Sound generation by a vortex ring collision
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A collision between two vortex rings and its sound generation is studied numerically using the
contour dynamics method. Results suggest that the radial acceleration and the rate of change of the
axial acceleration of the vortex rings are the more important dynamic parameters for sound
generation during the interaction. The former is important at or near the pass-through instant when
the vortex rings are coplanar and are of unequal strength. The latter, being important in the sound
generation during a head-on collision before the vortex ring cores are very close to each other,
especially when the rings are thin, is also important in sound generation by an unequal strength
vortex ring collision after the pass through when the vortex cores are separated by a distance so that
the mutual induction strength does not result in significant change of the impulse of the stronger
ring. © 1995 Acoustical Society of America.

PACS numbers: 43.28.Ra, 43.28.Py

INTRODUCTION teraction in the coaxial jet is still too complicated to model.

Powel s shoun hat hesorceof serodynamic soung, I o T S i STouBton o orposte
in an unbounded low Mach number flow is related to thecalled scollision.” has begn ivestigated by a n mber of
dynamics of flow vorticity. With the introduction of the co- Ision, investig y u

herent structure concept, Da¥isoncluded that coherent researchers. However, few of them attempt to study the

. - . sound generation mechanism of the interaction. OsHima
structures, which usually bear vorticity, are the dominant . . ) X
y Y and Riley? only studied the dynamics of the vortex rings.

structures in turbulent shear flow. In axisymmetric shear lay- . . .
ers, they exist in the form of vortex rings. Pairing between.Karnbe and Mmo_t? attempted to explain _th_e role of VISCOS-
in the generation of sound by the collision process while

these vortex rings and their eventual breakdown is believe . T
9 hariff et al* showed that the inviscid model can reveal the

to be the chief source of sound in a single circular3'j”et. essential features of the radiated sound time signals before
However, the actual motion of the vortical structures that 9

generae sound s ot speicaly jnoun. Laeone. 1% %055 5 U e s e ve e o Seh e
tured that sound was generated during pairing under hig ' 9 y

accelerating motion of the vortex rings. Recently, Tang andjnderStOOd' . _
Ko® showed both theoretically and experimentally the close In the present study, the contour dynamics method is
relationship between the accelerating motion of vortical€MPloyed to study the dynamics of the interacting vortex
structures and the sound generation in a single circular jet. 9> during their collision. The corresponding far-field

The above-mentioned studies are relevant to the study Oof ul\;'g;ﬁirfsfgr:nﬂ:;tgs't'?nviil?rzlsglgilarf; dgslggrg;aetéog:;ma
sound generation by a single circular jet in which the inter- 9- P

i . . . vortex ring motions with sound generation. These motions
acting vortical structures possess circulation of the same ro- 9 9

tational direction(vortex pairing. However, it is shown ex- are more amenable to experimental investigation and it is
perimentally by Tang and Kéthat inte;action between hoped that the results can provide support for future theoreti-

vortex rings with circulation of opposite sign occurs within cal and experimental studies.

coaxial jets with an “inverted velocity profile®This is also

the only type of vortex interaction recovered by a conditionall. THEORETICAL CONSIDERATION AND NUMERICAL
sampling technique with the near-field pressure fluctuation/ETHODS

as the triggering signafsshowing that this interaction plays The flow considered in the present investigation is invis-
an important role in the generation of coaxial jet noise. AsCid axisymmetric, and free of swirl. Based on the contour
Tann& observed that the coaxial jet with an “inverted veloc- dyr’lamics method 7 (Appendi, the velocity field induced
ity profile” is less noisy than the equivalent single jet of the by a vortex ring can be caIcuIatéd once its core bountiasy
same thrust, the study of the aeroacoustics of the OppOSiifhown. The axial induced velocity and radial induced ve-

sign vortex ring interaction is important not only in enhanc—loCity v at a point in the flow field with radial distanee, are
ing the basic understanding of vortex sound but may als iven, respectively, by

provide clues for the control of coaxial jet noise. However, in
the present stage, it is more desirable to study the simple U= i Qwi-db
form of vortex ring interaction as the coherent structure in- AT [y @] -ab,

@
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where() and ¢ are, respectively, the solid angle and streama change in the axial acceleration of the vortex ring of im-
function!’” w the vorticity, andj a unit tangent on the core pulsel. As the rate of change df represents a force acting
boundary. The dynamic condition of the vorticity transporton the vortex ring, the second term,dl/dt, and the third
equation suggests that term, V,0°1/9t2, denote the radiation resulting from the
_ change in fluid power due to axial accelerating motion and
w=\0, (2 . . )
the change in vortex impulse, respectively. In the case of two
where\ is the vorticity constanf and o the radial distance vortex ring interaction, these two terms together represent
at a point within the vortex ring core. Herg, can be re- acoustic radiation from an unbalance in the change of fluid
garded as the radial vorticity gradient within the vortex core.power of the vortex rings due to internal forces. As there is
If the core size is fixed, the larger the the higher the no external force acting on the system, these forces are due
circulation of the vortex ring. Thus this vorticity constant to mutual induction between the vortex rings. The last term,
defines the strength of the vortex ring. The motion of thez.d°I1/4t3, is the part of the radiation associated with the
vortex ring core can then be solved using the fourth-orderelative axial position of the vortex rings in the presence of
Runge—Kutta method once the core boundarig defined at  nonlinearly time varying forces.
the instant when interaction commences. The numerical tech- In the present investigation, the contour integrals are
nigue used in the calculation of andv is the same as that solved by the fourth-order Gauss—Legendre quadrature
employed by Pozrikidis and is not repeated here. method*’ The time differentiation is done by the method of
The far-field pressure fluctuatiopsproduced by vortex central difference. Also, the initial shape of the vortex ring
ring collision are also calculated by using contour integra-cores follows the solutions of Norbufgwhich are charac-
tion. For a single vortex ring system, it can be inferred fromterized by the effective core size Here,« is defined by the

Mahring’s formuld?® that equation
3° . o’=initial area of the vortex ring core/R>. )
(SN —3J0322]-db, () _ _ . .
at” Jp The lengths involved in the computation are normalized by

the initial radius of the vorticity centroi®R. The timet is
normalized bywy !, wherew,=\R andX is associated with
the vortex ring of weaker circulation. All other quantities
presented in this paper are dimensionless unless otherwise
specified. The velocity/,, the accelerationc, and ., the
axial jerk J,, and the vortex impulsels are normalized, re-
_ _ _ spectively, byRog, Rw3, Rw3, andR*w,. The proportion-
The vortex impulsé and the circulatiod” can also be found  gjity constant and the directivity factor in the far-field pres-
using contour integrals as shown in sznk&ﬁs. ~ sure equatior{Eq. (3)] are not related to the vortex ring

In order to relate the physical motion of the vortex rings gynamics and are neglected in the present investigation. The
with sound generation, it is necessary to define the positiong,_field pressure fluctuationp are normalized byRw?2.
of the vortex rings during the interaction. The definition of Aiso, anticlockwise circulation is treated as positive while
vorticity centroid ¢;,o) in the present investigation fol- {he clockwise one as negative.

9
lows that of Lamb The computations were done on the UNIX Sun system

whereo andz are the radial and axial distance of a point on
the core boundary. The integral in E§) is denoted bys for
easy reference and

S= f o37%] -db. 4
b

I and DECstatiowLTRIX 4.2 system in The University of Hong
ngf wo? dA /f o dA==, Kong.
A A r
S (5 || RESULTS AND DISCUSSIONS
ZCZJ wo?z dA J wo? dA=—. . . s
A A I Figure 1 shows a schematic sketch of the collision sys-

tem. The initial axial separation of the vorticity centroids and
the initial radius of the vortex ring are denoted GyandR,
S al 22 3 respectively. Hereb, andbg represent the core boundaries
3 =Wt 3%, 5 +3V, 5 +2e o3, (6)  of the leftward and rightward propagating rings, respectively.
) . . ) The rightward propagating vortex ring possesses anticlock-
where the axial velocityV,=dz/dt, axial acceleration jse (positive circulation while the other possesses clock-
#,=°2¢/9t?, and the axial jerkd, = #°z;/at>. Equation(6)  wise circulation (negative. During collision, initially, the
suggests the close relationship between the far-field pressw@rtex rings decelerate axially, and their radii increase as

flucutations, vortex impulses, and axial motion of the vortic-they move toward each other. The sizes of their cores de-
i i i i 3 . .
ity centroids. The total sound radiated is the sun#i8/dt°  crease due to the conservation of vortex volume. It will be

It is noted thatS=1z. and therefore

of the two interacting vortex rings. Thus shown in the following two sections that the vortex ring
ol Pl ] dynamics and the sound generation mechanism depend sig-
pocz 1J,+ 32 %y E+3z V, 2 + 2 Z: ik (7) nificantly on the circulation ratio of the two colliding vortex
rings.
The terms on the right-hand side of E§) have physi- The “permanent union” of vortex rings, as discussed by

cal meanings. The first terrh],, represents radiation due to Hicks?° is not observed in the present study. However, since
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FIG. 1. Schematic sketch of collision system.

the vortex rings under such conditions are propagating with
the same and constant speed and are coplanar, the term
#°S/9t3 in Eq. (6) vanishes. Such interaction is silent or at
least the amplitude of radiation is insignificant.

A. Head-on collision

Head-on collision occurs when the colliding vortex rings
are identical except they have opposite circulation directions.
Figure 2 shows the dynamics of the rightward propagating
vortex ring core calculated using the contour dynamics

Far Field Pressure Fluctuations (R7a?2)

0.03 1 1 1 I ¥ I

- 001} i
method(see the Appendixfor =0.5 and initial core sepa- —
ration C/R=4 at the normalized time of flighbyt=0, 12, \J/\
and 21. The dynamics of the leftward propagating vortex “ %%r ]
ring are the mirror images about the plarl®=0 of those
shown in Fig. 2 and thus are not presented. The solid line 093 3 5 TR T
represents the core boundary and the symbalenotes vor- . ,
or . . . (a) Observer Time ot
ticity centroid. In the theory of contour dynamics, the radii of
the vortex rings will increase continuously. However, com- 12 ' - - ' ' -
putation was stopped aiyt=25 when the core boundaries  _, 10t .
of the vortex rings are very close to each other as the vortices g 45| \ 4
split into smaller ring$ and such a phenomenon cannot be & /
. 06| \ 4
. ;§ 04 |- / .
T T J B
u_:_ 02} L~ \
= ) )
b)of « g > = \\ v — \
X i & -02F ~— / \
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FIG. 3. (a) Far-field pressure fluctuations against observer titne——:
Total sound-pressure fluctuations; ——: sound related to axial }eiid, ;
—-—: sound related to rate of change of fluid power due to axial acceleration,
0 1 1 1 32 x, dl/at; —--—: sound related to rate of change of fluid power due to rate
0 1 2 3 4 of change of mutual induction strengthg 3V, #21/4t2; ----: sound radiated

z/R

FIG. 2. Vortex ring core evolution under equal strength vortex collision.
a=0.5, y=1, C/IR=4, w,t=0, 12, 21. : Vortex core boundary::
vorticity centroid.
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by nonlinearity of mutual induction strength time variatiodisz, 9°1/4t%;

: Kambe and Minotasee Ref. 18 (b) Contribution of= 1J, in the
sound generation. . Far-field pressure fluctuations; ---: sound associ-
ated with axial jerk,X 1J,; —-—: far-field pressure fluctuations excluding
the contribution of2 1J,. a=0.5, y=1, C/R=4.
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accurately reproduced by the method of contour dynamics. 20 : ; , ' r r 0
Similar vorticity dynamics, as in Fig. 2, can be found in
Shariff et al,** though at different values af. Both Shariff

and Leonartf and Shariffet al1* had not studied the details

d (10 Ro?)

of the sound generation process. Thus this paper is an a g
tempt to deal with this issue. 2 %
The corresponding far-field pressure fluctuations and thecz a
contributions of the four termsX 1J,, 3Zx,dl/4t, s 2
33 V,d%1/4t%, and = z.°1/9t° are plotted against the ob- 3 8
server timer in Fig. 3(@). The observer time is defined as % 2
r=t+r/ay, 3
wheret is the emission timey, is the far-field distance, and 25 . . . . . . .
a, the ambient speed of sound. For easy presentation, the o 3 6 9 12 15 18 21
abscissa in Fig. @) is chosen to bewyr where Time of Flight ot

7' =71—rlay. Although 7' =t, it is used here to distinguish
between emission and observer times. The experimental ré&lG. 4. Time variations of axial jerk and vortex ring impulse=0.5, y=1,

sults of Kambe and Minotd are also included for compari- €/R=*  Axial jerk of vortex ring,J; ; ---: vortex ring impulsel.

son. It can be observed that the present calculated total far-

field pressure fluctuations agree well with those of Kambderm = 1J, is around 0.9, showing the importance of the
and Minota'® The observed small discrepancy is probablyaxial jerk and vortex impulse in the generation of sound.
due to the unknown core size and initial separation of théVavy oscillations, which have been found by Shaeiffal.**
vortex rings in the experimental results of Kambe andin the study of vortex ring pairing sound, appear in the far-
Minota!® This suggests that the inviscid model can predictfield pressure fluctuations and = 13, for =0.1 (Fig. 5).

the noise radiated by vortex ring collision before the vortexThe oscillations in2 1J, observed in the present investiga-
core boundaries are very close to each other. Viscosity, therdlon are due to the axial jerks of the vortex ringet shown

fore, becomes important only after this instant. However, théere. Figures 3 and 5 suggest that the importance of axial
present calculated results successfully reveal the further déerk in sound generation decreases as the core sizes of vortex
crease of far-field pressure @§r’ >18 which is not observed rings increase. However, further investigation is needed to
in the calculation of Sharifét al14 find the physical explanation for the phenomenon.

It is also noted that the variation of the total far-field  Since the interacting coherent structures within the co-
pressure fluctuations follows closely that of the first radiationaxial jet are usually of different strengthshe collision of
term = 1J,. The other three terms, X3, dl/gt, unequal strength vortex rings is more important in its noise
33V, ¢%1/6t?, andX z, #°1/4t3, though having higher am- generation.
plitudes, tend to counteract each other so that in general they
totally contribute about 59%_ of the S(_)und radiatideg. B. Collision between vortex rings of unequal
3(b)]. It seems that the axial jerky, and impulsed of the  Gjrculations
vortex rings are the relatively more important parameters in ] . .
the sound generation process. It will be shown later that they ~ When the magnitudes of circulation of the two vortex
are also important in the sound generation of thin vortex rindings are different, their cores eventually move away from
collision before the two vorticity centroids are very close to
each other. 8 ' ' ' .

Figure 4 illustrates the time variations of axial jedk
and impulsel of the rightward propagating vortex ring.
Those of the other vortex ring differ only in sign and thus are
not presented. The amplitude of the impulse increases mono-
tonically as the vortex rings approach each other, while the
total impulseX | of the system remains essentially zero.
Thus the fluctuations in the first radiation tefknlJ, are
mainly due to the axial jerld, .

The far-field pressure fluctuations of thin vortex ring
collisions for a=0.1 are shown in Fig. 5. Computation was
stopped atwt=270. It is clear that the far-field pressure
time variationp at wyr’ <210 collapses with that ot 1J,,

Far Field Pressure Fluctuations (107 R7e2)

showing that the total contribution of the other three terms is S = 00 150 2(')0 250
much less significant during this period. Though there is an
observable difference betweprandX 1J, at wy7 >210, the
latter term still contnbutes.more th_an 50% of the radiatedr|g 5. Time variations of far-field pressure fluctuations for thin vortex ring
sound. The overall correlation coefficient betwgeand the  collision. a=0.1, y=1, C/R=4. Legends: same as those in Figa)3

Observer Time w7’
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FIG. 6. Vortex ring core evolution for unequal strength vortex ring collisier0.2, y=2, C/R=4. (a) wst=30; (b) wst=40; (c) wgt=50; (d) wt=60;
(e) wot=70. —: Strong ring core boundary; ——: weak ring core boundarystrong ring vorticity centroidx: weak ring vorticity centroid.

each other, because of the difference in their directions oThe counteraction between the contributions of the two vor-
propagation. However, the shapes of the cores depend sitex rings is due to the temporary change in propagation di-
nificantly on the circulation ratio and the effective core sizesrection of the strong ring under the induced velocity field of
« of the vortex rings. The radii of the vortex rings attain theirthe weak ring(Fig. 7). The termV, d°1/4t? is associated
respective maxima at or near the instant when their vorticitywith the axial velocityV,, radial velocityV,, and radial
centroids are coplandFig. 6). This instant is referred to as accelerationx, as

the pass-through instant in the present study. The radial ve-
locities of the vorticity centroids vanish or become very
small around this instant. The circulation ratio is defined as
y=|T'r/T|, where the sufficet and R denote quantities _ - , .
associated with the leftward and rightward propagating vor\Vhere the rate of change &tis negligible. Since the radial
tex rings, respectively. The vortex ring having a smaller Cir_velocnyv(, vanishes or becomes sufficiently small at or near

culation magnitude is named the weak ring while the other iéhe pass-through |nstartb0t=50,_ It doe; not contrlbute_
called the strong ring. much to the sound pulse. The time variations of the axial

When the core size is small, the vortex rings ﬁna“yvelocmes and radial accelerations of the vortex rings are

separate from each other without significant core deforma-
tion. Figure 6 is a typical example of such an interaction
where the vortex core dynamics are shownder0.2, y=2,
andC/R=4. The time variations of the axial positions of the
vorticity centroids are shown in Fig. 7, in which the strong
ring is found to move in a direction opposite to its original
one at or near the pass-through instagt=50. This shows
that there are considerable changes in its velocity, accelera-
tion, and jerk during this period of time which may result in
high intensity sound radiation.

The corresponding time variations of the total far-field
pressure fluctuations and the four terms on the right-hand
side of Eq.(7) are shown in Fig. 8. The interaction gives rise
to a sound pulse aby7 =50, which corresponds to sound

2
Ez=ﬁ—tzrog=2F(Vi+0’C%U), 9)

Axial Position of Verticity Centroid z/R

generation at the pass-through instdfig. 7). The amplitude 2 L L ! L
of the sound pulse depends very much on the term 0 20 R 80 100
3= V, #°l/9t?, which represents the net rate of change of Time of Flight ot

fluid power due to a .Chang(.a n the.mUtual induction Strengtkf:IG. 7. Time variations of axial positions of vorticity centroids=0.2,
between the vortex rings. Figureillustrates that the weak > c/r=4.
ring contributes more to the appearance of the sound pulséstant.

: Strong ring; ———: weak ring;- --: pass-through

3422 J. Acoust. Soc. Am., Vol. 98, No. 6, December 1995 S. K. Tang and N. W. M. Ko: Sound generation by vortex ring collision 3422



shown in Fig. @b). It is noted that both the time variations of
the radial acceleration and axial velocity, especially the
former, agree with that of the far-field pressure fluctuations,
suggesting that the vortex rings radiate high noise levels at
the pass-through instant when their radial accelerations and
axial velocities are the highest during the collision. Figures 8
and 9b) also show that the positive and negative values of
the radiation term X V, 9°l/4t?, which is associated with
the axial velocity and radial acceleration of the weak ring,
come mainly from the radial acceleration of the weak ring as
its axial velocity is always negative so that the form and
magnitude of the sound pulse are basically determined by the
: time variation of the radial acceleration. Therefore, the radial
20 > o e % 700 acceler_ation become; relatively more important than other
dynamic parameters in sound generation.

The wavy oscillations observed in Fig. 8 a7’ >68
FIG. 8. Far-field pressure fluctuations against observer timex=0.2, after the pass-through instant are due to the axial jerk of the
r=2, C/R=4. -...: pass-through instant; other legends: same as those irstrong ring[Fig. 10@)]. Though the amplitudes of the jerks
Fig. 3. reach a maximum at the pass-through instant, the opposite
signs of circulation of the colliding vortex rings result in
small = 1J,, contributing little to the appearance of the
sound pulse. Figure 10) gives the time variations of the
far-field pressure fluctuations for=4 and«=0.2. It is also
an example showing that the amplitude and the relative im-
portance of the wavy oscillations increase withThe col-
: lapse ofp andX 1J, at wy7 >35 can also be observed in Fig.
05} E . 8 atwy7 >68. In order to show this similarity, the portion of

: wo7 >60 in Fig. 8 is magnitude and presented in Fig(clO
Thus the collapse gf andX 17, in Fig. 10b) and(c) further
suggests the importance of the axial jerk in sound generation
as the vortex rings are moving away from each other. Other
results, not shown here, of higher circulation raig<10)
indicate that the amplitude of the sound pulse also depends
mainly on the term X V, 3%1/4t2.

It is also noted in Fig. 1®) that the collapse op and
3 1J, at wyT <18 is very similar to the results of the equal
strength thin vortex ring collision shown in Fig. &=1,

100 a=0.1). The collapse op andX 1J, in Fig. 10b) is even
better than that shown in Fig. &), showing that the simi-
larity of the time variation patterns gf andX 1J, found in

the equal strength vortex ring collision case, especially for
thin vortex ring interaction, is not a curiosity. However, fur-
ther study is required to establish the physical meaning of
their relationship.

A higher effective core size a¥=0.4 results in the de-
formation of the vortex ring cores during their collision and
eventual separatiotFig. 11). Figure 11 shows the dynamics
of the vortex ring cores and the core deformation of the weak
ring for y=8 andC/R=4. A thin wisp of vorticity from the

1.0

Far Field Pressure Fluctuations (102 R7e?)

Observer Time ot

151

Far Field Pressure Fluctuations (102 R70?)
<)
w
1

-2.0

—_—
[+
=

Radial Acceleration of Vorticity Centroid (102Ra2)
{°0y) plonuad Aoion o Ayoojen ey

\/ Loos weak ring wipes around the core of the strong ring as the
. ‘ separation between the vorticity centroids increases after the
20, > T E— m pranily pass-through instafiEig. 11(e)]. This is probably due to the
(b) Time of Flight at strong induced velocity field of the strong ring and the small

separation between the vortex ring core boundaries close to
FIG. 9. (a) Acoustic contributions of unequal strength vortex rings:0.2,  the pass-through instamiyt=4.7 [Fig. 11(c)]. Besides ex-

y=2, C/IR=4. - Total sound pressure; ——: strong ring;—weak  periencing serious core deformation, the vorticity centroid of
ring; ----: pass-through instantb) Time variations of axial velocity and the weak ring is nearly stationary after the strong ring has
radial accelerationa=0.2, y=2, C/R=4. . Radial acceleration of . . .
strong ring; — —: radial acceleration of weak ringi— axial velocity of ~ COMpletely passed through it agt=6 (Fig. 12. The axial

strong ring; —-—: axial velocity of weak ring; ----: pass-through instant.  components of its velocity, acceleration, and jerk then vanish
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FIG. 10. (a) Time variations of axial jerka=0.2, y=2, C/R=4.
Strong ring; ———: weak ring;- - -: pass-through instantb) Far-field pres-
sure fluctuations foyy=4. «=0.2, y=4, C/R=4. - --.: pass-through instant;
other legends: same as those in Figa)3(c) Far-field pressure fluctuations
for y=2 atwy7 >60. @=0.2, y=2, C/R=4. Legends: same as those in Fig.
3(a).

Axial Position of Vorticity Centroid z /R

or become very small. As the changes in two vortex ring
radii are small as flight time increases, the third time deriva-
tive of S, .tha.t I.S’. J S/(?t , associated W_Ith the weak ring FIG. 12. Axial positions of vorticity centroidse=0.4, C/R=4. :
becomes insignificant in sound generationegt=6. ThuS  gtrong ring,y=4: — —: weak ringy=4; ——: strong ring,y=8; — -—: weak
the sound radiated depends mainly on the motion of theng, y=s.

Time of Flight ot
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FIG. 13. Acoustic contributions of vortex rings for high circulation ratio.

a=0.4, y=8, C/R=4. Legends: same as those in Figa)9 ) . )
nutation. The only term that describes this effectds so

. . hat there appears to be high correlation between this term
strong ring when the two vortex cores are separatin fron% ! .
g fing P g and the far-field pressure fluctuations g >6 when the

each other at increased flight tint@t w,7 >6) (Fig. 13. o
Figure 14 shows the corresponding far-field pressuré’.ortex cores are separated by more than one initial vortex

fluctuations and the time variations of the four terthgJ,, rmg;\agletésr'ease in the circulation ratioto 4 does not have
3%, dllat, 35V, PlIat2, and S z, #°l/at3. The time P

variation pattern of the far-field pressure fluctuations beforemu.Ch Impact on t_he vortex ring dy”a'.“'CS’ except tha_t more
erious deformation of the strong ring core occ{iFsg.

the strong ring completely passes through the weak ring i &(a)]. Again, the axial position of the weak ring vorticity

similar to that observed fo=0.2 (Fig. 8). The dip on the h lowly with ti fter th th h instant
total far-field pressure fluctuations @gt=4.9,just after the c aEges very siowly with ime after tne pass-through nstan
pass-through instanbot=4.7, is mainly due to the term wot=8.2 (Fig. 12. Its motion is then no longer important in
33 V, #°1/4t%, implying radial acceleration is again rela-
tively more important in the sound generation close to the ,,
pass-through instant. Abyt=6, the term= |1J, dominates

the far-field pressure fluctuations. The observed large fluc-
tuations and the amplitude in the far-field pressure during
this period are due to the axial jerk of the strong ring, as [ -
there is only less than 5% change in its impulsewgt>6 5 'Of \ /

(Fig. 19. When the mutual induction strength between the \ (

vortex rings is not high enough to cause significant change in 0.5 | \§ .
the impulse of a particular vortex ring, the sound generated
by this ring is primarily due to the unsteady core rotation or L L :
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FIG. 16. Comparison of vortex ring cores evolution fgr2 and 4.(a)
FIG. 14. Far-field pressure fluctuations against observer timex=0.4, a=0.4,y=4,C/IR=4, wot=14; (b) «=0.4,y=2, C/IR=4, wgt=22. Leg-
v=8, C/[R=4. Legends: same as those in Fig. 8. ends: same as those in Fig. 6.
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after the pass-through instant, the sound intensity is propor-
tional to the sixth power of ring velocity ratio. The amplitude
of the wavy oscillations in the far-field pressure fluctuations,
7 where the vortex rings are moving away from each other,
depends on the fourth power of the velocity rafieg. 17),
suggesting that the sound intensity is proportional to the
eighth power of vortex ring velocity ratio at their increased
flight time.
7 For fixed core sizer and circulation ratioy, the increase
in the vorticity constani increases the total circulation of
the system but does not change the pattern of the vortex ring
interaction though the amplitude of the far-field pressure
fluctuations is different. A doubling of results in a doubling
10%5 5 y 5 ; s > of both the vortex circulation and velocity. It also results in a
15X increase in the sound-pressure fluctuation amplitude
(not shown herk This is consistent with the eight power law
FIG. 17. Variations of far-field pressure amplitude with circulation ratio, Of Sound intensity radiation by turbulence flow of LightHit.
Solid symbols:z=0.2,C/R=4; open symbolsa=0.4,C/R=4.O: p;; [I: However, the change in the amplitude of the far-field pres-
P2; A Ps. P (y=1)% == peyd ——rpeyt sure fluctuations, due to the increasedrfrom 0.2 to 0.4
with fixed y and\, is not related to the fourth power of the

the generation of sound. The relationship between the corré’—ortex ring velocity. Instead, the power is.close to 3.5
g P 4.2 for p,, and 4.8 forp;. As the major difference between

sponding acoustic terms is basically the same as that ob-

served fory=8 and is not shown here. A further decrease inthe _mteractlon atu=(_).2_and 0.4 is the extent of core _defor-_
the circulation ratioy to 2 results in more serious deforma- mation, the above findings suggest that the sound intensity

tion of the strong ring coréFig. 16b)]. However, the time radiated also depends on the deformation of the vortex ring

variation patterns of the far-field pressure fluctuations are notores and thus t-he type of interaction llnvol_ved. H".W‘?Ver- the
significantly affected and is not presented patterns of far-field pressure fluctuation time variations are

A 98% drop in the amplitude of the radiated sound iSS|m|Iar to those shown in Figs. 8 and 14.
observed when the circulation ratjas changed from 8 to 2,
;howin_g thaty has a substantilallimpact on the sound rgdia—”l_ CONCLUSIONS
tion. Figure 17 shows the variations of the sound amplitude
at the pass-through instapt, the first maximum pressure The vorticity dynamics and the acoustic radiation due to
amplitude after the pass-through instapt and the pressure the collision of two vortex rings are studied numerically us-
amplitude of the wavy oscillationg; when the vortex ring ing the method of contour dynamics. Instead of presenting
cores are propagating away from each other with circulatioronly the total sound radiated by the interaction as other re-
ratio y. It is noted thatp,; is the pressure amplitude due searchers did, the individual contributions from various dy-
solely to the axial jerking motion of the strong ring. At namic parameters of the vortex rings such as velocity, accel-
a=0.4,p, is larger tharp, at a circulation ratioy=10. Fur-  eration, and jerk in the radiated sound are also investigated
ther evaluation of the data suggests there exist simple reland presented.
tionships amongp;, p,, and y as p;<(y—1)%%* and In the collision of equal strength vortex rings, it is found
p,xy>1 (Fig. 17. The correlation coefficients are better that the axial jerks of the rings are relatively more important
than 0.99. Thus the sound radiated at the pass-through instaihtan their accelerations and velocities in the generation of
is nearly proportional to the square of the initial difference insound, especially when the vortex rings are thin and before
the vortex ring circulation magnitudes. As the initial vortex their cores are very close to each other. The importance of
ring velocity is proportional to its circulation whemand\  the axial jerk decreases with increasing vortex core size.
are fixed,y is actually the ratio of initial vortex ring veloci- When the strengths of the vortex rings are not equal, the
ties. The facto(y—1) represents the difference in the initial deformations of vortex ring cores depend on the effective
speeds of the vortex rings relative to that of the weak ringcore radii and the circulation ratio. For a small core radius
As there is no pass-though process during head-on collisiothe deformations experienced by the vortex ring cores are
of vortex ring of equal strengtiy=1), p,—0 as y—1, negligible. The sound amplitude reaches its maximum value
agreeing with the relationship @f; andy mentioned above. when the vortex rings are coplanar at the pass-through in-
p,, on the other hand, depends mainly on the third power ostant and this maximum sound pressure is highly related to
the initial velocity ratio of the vortex rings. The solid sym- the high radial acceleration of the weak ring. In addition,
bols in Fig. 17 indicate that similar relationships amgng  wavy oscillations appear on the far-field sound-pressure time
p,, and y exist ata=0.2, when the deformation of vortex traces as the two vortex rings move away from each other
ring cores is not significant. Therefore, it can further be con-after the pass-through instant. These oscillations are associ-
cluded that the sound intensity generated by collision at oated with the axial jerk of the strong ring. The amplitude of
near the pass-through instant is proportional to the fourttsuch oscillations increases with the fourth power of the cir-
power of the difference in the speeds of the vortex rings. Justulation ratio of the vortex rings.

100

10 |

102

Far Field Pressure Amplitude (R702)

10° |

Circulation Ratio v
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The increase in the effective core size results in severe  Substituting Eq(A2) into Eq.(Al), one obtains
deformation of the vortex ring cores, especially that of the
weak ring, after the pass-through instant. After this instant, (u,v,0)=f V X
the vorticity centroid of the weak ring then moves very
slowly such that the sound radiation depends mainly on th@s  is independent of,
motions of the strong ring. The mutual induction strength
between the vortex rings decreases as they separate from v:_i f i (Gw)do dz. (AB)
each other such that the change in the impulse of the strong o 24

ring becomes small some time after the pass-through instant. Similarly, one observes that=V ¢, where¢ denotes the
The axial jerk of the strong ring then becomes important inye|ocity potential at the point of interest. Then, it can be

i &)da dz (A5)
a

the sound generation. shown that

The present results also suggest that the maximum am-
plitude of sound intensity generated by collision of vortex ¢:_f % do dz (A7)
rings of different strengths at, and close to, the pass-through 4 '

instant is nearly proportional to the sixth power of the circu-
lation ratio. It is also nearly proportional to the seventh
power of the vortex ring velocity with a change in core size
but to the eighth power of the velocity with an increase in _ Jd (Qw
circulation without any change in the core size. _j

where () is the solid angle subtented by the ring from the
point of interest. One arrives at the formula

9z,

do dz (A8)

Equation(1) can be obtained by applying Stoke’s theorem to
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