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ABSTRACT
The aim of the present work is to investigate theoretically the secondary air ports arrangement on the NG flame
combustion characteristics. The normal secondary air was introduced into the combustion chamber through its first half
length. Nine different port arrangements are discussed. There are three levels (vertical heights) groups. They are four, eigh t
and sixteen levels so that first level of each group starts at 100 mm that equals 10% of the combustor len gth. Each group
level has four, eight and sixteen ports. Therefore the number of total ports per level is varied from 16 (four levels with fo ur
ports) to 256 (16 levels with sixteen ports) ports. A theoretical model was used to study the different arrangements. The
model consists of a vertical combustor with an air swirler, primary air line, and secondary air and fuel lines. The air swirler
number and the primary air to fuel rat io are kept constant for all running conditions and they are 0.87 and 50, respec tively.
A three dimensional model was used to simu late the turbulent reacting flow using computational fluid dynamics package
(Fluent 6.3). For validation, the comparison between the measured and calculated axial temperature distribution was made
and shows a good agreement. A remarkab le effect of using the secondary air on temperature maps was found. For any value
of SPAR > 0.0, the flame became wider in diameter and longer in length. The flame length increased by about 58, 100 and
125 % when the SPA R increased fro m 0 to 90% for the ports arrangement of 4x4, 8x8 and 16x16 level groups, respectively.

KEYWORDS: Gas turbine combustor, Swirling flow, Secondary air, CFD, Co mbustion characteristics, Natural gas
flame.
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Many operating parameters such as swirl number (S = 2/3
{[1- (Ri /Ro )3 ] / [1- (Ri /Ro )2 ]}tanθ), equivalence ratio, and
combustor geometry affect the combustion characteristics;
flow field or aerodynamic of flow, flame stability,
temperature distributions inside the combustion chamber,
flame structure and exhaust species concentrations have
been extensively studied [1-13]. The advantages of
introducing secondary air are its ability to imp rove the
flame stability, minimize the flame size which leads to
minimize the gas turbine combustor size and reducing the
exhaust species concentrations [3]. Secondary air has been
one of the critical issues in gas turbine combustion
chambers. The importance of introducing secondary air to
the combustion chambers is depending on the location of
the secondary air inlet [3 and 4]. A part of secondary air is
used in co mbustion, it also can be used for cooling the
walls of gas turbine combustion chamber and it can be used
for flame dilution or control of the exit temperature which
affect on the gas turbine blades.
Lee and Moon [11] carried out an experimental
investigation of the effects of turbulence generators
attached to an axial swirler nozzle on mixing and
combustion. A swirler with turbulence generator was
designed and manufactured for generating many smallscale eddies in the combustor which contributed to the
enhancement of the mixing between fuel and air. The

Primary air to fuel mass ratio
Primary air swirl number
Co mbustor length, cm
Flame length, cm
Dimensionless Flame length
Secondary to primary air mass ratio
Reverse flo w zone
The hub (inner) radius the swirler, cm
The outer radius of the swirler, cm
Air swirler vane angle, degree
Dimensionless radial distance
Dimensionless axial d istance
Overall equivalence ratio

1 INTRODUCTION
In the economics and industrial considerations, the fuel
burning represents the main source of energy in the present
time. Studies of combustion characteristics such as in gas
turbine combustors focus on exhaust emissions for clean
environment, liner wall cooling, uniform exit temperature
or exit temperature control and the economical
consideration which occurs in fuel saving or fuel economy.
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mixing in the co mbustor in the radial direction was
significantly imp roved and flames and temperature were
well distributed throughout the cross section of the
combustor as the area of turbulence generator increased.
Gad et al [3] studied experimentally the effect of normal
secondary
air on
Kerosene spray
combustion
characteristics. The experimental results showed that, the
flame stability is increased by increasing the air swirl
number and SPA R when introducing secondary air with
normal d irection. The RFZ size is decreased by increasing
the secondary to primary air mass flow ratio. Increasing air
swirl nu mber and SPAR leads to; decrease in the flame
size, increase in the average flame temperature levels and
the size of the high temperature region and shift the flame
and high temperature region upstream. Increasing the
secondary to primary air ratio leads to decrease of CO and
NO X concentrations and increase of CO2 concentration.
The effect of secondary air direction on the Kerosene
spray combustion characteristics was investigated also by
Gad et al [4]. Secondary air was introduced to the
combustion chamber in four directions; normal, forward,
backward and tangential direct ions. The experimental
results show that, the flame stability is improved by
increasing SPAR when introducing secondary air in
normal, forward and tangential directions but it is decreased
at backward direct ion. When introducing secondary air, the
flame and the high temperature region are shifted upstream
and their sizes are decreased. Tangential secondary air
gives the shortest flame length. CO and NOX concentrations
are decreased by increasing SPAR while CO2 concentration
increased
Abd El-Samed [13] studied the natural gas flame
characteristics and emissions. A vertical water-cooled
combustor tube was designed and manufactured to
investigate the stability, the thermal characteristics and
exhaust emissions of Natural Gas flame. Adjusting the
setting operations of the burners has much greater thermal
effects than those of changing the swirl number. The
overall heat flux values of outer fuel supply were found to
be much greater than those of central fuel supply, for the
same swirl numbers of 0.67 to 0.86.
Nemoda et al [14] investigate experimental and
numerically the gaseous fuel combustion in swirl chamber.
Mathematical model for prediction of velocity, temperature
and concentration fields of axisymmet rical confined swirl
turbulent flame was developed. 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 simu ltaneous
influence of both chemical kinetics and turbulent effects.
The combustion of gaseous fuels in gas turbine
combustors is highly complex. It includes hot gas
recircu lation, energy exchange and strong turbulencechemistry interactions. Therefore, the computational fluid
dynamics (CFD) represents an economic and reliab le tool
for facilitating the combustion system design. Flame
stability and pollutant emissions depend on aerodynamics
and mixing characteristics of the fuel and combustion air as

reported by German and Mahmud [15]. Their results
showed good agreement between measurements and
predictions by both the k-ε model and Reynold Stress
model (RSM). However, some features of the combustion
flow were better predicted by the RSM model as shown by
Jones and Kakhi [16].
Fro m the previous literature review, it is clearly shown
that, most of the previous studies experimentally deal with
the swirling effect, the mixing process, and introducing
secondary air to the combustion chamber. There is not
enough data about studying the effect of changing the
secondary air inlet ports arrangement on the combustion
flame characteristics in a gas turbine combustor model.
In the present work, the effects of the secondary air inlet
ports arrangement for constant primary air and swirl
number and for different secondary/primary air rat ios
(SPA R) on natural gas combustion characteristics are
theoretically investigated. To validate the calculat ions,
results of the combustion simulation are co mpared with the
experimental data studied by Ibrahim et al [17].
The normal secondary air was introduced into the
combustion chamber through its first half length. Nine
different port arrangements are discussed. There are three
levels (vertical heights) groups. They are four, eight levels
and sixteen levels so that first level of each group starts at
100 mm that equals 10% of the co mbustor length. Each
group level has four, eight and sixteen ports. Therefore the
number of total ports per level is varied fro m 16 (four levels
with four ports) to 256 (16 levels with sixteen ports) ports.
Therefore for simple study, the ports arrangements may
described by A/B, where A denotes to the number of levels
(heights) while B denotes to the number of ports per level.
In the present study, an experimental test rig was
constructed to study the validation of the theoretical model.
The more details of the experimental test rig can be found
in Gad et al [3]. The co mbustor is simp ly consists of a
vertical co mbustor of inner diameter and total length of 200
and 1000 mm, respectively. The primary air issues to the
combustor through air swirler around the natural gas
nozzle. The secondary air enters the combustor normally
and with different levels (height) and ports. The swirl
number (S=0.87) of the used air swirler and the air to fuel
mass ratio (A/F=50) with constant primary air flo w rate are
chosen and kept constant during the study.

2 CFD SIMULATIONS
CFD software gives the power to simulate flows, heat and
mass transfer and chemical reactions [18]. Th is provides
data which help in pred icting the performance of the
designed model. In this study, the turbulent reacting flow
was simu lated using the CFD code fluent 6.3 [19]. The
model geometries and meshes were generated for each
swirl number using Gambit 2.3 [20]. Meshes of tetrahedral
cells were created; the mesh has different cell sizes
according to the regions of importance. Reg ions of interest
are volumes between swirl vanes, regions near the burner,
regions near walls and secondary air inlets as shown in Fig.
1. It shows the complete mesh of the base combustor model
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constructed with swirl vane angles of 45o . Also, the figure
shows the details of the important regions such as the
swirler and secondary air inlets for normal secondary air
inlet. Nu merical accuracy can be improved by careful
distribution of the grid nodes which offers a good
compro mise between the computational time and the
numerical accuracy.
Boundary conditions were defined as mass flow in let for
primary air and fuel and velocity inlet for secondary air,
based on the experimental data. The pressure outlet is used
with radial equilib riu m as an exit boundary condition as
shown in Fig. 1. For tetrahedral meshes, the first order
discretizat ion scheme is recommended [19] and therefore,
it is used in the present study.
Fluent uses a control-volume -based technique to convert
a scalar transport equation to an algebraic equation to solve
numerically. The flo w was assumed to be incompressible
and turbulent. A steady state pressure based solver is used
to solve the governing equations. In the gradient option, the
node-based is selected which is suitable for tetrahedral
meshes. The Semi Imp licit Method for Pressure Linked
Equation algorith m was used for the pressure/velocity
coupling which satisfies the mass conservation equation.
The pressure staggering option (Presto), is selected for the
discretizat ion scheme for pressure. The Presto scheme is
available for all mesh types . When using the pressurebased solver, presto is recommended as the discretization
method for solving pressure [19].
For turbulence modeling, the shear-stress transport (SST)
k-ω model in fluent is preferred here because the level of
agreement of the results for the SST k-ω model and the
experimental data is better than that for other models. For
modeling the reacting flow, the non premixed combustion
model is selected. A probability density function (PDF)
table was created which contains information on the
thermo-chemistry and its interaction with turbulence. Fuel
and oxid izer co mpositions are specified in the PDF table.
All thermodynamic data, including density, specific heat,
and formation enthalpies are ext racted fro m the chemical
database when the non premixed co mbustion model is
used. The P1 model, one of the radiat ion models availab le
in Fluent package 6.3, is selected for the present simulation
which can produce an acceptable solution than other
models with the non premixed co mbustion model.
To obtain a grid-independent solution, the grid should be
refined until the solution no longer varies with addit ional
cells. A grid independence test has been carried out,
considering the computational expense and time, with cell
numbers of 175000, 225000, 300000 and 400000. The
solution of the centerline temperature distribution was
performed for meshes with different cell sizes. There is a
good agreement of the centerline temperature profiles for
300000 and 400000 mesh sizes while there was a higher
error in the other cases. Therefore, the mesh size of 300000
cells can provide grid independent and accurate solutions.
The grid with 300000 cells is considered for further
analysis since the flow parameters are found to be
independent of the mesh size. The solution control
parameters and under-relaxat ion factors were properly set.

For evaluating whether convergence has been reached, one
method is when the residuals have decreased to a sufficient
degree. Each residual will be reduced to a value less than
10-3 except fo r energy residual which is reduced to 10-6 .

3 RESULTS AND DISCUSSION
3.1 Validation of the Models
To validate the used model, the co mputation model
results were compared with the measured ones at same
running conditions. The computational and experimental
centerline temperature distributions for normal secondary
air at swirl nu mber of 0.87, A/F ratio of 50 and SPAR=1
are shown in Fig.2. The comparison shows a good and
acceptable agreement with maximu m error about 8%. It is
seen that the temperatures from co mputations are higher
than that from the experiments. This is due to the
combustor is cooled with water which absorbs quantitative
heat and further heat is lost by convection and radiation
[21]. In addit ion, the use of bare wire thermocouple where
its junction does not obtain the same temperature of the
combustion gases, the measured temperature is quite far
fro m the calculated one [22]. Generally, it is found that the
measured temperature is lo wer than the calculated one by
about 6-8%.
3.2 Computation Re sults
The effect of the secondary air inlet ports arrangement at
constant primary air mass flow rate, constant A/F ratio, and
constant swirl nu mber fo r different secondary/primary air
ratios SPAR on natural gas combustion characteristics is
theoretically investigated. The radial and axial dis tributions
inside the whole combustor of temperature, CO2 , CO, and
O2 concentrations are determined and described by
different maps for all the ports arrangements used.
3.2.1 Effect of SPAR on Temperature Maps
The effect of secondary/primary air mass ratios, SPAR,
on the temperature maps for the three level groups of 4x4,
8x8 and 16x16 ports arrangements at same running
conditions are shown in Figs.3-5, respectively. To clarify
the effect of using secondary air on NG co mbustion, the
first map drawn in each figure describes the temperature
distribution without using the secondary air, SPA R= 0. A
remarkable effect of using the secondary air on temperature
maps was found. For any value of SPAR > 0.0, the flame
became wider in diameter and longer in length. The three
figures show that, increasing the SPAR, the flame size
became mo re co mpact and with longer flame length. The
flame length increased by about 58, 100 and 125 % when
the SPAR increased from 0 to 90% for the ports
arrangement of 4x4, 8x8 and 16x16 level groups,
respectively.
Increasing the secondary air mass flow rate, at constant
primary air flow rate, leads to increase the secondary air
velocity and hence its mo mentum may press and compress
the flame and then elongates the flame length, i.e. the flame
is stretched. The figures show also that the secondary air
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issues from the first level ports have more effect than that
of the other subsequent ports. The secondary air of the first
level ports seems to divide the flame fro m its first lower
part, as shown clearly in the maps particularly at high
secondary to primary air ratio.
Fro m figures 3, 4 and 5, it shown that, when the total
numbers of ports increased (from 4x4=16 to 16x16=256
ports) at same value of SPAR and S, the secondary air inlet
velocity decreased and its momentu m of secondary air also
decreased, hence the sharing of the secondary air decreased
that leads to decreasing in the average flame temperatures
distribution.

concentrations maps. The effect of the first level ports of 4Level, 8-Level and 16-Level is more than of the other
subsequent ports one. There is also a slight effect of the
same total secondary air found on the chemical flame
length as shown in Fig.11.

4 CONCLUSIONS
The effect of the secondary air ports arrangement on the
NG flame co mbustion characteristics is theoretically
studied by using a three dimensional model. A three
dimensional model was used to simulate the turbulent
reacting flow using computational fluid dynamics package
(Fluent 6.3). The normal secondary air was introduced into
the combustion chamber through its first half length. Nine
different port arrangements are discussed with three levels
(vertical heights) groups. They are four, eight levels and
sixteen levels; each level has four, or eight or sixteen ports.
Therefore the number of total ports per level is varied fro m
16 (four levels with four ports) to 256 (16 levels with
sixteen ports) ports. The air swirler number and the primary
air ratio are kept constant for all running conditions and
they are 0.87 and, respectively. Fro m the calculated results
the main following conclusions are derived:
1- A remarkable effect of using the secondary air on
temperature maps was found. For any value of
SPAR > 0.0, the flame became wider in diameter
and longer in length.
2- Increasing the SPAR, the flame size became more
compact and with longer flame length. The flame
length increased by about 58, 100 and 125 % when
the SPAR increased fro m 0 to 90% fo r the ports
arrangement of 4x4, 8x8 and 16x16 level groups,
respectively.
3- The secondary air of the first level ports seems to
divide the flame fro m its first lower part, as shown
clearly in the maps particularly at high secondary
to primary air ratio.
4- The secondary air entering the combustor fro m all
the ports press and compress the flame and force it
to be wider in diameter and longer in length. The
concentrations maps of CO2 , CO and O2 are similar
to that of temperatures maps.
5- 16-Level arrangements have the largest effect in
increasing the chemical flame length.
6- The effect of the first level ports of 4-Level, 8Level and 16-Level is more than of the other
subsequent ports one. There is also a slight effect
of the same total secondary air found on the
chemical flame length.

3.2.2 Effect of Ports Arrangements
Nine different port arrangements are discussed. There are
three levels (vertical heights) groups. They are four, eight
levels and sixteen levels so that first level of each group
starts at 100 mm that equals 10% of the co mbustor length.
Each group level has four, eight and sixteen ports.
Therefore the number of total ports per level is varied fro m
16 (four levels with four ports) to 256 (16 levels with
sixteen ports) ports. Therefore for simp le study, the ports
arrangements may described by A/B, where A denotes to
the number of levels (heights ) while B denotes to the
number of ports per level. Being large of results were
gotten, some of them were chosen for discussion and
clarify ing the effect of using the secondary air. The 16-level
group was chosen with 4, 8 and 16 ports for every level.
These arrangements are expressed by 16x4, 16x8 and
16x16 ports arrangements. The effect of these arrangements
on the temperature, CO2 , CO, and O2 concentrations maps
is shown in Fig.6 at same SPAR=60%, S=0.87 and A/F=50.
It is shown that from figure 6, increasing the number of
ports per level (the total ports also increases) of 64, 128 and
256 ports, the flame size and length also increases by about
75, 75 and 117%, respectively. Increasing the total ports,
the issuing velocity decreases and in turn the secondary air
mo mentu m also decreases resulting in less sharing in
combustion zone. The secondary air entering the combustor
fro m all the ports press and compress the flame and force it
to be wider in diameter and longer in length. The
concentrations maps of CO2 , CO and O2 are simila r to that
of temperatures maps.
The boundary of zero value of O2 from the O2 map can be
defined as the chemical flame length where the chemical
reaction comp leted. The effect of the nu mber o f ports on
the chemical flame length of 4-Level, 8-Level and 16-level
arrangements is shown in Fig.7. 16-Level arrangements
have the largest effect in increasing the chemical flame
length.
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Normal secondary air

Fuel inlet

Primary air in let

Base combustor grid
Fig. 1 Computational grids of the combustor model

Fig. 2 Variati on for the model, Centerline temperature distri butions at
S=0.87, A/ F = 50, SPAR=1 and No. of ports = 16 (4x4) [Computational
and Experimental]
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SPAR = 30 %

SPAR = 60 %

SPAR = 90 %

Fig.3 Effect of different SPAR on temperature maps o f NG flames of (4x4 level group) [A/F=50 and S=0.87]

SPAR = 0
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SPAR = 30 %

SPAR = 60 %

SPAR = 90 %

Fig.4 Effect of different SPAR on temperature maps o f NG flames of (8x8 level group) [A/F=50 and S=0.87]
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SPAR = 60 %

SPAR = 90 %

Fig.5 Effect of different SPAR on temperature maps o f NG flames of (16x16 level group) [A/F=50 and S=0.87]

SPAR = 0
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16x8

16x16
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16x4

16x4

16x16

16x16
CO2 concentrations

16x8

O2 concentrations

16x8

Fig.6 Effect of 16-Level group arrangement (16x4, 16x8 and 16x16 ports) on the temperature, O 2 , CO, and CO2
concentrations maps [SPAR=60%, A/F=50 and S=0.87]

CO concentrations

16x4

Temperature distributions

16x4
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Fig.7 Effect of ports group arrangement on chemical flame length [SPAR=60%, A/F=50 and S=0.87]
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8x4

4x8

4x8

8x4
CO2 concentrations

8x4
O2 concentrations

Fig.8 Effect of total ports on the temperature, O 2 , CO, and CO2 concentrations maps
[SPAR=60%, A/F=50 and S=0.87] [Total ports equal 32]

4x8
CO concentrations

4x8
8x4
Temperature distributions
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8x8

8x8

16x4

16x4

4x16

4x16

16x4

16x4
CO2 concentrations

8x8

O2 concentrations

8x8

Fig.9 Effect of total ports on the temperature, O 2 , CO, and CO2 concentrations maps
[SPAR=60%, A/F=50 and S=0.87][Total ports equal 64]
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4x16

Temperature distributions

4x16
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8x16

16x8

16x8

8x16
CO2 concentrations

8x16
O2 concentrations

Fig.10 Effect of total ports on the temperature, O 2 , CO, and CO2 concentrations
maps
[SPAR=60%, A/F=50 and S=0.87] [Total ports equal 128]

16x8
CO concentrations

16x8
8x16
Temperature distributions
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Fig.11 Effect of total ports on the chemical flame length [SPAR=60%, A/F=50 and S=0.87]

