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Overall and spectral sound pressure levels radiating from swirling flows and flames were measured and correlated
with simultaneous plenum pressure fluctuations measurements. Single swirler and co- and counter-rotating double
swirlers were used. Generic radial-entry swirlers with straight vanes and a convergent—divergent nozzle were
employed. At the same Reynolds number and Mach number, precessing-vortex-core frequency, spectral amplitude
at that precessing-vortex-core frequency, and overall sound pressure levels for flows were the highest for the single
swirler, followed by the co- and counter-rotating double swirlers. Rates of increase in precessing-vortex-core
frequency and overall sound pressure levels with Reynolds number and Mach number were also in the same order.
Sound spectra for single and corotating double swirlers contained precessing-vortex-core-related strong tonal
components. However, for counter-rotating double-swirler flows, amplitude of the tonal component was reduced
considerably. Double-swirler configurations exhibited dual precessing-vortex-core frequencies. The addition of a
second swirler slowed down precessing-vortex-core and reduced its upstream transmission to the plenum and the
transmission of plenum modes to the sound field. The counter-rotation configuration was more effective in slowing
down the precessing vortex core and acting as a transmission barrier than the corotation configuration. Compared to
flow, partially premixed flame, ® = 1.15, produced 5-10 dB higher overall sound pressure levels. However, the flame
had a lower Mach number exponent than the flow. Flames inhibited the transmission of high-frequency tones across
them. At the same ® and Reynolds number, the corotating flame was the least noisy and the counter-rotating flame
was the noisiest. Premixed flames with ® = 0.98 were compared with the flows by keeping an identical pressure
differential across the premixer. The counter-rotating double swirlers produced higher overall sound pressure levels
than the corotating double swirlers, which generated more overall sound pressure levels than the single swirler.

Introduction

ANY gas turbine engines for propulsion systems feature swirl

combustors to achieve stable, efficient, and clean combustion
[1-4]. Swirl combustors feature complex unsteady reacting flow,
thermal, and species fields [5—13]. Swirling flows often exhibit
instabilities characterized by vortex breakdown and the emergence
of a precessing vortex core [14] (PVC). The PVC is a naturally
occurring three-dimensional time-dependent hydrodynamic insta-
bility that rotates about the central vortex core axis. This
phenomenon has been the subject of various investigations [1—
3,7,11,15]. The combustion dynamics in such systems are caused by
interactions between the unsteady heat release with the temporal and
spatial unmixedness and the unsteady fluid mechanical phenomena
of PVC and vortex breakdown. The PVC is altered by these
interactions [16—-19] and may also, in turn, modify the combustion
processes [20-23]. Premixed combustion excites the PVC to higher
frequencies and intensities than those of the isothermal flow; whereas
diffusion-controlled combustion suppresses the PVC intensities by
two orders of magnitude [17]. This damping is primarily caused by a
decrease in swirl number, due to the axial acceleration of the flow by
the combustion process [19]. The PVC was also damped by axial and
tangential entry natural gas flames, due to large radial density
gradients, but it was still detected on the boundary of the reverse flow
zone [17]. Recently, the presence of a PVC in a natural gas lean
flame, with an equivalence ratio of ® = 0.887, has been reported for
a wide range of swirl characteristics [23]. The PVC is characterized
by periodic fluctuations of flow velocity, pressure, and temperature.
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The heat release rate oscillates nearly in phase with pressure. The
pressure oscillations may couple to, and get amplified by, the natural
acoustic modes of the combustor, leading to feedback-loop-type
combustion instabilities [24,25]. Using bluff-body-type stabiliza-
tion, the plenum and flame zone pressure fluctuations and flame zone
and exit pressure fluctuations for an enclosed flame have been found
to be very coherent [26]. The sources of noise in a swirl burner can be
broadly classified as aerodynamic or turbulence-generated noise,
combustion-driven oscillations, combustion noise, and resonant
coupling with one of the modes of enclosure. Combustion-driven
oscillations are generally linked to system, acoustical, and transition
instabilities. Resonant coupling can be witnessed in flows with a
strong degree of swirl [27]. Combustion noise is generated by the
unsteady characteristics of the turbulent combustion process [28—
30]. The sound-generation mechanism is a function of the rate of
change of the heat release rate and does not depend on the actual heat
release rate [31].

Gupta et al. [32] measured radiated noise spectra of swirl-
stabilized natural gas flames for various flow rates, air—fuel ratios,
and modes of fuel injection. The source of sound was the region of
maximum pressure fluctuations. A reduction in the noise emissions
was observed when this region was surrounded by a second outer
flame boundary. Equal division of fuel between the axial and radial
inlets was suggested for a low-noise stable swirl burner. The
convergent—divergent exit nozzle significantly increased noise
levels, compared with straight exit nozzles. Bertrand and
Michelfelder [33] measured the sound power emitted by a natural-
gas-fired experimental burner both in free-field conditions and inside
arefractory furnace. The emissions inside the furnace illustrated the
predominance of resonant modes at low frequencies. The sound
power output increased with the 2.8th power of average gas velocity
and the 5.6th power of the throat diameter. The peak frequency of
combustion was a function of the swirl number and independent of
the firing rate of the burner. Preheating of the oxidizer (air) greatly
increased the sound power output and the peak frequency of emitted
noise spectra. Gupta et al. [34,35] investigated the noise generated by
a laboratory-type burner with swirl numbers of around two. Under
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nonreacting flow conditions, the PVC dominated the flowfield and
was the main source of sound. Under reacting flow conditions and for
the same burner loading, sound levels for a tangential fuel inflow
were lower than those for an axial fuel inflow. The burners
discharging through a convergent—divergent nozzle were the
noisiest, although at high flow rates, the effects of the nozzle
geometry on the radiated noise level were insignificant. Overall noise
reduction was achieved through staged combustion. Gupta et al. [3]
have also reported that diffusion flames are noisier than premixed
flames. Hardalupas and Selbach [36] imposed oscillations on the
coaxial air flow of a swirl-stabilized burner with natural gas injected
axially and radially in the center of the flow, with and without a
diffuser at the burner exit. This improved the lean-flammability
limits of the burner. Neemeh et al. [37] used a swirl chamber to
investigate the effect of fluid rotation on the noise generated by
supersonic jets. Small flow rotation reduced the generated noise, but
higher fluid rotation had no additional effect. Recently, Nair and
Lieuwen [38] demonstrated use of acoustic measurements to detect
imminent blowout in pilot- and swirl-stabilized combustors. The
low-frequency spectra exhibited a strong dependence upon the
degree of flame stabilization.

The use of two or more swirlers with concentric annuli offers
additional control on the swirl characteristics, and significantly
different flow and mixing patterns can be achieved. A substantial
reduction in NO, emissions through the use of multi-annular swirl
burners [39] has been reported. A similar reduction was also found by
use of the double-swirler burner in comparison with the single-
swirler burner [40]. The counterswirl burners exhibited stronger
radial exchange, compared with the coswirl burner [21]. The
counterswirl configuration increased the flame stability, compared
with the coswirl configuration [41,42]. The effects of the co- and
counterswirling configurations on the flowfield [9,42,43] and
thermal characteristics [44] have also been studied.

The differences in sound generation from swirling flames and
flows are not yet completely understood. Also, the effect of co- and
counter-rotating double swirlers on the sound generation of reacting
and nonreacting swirling flows has not been investigated. The
specific objectives of this study were to 1) compare the overall and
spectral sound pressure levels (OASPL) and sound spectra generated
by swirling flames with those of nonreacting swirling flows under
identical conditions; 2) investigate the effect of the PVC on the
plenum pressure fluctuation spectra and the emitted sound spectra; 3)
compare the Mach number scaling of the OASPL generated by
swirling flames with that of nonreacting swirling flows; 4) study the
correlation of internal plenum pressure fluctuations and external
sound measurements; 5) measure the sound pressure radiated from
swirling flames and flows to understand the effects of co- and
counter-rotating double swirlers on noise emissions; and 6)
characterize the sound pressure spectra and plenum pressure
fluctuations spectra as a function of the Reynolds number.

Experimental Apparatus

The experiments were conducted in a lean premixed combustor
facility, shown schematically in Fig. l1a. Also shown is a picture of
the flame with ® = 0.98. The facility is installed in an enclosure with
the dimensions of 1.3 m (length) x 1.2 m (width) x 3.0 m (height),
with an exhaust hood at the top. The premixer design is known as the
radial swirler plus nozzle (RSPN) and is the result of the Allison
Engine Company’s advanced turbine system (ATS) development
program, in collaboration with the U.S. government’s Department of
Energy (DOE) [45]. The premixer with swirlers was assembled on a
plenum, which supplies air and fuel to the premixer. The plenum was
mounted on a three-dimensional traverse system. A buffer plate was
installed inside the plenum to create a uniform upstream airflow. The
air was supplied through the bottom and directly into the plenum.
The fuel (methane) was supplied to the bottom of the swirler
premixer. Table 1 provides details of test conditions and results at
end points of the test Reynolds number range for all three swirler
configurations studied, with a constant increment in Reynolds
number of 3000. A schematic diagram of the radial swirlers used in
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Fig. 1 Experimental apparatus.

this study is shown in Fig. 1b. The swirling premixer was made up of
four main parts: nozzle head, upper swirler, lower swirler, and base
plate. The details of the premixer-nozzle assembly are depicted in
Fig. 2a. The nozzle throat diameter was D, = 3.81 cm and the exit
diameter was D, = 8.64 cm. Both swirlers had an inner diameter of
5.08 cm, with 16 straight vanes. The upper swirler was 28.8-mm long
and the lower swirler was 7.6-mm long. The blade angle was 21 deg.
The lower swirler could be installed with different orientations to
form corotating or counter-rotating double swirlers. The design
drawing of the nozzle is provided in Fig. 2b. The detailed drawings of
all other components are available in [46]. The swirl intensity is
characterized in terms of the swirl number S, defined as [3]

() (e
= (5)(@) »

where Dygyy is the inner diameter of the swirler, Gy is the axial flux of
angular momentum, and G, is the axial flux of axial momentum. For
the single-swirler configuration, the theoretical swirl number at the
exit of the swirler was estimated [10] to be 2.4.

A miniature integrated circuit piezoelectric (ICP) pressure
transducer (PCB model 112A22) was mounted on the sidewall of the
air plenum chamber to measure pressure fluctuations. The pressure
transducer had a resolution of 6.9 Pa, its resonant frequency was
250 kHz, and its cut-on frequency was 0.50 Hz, with a rise time of
2 ms. A pressure transducer signal conditioner (PCB model 482B11)
was used. The frequency response of the signal conditioner was
uniform up to 100 kHz, within 1%. The radiated sound pressure
measurements were made using a microphone from a Bruel & Kjaer
3599 Intensity Probe, which included a phase-matched pair of 1.27-
cm-diam (1/2-in.) Bruel & Kjaer 4197 condenser microphones. The
output signals from the transducers were fed to a two-channel Siglab,
model 20-22A, a PC-based data acquisition and analysis system. The
system was capable of acquiring data up to a sampling rate of 50 kHz,
with anti-aliasing filters and different time-domain windows. The
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Table 1 Details of test conditions and results for all three swirler configurations

Serial no. Swirler Reynolds no. Mass flow, kg/min Equiv. Throat Mach no. PVC tone, Hz Sten

configuration X ratio vel., m/s

Air Fuel

1 Single swirler 35,000 1.144 —_— —_— 13.95 0.041 285 0.79, 1.58
2 80,000 2.640 —_— 32.10 0.094 645
3 51,000 1.503 0.101 20.52 0.060 e e
4 81,000 2.390 0.162 32.66 0.096 —_—
5 Corotating 45,000 1.488 —_— —_— 18.13 0.053 315 0.17,0.64, 1.28
6 double swirlers 99,000 3.264 —_— —_— 39.75 0.116 655
7 Counter-rotating 80,000 2.635 —_— —_— 32.10 0.094 315 0.11,0.43
8 double swirlers 116,000 3.816 —_— —_— 47.15 0.139 545

same system was used for spectral analysis, including autospectrum,
cross-spectrum, and coherence. All external sound measurements
were made at one far-field location approximately r/D, =9 and
x/D, =1 away from the combustor. A Hanning time-domain
window was used. The data acquisition rate was 2.56 times the
highest frequency of interest. For spectral measurements up to
10 kHz, the sampling rate was 25.6 kHz, whereas for 2 kHz, the
sampling rate was 5.12 kHz; 1024 points were collected and 300
averages were made for each measurement. The pressure difference
across the swirling premixer was measured using a manometer

/

? (?}

connected to the sidewall of the plenum. This study was conducted
in a nonanechoic facility by design, to simulate conditions closer
to the nonideal conditions encountered in both aircraft engines and
land-based gas turbines. The measurements were close enough to
the sources to ensure the dominance of the direct field instead of
the reverberant field. This was validated by measuring the sound
generated by a Bruel & Kjaer type 4204 reference source under
laboratory conditions. The measured spectra and OASPL were
comparable to specified values within experimental uncertainties
of +2 dB, as shown in Fig. 3.

1. Nozzle Head; 2. Upper Swirler; 3. Lower Swirler;
4. Base Plate; 5. Fuel Manifold; 6. Spacer; 7. Screws

a) Details of premixer-nozzle assembly

L

AT3

= 535 =

ey
30° / (

9 2.800

w2405
150

5866 # 3400

# 3500

/
R230

o

b) Nozzle design drawing

@ 2800

N

500

Fig. 2 ATS premixer.



654 SINGH ET AL.

go L] L] L] L] LI I| L] L] L] L] LELELEL
B PY : e ’ [ ] v
R vUoeg
EN o’ 3
ERadi o v
e Lt
S [ T* e Specification
?:;': 70 |- ° v Measurement
g [ o
ko] L v
] - o B&K Type 4204 Reference Source
S 60F v
C 1 1 M A | 1 1 M A A |
100 1000 10000

Frequency, Hz

Fig. 3 Comparison of measurements of the Bruel & Kjaer type 4204
reference source in laboratory conditions with manufacturer’s
specifications (r/D, = 9 and x/D, = 1).

Results and Discussion

Figure 4a shows the variation of the PVC-related tonal frequency
components as a function of the Reynolds number (Re = U,D,/v,
where U, is average overall throat velocity and v is kinematic
viscosity) for single, co-, and counter-rotating double-swirler
nonreacting flows. The PVC is a phenomenon associated primarily
with high-swirl-number (S > 0.6) flows, and it appears only after

800 L) LI ) L) | L) LI ) L) | L) L) L) L) | L) L) L) L) | L) L) L) L) | L) L)
i Configuration .
L N v
| ®Single .\ v
L v vCorotating ° y_ .
, 600 [-= aCounter-rotating , ® P Primary Tones
B |
T I p=381cm ° v . "
5 - ° v L
L " n
S a00 T .
=] o v L
o B [ ]
[ 3 ] ]
I B |
) L
2 200 | Secondary Tones
B \ \ 00 0 0Ovop DOooOvo o O
5 v v v
v v v
B \% v O [m] a
0 [ - I BT AT AT B AT B AR I B A A B
20000 40000 60000 80000 100000 120000

Reynolds Number, Re= UD /v

a) Variation of PVC frequency with the Reynolds number

110 I I
D,=381cm Py
<105} Flame (® =1.15)
2 * °
[=)
~100
e
m
k-]
i 95
o Configuration
2 Single
O g0 Corotating
Counter-rotating
Single Flame
85 1 1 1
0.05 0.08 0.1

Mach Number, M=U,/C,,

b) Variation in OASPL with the Mach number

Fig. 4 Swirler configuration effects for three swirler configurations
(r/D, =9 and x/D, = 1).

vortex breakdown and the formation of recirculation zones and, thus,
is a function of the Reynolds number. The lowest Reynolds number
in Fig. 4a corresponds to the appearance of a PVC for that specific
swirler arrangement. For nonreacting swirling flows, the PVC-
related tonal frequency dominates the spectra with its very high
amplitude and is thus identified. A linear increase in peak frequency
was observed for all configurations, confirming that these dominant
tonal components are due to the PVC. At the same Reynolds number,
the PVC frequency is the highest for the single swirler, followed by
corotating double swirlers, and the lowest for counter-rotating
double swirlers. The rate of increase in the PVC frequency is also
different for various configurations, with the highest rate for the
single swirler, followed by corotating double swirlers, and the least
for counter-rotating double swirlers. Both corotating and counter-
rotating double-swirler arrangements exhibit a second PVC tone.
Recently, the presence of a double PVC has been reported for
premixed and nonpremixed flames [23]. The two PVC frequencies
with double swirlers exhibit a lack of complete mixing of the two
streams emanating from the two swirlers. These can be correlated to
the dimensions of the upper and lower swirlers, with the direction of
the rotation taken into account [46]. The precession frequency of the
PVCisknown to be low and in the range of 10200 Hz [3,16,17]. Itis
believed that the observed PVC frequency in the sound spectra is
related to its precession frequency through the number of vanes (i.e.,
PVC frequency = precession frequency x number of vanes).
Figure 4b shows the OASPL as a function of the Mach number
(M = U,/C,,, where C,;, is the speed of sound in ambient air) for
nonreacting swirling flows using single, co-, and counter-rotating
double swirlers, and for a swirling partially premixed flame at
® = 1.15 using the single swirler. For evaluating the effect of the
Mach number and Reynolds number on the spectra and OASPL of
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Fig. 5 Effect of Reynolds number variation on the sound pressure
spectra of swirling flows for three swirler configurations (r/D, = 9 and
x/D; =1).
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the single-swirler flame, the choice of equivalence ratio was
governed by the need to have stable flames over the Reynolds
number range in the partially premixed regime. The OASPL is
obtained from the spectra by integration. The sound generated by
nonreacting flows is known to scale with the Mach number. Hence,
the PVC frequency is represented as a function of the Reynolds
number, whereas the OASPL is represented as a function of the Mach
number. A linear regression analysis was applied to all cases and the
Mach number scaling exponents were obtained for sound pressure.
The sound pressure generated by the single-swirler nonreacting flow
exhibits the highest exponent (M'“%) among nonreacting flows,
followed by corotating double swirlers (M'#), and the counter-
rotating double-swirlers nonreacting flow has the lowest exponent
(M'7). The single-swirler partially premixed flame with ® = 1.15
generates 5-10 dB higher OASPL than the single-swirler
nonreacting flow, with the difference reducing with increase in the
Mach number. However, the flame exhibits a lower exponent of
M'"3*, compared with M'% for the nonreacting swirling flow. This
finding is similar to the premixed jet flames exhibiting a lower
exponent, compared with the nonreacting jet [47], but is different
from comparable exponents of the nonpremixed jet flames and the
nonreacting jets [48].

Figure 5 shows the variation in sound pressure spectra of
nonreacting swirling flows with increase in velocity/Reynolds
number for all three different configurations. The bandwidth was
10 kHz, the frequency resolution was 25 Hz, and the sampling
frequency was 25.6 kHz. The amplitude at the PVC frequency is the
highest for the single-swirler arrangement, followed by the coflow
double swirler, and the least for the counterflow double-swirler
arrangement. At lower Reynolds numbers, the spectral component
(at about 1700 Hz) dominates the sound spectra for all

100 T T T T
Single swirler
20 . Re: 35000-80000
Harmonics
80

70 |-

50

Increasing Re
© 40 |— Displayed ARe = 9000
mﬂ. 1 1 1 1 1 1 1
©100 T T T T T v
PVC Corotating
90 - Tones double swirlers

Re: 45000-99000

Increasing Re
40 | Displayed ARe = 9000
1 1 1

-
o
o

Sound Pressure Level, dB re 2*1

T T
Counter-rotating
double swirlers

A Re: 80000-116000

80
70

60
Increasing Re

50 |-

40 |- Displayed ?Re =9000 | |
0 500 1000 1500 2000
Frequency, Hz

Fig. 6 Effect of Reynolds number variation on the sound pressure
spectra of swirling flows for three swirler configurations with a constant
Reynolds number increment of 3000 (r/D, =9 and x/D, = 1).

configurations, and as the Reynolds number increases, it is
overtaken by the PVC tone. However, this characteristic differs
among the various configurations, including when it is overtaken and
its relative amplitude. Three different types of systematic behavior
can be observed in the spectra of all swirler configurations: 1) gradual
increase in frequency associated with increase in the amplitude at that
frequency (between frequencies of 300-800 Hz), which is
attributable to the PVC; 2) gradual increase in amplitude at a
constant frequency (at around 1200, 2700, 3400, 4000, and
7000 Hz); and 3) constant amplitude at a constant frequency (at
around 1700, 2400, 4400 Hz, etc.).

To understand the origin of these features, simultaneous
measurements of internal pressure fluctuations and external far-field
sound [with systematic constant increase in flow velocity (Reynolds
number)] were completed. Narrowband spectra with a frequency
resolution of 5 Hz and bandwidth of 2 kHz were obtained at the
sampling frequency of 5.12 kHz to concentrate on the low-frequency
region dominant in the spectra. These measurements were obtained
with a constant increment of Re = 3000 for all three configurations.
The range of Reynolds number was selected to have PVC
frequencies in a similar range. Figure 6 presents the systematic
variation in the spectra of nonreacting swirling flows for all
configurations, with a constant incremental, gradual increase in
Reynolds number. For clarity, only spectra with a Reynolds number
difference of 9000 are displayed. The first harmonic of the PVC can
be distinctly seen in the spectra for the single and corotating double
swirlers. Very similar constant frequency features can be seen in all
the spectra. The constant amplitude components, with the most
dominant component at about 1700 Hz, are present in all three
swirlers.
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Fig. 7 Sound pressure spectra of Fig. 6 as a function of the Strouhal
number (r/D, =9 and x/D, = 1).
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Figure 7 presents the same spectra as in Fig. 6 as a function of the
Strouhal number (St = fD,/U,, where f is the frequency) with
increase in the Reynolds number. The gradually increasing
frequencies collapse well at one Strouhal number, confirming that
these frequencies are proportional to velocity. However, the fixed
frequency components are spread out. The Strouhal number at which
PVC frequencies collapse is defined as the characteristic Strouhal
number S7,, and this is a property of that specific swirler
arrangement [46]. The characteristic Strouhal number (St for the
single swirler) is 0.79, which is lowered to 0.64 by the addition of a
second swirler with corotation and further reduced to 0.43 with
counter-rotating double swirlers. Therefore, the addition of a second
swirler slows down the PVC, with counter-rotation having a stronger
effect. The fluid coming in from the lower swirler acts as a resistance
to the rotation of the fluid coming in from the upper swirler, and this
resistance is increased further when the direction of rotation is
reversed. The second PVC tones generate a second characteristic
Strouhal number (S7, for double swirlers) at 0.17 for corotating
double swirlers and 0.11 for counter-rotating double swirlers. Also
visible are the first harmonics of St at 1.58 and 1.28 for single and
corotating double swirlers, respectively. In addition, the St for the
single swirler at 0.79 can still be observed for corotating double
swirlers. This suggests that the resistance offered by the corotating
lower swirler does not impact the single-swirler flowfield
completely, and as shown by Ji and Gore [10], the flowfields of
single and corotating swirlers are very similar. The peak observed for
the single swirler in Fig. 6 (around 150 Hz) is constant frequency, as
can be seen in the spread observed in Fig. 7. In addition to the spectra
depicted, data values of frequency and peak were extensively
analyzed to clearly deduce the distinction in the constant frequency
of the single swirler in comparison with the variable frequency
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Fig. 8 Effect of Reynolds number variation on the plenum pressure
fluctuation spectra of swirling flows for three swirler configurations with
a constant Reynolds number increment of 3000 (r/D; = 9 andx/D, = 1).

Table 2 Natural modes of the plenum cylinder

m q Ngm Frequency, Hz
0 1 0.000 0
2 3.832 1282
3 7.016 2347
1 1 1.841 613
2 5.331 1783
3 8.536 2856
2 1 3.054 1022
2 6.706 2243
3 9.969 3335

behavior of double-switler configurations. Table 1 also summarizes
the results from the systematic variation in the spectra.

Figure 8 presents the spectra of plenum pressure fluctuations
with increase in Reynolds number for all three configurations.
These are simultaneous measurements with the sound spectra of
Fig. 6. The plenum pressure fluctuations are represented as dB,
with the same reference pressure of 20 pPa used for sound. The
plenum pressure fluctuations spectra differ substantially from the
external sound spectra. The PVC-linked features can still be seen
in the single-swirler spectra and are discernible in some corotating
double-swirler spectra. However, counter-rotating spectra are
noticeably devoid of any PVC features.

The eigenfunctions for a duct with a circular cross section are
given by [49.50]
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where 7,,, denotes the gth root of 1,,,J,,(1,,,) = 0, J,,, is the Bessel
function of order 1, r and € are radial and tangential coordinates, K,
is a constant, and « is the radius of the duct. The natural modes of the
premixer cylinder, neglecting the presence of the swirlers, were
calculated and are summarized in Table 2. The frequencies around
1020, 1280, and 1780 Hz are the most dominant modes and are
visible in the spectra for all configurations. The peak in the 150—
250 Hz range is a system frequency that is possibly linked to the air
system. This is the same tone that is observed in the external spectra
of the single-swirler configurations. However, as demonstrated later,
the introduction of a second swirler inhibits the transmission of
system/plenum frequencies to the external sound field; thus, this tone
is not seen in external sound measurements of double swirlers.
Figure 9 presents the same spectra as in Fig. 8 as a function of the
Strouhal number. The St for the single swirler at 0.79 can be clearly
observed. Also, the St, for corotating double swirlers is discernible
at 0.64, but for the counter-rotating double swirlers, the S, at 0.43 is
noticeably absent. The St,, for double swirlers is also not present in
the plenum pressure fluctuation spectra. However, the spectral
feature of increase in amplitude at constant frequency is present in the
spectra of all swirlers.

Figure 10 shows the coherence between the plenum pressure
fluctuations and the external sound for the three switlers as a function
of the frequency at various Reynolds numbers. Coherence is
calculated as the cross-correlation between the two signals (internal
pressure transducer and external microphone) and normalized using
the autocorrelations of both signals. The strong coherence at
frequencies around 1020 and 1780 Hz can be seen in all swirlers.
Though the coherence levels at a frequency of around 1020 Hz are
comparable for all swirlers, a reduction in coherence at around
1780 Hz can be observed from single to corotating double to counter-
rotating double switlers. In addition, the similarities in the signals

Coherence

Counter-rotating double
Re: 80000-116000

0 500 1000 1500 2000
Frequency, Hz

Fig. 10 Coherence between plenum pressure fluctuations and sound
spectra as a function of the frequency for variations in Reynolds numbers
(ARe = 3000) for three swirler configurations (r/D, =9 and x/D, = 1).

reduce from single to corotating to counter-rotating double swirlers.
The introduction of a second swirler acts as a shield to the
downstream transmission of plenum pressure fluctuations, with
counter-rotation having a stronger impact. The coherence as a
function of the Strouhal number is presented in Fig. 11. The St at
0.79 for the single swirler is distinctly visible. The presence of St
for corotating double swirlers at 0.64 is barely discernible and the
St,, for counter-rotating double swirlers at 0.43 is totally absent.
Therefore, the double-swirler configurations act as a barrier for the
upstream transmission of the PVC, with counter-rotation having a
stronger effect.

Figure 12 shows the variation in sound spectra with the Reynolds
number for the single-swirler partially premixed flame with
® = 1.15. The peak tone frequency was found to be invariant with
respect to the Reynolds number. And the increase in frequency
associated with increase in amplitude, a feature linked to the PVC,
was observed in the 1200-1300 Hz frequency range, about four times
higher than the corresponding frequency range for a nonreacting
flow. This confirms the earlier observations of the shifting of the PVC
frequency by two to four times by combustion [17]. The attempts to
find St,, for the flame were obscured by high-amplitude, low-
frequency constant tones. Also, the plenum mode spectral feature at
around 1700 Hz is conspicuously absent. Combustion noise is
known to be low-frequency [32,51], and the frequency of the
dominant peak, which remains invariant with respect to the Reynolds
number, appears to be a manifestation of the fuel used and the
hardware employed. Further experiments and a different approach
are required to understand the behavior of swirling flames [46].
Therefore, the Reynolds-number-dependence study for corotating
and counter-rotating flames was not conducted.
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Figure 13 presents comparison of sound pressure spectra of
partially premixed swirling flames (® = 1.15) with sound pressure
spectra of nonreacting swirling flows at Re = 72, 000. Combustion-
generated noise is low-frequency and, thus, the flame spectra have
2040 dB higher amplitudes in the low-frequency region, up to
1000 Hz. In fact, the spectral levels of flames and flows are
comparable at frequencies higher than 1300 Hz, suggesting that there
is no contribution from the combustion noise sources in that
frequency range. However, the amplitudes at PVC frequencies for
single and corotating double-swirler flows are higher than the
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Fig. 13 Comparison of sound pressure spectra of swirling flames
(® = 1.15) with sound pressure spectra of nonreacting swirling flows for
three swirler configurations at Re = 72,000 (r/D, =9 and x/D, = 1).

amplitudes in the flame spectra. The swirling flame with single and
corotating double-swirler configurations generate very similar
spectra in the low-frequency region (up to 500 Hz), with the highest
spectral amplitude at around 325 Hz. However, counter-rotating
double-swirler flames generate very different plateaulike spectra in
low-frequency region (up to 500 Hz), with the highest spectral
amplitude at around 175 Hz. The velocity field of swirling flows with
counter-rotating swirlers is very different from those of single and
corotating double swirlers, leading to different noise sources [9,10].
At the same ® and Reynolds number, the corotating double-swirler
flame generates the least sound, whereas the counter-rotating flame is
the noisiest.

Figure 14 depicts the comparison of plenum pressure fluctuations
spectra of swirling flames (& = 1.15) with plenum pressure
fluctuations spectra of nonreacting swirling flows at Re = 72, 000.
The spectra of the flames and flows for all swirler configurations are
very similar, except for the tone at 100 Hz that was observed in the
corotating double-swirler flow. Therefore, the presence of flames
does not influence the plenum pressure fluctuations. The flow rate
establishes the excitation of natural modes and is unaffected by the
presence of the flame downstream. Figure 15 presents a comparison
of the coherence between the plenum pressure fluctuations and sound
pressure for swirling flames and flows, using all three configurations.
Unlike swirling flows, the natural modes of the plenum are not
transmitted downstream in swirling flames. This provides an insight
into the transfer function across the swirling combustion zone and
may be useful from a combustion dynamics perspective.

Figure 16 shows sound pressure frequency spectra for swirling
nonreacting flows and swirling premixed flames with an equivalence
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Fig. 14 Comparison of plenum pressure fluctuations spectra of
swirling flames (® = 1.15) with plenum pressure fluctuations spectra of
nonreacting swirling flows for three swirler configurations at Re =
72,000 (r/D, =9 and x/D, = 1).



SINGH ET AL. 659

ratio @ of 0.98, for three different swirler configurations: single, co-,
and counter-rotating double swirlers. Even in current lean premixed
systems, the center nozzle may operate at an equivalence ratio of
around 0.85-0.95. For the ATS premixer, this equivalence ratio is
chosen by design. The bandwidth was 10 kHz, the frequency
resolution was 25 Hz, and the sampling frequency was 25.6 kHz.
These measurements were obtained by maintaining an identical
pressure drop of 2.5% of the atmospheric pressure across the swirler
premixer, as practiced in the gas turbine industry. All nonreacting
swirling flows exhibit highly tonal spectra, due to the PVC. Previous
flow velocity measurements [9] for this experimental apparatus (at
the same operating condition, using an identical pressure drop for the
measurements and comparison) showed that the mean velocity fields
of single and corotating double swirlers are very similar, whereas the
velocity field of counter-rotating double swirlers is substantially
different. Both single and corotating double swirlers generated a
large internal recirculation zone, which is reduced drastically for the
counter-rotating configuration; this is probably responsible for the
substantial differences observed between the noise emissions of the
different swirlers. Merkle et al. [43] have reported that counterswirl
does not affect the shape and size of the outer recirculation zone,
whereas the internal recirculation zone is strongly influenced by the
orientation of the swirl and is shorter in the presence of a
counterswirl. The differences observed in the spectra probably
originate from the internal recirculation zone. Nevertheless, the
counter-rotating double swirlers produce the highest flow rate among
the configurations investigated, with the lowest sound pressure
amplitude at the PVC frequency. For swirling premixed flames,
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Fig. 15 Comparison of coherence between plenum pressure fluctua-
tions and sound pressure of swirling flames (® = 1.15) with coherence
between plenum pressure fluctuations and sound pressure of
nonreacting swirling flows for three swirler configurations at Re =
72,000 (r/D; =9 and x/D, = 1).
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Fig. 16 Comparison of sound pressure spectra generated by swirling
flames and flows with Ap = 2.5% atm with three swirler configurations
(r/D, =9 and x/D, = 1).

spectral levels increase in the order of single, co-, and counter-
rotating double-swirler configurations. Corotating double-flame
spectra are similar to the single-swirl flame, with higher amplitudes.
However, in the counter-rotating double-swirler flame, the sound
intensity in the frequency range of less than 600 Hz is substantially
greater than for the single- and corotating double-swirling flames. At
higher frequencies, the spectral level of the counter-rotating double-
swirler flame drops to the levels of the corotating double- and single-
swirl flames. Both single and corotating double-swirler flames
produced broadband spectra without strong evidence of a PVC;
however, the counter-rotating double-swirler flame produced tonal
spectra with greater amplitudes than those related to the PVC in the
nonreacting flow. This suggests a possible enhancement of the PVC.
A similar observation that the counterswirl amplifies three-
dimensional instability has been made using charge-coupled device
(CCD) images of co- and counterswirling flames [22].

Conclusions

The following can be concluded from the current study:

1) The sound spectra of nonreacting swirling flows are dominated
by tonal components generated by the PVC. The PVC influences the
internal plenum pressure fluctuations spectra, and natural modes of
plenum affect the external sound spectra.

2) At identical Reynolds number and Mach number, for swirling
nonreacting flows, the PVC frequency, the spectral amplitude at that
PVC frequency, and the OASPL are the highest for the single swirler,
followed by the co- and counter-rotating double swirlers,
respectively.

3) For swirling nonreacting flows, the rates of increase in the PVC
frequency and OASPL with the Reynolds number and Mach number
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are the highest for the single swirler, followed by the co- and counter-
rotating double swirlers, respectively.

4) Double swirlers exhibit dual PVC frequencies, indicating a lack
of complete mixing.

5) The presence of a second swirler slows down the PVC and acts
as a barrier to the upstream transmission of the PVC and the
transmission of plenum pressure fluctuations to the external sound
field, with counter-rotation having a stronger impact than corotation.

6) Under identical operating conditions, swirling flames produce
higher overall sound pressure than nonreacting swirling flow.
However, the OASPL generated by the nonreacting swirling flows
exhibits a higher rate of increase, with increase in Mach number,
compared with the OASPL generated by swirling flames.

7) Atthe same ® and Reynolds number, corotating swirling flames
are the least noisy, whereas counter-rotating swirling flames are the
noisiest.

8) Swirling flames inhibit the transmission of high-frequency
tones across them.

9) For identical pressure differential across switlers, swirling a
premixed flame with counter-rotating double swirlers generates a
higher OASPL than a similar flame with corotating double swirlers,
which produces more OASPL than the single-swirler flame.
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