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E X C I T A T I O N  OF S U B H A R M O N I C  O S C I L L A T I O N S  

I N  A N  A X I S Y M M E T R I C  F L O W  W I T H  C O H E R E N T  S T R U C T U R E S  

I N  T H E  R E G I M E  OF A E R O A C O U S T I C  R E S O N A N C E  

S. P. B a r d a k h a n o v  and  O. V. Bela i  UDC 532.517.4+534.2 

Conditions of oT'igination of aeroacoustic resonance phenomena near an axisymmctric body 
in the fo~n of a thick-wailed tube in an air flow in a rectangular channel are studied experi- 
mcntaUy. Dependences of the eige~tfreq'uenc~q of acoustic oscillations on the model length arc 
determined. By studying the mechanism of origination of oscillations in the wake ]low, it 
is shown that the pTvcess'of generation of annular coheTvnt structures in resonant regimes is 
ch, a'rncte~-ized by evolution of nonlineaz~itics, including a subharmonic packet. Possible methods 
of]tow control arc discussed. 

I n t r o d u c t i o n .  At)proaches based on the notion of coherent structures (ordered formations in turbulent  
flows) are nlore and more extensively use(1 in turbulence theory. New nmthods appear for flow description by 
expanding it into eigenflmctions. The advantage of these approaches is tile possibility of deliberate control  
of turbulent  flows, since ordered structures can serve as objects that  can be maniI)ulated to alter the flow ~ 
a whole. For the sanle.reasons, the notion of coherent structures wins used to s tudy the laminar- turbulent  
transition, at le~ust, its late stages. At tile same time, there is a lack of papers wherein the knowledge of the 
fine structure of a turbulent  flow is implemented in the form of flow control. This is related to the difficulties 
in identification of coherent  structures and the necessity of finding effective methods of action on them and 
determining the contr ibut ion of changes in coherent structures to the total change in flow characteristics. 

Aeroacoustic resonance is an example of a flow wherein the above-mentioned difficulties are observed 
but  can be overcome, since coherent structures are clearly identified, it is possible to influence them effectively, 

and these actions have a significant effect on the flow. 
Exl)erinmntal and numerical studies of resonant phenonlena in the flow around a periodic rake of plates 

in a rectangular channel, which are caused by unsteady shedding of the boundary layer fronl the trailing edges 
of the plates, were first described ill [1, 2]. It was shown that  the eigenoscillations in this case are purely 
acoustic an(t are not  related to oscillations of the plates. The dependence of tile amplitu(le of eigenoscillations 
on the spatial coordinates  near one plate located in the plane of symmetry of tile channel was s tudied in 
[3, 4]. The relat ionship between tile resonant characteristics and the wake flow was cousi(lered in [5, 6]. 
Various aspects of mechanics of oscillations near the trailing edge were examined in [7-9]. It was shown that  
coherent  s tructures nmnif'ested in the frequency spectrum of velocity oscillations arise in wake flows behind 
thick plates with rounde(l trailing edges. The f'requency and amplitude of oscillations corresponding to these 
structures can be controlled by means of" an external acoustic action. Sukhinin an(l Bardakhanov [10, 11] 
proposed a conlplete inatheniatical model for deternlining the acoustic eigenfrequencies of resoImnt volmnes 
and compared the calculated frequencies with experiinental (late for the case of fiat plates. At the same time, 
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Fig. 1. Layout of the experiment: l) model (axisymmetric tube): 2) microphone: 3) hot-wire 
probe; 4) test-section walls. 

as far as the au thors  are aware, there were practically no systematic  studies for an axisymmetric  case (see 
[12, 13]). In par t icular ,  the existence of subharnlonic disturbances in tile near wake behind an mxisymmetric 

model is noted in these papers. 
The object ive  of the present work is to s tudy the special features of origination of acoustic resonant 

oscillations in the  flow with a bluff mxisymmetric body and compare  the results to the planar case. The  flow 
structure in the  separat ion region and in the wake is studied, and experimental data  that may  be  used to 

control such a flow are presented. 
T e s t  C o n d i t i o n s .  The nmasurements were performed at  the Insti tute of Theoretical and  Applied 

Mechanics of  tile Siberian Division of the Russian Academy of Sciences in an MT-324 subsonic closed-type 
wind tunnel wi th  a closed test section 0.2 x 0.2 m and 0.8 m long. Tim layout of the experiment is shown in 

Fig. 1. The  models  were assembled from separate cylinders made as rings of t ransparent  Plexiglas. Models 
of length L = 100, 200, 300, and 4(}(} mm were used in the experiments.  The inner diameter H of all nlodels 

was equal to 84 a im.  Tile wall tlfickness was d = 8 ram. Tile leading and trailing edges of tile model  were 
rounded with a radius equal to one half of tile wall thickness. In some cases, the axisymmetric models  were 

phwed in a circular  test section made as an insert into tile square one. The axis of symnmtry of the  model 
momlted in the  test  section coincided with the ~l.xi,~ of swmnet rv  of the latter. 

The mean  velocity ({f the incoming flow wds determined using a P i to t -P rand t l  tube and  a micro- 
manometer .  T h e  measurenmnts were perfbrnmd within the range of free-stream velocities Uc~ = 5-47 m/sec.  

The  streamwise components  of the mean velocity U and tile root-mean-square fluctuations of velocity u '  at 

different points  of  the flow were measured using analog hot-wire equipment produced bv tim Dantec  company  
and a probe wi th  a gilded-tungsten wire of thickness of 6 l ,m and length of 1 ram. A bh)ck of the 55M01 type 
with a s t andard  55M10 bridge was used (the ratio of the bridge arms is 1 : 20 and the max imum frequency 

of the bridge is 200 kHz tbr a flow veh)city around tile probe of 100 m/sec): the output level of  noise, in 

accordance wi th  the producer 's  data ,  is 0.013% for a flow velocity of 10 m/sec. The  hot-wire signal was fed 
through a G W  Ins t ruments  MacADIOS-Adio analog-to-digital converter to a Macintosh personal computer  

where it was processed in digital form. The details of signal processing on a computer  can be found in [10, 11]. 
Tile spectral  analysis was performed in a narrow frequency band of 4 Hz. 

Tile hot-wire  anemometer  was used to measure tile velocity in the boundary  layer and in tile wake 
behind tile model  (at distances up to :r/d = 20) and also to determine velocity fluctuations in tile acoustic 

wave. Tile measurements  ill tile boundary layers of the models showed that  a turbulent bounda ry  layer 

was fornmd on tile nmjor part  of the nmdels within the examined range of velocities. Tile measurements  in 

the wake were perh)rmed in the vertical l)lane of symmetry  passing through tile model centerline. In what  
follows, tim s t u d y  is limited to tile analysis of measurement results in tile vicinity of the upper region of tile 

trailing edge of the model, where the origin w~ts located (Fig. 1). To control qualitatively tile level of  acoustic 
I)ressure and to analyze the spectral  composition of tile acoustic wave. a microphone was used, which was 

~,lso a source of tile reference signal for phase mea.surements. Tile microphotm was not calibrated. 
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Fig. 2. Distributions of the mean velocity (a) aad root-mean-square fluctuations o[ velocity (b) in 
the wake for L = 400 mm and x / d  = 1: curves i and 2 re[er to the nonresonai~t and resonant 
regimes, respectively. 

In measuring the frequency of coherent structures in the wake, the hot-wire probe was posi t ioned 

behind  tile trailing edge in an appropr ia te  y position so that  the ordered component  of the spec t rum wins 

clearly observed in tile signal on the oscillograph monitor. After a spectral  analysis of the linearized hot-wire  

signal, we determined the  oscillation frequencies f in tile wake and the ainplitudes of velocity., f luctuations 'aft 
at  these frequencies. 

I n t e g r a l  C h a r a c t e r i s t i c s  o f  t h e  F low ove r  a B lu f f  B o d y  a n d  in t h e  W a k e .  The exper iments  
were conducted as follow ~ fter wind-tunnel starting, the flow velocity in the test  section gradually increased. 

W h e n  a certain vahm ol .~ flow incoming onto tim body was reached, tile intensity of sound in the test  sect ion 

and  in tim room where the facility was located rapidly increased. Tim integTal characteristics of the wake 
flow changed. Figure 2 shows the measured results for the mean velocity and root-mean-square f luctuat ions 

of  veh)city in the nonresom ,nd resonant regimes. Certain changes in tim nman-velocity distr ibution are 

observed in the regime of intense emission of sound: in the region close to y = 0 (Fig. 2a), the flow velocity 
increases as compared  to the nonresonant regime. Tim level of turbulence also increases (Fig. 2b). Similar  

changes in flow characterist ics in the resonant regime were observed in studying the wake flow behind a p lanar  

bluff body  [5]. I t  is also shown there tha t  these changes are caused by the amplification of oscillations re la ted 

to the existence of co |mrent  structures in the flow. 
The  mean-veh)ci ty distribution obtaim~l in the experiment is similar to the usual distr ibution in the 

wake behind a bluff body  (for ex~unple, behind a plate). I t  should be noted tha t  the velocity a t  the line 

corresponding to the middle of the edge gradually incree~es with increasing x, and, as in the l)lanar case, 

the  difference in the profiles of the mean velocity and root-mean-square fluctuations in the resonant and 
nonresonant  regimes becomes undistinguished in the interval x / d  -= 3-5. At the same time, it was found 

tha t  tile spanwise dis tr ibut ion of the nman and fluctuating velocities, which is smooth  in the beginning of the 

wake flow, is no longer smooth  at certain distances from the trailing edge, though the number of realizations 
seems to be  sufficient for averaging random oscillations in the profile. Similar measurements in the wake 

behind a I)lanar model  reveal a smooth change in the mean characteristics over the transverse coordinate  !]. 

In addition, as in the p lanar  flow, two maximums in the distribution of the turt)ulence level in the beginning 
of tile wake (Fig. 2t)) rapidly merge into one, which is not observed in the wake behind fiat plates. Since the 

flow behind the trailing edge of an axisymmetric model may be considered as a co-current jet, we can assume 

tha t  these differences are caused by special features of the flow in a circular jet. 
E f f e c t  o f  F l o w  G e o m e t r y  o n  A c o u s t i c  R e s o n a n t  F r e q u e n c i e s .  The  me~usurements were con- 

duc ted  in velocity ranges  where resonant acoustic oscillatious are excited in an axisymmetric case (similar 

to t ha t  made in [10, 11] for flat plates). However, in contrast  to these works, it was not possible to pe r fb rm 

detai led me~tsurements of  the distributions of the ampli tude of acoustic oscillations near the model because 

of the  specific features of  the traversing gear. The  main reason was the fact that ,  at  least for a given ra t io  of  
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Fig..3. Acoustic resonant frequencies versus the model 
length: carves 1-3 refer m the first, second, and third 
modes, respectively. 

tile model diameter and test-section dimensions, acoustic osc, illations mainly arose inside tile model and were 
nmch weakly expressed outside it (Fig. 2b). In the flow core, outside the boundary layer (at y < - 1 3  ram), 
the amplitude of oscillations in the resonant  reginm was several times higher than in the nonresonant one. 
These oscillations are velocity oscillations in a standing acoustic wave inside the model. It should be noted 
that  these oscillations were monochronmtic in all resonant regimes both inside and outside the model, which 
was verified by the micropimne. 

Tim measurement results for resonant  freq~mncies are plotted in Fig. 3. The fre(pmncies registered 
by the hot-wire probe in sound-emission regimes were nondimensionalized in accordance with the relation 
fo = 2,'r fo i l~c ,  where f0 is the frequency of sound nmasured in the experinmnt and c is the velocity of somld. 

A qualitative comparison with the experimental and mnnerical da ta  of [10, 11] obtained for planar 
models shows that the dependence of tile frequency on tile dimensionless length of the model for the planar 
and axisymmetric cases is described by similar curves. Probably, with an appropriate normalization, the 
acoustic resonant frequencies for axisymmetric  and l)lanar models ma.v be describe(l 173" identical dependences. 

The results of experiments with a circular test section are qualitatively similar to those described above 
(the resonance was observed al)proximately for the same flow velocities and frequencies). Tile difference was 

�9 ' \  

the greater intensity of acoustic oscillations in experiments with sonic models. (The effect was estmiated 
orally, since the construction of the traversing gear of the probe (lid not allow hot-wire measurenmnts in' the 
annular region between the test-section wall and tim model, and positioning of the microphone in tiffs region 
would le,~ul to flow blockage.) We can assume that the annular  region in the axisymmetric test section is 
similar to the internal region of the model, and the intensity of the standing acoustic waves in tim annular 
regkm is commensurable with their intensity inside tile model.  

The measurements were performed with fiat plates mounted in the square test section of the wind 
tunnel; these I)lates were used in [10, 11], and their thickness was equal to the thickness of the walls of 
axisymmetric models. It was found tha t  the sound was louder in experiments with an axisymmetric model. 

Mechanism of  Generat ion  of  Eigenosci l lat ions  in the Wake and Subharmonic Distur-  
bances.  Comparison wi th  the P l a n a r  Case .  We consider special features of the source of oscillations in 
the wake. in particular, coherent structures.  They are a source of weak acoustic oscillations mMergoing reso- 
nant  anlplification when tim frequency of the source coincides with the frequency of acoustic eigenoscillations 

of a particular vohmm [5]. 
In turn. the intense acoustic field affects the process of generation of coherent structures in the 

bomMary-layer separation region; tim significantly nonlinear character of interaction of vortical and acoustic 
oscillations is manih'sted. For example, the action of acoustic oscillations leads to "capturing" of the fre- 
quency of coherent structures [7-9]; in the regime of aeroacoustic resonance, the spectrum of oscillations in 

the wake flow contains higher harmonics [6]. 
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Fig. 1. Spectrmn of velocity fluctuations in the wake behind the model in the resonant regime 
(L =-100 ram; s~'ond mode). 

Figure 4 shows the spec t rum of oscillations in the wake in the resonant regime. As in the l)lanar case, 

there is the second harmonic f i .  apar t  f rom the first one f0- The  third harmonic  was also observed. The 
frequency J0 corresponds to the second resonant  mode in Fig. 3 for tile model  400 nun long, since in the 

resonant regime, t)ecause of the captur ing,  the frequency of the first harmonic in the wake becomes equal 
to the frequency of acoustic oscillations. A comparison with the  planar case shows that the amplitudes of 

harnlonics in experiments with an ax i symmet r i c  model are higher. However, in contr~L~t to the planar case, 

there appeared a subharmonic fo/2 in the  axisynmmtric wake. As is noted above,  there were no frequencies 

except for the first olin in the sl)ectrmn of sound, i.e., the higher harmonics and the sul)harmonic appeared 
under conditions of monoc!tromatici ty of  acousti/: oscillations. Though the wid th  of the peaks corresponding 

to the first and higher harmonics was r a the r  narrow, the region near the frequency .1:o/2 was substantially 
wider. This  is also valid for regions of nnlltiple frequencies 3.f0/2 and 5fo/2. Hence, a packet of disturbalwes is 

generated ill these, regions. The  lat ter  allows us to assmne tha t  an acoustic field of high intensity, which is the 
reason for generation of a subharmonic  packet ,  only favors its identification at  tlm background of snmll-scale 

turtmlence under the present test  conditions. 
The  nmasurements show tha t  the posi t ions of the characterist ic points in the distributions of velocity 

fluctuations across the wake corresponding to tim first and second harmonics and  subharmonic do not coincide. 

A similar situation is observed for tile p lana r  case [6]. In part icular ,  the distr i lmtion of velocity fluctuations 

corresponding to the first harmonic is similar  to the dis t r ibut ion of the root-mean-siluare fluctuation of 
velocity (see Fig. 2). Significant a s y m m e t r y  was observed in the distribution of fluctuations corresponding 

to the subharlnonic: the ampli tude in the upper  nlaximum was significantly greater  than in the lower one. 

Disturbances at tim first harmonic in the resonant  regime were observed in the turbulent ~'ake lip to the cross 
section x/d = 20. Subharmonic dis turbances,  which are observed in the wake, were hardly distinguished in 

the spect ra  at these distances because of  the growth of background disturbances,  though the amplitude at 

tim frequency fo/2 was of the sanle order  0~s at x/d = 1. I t  should be also noted  that disturbances with a 

frequezwy fo/4 were sometimes observed in the flow. 
For more exact nmasurements,  we used averaging over all ensenflfle of  realizations. Tile signal t'rom 

the microI)hone was us(~l as a reforence one. Note tha t  there w'e~s no significant increase in the amI)litude of 

oscillations of the first harlnonie in analyzing the signal, which was a result of summat ion  of realization. This  
is apparent ly  related to the fact tha t  the signal-to-noise rat io  in the examined region was rather high for the 

first harmonic. Though the signal from the microphone w ~  subjected to h)w-frequency nlo(lulations caused 

1W the noise in the flow, the use of this signal ~ a reference one allowed us to l)erform phase measurements.  
Figure 5 shows tile phrase of oscillations of the first harmonic  ill the wake as a fimction of tim streamwise 

coordinate.  The measurements  were per formed in tile resonant  regime for the  first mode. Tile phrase of 

disturbances starts to change in tim separa t ion  region, the wavelength A equal  to the distance at which 
tim disturbance phase changes by 360 ~ is 31 m m  on tile average, and tile phase  velocity of the disturbance 
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Fig. 5. Distribution of the phase of oscillations at a frequency f0 along the streamwise coordinate 
in the wake (L = 400 ram: first mode): curves 1 and 2 refer to the phases in the upper and lower 
maximums, respectively. 
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Fig. 6. The flmdamental frequency of coherent structures in the wake behind the model (curve 1), 
the st)ectral alnl)litude at the flmdamental frequen('y (curve 2), and the spectral amplitude at a 
half of the fun(lamental fre(tuency (curve 3) as functions of the flow velocity (L = 300 lnlll). 

uo deterulined fronl the relation u0 = AJb/U~ is about 0.7 of the flow velocity U~  = 18.5 m/sec .  Tile 
measurenmttt results show that  the disturbances propagate with an identical velocity in tile outer  and inner 

max ima  over tim transverse" coordinate, since tim curves ahnost coincide if one of them is parallel shifted by 

180 ~ i.e., t)y the t)hase difference of oscillations in the maxinm. 
This phenomenon is observed for all radial positions of the probe. Therefore ,  though we (lid not 

perform visual studies, we can s tate  that  there are ammlar coherent s t ructures  in tile wake. These structures 
originate in the separation region and propagate  with a certain phase velocity. As in the planar  case, the 

destruction of these structures in the region of the trailing edge by passive e lements  leads to the disappearance 
of the resonance. In this c~se, positioning of a wire ring on the trailing edge e l iminates  the resonance. Based 

on a rough estimate,  at least half of the ring should be located in the separa t ion  region where the growth 
of tim disturbance phases begins (Fig. 5). I t  should be noted that  tile phase velocity of disturbances for an 

axisymmetric  model is close to the phase velocity for the planar case. A compar i son  with tile da ta  of [14, 15] 
shows that  disturbances propagate with a t)hase velocity close to ().7U~ bo th  in a circular laminar je t  and in 

the mixing layer. 
Another  situation was observed in the case of subharmonic oscillations. Higher harmonics were iden- 

tiffed in the spectral  analysis of the total  realization, lint the subharmonic could be  revealed neither in the 

case of using the initial reference signal from the microphone nor in tim case of  the reDrence signal with a 

frequency f0 /2  generated by transforming the signal from the microphone by a frequency divider. Tlmre- 
ibre, we can s ta te  that  we could not observe synchronization of the packet of  subharmonic  dis turbances with 

acoustic oscillations at the frequency f0 excited in tile resonant reginm. 
R e s o n a n t  R a n g e s  o f  V e l o c i t i e s  a n d  R e g i o n s  o f  E x i s t e n c e  o f  N o n l i n e a r  O s c i l l a t i o n s .  It  is 

noted in [12, 13] that  the character of variation of the intensity of the first harmonic  and subharmonic  in 
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the resonant range is different. Figure 6 shows the dependence fo(U~) obtained in the present work. As 
for the planar case (with flat plates used as models), there are regions of constant  frequency with intense 

emission of sound at fre(lucncies whose values are given in Fig. 3. In particular, for a model 300 nun long 
there are two such regions (~ ithin the examined range of flow velocities). However, in the planar case these 
regions are narrower for an identical length of the model. Probably, this is explained by the higher intensity 
of sound in tile axisymmetric case. In ad(tition, in co~:tr~st to the l)lanar case, the frequency in the regime of 
aeroacoustic resonailce could be either hi~her or lower than the fi'equency corresponding to the nonresonant 

regime at this flow velocity, which is clearly seen in the second "plateau." This f requency corresponds to tile 

Strouhal  number Sh = 0.2. 
In the ranges of velocities at which there is no resonance, tile spectrum of  the signal in the wake 

contained one identified frequency. The corresponding points are well approximated by a straight line whose 
slope in these experitimnts is determined by tile Strouhal number Sh = fod/Uoo ~ 0.2. From tile analysis 
of the dependence "u~(Uor in Fig. 3, it follows that  the resonance phenomenon significantly increases tile 

amplitude of velocity fluctuations in the wake with a frequency f0, and this f requency is maxinmm in the 
right parts of the "plateaus." Vice versa, disturbances at the subharmonic f requency are present in the 
left parts of the "plateaus." For the first harmonic, we speak about amplification of disturbances, and for 
the subharmonic, we see their origination. The  subharmonic amplitude remained almost constant on both  

"plateaus" at this point of the fow. 
It may be naturally assumed that. as in jets and mixing layers, vortices (or coherent structures) can 

merge in tile examined flow (though it is significantly turbulent), which leads to the generation of subharmonic 
oscillations. As far as tile authors are aware, an increase ill intensity of acoustic oscillations in this case may 
intensi['~" the process mentioned. Since it (tid not seem possible to control the resonance sound within the 
range of velocities of existence of the subharmonic packet, we used an active m e th o d  of flow control: a 
loudspeaker as an additional source of sound, which allowed introduction of acoustic oscillations with w~ried 

amplitude and frequency into tim flow. 
The action of the h)udsl)eaker was carried out at the frequency of the first harmonic,  higher harmonics, 

and the subharmonic with different amplitudes of acoustic action. Tile realizations were suimned using the 
signal at tim frequency of tim first harmonic or subharmonic as a reference signal. No effect of the external  
lou(lspeaker on the subharinonic amplitude was observed for w~rious combinations of the freqtmncy of action 
and tile frequency of the reference signal. The  shift of tile central frequency of the  subharmonic packet in 
the case of flow perturbation at frequencies close to this frequency was not observed either. Ttnks, in studies 
of both nonresonant [7, 9] and resonant [12] wake flow regimes behind a planar bluff body, the a t tempts  at 
exciting a disturbance in the flow at tile subharmonic frequency by an external  source were not successflll. 
These studies were performed because there are da ta  that  indicate that the flow s t ruc tu re  can also be changed 
in the resonant ranges of velocities. For example, in the region of existence of a hysteresis, a source of ,4ound, 
which is external fbr the aeroacoustic resonant contour, can exert a significant effect on  the frequency spectrum 

of  disturbances generated in the wake [16]. 
As is noted above, the subharnmnic packet is generated only in tim left (low-velocity) part  of the 

"plateau." The  intensity of sound at the resonant frequency reaches a maximum in the right side of the 
"plateau," where the subharmonic is not observed. Apparently, there are some synchronizing factors deter- 
mined by the flow, which favor identification of the sul)harmonic packet in the resonant  regime and which 
can hardly be affected by the comparatively weak action of the loudspeaker. 

Since the subharmonic was ol)served on both  "plateaus," i.e., in the case of existence of different acoustic 
modes, we can assmnc, that the a('oustic field distribution along the model does no t  affect the origination of 
the subharmonic packet. Hence, in the beginning of each resonant range of velocities, independent of the 
acoustic mode, some aml)litude-I)hase relations or synchronization conditions are formed in the separation 
region, which favor identification of the packet of frequencies close to tile subharmonic  frequency. 
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The available results of measured subharmonic disturbances in the boundary layer and separated 
flows indicate tha t ,  for a subharmonic to appear, certain amplitude-phase relations should be satisfied. The 
reasons that  favor generation of subharmonic disturbances in the wake behind an axisymmetric body in 
resonant regimes and methods of controlling these disturbances require additional studies. 

C o n c l u s i o n s .  1. Experimental  data  were obtained on the influence of active and p~ssive control 
actions on the regimes of sound amplification in a flow near thick-walled ~uxisymmetric bluff 1)odies. 

2. In all configurations examined, generation of coherent structures (apparently, anmflar ones) was 

observed in the separat ion region of the turbulent boundary layer near the trailing edge, where the interaction 
with sound occurs, which leads to the capturing of the wake frequency. By means of this process, the flow 
is self-tuned to the resonant regime. A modification of the separation region can lead to the violation of the 
synchronization process.  As a consequence, acoustic oscillations are eliminated. 

3. The  dependences  of the frequency on the model length were obtained for three eigenmodes. Variation 
of the model length can give rise to the  resonant regime. 

4. In contras t  to previously obta ined data for the planar case. the fimdamental resonant frequency in 
the range of low velocities of the resonant  interval was higher (and in the high-velocity region, lower) than 
the wake frequency determined by the Strouhal number for nonresonant regimes. For models of identical 
length, the resonant  ranges of velocities are greater in the a~xisymmetric came than in the planar one. 

5. In contras t  to the t)lanar case, the mechanism of nonlinear oscillations of the wake in the resonaItt 
regime is character ized by the fact tha t ,  apart  from discrete components at the first harmonic and nnfltiple to 
it, a l)acket of subharnlonic oscillations is also generated; its central frequency is half of the frequency of the 
first harmonic. Dependences of the ampli tude of the first harmonic and subharmonic on the flow velocity in 
the resonant ranges of velocities were obtained; the subharmonic component was observed ouly in low-velocity 

regions of resonant  rang('s. 
6. The  acoustic action of an additional source seems to have no effect on evolution of the subharmonic 

pa('kct. 
7. It m~\v be assumr that  the axisymmetric flow studied in the present work is characterized by 

stronger nonlinear effects than the planar  flow. 

R E F E R E N C E S  

1. R. Parker, "Resonance effects in wake shed(ling from parallel plates: Some experinlental observations," 
.1. Sound Vibr., 4, No. 1 .62-72 (1966). 

2. R. Park(;r, "Resonance effects in wake she(tding from t)arallel plates: Calculation of resonant frequencies," 
,L Sound Vibr., 5, No. 2. 330--343 (1967). 

3. N. A. Cumps ty  and D. S. Whitehead,  "The excitation of acoustic resonances 1)y vortex shedding," .L 
Sound Vibr., 18, No. 3, 353-369 (1971). 

4. M. A. II 'chenko, A. N. Rudenko, and V. L. El)shtein, "Generation of vortex sound in the flow around an 
airfoil in the channel," Akust. Zh., 26, No. 5, 708-717 (1980). 

5. S. P. Bardakhanov  aml V. Ts. Lygdenov, "Coherent structures in the wake behind a bluff body and 
generation of sound under resonant  conditions." Izv. Sib. Otd. Akad. Nauk SSSR. S,~r. TcM,,. Nauk. 
No. 2, 36 40 (1990). 

6. S. P. Bardakhanov  and E. V. Poroshin. "Properties of arroa('oustic resomul('e in a flow with coherent 
structure.s," Teplofiz. A,~.rwncM~., 1, No. 4, 313-322 (1994). 

7. S. P. Bar(lakhanov and V. V. Kozlov, "Ons(;t and developnlent of coherent structures in turbulent shear 
flows." in: H. U. Meier and P. Bradshaw (eds.), Per'spcctivcs in Ta'rbulcncc Studics. Springer-Verlag, 

Berlin (1987), pp. 154-187. 
8. S. P. Bardakhanov  and V. V. Kozlov, "Onset and development of disturbances in wakes behind bodies," 

in: H. Eckelmann,  J. hi. R. Graham,  P. Huerre, and P. A. Monkewitz (eds.), Bluff-Body Wakes, Dyna'nl, ics 
and Instabilities, Springer-Verlag, Berlin (1993), pp. 153-156. 

635 



9. S. P. Bardakhanov and V. V. Kozlov, "Effect of an acoustic field on coherent structures in a turbulent 
wake behind a bluff body," in: Turbulent Jet Flows (collected scientific papers) [in Russian], A "kad. Nauk 
I~SSR, Talliml (1985), pp. 94-99. 

10. S. V. Sukhinin and S. P. Bardakhanov, "Aeolian tones of a plate in a channel," Preprint No. 2, Inst. 
Hydro(lynanlics, Sib. Div., Russian Acad. of Sci., Novosibirsk (t997). 

11. S. V. Sukhinin aIl(l S. P. Bar(lakhanov, "Aeolian tones of a plate in a channel," PTikl. Mekh. Tekh,. Fiz., 
39, No. 2, 69-77 (1998). 

12. S. P. Bardakhanov, "Generation of sound by turbulent bluff-body wake flow with coherent structures," 
in: Proc. of the 3rd Int. Symp. on Combustion Technologies for a Clean Environment ("Clean Air") 
(Lisbon, Portugal, July 3-6, 1995), Inst. Superior Tech., Lisbon (1995), pp. 1-8. 

13. S. P. B~u'dakhanov and D. G. Trenin, "T!~e aeroacoustic resonance generated by coherent structures at 
bluff body wake flows," in: Abstr. of the 1st Int. Conf. on Nonequilibrium Processes in Nozzles and Jets 
(NPNJ-95) (Moscow, June 26-30, 1995), Moscow Aviation Inst., ~Ioscow (1995), pp. 18-19. 

14. A. K. l~I. F. Hussain and K. B. M. Q. Zaman, "'Vortex pairing in a circular jet under controlled excitation. 
Part 2. Coherent .~tructure dynamics," J. Fluid Mech., 101,493-454 (1980). 

15. F. K. Browand, "'An experimental investigation of the instability of an incompressible, separated shear 
layer," J. Fluid Mech., 26, 281-307 (1966). 

16. S. P. Bardakhanov and O. V. Belai, "Aeroacoustic resonance and generation of coherent structures in 
wakes behind bluff, bodies." in: Stability of Flows of Homogeneous and Hcterogeneous Liquids, Proc. 
Vth Int. ~Vorkshop (Novosibirsk, April 22-24, 1998), Part 1. Novosibirsk Arkh.-Stroit. Univ. (1998), 
pp. 173-181. 

636 


