de-
scribed using three Euler angles ( 6, ¢,y). The rotation of the coordinate system follows a
fixed sequence: first, a rotation by the angle ¢ around the z'’-axis in the initial position;
next, a rotation by the angle 6 around the x'-axis in its position after the first rotation (N)
and finally, a rotation by ) around the z'-axis in its position after the first two rotations.

The transformation between the inertial and particle coordinate systems is performed us-
ing a transformation matrix A or its transpose A”.
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=A% Eq. 1.59
X =AT-% Eq. 1.60

The transformation matrix A is obtained by multiplying the three rotation matrices of the
Euler angles in three-dimensional space.

cos cos ¢ — cos B sin g siny cosysing +cosfcospsiny  sinysinf
A=|—sinycos¢ —cosfsingpcosyy —sinypsing + cosbcose¢pcosy cosysinb Eq. 1.61
sin @ sin ¢ —sin @ cos ¢ cos 6

The temporal change of the Euler angles is directly related to the angular velocities.
_de_
dt [ @wcCOS Y — wy, cosy

d w,, siny + w,, cos sin @

dg | _ | (wx sinyy + w,, cosp)/ Eq. 1.62
dt do

dyp W, — (E) cos @

L dt

Here, [a)x,,a)y,,a)z,] are the angular velocities of the particle relative to the particle coordi-
nate system. Instead of describing the rotation of the coordinate systems around three
axes, the rotation can also be represented around a single axis in space. This allows the
use of quaternions, in this case the Euler parameters according to Hughes [23] ¢, €,, 5and
n.

1-2(ef +€3) 2(e16,+&3m)  2(8183 — £,1)

A=|2(e6;—&3m) 1-2(ef+¢&f) 2(er83+&1m) Eq. 1.63
2(e38; +&,m)  2(e38, —&m)  1—2(ef +£3)

with
-y 0 . o—yY 0
& = coS 5 sin > g, = sin 5 Smf
Eq. 1.64
oty 0 p+y 0
&3 = SIn 2 COSE’ n = cos 2 COSE

The Euler angles are used for the initial assignment of the particle orientation. Subse-
quently, for each time step dt, the change of the Euler parameters is calculated based on

the angular velocities [w,,, w,,, @,,].
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_dgl_
dt
de; NWy — E3Wy, + E2Wy
dt _ 1 83wxl + na)yl - glwzl
deg| 2| —&0y + &0y, + N0y, Eq. 1.65
E —E Wy — S2(‘)yl — E3Wy,
dn
L dt

Forces and moments on the particle

Figure 1.6 illustrates, in a two-dimensional view, the forces and moments acting on a cu-
boid particle in a uniform gas flow. Due to the relative velocity between the particle and the
gas phase 7, different pressure regions (+ high pressure, — low pressure) arise on the
particle surface in the flow direction. Since the particle is not in its equilibrium position —
i.e., the normal vector of the particle surface does not point in the direction of the relative
velocity vector— the point of application P, of the drag force and the dynamic lift force
F, dyn is shifted relative to the center of mass P,, by a distance §. In contrast, the gravita-

tional force acts through the particle’s center of mass, generating a moment Ml on the
particle. This moment induces rotation of the particle about its center of mass.

-
FL,stat

Ap,

< >
|~ >

rrrrrtrtd

o
Urel

Figure 1.6: Forces and moments acting on a non-spherical particle in a uniform flow (after [24]).

The force balance (Eq. 1.47) is extended for the cuboid particle accordingly to include the
dynamic component of the lift force.
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T'nPW= F=ﬁ,'g+ﬁD+ﬁLstat+ﬁLdyn Eq 166

The dynamic lift force arises due to the pressure gradient on the particle surface generated
by the particle’s flow, and it always acts perpendicular to the drag force, or equivalently, to
the direction of the incoming flow.

ﬁAdyn =§AP" Pq €L |1})P_‘l_}Gl 'ﬁP_"_}G Eq 1.67
The magnitude of the lift force is determined by the relative velocity, the area projected
perpendicular to the flow direction 4p , and the lift coefficient ¢,, which is determined by

the particle geometry.

The lift and drag coefficients for non-spherical bodies depend not only on the Reynolds
number but also on the particle orientation in the flow, and they fluctuate accordingly during
rotational motion. The drag and lift coefficients for complex aspherical particles are deter-
mined in a drop-tube experiment. The experimental values correspond to the Newtonian
regime of the Reynolds number. Therefore, an adjustment for the Stokes and transitional
regimes at Reynolds numbers <1000 is made using the equation according to Kaskas [25].
, 24 4

> = Re, \/R_eP+CD Eq. 1.68
The drag coefficients determined from drop-tube experiments apply in simulations of in-
dustrial furnaces for fractions undergoing shape changes only to the initial state upon en-
try into the combustion chamber. This initial state is often of short duration, but it can de-

cisively influence the subsequent trajectory due to the high impulses present at the
burner outlet.

The shape change of certain fractions during combustion is described in more detail in
section 1.2.6. Once a shape change occurs in the corresponding fractions, the drag coef-
ficients derived from experimental statistical distributions are no longer used. Instead, the
drag coefficients are calculated using the correlation of Holzer & Sommerfeld [26] for
non-spherical bodies. This empirical correlation accounts for the particle shape and ori-
entation over the entire range of Reynolds numbers.

Cp = . + —t ——+0,42
° Rep \/QTH Rep \/5 +/ Rep ¢3

. 1004 (~log $)*? 1

¢

In this correlation, the longitudinal sphericity ¢, denotes the ratio of the cross-sectional

8 1 16 1 3 1
v

Eq. 1.69

area of a volume-equivalent sphere to the difference between half the surface area and
the area of the particle projected in the flow direction. The transverse sphericity ¢, is de-
fined as the ratio of the cross-sectional area of a volume-equivalent sphere to the particle
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area projected perpendicular to the flow direction. The corresponding lift coefficient is es-
timated using the cross-flow principle according to Hoerner [27].

¢, =Cp-sina-cosa? Eq. 1.70

In the above equation, a denotes the angle between the normal vector of the particle sur-
face and the flow direction. The underlying particle surface is determined from the particle
length a and width b. For values of a # 0 the center of pressure on the particle surface is
shifted relative to the center of mass, inducing a torque.

To illustrate the lever arms of the acting forces, Figure 1.7 shows a three-dimensional view
of a cuboid with the corresponding angles «, 8,y between the particle principal axes and
the flow direction.

\
\
\\ a
VUrel

Figure 1.7: Definition of the angles and lever arms in the three-dimensional model.

The following equation is used to calculate the lever arm 5:

) b-cosy?3
§=025- 0 Eq. 1.71
a-cosp?3

The lever arm along the particle height (side c) is not considered due to the flat particle

geometry.

Consequently, the torque acting on the particle’s center of mass is given by the cross
product of the lever arm and the force vector.

1‘71)1 =§ x (ﬁD + ﬁLdyn) Eq.1.72

With the approximation of the particle shape as a cuboid, the geometric center inevitably
coincides with the center of mass. In real refuse-derived fuel particles, however, due to
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their complex geometry with varying thicknesses (e.g., partially folded foils), these two
points are often offset. This results in an equilibrium position of the real particle that differs
from the assumed equilibrium position of the cuboid (a = 0). Consequently, a torque acts
on the real particle even when the model particle would be in its equilibrium state. For this

reason, an additional corrective moment M, is calculated analogously.

- -

M, =6, %xE Eq. 1.73
The vector 5g between the center of mass and the geometric center of the particle is also
sampled from a normal distribution determined in the drop-tube experiments using a ran-
dom number generator. Due to the angular acceleration induced by the torques, a resistive

moment opposing the rotation also acts, which is derived from the flow resistance of a
rotating cuboid.

1

M3,x,—a-cp-pg-b-5x-a4 Eq. 1.74
1 .

Mg,y,=a'cp'pg-c-wy-a Eq. 1.75
1 =

M3,zl a.cD'pg'a'wzlb Eq176

Finally, the particle’s mass moment of inertia must be taken into account. For a cuboid,
this can be determined using the edge lengths parallel to the respective axis of rotation.

1

Ix,=ﬁ-pp-l/;,-(a2+cz) Eq. 1.77
1

ly == pp V- (@ +b7) Eq. 1.78
1

IZ,=E-pp-Vp-(b2+c2) Eq. 1.79

From the moment balance about the particle’s center of mass, the change in angular ve-
locities can be described using the Euler equations of motion.

aa)x, _ Ml,x’+M2,x’+M3,x’ + (l)y, b wz,(ly, - IZ’)

ot L, Eq 1.80
ow My, +M, ,+Ms oy, + 0y, w5, (1, — 1)
yr _ Ly 2,y! 3,y1 x! z1\1zr x/
ot L, Eq. 1.81
6;);, _ M1,ZI+M2,ZI+M3,ZI I+ Wy, wxl(lxl - Iy,) Eq 1 82
z!
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Appendix

Table A1: Properties of the fuels used.

Einheit 3D Foils P&C Textiles Fines Total
Composition [m.-%] 25,70 30,50 11,70 10,20 21,90 100
Ho (wf) [MJ/kg] 40,69 39,79 15,96 23,58 16,06 30,38
Hu (roh) [MJ/kg] 37,79 36,72 10,78 20,61 10,22 26,51
Proximate analysis
(raw)
Water [m.-%] 1,05 0,95 25,68 6,26 28,48 10,44
Ash [m.-%] 1,04 5,09 10,68 10,99 17,51 8,03
Fix Carbon [m.-%] 0,00 0,00 10,46 9,57 11,46 4,71
Volatiles, average [M.-%] 97,91 93,96 53,19 73,18 42,55 76,83
Volatiles, Std. Dev. (o) [m.-%] 2,44 2,86 2,56 3,05 13,90 -
Ultimate analysis (waf)
C [m.-%] 78,93 80,42 45,72 64,96 60,48 66,88
H [m.-%] 12,03 12,86 6,74 7,47 8,30 9,85
N [m.-%] 0,07 0,22 0,24 1,39 1,47 0,62
O [m.-%] 8,98 6,50 47,30 26,18 29,75 22,65
RRSB (Standard)
dv,max [m] 1,27E-02 8,30E-03 1,48E-02 9,28E-03 3,00E-03
dv,min [m] 3,30E-03 1,48E-03 1,39E-03 1,82E-03 3,00E-04
dv,mittel [m] 9,40E-03 4,60E-03 7,70E-03 6,30E-03 1,56E-03
N [] 5,11 3,27 3,57 2,96 2,19
RRSB (fine)
dv,max [m] 1,02E-02 6,70E-03 9,00E-03 7,77E-03 2,00E-03
dv,min [m] 2,90E-03 1,40E-03 2,00E-03 1,60E-03 3,00E-04
dv,mittel [m] 7,50E-03 3,80E-03 5,60E-03 4,80E-03 1,30E-03
N [] 4,76 3,65 3,89 3,61 2,19
Geometry
a/bmittel [] 2,73 2,86 2,25 4,63 2,55
albo [] 1,63 2,94 1,16 11,20 1,20
a/Cmittel [] 34,80 202,00 29,83 19,40 14,86
alco [] 40,20 161,1 25,81 15,67 3,86
further Parameters
Density [kg/m?] 812 822 640 362 800
Heat conductivity [W/m/K] 0,35 0,35 0,10 0,08 0,31
Spez. Heat capacity [J/kg/K] 1.900 1.900 1.258 1.325 1.844
Emissivity [] 0,80 0,80 0,85 0,85 0,85







