JOURNAL OF PROPULSION AND POWER
Vol. 25, No. 3, May—June 2009
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The present study describes the performance of a novel combustor model for gas turbines. The working principle
of this combustor is based on the establishment of a large recirculation zone in the combustion chamber, where part
of the inlet air is mixed with the combustion products. Efficient mixing is achieved by the use of high-velocity inlet air
jets. Six different inlet air geometries have been analyzed under nonreacting and reacting conditions at atmospheric
pressure. Laser-Doppler anemometry was employed to characterize the mean velocity and turbulent kinetic energy
fields as a function of the air mass flow rate and geometry configuration. Measurements of mean gas species
concentration (O,, CO,, CO, HC, and NO, ) at the model exhaust are reported as a function of the equivalence ratio
for all configurations. The isothermal data revealed that the recirculation ratio is mainly a function of the geometry,
with a minor dependence on the experimental conditions. Under reacting conditions, the data revealed that NO,
emissions are low regardless of the combustor operating conditions and geometry. However, the air inlet
configuration has a strong effect in combustor efficiency.
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AS turbines are the preferred choice for aeroengines because

of the tremendous advantages offered, namely in terms of
range, speed, and reliability. Furthermore, the use of gas turbines in
propulsion systems for other applications is still growing, especially
in shipping transportation. To a great extent, this is a result of the
steady increase in the efficiency of gas turbines, despite increasingly
more demanding emissions regulations. In fact, the hot primary
zone within the combustor and the high turbine inlet temperatures,
a crucial factor for increased efficiency, promote the formation of
nitrogen oxides (NO,). To overcome this problem, a variety of
methods have been used [1-5]. Some of these were directly related to
the combustion chamber, such as fuel or air staging, catalytic
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combustion, lean-premixed prevaporized (LPP) combustion, and
rich burn-quick quench-lean burn (RQL) combustion. Other
methods were applied to postcombustion flue gas, such as selective
catalytic reduction and selective noncatalytic reduction. The fuel or
air staging technology introduces additional mechanical complexity
and control problems, and the reduction of pollutant emissions is
only moderate. Catalytic combustion can reduce NO, emissions
by several orders of magnitude, as demonstrated in subscale rigs for
typical gas turbine operating conditions. However, this technology is
not easily applicable to nonstationary gas turbines, particularly in the
operation of aircraft engines at high inlet temperatures and high fuel—
air ratios. Additional drawbacks may also be noted, such as the
development of thermal instabilities and reduced durability and fuel
flexibility. The LPP combustion presents safety problems associated
to the risk of damage by flashback or autoignition of the air—fuel
mixture, particularly when using liquid fuels. Moreover, LPP com-
bustors should not be used at high air inlet temperatures (higher risk
of flashback or autoignition) and are prone to combustion instabi-
lities that may reduce their lifetime. In the context of the lean-
premixed combustion, the work of Hsu et al. [6] and Roquemore et al.
[7] on the trapped vortex combustor must be mentioned. Using such
approach, these authors have obtained emissions of 10 ppm NO,
and 10 ppm CO (both corrected for 15% O, concentration) along
with high combustion efficiencies (>99.9%). The RQL combustion
has been successful in the reduction of NO, emissions from fuel-
bound nitrogen and in avoiding thermal NO formation. However,
this technology requires physical separation of the combustor into
two chambers and an intermediate passage referred to as a quench-
ing zone. A large amount of soot is generated in the primary zone,
causing high radiative fluxes to the walls and cooling problems. It is
also difficult to ensure an effective and uniform quenching between
the rich and the lean zones. As a consequence of all these difficulties,
it may be concluded that there is still a great need for low-cost, safe,
and reliable NO, reduction methods, especially for high-efficiency,
small gas turbine engines.

This study deals with an innovative combustion chamber that
is aimed at achieving the ultralow NO, class (less than 10 ppm) with
improved efficiency. It is based on the establishment of a large
internal recirculating combustion zone where the fuel is injected. The
amount of burnt recirculated gases is limited to a certain value, above
which the flame becomes unstable and eventually extinguishes [8].
However, if the temperature of the mixture of the recycled exhaust


http://dx.doi.org/10.2514/1.35173

610 MELO ET AL.

gas and fresh air exceeds that of the fuel autoignition, the limits for
stable combustion extend to much higher recirculation ratios and
continuous combustion is sustained [9]. Based on previous experi-
mental work [10-15], it was concluded that the key issue in this
method is the dilution of combustion air with combustion products
before mixing between fuel and combustion air. Combustion takes
place in an atmosphere of low oxygen concentration because of
the previous dilution of air with combustion products. This may be
accomplished, as in the present work, by promoting the recirculation
of combustion products via high-velocity inlet air jets. In contrast to
classic diffusion flames, temperature peaks can thus be avoided, even
at high preheated air temperatures, a necessary condition to obtain
significant efficiency gains. This combustion mode is characterized
by a moderate and distributed temperature rise, small gradients of
temperature and species, low pollutant emissions and noise, and rela-
tively uniform radiative fluxes. The improved aerodynamics of the
internal combustor also has the potential to produce more uniform
wall temperatures, leading to less stringent wall-cooling require-
ments and lower thermal stresses.

This article examines the performance of a novel combustor model
for gas turbines. Six different inlet air geometries have been analyzed
under nonreacting and reacting conditions at atmospheric pressure.
Laser-Doppler anemometry was employed to characterize the mean
velocity and turbulent kinetic energy fields as a function of the air
mass flow rate and geometry configuration. Measurements of major
gas species concentrations at the model exhaust are reported as a
function of the equivalence ratio for all configurations.

II. Experimental Apparatus and Procedure

Figure 1 shows the three different combustion chamber con-
figurations used in the development and optimization of the present
combustor. They are as follows:

Fig. la shows the original configuration, with a single variant
(model O).

Fig. 1b presents configuration A, with three variants (models A1,
A2, and A2SH).

Fig. 1c shows configuration B, with two variants (models B1 and
B2).

As illustrated in Fig. 1, the differences among the three
configurations lie in the geometry of the air inlet for the experi-
mentally investigated 60-deg sectors of the combustion chamber. In
each configuration, the models differ in the specific shape of the inlet
air section. Figure 2 shows the cross section of the combustion
chamber of model O; the schematics for the other models are similar,
with the exception of the air inlets geometry (as described later in
this section). A common feature to all configurations is the geo-
metry of the fuel injection and the exhaust section. The injection
system is formed by 15 1-mm circular holes with a spacing of 2 mm.
The fuel (methane) was injected through these holes into the
combustion chamber at an angle of 45 deg with respect to the y axis,
as schematically depicted in Fig. 2. Key dimensions shared by all
configurations are also shown in this figure. In model O, the air is
admitted into the combustion chamber through two slots (Figs. 1a).
The right slot is parallel to the exhaust channel and the left one is
perpendicular to it, being that the inlet areas of both slots are the
same. In configuration A, the air enters the combustion chamber
through 14 6-mm circular holes (Figs. 1b). The air inlets make angles
of 120 and 210 deg with respect to the y axis in the right and left
sections, respectively. In model A1, the holes in the right section are
aligned with those in the left section, whereas model A2 displays a
staggered arrangement. Model A2SH differs from model A2 in the
diameter of the holes only, which have been reduced to 4 mm.
Configuration B shows the same left inlet section as configuration A,
but the holes in the right section are parallel to the exhaust channel
and exhibit a semicircular geometry instead (Figs. 1c). Similar to
variants Al and A2, models B1 and B2 correspond to aligned and
staggered arrangements of the air inlet holes, respectively.

The isothermal flow in the combustor chamber model was
characterized by the application of laser-Doppler anemometry. A
two-component velocimeter from Dantec, which was operated in the
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Fig. 1 Combustion chamber configurations: a) original configuration,
b) configuration A, and c) configuration B.

dual-beam backward-scatter mode, was used to meet this objective
[16]. High data rates, close to 1 kHz, were obtained by seeding the
flow with 1-um droplets. These droplets where generated by four
medical nebulizers Inspiron 002305, employing an ethyleneglycol
(20%) and water (80%) liquid mixture. The transmitting optics had a
beam separation of 38 mm and a focal length lens of 400 mm, which
generated an ellipsoidal measurement volume containing 35 inter-
ference fringes and characterized by major-axis dimensions of 0.19
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Fig. 2 Cross section schematics and key dimensions of the combustion
chamber (model O).
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and 3.88 mm, respectively, in the y and z directions (see Fig. 2). The
back-scattered light from the droplets was collected by a fiber-optics
probe, collecting its light through the same 400-mm focal length
lens. Subsequently, the analog signal from the photomultipliers was
bandpass filtered and processed by two Dantec 57N20/57N35 Burst
Spectrum Analyzers interfaced with a personal computer, using
“burst” data collection mode and a record length of 32 samples per
burst. Velocity statistics were evaluated by ensemble averaging,
calculated from 10,000 samples, using BURSTware software.
According to the formulas referred by Yanta and Smith [17],
this number of individual velocity measurements led to statistical
(random) errors below 1% in mean values, and 2% in standard devi-
ations, for a 95% confidence level interval. Errors incurred in the
measurement of velocities by displacement and distortion of the
measuring volume due to refraction on the combustor model side
walls (20-mm thick optical quartz glass windows) were found to be
negligibly small and within the accuracy of the measurement system.

Figure 3 displays the experimental arrangement used for the
measurement of the (mean) gas species concentration at the com-
bustor exhaust under reacting conditions. Note that all models were
designed to operate within a testing facility (plenum), as shown in
Fig. 4, both under nonreacting and reacting conditions. Under
reacting conditions, this arrangement allowed the heat losses from
the side walls of the combustion chamber to be used to preheat the
fresh air.

The species considered in the measurement of the flue-gas data,
namely O,, CO, CO,, hydrocarbons (HC), and NO,, were collected
using a water-cooled stainless steel probe installed in the exhaust
plenum at approximately 1 m downstream from the combustion
chamber exit (see Fig. 3), in a location where the gas composition
was nearly uniform. The wet sample was drawn through the probe
and part of the sampling system by an oil-free diaphragm pump.
A condenser removed the main particulate burden and condensate.
A filter and a drier removed any residual moisture and particles, so
that a constant supply of clean dry combustion gases was delivered
to each measurement instrument through a manifold, to obtain
species concentrations on a dry basis. The analytical instrumentation
included a magnetic pressure analyzer for O, measurements, non-
dispersive infrared gas analyzers for CO, and CO measurements,
a flame ionization detector for HC measurements, and a chemi-
luminescent analyzer for the quantification of NO,. The analog
outputs of the analyzers were transmitted via analog/digital (A/D)
boards to a computer where the signals were processed and the mean
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Fig. 3 Experimental apparatus for combustion measurements.

b)
Fig. 4 Photographs of the experimental facility: a) combustion
chamber model, b) the assembled combustion chamber model mounted
on the interface section to the testing facility, and c) testing facility
assembled and incorporating the combustion chamber model.

values calculated. Zero and span calibrations with standard mixtures
were performed before and after each measurement session. The
maximum drift in the calibration was within +2% of the full scale.
At the combustor exit, where the gas composition was nearly
uniform, probe effects were negligible and errors arose mainly from
quenching of chemical reactions and sample handling. Samples
were quenched near the probe tip to about 150°C, and condensation
of water within the probe was avoided by controlling the inlet tem-
perature of the cooling water (typically to around 60°C). Repeata-
bility of the flue-gas data, which constitutes a good indicator of
measurement uncertainty, was, on average, within 5%.

III. Results and Discussion

The working principle of the present combustor is based on
the establishment of a large recirculation zone in the combustion
chamber, where part of the inlet air mixes with the combustion
products, as depicted in Fig. 5. The fresh air is split at junction 1 and
part of it is stirred with the combustion products at junction 2. After
the injection of fuel in the diluted air mixture at junction 3, and if its
temperature exceeds the fuel autoignition temperature, it ignites
automatically and continuous combustion is sustained, as suggested
by Wiinning and Wiinning [10]. Subsequently, the combustion
products are split at junction 4, partly returning to the recirculation
zone via junction 2, and partly mixing with dilution air at junction 5
before exhaust from the combustion chamber, as idealized by Levy
et al. [9].

The investigated operating conditions in the experiments under
nonreacting and reacting flow are summarized in Tables 1 and 2,
respectively. Both experiments were performed at atmospheric
pressure.

Combustion products

Fresh air

Exhaust
Fig. 5 Working principle of the combustor.

Dilution air
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Table 1 Nonreacting operating conditions

Condition Geometry  Qy, 1072 m?/s
ol1 1.0
021 1.7
031 0 2.5
041 3.0
AllT 1.0
Al21 1.7
Al31 Al 2.5
Al4l 3.0
A211 1.0
A221 1.7
A231 A2 2.5
A241 3.0
A21SHI 1.0
A22SHI 1.7
A23SHI A2SH 25
A24SHI 3.0
Bl11I 1.0
Bl2I 1.7
B13I Bl 2.5
B14I 3.0
B211 1.0
B22I 1.7
B23I B2 2.5
B241 3.0

Table 2 Reacting operating conditions

Geometry Q. 1072 m* /s 1iny, 1074 kg/s ¢

(6] 1.0-3.0 0.8-4.3 0.07-0.34
Al 1.0-3.0 0.8-4.3 0.07-0.34
A2 1.0-3.0 0.8-3.4 0.07-0.34
A2SH 1.0-2.5 1.2-6.4 0.16-0.47
B1 1.0-3.0 1.2-6.4 0.13-0.35
B2 1.0-3.0 1.2-6.4 0.14-0.47

A. Nonreacting Conditions

The effects of the airflow rate and the different air inlet con-
figurations in the flowfield characteristics have been assessed under
nonreacting conditions. Calculated values of the recirculation ratio
R were used as a basis for the comparison of the recirculation zones
occurring in the various models for different experimental condi-
tions. This parameter is a measure of the fraction of combustion
products returning to the recirculation zone, and it was defined as
follows:

fcfc/ pairV -N dAR

R =
fcfc” pairV : NdARl - fcfcf pairV : NdAR

(M

where p,;, is the density of the air, V denotes the flowfield velocity
vector, and N stands for the unit vector normal to the integration area.
The area sections Ay, and A are defined in Fig. 2, where point C
denotes the center of the recirculation region determined by bivariate
(velocity) data interpolation. Another quantity used in the evaluation
of isothermal flow conditions was the turbulent kinetic energy &,
which is a good indicator of the mixture rates that may be achieved
inside the combustion chamber. As only the variances u”> and v?
corresponding to the velocity components contained in the plane
shown in Fig. 2 have been measured, the following approximation
has been used:

ke~ 3 + %) )

The measurements of mean velocity and turbulent kinetic energy
at the symmetry plane inside the various models of the combustion
chamber, for different operating conditions, are presented in Figs. 6—
11. Out-of-plane velocities at this location were negligibly small

compared with its reported counterparts, which was verified for a
single operating condition by taking oblique measurements using
a tilted optical arrangement of the velocimeter. In-plane velocities
were quantified at 135 points covering only a limited area as a result
of restrictions imposed to optical access by structural restraints. One
common characteristic to all investigated flowfields is the existence
of a large recirculation zone, with its center located at approximately
the same position for each model, irrespective of the variations in
airflow rate Q,;,. In contrast, mean velocities and turbulent kinetic
energy always increase with growing values of Q;,.

The improvements obtained with model Al with respect to
the original configuration (model O) may be first appreciated by
comparing Fig. 7 (experimental conditions A111, A12I, A13l, and
A141) with Fig. 6 (experimental conditions O11, O2I, O3I, and O4I).
Despite the relatively small change in the mean flow pattern, it can
be seen that the characteristic values of turbulent kinetic energy are
much higher for the modified configuration. This is a consequence
of the smaller area of the air inlets in model A1, thus generating larger
local velocity gradients. In addition, the air passage through the
circular holes in this configuration leads to the formation of a series
of jets from both right and left inlets. These interact with each other,
resulting in a significant production of turbulent kinetic energy,
which is convected into the recirculation zone. In contradistinction,
the performance of model A2 did not present an advance with respect
to the previous one. The results for this model are shown in Fig. 8
(experimental conditions A211, A221, A23I, and A24I). By stag-
gering the holes of the air inlets in model A2 (see Sec. II), the
aforementioned jet interaction seems to have been reduced. As a
result, lower levels of turbulence are obtained. However, the mean
flow pattern indicates a slightly larger recirculation zone, which
may have a small positive impact on the calculated value of R. The

k (m%s?)

Fig. 6 Mean velocity vectors and turbulent kinetic energy fields at the
symmetry plane inside the combustion chamber for the original
configuration (model O).
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Fig. 7 Mean velocity vectors and turbulent kinetic energy fields at the
symmetry plane inside the combustion chamber for model A1.

two-thirds reduction in hole size operated in model A2SH with
respect to the previous variant (see Sec. II) was an attempt to
counteract the aforementioned decrease of the turbulent kinetic
energy. The results for this model are shown in Fig. 9 (experimental
conditions A21SHI, A22SHI, A23SHI, and A24SHI). In fact, an
improvement is obtained, though the turbulence levels inside the
recirculation zone are still lower than those observed in model Al.
Furthermore, an increase of the local mean velocities can also be
noted in that area, which may be translated into additional gains in R.

The use of configuration B has allowed a major increase in the
dimensions of the recirculation zone, as a direct consequence of the
change in orientation of the right air inlet (see again Sec. II). The
results for model B1 are shown in Fig. 10 (experimental conditions
B111, B12I, B13I, and B14I). It can be concluded that the afore-
mentioned alteration in the mean flow pattern has been obtained at
the expense of the levels of turbulent kinetic energy, which are
considerably lower for this model. The transport of k into the
recirculation zone is much reduced in configuration B and, although
model B2 provided an improvement with respect to B1 at low values
of Q,;,, further reductions occur at higher airflow rates. This may be
observed in Fig. 11, which displays the results for model B2 (experi-
mental conditions B211, B22I, B231, and B24I). Nevertheless, the
high values of R that may potentially be obtained with configu-
ration B must be kept in mind.

The calculated values of the recirculation ratio for all the models
previously considered are listed in Table 3. It can be concluded from
this data that the value of R is mainly a function of the geometry, with
a minor dependence on the airflow rate. A significant increase in
this parameter with respect to the original model was obtained for
configuration A, especially atlow Q,;,. Further improvements for the
whole range of studied airflow rates were obtained with model A2
and, particularly, model A2SH. However, as expected from the
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Fig. 8 Mean velocity vectors and turbulent kinetic energy fields at the
symmetry plane inside the combustion chamber for model A2.

previous analysis of the mean flow patterns, configuration B (both
models) exhibits a dramatic increase in R, nearly doubling the
remaining values. So, on one hand, the large recirculation zone might
contribute to improve the performance of the combustor under
reacting conditions, lowering the emissions of CO and HC as a
result of the higher residence time in the combustion zone. The NO,
emissions should not be affected because the content of O, in this
area will be low and the temperatures will probably be below 1850 K.
On the other hand, due to the low levels of turbulence in configu-
ration B, the transport of fresh air into the recirculation zone will be
less effective, thus yielding a reduction in the mixing rates between
air, combustion products, and fuel. This is likely to result in improper
combustion rates, which, in turn, may lead to the generation of large
quantities of unburned HC and CO. Considering the aforementioned,
a better performance under reacting conditions is expected from
configuration A, particularly for the model A2SH, which combines a
high recirculation ratio with improved turbulence levels.

Table 3 Recirculation rates for nonreacting
operating conditions

Geometry R
11 21 31 41

(6] 0.34 0.45 0.38 0.41
Al 0.56 0.48 0.43 0.46
A2 0.55 0.60 0.53 0.54
A2SH 0.56 0.68 0.61 0.61
B1 1.06 1.08 0.99 0.99
B2 1.12 1.07 0.92 0.92
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A21SHI

A22SHI

Fig. 9 Mean velocity vectors and turbulent kinetic energy fields at the
symmetry plane inside the combustion chamber for model A2SH.

B. Reacting Conditions

Figures 12-17 show the measurements of the flue gas for all
models as a function of the equivalence ratio ¢. These data
demonstrate the great importance of the foregoing parameter in the
control of the emissions.

An assessment of the relative performance of the original
configuration (model O) and variant A1 can be made by comparing
Figs. 12 and 13, respectively, corresponding to the former and latter
models. These reveal that CO and HC emissions are significantly
lower for model Al. Hence, the combustion efficiency, as defined
by Bucher et al. [18], is higher in this case for all experimental
conditions. However, higher NO, emissions are also obtained
in model A1. These exhibit values close to 18 ppm at low ¢, sub-
sequently decaying to approximately 9 ppm for the higher values of
¢. Corresponding emissions in model O are never above 5 ppm,
tending to decrease. This is probably due to a continuous reduction in
combustion efficiency at high ¢. In fact, both models show that CO
and HC emissions always increase with ¢, the increase being
particularly pronounced for the latter species. The combustion
efficiency is close to 99% for low-power conditions in model A1, but
it decreases to merely 80% at high power.

Figure 14 shows the results for model A2, displaying many
similarities with those obtained for the first variant of this con-
figuration. Again, CO and, particularly, HC emissions, increase with
¢. The NO, emissions in model A2 display values close to 15 ppm at
low ¢, with a further reduction to approximately 6 ppm at high ¢.
These emissions are slightly lower than those observed in the
previous model (model A1), which may be a consequence of the
moderate increase in the values of R for model A2 (see Table 3).
Better results were obtained for model A2SH, as shown in Fig. 15.
Contrasting to the previously investigated models, both CO and HC
emissions decrease with ¢ in this case, probably due to the higher
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Fig. 10 Mean velocity vectors and turbulent Kinetic energy fields at the
symmetry plane inside the combustion chamber for model B1.

feeding air injection velocities. In addition, it was possible to achieve
higher values of ¢ without the occurrence of combustion in the
exhaust channel, thus indicating that more adequate combustion
rates result by the use of model A2SH. Higher combustion rates can
reduce CO, HC, and NO, emissions, which usually show an inverse
dependency on this quantity. In fact, the emissions of NO, are
generally lower than 10 ppm for this variant and only marginally
dependent on ¢. The combustion efficiency in model A2SH is always
higher than 96% and improves to nearly 100% for the maximum
values of ¢ investigated. Altogether, such good performance may be
attributed to a combination of higher values of R and also improved
values of k with respect to model A2. The performance of this model
in terms of NO, emissions and combustion efficiency compares well
with the best performances found in the literature for other
approaches, namely those based on the lean-premixed concept (see,
for example, [18-22]). Specifically, Bucher et al. [18] reported NO,
emissions below 10 ppm (15% O,) and combustion efficiencies
between 99.5 and 100% over a range of equivalence ratios for an
optimized version of the lean-premixed trapped vortex combustor,
and Hayashi et al. [22] reported NO, emissions in general below
10 ppm (15% O,) and combustion efficiencies between 95 and 100%
over a wide range of equivalence ratios for a tubular lean—lean two-
stage combustor model.

The results for models B1 and B2 are shown in Figs. 16 and 17,
respectively. This configuration exhibits the same increase in CO
and HC emissions with ¢ already reported for the previous cases,
with the exception of model A2SH. However, very low values of
NO, emissions (lower than 7 ppm) are obtained throughout the
investigated range of ¢, probably as a consequence of poor com-
bustion efficiency. Concerning model B1, this parameter reaches
approximately 85% at low ¢, decreasing to roughly 75% at the high
end of the range. Significant improvements could not be obtained
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Fig. 13 Mean species concentration measurements at the exhaust of
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Fig. 16 Mean species concentration measurements at the exhaust of
combustor model B1.
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Fig. 17 Mean species concentration measurements at the exhaust of
combustor model B2.

in the combustion chamber for nonreacting conditions have been
investigated using laser-Doppler anemometry. This characterization
was followed by measurements of (mean) gas species concentration
(0,, CO,, CO, HC, and NO,) at the exhaust of the combustor model.
The isothermal data revealed that a common feature to all models and
test conditions was the establishment of a large recirculation zone, as
intended. It was also found that the recirculation ratio was primarily
controlled by the inlet airflow geometry. The calculated values of
this parameter ranged from about 0.4 (original configuration) to
approximately 1.0 (configuration B). Characteristic values of turbu-
lent kinetic energy inside the combustion chamber were also consi-
dered in the assessment of the various models, because of its impact
in mixing rates between air, combustion products, and fuel. Model
A2SH presented a combination of improved values of both
recirculation ratio and turbulent kinetic energy.

The combustion experiments have demonstrated that the NO,
emissions were extremely low for all models, generally below
10 ppm. Unfortunately, this was attained at the expense of com-
bustion efficiency, particularly in the original and B configurations.
A significant improvement in combustion efficiency was obtained
with configuration A, without incurring in the penalty of increasing
the formation rates of NO,. Model A2SH achieved ultralow NO,
emissions (less than 10 ppm) with combustion efficiencies higher
than 99%, which is a remarkable accomplishment taking into
consideration the simplicity of the geometry (no variable sections).

In addition, the combustor did not show any signs of distortion or
fractures after long periods of operation, even without cooling air.
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