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Abstract. The work presents the simulation of a combusti@ntber using the Finite Volume based on Finite Eletn
using the software CFX 5.7. The numerical simutatié the process shows the importance of the caivbusnodel

when calculating the reaction rate in a combustatramber. The work presents results using the “Hdibgipation

Model” and “Finite Rate Chemistry Model”, being @ethe sensibility of the model’s choice regardthg Damkoéler
number. The case study treats a gas jet with expanshere there are regions with high and low flbmescales,
showing a good opportunity to test a combined mod@lkls model calculates reaction rates looking #fedent

situations. When flow timescale is high comparimg teaction timescale, it uses the molecules @mfljsand when the
flow timescale is low compared to reaction timescéluses the chemical kinetics of the reaction.
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1. Introduction

The work shows the study of the combustion intgylandrical chamber which is the most known geométryise
with furnaces for urban and industrial heating.

The calculus method presented in the paper focdngbustion chamber is the Finite Volume method dhas&inite
Elements. It uses the commercial software CFX 6t#tfe simulation of the phenomena. This work id&eto validate
the model designed into the software comparingctis® with experimental results and other simulatworks, being
capable to show the use of 3D non-structured giwdsombustion phenomena and also parameters wariatihe
validation of the model and its physical interptieta for the reaction rate calculation are importér future works
that intend to simulate complex conditions as tugbi combustors, open combustors, pre-mixed andprexmixed
flames, drying and incineration process burners.

There are mathematical models capable of simutatgastion processes of several fuels and sevenmalrfigimes.
The calculation of the reaction rates of fuels aridlizers is set by models based almost alwaykenfrrhenius law,
being very complex to compute the coupled solutidth the flow, species conservation, energy andtiea systems.
Thanks to these reasons it's adopted simplified hamisms, with global reactions, to chemicals reastirates
(chemical species conservation). In Garreton antb8in (1995) it was studied different models fae tleaction rates,
such as the coupling Eddy Breakup — Arrhenius modbe Eddy Breakup, that assume fast chemical icegct
considers that the time scale of chemical reagtid®@s due to mechanical mechanisms of the flowfemter compared
to the time scale of mechanisms at the chemicatispdransport phenomena. The Arrhenius model whites the
chemical reaction rates considering chocks at nudescale. To the fast chemical reaction, thetesds collide, react
and immediately form the products. In this situatibe turbulent flows is the mainly driving for@nd the mixing rate
between the chemical species reactants at flowojsgutional to the inverse of the relation betwdenturbulent kinetic
energy and its dissipation, being a function ofyedisipation scale (Kuo, 1996). For the couplirdd{ Breakup -
Arrhenius model is used the smallest reactioncateulated whit both models (CFX Inc., 2002). Nigleket al. (2001)
it was shown a good performance of this model, wimatke a comparison between your numerical resditts tive
experimental data of Magel et al., (1996), for Bnclyical chamber burning natural gas and air fanaentric jets.

da Silva et al. (2004) shows the performance, coimpavith the same experimental case, of a numiesicaulation
using the called SCRS, which assumes fast chemdaation and considers that the reactants and pt®do not exist
together in the same control volume.

The major parameter for the choice of the moddleaised in the reaction rate calculation is the Kiden number
(Da); this number will tell the relation between tHew time scale and the chemical time scale. Frbis itelation
comes the decision looking if the flow is laminarbulent, with shear layers between fluid streawith obstacles,
vortex generators, etc, which model is a good optmuse. For higlba is interesting to use models that take into
account the flow mixing since the reaction timesiisall. For lowDa, the models that determine the reactions rate is



hard dependent of chemical kinetic of the reactidoMhen calculating reactive mixing flows with higind low
Damkadler’'s zones is better to use mixed models.

2. Mathematical formulation

It's considered that the heat transfers has alrbagpened reaching steady state. The heat traregbpens from the
hot gases (products of the combustion processdbgtambient; the objective of the work is to shtbe distribution of
temperatures and concentrations. It's used khes model for modeling the turbulence through the tlebt
viscosityy, , a property of the flow; But also it's tested the-w model. The radiative heat transfer is calculated

through the DTRM - Discrete Transfer Radiation Modhkich solve for the intensity of radiatioh,along rays leaving
from the boundaries. After integrdt@ver solid angle at discret points to find thedeat radiation and the radiant heat
flux and use homogeneity to extend the solutioth® domain. Using the hypothesis of homogeneitgxtend the
solution to the whole dominium, it’s consideredyggas with isotropic scattering of coefficient Qr6?).

2.1. Phenomena equations

The equations to solve in the simulation of the bostion phenomena in steady state are mass cotisarva
momentum conservation, energy conservation and ichéspecies conservation, following:

2.1 Mass conservation

Adopting cylindrical coordinates and assuming agaasetry, one obtains:
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in whichx andr are the axial and the radial coordinatesand v are the average velocities in the respective tiines,
and p is the density. The bars over some terms indiRatgnolds Average.

2.2 Momentum equations in the axiala) and radial (\_/) directions
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where pis the dynamic viscosity,z is turbulent viscosity, computed from the standakd-& model by
H, :Cﬂpkzle, p = p-(2/3)k represents the modified pressucg, is an empirical turbulence model constapt,is
the average pressurk, and ¢ are the turbulent kinetic energy and its dissgpatrespectively.

2.1.3. Energy conservation

For the energy transport due to the flow insidechember, neglecting the energy transport dueddiffusion of
each speciesl{e=1), one finds:
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where h is the average enthalpy of the mixtug, is the specific heat, defined &g =Zf_ac wherec, , is the

p.a ?

specific heat of they -th chemical species'l_,' is the average temperature, is the thermal conductivity of the mixture,
Pr is the turbulent Prandtl numbe$.q is the source term due to the heat transfer biatiad, h° and T« terms
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are the enthalpy of formation and the referencetaature of thex -th chemical speciedMM ., is the molecular mass
of the a -th chemical species.

2.1.4. Turbulence Models

Two equations turbulence models are largely use, offer a commitment between numerical effort aochputer
accuracy. These models are much more sophistitiadedthe “zero-equation” model, in all models tiedoeity and the
length scale are solved using separated transpuodtiens, that's why the two equations term. Thelewk — & and
k - « use the hypothesis of diffusion in the gradientdtate the Reynolds tensions to the average vglaeitl the
turbulent viscosity. The turbulent viscosity is netetl with the product of the turbulent velocity atige length
turbulent scale. In the two-equation models thbulent velocity scale is estimated from the solutid these transport
equations. The turbulent length is estimated oftthe properties of the turbulent flow field, usyathe turbulent
kinetic energy and its dissipation. The dissipatiate is supplied by the solution of these transpquations. When
observing trough time scales bigger than the tiea# scales of the turbulent fluctuations, it's pblesto say that the
turbulent flow shows average characteristics, @ittadditional time variant component.

2.1.4.1.K — £ model

Knetic energy conservatiokand its dissipatiore are given by Eq. (5) and Eq. (6)
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where C,, and C,,are constants defined experimentally and charatitesiof the turbulence model, and o,

represent the respective Prandtl numbers of thetikienergy and its dissipation, afl the production or dissipation
of the kinetic turbulent energy, defined with E). (
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2.1.4.2.K = & model

One of the advantages of the formulation is thatinent near the wall for lo®Re numbers. The model does not
involve complex functions of damping necessarig¢s the k - ¢ model. The modek -« assume that the turbulent
viscosity is related to the kinetic turbulent eneby Eq. (8).

u = pX (8)
w

The model solve two transport equations, one foetic energyk and one for the turbulent frequency, The
stress tensor is calculated by the concept of terbbwiscosity, Wilcox (2000). The kinetic energgnservation
equation is given by Eq. (9)

u%(pk)+?/%(pk):ﬁE([y+ﬂjﬁk]+ P-Bpkw (9)
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In addition to the independent variables, densi&ocity vector, there are the quantities that cdrom the solution of
the Navier-Stokes equationB, is the production of the turbulence rate, whichatculated for Eq. (7). The constants

of the models arg' = 009, g :%, B=0075,0,=2,0,=2.



To avoid kinetic energy increase in the stagnatégions, a limiter (Eq. (10)) to the productionnteis introduced
into the equations.

P = min(R,, ¢, &) (10)
with C;,£=10.

2.1.5. Chemical species conservation

A conservation equation is required for all the poments presents at the chemical reaction, exaapthke
nitrogen. In this way, assuming a Lewis number .6f bne obtains the following conservation equatibithe a —th
chemical species, Eq.(11):

02 (oT,)+v2 (o) = [[[pmg;] ]+R, (1)

where D is the mass diffusivity S¢ is the Schmidt numberf_a is the average mass fraction of thre-th chemical

species of the mixture, an@ is the average volumetric rate of the formatiordestruction of thea —th chemical
species. This term is computed as the summaticall ofolumetric rates of formation or destructionalt chemical
reactionsk in which a is presentR, , . The source term is directly related to the reactateR,., Eq. (12).

E ZWGZI?(U;* _/7;1,k) R« (12)

wherer,, andz,, are the backward and the forward stoichiometrigffacient of the o -th chemical species that are
present in thek -reactions.

2.1.6. Reaction rate models

The finite rate chemistry model is based on thehd&nius law, where he average reaction rate is leabziiby the
Eq. (13)

{ATE é RT I_L [@ Vak _ AT LRT] Jl\i [aﬂm,k] (13)

WhereRT‘k is the progress rate of the reactikinof the a —th chemical species;, is the activation energyf3 is the
dimensionless exponent of the temperature, Apds the pre-exponential factor that follow dimemsi@onsistent with
the unities ofR,,, ¥, is the exponent of ther—th chemical species into the reactiéh and [a] is the molar

concentration of the component, where the subscript of, , identifies the direction of the reaction (") resas-

products and (") products-reactants.

The Eddy Breakup model is based in the concepthigathemical reaction is fast compared to the oterkinetic.
When the reactants mix in the molecular scalenimaediately form products. In turbulent flows thisacacteristic time
is determined by the properties of the turbulenicstires (eddies). The mixing time between the comepts of the
flow is proportional to the relation between kinetnergyk and the kinetic energy dissipati@h, Wilcox (2002). As a
result the reaction rate is proportional to thesiise of this relation, Eq. (14) and Eq. (15).

R, = AEmin([.i]] (14)

”a,k
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Where in the equationA and B are dimensionless empirical coefficients. In thelfEBreakup model (EBU) it's
chosen the smallest reaction rate calculated. kEquét5) the limited rate of the products and it used in multiple
steps reactions. It's widely employed in combustsimulation a model coupling the reaction rate walion by the
Arrhenius and the EBU model. However, in agreemétit past works and validations, the simplified ralsdachieved
good representation of the physical phenomenarrfeaieling the chemical reaction in the present mnobik’'s used the
results of two reactions, Eq. (16) and Eq. (17).

CH, +1,50, - CQ,+ 2H,0 (16)
CO+0,5Q, ~ CQ 17)
The parameters used into the reactions are giveraby1.

Table 1 — Adopted parameters for the reactionagaleulation.

Reaction A E B Ven, x Yo, k Yeo, Vh,0M Yeok
1 15(%) 12540((\%“00 0 -0.3 1.3 1 2 -
2 1014.5(%10|075m455) 16720(‘(‘%“)') 0 - 0.25 1 - 1

The dimensions of the pre-exponential factor shagjcke to gelRTyI< in (m%) and the orders of the reactign

give the result of the difference betweey of the two reactions. For the value of the dimenkss empirical
coefficientsA andB of the EBU it is used the values 4 and 0.5, (Rlllen, 1997).
3. Problem presentation

3.1. Chamber geometry

Figure 1 shows the case studied is a cylindricalmdter with fuel injection, CH(methane), and oxidizer,
atmospheric air (22% D78% Ny), in the form of coaxial jets in the center of amfahe extremes of the chamber. The
chamber dimensions agree with Garréton and Sim@#®ia5s), da Silva et al. (2004), Magel et al. (1986) Nieckele
et al. (2001).
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Figure 1. Combustion chamber geometry

The conditions for the oxidizer injection are 361885, in the temperature of 323.15 K and the fuéh & velocity
of 6.71 m/s with the temperature of 313.15 K. Timbalence intensity is given by the oxidizer witto 6salue with
turbulent length of 0.04 m, for the fuel the tudmi intensity is 1% and the turbulent length is300. With these
conditions and for atmospheric air with density 21.kg/m3 and methane 0.649 kg/ms3, the chamber dpselo
approximately 400 kW of power. The mass flows afd.25 kg/s and 0.186 kg/s for the air, in agreemaittt Garréton
e Simonin (1995). The wall boundary condition iequribed temperature, 393 K.



The study case is a god case because it's the ggoemaployed by almost all burners in the industiis also
possible to obtain information for bigger systeragieying furnaces, rotatory dryers, incineratorsas) generators.

3.2 Domain discretisation

The domain is divided in tetahedrical volumes, ihrad section, this is done for validation of thedel with others
works that use the same revolution, but with 2Drapimations in structured grids. The grid in theger is formed by
30 divisions in the radial direction, 60 in theabdirection and in the revolution it's developedral independence test
to define the number to be used in the work. Aesalt of the grid independence test it was achigliedminimum
element number of 53280, with 30 elements in tliéatalirection, 60 in the axial direction and 6tive revolution. The
grid with the same parameters, except to 4 elemarttse revolution, a total of 35520, present goesllts only with
very well defined initial value field. The refinadesh, 6 elements in the revolution does not shaulte that can
justify the bigger computational effort, summing386 elements with a refinement near the wall ofrb of thickness
and 4 elements in this layer.

(@) (b) (©)
Figure 2. Meshes tested a) 4 elements in the réwnlb) 6 elements in the revolution and c) 6 elata plus
refinement.

4. Results

To validate the results in the simulations withtenstured tetahedrical mesh, with the combustioml@® used and
k — & turbulence model; It's necessary to compare sinsé@es developed in the bibliography. The tempeedteld
and temperature profiles in the chamber are usegassmmeter comparing with data from Nieckele et(2001),
Garréton and Simonin (1995) e da Silva et al. (200#e analysis of the data from Nieckele et aQ00@® shows a
difference between the temperature fields in thedber, Fig. 3.
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(@) (b)
Figure 3. Temperature field a) Nieckele et al.O{P0and b) Present work.

Observing the two results it's possible to affirrat there’s a small difference near the chamberl amd the
temperatures are higher in the present work thaghie et al. (2001), showing higher values neaotitlet.

It's also used to compare the experimental remflSarréton and Simonin (1995) and Magel et al9@)9in the
length 0.31 m and 0.91 m, for the temperature iligion along to the radial direction. Figure 4pwels results with
wall boundary condition in the temperature of 393aKcording to the experiment of Garréton e Sim¢gh895). Goods
results are presented between the present wortharmther results presents in this figure.
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Figure 4. Temperature profile at the length 0.31 m.

Figure 5 shows temperature profile along the raditu8.91 m from the entrance. One can observetlieagases
temperature distribution presents a good agreemithtthe results obtained by Garréton and Simo&®B6), and by
Magel et al. (1996).
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Figure 5 — Temperature profile for length 0.91 (m).

Two turbulence models are used, for a performagstevthen the chamber has an adiabatic wall. Thed#ference
in the carbon monoxide concentration field betwgensimulations with usinkk —& and K — & turbulence model,
Fig. 6. One can see that there are differencesdegtihe results of the Figs. 6-a and 6-b, thisdifice is due to the
different way the models calculate the turbulestwsity, which will influence directly the genematiof turbulence in

the flow. With higher turbulence, there will be hag reaction rate. However, the range of the vafumonoxide of
carbon presented is practically the same

0.0000 0.0050 0.0101 0.0151 0.0202 0.0000 |0‘0053 l0.01(}6 7.0158 0.0211
I | ;

(a) (b)
Figure 6 — CO mass fraction in the chamberk(a)¢ ; (b)k — . .

Figure 7 shows temperature fields for the two msdéist one usingk — & and the second one usirg— G
turbulence model. The same characteristics areptes between the results. Here a little differéadeo presented to
the higher temperature arrived to the gases, toséiime reason above mentioned.

For example of reaction rate model, it's presetibedresult of the same chamber when it's not walled the flow

region of low Da (Da <<1), Fig.8, in others words calculating the reactiate mostly as a result of the components
mixing, and not to the chemical kinetics. da Siteal. (2004) do something similar to it using @RS model. The
difference presented between the results, mairdgecto the walls, occurs because in da Silva et(2004) was
considered that the chamber had isolated walls.



Figure 8. Temperature fields for: () EBU - preseatk; (b) SCRS - da Silva et al.(2004).

The important analysis is not the quantitative galbut the reaction visualization only in the simeashear layer
and the high temperature zone. In the centrahgtefs low mixing and also the temperature is sendhan the zone
near the end of the chamber.

5. Conclusions

Even with small difference in the temperature figlsl possible to observe that the reaction ratelehds not well
set to simulate the case, the main reason ofthasthe reaction rate parameters were not chaagaduch as they
could be thanks to numerical convergence problérhe. model shows good performance in the beginninthe®
chamber, but at the end of the chamber, the mddels higher temperatures than the experimental dageod step
to continue the work is to show reaction parametensation reaching numerical convergence and gplygksical
results.

The two turbulence models used showed differendbarreaction products and temperature field feratiabatic
case, this difference is due to the different wlag models calculate the turbulent viscosity, whigh influence
directly the generation of turbulence in the flalith higher turbulence, there will be higher reaotrate.

A good reaction rate choice and parameters defimitan avoid wrong reaction simulations as showth thie EBU
and SCRS reaction rate models, which don’t showdgesults for this chamber.
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