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ABSTRACT 

Received: N/A 

The  sound  produced  when  jets  issued  from  a  circular nozzle  collide  with  a  downstream Accepted: N/A 

ring  coaxial  with  the  jet  is  called  a  ring  tone.  The  ring  tone  is  investigated  through experiments and direct sound computations. The inner diameters of the circular nozzle exit and the ring are both 30 mm. In the experiments, the frequency spectra of the ring tone are 

 Keywords: 

measured for various impingement lengths of 20–40 mm and jet velocities of 5–15 m/s. 

 aeroacoustics,  direct  sound  computation, Measured data exhibit typical properties of self-sustained oscillations such as linear rise in hole tone, ring tone, wind tunnel 

peak frequency as the rise of the jet speed, multiple series of peaks, and mode jumps. In the  computations,  points  discretely  representing  volumetric  vortical  regions  are  divided into locally connected groups of points that are separated from each other. This clustering enables the extraction of volumetric vortical regions in three-dimensional flow fields based on  attributes  defined  on  each  point  and  tracking  vortex  structures  selectively.  By identifying strong vortex structures, the onset of self-sustained feedback oscillations in the ring tone is clarified from the view point of the throttling mechanism originally proposed for  the  hole  tone,  i.e.,  the  coupling  between  the  mass  flow  through  the  ring,  vortex impingement, and global pressure fluctuation. 

1. INTRODUCTION

impingement on the ring and the difference between the ring and  hole  tones,  are  unknown  except  for  the  description The  ring  tone  is  a  kind  of  feedback  sound.  The  pressure mentioned above. Therefore, in this study, a ring-tone system waves  are  generated  when  vortices  from  a  circular  nozzle is  developed,  the  frequency  spectra  of  the  ring  tone  are collide with a downstream obstacle, propagate upstream, and measured for various impingement lengths and jet velocities, regulate the timing of further vortex ejection from the nozzle and the sound generation mechanism is investigated through a 

[1-4]. 

direct sound computation. In the measurements, the ring tone The tone is a dipole sound with an efficiency scaling of the is  compared  with  the  hole  tone,  which  is  generated  when  a third  power  of  the  jet  Mach  number;  the  dipole  strength  is metal plate with a hole is installed instead of the ring. To our equal  to  the  unsteady  force  on  the  ring  [4].  These  dipoles best knowledge, this study is the first case of applying a direct radiate in the direction of the jet axis [3]. Chanaud and Powell computation  to  the  ring  tone  [11].  Vortex  motion  and 

[5] studied the ring tone with a torus with an inner diameter of interaction with a ring play a key role in ring tone. However, 5 mm formed from copper wire with a diameter of 1.5 mm. 

conventional  iso-surface  visualization  of  vortices  is  not They varied the edge distance at a constant Reynolds number suitable for visualizing vortices hidden in the dense cloud of and  also  varied  the  Reynolds  number  at  a  constant  edge vortices. To clarify the sound generation mechanism, a novel distance. They found that at large spacing ratios, the holeand clustering method [12-15] of vortical points applicable to the ring-tone  minimum-edge-distance  contours  have  similar present cylindrical coordinate system is developed and applied shapes  but  affected  an  edge-tone  contour.  At  small  spacing to the present flow fields. 

ratios,  the  minimum-edge-distance  contour  for  the  ring-tone Section  2  describes  experimental  methods  including  the system  deviates  markedly  from  other  contours,  there  being geometries  of  the  ring  and  hole,  the  wind  tunnel,  flow folds in the contours. It was observed that the folds are seen to conditions, and the measurement system. Section 3 describes be related to jumps at higher Reynolds numbers. Obata et al. 

numerical  methods  including  the  governing  equations, 

[6] experimentally investigated the ring tone. They found that discretization  schemes,  computational  conditions,  grids,  and multiple  frequency  components  have  substantial  amplitudes initial  and  boundary  conditions.  Section  4  proposes  a  novel compared  to  the  fundamental  frequency  component,  and clustering  method  of  vortical  points  applicable  to  the showed that the lowest frequency component can interact with cylindrical  coordinate  system.  Section  5  discusses the  fundamental  component  either  to  reinforce  itself  or  to experimental  and  computational  results.  Regarding  the produce an additional frequency component. 

experimental results, frequency spectra and the variation of the Although  edge  and  hole  tones  have  been  investigated dominant  peak  frequency  for  various  jet  speeds  and relatively  in  detail  [3,  7-10]  among  feedback  sounds,  the impingement lengths are shown. In addition, the experimental details of the ring tone, such as flow oscillation due to vortex results for the ring tone are compared with those for the hole 9
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tone. Regarding computational results, the clustering method monotonically  increasing  the  jet  velocities.  The  boundary is used to extract vortex motion, and the throttling mechanism layer thickness measured with a hot-wire probe placed 0.5 mm for the ring tone is discussed based on the tertiary interaction downstream of the nozzle exit was approximately 2 mm. The among vortex impingement on the ring, mass flow variation probe  is  55P11,  a  single-sensor  miniature  wire  probe,  of through the ring, and global pressure variation in the flow field Dantec Dynamics, Inc. 

between the nozzle exit and the ring. 

Figure  2  shows  the  overview  and  schematic  of  the  wind tunnel. The circular jets were generated by a smooth circular contraction  of  airflow  from  the  almost  axisymmetric  wind 2. EXPERIMENTAL METHODS 

tunnel.  The  contraction  contour  was  determined  by  the matched cubic curves given in [16]. 

Experiments  were  conducted  to  gain  an  insight  into  the In addition to the experiments on the ring tone, experiments sound properties of the ring tone. Figure 1 shows the details of on  the  hole  tone  were  conducted  as  a  reference because  the the test section with the ring placed downstream of the circular hole tone is similar and more details are known about it [7-10]. 

nozzle  of  the  wind  tunnel  and  coaxially  with  the  nozzle.  A Figure  3  shows  the  fabricated  ring  and  hole  plate  and  their circular jet issued from the nozzle. The inner diameters of the schematics. To fix it in the air, the ring was pulled hard by six nozzle  exit   d 0 and the ring were both 30 mm, and the outer piano wires with a diameter of 0.25 mm. 

diameter  of  the  ring  was  40  mm.  The  distance  between  the nozzle  exit  and  the  ring,  the  impingement  length   L im,  was varied from 20 to 40 mm. 

Sound pressure was measured at  r=120 mm of z= L im/2 with a  condenser  microphone  MAX4466  of  Adafruit  Industries. 

Data  were  passed  to  an  FFT  (the  Fast  Fourier  Transform) analyzer installed on Arduino UNO. In the signal processing using  the  FFT  described  above,  128  data  sets  were  first acquired at a sampling frequency of 2560 Hz and one spectrum was  obtained.  The  20  frequency  spectra  were  averaged  to obtain the final frequency spectrum. 

The  ring  was  acoustically  compact.  The  speed  of  the circular jet was varied from 5 to 15 m/s, which corresponds to the Reynolds numbers ( Re= u 0 d 0/ν) of 9.96×103 to 2.98×104 at 20˚C. An aero-acoustic self-excited system is non-linear and generally has hysteresis. When examining the sound variation with  the  jet  velocity,  measurements  were  conducted  by Figure 1.  Experimental system (test section) Figure 2.  Wind tunnel 







Figure 3.  Ring and hole plate; unit: mm. The inner and outer diameters of the ring are 30 and 40 mm, respectively. The diameter of the hole is 30 mm, and the thickness is 5 mm 10
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3. NUMERICAL METHODS 



A  direct  sound  computation  was  conducted  to  clarify  the onset  of  the  self-sustained  oscillation  of  the  ring  tone.  Only near-field behaviors were considered because the interaction of  a  flow  with  the  ring  and  the  associated  feedback propagation of pressure to the nozzle exit is the central concern of the computation. 

The  governing  equations  are  the  unsteady  three-dimensional compressible Navier-Stokes equations. The ideal gas law closes the system of the equations. The equations were solved  with  the  finite-difference  method.  Spatial  derivatives that  appear  in  metrics,  convective  and  viscous  terms  were evaluated with the 6th-order tridiagonal compact scheme [17]. 



The 4th-order one-sided classical Padé scheme was used at one point  inside  mesh  boundaries.  The  3rd-order  Runge-Kutta Figure 5.  Interpolation between iz=3 and 4 on a cross-section scheme  was used to advance time. In addition to the  spatial discretization and time integration, 10th-order implicit filtering 

[18] was introduced to stabilize computation. The parameter on  the  left-hand  side,  which  is  associated  with  filtering strength, was set to be 0.492. An implicit 4th-order filter was used near the boundaries. This method has been well validated for predicting the hole tone [9, 10]. 

Figure  4  shows  the  cross-section  of  the  structured  mesh used  for  the  computation.  The  mesh  was  three-dimensional and axisymmetric. Every five grid lines are drawn for clarity. 

There  were  a  total  of  approximately  5.2M  grid  points.  The overall  mesh  consisted  of  four  zones:  the  inlet  nozzle,  the exterior  domain  of  the  nozzle,  the  ring  zone,  and  the background zone. Each zone is shown in a different color. The Figure 6.  Distribution of the mesh width for the baseline ring in the computational  domains was represented with the (present) and refined mesh (fine) for  r/ d 0,  z/ d 0=1–3 

overset  method.  Figure  5  shows  the  interpolation  locations. 



The outer boundaries of the ring zone (iz=3) were interpolated A refined mesh of approximately 7.9M grid points was used from  the  background  zone  (iz=4)  at  each  time  step.  The for the mesh resolution study, which will be discussed later in boundaries of the blank region of the background space were Sec. 5, and the mesh width is also shown in the figure. The interpolated  from  the  ring  zone.  Trilinear  interpolation  was same  sponge  layer  method  as  in  [10]  was  used  to  prevent used in this study. The  z-axis was defined in the streamwise spurious  pressure  wave  reflection  from  the  far  boundaries. 

(axial) direction. Near the walls, the first mesh widths in the Figure 7 shows the sponge regions. The inlet boundary of the normal directions were 8.33×10-4 d

inlet nozzle was located at z=-0.6 d 0. At the inlet, a Pohlhausen-0. The streamwise widths of 

the  background  mesh  around  the  ring  were  approximately type laminar velocity profile is imposed. The boundary layer 3.28×102 d

thickness is 2mm. This value is consistent with the hot-wire 0. The far boundaries in the streamwise ( z) and radial ( r) directions were located at 70.36 d measurements. 

0 and 70.86 d 0, respectively. 

Figure 6 shows the distribution of the mesh widths in the  z  and t  denotes the elapsed time from the initial condition, and  t d r  directions near the nozzle exit for the present mesh. 

is the  time  corresponding to 4000 computational  time steps. 



 t=0 corresponds to the initial condition with quiescent air in the flow field except for the nozzle inlet, where the velocity profile  was  imposed.  Velocities  and  lengths  are  non-dimensionalized  with  reference  quantities   vref  and   lref, respectively.  In  this  study,    vref=340  m/s  and   lref  =1mm.  A computational time step with dimension is 12010−4( lref/ vref). 







Figure 4.  Computational mesh for the ring tone. The mesh is three-dimensional and axisymmetric. Only the cross-sections in the x-z plane are shown. Zones iz = 1,…,4 are the nozzle inlet, the exterior domain of the nozzle, the ring zone, and the background zone, respectively. Every five grid lines are drawn for clarity 







Figure 7.  Sponge regions (axisymmetric) 11
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4. CLUSTERING OF VORTICAL POINTS 
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Vortex motion and interaction with a ring play a vital role in  this  study.  In  order  to  scrutinize  vortex  motion,  a  novel Here,  Prj

clustering  method  of  vortical  points  applicable  to  the θ( C i)  and  Prjθ( C αl),  respectively,  denotes  the rotational projection of the elements of   C

cylindrical  coordinate  system  is  developed  extending i  and   C αl  to  the   j=1 

planes.  If  RDPO≥0.5,  it  is  considered  that   C

clustering  algorithms  proposed  previously  by  one  of  the i  and   C αl  have 

correspondence. This clustering operation is repeated within a authors [12-15]. 

range of the streamwise index [ j

The proposed method consists of two steps. The first step is min,  j max]. 

The  extraction  of  points  by  the   λ

to extract mesh points that have strong swirl around them as a ci  criterion  enables  the 

extraction  of  the  internal  points  of  vortices,  which  is  not point cloud. This is achieved by the  λci criterion [19], i.e., when included in the iso-surface representation of vortices. By this the velocity gradient tensor has one real eigenvalue and two clustering  method,  locally  connected  volumetric  vortical complex  conjugate  eigenvalues,  the  flow  swirls  around  the regions can be extracted. Because each cluster has a unique ID 

axis  pointing  in  the  direction  of  the  eigenvector  of  the  real number, a particular cluster can be picked up and visualized eigenvalue. This criterion selects vortical points that have   λci selectively  by  filtering  out  other  clusters.  This  remarkable greater  than  some  threshold   λci,thresh.  In  this  study,   ci,thresh property is convenient when we pay attention to a  particular 

=5×10−3 corresponding to the 1.8% of the total mesh points in vortex within numerous vortices. It also becomes possible to iz=4 was used taking into account the distribution of extracted track vortex structures in a wide range of flows, including the vortices. The selection of extracted mesh points can be refined evaluation of correlations between vortices. 

further  by  scalar-valued  and/or  vector-valued  functions defined on the mesh points. The second step is to divide the extracted  points  into  volume  clusters  on  the  basis  of  the 5. RESULTS AND DISCUSSION 

Euclidian  distance.  Extracted  points  on  the  same   j-plane mutually located within a distance of   ε  are gathered into the same  planar  cluster/group.  In  this  study,  ε   is  set  as  1  mm. 

The frequency spectra of the ring tone were measured for Considering correspondence between planar clusters on the  j- 

various  impingement  lengths  and  jet velocities  [20].  Similar and ( j+1)- planes, the clusters are then grouped into the same measurements were conducted also for the hole tone to clarify volume cluster/group in the circumferential direction. Here,  j the differences between the ring and hole tones. 

Figure 8 shows the results. As a general trend, the peak sound is  considered  as  the  index  of  a  structured  mesh  for  the intensities shift to higher frequencies with increasing jet speed circumferential  direction.  The  correspondence  between  two in  both  tones.  Multiple  series  of  peaks  are  observed  for  an planar  clusters  on  the  two  successive  planes  is  judged impingement  length  in  both  tones.  While  the  peak  sound considering  the  degree  of  rotationally  projected  overlap intensities  generally  become  higher  with  increasing  the  jet (RDPO)  in  the  circumferential  direction  as  follows:  Two speed,  the  amplification  is  not  necessarily  monotonic. 

planar clusters  C i and  C αl, respectively, on the  j th and ( j+1)th Compared with the hole tone, the peak sound intensities for the planes  are  considered.  Then,  the  RDPO  between  them  is ring  tone  are  much  lower,  and  the  frequency  distribution  is defined by: 



broader. The lower intensity of the ring tone is consistent with 

[21]. 







Figure 8.  Frequency spectra for various impingement lengths and jet speeds 12
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Figure 9.  Variation of the dominant peak frequency with the jet speed for various impingement lengths for the ring tone and hole tone 



new vortices are generated around the ring. At  t/ td=34, a vortex ring is convected along the circular jet and between the nozzle exit and the ring. At  t/ td=80, the initial vortex ring collides with the ring, and secondary vortices, i.e. the wakes of the ring, are generated.  After  the  vortices  pass  through  the  ring,  some vortices are convected rapidly, and other vortices stay around the ring for a while and are convected afterward. The extracted points successfully represent interior regions of vortices. 

The transient process from the initial state to the oscillatory states  was  analyzed  to  investigate  the  onset  of  the  feedback oscillation. As clarified in [9], the hole tone is governed by the axisymmetric  throttling  mechanism,  which  links  mass  flow through  the  hole,  vortex  impingement  and  global  pressure fluctuation.  The  ring  tone  was  analyzed  from  the  same viewpoint. Figures 13-15 shows the time variation of the mass flow  rates  through  the  ring  and  gauge  pressure  sampled  at P



1[( r,  z)=(15,0.126)],  P2[(7.46,0.126)],  and  P3[(22.5,0.126)], and  the time variation of circumferentially-averaged  vr  and  vz Figure 10.  The sandpaper stripe attached to the inner surface at z=3.25-32.25 mm of  r= d 0/2, respectively. 

of the nozzle near the exit 

The axial position of the mass flow evaluation is the center of the ring. Initially,  the mass flow  increases  monotonically Figure 9 shows the variation of the dominant ring-tone and until  around   t/ td=72.  Oscillations  in  the  mass  flow  appear hole-tone peak frequencies with the jet speed for  L im=30 mm. 

afterwards.  Peaks  are  observed  at   t/ td=72,  94,  and  143,  and In  the  figure,  correlations  based  on  Rossiter’s  equations valleys are observed  at   t/ td=83, 124,  and  154.  The  usage  of n/ f= L im/ u c+ L im/ c 0  [22] are also plotted. Here,  n,  f,  L im, and  c 0 

the refined mesh does not change the time history of the mass are the stage index, frequency, impingement length, and speed flow.  Therefore,  results  on  the  present  mesh  are  accurate of sound, respectively;  u c=0.6 u 0 is the convection velocity. As enough.  The  peaks  and  valleys  of  the  gauge  pressure with the experimental results in Figure 8, the peak frequencies approximately coincide with those of the mass flow variation, generally increase linearly. Differences between the ring tone which  means that  mass  flow  variation  induces  the  pressure and the hole tone appear at the locations of mode jumps, i.e., oscillations. The time for sound propagation over  L im=30 mm jumps  in  the  stage  index.  Both  integer  stage  indices  ( n)  and is  ∆ t/ td=0.625.  Therefore,  the  time  lag  of  the  pressure fractional indices appear. 

fluctuation between the ring and the nozzle exit is negligible. 

The results of boundary-layer tripping near the nozzle exit were  compared  with  those  of  the  baseline  case  without  the tripping  to  confirm  that  the  jet  flow  exiting  the  nozzle  was laminar. Figure  10  shows  the  nozzle exit  with  a  2-mm  wide sandpaper stripe for the tripping. The grit size of the sandpaper was #40 in the Japanese Industrial Standards (JIS). Figure 11 

shows the comparison of the resultant frequency spectra. Here, the sound intensities were measured at   r=90 mm. As is seen from Figure 11, the sound peaks observed in the baseline case almost  disappeared  in  the  tripped  case.  Therefore,  the boundary layer at the nozzle exit was considered laminar in the baseline case. 

Figure 12 shows comparison between the distribution of  ω y and vortical points divided into different volume clusters. Here, the   y   direction  is  normal  to  the  sheet,  and   ω



y  is  the  y 



component  of  vorticity.  Vortices  shed  from  the  nozzle  exit collide with the ring. When the vortices pass through the ring, Figure 11.  Comparison between the baseline case and the tripped case 
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the early stage before the flow rate through the ring begins to fluctuate. On the other hand, in the experiment, the sound was measured after a long period of time since the wind tunnel had been started. Despite these differences, the fact that the 600-Hz  fluctuation  described  above  was  also  seen  in  the computation strongly supports its validity. 







Figure 14.  Time variation of circumferentially-averaged  v r at each z coordinate of  r= d 0/2 







Figure 12.  Distribution of  ω y on  y=0 plane (left) and vortical points divided into different clusters (right). Only vortical points that have swirls larger than | λci|=5×10-3 are plotted. 

Different colors show different volumetric clusters. The limitation of the number of recognizable colors means that some different volume clusters are shown in the same color Figure 15.  Time variation of circumferentially-averaged  v z at each z coordinate of  r= d 0/2 



The velocity vector  v  at a point is decomposed into the radial ( r),  axial  ( z),  and  circumferential  ( θ)  components  using cylindrical coordinates: 𝑣 = 𝑣𝑟𝒆𝑟 + 𝑣𝜃𝒆𝜃 + 𝑣𝑧𝒆𝑧, where  er,  eθ 

and   e z    are  the  unit  normal  basis  vectors.  The  downstream direction  of  the  rotational  axis  is  taken  as  the  positive   z direction, and  e z and  er are taken in the positive  z  direction and outward directions, respectively. The circumferential direction is  then defined  according  to  the  right-handed  system.  At  the peaks,  v z  and   v r  are  generally  higher  than  at  the  valleys. 

Figure 13.  Time variation of mass flow rates through the ring Positive   v r  means  that  flow  vectors  point  outward  when  the m   and gauge pressure Pg. The subscripts of the gauge flow passes through the ring, and negative  v r means that flow pressure denote sampling locations. P1: ( r,  z)=(15,0.126); P2: vectors  point  inward.  Thus,  the  periodic  variation  of  flow (7.46,0.126); and P3: (22.5,0.126). Here, the mass flow rates vectors causes mass flow variation through the ring. As found and the gauge pressure are non-dimensionalized by in  Figures  14  and  15,  v r  and   v z  vary  periodically  in  the ρ

2

0 u 0π( d 0/2)2 and  ρ 0 u 0 , respectively.  ρ 0 is the density at the downstream direction around the edge of the circular jet. 

nozzle exit 

Volume clusters in Figure 16 facilitate understanding vortex locations  and  the  distribution  of  vortices  leading  to  the Since the mass flow rate is determined by a surface integral, distributions of the above  v r and  v z. As observed in Figure 16a, high-frequency  fluctuations are  flattened.  On  the  other hand, the bulged regions denoted by the black arrows leave the ring pressure is sampled at a point and high-frequency fluctuations when  the  mass  flows  become  peaks.  When  the  mass  flows appear.  The  time  history  of  pressure  also  shows  the  high-become  valleys,  the  bulged  regions  collide  with  the  ring  as frequency fluctuations around 600 Hz that were observed in the found in Figure 16b. Volume clusters corresponding to these experiment. In addition, the computation is mainly targeted at regions are also confirmed. 
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Figure 17 shows the distributions of Pg/ p∞ when the mass impingement lengths. The ring tone was also compared with flows  through  the  rings  are  peaks  and  valleys.  Although  the the  hole  tone.  The  computation  investigated  the  onset  of  the pressure becomes high in the regions around the jet connecting self-sustained  feedback  oscillation  in  the  ring  tone  from  the the nozzle exit and the ring at the peaks, it becomes low at the viewpoint  of  the  throttling  mechanism.  To  clarify  vortex valleys.  Jet  fluid  is  pushed  and  mass  flow  through  the  ring motion and locations clearly without being hidden in the cloud becomes large when the ambient pressure is high, and jet fluid of vortices visualized by iso-surfaces, the clustering method of is  pulled  back  (decelerated)  and  mass  flow  through  the  ring vortical points is developed and applied. In this method, point becomes small when the ambient pressure is low. Thus, this clouds in vortical regions are first extracted by the  λci criterion. 

mechanism generates a self-sustained feedback oscillation. 

The points are then divided into each locally connected groups separated  from  each  other  on  the  basis  of  the  Euclidian distance.  The  mass  flow  through  the  ring  varies  due  to  the variation  in  flow  velocity  and  angle  that  originate  in  the interaction  of  a  vortex  ring  around  a  sinuously  deformed  jet with the obstacle ring. This interaction is accompanied by flow separation and the generation of secondary vortices. The mass flow becomes large when the ambient pressure in the region extending from the nozzle exit and the ring becomes high and becomes small when the ambient pressure becomes low. Thus, the pressure fluctuation perturbs the nozzle exit where discrete vortices are generated. 
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The sound produced when jets issued from a circular nozzle collide with a downstream
ring coaxial with the jet is called a ring tone. The ring tone is investigated through
experiments and direct sound computations. The inner diameters of the circular nozzle exit
and the ring are both 30 mm. In the experiments, the frequency spectra of the ring tone are
measured for various impingement lengths of 20-40 mm and jet velocities of 5-15 m/s.
Measured data exhibit typical properties of self-sustained oscillations such as lincar rise in
peak frequency as the rise of the jet speed, multiple series of peaks, and mode jumps. In
the computations, points discretely representing volumetric vortical regions are divided
into locally connected groups of points that are separated from each other. This clustering
enables the extraction of volumetric vortical regions in three-dimensional flow fields based
on attributes defined on each point and tracking vortex structures selectively. By
identifying strong vortex structures, the onset of self-sustained feedback oscillations in the
ring tone is clarified from the view point of the throttling mechanism originally proposed
for the hole tone, i.c., the coupling between the mass flow through the ring, vortex

impingement, and global pressure fluctuation.

1. INTRODUCTION

The ring tone is a kind of feedback sound. The pressure
waves are generated when vortices from a circular nozzle
collide with a downstream obstacle, propagate upstream, and
regulate the timing of further vortex ejection from the nozzle
[1-4].

The tone is a dipole sound with an efficiency scaling of the
third power of the jet Mach number; the dipole strength is
equal to the unsteady force on the ring [4]. These dipoles
radiate in the direction of the jet axis [3]. Chanaud and Powell
[5] studied the ring tone with a torus with an inner diameter of
5 mm formed from copper wire with a diameter of 1.5 mm.
They varied the edge distance at a constant Reynolds number
and also varied the Reynolds number at a constant edge
distance. They found that at large spacing ratios, the holeand
ring-tone minimum-edge-distance contours have similar
shapes but affected an edge-tone contour. At small spacing
ratios, the minimum-edge-distance contour for the ring-tone
system deviates markedly from other contours, there being
folds in the contours. It was observed that the folds are seen to
be related to jumps at higher Reynolds numbers. Obata ct al.
[6] experimentally investigated the ring tone. They found that
multiple frequency components have substantial amplitudes
compared to the fundamental frequency component, and
showed that the lowest frequency component can interact with
the fundamental component either to reinforce itself or to
produce an additional frequency component.

Although edge and hole tones have been investigated
relatively in detail [3, 7-10] among feedback sounds, the
details of the ring tone, such as flow oscillation due to vortex

impingement on the ring and the difference between the ring
and hole tones, are unknown except for the description
mentioned above. Therefore, in this study, a ring-tone system
is developed, the frequency spectra of the ring tone are
measured for various impingement lengths and jet velocities,
and the sound generation mechanism is investigated through a
direct sound computation. In the measurements, the ring tone
is compared with the hole tone, which is generated when a
metal plate with a hole is installed instead of the ring. To our
best knowledge, this study is the first case of applying a direct
computation to the ring tone [11]. Vortex motion and
interaction with a ring play a key role in ring tone. However,
conventional iso-surface visualization of vortices is not
suitable for visualizing vortices hidden in the dense cloud of
vortices. To clarify the sound generation mechanism, a novel
clustering method [12-15] of vortical points applicable to the
present cylindrical coordinate system is developed and applied
to the present flow fields.

Section 2 describes experimental methods including the
geometries of the ring and hole, the wind tunnel, flow
conditions, and the measurement system. Section 3 describes
numerical methods including the governing equations,
discretization schemes, computational conditions, grids, and
initial and boundary conditions. Section 4 proposes a novel
clustering method of vortical points applicable to the
cylindrical ~ coordinate system. Section 5 discusses
experimental and computational results. Regarding the
experimental results, frequency spectra and the variation of the
dominant peak frequency for various jet speeds and
impingement lengths are shown. In addition, the experimental
results for the ring tone are compared with those for the hole
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