Numerical Investigation of Buoyancy Effects on Non-Premixed Impinging Jet Flame
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Abstract: In this work, buoyancy effects on non-premixing impinging jet flames were studied using three-dimensional direct numerical simulation. The physical problem investigated is a methane jet issuing into an oxidant ambient environment of air with the Reynolds number of 2500 and a nozzle to the downstream impinging plate distance of 4 jet nozzle diameters. The reactive flow field is described by the compressible time-dependent Navier-Stokes equations in its non-dimensional form. A Cartesian grid system with approximately 134 million cells was used with uniform grid distributions in each direction. The comparisons between the buoyant flame and the non-buoyant flame revealed that the two flames have large differences at the primary jet shear layer and the impinging wall regions. Both velocity and temperature distributions demonstrate buoyancy effects on flame dynamics where the flow develops into large vortical structures.  It has been found that the buoyant flames involve complex fluid dynamics interactions in addition to flow characteristics associated with the chemical heat release. The vortex dynamics including buoyancy instability under impinging conditions has been investigated. 
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Introduction: 

Near-wall reacting flow as a research topic has gained an increasing amount of attention in recent years due to its applicability in a range of combustion systems such as combustion engines, gas turbine combustors and other industrial processors [1]. In the context of near wall combustion, the study of reacting impinging jet is of particular interests. Despite having a relatively simple geometry impinging reacting jets offer great value in the study of fundamental physical concepts such as flame-wall interactions, wall boundary layers, wall heat transfer, large and small scale vortices and intermittency etc. [2-3]. Because of the wealthy flow phenomena involved and the geometric simplicity, impinging flame can be a benchmark for the development and validation of near-wall models. For example, buoyancy-driven impinging flame is one such example which can be used as a benchmark problem for near-wall reacting flows. Buoyancy-driven flames exhibit periodic vortex shedding which is often referred to as flickering, which may subject to various other instabilities including the shear instability that can be independent to the buoyancy instability. Buoyancy instability normally leads to the formation of outer vortical structures and shear instability leads to the formation of inner vortical structures, while impinging walls can also modify the vortex topology significantly in impinging jet flames. 

In recent decades, direct numerical simulations (DNS) and large eddy simulations (LES) have made remarkable advances in many research topics including, for example, near wall reacting flows. Since most combustion problems are three dimensional in nature, it is important to consider fully three dimensional simulations to capture essential flow characteristics. For example, the vortex transport is a three dimensional phenomena by nature and two dimensional axisymmetric simulations only capture the azimuthal vorticity and exclude the streamwise vorticity development. Three dimensional effects, such as helical modes or flapping modes, can often be triggered by small perturbations existing in the combusting flame surroundings and lead to toroidal-like vortices in the flow field, vastly changing the vortex dynamics and flame behaviour. Particularly DNS in which all length and time scales are resolved of flame/wall interactions and buoyancy induced instabilities has gained much attention in recent years. Early investigations reported two-dimensional DNS of non-premixed flame/wall interactions [4-5] and later extended for three dimensional calculations [6-7] with the presence of side wall boundaries.
Various investigations have been carried out for vortex dynamics of buoyant jet flames for different topics such as shear instability and buoyancy instability. In a jet flame, velocity shear exists due to the non-uniform jet nozzle velocity profile and can be induced locally by the buoyancy acceleration which may enhance the Kelvin-Helmholtz type instability [8]. Although buoyancy may play an important role in the dynamics of low-speed methane jet flames, its effect on impinging flames has not been fully investigated. Methane combustion based impinging jets with and without buoyancy deserves more research work from both fundamental and application point of view. Since DNS brings detailed information about the flow field which is difficult to achieve by other means, it can be used as a computational tool to explore important phenomena of impinging buoyant flames such as heat release, flow transition to turbulence, near-field and near-wall flame dynamics. Therefore DNS of buoyant impinging methane-air non-premixed flame was performed. The aim here was to compare the DNS results of impinging reacting jet with and without buoyancy aiming for future development of computational tool and combustion models for the simulation of hydrogen enriched synthesis gas combustion using more detailed chemical mechanisms.    

Governing Equations and Numerical Details: 

In the present work, a non-premixed methane impinging jet has been simulated using DNS. Three-dimensional time-dependent Navier-Stokes equations in the Cartesian coordinate system have been solved in non-dimensional form. Major reference quantities used in the normalisation were the centreline streamwise mean velocity at the jet nozzle exit, jet nozzle diameter, and the ambient temperature, density and viscosity. In this work, x-axis was taken as the streamwise direction and y-0-z as the domain inlet where jet nozzle exit is located. The computational domain employed has a size of 4 
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 jet diameters in the streamwise direction and 8 jet diameters in the cross-streamwise direction. The results presented in this study were performed using a uniform Cartesian grid with 
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points. Details of the governing equations can be found in [7]. Reynolds number used was
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, based on the inlet reference quantities. The ratio of the specific heat, Prandtl number and Schmidt number used were constants:
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. Parameters used for the chemical reaction were: Damköhler number 
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Zeldovich number
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. The buoyancy term was included in the streamwise direction for both momentum and energy equations such that 
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the density,
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the gravitational acceleration. A single step global reaction 
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 was presumed for the non-premixed flame. Finite rate chemistry described by the Arrhenius law was used. 

The spatial discretisation was carried out using a sixth-order accurate compact finite difference scheme [9] and the discretised equations were advanced using a third-order accurate fully explicit compact-storage Runge-Kutta scheme [10]. The time step was limited by the Courant number for stability and a chemical restraint. The computational domain contains an inlet and impinging wall boundaries in the streamwise direction where buoyancy term effect. At the inflow, the flow was specified using the Navier-Stokes characteristic boundary conditions (NSCBC) [11] with the temperature treated as a soft variable (density was allowed to vary according to the characteristics waves at the boundary). At the inlet, the mean streamwise velocity was specified using a hyperbolic tangent profile 
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where 
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stands for the radial direction of the round jet, originating from the centre of the inlet domain
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. External unsteady disturbances were introduced for all three velocity component at the inlet in sinusoidal form such that 
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and they were added to the mean velocity [12]. Here we assigned the value 
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and the non-dimensional frequency of the unsteady disturbance
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. The inlet temperature profile was specified using Crocco-Busemann relation. The non-slip boundary condition is applied at the downstream solid wall which is assumed to be impermeable to mass, with its temperature fixed at its ambient value and the density determined from the characteristic form of the continuity equations by applying the local one-dimensional inviscid relations. 
Results and Discussion:
A comparative study with two different computational cases was performed: one case with buoyancy included and another one with buoyancy artificially “switched-off”. Figure 1 shows the cross-sectional instantaneous velocity vector field with and without buoyancy. Velocity vector fields show large differences in the shear layers of the primary jets mainly due to buoyancy term which induces instabilities. In addition different vortical structures also appear in the velocity field at the near wall region. As seen in figure 2 the instantaneous distributions for the temperature and reaction rates are largely different for the two cases. Buoyancy induces/enhances the flow instabilities, where vortices are evident in the temperature field. Buoyancy-driven flames display a puffing motion or an intrinsic flickering in the near field compare to the non-buoyant case. For buoyant flames, the large vortical structures dominate the entrainment process and affect the flame structure. Large vortical structures evolve naturally in the flow field duo to the buoyancy instability, which are convected by the momentum of the primary jet stream as well as by the momentum of the secondary wall jet. The formation and convection of buoyancy induced vortical structures lead to a highly irregular flame structure. Furthermore the case without buoyancy does not develop much vortical behaviour even with the introduction of external perturbation in a sinusoidal form [12].  Both the buoyant and non-buoyant flames defect from the wall and then spread along the surface of the wall after impingement. A large head vortex can be seen at the end of the wall jet flame for the buoyant case and vortical structures such as the head vortex are important characteristics of impinging jets [13]. These vortical structures can play an important role in the mixing and entrainment and mainly caused by the Kelvin-Helmholtz-type shear layer instability. 

The Fourier spectra of the velocity for the two points x=1.0 and 3.0 are shown in figure 3. The spectra were calculated from the time history data between t=10-20 after the initial flow development for both cases. Both figures show that the buoyant case is much more energetic than the corresponding non-buoyant case. This indicates that the buoyancy induced vortical structures have greatly enhanced the velocity fluctuations in the flow field.
For impinging flames, the near-wall heat transfer can be measured by the Nusselt number, which is dimensionless number that measures the enhancement of heat transfer from a surface that occurs in a “real” situation, compared to the heat transfer that would be measured if only conduction could occur. Nusselt number is used to measure the enhancement of heat transfer when convection takes place. Nusselt number can be defined as
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is the jet nozzle diameter 
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the thermal conductivity of the fluid and 
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the heat transfer coefficient. Figure 4 (a) and (b) show comparison of the instantaneous Nusselt number at two different time instants at the wall. It is observed that the value of the Nusselt number in the central impinging region at t=9 is higher than that at t=12, corresponding to instantaneous temperature variations near the wall. Both figures demonstrate that the buoyancy case has a larger temperature distribution and more fluctuations at the central impinging region and outer region respectively and, consequently larger hear transfer near the wall, compared to the non-buoyant case. For the non-buoyant case, the variation of the Nusselt number is smoother and relatively similar with respect to time. The instantaneous Nusselt number in figure 4 (a) shows a “bell” shape distribution for the buoyancy case, which was also reported in the literature [14]. The Nusselt number also fluctuates at some regions duo to the existence of vortical structures in the buoyancy case that has been also identified by previous investigations [15]. 
Conclusions:
In this paper, methane impinging jet flame with and without buoyancy are investigated by 3D spatial DNS. The simulated cases provide fundamental knowledge of flame dynamics and near-wall flame behaviour/structure. It has been found that buoyancy instability form large energetic vortical structures. The gravitational effect leads to the formation of large vortical structures and thus affects the flame dynamics especially in the near-wall region. The secondary wall jet develops significant vortical structures under buoyancy effects. The comparisons between the buoyant flame and the non-buoyant flame revealed that the two flames have large differences in the shear layer of the primary jet and the impinging wall regions. Velocity, temperature and reaction rate distributions demonstrate buoyancy effects on flame dynamics where the flow is much more vortical and energetic.  It has been found that the buoyant flames involve complex vortex dynamics in addition to flow characteristics associated with the chemical heat release. The 3D vortex dynamics including buoyancy instability under impinging conditions has been investigated. It is believed that the present study revealed the basic features of impinging flames, and increasing the Reynolds number, though desirable would not give fundamentally different conclusions because of a viscous sublayer exists near the wall at any Reynolds number. However, to fully examine the existing law-of-the wall relations and to further develop law-of-the wall models for reacting flows, fully turbulent impinging jet flames at much higher Reynolds numbers need to be investigated.
Acknowledgement: This research is funded by the UK EPSRC grant EP/G062714/2. 
References:

1. G. Bruneaux, T. Poinsot, J.H. Ferziger. Premixed flame wall interaction in a turbulent channel flow: Budget for the flame surface density evaluation and modelling. Journal of Fluid Mechanics 1997; 349: 191-219. 

2. Y. Zhang, K.N.C. Bray. Characterisation of impinging jet flames. Combustion and Flame 1999; 116: 671-674.

3. T. Schuller, D. Durox, S. Candel. Dynamics of and noise radiated by a perturbed impinging premixed jet flame. Combustion and Flame 2002; 128: 88-110.

4. K.R. Anderson, S. Mahalingam, J. Hertzberg. A two-dimensional planner computational investigation of flame broadening in confined non-premixed jets. Combustion and Flame 1999; 118: 233-247.
5. K. R. Anderson, S. Mahalingam. Numerical study of vortex flame interaction in actively forced non-premixed confined jets. ASME Journal of Heat Transfer 2000; 122: 376-380.
6. Y. Wang, A. Trouve. Direct numerical simulation of nonpremixed flame wall interactions. Combustion and Flame 2006; 144: 461-475.

7. X. Jiang, K.H. Luo. Dynamics and structure of transitional buoyant jet diffusion flames with side-wall effects. Combustion and Flame 2003; 133: 29-45.

8. C.M. Coats. Coherent structures in combustion. Progress in Energy and Combustion Science 1996; 22: 427-509.
9. S.K. Lele. Compact finite difference scheme with spectral-like resolution. Journal of Computational Physics 1992; 103: 16-42.
10. J.H. Williamson. Low-storage Runge-Kutta schemes. Journal of Computational Physics 1980; 35: 48-56.

11. T.J. Poinsot, S.K. Lele. Boundary-conditions for direct numerical simulations of compressible viscous flows. Journal of Computational Physics 1992; 101: 104-129.

12. T. Schuller, D. Durox, S. Candel. Dynamics of and noise radiated by a perturbed impinging premixed jet flame Combustion and Flame 2002; 128: 88-110.

13. V. Tesar, Z. Travnicek. Increasing heat and/or mass transfer rates in impinging jets. Journal of Visualisation 2005; 8: 91-98.

14. Y.M. Chung, K.H. Luo. Unsteady heat transfer analysis of an impinging jet. ASME Journal of Heat Transfer 2002; 124: 1039-1048.

15. X. Jiang, H Zhao, K.H. Luo. Direct numerical simulation of a non-premixed impinging jet flames. ASME Journal of Heat Transfer 2007; 129: 951-957.
	[image: image26.jpg]


  
                                                  (a)                                                                         (b)

	Fig.1.  Instantaneous velocity vector field (a) without buoyancy  and (b) with  buoyancy at t=12.0
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	Fig.2.  Contour plots of instantaneous temperature and reaction rate (a,c) without buoyancy and (b,d) with buoyancy at t=12.0
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	Fig.3.  Energy spectra of the streamwise velocities at axial locations (a) x=1.0  and (b) x=3.0
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                          (a)                                                                                           (b)

	Fig.4.  Instantaneous Nusselt number at the wall in the z=4 plane at two different time period  (a) t=9 and (b) t=12
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