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ABSTRACT

Strong restrictions on emissions from marine power plants will probably be adopted in the near future. One of the 
measures which can be considered to reduce exhaust gases emissions is the use of alternative fuels. Synthesis gases 
are considered competitive renewable gaseous fuels which can be used in marine gas turbines for both propulsion 
and electric power generation on ships. The paper analyses combustion and emission characteristics of syngas fuel 
in marine gas turbines. Syngas fuel is burned in a gas turbine can combustor. The gas turbine can combustor with 
swirl is designed to burn the fuel efficiently and reduce the emissions. The analysis is performed numerically using 
the computational fluid dynamics code ANSYS FLUENT. Different operating conditions are considered within the 
numerical runs. The obtained numerical  results are compared with experimental data and satisfactory agreement 
is obtained. The effect of syngas fuel composition and the swirl number values on temperature contours, and exhaust 
gas species concentrations are presented in this paper. The results show an increase of peak flame temperature for the 
syngas compared to natural gas fuel combustion at the same operating conditions while the NO emission becomes 
lower. In addition, lower CO2 emissions and increased CO emissions at the combustor exit are obtained for the syngas, 
compared to the natural gas fuel. 
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INTRODUCTION

Emissions from the marine transport sector contribute 
significantly to air pollution globally [1, 2, and 3]. Around 15% 
of global nitrogen oxides (NOx), 2.7% of global CO2 emissions, 
and 5-8% of global sulfur oxides (SOx) emissions are produced 
by oceangoing ships [3, 4, 5, and 6, 7, 8]. As a result of maritime 
transport emissions, the International Maritime Organization 
(IMO) has implemented mandatory regulations to reduce these 
exhaust gas emissions. On the one hand, NOx emissions fall 
under IMO Regulation 13 and a number of methods can be 
used to meet the emission limits [9]. On the other hand, IMO 
Regulation 14 dictates the emission limits for SOx and carbon 
particles from ships. In addition, IMO marine environmental 
protection committee requires increasing the energy efficiency 
of new ships to reduce CO2 emissions from ships [10]. These 
environmental legislations on emissions from ships can be met 
by either refining the fuel with the aid of one or more systems 
of exhaust gas cleaning to reduce sulfur content, or by using 
an alternative clean fuel [10, 11]. Synthesis gas fuel is one of 
challenging renewable fuels for ships to satisfy increasingly 
strict emissions regulations. It can be considered a greener 

alternative for internal combustion engines [12, 13, and 14]. 
In addition, it is the transition fuel from the carbon based 
economy to hydrogen based economy in the transportation 
sector [15, 16]. Moreover, syngas fuel can be produced from coal 
using Integrated Gasification Combined Cycle (IGCC) [17]. 
Therefore, syngas is a competitive option for power generation, 
compared to direct fired pulverized coal plants and natural 
gas fired combined cycle plants [18, 19].

Great majority of prime movers and auxiliary plants of 
ocean-going ships are diesel engines [4]. These ships are 
powered by low-speed, two-stroke diesel engines. The primary 
reasons for this dominance are their high efficiency and the 
use of heavy fuel oil, which is a cheap fuel. Unfortunately, it 
contains large quantities of sulfur and other impurities. As 
the international marine regulations are expected to prohibit 
the use of fuels with high sulfur content in the near future, 
gas turbine-based systems will become competitive in terms 
of specific fuel consumption cost [20].They can burn different 
types of fuels and produce lower emissions. In addition, using 
combustors with swirl for gas turbines helps in burning the 
fuel efficiently and reducing the exhaust gas emissions [21, 
22, 23, and 24]. 
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The aim of the paper is numerical analysis of different 
environmental impacts of firing syngas fuel in gas turbine 
combustor and predicting changes in the firing temperature 
and emissions, with the reference to natural gas combustion. 
For this purpose a numerical model for syngas fuel combustion 
in a can combustor has been developed. The can combustor 
with swirl is used to burn the syngas fuel. The obtained 
numerical results are compared with experimental data to 
validate the CFD model. The effect of syngas compositions and 
swirl number on both temperature distributions and pollutant 
emissions is discussed. Finally, NO, CO, CO2 and Sox pollutant 
emissions are compared with those produced by natural gas 
and with IMO regulations.

NUMERICAL INVESTIGATION

The paper takes into account the effect of swirl number 
on the numerically obtained combustion and emissions 
characteristics of syngas fuel. Measurements were performed 
using a test rig with a swirl combustor shown in Fig. 1. Fuel 
and combustion air lines are used for verifying the numerical 
analysis. The present model was used in [25] to study the effect 
of secondary air configurations in a gas turbine combustor 
firing natural gas. The air entering the gas turbine combustor 
is divided into two streams, the primary air (combustion air) 
and the secondary air,   the latter used for cooling purposes 
as shown in Fig. 1. The present study focuses only on the 
combustion air, while the secondary air is not considered since 
the combustor is water-cooled. Consequently, the secondary 
air inlets were closed during the reported runs.

Fig. 1. Test combustor used to validate the numerical model 

The primary air (combustion air) represents a small portion 
of the total air entering the gas turbine combustor while the 
big portion is used for combustor cooling. The effect of air to 
fuel ratio on flame size was studied by [25] using the air to fuel 
ratios from 30 up to 70. It was found that the air to fuel ratio of 
40 is appropriate for obtaining a suitable flame size. Therefore, 
the air to fuel ratio of 40 was used in the present study. The 
combustion air was introduced into the combustor through 
an air swirler mounted coaxially upstream of the combustor, 
while the fuel was introduced through a centrally located 
simple nozzle. The swirler used in this study is shown in Fig. 2.

Different air swirlers with the same basic geometry were 
used. Their inner swirl vane radius (ri) and the outer swirl 
vane radius (ro) were equal to 0.036 m and 0.05 m, respectively. 
The swirlers had different vane angles (α) of 30o, 39o, 46o, 52o  

58o, and 64o with swirl numbers of 0.5, 0.7, 0.9, 1.1, 1.5 and 2, 
respectively. The swirl number (S) is defined as follows [26]:

Fig.2. Air swirler used in the test combustor

GEOMETRY, MESH, AND BOUNDARY CONDITIONS

The basic geometry of the combustor used in this study 
is shown in Fig.3. The model geometry and the mesh were 
generated using the program Gambit [27]. The combustor 
model has a restricted end, to help in stabilizing the reverse 
flow zone and consequently the flame within the combustor 
for all swirl numbers. The dimensions of the combustor are 
100 cm in length (z direction) and 20 cm in diameter (x or y 
direction). The inlet combustion air is guided by the swirler 
vanes to give the air swirling velocity component. The fuel 
enters through a simple pipe of 1 cm in diameter, located 
coaxially at the center of the air swirler. The can combustor 
outlet shown in Fig. 3 has a conically shaped restriction end 
with the exit diameter of 5 cm.

Fig.3.Geometry of gas turbine can combustor

A computational mesh was generated for the combustor 
and the swirler. The model and mesh shown in Figs.3 and 4 
represent a tubular combustor with an air swirler of vane angle 
of 45 degrees. The mesh consists of about 300,000 tetrahedral 
cells. The three-dimensional models available in the CFD 
Ansys-Fluent package were used to simulate the turbulent 
reacting flow. Mesh cells sizes, densities and distributions 
are essential for numerical solutions. Numerical accuracy 
can be improved by careful distribution of grid nodes, being 
a compromise between computational time and numerical 
accuracy to avoid the need for more complicated meshes. The 
combustor mesh is divided into a number of regions to adjust 
cell size distributions, taking into account their importance to 
numerical solutions. The mesh has high cell density for certain 

(1)
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zones of interest, such as the swirler and the area upstream of 
the combustor, and low density in other zones of less interest, 
see Fig.4. The grid quality was checked by applying the quality 
criteria to tetrahedral mesh cells, as a result of which the 
maximum cell squish of 0.72 and the maximum cell skew 
less of 0.75 were obtained.

Fig.4.Computational mesh for the can combustor and air swirler

CFD MODELING

The finite volume and the first-order upwind methods 
were used to solve the governing equations. The mathematical 
equations describing the combustion process are based on the 
equations of conservation of mass, momentum, and energy, 
complemented by the equations for turbulence and combustion. 
The convergence criteria were set to 10-6 for the continuity, 
momentum, turbulent kinetic energy and its dissipation rate, 
energy and radiation equations, and mixture fraction. The 
sheer-stress transport (SST) k-ω model was used to model the 
turbulence. Its features are given in Table 1.

The SST k-ω model has an advantage in performance 
over both standard k- ε and k- ω models. The modifications 
introduced to this model include the cross-diffusion term in 
the ω equation and a blending function to ensure that the 
model equations behave appropriately both in the near-wall 
zone and in the far-field zone [26, 28]. Then, the equations for 
the turbulence kinetic energy, k, and the specific dissipation 
rate, ω, are solved.

Tab.1. Features of turbulence models

The non-premixed combustion with inlet diffusion model 
was used to model combustion in the present study. In the 
model, the equation for the conserved scalar is solved, and 
concentrations of individual component are derived from the 
predicted mixture fraction distribution. In the non-premixed 
combustion, the fuel and the oxidizer enter the reaction zone 
in distinct streams. The analyzed non-premixed model (NPM) 

has the flowing input chemistry properties: (1) the equilibrium, 
non-adiabatic, operating pressure equal to 101.325 Pascal, and 
(2) the fuel stream rich flammability limit ranging from 0.046 
to 0.092 according to different fuel compositions. The boundary 
fuel species used in different runs are shown in Table 2. The 
P-1 radiation model was used to model radiation from the 
flame. The model is based on the expansion of the radiation 
intensity into an orthogonal series of spherical harmonics. The 
P-1 radiation model is the simplest case of radiation models [29, 
30]. The formation of prompt nitric oxide (NO) was included 
in the calculations and the formation of thermal NO was 
modelled assuming that all nitrogen in the fuel is released as 
hydrogen cyanide (HCN), then further reacts to form NO or 
molecular nitrogen (N2) depending on combustion conditions. 
The soot distribution within the combustor is calculated using 
the two-step soot model with soot-radiation interaction.

Tab.2.Different fuel species for non-premixed model

Run   Boundary fuel species  
CH4 H2 CO CO2 N2 H2O 

1 0.07 0.26 0.62 0.028 0.018 0.004 

2 0.07 0.62 0.26 0.028 0.018 0.004 
3 0.07 0.44 0.44 0.028 0.018 0.004 
4 0.0 0.5 0.5 0.0 0.0 0.0 
5 0.5 0.25 0.25 0.0 0.0 0.0 
6 1.0 0.0 0.0 0.0 0.0 0.0 

NUMERICAL SOLUTION

After modelling the syngas combustion process in the can 
combustor, numerical calculations were performed and the 
results were displayed using the code Ansys-Fluent. Different 
algorithms were used to solve the governing equations. The 
Semi Implicit Method for Pressure Linked Equations (SIMPLE) 
algorithm was used for pressure/velocity coupling. This 
algorithm satisfies the mass conservation equation by using 
relations between velocity and pressure corrections. Moreover, 
in the areas where pressure variations between consequent 
mesh cells were expected to be significant, the pressure 
staggering scheme was used which computes the staggered 
pressure values at the face of each cell to capture pressure 
non-uniformity. The running steps of the solution procedures 
are as follows: (1) completing the Probability density function 
(PDF) look-up table calculation, (2) starting the reacting flow 
simulation to determine the flow files and to predict the spatial 
distribution of the mixture fraction, (3) continuing the reacting 
flow simulation until a convergence solution is achieved, and (4) 
determining the corresponding values of the temperature and 
individual chemical species mass fractions from the look-up 
tables. Multiple species, including radicals and intermediate 
species, can be included in the problem definition and their 
concentrations can be derived from the predicted mixture 
fraction using the assumption of equilibrium chemistry. The 
property data for the species were accessed through chemical 
database, and the turbulence-chemistry interaction was 
modeled using a beta-PDF.
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GRID INDEPENDENCE STUDY

Grid independence is an important parameter to be studied 
during numerical investigation. In order to obtain a grid-
independent solution, the generated computational grid should 
be refined until the solution stops varying when increasing 
the number of grid cells. The effect of grid refinement on the 
solution was examined for the combustion air mass flow of 
100 g/s. The cell numbers of the examined meshes were equal 
to 100,000; 200,000; 300,000; 350,000 and 400,000 cells, 
respectively. The axial velocity distribution is a parameter 
which can be successfully used in grid independence study, 
due to its importance in evaluating the flow field in the swirl 
gas turbine combustor. In particular, the locus of zero axial 
velocity represents the boundaries of the reversed flow zone 
which is responsible for flame stabilization [31, 32]. That is why 
the axial velocity was used here as parameter for studying the 
grid independence. The axial velocities along the combustor 
centerline were calculated for the above assumed grid cells 
numbers. The obtained results show good agreement of axial 
velocities for grid cell numbers of  200,000 and 300,000, while 
the results for other cell numbers differ more, as shown in Fig. 5. 
Consequently, the mesh size of 250,000 cells can provide 
a sufficiently grid independent and accurate solution. 

Fig.5. Grid independence study using axial velocity distribution along the 
combustor centerline

Boundary conditions are important for the accuracy of 
numerical solutions. In the present study, the inlet boundary 
conditions included the inlet air and fuel mass flow rates, and 
the outlet gas flow rate. The selected boundary conditions for 
the numerical solution were as follows: the inlet mass flow 
rates of the combustion air and the fuel were selected to give 
the AF ratio of 40, and the inlet air and fuel temperatures were 
assumed equal to 300 K. For the combustion air, the turbulence 
intensity was equal to 15 %, and the hydraulic diameter was 
2.8 cm. For the fuel, the turbulence intensity was 10 %, and the 
mean mixture fraction was 1.0. The boundary conditions for 
the outlet combustion flow were defined by pressure values. 
The relative pressure was taken with respect to the zero gage 
pressure, the radial equilibrium pressure distribution was 

assumed, the exit temperature was 1000 K, and the exit 
hydraulic diameter was 5 cm. The turbulence intensity was 
10%, and the hydraulic diameter was 5 cm. 

MODEL VALIDATION

The validation of the CFD model was achieved by comparing 
the CFD results of  temperature distributions with the 
experimental data recorded for natural gas fuel, published 
by [25] where the same combustor and the corresponding 
mesh were used. This was performed by changing the methane 
fuel concentrations during runs until 100% methane was 
reached. Once validated, the CFD model was considered  
useful in analyzing different compositions of syngas fuels and 
consequently, the remaining results were obtained using this 
model. The centerline temperature distributions for S = 0.9 
and S = 1.5, as obtained from computations and experiments, 
are shown in Figs. 6-a and 6-b. Comparing these results, 
a satisfactory and acceptable agreement is observed, with the 
maximum error of about 8%. The computed temperatures are 
higher than those coming from measurements. This is due to 
the fact that the combustor is cooled with water, which absorbs 
a lot of heat, and further the heat is lost by convection and 
radiation. In addition, the use of a bare wire thermocouple 
where its junction does not sense the same temperature of 
the combustion gases is also a reason why the measured 
temperatures are relatively far from the calculated ones.

Fig.6-a. Model validation @ (S=0.9,  AF=40)

Fig.6-b. Model validation @ (S=1.5,  AF=40)
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RESULTS AND DISCUSSION

EFFECT OF SYNGAS AND NATURAL GAS MIXTURES ON 
TEMPERATURE DISTRIBUTIONS

In this section, the effect of using different mixtures of 
natural gas and syngas fuels on combustion characteristics is 
analyzed. The natural gas flame is very long at AF=20 and 30. 
Firstly, the effect of increasing CH4 percent in syngas fuel was 
investigated. The CH4 content was increased until it reached 
100%. In the reported case, AF=40 was selected to produce 
a suitable flame length relative to the combustor configuration. 
Also, the swirl number of 0.9 was selected for the same reason, 
and to obtain reasonable comparisons among different cases 
of  CH4 content, especially when the hydrogen content was 
high (longer flame). 

Methane (CH4) is an essential component in syngas and it 
is the main component of natural gas. Consequently, studying 
the effect of CH4 percent in syngas is of high importance. 
Two different syngas compositions were examined. The first 
composition was: CH4=0.07, H2=0.62, N2=0.018, CO=0.26, 
CO2=0.028, H2O=0.004 [33], and the second one was: 
CH4 0.07, H2=0.26, N2=0.018, CO=0.62, CO2=0.028, 
H2O=0.004. As can be seen, they differ by H2 and CO values, 
while other constituents remain constant. The effect of CH4 
content variation in syngas fuel on temperature maps is shown 
in Fig. 7.  As the value of CH4, increases, the flame length and 
the size of high temperature regions decrease. This is due to 
the decrease of hydrogen content in the fuel mixture. Also, as 
the methane percent increases, the high temperature region of 
the flame is shifted to the downstream end of the combustor.

Fig.7. Temperature maps for different mixtures of syngas and natural gas fuels 
@ (S=0.9, AF=40)

Axial flame temperature distribution is an important 
parameter in syngas combustion. Axial temperatures for 
different percentages of CH4 up to 100% are shown in Fig. 8. 
It can be noticed that, as the CH4 content increases, the axial 
temperature levels decrease in the front part of the combustor 
(0≤x/D≤1.5), while in the rear part the effect of adding CH4 is 
reversed, i.e. the temperature levels increase with increasing 
the CH4 percent (1.5≤x/D≤5).

Fig.8. Effect of using different mixtures of natural gas and syngas fuels on axial 
temperature distributions @ (S=0.9, AF=40)

EFFECT OF SYNGAS COMPOSITION ON TEMPERATURE 
DISTRIBUTIONS

Typical syngas fuels are primarily composed of H2 and CO, 
and may also contain smaller amounts of CH4, N2, CO2, H2O, 
and other higher hydrocarbons. Their individual composition 
depends upon the fuel source and processing technology. The 
effect of variations in syngas compositions on the combustion 
and emissions in the gas turbine combustor is analyzed in this 
section. Different compositions of syngas fuels with different 
volume fractions are given in Table 3.

Tab.3. Different compositions of syngas fuels [33]

The syngas composition bearing the name of Schwarzepumpe 
syngas was selected as one  of syngas types for the present 
analysis. The combustion of the syngas fuel in air converts all 
carbon and hydrogen in the syngas fuel into carbon dioxide 
(CO2) and water vapor (H2O) in the products, respectively. 
Thus, simple chemical reactions of the syngas fuel combustion 
process can be expressed as follows:

(2)

(3)

(4)
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The effect of hydrogen percent in syngas composition on 
temperature maps is shown in Fig. 9-a. The examined syngas 
compositions differed by hydrogen content, which amounted to 
0.26, 0.44, 0.50 and 0.62. It is shown that, as hydrogen content 
increases in the syngas fuel, the flame length increases and the 
size of high temperature regions in the flame becomes larger. 
This is due to  high burning velocity of hydrogen and its high 
energy content.

Fig.9-a. Effect of hydrogen percent in syngas composition on temperature maps

Hydrogen content in the syngas fuel has a remarkable effect 
on temperature distributions. Fig.9-b shows the effect of syngas 
fuel composition on axial temperature distributions along the 
combustor centerline. It is shown that the temperature levels 
increase with increasing the hydrogen content at the front 
part of the combustor (0≤x/D≤1.5). In contrast, the flame 
temperature levels increase with the decreasing hydrogen 
content in the rear part of the combustor (1.5≤x/D≤5.5). This 
is because the flame is shorter for lower hydrogen content and 
the two high temperature regions around the combustor center 
line come closer to each other. This leads to higher temperature 
levels for higher hydrogen content near the fuel injector. 

Fig.9-b. Effect of hydrogen percent in syngas fuel composition on axial 
temperature distributions @ (S=0.9, AF=40)

EFFECT OF SYNGAS COMPOSITION ON POLLUTANT 
EMISSIONS

Hydrogen percent in the syngas fuel has a remarkable effect 
on CO2 species concentrations, NO pollutant concentrations, 
and soot volume fraction along the combustor centerline. 
Figure10-a shows the effect of syngas fuel composition on 
axial distribution of CO2 species concentrations along the 
combustor centerline. The effect is very clear for different 
hydrogen contents in the syngas fuel. For 26 % H2, the volume 
of CO2 increases rapidly to a high mole fraction of 0.045. Then, 
it decreases to a lower value of 0.02 at the combustor end. For 
44% and 50% H2, the CO2 volume also increases, but to values 
lower than that for 26% H2, and then it decreased again after 
x/D ≥ 3.2 and  x/D ≥ 3.9 for H2 = 44% and 50%, respectively. For 
62% H2, (Schwarzepumpe syngas fuel type) the CO2 emission 
is the lowest of the four examined hydrogen percentages in the 
syngas fuel. Comparing the results of CO2 emission with that 
for natural gas in [25], the use of the Schwarzepumpe syngas 
fuel results in lower CO2 emissions than that of natural gas fuel. 
The maximum values of CO2 emissions decreased from 0.088 
to 0.013 mole fractions at the same operating conditions. In 
addition, the combustor exit values of CO2 emissions decreased 
from 0.048 to 0.013 mole fractions at the same operating 
conditions.

 

Fig.10-a. Effect of syngas fuel composition on axial distribution of CO2 species 
concentrations @ (S=0.9, AF=40)

Nitrogen oxide (NO) emissions from syngas combustion 
come primarily from two sources, which are fuel (prompt) NO 
formation, and thermal NO formation. Prompt NO formation 
is responsible for a smaller fraction of NOx emissions, unless 
the emission levels are very low. The fuel NO formation results 
from oxidation of nitrogen-bearing species, such as HCN and 
NH3, which   evolved from the fuel during gasification. The 
thermal NO arises from oxidation of molecular nitrogen (N2) 
in the combustion air, and is formed in appreciable quantities 
at elevated combustion temperatures, ranging above 1370oC 
[34].  Figure 10-b shows the effect of syngas fuel composition 
on axial distribution of NO pollutant concentrations along the 
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combustor centerline. Both thermal and prompt mechanisms 
were selected for modeling NO pollutants. It is shown that NO 
mole fractions decrease with increasing the hydrogen content 
in the front part of the combustor. Then, the NO pollutant 
concentrations increase in the rear part of the combustor with 
increasing the hydrogen content. The maximum NO level 
remarkably increases with increasing the hydrogen content 
and is shifted to the rear end of the combustor. The NO values 
decrease sharply at the end of the combustor due to the reaction 
with oxygen in air to produce NO2 and NO3. Comparing the 
results for NO emissions with those published for natural gas 
in [25], the use of the Schwarzepumpe syngas fuel results in 
lower NO emission than that produced by natural gas fuel. The 
maximum values of NO emissions decreased from 0.00045 to 
5e-5 mole fractions at the same operating conditions. The NO 
and CO2 results are satisfactory and agree with those reported 
in Ref. [35]. Consequently, the syngas fuel satisfies the new 
international NOx emission regulations, as the natural gas 
satisfies new IMO regulations on NOx emission, according 
to Lloyd’s Register options for the compliance with new IMO 
regulations[36, 37]. 

Fig.10-b. Effect of syngas fuel composition on axial distribution of NO 
pollutant emissions @ (S=0.9, AF=40)

Finally, Fig. 10-c shows the effect of syngas fuel composition 
on axial distribution of soot volume fraction along the 
combustor centerline. The maximum volume fraction of soot 
exists at the middle section of the combustor, for hydrogen 
contents of 0.44 and 0.50. The concentration of the soot volume 
fraction increases for hydrogen content of 0.62 more than that 
for 0.26 but less than for 0.44 and 0.50, with the maximum 
value more shifted towards the rear section of the combustor.

Fig.10-c. Effect of syngas fuel composition on axial distribution of soot volume 
fraction @ (S=0.9, AF=40)

EFFECT OF SWIRL NUMBER ON TEMPERATURE 
DISTRIBUTIONS

The zero axial velocity point divides the flow within the 
combustor into two zones with respect to the flow direction, 
which are the forward and reversed flow zones (RFZ). The RFZ 
is found within the recirculation zone (RZ) and has slightly 
smaller volume than RZ. So, the two zones can be considered 
the same. For high swirl numbers, the adverse axial pressure 
gradient is sufficiently high to result in reverse flow along the 
combustor axis and setting up an internal RZ. This RZ plays an 
essential role in flame stability. It constitutes a mixed zone of 
combustion products and acts as a source of heat. It chemically 
actives species near the swirler exit. 

The air swirl number was changed by using six swirlers with 
the same dimensions but different   vane angle inclinations, 
ranging from 30° up to 64°. For swirl numbers above 0.5, 
the RFZ took the shape of a closed loop and ended inside 
the combustor. This helps in shortening the flame. The filled 
contours of flame temperatures or temperature maps indicate 
the flame shape and size. Figures 11-a and 11-b show the effect 
of swirl number on syngas and natural gas temperature maps 
at different swirl numbers, from 0.5 to 2.0. It is shown that, as 
the swirl number increases, the flame size decreases and the 
high temperature regions become attached to the upstream 
direction. Consequently, the flame length is decreased. The 
temperature maps are nearly the same for moderate swirl 
numbers S=0.7 and S=0.9. But for S >1(strong swirl), the swirl 
number has more effect on the flame size.

As the swirl number increases, the high temperature 
regions are shifted upstream, since the RFZ moves relative 
to the swirler exit. Also, for lower swirl numbers, a higher 
flame temperature is obtained since the residence time for the 
mixture is reduced. Thus, the fuel is efficiently burned and the 
emissions of pollutants are reduced. This is due to good mixing 
of the fuel and air. The combustion process is enhanced and 
this leads to lower emissions.

Fig.11-a. Effect of swirl number on temperature maps of syngas fuel flames @ 
(AF=40)
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Fig.11-b. Effect of swirl number on temperature maps of natural gas flames @ 
(AF=40)

Swirl number has an effect on the temperature distribution, 
since increasing the swirl number leads to the decrease of the 
flame size and, consequently, to the reduction of the flame 
temperature inside the combustor, partially at the combustor 
end. This is a benefit when selecting  the turbine blade material. 
Fig. 12 shows the effect of swirl number on axial temperature 
distributions along the combustor centerline. It is shown that, 
as the swirl number increases, the temperature level increases 
in the front part of the combustor and decreases in the rear 
part. The temperature increase in the front combustor part is 
due to good mixing between fuel and air, as a result of high 
turbulence intensity caused by higher swirling effect. Far from 
the swirler exit, the swirl effect and the turbulence decrease, 
and this leads to the decrease of the temperature levels.

Fig.12. Effect of swirl number on axial temperature distributions @ (AF=40)

EFFECT OF SWIRL NUMBER ON POLLUTANT EMISSIONS

Air swirl number has an obvious effect on the flow field and 
combustion inside the gas turbine combustor. As the swirl 
number increases, the reverse flow zone also increases and 
flame stabilization is improved. Combustion characteristics 

are enhanced by improving flame stabilization, as shown in 
details in Figs. 13-a and 13-b. Figure 13-a shows the effect of 
swirl number on unburned fuel Carbon monoxide species. 
CO in syngas combustion products comes from two primary 
sources: (1) unburned syngas CO, resulting from inefficient 
fuel/air mixing which creates regions with equivalence ratios 
outside the ignition range, and (2)  incomplete combustion of 
hydrocarbon species in the syngas. CO emissions from gas 
turbine-based IGCC systems are lower than those produced 
by conventional combustion-based systems [38]. The hydrogen 
content in synthesis gaseous fuels extends the operational limit 
and facilitates the oxidation of other organic fuel fractions by 
providing elevated combustion temperatures. For turbine and 
boiler applications, CO emissions from syngas combustion are 
lower than those observed in diesel or spark ignition engines 
[34].Comparing the results for CO emissions with those for 
natural gas in [25], the use of the Schwarzepumpe syngas fuel 
results in higher CO emission than that of natural gas fuel. 
The maximum values of CO emissions increased from 0.028 to 
0.14 mole fractions at the same operating conditions. However, 
the maximum CO value for syngas decreases at the end of the 
combustor, but is still slightly higher than that of natural gas. 
This result agrees with those reported in Ref. [35]. 

Fig.13-a. Effect of swirl number on axial CO species concentration @ (AF=40)

Figure 13-b shows the effect of swirl number on unburned 
fuel species H2. The H2 concentrations  decrease along the 
combustor length and approach zero at about x/D≤ 2, due to 
burning out. Also, the H2 concentrations decrease along the 
combustor centerline with the increase of the swirl number 
and approach zero for all swirl number (S), in the combustor 
part  between  2.0 ≤x/D≤5. In addition, as the swirl number 
increases, the N2 concentrations decrease along the combustor 
centerline in the combustor section (x/D≤1.5), remaining 
nearly constant in  subsequent sections, as shown in Fig. 13-c. 
Figs. 13-d and 13-e show that as the swirl number increases, 
the concentrations of HCN and CO2  decrease in the rear 
section of the combustor, at x/D≥1.5. In the other part of the 
combustor this trend is inversed, due to the turbulence effect 
produced by the swirling flow which improves air/fuel mixing. 
As a consequence, the exhaust gas emissions decrease in the 
end part of the combustor size.
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Fig.13-b. Effect of swirl number on axial H2 species concentration@ (AF=40)

Fig.13-c. Effect of swirl number on axial N2 species concentration @ (AF=40)

Fig.13-d. Effect of swirl number on axial CO2 species concentration @ (AF=40)

Fig.13-e. Effect of swirl number on axial HCN pollutant concentration@ 
(AF=40)

Finally, a sulfur component in the syngas fuel is hydrogen 
sulfide, the concentrations of which can exceed 2% for sulfur-
rich fuels. Lower concentrations of other reduced sulfur 
compounds, such as carbonyl sulfide, mercaptans, dimethyl 
sulfide, dimethyl disulfide, and carbon disulfide, may also 
be observed. Prior to combustion in the gas turbine, nearly 
all sulfur compounds are to  be removed from the synthesis 
gas [39]. The syngas fuel used in the present paper contains 
no sulfur, and there are no emissions of sulfur oxides from 
the can combustor. This satisfies the international IMO SOx 
emission regulations.

CONCLUSIONS

Numerical modeling of syngas fuel combustion in a can 
combustor with swirl is presented as a solution proposed to 
satisfy the requirements of international marine regulations. 
Four examined syngas fuel compositions differed by H2/CO 
ratios, ranging from 0.63 up to 2.63. Also, mixtures with  
different natural gas-syngas ratios were investigated. The 
SST k-ω model was used for turbulence modeling. The non-
premixed combustion model was used to model combustion, 
and P-1 for modeling radiation. The effect of syngas fuel 
compositions on the flame  size, axial temperature, as well 
as on emissions of carbon dioxide (CO2) and nitrogen oxides 
(NO) was examined. Based on the reported study the following 
conclusions have been formulated:

1. Comparing the measured and calculated axial 
temperatures of natural gas combustion for swirl numbers of 
0.9 and AF ratio of 40, provided satisfactory agreement. 

2. At lower swirl numbers, the temperature levels are 
high. Also, it has been noticed that in those cases the high 
temperature regions have large sizes for both natural gas and 
syngas fuels. 

3. With increasing the swirl number, the temperature 
levels and the high temperature region decrease. They also 
shift towards the front of the combustor, thus leading to the  
decrease of the flame length. 
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4. Increasing the swirl number leads to the decrease 
in axial temperature levels, and CO, H2, HCN and CO2 
concentrations. At the same time the N2 concentrations increase 
along the combustor centerline. The syngas composition has 
a remarkable effect on flame shape and size as indicated in 
the temperature maps. The flame length and the size of high 
temperature regions increase with the increased hydrogen 
content in the syngas fuel.

5. Syngas combustion temperature levels depend on 
the combustible constituents (hydrogen, carbon monoxide, 
and methane), and on their heating values and the presence 
of non-combustibles (inert) constituents in the syngas fuel.

6. Axial temperatures of syngas fuel increase with the 
increase of hydrogen content, especially at the end of the 
combustor.

7. The concentrations of pollutant species depend 
on syngas constituents (hydrogen, carbon monoxide, and 
methane). The volume of CO2 decreases with the increase 
of hydrogen content, while NO emissions increase as the 
hydrogen content increases.

8. Temperature levels for syngas flames are lower than 
those of natural gas. Increasing the methane content leads 
to the increase of axial temperatures, in particular near the 
combustor end.

9. Syngas fuel has lower emissions of NO and CO2 than 
those from natural gas fuel at the same operating conditions. 
It has higher peak flame temperature and CO emissions, as 
compared to natural gas fuel at the same operating conditions. 
Also, the used syngas fuel has no sulfur oxides emissions.

10. Finally, using syngas fuel in the can gas turbine 
combustor with swirl can meet the required new IMO emission 
regulations. 
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