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Abstract

In this paper the results of experimental and numerical investigations of swirl burner were presented. Mathematical
model for prediction of velocity, temperature and concentration fields of axisymmetrical confined swirl turbulent flame
was developed. Model consists of few mutually coupled segments related to basic processes in turbulent flows with com-
bustion. The original combustion rate model based on the ideal reacting hypothesis within fine structure of turbulence
was applied. The comparison of the experimental results with computation showed satisfactorily agreement between the
model and the experiment. This analysis also showed the importance of the proposed combustion rate model with
simultaneous influence of both chemical kinetics and turbulent effects.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Swirl flows are widely used in various technical de-
vices and technological processes especially in the react-
ing flow, where the existence of recirculation zones leads
into the increase of efficiency of chemical reaction and
stabilization of processes. Due to the permanent increase
in the development of these devices, experimental inves-
tigation and mathematical modeling of swirl turbulent
flow are very important.

For the purpose of computer simulation of gaseous
fuel burners and combustion chambers a mathematical
model and numerical solution procedure, for the predic-
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tion of the turbulent swirl flow with heat and mass trans-
fer for combustion in two-dimensional geometries: plane
and axisymmetrical was developed. In this work the
model was applied to the analysis of swirl combustion
chamber.

The problems of flow and heat transfer in boiler fur-
naces and combustors are of a complex nature, and
hence attention must be focused on the general princi-
ples which govern the behavior of the flow in such com-
plex configurations. According to this the mathematical
model of processes in the combustion chamber consists
of four basic segments: turbulent swirl flow, convective
heat and mass transfer, chemical reactions, radiative
heat transfer.

For validation of the results of mathematical model-
ing two experimental apparatus were completed: for the
ed.



Nomenclature

A constant in algebraic expression for turbu-
lent dissipation rate [–]

ac,as constants of combustion rate model [–]
Cl constant in effective viscosity expression [–]
cp specific heat [J kg�1 K�1]
Ea energy of activation [J mol�1]
Ka absorption coefficient [m�1]
k kinetic energy of turbulence [J kg�1]
Mk molecular mass of species k [kg mol�1]
‘ macro-scale length of turbulence [m]
mk mass fraction of species k [–]
nk stoichiometric molecule number of species k

[–]
qw heat flux on a wall [W m�2]
R universal gas constant [J mol�1 K�1]
Rk conversion rate of species k [kg m�3 s�1]
r,x radial and axial coordinate [–]
S swirl number [–]
SR radiation source term [W m�3]
T temperature [K]

u root of the mean-square velocity fluctua-
tions [m s�1]

u,v,w fluctuating component of the axial, radial
and tangential velocity respectively [m s�1]

Greek symbols

e turbulence dissipation rate [m2 s�3]
l viscosity [Pa s]
q density [kg m�3]
s� time micro-scale [s]

Subscripts

fu fuel
k chemical species
ox oxygen

Superscripts
0 fluctuations
� fine structures
� surrounding fluid
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measurements of instantaneous velocities within iso-
therm swirl chamber using laser Doppler anemometry
(for the validation of the turbulent model), and for the
measurements of the temperature field using thermo-
couple and concentrations of species of combustion
products in the swirl burner (for the validation of com-
bustion model).
2. Experimental setup

Experiments were carried out in the two swirl cham-
bers, shown schematically in Fig. 1(a) and (b). The iso-
Fig. 1. Experimental swirl chambers, isothermal (a) and
combustion chamber (b).
thermal swirl chamber diameter (Fig. 1(a)), was
50 mm, and the height was 150 mm. The swirl flow
was organized by a swirler (removable disc with 28 slots
and with an inclination angle relative to the chamber
axis). In the experiment with this chamber three swirlers
were used with inclination angle 30�, 45� and 60� and
three different swirl flow regimes were realized (with
swirl numbers of 2.48, 1.7 and 0.85, respectively) where
swirl number is defined as the ratio of angular momen-
tum flux in axial direction and axial momentum flux in
axial direction, Eq. (1).

S ¼ 2p
R
WrqUrdr

2pR
R
UqUrdr

ð1Þ

Velocity measurements have been carried out using
one-component laser Doppler system. Instantaneous
velocities in the axial and angular directions have been
measured at the same point by rotating the LDA optics
for 90�. All measurements have been carried out with a
frequency shift of 5 MHz with long time stability of
10 e�7 Hz. An angle of 9� was chosen between the axis
of the transmission optics and the axis of the receiver op-
tics. With this optical arrangement dimensions of mea-
suring control volume were 0.16 · 0.16 · 1.39 mm. The
primary and secondary flows were seeded with Al2O3

particles with a mean diameter of 2 lm.
The schematic presentation of the experimental com-

bustion burner is given in Fig. 1(b). The experimental
apparatus consisted of four basic parts: the experimental
burner with the combustion chamber that consists of six



Table 1
The flow parameter for isothermal swirl chamber and combustion burner

Swirler angle u [�] Mass flow rate of primary flow _mp [kg/s] Mass flow rate of secondary flow _ms [kg/s] Swirl number S [–]

Isothermal swirl chamber

30 4.473 · 10�5 1.475 · 10�3 0.85
45 4.467 · 10�5 1.470 · 10�3 1.7
60 4.465 · 10�5 1.468 · 10�3 2.48

Mass flow rate of air _ma [kg/s] Mass flow rate of fuel _mf [kg/s] Swirl number S [–] Surplus air a [–]

Combustion burner

30 6.081 · 10�3 2.099 · 10�4 0.83 1.86
45 6.206 · 10�3 2.300 · 10�4 1.06 1.73
60 6.606 · 10�3 2.663 · 10�4 1.7 1.59
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segments; a measurement and an acquisition equipment;
a fuel and an air supplying line and the water cooling
line. The swirl burner diameter was 100 mm, and the
height was 300 mm.

The swirler in this case consisted of a removable disk
with inclined plates, in which air annular flow gets tan-
gential velocity component, and with an axial pipe for
the introduction of fuel. Three swirlers, different in the
inclination angels of slots (same as in the case of isother-
mal chamber) were used, providing three different swirl-
ing regimes with swirl numbers 0.83, 1.06 and 1.7. As a
fuel, the equimolar ratio mixture of propane (C3H8) and
butane (C4H10) was used. Between the swirler and the
combustion chamber, Fig. 1(b), there exists s small space
with diameter 18 mm and height 25 mm, in order to
evade the sudden widening the secondary flow under
the influence of centrifugal forces. The temperature
and concentration measurements were carried out using
the combined probe consisted of a thermocouple and a
tube for gas sampling. Besides the temperature fields
these experiments have provided data for CO2 and O2

concentration fields, for all three swirl regimes.
The flow parameter for isothermal swirl chamber and

swirl burner are given in Table 1.
3. Mathematical model

3.1. Turbulent swirl flow modeling

In this paper a turbulent recirculating swirl flow is
described by time-averaged Navier–Stokes equations
and a k–e model of turbulence for the determination
of turbulent stress components. The effective viscosity
hypothesis connects the Reynolds stresses to the mean
velocity gradients. Reynolds stresses for the cylindrical,
axisymmetrical flow arrangements can be expressed as
follows:

� quv ¼ lt

oU
or

þ oV
ox

� �
� quw ¼ lt

oW
ox

� qvw ¼ lt

o

or
W
r

� � ð2Þ

Turbulent and effective viscosities, according to k–e
model, are given by:

lt ¼ Clqk
2=e; leff ¼ lþ lt ð3Þ

Obviously, to calculate Reynolds stresses the values
of k and e must be known. Those values are obtained
from the solution of their respective transport equations
[1].

Model of turbulent swirl flow, thus, consists of: mass
conservation equation, momentum equations for veloci-
ties in axial (U), radial (V) and tangential (W) direction
and transport equations for k and e. All equations can
be given in standard form for the conservation of a gen-
eral variable U:

o

ox
ðqU/Þ þ 1

r
o

or
rqV /ð Þ

¼ o

ox
Ceff

o/
ox

� �
þ 1

r
o

or
rCeff

o/
or

� �
þ S/ ð4Þ

Dependent variables (U), diffusion coefficients (Ceff)
and sources (SU) for all conservation equations which
describe the turbulent flow, as well as convective heat
and mass transfer are listed in Table 2.

The swirl flow in a swirl chamber has complex 3D
structure which complicates modeling of such class of
flows. For the numerical analysis of the turbulent swirl
flow, it is necessary to obtain the valid description of
the rotation effect on the averaged and turbulent flow
characteristics. The application range of existing ap-
proaches [2] using various modifications of the Richard-
son number is often limited.

For the validation of used turbulent mathematical
model, experiments for three swirl regimes in this study
had also been done.



Table 2
Dependent variables, diffusion coefficients and source terms in Eq. (4)

Equation Dependent variable (/) Coefficient (Ceff) Source term (S/)

Continuity 1 0 0

Axial momentum U leff
o

ox
leff

oU
ox

� �
þ 1

r
o

or
leffr

oV
ox

� �
� op

ox

Radial momentum V leff
o

ox
leff

oU
or

� �
þ 1

r
o

or
leffr

oV
or

� �

� 2leff

V
r2

þ q
w2

r
� op

or

Tangential momentum W leff � leff

r2
þ qV

r
þ 1

r
oleff

or

� �
W

Kinetic energy of turbulence k leff/rk
Gk1 � qe

Dissipation of turbulence energy e leff/re
e
k

C1Gk1 � C2qeð Þ

Stagnation enthalpy h leff/rh SR

Mass fraction of species k mk leff/rm Rk(Rfu)

Gk1 ¼ lt 2
oU
ox

� �2

þ oV
or

� �2

þ V
r

� �2
" #

þ oW
ox

� �2

þ r
o

or
W
r

� �� �2
þ oU

or
þ oV

ox

� �2
( )

Constants of model Cl C1 C2 rk re rh rm

Values 0.09 1.44 1.92 1.0 1.3 0.9 0.9
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3.2. Heat transfer modeling

For determination of convective heat transfer it is
necessary to solve the energy equation defined through
the conservation of the gas stagnation enthalpy:

h ¼
X
k

mkcpk T þ
X
k

mkHRk þ
1

2
U 2 þ V 2 þ W 2
� �

ð5Þ

where mk denotes mass fractions of combustible compo-
nents of the mixture and HRk their corresponding com-
bustion heats. Energy equation can also be given in
the form (4) where the source term represents radiation
heat transfer (Table 2).

For the evaluation of radiative heat transfer the flux
model of De Marco and Lockwood [3] was applied. This
model showed good accuracy and computation eco-
nomy and has been successfully used for the modeling
of pulverized coal combustion.
When the six-flux model of De Marco and Lockwood
is reduced to the axisymmetrical case, the equations for
the mean radiation fluxes in axial (Fx) and radial (Fr)
directions are:

o

ox
1

Ka

oF x

ox

� �
þ Ka � 8

3
F x þ

4

3
F r þ

4

3
EB

� �
¼ 0

1

r
o

or
1

Ka

r
oF r

or

� �
þ Ka � 8

3
F r þ

4

3
F x þ

4

3
EB

� �
¼ 0

ð6Þ

where Ka denotes the gas absorption coefficient and
EB = rT4 stands for the black body emissive power, with
r being the Boltzmann constant. Eq. (6) are coupled
with the set of basic equations of the model (4), which
describe the gas flow and convective heat and mass
transfer through the coefficients in the Eq. (6) and the
radiation source term SR in the fluid stagnation enthalpy
conservation equation. The expression for the radiation



Fig. 2. Schematic illustration of the reacting zones.
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source term was derived from the model of De Marco
and Lockwood:

SR ¼ 16

9
Ka F x þ F rð Þ � 32

9
KaEB. ð7Þ

The radiative heat transfer flux on the wall perpen-
dicular to the x-direction is:

qwx ¼ 2
ew

2� ew
EBw � F xwð Þ ð8Þ

where ew denotes the wall emissivity. The wall flux in the
radial direction is determined by the expression analo-
gous to (8).

It is important to note that radiation flux (6) has the
same form as Eq. (4) which govern the fluid flow and
convective heat and mass transfer, so that the same
numerical method can be used for the solution of all
combustion chamber model equations.

3.3. Convective mass transfer and combustion

The convective transfer of mass can be described by
the conservation equations for the relevant components
of the gas mixture, whose form corresponds to the stan-
dard form (4). Combustion model, proposed in this
paper, is also based on the set of the conservation equa-
tions for the chemical species, where it is important to
evaluate the source term that is determined by the com-
bustion rate [4]. Proposed concept for the combustion
modeling is appropriate for complex chemical reactions
(consecutive, parallel, etc.) description. In this work, the
two-step combustion approach was adopted.

The source terms in conservation equations for the
chemical species of the two-step propane–butane mix-
ture combustion are listed in Table 2. These source
terms are given in dependence of rate of fuel conversion.
Thus, the source terms evaluation in species conserva-
tion equations reduces to the combustion rate
determination.

3.4. Combustion rate model

A proposed model of combustion rate is based on an
eddy dissipation concept and k–e model of turbulence,
including simultaneous influence of chemical kinetics
and turbulent mixing. Basic assumption of the model
is that chemical reactions take place when reactants
are mixed at molecular scale in isolated regions whose
entire volume is a small fraction of the fluid elements.
These regions are occupied by fine structures that repre-
sents end of cascade of eddy dissipation process, whose
characteristic dimensions are of the same magnitude as
the Kolmogorov micro-scale [5]. The probability contact
of fluctuating reactants, essential in PDF modeling con-
cept, was here substituted with the model of reactants
mixing on molecular level inside the fine turbulent struc-
tures. Calculation of the overall combustion rate was
thus reduced on the determination of the participation
of fine structures in turbulence, and afterwards on the
analysis of processes in fine structures. In the proposed
model both the chemical kinetics and molecular mixing
are considered at the same time, while in similar models
[6,7] (EBU, C/D, etc.) the chemical kinetics was treated
separately, or was neglected at all. Simultaneous influ-
ence of chemical kinetics and turbulent effects on the
combustion rate is attained by treating fine structures
like ideal chemical reactors, Fig. 2.

On the basis of the mass balance of species i in fine
structures and surrounding fluid, and including the
chemical kinetic rate, the conversion rate of species i

can be expressed as:

R�
i ¼

c�i
q�

q� � c�i
s�

¼ koe�
Ea
RT�c�bii c�bjj ð9Þ

where coi and c�i are mass concentrations of species i, out-
side and inside the fine structures respectively:

mi ¼ ci=q; m�
i ¼ c�i =q

�; m�
i ¼ c�i =q

� ð10Þ

Right side of Eq. (9) represents chemical reaction rate
for the fine structure conditions, where ko is the constant
of chemical kinetics and bi, bj are order of chemical reac-
tion rate.

Eq. (10) represents mass conversion rate of the spe-
cies i within the existing life time of smallest eddies. It
is equalised with the chemical kinetic rate for the fine
structure conditions, analogously to ideal chemical reac-
tors processes.

If the total mass m represents a sum of masses in fine
structures m� and surrounding m� :m = m* + m�, the
mass fraction occupied by fine structures is defined as:
c* = m*/m. The relation between mean mass fraction
and mass fraction for fine structure and surrounding
fluid conditions of deficient species i in the particular
control volume is given by:

mk ¼ ð1� c�Þm�
k þ c�m�

k ð11Þ
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Taking into account (10) and (11) the left side of the
relation (9) takes the form:

R�
i ¼

q�ðmi � m�
i Þ

s�ð1� c�Þ ð12Þ

Eq. (12) represents conversion rate within reaction re-
gions (fine structure).

Taking into account stoichiometric relation for
chemical reaction, mass fraction of the second (over
plus) reactant—j in the turbulent fine structures is de-
fined by: m�

j ¼ m�
j � sjiðm�

i � m�
i Þ, and applying (11) it

can be expressed as:

m�
j ¼ mj � sji mi � m�

i

� �
ð13Þ

where �sji ¼ njMj

� �
= niMið Þ is stoichiometric ratio of the

over plus j and deficient i species. Considering these rela-
tions the species i mass balance within the fine structure
regions is:

q�ðmi � m�
i Þ

s�ð1� c�Þ ¼ koq�ðbiþbjÞe�
Ea
RT �m�bi

i ½mj � sjiðmi � m�
i Þ�

bj

ð14Þ

Now it is possible to calculate the combustion rate
within the reaction regions (R�

i ) by using Eq. (12), but
it is necessary to determine the variable m�

i , by solving
non-linear Eq. (14).

Reaction rate R�
i for the deficient species (i) corre-

sponds to the mass fraction occupied by fine structures.
Taking this into account, total reaction rate in the case
of the finite chemical reaction rate can be expressed by:

Rfu ¼ R�
i c

� for
mox

sfu
P mfu ^

Rfu ¼
R�
i c

�

sfu
for

mox

sfu
< yfu ð15Þ

where sfu = (noxMox)/(nfuMfu) is stoichiometric oxygen
requirement.

As mentioned, the time scale for the fine structures
corresponds to the Kolmogorov time scale:

s� ¼ as
ffiffiffiffiffiffiffi
m=e

p
ð16Þ

Mass fraction occupied by fine structures (c�) can be
obtained as the ratio between Kolmogorov micro-scale
and bulk mixing time scale: c* = s*/sm. If we suppose
that bulk mixing time scale is proportional to the turbu-
lent macro-scale, the ratio of micro- and macro-scales
s*/sm is proportional to

ffiffiffiffiffiffiffi
m=e

p
=ðl=uÞ, where u ¼ffiffiffiffiffiffiffiffiffiffi

2=3k
p

. and e = Au3/l. Therefore the mass fraction of
the fine turbulent structures can be represented by the
expression:

c� ¼ as
3ac
2A

ffiffiffiffiffi
me

k2

r
. ð17Þ

Taking into account that the fine structures, as well
as the Kolmogorov micro-scale, are responsible for the
dissipation of turbulent energy, it can be assumed that
as = 1. Proposed values for constant A in the literature
are among 0.1 and 1, but authors mainly recommend
0.6 [8]. Taking into account the results of EDC inter-
structural energy transfer modeling [5] it was assumed
ac = 0.18.

Fluid density in fine structures was determined on the
same way as for the mixture of ideal gases for conditions
in reaction zones, using values of static pressure and
temperature for surrounding fluid:

q� ¼ P
RT �

m�
i

Mi|{z}
deficient
reagent

þ
mj�sji mi�m�

i

� �
Mj|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

reagent in excess

þ
X

l

mlþsli mi�m�
i

� �
Ml|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

combustion products

2
666664

3
777775

�1

ð18Þ

Combining Eqs. (12), (15)–(17) the combustion rate
can be expressed as:

Rfu ¼
Cstq� mi � m�

i

� �
2A
3ac

k
e
� as

ffiffiffi
m
e

r i ¼ fu ^ Cst ¼ 1 ) mox

soxfu
P mfu

i ¼ ox ^ Cst ¼
1

soxfu
) mox

soxfu
< mfu

ð19Þ

As mentioned before, in this work the two-step com-
bustion, with carbon monoxide as intermediate was ana-
lyzed. The source terms in conservation equations for
the chemical species of the two-step combustion are
given (Table 2) in function of the fuel and carbon mon-
oxide conversion rates (Rfu,RCO). According to this the
proposed combustion rate model based on ideal reactor
analogy CO conversion rate can be determined by the
expression:

RCO ¼ k�COq
�ðbCOþbO2 Þe

EaCO
RT m�bCO

CO m�bO2

O2
c� ð20Þ

The proposed submodel for the calculation of the
combustion rate can be easily coupled with the other
combustion chamber model equations, with the appro-
priate formulation of the source and sink terms in con-
servation equations for the reactants and products.
Thus, reaction model parameters (s�,c�,q�,m�

i ), by
which Rfu, and RCO can be obtained, were calculated
for each control volume.

The influence of the kinetic rate on total combustion
rate is performed through the insufficient species (m�

i )
mass fraction in the combustion region (fine structures).
The combustion rate, determined from (19) depends on
temperature through m�

i . That model property was illus-
trated on diagrams of Fig. 3.

The combustion rate can be also brought into the
connection with the fluctuation characteristics that rep-
resent a result of the combustion and turbulence effects.
It can be illustrated by comparison of Eq. (19) with the



Fig. 3. Reaction rate temperature dependence.
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corresponding equation of the advanced ‘‘eddy-break
up’’ (EBU) model, of Spalding:

REBU ¼
q

ffiffiffiffiffiffiffi
m02

fu

q
1
CR

k
e

ð21Þ

where m0
fu represents mass concentration fluctuations of

fuel. Thus, we could assume the following relation:

mi � m�
i �

ffiffiffiffiffiffiffi
m02

i

q
. Differences between Eqs. (19) and (21)

in the denominators are the result of various turbulent
combustion modeling approaches. EBU reaction rate
modeling is based on consideration of the rate of
break-up of the large eddies, while proposed model is
based on chemical species balance within smallest eddies.

Numerical solution of the given system of equations
has been obtained using the control volume method with
iterative procedure of solution convergence [9]. Non-
uniform numeric grid has been used in calculations.
Fig. 4. Measured and calculated distributions of axial mean veloc
4. Comparison of experimental and numerical results

The aim of this work is to analyze feasibility of the
prediction of swirling reactive flow in cylindrical cham-
ber, based on the comparison of the experimental results
with the results obtained using mathematical model.
Calculation results (model 1) were compared (beside
with experimental data) with the version of model that
comprises simplified proposed combustion rate model
(model 2) and with the calculation that uses broadly ap-
plied version of EBU combustion rate model. In simpli-
fied version of the proposed model (model 2) the
assumption that in combustion regions the kinetic rate
is always infinitely fast (m�

i ¼ 0 and q� = q) is implied.
Hence, in this version it is not possible to take into ac-
count turbulent and kinetic effects simultaneously. In-
stead, the special criterion for determination of the
minimum of chemical reaction kinetics rate and the tur-
bulent diffusion rate was applied.

In this study validation of turbulent model has been
done. The comparison of the measured and computed
radial profiles of the mean velocity axial component
and tangential component were presented in Figs. 4
and 5. Measured profiles of the mean velocity axial com-
ponent and tangential component fit reasonably well
with those obtained with computation. Computation
shows that the recirculation zones are formed only in
the regimes of flow with very high swirl (S = 2.48),
which could be concluded from the experiments also.
In the low swirl number regimes (0.85 and 1.7) the agree-
ment of computation with experiments is especially
good. This could be connected with the fact that the con-
stants of standard k–e model are adjusted for simulation
of flows without swirl. As it has been already mentioned,
ity U for isothermal chamber with different swirl numbers.



Fig. 5. Measured and calculated distributions of tangential velocity component W for isothermal chamber with different swirl
numbers.
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in these regimes there are no recirculation zones formed
under the influence of swirl. The differences in computa-
tional and experimental results are visible on the dia-
grams which present flows with the most intensive
swirl number (S = 2.48) especially in the regions with
recirculation zones. Still, it can be concluded that there
exists the satisfactory level of general agreement of com-
puted profiles with those obtained in experiments. The
axial position of recirculation zones in computation
and measurements coincide (x/D � 0.5), but there are
some difference in radial direction.

The noted disagreement in the value of mean veloci-
ties for regimes of the high swirl and close to the axes is
probably the outcome of the lack of universality of the
constants in k–e model in the regions where centrifugal
force is dominant, as well as of the anisotropic character
of turbulent parameters of the considered flows. The
more accurate computational results can be achieved
with the extension of the computational domain on the
viscous sublayer and with defining the constants of the
k–e model as functions of the turbulent Reynolds num-
ber, as well as with the use of the turbulent stress
models.

Rfu ¼ min Rch;Rfuf g ð22Þ
In the applied version of the EBU model, instead of

variance:

ffiffiffiffiffiffiffi
m02

fu

q
(20), mean mass fraction of fuel mfu

has been used. For taking into account a chemical
kinetic effects a criterion (22) was applied.

Diagrams in Fig. 6 show the axial temperature pro-
files at five distances from chamber axis. Fig. 6 compre-
hends three flow cases with the following swirl numbers:
S = 0.83, 1.06 and 1.7. As can be seen from these dia-
grams all three versions of proposed calculation show
good agreement with the experimental results. However,
some better agreement with the experimental results can
be obtained by model 1. It is especially notable in re-
gions near the gas inlet. The areas of significant dissimi-
larity between the calculations by model 2 and EBU
model to experimental results and better agreement of
the proposed model (model 1) corresponds to areas of
bad combustion conditions (low temperatures, poor
reactant mixing, etc.). Thus, proposed model provides
better simulation characteristics for reacting flows where
chemical kinetics and turbulent effects influence approx-
imately equally the total reaction rate.

This difference between models 1 and 2 and EBU is
possibly the result of the capability of simultaneous tak-
ing into account chemical kinetics and turbulent effects
on total reaction rate in model 1, which is not the case
in model 2 and EBU. In favor of this speaks the fact that
there is only one common characteristic among models 2
and EBUmodel, and that is consideration of the chemi-
cal kinetics by separate criteria (22). On the other hand,
there is only one difference between models 1 and 2, the
way of consideration the influences of the chemical
kinetics and turbulent effects on total reaction rate. Tak-
ing into account the same behavior of model 2 and EBU
model it can be concluded that consideration of both the
chemical kinetics and turbulent effects at the same time
is crucial for these calculations. Both the experiments
and model show that for more intensive swirl regimes
these high temperature regions are placed closer to the
burner and to the wall.



Fig. 6. Measured and calculated distributions of mean temperature for different swirl numbers.
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Same conclusions can be obtained by comparative
analysis of the results of measurement and calculation
of the chemical species distribution. Figs. 7 and 8 show
the axial CO2 and O2 concentration profiles respectively
for dry combustion products, at five distances from
chamber axis and for three different swirl regimes. In
these figures it can also be seen the better agreement of
model 1 then model 2 and EBU model with the experi-
mental data, especially in intensive reaction zones.
Fig. 7. Measured and calculated distributions of carbon
Figs. 6–8 show good agreement of model 1 with
experimental data. As can be seen in these figures the
proposed model describes good the influence of the swirl
intensity on combustion configurations. Flows with
higher swirl number provide a smaller intensive combus-
tion zones that are placed near the gas inlet regions.
Thus, flow regimes with a more intensive swirl produce
better reaction conditions and more combustion
efficiency.
dioxide concentration for different swirl numbers.



Fig. 8. Measured and calculated distributions of oxygen concentration for different swirl numbers.
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5. Conclusions

The mathematical model for the prediction of gas-
eous fuel combustion processes was presented. It in-
cludes turbulent flow and convective heat and mass
transfer segment, combustion segment and radiative
heat transfer segment. It can be used as scientific and
an engineering tool. Comparison of the measured tem-
perature and concentration profiles with the calculation
predictions shows good agreement of the proposed mod-
el with the experimental data. The basic advantage of
the proposed numerical simulation procedure is applica-
tion of the combustion model with EDC approach to
calculation a combustion rate with simultaneous taking
into account chemical kinetics and turbulent effects. The
proposed model was applied on simulation of processes
in water cooled combustion chamber with gas swirl flow,
and calculation results were compared with experimen-
tal data. Beside experimental data the calculation results
were compared with the version of model that comprises
simplified combustion rate model and with the calcula-
tion that uses broadly applied version of EBU combus-
tion rate model. The proposed simulation concept
provides better simulation characteristic due to the pos-
sibility of simultaneous taking into account chemical
kinetics and turbulent effects on total reaction rate.
Model can also be applied on analysis of the influence
of the flow regimes on combustion efficiency and tem-
perature and concentration profile shapes in swirl com-
bustion chamber.
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