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Abstract—The paper studies the generation of acoustic waves near the boundaries of swirling and nonswirling
turbulent jets outside a jet flow. Nonstationary motion of the medium is analyzed. In the case of swirling jets,
the occurrence and propagation of perturbations were studied experimentally, while in the case of free turbu-
lent jets, both experimentally and numerically on the basis of LES technology. The results of the study show
that, near the jet boundaries, there is a region in which the phase difference between pressure and velocity
pulsations at fixed frequencies is 90° or more; i.e., there are no perturbations propagating outward. The
phases of velocity and pressure pulsations coincide starting from some significant distance from the jet
boundaries. The region in which the phase difference varies from 90° to 0° lies outside the jet flow and is pre-
sumably the sound generation region. It is proposed that this region be identified with the near acoustic field

of jets.
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INTRODUCTION

Free turbulent jets produce perturbations in the
surrounding medium, which at some distance from
the jet are perceived as acoustic waves. These pertur-
bations are caused by the nonstationary pulsating
motion of the medium in the jet flow [1].

It should be noted that, in experimental studies of
the noise generation process in turbulent jets, a num-
ber of contradictory facts have been established.

On the one hand, the noise spectrum of a free tur-
bulent jet is uniform and does not contain the selected
frequencies. Analyses of the pulsation characteristics
of the flow in a turbulent jet do not reveal the charac-
teristic frequencies in pulsations of the velocity, pres-
sure, and other parameters.

Measurements of the correlation coefficients for
pulsations of parameters in a jet and acoustic pulsa-
tions show that they are on the order of 1073,

On the other hand, from numerous experimental
data on the location of noise sources in a fixed fre-
quency band, it is possible to obtain a definite relation
between the frequency of the emitted noise and the
position of the noise source of a given frequency in the
jet mixing layer.

Such data indicate the existence of periodic pro-
cesses in hydrodynamic pulsations accompanied by

noise generation, which is observed at a distance from
turbulent jets.

However, the assumptions made from such obser-
vations about the presence of coherent structures in a
jet have not been confirmed. The difficulty of reveal-
ing periodic processes in a turbulent flow is apparently
related to the general instability of the flow in the mix-
ing layer of a turbulent jet.

Hence follows the assumption that it is the instabil -
ity of the flow in the jet mixing layer that manifests
itself as the intermittency in turbulence, which, on the
one hand, causes a certain quasi-periodicity in the tur-
bulent flow and, on the other, makes it difficult to dis-
tinguish periodic processes in experiments because of
their randomness. These dual properties of intermit-
tency, in turn, are manifested in the observed corre-
spondence between the characteristic frequencies of
the emitted noise and the location of the sources
determined in the experiments. This is confirmed by
the results of joint measurement of the characteristic
scales of intermittent inhomogeneities in the jet mix-
ing layer and the frequency components of the jet
noise.

According to the results of experiments, acoustic
radiation by a turbulent jet is formed due to the motion
of dynamic inhomogeneities whose characteristic
scale exceeds the thickness of the mixing layer by
almost halfin each characteristic section of the mixing
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layer. These large-scale formations are caused by the
intermittency in turbulence. Thus, to analyze the
noise generation process in a turbulent jet, it is neces-
sary to reveal the occurrence of “almost periodic” per-
turbations in the nonstationary turbulent flow in the
jet mixing layer and its vicinity.

From the viewpoint of analyzing the noise genera-
tion process, it is easier to study the noise of a swirling
jet. The noise of strongly swirling jets is tonal and nar-
rowband. It is produced by the precessional motion in
the jet flow. This facilitates experimental study of the
acoustic radiation process.

In this study, we analyze the generation of acoustic
waves as a result of nonstationary flow dynamics in
turbulent swirling and nonswirling jets and illustrate
the transient process of transformation of hydrody-
namic pulsations into acoustic ones.

For this purpose, joint measurements of pressure
and velocity pulsations were performed inside and
outside a jet flow. In swirling jets, the velocity compo-
nent distributions in the jet flow and its neighborhood
are measured using PIV technology. The static pres-
sure distribution in free turbulent jets was measured.

Numerical modeling of nonstationary processes in
turbulent jets was performed with LES technology.
Data on the flow parameters accumulated in nonsta-
tionary calculations were processed. From these data,
the instantaneous, averaged, and time-dependent
flow parameters were determined. The propagation of
perturbations was also studied using Fourier analysis
with the identification of specific frequencies of pulsa-
tions. For the phase characteristics of pulsations in a
free turbulent jet, the data obtained for several cross
sections of the jet at a flow velocity of 310 m/s are pre-
sented. The data obtained for a velocity of 200 m/s and
in other sections are consistent with them.

The data obtained show that the propagation of
turbulent jets is accompanied by the formation of
large-scale depression regions, the motion of which
exhibits periodicity.

In intensely swirling jets, this periodicity arises due
to the precessional motion with the rotation of a non-
uniform parameter distribution in the jet cross section.
The rotation of the depressed region causes a periodic
transformation of the inflow from the surrounding
medium to the jet. The frequency of this periodic process
is equal to the frequency of the tonal noise of the jet.

In the case of free turbulent jets, the motion of the
depressed regions arising in the jet mixing layer is
observed. The reduction in the static pressure in these
regions reaches 20% of the jet velocity head. These
regions induce inflow to the jet. The succession of
motion of these regions in the cross sections of the jet
is close to periodic. Consequently, in the surrounding
medium, periodic rearrangement—pulsations in the
induced inflow—arises near any cross section of the
jet. Since the size of the depressed regions increases
along the jet, the characteristic frequencies of pulsa-
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1
Fig. 1. Flow pattern in turbulent jet, initial section: (/)

nozzle, (2) “core” of jet, and (3) mixing layer. Index “i”
corresponds to end of initial section.

tions arising in the ejected flow decrease. Their depen-
dence on the longitudinal coordinate corresponds to
the data on the frequencies of the noise emitted by dif-
ferent sections of the jet.

In general, the results of this study confirm our ear-
lier hypothesis on the noise generation mechanism in
turbulent and swirling jets. It is assumed that the noise
generation process is caused by quasi-periodic pulsations
observed near the boundaries in the inflow to the jet.

The inflow to the jet is nonstationary and is
induced by the intermittent motion of regions with
reduced static pressure in the jet flow. The nonstation-
ary processes taking place in the inflow are observed in
the immediate vicinity of the jet boundaries. In other
words, the so-called near acoustic field of the jet can
be the source of noise from turbulent jets.

SPECIFICS OF THE FLOW STRUCTURE
IN JETS RELATED TO THE MANIFESTATION
OF LARGE-SCALE NONSTATIONARITY

Investigations of the structure of jet flows make it
possible to adopt the scheme of the flow in a turbulent
jet proposed in [2, 3].

Figure 1 shows the flow pattern in its initial section
(see Fig. 1.2.1 from [3]).

The conditional boundaries of the mixing zone
enclosed between the boundaries y;, = 0.11x and y, =
0.16x are shown. The x-coordinate is calculated from
the nozzle edge. Between these boundaries, there is a
mixing layer with a width of b = 0.27x. (Below, in sep-
arate figures, these boundaries are shown by dashed
lines.)

According to the general concepts, in particular, set
forthin [1, 4—6], acoustic radiation is generated in this
mixing layer, where the most intense turbulent pulsa-
tions and a high level of vorticity are observed. In
many known studies, e.g., [7—12], various elements of
turbulent flows are considered possible noise generation
sources: in [7], intermittency in turbulence; in [8—10],
structural elements of turbulence; and, in [11, 12], insta-
bility waves and coherent structures.
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However, there are experimental data showing that
the sound sources are located beyond the region of the
jet flow [13—15]. In addition, the well-known fact [5, 16]
of single-valued dependence of the acoustomechani-
cal efficiency of turbulent jets on the ratio of the jet
flow velocity to the speed of sound in the surrounding
medium, i.e., on the acoustic Mach number M, also
speaks to the defining role of the properties of the sur-
rounding medium in the sound generation process.

The determination of sound sources in jets can be
facilitated by revealing in them periodic hydrody-
namic processes. The feasibility of this approach to
swirling jets emitting a tonal noise is obvious. The data
on noise generation in turbulent jets also make possi-
ble this approach.

In [7], a work devoted to an experimental study of
the combined characteristics of the acoustic field and
the structure of the turbulent flow in the mixing layer,
a relation between the features of turbulent pulsation
motion and noise emission was demonstrated. In this
work, as well as in earlier studies of other authors [6,
17—19], a relationship between the frequency of radia-
tion and the distance from the origin of the mixing
layer (nozzle edge), at which radiation at a given fre-
quency is detected, was confirmed.

The results of conditional phase averaging of PIV
data for transverse acoustic excitation of an axisym-
metric jet for the propagation of instability waves [20]
showed good agreement with the known data on the
localization of sound sources at the characteristic fre-
quencies.

These experiments, conducted in a wide variety of
conditions, show that there is a relationship between
the longitudinal coordinate of the source and the
characteristic frequency of sound radiation. This rela-
tionship for the initial section of the jet is expressed
approximately as

sh, =44 - 1.554. (1)
Uy X

Here, fis the radiation frequency, d is the diameter
of the nozzle from which the jet propagates, iy, is the
jet velocity, and x is the longitudinal coordinate calcu-
lated from the nozzle edge.

Investigations carried out in [7] showed that, in the
middle part of the mixing layer, at a given point of the
flow, a quasi-periodic passage of inhomogeneities
takes place, detected by thermoanemometric mea-
surements. If the characteristic size of these inhomo-
geneities is L, the period of their motion is 7' = L/uc
and the repetition frequency is

_1_u
fe 71 (2

Here, u, is the velocity of the motion of inhomoge-
neities. This inhomogeneity can be identified by ther-
moanemometric measurements of turbulence. The
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inhomogeneities under consideration move in the
flow with the so-called convection velocity u,., and
their size is proportional to x.

According to the results of measurements in the
middle part of the mixing layer (at the level of the noz-
zle edge), the convection velocity of vortices is

u. = 0.5—0.6u,.

In this case, the acoustic perturbation frequency
obeys relation (1):

f=0."7u, / b.
As a result, we obtain the relation between the
acoustic radiation wavelength A and the scale of the
inhomogeneity of the turbulent flow:

_oL_ L _, L (3)
u

. M M
The size of the inhomogeneity of the turbulence in
the mixing layer was found to be

L = 0.385x. “)

The observed noise spectrum of a turbulent jet is
“continuous”, without separate tones. The available
data on measurement of the correlation coefficients
between acoustic pulsations outside the jet and various
pulsations in the jet [21, 22] indicate their indepen-
dence. However, the data described above lead to the
conclusion that the noise of free turbulent jets consists
of some periodic processes, although they have a sig-
nificant element of randomness.

An example of a definite relationship between peri-
odic purely hydrodynamic perturbations and radiated
noise is noise generation in swirling jets [23, 24]. In
these studies, the pronounced tonality of the noise of
swirling jets was used to establish the relation between
the noise emitted by the jets and the nonstationary
processes in them. In this case, phase measurements
can be carried out rather easily and, with their help ,
the basic properties of both jet flows and acoustic radi-
ation can be determined.

In other words, when studying free turbulent jets,
revealing the periodic processes and their properties
can help in determining the characteristics of the noise
generation process and the location of noise sources.

In this work, we analyze periodic processes near
the boundaries of jet flows and establish their relation-
ship with acoustic wave generation.

In a number of works [13—15, 23, 24] in which the
formation of acoustic perturbation near the boundar-
ies of swirling and nonswirling turbulent jets was ana-
lyzed from experiments and numerical calculations, it
was established that acoustic perturbations propagat-
ing from the jet are produced beyond their usually
adopted boundaries, i.e., beyond the boundaries that
encompass the region of turbulent flow. For a free tur-
bulent jet, an example of such a boundary is the line
¥, = 0.16x (shown in Fig. 1).

4 a
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In this study, to analyze the processes associated
with noise generation of turbulent jets, the pulsation
parameters of the flow in jets and near their boundar-
ies are analyzed.

At some distance from the jets, the perturbations
produced by them are perceived in the surrounding
medium as acoustic waves. As for the initial perturba-
tions, they are a consequence of nonstationary pro-
cesses in jets: turbulence, intermittency in turbulence,
and the precessional motion in swirling jets. In other
words, there is a mechanism by which nonstationary
processes in jets affect the surrounding medium, which
leads an increase in acoustic waves. We can assume the
following succession of elements of these processes: non-
stationary motion in the jet; its effect on the nearest
vicinity of the jet, where it gives rise to a nonstationary
motion in the external flow; and the formation of an
acoustic energy flux and acoustic field.

The objective of this study was to determine the
role of the so-called near field of the jet in this process.
The existing concepts for determining its boundaries
were set forth in [4] as follows: in the near acoustic
field, the phases of velocity and pressure pulsations do
not coincide due to the presence of hydrodynamic
pulsations, which vanish beyond near field; the
boundaries of the near field are determined by the
completion of this process; the distance of these
boundaries from the generally accepted boundaries of
the jet also depends on the frequency of pulsations
under consideration, i.e., the jet velocity.

As a result of this study, other ideas on the near
field are justified. According to the data obtained, the
acoustic radiation observed in the far field at large dis-
tances from the jet can be generated in the immediate
vicinity of the jet boundaries in the surrounding
medium. In other words, hydrodynamic pulsations
observed in the near field can lead to the generation of
a flux of radiated acoustic energy. This, in turn, agrees
with the decisive role for the acoustic characteristics of
a jet with the acoustic Mach number calculated from
the efflux velocity and the speed of sound in the sur-
rounding medium, M, = u/a.

Since the acoustic radiation of an ordinary turbu-
lent jet is broadband and there are difficulties in carry-
ing out phase analysis of propagating perturbations, to
study the properties of acoustic radiation produced by
jets, we additionally used the results of experiments
with swirling jets [23, 24]. The noise of such jets is
emitted at fixed frequencies, which facilitates the
experiments.

INVESTIGATION OF NONSTATIONARY
PROCESSES IN JETS AND NEAR THEIR
BOUNDARIES

The acoustic radiation from an ordinary turbulent
jet is broadband, which made it difficult to conduct
phase analysis experiments. Therefore, we used com-
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puter simulation of a turbulent flow in a jet, the
method and separate results of which are given in [14, 25].
We also used experimental results concerning the rela-
tion between the characteristics of a turbulent flow in
the jet mixing layer and the noise emitted by it [7],
which were obtained in a study of sound generation in
a free turbulent jet.

As mentioned above, in accordance with data on
the location of noise sources for a fixed frequency and
the results of measuring the convection velocity of vor-
tices of different scales, it was concluded that there is a
relation between the longitudinal scale of an inhomo-
geneity moving in the mixing layer with convection
velocity u, and wavelength A (3) of the acoustic pertur-
bation produced.

According to the measurements in [7], which are
generalized in relations (1)—(4), the dynamic inhomo-
geneities the motion of which is caused by pulsations
outside the jet, have a longitudinal dimension L
exceeding the mixing layer width b in the correspond-
ing section of the jet:

L = 0.385x =1.425b. )

Thus, according to [7], L is the characteristic scale
of inhomogeneities producing the initial perturbations
at frequency f = u./L, which corresponds to the radi-
ated acoustic waves.

The calculation data make possible an addition test
of this result. Turbulent jets propagating from a nozzle
with a diameter d = 2 m with a subsonic efflux velocity
of about 200 and 310 m/s were calculated. The LES
technology described in [14, 26] was used. The repre-
sentativeness of the numerical results is confirmed by
an almost exact match of the averaged flow structure
with the known data (see Fig. 1) and agreement
between the characteristic sizes of dynamic inhomoge-
neities obtained in calculations and in experiments [7].
In addition, the calculated characteristics of the
acoustic field of the jet determined from numerical
calculations agree in the spectrum, radiation pattern,
and sound pressure level with the data of [25].

Figure 2 shows the flow structure in the mixing
layer of a free turbulent jet obtained in calculations.
The instantaneous static pressure field in the plane of
symmetry is shown. The coordinate y/d = 0.5 corre-
sponds to the nozzle edge and the middle part of the
mixing layer. Light areas correspond to pressure above
atmospheric, and dark areas correspond to depression.
Streamlines are also given. The calculated averaged
values of the flow parameters show that they agree well
with the known data on the averaged flow structure in
jets. According to the approximation of the calculated
data, the thickness of the mixing layer and the position
of its boundaries correspond to Fig. 1.

Figure 3 shows the static pressure minus the atmo-
spheric pressure in the instantaneous distributions
shown in Fig. 2, obtained from the results of calcula-
tions and measurements in [26]. The difference in
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Fig. 2. Results of calculating instantaneous distribution of
static pressure in mixing layer and streamlines in ejected
flow.
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Fig. 3. Instantaneous values of static pressure within one
inhomogeneity of static pressure distribution: (/) experi-
ment and (2, 3) calculations for uy = (2) 200 and (3)
310 m/s. P* is velocity head at nozzle cut.

static pressure and the external pressure is related to
the jet velocity head and is represented as the depen-
dence on the similarity coordinate (x — X,)/X, (where
X, is the coordinate of the minimum pressure value),
displaced in the longitudinal direction. In Fig. 3, it is
quite clear that the data obtained are in good agree-
ment with empirical relation (4).

The data in Fig. 3 show that, in depressed regions,
the depression amounts to 20% of the jet velocity
head. The mean pressure on the line continuing the
nozzle edge corresponds to a depression of ~4% of the
jet velocity head [26]. This reduction in the static pres-
sure induces an inflow of the surrounding medium into
the jet, the streamlines of which are shown in Fig. 2. The
data from calculating the static pressure in jets have
been confirmed experimentally in [26].

Figure 4 shows the instantaneous flow patterns
with the selection of streamlines in the flow induced
by the jet in the surrounding medium. The visualiza-
tion is the same as in Fig. 2. Figure 4a shows the dis-
tribution of the parameters at a certain initial time;

and Figs. 4b—4d, at subsequent time instants with a
step of 0.0016 s of physical time, as well as a small
selected area of the external flow. It can be seen that
external streamlines are entrained by depressed
regions and, as a result, reciprocate.

In the analysis of the motion of streamlines, mani-
festation of periodicity is observed. Groups of several
streamlines following the moving depression regions
return to their initial positions. The observed recipro-
cal motion of streamlines has a period which, accord-
ing to (2), corresponds to the characteristic radiation
frequency for a given distance from the nozzle edge:

T = 1 _ 0.645x
f Uy

To complement the data on the pulsating motion
near the jet boundaries, correlation measurements of
pulsations of velocity and static pressure were carried
out. The pulsations of static pressure were measured
with the help of a special nozzle with built-in Endevco
8507 fast-response sensors. The measurement proce-
dure and conditions are described in [26]. The jet
velocity at the nozzle exit was about 40 m/s, and the
nozzle diameter was 190 mm.

Figure 5 shows the results of measurements of the
correlation coefficients for velocity pulsations (mea-
sured with a thermoanemometer) and static pressure
pulsations at a distance of 200 mm from the nozzle
exit. The static pressure sensor was located in the mid-
dle of the mixing layer at the level of the nozzle edge.
The measurements were carried out at different posi-
tions of the thermoanemometer sensor moved along
the normal to the jet axis.

Figure 5a shows an example of the correlation
dependences of the transverse velocity and pressure
pulsations in the form of time dependences of the cor-
relation coefficient at different positions of the ther-
moanemometer sensor. Figure 5b shows the maxi-
mum values of the correlation coefficients determined
by measurements of the longitudinal, «#, and vertical,
v, velocity components for different positions of the
thermoanemometer sensor. The coordinate corre-
sponding to the outer boundary of the jet, y = 0.16x,
is also shown.

It can be seen that the maximum correlation
between pulsations of the inflow velocity to the jet and
static pressure pulsations in the jet is observed beyond
the jet boundaries. These data correspond to the ear-
lier results on the occurrence, in the pulsating motion
beyond the jet, of periodic components induced by the
motion of large-scale static pressure inhomogeneities,
caused by the intermittency in turbulence.

The form of the correlation functions in Fig. 5a
indicates the presence of a certain time scale in the
process under consideration. Figure 6 shows the values
of this scale obtained from measurements similar to
those presented in Fig. 5 in different cross sections of
the jet. The time scale was defined as the doubled dis-
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Fig. 5. (a) Intercorrelations of pressure pulsations in middle of mixing layer and longitudinal velocity pulsations at r/d = (/) 0.9,
(2) 0.82 (2), and (3) 0.53 (3). (b) Maximum correlation vs. distance to jet axis: (/) u', (2) v', and (3) outer boundary of jet.

tance between the maximum and first minimum of the
correlation dependences for the velocity pulsations
outside the jet and pressure pulsations in the middle of
the mixing layer. In Fig. 6, the symbols represent the
results of measurements and the line corresponds to
dependence (1): Sh, = fd/u, = 1.55d/x. These data are
consistent with the fact that, near the jet boundaries,
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periodic perturbations are created with a radiation fre-
quency corresponding to the experimental and calcu-
lated data on the location of noise sources of turbulent
jets.

Similar data are available for swirling jets with a high
swirling intensity. In [2, 23, 24], the results of studies of
swirling jets with a swirling intensity W, = 1 are presented
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Fig. 6. Time scale determined from correlation of velocity
outside jet and pressure in middle of mixing layer: (/)
Sh,; = 1.55d/x and (2) experiment.

when a zone of recurrent flow in the near-axis region
arises. Due to the presence of tonal radiation from the
jet, the periodic signal of this radiation was used as the
base signal for time calculating in the analysis of
changes in the structure of the averaged flow in the jet.

According to the results of measurements, the dis-
tribution of dynamic parameters (the averages for the
phase realizations) rotates (precesses) in the jet cross
section virtually as a whole according to the law of
rotation of a rigid body. The frequency of this rotation
is equal to the first, fundamental frequency of tonal
radiation.

It was shown in [23, 24] that precession in a swirl-
ing jet is accompanied by a virtually “frozen” rota-
tional motion of the distributions of the static pressure
and other parameters in the cross section of the jet.
The circular displacement of the static pressure inho-
mogeneity causes periodic perturbations in the flow
structure in the jet.

According to [26], the streamlines of the external
flow, just like in Fig. 3 in the case of an ordinary jet,
are entrained in the precessional motion of the
depressed region in a swirling jet and also exhibit
return motion with significant rotation of the flow
structure due to precession. The period of this motion
is equal to the period of precession and corresponds to
the frequency of tonal sound radiation.

In the case of a swirling jet, as in the case of a tur-
bulent jet, a sharp movement in the surrounding
medium in the return movement of the streamlines is
observed. These pulsations apparently give rise to
acoustic waves.

The data confirm the presence of quasi-periodic
perturbations in the external flow induced by jets, dis-
turbing its uniformity.

KRASHENINNIKOV et al.

RESULTS OF NUMERICAL CALCULATION
AND EXPERIMENTS ON DETERMINING
THE PHASE CHARACTERISTICS
OF VELOCITY AND PRESSURE PULSATIONS

In a swirling jet, acoustic radiation is produced [2, 27],
the fundamental tone of which is determined by the
swirling intensity W:

Sh,, = fd/uy = 0.7w, (6)

where fis the frequency, d is the nozzle diameter, w, =
w,,/Uy, U, is the mean efflux velocity, and w,, is the
maximum value of the rotational velocity component
(at the nozzle exit).

In [23, 24], detailed results of the study of a swirling
jet with w, = 1.7 were presented. The flow structure
and the characteristics of velocity and pressure pulsa-
tions were determined. The measurements showed
that the phase difference between the radial velocity
and pressure pulsations varies in the jet flow from 0° to
360°. Figure 7 shows the results of measuring the
phase ratio outside the jet. The velocity and pressure
pulsation phases (¢) are presented at different dis-
tances from the jet along the normal to axis r, calcu-
lated from the nozzle edge; the x axis is the ratio r/A,
where A is the wavelength of tonal sound. The phase
difference A@ decreases with increasing » and passes
through a value of Ap = 90° at /A = 0.03. Starting
from this value of r, the phases of pressure and radial
velocity pulsations become close and, at /A = 0.28,
coincide, which corresponds to the end of sound wave
generation. These data indicate (1) the absence of a
pulsation energy flux from the region of the jet flow
and (2) the acoustic radiation generation in the range
of A@ from 90° to 0°. This agrees with the data of [23,
24, 26] on the periodic rearrangement of the inflow
into the jet.

To study the processes of noise generation by an
ordinary turbulent jet, in contrast to phase analysis in
the case of a swirling jet, we separated the specific fre-
quencies by the method described in [14]. Calcula-
tions based on the solution to three-dimensional time-
dependent Navier—Stokes equations for a compress-
ible medium require significant computer resources
and special processing of the results, which comprise a
large number of data sets. The calculations used spatial
meshes with approximately 3 x 10° nodes. The calcu-
lations were performed with relaxation within a time
interval of 10~ s for ten iterations and with accumula-
tion of data for approximately 1 s.

It should be noted that, due to the large amount of
processed data, we had to limit their representation to
their part least dependent on the calculation error
caused by the limitation of the amount of calculations
and insufficient accuracy associated with the specifics
in calculating very small deviations of such parameters
as density, pressure, temperature, pulsation phase, etc.

The time variation in the phases of velocity and
pressure pulsations at different frequencies (Sh = var)
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Fig. 7. Measured phases of pressure and velocity pulsations
near swirling jet: (/) phase of pressure, (2) phase of veloc-
ity, (3) ¢ = const fr/ay, (4) transient region, and (5) acous-
tic field.

was studied. The nonstationary spatial distribution of
the radiation phase was obtained by the method
described below by accumulating the pressure values
at each time step during the calculation in a selected
cross section. As a result, at each point of the section,
the realization P, ;(#,) of pressure (or the velocity com-
ponent) is stored, where i and j are the indices of the
point, ¢, = t, + nAt istime, n =0,..., N — 1 is the time
index, NV is the number of time steps stored, ¢, is the
start time of saving the data, and At is the time step.

Then, for each time point #,, we can construct a
discrete Fourier transform (DFT):

ntAn i 1)

Xi,j(k) = Z B,j(tl)e g s
I=n

k=0,., An— 1,

725

were
k is the index of frequency;
[ is the number of the time step;
An is the number of time steps processed;

T = AnAr is the length of the time interval under
study;

X; ;(k) is a set of complex amplitudes of sinusoidal
signals;

arg(X; ;(k)) is the phase of the kth sinusoidal sig-
nal.

The index of frequency is related to the signal fre-
quency as follows:

k k
4 T AnAt

In our calculations, the DFT was calculated with
an interval An of 1024 time steps. Then, e.g., the index
of frequency k = 16 corresponds to the frequency f =
156, which roughly corresponds to the number Sh =1
for the given problem.

Next, for each point of the cross section, for a time
point #,, we can calculate the pulsation phase at a given
frequency. For Sh =1,

9;; = arg(X, ;(k =16)).

After calculating the radiation phase for the entire
cross section, the next time step n =n + 1 is chosen. As
aresult, for each point, we obtained a realization of the

pulsation phase, @, ;(7,) = (pff ;»atatime point #,, where
n=20, ..., (N— An) — 1. The DFT is calculated using
fast Fourier transform. The use of an interval An twice
as large or small gives qualitatively the same results but
with a large number of distortions. The implementa-
tion of this technique records all perturbations in the
flow region and at a given frequency.

Figure 8 shows the results of calculating the instan-
taneous phase distribution for a frequency of 156 Hz.
Here and below, we present the results of numerical
calculations of the formation and propagation of an
acoustic perturbation for different Sh numbers from

Fig. 8. Illustration of acoustic wave generation.
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Fig. 9. Phase distribution for pressure and velocity pulsations in cross section of jet: Sh = (a) 0.5, (b) 1, and (c) 1.5: (/) pressure
pulsations and (2) velocity pulsations. Values of x/d are given in text.

[13—15]. Figure 8 shows a sequence of phase distribu-
tions for vertical velocity pulsations after 1/3 of a
period for Sh = 1 in the form of frames with instanta-
neous phases. The lines in which the velocity pulsa-
tions phases are 0° or 360° are shown, i.e., the lines
characterizing the position of acoustic waves. The
coordinates of the cross section in which, according to
(1), the source of sound of this frequency is located is
x/d = 1.55.

In the first frame, we can visually observe the initial
location of the small area in which the acoustic wave
emerges; its coordinates are x/d = 1.55, y/d = 1.01—
1.04. Similar data were obtained for pressure pulsa-
tion. Starting from this vertical coordinate, the distance
between lines of equal phase corresponds rather accu-
rately to the wavelength with a frequency f= 156 Hz. It is
possible to confirm this observation by comparing the
phase distributions for velocity and pressure pulsations
for fixed frequencies along the vertical coordinate at the
time point corresponding to the first frame in Fig. 8.

Figure 9b shows the values of the phase of velocity
and pressure pulsations for Sh = 1 and x/d = 1.55
along the vertical line. These data indicate that, for
y/d < 0.8, the phase difference exceeds 90° and is
equal to zero starting from y/d = 1.04. A possible
explanation for this is that an acoustic wave is formed
in the region between these values of the transverse
coordinate.

Similar data were obtained for other cross sections
ofthe jet: Sh=10.5, x/d =2 3.1 and Sh= 1.5, x/d = 1.05
(Figs. 9a and 9c, respectively). These data show that
the generation of acoustic waves at fixed frequencies
takes place outside the mixing zone, in the region
where the coordinate y exceeds y,(x), which, in the
traditional flow pattern in the jet (Fig. 1), separates the
mixing zone from the ambient space.

The phase difference A@ between the velocity and
pressure pulsations characterizes the direction in
which perturbations propagate and the magnitude of
the energy flux in the direction of velocity v [5]. The
correlation is

(v = () )P cos( ). (7)

As A@ approaches 90°, the energy transfer due to
pulsation propagation decreases and its direction
changes sign. The energy component of these pertur-
bations depends on all three components in relation (7).
Since, with increasing distance from the mixing zone,
the maximum level of pulsations can only decrease,
the increase in the acoustic energy flux at a fixed fre-
quency from zero (at A@ = 90°) to the final value can
take place only due to the energy transfer from hydro-
dynamic to acoustic perturbations as the pulsations
phases approach each other.

Thus, based on the data presented in Fig. 9, it can
be assumed that the generation of acoustic waves takes
place outside the mixing zone due to the inducement
of pulsating motion in the inflow of the surrounding
medium. The induced pulsation mechanism was
described in the previous section.

It should be noted that the calculated data gener-
ally agree with relation (1), which determines the loca-
tion of the sound source for a given frequency. When
calculating the dependences of the pulsation phase
characteristics on the transverse coordinate, the initial
time and coordinate x/d were varied. The results of
calculations showed that the best agreement with rela-
tion (1) is reached for Sh = 1.

For Sh = 1.5, the agreement can be considered sat-
isfactory. For Sh = 0.5, according to visualization data
similar to those shown in Fig. 8, the propagation of the
acoustic wave originates at x/d = 3.2...3.3, which is
somewhat larger than in (1). Limited computer capac-
ity prevented a more thorough study.

In Fig. 10, the calculation results for a free turbu-
lent jet are shown as the boundaries of different per-
turbation generation and propagation regions deter-
mined from these data. Along with the known data on
the position of the boundaries of the mixing zone (y,,
5, b) (see Fig. 1b), Fig. 10 shows the boundaries of the
supposed region (y, and y,) in which the phase differ-
ence between the transverse velocity and pressure pul-
sations for particular frequencies varies from 90° to
Zero.
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y/d

Fig. 10. Boundaries of characteristic zones for submerged
turbulent jet: (/) acoustic field, (2) transient region, and
(3) pattern of turbulent flow.

Figure 11 shows the same experimental data for a
swirling jet in its cross section. Acoustic radiation
forms in the region bounded by the dashed lines.

ON THE FORMATION OF THE SOURCE
OF ACOUSTIC PERTURBATIONS

In a nonswirling turbulent jet, sound generation
results from multiple periodic processes caused by the
intermittent motion of large-scale inhomogeneities of
the turbulent fluid: regions with reduced static pres-
sure. It is expedient to consider this process of the
hydrodynamic formation of acoustic waves compared
to the formation of acoustic waves produced by peri-
odic motion of a rigid body.

In [28], the results of a numerical calculation
(based on the solution of the Euler equations) of
acoustic radiation arising in an eccentric rotation of a
cylinder at a given frequency are presented. The case
was considered in which the size of the source is
smaller than the wavelength of the acoustic radiation
generated. As a result of the calculations, regularities
of the acoustic wave generation were determined.

Near the cylinder, the phases of pressure and radial
velocity pulsations in the propagating perturbations do
not coincide and, with an approach to the surface of
revolution formed by the boundary of the cylinder, the
phase difference is slightly less than 90°. At a distance
from the cylinder of approximately quarter the wave-
length, the phases become closer and, in the propagat-
ing perturbations, correspond to acoustic waves. Nev-
ertheless, the energy flux / in propagating perturba-
tions does not change with distance from the cylinder:

)

where R is the distance from the center. This means
that the energy of propagating perturbations is gener-
ated in a thin layer in the immediate vicinity of the
source.

1= <p'v'>R = const,
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Fig. 11. Boundaries of characteristic zones for swirling jet:
(1) acoustic field, (2) transient region, and (3) pressure
field.

Above, we have presented the results of studies on
acoustic wave generation by nonstationary motion of a
fluid or gas.

In the case of turbulent jets, the characteristic sizes
of inhomogeneities of a flow in which propagating
acoustic perturbations of fixed frequency are formed
can be determined from the data obtained from deter-
mining the velocity and pressure pulsation phases. These
data are presented in Figs. 8—10. For fixed frequencies,
the onset of the formation of periodic acoustic perturba-
tions propagating from the mixing layer corresponds to

(p'v') = 0, i.e., to a phase difference of 90°.

For example, let us consider sound formation in a
jet with Sh = 1. According to the data in Figs. 8—10,
this corresponds to y/d = 0.81. Under the condition
that the acoustic energy flux [ for a given frequency is
conserved, by analogy with (8), the quantity (p'v') R =
const could also be conserved provided that the dis-
tance from the source is measured from the coordinate
of its center, r,. In this case, r, = 0.81d.

If we assume that, initially, the sound propagates
normally to the jet axis, then R =y — r,. We can use
these simplified representations to analyze the com-
puter simulation data presented in Figs. 9 and 10. They
were obtained for a fixed radiation frequency Sh = 1
(f= 156 Hz), for which the radiation source was
located at x/d = 1.51. According to these data, the
propagation of acoustic perturbation for a jet efflux
velocity of 310 m/s can begin to be seen (Fig. 8) at
y/d = 1.1; for the same value of the coordinate (Figs. 9
and 10), the pulsation phases p' and v' become equal.
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Fig. 12. Distribution of quantities { p'v') and (p'v') p: (a) over radius for free jet at x/d = 1.55 (Sh = 1) and (b) for rotating cylinder:
(1) cos(A@) (left scale) and p = (2) R/A and (3) cos(AQ)R/A (right scale).

At the same time, the onset of formation of acoustic
perturbations takes place at r, = 0.81d.

To verify this scheme of the conditional sound
source, the data on the parameters of propagating per-
turbations in the case of a jet and a rotating cylinder
were combined in Figs. 12a and 12b. They present the
dependence of (p'v') and (p'v') R on the distance mea-
sured from the center of the source, determined from (7).
For a turbulent jet, the x axis is (y — ry)/A and, for a
rotating cylinder, R/A. (The A value for the jet was
determined from relation (3).) It can be seen that, in
the latter case, relation (8) is satisfied with satisfactory
accuracy. Figure 12 presents a comparison of the
dependences cos(A@), where A@ is the phase differ-
ence between the of velocity and pressure pulsations,
on the transverse coordinate for a jet and a rotating
cylinder (Figs. 12a and 12b, respectively).

The similarity of the dependences characterizing
the variation in the phase difference between the
velocity and pressure pulsations (cos(A@)) confirms
the earlier conclusion on the determining parameter
for the sizes of the region of acoustic emission genera-
tion: approximately a quarter wavelength.

On the other hand, the data in Fig. 12, which pres-
ents the results of determining the acoustic energy
fluxes by (8), indicate a fundamental difference
between the processes of energy transfer from pulsat-
ing motion to acoustic pulsations in the case of sound
generation by pulsating motion of a rigid body and
pulsating motion of a liquid or gaseous medium.

When comparing other data in Fig. 12 for R/A >
0.2, it can be seen that, starting from some distance
from the source, relation (8) for the jet is satisfied just
as it is certainly satisfied for the cylinder. In other
words, in a certain region, the propagation of acoustic
perturbations from a jet is similar to the propagation of
perturbations from a cylindrical source. (However, the

computation data show that, at distances greater than
shown in Fig. 12a, this dependence is violated.)

The data in Figs. 9—12 show that, with increasing
distance from the jet axis, the direction in which per-
turbations propagate undergoes changes. Starting
from the jet boundary y,, large velocity and pressure

perturbations existing in the mixing layer are not
detected. Near the jet boundary, at y =y, = y,, the
phase difference of perturbations for the characteristic
radiation frequencies (1) is 90°, the correlation is

(p'v') = 0, and the energy flux of pulsation motion
outward is absent. Only the presence of pulsations in
the flow induced by the jet provides energy for the
generation of these quasi-periodic acoustic pulsations.

According to the ideas set forth in [30, 31], hydro-
dynamic pulsations give rise to acoustic pulsations
“because of the interaction of the field of velocity pul-
sations with themselves.” These pulsations, propagat-
ing from the jet, receive energy from the pulsating
motion of the inflow. Their intensity reaches the final
level at a distances at which the induced pulsating
motion in the inflow has completely weakened. This
process is illustrated by the data of phase measure-
ments (Figs. 9—11).

For y = y,, the value of cos (Ag)—the phase differ-
ence between the pulsation velocity and pressure—is
zero. With increasing distance from the jet boundary,
this value approaches unity; i.e., for the frequencies
under consideration, the energy component of propa-
gating pulsations gradually increases, although the
intensity of velocity pulsations decreases (Fig. 12).

These data allow us to limit the region containing
some conditional sources of perturbations. Their
characteristic frequencies correspond to relation (1). A
scheme of this region is shown in Fig. 10. The outer
boundary of this region may be the y = y, value at
which A = 0, i.e., when the perturbations become
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purely acoustic. As for the initial position of the con-
ditional source, it is located closer to the mixing layer;
this position is shown in Fig. 10 roughly between y,
and y. The characteristic size of the region between
the boundaries y, and y,can depend on two character-
istic sizes of the process under consideration: L and A.
According to Figs. 7—12, it approximately corresponds
to a quarter wavelength of the radiation generated.

CONCLUSIONS

The results of this study can be interpreted as fol-
lows. The formation of acoustic radiation or noise
generation in jets, although caused by nonstationary
processes in areas commonly referred to as jet flow
regions, can occur outside these regions due to the
energy of pulsations induced in the inflowing
medium. The region where these pulsations occur is
usually called the near acoustic field of the jet, which
in this case can be considered a source of acoustic
radiation.

Turning to Fig. 10, we can propose the following
schematization of a jet flow: it is based on the scheme
proposed by G.N. Abramovich, shown in Fig. 1. We
added two new boundaries to it: y, and y. The bound-
ary y, almost coincides with the outer boundary of the
mixing layer, y,. Here, acoustic radiation begins to
form. The boundary y, is the value of the transverse
coordinate starting from which the phases of the prop-
agating pressure and velocity pulsations coincide. The
physical meaning of the region between y, and y,is the
near acoustic field of the jet. In the initial section of a
turbulent jet, the position of the boundaries can be
approximately considered linear in x.

According to the data obtained for a turbulent jet
and a swirling jet, the distance between boundaries y,
and y, approximately corresponds to a quarter wave-
length of the acoustic radiation.

It is worth noting that the presented data are con-
sistent with the ideas set forth in [16, 32, 33] on using
chevrons or lobes to reduce jet noise under the action
of longitudinal vorticity created in the source of the jet.
According to [32], chevrons and lobes placed at the
nozzle exit create vorticity in the outer part of the jet
flow; in this case, the intensity of the noise emitted by
the jet decreases approximately in proportion to the mag-
nitude of the longitudinal vorticity created [16, 32].
Comparing the data of this study with the pattern of
the inflow into the jet in the presence of chevrons from
[33], we can conclude that the longitudinal vorticity
affects the jet precisely in the region of sound genera-
tion.

The results of this study confirm the model of noise
generation in turbulent jets formulated at the begin-
ning of this paper. However, the results obtained have
not shown a direct relation of the acoustic field
observed experimentally and calculated numerically
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with basis LES technology with the data from analysis
of pulsating motion in a jet. The justification is that the
characteristics of the far field and the pulsation char-
acteristics of the flow are obtained in the same calcu-
lation, and they are confirmed by the experimental
data on individual properties of a jet flow.

To validate our conclusions, they must be sup-
ported by an analysis of the integral acoustic power
emitted at the selected frequencies. To do this, it is
necessary to show that the acoustic radiation energy
produced in periodic processes in the near field of the
jet, starting from a certain distance, ceases to change
and corresponds to the far field characteristics.

The basic ideas about the noise generation process
in a turbulent flow are contained in Lighthill’s model
of noise generation by turbulent jets [1]. According to
this model, the acoustic energy flux / emitted by a jet
is determined by a relation that can be represented as
follows:

X H <L.?—;(Tu - <7:'j>):| L.?_:g (Tkl - <Tk',>)}>dydy',

T; (y) = puu,; + By — 0295[,-,

du; Jdu;,  2(du
R

where the angular brackets denote time averaging, x is
the distance to the source, p is density pulsation in the
acoustic wave, p is pressure, u; and u; are the velocity
components, 1 is the molecular viscosity, p is the den-
sity, and a is the speed of sound in the surrounding
medium. It is usually assumed that the integration
region is the mixing layer, i.e., the region between
boundaries y, and y,. The data of this study show that
integration should be performed over the region usu-
ally considered the near acoustic field of the jet. Such
an analysis could confirm these conclusions or require
new research. At the same time, the corresponding
calculations require significant efforts, as well as the
development of computing technologies.
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