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Abstract

:

This article presents the results of computations on pilot-based turbulent methane/air co-flow diffusion flames under the influence of the preheated oxidizer temperature ranging from 293 to 723 K at two operating pressures of 1 and 3 atm. The focus is on investigating the soot formation and flame structure under the influence of both the preheated air and combustor pressure. The computations were conducted in a 2D axisymmetric computational domain by solving the Favre averaged governing equation using the finite volume-based CFD code Ansys Fluent 19.2. A steady laminar flamelet model in combination with GRI Mech 3.0 was considered for combustion modeling. A semi-empirical acetylene-based soot model proposed by Brookes and Moss was adopted to predict soot. A careful validation was initially carried out with the measurements by Brookes and Moss at 1 and 3 atm with the temperature of both fuel and air at 290 K before carrying out further simulation using preheated air. The results by the present computation demonstrated that the flame peak temperature increased with air temperature for both 1 and 3 atm, while it reduced with pressure elevation. The OH mole fraction, signifying reaction rate, increased with a rise in the oxidizer temperature at the two operating pressures of 1 and 3 atm. However, a reduced value of OH mole fraction was observed at 3 atm when compared with 1 atm. The soot volume fraction increased with air temperature as well as pressure. The reaction rate by soot surface growth, soot mass-nucleation, and soot-oxidation rate increased with an increase in both air temperature and pressure. Finally, the fuel consumption rate showed a decreasing trend with air temperature and an increasing trend with pressure elevation.
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1. Introduction


Gas turbine combustors usually operate at elevated pressure, and the oxidizer supplied at the inlet is mostly in preheated conditions. This helps in improving the thermal efficiency as well as decreasing the size of the combustor. The gas turbine combustor also operates at a high turbulence level. Thus, it is vital to examine soot formation under these circumstances. Soot is generated due to the incomplete combustion of hydrocarbon fuel. The presence of soot in the combustor not only leads to a decrease in combustor efficiency but also brings about a lot of environmental pollution.



Several studies are available to investigate the influence of combustor pressure and reactant temperature on soot formation, although mostly for laminar flames [1,2,3,4,5,6,7,8]. Mishra and Kumar [1] investigated the effect of preheated oxidizer (air) temperature in laminar LPG+H2/air diffusion flame. The soot-free-length-fraction (SFLF) was observed to decrease with an increase in preheat temperature of the air, probably due to the reduction in the induction period of soot formation caused by increased flame temperature. He et al. [2] studied the effect of gas preheating and N2 dilution in a series of co-flow laminar methane, ethane, and propane diffusion flames with the gas preheating temperature varying from 293 to 723 K. They reported an increase in soot volume fraction with a raise of gas temperature. They also observed that the soot formation was accelerated with an increase in preheat temperature that leads to a higher percentage of carbon conversion to soot. In contrast, the soot evolution was decreased with an increase in N2 dilution. The effect of preheated air in the range of 300 to 560 K on flame structure in methane/air counter-flow diffusion flame was studied by Lim et al. [3]. They observed an increase in the peak mole fractions of CO and H2. However, no information on soot formation was reported with an increase in air temperature. Chu et al. [4] evaluated the relationship between the soot surface growth, soot nanostructure, and air temperature in a co-flow ethylene/air diffusion flame using multiple experimental techniques. A recent investigation by Qi et al. [5] on the influence of gas preheat temperature in a series of methane, ethylene, and nitrogen diluted ethylene co-flow diffusion flame suggested that both the soot formation and soot oxidation were increased with an increase in gas preheat temperature. Likewise, an increase in pressure accelerates the fuel pyrolysis rate caused by the enhanced air entrainment into the fuel stream around the burner rim [6,7]. The enhancement of fuel pyrolysis rate at elevated pressure helps in increasing the soot nucleation and growth [6]. It was reported by Liu et al. [7] that the increase in soot concentration at elevated pressure was mainly due to the increased mixture density and species concentration. Cao et al. [8] investigated the effect of pressure on the structure, shape, and sooting behavior in a laminar co-flow methane-air diffusion flame. They observed that an increase in pressure results in a reduction of flame radius (varies approximately as P−1/2), a decreased flame lift-off height, and a constantly modified flame length.



The effect of oxidizer temperature on soot formation has rarely been studied in laboratory-scale turbulent sooting flames. This may be due to the complication in generating a hot air co-flow for turbulent diffusion flames, which usually have long flame length to provide good experimental boundary conditions [5]. Similarly, the literature on high-pressure turbulent diffusion flame is less available. This is because the turbulent flames are associated with high intermittency and short residence time which makes it difficult to measure soot formation in these flame conditions [9]. However, very few investigations in consideration of pressure and high reactant temperature are available on turbulent flames. Brookes and Moss [10] observed an increased concentration of soot and lower flame temperature at 3 atm than 1 atm while investigating turbulent methane/air diffusion flames. They reported that the increase in soot production rate was mainly due to the increase in density and species concentration in the high-pressure condition. The work of Nishida and Mukohara [11] on soot formation in turbulent propane/air diffusion flames at two different air temperatures of 323 and 773 K suggested that the soot formation and soot burnout rate increased with a rise of air temperature. Subsequently, there have been several attempts to model the soot formation for methane or natural gas flame [12,13,14], propane flames [15], kerosene flames [16], and n-dodecane [17] flames. Different modeling approaches, such as flamelets [12,15,18], CMC [13,19], and Transported PDF [20,21], were used to accurately capture the combustion and sooting characteristics by measurement. Apart from these, some low-cost models have been developed in the recent past, which uses Lagrangian and a hybrid of Eulerian–Lagrangian method to solve some real-time engineering problems related to fluid flow and combustion [22,23,24,25,26]. The Lagrangian method, popularly known as the vortex method, is a grid-free computational technique used for incompressible as well as low Mach number compressible flow [22,23]. It is particularly suited for unsteady flows at a high Reynolds number. Heidarinejad and Shahriarian [24] employed a hybrid vortex method, a combination of random vortex methods for incompressible two-dimensional viscous fluid flow with a Simple Line Interface Calculation (SLIC) algorithm for the propagation of flame interface, to investigate premixed reactive flow around a circular cylinder. Schlegel and Ghoniem [25] proposed a hybrid Eulerian–Lagrangian technique to compute turbulent combustion and applied this technique to investigate high Reynolds number transverse reactive jet. In this proposed technique, they used the Lagrangian particle technique to calculate the vorticity transport equation and a Eulerian grid-based method to compute the reactive transport equation. Bimbato et al. [26] developed a new Lagrangian vortex method to investigate the effect of surface roughness. Brookes and Moss [12] suggested that for accurate modeling of soot formation, close coupling of soot formation rate to the heat loss through radiation is necessary. The potential hazard of soot in the combustion system has led to new technology development to reduce soot, such as MILD combustion or Flameless combustion [27,28,29,30,31]. However, these technologies require a highly preheated and diluted environment to operate, have been majorly implemented in combustion systems operated at atmospheric pressure [32,33]. Because MILD combustion is distributive and strongly influenced by specific parameters, such as combustor pressure, preheat temperature, and mixture dilution level, the knowledge of the present work, specifically on soot formation and flame distribution, at high reactant temperature would help the MILD combustion researchers to carry forward their research at elevated pressure.



Hence, the present investigations aim to provide new insights into the effect of oxidizer temperature on soot characteristics and flame structure in turbulent methane-air diffusion flames operating at 1 and 3 atm. The oxidizer (air) temperature was varied from 293 to 723 K. In the first step, the results obtained by the present computation were validated with measurements by Brookes and Moss [10] at two operating pressure of 1 and 3 atm. The second set of computations were carried out by considering the preheated air, and its effect on soot formation and flame structure was investigated.




2. Numerical Details


2.1. Physical Description of the Geometry and Grid Details


The details of the computational domain are shown in Figure 1. The geometrical configuration of the computational domain was adopted from the experimental test rig of Brookes and Moss [10]. Due to the symmetry of the geometry, we have considered a two-dimensional axisymmetric computational domain. Many researchers [18,19,20,21,34] have considered an axisymmetric computational domain for such type of geometry. It consists of a central fuel jet and a co-flow air jet. The diameter of the fuel jet at the inlet was kept as 4.07 × 10−3 m. Pure methane (CH4) was considered as fuel while air (21% O2 + 79% N2 on a volume basis) was used as an oxidizer. An annular co-flow pilot flame of width 0.16 × 10−3 m surrounding the fuel jet was considered for flame stabilization. The computational domain begins from the inlet of the fuel nozzle and extends up to 0.75 m in the axial direction and 77.5 × 10−3 m in the radial direction. Air was supplied at the co-flow inlet, which was placed at a location of 0.05 m upstream of the fuel nozzle. The air temperature was varied from 293 to 723 K to evaluate the effect of preheated air on soot formation and flame structure.



Structured quadrilateral elements of non-uniform size were considered to mesh the computation domain, as shown in Figure 2. To achieve this task, Ansys ICEM CFD 19.2 was used. A grid sensitivity test was performed to obtain the minimum number of cells necessary beyond which the results are independent of the mesh size. The grid convergence test was conducted by considering four different mesh sizes based on the axial variation of temperature at 1 and 3 atm. A final grid of 62,400 cells was chosen as the grid-independent solution, and further simulations were carried out with this grid.




2.2. CFD Modelling


The general form of the Favre-averaged governing equations for the variable ϕ in the Cartesian form of tensor notation is written as:


   ∂  ∂ t    (   ρ ¯   ϕ ˜   )  +  ∂  ∂  x j     (   ρ ¯     u j   ˜   ϕ ˜   )  =  ∂  ∂  x j     (   Γ ϕ    ∂  ϕ ˜    ∂  x j     )  +  S ϕ   



(1)




where   ρ ¯   is the mean density and   ϕ ˜   is the Favre averaged scalar in the turbulent flow field. The Favre averaged velocity in jth coordinate is represented by      u j   ˜   .    Γ ϕ    and    S ϕ    in the equation represent the diffusion co-efficient and source term of the scalar   ϕ ˜  , respectively. The corresponding value of the scalar    ϕ ˜   , the diffusion coefficient    Γ ϕ   , and the source term    S ϕ    in the governing equations are listed in Table 1.



The Favre averaged governing equations (refer to Equation (1) and Table 1) were solved in the computational domain. A steady pressure-based solver was used to model the fluid flow by CFD simulation. Standard   κ − ε   model was considered for turbulence modeling where two separate equations of turbulent kinetic energy and its dissipation rate were solved (refer to Table 1). The empirical constant    C  ε 1     in the transport equation of turbulent dissipation rate was changed from its default value of 1.44 to 1.6 following the work of [34,35,36]. The near-wall physics was captured using scalable wall function. Incompressible ideal gas law was used to calculate the densities. The gravity term was taken in the negative X-direction of the momentum equations.



2.2.1. Turbulence-Chemistry Interaction


The chemical reaction kinetics and its interaction with turbulence were modeled using a steady laminar flamelet model. The steady laminar flamelet model assumes the turbulent flame as an ensemble of laminar, one-dimensional local structures. The model computes the Favre averaged transport equations of mean mixture fraction and its variance as listed in Table 1 [37,38]. Counter-flow configuration of laminar diffusion flame is used to represent the thin reactive-diffusive layer in the turbulent flow field. The laminar counter-flow diffusion flame equations can be transformed from physical space to mixture fraction space to represent the reactive-diffusive layer. The flamelet equation for the species mass fraction and temperature can be derived by application of a universal co-ordinate transformation and subsequent asymptomatic approximation (where the scalars Yi and T are expressed as mixture fraction f).


  ρ   ∂  Y i    ∂ t   =  1 2  ρ χ    ∂ 2   Y i    ∂  f 2    +  S i   



(2)






  ρ   ∂ T   ∂ t   =  1 2  ρ χ    ∂ 2  T   ∂  f 2    −  1   c p      ∑  i   h i   S i  +  1  2  C p    ρ χ  [    ∂  C p    ∂ f   +   ∑  i   c  p , i     ∂  Y i    ∂ f    ]    ∂ T   ∂ f    



(3)







The species mass fractions are mapped from mixture fraction space to physical space with the help of the mixture fraction and scalar dissipation rate. GRI Mech 3.0 [39] was used to represent the chemistry and to calculate the species source term. The scalar dissipation rate quantifies the deviation of equilibrium and is defined as


  χ = 2 D    |    ∂ f   ∂  x j     |   2   



(4)







The scalar dissipation rate varies along the flamelet. The flamelet strain rate (   a s   ) can be related to the scalar dissipation rate (χ) at the position where f is stoichiometric [40] and is given by


   χ  s t   =    a s  e x p  (  − 2  [  e r f  c  − 1      (  2  f  s t    )   2   ]   )   π   



(5)







The ensemble of diffusion flamelets is used to represent the flame brush. The Favre averaged species mass fraction and temperature for a turbulent flame can be determined as


   ϕ ˜  =  ∬  ϕ    (  f ,  χ  s t    )  p  (  f ,  χ  s t    )  d f d  χ  z t    



(6)







The temperature and mean density have an extra dimension of mean enthalpy   H ˜   to consider the non-adiabatic extension of steady diffusion flamelets. The species mass fraction is assumed to have a negligible effect by the heat loss or gain by the system. A presumed β-PDF distribution was used to define the probability of mixture fraction. The PDF for χ is the delta function assuming that fluctuations are neglected. The mean scalar dissipation rate   Χ ˜   was modeled as


   Χ ˜  =  c Χ    ε ˜   κ ˜     f ˜   ″ 2    



(7)




here,    c Χ    is a constant having a value of 2.0 [41]. Computational expensive calculations were pre-processed and stored in look-up tables. The advantage of this model is the calculation of a reactive flow field with a detailed kinetic mechanism by solving only two additional transport equations for the mean mixture fraction and mixture fraction variance. The flamelet controls and parameters used in Ansys Fluent 19.2 for the calculations are listed in Table 2 and Table 3. Similarly, the parameters used in the generation of PDF are given in Table 4.




2.2.2. Radiation Modeling


The discrete ordinate radiation model (DO model) [42] was used to evaluate the heat transfer due to radiation. In the discrete ordinate method, a discrete representation of the directional variation of the radiation intensity is used. The radiative transfer equation was evaluated for a set of n-discrete directions (    s ^  k   , k = 1, 2, 3……n) than spans over the entire range of solid angle 4 π . The scattering effect was neglected since the particles in the flame are extremely fine and well dispersed. The reduced form of the radiative heat transfer equation is given as:


    s ^  k  . ∇  I k  = a  (   I b  −  I k   )   



(8)




here    I k    is the radiation intensity in the kth direction,    I b    is the blackbody radiation intensity, and  a  is the absorption coefficient.



The bulk gas is considered as the participating media, since the product gases, especially CO2 and H2O, have higher emissivity. Moreover, soot has very high emissivity as it is considered as a black body. Weighted sum grey gas model with suitable weighing factor [43] was implemented to calculate absorption co-efficient of bulk gases as


   a  g a s   = −   l n  [  1 −   ∑   i = 0  I   a  ε , i    ( T )   (  1 −  e  −  k i  P S    )   ]   S   



(9)




where,    a  ε , i     represent the emissivity-weighting factor for the ith grey gas as based upon gas temperature, T.    k i    denotes the absorption coefficient of the i-th grey gas. P is the sum of partial pressures of all-absorbing gas, and S is the path length.



The emissivity weighting factor,     a  ε , i     is a polynomial function of temperature and represented as


   a  ε , i   =   ∑   j = 1  J   b  ε , i , j    T  j − 1    



(10)




here,    b  ε , i , j     is the emissivity gas temperature co-efficient. The value of co-efficient    b  ε , i , j    , and    k i    were considered from the work of Smith et al. [43].



The fraction of the absorption coefficient contributed by soot is a linear function of temperature and evaluated as [44]:


   a  s o o t   = 1232.4  ρ  s o o t    [  1 + 4.8 ×   10   − 4    (  T − 2000  )   ]   



(11)




hence, the effective absorption coefficient is


  a  =  a  g a s     +  a  s o o t     



(12)








2.2.3. Soot Modelling


In the present work, Moss–Brookes model [12] was used to calculate the rate of soot formation in a turbulent flame. In this model, two transport equations for the soot number density (N) and the soot mass concentration (M) were solved. The source term for number density (N) was evaluated by taking into account of nucleation and coagulation of soot particles and is given as:


    d N   d t   =      C α   N A   (     X  p r e c   P   R T    )  e x p  (  −    T α   T   )   ⏟    N u c l e a t i o n   −      C β   (    24 R T    ρ  s o o t    N A     )   d   p  s o o t     1 / 2    N 2   ⏟    C o a g u a l t i o n    



(13)







Similarly, the source term for mass concentration (M) was calculated by considering nucleation, surface growth, and soot oxidation and is given as:


        d M   d t         =      C α   M P   (     X  p r e c   P   R T    )  e x p  (  −    T α   T   )   ⏟    N u c l e a t i o n   +      C γ   (     X  s g s   P   R T    )  e x p  (  −    T γ   T   )     [     (  π N  )    1 / 3      (    6 M    ρ  s o o t      )    2 / 3    ]   n   ⏟    S u r f a c e   g r o w t h         −      [   C  o x i d    C  ω , 1    η  c o l l    (     X  O H   P   R T    )   T     (  π N  )    1 / 3      (    6 M    ρ  s o o t      )    2 / 3   +  C  o x i d    C  ω , 2    (     X   O 2    P   R T    )  e x p  {  −    T   ω 2     T   }   T     (  π N  )    1 / 3      (    6 M    ρ  s o o t      )    2 / 3    ]   ⏟    O x i d a t i o n        



(14)







Acetylene (C2H2) was considered a soot precursor for both nucleation and surface growth in the above equations. The oxidation model proposed by Lee et al. [45] was used in which, along with OH, the effect of O2 was considered to calculate the oxidation rate. The concentration of OH was determined using a partial equilibrium approach, while the concentration of O-radicals was calculated by considering the equilibrium approach. The turbulence-chemistry interaction on soot formation was calculated using a probability distribution function in mixture fraction. In this approach, the PDF look-up table provides the instantaneous values for species concentration and temperature which are a function of mixture fraction. For each cell, the soot production rate and enthalpy at each instant are computed. The mean mixture fraction and variance for each cell are used to compute the PDF table for the mixture fraction. The instantaneous soot rates are convoluted with the mixture fraction PDF to yield the mean rates in a turbulent flow. Soot-radiation interaction was enabled in the soot model so that the soot equations are solved together with the combustion solution to obtain correct radiation coupling [44].



In Equations (13) and (14), the model constants    C α   ,    C β    and    C γ    are 54      s    − 1    , 1.0 and 11,700 kg·m·kmol−1·s−1, respectively. NA (  = 6.022045 ×   10   26       Kmol   − 1    ) is the Avogadro number, and    X  p r e c     is the mole fraction of soot precursor (C2H2 for methane flames).    T α    is the activation temperature for the nucleation reaction with a value of 21,000; as given by Lindstedt [46],    ρ  s o o t     (=1800 kg/m3) is the mass density of soot, dp is the mean diameter of the soot particles. The activation temperature for surface growth rate (   T γ   ) was considered with a value of 12,100 K by Leung et al. [47]. The soot oxidation model constants    C  ω , 1     and    C  ω , 2     are 105.81 kg·m  ·   kmol   − 1   ·  K  − 1 / 2    s  − 1    , 8903.51 kg·m  ·   kmol   − 1   ·  K  − 1 / 2    s  − 1    , respectively, along with a    T  ω , 2     value of 19,778 K. The collision efficiency (   η  c o l l    ) of 0.04 was considered following the earlier investigation [12,13]. The oxidation scaling parameter was assumed with a value of 0.015.





2.3. Boundary Condition


The formulation of the problem was completed by imposing appropriate boundary conditions in the computational domain. The wall of the combustor was set adiabatic. At the inlet fuel and co-flow air, mass flow inlet boundary conditions were imposed. The combustor centerline was given axis boundary condition. The inlet of the pilot flame was treated as an adiabatic wall. Previous investigations by [16,48] excluded pilot flame from their computation. The operating conditions used in the experimental investigation by Brookes and Moss [10] were considered in the present work while the air temperature was varied from 293 to 723 K. The detailed operating conditions used in the present work are listed in Table 5.




2.4. Solution Methodology


The Favre averaged governing equations (refer Equation (1) and Table 1) along with prescribed boundary conditions were solved using finite volume-based multigrid solver Ansys Fluent 19.2 [39]. The convective terms in the governing equations are discretized using a second-order upwind scheme. A central difference scheme was used to discretize the diffusive part of the governing equations. Pressure and velocity were coupled using the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE algorithm) [49]. The solution was considered to have reached convergence when all of the following conditions were satisfied.



	(i)

	
The scaled residuals of all the equations, except the energy equation, were less than 10−6. For the energy equation, a stricter convergence criterion of 10−8 was maintained.




	(ii)

	
The temperature variation at the exit of the combustor was less than 1 K.








2.5. Combustion Parameters


Fuel jet Reynolds number:


   Re f  =    ρ f   u f   d f     μ f     



(15)







Co-flow jet Reynolds number:


   Re c  =    ρ c   u c   d c     μ c     



(16)




where, the symbols   ρ  , u, d, and  μ  represent the density, average velocity, diameter, and viscosity at the inlet. Subscript f and c denote for the corresponding fuel and co-flow air jet.



Initial Fourier number: it is used to set the first timestep for the solution of the flamelet Equations (2) and (3).



Soot number density (N): It is the number of soot particles per unit volume.



Soot volume fraction


   (  f v  ) :    f v  = N ×  π 6   d p 3    



(17)







In Equation (17), dp is the mean diameter of soot particles.




2.6. Validation Work


It is necessary to establish the accuracy and reliability of any computational method before any significant conclusion can be obtained from its results. The reliability of the solution was verified by ensuring the ability of the numerical formulation and solution method to accurately capture the complex physics involved in the problem. In the present work, the results obtained from the CFD simulation were compared with the measurement by Brookes and Moss [10]. The validation work was performed in two steps; (i) comparison of axial and radial variation of temperature and mean mixture fraction at 1 and 3 atm, and (ii) soot model validation by comparing the axial and radial variation of soot volume fractions at atmospheric and an elevated pressure of 3 atm.



	(i)

	
Comparison of Mean Mixture Fraction and Temperature







The predicted CFD data of mean mixture fraction and temperature in the present computation were compared with the measurement [10] and are shown in Figure 3 and Figure 4. Figure 3a represents the axial variation, while Figure 3b–d shows the radial variation at an axial location of 0.15, 0.35, and 0.425 m, respectively, at 1 atm. It was noticed that the present computational approach was successfully able to capture the measured trend of temperature and mean mixture fraction along the centerline, as well as radially, with excellent agreement while operating at 1 atm. In the same way, at an elevated pressure of 3 atm, a comparison is presented in Figure 4a–d for the variation of temperature along the centerline and the radial direction for an axial location of 0.15, 0.2, and 0.25 m, respectively. The measurement for the variation of mean mixture fraction at 3 atm is not available in the literature of Brookes and Moss [10]. Hence, only the temperature variation was considered for comparison purposes. It was observed that the data obtained by the present computation for the temperature variation at 3 atm give a good prediction over the measurement.



	(ii)

	
Comparison of Soot Volume Fraction at 1 and 3 atm







Figure 5 and Figure 6 shows the comparison for the variation of soot volume fraction obtained from the computation with the measurements [10] at 1 and 3 atm. The soot model by Brookes and Moss [12] was considered for the evaluation. It is to mention here that the model constants used in the soot model were not changed during the entire computation. The centerline variation of soot volume fraction for both the measurement and the computation at 1 atm is shown in Figure 5a, which showed excellent agreement. Figure 5b–d shows the radial variation of soot volume fractions for 1 atm at an axial location of 0.15, 0.35, and 0.425 m, respectively. It was observed that the numerical evaluations were able to capture the peak value reasonably well while slightly under prediction was noticed along the radial direction at a higher axial location of 0.35 and 0.425 m.



At an elevated pressure of 3 atm, the CFD predictions along the centerline for soot volume fractions gave good agreement up to 0.22 m and slightly over-predicted beyond 0.22 m, as shown in Figure 6a. The peak soot volume fraction obtained from CFD calculation was over-predicted by a factor of 2 (refer Figure 6a). The maximum soot volume fractions by the present numerical work were seen at an axial location of 0.31 m, i.e., 0.06 m further downstream from the measurement. Similarly, the radial variation of soot volume fractions at an axial location of 0.15, 0.2, and 0.25 m, respectively, for 3 atm is shown in Figure 6b–d. The computed soot volume fraction showed good agreement with the experimental data, while some major differences were noticed between the computations and measurements in terms of the peak value of the soot volume fraction. The peak soot volume fraction by calculation was under-predicted by a factor 2 and 1.2, respectively, as shown in Figure 6b,c. The calculated value of peak soot volume fraction in Figure 6b was located approximately at 0.0025 m upstream of the measured peak value. From Figure 6d, it was observed that the calculated peak soot volume fractions over-predicted the experimental data by a factor of 1.7. The soot volume fraction at 3 atm by measurement is ten times higher than 1 atm, correctly captured by the present numerical work.



Soot is a complex phenomenon and an exact match of the experimental result by modeling is very difficult to achieve. The soot formation model involving detailed chemical reaction mechanisms and aerosol dynamics to capture the complex processes of fuel pyrolysis, particle inception, growth, and oxidation are often too computationally expensive to be included in CFD simulation. It necessitates a less complex soot model such as an empirical or soot semi-empirical soot model that can be implemented in CFD simulation and give a soot prediction with reasonable accuracy. In the present work, the acetylene-based semi-empirical model proposed by Brookes and Moss [12] was considered. Many researchers [18,19] have implemented this soot model in CFD to predict soot volume fraction and to match with measurements. They also have observed a similar trend of CFD prediction like our present results.



From the overall analysis, it was found that the present computation was able to capture the combustion and sooting characteristics reasonably well and implemented in all cases considered in the present work.





3. Results and Discussion


3.1. Axial Velocity and Residence Time


Effect of preheated oxidizer (air) temperature ranging from 293 to 723 K on the iso-line of axial velocity contour for two operating pressure of 1 and 3 atm are shown in Figure 7. An increase in oxidizer temperature increases the velocity at the co-flow inlet for a fixed mass flow rate of the oxidizer. The fuel jet velocity was held constant for a fixed pressure. The velocity was observed to vary only in the co-flow due to a change in the oxidizer temperature from 293 to 723 K. As the temperature of the oxidizer is increased, the buoyancy force is decreased (since density is decreased,   ρ =  P  R T    ). A decrease in buoyancy force may not pull the co-flow oxidizer stream effectively towards the centerline. Due to this, the axial velocity along the centerline is decreased. This was observed from Figure 7a, in which the iso-line of axial velocity (consider line corresponding to 5 m/s) was extended to a greater height at a low oxidizer temperature of 293 K, and with an increase in oxidizer temperature, the iso-line of axial velocity (say 5 m/s) was moved up to a shorter height. Similar observation can be obtained from an elevated pressure of 3 atm, as shown in Figure 7b. The iso-line of axial velocity (consider 3 m/s lines) was noticed to have extended to an increased height at 293 K than its counterparts at 723 K. Hence, the residence time of the mixture is increased with an increase in reactant temperature. Now, when it comes to comparing the cases between 1 and 3 atm pressure for a fixed reactant temperature, the iso-line of axial velocity (say 3 m/s) at atmospheric pressure was found at a greater height than 3 atm. This is due to the reduction of flow velocities with pressure since the mass flow rate of fuel and the oxidizer at the inlet are held fixed. Here, the velocities at the inlet of both the fuel and co-flow jet were decreased as the pressure was increased from 1 to 3 atm for a fixed air temperature. It shows a higher residence time at elevated pressure. Besides, the increased buoyancy force at elevated pressure (since density is increased) pulls the co-flow oxidizer stream towards the centerline and mixes with fuel, as observed from Figure 7b. It can be judged by isoline of axial velocity (say 1 m/s), which was observed to contract towards the centerline as the pressure was increased from 1 to 3 atm for a fixed reactant temperature.



The centerline variation of the axial velocity as a function of preheated air temperature for 1 and 3 atm pressure is shown in Figure 8. It was observed from Figure 8a,b that the axial velocity was greatly reduced in the range of axial position from 0.2 to 0.6 m for 1 atm and from 0.08 to 0.52 m for 3 atm. The buoyancy force at low temperatures is effectively higher than at high air temperature. Higher buoyancy force at low air temperature pulls the streamline from the co-flow air towards the burner centerline, mixes with the fuel, and increases the centerline flow velocity.




3.2. OH mole Fraction


Figure 9a,b shows the contour plots of OH mole fractions obtained under the influence of preheated oxidizer temperature ranging from 293 to 723 K and for two operating pressure of 1 and 3 atm. The presence of OH species in the combustor determines the rate of reactions. It was seen that the OH mole fraction was increased when the oxidizer temperature was increased from 293 to 723 K. This shows an increase in reaction rate with the oxidizer temperature. Another observation from Figure 9 clearly shows the growth of the reaction zone with an increase in oxidizer temperature. The reaction zone got widened and elongated as the air temperature was increased from 293 to 723 K. Besides, the peak value of OH mole fraction moved downstream of the combustor as the temperature of the oxidizer increased. Further, the OH mole fraction at an elevated pressure of 3 atm showed a lower value than its corresponding counterparts at 1 atm while for a fixed reactant temperature. The reaction zone at 3 atm was also observed to be shorter and narrower than 1 atm. This may be because of the reduction of the flow velocity and the increased buoyancy force with pressure since the mass flow rate of the fuel and oxidizer at the inlet is kept fixed.




3.3. Soot


It can be observed from Figure 10 that the oxidizer temperature has a strong influence on the contour of the soot volume fraction at 1 and 3 atm. The peak soot volume fractions increased approximately linearly with air temperature both for 1 and 3 atm pressure. An increase in soot volume fraction with oxidizer temperature is mainly due to an increase in residence time. The increased residence time may have accumulated more fuel in the combustor. The soot volume fraction was seen broadened and elongated as the oxidizer temperature increased from 293 to 723 K. The buoyancy force becomes weak with increasing the oxidizer temperature. The buoyancy force usually forces the soot particle to get accumulated in a small space, i.e., around the centerline of the combustor. The entrainment of oxidizer to the flame is higher at 293 K, and it gets slowed down with an increase in oxidizer temperature. This might also be the reason behind an increase in soot volume fraction at high reactant temperature. The peak soot volume fraction was increased from 0.16 ppm at 293 K to 0.82 ppm at 723 K when the combustor was operated at 1 atm. At elevated pressure of 3 atm, the peak soot volume fraction showed a value that is 10 times higher than 1 atm while operating at fixed reactant temperature. A high value of soot volume fraction at elevated pressure is mainly due to an increase in residence time. As far as the effect of oxidizer temperature on peak soot volume fraction at 3 atm is concerned, the peak soot volume fraction was increased linearly from 2.82 ppm at 293 K to 8.08 ppm at 723 K.



Figure 11a,b demonstrated that a rise in air temperature leads to the early appearance of soot, and the soot was extended towards more combustor downstream. The peak soot volume fractions of 0.16 ppm were observed at 293 K which got increased to 0.81 ppm at 723 K when the combustor was operated at 1 atm. Similarly, the peak soot volume fractions were observed to increase from 2.82 ppm to 8.08 ppm as the air temperature was increased from 293 to 723 K, respectively. It indicated an increase in approximately 4.9 and 2.8 times in the axial peak value of soot volume fraction as air temperature increased from 293 to 723 K for both 1 and 3 atm, respectively. The results obtained from Figure 10 and Figure 11 also show that the peak value of soot volume fraction forms along the centerline of the combustor. There was no noticeable change in the location of peak soot-volume-fraction as the air temperature was increased from 293 to 723 K for 1 atm. The peak soot-volume-fraction was seen approximately at a position of 0.44 m for 1 atm. In the case of 3 atm, the peak value of soot volume fraction was seen to move slightly left, i.e., towards the combustor inlet with a rise in air temperature from 293 to 723 K. At 3 atm, the peak soot volume fraction was located approximately at 0.3 m at 293 K and 0.26 m at 723 K. As far as the effect of combustor pressure on the location of peak soot volume fraction is concerned, the location was seen to shift towards the combustor inlet with an increase in pressure from 1 and 3 atm for a fixed air temperature. For an instance, the peak soot volume fraction was observed to change its position from 0.44 m at 1 atm to 0.3 m at 3 atm for a fixed air temperature of 293 K.



The contour plots obtained for soot reaction rate by surface growth, oxidation, and mass nucleation are presented in Figure 12, Figure 13 and Figure 14. The soot mass additions take place more by surface growth rate than oxidation rate. Augmentation of the soot-surface growth rate was observed with a rise in air temperature. An expression for the soot surface growth can be observed from Equation (14). In addition, the soot surface growth rate got widened as the air temperature was increased from 293 to 723 K. It was observed from Figure 12 that the peak soot surface growth rate varied approximately as    T  a i r   1.31     for 1 atm pressure and linearly with air for 3 atm pressure. Another observation from Figure 5 clearly showed that the surface-growth-rate zone moved towards combustor upstream with an increase in air temperature. Next, the peak region of the surface growth rate was noticed in the central region for 1 atm and in the wings region at 3 atm (refer Figure 12a,b).



From Figure 13, it was observed that the soot-oxidation rate increased with an increase in oxidizer temperature for both 1 and 3 atm pressure. The peak soot oxidation rate was noticed to vary approximately as    T  a i r   1.72     for 1 atm pressure and as    T  a i r   1.63     for 3 atm pressure. The maximum value of the soot-oxidation rate was located at the wings region, not at the central region. The expressions for soot oxidation rate can be observed from Equation (14). As the air temperature was increased from 293 to 723 K, the peak soot oxidation rate was increased by approximately 4.74 and 4.27 times for the operating pressure of 1 and 3 atm, respectively. The reaction zone by soot oxidation rate at 723 K was also observed to be broader and longer than the corresponding zone at 293 K both for 1 and 3 atm. Further, the peak soot oxidation rate at elevated pressure was found more than at atmospheric pressure while for a fixed air temperature. The reaction zone obtained by soot-oxidation rate got narrowed as the combustor pressure was increased from 1 to 3 atm.



Figure 14a,b shows the soot-mass nucleation rate contour varying with air temperature from 293 to 723 K for two operating pressure of 1 and 3 atm. As the air temperature was increased from 293 to 723 K, the peak soot-mass nucleation rate was enhanced by approximately 2.05 and 2.15 times for the operating pressure of 1 and 3 atm, respectively. The peak region in the soot-mass nucleation rate was observed in the wing region for all cases of preheated air considered in the present work. The peak soot-mass nucleation rate was seen to vary with air temperature as    T  a i r   0.82     for 1 atm and    T  a i r   0.84     for 3 atm, respectively.




3.4. Temperature and Mean Mixture Fraction


Figure 15a,b shows the temperature contour obtained by varying the air temperature from 293 to 723 K and with the operating pressure of 1 and 3 atm. It was observed that an increase in oxidizer temperature increased the peak temperature of the combustor. A rise of maximum flame temperature of 101 K at 1 atm and 89 K at 3 atm were observed with an increase in air temperature from 293 to 723 K. It indicates a higher increment of peak temperature at 1 atm, and with an increase in pressure, the peak temperature increment gets lower. As the temperature of the air in the co-flow was increased, the flame was appeared to be broadened and elongated.



The axial variation of temperature along the centerline for two operating pressures of 1 and 3 atm is shown in Figure 16a,b. If attention is given to first Figure 16a, it was seen that with an increase in air temperature, the flame temperature was decreased in the range of axial distance approximately 0.34 to 0.55 m, and beyond 0.55 m, it shows an increasing trend. In the case of 3 atm, a reduction of flame temperature was observed in the range of approximately 0.15 to 0.45 m. Beyond 0.45 m, the flame temperature increases as the air temperature in the co-flow are increased from 293 to 723 K, as shown in Figure 16b. The region in which the flame temperature seems to be decreased, perhaps because of an increase in soot concentration in those regions (refer Figure 10). Usually, an increase in soot concentration helps in decreasing the flame temperature through radiation heat loss [8,10]. Similarly, the region with an increase in flame temperature is attributed to the increased reaction rate with air temperature (refer to Figure 9). The flame temperature was also observed to be higher in 1 atm than 3 atm. The reduced flame temperature at elevated pressure at 3 atm may be due to an increase in soot concentration ( ≈ 10 times higher than 1 atm) that leads to the radiative heat loss. The fuel consumption rate was decreased as the air temperature is increased; this can be observed from the profile of mean mixture fraction, as shown in Figure 16a–f. The decreased fuel consumption rate with an increase in temperature may be because of (i) a decrease in buoyancy force which has entrained less oxidizer stream towards the centerline to mix with the fuel, and (ii) an increase in residence time which has administered more fuel to the combustor. Similarly, the radial variation of temperature and mean mixture fraction at an axial location of 0.15 and 0.35 m and for 1 and 3 atm can be observed from Figure 16c–f. The flame peak temperature was not observed at the center, rather observed at a radial position of 0.015 m for 293 K, and as the air temperature was increased, the flame peak temperature was observed higher, and its position was shifted towards the right (refer Figure 16c). A similar thing concerning air temperature at 3 atm and an axial location of 0.15 m can be observed from Figure 16d. This shifting of flame peak position with air temperature indicates the widening of flame. As far as the effect of pressure on flame temperature is concerned, the flame peak position is shifted towards the centerline with an increase in pressure from 1 to 3 atm. This indicates the narrowing of flames with pressure for a fixed air temperature. Similarly, it was observed from the profile of the mean mixture fraction that the fuel consumption rate was decreased as the air temperature was increased since the fuel availability is increased with preheat temperature. By moving towards combustor downstream from 0.15 to 0.35 m, the fuel is consumed at a faster rate and spreading more radially outwards than the axial location of 0.15 m; the flame temperature is also radially more distributed at 0.35 m than 0.15 m (refer Figure 16e,f). The effect of pressure on the profile of the mean mixture fraction can be evaluated from Figure 16a–f. The mean mixture fraction was observed lower at 3 atm than at 1 atm for a fixed air temperature. This showed an increase in fuel consumption rate or the decreased availability of the fuel at elevated pressure for a fixed air temperature.




3.5. Acetylene Mole Fractions


From Figure 17a,b, it was observed that the mole fraction of acetylene was increased as the air temperature was increased from 293 to 723 K both for 1 and 3 atm. This is expected since the fuel consumption rate is decreased, or the mean mixture fraction is increased with air preheat temperature. As the air temperature increases, the growth of the mole fraction of the acetylene reaction zone occurs that appears to be broadened and elongated. However, this is not the case when the effect of pressure is considered for a fixed reactant temperature. The acetylene mole fraction was seen to be decreased as the combustor pressure was increased from 1 to 3 atm. It may be due to the possibility of the decreased availability of the fuel in the combustor since the fuel is consumed at a faster rate at elevated pressure.




3.6. Flame Geometry


Figure 18 shows the effect of air temperature on flame geometry at two operating pressures of 1 and 3 atm. The flame geometry in Figure 18 is defined in terms of stoichiometric mixture fraction surface. The flames operating under atmospheric pressures are effectively wider and longer than the flames that operate at an elevated pressure of 3 atm. The narrowing and shortening nature of flames at 3 atm is mainly due to the increased buoyancy force as well as less value of velocity magnitude at this pressure than 1 atm. The active participation of buoyancy force usually helps in pulling the streamline or entraining the co-flow oxidizer stream towards the flame centerline. Apart from the pressure effect, the air temperature also has a substantial impact on the flame shape at two different pressure of 1 and 3 atm. The flame height was noticed to be increased with increasing air temperature for both 1 and 3 atm. The flame width also increased with air temperature. However, the increment was observed very marginally when compared with the flame height. The flame height was observed to vary with air temperature as    T  a i r   0.25     for 1 atm and as    T  a i r   0.32     for 3 atm. Similarly, the flame width was noticed to scale with air temperature as    T  a i r   0.2     for 1 atm and as    T  a i r   0.3     for 3 atm, respectively. The flame area was seen to vary with air temperature as    T  a i r   0.39     for 1 atm and    T  a i r   0.54     for 3 atm, respectively.





4. Conclusions


The effect of preheated oxidizer temperature on flame structure and sooting characteristics for turbulent methane/air diffusion flames at 1 and 3 atm were numerically investigated. The present investigation was conducted at 1 and 3 atm because the experimental data at these two pressures are available. The knowledge on the effect of preheated air temperature at atmospheric and at elevated pressures of 3 atm would also help the combustion researchers to carry out the MILD combustion investigation, since MILD combustion requires preheating of the reactants, and its application at high pressure is a challenging task as it involves many constraints like shorter ignition delay time. The oxidizer (air) temperature was varied from 293 to 723 K. The Favre averaged governing equations were discretized using the finite volume method and solved using Ansys Fluent 19.2. Standard k-ε turbulence model with modified empirical constant Cε1 = 1.6 was used to model the turbulence quantities. A steady diffusion laminar flamelet model coupled with the PDF method was used for combustion modeling. Detailed chemical mechanism GRI-Mech 3.0 was used for chemistry representation and to generate the flamelet. The acetylene-based semi-empirical soot model developed by Brookes and Moss was considered to calculate the rate of soot formation. The outcomes of the present computation are listed as follows:




	(a)

	
The residence time of the fuel in the combustor gets decreased as the air temperature increases from 293 to 723 K and increases with pressure elevation. This occurs due to the influence of buoyancy force, which is a function of air temperature and combustor pressure. The buoyancy force is decreased with an increase in air temperature; however, it increased with a rise of combustor pressure.




	(b)

	
The peak soot volume fraction is increased linearly with air temperature for both 1 and 3 atm while approximately 10 times higher at 3 atm than 1 atm. The reaction zone obtained by soot volume fraction also gets broadened and elongated with an increase in air temperature. The reaction rate by soot surface-growth, oxidation and nucleation rate is increased with both air temperature and combustor pressure.




	(c)

	
The OH mole fraction, signifying reaction rate, increases with air temperature and decreases with pressure elevation. The flame height as well as the flame width increases as the air temperature increases from 293 to 723 K, while decreases at a higher pressure of 3 atm.




	(d)

	
The fuel consumption rate decreases with an increase in air temperature for both 1 and 3 atm. However, it increases with pressure elevation while at fixed air temperature. This happens due to the change in residence time, influenced by air temperature and pressure.









Future work will focus on investigating the combustion and sooting characteristics at an extended pressure up to 10 atm as well as gaseous fuel other than methane.
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Figure 1. Schematic of the computational domain with dimensions (not to scale). 
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Figure 2. Meshing of the computational domain. 
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Figure 3. Comparison of temperature and mean mixture fraction (MMF) obtained from the present numerical model with the measurements [10] at 1 atm; (a) axial variation, and (b–d) radial variation at an axial location of 0.15 m, 0.35 m, and 0.425 m, respectively. 
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Figure 4. Comparison of temperature obtained from the present numerical model with the measurements [10] at 3 atm; (a) axial variation, and (b–d) radial variation at an axial location of 0.15 m, 0.2 m, and 0.25 m, respectively. 
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Figure 5. Comparison of soot volume fractions obtained from the present numerical model with the measurements [10] at 1 atm; (a) axial variation, and (b–d) radial variation at an axial location of 0.3 m, 0.35 m, and 0.425 m, respectively. 
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Figure 6. Comparison of soot volume fractions obtained from the present numerical model with the measurements [10] at 3 atm; (a) axial variation, and (b–d) radial variation at an axial location of 0.15 m, 0.2 m, and 0.25 m, respectively. 
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Figure 7. Isol-line of axial velocity contour as a function of air temperature; (i) 293 K, (ii) 373 K, (iii) 423 K, (iv) 573 K, and (v) 723 K and at two operating pressure of (a) 1 atm, and (b) 3 atm. 
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Figure 8. Axial velocity variation along the contour centerline as a function of air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 9. Contours of OH mole fraction as a function of air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 10. Contours of soot-volume-fractions (SVF) as a function of air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 11. Centerline variation of soot volume fractions as a function of air preheat temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 12. Soot-surface growth-rate (SSGR) contour as a function of air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 13. Soot-oxidation-rate (SOR) contour as a function of air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 14. Soot-mass nucleation-rate (SMNR) contour as a function of air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 15. Contours of temperature varying with air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 16. Temperature profile obtained as a function of air temperature at 1 and 3 atm; (a,b) along the centerline, (c,d) radial variation of temperature at an axial location of 0.15 m, and (e,f) radial variation of temperature at an axial location of 0.35 m. 
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Figure 17. Contours of C2H2 mole fraction varying with air temperature; (a) 1 atm, and (b) 3 atm. 
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Figure 18. Effect of air temperature on the stoichiometric mixture fraction surface at 1 and 3 atm. 
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Table 1. Scalar, diffusion coefficient, and source term for the governing equation.
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	Conservation of
	    ϕ ˜    
	     Γ ϕ     
	     S ϕ     





	Continuity
	1
	0
	0



	Momentum
	      u i   ˜    
	   μ +  μ t    
	   −  ∂  ∂  x i     (  P +  2 3   ρ ¯   κ ˜  +  2 3   (  μ +  μ t   )    ∂    u j   ˜    ∂  x j     )    

   +  ∂  ∂  x j     [   (  μ +  μ t   )   (    ∂    u i   ˜    ∂  x j    +   ∂    u j   ˜    ∂  x i     )   ]    



	Energy
	   h ˜   
	    μ  P r   +    μ t    P  r t      
	    S  r a d     



	Turbulent kinetic energy
	   κ ˜   
	   μ +    μ t     σ k      
	    G κ  −  ρ ¯   ε ˜    



	Turbulent dissipation rate
	   ε ˜   
	   μ +    μ t     σ ε      
	     ε ˜   κ ˜    (   C  1 ε    G κ  −  C  2 ε    ρ ¯   ε ˜   )    



	Mean Mixture fraction
	   f ˜   
	     μ +  μ t     σ t      
	0



	Mixture fraction variance
	      f ˜   ″   2    
	     μ +  μ t     σ t      
	    C g   μ t   (    ∂   f ¯   ″ 2     ∂  x j     )  −  C d    ε ˜   κ ˜    ρ ¯    f ˜   ″ 2     
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Table 2. Flamelet controls.






Table 2. Flamelet controls.





	Initial Fourier number
	1



	Fourier number multiplier
	2



	Relative error tolerance
	1 × 10−5



	Absolute error tolerance
	1 × 10−15



	Flamelet convergence tolerance
	1 × 10−5



	Maximum integration time (s)
	1000
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Table 3. Flamelet parameters.






Table 3. Flamelet parameters.





	Number of grid points in flamelet
	32



	Maximum number of flamelets
	8



	Initial scalar dissipation (1/s)
	0.01



	Scalar dissipation multiplier
	10



	Scalar dissipation step (1/s)
	5










[image: Table] 





Table 4. PDF table parameters.
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	Initial number of grid points
	15



	Maximum number of grid points
	200



	Maximum change in value ratio
	0.25



	Maximum change in slope ratio
	0.25



	Maximum number of species
	53



	Minimum temperature (K)
	298
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Table 5. Details of operating conditions used in the present study.
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	Operating Condition
	Range





	Pressure (atm)
	1, and 3



	Fuel mass flow (kg/s)
	1.716 × 10−4



	Air mass flow (kg/s)
	1.18 × 10−2



	Fuel temperature (K)
	293



	Air temperature (K)
	293, 373, 423, 573, and 723



	Exit Reynolds number
	5000
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