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Exploring the complexities of soot formation in combustion systems implies recognizing the intricate interplay among turbulence, chemical kinetics, radiation, and soot particle dynamics. Achieving accurate predictions of soot levels in turbulent flames entails a meticulous representation of all stages of soot formation and oxidation, which prompts the development and use of detailed soot formation models. This work delves into three detailed soot models-Method of Moments with Interpolative Closure (MOMIC), Hybrid Method of Moments (HMOM), and Discrete Sectional Method (DSM)-integrated into the open-source computational tool OpenFOAM. Both the combustion process and the formation of soot precursors in the gas phase are characterized using the Flamelet Progress Variable combustion model along with the detailed ABF chemical kinetic mechanism. Turbulence is addressed through a Large Eddy Simulation based approach, and the computational results are compared with experimental data from the Adelaide ENB1 Bluff Body Flame. Specifically, the analysis extends to detailing flow velocities and their fluctuations, along with fields and profiles depicting soot volume fraction. In order to obtain quantitatively correct soot volume fractions, the nucleation sticking factor was adjusted. The comparative assessments of the soot formation models carried out provide a unique perspective on soot formation, highlighting different effects of each soot source terms and specific model limitations. HMOM described the measured soot volume fraction with greatest accuracy followed by DSM and MOMIC.

Specifically, in this work, the referred three soot The remaining of this work is organized as follows.
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In Section 2, the mathematical models employed here 

Soot modeling 21 22

As highlighted in Section 1, soot is modeled in this was modeled under the pure coalescence limit [START_REF] Gelbard | Numerical solution of 103 the dynamic equation for particulate systems[END_REF]. 

Solver and numerical schemes 81 82

The FPVFoam solver [START_REF] Fpvfoam | Available at 106 <https[END_REF] was used here within 83 OpenFOAM v2006 [START_REF]OpenFOAM® -Official home of The Open Source 108[END_REF]. Specifically, the three soot 

73 formation

 73 models are used to model the Adelaide 74 ENB1 ethylene-air turbulent bluff body flame [20,21], 75 which is subject of study of the International Sooting 76 Flame (ISF) workshop. These experimental results 77 have recently served as basis of comparison in a LES-78 based study [22], which underscored that significant 79 discrepancies remain. The verification process of the 80 numerical results obtained here encompasses an 81 examination of the associated fluid flow dynamics 82 through the scrutiny of flow velocities and their 83 fluctuations. Besides, the assessment of the predicting 84 capabilities of the soot formation models is performed 85 focusing on the way that the different soot formation 86 mechanisms are accounted for in each soot model.
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  including those related to turbulence, combustion, and 90 soot are outlined. The numerical model, including the 91 flame configuration accounted for, is highlighted in 92 Section 3. In Section 4, the main numerical results 93 obtained here are compared against experimental 94 data. Finally, in Section 5, some conclusions drawn 95 from the results discussed are summarized. resolving approach, involving the standard 102 LES with a Wall-Adaptive Local Eddy Viscosity 103 (WALE) [23] sub-grid scale (SGS) model, coupled 104 with the FPV combustion one [24], has been 105 employed in this work. This has been done because 106 the integration of tabulated chemistry with soot 107 formation models has seen extensive usage in the 108 simulation of sooting flames [8,10,22]. In the FPV 109 model, the thermochemical state is parameterized 110 based on the solution of the steady non-premixed 111 flamelet equations, considering the mixture fraction 112 𝑍 , mixture fraction variance 𝑍′′ , and a progress 113 variable 𝐶 . In this work, the FlameMaster code [25] 114 was employed to generate flamelet libraries by 115 solving the governing equations of counterflow 116 diffusion flames, utilizing the detailed ABF chemical 117 kinetic mechanism [26] with PAH chemistry up to 4 118 aromatic rings. The progress variable was defined in 119 turn as the weighted sum of mass fractions of 𝐶𝑂, 120 𝐶𝑂 , 𝐻 , and 𝐻 𝑂 [27]. In addition, the filtered 121 justified by the exceedingly low values of soot that 13 characterize this flame configuration, which render 14 the impact of thermal radiation on the obtained numerical results negligible. The numerical model 16 employed here solves thus the filtered transport 17 equations for mass, momentum, mixture fraction, 18 variance of mixture fraction, and progress variable.

  23 work using three different soot formation models, 24 namely, MOMIC, HMOM, and DSM. First, the 25 MOMIC model [9] used here characterizes soot 26 formation using a limited set of low-order statistical 27 moments based on soot mass. Following prior studies 28 [28], in this work, the number of statistical moments 29 transported is limited to three, M0, M1 and M2. The30 transport equations associated with these three 31 moments include source terms for nucleation, 32 coagulation, surface growth, and oxidation, which are 33 modeled here based on previous works [9,29,30]. 34 Although this model is known for its simplicity and 35 computational efficiency, it faces challenges in 36 accurately representing a bimodal soot Number 37 Density Function (NDF) and predicting the behavior 38 of initial soot particles [31]. 39 Second, the HMOM model employed in this work 40 is the one proposed by Mueller et al. [10]. This soot formation model characterizes soot in terms of its 42 volume V and surface area S, with each statistical moment expressed as a function of these two 44 parameters. Three transported moments, M00, M01, 45 and M10, which represent soot particle number logarithmic distribution based on soot volume [13], 58 discretizes the PSDF into a finite number of sections, 59 and solves a soot mass fraction transport equation on 60 each of these sections. In this work, 20 sections have 61 been employed, and the transport equations associated 62 with these sections included source terms for soot 63 nucleation, condensation, coagulation, surface 64 growth, and oxidation. Indeed, nucleation was 65 confined to the initial section only, and coagulation 66
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  Soot dynamics between continuous sections was68 described in turn as outlined in [12]. A key 69 modification introduced in all soot formation models 70 involved the adjustment of the sticking factor present 71 in the nucleation source term. This adjustment 72 reduced the collision rate of PAH or dimers, leading 73 to a decrease in the nucleation rate and, consequently, 74 a reduction in the soot volume fraction. As a result, 75 the soot model predictions more closely match the 76 relatively low soot values observed experimentally.
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  84 formation models were computationally implemented 85 using C++ as programming language and integrated 86 into the OpenFOAM high-level framework. The 87 governing equations temporal derivatives were 88 discretized using an implicit second-order Crank-89 Nicolson method with a blending factor of φ = 0.3. 90 Both convection and divergence terms were 91 discretized with second-order accuracy. A corrected 92 linear scheme was employed for Laplacian terms. 93 These discretization schemes guaranteed a second-94 order accurate solution, maintaining a fixed CFL 95 (Courant-Friedrichs-Lewy) number of 0.7. bluff body flame accounted 100 for in this work is subject of study of the ISF 101 workshop [20,21]. In the experiments carried out to 102 stabilize this flame, an ethylene (C2H4) and nitrogen 103 (N2) fuel mixture (80% C2H4 and 20% N2 by 104 volume) was employed. The computational mesh 105 used here was generated using OpenFOAM's 106 blockMesh and snappyHexMesh utilities [34], 107 targeting reduced cell sizes near the fuel discharge and 108 bluff body walls. To minimize the total number of 109 mesh elements, the resulting grid is stretched in the 110 streamwise and radial directions. The final mesh 111 comprises approximately 7 million cells, with the 112 smallest cells measuring about 0.25 mm streamwise 113 and 0.15 mm radially along the bluff body wall. The 114 largest computational cells have a maximum size of 5 115 mm in both radial and streamwise directions. This 116 computational mesh was selected following a mesh 117 quality analysis performed previously involving the 118 computation of velocity two-point correlation results 119 under non-reactive conditions [35]. To replicate the 120 turbulent characteristics of the flow observed in the 121 experiments, the inlet boundary conditions for the 122 central jet and the co-flow air included the generation 1 of synthetic turbulence using the divergence-free 2 synthetic eddy method (DFSEM) [36]. Finally, the 3 bluff body was treated as a no-slip wall, whereas the 4 remaining domain was designated as outlet. 5 Averaging of flow properties started at 100 ms, 6 corresponding to roughly 4 flowthroughs time based 7 on the fuel jet mean velocity. The averaging process 8 was carried out over 8 flowthroughs time 9 corresponding to a total averaging time of 200 ms. comparison between the numerical results 16 obtained here and the experimental data for mean 17 axial and radial velocity components at various axial 18 (streamwise) locations are illustrated in Fig. 1. The 19 first axial location accounted for, z/D=0.1, is near the 20 fuel jet discharge zone and within the flow 21 recirculation zone. The second axial location, 22 z/D=1.3, is near the flame stagnation point and within 23 the recirculation zone as well. The other two axial 24 locations are placed downstream the flow 25 recirculation zone at z/D=2.6 and z/D=3.9.

Fig. 1 .

 1 Fig. 1. Radial profiles of mean axial (left) and radial (right)28
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 302 Fig. 2. Radial profiles of RMS axial (left) and radial (right) 22

  Fig. 4, at a normalized axial distance 25 of z/D=0.45 (inside recirculation zone), the HMOM 26 model predicts a peak soot volume fraction of about 27 125 ppb, slightly exceeding the corresponding 28 experimental value of 110 ppb. However, significant 29 discrepancies between the HMOM predictions and the 30 experimental data are apparent at this position.
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  HMOM tends indeed to predict higher soot32 concentrations near the centerline, in contrast to the 33 experimental data, where lower concentrations are 34 observed radially away from the centerline. This 35 particular outcome is not unique to the HMOM 36 model; it is also reflected in the other two models but 37 with lower soot levels. This suggests a potential issue 38 associated with the modeling of turbulence along the 39 centerline and near the jet discharge zone. The 40 inadequacy in capturing this turbulent behavior is 41 evident in the values of U´ and V´ (Fig. 2, z/D=0.1), 42 which are more than three times lower than 43 anticipated. This lower U´ and V´ values imply 44 reduced soot recirculation and mixing, potentially 45 contributing to the higher soot concentrations in this 46 zone predicted by the soot models. To solve this issue, 47 a correct description of fluid dynamics near the 48 discharge zone is imperative for future works. 49 It is also observed from Fig. 4 that, along the 50 centerline, only the HMOM model effectively 51 predicts soot concentrations within the initial zone (0 52 to 3 r/D) but slightly displaced upstream, revealing a 53 second (lower) soot peak value of 20 ppb like the 54 experimental data. In contrast, MOMIC, sharing a 55 similar formulation with HMOM based on transported 56 moments, falls short in capturing the initial formation 57 of soot particles. This limitation stems from its 58 inadequate description of soot formation through 59 condensation and surface growth, evident in the 60 significantly lower values of these source terms (Fig.
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  ) compared to those of HMOM (Fig.6). For instance, 62 the surface growth term in MOMIC, on the order of 63 1.e-10, is much lower than in the other soot models. except in the recirculation 69 zone. Like MOMIC, DSM predicts much lower 70 surface growth, about 1.e-8, suggesting that surface 71 growth dominates soot formation in this flame region. 72 Radial profiles at different axial positions highlight 73 disparities between experimental and numerical 74 results, especially at z/D 0.45 (Fig. 4). Inadequate 75 fluid dynamics description or an increased importance 76 of acetylene-driven surface growth may contribute to 77 this inconsistency. In subsequent axial positions, 78 radial plots from all models show good agreement 79 with experimental data, indicating that the radial 80 length of soot is mainly determined by the flame's 81 radial length and the surrounding flow velocity. 82 Although DSM shows better predictions in flame 83 zones farther away from the bluff body, HMOM's 84 unique capability in capturing soot in the bluff body's 85 proximity provides a distinct advantage. HMOM 86 exhibits indeed closer proximity to experiments.
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  Fig. 3 and Fig. 4 are discussed in further detail. In the 93
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 3 Fig. 3. Fields of mean soot volume fraction obtained
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 3341567 Fig. 4. Mean soot volume fraction profiles obtained using MOMIC, HMOM, and DSM along the centerline (top left) and at 35

  Aiming to bridge numerical predictions with13 experimental data, this work provided a thorough 14 examination of flow velocity and soot volume fraction 15 in a bluff body flame. The comparison of mean axial 16 velocities showed commendable agreement between 17 numerical results and experiments, affirming the 18 model's capability to capture the main flow 19 characteristics. However, discrepancies observed in 20 axial and radial RMS velocity profiles, especially 21 within the flow recirculation zone, highlight areas 22 needing further improvement, possibly linked to 23 turbulence-related challenges. Adjustments to model 24 parameters, particularly the sticking coefficient, 25 enabled the soot models to predict numerical results 26 closely aligned with experimental data, offering 27 valuable insights into soot concentration patterns. A 28 deeper dive into the models' strengths and limitations 29 underscored the HMOM's proficiency in capturing 30 soot concentrations, MOMIC's struggles in the initial 31 flame zone due to condensation and surface growth 32 limitations, and DSM's challenges in the recirculation 33 zone due to surface growth. 34 Exploration of source terms also shed light on the 35 underlying mechanisms driving soot formation. 36 Nucleation and condensation processes, central to 37 soot dynamics, were scrutinized across all soot 38 models, revealing nuanced similarities in their 39 profiles despite distinct formulations. The 40 significance of the soot precursor (A4 pyrene) and the
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