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In this paper, lean blow-out (LBO) limits in a double swirl gas turbine model
combustor were investigated experimentally for Liquid Petroleum Gas
(LPG) fuel. The LBO curve was extracted for different combustor configura-
tions. While burner could operate reasonably under ultra-lean conditions,
two different sets of operating conditions, one with a low flow rate (LFR)
and another one with high flow rate (HFR), are identified and studied in
terms of LBO and pollutant. Results showed that while the flame structure
was similar in both cases, the chamber responses to geometrical changes
and also preheating are minimal at the LFR. That means confinement and
injector type have desirable effects on stability borders but not for the LFR.
The channeled injector shifted down the LBO limit around 28 percent at
HFR. Measurements on the combustor exhaust gas composition and temper-
ature indicate a region with relatively complete combustion and reasonable
temperature and a very low level of exhaust NOx pollutants (i.e., below ten
ppm) at about 25-50% above the LBO. In this operating envelope, a burner
power increment led to a higher exhaust average temperature and combus-
tion efficiency, while NOx formation decreased. Preheating the inlet air up
to 100°C results in an improvement in burner stability in about 10 percent,
but NOx production intensifies more than three times. Results indicate that
the LBO limit is configured more by the burner design and aerodynamic as-
pects rather than the fuel type.
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1. Introduction

Many investigations are performing on gas turbine (GT) combustors in order to reduce pollutant
formations and increase performance [1-6]. Investigations show that operating under lean premixed or
partially premixed conditions can reduce emissions of NOx and CO [7]. High swirl flames provide
small size and high energy conversion chambers with reasonable mixing, ignition, and stability charac-
teristics using concepts of vortex breakdown and strong inner recirculation [1, 3, 8]. Double swirl
combustors with a high level of turbulence and heat release in small volume would be useful in terms
of reducing residence time, flame stabilization, and ignition in a wide range of operating conditions
[1]. These burner configurations could decrease the reliance on staging of the air flow and, therefore, a
size reduction of chamber favorably. The German Aerospace Center (DLR) has established a gas tur-
bine model combustor named GTMC in which methane is injected between two co-swirling air inlets.
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They have published a wide range of experimental reacting and non-reacting data for three specific
operating conditions for methane as fuel [6]. Flame A as a perfectly stable flame, operated at a specific
power rate comparable to an aeronautical or modern aero-derivative industrial gas turbines, flame B
with strong thermo-acoustic noise chosen at a specific power rate comparable to most industrial gas
turbines; and flame C, with sudden partially extinction and reestablishment of stable process, operated
at the same airflow as flame B but with reduced fuel supply close to the lean extinction limit [1]. Most
researches on GTMC are carried out under these particular operating conditions. The first time,
GTMC was investigated experimentally by Duan et al. [9] in 2004 by laser-based measurements of
flame C. They provided OH and CH PLIF, mean velocity field, and some other experimental data and
concluded that the flow field exhibits a strong swirl-induced recirculation zone with high-velocity
fluctuations in the shear layers built by adjacent inlet flows. In 2005, Weigand et al. [10] investigated
flame B for the mechanism of periodic combustion instability. They observed a lifted flame under a
partially premixed mode. Their results showed that the oscillations of the heat release rate were ac-
companied by periodic changes in the thermal expansion, swirl intensity, and pressure, which in turn
influenced the flow field. Beside them, Meier et al. [11] investigated the mixing, reaction progress,
and flame front structures of flames A and B using laser diagnostics. They concluded that the flames
were lifted and partially premixed before ignition with relatively low variations in mixture fraction
compared to pure diffusion flames. In 2006, Weigand et al. [1, 12] classified flames A, B, and C with
respect to combustion instabilities, as mentioned before, and established a comprehensive database
that can be used for validation and improvement of combustion models. In 2008, Sadanandan et al.
[13] examined simultaneous measurement of the flow field and flame for a clear understanding of the
underlying mechanisms at flame B. In 2009, Stéhr et al. [14] investigated flame B and measured ve-
locity fields and flame structures using simultaneous stereo-PIV and OH-PLIF. Sadanandan et al. [15]
also investigated flame B and examined flow field-flame structure interactions. Boxx et al. [16] inves-
tigated flame B using high-speed laser imaging and presented the effects of both of precessing vortex
core (PVC) and thermo-acoustic pulsation on the flow field and the reaction zone. Another work by
Boxx et al. [17] was investigated on flame B to describe an approach of imaging the dynamic interac-
tion of the flame front and flow field. In 2010, Boxx et al. [18] presented observations and analysis of
the time-dependent behavior of flame B. Steinberg et al. [19] carried out a detailed analysis of the
flow—flame interactions associated with thermo-acoustic fluctuations of flame B. In 2011, Stohr et al.
[20] studied flame C using chemiluminescence imaging and simultaneous stereo-PIV and OH-PLIF
measurements. They investigated the stabilization mechanism of the flame, when it is close to the lean
blowout (LBO). They observed that the flame shape and flow field are very similar to fully stable op-
eration (without intermediate blowout events) at a slightly higher equivalence ratio than the LBO.
They found out that near the lean blowout, there are essentially two regions where the reaction takes
place, namely the helical zone along the PVC and the flame root around the lower stagnation point.
Kutne et al. [21] carried out experiments on oxyfuel flames in GTMC. Their results showed a strong
influence of the O, concentration on the combustion behavior in contrast to the equivalence ratio,
which has only a I minimal effect. In 2012, Stohr et al. [7] studied the interaction of the helical PVC
with the flame. Allison et al. [22-23] investigated the acoustic behavior of GTMC using both synthet-
ic) gas and standard hydrocarbon fuels. In the framework of numerical studies on GTMC, there are al-
so some reports; first in 2008, Windenhorn et al. [8] modeled the GTMC by a 3D simulation using
SAS (Scale Adaptive Simulation), DES (Detached Eddy Simulation), and RANS (Reynolds-averaged



Navier Stokes) approaches. In 2013, Ihme et al. [2] modeled the GTMC using the large eddy simula-
tion and reported sensitivity of modeling to subgrid-scale turbulence models and finally recommended
the Verman subgrid model for GTMC [6]. Also, in 2016, Mardani et al. [6] modeled GTMC using two
different turbulence-chemistry interaction models: the EDC (Eddy Dissipation Concept) and TPDF
(Transported Probability Density Function). Their modeling was performed by solving Reynolds-
averaged Navier-Stokes (RANS) and Reynolds stress model (RSM) equations for a 2D-axisymmetric
computational domain accompanied by swirl. There are some other works on this combustor numeri-
cally and experimentally.

Following the literature indicates that there islittle reported information about the most critical
features of GTMC in terms of lean blow out (LBO) and its pollutant for fuels other than methane. Fur-
thermore, low level preheating of inlet air, which emulates heat recovery concept from the exhaust, is
not reported according to our knowledge. On the other hand, the primary fuel of GTMC was methane,
so the topics as mentioned earlier, are not considered for LPG fuel. So, we are going to investigate the
redesigned version of GTMC, which is manufactured in Sharif University of Technology and called
here SGTMC, using LPG as fuel, basically with focusing on the stability blow-out limit, the effect of
preheating, and emissions which are less reported as our knowledge. Therefore, in this work, experi-
mental investigation of the combustor was done for a wide range of air flow rates and in terms of sta-
bility limit, flame direct photography, preheating effects, and emissions in a wide range of operating
conditions of the SGTMC. Moreover, non-reacting flow field modeling of the burner, the same as
done in the previous report of the author, has been done and used limitedly to get some more infor-
mation about the flow field and for discussions [6]. This numerical modeling was not the main objec-
tive of this work and; therefore, it is eliminated to report due to lack of space.

2. Experimental Setup

2.1. Combustor Characteristics

The gas turbine model combustor is schematically shown in Fig. 1. The burner is a reconstruct-
ed version of a model gas turbine combustor for gaseous fuels [1, 8] (GTMC), which entitled here as
SGTMC. Dry air at atmospheric pressure and the room temperature was supplied to the combustor
through a central nozzle with a diameter of 15 mm and an annular nozzle with a diameter of 17-25 mm
with the same swirl direction. Both air inlets are fed from a common plenum with a diameter of 79
mm and a height of 72 mm. The radial swirlers consisted of 8 and 12 channels for the central and an-
nular nozzles, respectively. LPG as fuel was fed through a 0.5 mm width path in the axial direction,
using a perforated or simple annular slit according to the selected type of the injector (see Fig. 1). The
combustion chamber had a square section of 83 x 83 mm and a height of 112 mm with steel plates as
walls. Furthermore, in some tests, a cylindrical quartz glass with a diameter of 90 mm is used as a
chamber wall. A conical top plate, made of steel, with a central exhaust tube, conducts the high-
velocity gas to the exit and prevents backflow from outside [1]. In comparison with GTMC, SGTMC
is different in combustion chamber size (83x83%112 mm3 against 85x85x110 mm3 in the DLR ver-
sion), fuel injector flexible design, and steel plates as chamber walls instead of quartz plates, chamber
geometry when the quartz cylinder is used as wall, and fuel type. In Fig. 1, two used injectors are
shown. One of the injectors performs the injection process via 72 channels (0.5%0.5 mm?2) arranged
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annularly between air inlets which is similar to the one used in GTMC (i.e., Injector (1)) and another
one is in the form of a simple ring (i.e., Injector (2)) which is only used in SGTMC.
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Figure 1.Schematic drawing of the model com- Figure 2. Schematic drawing of the experimental setup.
bustor (SGTMC) and schematic detailed view
of fuel injectors.

Moreover, inlet air preheating up to around 100 K by a controllable electrical heater is done in
this work. It is worthy to say that to compare GTMC with SGTMC, some modeling was also done on
SGTMC for methane fuel and revealed that burners are the same with similar flow field structure in-
side the chamber.

2.2. Experimental Facility& Measuring Techniques

The experimental facility is shown in Fig. 2, schematically. We used a digital flow meter GPM-
DC-M-B-1-1-5D22 and three rotameters for fuel and air flow rates under different operating condi-
tions, while the corrections due to the fuel and air temperature and pressure have been considered
through equation 1 as follows.

PActual ) (TCalibrated) (MCalibrated) (1)

PCalibrated TActual MActual

Qactual = QCalibrated\/(

Where subscripts actual and calibrated refer to real and read values in gages, respectively. T is
gas flow temperature in Kelvin, P is static pressure of the flow, M is the gas molecular weight, and Q
is the volumetric flow rate. The actual pressure and temperature for air flow line were respectively 655
mmHg and 299-302.5 K, and they were 654 mmHg and 285-311.15 K for the fuel line, respectively.

To achieve the LBO in terms of equivalence ratio versus total flow rate (LPG + air in m*/hr),
some tests were done through two different procedures. For low flow rates, we kept fuel flow rate
constant and increased airflow until the flame blows out, while for high flow rates, the fuel flow rate
was decreased in a constant air flow rate until the flame blows out. For repeatability of the results,
each test was done three times. Nikon D7100 camera was used for flame direct photography and
KIMO (KIGAZ 300) gas analyzer for the measurements of the exhaust gas species and temperature.

3. Results & Discussions

In this section, the results of the experimental investigation of LPG-air in SGTMC combustor
are presented. In this way, it is aimed to present some results regarding the capability of SGTMC in
flame stabilization and reducing exhaust pollutants. The first section presents the flame stabilization
behavior and lean stability limits graphs for four various burner-chamber configurations in terms of
confinement and injector type. The second section is going to analyze some flame pictures in various



operating conditions. The third section would present some exhaust gases analysis to achieve the re-
gion with the best efficiency in terms of stability and pollutant. Finally, in the last section, the effect of
air preheating on LBO and NOx formation is investigated.

3.1. Flame Stabilization Behavior

The effects of chamber confinement and injector configuration on the burner lean stability limit
are followed in this section. So, measurements are considered for the burner with the chamber walls
and without them (i.e., in the free atmosphere). Also, for each chamber configuration, two fuel injec-
tors are tested. Fig. 3shows the LBO curves for the four mentioned different conditions. In this figure,
the equivalence ratio versus total flow rate (i.e., Q pg + Qui) is used to show LBO of LPG fuel. Fur-
thermore, two reported LBO limits of GTMC burner for methane as fuel are illustrated in the figure
from reports of Weigand et al. [1] and Allison [22-23]. For more detailed analysis, the stability graph
is partitioned into two sections wherever various LBO profiles are going away from each other. The
region with 0 to 6 m*/hr flow rate was named as Low Flow Rate (LFR) region, and the region with
more than 6 m*hr flow rate was named High Flow Rate (HFR) region. Before discussing the LBO
profiles, it would be worthy of mentioning if these two regions are compared in terms of flow fild
structure. Due to the lack of our experimental facilities, the numerical method could be helpful. In pre-
sent work, only some limited results from modeling is used to help the discussions. Because of the
lack of space, a detail description of modeling and prediction is eliminated from the main text, but they
are available in ref [6].
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Figure 3. LBO graphs in various combustor config-  Figure 4. Calculated central and annular swirl
urations in SGTMC. Furthermore, the LBO values numbers variations by the air flow rate

of confined GTMC burner with the injector (1) and

methane fuel are presented from the measurements

[1,22-23].

Non-reacting flow field structure modeling for LFR condition showed that the combustion
chamber operation is in the range of high swirl flows similar to HFR. That means both cases show the
occurrence of the vortex breakdown phenomenon and formation of Inner Recirculation Zone (IRZ)
around the center line and Outer Recirculation Zone (ORZ) in the corners of the combustor. Moreover,
recirculation bubbles form as a result of sudden expansion at the end of the annular air inlet’s wall.
Therefore, both low and high flow rates have the same main flow structures, although the velocity lev-
els are higher for HFR. The importance of LFR operating points could be in relation to the procedure
of burner start-up and for the HFR to the load conditions. In continuation, the LBO limits of the burner
in the whole range of operation are examined.



According to Fig. 3, confinement of the burner is very useful on its lean stability limit for the
case of perforated injector, although this effect is not significant enough to be visible in the LFR zone.
Confinement has improved the LBO limit of the combustion chamber up to 250% rather than the un-
confinement one. Moreover, the perforated injector has also decreased LBO up to 28% in comparison
with the simple round slit injector. As expected, the figure confirmed that confinement has been more
effective at higher flow rates. Without confinement by increasing the air flow rate, lean blow out sta-
bility limit marches to fuel-rich mixtures with equivalence ratio higher than 1.2, which means a high
level of unburned hydrocarbon. This could be attributed to the chamber wall contribution on gas recir-
culation and also intensified vortex breakdown inside the flow field, which is a very important stability
mechanism for high swirl flames. For a more in-depth analysis, variation of swirl number of both air
inlets of the burner, versus air mass flow rate, are calculated in a plane at a distance of 1 mm from the
exit of inlets by 3D modeling of inlets in Fig. 4. This figure shows that the swirl number would in-
crease with flow rate in about 28 percent for outer swirler while is relatively constant in central swirler
and in the HFR region. Thus, the vortex breakdown intensifying due to outer swirler will be more ef-
fective in the HFR region and it seems that the turning point in the stability profiles and in the border
of low and high flow rate is the point that vortex breakdown will be pronounced more after that. It
may be concluded that outer airflow has a main role in the flow field configuration by increasing the
flow rate. On the other hand, and according to our onsite observation, in the unconfined chamber, the
flame will be closer to the burner base, and the LBO has shifted toward the higher equivalence ratios.

Regarding the effect of fuel injector type on the LBO, it could be understood that the perforated
injector (i.e., injector (1)) has improved the LBO more than 20 percent. That means, it leads to run the
burner in a stable mode at higher air flow rates. By keeping in mind that the air inlets swirl numbers
are not affected by injector type, this favorable effect of injector (1) may be attributed to the higher lo-
cal mixing at the grooves between the downstreams of fuel input channels and also jet-like injection of
fuel through many channels, but it needs an accurate 3D simulation to follow our guess. It is worthy to
do a comparison between the LBO of the current burner, SGTMC, and based one, GTMC. Therefore,
the reported lean extinctions values for GTMC burner are considered from the measurements of
Weigand et al. [1] and Allison [22-23]. The GTMC is configured for injector type (1) and methane
fuel under confinement conditions. Interestingly, there are a good compatibility between two burners
operations regarding the LBO values, although they are run for two different fuels. Therefore, it may
be inferred that the stability of the current kind of burner is more affected by its configuration and aer-
odynamic aspects rather than the fuel type. In this framework the results of current work may be useful
for the other gaseous similar fuels.

3.2. Flame Direct Photography

To have a visual view on the flame structure of SGTMC, different kinds of flames of the current
burner are considered here at first, and in continuation, the flame response to the air mass flow rate is
followed in terms of flame zone photos. It should be mentioned that due to the "oscillatory behavior"
of flames, quantitative analysis of flame shape should be based on an average of enough number of
images, in a sequence, in order to reflect steady-state behavior. This issue has been considered by in-
creasing the camera exposure time to reach an appropriate photo, which is similar between different
shots. This exposure time is 1/160 sec.



For the first part, two operating conditions, according to Table 1, are selected for direct photog-
raphy. To analyze the flame pictures, some flame parameters such as flame surface, width, height, and
flame root angle are defined.

Table 1. Operating conditions of analyzed flame pictures (section 3.2).

H QAir QLPG H * T
Region [mhi] [m¥/hr] Fuel Mixture Dyiobal K]
Low Flow Rate 4.24 0.034 30% C3Hg, 70% C4Hyq 0.23 298
High Flow Rate 16.17 0.86 30% C3Hg, 70% C4H;o 15 298

*Volume basis

In Fig. 5, two photos are exhibited for the operating condition in the LFR region, one for the
confined burner and another one for the unconfined case. It can be seen that the flame is lifted in
which high intense reaction regions are in the distance from the base of the chamber and also walls
under confinement condition. Interestingly, flame photos showed a distribution of hot regions with
various luminosities under oscillatory behavior according to our observations. If the blue regions are
considered as high intense reaction zones, they seem to be distributed in a ring around the burner axis.
Photos illustrate that the flame root angle for both cases is about 38 degrees; hence the area of the side
view of the luminous zone is smaller and broader for confined one. To complete the discussion, all
flame picture parameters are presented in Table 2.

Table 2. Flame photoes parameters.

Region Confinement Root Angle Height Width Side vievxé Area
[Degree] [mm] [mm] [mm?]
Low Elow Rate Uncon_fined 38 21 36 510
Confined 38 18 42 540
High Flow Rate Unconfined 39 80 55 3200

As a whole, for the LFR zone, Fig. 5 and stability graphs show that there is not any remarkable
effect of confinement for low flow rates, as expected. For the HFR region, at first unconfined configu-
ration was focused.

Flame Surface ~ 3200 mm2
80 mm

2
Flame Surface ~ 540 mm Flame Surface ~ 510 mm’

42 mm JL38mm R )

18mmI" £8°A e B 55 mm L38°A

Figure 5. Low flow rate flame parameters based on Figure 6. Left: high flow rate flame parameters
Tables 1&2. (A: unconfined, B: confined) (injec- based on Tables 1&2 (Unconfined), Right: typical
tor(1)). attached flame (Unconfined) (injector(1)).

In Fig. 6, photo (A) is for a typical unconfined stable and lifted flame, selected from the high
flow rate region, and photo (B) is for the attached flame. As can be seen, for the photo (A), in compar-
ison with low flow rate flames, the flame size as well as the intensity of reaction zone increases in all
dimensions, as expected, but the flame root angle remains relatively constant. Generally, according to
our onsite observation, the flame lift-off decreases by moving toward the stability limit and in a region
very close to stability limit, and just before flame extinction, the flame suddenly attaches to the burner
base, as shown in Fig. 6. This particular type of flame could be considered as an unstable flame that is
damaging to the burner base.

Following previous discussions, the HFR condition under the confined chamber is considered in
more detail by some images of the flame in the presence of a cylindrical quartz glass with a diameter
of 90 mm in Fig. 7. Four operating conditions of A; to A, are selected. For each photo, two different
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conditions are considered as camera settings for f-stop, exposure time, and 1SO speed, which they are
/10, 1/160 sec, and 1SO 3200 as Set; and f/10,1/5000 sec, and Hi 2.0 as Set,. Photos in the Set; group
are visible to the naked eye, and Set, ones are considered for capturing the brightest areas of each pho-
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Figure7. Flame photos of the confined burner for Figure 8. Flame photos of the confined burner in a
different operating conditions wide range of operation (90 mm Quartz Tube)

The arrangement of photos in Fig. 7 is based on the location of each of the operating conditions
according to the LBO graph. If the Set, photos are assumed as the regions which correlate with the
highest intensity of reactions or the highest level of energy release and optical radiation, it is observed
that this region becomes wider by increasing the overall equivalence ratio and increasing the flow rate.
Following the reports of Williams et al. [24] and Lu et al. [25], it may be inferred that the flame image
correlates with the reaction zone. In the case of A; and A,, the increase in brightness is due to the in-
crement of equivalence ratio and so thermal power. In the case of A,, Az, and Ay, the increment in total
flow rate and intensifying turbulence-combustion interactions could be a reason. In Fig. 8, a series of
flame photos in the HFR region have been provided for different operating conditions with the same
equivalence ratios. As can be seen, flame images are brighter by increasing the inlet reactant flow rate.
This is because of more inlet fuel, which means more thermal power. Flame H, which operates near
the LBO, has less flame front side-surface and brightness than the others. This could be attributed to
the extensive local extinction in the reaction zone.

Overly, flame photos analysis show that reactions zone includes cloudy like reaction zones with
different and distributed luminosity, and not an intense reaction region, which configured by the aero-
dynamics of burner. Under HFR condition, burner walls could be considered affective on the flame
shape, although it seems that in the LFR region and during the starting procedure, the chamber walls
are not so effective.

3.3. Exhaust Emissions

In this section, the performance of the combustion chamber is studied in terms of exhaust gas
composition, temperature, and pollutants. Sampling and measurement were only done for the confined
burner with injector (1) configuration. The concentrations of CH4, CO, NOx, O, and temperature were
measured for some operating conditions selected from the LBO graph to achieve a region with the best
efficiency and the lowest amount of the pollutants. All measurements were performed at 38 cm after
the conical exhaust plate and on the axis of a tube with a 6 cm diameter. In Fig. 9.a, measured un-
burned methane concentrations are depicted while the LBO curve is imposed on them. It can be seen
that there is a considerable unburned hydrocarbon (UHC) at the outlet for especially the LFR region
and close to the LBO. They may be attributed to the local extinction and escaping some UHC from the



flame area. However, there are still operating points, especially at far enough from the LBO, in which
the exhaust methane concentration is zero. These points of operations are considered for the following
analysis. According to the figure, in most operating conditions under the HFR condition, there is no
methane in the exhaust gas, and if the CO concentrations, in Fig. 9.B, are considered besides, it may
be concluded that for the HFR operating condition, combustion is almost complete. However, there is
some inefficiency in combustion, especially for the LFR, where probably there is not such powerful
effect of swirl-induced mixing process to eliminate UHC; but in high flow rates, significance of vortex
breakdown and formation of strong recirculation zones seems to be present according to ultra-low lev-
el of CO. To complete the discussion, O, concentration is shown in Fig. 9.C. As can be understood,
there is about 10 percent excess O, at the chamber outlet for all operating conditions around the LBO
line. It is not surprising and could be a reason for complete combustion. For more information, Fig.
9.D presents related temperature values. The temperature increases with flow rate because of increas-
ing reaction rates and operating power. It also increases for higher equivalence ratios when approach-
ing to the near-stoichiometric mixture, as expected. Moreover, this figure shows that the outlet gas
temperature is lower than 1000°C, which is reasonable. On the other hand, the temperature level in the
graph would be helpful for discussing about NOx concentrations as follows. NOx concentrations in the
exhaust are shown for various operating conditions in the stability graph, Fig. 9.E. In the LFR region,
measurements, in different operating conditions with the same equivalence ratio, show that NOx de-
creases a little with an increasing flow rate. This is probably because of decreased local residence time
in high-temperature regions, and dilution resulted from high recirculation. In this region, for a constant
total flow rate, the overall mixture becomes less lean by approaching the stoichiometric limit, so tem-
perature increases (as shown in Fig. 9.D) and leads to higher NOx formation. In the HFR region, NOx
formation is reduced in comparison with the LFR zone, although the exhaust gas temperature is in-
creased. In this region, generally with an increasing the total flow rate in a constant equivalence ratio,
NOx formation decreases to a very low level, probably as a result of decreased residence time in the
high-temperature regions. Moreover, by increasing the overall equivalence ratio in a constant flow
rate, NOx formation increases as temperature increases. It should be worthy to notice that the NOx
level is in a range below 80 ppm in the focused operating conditions and even ten ppm in many of
them which could be a good reason for many researches on this burner, although, at the region very
close to the LBO, it is hard to speak about level of emissions because of local extinctions and unsteady
behavior of the flame. To go to a more detail description of burner behavior, measured data in Fig. 9
are depicted in figure 10 (A) quantitatively, and also a linear curve fitting is done to extract the data
behaviors. In this figure, variations of exhaust temperature, CH4, CO, O2, NOx, and overall equiva-
lence ratio of the chamber are shown versus the total flow rate. The figure shows that in measured op-
erating conditions, the overall equivalence ratio increases by total flow rate increment while excess O2
decreases toward to about 10 percent. That is compatible with the overall behavior of gas turbine
combustors stability graphs. As can be understood from the graph, exhaust temperature has increased
by total flow rate, and methane and carbon monoxide concentrations have decreased. This also indi-
cates that combustion has been more completed for high flow rates, while NOx formation has also de-
creased. It is an advantage of this burner in which power and temperature have increased while NOx
formation decreases. As mentioned above, a good guess for its behavior could be related to local resi-
dence time variation by the increment in total flow rate and then gases inlet velocities, which should
be studied in more detail. The characteristics mentioned above mean the power of the chamber has in-



creased while its combustion has been more completed and cleaner which is also an advantage of this
burner.
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It would be worthy if the measurements are presented based on the outlet power of this laborato-

ry burner. To do that, a parameter entitled as Exhaust Thermal Power (ETP) is defined as equation (2):
ETP = (mAir + rhFuel)Cp (Toutlet - Tinlet) (2)

In Fig.10 (B), the pollutant generation per thermal power, burner overall equivalence ratio, ex-
haust gas temperature, excess oxygen per power unit, and NOXx contents are depicted versus ETP.
Moreover, NOx generation in this burner is compared with the prediction of correlation (3) introduced
by Rokke et al. [26].

NO, = 18.1P**111%3q%72 ppmv (3)

They found this correlation very satisfactory for NOx emissions from five different natural gas-
fired industrial machines operating in the power range from 1.5 to 34 MW [27]. As can be seen, for
the HFR region, there is a good agreement between the current measurements and also the equation
prediction in which its accuracy is increased by power increment. That means the equation could be
used for the current burner at high power loads, although it needs some more tests. Furthermore, it
may be concluded that the physical phenomena which lead to NOx generation could be similar in this
double swirl partially premixed burner and the mentioned large scale burners. The exhaust NOx, CO,
and UHC ppm/kW variation by power increment are also interesting according to the figure. They de-
crease by thermal power increment according to a “power law” distribution, while this reduction is
faster for UHC and CO in comparison with NOx. Thermal power increment is equivalent to linear
growth of equivalence ratio and temperature, while excess oxygen per power unit decreases drastically
from LFR to HFR region and marginally in the HFR zone. In other words, this behavior shows that
NOXx emission generation decreases while the combustion inside the chamber is more completed for
higher thermal power resulted from decrement in UHC, CO, and excess oxygen. Therefore, the char-
acteristic mentioned above could be a sign of the importance of residence time scale for NOx for-
mation in this burner. Summation on exhaust gas CO, UHC, and NOx contents per power also indicate
that the emission characteristics of this burner are different for LFR and HFR operating conditions,
although both of them include the IRZ flow structure. For more information, the measured parameters
are also depicted versus the excess O2 in figure 10(C). It reemphasizes that the LFR and HFR operat-
ing conditions are different in terms of combustion emission and completing the combustion. Figure
10 (C) indicates that the defined thermal efficiency is decreased by a reduction in excess oxygen,
which could be attributed to higher thermal loss from burner structure.

As a whole, by considering all of the chemical species measurements and exhaust gas tempera-
ture, it can be concluded that there is a region with an ultra-low level of pollutants (i.e., NOx below ten
ppm) and complete combustion (i.e., CO level lower than three ppm). This region is located approxi-
mately 25-50% above the LBO line in the HFR region in which there are significant high swirl in-
duced effects and with a reasonable combustor outlet temperature. Therefore, reasonable burner opera-
tion conditions are discovered, which are the region with ultra-low pollutant levels and complete com-
bustion. They include four operating conditions in a range of 8-12 kW and a global equivalence ratios
of 0.57-0.69. These points of operating are important because they indicate the promising potential of
current burner configuration for real applications

3.4. Effects of Preheating

One of the ways to increase the efficiency of gas turbines is to restore the heat from the turbine
outlet. This heat can be used to preheat the air required in the combustion chamber and be useful for
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improving its stability. Given that the temperature of the outlet flow of gas turbines is around 500 °C,
by retrieving and directing this amount of heat towards the inlet of the combustion chamber, condi-
tions can be made to preheat the airflow up to at least 200 °C. Therefore, the effects of inlet air pre-
heating on the performance and behavior of the combustion chamber can be attractive in terms of the
efficiency of the cycle. In this way, here, the effects of a 100 °C air temperature increase on flame sta-
bility and pollutants are investigated.

3.4.1 Flame Stability

Inlet air preheating effects on the LBO of the burner are followed in this subsection. Therefore,
the LBO curves are shown for non-preheated and preheated conditions in Fig. 11. It should be remind-
ed that the related experiments are carried out in the best chamber configuration in terms of flame sta-
bility, which means in the presence of the wall and injector (1). As can be seen, a 100 °C preheating of
airflow improves flame stability in the HFR region by 10 percent, although its effect in the LFR region
is not tangible. This is similar to the flame response to some geometric parameters which were dis-
cussed before.
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Figure 11. Exhaust mixture temperature under un-preheated condition and temperature raise due to pre-
heating and two LBO curves for preheated and un-preheated conditions.

However, the improvement of flame stability in the HFR region can be discussed from different
aspects and in terms of flame structure. According to the literature [1,2,3,6], in high swirl flow burn-
ers, a recirculation zone around the axis is present. This important swirl-induced structure has vital ef-
fects on stability and self-sustainability of flame by recirculating hot combustion products to upstream
and low-velocity zones where flame can be stabilized. Here for a constant inlet air mass flow rate, air
velocity to the chamber increases for about 30 percent as a consequence of inlet air preheating; there-
fore it seems that velocity and pressure gradients and recirculation zones would be strengthening
which means that the conditions required for flame stability have been improved.

On the other hand, preheating has a positive effect on the flammability of combustible mixture
as a result of increasing reactants' enthalpy level. It means that a mixture with higher initial energy is
less susceptible to self-extinction-ignition sequence in comparison with the non-preheated mixture.
This leads to more self-sustainability and stability behavior of the flame. It also may be worthy of
mentioning that in current study temperature increment by about 100 Kelvin increases the kinematic
viscosity of air stream by about 50 percent and velocity around 30 percent and, therefore, a reduction
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in Reynolds number would occur which will be helpful for relaminarization of flow. This effect may
increase local residence time , which is compatible with requirements for stable combustion in terms
of ignition delay time. Of course, this description, as a guess, competes with the preheating effect on
the velocity field and should be studied locally in future works with more detailed data.

3.4.2 Exhaust Temperature and NOx

In this section, the effect of inlet air preheating on outlet temperature and NOXx emission is in-
vestigated for several operating conditions. In Fig. 11, the exhaust mixture temperature in non-
preheated condition and temperature increment due to preheating are shown. The size of the circles,
according to the scale determined in the figure, shows the exhaust mixture temperatures in non-
preheated conditions, and the numbers inside the circles show the exhaust mixture temperature in-
crease due to preheating. As is shown in the figure, although the exhaust gas temperature is increased,
this increment is less than the preheating level. Nevertheless, by increasing the inlet flow rate under
constant equivalence ratio, the effect of preheating on the exhaust temperature has increased. That
means by 22 percent increment in air flow rate for a constant equivalence ratio, exhaust temperature
increment due to the same preheating level is up to 40 percent. This temperature increase could be a
result of excess enthalpy or heat release rate boosting or both of them. NOx production analysis helps
this discussion. Moreover, in constant total flow rate, the temperature of the exhaust mixture increases
as the global equivalence ratio approaches the stoichiometric limit, although this increment is not so
severe at high flow rates. On the other hand, the preheating effect on temperature increment of exhaust
gas has not changed substantially at high flow rates. For about 22 m3/hr, moving toward the stoichio-
metric condition not only increases temperature increment due to preheating but also decreases it from
92 to 88 Kelvins. This is relatively interesting, but it may be said that for a constant total flow rate, in-
crement in equivalence ratio means a decrease in the air flow rate. That means swirl induced structures
may be weak as a result of lower inlet air velocities.

To follow the effect of preheating on NOx formation, measured exhaust NOx under non-
preheated and preheated conditions are compared with each other in Fig. 12. In this figure, the size of
the rings shows NOX levels for preheated conditions based on the determined scale, and solid circles
represent the NOX level under non-preheated conditions. It can be understood that for relatively con-
stant equivalence ratio, NOx production has been suppressed by total flow rate increment, although
according to Fig. 11, exhaust temperature has increased marginally. Moreover, this reduction is higher
for non-preheated cases rather than the preheated cases. Because air flow rate measurements are done
before preheating, therefore under preheated condition, air inlet velocity is higher than non-preheated
cases for a constant total flow rate, which means probably lower local residence time in reacting zones
and distancing from NOx favorable production condition. By reminding that NOx decrease is in con-
tradiction with exhaust temperature increment due to total flow rate increasing and also higher temper-
ature increase at high flow rates for a constant preheating, it may be concluded that residence time is
crucial under this condition. Therefore, preheating may compensate this deviation from the suitable
conditions of NOx production, which this description seems to be supported by observed behavior.

On the other hand, as mentioned, measured exhaust NOXx increases with preheating inlet air
temperature. NOXx level is 3-6 times more by about 100 Kelvin preheating. Reports on thermal NOx
show that the thermal NOx production rate rapidly increases for temperature increase beyond 1800 K
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[28]. Therefore, it can be concluded that this behavior may be related to thermal NOXx generation in-
crement in hot spots inside the chamber.
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LBO curves for preheated and un-preheated condi-  equivalence ratios for operating conditions iden-
tions. tified in figures 11-12.

A comparison of preheating effects on NOx formation at 18 and 22 m3/hr total flow rates shows
that it is more effective at 22 m3/hr than 18 m3/hr. It is compatible with exhaust temperature behavior
observed in Fig. 11. That means for a higher flow rate, the temperature increase due to preheating has
been higher. To get a more informative presentation, Fig. 13 also follows the effects of preheating on
exhaust gas temperature and NOx content versus the fuel flow rate for the identified total equivalence
ratios. By fuel flow rate increment, temperature and also equivalence ratio are increased, but NOx spe-
cies behavior is different for low and high fuel flow rates. That means although NOXx has increased by
increasing the fuel flow rate from around 0.22 to 0.38 m3/hr as well as exhaust gas temperature, it is
suppressed for further increment in fuel flow rate to 0.5. In contrast, the temperature and equivalence
ratio have still increased. This behavior is not changed by air preheating and just shifted toward the
higher NOx levels.

In summary, these measurements revealed that limited preheating of air for double high swirl
partially premixed burner could be helpful in terms of burner stability but has a negative impact on NO
emission. This negative side effect of preheating is NOx emission growth in a range of 29 to 87 %,
while the measured exhaust thermal power has increased in a range of 5 to 9 %, respectively. To over-
come this weakness, the burner improvement in lean extinction due to preheating, in the range of 10 %
could be considered by a further reduction in burner operating total equivalence ratio, which would be
studied by the current research group. In this way, inlet air dilution seems to be a good solution, which
should be considered precisely.

4. Conclusion

A gas turbine model combustor with LPG fuel and air oxidizer was investigated experimentally
in terms of combustion stability and pollutant generation. The burner lean blow-out limit (LBO) was
extracted for different combustor configurations and preheating of inlet air. In this way, the effects of
fuel injector type, burner casing, and 100°C air preheating on LBO were analyzed. The results showed
that the burner could operate properly under very lean conditions, especially during start procedure
and low air flow rates.
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A comparison between the LBO limit of the current burner with LPG as fuel and the other re-
ported tests with methane fuel show that the LBO limit is similar which means the burner design and
aerodynamic aspects are effective on the LBO of this burner rather than the fuel type

On the other hand, the LBO curve demonstrates different behavior in the high air flow rate
(HFR) rather than the low air flow rate (LFR). The injector input channels had favorable effect around
28 percent on stability limit, probably due to a better mixing in high flow rates. Besides this, confine-
ment also had favorable crucial effects around 250 percent on LBO just in high flow rates (HFR).
Moreover, according to performed parallel numerical simulations of the non-reacting flow field, both
LFR and HFR regions had the same flow field structures, and vortex breakdown will be an effective
mechanism on stability in both regions. Modeling revealed that swirl number at central air inlet is rela-
tively constant by the increment in air flow rate, although it increases for outer air inlet. Furthermore,
for some flames with specified operating conditions, the effect of confinement on flame picture was
analyzed in terms of some parameters such as width, height, side view surface, and flame root angle.
The results showed that in low flow rates, flames have relatively the same shape and with increasing
the flow rate, flame will become larger in all directions as expected. Moreover, as observed experi-
mentally the flame was oscillatory with distributed luminosity and it was attached near the LBO at
high flow rates.

Regarding the burner emissions, measurements showed that there is a region on stability graph
with a good combustion efficiency and very low level of pollutants (i.e., NOx and CO concentration
lower than 10 and 3 ppm, respectively). This important region is located approximately 25-50 percent
above the LBO. Moreover, in the studied operation envelope, increasing the total mass flow rates re-
sults in power, overall equivalence ratio, and exhaust temperature increase while NOx formation de-
creases. Analysis of emission per power unit shows that this parameter decreases drastically by ther-
mal power increment of the burner.

It was also concluded that preheating inlet airflow improves the lean stability behavior of flame
up to 10 percent. However, preheating causes exhaust gas temperature increases, and thus NOXx pro-
duction increases as an undesirable consequence around 3 to 6 times. Burner exhaust thermal power
and the parameter of NOx emission per thermal power unit increase by inlet air preheating, although
the LBO limit is decreased. That means that simultaneously inlet air dilution and preheating may be a
solution to regenerate heat with a reasonable emission production in this burner type.
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