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Abstract

Analysing the flow inside the combustor is important for determining the performance and NOx emission of the combustors.
This study investigated combustion and flow characteristics inside a modified trapped vortex combustor (TVC) to enhance
the performance and reduce the NOx emission. The modified TVC was characterised by a variable guide vane ratio between
length of column guide vane inside cavity and height of the cavity. The effect of the incoming velocity was analysed. The
Arrhenius rate of the one-step methane/air reaction mechanism was used. Validation of the study results was performed by
comparing the present numerical results with the published experimental results. Numerical results demonstrated significant
changes in the vortex inside the cavity after introducing the guide vane. Furthermore, variable guide vane ratio was found to
have a significant effect on temperature, NOx emission, and combustion efficiency with reduction of 5, 90, and 2%, respec-
tively, at guide vane ratio 0.75. The guide vane ratio of 0.5 was found to be the cutoff design for the current TVC model.
Increasing the guide vane ratio larger than 0.5 was found to reduce the NOx emission but needed to compensate with drop
of the combustion efficiency. This study has improved the understanding of the effect of the guide vane on the development
of a high-efficiency low-NOx TVC.
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Introduction are arranged at the front and rear sections of the combustion

chamber, and the cavity of combustor is located in between

Low-NOx combustors have been widely used in various
applications such as in aero engines and modern gas tur-
bines. A wide range of combustor designs have been devel-
oped to operate at high efficiency and produce low NOx
emission [1]. One of the most remarkable combustors is
the trapped vortex combustor (TVC), which generally uses
a cavity to stabilise the flame. A more recent TVC is the
advanced trapped vortex combustor (AVC) [1-7], which
uses bluff bodies instead of cavities [4—9]. These bluff bodies
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front and rear bluff bodies. The bluff body is known to
have considerable importance effect on the flow separation
and plays a vital role in enhancing the fuel mixing. As the
incoming air flows into the front bluff body, a strong vortex
circulation is produced between front and rear bluff bodies.
This produces a stable ignition source inside the combustion
chamber.

In the last few years, the technology of TVC has been
increasingly focused on efficient combustion and reduced
emissions [9]. Operating the combustor at lean fuel/air
regime is quite a challenge because a small change in the
incoming flow may lead to combustion instability [10].
Nowadays, TVCs are devised so as to overcome the diffi-
culties that may arise because of the use of cavity for stabi-
lising pilot flame. TVC is an advanced combustor based on
the conventional swirl-stabilised designs used for the past
60 years in gas turbine combustors. It uses the physical wall
cavity to create recirculation zones for flame stabilisation
and radial combustion phases [10]. A dual counter-rotating
vortex can be formed and securely locked in the cavity when
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the TVC cavity size is well built [11]. This allows for sta-
ble combustion and does not reveal the flow of the stream.
Edmonds et al. [3] developed a new design of AVC and
showed that the oscillation of the flame is eliminated and the
pressure loss is reduced. Deng et al. [12] conducted a study
on AVC by using hydrogen as a fuel and found that the total
pressure loss and combustion efficiency are affected by the
equivalent ratio. Zeng et al. [13] investigated the effect of
slot in the rear blunt body and showed that the performance
of the AVC could be increased when the slot size and open-
ing angle are matching. Xie and Zhu [8] proposed a modi-
fied AVC configuration by changing the external structure
of the combustor. They found that the pollutants emissions,
pressure drop, and combustion efficiency are significantly
affected by the proposed model. Wang et al. [14] studied the
effect of guide vanes to AVC numerically and reported the
existence of a double-vortex structure. Han et al. [15] stud-
ied high-temperature corrosion after low NOx transforma-
tion using modified air flow inside the burner and observed
that the proper arrangement of the burner will reduce the
corrosion and NOx. Enhancement of the mixing due to effect
of swirling on the TVC was studied by Jin et al. [16]. How-
ever, the data on the combustion stability and efficiency have
not been not provided by the authors. Moreover, Sun et al.
[17] investigated the effect of jet arrangement on the TVC
with inverse diffusion combustion and found that multi-jet is
better for combustion performance when the jet arranged in
the same position. The emission of NOx was not taken into
consideration by the authors [17].

Guide vanes are useful as they create a double vortex,
which has a number of advantages [18, 19]. Zeng et al. [18]
studied several ratios of the guide vane. In the present study,
the ratio between length of the column inside the cavity and
height of the cavity was investigated. The rationale behind
this configuration is to increase the vortex formation inside
the cavity to enhance the mixing and anchoring the flame.

Numerical work

Figure 1 illustrates the computational model of a two-dimen-
sional TVC with a guide vane. Herein, a is the length of
column guide vane inside the cavity, with combustor inlet
height, H=0.02 m, length of combustor, L=0.2 m, length
from cavity to outlet, W=0.1 m, cavity height, #=0.03 m,
height of mainstream inlet vane, »=0.002 m, and the guide
vane has a thickness of 0.001 m. It was designed in accord-
ance with experimental and numerical investigation on
microcombustor with a bluff-body carried out by Wang et al.
[14]. Guide vane ratio is defined as length of column guide
vane inside the cavity to height of the cavity, a/h.

For simulations, Ansys Fluent, a commercial computa-
tional fluid dynamics software, was used in the present study.
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Fig.1 Computational domain

The finite volume approach was used to solve the conserva-
tion equations. The conservation equations of mass, momen-
tum, and energy are as follows:

Conservation equation of mass:

V- (p¥) =0 (1)
Conservation equation of momentum:
V- (pW) ==Vp+V-(7) 2

Conservation equation of energy:

V- (V(pE+p)) = —V<Keﬁ~VT - Z hij; + (T - 3)) + S

3)
where p is the density, v is the velocity, p is the static pres-
sure, 7 is the stress tensor, E is the total energy, K is the
thermal conductivity, & is enthalpy, J is the diffusion flux of
species, and S, is the heat source term.

The turbulence model used in the present study is the
realisable k — € model. The model equations are as follows:
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where k is the turbulence kinetic energy, € is the dissipation
rate, G is the turbulence kinetic energy generation, C, and C,
are constant, and o is the turbulent Prandtl number.
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The SIMPLE algorithm was used to solve the pres-
sure—velocity coupling. The convergence criterion was set
as 107> for energy equation. The velocity boundary con-
dition was used for methane/air mixture at the inlet with
the temperature of 300 K, the pressure outlet boundary
condition was set for the combustor outlet, and the com-
bustor wall boundary condition was considered no-slip and
adiabatic. Kinetic theory was used to estimate the trans-
port properties. The heat conductivity and viscosity for
particular species, and ideal gas mixing law were used to
calculate the mixture of the transport properties. An ideal
gas law assumption was used to calculate the specific heat.
The k—e model was used in this study. The k—e model has
been shown to have a higher accuracy compared to large
eddy simulation (LES) model [20]. The air is assumed to
be a mixture of O, and N, with 21 mol% and 79 mol%,
respectively. The methane/air combustion elements are
very complicated and involve hundreds of interaction
particles among gas species and thus require long compu-
tation times. In this study, only one-step reaction mecha-
nism of methane/air was used because it is good enough
to analyse the flame dynamics according to Westbrook and
Dryer [21], and therefore, detailed chemical reaction is
not required. The model was simulated as methane single-
step oxidation with oxygen where the products are water
vapor and carbon dioxide. The equivalence equation is as
follows:

CH, + 20, — CO, + 2H,0 )

The reaction rate used is the global one-step methane
oxidation reaction rate or the Arrhenius-type reaction
rate model introduced by Westbrook and Dryer [21]. The
Arrhenius reaction rate was coupled with the eddy dissipa-
tion model to tackle the turbulence. The Arrhenius-type
reaction rate model equation is as follows:

rems = 1.3 X 108 exp (=2.027 x 10%/RT) x [CH,]**[0,] "
(N

Results and discussion

Mesh dependency test was conducted successfully on the
model, and the data are presented in Fig. 2. To save the
computational time, only half domain of the combustor
was adopted, and the structured hexahedral meshes were
generated. The velocity magnitude comparison at outlet
with different grids is shown in Fig. 2. The result with the
mesh size 0.0005 m and 0.001 m is in significant agree-
ment. To reduce the computation time, the grid with mesh
size 0.001 m was selected in this study.

Velocity
magnitude/m s=1

0.08 0.09 0.1

Fig.2 Velocity at outlet

Numerical validation

Validation of the numerical model and reaction mechanism
of the methane/air non-premixed combustion was carried out
by comparing with the experimental data [22]. Validation
was performed according to the total pressure loss coeffi-
cient as shown below:

6" = (P;knlet - P:utlet>/ P;knlet (8)

where Pi"‘nlet denotes the total pressure at the inlet, while
P . denotes the total pressure at the outlet. The com-
parison between numerical simulation and experimental
approach for total pressure loss is depicted in Fig. 3, which
shows that the numerical simulation results are in agreement
with the experimental results. A minor discrepancy seen in
Fig. 3 is attributable to simplified reaction model used in
the present study. This validation showed that the present
numerical method is acceptable.

The velocity magnitude at the outlet is observed with
guide vane ratios of 0.1, 0.25, 0.5, and 0.75 are shown
in Fig. 4. The outlet velocity magnitude was relatively
the same for all guide vane ratios for the inlet velocity of
20ms™,40ms~!, and 50 m s~ with72ms~!, 126 ms~!, and
145 m s™!, respectively. Furthermore, the inlet velocity of
50 m s~! gave the highest outlet velocities for all four types of
guide vanes. These observations are presented in Fig. 3. Higher
inlet velocity produced higher total pressure loss coefficient.

Figure 5 shows the total temperature distribution at the
outlet for different guide vane ratios and inlet velocities. The
temperature distribution at outlet slightly changed because
of different guide vane ratios. Temperature of 20 m s~! inlet
velocity case was found to have the highest outlet tempera-
ture at 1672 K, while the 40 m/s inlet velocity case gave the
lowest temperature of 1415 K at guide vane ratio=0.75.
Interestingly, at guide vane ratio=0.5, increase in the guide
vane ratio decreased the outlet temperature. This trend was
observed for all inlet velocity cases in the present study.

Figure 6 illustrates the emissions of NOx according to
four different ratios of guide vane. The trendline for NOx
emission varies greatly in all four guide vane ratios. It was
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Fig.3 Validation of present simulation work and published experimental approach by Agarwal and Ravikrishna [22] and Zeng et al. [23] of a

total pressure loss and b temperature at the outlet
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Fig.4 Velocity of the outlet at various inlet velocity values and guide
vane ratios
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Fig.5 Temperature of the outlet at various inlet velocity and guide
vane ratio

found that the ratio of guide vane significantly affected the
emission of NOx. At inlet velocity of 20 m s™!, the emission
NOx decreased with increase in guide vane ratio. Unfortu-
nately, at guide vane ratio=0.5 the NOx emission increased
gradually. At inlet velocity of 40 m s~! and 50 m s~!, trend
of the NOx emission was found to be similar. NOx emis-
sion increased sharply at guide vane ratio of 0.25. Later, at
guide vane ratio=0.5, NOx emission dropped about 90% for
40 m s™! case and increased at guide vane ratio=0.75.
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Fig.7 Combustion efficiency

Therefore, selection of the guide vane ratio needs to be
conducted carefully because of the significant effect on the
emission of NOx.

Figure 7 shows the combustion efficiency for all four
types of guide vane ratios for inlet velocities of 20 m s

s
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40 m s~!, and 50 m s~!. Combustion rate was determined
with the mass fraction of methane entering and exiting the
combustor. The equation to evaluate the combustion effi-
ciency is as follows:

. . _ Yin - Yout
Combustion Efficiency = 5 100 9)

Inlet velocity of 20 m s~! had high combustion rate with
the combustion efficiency above 65% compared to 40 m s~
and 50 m s~!. This is attributable to slow speed of fluid
flow at which the combustion rate of methane and oxygen
is higher. Hence, inlet velocity of 40 m s~! had higher com-
bustion efficiency of 60% compared to 57% for 50 m s~!. In
general, increase in inlet velocity reduces the combustion
efficiency. This finding corresponds to the observations by
Xie and Zhu [8], who assumed reduction in combustion effi-
ciency to be due to the increase in the total pressure loss.

When the TVC was operated with the addition of guide
vane in the mainstream, there was a significant alteration
inside the cavity. The velocity of the cavity flow increased
with increase in guide vane ratio (Fig. 8). Moreover, cavity
region grew with increase in guide vane ratio. This flow pat-
tern is attributable to guided flow from the guide vane into
the bottom of the cavity. Therefore, the velocity in the cavity
increases and increases the momentum. This will enhance
the turbulent motion that improve mixing of the fuel/air mix-
ture. The phenomena will lead to higher level of uniformness
of temperature distribution inside cavity. Thus, increase in

Velocity/m s~
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Fig.8 Velocity contour for guide vane ratio a 0.1, (2) 0.25, (3) 0.5,
and (4) 0.75 at inlet velocity of 20 m/s
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Fig.9 Contour of the NOx emissions for guide vane ratio (1) 0.1, (2)
0.25, (3) 0.5, and (4) 0.75 at inlet velocity of 20 m s

the guide vane ratio increased the wall shear stress at the
bottom, as discussed previously by Wang et al. [20].

Figure 9 shows the emissions of NOx distribution for
various guide vane ratios. At ratio 0.25, the highest amount
of NOx is generated in the centre of the cavity because of
the excessively unevenly temperature distribution and high
local temperature.

At ratio 0.1 and 0.5, NOx emissions are slightly high.
However, at ratio 0.75 the guide vane ratio relatively influ-
ences the emissions of NOx, where it contribute to lower
NOx emissions. The main reason is the mixing region inside
the cavity which is large and helps to increase the mixing
rate and in turn reduce NOX emissions.

Conclusions

This study investigated the characteristics of the modified
TVC model. The validation of numerical work agreed with
published experimental work. The main conclusions are:

1. Ratio of the guide vane has less effects on the outflow

velocity. At inlet velocity of 20 m s7!. 40 m s, and
50 m s~!, the outlet velocity was noted to be consistent
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at72ms™', 126 ms~!, and 145 m s~ !, respectively, at
various guide vane ratios.

2. Temperature and combustion efficiency are slightly
affected at the guide vane ratio beyond 0.5. At inlet
velocity of 40 m s™!, the temperature and combustion
efficiency dropped about 5% and 2%, respectively, for
guide vane ratio of 0.75.

3. The NOx emission is significantly affected by the guide
vane ratio. At guide vane ratio of 0.75, the NOx emis-
sion dropped 90% for the 40 m s~ inlet velocity case.

4. The guide vane ratio of 0.5 is the cutoff design for the
current TVC model. Beyond this value, the NOx showed
a better reduction in emission, but the combustion effi-
ciency dropped.

5. The proposed modified TVC showed a significant flow
modification inside the combustor. This flow modifica-
tion affected the characteristics of the combustor behav-
iour. The NOx reduction needed to compensate with
drop in combustion efficiency for the application of the
proposed TVC model.
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