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Abstract

Synthesis gas (syngas) is one of the potential alternative clean fuel energy in gas-fired boilers swirl burners system. Computational Fluid
Dynamic (CFD) simulations were conducted to study the effect of different swirl number on the combustion characteristics of CO-rich
syngas in premixed swirl mode using a model boiler swirl burner. The composition of CO-rich syngas is 67.5 % CO, 22.5 % H,, 5%
CO; and 5 % CH,. Two types of combustion model for simulation analysis were used in this study namely flamelet generated manifold
(FGM) and chemical equilibrium (CE) approaches. The CFD results were validated with actual experimental data with the same swirl
number. The FGM method shows better agreement with experimental result, hence adopted to model and predict the CO-rich syngas
flame characteristic in the reaction zones. The CO-rich syngas was then numerically tested on different type of swirl number including
0.39, 0.59, 0.84, 1.20 and 1.80. Result shows that the angle of flame distribution was apparently equivalence with the vane angle swirler.
Swirler with a higher swirl number (1.20 and 1.80) showed lower NO (57%) and lower CO (98%) species compared to the one with a
lower swirler number (0.39 — 0.84). Flame with lower swirl number (0.39) exhibited higher temperature, OH and O radical content. Thus,

it contribute to the high production of NO and CO species.
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1. Introduction

Synthesis gas (or syngas) is considered as one of the potential
alternative clean fuels in the future. Syngas is expected to play an
important role in the diversification of energetic sources since it is
produced from gasification of coal where the reserves are widely
abundance [1]. It is also produced from gasification of multiple
solid feedstocks such as organic waste and renewable biomass [1,
2]. The main component of syngas is H, and CO and the volume
percentages could be CO-rich or H,-rich. Syngas also contain
diluents such as N,, CO, and H,O, and hydrocarbon content,
mainly CH,4 [3]. Syngas is a cleaner gas but it has low calorific
value which only accounts for 30% as compared to conventional
natural gases [2].

Syngas can be directly burned in power generation sector (boiler,
engine, furnace, gas turbine, and burner) or further processed for
other gaseous or liquid products. However, current existing com-
bustor used for traditional hydrocarbon combustion need substan-
tial improvements to burn syngas [4]. Since small scale power of
micro turbines (<500 kWe) is capable to burn lower calorific fuel
and lean (premixed) combustion regimes, syngas have high poten-
tial to be used in this type of applications. Current design of tur-
bine burners also involves the use of lean premixed fuels combus-
tion technique and swirler mechanism.

Premixed combustion was identified as a promising candidate for
emissions reduction. Lean mixture combustion is specifically can
produce extremely low NOx emission levels with only a slight
increment of hydrocarbon emission [5]. Gaseous fuel in recent

industrial applications is often burnt using lean premixed approach
and well established in land based power generation gas turbines
to achieve low NOx emissions. Towards a near zero emission
combustion technology, it is therefore interesting to use clean fuel
of syngas in lean premixed combustor [6, 7].

Current design of burners also involve the use of swirler mecha-
nism. Swirl burners ensure efficient combustion conditions allow-
ing good fluid mixing and offering long residence time for com-
plete reaction to take place, typically used in the lean premixing of
fuel and air to achieved low level of NOx emission [8]. Swirl is
used to obtain high mixing rates of fuel and air mixture as well as
to stabilize the flames. High strength of swirl leads to formation of
internal recirculation zone (IRZ), which is also called as vortex
breakdown in fluid mechanics. IRZ plays a vital role in lean pre-
mixed by sustaining the hot combustion products and radical as
well as enhance the flame anchoring to the recirculation zone [9].
Lean premixed swirl is being used for several decades. However,
the fundamental understanding on flame reaction mechanism and
turbulence interaction between lean premixed swirl conditions
with the consumption of syngas fuel have very little study and not
thoroughly investigated. Therefore, it is necessary to establish a
framework for the combustion characteristic of syngas particularly
in the presence of swirl [4].

The present study use CFD simulation modelling method to study
the swirl characteristic of syngas combustion. In CFD simulation
of combustion, integration of the detailed chemical mechanism
with the direct numerical simulation is computationally expensive
due to high requirement on computer specification [10]. Simplify-
ing the description of chemical kinetics could reduce the computa-
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tional cost. Tabulated chemistry method like Flamelet generated
manifold (FGM) is used to reduce combustion chemistry which
then enables the prediction of intermediate species as well as pol-
lutant [11]. FGM is a method which considers a multidimensional
flame as an ensemble of one dimensional flames similar to a
flamelet approach [12]. Therefore FGM solving a set of one-
dimensional premixed, non-premixed and partially premixed lam-
inar flame where reaction rates and species mass fractions are
tabulated as a function of defined coordinate. Defined coordinate
in FGM method including mixture fraction, progress of reaction
(progress variable), enthalpy, strain rates and etc. [13]. FGM
method uses both complex chemistry and transport processes so
that FGM have better prediction on simulation in lean or low tem-
perature region [14].

The capability of FGM method in modelling the combustion nu-
merically has been study by previous researchers. Verhoeven et
al. [15] investigate the ability of FGM approach constructed from
premixed and non-premixed one dimensional flamelet in model-
ling laminar methane flame in a co-flow of air. The results are
compared with full chemical model. The study reported that sig-
nificant deviation result was observed when using a simplified
transport model for the progress variable y in the application of
the FGM. Dinesh et al. [10] study a transitional hydrogen-air non-
premixed impinging jet flame using three dimensional direct nu-
merical simulation (DNS) and flamelet generated manifolds
(FGM) based on detailed chemical kinetics. Result shows that
complex spatial and temporal variations occur in the mixture frac-
tion, progress variable and temperature fields as a vortical struc-
ture is observed in the primary and wall jet region. Atoof et al.
[16] conducted numerical simulation of laminar premixed CH, air
flame by FGM method to investigate the sensitivity of progress
variable effect on the prediction of flame front. A sensitivity anal-
ysis shows that among progress variable, H,O does not shows
monotonic behavior in the reaction zone, which renders it inap-
propriate as a progress variable choice. Nakod et al. [17] conduct-
ed an orderly comparative study of the FGM model and laminar
flamelet method (LFM) for various diffusion/premixed flame
method. The study reported that the result of simulation simulated
by FGM model are physically more accurate than those which use
the LFM in all the combustion flames technique.

The present study used FGM method as combustion model for
CFD simulation to predict the effect of swirl number on the flame
characteristic of syngas in a swirl premixed combustion technique.

2. Methodology

The present study investigated the effect of different swirl number
on the performance of syngas combustion by CFD simulation
method. The composition of CO-rich syngas with 67.5 % CO,
225

% Hy, 5% CO, and 5 % CH, was selected in this study [18]. The
CO-rich type was selected in view of the lack of comprehensive
data under premixed swirl combustion mode considering that H,-
rich is most notably composition studied by previous researches
[19].

The burner system with swirler mechanism were presented as in
Figure 1. Axial swirler design consists of outer and inner diame-
ters which are 40 mm and 26 mm respectively. It also consists of 6
straight vanes fixed at an angle of 45° with respect to the incoming
flow. The thickness of each vane is 1.5mm. The characteristic of
combustion for 5 different swirl number which refer to the differ-
ent configuration of swirler vane angle were compared. Different
configuration of swirler vane angle was shown as in Figure 2 The
vane angle were set from 25° to 65° with the difference of 10° for
each of the increment. The swirl number was then calculated from
the vane angle with respect to the geometry of the burner. Swirl
number for an annular swirler with constant vane angle, 6 was
hence formulated as in equation below

tan©
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Where Dh is defined as swirler hub diameter, Dsw is define as
swirler diameter and 0 is defined as swirler vane angle from axial
centreline axis. All calculated swirl number from different swirl
angle of swirler were listed as in Table 1.

Observation
window

Swirler

Premixed
air/fuel —_
plenum

Fig. 1: Cross section of swirl burner and swirler

Table 1: List of Swirl number with respect to the vane angle

Vane angle (°) | swirl number (Sn)

25 0.39
35 0.59
45 0.84
55 1.20
65 1.80
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Fig. 2: Swirler with different vane angle (°) and swirl number (Sn) of a)
250 -Sn = 0.39, b) 35° - Sn = 0.59, c) 45° - Sn = 0.84, d) 55° - Sn = 1.20, €)
65°-Sn=1.80

2.1. Species Model method

FGM method is computed with the detailed chemistry reaction
scheme (GRI mech 3.0) which involves more than 50 transport
equations and 100 chemical reactions. The premixed swirl com-
bustion in this study is modelled using commercial CFD software
Ansys fluent. This study used partially premixed model to model
the premixed swirl combustion since this model can be used to
model both the non-premixed and perfectly premixed combustion
in Ansys fluent. Partially premixed combustion parameters are
mapped on two variables describing mixing (mixture fraction, f)
and reaction progress (reaction progress variables, c).

In Ansys fluent, one dimensional premixed flamelets is generated
to solve the flamelets in reaction progress space. The reaction
progress variable is defined by the following equation:

- B (VY] Yo )
[Zan(Vi-vi)] Y
Progress variable defined as a normalised sum of the product spe-
cies mass fraction. The sum is over all species in the chemical
mechanism. From the equation above, Y, denotes the k" species
mass fraction, superscript u denotes the unburnt reactant at the
flame inlet, and superscript eq denotes chemical equilibrium at the
flame outlet. The coefficient a,, is prescribes accordingly so that
the reaction progress, c, increase monotonically through the flame.
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ay =0 for all species except aco, = aco =1 for hydrocarbon
combustion and ay,, = 1 for fuel without C element such as H,.
According to Ansys fluent, the one dimensional adiabatic flamelet
equations can be transformed from physical-space to reaction-
progress space.
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Where Y, is the k" species mass fraction, T is the temperature, p
is the fluid density, ¢ is time, @, is the k" species mass fraction
rate, h is the total enthalpy and c, , is the k" species specific heat
at a constant pressure. The scalar dissipation rate y, is defined as
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where 2 is the thermal conductivity. The scalar dissipation .
varies with ¢ and is an input to the equation set. Equation 5 be-
come
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Mixture fraction in FGM can be directly corresponding to the
single equivalent ratio of 1D premixed flamelet. Premixed flame-
let at different mixture fractions have different maximum scalar
dissipations, y,.ax- In Ansys fluent, the scalar dissipation y.(f, c)
at any mixture fraction, f is modelled as

2
Xc(f,c)=xKSnTagexp -2 (er fcl (fi)) exp (—2 (er fo! (20))2) 7

STO

Where STO indicate stoichiometric mixture fraction and
er fc~1 is the inverse complimentary error function.

2.2. Simulation setup and procedure

2.2.1. Grid setup

The numerical grid is important in combustion simulation to meet
an accurate simulation requirement. High quality elements with
low growth rate are required to simulate the burner region where
high temperature and species concentration is involved. Cut shell
method which primarily consists of structured hexahedron grid
have been chosen in this simulation study as shown in Figure 3.
The grid had a size of minimum and maximum of 700,000 cells to
1,000,000 cells respectively. The mesh quality was determined by
aspect ratio and orthogonal quality. According to Turkeli-
Ramadan et al. [20], hexahedron grid is considered to have good
quality of mesh at maximum aspect ratio of 35 and a minimum
orthogonal quality of 0.15. In this case, maximum aspect ratio was
recorded at 13.43 and minimum orthogonal quality at 0.19 where
both is in the range as outline by Turkeli-Ramadan et al. Higher
grid density of cells were constructed near the burner mouth re-
gion and become coarser when moving away to the burner exit.
The fine and saturated mesh is correspond to the high velocity,
species and temperature gradient at the burner mouth.

2.2.2. Boundary condition
Syngas with CO-rich composition type was used as fuel in this

study. At the inlet, mass flow rate models were used and set ac-
cording to the equivalence ratio. The simulations were carried out

for inlet swirler with different configuration of vane angle which
corresponds to different swirl number. The inlet turbulent intensity
and hydraulic diameter for fuel were set at 5% and 10 mm respec-
tively. The value of turbulent intensity is based on the reference
[21] which also used swirl combustor operating with syngas fuel.
The wall of combustor was set at no-slip boundary condition and
no-species flux condition. Flow outlet at burner exit was treated as
burner outlet condition. The value of static pressure at the outlet
boundary was set to zero which relative to the operational pressure.

Outlet

Coarse
mesh

Wall

Fine
mesh

Inlet (air/fuel mixture)

. Saturated
mesh

Fig. 3: Grid setup and boundary condition
2.2.3. Fluid flow solver

In this study, the commercial computational fluid dynamics soft-
ware package ANSYS Fluent 15 with finite volume code was
employed to solve the mass, momentum, energy and heat transfer
equation. A pressure based solver is used in steady state condition.
The fluid flow is described by solving the RANS (Reynold-
averaged Navier Stokes) equations. Turbulence models were used
to close the RANS equations. There are a few turbulence models
available in CFD code. Turbulence model in this simulation is
using realizable k-epsilon model. Mayr et. al. [22] reported that
this model is an improvement of standard k-epsilon model for an
axisymmetric jet and on flows with strong streamline curvature.
Standard K-epsilon shows unrealistic high temperature as well as
different flame shaped compared to realizable K-epsilon. A Semi-
Implicit Method for Pressure-Linked Equations (SIMPLE) algo-
rithm scheme was used to compute pressure velocity coupling [22].
Governing equation is discretized using second order upwind
scheme for equation of momentum, turbulent kinetic energy and
dissipation rate, progress variable and mixture fraction. The Pres-
sure Staggering Option (PRESTO!) scheme is one of the interpo-
lation scheme which computed the values of pressure to solve the
momentum equation [23]. The scheme uses the discrete continuity
balance for a "staggered" control volume about the face to com-
pute the "staggered" (i.e., face) pressure. Mayr et.al [24] reported
that PRESTO! scheme was observed to cause a faster convergence
in simulations predominantly for flows with high swirl numbers,
high-Rayleigh-number natural convection, high-speed rotating
flows, flows involving porous media, and flows in strongly curved
domains [23].

3. Result and Discussion

A simulations of high CO-rich combustion at stoichiometric con-
dition using FGM combustion model were conducted to investi-
gate the effect of swirl number on combustion characteristic. The
single fuel type and mixture condition were choose for consisten-
cies purpose. The result and discussion on the flame characteristic
of syngas including flame temperature distribution, flow velocity
of flame and pollutant species in the flame reaction zone were
presented in the next section.
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3.1. Temperature distribution

Figure 4 shows the comparison of temperature contour for com-
bustion at different swirl number. The temperature contour indi-
cated that the angle of flame distribution was equivalence with the
vane angle swirler. The flame height were visibly reduce as the
value of swirl number and vane angle is increase. This is depicted
by the distribution of flame contour at the temperature value of
above 2000 K (illustrated in orange to red contour colors).

Vane angle
Swirl Number
25°0.39 "‘ -y
T ——
- Temperature
Isosurface 5
2.300e+003
o ( 35°
35°/0.59 )
- 1.800e+003
1.300e+003
o 45°
45°0084 €—=4————-
\\\
8.000e+002
/4 e 3.000e+002
559120 CEEIEEOEE— K]
[\
65%%7180 FFr=——————-

Figure 4: Components of axial, radial and tangential velocity for the flow
field of swirl flame.

3.2. Combustion flow characteristic

The flow field of syngas combustion for different swirl numbers
were presented in this section. A cylindrical velocities method
which comprised of axial, radial and tangential velocities were
used to characterize the flow field for each of the cases. Figure 5
shows the position of axial, radial and tangential velocity of vector
coordinate in the swirl flow. Each of velocities component (axial,
radial and tangential) for each flame at different swirl numbers
against radial distance were depicted as in Figure 6.

x Axial

Radial

Tangential <S5
i .
* Rotational

Swirler
vane

Figure 5: Components of axial, radial and tangential velocity for the flow
field of swirl flame.

Each of velocities profile were reported at axial locations of 0.06m
from burner exit. For axial velocity, all flames show a similar
profile shapes, albeit with a slight variation of magnitude and peak
position due to different swirl angle position except for flame at
swirl number of 0.39. Flame at swirl number from 0.59 to 1.80
show almost identical peak velocity which were 1.32 m/s to 1.4
m/s. Flame at swirl number of 0.39 shows a reversed peak close to
burner mouth position which between -0.02 to 0.02 m at axial
location of 0.06m. Flame at lower swirl number also show higher
reversed peak velocity which were -4.04 and -4.9 m/s for swirl
number 0.59 and 0.39 respectively.

2
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Figure 6: Axial, Radial and tangential velocity for flame at a different
swirl angle as a function of radial direction

For tangential velocity, flame at swirl number from 0.59 to 1.80
show peak velocity approaching both left and right side of the wall.
Whereas for flame at swirl number of 0.39, the tangential velocity
tend to be developed within the centerline area. High swirl number
of 1.80 was typically showed higher peak tangential velocity.
Higher tangential velocity indicated that flame at swirl number of
1.80 produces a region of stronger sheared flow compared to the
flame with lower swirl number.

For radial velocity, higher swirl number show lower velocity as
compared with lower swirl number. For example, swirl number of
1.20 and 1.80 show minimum velocity at 0.5 and 1m/s respective-
ly. Whereas swirl number of 0.59 and 0.84 show higher radial
peak velocities of 0.3 and 0.2 m/s respectively. Higher swirl num-
ber show lower value of radial velocity as the flame was sheared
to tangential rather than outward (radial) direction. Lower swirl
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number show high peak value as the flame is dominantly move to
the outward direction. It is also noticed that lowest swirl number
of 0.39 show lower value at both tangential and radial direction.

3.3. Reaction species and temperature characteristic

Figure 7 show the NO and CO species in reaction zone for each of
flame at different swirl number. For NO species, high swirl num-
ber of 1.80 shows relatively constant distribution of NO species at
the value of mole fraction of 0.0016. Moderate swirl number of
0.59 to 1.20 were generally show higher maximum peak of NO
compared to swirl number of 1.80. The maximum peak value of
low swirl number of 0.39 was higher than other swirl number
typical at radial distance closer to the burner exit. It is calculated
that the peak value of swirler with high swirl (1.80) number pro-
duced 57% and 98% lower NO and CO species respectively as
compared to low swirl number (0.39).

The value of NO species seems to exhibited strong relation with
the distribution of temperature as thermal NO mechanism was
take place. Figure 8 shows that NO species was relatively higher
with temperature value for flame with lower swirl number (0.39)
at the centerline of the burner exit.

0.005
0.003 | /\ /\
(@]  — |
>_Z /\ = - ! 4‘—-\
| \j \./ \/"
-0.001
0.11
Sn=0.39
Sn=0.59
Sn=0.84
__ 007 Sn=1.20
‘—O‘ Sn=1.80
O
>_
0.03 |
— S
-0.01 .
-0.07 0 0.07

Radial distance (m)

Figure 7: Mole fraction of NO and CO for flame at different swirl number
against radial distance.

The radical of OH and O species were also a critical component
which contributing to the formation of NO through the zeldovich
mechanism as in equation below.

O+N,NO+N
N+0,-NO+O

®)
©

The above reaction is extended to become
N+OH-NO+H (10)
Figure 8 also depicted the distribution of radical species of OH

and O as a function of swirl number. It is clearly shows that high
NO species at the centerline was relatively correlated with the

high concentration of OH and O species particularly for both low-
er swirl number, Sn =0.39 and Sn = 0.59.

The results of radical species indicated that low swirl number (in
this case is 0.39 and 0.59) provide an area with high OH and O
species availability at the centerline. On the other hand, higher
swirl number (in this case is >0.59) hindered the radical species of
OH and O availability at the centerline until approaching both
domain of side wall. Thus, it is concluded that flame with higher
swirl number is affectively capable in limiting the production of
NO species.
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Figure 8: Temperature distribution, mole fraction of OH and O species for
flame at different swirl angle against radial direction

4. Conclusion

The present study investigated the effect of swirl number on the
performance of premixed combustion of syngas by using CFD
simulation analysis. The simulation analysis was using flamelet
generated manifold (FGM) method as a combustion model. FGM
method is a simplification of chemical kinetics description which
could reduce the computational cost. On the other hand, FGM is
capable to predict intermediate species as well as pollutant. The
result showed that swirler with high swirl number produce high
velocity in the axial and tangential direction of flame propagation.
Whereas low swirl number produce low velocity in any direction
of flame propagation. Swirler with high swirl number also produce
57% and 98% lower NO and CO species respectively as compared
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to low swirl number. Higher temperature, OH and O radical con-
tent exhibited by flame with lower swirl number contribute to the
high production of NO and CO species
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