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NOISE AND STRUCTURE OF A GAS JET AT THE CHOKED OUTFLOW FROM
A PERFORATED DISK

WIKTOR M. JUNGOWSKI, WITOLD C. SELEROWICZ

Department of Aerodynamies, Warsaw Technical Univergity (Warszawa)

With the aid of experimental and theoretical investigations the main
gasodynamie and acoustic properties of a gas jet discharging from a disk have
been determined, and the range of efficient operation of the disk, as an element
that reduces the outflow noise, has been established. The properties of the
gas jet from a disk and a nozzle were compared.

Notation

sound speed,

cross-gectional area,

distance between holes of the disk,

diameter of hole or nozzle,

frequency,

critical mass rate of flow,

ratio of specific heats,

length of cell, L = L/d,

Mach number,

number of holes,

np  number of hexagons,

SPL overall sound pressure level,

P pressure, Pq = Pa/Pos Pas = PalPoss P = PnlPos

St Strouhal number,

w  gas velocity, @ = u,/e,,

a ratio of cross-sectional areas,

B =vVMr-1,

n= blfd’

] angle of direction hetween the jet axis and a radius (in horizontal plane) from the
front of the nozzle or disk,

) mass density.
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Suffixes

ambient conditions,

nozzle,

conditions on the boundary jet,
supersonic jet,

supply conditions,

subsonic jet,

substitute conditions in coalesced jet,
critical conditions.
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1. Introduction

The investigation of perforated disks, as elements to reduce exhaust noi-
se [6], has prompted the authors to devote themselves particularly carefully
to the patterns of flow and the noise generated at a choked outflow for a wide
range of supply pressure. Various structures of the coalesced jet and various
noise spectra were found to exist. As a result of the investigations some prop-
erties of the coalesced jet and their dependence on the supply pressure have
been established and this, in turn, has contributed to determining the efficient
ranges of operation for disks of different geometries. In addition, the properties
of the coalesced gas jet discharged from a disk and those of a jet from single
convergent nozzle have been compared.

2. Gas jet at the choked outflow of a convergent nozzle

To enable the comparison of a coalesced jet from a disk with a jet from
a nozzle to be made, it will be advisable to sum up and to analyze the essen-
tials of the information contained in numerous publications, as well as the
conclusions that result from the investigations of a single jet.

The gas jet at a choked outflow, while expanding outside the nozzle, forms
a characteristic cell structure. The structure of cells, their dimensions and the
shape of the shock waves encountered, depend on the ratio of the ambient pres-
sure to the supply pressure [12, 6]. Fig. 1 shows our own photographs of a gas
jet, obtained by a schlieren method, with the aid of the light from a mercury
lamp. It can be seen that, as the supply pressure increases, the length of the
cells is also increased (a, b), and there then appears a Mach disk in the first
cell (c) and, subsequently, in the second (d). The empirical formulae of va-
rious authors for the length of the first cell (at the nozzle) for air discharge
(k = 1.4) are presented below in a uniform notation. Two groups of formulae
are remarkable: the first is characterized by simple relations with regard to p,

- 1 -
L= 0.89]/—_- —1.9, " " [19:p: T, (1)
Pa
= 0.528 .
L= 1.55]/ - —1, when 0.528 > 7, > 0.264, [6], (2)
a
= 0.528 47
L= 1.52( - ) —0.5, when P, < 0.264, [6], p. 6, (3)
Pa
1
L=12 ]/? —1.89, . [11], p. 1048, (4)
Pa
% 0.317 1
L= 0.89(0.1+ 5 ) 5 —1, when 0.528 > p, > 0.352, [T}, (B)
a a
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g 1
L = O.SQ]/T —1, when 7, <0.3562, [7], p. 234, (6)
Pa
and the second by linear relationships to j
L =118, [2], p. 576, (7)
L =1.3068, [1], p. 2186, (8)

where

B=VMi—1 = ]/5(@;1@ —1)—1.

: Fig, 1. Choked gas discharge from the nozzle
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The results of computations made using the foregoing formulae are given
in Fig. 2, where the results of the measurements of the cells’ length from our
own photographs are also plotted.

It can be seen that lengths of cells obtained from formulae (1), (4) and
(7) differ considerably, whereas formulae (2) and (3), (5) and (6) as well as (8)
differ by only a little and do not depart much from the results of measure-
ments made by the present authors. For this reason the value of the ratio
of the length of the cells over p,, obtained by measurement, has been found
to be the most reliable and has provided the basis for plotting the graph
L(p,) (Fig. 3). This, in turn, has found an application in the analysis of the
supersonic gas jet formed at the outflow from the disk.
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Fig. 2. Relation of the length of the Fig. 8. Relation of L to P, for the
firat cell (L) to the supply pressure nozzle, according to the measu-
(pqa) of the nozzle rements of the authors

O — measurements by the authors

The interaction of shock waves, encountered in the cells, with vortices
and turbulence in the unevenly expanded supersonic jet, produces additional
noise, in addition to the turbulent mixing noise also generated in subsonie
jets. The noise connected with the cell structure exhibits two components [2].
The former is distinguished by discrete frequencies in its spectrum and the
oceurrence of acoustic-flow feedback at its generation [10, 117]; it is usually called
sereech or whistle. The latter has a wider band with a definite peak and is
produced without feedback. Fig. 4 shows the spectrum of the sound level ob-
tained for weakly-choked outflow (a) and strongly-choked outflow (b) from
the convergent nozzle. In the latter case the discrete frequency (5.4 kHz) and
its first harmonic can be distinctly seen.

The overall sound pressure level increases as both the supply pressure
causing an increase of Mach number on the jet boundary, and the rate of
gas delivery increase. On the basis of previous results [2] and our own mea-
surements, it has been found that for # = 90° and within the range 0.5 < g <1
(0.46 > P, > 0.31) the overall sound pressure level (SPL) is dependent on B, ie.

SPL[dB] = const + 40logp. (9)
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For p>1, SPL is almost constant in level.

The generation by the jet of the above-mentioned discrete frequencies
in the noise spectrum depends primarily on the ratio of the ambient pressure
to the supply pressure and on conditions for the reflection of acoustic waves
in the environment of the nozzle and jet [3, 4, 8, 9, 13]. The occurrence of
strong discrete frequencies is econnected with the decay of the discharging jet
over a considerably shorter path than when they are absent (Fig. le).
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Fig. 4. Spectra of acoustic pressure for choked gas discharge from the nozzle for two values 7,

Various forms of jet oscillations corresponding to different levels of sup-
ply pressure have also been described. It is possible to distinguish prevailing
oscillations of an asymetric type [1, 4, 7-9, 11, 13], visible on photographs
taken by schlieren (Fig. ba) and shadow methods (Fig. bb) using a spark light
source. Fig. 6 compares Strouhal numbers evaluated from the formula

8t = fdle, (10)

on the basis of the measurements of discrete frequencies stated in publications
and obtained by the authors. It is possible to distinguish the band A through-
out the whole range of P, that corresponds to asymmetric oscillations, the
band B within the range of higher values of P, that correspond to oscillations
of a symmetric type, and the band D within the range of lower values p,,
that correspond to oscillations as yet not precisely investigated. The given
values correspond to fundamental frequencies, whereas in spectra the first
harmonic can frequently be observed. For comparison Strouhal numbers are
also specified which have been evaluated from the empirical formulae stated
in two publications:

1
T e Ty
; 3]/»: —1.89
LA

[11], p. 1048 (11)
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Fig. 5. Choked discharge from the nozzle-oscillations of the jet (of an asymmetric type):
a) the photo made by steak trail method, b) the photo made by shadow method
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Fig. 6. Relation of Strouhal number to supply pressure (p,) for discrete frequencies in
a spectrum
M — measurements by the authors
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and
0.567

1
el

Pa

It can be seen that formula (12) is in a good agreement with the mea-
surement results within a wide range of 7, and is associated with the band A.
On the other hand, formula (11) is only partially in agreement with all three
bands.

The use of spoilers at the nozzle outlet or the use of sound-absorbing ma-
terials in the immediate surroundings of the nozzle permits the removal of
some of the discrete frequencies. However, the use of a suitable reflector may
enable them to be strengthened or stabilized.

8t = R &8 RN (12)

3. Experimental investigation of air outflow from perforated disks

The investigations involved the visualization of flow by a schlieren me-
thod with the aid of a mercury lamp or a spark light source; measurements of
static and stagnation pressure by means of a Prandtl tube of small dimen-
sions; measurements of overall sound pressure level (SPL) and noise spectra
with the aid of apparatus from Briiel and Kjaer comprising a half-inch micro-
phone (type 4133) with pre-amplifier (type 2616), analyser (type 2010) and
level recorder (type 2307). A microphone was located at a radius of 50 cm
from the nozzle outlet or the disk, and the angle 6 between the radius and
jet axis in a horizontal plane varied within the range 45° to 135°.

All disks were provided with holes arranged on the sides of hexagons
(Fig. 20a). The total cross-section of the holes was always equal to the cross-
-section of the nozzle, of diameter 16 mm. The number of holes in the disks
depended on the number of concentric hexagonals and can be expressed by
the formula [1] :
n = 1+3n,(n,+1). (13)

Disks with three numbers of holes arranged at various distances were
used:

np n n

1 7 0.5 0.645

2 19 0.07 0.5 0.861

4 61 0.07 0.5 0.772 1.07 1.243  1.523

Visualization of jet structures. Figs. 7 and 8 show air jets discharging from
disks with equal = 0.5, but with different numbers of holes: 61 and 19, res-
pectively. At lower Supply pressures the cell structure occurs only in the prox-
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Fig. 8. Choked gas discharge from a disk (n = 19, n = 0.5) for variour supply pressures
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imity of the disk. Jets meet as subsonic ones to form a coalesced subsonic
jet (a). As the pressure increases, the plane of joining of the jets moves towards
the disk, while shock and rarefaction waves appear in the coalesced jet (b).
With sufficiently high pressure distinet cells oceur in the coalesced jet (c, d, e),
which increase in length as the supply pressure rises.

On the basis of the measurement of the length of the first distinct cell of the
coalesced jet and the graph shown in Fig. 3, the form of the substitute sup-
ply pressure (P,,) as a function of real disk supply pressure (F,) is shown
in Fig. 9 (the substitute disk supply pressure (7,,) corresponds to the nozzle
supply pressure (p,) at which the length of the first cell L is the same for
both the disk and the nozzle). As can be seen, the growth of n at con-
stant #n and P, causes P,, to increase, i.e. reduces the substitute supply
pressure .
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Fig. 9. Relation of the substitute supply pressure (Pgs) in a coalesced jet to the real supply
pressure of the disk (7,)

Figs. 10-13 show gas jets at various supply pressures. At the lower and
the higher values (a, ¢) the jet is stable and coherent, while at intermediate
pressures (b) distinet asymmetric oscillations occur which bring about a very
rapid decay of the jet. Such structures exist at various values of # and n.
In the figures we can see Mach waves of high frequency which are propagating
conically from the jet boundary, in the proximity of the disk. Furthermore, Fig.
13a shows acoustic disturbances of a lower frequency which are probably
induced by oscillations of symmetric type.

Measurements of overall sound pressure level. Fig. 14 shows the depen-
dence of the SPL on p, for various » and Fig. 15 — for various » and angles 6.
From Fig. 14 it can be seen that reduction in 5 at constant n causes a steep
rise of SPL at lower supply pressures. This rise comes from the supersonic coales-
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ced jet. Within a wide range of pressures the minimum level SPL is obtained
for n = 0.772. Fig. 15 shows a reduction in SPL, within a wide range of pres-
sures, as n increases with constant #. The increase of SPL to a level that cor-
responds to the SPL of the nozzle occurs at very similar values of the supply
pressure.

b
5=0733
C
%=0,725

Fig. 10. Choked gas discharge from a disk (n = 61, n = 0.07)

The spectrum of acoustic pressure. Fig. 16 shows spectra obtained at three
values of the supply pressure. The spectrum (a) corresponds to a subsonic
coalesced jet, and (b) and (¢) to a supersonic jet with cellular structure. The
last two speectra both contain a distinet peak caused by broad-band noise
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resulting from the cellular structure. Furthermore, in thé spectrum (c) there
oceur two discrete frequencies that correspond to the noise induced by asym-
metric flow oscillations with acoustic-feedback. The higher frequency is a first
harmonic.
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S

Fig. 11. Choked gas discharge from a disk (n = 61, 4 = 0.5)

Fig. 17 shows the results for the other disk. In the spectrum (c) one dis-
crete frequency can be seen.

Fig. 18 and 19 show the effect of the angle 6 on the shape of the spectrum,
which, evidently, is negligible.
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Measurement of stagnation and static pressures. The values of stagnations
pressure as measured on the axis of the subsonic coalesced jet (in its initial
cross-section) are plotted in Fig. 21a (M, <1). While measuring the static
pressure at the beginning of the supersonic coalesced jet, a substantial excess

Fig. 12. Choked gas discharge from a disk (n = 19, % = 0.5)

pressure only a little below 1 atm at the maximum supply pressure was found
to exist. The results have not been compared because they are few as a result
of considerable air consumption during measurement at high supply pressures.
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Fig. 138. Choked gas discharge from a disk (» =7, 5 = 0.5)

4. Calculation the properties of a coalesced jet

Experiments have shown that a coalesced jet is subsonic or supersonic
with. cell structure depending on the range of 7,, # and n. For this reason,
physical models used for the calculation will be different for different jets.
In both cases a simplifying assumption has been made that the gas properties
at the initial cross-section of a collective jet are uniform.

Subsonic flow in a collective jet. A diagram of the structure of the flow
is shown in Fig. 20b. Due to mixing of the jets discharging from a disk with
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Fig. 14. Relation of SPL to P, for various 75
(6 = 90°) x — mnozzle

the ambient air, subsonic portions of the jet develop around the decaying
cell structure.

At a certain distance away from the disk they come into contact with
each other and form a coalesced subsonic jet. Applying the principle of con-
servation of momentum to those jets we obtain:

g*ciA*+(p*-pa)A* = qu;AiJ' (14)

After giving consideration to the equations of state of gas for single and
coalesced jet, and relations

a, =4 /4, (15)
and
M, = u,/c,, (16)

we determine the relation between M, and P4, for a, = const, in the form

iy & —2— 2 1/(k—1)
M’“_]/k [@(Hl) e Sl

With the aid of tables for isentropic gas flow we may find Py (M,).

It can be concluded from (17) that the problem involves a proper deter-
mination of a, The cross-section of the coalesced jet has been defined in
two ways: as the total of the cross-sections of all of the jets with diameters

2 — Archives of Acoustics 2/76
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Fig. 15. Relation of SPL to P, for various n» and 6 (3 = 0.5)

X =— nozzle

d+b(4,) or as the area (4,,) bounded by dash-dot curve in Fig. 20a. Cor-
respondingly, one obtains

¥
— . 18
i g
1+ 31 1
tyy = Gy, ﬂ-[r—{“ nh(nh+ )] : (19)

2

7
o meite B (F St o4 2
6+V3+n,,( Ny, +2)
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Fig. 17. Spectra of acoustic pressure for a disk (for various p,)
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Fig. 18. Spectra of acoustic pressure for a disk (for various 0)
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Fig. 19. Spectra of acoustic pressure for a disk (for various 6)

Thus a,, depends only on the spacing of holes while a,, depends also on
their number.

Supersonic flow in coalesced jet. The diagram of the structure of the flow
is shown in Fig. 20c¢. The jets come into contaet with supersonic boundaries
at a short distance away from the disk. The existing shock waves maintain
in the coalesced jet a pressure that is higher than the ambient one, and this

Fig. 20. Structure of gas jet from a disk at the critical choked discharge

results in the formation of a net of rarefaction waves that gradually pro-
duce the cell structure. The mixing of the jets with the ambient air through
a small initial distance is considered to be negligible.

Applying the prineciples of conservation of mass, momentum and energy
we get, respectively,

G, = @alty Ay, : (20)
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(Py—Pa) A, — (Pu—Du) 4y = G, (u,~0,), (21)
i e, TR <.

T ey g

Considering together the critical mass rate of flow, the relations between
the stagnation and critical properties and the relations

(22)

a, = A*/An! (23)
. U = Uy [0y, (24)
we obtain the quadratic equation \
i 22 2
in which .
9 \12 | 9 \—3)2(k—1)
D=2——— Pa|l— —1)|—— 5 26
() ) () a0
The solution of equation (25), that is physically meaningful, is
o e DA 2 a7
U o=—— — - —.
2 2 k+1 (27)

The positive root is rejected since it leads to a statie pressure — in a col-
lective jet — considerably lower the ambient pressure, while measurements
made have shown that it is higher. By transforming, in turn, equation (21)
and writing » = p,/p,, we obtain

5 i s oo B & 2 (k+1)l2(k-1)_
P=almif) ) ] e

The cross-section of the coalesced jet is defined as the circular area boun-
ded by continuous line in Fig. 20a, which implies

1+ 3n,(ny+1)

o 29
an aPI (2nh+l)2 ( )
Having calculated from (27) that
— uﬁ- uﬂ cﬂ cﬂ
=——=—— =M, 30
u Pptonlbngr n gy (30)

we can select from tables of jsentropic flow the frarlues of M, which will sat-
isfy relation (30) and read the ratio p,/p,. Having caleulated 7 from (28)
we finally obtain

it pﬂ pa.
pa i Oy : (31)
il Nadl

Results of calculations. In Fig. 21 the results of the calculations made
using the above relations are denoted with continuous lines. For a subsonic
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coalesced jet (a) (M, < 1), the results of measurement show good agreement
with the results of calculations obtained using a,, for bigger », and a,, for
smaller. In the case of a supersonic jet (M, > 1) this agreement deteriorates,
notably for n = 19.

s | g. %
523 0157

09

3

Pes |
g AL C)
04-
03-
02 Fig. 21. Relation of the substitute

supply pressure (Pgs) in a coalesced
0'10,1 N SR _E jet to the r:a.:l i}l:p(pﬁl:; pressure of

The curves obtained do not join at p,, = 0.528, i.e. when the flow in the
coalesced jet is critical. In the transsonic range, measurement results are lack-
ing but it might be supposed that they would not have been in agreement
with the calculations. These facts result from the application of the two dif-
ferent models of flow which are correct for a subsonic or a supersonic coales-
ced jet.

5. Comparison of the jet from perforated disk with the jet from a nozzle

At the choked discharge of a gas from a perforated disk the collective
jet can be subsonie, similar to subsonie discharge from a convergent nozzle,
or supersonic, as for choked discharge. The nature of the structure of the
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coalesced jet depends on the substitute supply pressure p,, which, in turn,
is a function of P,, n and 5. The collective jet exhibits all properties of the jet
from a nozzle at corresponding supply pressures, i.e. when P,; = Pa-

The SPL of the disk is linearly dependent on 7, since the coalesced stream
is subsonie, as is the case for the disk in the range of subsonic discharge. When
the cell structure appears, the SPL increases rapidly, as in the choked dis-
charge from the nozzle, and can attain a level that corresponds to its maxi-
mum SPL.

The nature of the SPL spectra in corresponding supply pressure ranges
is the same for the disk and nozzle. In the subsonic range the spectra are flat,
while in the supersonic one they exhibit a distinet peak and discrete frequencies.
Strouhal numbers calculated on the basis of discrete frequencies fall into the
same range as they do for the nozzle if p,, = P,; (Fig. 6). Symmetric and asym-
metric forms of vibrations also occur in both cases.

6. Conclusions

From the investigations carried out it can be concluded that the effi-
ciency of a perforated disk as a means of reducing the outlet noise is limited
by the supply pressure range dependence on #. Fig. 22 is a plot of values of P,
from Figs. 14 and 15 that correspond to the beginning of a steep rise of SPL,
while the continuous line denotes the caleulated values of 7, that correspond
to P, =0.48 (broken line in Fig. 21a), i.e. M, = 1.08. The values of P, from
Fig. 21b and ¢, that correspond to the other number of holes, differ only insi-

Pa h
05} F R
7 179167
04 Mg( 108 (0070 —=1—]°
0500|ala]e
03 0772 I=1—e
17,040 |=|=']e
- 8
Fig. 22. p, as a function of # for a per- B4 Mg)lﬂ £
forated disk (corresponding to a dynamic 07 L L L L i L o
SPL increase in Figs. 14 and 15) 0 02 0406 08 70 12 7q

gnificantly, as described by formula (29). It can be seen that an increase in
noise occurs after the formation of the cell structure in a coalesced jet. It is,
therefore, desirable that 7,, for a given %, should always be within the region
of efficient operation of the disk, i.e. M, < 1.08. On the other hand, it was
found that the lowest level SPL occurred when n = 61, corresponding to
n = 0.5 —0.8; thus, the use of higher » can be justified only when there the
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the highest supply pressure occurs. It is known, that the SPL decreases as
the number of holes in the disk [5] increases, but, at the same time, the mea-
surements show that the supply pressure at which the SPL of the disk becomes
equal to the SPL of the nozzle does not depend on the number of holes.
Thus, when using a perforated disk as a single stage element to reduce
outflow noise, it is necessary to select a diameter as small as possible for holes
in the disk and to choose a value of 7 as small as possible, but the value of 7,
‘should always remain in the region of efficient operation of the disk.
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