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Introduction
An ideal gas turbine follows by the Brighton cycle, undergoing 

three thermodynamic phases namely; isentropic compression, iso-
pressure combustion and finally an isentropic expansion. However in 
an actual gas turbine, deviations are expected from the ideal Brighton 
cycle, such as energy loss due to friction based irreversibility’s following 
the compression stage in both axial and centrifugal compressors. A jet 
engine (Figure 1) performs similarly to a gas engine, except its main 
purpose is to provide thrust power alongside some shaft rotation inertia, 
powering the compressor (Figures 1 and 2). The compressor unit, 

which is fed by the power collected in the unit’s turbine, pressurizes 
the atmospheric air in the combustion chamber, where it’s mixed with 
injecting fuel and ignited. The high speed exhaust gasses discharging to 
the atmosphere generates the thrust, propelling the engine. The exact 
performance of the engine depends on its application and usage.

One of the recent advancements of gas turbines is achieving 
homogenous spread combustion within the combustion chamber. To 
achieve homogenous combustion, one needs to maintain a uniform 
temperature field within the chamber which reduces the chance of 
building hotspots, promoting thermal NOx production. Homogeneous 
combustion is achieved by using premixed, partly premixed or even 
non-premixed fuel using high turbulence to develop a uniform mixture 
of air and fuel prior to combustion. Swirling flames have a wide 
spread application in providing a recirculation zone which effectively 
promoted mixing whilst promoting to maintain a stable flame.

Materials and Methods
Combustion chamber

The main chamber in which fuel is sprayed using multi-nozzle-
injection sprays onto the incoming air is referred to as the combustion 
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Abstract
As we know internal combustion engines are not limited to reciprocating engines only, engines such as gas 

turbines are also considered to be internal combustion engines. A gas turbine generally consists of a compressor 
in upstream of the flow and a turbine at downstream of the flow which have been coupled to rotate together, with a 
combustion chamber located between these two sections. The operation of a gas turbine engine is similar to that 
of a power generation steam turbine, except in the former case hot steam is replaced by air entering the engine. 
The atmospheric air initially enters the compressor, in which it experiences significant compression and pressure 
buildup. The compressed air is guided to the combustion chamber, in which by injecting fuel and igniting the mixture, 
combustion is achieved with significant thermal energy being released. The energy released causes combustion 
products to expand and accelerate towards the turbines located downstream. The flow of these gases through the 
turbine generates power to run the compressor as well as to provide auxiliary power for other purposes as well as to 
generate thrust for the engine. The application of the gas turbine determines whether it’s designed to achieve optimum 
thrust power, or to gain maximum power generation. For a stable combustion performance with high efficiency the 
design of the combustion chamber need to be so that it insures an adequate mixture of air and fuel and also provide 
sufficient reaction time for fuel ignition. Because of the operational conditions of a jet engine, incoming air will enter 
the combustion chamber with extensive velocity. This air speed can significantly reduce the combustion quality, or 
even transport the flame downstream blowing out the combustion entirely. Thus a recirculation zone needs to be 
provided, to both reduce incoming air speed and create a uniform temperature field within the combustion region. 
A uniform temperature field can prevent generation of cold or hotspots within combustion region which can greatly 
affect the produced pollutants related to engine combustion.
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Figure 1: Visual demonstration of a jet engine.
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Figure 2: Demonstration of important components within a jet engine.
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chamber. By sudden release in thermal energy, the combustion 
products are accelerated and expanded almost spontaneously. The 
sudden expanding gasses flow through smooth streamlines with a 
uniform temperature distribution which provides enough energy to 
rotate the turbine blades. This procedure has to be accomplished of 
minimal pressure drop and optimum energy release rate considering 
the limited space within the turbine unit. Although the released energy 
is directly proportional to the amount of fuel being injected, but its 
constrained by the thermal resistance of the materials used. Usually 
the chamber pressure is required to achieve no more than 170°C for 
safety and has to be maintained above 70°C to prevent flame blowout. 
It’s important to point out the pressurized compressed air inside the 
chamber will be achieve temperature of about 20°C to 55°C even prior 
to combustion, just because of the compression effects.

Air entering the combustion chamber of a jet engine usually has 
a mean velocity of some 150 m/s in operational conditions. This air 
velocity is extremely high and can cause instant flame blowout, thus it 
needs to be slowed significantly. To do so a diffuser unit is used, which 
can slow down the air feed to about 25 m/s. But the flame velocity of 
regular jet fuel usually does not exceed a few meters per second. Any 
flow speed above this can carry the flame downstream, blowing out 
the combustion. Therefore the air velocity needs to be further reduced. 
This is achieved through creating a low axial velocity region within 
the chamber to maintain a stable flame condition. Also if the entire 
air volume passing through the compressor enters the combustion 
chamber, fuel to air ratios of 1:45 up to 1:130 will be generated, which 
will also vary throughout the chamber which is much higher than that 
required by most applicable fuels which require an A/F ratio of 1:15 
to 1:25 in order to achieve optimum efficiency. To do so, we must 
separate a small amount of the entire air flow towards the chamber 
using combustion liners. The flow mass is carefully measured to 
attain optimum combustion conditions. Located immediately after 
the combustion liners, are the swirl vanes followed by perforated flare 
which guide the flow towards the chamber. The flow spin generated 
causes an induced upstream flow and a recirculation zone, which both 
help to achieve a uniform mixture as well as to reduce flow velocity 
to acceptable speeds. A portion of the remaining air flow which 
doesn’t enter the combustion liners flows in between these tubes and 
the main engine body, assisting to cool down the engine under heavy 
performance conditions.

Parameters effecting combustion

Amongst different parameters governing the combustions, one can 
refer to the flow patterns within combustion chamber, its residence 
time inside the chamber, chamber geometry and the type of fuel burnt. 
By increasing gas residence time inside the chamber and preventing 
local quenching, CO and unburnt hydro carbons will have enough time 
to completely participate in the reactions producing CO2 and other 
safe combustion products. This is because CO burn much slower that 
other radicals, therefore some 4ms time is needed to ensure complete 
burning of carbon monoxide. As can be seen from Figure 3, we cannot 
effectively prevent CO forming if the combustion temperature drops 
below 110°C. This graph was produced based on time required to 
maintain exhaust CO levels at 10ppm in a commercial gas turbine [1].

Also in order to achieve a stable stationary flame, we need to 
take a deeper look into the combustion velocity. As we know, the 
flame travels through the unburnt mixture with a certain speed. Thus 
the velocity of the incoming air/fuel mixture must be in accordance 
with the flame speed; otherwise it may separate the flame from its 
location, transporting it downstream causing a blowout in the original 

flame location. If by chance the oncoming flow velocity is lower than 
that of the flame combustion velocity, the flame may start to travel 
upstream through the unburnt mixture; which also could lead to an 
unstable combustion. Thus to prevent these problems, one needs to 
design the combustion chamber so that a recirculation of combusted 
gases occur, maintaining the flame at its designated location. These 
recirculation zones need to have a velocity no more than that of 
the flame, and also tend to travel slightly the upstream to ensure a 
uniform mixture is achieved and minimum unburnt gasses escape. 
The swirling effect caused by the recirculation zones prevent the flame 
travelling downstream, and also provides it with sufficient time to 
ensure optimum combustion. The flow development downstream of 
the recirculation zone is mainly due to centrifugal force created by the 
swirling motion. This centrifugal force develops a low local pressure 
buildup within the combustion chamber. From a certain point beyond, 
the centrifugal force is dampened by viscous effects and the high 
pressure surrounding regions cause a vortex breakdown ending the 
circulating motion of the flow [2].

Types of flow pattern inside combustion chamber
Several different types of flow patterns can co-exist in the 

combustion chamber, having the role of ensuring a sufficient air/
fuel mixture, a uniform temperature distribution and stabilizing the 
flame. As mentioned before, by generating recirculation zones we 
can promote the air/fuel mixture quality and keep combustion within 
stable conditions. The recirculation zones themselves are generated by 
the centrifugal effect of swirls and vortexes induced by different flow 
patterns. The size of the recirculation zone can vary with the size of 
the vortexes as well as the combustion chamber geometry. Extensive 
research has been conducted that prove swirls intensity can significantly 
affect flame modes [3,4].

The swirl intensity, or the degree of a swirl, which characterize 
the swirl number is shown by ‘S’. Swirl intensity is a dimensionless 
parameter showing the ratio of flow’s tangential momentum flux 
versus its axial momentum flux.
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In which Gθ  represents the axial flux of the tangential momentum 
and Gx stands for axial flux of the axial momentum, and R is the outer 
radius of the annulus. We can also express both momentum fluxes as:
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Figure 3: The effect of reaction time on final combustion temperature of 
products [1].
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Where U, W and  are axial velocity, tangential velocity and 
density respectively. It’s also interesting to know, in a free jet stream, 
both GX  and G  are constants and are independent of the actual flow.

We can classify swirls intensity into two groups, namely “low swirl 
flow” (S ≤ 0.4) and “high swirl flow” (S ≥ 0.6) plus a transient swirl 
region in between these groups which is usually neglected as a separate 
class [5].

Low swirl flow: Generally in this type of flow, flow pattern is 
not affected by swirl velocity as is displayed in Figure 4. This type of 
swirl generates a lateral pressure gradient inside the flow. Compared 
with a non-swirling flow, low swirling flows are wider and slower. 
Any attempts of producing a flame with low swirl flow faces practical 
restrictions as the flame will be unstable in this situation. None the less, 
modeling low swirl flows remains very important in characterizing 
flow patterns. There exist applications in which low swirl flow may 
potentially affect flame structure, generating a recirculation zone, such 
as in fire whirls, in which swirl plays an effective role in lengthening 
the flame.

High swirl flow: In high swirling flows, pressure gradients are 
sufficiently large enough to produce central toroidal recirculation zones 
which don’t exist in low swirling flows as can be seen from Figure 5.

As can be seen from Figures 2 and 3, high intensity swirls can 
generate longitudinal flow patterns. Also compared with a non-swirling 
flow, high swirl flows potentially have a wider dimension and a much 
slower axial velocity, and also usually contain a central recirculation 
zone. As we know, recirculation zones play an important role in flame 
stability, reducing a flow’s axial velocity providing sufficient time for 
complete combustion to take place. Whilst also promoting uniform 
fuel/air mixture and preventing any cold spots taking place. 

The effects of swirl on combustion pollution

Multiple researches have been conducted using ANSYS (CFD) 
which correlates the production of NO and CO pollutants in the 

combustion throat region with the swirl intensity of the flow within 
that region. Higher swirl intensities produce wider but shorter flames, 
they also assist in reducing peak maximum temperature, eliminating 
hot spots and preventing the formation of NOx. High intensity swirls 
also generate an optimized uniform temperature distribution within 
the combustion region [6-9].

Results and Discussion
Jaafar et al. simulated the generation of CO and NOx under the 

effect of various swirl intensities [10]. They used swirler vanes of 
10°, 20°, 30°, 40°, 50°, 60° and 70° angles to generate swirl intensity. 
Their research and simulation showed that a vast reduction in oxides 
of nitrogen (NOX) emissions is achieved when the vane angle was 
increased from 10° to 60° (SN 0.046 to SN 1.427) (Figure 6).

This was true for the entire range of operating equivalence ratios 
considered. Although emission levels lower than 35 ppm NOx was 

Figure 4: Low swirl flow (S<0.4) which produces lateral flow alongside 
pressure gradients.

Figure 5: High swirl flow (S>0.6) which generates larger lateral flow zones 
with greater pressure gradients.
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Figure 6: Nitrogen Oxide (NOx) generated under the effect of different swirl 
intensities and various equivalence ratio [6].
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Figure 7: Carbon Monoxide (CO) generated under the effect of different swirl 
intensities and various equivalence ratio [6].
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reported for all operating equivalent rations, for swirl number of 
1.427, NOX emissions reduction of about 26 percent was obtained at 
equivalence ratio of 0.83 compared to the swirl number of 0.046 at the 
same equivalence ratio.

This goes to prove that swirl significantly helps the mixing of fuel 
and air prior to ignition and is also signified by a reduction in NOx 
emissions. However, a turning point occurs at swirl number of 1.911 in 
this experiment, in which displays that NOx emissions seem to increase 
compared with other swirl number data for a specific equivalency ratio; 
in fact NOx increase a mere 23 percent compared with a swirl number 
of 1.427 at equivalency ratio of 0.83. This can be explained by the 
opposing effects of using a very high swirl number in the combustion 
chamber; from which we can point out to a reduction in combustion 
stability along with an increase of emissions at very high swirl numbers.

Figure 7 shows carbon monoxide (CO) emissions versus 
equivalence ratio for all swirl numbers considered in the simulation. 
There was a 33 percent, 40 percent and 48 percent reduction in carbon 
monoxide (CO) emission for swirl number 0.978, 1.427 and 1.911 
respectively compared to swirl number of 0.046 at the equivalence ratio 
of 0.833. The concentration of carbon monoxide emission increases 
with increase in the equivalence ratio. This was anticipated due to the 
fact that any measure of decreasing NOx will tend to increase CO since 
both emissions are on the different side of the balance [11].

As we can see, the concentration of carbon monoxide emissions 
increases even for the case with swirl number of 1.911. As explained, 
we expected CO and NOx to be on opposite sides of the balance, and 
to experience an increase in one side when the opposing side reduces. 
This is not the case for the swirl number 1.911 here; as we can see we 
are facing both an increase in NOx emissions alongside an increase in 
carbon monoxide concertation. This can be blamed upon the unstable 
combustion conditions caused by such a high swirl number, which 
as explained before, could turn against our favor and increase toxic 
emissions rather than being helpful [12-16].

Also we noticed that the increase was higher than expected, which 
indicates that some fuel escaped unburned, which was the product of 
incomplete combustion. Figure 8 shows a plot of carbon dioxide (CO2) 
emissions versus equivalence ratio for all flow swirls considered. There 
was a slight decrease in carbon dioxide emissions by increasing the 
swirl number. This was seen throughout the entire range of operating 
equivalence ratios in the simulation. There was an 11.6 percent, 11.7 
percent and 15.5 percent reduction in carbon dioxide emission for 
swirl number of 0.978, 1.427 and 1.911 respectively compared to swirl 
number of 0.046 at the equivalence ratio of 0.833. Although the decrease 
was very insignificant compared to the reduction of NOX emissions 
that was obtained, however as we know the increase of carbon dioxide 
emissions does not contribute to health problems, as carbon dioxide 
is more stable and non-toxic. Although, CO2 is a greenhouse gas 
and can contribute to global climate change, it’s not considered is 
combustion pollution.

Conclusion
We arrive at a conclusion that flow pattern inside combustion 

chamber can significantly affect the quality, stability and efficiency of 
combustion as well as govern the intensity of pollutants generated by 
combustion. We come to an understanding that recirculation zones 
help develop a stable flame, whilst giving fuel sufficient reaction time 
for effective combustion. Recirculation zones promote a uniform 

temperature distribution within the region, preventing any hotspots 
or cold spots which both can be hazardous considering combustion 
efficiency and production of toxic emissions also by employing 
recirculation zones, we effectively slowdown air flow to adequate 
amplitude to prevent the transportation and blow-off of the flame. 
Swirling flow inside the chamber is an effective and well-practiced 
method of generating recirculation zones. We classified flow swirls 
in to main categories, consisting of high swirl flow and low swirl flow 
and explained the definition and difference between these two main 
groups. We also showed the effectiveness of swirl induced flows on 
pollution generation of combustion. We studied the amounts of CO, 
NOx and CO2 production for different swirl intensities and proved by 
increasing the swirl number, we could effectively decrease the amount 
of pollutants released by combustion.
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