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Characterization of Large-Scale Structures
in a Forced Ducted Flow with Dump

K. C. Schadow* and K. J. Wilsont
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and
E. GutmarkJ

Tel Aviv University, Tel Aviv, Israel

A forced, subsonic ducted airflow with a dump was studied using hot-wire anemometry. The flow was forced
by exciting the duct resonant acoustics. Flow structures (vortices) with high azimuthal coherence and high spatial
and temporal periodicity were generated in the shear flow at the dump when the forcing frequency matched the
first subharmonic of the initial vortex shedding frequency or the preferred mode frequency. By forcing the flow
at the preferred mode frequency, mixing was enhanced in the shear and pipe flow regimes. A visual description
of the coherent structures was obtained in water flow tests.

Nomenclature
Ap = relative pressure amplitude
CL = centerline
D = diameter of inlet duct Get exit)
Dt,cH = throat diameter of acoustic cavity (chamber)
Dt,Rv = throat diameter of rotating valve
Ev = energy of velocity fluctuation
fp = forcing frequency (frequency of rotating valve)
f i = initial vortex shedding frequency
fj — preferred mode (jet column) frequency
fiL = frequency of first longitudinal acoustic mode
/IM = first vortex merging frequency
/2L = frequency of second longitudinal acoustic mode
LCH = chamber length measured from dump
P = mean chamber pressure
R = radial coordinate
Re = Reynolds number
^max = maximum cross-correlation coefficient
R0 = cross-correlation coefficient at T = 0

5 = jet width at which £/has decreased to 50% of the
maximum velocity

^1,2 = cross-correlation coefficient
S.L. = shear layer
Stj = Strouhal number based on fi
Stj = Strouhal number based on fj
U = local mean velocity
U0 =jet exit velocity at dump
u' = axial velocity fluctuation intensity
A"HW = axial hot-wire position from dump
^HWI = axial position of first of two hot wires
ex = angle between two hot wires
C^HWI = azimuthal position of first of two hot wires
(Ap)rms =rms value of pressure fluctuation amplitude
AX = axial distance between two hot wires
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00 = initial momentum thickness of shear layer
T = time
v = kinematic viscosity

Introduction

T HE role of the shear layer's large-scale turbulent struc-
tures in mixing processes and jet noise generation has

been studied over the past 10 years.1'4 Recent attention has
been given to a structure's potential as a driver of com-
bustion-induced pressure oscillations.5"7 In this context, the
interaction between the large-scale turbulent structures and
the acoustic waves excited in the combustor cavity is of
special interest. In addition, the control of these structures
for mixing enhancement purposes is of high practical
importance.

The effect of acoustic excitation on large-scale flow struc-
tures has been primarily studied in freejets8'9; however, little
is known about the acoustics/shear layer interaction in
ducted flows, especially at high Reynolds numbers and initial
turbulent conditions. This paper deals with a subsonic,
ducted airflow with a dump discharged into a chamber that
can behave as an acoustic cavity. Specifically, nonreacting
tests were made to stu^y the interaction between the acoustic
waves and the different stages of the sjiear layer development
that will be described in this paper.

It is generally known that a shear layer, originating from
the inlet duct at the jet exit, develops (as a result of
background perturbations) instability waves that roll up into
coherent structures. The roll-up of these axisymmetric vor-
tices occurs at the most amplified frequency or the initial
vortex shedding frequency /,. This frequency, when scaled
with the initial shear layer momentum thickness 00 and the
jet exit velocity C70 yields a Strouhal number of Stt =
/,-00/t/o that is predicted to be S^-0.017 by linear instabil-
ity theory.10 .;

The initially shed vortices merge as they are convected
downstream.11'13 Due to merging, the shear layer spreads
and the passage frequency of the vortices in the shear layer
drops. In laminar flow, the passage frequency after the first
vortex merging, called the first vortex merging frequency
/1M, is the first subharmonic of//.



SEPTEMBER 1987 LARGE-SCALE STRUCTURES IN A FORCED DUCTED FLOW 1165

The energy level of the flow instability frequencies // and
/1M varies in the streamwise direction.14 Near the axial posi-
tion where the initial vortex roll-up occurs, /, reaches its
saturation level, while flM reaches the highest energy where
the first vortex merging occurs. Additional vortex mergings
can occur before the jet reaches the end of the potential
core.

The velocity fluctuations at the end of the potential core
were observed to have a characteristic frequency called the
jet column or preferred mode frequency fj. When this fre-
quency is scaled with the jet exit diameter D and U0, it yields
a Strouhal number of Stj=fj'D/UQ. The range of Stj was
found in a previous investigation to be between 0.25 and
0.5.15

Based on this description of the shear layer development,
the objectives of the nonreacting tests can be defined as
follows:

1) To determine the unforced shear layer instability fre-
quency fit the subsequent merging frequencies, and the
preferred mode frequency /y of freejets and ducted jets and
to identify the large-scale, coherent structures related to
these instabilities.

2) To determine the jet flow response to acoustic waves,
especially when the forcing frequency matches the unforced
shear layer instability frequencies.

3) To characterize the axial and azimuthal development of
the coherent structures under forcing conditions using hot-
wire anemometry and flow visualization techniques.

4) To determine the effect of the coherent structures on
mixing both in the shear layer and pipe flow regimes when
forcing was applied at the preferred mode frequency.

Experimental Setup
Two test setups were used, one with airflow using hot-wire

anemometry and the other with water flow for flow
visualization. The schematic of the experimental setup with
airflow is shown in Fig. 1. A jet from a duct having a
diameter of Z> = 6.35 cm was injected into a chamber with
variable length LCH, diameter ID, and throat area cor-
responding to D2

CH = Q.256D2. In some of the experiments,
only section A of the setup was used, giving a freejet
emanating from a pipe. Most measurements were done using
the entire system both with and without forcing. The airflow
velocity in the inlet duct varied from £/0 = 50-140 m/s, cor-
responding to a maximum Reynolds number of Re =
U0D/v = lxl05. In this entire velocity range, the mean
velocity profile at the jet exit was that of a fully developed
turbulent pipe flow with a turbulence intensity of 13% at the
nozzle's center. The majority of the ducted-flow tests were
performed at UQ = 50 m/s, which corresponds to Re-
4.5 xlO5 at P=186 kPa.

In the tests with forced acoustics, the forcing amplitude
was varied by changing the throat diameter of the rotating
valve DtRV, relative to the throat diameter of the acoustic
cavity DtCH. Four forcing amplitudes corresponding to
DlRV/D2

CH = Q.Q9, 0.18, 0.27, and 0.51 were applied at three
nominal forcing frequencies of/F = 230, 300, and 460 Hz.
Each fF was tuned to match the first longitudinal mode fre-
quency, /1L, of the chamber determined by the velocity of
sound in the chamber and the chamber length LCH,
measured between the dump and nozzle. For fF = 460 Hz, a
second chamber length was used to match fF with the second
longitudinal mode frequency f2L of the chamber. In these
tests, proper matching between fF and flL (or /2L) was ob-
tained by adjusting fF during each test to a frequency at
which the highest pressure amplitudes were achieved as
determined by online pressure frequency analysis. Depending
on/F and D]tRV/D\CH, the rms value of the pressure fluctua-
tion amplitude (Ap)rms varied between 0.05 and 1.7% of the
mean chamber pressure P. For the pressure amplitude
measurements, the pressure transducer (piezoquartz Kistler
transducer) was located near the dump at LCH = 0.4 D.

Table 1 summarizes the test conditions with LCH/D, fF,
D2

t>RV/D2
t>CH, and (A/?)rms normalized by P. Hot-wire

anemometry was used to determine the velocity fluctuation
properties, mean velocities, and turbulence.

For the velocity fluctuation measurements, one hot wire
was used to determine the velocity spectra in the shear flow
at the dump and two hot wires to determine the temporal
and spatial cross correlations in the shear and pipe flow
regimes of the chamber. For the mean velocity and tur-
bulence measurements, the single hot-wire probe was
mounted on a high-precision, computer-controlled traverse
mechanism. The calibration, data acquisition, and data
reduction were done on a VAX 11/750 computer. The
analog output from the hot-wire anemometer was digitized
at 1 kHz for approximately 1 s to obtain 940 samples at each
radial position. The mean and fluctuation values were then
determined from these 940 samples. Measurements were
made at 2.54 mm increments in the radial direction, except
at the dump where a 0.8 mm resolution was required. High
inaccuracies in the measurements were expected in the recir-
culation zone due to flow reversal; therefore, measurements
were done only up to the edge of the jet, near the dump
plane.

The water-tunnel model for the ducted jet with dump had
the same geometric dimensions as the setup for the airflow
tests. The jet exit velocity was (70 = 0.5 m/s, which cor-
responded to a Reynolds number of Re = 3 x 104 based on D.
The initial vortex shedding frequency was estimated to be
about /, = 10 Hz based on a Strouhal number of

from the airflow tests. The boundary-layer momentum
thickness 00 at the jet exit was estimated using standard
boundary-layer equations. The preferred mode frequency
was estimated to be about/} -2. 5 Hz, based on a preferred
mode Strouhal number of

from the airflow tests.
The flow was excited by using a rotating butterfly valve in

the inlet duct. The velocity fluctuation amplitude was 3% of
the mean velocity; the excitation frequencies tested were
fF = 5 Hz (or the first subharmonic of//) and/F = 2.5 Hz (or
the preferred mode frequency). The flow was visualized by
injecting colored water into the shear layer at the dump and
illuminating the flow with a slot lamp.

Results and Discussion
Shear Layer Structure

The measurements of the free and ducted air jet velocity
fluctuation spectra, in addition to the flow visualization in
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Fig. 1 Test setup (airflow).
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the ducted water facility, were used to study the role of the
large-scale structures in this flow. The frequency content of
the velocity fluctuations was determined from spectral
analysis along the shear layer for 0<JfHW/Z)<4.4. The spec-
tral measurements were done at different radial positions
across the shear layer, but only the spectral distribution at
the jet half-width (Ru/Uo=0m5) are presented in the paper. At
the center of the jet nozzle (dump plane) (^HW/Z) = 0), the
jet exhibited a typical turbulent spectrum without any
distinct peaks.16

A typical spectrum of the velocity fluctuation on the shear
layer center of the freejet at JfHW/£> = 0.4 is shown in Fig. 2.
Three distinct peaks at/=684, 411, and 215 Hz were iden-
tified. The energy level of these peaks is determined by both
the upstream initial disturbances emerging from the jet noz-
zle,15'17 and the specific amplification characteristics of the
jet shear layer. In a nondiverging parallel shear layer, the
most amplified frequency can be predicted by the linear in-
stability theory7 (St = 0.017). In a diverging shear layer, the
shear layer thickness increases downstream and the growth
rate of each frequency component is changing in the
downstream direction according to the local Strouhal
number. The energy level of each component at a specific
axial location is thus determined not only by the local
growth rate but also by its history of growing. The highest
frequency (684 Hz), when scaled with 00 and C/0, yielded the
Strouhal number St= (f'00)/U0 = 0.0178. This value is
predicted by the linear instability theory to be the most
amplified frequency in the initial shear layer. Therefore, this
frequency (684 Hz) was identified as the initial vortex shed-
ding frequency/;.

The second peak (411 Hz) was dominant in the spectrum
measured at this location and remained dominant up to a
distance of ^HW/Z>= 1.5, where the higher frequency peak
has completely disappeared. At this axial location, the local
Strouhal number equals 0.035, which is close to the neutral
Strouhal number. As a result, the frequency is attenuated
farther downstream. The spectrum shown in Fig. 2
represents the relative energy level across most of the shear
layer width at this location.

The third peak (215 Hz) was dominant in the spectrum at
Ar

HW/D = 2.8 on the centerline (Fig. 3). When this frequency
was scaled with D and U0, it yielded the Strouhal number
St=(fj-D)/UQ = 0.269, which is within the range of the
preferred mode Strouhal number found in previous in-
vestigations.15 Therefore, the third-peak frequency (215 Hz)
was identified as the preferred mode frequency/). From the
previous considerations, it is clear that the peaks in Fig. 2
can be identified as traces of large-scale flow structures as
they evolve in the jet shear layer.

A similar type of shear layer evolution (with different fre-
quencies) was observed at the higher free and ducted jet
velocities. For example, at the highest velocity (140 m/s) and
Ar

HW/D = 0.4, 1220 Hz was the dominant frequency.16 This
frequency was identified as/1M, which has the highest energy
level at this axial station. The variation of flM with U0 closely
followed the theoretical slope of a turbulent flow (/«wL2).
Furthermore, the preferred mode Strouhal number Stj varied
for a freejet velocity of 50< U0< 140 m/s between 0.25 and
0.33. The spectrum of the velocity fluctuations in the shear
layer close to the jet exit for the ducted jet had the same fre-
quency peaks as in the freejet, but the corresponding energy
level distribution across the shear layer was different.16

Effect of Forcing
Both the free and the ducted jets were forced at the in-

stability frequencies flM and fj described in the previous sec-
tion. The jet response to these frequencies was also com-
pared to excitation at an intermediate frequency. Since the
main features of the coherent structures dynamics are in-
dependent of the viscous effects (or Reynolds number), flow
visualization was used in a low-velocity water jet to gain ad-
ditional understanding of the flow. The unforced ducted
flow (Fig. 4a) was compared to the flow characteristics with

Fig. 3 Preferred mode frequency.

200
f (Hz)

Fig. 2 Unforced flow instability frequencies in initial shear layer. Fig. 4 Flow visualization in water-tunnel tests.
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excitations at both the first subharmonic with fF =fm = 5 Hz
(Fig. 4b) and at the preferred mode frequency with
fF=fj = 2.5 Hz (Fig. 4c). The following features of the flow
visualization should be emphasized. The initial undisturbed
potential core length of the jet was about four nozzle
diameters. The initial shear layer and its growth are clearly
visible in the unforced case. The potential core length was
reduced to about half of its original length when the flow
was forced, indicating enhanced mixing. As a result, the
shear layer width was increased by forcing the flow. The
forcing at the preferred mode frequency had the strongest ef-
fect. The flow visualization also showed that the shear layer
rolled into large, coherent vortices with forcing at the pre-
ferred mode frequency. Forcing at the first subharmonic fre-
quency resulted in smaller coherent structures.

Hot-wire measurements in the airflow tests confirmed the
water flow observations. In the airflow experiments, the flow
was forced at the first subharmonic with fF =/1M = 460 Hz
and at the preferred mode frequency with fF =fj = 230 Hz.
The additional forcing frequency, which did not match any
of the instability frequencies, was 300 Hz.

The effect of forcing at different frequencies and
amplitudes will be presented for three different flow regimes:
the initial shear layer (XHW/D = QA), the end of the potential
core (ATHW/D = 2), and the pipe flow (^HW/Z»3.2). The
relative acoustic pressure distribution in the acoustic cavity
was determined for each of the nominal forcing frequencies
/F = 230, 300, and 460 Hz. The experimental results were in
good agreement with simple first longitudinal mode calcula-
tions. Figure 5 shows, for example, the comparison between
the experimental results and the theoretical calculations for
/F = 300 Hz. Figure 5 also shows the spectrum for the
pressure transducer located near the dump plane; the highest
relative pressure amplitude Ap is approximately 300 Hz.
Pressure spectra were computed for each of the forced-jet
tests. In the following section, the velocity spectra will be
discussed for the different forcing amplitudes and frequen-
cies. Corresponding pressure spectra are described in Ref.
16.

At the forcing frequency of/F = 460 Hz and the amplitude
(A/?)rms/P = 0.05%, the initial shear layer responded to the
forcing frequency, exhibiting a significant peak in the veloc-
ity fluctuation energy at that frequency [curve XH-^/D = QA
(S.L.) in Fig. 6]. However, no significant peak in the veloc-
ity fluctuation spectrum could be identified under the same
conditions farther downstream [curve XHW/D = 2.Q (CL) in
Fig. 6]. This can be attributed to the higher amplification of
the 460 Hz frequency in the initial shear layer position,
where/1M = 411 Hz was identified as the most energetic fre-
quency in the unforced jet tests. The fast Fourier transforms

(FFT) of the chamber pressure in these tests showed the
highest pressure amplitude at 460 Hz. It is interesting to note
that forcing the jet by 460 Hz at XUW/D = GA changed the
spectral distribution of the unforced flow by suppressing the
other peaks.

The high peak of the velocity fluctuation energy Ev at 460
Hz in Fig. 6 indicates that, as the result of acoustic forcing,
coherent flow structures were generated. The peak energy
level compared to the turbulent background level is an in-
dication of the degree of flow coherence.

100 1000
f Hz

Fig. 6 Response of the flow to low-amplitude forcing.
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Fig. 5 Acoustic pressure amplitude distribution and spectrum. Fig. 7 Velocity spectrum at the end of potential core.
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When the forcing level at fF = 460 Hz was increased to
(Ap)rms/P = 0.6%, the flow responded even at ;THW/Z> = 2.0,
which is near the end of the potential core where/} = 215 Hz
was identified as the unforced, most energetic frequency
(Fig. 7). In addition to the energy peak at/F = 460 Hz, a sec-
ond, broader peak can be identified near 230 Hz, which cor-
responds to the preferred mode frequency. The energy level
Ev at fF = 460 Hz was about three times higher than the tur-
bulent background peak at 230 Hz in this test with fF^fj-
This Ev ratio (or the coherence of the flow near the end of
the potential core) significantly increased when fF nearly
matched/y at XU^/D = 2.0 (CL). With fF = 230 Hz and the
pressure amplitude (A/7)rms/P = 0.16%, the velocity fluctua-
tion spectrum had only one peak at 230 Hz. Furthermore,
the Ev of the forcing frequency was about eight times higher
than the turbulent background level, although the forcing
amplitude was significantly less than in the previously
discussed test with/F5*/} (Fig. 7). This observation indicates
that, at a certain position in the shear layer, the highest
amplification of the velocity fluctuations can be achieved
when the forcing frequency matches the most energetic local
shear layer instability frequency.

For the same forcing amplitude and frequency, namely
(Ap)rms/P = 0.16% and fF = 230 Hz, the initial shear layer
did not respond to the forcing. At this position, fF (230 Hz)
was about one-half of the most energetic local unforced in-
stability frequency (411 Hz) in the unforced case.

Two tests were made at fp « 300 Hz, a frequency that did
not match any instability frequency identified in the
unforced jet tests. The initial shear layer (Ar

HW/Z> = 0.4)
responded insignificantly to the forcing, although the forcing
amplitude, (A/?)rms/P= 1.0%, was higher than in all the

other tests. The flow near the end of the potential core
(XUW/D = 2.0) did respond. However, the Ev of fp was only
about three times higher than the turbulent background
level. In comparison, when fF and fj were matched, a lower
forcing level of (Ap)rms/P = 0.16% produced an Ev eight
times higher at fF than at the background level.

The effect of forcing the flow at two frequencies was
tested by matching fp to the second acoustic mode, f2L =460
Hz. The FFT's of the pressure showed that for this driving
condition the first and second acoustic modes were excited
with the relative pressure amplitude Ap of flL about 5.4
times higher than that of f2L. The pressure wave structure
can be considered as a superposition of the first and second
acoustic modes as indicated in Fig. 8a. For this driving con-
dition, the highest response (of all the tests) of the jet flow to
the acoustic wave was achieved, although the forcing
amplitude was at its lowest level with (A/?)rms/P = 0.05%.
Specifically, the Ev of/F/2 = 230 Hz was about 15 times
higher than the turbulent background level near the end of
the potential core at XHW/D = 2.0 (Fig. 8b). This result
might be attributed to a subharmonic resonance mechanism
that fed energy into the lower subharmonics when nondisper-
sive flow conditions were obtained.

Temporal cross correlations, also measured in the initial
shear layer, revealed a coherent and periodic flow for the
460 Hz forcing at (Ap)rms/P = 0.6%. A different behavior
showing no periodicity was observed for fF = 23Q Hz and
(A/?)rms/P = 0.78% at the same cross section.

Additional evidence concerning the different response of
the initial shear layer to the two forcing frequencies was ob-
tained by determining the azimuthal spatial cross correla-
tions. These correlations were made at a constant radial
distance from the center line, corresponding to the jet's half-
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width (RU/UQ=O.S) at XHVj/D = QA with varying angle a be-
tween the two hot wires (Fig. 9). These measurements pro-
vide additional quantitative data on the coherence of the
flow structures. As shown in Fig. 9, the highest correlation
level was obtained for fF = 460 Hz and (Ap)rms/P = 0.6%.
The correlation coefficient at this forcing was of an order of
magnitude higher than that of an unforced case. Forcing at
fF = 230 Hz did not reach the same correlation level, even for
the double forcing amplitude of 1.2%. It is also demon-
strated in this figure that the coherence indicated by the
azimuthal correlations was proportional to the forcing
amplitude at/F = 230 Hz. The axial convection velocities of
the flow structures were determined from the temporal cross
correlations at different axial positions in the flow. The
values measured were between 0.5 and 0.7 of the initial mean
velocity UQ.

Near the end of the potential core, the most energetic fre-
quency was the jet preferred mode. Matching the duct length
and the forcing to this frequency resulted in the strongest ef-
fect of the forcing on the flow at this regime. Temporal cross
correlations made with the first hot wire located at
XU^/D = 2 and the second located at AX/D = Q.8D further

0.75

0.50

XHW1 = 2 (CD
fF (Ap)RMS/P

——— O -
• 230 Hz 0.16 %
O 230 0.78

——— • 230 1.2

Fig. 11 Longitudinal spatial cross correlation.

downstream showed a highly periodic flow when the flow
was forced by (Ap)rms/P= 1.2% (Fig. 10). Spatial longitu-
dinal cross correlations were also measured at this axial posi-
tion at different forcing amplitudes (Fig. 11). At the highest
forcing amplitude (1.2%), a trend of spatial periodicity can
be noticed (broken line). This figure also shows a tendency
of the spatial coherence to increase with the forcing
amplitude.

Further downstream in the pipe flow regime, the
coherence of the flow structures was reduced and the tem-
poral macroscales increased under the preferred mode forc-
ing. This was observed at both forcing amplitudes of 1.2 and
0.78% (Fig. 12).

Mean Flow
The acoustically matched preferred mode forcing (fF =fj =

230 Hz) with (A/7)rms/P= 1.7% had a substantial influence
on the mean flow characteristics, except at the jet exit
(J^HW/Z>«0). At this location, the forced and unforced pro-
files were almost identical. Further downstream, the spread-
ing rate of the flow was augmented. The normalized mean
velocity U/U0 and the axial turbulence intensity profile u'/U
at XHy//D= 1.6 are shown in Fig. 13. The mean velocity and
turbulence increases under forcing. The increase of the mean
velocity occurred in the outer side of the shear layer for
R/D>Q.3. This larger jet width resulted in a reduced recir-
culation zone at the dump, and the reattachment region
moved in the upstream direction. The jet core length was
also diminished considerably. The intensity of the turbulent
axial fluctuations was augmented inside the jet core,
R/D<QA (Fig. 13). This enhanced intensity at the duct
centerline reflects a higher spread of the shear layer into the
potential core, also yielding the previously mentioned reduc-
tion of the core length. The measurements in this figure are
given up to the edge of the recirculation zone.

The mean velocity distribution was affected by the pre-
ferred mode forcing even further downstream. At XH^/D
= 7.2 (Fig. 14), the mean velocity profile was more evenly
distributed for the forced flow than for an unforced flow.
This fact demonstrates that by manipulating the flow in the

-20

F = 230 Hz

(Ap)RWS/P = 0.78%

Fig. 12 Temporal cross correlation in pipe flow—low forcing
amplitude.
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Table 1 Test conditions3
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1
2
3
4
5
6

5.8
5.8
11.6
11.6
11.6
8.8
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230
230
300

0.09
0.27
0.18
0.27
0.51
0.09

0.05
0.60
0.78
1.20
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1.00

1.2 r

Fig. 13 Unforced and forced radial mean and tur-
bulent velocity profiles across the jet shear layer.
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XHW/D = 7.2

O—O UNFORCED

0.12

0.00 0.10 0.20 0.30 0.40 0.50
R/D
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Fig. 14 Unforced and forced radial mean and tur-
bulent velocity profiles in the pipe flow regime.
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initial region, the mixing could be enhanced beyond the reat-
tachment zone and into the pipe flow regime.

Conclusions
The results presented in the paper lead to the following

conclusions:
1) Large-scale flow structures were identified in the un-

forced jet with and without duct, even in the highest
velocities tested and with turbulent initial conditions.

2) The frequency peaks in the velocity fluctuation spec-
trum were identified as the most amplified frequency (initial
vortex shedding frequency), first vortex merging frequency,
and preferred mode frequency. Strouhal numbers for these
frequencies were in the range found in previous
investigations.

3) In the forced jet tests, the first longitudinal acoustic
pressure mode was excited at various forcing amplitudes and
frequencies. The highest response of the jet flow to the
acoustic waves was obtained when the forcing frequency
matched the local most energetic frequency, e.g., with the
first vortex merging frequency in the initial shear layer or the
preferred mode frequency at the end of the potential core.

4) Under proper forcing conditions, the energy of the
velocity fluctuations in the forcing frequency was up to 15
times higher than the turbulent background level. This in-
dicates that highly coherent, large-scale structures were
generated even at high Reynolds numbers and forcing
amplitudes of less than 1% of the mean chamber pressure.

5) The coherent structures had relatively high azimuthal
coherence and were periodic in time and space. Their convec-
tion velocity was about 60% of the mean flow velocity.

6) By forcing the flow at the preferred mode frequency,
the mixing of the shear layer with both the surrounding
recirculation zone and the inside core was enhanced. The
recirculation zone and the core were consequently reduced in
size.

7) Despite the fact that the coherence of the flow struc-
tures was reduced downstream of the core, the enhanced
mixing extended past the reattachment zone into the pipe
flow regime of the duct.
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