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Abstract 

Red liquor combustion is a crucial step in the chemical recovery process in the pulp and paper 

industry and has two main functions: recovering MgO and SO2 from magnesium bisulfite 

spent liquor and generating steam as a heat source for further usage. This research aims to 

analyze how different red liquor spraying characteristics affect combustion time, guiding rec-

ommendations for optimal spraying characteristics to achieve faster combustion using com-

putational fluid dynamics (CFD). Red liquor combustion is simulated in the open-source en-

vironment OpenFOAM®, employing Eulerian–Lagrangian coupling simulations, treating red 

liquor droplets as Lagrangian particles. One-step devolatilization and combustion kinetics are 

derived from performed non-isothermal thermogravimetric analyses (TGA) and imple-

mented into the model. An industrial red liquor combustion vessel served as a reference case. 

Through virtual experiments, we explore the impact of spray angle (15° and 30°), droplet size 

(2 mm and 3 mm), and spray type (fullcone vs. hollowcone) on combustion time. The per-

formed simulations indicate that the combustion time can be reduced by approximately 30% 

by reducing the characteristic particle diameter from 3 mm to 2 mm. Furthermore, hollow-

cone spraying revealed faster combustion times than fullcone spraying. The fastest com-

bustion time was achieved with a characteristic particle size of 2 mm, a spraying angle of 

30°, and using a hollowcone spray type. 

Keywords: fuel spraying; Lagrangian particle combustion; pulping liquor; recovery 

boiler; CFD simulation 

 

1. Introduction 

The combustion of spent pulping liquor is a crucial part of the chemical recovery 

process in the pulp and paper industry. Among the sulfite-based pulping processes, mag-

nesium bisulfite pulping is dominant due to its potential for almost complete chemical 

recovery [1]. During the combustion of magnesium bisulfite spent liquor, also called red 

liquor, MgO is recovered in the ash. Sulfur is mainly oxidized to SO2, resulting in a SO2-

loaded combustion gas. The recovered MgO is washed and hydrated to Mg(OH)2, which 

subsequently serves as an absorbent in a multistage SO2 absorption process. During the 

absorption, SO2 and Mg(OH)2 form magnesium bisulfite, which can then be reintroduced 

as pulping liquor. Such chemical recovery minimizes the usage of fresh chemicals, thus 
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lowering the process’s environmental footprint. However, the combustion of red liquor 

affects the chemical usage in the pulping process beyond the chemical recovery, as inef-

fective combustion leads to soot formation, which is carried through the whole chemical 

recovery process to the pulp, leading to the coloration of the pulp, thus causing an in-

creased demand for bleaching agents. Figure 1 visualizes the journey of soot in chemical 

recovery in a simplified manner. 

 

Figure 1. Simplified scheme of the chemical recovery when soot forms during combustion.  

Improving combustion has, therefore, a dual effect: it enhances the efficiency of the 

pulp recovery process and reduces the necessity of bleaching agents, resulting in an over-

all reduced environmental footprint and increased economic viability. 

Due to its large inorganic content and high water content, spent pulping liquor has a 

very low heating value of 12–15 MJ/kg compared to other industrial fuels (e.g., heating 

oil: 41 MJ/kg), making its effective combustion challenging [2]. Red liquor is sprayed into 

the furnace with a water content of around 30 to 40 wt%. The spraying characteristics of 

the fuel highly influence the combustion efficiency inside the furnace. Optimizing the 

spraying behavior in a furnace can significantly enhance the combustion efficiency of ex-

isting furnaces without the necessity of redesigning the furnace. This study aims to inves-

tigate the effect of spraying characteristics on the combustion speed of fuel droplets inside 

an industrial-scale combustion vessel via computational fluid dynamics (CFD) simula-

tions. While the used reference case is tailored to an industrial-scale combustion vessel of 

red liquor, the simulation approach and the results can also be expanded to other fuels 

with high water content and large droplet spraying (mm). 

A great part of research focuses on studying the spraying and its influence on the 

combustion of very fine droplets (µm) [3–5]. Droplet sizes for the combustion of spent 

pulping liquor are typically in the range of mm. Although the pulp and paper industry 

accounts for 1.1% of direct global industrial combustion and process CO2 emissions [6,7], 

and the combustion of spent pulping liquor poses a particular challenge due to its men-

tioned characteristics, academic research on optimizing the design of spent pulping liquor 

combustion furnaces and their fuel spraying is scarce. Horton et al. studied in 1992 the 

effect of spraying on the combustion of black liquor using CFD simulation [8]. Laitinen et 

al. performed CFD simulations of a black liquor boiler to study the dispersion of sprayed 

droplets and the secondary air supply system without implementing combustion models 
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[9]. Black liquor refers to the liquor from an alkaline sulfate-based pulping process (Kraft 

process), while red liquor refers to the liquor from sulfite-based pulp processes. However, 

to our knowledge, no study has focused on simulating the combustion of red liquor and 

deriving recommendations on improved fuel spraying for such challenging fuels, making 

this a novel study in the field of applied CFD. 

In this study, we apply one-step combustion models for the combustion of red liquor 

and perform a comparative study on the effect of spraying behavior on droplet combus-

tion time. To model the combustion, we follow an Eulerian–Lagrangian approach, which 

allows us to track the fuel droplets inside the furnace. A two-way coupling enables the 

exchange of momentum, energy, and mass between the discrete fuel droplets and the con-

tinuous phase. The Eulerian–Lagrangian method is a widely recognized approach to de-

scribe liquid fuel spraying [10]. 

The CFD simulation setup allows us to run experiments in a virtual environment. By 

varying spraying characteristics such as spraying angle, droplet size, and spray type, we 

are predicting which factor is most influential in speeding up combustion inside the vessel 

and which spraying behavior is the most promising regarding combustion time. 

2. Materials and Methods 

In this chapter, we introduce the methods used for our study. Section 2.1 provides 

the governing equations of the applied Eulerian–Lagrangian approach. In Section 2.2, we 

introduce the phase change and reaction models used. Finally, we present the simulation 

setup on which the developed workflow was tested, including the simulation geometry, 

the computational mesh, and the boundary conditions. This chapter closes by summariz-

ing the performed virtual experiments in Section 2.4. 

2.1. Computational Fluid Dynamics (CFD) 

The simulations are performed in the open-source simulation environment Open-

FOAM® version 9 using the solver reactingFoam. The combustion vessel operates in stable 

conditions, allowing the simulations to be performed in a steady state. Figure 2 visualizes 

the concept of the applied Eulerian–Lagrangian approach. Although describing Lagran-

gian particles can be computationally intensive, this method’s advantage lies in its ability 

to track specific properties of individual particles. 

The gas phase is described as Eulerian phase. The liquid fuel droplets are modeled 

as wet solid point centers of mass with constant volume and described as Lagrangian par-

ticles. The coupling between the Eulerian phase and the Lagrangian particles is realized 

as a two-way coupling. The influence of the fuel droplets (Lagrangian particles) on the gas 

phase (Eulerian phase) is modeled employing source terms. The influence of the gas phase 

on the fuel droplets is modeled using submodels. To save computational time, particles 

are grouped into representative parcels, each comprising numerous particles with the 

same characteristics that are tracked and solved together. In this study, 100 particles are 

grouped into one parcel. 
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Figure 2. (Top left): Lagrangian particles; (top right): Eulerian flow; (bottom): Eulerian–Lagrangian 

approach (visualization inspired by Hirche et al. [11]). 

The 𝑘 − 𝜀  model is used to account for turbulence with the default model coeffi-

cients [12,13]. The 𝑘 − 𝜀 model is commonly used in the simulation of industrial furnaces 

in OpenFOAM® [14,15]. 𝑘 represents the turbulent kinetic energy, and 𝜀 the eddy dissi-

pation rate. The eddy dissipation rate gives the rate at which turbulent kinetic energy 

transforms into internal thermal energy due to viscous effects. Radiation was calculated 

using the P1 model, a commonly used radiation approximation for particle combustion 

processes, as implemented in OpenFOAM® [16]. The following describes the modeling of 

the Eulerian flow and the Lagrangian particles. 

2.1.1. Eulerian Flow 

The Eulerian flow is described employing the continuity equation, the momentum 

equation, the energy equation, and the species equation (Equations (1)–(3)). 

The continuity equation with 𝑆𝑚 being the source term for mass reads 

𝜕𝜌𝑔

𝜕𝑡
+ ∇ ∙ (𝜌𝑔𝑈𝑔) = 𝑆𝑚 (1) 

where 𝜌𝑔 is the density and 𝑈𝑔 is the velocity. 𝑆𝑚 results from reaction and phase change. 

The momentum equation for compressible fluids reads 

𝜕(𝜌𝑔𝑈𝑔)

𝜕𝑡
+ ∇ ∙ (𝜌𝑔𝑈𝑔𝑈𝑔) − ∇ ∙ (𝜏𝑔) = −∇p + 𝜌𝑔g + 𝑆𝑢 (2) 

The equation includes viscous force with 𝜏𝑔 being the stress tensor. 𝑆𝑢 describes the 

momentum source term resulting from interaction with the Lagrangian particles. 

The energy equation includes diffusion with 𝛼𝑒𝑓𝑓  being the effective thermal diffu-

sivity and reads 

𝜕(𝜌𝑔(ℎ + 𝐾))

𝜕𝑡
+ ∇ ∙ (𝜌𝑔𝑈𝑔(ℎ + 𝐾)) − ∇ ∙ (𝛼𝑒𝑓𝑓∇ℎ) = ∇p + 𝜌𝑔𝑈𝑔 ∙ g + 𝑆ℎ (3) 
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ℎ is enthalpy, and 𝐾 the kinetic energy. 𝑆ℎ is the energy source term resulting from 

the exchange with the Lagrangian particles. 

To describe the multi-component nature of the flow, the species equation is applied 

with 𝑆𝑖 being the species source term resulting from reaction and phase change. The spe-

cies equation reads 

𝜕𝜌𝑔𝑌𝑖

𝜕𝑡
+ ∇ ∙ (𝜌𝑔𝑈𝑔𝑌𝑖) − ∇ ∙ (

𝜇𝑒𝑓𝑓

𝑆𝑐
∇(𝜌𝑔𝑌𝑖)) = 𝑆𝑖 (4) 

𝑌𝑖 describes the mass fraction for species 𝑖, 𝜇𝑒𝑓𝑓 the effective viscosity for species 

transport, and 𝑆𝑐 the Schmidt number. The last term represents the diffusion of the spe-

cies’ mass fraction. 

2.1.2. Lagrangian Particles 

Newton’s second law of motion describes the movement of the Lagrangian particles. 

Drag force 𝐹𝐷, gravitational force 𝐹𝑔 and lift force 𝐹𝐿 are acting on the particle, leading 

to the following equation: 

𝑑

𝑑𝑡
(𝑚𝑝𝑈𝑝) = 𝐹𝐷 + 𝐹𝑔 + 𝐹𝐿 (5) 

where 𝑚𝑝 is the particle mass and 𝑈𝑝 the particle velocity. 

The drag force is calculated with the sphereDrag model from the OpenFOAM® library: 

𝐹𝐷 =
𝑚𝑝

𝑈𝑔

3

4

𝜇𝑔𝐶𝐷𝑅𝑒𝑝

𝜌𝑃𝑑𝑝
2

 (6) 

𝜇𝑔 is the dynamic viscosity, 𝑈𝑔 is the velocity of the carrier (gas phase) at the cell-

occupying particle, 𝜌𝑃 is the particle mass density and 𝑑𝑃 is the particle diameter. The 

particle drag coefficient 𝐶𝐷 is based on the empirical expression by Putnam [17]: 

𝐶𝐷 =
24

𝑅𝑒𝑝
(1 +

1

6
𝑅𝑒𝑝

2

3)  if 𝑅𝑒𝑝  ≤ 1000 and 𝐶𝐷 = 0.424 if 𝑅𝑒𝑝 > 1000 (7) 

The lift force is calculated following 

𝐹𝐿 = 𝑚𝑝

𝜌𝑔
3

2𝜋√𝑅𝑒𝑤

 𝐶𝐿

𝜌𝑃

(𝑈𝑔 − 𝑈𝑝) × 𝜔 
(8) 

where 𝜔 = 𝛻 × 𝑈 is the vorticity of the gas at particle location and 𝑅𝑒𝑤 = 
𝜌𝑔𝑑𝑝

2|𝜔|

𝜇𝑔
. The lift 

coefficient 𝐶𝐿 is based on the Saffman–Mei expression [18,19]: 

𝐶𝐿 = 6.46 (1 − 0.3314√
1

2

𝑅𝑒𝑤

𝑅𝑒𝑝
 ) 𝑒−0.1𝑅𝑒𝑝 + 0.3314√

1

2

𝑅𝑒𝑤

𝑅𝑒𝑝
  if 𝑅𝑒𝑝 < 40 and 

𝐶𝐿 = 6.46 ∙ 0.0524√
1

2
𝑅𝑒𝑤 if 𝑅𝑒𝑝 ≥ 40 

(9) 

A stochastic dispersion model is applied to account for perturbation of a particle due to 

turbulence [20]. The particle is perturbed by turbulence if the timestep is smaller than 𝜏𝑡𝑢𝑟: 

𝜏𝑡𝑢𝑟𝑏 = min (
𝑘

𝜀
, 0.16432

𝑘1.5

𝜀𝑈𝑟𝑒𝑙

) (10) 

where 

𝑈𝑟𝑒𝑙 = |𝑈𝑝 − 𝑈𝑔 − 𝑈𝑡𝑢𝑟𝑏| (11) 

With 𝑈𝑝 being the particle velocity, 𝑈𝑔 the gas phase velocity and 𝑈𝑡𝑢𝑟𝑏 the turbu-

lent velocity. The velocity undergoes perturbation in a random direction: 
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𝑈𝑡𝑢𝑟𝑏 = √
2𝑘

3
|𝑁|𝑑𝑣 (12) 

where 𝑁 is a random normal with mean 0 and standard deviation 1, and 𝑑𝑣 is a vector 

with [𝑎 cos(𝜃), 𝑎 sin(𝜃), 𝑢]. 𝑎 is random between 0 and 1, 𝑢 is random between −1 and 1, 

and 𝜃 is random between 0 and 2𝜋. The model is part of the standard OpenFOAM® li-

brary under the name StochasticDisperisionRAS. 

The gas-particle heat transfer is modeled using the empirical Nusselt correlation by 

Ranz-Marshall [21]: 

𝑁𝑢 = 2 + 0.6𝑅𝑒𝑝

1
2𝑃𝑟

1
3 (13) 

2.2. Phase Change and Reactions 

Phase change and reaction models are implemented to model the combustion of red 

liquor. Drying, devolatilization, and char combustion are the three main stages of red liq-

uor combustion [2]. The fourth stage is smelting of ash, which is a slow process and dis-

regarded in the performed simulation due to the short residence time of the fuel droplets 

in the furnace. Red liquor combustion is a complex reaction system during which organic 

matter is burnt, and inorganic matter is recovered in the ash. In this study, a simplified 

combustion reaction system is implemented that summarizes the complex combustion 

system into four steps with two reactions: 

1. Drying; 

2. Devolatilization; 

3. Volatile combustion in the gas phase: 

𝐶𝑥𝐻𝑦𝑂𝑧𝑆𝑠 + (𝑥 +
𝑦

4
−

𝑧

2
+ 𝑠)𝑂2 → x CO2 +

y

2
 H2O + s SO2 (14) 

4. Char combustion: 

𝐶 + 𝑂2 → CO2 (15) 

Figure 3 visualizes the combustion steps that are implemented in the simulations. 

 

Figure 3. Visualization of implemented combustion steps. 
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The stoichiometry of the gas phase reaction can be derived from the known elemental 

composition of red liquor. While several studies in the literature study the kinetics of black 

liquor [22,23], the available studies on red liquor are scarce. The composition of red liquor, 

being highly specific, can introduce significant variations in the kinetics of reactions. 

Hence, we generated our own kinetics data tailored to our red liquor composition. For 

this purpose, thermogravimetric analyses were performed. The following section de-

scribes the conducted analyses and the implemented phase change and reaction models. 

2.2.1. Thermogravimetric Analyses of Red Liquor 

Non-isothermal thermogravimetric analyses (TGA) of red liquor were conducted to 

investigate its devolatilization and combustion behavior. The experiments were carried 

out using an STA 449 C Jupiter instrument manufactured by NETZSCH. TGA experi-

ments were performed under two different gas environments: nitrogen (N2) and an oxi-

dizing environment containing 21 vol% oxygen (O2). The sample was dried by holding 

the temperature at 105 °C for 100 min. After drying, the heating rate was set to 15 K/min. 

The sample was heated to 1100 °C. During the experiments, the weight of the sample was 

recorded. From the recorded data, various parameters describing the devolatilization and 

combustion behavior are derived: 

• Temperature at which devolatilization starts (TDevol); 

• Mass fraction of volatiles left when combustion starts (volatile residual coefficient); 

• Kinetic data for devolatilization and char combustion. 

Figure 4 shows the temperature and mass loss referred to the dry basis over time 

from the TGA results. 

 

Figure 4. TGA result: temperature and mass loss (wt% dry mass) over time in N2 and oxidizing 

environment after 100 min of drying. 

The ash, char, and volatile content align with the elemental composition as detailed 

in Section 2.4. Devolatilization initiates at 115 °C (TDevol). Combustion initiates with a vol-

atile residual coefficient of 0.254. The devolatilization process reveals three distinct zones, 

suggesting a division between light and heavy volatiles. However, for simplicity, we have 

aggregated the volatiles into a single group in this study. 
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To obtain kinetic data for devolatilization and char combustion, the Arrhenius equa-

tion, which relates the rate constant of a chemical reaction to the temperature and activa-

tion energy, was utilized: 

𝑘𝑘𝑖𝑛 = 𝐴𝑒−
𝐸
𝑅𝑇 (16) 

with 𝐴  being the pre-exponential factor, 𝐸  the activation energy, 𝑅  the universal gas 

constant, and 𝑇 the absolute temperature. Non-linear least squares regression was em-

ployed to fit the Arrhenius equation to the experimental data. This fitting process yielded 

the pre-exponential factor (𝐴) and the activation energy (𝐸) for both devolatilization and 

carbon combustion. Finally, the quality of the fit was assessed by comparing the model 

predictions based on the optimized parameters with the experimental data. 

In our study, we opted for this simplified approach to determine the kinetics of our 

red liquor system instead of more sophisticated methods, such as the Ozawa–Flynn–Wall 

model that requires TGA with at least three different heating rates. While these advanced 

techniques offer comprehensive insights into the kinetics of reactions, our primary goal 

was to obtain a preliminary indication of the kinetics rather than delve deeply into kinetic 

analysis. This approach provided us with a foundational understanding of the kinetics, 

setting a solid groundwork for future in-depth studies if necessary. Table 1 summarizes 

the results for 𝐸 and 𝐴 from the data fitting. 

Table 1. Activation energy 𝐸 and pre-exponential factor 𝐴 from data fitting. 

 𝑬 (J/kmol)  𝑨 (1/s) 

Devolatilization 3.54 × 106 3.16 

Char combustion 1.17 × 107 44.98 

Figure 5 shows the model predictions for the devolatilization based on the values 

from Table 1 and the experimental data. 

 

Figure 5. Model prediction for grouped volatiles and experimental mass loss over time during de-

volatilization (t = 112–135 min). 

Figure 6 shows the model predictions for the char combustion based on the values 

from Table 1 and the experimental data. 
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Figure 6. Model prediction and experimental mass loss over time during char combustion (t = 143.2 

min–149 min). 

2.2.2. Phase Change and Reaction Models 

The following describes the applied phase change and reaction models, including drying 

of fuel droplets, devolatilization, gas phase combustion, and solid char combustion. 

Drying of Fuel Droplets 

Drying of the particle is calculated using the Spalding evaporation model [24]: 

𝑑𝑚𝐻2𝑂

𝑑𝑡
= −𝜋𝑑𝑝𝑆ℎ𝜌𝑔𝐷𝐻2𝑂𝑙𝑛 (1 +

𝑌𝐻2𝑂,𝐹 − 𝑌𝐻2𝑂,∞

1 − 𝑌𝐻2𝑂,𝐹

) (17) 

with 𝐷𝐻2𝑂 being the diffusion coefficient and 𝑆ℎ the Sherwood number, which describes 

the ratio of convective to diffusive mass transport. 𝑌𝐻2𝑂,𝐹 represents the mass fraction of 

evaporated water in the film surrounding the droplet and 𝑌𝐻2𝑂,∞ in the far field. A de-

tailed description of the model can be found in [25]. If the saturation pressure is greater 

than 99.9% of the critical pressure of water, drying is calculated as flash boiling based on 

the model by Zuo et al. [26]. 

Devolatilization 

𝑑𝑚

𝑑𝑡
= 𝑘𝑘𝑖𝑛 ∙ 𝑚 (18) 

The kinetic rate 𝑘𝑘𝑖𝑛 is calculated following Arrhenius (Equation (16)). The activa-

tion energy 𝐸 and the pre-exponential factor 𝐴 are given in Table 1. 

We use a pseudo-species CxHyOzSs to represent the volatile components that com-

bust, as described in Equation (14). Because there are no thermophysical properties for 

such a pseudo-species, we calculate the molecular weight according to the reaction equa-

tion and otherwise use CH4 properties as an estimation. To close the overall energy bal-

ance of red liquor conversion (dry heating value of 13.4 MJ/kg), we use the latent heat of 

devolatilization and calculated it to be 8.9 MJ/kg; 20% of the enthalpy is retained by the 

particle due to surface reactions. 

  

https://doi.org/10.3390/computation14060130


Computation 2026, 14, 130 10 of 28 
 

https://doi.org/10.3390/computation14060130 

Gas Phase Combustion 

The combustion of volatiles in the gas phase reads 

𝑣𝑜𝑙 = 𝐶𝑥𝐻𝑦𝑂𝑧𝑆𝑠 

𝑣𝑜𝑙 + 2.5245 𝑂2 → 2.202 CO2 + 2.853 H2O + 0.507 SO2 
(19) 

The gas phase combustion is modeled using the Eddy Dissipation Diffusion Model [27]. 

The use of this model assumes that, once volatiles are released, their oxidation occurs in a 

highly turbulent reacting flow where the characteristic mixing time scales are significantly 

shorter than the global reaction time scales. This Turbulence–Chemistry Interaction Model is 

commonly used to predict the combustion behavior in turbulent flows [28]. The model does 

not use kinetic data. The time scale is determined by the minimum turbulence and diffusion 

time scales. The turbulence mixing time scale is taken from the turbulence model (𝑘 − 𝜀). The 

diffusion time scale describes the volatile–oxygen mixing in laminar regions: 

𝑤𝑣𝑜𝑙 =
𝜌

𝐶
min (𝑌𝑣𝑜𝑙 ,

𝑌𝑂2

2.5245
)max(𝑡𝑑𝑖𝑓𝑓 , 𝑡𝑡𝑢𝑟𝑏) (20) 

𝑡𝑑𝑖𝑓𝑓 = 𝐴𝐵
𝜈𝑒𝑓𝑓

(Δ𝑡)2
 (21) 

𝑡𝑡𝑢𝑟𝑏 = 𝐶𝐸𝐷𝐶

𝜖

𝑘
 (22) 

with 𝑌𝑣𝑜𝑙  being the volatile mass fraction, 𝑌𝑂2
 the oxygen mass fraction, and 2.5245 the 

stoichiometric oxygen to volatile ratio. It needs to be noted that, while this model is com-

monly applied in turbulent flows, it may overpredict reaction rates in regions where the 

flow is locally mixing-limited. As described in Section Devolatilization, the thermophysi-

cal properties of the volatiles were estimated using properties of CH4. This approximation 

may lead to an overestimation of volatile diffusivity and turbulent mixing, potentially re-

sulting in earlier gas-phase combustion, which needs to be considered when interpreting 

local gas concentration and temperature fields. Nevertheless, the overall combustion pro-

cess investigated in this study is predominantly limited by the comparatively slow Arrhe-

nius-based devolatilization kinetics of the particles. Therefore, the approximation is not 

expected to significantly influence the predicted particle combustion times, although local 

gas-phase combustion characteristics and temperature distributions may be affected. 

Carbon Combustion 

The char combustion 

𝐶 + 𝑂2 = 𝐶𝑂2 (23) 

is calculated following the single kinetic rate model 

𝑑𝑚𝑐ℎ𝑎𝑟

𝑑𝑡
= 𝑘𝑘𝑖𝑛 𝑚 (24) 

The kinetic rate 𝑘𝑘𝑖𝑛 is calculated following Arrhenius (Equation (16)). The activa-

tion energy 𝐸 and the pre-exponential factor 𝐴 are given in Table 1. 

2.3. Simulation Setup 

The simulation setup was based on an industrial red liquor combustion vessel as a 

reference case. The following describes the simulation geometry, the computational mesh, 

and the applied boundary conditions. 
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2.3.1. Simulation Geometry 

Figure 7 shows the 3D geometry of the combustion vessel with its inlets and outlets. 

 

Figure 7. Combustion vessel with inlets and outlets (dimensional grid in m). 

The combustion air enters through 18 square openings from the top, while the fuel 

enters through 16 nozzles modeled as round openings with a diameter of 27 mm. The 

combustion zone is lined with refractory material, simulated as adiabatic walls. The vessel 

is simulated until the outlet shown in Figure 1, which is situated before the gas cleaning 

units. As the combustion gas travels towards the outlet, it heats steam through tube bun-

dle heat exchangers, modeled as anisotropic porous zones with a heat sink (Figure 8). 

 

Figure 8. Heat exchangers 1 to 4 in red and brown and refractory lining zone in green. 
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The porosity accounts for pressure loss, and the heat sink for the heat transfer. For 

each heat exchanger, the porosity 𝑓𝑥,𝑦,𝑧 is calculated in x, y, and z directions as follows: 

𝑓𝑥,𝑦,𝑧 =
𝐴𝑣𝑜𝑖𝑑

𝐴𝑡𝑜𝑡𝑎𝑙

 (25) 

with 𝐴𝑣𝑜𝑖𝑑 being the void area and 𝐴𝑡𝑜𝑡𝑎𝑙 the total area. The pressure loss ∆𝑝 is calcu-

lated according to the Darcy–Forchheimer law 

∆𝑝 = −(𝜇𝐷 +
𝜌|𝑈|

2
𝐹)𝑈 (26) 

with 𝜇 being the dynamic viscosity, 𝜌 the density of the fluid, and 𝑈 the velocity of the 

fluid. 𝐷 and 𝐹 are the Darcy and the Forchheimer coefficients, respectively. Assuming the 

heat bundles are perforated plates, Idelchik’s equation for perforated plates is applied [29]: 

𝐷 = 0 and 

𝐹𝑥,𝑦,𝑧 =
(0.707(1 − 𝑓𝑥,𝑦,𝑧)

0.375
+ 1 − 𝑓𝑥,𝑦,𝑧)

2

𝑓𝑥,𝑦,𝑧
2  

(27) 

Table 2 summarizes the applied Forchheimer coefficients 𝐹. 

Table 2. Forchheimer coefficients 𝐹 for heat exchangers 1 to 4 in 1/m. 

 1 2 3 4 

𝐹𝑥 0.1654 0.8742 0.1654 0.8742 

𝐹𝑦 0.1654 0.8742 0.1402 0.6295 

𝐹𝑧 3.3624 3.3449 1.3337 1.8810 

The heat transfer over the heat exchangers is known from standard operation of the 

vessel. Table 3 summarizes the applied heat loss over the heat exchangers. The heat sink 

is applied as a heat source to the defined porous zones. 

Table 3. Heat sink of heat exchangers 1 to 4 in MJ. 

1 2 3 4 

2440 1850 1030 1540 

2.3.2. Computational Mesh 

To perform the CFD simulation, the domain of interest is discretized into a predom-

inantly hexahedral mesh using snappyHexMesh in OpenFOAM®. The domain is divided 

into four zones with different refinement levels to ensure reasonable computational times 

while having a fine enough computational grid (Figure 9). 
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Figure 9. Calculation mesh with four different refinement levels ((left): overall combustion vessel, 

(right): nozzle inlet area). 

The mesh has 867,000 cells and is divided into four regions with different refinement 

levels (see Figure 9). The mesh has a maximum aspect ratio of 7.7, maximum non-orthog-

onality of 59, and maximum skewness of 2.3. 

The mesh size of mesh region 4, which is close to the nozzle inlet, is set to meet two 

conditions: First, the cell size is greater than the size of the fuel droplets (characteristic 

droplet sizes are 2 to 3 mm), a requirement to track the Lagrangian particles correctly (see 

Section 2.1). Second, the cell size is small enough to correctly predict the velocity field of 

the spraying. To determine which cell size meets the second condition, the velocity field 

of the spraying was calculated with different cell sizes and compared to literature values. 

Figure 10 shows the relative velocity along the centerline (centerline velocity Uc/maxi-

mum velocity at nozzle exit Um) of the spraying calculated with different cell sizes com-

pared to data from Mi et al. [30]. 

Close to the nozzle, the velocity is predicted best by applying a cell size of 2.3 mm. 

Close to the nozzle, the velocity is underestimated when applying a cell size of 5.4 mm. 

However, 20 cm from the nozzle (x/De = 7), the velocity is predicted best when applying 

a cell size of 5.4 mm. The combination of two cell sizes, 2.3 mm close to the nozzle and 5.4 

mm further from the nozzle, predicts the velocity best. However, looking at the 15° line 

of the nozzle spraying instead of the centerline, both meshes, the optimized mesh, com-

bining the two cell sizes 2.3 and 5.4 mm, and the 5.4 mm mesh, are predicting a similar 

velocity. To ensure meeting the condition that the cell size is greater than the size of the 

fuel droplets, and following the observations made through the mesh study, a cell size of 

5.4 mm was chosen for the simulation. 
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Figure 10. Simulation results vs literature values from Mi et al. [30] (left): Relative velocity along the 

center line, (right): relative velocity along 15° line; (x: distance from the nozzle; De: nozzle diameter). 

Table 4 summarizes the cell average volumes of the different refinement levels of the 

final mesh. 

Table 4. Cell volume of different refinement regions shown in Figure 9. 

Refinement Region 1 2 3 4 

Cell Volume (m3) 4.601 × 10−4 1.150 × 10−4 7.189 × 10−6 1.123 × 10−7 

Characteristic Cell Length (mm) 86.4 43.2 21.6 5.4 

2.3.3. Boundary Conditions and Evaluation 

The applied boundary conditions are based on normal operation conditions of the 

industrial reference combustion vessel. The red liquor has a water content of 38 wt%. The 

elemental composition on a dry basis is given in Table 5. 

Table 5. Elemental composition of red liquor in wt% dry mass. 

Ash 11.20 

Char 21.80 

Volatiles 67.00 

C 39.5 

H 3.9 

S 10.9 

O 34.5 

A volumetric flow rate of 154 034 Nm3/h at 383 °C is specified for the air inlet. The air 

composition comprises 76.52 wt% N2, 23.4 wt% O2, and 0.08 wt% CO2. The red liquor 

spraying is a two-phase spraying with red liquor and water vapor. Red liquor is injected 

at a rate of 14.64 L/s with a density of 1302 kg/m3, with a temperature of 106 °C. Simulta-

neously, water vapor is introduced at a rate of 2.82 kg/s, with a temperature of 162 °C. The 

particle injection in the simulations was modeled using the coneInjection model in Open-

FOAM. Parcels, representing 100 particles, are injected with a constant mass flow of 

1.188075 kg/s per nozzle at a constant velocity of 48.4 m/s. The radial mass distribution 

across the cone is uniform. 
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To assess the reliability of the simulation we compared our simulations to measure-

ment data available from the industrial reference plant as well as to expectations derived 

from the literature. The assessment includes answering the following questions: Are the 

visualized results physically accurate and reasonable? Is the temperature inside the com-

bustion vessel in agreement with measurement data? Is the gas composition at the outlet 

in agreement with measurement data? Is the combustion time in agreement with expec-

tations based on literature values? 

2.4. Virtual Experiments 

The red liquor injection was simulated, varying three spraying parameters: spray type, 

spraying angle, and particle size. The spray type fullcone is a uniform spray across a cone of 

27 mm; the spray type hollowcone is a uniform spray across a hollow cone with an outer di-

ameter of 27 mm and an inner diameter of 22 mm. The particle-size distribution was modeled 

by drawing random samples from the Rosin–Rammler (Weibull) probability density function 

(PDF) as described in [31]. The shape parameter n was set to 3. The scale parameter λ, which 

represents the characteristic particle diameter, was varied. Figure 11 summarizes the varied 

parameters. 

 

Figure 11. Varied parameters of virtual experiments. 

The chosen parameters reflect typical spraying characteristics of industrial red liquor 

spraying. A characteristic diameter of 2–4 mm is reported for black liquor [2,32]. Table 6 

summarizes the virtual experiments conducted in this study. 
  

Spray type Fullcone                                                         Hollowcone 

Spraying angle 

 

Particle size 
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Table 6. Parameter setting in virtual experiments. 

 Particle Size λ (mm) Spraying Angle in (°) Spray Type 

Experiment #1 2 30 Hollowcone 

Experiment #2 2 15 Hollowcone 

Experiment #3 3 30 Hollowcone 

Experiment #4 3 15 Hollowcone 

Experiment #5 2 30 Fullcone 

Experiment #6 2 15 Fullcone 

Experiment #7 3 30 Fullcone 

Experiment #8 3 15 Fullcone 

3. Results and Discussion 

The following presents the results of the simulations that were conducted. Firstly, the 

simulation case with a characteristic droplet diameter λ of 2 mm, a spraying angle of 30°, 

and the spray type hollowcone is examined in detail as a reference case to assess the ac-

curacy of the simulations. Finally, the outcomes of the virtual experiments are presented. 

3.1. Evaluation of Simulation Results 

Figure 12 visualizes the Lagrangian particles colored based on their time inside the 

combustion vessel since injection and their ash content, representing simulation results. 

The particles have a residence time of 8 to 10 s in the vessel and enter the cooling 

section of the heat exchangers after around 4 to 5 s. The increasing ash content of the vis-

ualized Lagrangian particles shows the progress of combustion as the particles travel 

through the combustion vessel. The results show that almost all particles have an ash con-

tent of 1 when reaching the vessel exit; only a few particles are not completely combusted. 

We can derive further insights into the reaction system inside the vessel by looking at the 

Eulerian field. Figure 13 shows the streamlines inside the vessel. 

 

Figure 12. (Left): Lagrangian particles visualized scaled by factor 10, colored based on the age in s; 

(right): simulation results: Lagrangian particles visualized scaled by factor 10 colored based on the 

ash weight fraction. 
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Figure 13. Calculated streamlines in the Eulerian field, colored based on the velocity in m/s. 

The streamlines depict the gas flow through the furnace. Figure 14 shows the tem-

perature along with the CO2 content of the Eulerian field. 

 

Figure 14. (Left): Simulation results for temperature in K in Eulerian field; (right): simulation results 

for CO2 weight fraction in Eulerian field. 

In the area of red liquor injection, the temperature drops due to water evaporation 

and the endothermic devolatilization. The temperature reaches a maximum of 1900 K inside 

the vessel due to exothermic combustion reactions and decreases over the heat exchangers 

due to their cooling effect. The increase in temperature in the area above fuel injection and at 

the vessel bottom can be traced to exothermic combustion reactions, which is confirmed by 

the increased CO2 in those areas. The combustion above fuel injection can be attributed to 
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volatile combustion, while the combustion in the bottom area is due to char combustion. The 

volatile release and the volatile combustion can be seen in Figure 15. 

 

Figure 15. (Left): Simulation results for volatile weight fraction in Eulerian field; (right): simulation 

results for SO2 weight fraction in Eulerian field. 

The biggest volatile release is happening in the area above fuel injection, where the 

volatiles are also combusting, as the SO2 increase in this area indicates. 

Industrial data provide three temperature measurements on a plane inside the com-

bustion vessel. The temperature profile at this plane was extracted from CFD simulations 

to evaluate the simulations (Figure 16). 

 

Figure 16. Combustion vessel with simulated temperature profile in K on plane highlighted in blue. 
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The temperature measurements at the plane are located approximately 0.5 m from 

the wall. The measured temperatures are in the range of 1465 K to 1485 K. The simulated 

temperatures closely match these measured values. 

Further industrial data used to evaluate the performed simulations include the gas 

outlet composition. Table 7 summarizes the calculated and measured gas outlet composi-

tion. The deviation between calculation and measurement is given as 

𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (%) =
𝑥𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

𝑥𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

∙ 100 (28) 

Table 7. Gas composition in vol% dry. 

 
Measurement with  

Standard Deviation s 
Calculation Deviation (%) 

CO2 17.4 (s:0.21) 17.89 3 

O2 2.29 (s:0.18) 4.65 103 

SO2 1.13 (s:0.02) 1.92 71 

The calculated SO2 content is 71% higher compared to the measurement. The simu-

lation assumes that all the sulfur present in the fuel reacts to form SO2. However, in reality, 

sulfur is partially recovered in the ash as MgSO4, which explains the lower SO2 content in 

the measurement. The CO2 content has a deviation of 3% and is, therefore, in good agree-

ment with the measurement. The calculated O2 content is 103% higher than the measured 

one. Looking at the calculated gas composition over the outlet area, it is notable that the 

gas composition shows local differences across the outlet area (Figure 17). 

 

Figure 17. Dry wt% of CO2, O2 and SO2 at the two outlet planes (a) and (b). 

The O2 content ranges between 2.8 and 5.8 wt%. Such variation across the outlet area 

indicates that the measurement depends highly on the position of the sensor. The devia-

tion between measured and calculated O2 content can therefore be partially attributed to 

the sensor position and partially to the simplified reaction system in the model. 

Figure 18 shows the simulated mean particle mass loss over time as relative mass m/m0. 
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Figure 18. Mean relative particle mass m/m0 in kg/kg over residence time for the experiment 2 mm, 30°, 

hollowcone. 

The water content is depleted in less than 0.2 s. Char combustion begins when the 

residual coefficient of the volatiles is reached, peaks at around 1.7 s, and completes after 

around 1.9 s. Bajpai et al. provide the following timeframe for black liquor droplet com-

bustion [2]: 

• Drying 0.1–0.2 s; 

• Devolatilization: 0.2–0.3 s; 

• Char combustion: 0.5–1 s. 

Järvinen determined the combustion time of 2 mm black liquor droplets in 1000 °C 

dry air experimentally [32]. The drying and devolatilization were completed after around 

2.8 s and the char combustion after around 6 s. While these time frames are not specific to 

red liquor combustion, they indicate what to expect and show that our simulation results 

are in the expected range given in the literature. 

The overall results show a satisfactory alignment with both industrial plant data and 

the literature. Considering that the objective of this study is a qualitative assessment eval-

uating the influence of spraying characteristics on combustion time rather than quantita-

tive analyses, the simulations are evaluated as reliable for a comparative parameter study. 

3.2. Effect of Spray Characteristics on Combustion Time 

Figure 19 shows the simulated spraying behavior close to the nozzle. 

 

Figure 19. Simulated spray; 30° spray angle in grey, 15° spray angle in black; (a) fullcone; (b) hol-

lowcone. 
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Figure 20 shows the mean combustion time for a particle for the different virtual ex-

periments, and Table 8 gives the exact times in numbers. The combustion time is defined 

as the time when the char content in the particle reaches the threshold of 0.01. The reported 

combustion time corresponds to the mean of the individual parcel burnout times. 

 

Figure 20. Mean combustion time for a particle for the different virtual experiments. 

Table 8. Results of the design of virtual experiment. 

Factor 
Particle Size λ 

(mm) 

Spraying Angle 

(°) 
Spray Type 

Combustion 

Time (s) 

Experiment #1 2 30  Hollowcone 1.39 

Experiment #2 2 15  Hollowcone 2.05 

Experiment #3 3 30 Hollowcone 2.92 

Experiment #4 3 15  Hollowcone 2.93 

Experiment #5 2 30 Fullcone 2.18 

Experiment #6 2 15  Fullcone 2.41 

Experiment #7 3 30  Fullcone 2.97 

Experiment #8 3 15  Fullcone 2.99 

The fastest combustion is achieved when combusting particles with a characteristic 

particle size of 2 mm with hollowcone spraying and a spraying angle of 30°. Combusting 

particles with a characteristic particle size of 3 mm with fullcone spraying and a spray 

angle of 15° shows the longest combustion time. The following discusses the influence of 

the three investigated spraying characteristics (droplet size, spraying angle, and spray 

type) on the particle combustion time in detail. 

3.2.1. Influence of Droplet Size 

As expected, a smaller mean droplet diameter accelerates combustion due to reduced 

mass needing evaporation and devolatilization. Figure 21 illustrates this effect by com-

paring the mean particle mass loss over time across different experiments, with particle 

size being the sole distinguishing factor in each pair. 
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Figure 21. Mean particle mass as relative mass m/m0 over time for mean droplet size 2 mm vs. 3 mm. 

The initial drop in mass is attributed to drying, followed by a less steep mass loss due 

to devolatilization. The rapid decrease in mass loss indicates the main char combustion 

phase. Table 9 gives the calculated effect of particle diameter reduction on combustion 

time (CT) in %: 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  
𝐶𝑇2𝑚𝑚 − 𝐶𝑇3𝑚𝑚

𝐶𝑇3𝑚𝑚

 (29) 

Table 9. Calculated influence of mean droplet size on particle combustion time. 

Spraying Angle (°) Spray Type 
Effect of Particle Reduction 

(%) 

15 Hollowcone −30 

30 Hollowcone −34 

15 Fullcone −19 

30 Fullcone −27 

The reduction in combustion time across all sets of experiments is ≥19%, highlighting 

the significant impact of particle size on combustion duration. When spraying as hollow-

cone with a spraying angle of 30° the combustion time is 34% faster when reducing the 

characteristic particle size from 3 mm to 2 mm. 

3.2.2. Influence of Spraying Angle 

Figure 22 shows the mean particle mass loss over time across different experiments, 

with the spraying angle being the sole distinguishing factor in each pair. 
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Figure 22. Mean particle mass as relative mass m/m0 over time for spraying angle 15° vs 30°. 

Almost all experiments show that widening the spraying angle accelerates combus-

tion. When combusting particles with a characteristic size of 3 mm with fullcone spraying, 

no change in combustion time can be observed. Table 10 gives the calculated effect of 

widening the spraying angle on combustion time (CT) in %: 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑠𝑝𝑟𝑎𝑦𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒 =  
𝐶𝑇30° − 𝐶𝑇15°

𝐶𝑇30°

 (30) 

Table 10. Calculated influence of spraying angle on particle combustion time. 

Particle Size λ (mm) Spray Type 
Effect of Widened Spraying 

Angle (%) 

2 Hollowcone −6 

3 Hollowcone 0 

2 Fullcone −10 

3 Fullcone −1 

When combusting 2 mm particles, the combustion time is reduced by up to 10% by 

using a 30° spray angle instead of a 15° spray angle. When combusting particles with a 

characteristic size of 3 mm, the effect is insignificant. 

3.2.3. Influence of Spray Type 

Figure 23 shows the mean particle mass loss over time across different experiments, 

with the spray type being the sole distinguishing factor in each pair. 
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Figure 23. Mean particle mass as relative mass m/m0 over time for spray type fullcone vs hollowcone. 

For all cases, hollowcone spraying is beneficial for a fast combustion compared to 

fullcone spraying. Table 11 gives the calculated effect of changing the spray type on com-

bustion time (CT) in %: 

𝐸𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑠𝑝𝑟𝑎𝑦 𝑡𝑦𝑝𝑒 =  
𝐶𝑇𝐻𝑜𝑙𝑙𝑜𝑤𝑐𝑜𝑛𝑒 − 𝐶𝑇𝐹𝑢𝑙𝑙𝑐𝑜𝑛𝑒

𝐶𝑇𝐹𝑢𝑙𝑙𝑐𝑜𝑛𝑒

 (31) 

Table 11. Calculated influence of spray type on particle combustion time. 

Particle Size λ (mm) Spraying Angle (°) 
Effect of Changing Spray 

Type (%) 

2 15 −15 

3 15 −2 

2 30 −12 

3 30 −2 

For all experiments, changing the spray type from fullcone to hollowcone has a re-

ducing effect on combustion time. The reduction in combustion time is with 12 and 15% 

high when combusting 2 mm particles, while the effect is with 2% significantly smaller 

when combusting 3 mm particles. 

4. Conclusions and Outlook 

A CFD model for the combustion of red liquor was developed, and CFD simulations 

were performed analyzing the effect of different spraying characteristics on the droplet 

combustion time inside an industrial-sized combustion vessel. The results demonstrate 

that our simulations align reasonably well with industrial plant data and literature 

sources. They also yield physically expected outcomes, affirming the reliability of our CFD 

setup for qualitative studies investigating the influence of various parameters on 
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combustion time. Through virtual experiments varying spraying characteristics such as 

characteristic particle size, spraying angle, and spray type, we discovered that the fastest 

combustion was achieved with a characteristic droplet size of 2 mm, a spraying angle of 

30°, and using the hollowcone spray type. These spraying characteristics promote the best 

fuel dispersion within the combustion vessel, leading to accelerated combustion rates. 

Notably, reducing particle diameter exhibited the most significant effect, reducing com-

bustion time by approximately 30%. Widening the spraying angle from 15° to 30° could 

further enhance combustion by up to 10% when combusting droplets with a characteristic 

size of 2 mm, although this effect was marginal when combusting droplets with a charac-

teristic size of 3 mm. Similarly, switching from fullcone to hollowcone spraying reduced 

combustion time by up to 15% when combusting droplets with a characteristic size of 2 

mm and 2% when combusting droplets with a characteristic size of 3 mm. Overall, the 

influence of spraying characteristics on combustion time was higher for fuel droplets with 

a characteristic size of 2 mm compared to fuel droplets with a characteristic size of 3 mm. 

With our study, we aimed to perform a comparative study of the influence of differ-

ent spraying characteristics on the combustion time. For that purpose, we implemented 

one-step combustion models and derived devolatilization and char combustion kinetics 

from single-heating-rate non-isothermal TG analyses. The derived kinetic parameters 

serve as a first approximation sufficient for the performed comparative assessment. For a 

rigorous determination of intrinsic kinetic parameters, it is recommended to follow the 

ICTAC recommendation to perform multi-heating-rate approaches. To improve the level 

of detail of the performed simulations, we recommend expanding the implemented reac-

tion models into a sophisticated reaction system, including the H2O and CO2 gasification 

of char and the resolved description of the devolatilization of single components. It must 

be noted that such an extension requires detailed experimental kinetic determination. Fur-

thermore, the model can be improved by incorporating particle swelling, a typical behav-

ior of spent pulping liquor during combustion, and non-sphericity of the particles. The 

findings of this study highlight the potential that lies in optimizing spraying characteris-

tics for improving combustion efficiency. Applicable measures to achieve an optimized 

fuel spray can range from straightforward implementations requiring no modification to 

the combustion vessel or nozzles—such as reducing fuel viscosity or optimizing the fuel-

to-steam ratio in two-phase nozzles—to more advanced nozzle redesign, including the 

integration of optimized swirl bodies or related flow-enhancing geometries. 
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Abbreviations and Symbols 

The following abbreviations are used in this manuscript: 

Abbreviations   

CFD  Computational Fluid Dynamics 

CT  Combustion Time 

PDF  Probability Density Function 

TGA  Thermogravimetric Analysis 

Roman symbols   

𝐴 1/s Pre-exponential factor 

𝐴𝑣𝑜𝑖𝑑  m2 Void area 

𝐴𝑡𝑜𝑡𝑎𝑙 m2 Total area 

𝐶𝐷 - Drag coefficient 

𝐷 1/m2 Darcy coefficient 

𝐸 J/kmol Activation Energy 

𝐹 1/m Forchheimer coefficient 

𝐹𝐷 kg m/s2 Drag force 

𝐹𝑔 kg m/s2 Gravitational force 

𝐹𝐿 kg m/s2 Lift force 

𝐾 m2/s2 Kinetic energy 

𝑁 - Random normal with mean 0 and standard deviation 1 

𝑁𝑢 - Nusselt number 

𝑃𝑟 - Prandtl number 

𝑅 J/(K kmol) Universal gas constant 

𝑅𝑒 - Reynolds number 

𝑆ℎ J/(m3s) Energy source term 

𝑆𝑚 kg/(m3s) Mass source term 

𝑆𝑢 N/(m3s) Momentum source term 

𝑆ℎ - Sherwood number 

𝑆𝑐 - Schmidt number 

𝑇 K Temperature 

𝑇𝐷𝑒𝑣𝑜𝑙  K Temperature at which devolatilization starts 

𝑈 m/s Velocity 

𝑌 kg/kg Mass fraction 

𝑎 - Random between 0 and 1 

𝑑 m Diameter 

𝑑𝑣 - Vector [𝑎 cos(𝜃), 𝑎 sin(𝜃), 𝑢]. 
𝑓𝑥,𝑦,𝑧 - Porosity 

𝑔 m/s2 Gravitational acceleration 

ℎ J/kg Enthalpy 

𝑘 m2/s2 Turbulent kinetic energy 

𝑘𝑘𝑖𝑛 1/s Kinetic rate  

𝑚 kg Mass 

𝑛 - Shape parameter in Rosin–Rammler (Weibull) PDF 

𝑝𝑖  kg/(m s2) Partial pressure of component i 
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∆𝑝 kg/(m s2) Pressure loss 

𝑡 s Time 

𝑢 - Random between −1 and 1 

𝑢⃗  m/s Velocity vector 

Greek symbols   

𝛼𝑒𝑓𝑓  m2/s Effective thermal diffusivity 

𝜀 m2/s3 Turbulent dissipation rate 

𝜃 - Random between 0 and 2 

𝜆 m Characteristic particle size 

𝜇 kg/(m s) Dynamic viscosity 

𝜇𝑒𝑓𝑓 kg/(m s) Effective viscosity 

𝜌 kg/m3 Density 

𝜏 kg/(m s2) Stress tensor 

𝜏𝑡𝑢𝑟 s Turbulent timestep 

𝜔 1/s Vorticity 

Subscripts   

∞  Far field 

𝑐  Centerline 

𝐹  Film around particle 

𝑔  Gas 

𝑖  Species i 

𝑚  Maximum 

𝑝  Particle 
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