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� First application of UDF-based, 3D slag flow CFD model in sewage sludge combustion9

� A new, computationally inexpensive approach is developed as an alternative10

� New model predicts slag flow similarly but cuts computation time by 95%.11

� Detailed slag flow simulation using both models, featuring a complex geometry12

� Study highlights balance between computational efficiency and model accuracy13



CFD modeling of sewage sludge combustion in an experimental entrained flow14

reactor with integrated slag flow dynamics15

Benjamin Ortnera, Laura Pehama, Christian Schmidbergerb, René Prielera, Christoph Hochenauera16
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Abstract21

This study addresses the important role of slag flow predictions in sewage sludge combustion systems. From the22

typically high ash content, valuable elements such as phosphorus can be recovered. Two advanced computational23

fluid dynamics (CFD) modeling approaches are evaluated in terms of their predictive capabilities. A sophisticated24

Eddy Dissipation Model/Volume of Fluid (EDM/VOF) approach serves as the state-of-the-art benchmark for25

evaluating a novel Steady Diffusion Flamelet/Eulerian Wall Film (SFM/EWF) method. Both models feature26

user-defined coupling with the discrete phase model (DPM) and show general agreement on the evolution and final27

characteristics of the slag flow on the walls of a newly developed entrained flow reactor. With an input of 17028

kg/h of sludge, the models predict a maximum slag thickness of approximately 0.6 to 1.0 mm and a maximum29

slag flow velocity of about 37 mm/s. It was found that the slag flow is mostly unaffected by the swirling gas and30

follows a pattern primarily driven by gravity. In summary, the straightforward SFM/EWF method can deliver31

high-quality predictions at a fraction of the computational cost compared to the EDM/VOF approach. It generates32

statistically steady slag flow results in less than two days on a standard workstation, significantly faster than the33

35-day minimum required by the EDM/VOF model. This speed-up is achieved through reduced mesh requirements34

and fewer transport equations. The paper also highlights the limitations of this computationally efficient model35

regarding film growth normal to the walls, a critical aspect in freeze-lining applications.36

Keywords:37

Sewage sludge combustion, Slag flow, Computational fluid dynamics38

1. Introduction39

The European Commission has designated phosphorus as a critical raw material due to the European Union’s40

heavy reliance on imports of this essential element. The primary source countries for phosphorus imports are41
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China, Vietnam, and Kazakhstan [1, 2]. To mitigate this dependency, a circular economy approach, such as42

recycling sewage sludge - which contains significant amounts of phosphorus - offers a potential solution. However,43

since sewage sludge also contains various harmful substances, thermal treatment followed by phosphorus recovery44

from combustion residues (ash), as demonstrated in the FlashPhos process [3], presents a promising option [4, 5].45

Given the complexity of industrial-scale plants, there is a strong demand for advanced tools in research, devel-46

opment, and engineering. Understanding the flow phenomena within these devices requires insight beyond chemical47

equilibrium considerations, which can only be provided by 3D-CFD models. While models for entrained flow reac-48

tors, such as the Flash reactor in the FlashPhos process, can be adapted from those used in coal combustion and49

gasification, sewage sludge has distinct characteristics that differ significantly from coal and biomass combustion. As50

a result, novel modeling approaches are necessary. Additionally, given the limitations of computational resources,51

these models should also be computationally efficient.52

1.1. Sewage sludge combustion and modeling53

Gao et al. provided a review on the thermochemical conversion of sewage sludge, describing its combustion54

behavior as similar to that of other solid fuels [6]. Compared to coal, there is a high occurrence of ash and a high55

volatile yield. In high-temperature environments, it was even found by Arnout et al. that the entire organic content56

can evaporate [7]. This is why sewage sludge combustion was even compared to that of gaseous fuels by Werther57

and Ogada [8, 9]. Furthermore, Cui et al. noted that drying and devolatilization can happen simultaneously [10],58

especially in high-heating rate environments. A significant difference to the combustion of coal is the high ash59

content in the fuel, which can reach up to 50%. This results in a low heating value of the material but also has60

substantial implications for the design of combustion reactors. The high ash content leads to slag flow due to molten61

ash, which can interact with the gas flow and influence the overall system dynamics. Additionally, the chemically62

aggressive nature of the slag has important implications for the refractory design, as it may cause degradation and63

damage to the reactor linings.64

Žnidarčič et al. [11] proposed a surrogate combustion model for sewage sludge in small-scale incineration plants,65

which was later extended to include reduced chemical kinetics mechanisms [12]. Ortner et al. [13] leveraged the66

high volatile yield and rapid heating rate characteristic of entrained flow combustion of fine sewage sludge powder67

for computationally efficient CFD modeling. This approach incorporated a simplified surrogate model based on the68

steady diffusion flamelet model (SFM). In a subsequent study, Ortner et al. [14] explored ash-deposition behavior in69
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Nomenclature

Abbreviations
CFD Computational fluid dynamics

CFL Courant-Friedrichs-Lewy

DPM Discrete phase model

DRW Discrete random walk
EDM Eddy dissipation model

EWF Eulerian wall film
LHV Lower heating value

PSD Particle size distribution
SFM Steady flamelet model

SIMPLE Semi-implicit method f. pressure-linked
equations

UDF User-defined function
URANS Unsteady Reynolds-Averaged Navier-

Stokes
VOF Volume of fluid
WSGGM Weighted sum of grey gases model

Greek symbols

α Volume fraction
ϵ Emissivity

ε Turbulence dissipation rate

λ Thermal conductivity

ρ Density

µ Dynamic viscosity

ψ Sphericity

Roman symbols

cp Specific heat (constant pressure)

d Diameter
D Film thickness
f Mixture fraction

f ′2 Mixture fraction variance

g Gravitational acceleration

h Enthalpy

k Turbulence kinetic energy

ṁ Mass flow
p Pressure

S Source term
ui, uj , uk Velocity components

t Time
xi, xj , xk Position

Y Species mass fraction

Subscripts

ED Eddy-dissipation

fuel Surrogate fuel

g Gas phase

ox Oxidizer
P Particle
s Slag phase

a basic experimental furnace, though the study did not yet address the flow of slag along reactor walls, leaving room70

for further research. The behavior of the melt in a tundish can be simulated in a computationally efficient manner,71

as demonstrated by Ortner et al. [15, 16]. However, this approach has also not yet incorporated the modeling of72

slag flow along the furnace walls.73

1.1.1. Slag flow modeling74

For fuels with a high ash content, accurate modeling of the behavior of molten slag is crucial. However, in75

conventional coal combustion, the formation of molten slag typically occurs only at elevated temperatures, which can76

increase emissions such as NOx. As a result, recent literature on CFD modeling that includes slag flow is relatively77

limited. Nevertheless, understanding slag flow is critical in specialized applications, where it is unavoidable or even78

desired. This includes devices like melting cyclones or the entrained flow combustion of sewage sludge, as described79

in this study. Key publications addressing the integration of slag flow into CFD models are briefly discussed below,80

with a comprehensive review provided by Bhuiyan et al. [17, 18].81
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In 1998, Seggiani [19] introduced the first one-dimensional, time-dependent slag model compatible with CFD82

codes. This model employed vertically arranged control volumes to simulate flow and heat transfer within the83

slag layer, focusing solely on vertical flow. By solving conservation equations for mass, momentum, and energy,84

the model determined flow distribution using an analytical expression for falling film flows. Inputs from CFD85

calculations - such as ash mass influx, gas temperatures, and heat flux - were used to predict the slag layer’s surface86

temperature. Building on Seggiani’s work, Benyon [20] developed what is believed to be the first two-dimensional87

slag model in 2002 that could be integrated with CFD codes. This model accounted for circumferential variations,88

including changes in slag layer thickness due to material deposition in a gasifier. However, the 2D expansion was89

implemented by treating multiple parallel instances of a 1D model independently, without interaction between90

adjacent sections. Notably, all the reviewed slag flow models operate under the assumption that the shear stress91

between the gas and the slag layer is negligible. In 2007, Liu and Hao [21] advanced the integration of slag layers92

into CFD simulations by employing the VOF model. Their 2D simulation focused on a small vertical section of93

a gasifier wall, introducing particle mass through a uniformly distributed source term. Xu et al. later developed94

a comprehensive multiphase reaction- and slag flow model, focusing on the refractory brick corrosion rate [22], a95

crucial aspect in the context of phosphorus recovery. However, their model did not resolve slag flow directly within96

the CFD framework but relied on a submodel approach. User-defined submodels that do not directly resolve slag97

flow with computational cells continue to be effectively coupled with gasification models today, as demonstrated by98

Chen et al. [23]. In 2013, Chen and Ghoniem introduced an innovative three-dimensional slag model to study slag99

behavior in a pressurized oxy-coal combustor [24, 25]. This approach combined the VOF model with the DPM,100

offering a detailed resolution of slag dynamics, including slag layer buildup, multiphase flow, and heat transfer101

processes. Their findings closely aligned with experimental observations, providing a valuable tool for the design102

and development of coal furnaces and gasifiers. Bhuiyan and Naser further demonstrated the applicability of the103

Eulerian Wall Film model for predicting slag flow [26, 27], successfully reproducing results from Chen et al. while104

utilizing a species transport approach in the form of the Eddy Breakup model. Jønck presented an advanced CFD105

model specifically designed for melting cyclones in his PhD thesis [28]. This work emphasizes the simulation of106

complex physical phenomena within the melting cyclone, including multiphase flow, combustion, phase changes,107

and radiation. The study featured several integrated and modified models, such as an adjusted EMD tailored for108

oxygen-enriched combustion, a model for tracking the melting of raw materials, and the coupling of the DPM with109
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the VOF multiphase model.110

In summary, highly capable and comprehensive 3D slag models are available, though they are often both complex111

and computationally expensive.112

1.1.2. Objective of this study113

The goal of this study is to evaluate and compare the predictive performance and limitations of two distinct114

modeling approaches: the advanced Eddy Dissipation Model/Volume of Fluid (EDM/VOF) method, which - to115

the best of our knowledge - is being implemented for the first time for the combustion of sewage sludge, and the116

novel SFM/EWF method presented in this study. These models are applied to simulate the slag flow in a newly117

developed entrained flow reactor (Flash reactor), thereby testing the models on a complex geometry. The study118

aims to demonstrate that the SFM/EWF method can deliver high-quality predictions at a lower computational119

cost and with greater stability, while also addressing the specific limitations of each model in capturing essential120

flow characteristics relevant to the process.121

2. Flash reactor system, fuel material and operating conditions122

The Flash reactor system can best be explained using Fig. 1, which illustrates its major components. The reactor123

is essentially a top-fired entrained flow reactor, featuring a water-cooled burner that injects pre-dried, powdered124

sewage sludge into a vertically oriented combustion chamber with an inner diameter of 1 m. Within the combustion125

chamber, a highly swirling flow is generated by the burner, creating an oxygen-enriched environment that promotes126

the combustion process and helps to reach high-enough temperatures. The reaction zone narrows into a conical127

part, directing flue gases into a phase separator zone. Molten ash accumulates on the furnace walls, forming a slag128

film, which is collected in a tundish (not shown) and eventually tapped. In this novel experimental reactor, sewage129

sludge is combusted and melted simultaneously. It is designed to facilitate variations in the sludge-additive mixture,130

excess air ratio, temperature levels and oxygen-enhancement levels.131

It is expected that the majority of the slag is separated from the flue gas within the cylindrical and conical132

sections of the system. This is due to the flame-stabilizing swirl induced by the burner (details found in [29]), which133

directs particles that melt to droplets in-flight [30] toward the refractory walls, where they are deposited and form134

a film flow.135

A proximate and elementary analysis of the sludge is given with Tab. 1. An ash analysis is found in Tab.136
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Figure 1: Considered Flash reactor system with computational mesh

2. It describes a sewage sludge that originates from Balingen, Germany that can be considered to be quite a137

typical example for the material. The particle size distribution (PSD) is taken from dynamic image analysis (DIA)138

measurements and can be described in a simplified manner using a Rosin-Rammler-PSD [31, 32] with x′ = 52.6e−06139

m as size- and n = 1.137 as spread parameter. A comparative simulation was performed with a PSD that features140

x′ = 142.6e− 06 m as size- and n = 1.067 as spread parameter.141

The addition of limestone is intended to modify the slag for further processing and to serve as a flux, as the CaO142

content of the slag mixture is increased after calcination in the furnace (reaction 1). Consequently, the slag viscosity143

at these elevated temperatures of approximately 1550°C-1600°C is estimated to be around 0.3 Pa · s. Though, as144

shown in other studies [24, 25], this may vary significantly, depending on the sewage sludge composition, temperature145

and even furnace atmosphere [33]. For simplicity, a value of 0.3 Pa · s is also used in the simulations. The density146

is assumed to be constant with a value of 2100 kg/m³. The thermal conductivity was set to 1.1 W/(m ·K); the147

surface tension estimate is 0.42 N/m [28]. Implications of varying slag material properties are discussed in the148

supplementary material document.149

CaCO3(s) → CO2(g) + CaO(s) ∆HR = 168kJ/mol (1)
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Table 1: Sludge properties, ar = as received, daf = dry, ash-free

Unit Value

Proximate analysis (ar)
LHV MJ/kg 9.2
Moisture wt % 10.0
Ash wt % 45.0
Volatile matter wt % 40.9
Fixed carbon wt % 4.1
Ultimate analysis (daf)
C wt % 50.8
H wt % 6.8
O wt % 34.1
N wt % 6.4
S wt % 1.9

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

Component wt% as oxide

SiO2 31.5
CaO 16.1
P2O5 14.2
Al2O3 16.7
Fe2O3 16.7
MgO 3.15
K2O 1.68
Na2O -
SO3 -

The system operates under mildly oxygen-enriched conditions to ensure temperatures above the solidification150

point, including within the phase separator zone. The mass flows of the fuel and oxidizer are detailed in Tab. 3. In151

total, the oxidizer includes 25vol% of O2 at an excess air ratio of approximately 1.05. These values are also used as152

flow boundary conditions for the CFD simulations (turbulent intensity 5%).153

3. Computational modeling154

In this section, the computational modeling for two approaches is described. ANSYS Fluent 2024R1 is used155

for all simulations performed within this study. Since the Flash reactor is a complex system that involves different156

multiphase aspects, the section is divided into the particle-laden flow, combustion, and slag flow descriptions. The157

explanation of the computational domain is followed by an outline of the solution procedure.158
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Table 3: Operating conditions

Mole frac.
in %

Mass flow
in kg/h

Temperature
in K

Oxidizer
Carrying air O2 21.0 78.6 300

N2 79.0 258.9 300
O2-enriched O2 36.4 48.3 300
air N2 63.6 73.8 300

Fuel / additive
Sewage sludge - 170 300
Limestone - 17 300

3.1. Particle-laden reactive flow159

At the core of the flow field computations are the Favre-averaged (̃ ) Navier-Stokes equations including continuity160

Eq. (2), momentum Eq. (3) and enthalpy Eq. (4). These equations incorporate source terms S, which account for161

particle-in-cell sources, chemical reactions, and slag deposition.162

∂ρ

∂t
+

∂

∂xi
(ρũi) = Sm (2)

∂

∂t
(ρũi) +

∂

∂xj
(ρũiũj) = − ∂p

∂xi
+

∂

∂xj
(µ(

∂ũi
∂xj

+
∂ũj
∂xi

))

+
∂

∂xj
(−ρu′iu′j) + ρ̄gi + Smoment.

(3)

∂

∂t
(ρ̄h̃) +

∂

∂xi
(ρ̄ũj h̃) =

∂

∂xi
(
λ

cp

∂h̃

∂xi
) + Srad + Sh (4)

In Eq. (3), the unknown terms ρu′iu
′
j are modelled using the Boussinesq hypothesis. The realizable k − ε163

[34] is frequently employed due to its effectiveness in predicting swirling flows in combustion simulations [35–39].164

Additional transport equations for the turbulence kinetic energy k, Eq. (5), and its dissipation rate ε, Eq. (6), have165

to be solved.166

∂

∂t
(ρk) +

∂

∂xi
(ρkũi) =

∂

∂xj

[
(µ+

µt

σk
)
∂k

∂xj

]
+Gk +Gb − ρε

(5)
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∂

∂t
(ρε) +

∂

∂xj
(ρεũj) =

∂

∂xj

[
(µ+

µt

σε
)
∂ε

∂xj

]
+ρC1Sε− ρC2

ε2

k +
√
νε

+ C1ε
ε

k
C3εGb

(6)

with µt = ρCµk
2/ε. The necessary definitions of the expressions (Gk, Gb, C1, S, Cµ, C3ε) and the values of the167

constants (σk, σε, C2, C1ε) are described in Wu et al. [35].168

An Euler-Lagrangian approach is used for the calculation of particle movement in the Flash reactor. The DPM169

is employed in this study. This model is appropriate as long as the volume fraction of particulate matter remains170

low [40]. According to digital image analysis measurements, the particles are slightly non-spherical (sphericity171

according to Wadell [41], ψ ∼ 0.8), which is why the drag law from Haider and Levenspiel is applied. For the172

solution of the force balance in Eq. (7), the drag force FD (Eq. (8)) is necessary. The values A-D for calculating173

the drag coefficient cD are detailed in Haider and Levenspiel’s publication [42].174

duP
dt

= FD (u− uP ) +
g (ρP − ρ)

ρP
(7)

FD =
18µ

ρP d2P

cDReP
24

(8)

cD =
24

ReP

(
1 +AReBP

)
+

C

1 + D
ReP

(9)

The particle Reynolds number ReP is defined using the relative velocity as given in Eq. (10)175

ReP =
ρdP |uP − u|

µ
(10)

In some cases, it was noted in the literature that only detailed, fully transient large eddy simulations (LES)176

calculations were able to predict deposition rates at furnace walls with sufficient detail [14, 43, 44]. However, in this177

study, a large enough centrifugal force on the particles is provided by the swirling flow, so that realistic deposition178

patterns were predicted with URANS. Instead, Chen highlighted the necessity to include a stochastic model in the179

consideration [24, 25]. This is done in the form of the discrete random walk (DRW) model.180
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The Ranz-Marshall correlation for the Nusselt number [45] was considered sufficient for heat transfer, supported181

by both the literature [46–48] and the fact that this study focuses on small particles with shapes that closely182

approximate a sphere. The enthalpies for melting and calcination are included in the respective temperature-183

dependent specific heat curves of the sludge- and limestone particles. They are linked to the model inside the184

particle heat transfer Eq. (11) via a UDF.185

mP cP
dTP
dt

= hAP (T∞ − TP ) + ϵPAPσ
(
Θ4

R − T 4
P

)
(11)

h is the heat transfer coefficient, T∞ the gas temperature, AP the particle surface and σ denotes the Stefan-186

Boltzmann constant. In combustion simulations, radiation is an important aspect to consider [49]. Because of the187

relatively small and complex geometry of the system, the discrete ordinate method was used to solve the radiative188

transfer equation [50]. For the radiative properties of the gas, the weighted sum of grey gasses (WSGGM) model189

[51] - using coefficients from Smith et al. [52] - is applied. Furthermore, particle-radiation interaction is considered190

and accounted for. In Eq. (11), ΘR =
(

G
4σ

) 1
4 is the radiation temperature, where G represents the incident radiation191

as calculated using the DO model. An emissivity of ϵP = 0.8 is assigned to the particles.192

3.2. Combustion modeling193

During their flight through the domain, the particles undergo a devolatilization reaction, which can be quite194

complex for sewage sludge. For the reasons outlined in section 1.1, a single-step reaction [53] with kinetic parameters195

similar to that of lignite [40] is used (Ea = 7.4e+07 J/kmol and A = 312, 000 1/s). These values produced realistic196

results as shown in our previous comparisons with experiments [13, 14]. In the current version of ANSYS Fluent only197

the standard eddy-dissipation model (EDM) by Magnussen and Hjertager [54] can be coupled with the multiphase198

model necessary for the implementation of slag flow. The gas phase reactions are modeled as source terms Ri in199

the species transport equation Eq. (12), together with other sources Si (devolatilization, char burnout).200

∂ρYi
∂t

+∇ · (ρuYi) = −∇ · Ji +Ri + Si (12)

Ji is the diffusion flux of species i obtained using the dilute approximation (Fick’s law). The reactions are201

assumed to be mainly mixing-limited due to fast chemistry at high temperatures. The reaction rate RED is202
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calculated using Eq. (13).203

RED = Aρ
ε

k
min

[
min

[
Yfuel,

Yox
ν′ox

]
, B

ΣpYprod
ΣN

j ν
′′
jMw,j

]
(13)

Here, A and B are empirical constants (Magnussen coefficients), left at default values. The first min-function,204

representing non-premixed combustion, is oriented around the smallest mass fraction Y of either the fuel or the205

oxidizing species divided by its stoichiometric coefficient ν′ox. The second min-term represents the premixed case206

that is proportional to the product mass fractions Yprod divided by the sum of their molar weights Mw,j times207

their stoichiometric coefficients ν′′j . RED is compared to a kinetically determined rate Rkin of Eq. (14), with pre-208

exponential factor A, Ea and concentrations C,. The solver chooses the one that is smaller (Eq. (15)). Therefore,209

this approach is also known as the finite-rate/eddy dissipation model.210

Rkin = AT b exp

(
− Ea

RT

) n∏
j=1

(Cj)
ej (14)

R = min [RED, Rkin] (15)

A simple, two-step mechanism is used for the combustion of volatiles released from the discrete particles during211

devolatilization. Therein, a single species vol with averaged properties and a standard enthalpy of formation of212

−1.25e + 08 J/kg is used. The stoichiometric coefficients of reaction (16) are determined from the proximate and213

elementary analysis of the sludge. In a second step (Reaction (17)), the carbon monoxide is further oxidized to214

CO2. The kinetics for reaction (16) are assumed very fast, reaction (17) uses data from Howard et al. [55].215

vol + 0.797O2 −→ 1.144CO + 1.114H2O+

0.075N2 + 0.020SO2

(16)

CO +
1

2
O2 −→ CO2 (17)

After the devolatilization process is finished, a char oxidation step is implemented, using a diffusion-limited216

approach (binary diffusivity 5e-04 m²/s, oxidizing species O2). Since not all particles are guaranteed to complete217
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their devolatilization and char burnout process before being deposited at a furnace wall, a wall-burning model had218

to be considered. In this study, particles in touch with a furnace wall or slag surface are halted and allowed to219

continue to burn out at a by a factor of 0.5 reduced rate. It was achieved using a DPM-property UDF. This is220

done because it is assumed, that the particle is to some degree submerged in the slag surface, leading to a smaller221

surface area available for the chemical reaction.222

While the parameters for particle devolatilization and char burnout are the same for all models in this study, the223

consideration of gas phase chemistry is an important distinction. For the computationally inexpensive alternative224

provided by our study, we use the SFM, which is a mixture-fraction (Eq. (18), Zi refers to the elemental mass225

fractions for element i) based approach. This approach allows the implementation of a relatively detailed chemical226

reaction mechanism. In this study, the heptane42.che by Bui Pham et al. [56] is applied. It features 42 reversible227

reactions and involves 17 species, compared to the 2 reactions in the EDM approach with six species. Limitations228

of the SFM are discussed in [36].229

f =
Zi − Zi,ox

Zi,fuel − Zi,ox
(18)

Only two transport equations for the Favre-averaged mean mixture fraction f̄ (Eq. (19)) and its variance f ′2230

(Eq. (20)) have to be solved.231

∂

∂t

(
ρf̄

)
+∇ ·

(
ρv⃗f̄

)
= ∇ ·

(
µt

σt
∇f̄

)
+ Sm (19)

∂

∂t

(
ρf ′2

)
+∇ ·

(
ρv⃗f ′2

)
= ∇ ·

(
µt

σt
∇f ′2

)
+Cgµt

(
∇f̄

)2 − Cdρ
ε

k
f ′2

(20)

Here, µt is the turbulent viscosity, σt is the Prandtl number and Sm is used to consider the particle-related232

source term. For the remaining constants Cg and Cd, default values of 2.86 and 2.0 were retained. Reaction data is233

pre-calculated and stored in probability-density function (PDF) look-up tables, significantly reducing the necessary234

computation times.235
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3.3. Slag flow236

This section outlines two approaches for modeling film flow, namely the VOF and EWF methods, following an237

initial estimation of film behavior within the Flash furnace. The estimation is based on the film Reynolds number,238

which indicates that the film flow along the reaction chamber walls is laminar.239

3.3.1. Estimation of film properties240

1D-correlations for laminar falling film flows are common in basic literature. The velocity profile of a laminar241

film flow is given in Eq. (21).242

u(y) =
gD2ρ

µ

[
y

D
− 1

2

(
y

D

2
)]

(21)

Therein, u(y) denotes the velocity at a distance y from the wall, however, this correlation still depends on the243

film thickness D. A simple integration step leads to an estimate for film thickness depending on a given mass flow244

in Eq. (22), wherein L is the width of the wetted surface, ignoring the curvature of the geometry.245

D(ṁ, L) = 3

√
3ṁµ

ρ2gL
(22)

If it is assumed that 60% of the injected slag mass is trapped at the reactor walls, this relates to 52 kg/h of246

relevant slag mass flow. With the material properties from section 2, Eq. (22) gives a maximum film thickness of247

0.66 mm and in turn a maximum velocity of 14 mm/s using Eq. (21). The film Reynolds number in Eq. (23) can248

be used to get an estimate of the general flow properties.249

Re =
uavgDρ

µ
(23)

Since this value is of the order of magnitude of 1e-02, significantly below the critical value of 4, the film flow250

can be expected to be laminar.251

3.3.2. VOF modeling252

The volume of fluid (VOF) model is employed due to the expected presence of well-defined interfaces between253

the slag and gas phases. The continuity equation Eq. (24) for the volume fraction αs is then solved:254
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1

ρs

[
∂

∂t
(αsρs) +∇ · (αsρsui)

]
= Sm (24)

The subscript s denotes the consideration of the slag phase, so αs = 1 indicates that a cell is filled with slag255

whereas a value of zero means the cell contains only gas. If in a cell, 0 < αs < 1, this indicates that the cell contains256

the interface between the phases, which is of high interest. Using the VOF model, one set of flow equations (2)-(6)257

is solved for all phases. The influence of the turbulence model being active also in the slag zone, e.g., close to the258

wall, is minimal (see supplementary material). The volume fraction of the primary phase (gas) is computed using259

the constraint that all phases must sum up to unity. The coupling between the DPM and VOF models is the most260

challenging aspect of the EDM/VOF approach. While the DPM model interacts with the flow mostly through261

the standard implementation in ANSYS Fluent, some modifications have been made, as shown in Fig. 2. Major262

instabilities were traced to small, non-zero slag volume fractions being re-entrained into the main flow region. To263

address this, a routine was implemented that removes any non-zero slag fractions far from the wall at each time264

step. Additionally, since slag dripping into the phase separator is irrelevant to this study, the slag phase fraction is265

reset to zero after every iteration. Both modifications are executed using execute commands within Fluent.266

The core DPM tracking required extensive modifications, as illustrated in Fig. 3. Much of the routine builds267

on the work of Jønck [28], including the use of a modified drag law UDF for more accurate deposition modeling in268

slag-filled regions. Particle capture criteria follow the approach by Yong et al. [57], utilizing the Weber number and269

particle temperatures that are compared to critical values (see Tab 4). For small particles, the particle temperatures270

are closely related to the degree of conversion. As detailed in section 3.2, a wall-burning model was implemented271

since some particles remain unconverted upon impact with the walls. If deposition criteria are satisfied and the272

particle has burnt out, user-defined memories (UDM) store the mass and enthalpy sources for the next time step.273
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Table 4: Particle-wall interaction regime according to Yong et al. [57]

Sticky particle Non-sticky particle
We < Wecr We > Wecr We < Wecr We > Wecr

Sticky wall Slagging Slagging Reflect
Non-sticky wall Fouling Reflect Reflect

DPM BC
Slag film
in cell

DPM BC

Reflect or
trap

Reflection

DPM scalar
update

Char burnout
complete?

Apply

simplified wall

burning model

Deposit
function

fill UDMIs

Define source
Apply VOF sources

DPM DRAG

If αs ̸= 0,
then modify drag

calculation

DPM property diffusivity

Particle

hits wall

yes

no

no

yes

Start DPM
Tracking

End of
tracking

Deposition
criteria [57] fulfilled

Deposition criteria [57]
not fulfilled

Smoment.

Sm = ΣPmP ·NP
Vcell·∆tsim

Sh =
ΣPmP

∫ T
Tref

cP (T ) dT ·NP

Vcell·∆tsim

Figure 3: Modified DPM tracking

Additionally, the particle momentum is transferred to the slag phase, and UDMs are used to apply source terms274

accordingly.275

Another key modification in this study was the implementation of a geometric viscosity average across the gas-276

slag interface to improve the prediction of momentum transfer. As illustrated in Fig. 4, the default setting in Fluent277

uses an arithmetic average. However, due to the high viscosity ratio between gas and slag, this method would assign278

a viscosity of 0.15 Pa · s for a typical interface cell with a slag volume fraction of 0.5, leading to inaccurate results.279

The recommended harmonic average, while more precise, introduced instabilities and required prohibitively small280

time steps. As a compromise, a geometric average was adopted, yielding a viscosity of 0.004 Pa · s for a typical281

interface cell. This approach offered the best balance between computational stability and accuracy.282
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3.3.3. EWF modeling283

The VOF model is not compatible with non-premixed combustion models in Fluent [40]. A computationally284

inexpensive alternative is the EWF model, which can be used to model thin liquid films [18, 59]. The solution is285

performed in local coordinates parallel to the surface, without fully resolving the slag flow in 3D. The conservation286

of slag film thickness Eq. (25),287

∂ρsD

∂t
+∇s · (ρsDv⃗s) = ṁs (25)

in which ∇s is the surface gradient operator, v⃗s the mean film velocity and ṁs the mass source per unit wall288

area due to particle deposition, is solved with source terms generated from the DPM-deposition rate result (see also289

Fig. 5d). Similarly, in the conservation of momentum Eq. (26), q⃗s is applied.290

∂ρsDv⃗s
∂t

+∇s ·
(
ρsDv⃗sv⃗s + D⃗V

)
= −D∇sPL

+ρsDg⃗ +
3

2
τ⃗fs −

3µs

D
v⃗s + q⃗s + ⃗τθw

(26)

Therein PL = Pgas−ρD(n⃗ · g⃗)−σ∇s · (∇sD) includes the effects of gas flow pressure, gravity component normal291

to the wall (spreading) and surface tension. Further, ⃗τθw is the surface force due to film liquid surface tension and292

contact angle. ρsDg⃗, the main driving force, is the gravity component parallel to the film. To derive the shear and293

viscous terms on the right side of Eq. (26), a quadratic film velocity profile has been assumed [40]. The differential294

advection term D⃗V is also calculated on this basis. This limits the EWF approach, e.g., regarding solidification,295
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which is often approximated using temperature-dependent viscosities. Temperature gradients across the film would296

result in a non-quadratic velocity profile and are thus not representable using the EWF approach. The conservation297

of energy is given with Eq. (27) in which Tf is the average film temperature:298

∂ρsDTf
∂t

+∇s ·
(
ρsDTf v⃗s + D⃗T

)
=

1

cp

[
2kf
D

(Ts + Tw − Tm) + ˙qimp

] (27)

Here, the differential advection term D⃗T and Tm (half-depth temperature) are also calculated based on quadratic299

film temperature profiles. ˙qimp is calculated from the droplet enthalpy analogous to the mass source term. cp is the300

specific heat of the melt, kf its thermal conductivity. Ts, and Tw are the film surface- and wall temperature.301

The particle capture criteria (Tab. 4) is unchanged.302

3.4. Computational domain and mesh independence303

The mesh used for the EDM/VOF model is depicted in Fig. 1. Due to the model’s complexity, it is divided into304

four parts, which are the main reaction zone, the burner, the phase separator zone and the flue gas outlet duct.305

The implementation of the burner was necessary to obtain realistic injection behavior which is influenced by the306

geometry upstream of the main reaction zone. The phase separator and flue gas duct regions are considered to307

obtain realistic outflow boundary conditions, which could not be achieved when the model was cut at the interface308

between the main reaction zone and the phase separator (swirling flow at the outlet, with non-uniform radial309

pressure distribution).310

To resolve the slag flow, the mesh was refined close to the furnace walls, where the height of the first cell was311

approximately 0.01 mm. This is orders of magnitude lower than the estimated slag film thickness (see section 3.3).312

The region close to the walls had to be meshed using hexahedral cells since automatically generated, polyhedral313

meshes could not provide the necessary quality, especially in the sharp corners of the geometry. The mesh was314

further refined in several steps, close to the burner, and in locations with high-velocity gradients, e.g., regions315

influenced by the jets from the nozzles. This led to a final number of 5,122,245 cells. The minimum orthogonal316

quality is 9.4e-02.317

During mesh-independence tests, it was observed that even after numerous iterations, the solutions exhibited318

slight oscillations, suggesting that the flow is (to some degree) inherently transient. As a result, direct comparisons319
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Table 5: Mesh independence investigation; wall resolution = number of cell layers at the wall (Fig. 1)

coarse medium fine

Wall resolution 3 10 60
Cell count 1,749,384 2,163,595 5,122,245

Average swirl (m/s) 6.2 6.2 6.1
Integral deposition rate

(kg/h))
75.2 54.0 53.5

of velocity profiles were considered less meaningful. Instead, to ensure accurate slag flow predictions, the focus320

shifted to evaluating time-averaged flow characteristics and deposition rates as the key metrics for determining321

sufficient mesh resolution. With Tab. 5, a comparison of the average swirl velocity, which is defined as the area-322

weighted average at the outlet of
√
u2 + v2 and the deposition rate integrated all over the furnace wall is given.323

Clearly, the mesh resolution did not significantly affect the main flow pattern, but had an impact on the amount324

of deposited slag, so the medium mesh was used for the SFM/EWF simulation. For the EDM/VOF model, the325

application of the fine mesh was necessary to resolve the slag layer.326

3.5. Solution procedure327

Both slag flow models are started from a converged steady-state solution for the particle-laden reactive flow.328

The steady-state solution is obtained using the following steps: First, the oxidizer flow only is solved, using the329

coupled solver, without the consideration of the discrete phase particles. This is done with the wall temperature set330

to 1550°C, which is an estimate from a conventional combustion calculation. After the swirling flow is developed,331

the DPM model is activated with a limited number of tracking steps, as small particles could get trapped in (re-332

)circulations, leading to instabilities, especially due to high particle-radiation interaction related source terms. The333

tracking steps are increased gradually, while the DPM under relaxation had to be decreased significantly. The334

DPM tracking starts at the air inlet surface, approximately 0.5 m above the injection to the hot reaction zone. This335

is done to allow for a realistic particle distribution at the reactor entrance. A total of 14 size classes adequately336

represent the PSD in the computational model, with particles larger than 500 µm being excluded. In total, around337

30,000 particle tracks are considered within the steady-state simulation. Increasing this number did not change the338

results. In the transient simulation, particles have to be injected at a separate particle time step of 0.005 s to keep339

the flow- and temperature field steady. In total, around 36,000 particles are injected per time step and 105,000 are340

tracked in-flight within the domain.341

Once the flow field is established, the 1550°C wall boundary condition is replaced with a mixed thermal boundary342

condition (internal ϵ = 0.9, external ϵ = 0.6, h = 15 W/(m2 · K), wall thickness 0.319 m, thermal conductivity343
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(wall) = 1.0 W/(m · K)). After the steady-state solution is reached, the slag models are loaded. A time-step of344

1 second is used to keep the CFL number for the slag flow below one in most of the domain. This increment is345

too large to resolve most transient characteristics of gas phase combustion simulation, so the gas-phase solution is346

barely affected by this URANS approach. The implicit VOF formulation is used. The interface is captured using347

an accurate compressive scheme. For all other variables, second order upwind schemes were used. Pressure-velocity348

coupling is switched to SIMPLE during the transient calculation.349

4. Results and discussion350

This section presents the general flow field derived from the steady-state solution. The results from both the351

EDM and SFM models are discussed, followed by a comparison of the transient slag flow evolution for each model.352

4.1. Flow field353

Fig. 5 demonstrates the overall agreement between the EDM- and SFM-based models. In Fig. 5a the velocity354

magnitude in the zx-plane is shown, with white direction vectors included to clarify the flow directions. Predictably,355

the burner nozzles generate high velocity gradients near the burner and induce swirling flow within the reactor.356

Both models closely align in their predictions of the flow pattern. At the transition to the phase separator, both357

models predict a velocity magnitude of 11 m/s, with a significant component of approximately 6 m/s directed358

normal to the zx-plane, driven by the swirling flow.359

Fig. 5b shows the temperature field results for both models, which are consistent with an outlet temperature of360

approximately 1550 °C. Minor differences are observed near the burner, but overall, the temperature distribution361

in the reactor is quite homogeneous due to effective insulation and even distribution of fuel and oxidizer around the362

reactor’s circumference. Fig. 5c illustrates particle tracks colored by the char fraction, indicating that the burner363

jets direct particles toward the wall soon after injection. As a result, not all char is consumed before hitting the364

wall, particularly for larger particle fractions. This required the implementation of a wall-burning subroutine (see365

Fig. 3) in the model. Note, that the particle tracks are limited to a residence time of 0.3 seconds for visibility366

reasons. The burnout of the particles depends on the O2 concentration and so the SFM model predicts a slightly367

slower burnout since the gas-phase reactions seem to occur faster (O2 is consumed faster) and closer to the burner.368

Nevertheless, the resulting deposition rates in Fig. 5d demonstrate very close agreement between the models. The369

integral deposition rate over the surface area is 54 kg/(m · s) for both models, corresponding to approximately 63%370
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Figure 5: Comparison of main EDM and SFM model results - a) Velocity fields, b) Temperature fields, c) Particle tracks colored by the
char mass fraction d) DPM deposition rates at the furnace walls

of the slag delivered through particulate matter after the organic material has evaporated or combusted. Note that371

also the remaining CaO from reaction (1) is counted to the slag. Fig. 5d already gives away that there also is a372

significant slag formation above the entrance to the reaction zone.373
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4.2. Slag flow predictions374

This section presents and discusses the model predictions for both the EDM/VOF and SFM/EWF approaches.375

For each variant steady-state solutions serve as the initial conditions for the transient slag flow simulations in the376

furnace.377

4.2.1. EDM/VOF378

In Fig. 6a, the transient evolution of the liquid slag film is shown. The time stamps increase from left to right,379

starting at 16 seconds after the VOF model was activated and the transient simulation was started. The local380

distance from the wall, e.g., the variation of the thickness of the film, in mm, is indicated using the color bar. It381

becomes clear that the slag flow starts from the locations already indicated by the deposition rate predictions shown382

in Fig. 5d. This is a result of the burner configuration that features six lances which accelerate particles/droplets383

toward the wall in the upper cylindrical section of the reactor. Due to internal recirculation in the center of the384

reactor (Fig. 5a), but also close to the side wall, some particles are carried upwards by the flow against gravity385

and are deposited in the upper section of the reactor, even above the location of injection. This is why significant386

amounts of slag are appearing on the roof and burner housing walls. After about 100 seconds, the effect of gravity387

is showing and the slag collected at the wall starts to flow downward.388

Although the deposition pattern after 16 seconds indicates some influence of the swirling gas flow in the lower389

conical section, this effect is primarily due to the particle deposition characteristics. As shown by comparing390

snapshots at 50 and 100 seconds, the slag consistently follows a downward flow pattern. After approximately 500391

seconds, nearly the entire inner wall surface is covered by a film of molten slag. A statistically steady state is392

achieved after around 1000 seconds of process simulation time, at which point the maximum slag film thickness is393

predicted to be about 1.0 mm in the lower cylindrical section of the furnace. The maximum velocity in this region394

is predicted at 37 mm/s. The majority of the domain exhibits a slag thickness of around 0.6 mm and lower, with395

velocities around 15 mm/s. The higher maximum velocity predicted by the CFD model may result from increased396

shear between phases due to the geometric average and the non-uniform slag distribution around the furnace’s397

circumference. Nonetheless, the average predictions align remarkably well with the analytical estimate discussed in398

section 3.3. The total slag mass distributed across the inner furnace surface is approximately 6 kg. The jet-induced399

deposition pattern is evident around the furnace’s circumference and extends toward the bottom, where slag would400

drip into the phase-separator zone. The effect of dropping and collection in the tundish was not included in this401
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simulation as noted in section 3.3.402

It is important to note that the standard VOF model, which uses an arithmetic average to calculate the mixture403

viscosity, tends to over-predict the influence of gas shear on slag motion. This can lead to inaccurate predictions404

of momentum transfer across the interface, as highlighted by [60]. Although the harmonic average recommended405

by Hashmi et al. [58] and implemented by Jønck [28] was considered, it introduced instabilities and required small406

time steps. Therefore, a geometric average as illustrated in Fig. 4 was employed in this study. Fig. 7a demonstrates407

the impact of these averaging methods. The arithmetic averaging method (right hand side) predicts a significant408

increase in motion influenced by the swirling gas flow, particularly in the lower part of the furnace, as indicated by409

the black arrows. In contrast, the model using the geometric viscosity average displays a much smoother and more410

vertically oriented slag flow.411

As mentioned in section 2, the influence of the PSD was also investigated. The results are shown in Fig. 7b412

(left). Compared Fig. 7a (left), where the standard PSD with a size parameter of x′ = 52.6e− 06 m was used, here413

an increased x′ of 142.6e − 06 m was considered. In general, the pattern is similar. There is a distinct influence414

of the burner, so depositions in the upper sections are present as well. This is because small particle fractions are415
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always included, even if the overall particle sizes are larger. However, the results indicate that the increased inertia416

of the larger particles leads to a greater deposition rate in the upper part of the Flash reactor, as well as increased417

film thickness in this region and at the cylindrical outlet. Overall, the integral deposition rate in the furnace is418

higher with the larger particles, resulting in reduced carry-over. This has implications on the slag occurrence in419

the outlet section of the reactor, visible as lower film thickness in the outlet part of the system in Fig. 7b (left)420

compared to the standard case. Thus, the PSD has a significant impact on the expected flow of slag. Moreover, the421

reactor system allows the possibility of melting additional ash to increase the overall slag output. The right hand422

side of Fig. 7b presents a hypothetical process intensification case, in which additional ash is injected together with423

the unchanged amounts of sewage sludge and limestone. In total, this leads to a 50% increased slag occurrence.424

In contrast to the case with a larger PSD, this leads to increased depositions and slag flow in all sections of the425

reactor, including the outlet duct.426

Fig. 8 provides a detailed view of the slag volume fraction in the furnace, again in the zx-plane and focusing427

on the right-hand side of the wall. The slag layer, which is barely visible in the full-scale view, is enlarged in the428

bottom subfigure for clarity. This enlargement reveals a sharp phase boundary, achieved through the compressive429

discretization scheme, which allows to avoid excessive mesh refinement at the gas-slag transition zone. The film in430

this location is about 0.6 mm thick. The central subfigure illustrates the velocity field with vectors scaled by the431

velocity magnitude. The profile near the wall is quadratic, consistent with the analytical solution. The contour is432

capped at 20 mm/s to highlight the transition to the gas phase, where the velocity significantly increases to around433

11 m/s (see Fig. 5a). A velocity profile closely aligning with the theoretical prediction in section 3.3.1 is observed.434

The top subfigure, similar to Chen’s study [24], shows that the thin slag layer exhibits a minimal temperature435

gradient, with the contour limits being only 0.5 K apart. This suggests that the slag layer does not significantly436

impact heat transfer in the furnace. Consequently, the heat loss of approximately 50 kW through the side walls437

was not notably changed compared to the steady-state simulation. The temperature contour is capped, with the438

far-field gas phase temperature at approximately 1820 K (1547°C).439

In summary, the EDM/VOF approach offers a detailed, though computationally intensive, method for predicting440

slag flow in this setup. The complexity arises from the intricate interactions between gas jets, particle trajectories,441

and the resulting slag flow. The results shall now serve as a benchmark for the evaluation of the computationally442

inexpensive alternative.443
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4.2.2. SFM/EWF - Computationally inexpensive alternative444

Through the case studies presented in Fig. 7b, it was noticed that the increased amount of slag and the445

alternative PSD do influence the deposition and flow characteristics, but not to a great extent. This is why the446

performance of the computationally inexpensive alternative shall be evaluated based on the standard case, however447

including the transient behavior. The slag flow prediction results of the SFM/EWF approach are shown in Fig. 6b.448

The spatial variation of the slag thickness is indicated using the same color scale as for the EDM/VOF model. The449

process time of the snapshots is also the same as above and starts at 16 seconds, increasing toward the right-hand450

side of Fig. 6b.451

In close accordance with the resolved approach, the slag film starts to evolve in the upper section of the cylindrical452

reactor part. Since the locations of high deposition rates in Fig. 5d are predicted slightly higher than by the EDM-453

based model, the slag film also starts to develop at a higher vertical position. Furthermore, a significant portion of454

the slag is distributed across a broader area of the circumference, as indicated by the extensive regions with elevated455

deposition rates in Fig. 5d, including the roof. This smearing effect may be further exacerbated by the absence of456

wall-normal resolution in the EWF. Nevertheless, the magnitudes and thickness predictions are in close accordance457

with the detailed model. At around 100 seconds of process time, the vertical flow pattern of the slag motion starts458

to show. The depositions at the reactor roof and burner zone are also present and in the same order of magnitude.459

At around 500 seconds, the entire surface is covered, but it takes again roughly twice that time to reach a steady460

state of operation. The magnitude of film thickness and velocity is in agreement with the EDM/VOF model (see461

Fig. 6a). The location where these maxima are to be found is the lower cylindrical part toward the phase separator462

section of the reactor. The total amount of slag is predicted slightly higher at around 6.5 kg, likely due to the even463

smaller influence of the gas shear. The SFM/EWF and EDM/VOF approaches also largely agree on the amount of464

slag occurring at the outlet duct, clearly showing a film concentrated on the bottom part of the outlet pipe, causing465

backward flow of slag in this region, where the temperatures are still hot enough to prevent solidification.466

In summary, the results are of a very similar quality to those predicted by the film-resolving EDM/VOF ap-467

proach. However, the required computation time to reach a statistically steady solution is significantly lower for the468

SFM/EWF model. This is because only 10 transport equations have to be solved here compared to the EDM/VOF469

approach with 15 equations (continuity, x-, y-, z-velocity, 2x turbulence, energy, radiation, 6x species plus VOF).470

Additionally, the mesh size is smaller, since the fine boundary layer resolution can be omitted. From starting the471
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steady-state EDM simulation to a converged result took approximately 48 hours (two full days) on a workstation472

with 16 CPUs and 128 GB of RAM. From there to the final transient VOF results another 790 hours (33 full days)473

were required. However, in the author’s experience, this can vary since the interaction between the DPM model,474

especially with particle-radiation interaction requires an increased level of attention. In contrast, the steady-state475

SFM result is reached in approximately 18 hours, and the transient result required another 24 hours of computation476

time. In summary, the result was obtained in less than 2 days. Additionally, the solution process of the inexpensive477

model has proven to be much more stable and requires less attention than the film-resolving approach. It should478

also be kept in mind that the very fine wall mesh necessary for resolving the slag flow requires significantly more479

pre-processing effort.480

5. Conclusions and outlook481

Two different models for the inclusion of slag flow dynamics in the CFD simulation of sewage sludge combustion482

have been implemented. The sophisticated yet computationally demanding EDM/VOF model was applied in this483

context for the first time on a complex geometry and compared to a novel SFM/EWF approach. This was necessary484

since experimental data is exceptionally difficult to obtain in systems with such harsh, chemically aggressive and485

high-temperature conditions. Both modeling variants agree on the transient evolution of the slag flow inside an486

experimental pilot furnace developed as a part of a phosphorus recovery process.487

The maximum values of film thickness and velocity were predicted at around 0.6 - 1.0 mm and 37 mm/s488

respectively by both models, which is in very good accordance with analytical estimates. The temperature gradient489

in the slag film is practically non-existent and its influence on the heat transfer characteristics is negligible. A490

significant influence of gas shear was not observed, regardless of the modeling concept, which is attributed to the491

high viscosity- and density ratio between liquid and gaseous phases. The correct description of this required an492

implementation of geometric viscosity averaging at the interface between the gas- and slag phase, which is not493

standard in the VOF model. The cases with alternative PSD and additional ash have shown a considerable effect494

on the slag flow amount, but not on the general pattern.495

Each modeling approach presents distinct advantages and drawbacks. The EDM/VOF approach is capable496

of resolving the slag film directly and is thus extendible to include solidification effects, which are the basis for497

the consideration of freeze linings. It is however limited to relatively simple chemical kinetics for the gas phase.498

The main disadvantage is the computational demand, not only regarding computation time but also regarding the499
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requirement for fine and high-quality meshes at the walls where slag film formation is expected. The proposed500

SFM/EWF model is significantly easier to handle, has less demanding mesh requirements and is significantly faster501

to solve. A statistically steady solution can be obtained in less than 2 days compared to at least 35 days for the502

detailed modeling approach. However, as the SFM/EWF approach assumes quadratic film velocity profiles, it does503

not allow viscosity variations normal to the wall, e.g., through solidification, it is limited in this regard. For such504

cases, detailed modeling remains indispensable.505

In summary, both models constitute efficient tools for further research and development but also for the efficient506

application in the engineering process of entrained flow furnaces. These can be an important part of phosphorus507

recovery processes, that aim to recover phosphorus from ash/slag.508
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