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1 Models for describing the thermochemical conversion
behaviour of RDF

The following sections describe models developed as part of the transfer project T1 of the
transregio CRR/TRR 129 “Oxyflame — Development of models and methods for describing
the combustion of solid fuels in an oxygen-fuel atmosphere” to simulate the various ther-
mochemical conversion processes of RDF. The models represent an improvement on the
previous Ansys FLUENT® RDF models (rdf udf doku website englisch_final.pdf) in
terms of predicting the conversion behaviour under superstoichiometric oxy-fuel condi-
tions. In contrast to Ansys FLUENT®, where user-defined functions (UDFs) were used to
couple the particle and fluid phases, the DEM code framework (discrete element methods)
developed as part of TRR 287: BULK-REACTION is used for this purpose to enable the
convenient usage of openFOAM for the simulations.

1.1 Overview of the various conversion processes

The basis for the various conversion processes is the thermal heating of the particle due
to radiation and convection (see Figure 1(a)). Depending on the respective conversion
step, endothermic and exothermic processes also influence the heat balance of the parti-
cle. As a result of the thermal thickness, this results in a temperature profile along the
shells of the discretized particle. As soon as the temperature of a shell reaches or exceeds
a specific temperature, the corresponding conversion process takes place (see Figure 1
(b)). Discretization is performed using finite differences, with one point representing one
shell. A detailed description of the process can be found in the section on heating within
this chapter. In contrast to Ansys FLUENT® RDF models, RDF is approximated here as a
flat plate rather than a sphere of equal volume due to its flat shape. Figure 1 (b) shows a
schematic representation of the conversion behavior for a biogenic particle; synthetic par-
ticles are converted according to the same principle, with a characteristic conversion tem-
perature defined as the starting point for the process. Depending on the synthetic material,
conversion steps may need to be added or removed. Due to the high proportion of poly-
ethylene (PE) and polyvinyl chloride (PVC) in the total waste volume and the influence of
PVC on material cycles in the cement manufacturing process, the modeling of the synthetic
fraction focuses on these two materials. In view of the fact that no pronounced melting
process is observed for PVC compared to PE due to the comparatively narrow temperature
range between the melting and decomposition temperatures, separate modeling of the
melting process for PVC has been omitted. In addition, the drying process is not modeled
due to the negligible moisture content of plastics. Table 1 summarizes the conversion
steps for residual char-forming and non-residual char-forming materials and provides in-
formation on the simulation approaches used. The term “thermal decomposition” has been
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introduced due to the fact that, according to Liedmann [1], the release of volatiles in PE
only occurs from the melting of the particle and is intended to distinguish it from pyrolysis,
which in this modeling approach assumes the release of volatiles from the solid material.
However, the underlying physical processes are identical. The conversion steps are not
strictly sequential, but can take place simultaneously. Detailed information on the respec-

tive steps is explained in the following sections.
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Figure 1: Modeling of the various thermochemical conversion processes for a biogenic
particle: (a) heating; (b) conversion [2].

Table 1: Implemented models for simulating the thermochemical conversion of RDF.

Conversion Char-forming fractions Non-char-forming  frac- | Simulation approach
step (paper & cardboard, tex- tions
tiles, PVC) (PE)
1. Heating Heating 1D-heat conduction
with Crank-Nicolson-
method
2. Drying Melting Thermal model without
(exclusive PVC) consideration of kinetics
3. Pyrolysis Thermal decomposition One-step model
with Arrhenius approach
4. Char conversion - kinetically/diffusively  lim-
ited approach according to
Baum and Street [3] and
Field [4]




1.2 Heating

During heating, a heat balance is formed around the particle in order to calculate the inter-
nal temperature distribution, which serves as the starting point for the further conversion
steps. To determine the temperature distribution, the particle is first discretized, followed
by the solution of the one-dimensional heat conduction equation for a flat plate (see Eq.
(1)) using the Crank-Nicolson method.
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The Crank-Nicolson method is an established procedure for solving the one-dimensional
heat conduction equation. Like other methods for discretizing differential equations (e.g.,
Euler explicit, Euler implicit), the method is based on a Taylor series expansion. Due to
the temporal averaging of values at time n and n+1 (see Eq. (2)), the Crank-Nicolson
method exhibits a second-order truncation error in time according to the Taylor series ex-
pansion. The higher the order of the truncation error, the more accurate the method. In
addition to temporal averaging, a central difference is applied in space (see Eq. (3)), which
also leads to a second-order truncation error with respect to space. The combination of
Eq. (2) and Eq. (3) results in Eq. (4), which, due to its implicit nature, must be solved by a
linear system of equations; the procedure used for this is discussed at the end of this
section.
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Since the local derivative is a second-order differential equation, two boundary conditions
are required to solve the one-dimensional heat conduction equation. The points at which
the boundary conditions are implemented are marked accordingly in Figure 1 (b). Point 4
is needed to calculate the heat flux, which results from the temperature difference between
the ambient temperature and the particle surface temperature. Based on Fourier's law, T4
can be determined by forming a central difference in position (see Crank-Nicolson
method). Building on this, equation Eq. (5) provides a general solution for implementing
the heat flux density as a boundary condition, whereby i must be set to the outermost node
of the particle at h/2. Assuming thermal symmetry around point O (i.e., T; = T_;, etc.), the
general form of the equation can be derived according to Eq. (6).
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The heat conduction equation is first order with respect to time, which is why only one
initial condition is required. During initialization, the temperatures at the nodes are set to
an initial value (e.g., room temperature) once at the start of the simulation. The heat flow
(convection + radiation + endothermic or exothermic processes) is then calculated based
on the initial temperature of the particle. Heat transfer by convection occurs via the main
surfaces of a plate and is determined according to equation Eq. (7), in which Ap wmain is
calculated using the term 2-/'w and Tp surcorresponds to the temperature at the particle
surface in node h/2. To calculate the heat transfer coefficient (see Eq. (8), Nusselt corre-
lations for a flat plate with longitudinal flow are used (see Eq. (9) - (Eq. (10)), whereby the
plate length in the direction of flow / is used for the characteristic length L. Like the Reyn-
olds number, the Nusselt number is a dimensionless parameter and describes how effec-
tively heat is transferred by convection compared to conduction. In the transition range 10
< Rep < 107 (i.e., no purely turbulent flow has yet developed), the Nusselt number for a
flat plate with longitudinal flow is determined by averaging according to equation Eq. (9).
The Prandtl number, which describes the ratio between the velocity boundary layer sur-
rounding the particle and the temperature boundary layer, is calculated as the quotient of
the kinematic viscosity vg and the thermal diffusivity aq (see (Eq. 39)) [118].
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The transmitted radiant heat flux is calculated based on the effective radiation temperature
Terr according to equation Eq. (13). The effective radiation temperature is a theoretical
quantity that corresponds to the temperature of an ideal black body that emits exactly the
radiation power that the object under consideration (e.g., an RDF particle) receives from
its environment. It is derived from the irradiance G incident on the particle and the geom-
etry of the particle. In G, the heat flux densities supplied by radiation from all incident rays
from all spatial directions are combined into a scalar value. The flat RDF particle transfers
heat analogously to the convection already considered, only via the two main surfaces
2:I'w. In contrast to convection, where a directed flow/heat transfer has been assumed,
the thermal radiation hits the particle in a non-directional manner from all spatial directions.
The complex and computationally intensive conversion of G into directed rays that strike
only the main surfaces has been omitted here. Instead, the RDF particle is considered a
sphere with a uniform surface for the purpose of calculating the amount of heat transferred



within this modeling step. Due to the thermal symmetry of the particle mentioned above, a
homogeneous radiation field is assumed, in which the incoming radiant heat heats the
particle evenly. The incoming rays act on the projected area 1req? orthogonally to the di-
rection of incidence. Added together, this results in the heat flux G-mre®ap absorbed by
the particle. The emitted heat is distributed evenly over the surface of the particle according
to the expression 0-4-1T-req> € Ter. For each time step, a radiation equilibrium between the
thermal radiation absorbed by the particle and that emitted by it is assumed. Due to the
radiation equilibrium, according to Kirchhoff, a, = &, which results in equation Eq.(13). In
the radiation equilibrium, it is assumed that the temperature of the particle surface corre-
sponds to Ter, Which is not the case in reality. This results in a difference between Tef and
Tr,surf, Whereby the amount of equation Eq. (14) can be interpreted as a deviation from the
radiation equilibrium between the particle and its environment. This approach takes into
account the transient, radiation-induced heating of the particle.
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The heat flows from endothermic or exothermic processes (such as drying, pyrolysis, re-
sidual char combustion, melting, thermal decomposition, or homogeneous gas phase re-
action) that heat up or cool down the particles depend on the mass conversion and en-
thalpy of the respective reaction step and are calculated using equations Eq. (15) - Eq.(20).
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The total heat flux transferred to the particle is the sum of the individual heat fluxes (from
convection, radiation, drying, etc.) and is used to calculate the new particle temperatures



Ti that will be present in the next time step. According to Eq. (5), this requires knowledge
of the heat flux density, which can be calculated using equation Eq. (21).
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The determined heat flux density provides all the information needed to set up the linear
equation system by inserting the respective nodes for i into Eq. (4) and entering the corre-
sponding boundary conditions. Since the initial condition is only required for the initial sim-
ulation step, the newly calculated temperatures T; provide the initial values for the subse-
quent time step. The resulting linear equation system is a tridiagonal matrix that is solved
using the Thomas algorithm. This algorithm is particularly suitable for tridiagonal matrices,
as fewer arithmetic operations are required compared to classical Gaussian elimination.

1.3 Drying

The mass of water passing from the particle into the vapor phase per time step is calcu-
lated using a drying front that moves through the particle. This assumes that the initial
mass of water is evenly distributed across the individual shells of the particle. In contrast
to the volatile compounds released during pyrolysis, the water present in the particle is
only weakly bound. Therefore, kinetic parameters are not taken into account when model-
ing the drying process. Instead, a purely thermal model is used, which assumes instanta-
neous evaporation of the water when the drying temperature is reached. The drying pro-
gress depends exclusively on the local temperature distribution and the number of nodes
defined by discretization. The expansion of the drying front h'pying is determined by linear
interpolation between the temperatures T;and the node ratios ;i of successive nodes (see
Eq. (22). The node ratio compares the number of the node currently being considered with
the total number of nodes and serves as a dimensionless measure for dividing the particle
into sections. The drying temperature Taying describes the particle temperature at which
the endothermic drying process begins and is defined as 100 °C. The values for h'prying
vary between 1 and 0, where 1 corresponds to a completely undried state and 0 to a com-
pletely dried state.

R brying = T2 Topying + (i = 2200+ T)) (22)
With the help of the drying front, the dried mass of water for the current time step n can
then be calculated see Eq. (23). For better differentiation, the water that has transitioned
into the gas phase is referred to as steam, and the water that remains in the particle is
referred to as water. At the initial start of the simulation, no water has yet evaporated, so
the value of Mstweam™" is zero.

mSteamn = Mwater,ini " (1 - h*Drying) - TnSL“eamn_1 (23)



Only the maximum amount of water valid for each shell can be evaporated per shell. The
total amount of water evaporated is continuously accumulated and cannot exceed the ini-
tial amount of water bound. At the same time, the total mass of the particle is reduced by
the amount of water evaporated per time step. During the drying process, the particle vol-
ume is assumed to remain constant, which is why the density of the particle must also be
adjusted after each time step.

1.4 Pyrolysis

In pyrolysis, when the material-specific pyrolysis temperature Tpy, is reached, the immedi-
ate release of volatiles is not assumed, as is the case with drying, but the kinetics of the
process are taken into account. For better differentiation, the components that have al-
ready transitioned into the gas phase are referred to here as volatiles, and the components
still bound in the particle are referred to as volatiles. The initial mass of the volatiles is
distributed evenly across the individual shells, just like the mass of water present in the
particle. In order to reduce the complexity of the pyrolysis process, a one-step model has
been chosen in which no distinction is made between primary and secondary pyrolysis. In
the model, the mass of volatiles released per time step by pyrolysis is calculated using an
Arrhenius approach. First, the rate constant k.o, of the corresponding shell is calculated
as a function of T; in equation Eq. (24), whereby the kinetic parameters ko and Ex used
must be selected specifically for the material. The mass of volatiles released per shell is
then calculated see Eq. (25). The mass of volatiles present per shell is adjusted as the
simulation progresses in accordance with equation Eq. (26). The cumulative mass of vol-
atiles is calculated by continuously adding up the masses volatilized per time step. The
latter are determined by the sum of the volatiles degassed per shell and time step. The
volume fraction ¢; of a single shell in the total volume (which has already been implicitly
taken into account in the description of the uniform distribution of water and volatiles in the
particle) is determined using the known node ratios and the external dimensions of the
particle.

EA,vol
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Similar to drying, only a maximum permissible mass of volatiles can be degassed per shell.
The total release of volatiles beyond the value of the initial mass of volatiles is not possible.



Equivalent to the drying process, a constant volume is assumed during pyrolysis. In addi-
tion to the decreasing total mass, this also means that the density of the particle must be
recalculated after each time step.

During the pyrolysis of biogenic fractions, no change in shape is assumed and the particle
remains in the plate shape shown in Figure 1(b). During the thermal conversion of PVC,
however, a change in the shape of the particle is assumed once 50% of the volatile mass
has been released: the resulting residual char contracts due to ongoing aromatization pro-
cesses, meaning that the particle is considered to be spherical from this point onwards.
The change in shape means that the one-dimensional heat conduction equation must be
adapted for a spherical geometry. Instead of the main surfaces of the flat plate, the surface
of the sphere with the same volume is now considered the heat transfer surface, which
also means that the routines for heat transfer by convection and radiation must be adapted.
In addition, the characteristic length must be chosen as the diameter of the sphere of equal
volume, and the Nusselt and Sherwood correlations must be modified. In order to maintain
the readability of this handout while ensuring the completeness of the equations, the afore-
mentioned correlations are listed in the appendix.

In contrast to Liedmann [1], this study rejects the pseudo-species approach based on the
CxH,0O; scheme and advocates the use of clearly defined pyrolysis gases (CO,, CO, CH,,
H>, H>0O for biogenic materials [5] and HCI, CO,, CH4, C2H> for PVC [6]) for calculating the
homogeneous gas phase reaction: The use of fixed species makes it possible to use pol-
ynomials to describe the temperature dependence of material properties (e.g., heat capac-
ities and formation enthalpies); no such database exists for “artificially” composed pseudo-
species. In addition, parameters relating to kinetics are available for fixed species for cal-
culating conversion rates, which are unknown for composite pseudo-species. Although
pseudo-species of the form CxH, O, are suitable for fulfilling the mass/element and energy
balance, this can also be achieved by a suitable composition of the pyrolysis gases. From
a global perspective, pyrolysis is an endothermic process, but exothermic partial reactions
are also possible within it.

1.5 Residual-Char Combustion

When the oxidation temperature Toy is reached, exothermic residual char combustion only
takes place on the surface of the particle, meaning that the intra-particle temperature dis-
tribution plays no role in this case. The model used, based on Baum and Street [3] and
Field [4], was developed specifically for the combustion of spherical coal particles, which
is why equation Eq. (27) has been supplemented by a material-specific factor y that takes
into account the deviation from the ideal coal particle. The parameters K and ¢ associated
with y see (28) are determined on the basis of post-simulation analyses of the burn-off
behaviour of model fuels and are then used to model the conversion characteristics of real
RDF particles. Since the model is a kinetically/diffusively limited approach, the influence
of the respective proportions cpirr (see Eq. (29)) and ccrem (Se€ Eq. (30)) is weighted by the



formation of the harmonic mean. The proportion cpir representing diffusion is calculated
using the mass transfer coefficient £ and the proportion relating to the chemical reaction
is calculated using an Arrhenius approach. This work assumes that the RDF particles are
completely oxidized to Co2. Both the pyrolysis and oxidation of carbon to Coz are consid-
ered first-order reactions, but there are differences in the description of the pre-exponential
factor in the Arrhenius equation: Since the carbon contained in the residual char is present
together with ash residues, the fixed amount of carbon cannot be directly recorded as a
molar number. Accordingly, the reaction kinetics are formulated in terms of mass. In con-
trast to pyrolysis, which takes place over the entire particle volume, residual char combus-
tion occurs exclusively on the particle surface. For this reason, the pre-exponential factor
is related to the surface of the particle. In addition, the reaction process depends on the
partial pressure of oxygen, which is therefore explicitly included in the mathematical de-
scription. To calculate the mass transfer coefficient £ (see Eq. (31)), the Sherwood number
Sh (see Eq. (32)) is required, which is determined depending on the geometry using the
correlation for a flat plate or sphere. The Schmidt number according to equation Eq. (33)
is used to calculate the Sherwood number. Both quantities are dimensionless parameters,
with the Sherwood number and Schmidt number representing the mass transfer counter-
parts to the Nusselt and Prandtl numbers. The diffusion coefficient required for the calcu-
lation (see Eq. (34)) depends on pressure and temperature and is determined on the basis
of reference values. The model approach used assumes that the particle retains its cuboid
geometry (in the case of biogenic materials) or its spherical geometry (in the case of PVC)
and that the density of the particle remains constant. This information can be used to re-
calculate the particle volume after each time step. Assuming that biogenic particles retain
their initial side length ratios during residual char combustion, the current side lengths and
surface area can be calculated using the known volume.
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1.6 Melting

Only thermoplastics and thermoplastic elastomers are capable of melting, as the individual
polymers are only loosely connected to each other via van der Waals forces or isolated
covalent bonds. This is also the reason why this modeling approach, as in the case of
drying, assumes a thermal model with immediate execution of the conversion step when
the corresponding temperature is reached. The procedure for calculating the dimension-
less melt front is similar to the procedure for calculating the drying front, taking into account
the melting temperature Tuer(see Eq. (35)).

¥ Yiv1— i Yiv1— i
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During melting, no species are transported into the gas phase. In addition to the endother-
mic phase transformation, the central importance of the melting process for thermal con-
version lies in the change in particle geometry: According to Liedmann [1], the shape trans-
formation begins as soon as 50 % of the particle has melted. The unmelted portion of the
RDF particle changes from an aspherical to a more spherical shape. In the case of Lied-
mann [1], however, the particle never reaches a spherical shape, but remains a cuboid
due to the adjustment of the side length ratios. This paper does not use the approximation
formulas established by Liedmann [1] to calculate the side length ratios. Instead, the par-
ticle is considered an ideal sphere as soon as the melt front reaches or falls below 50 %.
The transformation from solid plastic to melt is based on the shrinking core model: The
melting process is considered to progress from the outside in, with the volume of the re-
spective particle geometry remaining constant and the solid core shrinking as the melt
increases (see Figure 2).
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Figure 2: Change in shape due to melting: (a) Original view as a plate; (b) as soon as the
melt front reaches or falls below 50 %, the particle is geometrically regarded as a sphere
[2].

With regard to the change in shape, equation Eq. (36)) for calculating the molten particle
mass must be adjusted: After the change in shape has occurred, the melt front no longer
contributes to the melting of the particle in a one-dimensional manner, but rather in a three-
dimensional manner in accordance with the relationship for calculating the sphere volume
(see Eq. (37)).
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Further adjustments due to the change in shape of the PE must be made in the routine for
heating the particle in the same way as for the change in shape of PVC (see section on
pyrolysis in this chapter).

1.7 Thermal Decomposition

The thermal decomposition of PE is modeled equivalently to pyrolysis using a one-step
model including the Arrhenius approach, which leads to equation Eq. (38). It is assumed
that the liquid melt continues to envelop the particle and thus the shell model concept still
applies (see Figure 2(b)). It should be noted here that the material values change as a
result of the phase transition and thus influence the heat transport in the particle. Once T;



has reached or exceeded the decomposition temperature, volatiles are transferred endo-
thermically from the melt to the gas phase based on the approach of Liedmann [1]. Ac-
cording to Matthiesen et al. [225], primarily C2H4, CH4, and C2H> are released, which is
why the modeling is limited to these species. During the decomposition process, the mass
of liquid PE decreases, but not the mass of solid PE, which is why the newly adjusted
particle volume is calculated using the masses and densities of the subphases. The de-
composition process continues until the entire melt is used up (see Eq. (39)).
Ao (38)
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1.8 Gasphase reaction

The homogeneous gas phase reaction for converting the species released by pyrolysis
(biogenic materials and PVC) takes place via the eddy dissipation concept (EDC) accord-
ing to Magnussen. The speed of thermal conversion depends on the type of flow (turbulent
flows ensure better mixing of oxidizer and fuel) and the kinetics of the chemical reaction.
The EDC takes both aspects into account: using a turbulence model, the simulation do-
main is divided into areas of coarse and finer vortex structures. The chemical processes
for converting the species take place in the finer structures, which are on the scale of
molecules. In contrast to the eddy dissipation model (EDM), which assumes an infinitely
fast reaction rate and works according to the principle of “mixed equals burned”, EDC takes
into account the actual reaction kinetics and thus the temporal conversion of the individual
species. The heat energy released during the chemical conversion is implicitly taken into
account via the new temperature of the CFD cell in which the particle is located.

A hybrid approach combining EDC and boundary layer reaction is chosen to model the
homogeneous conversion of species originating from thermal decomposition (PE). Bound-
ary layer reaction is understood here to mean that the species react in the immediate vi-
cinity of the particle, provided that the diffusive oxygen transport to the particle surface is
large enough. In this case, the species are not introduced into the CFD domain (and con-
verted there via EDC), but are converted directly at the particle surface. Since the use of
EDC averages the heat released by the homogeneous reaction over the entire CFD cell in
which the particle is located, the heat output actually transferred to the particle surface is
insufficiently recorded: In the case of PE particles, the flame is located at the particle sur-
face compared to biogenic particles and PVC; However, when EDC is used alone, the
flame is extended to the entire CFD cell. Accordingly, it is not possible to reproduce reac-
tions occurring in the boundary layer via EDC. In order to still map reactions in the imme-
diate surface area of the particle and establish a mathematical relationship to the oxygen
partial pressure (for biogenic particles and PVC, this is done using the routine for residual



char combustion), the EDC is expanded in accordance with the following concept. The
concept is based on Fick's first law dZ‘ZZ = =Dy, "Ap * f’;zz

diffusive oxygen transport from the atmosphere surrounding the particle (outside the par-
ticle's sphere of influence) to the particle surface. The differential dc,, is expressed in

, Which is used to calculate the

terms of the oxygen concentration surrounding the particle and the oxygen concentration
at the particle surface, which is approximated to zero. Consequently, dx is described by
the boundary layer thickness d, which can be calculated using the definition of the mass

transfer coefficient g, = %— Using the ideal gas law and Dalton's law, the concentration
Co, is reformulated to the partial pressure p,,. By finally multiplying Fick's law by the molar

mass of oxygen M,, and the time interval At under consideration, the mass of oxygen
diffusing into the boundary layer is determined (see Eq. (40)).

Po,

. 40
G At (40)
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Depending on whether the particle still exists as a plate or has already melted into a
sphere, the corresponding correlation of the Sherwood number is used to calculate the
mass transfer coefficient. Based on the respective reaction equations, the converted spe-
cies masses are determined, and the reaction enthalpy released in the process is explicitly
used to heat the particle. The order of the degassing process is important here, as the
respective mass of reacted species depends on the oxygen diffusing into the boundary
layer. First, CoH4 is released, followed by CH4 and CzH2 [7]. If there is no more oxygen
available to oxidize the degassing species directly in the boundary layer, they are trans-
ferred to the CFD domain and converted via the EDC. In formulating equation Eq. (40), a
conscious decision was made against the molar-based variant, as the DEM simulation
framework works with mass source terms rather than molar source terms.
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Appendix

Heat conduction equation including discretization using the Crank-Nicolson method

for a sphere
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First boundary condition: Thermal symmetry (i.e., 7: = T-; etc.) around the center of the
sphere, simplifying the heat conduction equation to determine 7 by considering the limit

according to L'Hospital's rule.
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Second boundary condition: Incorporation of the heat flux density using Fourier's law at i =

7
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Heat transfer by convection and radiation for a sphere




QConv =a" Ap - (Tg - TP,Surf)

Qser = 0 €p* Ap- (T)sff4 - TP,Surf4)

MltAP = 1" deqz

Nusselt correlation for calculating the heat transfer coefficient for a sphere

o = Nu- g4 =Nu-/19
L deq

Nu= 2+ JNulamz + Nugpp?

Nutjam and Nugnp continue to be calculated according to the mentioned equations, whereby
the Reynolds number is now calculated using the equivalent diameter of the sphere with the

same volume.

Sherwood correlation for calculating the mass transfer coefficient for a sphere

Sh-L  Sh-dg,

F=—"D"="

Sh=2+06- Re/2- Sc'/

The Reynolds number is now calculated using the equivalent diameter of the sphere with

the same volume.







