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OGRWARD

This document has been elaborated by EUROVENT simply to provide guidelines concerning
the material discussed berein. The subject of this brochure is “Flow-generated noise,” and it is
not our intention here to present the reader with solutions to all flow noise problems.

Nonetheless, it will make the user aware of many of the problems and will indicate an order of
magnitude for the noise levels in question. Some of the data presented are in-depth, while
uthers are more general and have been taken from manufacturers’ catalogues. We hope this is a
valuable, concise document which provides indices for a multitude of situations.

The graphs contained in this brochare were taken from original papers, and the decision was
made to reproduce them as initially published. Although it might have been possible to present
thern in & more unified and professional manner, we felt it preferable to Ieave them with the
original "authars' touch.”

Throughout this document, spread dats between results and indicated treads is presented,
permitting the reader to understand that there exist inhereat uncertainties in the field and that
"not all of the answers have been found.” .

AVANT -PROFPOS

Ce document, établi par EUROVENT, a pour but de présénrer des résultats relatifs au bruit
géndré par I'écoulement & travers un certain nombre de composans aérauliques. Il ne permetirg
pas au lecteur de traiter tous les probiémes de bruit d'écoulement auxquels il est suscepiible
d'éire confronté,

1 fournit cependant des données chiffrées, tirées de la litérature existante ou de catalogues
CONSITUCIenrs, qui permettent d'appréhender les phénoménes en jeu et de donner des ordres de
grandeur utiles powr un grand nombre d'applications pratiques.

Les flgures présentées dans cette note sont directement reproduites & partir des textes originaux
afin de laisser aux auteurs concernds la parr de responsabilité qui leur incombe dans la
publication des résultars.

Tout au long de la présentation, on a également fait figurer la dispersion des résultats relevées.
Ceci permer au lecteur d'apprécier les incertitudes inhérentes aux donndes présentées et de lui
Jaire comprendre que "tout n'est pas encore tolalement résoli.”

YORWORT

Dieses Dokumet wurde von Eurovent erarbeiter, umn Richtlinien, und nicht mehr als das, fiir die
dargestellten Komponenten an die Hand zu geben, Das Thema sind strdmungserregte
Geriusche, wobei nicht daran gedacht ist, auf den folgenden Seiten eine Beschreibung zu
ligfern, die dem Leser die Maglichkeit gibt, alle Probleme von Swomun gsgerduschen zu lbsen,

Es werden dennoch hiermit viele Probleme bewuBt gemacht und hilfreiche Hinweise fir die
Beurteilung der betreffenden GerduschgroBen gegeben, Die Qualitdt der Daten ist sehr
unterschiedlich, da manche sehr genau, cinige dagegen weniger genau sind und einige aus
Herstellerkatalogen entnommen wurden. Trotzdem ist es ein wertvolles und umfassendes
Dokument, welches fiir vicle gegebene Fille die GréiBenordnung der Probleme deutlich macht,



Die in diesem Dokument enthaltenen graphischen Darstellungen wurden Originalunterlagen
entnommen, wobei entschieden wurde, sie wie bereits verdffentlicht abzudrucken. Es ist klar,
daB Evrovent aus der Menge dieser Reproduktionen eine eigene mehr professionell
erscheinende Uterlage hitte erarbeiten kijnnen. Dabei wire aber eventuell die "Handschrift” der
eigentlichen Autoren verloren gegangen.

In dieser Unterlage bleibt bei der Vielzahl der Daten der Zusemmenhang zwischen festgestellten
Brgenbnissen und dargesteliten Trends erhalten, Dadurch werden dem Leser die gegebenen
Toleranzrinme bewuBt gemacht und ihm vermittelt, daB "nicht alle Probleme bis zum letzten
erforscht sind.”
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Q- INTRODUCTIGN

Acrodynamic noise is generated in boundary layers, discontinuities and deflections of
flow, e.g. in jets, wakes, elbows, absarption silencers, resonator silencers, branch take-
offs, air modulation units and other duct elements,

The peak frequencies of the aerodynamically gencrated noise depend on the geometry of
the devices, the turbulence level and the velocity of the flow. These parametets can
usually be combined into the dimensionless Strouhal number

s = fd/u

in which d is a characteristic length, f is the peak frequency and « is the velocity of the
flow.

The intensity of flow-generated noise is proportional to between the fifth and sixth power
of the local flow velocity in the duct.

Aerodynamic noise can be kept low if the flow velocity is low and if abrupt changes in
area or direction of flow are aveided.

Special problems are stressed in this document, and in particular, the influence of flow on
propagation of nolse in ducts, on the effectiveness of absorpdon silencers and Helmholtz
resonators, on the vortex shedding of plates and on the branching of side ducts from the
main duct.

1 - NOISE SOURCES IN DUCTED SYSTEMS

The table below lists some of the noise sources found in ducted systems, as shown in
Figure 1.

1 - Free turbulent flow from the damper blade

2 - Friction of the flow on the damper casing
{boundary noise)

- Turbulent boundary layer flow on the duct wall
- Turbulence at elbows
Turhulence at junctions

- External fluctnating excitation forces

~3 o tn Y [
1

- Turbulence behind nozzles, orifice plates and
consirictions

8 - Bellows



9 - Acoustical resonance in the working {Tuid
10 - Tuarbulence behind expansion or contractions

11 - Structure borne noise and vibration from the connected system,

2 - NOISE GENERATION FROM DAMPERS

2.1 Fluctuating pressure (Figure 2)

Gate valve :

Curve 1 for large openings shows the behaviour of rurbulent flow qualitatively obeying
the resistance law concerning ducis.

Curve 2 for small openings shows the behaviour of the transition laminar toward flow
duct mrbulences thus, indicating the influence of the friction effect of the duct wall.

2,2 Frequency spectrum (Figure 3)

Gate valve ;

The fluctuating pressure is correlated with

Shmax M*2/WRe  where the Strouhal number is :

f.hmax
Shmax =
U
with U = average velocity in the opening
and Mach nurnber
M* = U
¥
a

with

a* = critical velocity of sound

The Reynolds number Re indicates the friction effect on the duct wall.

2.3 Nvise propagation in the downstream duct (Figure 4)

The noise generated by the wall flow of the gate valve propagates into the downstream
duct with a strong unsteadiness behind the valve, Therefore, the main attenuation of the
noise takes place only within a one-diameter distance from the valve (see Figure 4).



The low frequency components which usually accompany the turbulent activity of a free
jet are therefore strongly reduced.

The table in Figure 4 reveals that the attenuation of noise per 1 m duct length is dependent
on the duct diameter. The larger the diameter, the higher the alenuation, This is becanse
of the radiation of the duct wall surface into the surroundings. The larger the surface, the
stronger the radiatien loss,

3 - NOISE GENERATION IN T-JUNCTIONS

Two extreme cases are considered.
Figure Sa

In case 1, is all flow is led imo the deflected branch II, while in case 2, there is only flow
into duct 1T without deflection. The average noise reduction in branch IT and that in duct
101 are nearly equal for each of the two cases, namely :

1.5 - 4 dB for case 1 (just below the thearetical value of 3 dB), 2 -7 dB for case
2 (exceeding the theoretical value of 3 dB).

Tn case 1, additional noise is generated by turbulence of the deflected flow, while in case
2, noise is reduced by mismatching.

Figure 5b

This shows sound power levels of branch take-offs from a 900 x 300 mm duct through a
plain tee, Volume flow rates for the main duct vary from2.5t0 9 m* /5.

Figure 5c¢

Here we see the influence of a coned conncction in reducing the noise from abrupt
connectons.

Figure 5d

This reveats the effect of rounding of the corrers upon naise reduction, with ¥Dg = .15
as a reference.

Figure Se

This figure shows noise spectrum changes with the ratio of the velocities in the main duct
and branch duct as parameler, at a roundiag of comers of

DR =015



Figure 5f

This figure summarizes further guidelines for minimizing flow-generated noise at T
junetions.

4 - EFFECT OF FLOW BIRECTION UPON NOISE INTENSITY

For the propagation of sound with flow through a duct with acoustically hard walls, the
emplitude in the upstream direction, P-, is higher than in the downsteam direction, P+
{see Figure 6 for 1000 and 1477 fz). The difference increases monotonically with the
Mach number. For frequencies above 1000 He, this rend holds true.

The attenuation of a rectangular absorption silencer at 40 m/s passage velocity is higher
for the reverse flow in the low frequency range below 1000 Hz, but lower for the reverse
flow in the high frequency range above 1000 Hz (Figure 7). The reason for this is that
the short-wavelength roise (high frequencies) is Tefracted by the reverse flow away from
the absorption materjal of the wall, but is refracted by the forward flow inta the absoption
material {Figure 7). The changeover of flow direction effects occurs at 4 frequency which
is just about the cut-off frequency which for this passage size,

A similar example, for cylindrical silencers is given in Figure 8. The higher attenuation at
low frequencies that accompanies the larger diameter is consistent with the general
property of dissipative parallel balfle silencers, which have a maximum attenuation for
diameters on the order of & wave length.

Further experimental results are shown in Figures 9, 10 and 11. The attenuation decrease

with the forward flow is greater the narrower the duct section. See Figure 12 for
frequency ranges 125 o 2000 Hz,

5 - FLOW-GENERATED NOISE IN DUCTS

The dimensionless sound power spectrum P (w) of the duct-wall pressure fluctuations
due to turbulent boundary layer decreases with the Strouhal number wd™/m, or fd*/u,

where d* = displacement thickness of the houndary layer, u = free stream velacity, tw =
mean wall stress (Figure 13a and 13b),

The noise radiated by a rbulent boundary layer is given in Figure 14. The sound power
spectra of 600 mm x 600 mm straighr steel duct for air flow velocities of 10, 15 and 25
my/s are given in Figure 15. Measures to reduce the probability of drurmming in large
aspect ratio rectangular ducts are given in Figure 16, either by means of partitions or
perforated plates in order to smooth or break up the large-sized tarbulence of the flow,



6§ - FLOW-GENERATED NOISE IN SILENCERS

Some data concerning flow-generated noise in silencers are summarized in this secton.

Figure 17 shows the flow-generated noise in & rectangular duct silencer for forward and
reverse flow. The reverse flow noise is smaller in the low frequency range, but larger in
the high frequency range. This trend is similar to the results given in the previous section
on the effect of flow on atteruation.

Figure 18 shows the effect of the aerodynamic shape of the entry nose of a silencer

splitter. The flat nosed splitters create much more noise than the round nosed splitters,
especially in the lower frequency range below 2000 Hz.

7 -  FLOW-INDUCED NOISE IN ELBOWS

A single splitter turning vane can reduce the noise in the low and high frequency ranges,
(Figure 19).

Short chord turning vanes are capable of reducing the noise in the low and the high
frequency range, (Figire 20). Bu if the raiting edge of the vane is inadequately formed,
the noise in the middle frequency range can be increased (Figure 20} due to the formation
of a Karman vortex street in the wake. Karman vortices can excite the vane to vibrate in
I¢SONARCE,

Figure 21 shows the approximate level of sound power gencrated by air flowing
through elbows with vanes at 10 m/s.

Figure 22a gives the pressure drop cocfficients of elbows of different forms. The
flow-induced noisc can be considered proportional to the pressure drop coefficient

Figure 22b gives additional guidance for minimizing flow-generated noise in elbows
and hends.

8§ - FLOW-INDUCED VIBRATIONS ON PLATES OR GUIDE YANES

If a flow streamns along a plate or a guide vane, a wake with Karman vortex street can be
generated. The fluctuating dynamic force of this Karman vortex can excite the plate
or the guide wvane to vibratc in resonance.

The excitation can be kept 10 & minisnim if the shape of the mailing edge of the plate or the
vane is adequately constructed, (Figure 23},

The diagram shows the excitation in relative displacement against the ratio s/h, where s
is the length of the trailing edge and b is the thickness of the plate or vane,

Cancerning the frequency of excitation :

= For short plates, plate thickness, h will enter into the Stwouhal equation.



» For long plates, the additional thickness of the exit boundary layer will enter into the
Strouhal equation.

9 - FLOW-GENERATED NOISE AT DISCONTINUITIES OF DUCT

The flow at a sudden expansion of duct produces turbulence and vortices, which cause
pressure fluctuation and noise radiation, Figure 24 shows the spectra of such a pressure
fluctnation with the Strouhal number as the abscissa

£.(D-d)

u
~and the distance from the discontinuity as a dimensionless parameter *
LAD-d)

The maximal pressure fluctuation occurs when this parameter is approximately equal to 4,
corresponding to flow reattachment.

Figure 27 displays the noise generation of the discontinuity as a function of flow velecity
for two kinds of sudden section reduction :

600 x &(H) 10 600 x 200 mm
600 x 600 o 200 x 200 mm

Reductton on two sides makes considerably more noise than reduction on one side.
The improvement achieved with a gradual reduction is much more marked for the two
sided discontinuity change, an improvement of about 30 dB over the entire frequency
range Is achieved for (he reduction of
600 x 600 to 200 x 200 mm
If the sudden change in the cross section is made by expansion on one side but by
reduction on the other, then a gradual change can improve ihe situaton, especially in the
high-frequency range above 500 Hz. Figure 26 indicates this for the section change :
from 600 x 600 to 300 x 900 mm
Another example for an extremely sudden section change

from 600 x 600 o 200 x 1200 mm

is given in Figure 29. the improvement by the gradual section change can reach 30 dB,
again over the whole frequency range again,



Figure 28 summarizes further guidelines for minimizing flow-generated noisc at cross-
section changes.

10 - FLOW-GENERATED NOISE FROM BUTTERFLY DAMPER

If tke butterfly damper blade is completely opened so that the incidence angle of the flow
t0 the blade is zero, the noise is generated by the boundary layers and the wake, which is
generally composed of a Karman vortex street.

The noise spectrum given in Figure 29 shows a pronounced peak at 500 Hz for high
flow velocities. If the entire thickness of the butterfly blade, including the houndary
layers ot its two sides, is assumed to be 20 mm, then the Strouhal number for the
velocity of 30 m/s

fd 560 x 0.02
s = = =03

1 30

corresponds well to the excitation of a Karman vortex street. In addition, the frequency of
500 Hz with a wavelength of

330
1 = —— = {.66m
300

corresponds Lo an acoustical resonance for the lateral gas column in the duct
{600 x 600 mm). Therefore, the peak is especially strong.

When the butterfly blade is slightly closed to an incidence angls of = 15 ° to the flow, the
spectrum is generally raised by about 10 dB, see (Figure 30.).

When the butterfly blade is further closed o an incidence angle of 45 © - (Figure 31} the
flow is completely separated behind the blade. Now, the gap of 90 mm between the blade
and the wall will be an important parameter in addition to the projected width of the blade.
The vortices in the dead zone immediatly behind the blade cause a noise increase in the
very low frequency range helow 123 Hz, Bacause of the contraction, the effective gap
ean be reduced 10 about 50 mm and the effective velocity of the flow can be raised by a
factor of

300
- = G
50

Now, the maximum velocity of 15 m/s in Figure 31 is raised 10 about 100 m/s. The
Steuhal number gap for the peak frequency of 500 Hz would be



500 x 0.05
Sgap = - = 025

This value agrees well with the theory

An example of sound generated by the Karman vortex street of four 13 mm diameter rxds
in a flow of 25 m/s is given in Figure 32. The frequency peak in the 500 Hz octave band
corresponding to a ransverse resonance of the duct (600 x 600 pur) has a Strouhal
number of -

500x 0013
Sgap = - = 0.26
s 25

This Strouhal rumber agrees well for the excitation of a Karman vortex street. Therefore,
the peak reaches 20 dB above the neighboring frequency range.

11 - STREAMLINE-SPLITTER SILENCER WITH SMALLEST FLOW-
GENERATED NOISE :

A strearnling-splitter silencer abrupt section change has the smallest flow-generated noise.
The attenuation achieved by means of such a silencer can therefore be very high,
{Figure 33). :

12 - INFLUENCE OF FLOW ON THE BAMPING EFFECT OF A SIDE-
BRANCH - HELMOLTZ RESONATOR

A normal side-branch Helmholtz resonator is only effective for the acoustical case
without flow. If there is a flow in the main duct, the damping effect will be reduced. The
reason for this is that the vibrating gas column through the neck of the resonator is
disturbed by the turbulence created by the cross flow of the main duct, This turbulence
can be weakened by lining the duct near the necks, (Figure 34). The damping can be kept
high at a resenance frequency up to a flow velacity of 20 to 80 m/s.

It is 10 be noted that the resonance frequency of the Helmholtz resonator is raised by the
flow (see diagram (E) , Figure 34).

13 - JET NOISE

The noisc radiated by the following jets are given in Figure 35 with the Lighthill
Pparameter as the abscissa. Clearly three regions exist :



1. Turbo jet {ro rehear) and air jer model.
2. Rocket and turbo jet (with reheat).

3. Air muli-jets with low velecities
{air conditioning zone).

14 - NOISE RADIATION OF A PLATE EXCITED BY A TURBULENT
BOUNDARY LAYER

The acoustical power radiated by a plate due 1o excitation of the wrbulent boundary layer
(plate thickness : Q.0015 m, 0.003 m and 0.006 with flow velocities of 30 and 55 m/s}is
shown in Figure 36.
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Figure 5c¢
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Figure_22a: Pressure loss coefficient of glbows
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Guidelines for minimizing flow-generated noise in ducr bends.
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Figure 24
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