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Abstract. This work presents a tridimensional numerical settioh of the non-premixed combustion of natural oas
atmospheric air inside an axisymmetric cylindricdlamber, aimed at verifying the effect of buoyameythe fluid
flow, temperature and chemical species concentndiiglds. The simulation is based on the solutibmass, energy,
momentum and chemical species conservation eqeafidrermal radiation exchanges in the combustiandber are
computed through the Discrete Transfer RadiatiordMMdDTRM), and the gas absorption coefficient delemce on
the wavelength is predicted by weighted sum of geses models. The turbulence is modeled by thnelatd k - &
model, and the chemical reactions by a two-stegtiea mechanism along with the combined Eddy-Biépk-
Arrhenius model. The finite volume method is enguldy treat the differential equations by using toenmercial
software Ansys CFX in the simulations. The solutibtihe governing equations allows the determimatibthe region
where combustion occurs, chemical species profilelacity fields and heat transfer rate by convattand radiation.
For the considered system, results indicate thaiybucy has a small influence on the combustion ggees and
provided a minor deviation in relation to the casben the geometry was treated as axisymmetricdiotisn to this
problem, as reported by Magel et al. (1996), Niéelat al. (2001) and Silva et al. (2007). Also, thsults obtained
with these 3D simulations were closer to the experital data (Garréton and Simonin (1994)) than ¢teessical 2D
model.

Keywords: Turbulent diffusion flames, Buoyancy, Eddy-Bréik— Arrhenius model, Radiation heat transfer, WSGG
model.

1. INTRODUCTION

An efficient operation of combustion chambers desenon the knowledge of the oxidation reactions hedt
transfer between the combustion products and thenbkr walls, which requires a detailed analysithefgoverning
mechanisms, such as chemical kinetics, fluid flow heat transfer. On the other hand, its modebng difficult task
due to the highly complex interdependence betwherninvolved phenomena. In addition, the radiatieathransfer,
together with the complex dependence of the absorgioefficient with the wavenumber and both terapae and
concentrations fields, makes the solution of thdi&ae Transfer Equation (RTE) computationally empive or even
impossible without a model to solve the spectrabfam. In the last years, many researchers have deeeloped and
applied different models to predict the combustioocess in combustion chambers, but only a fewahle to account
the process in its entirety. A review of the mastnenonly combustion modeling, used mainly in comnaisoftware,
was presented in Eaton et al. (1999). The modelgganerally based on the fundamental conservatioat®ns of
mass, energy, chemical species and momentum, thieilproblem closure is achieved by turbulence nwsieth as the
k-¢& (Launder and Spalding, 1972; Launder and Sharma4)13%ombustion models like Arrhenius (Kuo, 1996;
Fluent, 1997), Magnussen - EBU - “Eddy-Break-Up”"a@hussen and Hjertager, 1976), and radiative gamsbdels
based on the radiative transfer equation (Ozi®851 Carvalho et al., 1991). Appling this kind obaeling in methane
diffusion flames, many authors can be cited: Magell. (1996), Nieckele et al. (2001), Miroslawaét(2001), Zhou et
al. (2002), Zhou et al. (2003), Guo et al. (2003ng and Blasiak (2004), Borjini et al (2007), Silet al. (2007) and
Centeno et al. (2013). Similarly, but taking intocaunt another emphases, some investigations awesdd on
modeling of detailed chemical kinetics using mixiggctors, without great efforts in solving theidldlow and heat
transfer. A good example of work in this categosythe investigation of Fairweather and Woolley @00vho
employed the first-order conditional moment clos(€&C) model to simulate the oxidation of methaneurbulent,
non-premixed flames, using the finite volumes diization scheme, while the chemical reactions wackled with
two chemical kinetics schemes from the CHEMKIN diby. the GRI-Mech 2.11 with 279 reactions and 48csgs; and
the GRI-Mech 3.0 with 325 reactions and 53 species.

Looking to heat transfer by radiation, much effbets also been devoted. By the way, as a simpiticathe
Radiative Transfer Equation (RTE) is frequentlyvedl with the gray gas (GG) model, where the deperel®f the
absorption coefficient over the wavenumber is netgl In order to provide better results, global apectral models
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are commonly used. Among the global models, theged-sum-of-gray-gases (WSGG), developed by Haitel
Sarofim (1967) is a method that is still widely dseowadays, especially in global simulation of costibn processes
in which the RTE is solved together with fluid floshemical kinetics and energy equation. In the \@S@odel the
entire spectrum is represented by a few bands gawiiform absorption coefficients, where each baodesponding
to a gray gas. The weighting coefficients accoontlie contribution of each gray gas, and corredgorthe fractions
of the blackbody energy in the spectrum region whée gray gases are located. In practice, thos#idents are
obtained from fitting experimental data, such asséhpresented in Smith et al. (1982) and Smith.gf1887). In a
recent study, Demarco et al. (2011) assessed $ewmdiative models (narrow band, wide band, grag giobal) and
stated that the non-gray formulation of the WSGG@Is® very efficient from a computational pointwiéw and yields
considerably improved predictions, but can leadigmificant discrepancies in high soot loadingsni8ified radiative
property models, such as the WSGG (Bressloff e(18196); Pierce and Moss (2007)) or gray modelsryvet al.
(1999); Wen and Huang (2000)), are often used impdational fluid dynamics (CFD) to simulate comtinrs
problems. The main reason is that implementing nsoghisticated models may become extremely timewning
when fluid flow/combustion/radiative heat transfare coupled. Several researchers have studied nSGGV
correlations and coefficients for application imtwustion systems, among which it is possible totrorrGalarca et al.
(2008), Krishnamoorthy (2010), Johansson et all12@nd, most recently Dorigon et al. (2013) anddé@anpongpan
et al. (2012). As application of this approach, iBit al. (2008) employed the DOM (Discrete Ordinktethod) to
solve RTE equation and the WSGG model to computegnay radiation effect of combustion gases in indyical
chamber, with the purpose of studying the radiagifiect in the flame structure. The results indédathat the radiation
can affect the temperature field and the speciasargrations, and the numerical results includadjation were closer
to the experimental data than the case in whiclatiad was neglected. Predictions of the radiatieat source with
different gas models was analyzed in Mossi et2l10), where the authors simulated a laminar metaémdiffusion
flame solving conservation equations (mass, monmengpecies, soot, energy) through a finite voluméec In this
work, the RTE was solved with DOM, and the authmympared the radiative effects obtained by a simpdg-gas
model and the SLW model. Guedri et al. (2011) itigased the thermal radiation transfer effects diirea scenario
using the narrow-band based WSGG model. In Yadal: €2013) the combustion processes of turbulentpremixed
pilot stabilized flames (Sandia Flame D and Delénke 111) were studied including radiative heanster by means of
the WSGG model. Crnomarkovic et al. (2013) compahednumerical results obtained when the GG andMB&G
models were applied to model the radiative propsmif the gas phase inside a lignite fired furnace.

This work presents a 3D numerical analysis of tlai non-premixed combustion of methane in ai imorizontal
cylindrical chamber. For validation of the proposetution, the similar case described by GarrétahSimonin (1994)
was studied. The main objective of this investigaiis to verify the effect of buoyancy on the comstimmn process. The
finite volume method and the commercial softwaresysnCFX was used for the solution of the consesmagiquations
of mass, momentum, energy and the main chemicalegp@volved in the combustion process. The chahkimetics
were described by two global steps of chemicaltieas. The combined Eddy-Break-Up — Arrhenius (Emddel
(Magnussen and Hjertager (1976); Turns (2000)) evaployed to determine the global reaction ratethefchemical
species. To tackle the turbulence effects, the mnvg equations were time-averaged and the stanlard model
was used for problem closure. Thermal radiation e@mputed by the Discrete Transfer Radiation m@d&RM) for
a cylindrical chamber, together with the WSGG mottelaccount the spectral dependence of the gaspimso
coefficient, with coefficients of the non-gray gasgCQ and HO) taken from the well-known Taylor and Foster
(1974).

2. MATHEMATICAL FORMULATION

The proposed task can be stated as follows: caomsgdsteady combustion of natural gas (composefl08b of
methane and 10% of nitrogen) in air inside a hariabcylindrical chamber, compute the temperatdhemical species
concentrations and the velocity fields, modeling thdiation from non-gray gases by means of the &$@del of
Taylor and Foster (1974) and employing a 3D geamewnfiguration in order to consider buoyancy effeon the
flame behavior.

The set of equations solved by Ansys CFX are massnentum, energy and chemical species conservation
equations, as well as the equation of state ofl igas. An Eulerian description for the fluid phasas adopted. The
standardck-¢ turbulence model was applied to closing the proldieie to the averaged Navier-Stokes equations gsoce
The methane oxidation by atmospheric air was madeyetwo global steps, WD2 by Ansys Inc. (2004yegi by:

2CH + 022N +3(0F? + 376Nf?) - 2CO® +4H,0%9 +115N2? @)

2C0% +1(0,*? + 376N) _ 2CO* + 376N 20 )

where the carbon monoxide oxidation is modeledheysiecond reaction above.

Scalar transport equations are solved for velogitgssure, temperature and chemical species. Tikenimiion of
the fluid is modeled using single velocity, pregsuemperature, chemical species and turbulentasfi@&nsys Inc.,
2004).
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2.1. Mass and species conservation

Each component has its own Reynolds-Averaged emuafor mass conservation which, considering
incompressible and stationary flow can be writtetensor notation as:

@=—£J(/~J(UJ—U j)_biuuj“J-'-S

J

3)
WhereL]j ZZ(bi U i )/p bi and pare the mass-average density of fluid comporieitt the mixture and average

density, respectivelyx is the spatial coordinate] is the vector of velocity andfij is the mass-averaged velocity of

fluid componenti . The termb (U i ~U jj represents the relative mass flow, agdis the source term for component

I which includes the effects of chemical reactiolfisall the equations represented by Eq. (3) areeddaver all
components, and the source term is set to zeroethdt is the standard continuity equation.

The relative mass flow term accounts for differantotion of the individual components. At this wothis term
is modeled for the relative motion of the mixtunponents and the primary effect is that of conegioin gradient.
Therefore,

- (= -\ oD adp
pi(Uij_Ui)zljla/)l
P (4)

where D, is the kinetic diffusivity. The mass fraction obroponenti is defined as\~(i :/;| 7) Substituting these
expressions into Eq. (3) and modeling the turbuseatar flows using the eddy dissipation assumptiailows that:

®)
where g, is the turbulent viscosity and¢ is the turbulent Schmidt number. Note that the sirnomponent mass
fractions over all components is equal to one.
2.2. Momentum conservation
For the fluid flow the momentum conservation equmis given by:
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where y . =p+y and g is the mixture dynamic viscosity angs is the turbulent viscosity, defined as
i, =C,p k*/&. The term p = p-(2/3)k is the modified pressureg, is an empirical constant of the turbulence
model equal to 0.096 is the time-averaged pressure of the gaseous lmaj)dilmddIj is the Kronecker delta function.

Sy is the source term, introduced to model the buoyamd drag force due to the transportation pagicand other
mathematical terms due to turbulence models. Thes§inesq model is used to represent the buoyamcyg fiue to
density variations. The standakd-& model is used to provide the turbulence on the {lelenter, 1994).

2.3. Energy conservation

Considering the transport of energy due to theuslifin of each chemical species, the energy equatonbe
written as (here the Lewis humbég, was set to one)

9 (= \_ 0 [(«x)oh ¥~ -9dY puoh| = =
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whereh and c, are the average enthalpy and specific heat ofilkture. The latter is given byp = Zy; Cou’ where

Co and Y are the specific heat and the average mass frnactiche o -th chemical specieskis the thermal

conductivity of the mixturepy is the turbulent Prandtl number, a8} and S.. represent the sources of thermal
energy due to the radiative transfer and to thenited reactions. The terr8.. can be written as:

0 T

— _ ha ~ —
Srea = Ea MM +«J’Cp,adT Ra
Tref,a (8)

where T is the average temperature of the mixtuhg, and '|~',ef,0, are the formation enthalpy and the reference
temperature of ther -th chemical species. To complete the model, tmsiteof mixture can be obtained from the ideal

gas state equation (Kuo, 1996; Turns, 2009 pl\/H\/I(Df)_l, where p is the combustion chamber operational

pressure, which is here set to 1 atm, il is the mixture molecular mass, afd is the universal constant of ideal
gas. The aforementioned equations are valid onlyghi turbulent core, whejg >> . Close to the wall, the

conventional logarithmic law of the wall is usedKitadse, 1933).

To consider thermal radiation exchanges insidectiabustion chamber, the Discrete Transfer Radidtodel
(DTRM) is employed (Carvalho et al., 1991), consiulg that the scattering is isotropic. The effettlee non-gray
gaseous mixture was considered by original WSGGighwed-sum-of-gray-gases) model developed by Hatiel
Sarofim (1967), using the coefficients obtainedTaylor and Foster (1974). The WSGG model coeffiseamployed
in this work were those for partial pressures df&m, 0.2 atm and 0.7 atm for E®,0 and N, respectively, being
those values commonly considered for methane-ambostion and while the Ns considered transparent to radiation,
as usual in combustion of gas fuel (Taylor and €pgt974).

2.4. The E-A (Eddy-Break-Up — Arrhenius) chemical eactions model

The reduced chemical reactions model employed i work assumes finite rate reactions and a steshale
turbulent combustion process. In addition, it isisidered that the combined premixed and non-preimdsedation
occurs in two global chemical reaction steps, anlving only six species: £ CH;, N,, HO, COQ, and CO. A
conservation equation is required for each spdmigsitrogen. Thus, one has the conservation equdtir the o -th
chemical species, given by Eq. (5), where the soteom, 5, considers the average volumetric rate of fornmato

destruction of thep -th chemical species at all chemical reactionss Téim is computed from the summation of the
volumetric rates of formation or destruction in @dé k-th equations where thg -th species is presena. Thus,

@ :Za The rate of formation or destructioRTk, was obtained from a combined Eddy Break-Up - émibis
k

model, the E-A (Eaton et al., 1999). Such relatians appropriate for a wide range of applicatidos,instance,
laminar or turbulent chemical reactions with orheiit pre-mixing. The rate of formation or destraotdf the chemical
species is taken as the lowest one between thees/albtained from each model. Silva et al. (2008duthis
formulation to simulate the combustion process effrane and air in a cylindrical chamber obtainingdyresults.

3. PROBLEM STATEMENT

The physical system consists of the same natusatgmbustion chamber that was analyzed in Magall €1996),
Nieckele et al. (2001) and Silva et al. (2007), chhivas a test case proposed in Garréton and Sinf@884). The
cylindrical chamber has a length and a diameter.6® m and 0.50 m, respectively, as shown in FidNatural gas is
injected into the chamber by a duct aligned wite tthhamber centerline. The burner is capable ofigiuy the
necessary amount of air and natural gas as regojrélde process. In all cases a fuel excess of 8%pxescribed. For
a fuel mass flow rate of 0.01453 kg/s at a tempeeadf 313.15 K, this requires an air mass flove 1@t0.1988 kg/s, at
a temperature of 323.15 K. The fuel enters the dearthrough a cylindrical duct having diameter df@m, while air
enters the chamber through a centered annularhdwing a spacing of 0.02 m. For such mass flowsrate fuel and
air velocities are 7.23 and 36.29 m/s, respectivEhe Reynolds number at the entrance, approxigna®&000, points
that the flow is turbulent. The inlet air is compdsof oxygen (23% in mass fraction), nitrogen (7@l water vapor
(1%), while the fuel is composed of 90% of methand 10% of nitrogen. The burner power is about I680 The fan
and the other external components are not incliéde computational domain, although their effeats taken into
account through the inlet flow conditions. Buoyareffects were considered and the Boussinesq appatixin was
adopted.
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Figure 1. Combustion chamber geome— Axisymmetric view.

The equations constants and the physical propew@® taken from a number of different sources, the
constants of the Arrhenius equation for the metlwamebustion reactions are presented in 1.

Table 1. The constants of the Arrhenequation WD2 Ansys Inc., 200).

Kk =1 (CH) 30 [keal/kmol] 1.50x1![s‘l] 0 -0.3 1.3 - - -

k=2 (co) | 40 [kealkmol] 1.10x10[moP"cn?#s | 0 - 0.25 1 - -

4. BOUNDARY CONDITIONS

Keeping the same conditions as prescribed in Garrénd Simonin (199 and Nieckele et al. (20C, the
combustion chamber walls were kept at constant ¢éeatpre of 393.15 K. In addition, impermeabilitydanc-slip
conditions were assumed on the wall. In the oductnull diffusive fluxes were assumed for all variabld@he walls
were assumed gragijffusive emitters with an emissivity of 0.6. Thadt and the outlet reservoirs were modele:
black surfaces at the inlet and outlet temperaturethe inlet, the velocity and concentration fesf were assume
uniform. The turbulence intensity wpsescribed as 5% for the air and the fuel inletviprespectivel

5. NUMERICAL METHOD

The flow fields inside the boiler (velocity, tempéure, concentrations, etc.) were numerically aeiteed with the
commercial software Ansys CFX B4 based on th finite volume method (Patankar, 1980). The-wind” for
interpolation scheme was set. The velc-pressure coupling was solved by the SIMPLE algori{fPatankar, 1980
Since the conservation equations are-linear, relaxation factors were used.

6. MESH SETTINGS AND CONVERGENCE CRITERIA

The domain under consideration comprises the agtiadcombustion chamber. The discretization wasedosing
tetrahedral volumes. Prismatic volumes were usethenwalls in order to capture the boundary layehmevior. The
software Ansys © ICEM CFD was used to compute #éenetry and the mesh. The mesh had approximatebx 2(°
elements of unequal sizes, using mesh refinementlei reactive region near the burner. The conveeriterior
adopted was the root mean squéR&S) of the residual values. RMSales lower than 1x:® were achieved at all
equations. The CPU time for each simulation wag@pmately two days on desktop Intel ® Core 2 Q@asl GHz
with 8 Gbof RAM, with parallel processing. The Fig. 2 shais frontal (a) and lateral (b) view of the m¢

(b)

Figure 2.(a) Frontal view of the mesh;(b) latendbw of the mesl

7. MESH INDEPENDENCE TEST

A mesh independence test waerformed considering tree different mes in order toverify the accuracy of the
results obtained with the computational mesh ugediner mesh with 2,800,000 elementanother mesh with
2,150,000 (the adopted orem)d a coarser mesh with only 510,(elements were tested order to verify the behavic
of results regarding the size of the control volanFigure 3 shows the results obtained for the tentpergrofiles a
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the chamber centerline, where it can be obsenatthietwo finer meshes presegbod agreemer(nearly coincident)
and, thereby, it can be concludétht the mestof 2,150,000 elements used time currentsimulation is sufficiently
refined.

2100 T : T :

---- 507,000 elements
1800T 2800000 clements
1500 F —2.150,000 clements
1200

900 -
600 -

temperature [K]

300

0 1 L 1 L 1 L L 1
0.0 02 04 006 08 1.0 1.2 1.4 1.6

centerline - axial direction [m]
Figure 3. Temperature distribution in the line pfgnetry of the chambe
8. RESULTS ANALYSIS

Some works reported in thigerature(Magel et al. 1996; Nieckele et al., 2001 and Sdval., 2007 considered that
the presently studied combustion chamber can besleddn twe-dimensional axisymmetric cylindrical coordinat
and also they considered that the buoyancy foreeklde neglected based on the fact that the spieig air and th
fuel at the inlet are higlgssociated with the relatively short size of tta, leading to edominant effect of forced
convection in relation tmatural convectic. The present study performs an analysishree-dimensional methane-air
combustion process considering tha¢ themical reactions occurs in two global steplere the effect ocbuoyancy
forces on the results is tlmeain goal of this wor. Then, in order to achieve the main goal previousgntioned, twc
scenarios are investigated here: (i) consideringyancy into calculations, and (ii) neglecting buoyancyoi
calculations. Resultfor both scenarios are then recordec velocity fields, profile of temperatures and chemi
species concentration in regions of inte, with the purpose of comparing those teswith experimental data fro
Garreton and Simonin (1994hd numerical results by Silva (20.

Figures 4-a and 4-b depicts theriperaturdield atthe plane of symmetry of the cham for the scenarios without
and with buoyancy, respectively. Similarly, Fi-c and 4d shows the velocity vectors distributioelds. Comparing
results from scenarios without and with buoyanayahin Fig. 4.t is observed thahere is a small inputffset of the
jets downward relative to the line of symmetry loé flame due tthe effect ofouoyancy (Fig. -b and 4-d). Since the
temperature increases in the lower portion of thentberthe specific volume of gas@se also increas, moving the
gaseous mixture preferably to the foprtion of the chamber, which increaste size of the recirculation above -
inlet jets and increasy the pressure of this regiopushing the tip of the flame downwards, contrarytoat would
occur in a flame unconfinetiowever,generally it can be stated ththe temperature distributis and the profile of the
flame arenot significantly influenced by the buoyancy. Italso observed th thevelocity field for the flame without
buoyancy (Fig. 4-c) shows similaragnitudes anforms if compared with the flame wittuoyancy (Fig. -d).

By comparison between the velocity ranges (Fic-c and 4-d), the highestpeeds inside the chambare
approximately 35 m/s and the leasé approximately 1 m/s. Thus, it can be seenttimhigtest velocities, due to the
decrease in the specific mass of the gas a result othe increase in temperature, are located closietoenter of th
combustion chamber, ardso closer tithe outlet zone.

Figure 5 shows temperature profiles in axial direction of the chamber and also flog radial position located at
1.312 m from the chamber inlet. In this regioniad flame, which corresponds to the region clos¢ooutlet duct o
the chamberit is observed differences between the results aiith without buoyanc

In Figs. 5-a and %-it appears that the prese of buoyancy actually generates no significant diffee=nin the
temperature profilesboth in the radial position (1.312 m from therante region) as in trchamber centerline. The
results obtained in this study are also in goo@@gent with the exerimental results by Garretén and Simonin (19
as well as the Silva (2007}.is also verified that the effect of buoyancyytaularly in the end region of the flam
makes the computational results closer to the éaxeetal dat than the results pwiously reported in the literatu
considering the chamber as 2D axisymmetric cylog.

Figure 6 show®sxygen and carbon dioxide mass fractprofiles in the centerlinef the chamber. It is noted tl
there is a deviation from the experimental datarasdlts from the present investigation as welbihg (20(7) results
for the oxygen mass fractiofFig. €-a) close to the inlet of the combusti@hambel The combustion model
underestimates the chemical reacticats: and theoxygen consumption, which exhibits higimass fractions. For the
downstream region located at thiterthe middle of the chamber, results &mebetter agreemerwhen compared to
experimental data for all casé®esidesit can be seen that the buoyancy effect pactically negligible and did not
change the numerical resulls. relation tocarbon dioxideprofile, there is a better agreement of the respiltthe
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present work with experimental datdencompared to those reported in Silva (200Xgair, it was found that the
buoyancyeffect was negligible, without significainfluence on the results.

@ ,
o 2

1370

i =
s Liaut

(d)
Figure 4. Temperature and velocity vectors distribution ia hane of symmetry of the cham: (a) and (c) without
buoyancy, (b) and (d) with buoyancy.
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Figure 5.Temperature profiles: (a) radial direction (1.312¢b) axial symmetry of the chamk
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Figure 6.Mass fractiorprofiles at the chamber centerline: () ®) CGC,.

At the beginning, making aevaluaton of the conditions of inlet jets of methane and ainvdts believed that tr
flame was predominantly diffusive, without -mixing of air and methaneHowever, after analysis of tl
computational results of the velocitigld obtained with the thr-dimensional study, it was found that the inlet ogx
of the jets (region of the burnedue to the high velocitof the air jet against the fu@t, leads to a vortex of high
energy, which makes that the bimgn process sses to be partially-pmeixed, as can be seen in. 7-b, and, in detall,
in Fig.7-c, fact which wasot verified in results of Magel (1996)Nieckele et al. (2002) and Silva (27) as a
consequence of thmodel adopted by these stu(, which was two-dimensionalhis vortex generatebetter mixing
between the fuel and oxidant, producing an additi@ement of premix in the process, which cenaadifects the
results. Note that the model adopfedchemical reactions is able to consider this presffixct (Eaton et al. 199. Itis
noted that in Fig. 7-c the recirculatitends tca pre-mixingbetween fuel and air in the process, and also siftea the
turbulence in the region modifying the flar If turbulence is larger, rates of chemical reacs are faster. Note also
that the combustion model is sensitive to thateeisly in the EddyBree-Up model.Additionally, observe that the
results of Silva (2007), Fig &: this vorte>was not present.
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Figure 7 -Velocity field: (a)Silva (20(7) no buoyancy — axisymmetric solution; fisesent work - buoyancy
tree-dimensional solutiorf¢c) Present work — buoyancyetail enlargement of ttinlet region
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9. CONCLUSIONS

Based on the study realized in this work, in theecanalyzed, the main conclusion is that the bunyhas a minor
effect under the flame shape and it can be neglesithout further consequences on the combustiocgss. On the
other hand, the simplification of the problem to ¢@nsidered two-dimensional adopted by Magel et(E96),
Nieckele et al. (2001) and Silva et al. (2007) nedulgher level of care, because the presencecotuéation in the
inlet region of the jet changes the way it burre,feequiring further investigation.
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