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Effect of Swirl on Gas-Fired Combustion Behavior

In a 3-D Rectangular Combustion Chamber

Man Young Kin

Abstract—The objective of this work is to investigate thetypical CFD code adopts a fast-chemistry combustiodel to

turbulent reacting flow in a three dimensional castor with
emphasis on the effect of inlet swirl flow through numerical
simulation. Flow field is analyzed using the SIMPirethod which is
known as stable as well as accurate in the contustiodeling, and
the finite volume method is adopted in solving thdiative transfer
equation. In this work, the thermal and flow chéeastics in a three
dimensional combustor by changing parameters ssamaivalence
ratio and inlet swirl angle have investigated. As equivalence ratio
increases, which means that more fuel is suppliedtd a larger inlet
fuel velocity, the flame temperature increases #rel location of
maximum temperature has moved towards downstraatiel mean
while, the existence of inlet swirl velocity makéise fuel and
combustion air more completely mixed and burnthors distance.
Therefore, the locations of the maximum reactide end temperature
were shifted to forward direction compared with tlase of no swirl.
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|. INTRODUCTION

URING the past few decades, the calculation ofutlent

combusting flows has received considerable attertio
meet the future regulation of NOx and@ emission. As a
consequence of the growth in the related
considerable progress has been made in understariién
various calculation procedures and the NOx fornmatmd
removal. Emissions from conventional combustor sash
boiler, gas turbine, and pulverized coal combustoosvever,
requires a more fundamental analyses and has lednto
increased demand for numerical predictions in tigrdtu
reacting flow [1]. Despite the continued developitsenf
empirical and theoretical analyses for combusterhhology
in various combustion cambers, the challenge whiehgineer
faces today to ingenuity in combustor design isagnethan
ever before due mainly to the environmental reguiatas well
as energy conservation and higher efficiency [2].

If is widely known that oxides of nitrogen (NOx¥hich is
formed via chemical reactions between oxygen in aaid
nitrogen in fuel as well as in air, account for dagiain,
photochemical smog, and about 50% of the strategpbeone
depletion, and exerting direct impacts on healtiridNoxide
formation in turbulent flame, however, is compleschuse of
its strong dependence on such various factors raslyaemic
strain [3], radiative cooling, superequilibrium aan
chemistry [4] and prompt NO chemistry [5]. Therefora
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predict turbulent gaseous flames and the Zeldo¥icietic
mechanism, with some equilibrium hypothesis, to ehod
thermal NO formation. Despite to these simplifying
assumptions, reasonable results for global NO @éonishave
been reported, in many different situations whéoev ffield
mainly influences combustion, with suitable consatien of
the interaction between turbulence and pollutanetics.

The objective of this work is to find the effectimlet swirl in
a three-dimensional gas-fired combustion chambesing the
numerical methods with finite-volume radiation. Thall be a
cornerstone work for future application to modelirog
combustion-generated pollutant such as NO in atipedc
engineering combustor. The following sections descthe
methodology and models adopted and present varesusts.
Finally, some concluding remarks are addresseditoptete

‘this work.

Il. MATHEMATICAL MODELS

A. The Mean Flow Equations

For gas-fueled flames, the local values of velgatythalpy
and concentration of chemical species can be repied by the

literaturéollowing expressions :
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where pr. is Prandtl number ang represents the specific
enthalpy defined as

h= zkjykhk = Zk:yk j:/ C,.(T)dT )
Note that Eq. (3) contains two different sourcenerdue to
chemical reaction and radiation. He;tez,% is the source term
due to combustion, while-n * represents the radiation

source term.
Chemical Species
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i( ) o (Hy oY, i ( Finally, to seek mean reaction rae in the species equation

ox, V! Sc; Ox; '

where Y. and @ denote the mass fraction and rate Ofddy-break up congept of Magnussgp and Hijertageis(7
S g _ R ollowed here. In this model, the mixing-controlledte of

production of species, respectively. For simplicityPr; and  reaction is related to the density, turbulent tenale /¢ , and

(5) due to gaseous combustion must be determirtes, t

Sc; are taken to be 0.9 here. the chemical species mass fraction, and the reaciie of fuel
B. The Turbulence Model @, is taken as the smallest of the turbulent disgipattes of
The approach to the turbulence models commonly émed fuel, oxygen and products :

i i -ed . £ .
turbulent reacting flows is a form of the two-eqaatmodel @, =—P;A53u mm[yﬁl,y /s:Besu Y, /(1 +S)J (16)

introduced by Launder and Spalding [6]. The modgbives _ - _ _
two turbulent transport properties, turbulent kinetnergyxy ~ Wheres is the stoichiometric oxygen/fuel ratio, and,  and

and its dissipation rate , where the values of which are g, are the empirical proportionality constants, take and

obtained from the following transport equations : 0.5, respectively, in this study.

Turbulent Kinetic Energy The remaining reaction rates are relateg,tq via following

i( ].k) :i[’u_ffﬂ] +G, - pe (6) expression based on a single step reaction, such as

ox,; ox; 0, 0x; @y, =y, [s=-a), [(1+s) (17)

Dissipation Rate of the Turbulent Kinetic Energy ) )

5 o (1 a . D. The Thermodynamic Properties
a—(pujs) =a—[7ﬁa—€] +C1%Gk —Czp% (7) The density of mixtures of air, fuel and the contlmms
%i i\ G O products can be represented by the following eqnaif state :
where G, represents the rate of production of turbulent tkine B P (18)
energy defined as P= RTY Y, /W,
j
G, =it [Z_”+%Jgi (8) whereR is the universal gas constant. The specific héat o
Yo 0% )0 mixture is obtained from

The turbulent (or eddy) viscosity is determined by Cpox =2YC,, (29)

t =C,pk’[e ) i
The assumptions involved in these equations haven bewhere, 20
extensively discussed by Launder and Spalding\[@lues of Cy =a; +b,T (20)
empirical constants used in these transport equamtire is the specific heat of each speciesTo obtain temperature
assigned the following values : from given specific enthalpy and species massitmst Eq. (4)

C,=144,C,=1.92,C,=0.09,0,=13,0, =10 (10) is expanded into second-order polynomial for terapee,

] ) which is then calculated by using the root formula.
C. The Global Combustion Chemistry

In this work, as a specific example, combustiomethane E. The Radiative Heat Transfq o -
with air in the idealized irreversible one stegdamsidered as: ~ The source term due to radiation in enthalpy equas the

CH, +V,(0, + 1NN, )~ Ve,CO, +V,0H,O + VNN, + H, (11) divergence of the radiative heat flux [8]
where /1 is the heat of combustion which must be specified ~0&" =«, (47le —LnldQ)
from a knowledge of the fuel. Although five chentispecies The absorption coefficient is modeled following terk of
are involved such as fuel (GHoxygen, carbon dioxide, water Khalil et al. [11] as«, =0.2Y,, +0.1Y,, , while the scattering is

vapor and nitrogen, only three different equatidos fuel, neglected. The radiative intensity can be obtamedsing the
oxygen, and products (G&H;0) are solved. COand HO finjte volume method for radiation [9,10]
mass fractions are obtained from the following bige&

expressions ll.  SOLUTION PROCEDURE
Yeo, = Veo, Vi (12) The general form of the governing transport equatitor

Yio = (1= Vo, )Y, (13)  turbulent reacting flows above mentioned can bétewias the
following form :

(21)

where,

Veo, :VCOZWCOZ/(VCOZWCOZ +VHZOWHZO) (14) %(pu]@ :%[ ngwj+sw (22)
and remaining mass fraction of,Ns obtained from the o / ! _ _
condition that the sum of mass fractions is unity : where ¢ is the dependent variables representing , w , 1,

Y, :1_(qu Y, +Yeo, +YH20) (15) andy,. T, ands, are the diffusion coefficients and source

terms for eacly, respectively, as shown in Table 1. These
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TABLE |
VARIABLES AND SOURCETERMS APPEARING INEQ. (22)
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Fig. 1 Schematics of the problem : three-dimendioambustion
chamber (left), inlet plane (right)

governing equations are expressed in the finiteudihce form
and solved by using collocated grid system follayihe work
of Cho [12]. Cho [12] examined such various proldeas
three-dimensional lid-driven cavity, square andular curved
duct, circular to rectangular transition duct, amdgnetic
flowmeter by using the code named CMJ3D, which
employed in this study to find turbulent interndbw in

combustion chamber. More detailed information asewssed
in Cho [12].
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Fig. 2 Contour plots fold =0.8 at center plane without swirl

=5 ]

! mu zuu xm -mn nn mu 0

Level 1 2
@, 01 020104

@b ‘

Level
mun 1200 |4m mun mw unu 210 | 50 22 uu zsu

2 2\ 3 5 o 7
=! = 5
1

|a|xxx

‘ @ |

Lev 1 2 3 4 5 6
G 0.04 006 008 01 012 014

of T =3 2

—1

Level 1 2 3

Yo 004 005 0.06 007 oox m}s om 01| mz

:

%«Q

combusting air tubes as illustrated in Fig. 1,fireed quantities
according to each working gas entered. In the watlsslip for
momentum, wall function for turbulence, adiabaticergy
balance for enthalpy, and Neumann conditions feendhbal
species are adopted, respectively. In the exiteplarhich is
located fully downstream not to affect the interflalv, the
mean flux is adjusted to ensure overall continuity,usually
adopted in SIMPLE method. All other quantities udihg &,

radiative intensity. The inflow and exit planes astlack walls

kept atT, ,

CH, '

respectively, not to disturb internal radiationdie

IV. RESULTS ANDDISCUSSION

Fig. 1 illustrates the schematic of the three-dishamal
combustion chamber adopted in this work. The charhbs a
e, h andY; are treated as Neumann condition with zerqwlwa fuel tube enveloped in th(euzxwz) outer air tube,

gradient. Special care should be taken in the tation of the poth are centered axially in (a8x18) cnt” wide by 1524 m
long test section. The velocity of combustion aivith

and 300 K for air, fuel tubes and exit plane,
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T, =600K is 15m/s while the velocity of fuel kept at

T. =300 K varies as4.411y . m/s according to the egivalence \N
fu. . . air . ) . ) /7 /
ratio, wherey,  is the inlet air velocity. The fuel used in this F\\l

case is gaseous GHA grid system iS(NxxNnyz):

. Fig. 7 The velocity vector plots on various crosst®ns for the case
(35%19x19) and (NHXN¢): (4x8) for spatial and angular of swirling angle of3g’ with 4 =038
domain, respectively.
Fig. 2 presents the velocity vectors and contdotsgor the

. = case of) =0.8 without swirl at; =¢ plane (A-A plane in Fig.
o o5 1). The turbulent kinetic energy and dissipatiore raf

L turbulent kinetic energy are similar to those over
backward-facing step. It is seen that maximum feadatate is
formed in the region where turbulent quantitiesraocge active,
and high temperature is found in the central zdie mass
i o fraction of fuel, oxidizer, Cg and HO is also shown in Fig. 3.
;o The mass fraction of fuel indicates that react®adtive near
the inlet and most of the fuel is consumed, wherang is
intense due to abrupt expansion and resulting higbulent
guantities. The oxidizer is consumed as the reagiogresses,
and has a minimum value behind where the maximuactien
rate occurs. The contour of the products massidracire
similar to that of temperature. Fig. 3 shows thewfland
combustion quantities at=0.33 m plane (B-B plane in Fig.
et @ 1). Note that all the quantities are similar togh@ center A-A

plane.
Figs. 4 and 5 indicate, ¢, @y T Yoo Yoo Yoo, and

Level

=

Y, at different two axial locations oj:xo/z and x =y,

planes. It is seen that while the flow is not fullgveloped and
i reaction is in progress ig:xo/z plane, the flow is developed

and reaction terminated, therefore unburned oxygew
combustion products exits the combustor.

The effect of equivalence ratio is examined byyway the
inlet fuel velocity U, with a fixed inlet air velocity of

10105

u,, =15m/s. Fig. 6 depicts the variation of the reaction mafte

fuel, temperature and GOnass fraction at the centerline. As
the equivalence ratio changes from 0.6 to 0.9, tatpre and
CO, mass fraction increases slowly but reaches highlere at
the exit, although reaction is not changed sigaifity.

In most of the industrial combustor such as gdsirte and
pulverized coal combustor, there often exists smgrlair to
hence the mixing between the fuel and combustionaad
stabilize the flame. Fig. 7 shows velocity vectatsvarious
‘ axial locations when the swirling angle of combastair at the
inlet tube is 30 with respect to the axial axis. As expected, the
tangential velocity vanishes as the flow moves dsiveam.
Because of swirling air, more intense mixing isrfdas shown
in Fig. 8 compared with the case of no swirl ing=ig and 3.
Also, reaction occurs near the inlet and the flameves
upstream. It is also seen that most of the fuetossumed
upstream due to the swirling velocity, and the paid are
formed near the inlet. More intense mixing is asand in

Fig. 6 Effect of equivalence ratio on reaction ratel temperature for ;- 033m (B-B) plane as shown in Fig. 9. Unlike teater
the case of without swirl

Fig. 5 Contour plots ford =0.8 at exit plane without swirl
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Fig. 8 Contour plots ford =0.8 at center (z=0) plane with swirl angle
of 30 degree
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Fig. 9 Contour plots for} =(0.8 at z=0.033mplane with swirl angle
of 30 degree

A-A plane, however, distortion in contours is olveer due to
swirling air. Figs. 10 and 11 show the flow and Gwstion
variables obtained at both= x,/2 and x = x, planes.

The reaction rate of fuel, temperature and, @@ss fraction
at the centerline are compared at various swidimgjes in Fig.
12. As the swirling angle increases from 0 4 , i.e.,
tangential velocity of combustion air increasesrfi@to 15m/s,
the reaction rate of fuel moves upstream, as ipéeature and
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Fig. 10 Contour plots ford =0.8 at x =x,/2 plane with swirl angle
of 30 degree

hnes el

Fig. 11 Contour plots fop =0.8 at exit (x = x,) plane with swirl
angle of 30 degree

CO, mass fraction. Fig. 13 shows variation of reactiate of
fuel, temperature and GQnass fraction at the centerline, in
both cases of with and without radiation. Howeweis found
that there is only small difference between twesaggardless
of the equvalence ratio. Therefore, it is conclutteat thermal
radiation does not plat a significent role in tle@mbustion
chamber.

V. CONCLUSION

In this work, numerical analysis has been carrietl to
investigate  the  combustion  characteristics in a
three-dimensional combustion chamber. The applied
mathematical models for prediction of velocitiestbulence
guantities, enthalpy and chemical species condénira
involved have been described and discussed in detabulent
combustion has been modeled by using the eddy-bupak
model, while in modeling the radiative heat transfe
finite-volume method for radiation has been used. the
equivalence ratio increases, which means that rioek is
supplied due to a larger inlet fuel velocity, th&anie
temperature increases and the location of maximum
temperature has moved towards downstream. In thenme
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while, the existence of inlet swirling air velocityakes the fuel
and combustion air more completely mixed and burrghort

distance. Therefore, the locations of the maximeattion rate
and temperature were shifted to forward directiompared
with the case of no swirl. It is also found thatriimal radiation
has only a minor effect on combustion charactessin this

type of combustor, although it slightly lower théarhe

temperature.
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Fig. 12 Effect of swirl angle on reaction rate and
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Fig. 13 Effect of equivalence ratio on reactiorerahd T

It is expected that the approaches adopted imibik can be
applied to the investigation of turbulent combustilo practical

combustors with the formation of combustion-gerestat

pollutants such as NO and CO.
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