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ABSTRACT

Simultaneous measurements of velocity and fluctuating
static-pressure were carried out in an air jet issuing from a
sharp-edged circular orifice, and the sound source terms of
vortex sound theory and dilatation theory were discussed in
relation to the vortex motions. The jet was excited in the
interaction mode so that velocity and fluctuating static-pres-
sure can be determined in space and time domains by using
phase-average technique. The sound source terms of the theo-
ries were obtained from the phase-average velocity and fluc-
tuating static-pressure via the differential process in space and
time. The result suggests that intense sound sources are caused
by the vortex merging and by the acceleration of vortices dur-
ing vortex pairing. In addition, it is noted that the regions of
intense sound source are different from those of intense fluc-
tuating-velocity and -pressure.

INTRODUCTION
The aerodynamic sound is closely related to the vortex mo-
tions, as indicated by the ‘vortex sound theory’ (Powell, 1964,
Howe, 1975). Many research works have been reported about
the jet noise generation focusing on the relation between the
aerodynamic sound generation and the vortex motions. There
have been several candidates suggested on the generation
mechanism of aerodynamic sound: rolling-up and merging of
vortices (Laufer et al., 1973, Ffowcs and Kempton, 1978,
Colonius et al., 1997, Li et al., 2000), break-down of a vortex
ring via cut-and-connect process (Takaki and Hussain, 1985),
interactions of vortices (Kambe, 1986) and stretching of vor-
tex filament (Ishii et al., 1997). Thus, in order to control the
jet noise, it is crucial to make clear the relations between the
vortex motions and the sound sources.
The vortex sound theory is expressed on the assumption
of very small Mach number:
1 &
2

2T V2p'=p,div(® x u) (1)

where ¢, is the sound speed, p” is the sound pressure in far-
field, p, is the mean density of fluid, @ is the vorticity vector

and u is the velocity vector. The sound source term on the
right-hand side suggests that the existence of vorticity is nec-
essary for the aerodynamic sound generation. In particular, it
is expected that the unsteady vortex motions mentioned above
play an important role for the sound generation.

In the experimental works, the vortical structures are usu-
ally detected by measuring vorticity from velocity data. How-
ever the results have serious errors owing to the structure ‘jit-
ter’ and to the differential process required in the vorticity
measurement. Moreover it is very hard to detect the three-
dimensional vortical structures in turbulent flows by the vor-
ticity measurement,

The vortical structures are closely related to the instanta-
neous pressure as shown by the Poisson’s equation for pres-
sure:

! Vzp=i——1m? )
o 2v 2

where p is the instantaneous pressure, £ is the instantaneous
dissipation, v is the kinematic viscosity and @, is the instanta-
neous vorticity. This equation indicates that the vorticity con-
tributes to V2p being positive (Bradshaw and Koh, 1981): the
low-pressure region including a minimum pressure point is
closely related to the vorticity-concentrated region. Indeed the
results of direct numerical simulation (Kasagi et al., 1995)
reveal that the low-pressure regions in the fluctuating pres-
sure field correspond to the vortical structures. Thus the de-
tailed pressure measurements in turbulent flows are expected
to give us useful information on the vortical structures. An-
other advantage is that, since pressure is scalar, the pressure
measurements are useful to detect three-dimensional vortical
structures.

Although a significance of the pressure fluctuations in tur-
bulent flows has been pointed out, there have been few works
on the direct pressure measurements which are usually at-
tended with serious errors due to the disturbance caused by a
pressure probe inserted in flows. Toyoda et al. (1994) devel-
oped a probe to measure the fluctuating static pressure in tur-
bulent flows, and confirmed that the direct pressure measure-
ments with the probe are very effective to detect the three-
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dimensional large-scale vortical structures in jets (Toyoda and
Hiramoto, 1999).

The pressure fluctuations are also closely related to the
sound source of turbulent flows. Ribner (1962) proposed a
theory of aerodynamic sound, called ‘dilatation theory’, de-
veloping Lighthill’s equation (Lighthill, 1952). The Ribner’s
equation is deduced on the assumption of Mach number

M—o0:

1 &Fp® —Vzp“)=——-1— Fp©
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where p© is the local pressure in flow and p® is the sound
pressure. The sound source term in the right-hand side is the
second time derivative of p©.

As mentioned above, pressure is closely related to vortical
structures and sound source in flows, and the pressure mea-
surements are useful to detect both of them. In the present
study, the vortex motions and the sound sources of the sound
generation theories are detected by simultaneous measure-
ments of velocity and pressure fluctuation in a circular jet,
and the generation mechanism of jet sound is discussed in
relation to vortex motions.

EXPERIMENTAL APPARATUS

The wind tunnel used in the experiments is shown in Fig.1.
The air was issued from a circular orifice. The diameter of
the circular orifice De is 50mm, the velocity Ue at the jet exit
center is 4 m/s, and the Reynolds number Re (=Ue-De/v) is
1.3x10%,

The jet was excited by a loudspeaker at the side of settling
chamber of the wind tunnel. The circular jet was excited at
an eighth of the natural frequency of the shear layer generat-
ing from the orifice edge without excitation. The Strouhal
number is 0.82. The excitation intensity u’/Ue (u’: the rms
value of fluctuating velocity) at the jet exit center was 3%.
Under the excitation, stable vortex pairing was produced at
the same spatial station at regular intervals.

The pressure probe to measure fluctuating static-pressure
is shown in Fig. 2. The static-pressure tube with four small
holes connected at the end to the condenser microphone. The
structure and the dimension of the probe were determined so
as to minimize errors in the measurements of fluctuating static-
pressure. In order to damp the organ pipe resonance in the
tube, a thin nylon gauze was inserted in front of the diaphragm
of microphone, and the probe had a nearly flat frequency reso-
nance to 2.0 kHz. The cross-flow error of the static pressure
tube was calibrated in the uniform flow by changing the flow
attack angle to the tube. The pressure drop of the present
tube is less than that of a standard one over the wide range of
attack angle (Toyoda and Hiramoto, 1999). The dynamic re-
sponse of the probe is discussed by Toyoda et al. (1994)

The combined sensor of X-type hot-wire and pressure
probes in Fig. 3 was used to measure velocity and fluctuating
static-pressure simultaneously. The distance between sens-
ing positions of two probes was 2mm, which is a minimum
distance to neglect the interaction of hot-wire and pressure
probes.

The coordinate system and the arrangement of the probes
for the phase-average measurement is shown in Fig. 4. The
reference velocity was measured by a single normal hot-wire
probe fixed near the jet center at x/D = 1.0, and velocity and
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Fig.3 Combined sensor of x-type hot-wire and pressure probes

pressure fluctuations were measured by the combined sensor
moving over the flow field. The traversing of the sensor, the
data acquisition and the data processing were automatically
controlled by personal computers.

DATA PROCESSING

The phase-averaging of velocity and fluctuating static pres-
sure was carried out at 36 phase angles of the reference signal
from 6=0 to @=27 with an increment of 7/18 (see Fig. 5).
The sampling number for phase-averaging is about 200 at each
phase. Non-dimensionalized phase-average velocity <u >,
vorticity < @, >, fluctuating static-pressure <p®>, sound source
term of the ‘vortex sound theory” < div ( @ X # ) > and sound
source term of the ‘dilatation theory’ <—azp<°>/a t2> are de-

fined by

<u>= [u]p/Ue 4)
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Fig.4 Coordinate system and arrangement of probes of phase-
average measurement

<o/ = <a—[v~]ﬁ—@>/(Ue/De) (5)

ox oy
PO>=2[p®) / pUe (6)
<div( @xu)> = div(<w>x<u>)De 7)

<pVIp > =2[-Pplp 2],/ (pUe'De?) (s)

where [ ],, designates a phase-average value.

RESULTS
Vorticity and Fluctuating Static-Pressure

The contours of phase-average vorticity and fluctuating
static-pressure in the xy plane are shown in Fig. 6. The con-
tours are presented at six phases with an increment of 7/3; the
phase increases from the top to the bottom. The frames 1
(6) indicates one cycle of the periodic vortex motion. The
negative-pressure regions of <p©®> contours (Fig.6 (b)) corre-
spond to the vorticity concentrated regions (Fig. 6 (a)). The
contours show how the leading (L,, L, and L) and trailing (T)
vortices interact each other. The leading vortices (L,and L))
come out from the left-hand side (frame (1)) and merge at x/d
~ 1.2 (L in frame (3)). The trailing vortex (T) rushes inside
the leading vortex (L) as shown in frames (4)-(6). The lead-
ing and the trailing vortices merge at x/d ~ 2.2 farther down-
Stream.

Comparing the contours in Fig, 6 (a) and (b) from the view-
point of detecting the vortical structure, the low pressure field
seems to show vortices distinctly rather than the vorticity field,
particularly downstream as shown in frames (6), which corre-
spond to the phase after the trailing vortex passes inside the
leading vortex. This difference maybe comes from the differ-
ential process required in the vorticity calculation and addi-
tionally from the dissipation term in Eq. (2).

Sound Sources

Figure 7 (a) and (b) show the contours of phase-average
sound source terms of the vortex sound theory, <div( @ X u)>
and of the dilatation theory, <_azp<°>/a t2>. The phases of the
frames (1)-(6) in Fig. 7 correspond to those in Fig. 6. By
comparing Figs. 7 and 6, we can understand the relation be-
tween the sound sources and the vortex motions: the intense
regions of sound source locate just around the vorticity con-
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centrated regions. In particular, positive and negative regions
in Fig. 7 (a) locate respectively on inner and outer sides of the
vorticity concentrated regions. In addition, while the trailing
vortex rushes inside the leading vortex in frames (1), (4) and
(5), the intensity of the sound sources related to the trailing
vortices become higher than those related to the leading vorti-
ces.

InFig. 7 (b), the negative regions correspond to the vortic-
ity concentrated regions in Fig.6 (a) and the low pressure re-
gions in Fig.6 (b), and the positive regions are located on both
sides of the negative regions in the direction of vortex convec-
tion. Through out the vortex pairing event, the intensity of
sound source related to the trailing vortex is higher than that
related to the leading vortex. This feature is consistent with
the case of vortex sound theory in Fig.7 (a).

From the contours in Fig. 7 (b), it is reasonably under-
stood that the distribution of the sound source term
<_32p ©/p 2> is closely related to the vortex convection: when
the trailing vortex passes inside the leading vortex, it is accel-
erated by the induced velocity of the leading vortex, and the
sound source is intense. On the contrary, the leading vortex is
decelerated by the induced velocity of the trailing vortex, and
the sound source is weak relatively.

Intensity of Fluctuations

The instance relations between vortex motion and sound
source are revealed as shown in Fig. 6 and 7. In order to
discuss locations of the sound generation in the circular jet,
the intensities of both sound sources, < div(®@ x u)>  and
<_azp<0)/a 12> are calculated with the results in Fig.7. The
intensity was defined by rms value of the periodic motion as
expressed by </>_ . which is calculated with the phase-aver-
age value. The intensities of the sound sources are shown in
Figs. 8 in comparison with those of vorticity and pressure fluc-
tuation,

The high intensity regions of <@z inFig. 8§ (a) corre-
spond to the trajectories of the leading and the trailing vorti-
ces. On the other hand, the intense region of <p®>__in Fig.
8 (b) corresponds to the trajectory of the leading vortex. The
intense region of < div(w x u) > . in Fig. 8 (c) is similar to
that of <@>_ particularly upstream (at x/De < 1.25). In Fig.
8 (d), the intense region of <_azp<°>/a 1>, related to the
trailing vortex, is distinct. Due to the characteristics of the
sound source term <-3°p®/@ 12>, the higher velocity of vor-
tex convection leads to the intense sound source as described
in previous section. Figure 8 reveals that the intense sound
sources are generated by the vortex merging of L and L,
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Fig.6 Contours of phase-average vorticity and fluctuating

static-pressure

from the frame (2) to the frame (3) in Fig. 6 and by the vortex
pairing downstream.

In practical measurements, it is usual to measure velocity
fluctuations by hot-wire anemometry to discuss the character-
istics of the sound source in stead of detecting sound source
term directly. As we recognized the difference between the
distributions of <p™>_and <—azp<°>/a 1> unexpectedly,
it is important to check the relation between the velocity fluc-
tuations and the sound source. The intensity of fluctuating
velocity of x- and y-components are shown in Fig. 9 (a) and
(b) respectively. Two intense regions in Fig. 9 (a) are related
to the leading and the trailing vortices. The regions deviate
slightly from those in Fig. 8 (a) and (c): the former is inside of
the vortex trajectories. The reason is that the induced veloc-
ity by the convected vortex increases the inside velocity and
decreases the outside velocity.

On the other hand, in Fig. 9 (b), the intense region related
to the leading vortex is distinct rather than that related to the
trailing vortex. The locations of maximum intensity are at
x/De ~ 1.0 and 1.5, where the trailing vortex passes just in-
side of the leading vortex during the pairing event.

yibe

0.00
0.75 100 125

100 125 1350 175 200
xile

£.00-
975

FiE

-200-300 0 100 200 .200-160 0 100 200

(@) <div(@Xu)> (b) <-&*pWip 1>

Fig.7 Contours of phase-average sound source

DISCUSSIONS
Distributions of the Sound Source

Positive and negative regions of the sound source of the
vortex sound theory locate respectively on inner and outer sides
of the vorticity concentrated regions as shown in Fig. 7(a).
The generating mechanism of the sound source is discussed
here with experimental data.

The sound source term of vortex sound theory in xy-plane
is as follows.

ow,v Ow,u
+

Ox oy ©)

The distributions of the sound source term div(@xu) in the
actual results mostly depend on the second term on right-hand
side of Eq. (9), not shown here. Then we focus on the compo-
nents effecting on the second term.

Figure 10 shows instantaneous velocity fields at x/De=1.2
of the frame(3) in Figs. 6 and 7. Figures 10(a) and (b) present

div(@xu)=-

—726—



075 278
go.so 0,50
> 3 é
0.25- 025
0008 . " " . 0.00-% ’
075 100 125 150 175 200 075 100 125 150 135 200
e

0,00 0.25 050 0.75 1.00 1.25

<@> <pO>

Z ms s

(a) Intensity of vorticity (b) Intensity of fluctuating

static-pressure

075

050
§

oz

.00

100 125 150 175 200 075 100 126 150 175 200

<divioxu)> <&ps3 1>

(c) Intensity of sound source (d) Intensity of sound source

of Vortex sound theory of Dilatation theory

Fig.8 Intensity of vorticity, fluctuating static-pressure and
sound sources of vortex sound theory and dilatation
theory

the instantaneous velocity and vorticity distributions. There
is a hump in Fig.10(a) caused by the induced velocity of the
vortex ring. Figure 10(c) and (d) show @.u and & w.u /8y
respectively. Since the values of @, and @.u# have maxima
at the same position, the sign of 0 @.%4/dy changes at the
maximum point of @,: & @.u/dy is positive on the inside of
the vortex ring and negative on the outside.

The sound source distribution around vortex in the jet is
different from that of the numerical simulation (Li et al., 2000)
on the sound generation in a plane mixing layer: the sign of
the sound source term is negative in the inner region of vortex
and positive in the outer region.

In the mixing layers, the humps of velocity profile occur
on both sides of vortex in the y-direction (Li et al., 2000).
The humps cause negative gradient of @.% in the inner re-
gion of vortex and positive gradient in the outer region, lead-
ing to the sign of the sound source term mentioned.

The above discussion shows that the difference between
the sound source distributions of the present circular jet and
the mixing layers (Li et al., 2000) is due to the difference of
velocity profiles. The velocity profiles are affected by induced
velocity of vortices: in the circular jet a vortex ring generates
a hump inside, and in the mixing layer a vortex generates
humps on both sides of the vortex.

In the sound source distribution of the dilatation theory
(Fig.7(b)), the negative regions correspond to the vorticity con-
centrated regions and the positive regions are located on both
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Fig.10 Velocity fields (x/De=1.2, corresponding to the
frame (3) in Fig.6(a))

sides of the negative regions in the direction of vortex convec-
tion. The reason of the distribution can be explained with a
simple mode! of pressure variation related to the vortex con-
vection. An isolated vortex has low pressure region inside,
and vortex convection produces pressure variation in time at a
fixed station as shown in Fig.11(a). The second time-deriva-
tive of pressure p®, the sound source term of the dilatation
theory, is shown in Fig.11(b): the sign changes positive, nega-
tive and again positive in time.

Variation of Sound Source Intensity with Phase
As shown in Figs.6 and 8, the sound source generation is

—727—



_ FpO7

(a) Pressure (b) Sound source term

Fig.11 Models of variation of pressure fields

25
~—— Powell-Howe
— —Ribner
b
20 | |
:
ur 15 | :
@
18] 1.0
05 | |
] ‘ ]
| | e
|
00 |||||||||||||||||||| [ I T N T S VS U WO B G
I 2n A Riid
0 I 2
3 3 3 3 T

Fig.12 Time variation of the integrated sound source terms

closely related to the vortex motion at each phase. In order to
discuss the variation of the sound source intensity with phase,
we calculated the integrated value of the sound source inten-
sity at each phase by the following equation.

E(6)=//A T,(x,y) * dvdy (10)

where 8 is the phase, T,(x, y) is the sound source term,
< div(@ x ) > or <-*p©/a 12>, at a phase, and A is the mea-
sured region. &= 0 corresponds to the frame(1) in Fig.7, and
E(0) is calculated for 36 phases. T,(x, y)* is integrated over
the measured region shown in Fig.7.

The variation of non-dimensional £(8) is shown in Fig.12,
where is E_is the mean value of E(6). The figure shows that
the variations of E(8)/ E_ calculated by two sound source
theories are similar. The result suggests that the sound source
of Ribner’s equation corresponds to that of the vortex sound
theory qualitatively.

CONCLUSIONS

The simultaneous measurements of velocity and fluctuat-
ing static-pressure were carried out in a circular jet, and the
sound source terms of the vortex sound theory and the dilata-
tion theory were discussed in relation to the vortex motions.

The results suggest that the generation of the sound sources
is closely related to vortex motions. In particular, the intense
sound sources are generated by the vortex merging and by the
accelerated vortex motion during vortex pairing.

The characteristics of the sound source distributions are
discussed in relation to vortex motion: the induced velocity of
vortices and the vortex convection influence the signs of the
sound source terms.
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