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Abstract : An idea to suppress the self-excited combustion oscillation was applied to confined premixed
flames stabilized by a rearward-facing step. The characteristics of unsteady combustion driven by forced
pulsating mixture supply that can modulate its amplitude and frequency were examined. The self-excited
combustion oscillation having weaker flow velocity fluctuation intensity than that of the forced pulsating
supply can be suppressed by the method. The effects of the amplitude and frequency of forced pulsating
mixture supply on controlling the self-excited combustion oscillations were also investigated comparing with
the steady mixture supply. The unsteady combustion used in the present experiment plays an important role
in controlling self-excited combustion oscillations, and it also exhibits desirable performances, from a
practical point of view, such as high combustion load and reduced pollutant emissions of NOx.
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INTRODUCTION

Combustion instabilities occur due to many
causes in practical combustors. In some cases,
they lead to the self-excited combustion oscilla-
tion with strong pressure fluctuation that causes
troublesome problems, for example, such as hin-
drance of combustor performance and intolerable
combustion noise and so on.'™ The self-excited
combustion oscillation often occurs, for example,
in some industrial boilers, gas turbines and
rocket engines and so on."® The geometry of
flow system, such as volume of combustion
chamber, length of passages of reactants and
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exhaust, may yield countless modes of natural
oscillation as the cause of combustion oscil-
lation. Under a certain condition, if the fluc-
tuation of heat release rate combines with one
of the natural oscillation modes, self-excited
combustion oscillation starts to occur by the
resonance. The onset of self-excited combustion
oscillation requires that the relation between
pressure fluctuation and fluctuation of heat
release rate in the combustor must satisfy the
condition called as Rayleigh'’s criterion, which is
expressed by the following relation.

E= $prqd>0 (1

Here, p' and ¢’ are fluctuating component of
pressure and heat release rate, respectively. The
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pressure fluctuation and fluctuation of heat
release rate, generally, have a phase difference.
When the phase difference 7 is in the range of
-n/2<t<gx/2, it is known that the Rayleigh’s
criterion representing the onset of self-excited
oscillation is satistied. Control methods of self-
excited combustion oscillation are divided into
passive control and active control. The former is
performed, for example, by changing the geo-
metry of combustor,”” and the latter is achieved
by feedback procedure in which the phase-
shifted pressure fluctuation signals of the
combustion chamber are used to modify the feed
rate of the mixture.'”"”

In order to elucidate the mechanism of self-
excited combustion oscillation or utilize the
merits of self-excited combustion oscillation
positively, like pulse combustors, many studies
have been conducted.”*" Trying to reduce the
pollutant emissions has been performed in
various fields.**® Even though the basic gene-
ration mechanism of pulse combustion is the
same as that of combustion oscillation, it per-
forms the intermittent combustion by connecting
pressure fluctuation with intermittency of the
flow rate. As a result, pulse combustion can be
utilized as an effective combustion method to
achieve high combustion load and especially
reduced pollutant emission. The pulse combus-
tion, on the other hand, generates an intolerable
combustion noise.

In order to reduce the intolerable combustion
noise of pulse combustion as well as to promote
the merit of pulse combustor, the effects of
forced pulsating mixture supply performing con-
tinuous combustion were examined in the
present study. From this viewpoint, the com-
bustion system using the characteristics of
unsteady flow or forced pulsating mixture supply
is hardly found in the past. The characteristics
of combustion behavior were investigated in a
duct-combustor with a rearward-facing step by
applying unsteady combustion driven by a forced
pulsating mixture supply of propane-air mixture.
Further, it was confirmed that the forced
pulsating mixture supply was useful to control

the self-excited combustion oscillation by investi-
gating its influence on the onset of self-excited
combustion oscillation and reduce the NOx gas.

EXPERIMENTAL APPARATUS
AND PROCEDURE

The experimental apparatus used in the pre-
sent study is shown in Figure 1. The flow rate
of air was kept constant at 147 L/min and the
equivalence ratio of mixture was changed by
regulating the flow rate of propane. The primary
air was mixed with fuel (propane) in a Venturi
mixer. Forced pulsating mixture supply was
added to the secondary air by a reciprocating-
type compressor (Hitachi, 0.2 OP-5T). In the
case of applying the forced pulsating mixture
supply, although the equivalence ratio as well as
the flow rate of mixture supplied to the com-
bustion chamber is fluctuated, the time-mean
value is always constant. The apparatus used for
forced pulsating mixture supply is driven by a
D/C motor with a frequency variable inverter.

The combustion rig consists of three units, an
inlet duct, a combustion chamber, and an
exhaust duct. The mixture passes through the
inlet duct with rectangular cross section of 40
mm x 25 mm. Once contracted by the smoothly
shaped surface of the rearward-facing step
having height of 28 mm or 22 mm, the mizture
flow is expanded suddenly into the combustion
chamber with square section of 40 mm x 40
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Figure 1. Experimental apparatus.
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mm. On each side of combustion chamber, a
vycor glass plate (width : 300 mm, height : 55
mm, thickness : 3 mm) was installed for optical
access. The total length of the duct can be
adjusted by connecting the duct pieces of 150,
300 and 600 mm.

Figure 2 presents the instrumentation. In order
to take two kinds of chemiluminescence images
in the same combustion region with one high-
speed CCD camera (Ektapro HS Model 4540,
Kodak), an image-doubling mirror (Imaging-
Stereoscope, La Vision Inc.) was used. CH and
OH chemiluminescence images were taken by
the high-speed CCD camera through an optical
interference filter (OH : peak wavelength 308.5
nm, half width 18 nm, CH : peak wavelength
430.5 nm, half width 1.0 nm) and a camera lens
(UV Nikkor, Nikon) and amplified by an image
intensifier (C4412MOD, Hamamatsu Photonics).
The fluctuation of flow rate of mixture supplied
to the combustion chamber was measured by
laminar flow meter (Sokken, LFE-200LM) ins-
talled at 730 mm upstream from the rearward-
facing step.

The semi-conductor pressure transducers (Type
PMS-5, Toyoda :
10 kHz) with a water cooled adapter and DC
amplifiers (Toyoda, Type AA6200) were used
for measuring pressure fluctuations in the inlet

maximum response frequency

duct, combustion chamber and exhaust duct,
respectively. In order to prevent the distortion of
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the pressure signals caused by a connection pipe
between the combustor and the semi-conductor
pressure transducer, the connection pipe with a
length of 40 mm and a diameter of 9 mm was
used.”” Pressure fluctuations were measured at
137 mm and 437 mm upstream of the rearward-
facing step in the inlet duct, 171 mm down-
stream of rearward-facing step in the combustion
chamber, and at every 150 mm in the exhaust
duct. A pulse delay generator (WC Model
DGS5335, Stanford Research Systems) was used to
synchronize the high-speed CCD camera and the
A/D converter.

The experimental conditions are shown in
Table 1
supply is added to the mixture. The total flow

when the forced pulsating mixture

rate of primary air and secondary air was kept
constant at 147 L/min (Mean Reynolds number,
Ren = 5,030), and nondimensional fluctuation
intensity (FI = Qmune/Qmean) of flow rate was
changed by adjusting the ratio of the primary air
to the secondary air. The frequency of forced
pulsating mixture supply was changed by opera-
ting the inverter connected with reciprocating-

Table 1 Experimental condition of forced pulsat-
ing mixture supply

Parameter #1 #2 #3 #4 #5 #6

Nondimensional
Fluctuation Intensity FI 0.30 0.22 0.19 0.20 0.20 0.19
30 35

Frequency Hz 30 30 40 45

High-Speed
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Figure 2. Set-up of instrumentation.
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type compressor at every 5 Hz from 30 Hz to
45 Hz. In the conditions of #1, #2 and #3, the
frequency of forced pulsating mixture supply
was kept as constant 30 Hz and the fluctuation
intensity of flow rate was changed. In the
conditions of #3, #4, #5 and #6, on the other
hand, the fluctuation intensity of flow rate was
almost constant (error estimate : *+2%) and the
frequency of the forced pulsating mixture supply
was changed. The case of supplying the mixture
without the operation of inverter is defined as
“steady supply” and the case of supplying the
mixture with the operation of inverter is defined
as “unsteady supply” or “forced pulsating mix-
ture supply” in this study.

RESULTS AND DISCUSSION

Control of Self-excited Combustion Os-
cillation by Forced Pulsating Mixture
Supply

Figure 3 shows the direct photographs of
flame in the combustion chamber with high
rearward-facing step (28 mm). Figure 3(a) is the
case of steady combustion where the self-excited
combustion oscillation does not occur (Lgy = 600
mm, ¢ = 0.75), and Figure 3(b) is the case
where the self-excited combustion oscillation
occurs (Lg = 600 mm, ¢ = 0.8). Figure 3(c) is
the case where the self-excited combustion
oscillation is controlled by adding forced pul-
sating mixture supply (experimental condition #1
as shown in Table 1) to the case of Figure 3(b).
In the case of the steady combustion, it is
observed that the flame is usual turbulent flame
stabilized by the rearward-facing step as the
flame holder. In the case of self-excited combus-
tion oscillation, the flame becomes shorter and
wider compared with that of steady combustion.
Further, the phenomenon of flashback, strong
pressure fluctuation and intolerable combustion
noise are observed. The flame of controlled the
self-excited combustion oscillation by adding
forced pulsating mixture supply is almost the
same as that of steady combustion.

In this study, therefore, the reason why the
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(b) Self-excited combustion oscillation.
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(¢) Controlled self-excited combustion oscillation.
Figure 3. Comparison of flames in combustion
chamber.

self-excited combustion oscillation is suppressed
by adding forced pulsating mixture supply, as
shown in Figure 3(c), will be investigated. For
this purpose, the characteristics of self-excited
combustion oscillation, as shown in Figure 3(b),
are examined before investigating the possibility
for controlling the self-excited combustion oscil-
lation.

Figure 4 shows the rms value of pressure
fluctuation with respect to the equivalence ratio
of mixture in the case of steady supply with
high rearward-facing step (28 mm). These results
indicated that the self-excited combustion osci-
llation, which is usually recognized by an abrupt
increase in an intensity of pressure fluctuation or
far field sound pressure level, occurred only
within a range of ¢ >0.9, ¢ =0.8 and ¢ >0.75
in the case of the exhaust duct length of 450,
600, and 900 mm, respectively. As the exhaust
duct length becomes longer, the self-excited
combustion oscillation begins to occur at leaner
equivalence ratio, and the pressure fluctuation
becomes stronger. By considering the Rayleigh’s
criterion, it is necessary to have positive corre-
lation between the supply (or removal) of local
energy and the pressure fluctuation in the
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Figure 4. RMS values of pressure fluctuations
with respect to equivalence ratio in the
case of high rearward-facing step.

system to be amplified spontaneously. Edwards
et al.™ and Segawa® performed the numerical
simulation to predict the pressure fluctuation
when combustion instabilities and combustion
oscillation occur, respectively. That is, the fluc-
tuating heat source (heat release rate) is indis-
pensable to amplify the pressure fluctuation.
Therefore, CH chemiluminescence, which is used
as an index for representing the intensity of
combustion reaction, or OH chemiluminescence,
which represents the heat release rate of
combustion reaction, and the pressure fluctuation
in combustion chamber were measured simulta-
neously. Many studies have been done to
determine the instantaneous heat release.”’ "
Figure 5 shows the spatial distributions of the
rms of pressure fluctuation in terms of total
length of the system in the cases of starting to
occur the combustion oscillation and strong
combustion oscillation, respectively. In this sys-
tem, the node of pressure fluctuation is located
in the vicinity of rearward-facing step (X = 0
mm) and the anti-node is located in combustion
chamber. Further, the exit of exhaust duct
corresponds to the node of pressure fluctuation.
It is observed that once the self-excited com-
bustion oscillation starts to occur, its spatial
distribution of the rms of pressure fluctuation
has almost the same mode with that of strong
combustion oscillation. By analysis of power
spectrum of pressure fluctuation, it was observed
that, if the self-excited combustion oscillation
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Figure 5. Spatial distribution of rms of pressure
fluctuations in terms of total length of
system.

occurred, the peak frequency in every location
of combustor had the same value. The frequency
of combustion oscillation was dominated by the
standing wave of 3/4 wavelength mode. That is,
the node of standing wave appeared slightly
upstream of rearward-facing step and the exit of
exhaust duct, while the antinode appeared in the
combustion chamber. Further, it is found that, if
the self-excited combustion oscillation occurs in
the system, the effects of pressure fluctuation
are also appeared in the upstream of inlet duct,
in other words, the supply system, as well as in
the combustion chamber. Especially, this pheno-
menon should be noticed in designing the
combustors where the self-excited combustion
oscillations are apt to occur.

Figure 6 and Figure 7 show the simultane-
ously monitored time-series data of CH and OH
chemiluminescence images, pressure fluctuations
in combustion chamber, CH and OH chemilumi-
nescence intensities emitted from the whole
combustion chamber (summation of whole pixel
intensity of CH and OH chemiluminescence
images) and fluctuation of flow rate of mixture
in the cases of no self-excited combustion
oscillation (¢ = 0.7) and self-excited combustion
oscillation ( ¢ = 0.8), respectively.

In Figure 6 with no combustion oscillation,
even though the shape of OH and CH chemi-
luminescence images changes with time, CH and
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Figure 6. Time series signals and flame images
in the case of steady combustion with
the high rearward-facing step. (L4 =600
mm, ¢=0.7)
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Figure 7. Time series signals and flame images

in the case of self-excited combustion
oscillation. (Lg =600 mm, ¢ =0.8)
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OH chemiluminescence intensities, which are
considered to be in proportional to the heat
release rate, emitted from the whole combustion
chamber show weak fluctuation. Irregular fluc-
tuations of high frequency are observed in the
pressure fluctuation and the flow rate of mix-
ture. Even though this is the case of steady
supply, it is considered that these results are due
to interference of behavior of turbulent shear
layer exfoliated from the rearward-facing step
and turbulent combustion. These are the general
characteristics in turbulent combustion.

In the case of the self-excited combustion

oscillation as shown in Figure 7, on the other
hand, the regular periodicity is clearly observed
in all signals. Eddy-like shape bright portion in
chemiluminescence image, which is considered
to be the combustion reaction region, is fluc-
tuated regularly. From these results, the self-
excited combustion oscillation in the present
system is considered to have relation with the
movement of eddy-like shape combustion region
formed downstream of the rearward-facing step.
It was observed that, the peak frequency was
the 98 Hz by analyzing the power spectrum of
pressure fluctuation, as observing from the
time-series signal - of “pressure - fluctuation in
Figure 7.

As shown in the chemiluminescence image
(a), though the eddy-like shape combustion
region is small at the time of minimum pre-
ssure, the flow rate of mixture begins to
increase just before the pressure become
minimal. As flow rate of the mixture increases,
intensity of OH and CH chemiluminescence
increases gradually. The pressure increases acc-
ording to the increase of OH and CH chemilu-
minescence intensity, the eddy-like shape combu-
stion region becomes larger, as shown in the
chemiluminescence image (b) and (c). The
chemiluminescence image (d) shows that the
pressure becomes maximal after the heat release
rate becomes maximal. As the pressure incre-
ases, flow rate of the mixture reduces and
consequently the heat release rate and the
pressure decrease as shown in the chemi-
luminescence image (e) and (f), which is
followed by the condition shown in the image
(a). The pressure in combustion chamber and
OH and CH chemiluminescence from the whole
combustion chamber are also periodic, and a
phase difference, ¢, exists within the range of -
m/2<7<gx/2, which indicates the condition of
self-excited combustion oscillation.

The rms values of the pressure fluctuation in
combustion chamber with and without the forced
pulsating mixture supply shown in Table 1 are
shown in Figure 8, when the self-excited com-
bustion occurs in the case of the steady supply.
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Figure 8. Effects of forced pulsating mixture supply on combustion oscillation.

Figure 8(a) is the case that frequency of the
forced pulsating mixture supply is kept constant
at 30 Hz and the fluctuation intensity is changed
by using the conditions of #1, #2 and #3 shown
in Table [. Figure 8(b) is the case that fluc-
tuation intensity is almost kept constant and the
frequency of forced pulsating mixture supply is
changed by using the conditions of #3, #4, #5
and #6. Figure 8(a) shows that the pressure
fluctuation in combustion chamber decreases as
the fluctuation intensity of flow rate of mixture
increases, and rms value of pressure fluctuation
shows lower values than that of steady supply,
which corresponds to the condition of FI = 0. In
Figure 8(b), although the rms value of pressure
fluctuation increases as frequency of the forced
pulsating mixture supply increases, the rms value
is lower than that of the steady supply in the
case of the exhaust duct length Ly = 450 mm.
The rms value of pressure fluctuation is, on the
other hand, higher than that of the steady supply
above some frequency in the case of the exhaust
duct length Lg = 600 and 900 mm. These
results show that the self-excited combustion
oscillation can be suppressed more effectively by
supplying the large amplitude fluctuation than
increasing frequency of the forced pulsating
mixture supply.

The rms values of pressure fluctuation due to
the self-excited combustion oscillation in steady
supply are compared with that of suppressed
self-excited combustion oscillation by adding the
forced pulsating mixture supply (#1) in Figure 9.

In both cases of Figure 9(a) and (b), the time-
mean values of equivalence ratio are the same.
However, as explained in Figure 1, Figure 9(a)
is the case where the equivalence ratio as well
as the flow rate of mixture was modulated with
the flow rate change. Figure 9(b) is, on the
other hand, the case that the equivalence ratio
was always kept constant, as the result of
moving the Venturi-mixer to upstream of the
place where the air supply line is divided into
the primary and secondary air.

The case of steady supply is represented by
white-key, and the case of the forced pulsating
mixture supply is represented by black-key in
Figure 9. The range where the combustion osci-
llation is suppressed by forced pulsating mixture
supply is indicated by an inclined solid boun-
dary line. The conditions of combustion oscil-
lation, the white-keys located below the limit
line, are changed into the black-keys represen-
ting no combustion oscillation by the forced
pulsating mixture supply. Comparing the Figure
9(a) with 9(b), both the case (a), where both
equivalence ratio and flow rate of the mixture
are fluctuated, and the . case (b), where equi--
valence ratio of the mixture is kept constant
while flow rate is fluctuated, have almost the
same range of the equivalence ratio where the
combustion oscillation can be suppressed. From
the results, it is found that the fluctuation of
equivalence ratio has weaker influence than that
of flow rate in controlling the combustion
oscillation by forced pulsating mixture supply.
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Figure 9. Influences of forced pulsating supply (#1) on self-excited combustion oscillations

with respect to equivalence ratio.
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to equivalence ratio.

However, it is difficult to conclude, at this
moment, when the onset of combustion oscilla-
tion starts
pressure fluctuations, because the controlled limit

in terms of the rms value of the

of combustion oscillation was changed with the
equivalence ratio.

By changing the ordinate of Figure 9, rms
value of the pressure fluctuation in combustion
chamber, to that of velocity fluctuation of the
mixture at the rearward-facing step, Figure 10
shows the similar results to Figure 9. The con-
trolled limit of combustion oscillation becomes
the horizontal line that Um is about 1.5 m/sec,
it is found that combustion oscillation
within the range of Ums = 1.2(1.5 m/sec can be

and

10. Influences of forced pulsating supply (#1) on self-excited combustion with respect

suppressed.

Although the combustion oscillation doesn't
occur by adding the forced pulsating mixture
supply, the
velocity is increased in condition of the lean
equivalence ratio where the combustion oscilla-
tion doesn't occur in steady supply. This is

intensity of fluctuation of flow

because the forced pulsating mixture supply is
overlapped on turbulent fluctuation in steady
supply. In equivalence ratio higher than the
stoichiometry, the experiment is not performed
because the residual fuel burns at the exit of the
exhaust duct. If the forced pulsating mixture
supply of FI = 0.3 (experimental condition #I)
is converted into the rms value of fluctuation of
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flow velocity while passing the rearward-facing
step, it becomes about 1.5 m/sec. Therefore, it
could be concluded that the self-excited com-
bustion oscillation is suppressed if the intensity
of fluctuation of flow velocity due to the self-
excited combustion oscillation is smaller than
that of the forced pulsating mixture supply. That
is, the control of self-excited combustion oscil-
lation can be attained only in the case where the
intensity of self-excited combustion oscillation is
weaker than that of the fluctuation of flow
velocity with forced pulsating mixture supply. In
addition, the intensity of combustion oscillation
is more increased due to adding the forced
pulsating mixture supply in the case that U is
greater than about 1.5 m/sec.

Reduction of NOx by Forced Pulsating
Mixture Supply

In this section, in order to reduce the NOx by
using the forced pulsating mixture supply, the
effects of forced pulsating mixture supply in
condition of no self-excited combustion oscilla-
tion will be investigated. If the height of the
rearward-facing step is changed from 28 mm
(high step) to 22 mm (low step), the self-excited
combustion oscillation doesn’t occur in whole
region of equivalence ratio at any exhaust duct
length. It has relation to the passive control, that
is, controlling the self-excited combustion oscil-
lation by changing the geometry of combustor.
By resulting the rms value of pressure fluc-
tuation in the case of low step, its maximal
value was about 0.2 kPa in condition of the
exhaust duct length Ly = 900 mm and equi-
valence ratio ¢ = 1.0, even though this condi-
tion was the most strong self-excited combustion
oscillation in the case of high step as shown in
Figure 4. Therefore, it was observed that the
flame was the usual turbulent flame stabilized
by the rearward-facing step in all cases of low
step.

The concentration of the NOx emission mea-
sured at the exit of exhaust duct under various
conditions is shown in Figure 11. Comparing
with two cases of the low step and the high

step in steady supply, although there is no
difference in concentration of the NOx emission
because of no combustion oscillation in the
range of ¢<0.75, the concentration of the NOx
emission in the case of the high step becomes
lower than that of the low step because of the
combustion oscillation in the range of ¢>0.8.
This is because the NOx emission is suppressed
due to the effects like the pulse combustion, as
pointed out by the experiments of Keller et
al.’ On the other hand, the concentration of
NOx emission in the range of ¢<0.85 (lean
side of the stoichiometry) is much lower than
that of the steady supply in the case of the low
step with adding the forced pulsating mixture
supply. Even though the combustion oscillation
doesn’t occur in the case of the low step, the
combustion with low peak temperature can be
realized by mixing of unburned mixture and
high-temperature product because the flame
stabilized by rearward-facing step moves perio-
dically with fluttering by adding the forced
pulsating mixture supply. Although the amplitude
of forced pulsating mixture supply is changed,
the remarkable differences between concentra-
tions of NOx emission in the cases of adding
forced pulsating mixture supply are not observed.

In order to investigate the cause of reduction
for concentration of NOx emission, the mean
and rms values of temperature in the case of the
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Figure 11. Comparison of NOx concentration in
the exhaust gas between steady and
forced pulsating supply(#1~#3). (Lq=
600 mm, H.S: High step, L.S: Low
step)
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Figure 12. Comparison of temperature in the case of steady supply and forced pulsating
mixture supply (#1 ~ #3). (Low step, Ld=600 mm)

low step are shown in Figure 12. Temperature
was measured using a Pt/Pt-13%Rh thermo-
couple of 100 ym wire in diameter and mea-
surement point was located at X = 130 mm
downstream from the rearward-facing step in
combustion chamber. Temperature measurement
was not performed in the condition where the
equivalence ratio is more than 0.9 because of
cut off of the thermocouple due to high tem-

perature.
The mean temperatures in the cases of the
steady supply and forced pulsating mixture

supply are increased with increasing the equi-
valence ratio. Even though the mean and rms
of temperature between the forced
pulsating mixture supplies (#1 ~ #3) show
similar values, they show a different tendency
compared with that of steady supply. That is,
the values of forced pulsating mixture supply

values

have lower mean temperature and larger rms
value of temperature than those of steady
supply. Further, the rms values of temperature
are decreased with increasing the equivalence
ratio. It is considered that, because the heat
release rate and mean temperature become lower
with approaching to lean combustion, they are
apt to be influenced easily by the forced
pulsating mixture supply.

Figure 13 shows CH chemiluminescence ima-
ges and mean temperature distributions in the
combustion chamber in the case of the low step

Flow dircction
_

1RO6—— T
10 30 50 70 o0 110 130 150 170
X mm

(a) Steady supply

Flow direction
—_— =

10 30 50 70 20 110 130 130 170
N mm

(b) Forced pulsating mixture supply (#1)
Figure 13. Comparison of CH chemiluminescence

images and spatial temperature distribut-
ions (Low step, Ls =600 mm, ¢=0.8).

(Lg=600 mm, ¢ = 0.8). CH chemiluminescence
images of Figure 13(a) and (b) are the time-
mean values of CH chemiluminescence images
of 11 frames, which are taken at interval of 0.1
second. By comparing CH chemiluminescence
intensities of the 2 conditions, the image of
steady supply shows high intensity compared
with that of the forced pulsating mixture supply.
In the mean temperature distribution, the region
of high temperature higher than 1800 K appears
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in the downstream of combustion chamber in the
case of the steady supply. However, the region
of high temperature shows about 1,700 K in the
case of forced pulsating mixture supply. That is,
it is observed that, if the forced pulsating
mixture supply is added, the high temperature in
combustion chamber becomes lower by approxi-
mately 100~200 K compared with that of steady
supply. Therefore, as shown in Figure 11, the
reduction for concentration of NOx emission is
caused by the fact that the region of high
temperature higher than 1800 K disappears by
the enhanced mixing of unburned mixture and
high-temperature product due to the forced
pulsating mixture supply.

CONCLUSIONS

The influencing factors of the occurrence and
the possibility on controling the self-excited
combustion oscillation were investigated. The
experiments were carried out on confined pre-
mixed flames stabilized by a rearward-facing
step using forced pulsating mixture supply,
which was different method from the conven-
tional active control. The obtained concluding
remarks are summarized as follows.

1. In the case of the steady supply, the self-
excited combustion oscillation is dominated
by the behaviors of circulation flow, that is,
the size is changed correlating with pressure
fluctuations in combustion chamber, fluctua-
tions of flow rate of mixture and combustion.
The dominant frequency corresponds to the
frequency of the standing wave with 3/4-
wave length mode over the whole length of
the system.

2. As far as the intensity of the velocity fluc-
tuation of self-excited combustion oscillation
is weaker than that of forced pulsating
mixture supply, the self-excited combustion
oscillation can be suppressed effectively by
the forced pulsating mixture supply. More-
over, the self-excited combustion oscillation
can be suppressed more effectively by
supplying the large amplitude fluctuation than

ENVIRONMENTAL ENGINEERING RESEARCH/VOL. 9, NO

increasing frequency of the forced pulsating
mixture supply.

. In the combustor operated with forced pulsa-

ting mixture supply in the case of no self-
excited combustion, the NOx emission can be
reduced in some cases because combustion
with low peak temperature can be realized as
the result of enhanced mixing of unburned
mixture and high-temperature products by
adding the forced pulsating mixture supply.

REFERENCES

. Putnum, A. A., “Combustion-Driven Oscilla-

tions in Industry,” Elsevier, New York (1971).

. Heitor, M. V., Taylor, A. M. K. P, and

Whitelaw, J. H., “Influence of confinement
on combustion instabilities of premixed
flames stabilized on axisymmetric baffles,”
Combust. Flame, 57, pp. 109-121 (1984).

. Tam, C. K. W., Chen, P., and Seiner, J. M.,

“Relationship between instability waves and
noise of high speed jets,” Journal of AIAA,
30(7), pp. 1747-1752 (1992).

. Keller, J. 1., “Thermoacoustic oscillations in

combustion chambers of gas turbine,” Jour-
nal of AIAA, 33(12), pp. 2280-2287 (1995).

. Hobson, D. E., Fackrell, J. E.,, and Hewitt,

G., “Combustion instabilities in industrial gas
turbine-measurements on operating plant and
thermoacoustic modeling,” Transactions of
the ASME, 122, pp. 420-428 (2000).

. Lolbe, R., Kailasanath, K., Young, T., Boris,

J., and Landsberg, A., “Numerical simula-
tions of flow modification of supersonic
rectangular jets,” Journal of AIAA, 34(5), pp.
902-908 (1996).

. Katsuki, M. and Whitelaw, J. H., “The

influence of duct geometry on unsteady pre-
mixed flames,” Combust. Flame, 63, pp. 83-
94 (1986).

. Steele, R. C., Cowell, L. H., Cannon, S. M.,

and Smith, C. E., “Passive control of com-
bustion instability in lean premixed com-
bustors,” Transactions of the ASME, 122,
pp. 412-419 (2000).

. 6, 2004



Combustion Control of Self-Excited Combustion Oscillation and Nox Reduction by Forced Pulsating Mixture Supply

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Schadow, K. C. and Gutmark, E., “Combus-
tion instabilities related to vortex shedding
in dump combustors and their passive con-
trol,” Progressw in Energy and Combustion
Science, 18, pp. 117-132 (1992).

McManus, K. R., Poinsot, T., and Candel,
S. M., “A review of active control of com-
bustion instabilities,” Prog. Energy Combust.
Sci., 19, pp. 1-29 (1993).

Poinsot, T. J., Bourienne, F., Candel, S.,
Esposito, E., and Lang, W., “Suppression of
combustion instabilities by active control,”
Journal of Propulsion and Power, 5, pp.
14-20 (1989).

Mohanraj, R., Neumeier, Y., and Zinn, B.
T., “Combustor model for simulation for
combustion instabilities and their active Con-
trol,” Journal of Propulsion and Power, 16,
No. 3, pp. 485-491 (2000).

Chae, J. O., Chun, Y. N., and Kim, K. Y.,
“Combined removal of so, and nox from
simulated flue gas using pulse streamer coro-
na,” Environmental Engineering Research, 5,
No.3, pp.127-134 (2000).

Keller, J. O., Bramlette, T. T., Dec, J. E.,
and Westbrook, C. K., “Pulse Combustion :
The importance of characteristics times,”
Combust. and Flame, 75, pp. 33-44 (1989).
Dec, J. E. and Keller, J. O, “Pulse com-
bustor tail-pipe heat-transfer dependence on
frequency, amplitude and mean flow rate,”
Combust. Flame, T, pp. 359-374 (1989).
Miller, N., Powell, E. A., Chen, F., and
Zinn, B. T., “The use of air staging to
reduce the NOx emissions from coal burning
rijke pulse combustors,” Combust. Sci.
Technol., 94, pp. 411-426 (1993).

Poppe, C., Sivasegaram, S., and Whitelaw, J.
H., “Control of NOx emissions in confined
flames by oscillation,” Combust. Flame, 113,
pp. 13-26 (1998).

Gemmen, R. S, Keller, J. O., and Arpaci,
V. S., “Heat/Mass transfer from a cylinder
in the strongly oscillating flow of a pulse
combustor tailpipe,” Combust. Sci. Technol.,
94, pp. 103-130 (1993).

VOL. 9, NO

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

267

Bai, T., Cheng, X. C., Daniel, B, R., Jagoda,
J. I, and Zinn, B. T., “Performance of a
gas
tangential reactants injection,” Combust. Sci.
Technol., 94, pp. 1-10 (1993).

Neumeier, Y., Zinn, B. T., and Jagoda, J. I,
“Frequency  domain of the
performance of a valved helmholtz pulse
combustor,” Combust. Sci. Technol., 94, pp.
295-316 (1994).

Ichiro, H. and Kazuo, S., “Development of
small twin-valveless pulse combustors
effect of injection system,” Combust. Sci.
Technol., 94, pp. 43-55 (1993).

Nam, C. M., "NOx reduction by sncr and
its

burning rijke pulse combustor with

analysis

reaction mechanism under oxidizing
diesel flue gas conditions,” Environmental
Engineering Research, 8(1), pp. 31-40 (2003).
Nam, C. M,, Jang, K. R, and Kang, Y.,
“Industrial plasma experiments for simul-
taneous removal of SO/NOx from a coal-
fired power plant,” FEnvironmental Engin-
eering Research, 5(4), pp. 199-206 (2000).
Englund, D. R. and Richards, W. B., “The
infinite line probe,” Proceedings of the 30th
International  Instrumentation  Symposium, Instru-
ment Society of America, pp. 115-124 (1984).
Edwards, N. R., Mcintosh, A. C., and
Brindley, J., “The development of pressure
induced instabilities in premixed flames,”
Combust. Sci. Technol., 99, pp. 179-199 (1994).
Segawa, Y., “A method of predicting the
pressure amplitude of the combustion osci-
llation,” JSME Int. Journal, 30, pp. 1443-
1449 (1987).

Mehta, G. K., Ramachandra, M. K., and
Strahle, W. C., “Correlations between light
emission, acoustic emission, and ion density
in premixed turbulent flames,” The Eight-
eenth  (International) " Symposium on Com-
bustion, The Combustion Pitts-
burgh, pp. 1051-1059 (1981).

Keller, J. O. and Saito, K., “Measurement of
the combustion flow in a pulse combustor,”
Combust. and Technol., 53, pp. 137- 163
(1987).

Institute,

. 6, 2004 / ENVIRONMENTAL ENGINEERING RESEARCH



268

29.

30.

Young-Joon Yang and Fumiteru Akamatsu

Richards, G. A. and Janus, M. C., “Charac-
terization of oscillations during premix gas
turbine combustion,” ASME Trans., 120, pp.
294-302 (1998).

McManus, K. R., Vandsburger, U., and
Bowman, C. T. “Combustor performance
enhancement through direct

shear layert

31

excitation,” Combust. Flame, 82, pp. 75-91
(1990).

Keller, J. O. and Hongo, 1., “Pulse Com-
bustion : The mechanisms of NOx produc-
Combust. 80, pp. 219-237

tion,” Flame,

(1990).

ENVIRONMENTAL ENGINEERING RESEARCH/VOL. 9, NO. 6, 2004



