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          The exhaust gases expelled from the tailpipe during the transit of the buses are composed by different pollutants, each of them dangerous to the human health in different ways. Self-pollution has been detected as a phenomenon related with the passengers exposition to pollutants inside transport buses during their travels. The emissions from the tailpipe make their way to the cabin of the bus, exposing the passengers to toxic gases and particulate matter during the whole time of the trip they are making. The quantitative and detailed modeling of the pollutants in-cabin is important due to the sensitive nature of the children population to respiratory disease related to air pollution. This study assesses self-pollution in school buses using CFD modeling, this is achieved by simulating the dispersion of a tracer gas Sulfur Hexa-Fluoride (SF6) inside and outside the bus. Two previous studies datasets were used to validate the CFD model performance, and accuracy in its capacity to quantitatively describe the phenomenon. The CFD model developed and validated considered the turbulence through the k-epsilon realizable model. The system was considered as a multicomponent single-eulerian-phase flow with the “species to transport” model. Transient formulation and energy were implemented. Mesh was optimized to polyhedral elements, reducing considerably the simulation time by 35%, and mesh size to 25%. The model was able to determine the behavior of the tailpipe emissions and the self-pollution phenomenon into the bus, showing that the highest concentrations (and therefore the maximum exposure) are located in the rear part of the bus. Validation of the CFD results with previous experimental measures and modeling results, reported in two previous studies, determined an error of 12% and 17% for the concentrations outside and inside the bus respectively, correlation coefficient (R2) values between 0.5 and 0.9 were obtained between CFD results for SF6 concentrations and validation dataset.
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      1. INTRODUCTION
      The outflow of exhaust gases generated during the transit of urban-buses is composed by different pollutants products of the combustion in the engine, each of them dangerous to the human health in different ways (Behrentz, 2005; Behrentz et al., 2004). It has been detected that exists a possible self-pollution of this gases in the bus, and that the position of the tailpipe contributes to worsen this issue. One sensitive population exposed to pollution are children that daily use public transport school buses vehicles, exposing them continuously to high pollution levels. The quantitative, and detailed, modeling of the pollutants in-cabin is important due to the sensitive nature of the children population to respiratory disease related to air pollution (Li et al., 2015).

      Self-pollution is defined as a portion of the pollutant emissions from the same bus that flow through the windows, or other spaces, to the inside of the vehicle. It has been detected as a phenomenon related with the passengers exposition to pollutants inside transport buses during their travels (Behrentz et al., 2004). The emissions from the tailpipe make their way to the cabin of the bus, exposing the passengers to toxic gases and particulate matter during the whole time of the trip they are making. These emissions can be followed through the injection of a tracer gas, such as Sulfur Hexafluoride (SF6), and directly measuring it inside and outside the cabin of the flow (Li et al., 2015; Behrentz et al., 2004).

      This study assesses self-pollution in school buses using Computational Fluid Dynamics (CFD) modeling, this is achieved by simulating, and validating, the dispersion of a tracer gas (SF6) inside and outside the bus (Li et al., 2015; Zhu et al., 2010). Two datasets from previous studies were used to validate the CFD model performance and accuracy in its capacity to quantitatively describe this phenomenon (Li et al., 2015; Behrentz et al., 2004).

      The CFD model developed and validated considered the turbulence through the k-epsilon realizable model (Goldberg et al., 1998). The system was considered as a multicomponent single-eulerian-phase flow with “species to transport” model. Transient formulation and energy were implemented (Guevara and Belalcazar, 2017b; Li et al., 2015). Mesh was optimized to polyhedral elements, reducing considerably the simulation time by 35%, and mesh size to 25%. The model was able to determine the behavior of the tailpipe emissions and the self-pollution phenomenon into the bus, showing that the highest concentrations are located in the rear part of the bus, where also the highest exposure of the passengers is evidenced.

      Validation of the CFD results with previous experimental measures and CFD modeling results, reported in two previous studies, determined an error of 12% and 17% for the concentrations outside and inside the bus respectively (Behrentz et al., 2004). Correlation coefficient (R) values between 0.7 and 0.9 were obtained between CFD results for SF6 concentrations and validation dataset (Li et al., 2015).

    

    

  
    
      2. MATERIAL AND METHODOLOGY
      
        2. 1 Materials
        CFD simulations were performed in a workstation: Intel Xeon 12 core and 16 Gb of RAM. The software used was Ansys Fluent® V19 provided by the Departamento de Ingeniería Química y Ambiental - Universidad Nacional de Colombia.

      

      
        2. 2 Modeling
        CFD modeling was performed based in a finite volume method, 3D geometry of the bus was build using SpaceClaim® (Fig. 1), the geometry was built considering the typical dimensions and design of a school bus (Li et al., 2015), geometry is real-size without scale: approximately 10 meters length, 2.5 meters height and 2.5 meters width. Three positions of the tailpipe were considered; comparison between them allowed to evaluate which tailpipe location has the major impact over the tracer gas concentrations over the bus surface and inside the cabin (self-pollution).

        
          
          

          Fig. 1. 
				
          

          
            Scholar bus geometry and configuration for CFD modeling: (a) Bus geometry and tailpipe positions, (b) CFD model flow domain.
          
          

          

        

        Extraction of the flow volume as the simulation domain was performed. The domain was discretized into a finite volume element mesh. The mesh initially built for the domain is a non-structured tetrahedral mesh. To ensure the quality of the mesh, the orthogonal quality criteria of the elements was used to reduce the development time that would be required with a mesh convergence analysis; previous studies required big computational power and development time before assuring the best quality mesh. In this study an orthogonal quality of 1×10-3 was used as acceptance criteria for the mesh construction.

        The mesh obtained with this criterion consisted of around 11 million elements, it was after optimized inside Fluent®. This optimization converted the tetrahedral mesh into a polyhedral mesh with around 2.5 million elements (Table 1). The optimized mesh was used in all the simulated cases (Fig. 2).

        
          Table 1. 
				
          

          
            Mesh size and orthogonal quality for tetrahedral and polyhedral element based meshes.
          
          

        

        
          
            
              	Characteristic
              	Tetrahedral mesh
              	Polyhedral mesh
            

          
          
            	Number of elements
            	11'124.910
            	2ʹ508.656
          

          
            	Minimum orthogonal quality
            	0.220
            	0.150
          

          
            	Maximum orthogonal quality
            	0.995
            	0.850
          

        

        

        
          
          

          Fig. 2. 
				
          

          
            Scholar bus Mesh surface detail: (a) Tetrahedral mesh, (b) Polyhedral mesh.
          
          

          

        

        The CFD model set-up considers the energy transport, turbulence and multicomponent single-eulerian-phase with transient formulation. The transient formulation set-up allows to assess the behavior of the tailpipe gases in time. The multicomponent nature of the system was considered using the species transport model, and the turbulence was modeled with the k-epsilon Realizable turbulence model.

        The k-epsilon realizable model considers the flow in motion is free-shear layer and enhances the evaluation of pressure gradients and boundary layer. This turbulence approach allows to simulate strong streamlines with curvatures, vortices and rotation. k-epsilon realizable model also has a better performance for several separated flows and/or flows with complex secondary flow features (The OpenFoam Foundation, 2017; ansys, 2016; Shih et al., 1995).

        In the k-epsilon realizable model the term “realizable” means that this alternative model satisfies certain mathematical constraints on the Reynolds stresses, consistent with the physics of turbulent flows. Neither the standard - model nor the RNG - model is realizable (Goldberg et al., 1998).

        In this research the k-epsilon realizable model parameters used are summarized in Table 2 (ansys, 2016; Bulat et al., 2013; Tian and Lu, 2013; Goldberg et al., 1998). The parameter values in Table 2 are the standard values commonly used for simulation of uncompressible, turbulent flows. The model constants: C2-epsilon, TKE Prandtl Number and TDR Prandtl Number have been established to ensure that the model performs well for certain canonical flows (ansys, 2016).

        
          Table 2. 
				
          

          
            k-epsilon realizable model parameters used for the CFD modeling.
          
          

        

        
          
            
              	Parameter
              	Value
            

          
          
            	C2-epsilon
            	1.9
          

          
            	TKE Prandtl number
            	1
          

          
            	TDR Prandtl number
            	1.2
          

        

        

        The convergence criteria of the CFD model were: scaled residuals and, energy and mass balances. The scaled residuals were set as 1×10-6 for energy equation, and 1 ×10-3 for the other equations. The energy and mass balances were assessed with the criterion of a difference between inlets and outlets lower than 1×10-3 kg or W. Relaxation factor used are summarized in Table 3 (ansys, 2016; Guevara Luna, 2003; Versteeg and Malalasekera, 1995).

        
          Table 3. 
				
          

          
            Relaxation factor used for the CFD modeling.
          
          

        

        
          
            
              	Transport variable
              	Relaxation factor
            

          
          
            	Pressure
            	0.3
          

          
            	Density
            	1
          

          
            	Body forces
            	1
          

          
            	Momentum
            	0.7
          

          
            	Turbulent kinetic energy
            	0.1
          

          
            	Turbulent dissipation rate
            	0.1
          

          
            	Turbulent viscosity
            	0.5
          

          
            	Species
            	1
          

        

        

        The simulation strategy planned assumes that there are no other emissions sources different to tailpipe in the system domain, meaning this the gases emitted are the only components dispersed along the flow domain. A major predominance of the wind direction towards the bus due to the forward movement was assumed.

        Simulations were performed for 10 seconds clock-time, with a time step of 0.01 seconds based in the Courant Number (Co) criterion (Guevara and Belalcázar, 2017a). The calculation of the Courant Number used the mass velocity in the flow domain (v), the time-step (Δt) and the mesh minimum element size (Δx, 0.015 m for this system).
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        A Courant Number with a value of 11.1 is lower than 25, the recommended maximum value for the flow simulation to converge (Riaño et al., 2018; Guevara Luna, 2003; Versteeg and Malalasekera, 1995).

        A total of five cases where simulated for the three different positions of the tailpipe, three values of bus speed were considered:

        
          	1. Position 1 at 32 km/h


          	2. Position 1 at 64 km/h


          	3. Position 1 at 100 km/h


          	4. Position 2 at 64 km/h


          	5. Position 3 at 64 km/h


        

      

      
        2. 3 Validation
        This study has two validation stages, the first stage was to reproduce a first previous study (Li et al., 2015); where the CFD modeling of the tracer gas (SF6) was developed by the authors to reproduce the gas concentration over the outer surface of the bus, these results were compared with the CFD model developed in this study as a first validation step.

        The second stage consists in the use of an experimental data measured and reported in a different previous study to be compared against the concentration of the tracer gas (SF6) inside the cabin of the bus obtained from the CFD model developed in the actual study (Behrentz et al., 2004). In this study, the measures were obtained by injection of the tracer gas (SF6) near the end of the tailpipe of the bus and then measured during the transit of the bus under normal conditions. Measurements were made inside and outside the cabin of the bus to determine the exposure of the children to these pollutants.

        The two previous research cited were selected for validation of this CFD model development because the same tracer gas (SF6) was used in both, for modeling and measurement.

        For the first validating stage, the concentration contours of the tracer gas in the rear surface of the bus are analyzed, this allows qualitatively and quantitatively compare the CFD and experimental contours by defining specific points over such surface.

        Values read for the test points in Fig. 3 in both sets of concentration contours allowed to build scatter plots and calculate statistical parameters such as the Pearson Coefficient and R2 to determine the linear relationship between both datasets.

        
          
          

          Fig. 3. 
				
          

          
            Validation points established for surface tracer gas (SF6) concentration over the rear of the scholar bus.
          
          

          

        

        The second validation stage considers tracer gas (SF6) concentrations inside the bus cabin. The second study recorded tracer gas (SF6) measured data inside and outside school buses, considering different buses models, emissions rates, transit velocities and windows state (open or close). A total of 34 experiments were performed by the authors, but only 3 were selected to validate the CFD model (Table 4). The selected experiments for validation of the CFD model are those which have similar conditions to the CFD model, such as displacement, concentration of SF6, exhaust flowrate and all windows fully opened. With these measured concentrations the error between the CFD model and real on road data is calculated to evaluate the accuracy of the model when assessing the self-pollution phenomenon.

        
          Table 4. 
				
          

          
            Tracer gas (SF6) concentrations measured data for validation, adapted from (Behrentz et al., 2004).
          
          

        

        
          
            
              	Displacement
(L)
              	Cycles
              	Exhaust flowrate
(lpm)
              	SF6 in the cylinder
(ppm)
              	Run number
              	Average SF6 concentration
outside (ppm)
              	Average SF6 in-cabin
concentration (ppt)
            

          
          
            	8.3
            	4
            	9,338
            	10,020
            	30
            	4.61
            	848
          

          
            	8.3
            	4
            	9,338
            	10,020
            	33
            	2.15
            	519
          

          
            	8.1
            	4
            	9,113
            	10,020
            	36
            	3.19
            	807
          

        

        

      

    

    

  
    
      3. RESULTS AND DISCUSSION
      
        3. 1 Model Validation
        The results obtained from the CFD simulations for each case are firstly reported as concentration contours of the tracer gas on the rear surface of the bus in ppt.

        Regarding the first validation stage, in the Fig. 4 the tracer gas concentration contours is plotted. A similar tendency in both contours, CFD and measured, is observed. This first approach of qualitative analysis is useful to observe that the model reproduces correctly the results from the previous study, however, minimal behavior differences are noted in the contours.

        
          
          

          Fig. 4. 
				
          

          
            Rear surface tracer gas (SF6) concentration over the scholar bus: Previous study contours and CFD results. For the 5 cases evaluated.
          
          

          

        

        The differences observed between the CFD results from this research and the previous studies can be related to geometry details built for the simulations, the mesh used and the set-up, as the previous study authors did not report the dimensions, the mesh type, elements and quality, nor the setup settings and models of the one they used. Considering this, the assumptions and settings from the setup used in this work CFD model are adequate to study the phenomena of interest.

        In both contour sets exist a decreasing tendency in the tracer gas concentration as the velocity increases, this behavior could be explained by the streams and turbulence generated in the air by the transit of the bus, which helps in the dispersion. Dragging in the tracer gas due to the high speed of the air flow that carries along with the emission is evidenced. It is also notorious that there exists a relationship between the tailpipe position and the concentration of the tracer gas, in the positions 1 and 3 is where the highest concentration is detected, whereas for position 2 the proportion of the concentration is down to 10 times less than in the others.

        Considering the similitude of the contours between the previous study and this work, a quantitative validation was performed. Graphically the scatter plots represent the accuracy of the CFD model according to the measured data. A linear correlation in these plots allows to determine the relationship between the two datasets; it is desirable that the Pearson coefficient and the R2 values are close to 1.0. As seen in the plots, for each case, R2 values where between 0.5 and 0.9 indicating an accurate performance of the CFD model implemented. However, it is important to consider that for one of the measured data there are several points of the CFD results points, this data pattern affects negatively the correlation in terms of Pearson Coefficient and R2. Nevertheless, it is important to mention that in the results from the previous study, not details such as the tailpipe or wheels were considered; this situation leads to a non-real reproduction of the tracer gas and pollution dispersion evaluated by the previous studies model. The source of error is in this case the previous work results which does not consider details improved in the current development.

        The CFD model developed in this research improves the results obtained by previous studies, the accurate consideration of details such as considering the wheels and tailpipes geometry leads to a more realistic representation of the dispersion phenomenon. The avoidance of this details would not be conceptually correct this research aimed to consider as much real features as possible for the geometry involve in the CFD modeling.

        The scatter plots from the Fig. 5 show that there exist some values in the X-axis that have multiple corresponding values in the Y-axis, as is shown in the case number 3, this results in a poor correlation (R2=0.5151), however, by reviewing the reference in detail, it is shown that the wheels and tailpipe were not considered in the model, this is a non-real situation due to the inexistence of the wheels in the bus geometry and this affects negatively the model results. In contrast, this study considers the wheels of the bus in the geometry, meshing and CFD simulations, resulting in a more accurate phenomena description and results. By considering the wheels in this study, the final correlation between both studies could achieve higher values.

        
          
          

          Fig. 5. 
				
          

          
            Scatter plots of CFD surface tracer gas (SF6) concentration against reported data from previous study. For the 5 cases evaluated.
          
          

          

        

        To assess the self-pollution inside the bus, comparison of the concentration results obtained from the CFD model with the data measured in the second previous study was the approach. The collected data from this study showed that there is experimentally a quantity of self-pollution inside the bus cabin, this phenomenon is also perceived by the CFD model developed during this research.

        For the assessment of the CFD self-pollution accuracy inside the bus, the results from the CFD model where directly compared with the measurements of the second previous study. The results obtained from the simulations for this case showed a tendency to the infiltration of exhaust gases into the cabin of the bus, these results were obtained through a transient simulation and the contours of the evolution of the concentration of tracer gas (SF6), the contour maps of tracer gas are contained in the Fig. 6. The contours of concentration shown in the left column is the concentration of tracer gas inside the bus in ppt and the contours on the right column is the concentration of tracer gas in the surroundings of the bus in ppm. As the time step advances, according to the transient formulation used, the emission is dispersed behind the bus and this dispersion leads the gases from the tailpipe to the cabin of the bus.

        
          
          

          Fig. 6. 
				
          

          
            CFD results: contours of tracer gas (SF6) inside the scholar bus and outside the scholar bus.
          
          

          

        

        The numerical comparison with the previous study considered data measured inside the buses, three cases of the dataset reported in the study where used to validate in a second stage the results from the CFD model of this research. The concentrations measured inside and outside the bus where averaged and compared with the CFD results. Table 5 show the error between the measured data and the prediction of the CFD model.

        
          Table 5. 
				
          

          
            CFD tracer gas (SF6) concentration results validation inside and outside the scholar bus.
          
          

        

        
          
            
              	Run number
(Table 4)
              	Mean SF6 concentration
outside the bus (ppm)
              	Mean SF6 concentration
inside the bus (ppt)
            

          
          
            	30*
            	4.61
            	848
          

          
            	33*
            	2.15
            	519
          

          
            	36*
            	3.19
            	807
          

          
            	Average
            	3.32
            	725
          

          
            	CFD results
            	3.7
            	845
          

          
            	Error
            	12%
            	17%
          

        

        

        The calculated error between CFD and measurement showed that a low level of error is presented by the prediction of the CFD, considering the assumptions made by the model it is an adequate approach to simulate the self-pollution phenomena.

        The simulation results allow to determine that the most affected zone inside the bus due to self-pollution is the rear part of the cabin. In the center-rear part of the cabin an accumulation area was identified due to the air flow pattern inside the cabin. However, as the bus advances, the velocity and the exchange of air between the inside and outside of the vehicle, with the windows opened, trend to disperse the gas in the volume of the cabin, notwithstanding, the highest concentrations are in the rear part persists constantly due to the accumulation area identified.

        This results leads to identified the rear art of the buses as the more exposed place for children inside scholar buses, and for users of transport systems based in this type of urban buses.

        The plume of gases emitted from the tail pipe are dispersed back to the vehicle, and mainly to the left side of the flow domain (Fig. 6). This dispersion pattern evidences an important affectation to other vehicles, and mainly to motorcycles, making passengers of those traffic vehicles to be also exposed to the emission of this medium size buses.

      

    

    

  
    
      4. CONCLUSIONS
      CFD modeling of scholar bus to assess the children’s exposition to self-pollution from the vehicle, considering different cases mainly based in tailpipe positions and vehicle transit velocities, was performed during this research.

      The CFD modeling proposed considered in detail the transport phenomena involved in the situation, and the obtained results were validated with tow dataset retrieved from two previous studies (Li et al., 2015; Behrentz et al., 2004). The CFD model was validated obtaining an error of 12% and 17% for the concentrations outside and inside the bus respectively (Behrentz et al., 2004). And a Correlation coefficient (R2) values between 0.5 and 0.9 were obtained between CFD results for SF6 concentrations and validation dataset (Li et al., 2015). Allowing to analyze the spatial and temporal dispersion of pollution at local level using the CFD approach, especially to analyze exposition to self-pollution.

      The exposition analysis evidenced the highest concentrations of pollution from the tailpipe is located in the rear-center part of the bus cabin. Meanwhile the outside dispersion of the pollutants emitted from the tailpipe is transported backwards in the flow domain, leading to exposure in other vehicles on road.
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