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The Problem of Duct-Generated Noise and Its Prediction

There ig increasing interest today in the problem
of noise generated by fluid flow. This interest
covers not only the assorted problems of aero-
engine noise, but extends also into that less
spectacular, but nonetheless critical, field of
ventilating and air-conditioning equipment. It is
an unfortunate fact that until recently the latter
area has been, by comparison, all but neglected.

In this paper we will present some of the
more fundamental notions of the phenomena classi-
fied as "subsonic aerodynamic noise." In light of
these, we wish to discuss the mechanisms of
noise generation responsible for the self-noise of
sound-traps, dampers, diffusers and other duct-
located flow discontinuities. Furthermore, we
will suggest, onthe basis of some recent experi-
mental studies, that the intensity and. frequency
spectrum of self-noise in ventilation systems can
bepredicted in a general sense. Tentative formulae
are presented to this effect. Finally, recom-
mendations are presented for future work in this
area.

AERODYNAMIC NOISE AT
LOW FLOW VELOCITIES

The intrinsic tendency of fluid flow to generate
noise has been recognized for many years. It is
only recently, however, that the subject of aero-
dynamic noise generation has been tackled theo-
retically.! The impetus for the work was pro-
vided by the advent of the gas-turbine engine. As
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& consequence, mathematical and experimental
interest has tended to concentrate on those

‘mechanisms of noise generation peculiar to high

subsonic, transonic and supersonic flow condi-
tions. The region of low velocity flow has re-
ceived scant attention, yet it is this area that is
pertinent for ventilation systems.

If we limit our attention solely to subsonic
flow, we find that current aerodynamic theory
provides three fundamental mechanisms of noise
generation. Typical locations and descriptions of
these three mechanisms for a terminal-duct
carrying air are illustrated schematically in
Fig. 1.,

8 When the air leaves the duct environment, it
enters a medium of zero flow velocity. High ve-
locity gradients existing at the interface of the
moving and stationary media produce shear forces
in the fluids which generate turbulent mixing and
noise. The noise sources are distributed spatially
along and across the regions of mixing. They
have the radiation equivalence of acoustic quad-
rupoles. This phenomenon is generally referred
to as "jet" noise. It is found theoretically and ob-
served experimentally that the radiated sound
power in a free-field environment is proportional
to the eighth-power of flow velocity. Sources of
turbulence-generated (jet) noise may occur, also,
within the ducted system. These are associated
with local high velocity gradients, - in the spoiler
wake, for instance.

In the flow system of Fig. 1, a flow spoiler
has been inserted within the duct some distance
upstream from the exit plane. When turbulent
flow interacts with a solid surface, or when tur-
bulence, in the form of a wake, is generated by a
solid surface, time-varying changes in the mo-
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mentum field around the spoiler are clearly gen- THE NOISE OF VENTILATING SYSTEMS
erated. Such changes require fluctuating forces
and, in general, these must exist on the solid sur- The prime source of noise in any ventilating sys-
face. The forces may be described as fluctuating tem is generally the fan. As the fan blading ro-
"lift" or "drag," and they form sources of acous- tates in the scroll, it interacts with and generates
tic noise. Fig. 1 also indicates the possibility turbulence, The cut-off lip does likewise. Thus,
that the turbulent wake from the spoiler may im- we must associate the fan with broadband and nar-
pinge on the duct wall at the exit plane. Here, row band surface-induced noise. In fact, experi-
again, we might anticipate Bources of surface ments seem to confirm that the velocity-law gov-
noise. Ina free-field environment these sources erning fan sound power has an exponent close to
have the equivalence of acoustic dipoles. The Bix. The location of the fan within the system,
radiation intensity from them is observed theo- however, does allow the application of effective
retically and experimentally to obey a sixth-power noise control. Also, in recent years, some ex-
~of-velocity law. In this paper, noise of this sort cellent work on the empirical prediction of fan
will be referred to as "surface-induced" noise. sound power has been undertaken. For this reason
The final mechanism of noise radiation, which we do not intend to discuss fan noise in this paper,
we can identify in our subsonic flow model, re- As we move away from the fan, the sources of
quires perturbation of the net mass-flow through noise become more nebulous and harder to de-
the duct system. Such a condition might arise fine. For some distance from the fan the flow is
from fluctuating stall in the &ir-moving equipment highly turbulent. Fan design requires the ducting
or, less likely, from net compressibility of the to turn corners, to change cross-section, to have
ducted air flow, The noise source here has the branch points, to be fitted with volume control
equivalence of the acoustic monopole, and it can dampers, to incorporate sound traps (for fan-
be demonstrated that the intensity of sound radia- noise control), and to have terminal diffusers.
tion should be proportional to the fourth-power of All these geometrical discontinuities may react
mean flow velocity. with turbulence and in themselves cause turbu-
It is pertinent to note at this stage that the lence to be generated. How can one predict and,
mechanisms described are not dependent upon the if possible, minimize the extent of noise genera-
physical movement of the solid environment that tion? This question is particularly relevant at a
contains or impedes the flow. Thus, for exam- time when ventilation system velocities and pres-
Ple, surface-induced noise does not arise from sures are increasing, building materials and
Physical motion of the surface. Indeed, the radi- structures becoming lighter and environmental
ating force field may excite surface vibration, but criteria becoming more critically low,
generally with insignificant effect upon the sound The following paragraphs describe an experi-
power generated with the duct. ment in which the noise of a flow system, approxi -
It is not clear how these fundamental aero- mating in many ways a ventilation system, was
dynamic noise sources might behave in the re- studied as a function of the flow parameters. The
stricted environment of a duct - &8 opposed to study was primarily aimed at some aspects of
the free-field environment assumed theoretically. &ero-engine noise and, consequently, the range of
One might fnticipate that when the duct diameter- velocities investigated lies somewhat above those
to-wavelength ratio is greater than unity, the free- normally associated with ventilating systems.
field environment might be approximated. For There is no reason to believe, however, that the
lower ratios, however, this can hardly be the case. mechanisms of noise production should be signifi-
Recent theoretical discussions 2 have indicated cantly different at the lower velocities. The ex-
that the effect of enclosure might indeed be quite perimentation is felt, therefore, to be quite rele-
drastic, vant to the current discussion. The study also in-
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Fig. 2 Air flow equipment schematic

volved fairly small scale dimensional modelling.
This is primarily a course of convenience, since
the scaling laws of aerodynamic noise are fairly
well established.

AN EXPERIMENTAL STUDY

In a recent experimental study, 3 we examined the
broadband noise radiation from a thick-walled
cylindrical duct, carrying subsonic air flow into
which flow spoilers of various shapes and sizes
were inserted. The source of air flow consisted
of the supercharger section of a Pratt and Whitney
model R-2800 aircraft engine, driven by a 600 HP
Cummins diesel engine. The equipment was capa-
ble of producing air flows up to 6000 standard
cubic feet per minute at pressures up to 15 psig.
The air output from the supercharger was passed
through an aftercooler, a 12 in. diameter pipe,
and a 12 ft long sound muffler, into the measure-
ment chamber via a 6 in. diameter flexible hose.
A schematic of this system is shown in Fig. 2.
The flow of air was controlled by a combination of
speed control of the diesel engine and by dumping
air from the aftercooler.

The measurement chamber used in these
studies was about 12 ft gq and 7 #t high. It is
shown in Fig. 8. The walls of the chamber were
partially treated with 18 in. deep anechoic wedges
to suppress the major reflections. The remain-
ing surfaces (including duct and support-brackets)
were treated with a 4 in. thick sound absorptive
blanket. Tests showed that with the duct exit lo-
cated (as shown), at a distance of about 2 # from
the chamber wall, with a source-microphone dis-
tance not exceeding 4 ft, the chamber was effec-
tively anechoic at sound frequencies above 250 Hz.

vvvvvvvv /Jet pipe
v,

Fig. 4 is a photographic view of the measurement
chamber showing the absorptive treatment, the
experimental duct, and microphone boom.

The radiated sound from the open duct was
scanned using & continuous -traversing microphone
boom. The boom was located close to the ceiling
and the microphone suspended in the horizontal
plane of the duct exit. Throughout the studies, the
distance between the microphone and the exit plane
was 3 ft and the speed of rotation about 1 rom. It
was established that for all test configurations the
sound field was closely axially symmetric. Move-
ment of the microphone was limited, therefore, to
only half of the radiation field; in fact, it was
limited to between 10 and 150 deg relative to the
downstream axis of the duct. The lower limit was
set by the need to keep the microphone clear of
the exhaust air stream.

Air was supplied to the test duct via the 6 in.
diameter hose and area-transition section shown
in Fig. 3. Throughout most of the studies the duct
internal diameter was 1.875 in. The total length
of the duct from transition to exit plane was 36 in.

The experimental duct was designed to allow
easy insertion and removal of the experimental
spoilers. Furthermore, the design ensured that
any particular configuration could be reassembled
exactly at any stage during the study. The design
is shown in Fig. 5. Each spoiler configuration
was constructed at one end of a 6 in. long un-
flanged pipe. This section could be inserted into
the duct using the removable flanges and 'O’
rings as shown. The construction also allowed
the distance of the spoiler from the exit plane to
be adjusted over a range of 0 to 18 in.

Fig. 6 shows a selection of flow spoilers used
in the study. The spoilers were constructed of two
layers of aluminum, Bandwiching a layer of struc-
tural damping material. This construction mini-
mized structural vibration. Two principal forms
of flow spoiler were studied: ''strip" spoilers,
which diametrically cross the duct, have variable
width and present variable angle of attack to the
flow; and "'ring" spoilers, which form a peripheral
ring of spoiler around the inside wall of the duct,
and have variable, radial depth. The studies also
included a grid-like spoiler geometry and abrupt
contractions and expansions of duct diameter.

Fig. 7 shows a block diagram of the in-
strumentation. The signal from the traversing
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Fig 6 Selection of flow spoilers

microphone was fed, via amplifiers and a high-
pass filter, to a magnetic tape recorder and
graphic level recorder. The high-pass filter
served to remove that part of the &coustic signal
below 250 Hz, for which the measurement cham-
ber was not anechoic. The frequency response
of the total system was linear from 250 Hz to
20 kHz.

Air flow was measured using a single Pitot-
static tube centrally located in the duct, as shown
in Fig. 5,

RESULTS

The level of overall radiated sound power from
the unspoiled duct flow is shown in Fig. 8 as a
function of the exit-plane ‘velocity. The results of
three separate experiments made over a four-
month period are indicated. Thesge demonstrate
the high order of repeatability made possible by
the experimental equipment. A sixth-power-of-
velocity dependence at the lower velocities changes
into an eighth-power dependence at the higher ve-

Fig. 7 Instrumentation schematic
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locities. The former may be identified with sur-
face-induced noise generated within the duct or
at the exit plane. The latter is identified with the
free-jet turbulence, and the levels agree closely
with work of earlier experimenters, 4

When a spoiler is inserted in the duct, the
radiated power increases sharply, as shown in
Fig. 8, and a sixth-power law becomes established
over the total operating flow range. 1t is typical
of these studies that a sixth-power-of-velocity law
has been consistently and accurately observed for
most spoiled-flow configurations. If we accept,
for the moment, the assumption that a gixth-
power-of-velocity is indicative of surface-induced
noise, as described earlier, at least two source
locations for this noise can be postulated; one, in
the close vicinity of the spoiler, the other, at
the exit plane of the duct.

Fig. 10 shows the result of an experiment in
which an acoustic muffler was inserted immedi-
ately downstream of the flow spoiler. The purpose
of the experiment was to remove the acoustic
energy propagating downstream, without signifi-
cantly affecting the turbulence level. The experi-
ment indicates that the dominant surface-induced
noise must be located close to the spoiler rather
than at the exit lip. In a second experiment, flow
straighteners were inserted to attenuate the tur-
bulent wake without influencing the acoustic wave.
In this case no sensible reduction of radiated noise
was observed, confirming the conclusion that noise
induced by a spoiler is generated in the vicinity of
the spoiler fitself. Spoiler generated noise
propagates, therefore, as an acoustic wave, and
the acoustic parameters of the duct must play a
part in the radiation process.

The next step was to examine the nature of
overall power radiation from the duct fora variety
of spoiler configurations. The results for three
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configurations placed 6 in. from the exit plane
are shown in Fig, 11, A shnh-power-of-velocity
dependence occurs for each. It is observed and,
indeed, is not surprising, that no sensible corre-
lation between one configuration and the other oc-
curs when the data are Plotted against exit-plane
velocity.

Studies of these and other data have shown
that a striking correlation between unlike Spoiler
configurations is Possible on the basis of the total
Pressure drop across the spoiler. The total pres-
sure drop as used here is that value read on a
manometer connected between the upstream Pitot
tube and the ambient atmosphere. The same de-
gree of data collapse was not observed using up-
Stream static, as opposed to total, pressure.

The data of Fig. 11 are shown plotted to this
&bcissa in Fig. 12. The overall acoustic power

upon the third-power of total Pressure drop
&Cross the spoiler. This conclusion is significant
in the prediction of ventilation system noise.

EMPIRICAL DESCRIPTION OF
SURFACE INDUCED NOISE

Earlier, we described the mechanism whereby the
interaction of a surface with fluid-flow leads to a
fluctuating force-field on the surface and, hence,
to noise radiation. It ig possible to construct a
simple theoretical model of this interaction. For
the purpose of this discussion let us consider a
surface in the form of a Btrut (strip spoiler) lying
diametrically across the duct and immersed some
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distance within it. The free-field relation de-
scribing the sound power (P4) radiated by an un-
steady force-field (F) is given by the formula

PA A~ F’f’/pc’ (l)

where £ is the characteristic frequency of the un-
steady force spectrum and p and ¢ are atmos-
Pheric density and sound velocity, respectively.
We assume a constant pProportionality between the
sound radiating force-field and the steady hydro-

drag by the product of the constricted velocity -
Pressure, (between the spoiler and the dyct wall),
and the projected area (wake area) of the spoiler,

velocity with the projected thickness (wake thick-
ness) of the gpojler. (We assume that the thick-
ness of wake generated by a blunt body is inde-
pendent of flow velocity, and is given by the width
of blockage offered to the flow by the body. )

If the flow is virtually potential down to the
constriction point and the atmospheric pressure
penetrates up towards the spoiler location, the
constricted velocity-pressure is given by the
qQuantity pg - pa, where Po is the upstream total
(stagnation) pressure and py is atmospheric pres-
sure.

It thereby transpires that Eq (1) can be re-
Placed by the expression:

PA - k (P° - P. )JDZ/PZCS )
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where k is a constant and D is the duct diameter.

This formula for total power agrees with the
experimental results shown in Fig. 12, It is also
observed to hold for a wide variety of different
spoiler geometries and sizes. In general k is
found to have a value close to 2.5 x 10-4.

FREQUENCY SPECTRA OF SPOILER NOISE

A description of the overall sound power generated
by an in-duct flow discontinuity is, in itself, not
sufficient. It is necessary also to define the fre-
quency spectrum.

In Fig. 13 we present the results of octave-
band analyses of the sound power radiated from a
1-in. wide strip spoiler placed across the flow at
an angle of incidence (o) of 67.5 deg. The spoiler
was located at a distance (x) from the exit plane of
6 in. This plot is presented in normalized units.
The ordinate has the form,

PWL, =~ 101logP, e’ /(p, -p,)D?  (3)

and, therefore, represents the value of 10 log (k)
where k is the constant of Eq (2). The abcissa is

presented as & Strouhal Number based on the re-
lation,

Strouhal Number = {5/U (4)

where { is the octave-band center frequency, 8 is
the thickness of the wake (projected thickness of
the spoiler) and U, 18 the constricted flow velocity
between the spoiler and the duct wall. The presen-
tation of frequency as a Strouhal Number is neces-
sary for the successful presentation of aerody-
namic spectrum data.

The data collapse, although reasonable in the
lower Btrouhal range, shows significant divergence
at the higher Strouhal Numbers. Buch divergence
s typical of much of the data obtained during these
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studies. Therefore, Eq (2) does not in itself pro-
vide the degree of correlation that was anticipated
following the overall sound analyses.

Studies of Fig. 11 and of these other data,
have consistently shown that the radiated power is
well correlated by the modified expression,

k(p, - p,)*D?

P

A [1+/6)%) ®)

p2 cs

where {, is some constant frequency related to the
dimensions of the duct/spoiler system. The data
of Fig. 13 are shown replotted on this basis in
Fig. 14. The degree of data collapse is excellent.
The value of f, employed was 4 kHz. A similar
degree of data collapse was obtained on most of
the other spoiler configurations using the modi-
fied power formulation of Eq (5).

Let us look briefly at Eq (5). The first term
of this equation conforms with our theoretical de-
scription of surface-generated sound in Eq (2).
The second term, however, has an additional fre-
quency-squared term. At constant Strouhal Num-
ber, this is equivalent to an additional velo-
city-squared term and the second term of Eq (5)
thereby resembles the aerodynamic quadrupole
source of classical jet noise theory. The equa-
tion, in effect, provides two mechanisms for noise
generation; one, which is entirely dominant at
frequencies below f,, and the other, which is
dominant at frequencies above f,. It is observed
that the frequency chosen for f, lies close to that
value for which the diameter of the duct is about a
half-wavelength, thus defining the onset -frequency
at which cross-modes may occur in the duct.
Experiments using a 4-in. diameter round duct
required a value of {, of about 2 kHz for data col-
lapse, thus strengthening the hypothesis that the
value of {; defines the onset-frequency for cross
modes in the duct.

It is not clear at this time whether the diver-
gence frequency f, truly defines a change-over
from one source mechanismto another, or whether
it marks a transition in the velocity exponent (and,
hence, in the radiation efficiency) of a single
source mechanism. The latter conclusion would
certainly be in agreement with recent theoretical
observations,? and would suggest quite strongly
that the dominant source mechanism in our studies
is turbulence-generated rather than surface-in-
duced. Confirmation of this conclusion, however,
must await further study.

From the viewpoint of the present discussion
it is sufficient to note that the spoiler-generated
noise can be correlated quite accurately both be-
low and above the cross-mode onset frequency.
It is suggested that herein lies the basis of a pre-
dictive scheme of relevance to duct-generated
noise,

FURTHER OBSERVATIONS

The form of Eq (5) is not sufficiently understood
at the present time to allow us to present it, even
tentatively, as a tool for the prediction of level
and spectrum of duct-generated noise. It has been



observed in our study, however, that the total
radiated sound power can be satisfactorily de-
scribed using the simpler form of Eq (2), with a
value of k of about 2.5 x 10°4, The following dis-
cussion offers some tentative comparisons be-
tween this equation and empirical relations and
data relating to real ventilating systems.

Equation (2) can be rewritten in the following
engineering forms:

PWL = 70 + 10log A + 30 log Ap ()
PWL = 40 + 10log A + 60 log Ug ()]

PWL = 34 - 101og¢ + 101log Q +25log Ap (8)

where
A = the duct area, 8q ft,
4 = the pressure drop across the spoiler,
p in B,0,
3] ¢ = the constricted (maximum) flow ve-
locity, ft/sec,
Q = the total volume flow, cfm, and
€ = the effective open/total area ratio

created by the spoiler for the flow.

Sound power (PWL) is expressed in
dB re 1012 wat;,

It is noted that Eq (7) has the same form as
the following equation derived by Chaddock,5 in
consistent units, from studies of diffuser noise:

PUL = 12 4 1310gA_, + 60l0gu; (9)

in

where Amin is the minimum open area through the
diffuser. Even accounting for the difference in the
area terms used, there is a significant discrep-
ancy between the constant terms of Eqs (7) and
(8). No reasonable explanation can be offered at
this time. It should be noted, however, that the
validity of Eq (2) has not been established for &
spoiler lying, like a diffuser, at the exit plane of
the duct.

Better agreement is obtained when we com-
pare our tentative prediction formula with grill
noise data published by Marvet. ¢ Marvet quotes
static pressure losses across the various grills
studied, although he makes no attempt to derive
&n empirical formulation on this basis. For ex-
ample, the grill designated by Marvet as No. 2
produces a static pressure drop of about 0.5 in.
H,0 at a face velocity of 20 ft/sec. The quoted
grill area is about 0.6 sq ft. Eq (6) gives, for
these values, a total radiated sound power of about
58 dB re 10-12 watt, Reconstructing Marvet's
sound pressure level data and assuming an effec-
tive radiation area of 3§ 8q ft at a distance of 1
from the grill face, we estimate that, under these
flow conditions, the diffuser generates a sound
power level of about 57 dB re 10-12 wytt,

Two final examples serve to further illustrate
the possible relevance of Eq (2) as a noise pre-
diction tool. The first of these, taken from infor-
mation supplied by Langley Research Center, in-
volved an environmental noise facility in which
high pressure air was blown through a 15 in. di-

ameter duct which passed through a series of
right-angle turns to produce a high intensity ran-
dom noise source. It was observed that the total
radiated sound, in the subsonic flow region, in-
creased approximately with the third power of the
operating pressure. On the basis of the quoted
reverberation time of the test cell (about 2 sec),
and the quoted sound pressure level in the rever-
berant tield (137 dB re 0.0002 K bar), the power
generated under an operating pressure of 10 in.
Hg is computed to be about 146 dB (re 10-12 Watt),
Eq (2) for a value of (po - pa) of 1T in. Hg. gives
an estimated total power radiation of 144 dB (re
10-12 Watt). The agreemert is good. -

The second example comes, again, from the
opposite end of the scale - Jow velocity flow
through an air-conditioning duct terminal, The
form of the terminal was an initially eylindrical
section making a constant area transition to an
exhaust slot. The purpose of the unit was to in-
ject comparatively high-velocity air from the
side-walls of an auditorium. Tests conducted llag
the manufacturer showed about 50 dB (re 10-
Watt) of sound power in the middle frequency
range at the planned operating pressure. It was
apparent from examination of the unit that this
part of the noise spectrum was associated with a
thin reinforcing ring on the inside periphery of
the diffuser. The application of Eq (2) at the
quoted operating pressure (about 0.75 in. H:0),
gives a radiated power level of 55 dB (re 10-12
Watt). Again, the agreement is satisfactory.

It is interesting to note, in passing, the simi-
larity of form between Eq (8) and Allen's fan
equation. 7

RECOMMENDATIONS FOR FURTHER WORK

The studies to date have been limited to broadband
source phenomena with spoilers under relatively
Bmooth in-flow conditions. Undoubtedly, noise
levels will increase as the incoming flow is made
more turbulent. The static pressure losses will
also increase, however, and the same formulation
constants might still be anticipated. The inter-
action of a particular scale of incoming turbulence
with a spoiler can be a source of discrete fre-
quency noise. Such a phenomenon is often ob-
served for integrated damper/diffuser termina-
tions. Pure tones have not, however, been ex-
amined in the present study.

. In this paper we have presented the basic
form of a scheme that might have relevance to
the prediction of the level and spectrum of sound
power generated by flow discontinuities in ducts.
In spite of the tentative nature of our formulation
at this time, we have demonstrated that good
&greement is possible with actual data measured
on terminal devices and duct-turns.

It is felt that much more is to be learned
from model studies of the sort that have been de-
scribed above. In particular, we feel that the fol-
lowing steps would be relevant at this stage:
1. extend the experimental velocity range to

lower velocities more in keeping with normal

design;
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2. study interaction effects and, in particular,
the influence of upstream turbulence upon the
nature and level of noise radiation;

3. further develop Eq (5)to more clearly resolve
the aerodynamic source mechanisms involved
and establish the part played by the parameter

1,

4. :gudy geometries more pertinent to ventilation
systems such as duct-turns, area changes and
various diffuser-like termination devices;

5. study the effects, if any, of locating the flow
spoiler at the exit plane rather than at some
distance upstream;

6. 1investigate the effect of changes in experi-
mental duct diameter upon the sound power
formulae, and

7. relate the experimental studies to real system
measurement data.
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