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ABSTRACT

This paper presents a three dimensional numerical simulation of premixed rreithéoe swirl stabilized
flames. The computational domaimas a simple geometry describing a LBS (low swirl burner) with 50mm of
nozzle diame e r . RANS 1%t anmodlaerl durbatencecouplesl twithpartially premixed combustion
modelare used. The purpose is to show #pplicability imits and their capacities to predict governing flame
parameterdy varyingswirl intensity andCH4 mass fraction dhe inlet, whichshows the optimum operating area
of the burner in terms oflenerated energy and flame stability with a particutderestto thermal NG
apparitions.This work is compared and validated with experimental and LES numerical simulation works
available in the literatureResults &fered good similarity for all flamestudied parametersSwirl number was
varied from 0.5 to 1.0 tensure a wide operating range of the burner. From S=0.6, we observeas#ieof
recirculation zoneswhile for the inert flow the appearance of recirculation zones was observeddf@& SH4
equivalence ratiovas increased from 0.6 to 1.4hat showed apparition of zones witimportant NOx mass
fraction due to the existencezdneswitth i gh t emper ature. Otherwise, the
recirculation zones apparitions whemained absent for all caség:tual investigation works téind equilibrium
between the maximum of generated temperature and the minimum»oéiiSsions forswirled burners.Used

mo d el s h a v appliabilityslimits wesudts were clear and precise and effiea significantly gain in
computingtime andmeans.

Keywords: Turbulence Premixed combustionMethaneair; Recirculation zaes, Flame stability Pollutants
swirl.

NOMENCLATURE

C mean reaction progress variable S swirl number
D burner nozzle diameter Sch  turbulent Schmidt number
Dn hydraulic diameter Sch  Schmidt number
HSB  high swirlburner Sc  reaction progress source term
I turbulent intensity Vax axial velocity
LSB  low swirl burner Vrad radial velocity
PDF  probability density function Vs swirl velocity
Pr Prandtl number Vo initial velocity
Re Reynolds number

a equivalence ration of CH4

1. INTRODUCTION of applications irmodern devices suchgss turbines,

industrial burners and several types of combustion
The premixed swirling flames have a very wide range Process.

flow
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Swirl burners bring an importatgchniqueo stabilize  turbulent intensity show increased flame area and
the flame, educe NOx emissions and avoid intrusive enhancement of the laminar flame speed.

methods disturbing flow field. JohnsonaM.R. et al (2005) developed a study where

In the beginning, this method generatethrge zone  they compares flow fields andurnersemissiors to

of recirculation yortex) where ittraps hotcombustion  high swirl number of HSB and LSBhey concluded
products who continuously ignites fresh mixtures, tha the two configurations have similar operating
thus increase zones of high temperatureluding ranges and the flow generated by the LSB is devoid of
most important of NOxapparitions. Tie flame wa a large dominant strong recirculation zone contrary to
stabilized close © the nozzle burner wallsvhat HSB kind. Huang, Y. and V. Yang (2005have
generates a premature degradatioh the burner  undertaken a numerical simulation of swirl effect on
structure This case was called high swirl burner combustion dynamics in lean prexed swirl
(HSB).Currently, the challengeof scientist is to  stabilized combustion where théyund that the inlet
minimize apparition of recirculation zoneswhile swirl number increases with upstream displacement of
keeping advantages of swidtabilization methods. the central recirculation zone and higher swirl number
That directed research&zsdevelopburnes with same  resulting in an increase of the turbulence intensfty
operating conditionsby reducing swirl factor and flame speed.Cheng, T.S.et al (2006) examined
changing several parameters; burner geometry, reducenultipoint measurements of flame emission spectra
diameter of the annular space including swahes, using two Cassegraimirrors and two spectrometers,
find the optimum of swirl intensity, propose thest they used results to obtain the correlation of the
suitable equivalent ratio and many oth&Fshniques intensity ratios to the equivalence ratio in the laminar
This case is called low swirl burner (LSB). flames. Bell, J.B. et al (2007) studied a numerical
simulation of Lewis number effect of lean premixed
turbulent fames where theyghowed that the local
burning rate for methane flames is more insensitive to
the flame curvature.

Actual study is interested by flame behawaorording
to swirl intensity and CH4 equivalence rati
increasing.

Flow field, thermal fieldand NO apparition are Pfadler, ®t al (2007) studied experi
. . , perimentally the
analyzed using commercial COBNSYS Fluent 14.5 turbulent  flux in turbulent premixed swirl flames.

Wi tl' h tRQNt'SII '%t a_m(;i a tddltt et : T &&in, Jt.,é{ %N{z‘bdsﬁ&é%ﬁed a LE®umerical
couri)lngt_ 0 I\E;Ilr:?ly remixe |'n:10 ? 0 re?h simulation of a fuel in lean premixed turbulent
comboustion. 0dels — are —appiie 0 a ree swirling flame in the configuration of durner

g/lmtenssonal geometry_ tan? fga\é]elH‘slmtab_le lresults experimentally studied where thpyoposed that some
c:_r exeisd\_/v%re rr:onetz;](ls enl f'orld/v equwg_encte models improvements will need to be considered.
ratios studied,when thermal fieldwere according to Nogenmyr, K.J.et al (2009) proposed an LES

this increase. However, for swirl intensity study, the numerical simulation aboutCheng, R.K. (1995)

appearance of recircul_ation zones is opserved from 6configuration burner for the turbulent premixed
= 0.6, whereas, for inert cases, their appearance

Fnethaneair fi lish here th
starting to S = 0.9, this compromise between CH4 ethaneair flames and published a study where they

. . . ; changed the calculation source term in thegBation
equivalence ration and swirl intensity allowed us to combustion model and compared it WiEFC model
undertake this study.

and his own experiencesheyfound that the GES
Several works are interested byw swirl burnersto ~ model properly reproduces the thin reaction zone
decrease pollutants apparitirstabilize flame front ~ behavior and theEES predicts a thicker fuel
create ad to create databasalidation for different ~ consumption zone andess degreeof wrinkling
existing models. Littlejohn, D. et al (2010) studied LSB comportment
o ) with adding hydrogerPetersson, Ret al (2012)have
At the beginninglow swirl burner technologytart_ed developed an experimental study about high speed
with Cheng, R.K. (1995). Heproposed aow-swirl measurements using PIV and OH PLIF and they
flame _stablllzatlon _me_thod in 1991 to study the analyzed flame models for of a LSB burndheir
dynamic and chaotic interactions between tunule regyits showed that vortices in the outer flame region

flow and premixed combustion. The results showed create docal flow reversal flow and thus contribute to
significant pollutants emissions reduction (thermal jmprove largescale mixing of reactants.

NO) and a new flame stabilization meth&lirrently,
several scientist works in this axis; PlessinggefTal
(2000) have developed an experimental study where 2. NUMERICAL SIMULATION AND

they interested to measure the turbulent burning MATHEMATICAL

velocity and the structure of premixed flames on a FORMULATION

LSB using PIV. They found that LSB allws

stabilization of planar flames without heat losses or Reactive flows are governed by fluid mechanics
boundary effectsBell, J.B. et al (2002), studied the equations  coupled with those of aero
behavior of a premixed turbulent methane flarime  thermochemistry. According to sed models,
three dimensions using numericsimulation at low  following averaged equations are needed to resolve
Mach number, thejound that the variatiofevels of  studied phenomena accordingAdISYS Fluent 14.5
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(2012) guide theory. Model constants are:
Mass conservation equation C181.44,G81.92,G=0. 091 . &1.3. 0

(ry) Partially premixed model is a form of premixed
H X 9(1) flames model with nomniform fueloxidizer

J mixtures. We used Zimont model for calculating
Momentum equation turbulentfla}me speed (Zimont, V2090;ijont, Vet
al 1998; Zimont, V.L. and A.N. Limtnikov 1993,

U R W5 - TFC model for pemixedflame and &DF (Pope S.B.
—(ruy)=—= +— 4f —1 Fy )| 2 (1985) for turbulence chemistry coupling who
HX; i B

! % 1 calculates a progress variable ¢ considering the 13
Energyequation chem!cal spepiesin chemical .quilib.rium The

chemical species transport equation is given by:

W, . pé&P 6 pd yo o — ®) 5 <
U. = g 19! 0

g wer OnE Y &(ré)+ " 7o :%@ ey st (10

¢ =

State equation
With:

_ = Y (4
p=rRTQ V_\l( ) ¢ = 0; unburned mixture.

. . . . ¢ = 1; burned mixture.
Conservation equation of chemical species

Using thermal NO model, additional equasoare

nrY) . 1MyY) M) iy (5) injected into the equation ofthemical species
it K X K conservation and the thermal NO formation is
determined by a series of chemical reactissch
K _ H(Y,) (6) depend strongly on the temperature which is known as
Jp= 7D U the Zeldovich mechanism (Flower, W.&t al (1975),

! Blauvens, Jet al (1977), Monat, J.Ret al(1979)).

RANS StanBatdrbul ence mofu&lyatidnd .

. . e%®quations dt tHes{sterh are reduced as follows:
B.E. and D.B. Spalding1972)) is based on two J‘ 95
equations, it can determine the length of turbulenceO+ N, = N +NO
and the time scale independently by solving two N+0O, = O +NO

transport equations. N+OH— H +NO

(11)

It is based on models of transport equations for the

turbulence kinetic energy 3 oasGEOMEBTRY ANDVALIDAT$SONp at i on rate
( )UThe transport model equation is derived from the

exact equation, while the model transport equation foroptained results are validated with experiments and
U is obtained using phys|malmeflcs &ithGidtidrdatd of K.-J. Nogenmyr

Transport equati on fromer e @y ah(@0@9) @hichis anly shg improving @f the
burner structure proposed BpbertCheng (1995).

Bop o by o m Ok
Lﬂ(r)T( i) XP?; " L

+Gk "q) - r\q\/""sk(?)

In addition

I oy e B_m 8
TRRAS AN S Fi

Cul(G ) Go T SO

The eddy viscosity isbtainedboy combi ni ng 9

by: Fig. 1.LSB burner configuration.
- c k_2 ) Figure 1 showsthe LSB structure of the burner
= ma proposed byCheng, R.K. (1995).The inclination
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angle of swirler valesU  d e $wiirlnitensity S
represated by the tangential velocityh& perforated
platerepresentshe adjustment of the positiai walls
where the mixture of methasadr is injected.

Tangential outlet —\‘

\\
/ o \
A \ Y \
Air inlet A \‘\ \ \
.r \\ ‘x
Fuel air swirled n \| \| "
|
(Swirler van D=50mm) l \ \/‘ ! “ |
\ / / J
Fuel air axial \‘.‘ . / Axial outlet
\\‘ f /
Radial distance i Length L=300mm

Axial distance Ax=20mm
Fig. 2. Computational domain configuration.

Figure 2 shows theomputational domain3p). The

geometry of the volume is simple and open to

atmaspheric presure. he flame is stabilized by a
swirl, the burnerconsists of a nozzle D = 50mm

for different nodes number; the numerical simulation
began with 83700 nodes thet209000, 1570000,
1950000 and finally 3400000 nodes.

Axial temperature profiles for differemodes number
areshown in the following figure:

1750

1500 +

(
i
N
a
(=]
1

—O— 837000 nodes
—O— 1,209000 nodes
—4— 1,570000 nodes
—— 1,950000 nodes
—<O>— 3,400000 nodes

Temperature T(K)

T T T T
0,10 0,15 0,20 0,25
axial distance X(m)

Fig. 4. Temperature profiles along the axis X for
different nodes numbers of mesh.

T
0,05 0,3(

Figure4 shows an independence of the solution from
1950000 nodes justifying our choicef this

diameter divided into two parts, axial perforated plate configuration.

of 30mmdiameterwhere the flow is purely axial and 5 5
an annular space which forms the valve swirler of

20mm diameter with co-current flow of air

surrounding this nozzle.
3.1 Mesh andGrid Refinement

Adopted mesh s structured no unifornrefined in
zoneswith important gradient of velocity, temperature
and turbulenceso it was refined near the nozzle in the
axial and radial distance.

Fig. 3. Overall view of the mesh structure for the
radial and axial sections.

Figure 3 shows the refinementf the mesh grid near

Boundary and Operating Conditions

The flow is considered permanent andompressible
Using ANSYS Fluent 14.5, we employed the
PressreBased saler (Chorin, A.J. 1968) which is

an algorithm that belongs to a general class of
mehods called projection method an8IMPLEC
scheme (proposed by Vandoormaal, J.P and G.D.
Raithby 1984) with second order solver algorithms
pressure based availablesassolated algorithm.

Table 1 Operating conditions

Solver Pressure based
Operating pressure 1 ATM
Equi val ences | 060811214
Swirl number S 0'5'%'%01'50'8'
Inlet temperature T 300°K
Swirl number S ~0.5
Reynolds Re 11400
Inlet velocity Vo ~5m/s
Turbulent Schmidt 0.5
PrandtlPr 0.85
PDF Schmidt number 0.85

Table 1 summarizes the parameters used for this
study. Actual work is composed of two parts; @le4
equivalence ratieffect (varied from 0.6 to 1.4) and
swirl intensity effect (varied from 0.5 to 1.Qhe flow

the nozzle in the axial and radial distance. The of methaneair mixture passes through two separate

refinementcoincides with zones of high ity and
temperature gradient.e8eral cases were simulated
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parts, the perforated plate and the annular swirled
space, both constitute the structure of the burner
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nozzle,two boundary conditions have been fixed;

1. Methane- air in the axial perforated plate

through from this section.

5. Tangentiabutletof the computationadomain

This section is situated in the axial part of the nozzle, This area borders theomputing domain radially and
where a purely axial velocity of premixed methaie
is posed to reduce overall velocity and turbulence offlame, a symmetry condition was posed.
the flow, different parameters are posed in the

following table:

Table 2Boundary conditions at the axial
perforated plate

Vax | Vrad Vs I Dh
(m/s) | (m/s) | (m/s) | (%) | (mm)
1.785 0 0 12 30

2. Methane- air in the annular swirled space

In this section, the mixture of methaag through an

annular space surrounding the axial perforaitade,

which defines the swirler burner valve with | = 12 %
and Dh =32 mm.

Vs is obtained by:

Vs=Vaxtan &

(12)

In accordance wittCheng, R.K. (1995)Nogenmyr
K.J.et al(2009) andPesenti, B. (2006).

Wher e

variable that does not affect the parameters set in the

U

i s

t he

assumed far therthe perturbations caused by the

For CH4 equivalence ratio effect, tablesummarize
different fuetoxidant compositions in the perforated
plate and the annular swirled space:

Table 4 Mixture composition for CH4 equivalence

ratio effect
CHa Mixture composition
Case Equivalence CH4 02 mass|N2 mass
ratio ¢ mass fraction [fraction
raction

1 0.6 0.0348 | 0.22 |0.7452
2 0.8 0.044 | 0.215 | 0.741
3 1 0.05482 | 0.21 |0.73518
4 1.2 0.065 | 0.205 0.73
5 1.4 0.0754 | 0.20 |0.7246

For swirl intensity study, tablb summarize different
inlets velocities imposed at the annular swirled space:

inclination ngl e the swirler
The vanes can have a constant angle of inclination orTable 5Velocmes dlstrlbutlon at the annular space

numrerical simulation in accordance wi@heng, R.K.

(1995)

The swirl number S is defined by:

S=(2/3)*tan

In  agreement

1-R

B e

851- R? gnf(ll R - ®

with Cheng,

Nogenmyr K.J. et al (2009).

R.K.

(13)

(1995) and

Where R is the ratio between the radiushef central
duct and the radius of the nozzle burner and the m isTemperature profiles along the axis X of the burner
the rate between the mass flow passing through thevere obtained by adjusting several numerical
central plate and the mass flow passing through thesimulation parameterscited and the resuk are

annular swirled space.

3. The air surrounding the burner nozzle

The boundary conditions dhe air were set 20mm
upstream of théurner nozzle sectiorthe different
posed parameters are as following:

Table 3 Boundary conditions (c)
Vax |Vrad | Vs I (%) Dh |02 mass
(mis) [(mis) [(mis) |V |(mm) |fraction
0.3 0 0 0.1 | 125 0.23

4. Axial outletof the computational volume

This part is supposed far than the nozzle and the flow?Ones with high temperature generating significant

991

for swirl intensity stud

Case [Swirl Vax
number S |(m/s) Vs (m/s)

1 S=0.5 3.8 2.85

2 S=0.6 3.525 [3.17

3 S=0.7 3.265 [3.44

4 S=0.8 3.025 [3.66

5 S=0.9 2.825 [3.817

6 S=1.0 2.625 [3.96

3.3 Temperature Profiles Validation

satisfying.

Figure5 shows great similarities between the present
work and Nogenmyr, K.J.et al (2009) data The
position of the flame front on the axial distance and
the maximum of temperature coincide clearly, but its
evolution alonghe axal distance X shows differences
betwea the two numerical simulations. hik is
certainly due to the combustion model.

3.4 Axial Velocity Profiles Validation

Validation of axial velocity profiles is extremely
important. It shows the ability of the wkenodels to
predict the velocity field and capture susceptible areas
containing vortex, whichimplies the appearance of

vanes
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NOx emissions. the distribution of chemical species the flames.
According tothe results available in the literature,
PDF model are among the best choices for its ability
to predict chemical sp@s fields according to
experiences without neglecting turbulence.

1750

1500

[y
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o
L

1000 —X— Actual RANS simulation
@ Exp K,-J, Nogenmyr(2009)
750 —/\— LES Nogenmyr, K,J, et al (2009)

Temperature T(K)

500

T T T T
0,00 0,05 0,10 0,15 0,20
Axial distance X(m)

Fig. 5. Validation of temperature profiles along the
axial distance X.

Figure 6 shows normalized axial velocities (Vax/Vo)
for actual numerical simulation and Nogenmyr, KtJ.

al (2009) data. For sections X/D = 0.2, 0.4 and 0.6,
our results are identical to those of LES simulation
takenas reference, but the maximum valaes lower
than experimental results.

It is noted that for the sections X/D = 0.8, 1 and 1.2,

between R = Om and 0.02m, axial velocities provided Fig. 7. CH4 mass fraction profilesvalidation.

by actual work are overestimated then experimental

data but remains aeptable by comparing them with - The capacity of used models to predict the distribution
the LES simulation of the same reference. Thisof CH4 is shown in Fig.7. Curves show very
overestimation is the results of combustion model satisfying results in different sectionstbéfield.

who neglect endothermic reactions.

4 RESULTS AND DISCUSSION

The aim of this work is to find an optimum between
the CH4 equivalence ratio and the swirl number S.
these variations (CH4 equivalence ratio and swirl
intensty) are interested bffame structure and NOx
apparitions. Parameters governing flames are analyzed
in detail (temperature, velocity and NOX).

4.1 The Study of Thermal Field

Figure 8 showsan abrupt increase of temperature,

which is a characteristioof combustionprocess. Ta

increase of CH4 hasiowlvedthé ence r at |
development oflame fronteven closer to théurner

walls. This may cause prematudegradationof the

burner structure. Also, the principle of low swirl

stabilization is beig questioned (the maintenance of

the burner to the inlet temperature of the reactants).

On the other hand, the increase of CH4 equivalence

ratio (0.6 <0 <1) has involved
reached temperaturg(from 1680K to 2200K)

Whereas forl <G , observeda decrease of the

flame temperature which is due to lack of oxygen in

Fig. 6. Axial velocity profiles validation. the domain

3.5 CHA4 Distribution Profiles Validation

The choice of combustion model is essential to study
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