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Control of Vortex Pairing Sound
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A study of the control of pairing sound of two identical thin vortex rings by means of a thin control vortex ring
of opposite circulation is reported. Amplification and attenuation of the pairing sound have been observed. The
amplification and attenuation are due to the effect of the control vortex ring on the interaction of the two pairing
rings. Four basic types of interaction of the three interacting vortex rings and different degrees of amplification

and attenuation have also been established.

Nomenclature

Ao = constants depending on core vorticity
distribution

c = ambient speed of sound

d = nozzle diameter of circular jet

ey, e, = azimuthal and streamwise unit vectors,
respectively

n = unit vector normal in the direction of vortex ring
propagation

P» Praxs Pims = far-field, maximum, and root mean square
pressures, respectively

Phmax Poms = Maximum and root mean square far-field
pressures, respectively, two vortex ring system

R = initial vortex ring radius

r = radial distance from origin

Srq, Sty = Strouhal numbers based on jet nozzle diameter
and jet shear layer momentum thickness,
respectively

ASPL = sound pressure level difference

s = element arc length on the vortex ring

t = time

U, = induced velocity on vortex ring

Ur = self-induced translational velocity of an isolated
vortex ring

u = velocity

Uy, Uy = radial and streamwise components of velocity,
respectively

\4 = total propagation velocity of a vortex ring,

Ur + U,

V., V, = radial and streamwise components of vortex
ring propagation velocity, respectively

x, X = far-field displacement and its unit vector

y = near-field displacement

b4 = streamwise distance from origin

r = vortex ring circulation

0 = jet shear layer momentum thickness

Ae = initial separation between control and trailing
vortex rings

Ar = initial separation between leading and trailing

vortex rings
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vy

= angle between far-field displacement and
common axis of vortex rings

= density of ambient fluid

= effective vortex ring core radius

= azimuthal angle

= velocity vector potential

= stream function

= vorticity

= radial and streamwise components of vortex
ring acceleration, respectively
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Subscripts

= control vortex ring
j = indices

= leading vortex ring

= trailing vortex ring

N

Introduction

ODIFICATION of coherent structure development and, thus,

the sound generation in the far field is of growing importance
to manage and control free shear flows. Detailed discussions of this
topic are presented in Ref. 1. Simply, the control of turbulence by
the manipulation of coherent structures may be carried out either
actively or passively. Active control, typically achieved by using
acoustic excitation at the appropriate frequencies near the nozzle
exit, may enhance and localize the interaction of coherent struc-
tures, causing turbulence enhancement, or may hinder the interac-
tion, resulting in their earlier breakdown and leading to turbulence
suppression. The strongest effect of periodic excitation is in the re-
gion where the forcing frequency is equal to the natural frequency of
the unexcited flow. In the near field of the jet, the shear layer mode?:3
and the preferred mode** dominate the flow. The preferred mode
is characterized by a Strouhal number based on the jet diameter d
of 0.25 < Sr, < 0.5 and is the characteristic instability frequency
at the end of the potential core where the mixing layers merge. The
shear layer mode is of higher frequency and is characterized by a
Strouhal number Sry, which is based on the momentum thickness 6.
It is associated with the most amplified wave of the initial velocity
profile near the nozzle. The shear layer mode of stable pairing at the
excitation Sry of about 0.012 results in the initial roll up and sub-
sequent pairing of the vortical structures being accentuated.> The
excitation of the laminar shear layerat Sry = 0.017 produces attenu-
ation of turbulence intensities and of aerodynamic noise generation. ®
This is known as the suppression mode.® At low jet velocities, the
preferred Strouhal number S, is approximately proportional to the
Strouhal number Sry of the shear layer mode.>” For higher jet ve-
locities, the Sr, remains constant at 0.44. The change of scaling

behavior occurs at d /26 = 120 (Ref. 3).
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Passive control of axisymmetric jet flow by modification of the
developing coherent structures, by altering the upstream condition
of the flow, is as successful as active control. The change in the
initial conditions of the nozzle boundary layer® and the introduc-
tion of a concentric annular jet, forming a coaxial jet,'%!2 results in

different evolutions and interactions of the coherent structures and\

results in significant suppression of the far-field sound generation.
The latter approach has been successfully applied to jet engine noise
suppression. Investigations of the flow dynamics of unexcited and
excited coaxial jets of different mean velocity ratios indicate the
complicated interactions of the different types of vortical structures
and their dependence on the mean velocity ratios.'*~!7

In jet flow, pairings of vortex rings are found as the major activi-
ties that form the coherent structures and have been proposed as the
sound source in an initially laminar air jet.'#~2! The results of theo-
retical and experimental investigations'®~2! suggest the relationship
of the jet noise and the vortex pairing process. However, the basic
sound generation mechanism in the vortex pairing process is not
clearly established.

In the recent study of Tang and Ko,? a simple theoretical model
for the sound emission from the pairing of two thin and planar
vortex rings propagating on the same axis suggests that maximum
sound power is radiated at the instant when the slip through process
occurs. This is also the instant at which the vortex rings are highly
accelerating or decelerating. The dependence of sound radiation on
the acceleration or deceleration of the vortex rings is confirmed by
the experimental results in an excited circular air jet.?

Based on the method of contour dynamics, a more recent study?>
investigated the sound generation due to the interaction between
two inviscid coaxial vortex rings moving along a common axis in
the same direction. The vortex ring interactions studied are found in
axisymmetric jets of low Mach number. The radial accelerations and
the rate of change of the axial accelerations of the vorticity centroids
of the vortex rings are found to be important in the generation of
sound during the interaction.

The recent study of Leung et al.>* proposed a simplified vortex
pairing noise model to account for jet noise generation. This model
of mutual slip through vortex rings takes into account the formation
process of the vortex rings and their subsequent pairing motions.
For low Mach number jet noise, the model illustrates the eighth
power law of Lighthill.2> The amplitude of sound is found to increase
linearly with nozzle diameter, which is again consistent with existing
jet sound theories at 90-deg emission angle or at low Mach number.

These studies??~2* of the vortex pairing sound concern only the
interactions of two vortex rings moving along a common axis in
the same direction. The effect of an additional vortex ring on their
interactions and the sound generated is still not addressed. Thus,
based on a simplified axisymmetric vortex model, this study is aimed
at understanding the interactions of three coaxial vortex rings and
their effect on the far-field sound. The additional or control vortex
ring has circulation opposite to those of the other two identical
rings. This simulates coaxial jets with an inverted mean velocity
profile.

Model for Coaxial Vortices and Pairing Sound

Vortex pairing in the present investigation refers to the interaction
of two thin identical inviscid coaxial vortex rings moving along
a common axis in the same direction?* and an additional control
vortex ring with varying properties (see Fig. 1). The pairing of the
two identical vortex rings with mutual slip through motion is used
as the basis for comparison.

Figure 1 shows the vortex system under consideration. Because
the features of the two identical coaxial vortex rings have been
described in detail,?*+?* only the important features are shown in the
following sections.

For inviscid axisymmetric flow without swirl of constant density,
the vorticity equation in cylindrical coordinates (r, ¢, z) (Ref. 26)
is
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‘. Fig.1 Schematic diagram of vortex rings.

where w = wey. The velocity is related to the vector potential as
=V x ¥ and ¥ = (Y/r)ey. The velocity components in the
radial and streamwise directions may be represented as
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The motion of the multiple vortex ring system is numerically
simulated, using the vortex filament model.?’ Because the motion of
the vortices is purely axisymmetrical, azimuthal change is neglected
in the formulation of the vortex filament model. The vortex ring
velocity V; is composed of its self-induced translational velocity
Ur; and the velocity U;; induced by other vortex rings, where
i = 1, 2, 3 for the present system of three vortex rings. In the absence
of external influence, the translational velocity Ur ; of the ith vortex
ring with circulation I'; is given by?®

Ur; = (T;/4m R)[log (8R;/0;) — 1 + Ale, Q)

where e, is an unit vector in the streamwise direction, R; the vortex
ring radius, and o; the effective core radius at that particular instant.
For vortex core with uniform vorticity distribution, A = 21{ (Ref. 26).
The induced velocity U;; on the ith vortex ring at y; induced by
other vortex rings j aty; is expressed by the Biot-Savart law?®

d
___Z/ DTN Digs ()
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where I'; is the circulation, y; is a position vector of fluid parti-
cle on the jth vortex ring, and ds; is elemental arc length. The
integrand of Eq. (6) becomes singular as y; approaches y; because
the velocity of a vortex filament of nonvanishing curvature is infi-
nite. Such singularity is removed by means of Rosenhead—Moore
approximation®® and the modified Biot-Savart velocity takes the
form, with ¢ = exp(—1 — 2A),

- d
U;.(y,)———Zf i/ B— dﬁ’ ds; (D)
i#J (i ~y,!2+aa) i

The vortex core radius o; may vary with time. In addition, it may be
argued that o; should vary along the vortex ring because of different
vortex stretching rates along the vortex ring. However, Moore and
Saffman® have shown that such variations in o; quickly produce
axial flows to redistribute the vortex volume. The time scale of
redistribution is much smaller than that needed by the vortex ring to
move significantly, and the redistribution can be thought of as almost
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instantaneous. These considerations prompt the conservation of total
volume of the vortex, that is,

9
o (Riof) =0 ®

Therefore, the position y; (z;, ;) of the ith vortex ring can be ob-
tained by integrating the following equation:

Vi= L lo BR, 1+Ae
TR |\ ) T2 :

Ao
(ly, i

i#) —y;il*+ac?)’

with respect to time, using the fourth-order Runge—Kutta method.
The velocity V; and acceleration @; of the ith vortex ring are calcu-
lated by differentiating its position with respect to time:

d
Vi= Vi, Vi) = E(Zf, ri) 10)
and
d2
& = (&, ®rj) = aﬁ(Zi, ri) 1n
The far-field wave equation for low Mach number flow is
13%p
Vip— =2 =—pV - (wxu
c(z) 3 oV - ( )

where p, ¢y, and p, denote the far-field pressure, the ambient speed
of sound, and the density of the medium, respectively.’’ For a sys-
tem of thin vortex rings moving along a common axis parallel to
unit vector n, the far-field sound pressure fluctuations p(x, ¢) at a
distance x in the far field are of the form'®

M 1 &0
px,t) = 40(2)|x|3 [x (nn 3) x] an
Lo 2 1 d3Q '
el e 12
4] (COS § 3) an 12

where
Q=) TR}z
i

where £ is the angle between the far-field point and the common
axis with cos é = % - n. The amplitude of the far-field sound pres-
sure fluctuations depends on the properties of the vortices, and the
directivity of the far field is quadrupole in nature, as revealed in the
bracketed terms in Eq. (12).

The normalized time and velocity are ' = 1/(R%/Tr) and
v =v/(T'r/Rr). The length of reference is taken to be Rz, and the
normalized pressure is p’ = p/(I'2/R%). The regime of study cov-
ers0.4 < R./Rr <2.0and —2.0 < I,/ 'r < —0.01 and the sepa-
ration ratio A./Ar of 0, 0.25, 0.5, 0.75, and 1, where A, = (z. — z7)
and Ar = (zz — z7) = Ry, which is the gap of the two identi-
cal vortex rings. The core-to-ring-radius ratios of the three vortex
rings are 0.1. The computation was carried out at 0 < ¢’ < 50. The
spatial integration along the periphery of the vortex ring is done by
Simpson’s method?! with 360 segments. The normalized time step
used in computation is At’ = 0.02. Several smaller values of At’
and more spatial segments for each vortex ring have been attempted
but no observable change can be found.

Results and Discussion

Because the characteristics of the two vortex ring system will be
used for comparison, the time distribution of the normalized far-field
pressure p’ of repetitive pairings or slip throughs has been computed.
The maximum pj . within the time span of 0 < ¢’ < 50 is 0.715,
and its root mean square sound pressure p; .. is 0.21. As shown
experimentally by Tang and Ko,?? for the pairing of the two thin
vortex rings, the maximum sound pressure is radiated at the instant of
the occurrence of the slip through process at which high acceleration

or deceleration of the two vortices are found. The normalized axial
and radial accelerations of the two interacting vortex rings have
also been determined. It is found that, during the slip through, the
trailing vortex ring accelerates, while the leading one decelerates.
The acceleration is significantly higher than the deceleration. Their
roles change during the next slip through. For the interaction of the
thin core vortex rings, the radial components are mainly responsible
for the far-field sound pressure fluctuations.?

With the introduction of the third control vortex ring of opposite
circulation, the far-field sound pressures, both the maximum p/ .
and root mean square sound pressure p;, ., have been computed. The
root mean square sound pressure p;_. is adopted for presentation as
itis related to the sound power explicitly if the sound source is steady
or within a short time interval. The attenuanon and ampliﬁcation of
sound pressure level ASPL = 10]log 10 prmg / P2s) in decibels, due
to the presence of the control vortex ring, in comparison with that
of two rings, at the separation ratios A./Ar = 0,0.25,0.5,0.75,
and 1 are shown in Figs. 2a-2e, respectively. For A./Ar = 0 and
1, as the core-to-ring-radius ratio of the vortex rings is 0.1, the
results at which two vortex rings overlap are not presented. For the
isocontours, the solid lines indicate attenuation of sound pressure
due to the presence of the control vortex ring and the dotted lines
indicate amplification. Generally, Figs. 2a—2e show that attenuation
ASPL of the sound pressure is found at ring-radius ratio R, /Ry > 1
and in the first and in half of the second quadrants. In the third and
fourth quadrants amplification is mainly found. For R./R; < 1,
there is also a small region of minor attenuation at circulation ratio
I'./T'r ~ —1 (Figs. 2b and 2c¢). In addition, in Fig. 2 the maximum
amplification is about +55 dB at the separation ratios A./Ar =
0,0.5, and 1.0. For 1./Ar = 0 and 1, the positions of maximum
amplification are nearly the same, at R,/Rr ~ 1.25and ',/ "7 =
—1.8 of the second quadrant (Figs. 2b and 2e). For A./A7 = 0.5,
the position of maximum amplification is at R./Rr ~ 0.6 and
I,/ 'y &~ —0.8 of the fourth quadrant. It is also in this quadrant that
strongest amplification is found for the other two vortex separation
ratios of 1. /A7 = 0.25and 0.75 (Figs. 2b and 2d). This phenomenon
suggests that the phase of the control vortex ring with respect to the
other two rings is also an important parameter.

The maximum attenuation of the far-field sound pressure is about
—19dB at A./Ar = 0.5 (Fig. 2c¢). For other separation ratios, the
maximum attenuation is only about —16 dB. These maximum atten-
uations are significantly lower than those of amplification of about
+55 dB. The positions of the maximum attenuation are mainly in
the second quadrant. The regime where attenuation occurs gener-
ally shrinks from the biggest at A. /A7 = O (Fig. 2a) to the smallest
at A./Ar = 1 (Fig. 2e). As amplification, the phase of the control
vortex ring is also important.

Thus, these phenomena indicate that attenuation is mainly
achieved as the control vortex ring has ring radius greater than those
of the other two rings and its circulation is in opposite direction of
rotation. For the control vortex ring circulation greater than those of
the two vortex rings | — ",/ I'r| > 1, attenuation is only achieved
at higher radius ratios, while amplification is found at lower radius
ratios. For smaller control vortex ring of R./Ry < 1, minor at-
tenuation is achieved at I'./I'r ~ —1. The phase of the control
vortex ring with respect to the other two rings does not affect the
attenuation too significantly rather, the extent of the regime where
attenuation can be achieved is affected.

These isocontours indicate the effect of the control vortex ring on
the far-field sound. To understand the mechanism causing the attenu-
ation or amplification, the dynamics of the three vortex rings during
their interaction are desirable. Although the positions, velocities,
and accelerations of the three interacting vortex rings at all of the
conditions shown in Fig. 2 have been computed, only the represen-
tative ones will be presented in the following sections. Inasmuch as
the isocontours of Fig. 2 indicate local peaks of intense and moderate
amplification and similarly for attenuation, though to lesser extent,
four representative cases of amplification and attenuation are pre-
sented. For amplification, they are marked as intense amplification
(IA) (A./Ar =0.5,R./Rr = 0.6,andI"./ I'r = —0.8) and moderate
amplification MA) (A./A7 =05, R./Rr =0.8,and T,/ Ty = — 1)
and as moderate attenuation (MR) (A./Ar =0.75, R./R; =1.8,
and T',/Tr= — 1.2) and small attenuation (SR) (A./A7 =0.25,
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Fig. 2 Isocontours of difference of far-field sound pressure: —, attenuation; and - - - - - , amplification; crosshatch regions are where vortex cores

overlap; plus or minus decibels.

R./Rr=1.6, and T',/T'r = — 0.6) (Fig. 2b-2d). For the former
two, the respective amplifications are about +55 and 410 dB. For
the latter two, the attenuations are about —15 and —10 dB, respec-
tively. As will be shown later, they represent four basic types of
sound generation due to the vortex interaction.

For the local peak of IA, the nondimensional far-field sound pres-
sure p’ with nondimensional time ¢’ at A./Ar = 0.5, R./Rr = 0.6,
and ',/ 'y = —0.8 is shown in Fig. 3. Within the time 0 < ¢ < 50,
there are peaks of extremely high pressure within the short time
span of 11 < ¢’ < 12. At other times, no significant pressure peak

is found. The peak pressures are as high as 43000 and as low as
—7550. These peak levels compare with +0.719 and —0.184 of the
two vortex ring system, suggesting the presence of the control vor-
tex ring results in very intense and transient far-field sound pressure
radiation.

The paths of the three vortex rings at IA are shown in Fig. 4, in
which intense interaction of the control vortex ring with both the
initially leading and initially trailing vortex rings occurs within the
short time span of 11 < ¢ < 12. During this period, there are very
rapid interactions of the three vortex rings within a very small area.
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Fig.3 Far-field sound pressure at intense amplification; control vortex
ring: A\;/Ar = 0.5, R./R7 = 0.6, and T'./T'r = —0.8.
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Fig. 4 Locations of three interacting vortex rings at IA with control
vortex ring: A/Ar = 0.5, R./Rt = 0.6,and I';/T'r = —0.8. ——, leading
vortex ring; ———, trailing vortex ring; and - - —, control vortex ring.

After this intense interaction, Fig. 4 shows that the control vortex
ring moves upstream, in the opposite direction of those of the other
two vortex rings. Further, after this intense interaction the separation
of the other two vortex rings is so large that no further interaction
and slip through is found.

The streamwise and radial accelerations of the three vortex rings
atIA are shown in Figs. 5a and 5b. The accelerations or decelerations
of both components of the three vortex rings are of the same order
of magnitudes of about 450, implying that these three vortex rings
change their roles, and correspondingly their accelerations, during
the very rapid interactions. These accelerations are much higher than
those of two vortex ring system of about 0.3, indicating their very
intense interactions due to the presence of the control vortex ring.

In the MA regime at A./Ar = 0.5, R./Rr =0.8, and ",/ T'7 =
—1, the amplification is about +10 dB. The corresponding time
variation of the far-field sound pressure p’ is shown in Fig. 6. The
maximum and minimum pressures of the two vortex ring system
are also shown for comparison. In this regime, Fig. 6 shows that the
presence of the control vortex results in less change in the magnitude
of the far-field sound pressure than that of two vortex ring system at
t' < 6. During this period, the control vortex ring interacts with both
the initially leading and the trailing vortex rings at 7’ < 2 (t' < 4),
before it convects upstream, away from the other two vortex rings,
and loses its influence (Fig. 7). Atz' > 2(t' > 4) the other two vor-
tex rings adjust themselves and then repetitive slip throughs occur.
These slip throughs, and thus, the far-field sound pressure (Fig. 6),
have higher magnitude (+2.4 and —0.6) and higher frequency com-
ponents than those of the two vortex ring system.
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Fig.5 Time variations of accelerations of vortex rings at IA with con-
trol vortex ring: A\.//A\r = 0.5, R./Rr = 0.6, and I';,/T7 = —0.8. —,
leading vortex ring; ——— trailing vortex ring; and — - —, control vortex
ring.
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Fig. 6 Far-field sound pressure at MA with control vortex ring:
A/ = 0.5,R./Ry = 0.8, and I';/Tr = —1.0, -- ... , two vortex ring
system.

The streamwise and radial accelerations of the three vortex rings
are shown in Figs. 8a and 8b, respectively. At t' < 4 (7 < 2), the
lower radial decelerations of the control and initially trailing vortex
rings, which are in phase, seem to be responsible for the slight change
in the magnitude of the sound pressure (Fig. 6). During the repeti-
tive slip throughs, both components of accelerations of the initially
leading and trailing vortex rings are higher than those of the two
vortex system. Further, the radial accelerations and decelerations of
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Fig. 7 Locations of three interacting vortex rings at MA with control
vortex ring: A/Ar = 0.5,R./Ry = 0.8, and I'./T'r = —1.0. —, leading

vortex ring; ———, trailing vortex ring; and - - —, control vortex ring.
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Fig. 8 Time variations of accelerations of vortex rings at MA with
control vortex ring: A;/Ar = 0.5,R./Rr = 0.8,and I";/T'r = —1.0. —,
leading vortex ring; ———, trailing vortex ring; — - —, control vortex ring;
and .- .- , limits of two vortex ring system.

the two interacting vortex rings also are responsible for the sound
generated (Figs. 6 and 8b).

At SR of —10dB (A./Ar = 0.25,R./Rr = 1.6,and T/t =
—0.6) the time variation of the sound pressure, as shown in Fig. 9,
indicates lower pressure magnitude both in the time span when the
effect of the control vortex ring is still present, #' < 5, and in the sub-
sequent time span when repetitive slip throughs are found. For the
latter, lower frequency components than those of two vortex system

0.8

o
I°N
T

=
IS
T

Far Field Pressure p’
-
[\
T

Time ¢'

Fig. 9 Far-field sound pressures at SR and MR with control vortex
ring. ———, SR: A/Ar = 0.25, R//R7 = 1.6, and I'./T'r = —0.6; —,
MR: A\ /A7 = 0.75,R./RT = 1.8, and T';/Tr = —1.2;and +-- - - , two
vortex ring system. -

2.0
o0
1.5
~
£ 1ot
I
05
00 1 —1 1
-10 0 10 20
z/R

Fig.10 Locations of three interacting vortex rings at SR and MR with
control vortex ring where for SR A\./A\y = 0.25, R./Ry = 1.6, and

T'./T'r = —0.6: —, leading vortex ring; ———, trailing vortex ring; and
-+ —, control vortex ring and where for MR A,/Ar = 0.75, R./R1 = 1.8,
and T'./T'r = —1.2: - - -, leading vortex ring; - - - - - , trailing vortex
ring; and - -, control vortex ring.

are found. The control vortex ring at R./Rr = 1.6 convects toward
the two vortex rings while it moves upstream (Fig. 10). This results
in lower streamwise and radial accelerations of the initially leading
and trailing vortex rings at t’ < 5 and lower radial accelerations of
both rings at t' > 5 (Fig. 11), suggesting the control vortex ring
suppresses their interaction, and thus, the sound is generated.

AtMRof —15dB (A./Ar =0.75,R./Rr = 18,and ./ T'r =
—1.2), the time variation of the sound pressure is also shown in
Fig. 9. The main differences of this MR from the SR are the lower
pressures of the initial interactions of the three vortex rings and
only one subsequent slip though (Fig. 10). The absence of other
slip through of the two vortex rings and the associated acceleration
(Figs. 11a and 11b) is the cause for slightly greater attenuation.

The power spectra of the far-field sound pressures of the four cases
and of the two vortex ring system are shown in Fig. 12. The broad
spectrum of MR does not have the discrete spectral peaks and is of
lower level than that of SR. The latter has more discrete peaks but is
lower than those of the two vortex ring system. The spectrum of MA
has higher levels and more higher frequency components than those
of the two vortex system. The spectrum of IA tends to be broad and
has a significant increase in the high-frequency components.

Thus, the preceding account of the findings of three interacting
thin vortex rings indicate the differences of the effect of the control
vortex ring on the interaction of the two vortex rings. The four rep-
resentative cases of interaction of the three vortex rings and their
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Fig. 11 Time variations of accelerations of vortex rings at SR and MR
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subsequent movement illustrate the importance of the parameters
of radius ratio, circulation ratio, and their phase. Amplification and
attenuation of the far-field sound depends mainly on these param-
eters and on the accelerations of the three vortex rings. A 10-dB
amplification of far-field sound pressure and the change of vortex
accelerations were observed by Tang and Ko?? in a circular air jet
under acoustic excitation. Though the amplification is nearly of
the order of magnitude as the MA of the present study, no direct
comparison can be made because the circular jet was controlled by
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Fig. 13 Difference in far-field sound pressures: ——, A\//A\r = 0;
=== AAT = 0.25; ==, A/A7 = 0.5; == A /A7 = 0.75; ——,

A/Ar=1.0;and --- - - ,R/R7 = 0.952and « « o, R/R7 = 0.8 (Ref. 12).

active means.?? Also, Tang and Ko?? did not show how far-field
sound pressure level would be affected by the change in vortex ring
acceleration or deceleration.

Because there is lack of experimental data on the far-field sound
pressure of two and three interacting vortex ring systems for com-
parison with the present study, the available results of coaxial jets
are used to evaluate the present findings. The present cases of
R./Rr < 1 and A./A7 < 1 are similar to the inverted velocity
profile coaxial jets.'> However, in the initial region of coaxial jets,
the two potential cores of mean jet exit velocities would affect the
interaction of the inner and outer jet vortex trains. It is only in the in-
termediate zone that the two trains of coherent structures, of bigger
sizes and in more diffused state, interact. However, in the interme-
diate zone, the mean shear is also present, and one would expect
it would affect their mutual induction and interaction. Further, in
coaxial jets of mean velocity ratio (inner to outer) of less than unity,
in the beginning of the intermediate zone, the initial inner and outer
jet vortices have evolved and interacted, resulting in complicated
form of interaction. The present assumption of thin core vortex ring
isnotreally valid. Tanna'! reported an attenuation of 8 dB in the low-
frequency region and an amplification of 9 dB in the high-frequency
region of a coaxial jet of inverted velocity profile. Their orders of
magnitude are similar to those of the MA (+10 dB) and SR (—10
dB) regimes. However, because the circulatiogs of the two vortex
trains in the initial region, the relative vortex separation A./Ar, and
the location of control vortex ring cannot be explicitly determined
from the experiment, comparison between the results from the ex-
periment and present study is not feasible. Nevertheless, based on
the model of vortex pairing for jet noise generation, the circulation
of the shear layer jet vortices is then related to the jet exit velocity,?*
and the attenuations of far-field sound ASPL at R./R; <1 of the
present study are plotted in Fig. 13. The experimental results in the
intermediate zone of coaxial jets of inverted velocity profile with
Mach number 0.5-2.0 are also shown. '? Despite the difference in the
magnitude and the aforementioned differences between the present
assumption of thin vortex rings with the coherent structures of coax-
ial jets, basically, a similar trend for these two sets of data is found.

Conclusions

This paper reports the use of a thin vortex ring of opposite cir-
culation to control the pairing sound of two identical vortex rings.
Based on the Biot—Savart induction law for the motions of the vor-
tex rings and the far-field sound formula, the effect of the control
vortex ring is found to depend on the radius ratio, circulation ratio,
and separation of the control ring with the other two rings.

With the introduction of the control vortex ring, amplification and
attenuation of the pairing sound of the two vortex rings have been
found. Attenuation of the pairing sound is mainly achieved because
the control vortex ring has radius greater than those of the pairing
vortex rings and of circulation ratio —1 < I'./I'r < 0. For lower
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circulation of the control vortex ring than those of the pairing vortex
rings ([./T'r < —1), the radius of the control vortex would have
to be bigger before attenuation can be achieved.

In the present system, due to the introduction of the control vor-
tex ring, higher amplification than attenuation of the pairing sound
is observed. There are four basic types of interaction, resulting in
different degrees of amplification and attenuation. The IA is due to
the much more rigorous interaction and the significant increase in
the acceleration and deceleration of the three interacting vortices.
The MA is the result of initial minor interaction with the control
vortex ring and the slightly enhanced pairing of the initially lead-
ing and trailing vortices. For attenuation, the SR involves the minor
interaction and slight suppression of the pairing of the two pair-
ing vortex rings by the control vortex ring. However, subsequent
repetitive slip throughs, their acceleration and deceleration, and the
associated far-field pressure are still found. For MR, the control
vortex ring suppresses the initial interaction and the subsequent slip
through, resulting in lower acceleration and far-field sound.
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