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Computationally inexpensive CFD modeling of sewage sludge and waste additive combustion exper-

iments in an entrained flow reactor

Benjamin Ortner, Christian Schmidberger, René Prieler, Christoph Hochenauer

Insights into waste-based combustion with additives in an entrained flow reactor

The effect of additives used to adjust the basicity (B; = CaO/SiO3 = 1) is discussed

Novel, computationally inexpensive CFD model proves useful for up-scaling

Very good match between experimental and simulated results

Meat and bone meal significantly affects combustion behavior and heat release
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Abstract

A computationally inexpensive, mixture-fraction-based CFD model was applied to investigate the combustion char-
acteristics of two types of sewage sludge powder. These were mixed with meat and bone meal (MBM) and cement
bypass dust (BPD) as additives. Experiments on a semi-industrial furnace were performed to obtain validation data.
A wide range of operating conditions across eight different scenarios, varying by sludge type, additive combinations,
and combustion settings, including over- and substoichiometric conditions as well as slight oxygen-enhancement
were tested. All fuel-additive mixtures were adjusted to a basicity (Bl = CaO/SiO3) of one. Numerical simula-
tions of entrained flow combustion were performed, and the CFD model’s predictions were validated against the
experimental measurements and observations. Results showed that MBM had a significant impact on combustion
behavior. When MBM was used to adjust the basicity, it increased the heat release in the furnace by up to 57% for
sewage sludge with a lower initial basicity. This effect was attributed to the higher heating value of MBM. However,
the MBM also displayed a slower burnout rate compared to sewage sludge powder with BPD, indicated by spatial
trends in the gas phase measurements. This was likely due to the larger particle size of the MBM. In contrast, BPD
had a negligible impact on combustion behavior. Overall, the CFD model demonstrated very good agreement with

the experimental data, confirming its effectiveness as a tool for research, development, and process up-scaling.

Keywords:

Sewage sludge, Meat and bone meal, CFD modeling

1. Introduction

During recent years increased efforts have been made in the field of the recovery of valuable ingredients from
waste products. Sewage sludge was increasingly used for thermal utilization [1] instead of direct application in

agriculture. Furthermore, sewage sludge, often overlooked as a waste product, holds both substantial energy content
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and the potential for reclaiming valuable resources - especially phosphorus [2]. The essential nutrient phosphorus
is classified as a critical raw material by the European Commission due to Europe’s heavy reliance on imports
[3, 4]. Ways of thermal treatment where valuable ingredients are recovered from ashes, seem especially interesting
in this regard. Sewage sludge ash can contain P>Os in the range of up to 26%, with the average being 15% [5, 6].
This relates to around 6.5% of pure phosphorus on average (weight-%). Hence, there is a strong need to develop
efficient methods for phosphorus recovery from sewage sludge, aligning with the principles of a circular economy. In
addition to sewage sludge, other residues, such as waste from the meat industry, can also serve as valuable sources
of phosphorus. Staron et al. [7] report that meat industry waste contains approximately 30-170 g of phosphorus per
kilogram of ash. Their study also highlights that these ashes are rich in calcium, with levels ranging from 20 to 360
g per kilogram of ash. However, in the thermochemical recycling of sewage sludge, the raw phosphorus or calcium
content per kilogram of waste material is not the only consideration. Factors such as the material’s composition
— particularly its basicity — play an important role in determining the efficiency of recovery processes. Meat
and bone meal (MBM) can therefore not only serve as a phosphorus source but also influence the recovery rate
positively. However, MBM is an organic-containing additive that changes the combustion characteristics of the
fuel mixture. A notable amount of studies have been performed on MBM combustion, often on co-combustion and
gasification with coal [8-11]. A performance analysis in terms of the drying process, pyrolysis and the kinetics of
volatile combustion was performed by Kantorek et al. [12]. An energy balance and greenhouse gas accounting for
the pyrolysis and gasification of MBM were provided by Cascarosa et al. [13].

Cement bypass dust (BPD) is a waste material originating from cement production plants. It contains a large
fraction of calcium oxide [14]. It is interesting because - unlike MBM - it is not expected to substantially influence
the major in-furnace behavior of the mixtures such as gas phase compositions and temperature profiles. However,
it can impact the slag characteristics significantly. Therefore, this study aims to explore how the application of two
very different additives for basicity adjustment influences the combustion behavior of sewage sludge in entrained
flow combustion under various operating conditions. A computational fluid dynamics (CFD) modeling approach,
combined with experimental validation, is used to analyze the combustion process of sewage sludge when mixed

with MBM and BPD additives, offering insights into their effects on combustion performance.



Nomenclature

Abbreviations

ar as received

BAL Balingen sludge

BPD Cement bypass dust
CFD Computational fluid dynamics
daf Dry, ash-free

DIA  Dynamic image analysis
DPM Discrete phase model
DRW Discrete random walk
EAR Excess air ratio

EDC Eddy dissipation concept
EDM Eddy dissipation model
LHV Lower heating value

LES Large eddy simulation
MBM Meat and bone meal
MFC Mass flow controller
PSD  Particle size distribution

RRSB Rosin-Rammler-Sperling-Bennett (PSD)

SFM  Steady diffusion Flamelet
STR  Straubing sludge
TC Thermocouple

WSGGM Weighted sum of gray gases model

Greek symbols

p

€
€
(G
Hs Ho

Density

Turbulence dissipation rate
Emissivity

Sphericity (Wadell)

Dynamic viscosity, turbulent viscosity

Roman symbols

Bl Basicity

cp Specific heat (constant pressure)
f Mean mixture fraction
2 Mixture fraction variance
q Gravity

H Enthalpy

k Turbulence kinetic energy
kt Thermal conductivity

S Source term

t Time

U Velocity vector

Z Mass fraction

Subscripts

fuel  Fuel

ox Oxidizer
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Sewage sludge and MBM combustion modeling in entrained flow furnaces

The recovery process of phosphorus from sewage sludge typically begins with the thermal conversion of mostly
pre-dried and ground sludge in a furnace. A review on thermochemical conversion of sewage sludge was provided
by Gao et al. [15]. In this study, the focus lies on the behavior in so-called entrained flow furnaces where the
fuel is injected with carrying air and often mixed with a secondary oxidizer. The secondary oxidizer is created by
mixing air with pure oxygen to increase the overall Oy concentration. This process usually involves a high level of
turbulence. CFD studies on the thermal processing of waste are not uncommon. Often MBM or municipal solid
waste are considered in the context of their application in cement kilns [16, 17], where the waste is co-combusted
with coal. Because of the obvious similarities (water content, volatiles, fixed carbon, ash), the combustion of sewage
sludge, as well as MBM, have often been simulated based on modeling approaches from the field of pulverized coal
combustion, for instance using the eddy-dissipation model (EDM) [18]. Ogada et al. described the combustion
behavior of sewage sludge within a fluidized bed, highlighting that 90% of the ash-free components are emitted as
volatiles [19]. They also remark that the combustion behavior of sewage sludge closely resembles that of gaseous
fuels [20]. Additionally, Cui et al. observed that particle dehydration and devolatilization can occur simultaneously
[21]. Surrogate approaches were applied for small-scale sludge incineration plants [22], also with reduced chemical
kinetics [23]. In our previous study, we applied the steady flamelet model (SFM) considering the influence of
limestone additives and variations in water content [24]. The computational efficiency of this approach allowed the
application of large eddy simulations (LES) of the considered furnace [25]. MBM should be expected to behave
comparably in an entrained flow furnace, which is why similar CFD modeling approaches have been taken, for
instance for modeling the combustion of chicken litter and MBM in a drop tube furnace featuring swirling flow.
The eddy dissipation concept (EDC) model was used to consider chemistry in the study of Heikkinen et al. [26].
The combustion of MBM together with coal in a cement rotary kiln has been investigated using CFD simulations
with a focus on the particle size and fuel feeding position. It was noted that large particle sizes and higher fixed
carbon contents result in reduced char burning [27]. The ash deposition for the co-combustion of MBM with coal
was investigated by Taha et al. [28] as a post-processing step for a combustion model. A numerical simulation of the
deposition of fly ash particles in a cyclone furnace was performed by Bai et al. [29]. In summary, numerous studies
have modeled sewage sludge or MBM combustion. This study aims to contribute a CFD-supported investigation of

the key effects of sewage sludge combustion in an entrained flow reactor, considering the influence of MBM and BPD
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additives. A wide range of operating conditions is explored, including substoichiometric combustion and oxygen

enhancement.

2. Experiments

This section is about the collection of experimental data for the validation of the CFD model. Tab. 1 shows
the elementary and proximate analysis of the investigated materials. Four different powdered materials were used
in total. Through a drying and grinding process, the mass-based water content of the fuels was brought down
to 10% or lower for all fuels. The sewage sludge from Straubing, Germany - in the following denoted as STR -
has high volatile- and fixed carbon fractions of 57% and 7.7% respectively, due to a low ash fraction of 26.9%.
The sludge from Balingen, Germany (denoted as BAL) has a higher ash content and therefore, volatile- and fixed
carbon fractions are lower at around 40.9% and 4.1% respectively. On an ash-free basis, the proximate analyses
are comparable. Also, the elementary analysis results of both sludge samples are similar. The lower heating value
(LHV) on a wet basis, which describes the chemical energy contained per kg of fuel as received (ar), is considerably
higher for STR sludge, which is expected to influence the combustion behavior significantly. The MBM sample on

the other hand has a very low ash fraction of 18.1% and therefore an even higher LHV of 19.5 MJ /kg.

Table 1: Fuel analysis, ar = as received, daf = dry, ash-free

Water . Fixed LHV
Fuel content Volatiles carbon Ash C H O N S in MJ kg
STR 8.4 57.0 7.7 269 49.1 6.7 341 84 1.7 13.0
BAL 10.0 40.9 4.1 45 508 6.8 341 64 19 9.2
MBM 2.3 68.5 11.1 181 549 74 246 122 0.9 19.5
Proximate analysis (ar) Elementary analysis (daf)

The background of this study is the thermochemical recycling of phosphorus from sewage sludge and other
phosphorus-containing wastes through the Flashphos process [30]. The interested reader is referred to Haggstrom
et al. [31] and Lidman Olson et al. [32] for in-depth discussions on the fate of phosphorus in entrained flow and
phosphorus chemistry in the thermal conversion of biomass. The objective of the Flashphos process is to extract
phosphorus in its elemental form through a two-stage process. In the first stage, sewage sludge is converted into gas
and slag. Following this step, the slag is reduced in a state-of-the-art reduction furnace. For natural phosphorus-
rich input materials, such as calcium phosphate, the reduction process can be described in a simplified way by the

Wahler reaction (1):
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Cag(PO4)2 +5C + 35i09 — 2P + 5CO + 3CaSiO3 (1)

For this process, a basicity of B1 = Ca0O/Si04 of one is considered favorable, as the reagents in Wohler reaction
(1) follow approximately this ratio. This estimate was considered sufficient. The different additives are used to
influence the basicity and may change the combustion characteristics, which is the focus of this study.

Besides influencing the process chemistry, additional C'aO can also act as a flux to reduce the melting temperature
and the viscosity, which is supposed to improve the flow characteristics of the slag that is generated in the combustion
process at high temperatures. Both can be achieved using CaO-rich additives like MBM or BPD. An ash analysis
is presented in Table 2, showing the primary compound fractions found in the ash samples. To achieve a basicity
B1 of unity, a blend of sewage sludge powder and waste additive was formulated, resulting in a mixed powder with
the desired basicity level. Consider BAL sludge, with an initial basicity of B1 = Ca0/SiO2 = 16.1/31.5 = 0.511.
To achieve a basicity of B1 = 1, accounting for water content and organic fraction, 0.903 kg of MBM per kg of BAL
sludge is required. Alternatively, adding 0.136 kg of BPD per kg of BAL sludge yields the same result. For STR
sludge, due to its different initial basicity, 0.245 kg of MBM per kg of STR sludge and 0.038 kg of BPD per kg of

STR sludge are needed.

Table 2: Ash analysis (weight-%, water- and organic free, 550°C)

Sample SZOQ CaO P205 AlgOg F€203 MgO KQO NGQO 503

BAL 31,5 161 14.2 16.7 16.7 3.15  1.68 - -
STR 241 171 218 17.9 14.6 2.82 1.73 -
MBM 234 447 374 0.22 0.44 1.49  4.14 480 2.34
BPD 13.0 63.8 0.10 3.60 4.09 0.69 11.2 0.52  2.56

The particle size distribution (PSD) is likely to have a significant impact on the combustion behavior of the
materials. Therefore, the PSD of the sludge and waste samples was determined using dynamic image analysis
(DIA). The results are depicted in Fig. la for the sludge samples and Fig. 1b for samples of MBM and BPD. It
is evident that there are significant differences in particle sizes among the samples. For instance, nearly 90% of
BAL particles are smaller than 100 pm, whereas only around 50% of STR particles fall below this size threshold.
Nonetheless, the STR powder is still considered fine compared to the MBM sample. The MBM sample contains
particles as large as 1 mm, setting it apart from other organic-containing samples. Yet, the majority of particles are

below 400 pm. The BPD shows a size profile comparable to that of the sludge samples. To model the experimental
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data, a non-linear least squares method was used to fit a Rosin-Rammler (RRSB) distribution for subsequent CFD

calculations. The resulting size (') and spread parameters n are summarized in Fig. 1 for reference.
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Figure 1: Particle size distributions measured with dynamic image analysis and RRSB fits

In Fig. 2, the unique experimental reactor, located at the University of Stuttgart, is depicted schematically. It
is considered highly suitable for our trials as it can closely replicate the conditions of an upscaled system, including
substoichiometric conditions and oxygen enhancement. It consists mainly of a vertically oriented ceramic drop tube
with an inner diameter of 200 mm. The total length of the reaction chamber is 2.5 m, typically ensuring complete
burnout of the material. Electric heating elements (T1-T5) are used to heat the walls of the drop tube, maintaining
the wall temperature at 1300 *C during the experiments. At the top of the reactor, the injection system includes a
fuel container, screw conveyor, pneumatic shaker, and conveying hoses, resting on a scale for precise measurement
of fuel mass flow. The burner (see Fig. 3) injects the fuel, along with carrying air, into the reaction chamber, where
it mixes instantly with oxygen-enhanced air (secondary oxidizer) from three nozzles positioned near the sewage
sludge injection, ensuring rapid, turbulent mixing of fuel and oxidizer. The burner includes an additional annular
inlet, occasionally used to maintain consistent gas velocities near the burner, as the stoichiometric air demand varies
significantly with the fuel composition. The burner produces a non-swirling jet-type flame. The oxidizer flow is
controlled using separate mass flow controllers (MFC).

Temperatures were measured using a vertically adjustable thermocouple with a ceramic shielding. It was inserted
into the reaction zone from the top, slightly off-center and up to a distance of 0.35 m from the injection location.

Due to the strong influence of thermal radiation and very pronounced slag depositions on the thermocouple, it
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should be noted that the TC measurements have a high level of uncertainty. Nevertheless, they can be used to
assess the combustion behavior close to the inlets better than gas composition measurements. This is because gas
species concentrations were measured from the bottom using the vertically adjustable suction lance. Measurements
close to the burner were not possible because of the excessive buildup of slag on the oil-cooled suction lance, which
led to unsteady data trends. Stable measurement data could only be obtained at distances greater than 0.5 m
from the burner inlets. Before analysis, the dust-free gas stream undergoes conditioning through cooling and water
extraction. Measurement of CO, COy, CHy4, Hs, and O, is conducted using an Emerson NGA 2000 online gas
analyzer. CO, CO,, and C H, are detected via NDIR, Hs through thermal conductivity, and Oy via paramagnetism.

During the experimental campaign, a total of eight cases were examined. These scenarios were categorized based
on various additive variants and further divided according to the different types of sludge. For reference, this is
illustrated in Figure 4. For each variant, both a combustion case exceeding an excess air ratio (EAR) of one (see

Equation 2) and a substoichiometric combustion case with an EAR below one were selected.

EAR — amount of oxidizer available 2)

stoich. required amount of oxidizer

This latter distinction was made to assess the influence of the oxidizing and reducing atmosphere in the reactor
on the particulate/slag phase. These phenomena will be the focus of further studies. Nevertheless, the developed
CFD model is required to correctly predict the main gas compositions to enable further model developments in this

regard.

3. Numerical modeling

In this section, the specifics of the computational model are discussed starting with a presentation of the
computational domain, followed by the particle-laden flow- and chemistry modeling. Finally, the relevant boundary
conditions for the considered cases are described. The commercial software ANSYS Fluent 2024 R1 is used for the

simulations.
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Figure 4: Experimental cases

w 3.1, Computational domain

175 The computational domain, as shown in Fig. 5, includes a detailed view of the injection channels of the burner.
s The fuel enters the main reaction zone through the central fuel inlet together with carrier air, whereas the main

w7 part of the oxidizer is injected through three high-velocity nozzles.
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Figure 5: Computational domain, including a detailed view on the inlets

178 A mesh-independence study was performed in our previous publication [24], in which three different mesh
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resolutions were tested using a domain with periodic boundary conditions. In the present study, the domain was

fully resolved in 3D, leading to a total cell count of 389,260 mainly hexahedral cells.

3.2. Particle-laden flow

The turbulent flow within the experimental reactor was analyzed by obtaining stable solutions for the Navier-
Stokes equations using a pressure-based solver. The incompressible ideal gas law was employed to account for
temperature-dependent density. Polynomial approximations were used to incorporate the temperature-dependent
specific heat, thermal conductivity, and viscosity of the gas mixture. The applied turbulence model is the k-w-
SST model proposed by Menter [33] and is often recommended for furnace simulations [34-37]. Pressure-velocity
coupling is performed via the SIMPLE algorithm. Particles are tracked in a Lagrangian manner employing the
Discrete phase model (DPM). The stochastic movement of the particles due to turbulence was considered using the
discrete random walk (DRW) model with default constants. Important closure relations are considered in the form
of the drag correlation by Haider and Levenspiel [38] and the Nusselt number correlation by Ranz and Marshall
[39]. The drag correlation can consider the slight non-spherical particle shape which was determined via DIA to be
around ¢ = 0.8 representing a value for the sphericity defined according to Wadell [40]. The PSD is illustrated in
Fig. 1. The particle density of sewage sludge was determined to be 1840 kg/m3, BPD: 1550 kg/m? and for MBM

1410 kg/m3 was used [41].

3.8. Radiation

The combination of the discrete ordinates model by Raithby et al. [42] and the Weighted Sum of Gray Gases
Model (WSGGM) [43] with standard coefficients [44] was employed to account for gas and black body radiation. An
angular discretization of 4x4 per octant was used. This model facilitates particle-radiation interaction, supporting
high heating rates. Assumed values for particle, wall, and thermocouple emissivity fall within typical ranges for
studies on pulverized fuel combustion and slagging [45-47]. In our study, a value of 0.9 was employed. Wall emissivity
was set to 0.9 for slagging considerations, consistent with comparable research [35, 47]. The thermocouple emissivity

was estimated at 0.45.

3.4. Combustion model

When the relevant particle temperature level for drying and devolatilization of 400 K has been reached through

radiative and convective heat transfer, the particles undergo a first-order, single kinetic rate reaction [48]. This is a
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common approach in the solid fuel combustion modeling [49, 50], although even simpler, constant rate approaches
were successfully used [17]. The endothermic effect of the decomposition is not included, since it is small compared
to the general heat transfer in a high-heating rate device [51]. Additionally, the surrogate compositions below are
trimmed to produce the correct LHV. After the devolatilization process is finished, the subsequent heterogeneous
surface reaction of the particles is modeled using a kinetics-/diffusion-limited approach of Baum and Street and

Field [52, 53]. The relevant parameters for the particle model are shown in Tab. 3.

Table 3: Particle reaction model parameters

Activation Pre- Mass diffution- . Klnetlc Klnetlcs—.hm%ted
. .. limited rate rate activation
Fuel energy exponential limited rate re-exbonential ener Reference
in J/kmol factor in s " constant P P . ol
factor in J/kmol
based on lignite
BAL, STR 7.4e+07 312,000 5e-12 0.002 7.9e4-07 24, 25, 54]
MBM 1.979e+08 4.78e+14 5e-12 6.7 1.138e+08 [28]
Devolatilization model Surface reaction model

The gas phase computation modeling of the system is based on our previous works [24, 25], which is a surrogate-
fuel-based method for the combustion calculation of sewage sludge. In Tab. 4, the surrogate fuel compositions
obtained by the procedure described in [24] are shown. The compositions contain water vapor H>O, which is
included to account for the water content of the fuel that is expected to evaporate instantly during the rapid
heat-up and devolatilization. Similarly, the nitrogen content of the surrogates is used to account for the n-fraction
of the elementary analysis. The remaining mole fractions include Hs, CO, CO5, C3Hg and C7Hqg to take long-
chained hydrocarbons into consideration. Tab. 4 also shows the errors introduced by this approach compared to
the elementary analysis of the fuel (C/H, C/O ratio) as well as the deviations in stoichiometric oxygen demand
and LHV. The composition could not be matched perfectly, but the errors fall within a well-acceptable range.
The resulting compositions are also within the range of literature-reported compositions of volatiles emerging from
sludge samples [22]. In reality, the true composition of gases originating from particles in entrained flow is difficult
to predict, as it also depends on heating rates and temperature levels [55]. Therefore, this surrogate-based approach
is considered justified, especially when small particles are considered.

The non-premixed combustion, chemical equilibrium model is applied, using the compositions from Tab. 4
for the fuel species definition and oxygen-enhanced air (30 vol% Os) for the oxidizer species definition. Non-

premixed modeling involves solving transport equations for only two conserved scalars instead of solving equations

12



228

229

230

231

232

233

234

235

236

237

238

239

Table 4: Surrogate fuel compositions, mole fractions of components

Fuel Error Error Error Error
type H20 H2 CO CO2 C3H6 CTH16 N2 Oxidizer LHV C/H C/0
BAL 0.330 0.100 0.080 0.246 0.091 0.075 0.079 -0.06% +0.96% —5.85% —1.16%
STR 0.224 0.100 0.220 0.217 0.013 0.115 0.112 —0.05% 0.00% —0.44% +1.65%

MBM 0.049 0.100 0.087 0.087 0.279 0.030 0.148 —-0.05% +0.02% —-1.77% +0.66%

for individual species. The first one is the mixture fraction f, as defined in Eq. 3, with its transport equation
given in Eq. 4 (density-averaged). The second is the mixture fraction variance f’? (Transport Eq. 5, f' = f — f).
Species concentrations are derived from predicted mixture fraction fields rather than directly solving equations for

each species. The thermochemical calculations are preprocessed and tabulated for lookup in Fluent.

Zi - Zz',ow
f - Zi,fuel - Zi,ox (3)
0 . I
at(l)f)—i-V'(Pvﬂ:V-(atVf)-FSm (4)

8 677) - (47) -

V- (?Vﬁ) + Oy (Vf_)2 - C’dpéﬁ
t

Turbulence-chemistry interactions are addressed using assumed-shape (/3-function)-probability density functions
(PDF). oy is the Prandtl number. Model constants C, and C,; were left at default values. Since heat transfer through
the walls and particle-radiation is included, the non-adiabatic extension of the non-premixed model is used and Eq.

6 has to be solved additionally.

% (pﬁ) +V- (p@'ﬁ) =V- (ZVH> + Sh (6)

As outlined in section 1, a single mixture fraction approach is considered sufficient if only one organic-containing
fuel is considered (STR or BAL with BPD). This is because the combustion of sewage sludge is primarily dominated
by volatile combustion. In this case, the instantaneous quantities such as mass fractions, densities, and temperatures,

oi = ¢;(f, H), are obtained from three-dimensional lookup tables. This approach introduces an error because it

13
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assumes that the LHV of volatiles and char is the same. However, the already low fixed carbon fraction is determined
at low heating rates. In high-heating-rate environments, the entire organic content may evaporate [56]. In contrast,
when MBM is considered, a secondary fuel stream, fge., is introduced to account for the distinct compositions
of sewage sludge and MBM. This leads to the use of two mixture fractions, fprim and fee., respectively. The
instantanecous quantities ¢; = @;(fprim,: Psec, H) are then derived from five-dimensional lookup tables, where pge.
is the normalized secondary mixture fraction, assumed to be statistically independent from the primary mixture

fraction fprim.

3.5. Boundary conditions and other model settings

In total, the simulations in this study involve 8 cases, with different fuel combinations and boundary conditions,
respectively. The cases with odd numbers represent a combustion mode at an excess air ratio (EAR) of approxi-
mately 1.2, while the even-numbered cases deal with an EAR of approximately 0.8. While the thermal boundary
condition of 1300 °C (wall temperature) with an emissivity of € = 0.9 was kept the same in all cases, the mass flow
boundary conditions differ and are listed in Tab. 5. Sludge and additives were premixed and injected as a single
mixture during the experiment, whereas in CFD, different injections had to be defined due to the differing chemical

and mechanical particle characteristics.

Table 5: Mass flow boundary conditions

Massflow in kg/h

Inlet Casel Case2 Case3 Case4d Caseb5 Case6 Case7 Case 8
Carrier air 0.829 0.829 0.829 0.829 0.829 0.829 0.829 0.829
High velocity nozzle  2.880 2.880 7.200 4.320 8.415 4.355 7.370 4.320
Annular inlet 3.161 0.851 2.371 1.781 2.396 2.216 3.692 0.828
BAL 2.639 2.639 - - 1.593 1.593 - -
STR - - 2.885 2.379 - - 2.379 2.379
MBM 1.407 1.407 0.621 0.621

BPD 0.361 0.361 0.115 0.115 - - - -

The convergence of the simulations was evaluated using several criteria. First, the residuals were required to
decrease by at least three orders of magnitude for continuity, momentum, and turbulence, and by six orders of
magnitude for energy, radiative transfer, and mixture fraction. More critically, the species concentrations at the
outlet and the overall velocity field had to stabilize with respect to the iteration count. Additionally, the enthalpy

balance had to be fully satisfied, ensuring no energy was missing from the system.
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4. Results and discussion

In this section, the results obtained with the simulation model shall be compared to those from the experimental
trials. Initially, temperature measurement profiles from the vertically adjustable thermocouple are analyzed. Then,
the main gas species concentrations are compared by means of the data from the vertically adjustable suction lance

which was inserted from the bottom.

4.1. Temperatures

In Fig. 6, the temperature field results for Case 1 and Case 2, the combustion (left-hand side) and substo-
ichiometric combustion of BAL with BPD are shown. The oxygen mole fraction in the oxidizer was 30vol% in
both cases. Following a rapid devolatilization - due to the small-particle sizes and thus high heating rates - of the
centrally injected particles, the high-temperature zone (color-coded white) is considered as the consequence of gas
phase reactions. It can be seen that the major reaction is finished within a distance of only about 0.5 m from
the burner in the combustion case. When the substoichiometric combustion is considered, the flame moves even
closer to the burner. This happens because less oxidizer is injected through the burner jets, resulting in reduced
momentum flux and thus faster mixing of the injected particles with the hot surrounding atmosphere. The heat
release result (total sensible heat transfer rate) is 6853 W for Case 1, which is insignificantly exceeding the fuel
power input (- LHV') to the system by about 1.5%. This is because as shown in Tab. 4, the LHV of the fuel is
captured by the surrogate approach with a small deviation of 40.96%. The remaining difference is negligible and
results from the convergence level of the CFD model. The heat release in case 2 is lower because the combustion
is substoichiometric. The resulting flue gas has a significant remaining heating value, mainly due to its carbon

monoxide and hydrogen content.

CASE 1: BAL with BPD, combustion CASE 2: BAL with BPD, sub.-stoich. combustion
Heat release = 6853 W ‘ Heat release = 5128 W ‘
0.5 m
Q N\ Q Q Q Q Q Q Q Q Q
N » > 0 Q N\ » > P Qo \)
NEEENEEN N RN N N N RN R\
[ ' ] Static temperature in ° C

Figure 6: Temperature field result - Left: Combustion case, Right: Substoichiometric combustion case

The first temperature measurement taken by the adjustable thermocouple is compared with the simulation
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result shown in Fig. 7a. In this figure, the black data represents the baseline temperature obtained prior to
the measurement of case 1. During this stage, oxidizer injections were active, but no fuel has been injected yet.
Therefore, no combustion was taking place. The recorded temperatures, influenced by oxidizer flow and radiation,
exceed 1100 °C at this location, despite the injection of relatively cold air. This temperature rise is attributed to
significant thermal radiation in the region. However, representing the thermocouple as a solid body in the CFD
model yields a satisfactory agreement between measured temperatures and simulation results (illustrated by the
dashed line). The red data represents temperatures after fuel injection started. Despite the strong influence of
radiation from the hot walls, a noticeable temperature jump above 1300 °C is observed near the burner in both
experiment and simulation. This observation confirms the rapid decomposition of particles and subsequent gas
phase reaction near the burner. Analyzing the data for case 2 in Fig. 7b, the close agreement between simulation
and measurement confirms the fast devolatilization and combustion of fuel occurring in close proximity to the
burner, even in cases of substoichiometric combustion.

CASE 1: COMB. BAL + BPD CASE 2: SUBST. COMB. BAL + BPD
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O L _ = &) /
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= i
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i [ _ K L i
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£ 1100} E f ¥ ] £ 1100 ]
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1000 x  BAL+BPD EXP b 1000 - x  BAL+BPD EXP 8
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900 . . . . . . 900 . . . . . .
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(a) Combustion of BAL sludge with BPD (including temperature (b) Substoichiometric combustion of BAL sludge with BPD
baseline)

Figure 7: Measured and calculated temperatures within a distance of 35 cm from the burner for the case featuring BAL sludge with
BPD additive

This is an important insight into the combustion behavior of pulverized sewage sludge. Provided high tempera-
tures in the reactor, ignition of the material is not a concern, as long as the particle sizes are sufficiently small. This
is usually the case in pulverized fuel combustion. The same data was collected for the STR sludge in combination
with BPD in case 3 and case 4. The combustion case in Fig. 8a and the substoichiometric case in Fig. 8b show

very good agreement between experiment and simulation. However, the temperature increase is not that significant
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compared to case 1 and case 2. This is because the stoichiometric air demand for the combustion of STR is consid-
erably higher, which leads to an increased momentum flux from the inlet. Thereby, the reaction zone is distributed
over a greater distance.

CASE 3: COMB. STR + BPD CASE 4: SUBST. COMB. STR + BPD
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(a) Combustion of STR sludge with BPD (b) Substoichiometric combustion of STR sludge with BPD

Figure 8: Measured and calculated temperatures within a distance of 35 cm from the burner for the case featuring STR sludge with
BPD additive

Unlike using BPD as an additive, the addition of MBM is expected to have a significant impact on the combustion
behavior. In Fig. 9a, the results for case 5 are shown. While the experimental and CFD calculated temperature
data are close at first, the deviations become larger at a further distance. For case 6 the simulated behavior is
comparable to the substoichiometric combustion in case 2, where a fast temperature increase was calculated close
to the inlets. Experimental data and simulation results show slight discrepancies for all cases, which is due to the
high uncertainties. Nevertheless, major observations from the experiments were also present in the CFD solution.

Lastly, the cases 7 and 8 are shown in Fig. 10a and Fig. 10b respectively. Here, a continuous temperature
increase was detected within the considered distance from the inlets. The substoichiometric case shows again that
a large portion of the reaction takes place close to the burner, which was also predicted by the CFD model. As
expected, the measured temperature profiles show the highest values for case 8, where a high heating value fuel is
used. The simulation results were slightly below the measured data.

In summary, the following Fig. 11 compares the total heat release per case. It becomes clear that for cases 3 to
8, the expected heat release is very similar in the order of 10 to 12 kW for the combustion cases and from 8 to 9 kW
for the substoichiometric cases. The reason lies in the fact that the total LHV per kg of fuel mixture is similar for

the latter cases and the injected fuel mass flow rate was always 3 kg/h. Only in the case of BAL and BPD (Cases
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Figure 9: Measured and calculated temperatures within a distance of 35 cm from the burner for the case featuring BAL sludge with
MBM additive
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Figure 10: Measured and calculated temperatures within a distance of 35 cm from the burner for the case featuring STR sludge with
MBM additive

1 and 2) the heat release is significantly lower.

When adjusting the BAL basicity with BPD, a heat release of 6.8 kW occurs. If MBM is used, its additional
heating value increases the heat release to more than 10.8 kW. This +57% increase could substantially impact
furnace characteristics, such as temperature distributions and refractory wear. For STR sludge the effect is less
pronounced. Firstly, this is because it has a higher heating value, and secondly, because its basicity adjustment
requires less BPD or MBM respectively. This is something that should always be considered when adjusting the

required basicities of fuel mixtures because significantly differing organic compositions can drastically influence the
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Figure 11: Heat release simulation result per case

rate of heat release and heat transfer.

4.2. Gas phase

In this section, computational and experimental results of the gas phase composition data will be compared.
Starting with Fig. 12, which shows the BAL with BPD cases 1 and 2, again shows the rapid consumption of
oxygen very close to the burner inlets. Starting at 30vol% of oxygen at the injection, the reaction rapidly reduces
the oxygen content to around 5vol% (dry basis). In the substoichiometric case, this decreases, consistent with the
chemical equilibrium, nearly to zero.

CASE 1: BAL with BPD, combustion CASE 2: BAL with BPD, sub.-stoich. combustion

Q Q Q Q Q Q N Q Q Q

S & & D PO
Y Y
T I T O mole fraction (dry)

Figure 12: O2 mole fraction contours

The comparison with measurements in Fig. 13a for case 1 confirms the CFD model’s results. The C'Oy mole
fraction is determined to be about 22.5vol% (dry basis). Again, the data reveals that the major reaction is already
finished at a distance of 0.5 m from the burner, where the first measurement point was taken. However, it was not
possible to obtain a stable measurement closer than the previously mentioned 0.5 m because instant obstruction of
the suction lance did not allow for stable measurements in this region. In case 2, the CO and COy mole fraction

were accurately predicted. This is significant because the CO/CO5 is important as a measure for the reducing
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characteristics of an atmosphere. In addition to affecting the recovery rates of valuable ingredients from the ashes
[57], this may also influence the viscosity of the slag [58]. Knowledge of this is crucial to improve the phosphorus
yield from the waste combustion process. Based on this computationally inexpensive CFD modeling concept, the
slag behavior should be the subject of further studies.
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Figure 13: Measured and calculated species mole fractions within a distance of 1.5 m from the burner for the case featuring BAL sludge
with BPD additive

Cases 3 and 4 (STR with BPD) are shown in Fig. 14a with very similar values to cases 1 and 2. This is due to
the similarity of the sludge samples. Compared to BAL sludge, the burnout is slower as indicated by the smaller
gradients in the species profiles. The reason most likely lies in the STR-PSD that contains larger fractions compared
to that of the BAL sludge. Nevertheless, concentrations barely change after a distance of 0.5 m from the burner,
which confirms the rapid reaction behavior of the sewage sludge.

Fig. 15a shows the interesting feature of a linear-appearing trend in the COs and Oz measurement results,
which was also predicted by the CFD model. With an increasing distance from the burner inlets, the Oy fraction
decreased, while the COy fraction increased. This is a clear indication of a reduced burnout rate. Because this
behavior was not detected during the measurements with BPD, neither with BAL nor STR sludge, this must clearly
be attributed to the MBM fractions in the fuel mixture. Fig. 15b shows an inverse trend in that the C'Os fraction
decreases towards the outlet, while the CO fraction did show an increasing trend in both CFD and experimental
data. This pattern is expected under substoichiometric conditions, as the ongoing conversion of particles releases
volatiles over a longer distance, shifting the chemical equilibrium towards CO.

The reason for both phenomena is mainly the large particle size of the MBM compared to the sludge probes
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Figure 14: Measured and calculated species mole fractions within a distance of 1.5 m from the burnerfor the case featuring STR sludge
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Figure 15: Measured and calculated species mole fractions within a distance of 1.5 m from the burner for the case featuring BAL sludge
with MBM additive

(see Fig. 1). The MBM particles do not show instant devolatilization like the sludge particles but instead display a
prolonged burnout. While in case 5, this can be attributed to continuing char oxidation with continuing residence
time, it is a gasification process enabled by the carbon dioxide C'Os-containing atmosphere in the reactor, most

probably due to the Boudouard reaction Eq. 7, but the HyO fraction may also play a role during gasification.

C+COy=2C0
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Cases 7 and 8 with STR and MBM show very similar trends. The measured curves appear flatter than in cases
5 and 6 (BAL with MBM) because the fraction of MBM in the fuel of 20.7% is lower for STR sludge. For BAL
sludge, the fraction of MBM in the mixture is 46.9%, leading to a more pronounced effect of the slower burnout. In
total, the gas phase compositions could be well predicted by the CFD model. Close to the burner, the small particle
fractions up to 100 pm (BAL, STR, smaller-sized fractions of MBM) react very fast, justifying the fast-chemistry
modeling approach. For large particle sizes (up to 1 mm for the largest MBM particles), the char oxidation and
gasification reaction dominates, which was captured by the CFD model with sufficient accuracy.
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Figure 16: Measured and calculated species mole fractions within a distance of 1.5 m from the burner for the case featuring STR sludge
with MBM additive

In summary, the results demonstrated that temperature and gas species concentrations obtained from simulations
were in strong agreement with experimental data across all cases. The addition of MBM influenced the combustion
behavior considerably, slowing burnout rates and altering the gas phase compositions due to its larger particle sizes.
The heat release was found to vary depending on the fuel mixtures, with BAL and BPD exhibiting lower heat

release compared to the other combinations.

5. Conclusions and outlook

This study investigated the combustion behavior of sewage sludge with two different additives for basicity
adjustment - cement bypass dust and meat and bone meal - focusing on their effects on temperature profiles, gas
phase composition, and overall heat release. The comparison between experimental data and CFD simulation results

has shown and confirmed major differences between the two additives. Firstly, the addition of MBM changed the
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total energy content of the mixture with BAL sludge significantly, causing a 57% increase in heat release in the
furnace. For STR sludge, this effect was less pronounced. Secondly, the addition of MBM, with its larger particle
sizes, resulted in slower burnout rates. BPD, on the other hand, clearly had a more limited impact on combustion
behavior regardless of the sludge type.

The CFD model accurately captured major phenomena like temperature- and gas species profiles and demon-
strated its potential as an efficient tool for the scale-up process. Possible topics for future research are the impact
of the different fuel-additive mixtures on phosphorus recovery rates and the behavior and impact of molten slag in

the entrained flow furnaces, a major issue in the combustion of sewage sludge-containing mixtures.
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