
NOISE ORIGIN, POWER AND SPECTRA 

OF DUCTED CENTRIFUGAL FANS 

by 

Roderick Roy Real, B.Sc. (Elect.Eng.) (Saskatchewan) 

A thesis presented to the Faculty of Graduate Studies and 

Research, McGill University, in partial fulfillment of the 

requirements for the degree of Master of Engineering. 

Department of Electrical Engineering, 
McGill University, 
Montreal. 

April 1957. 



ii 

ACKNOWLEDGEMENTS 

Appreciation is expressed by the author to Prof. F.S. 

Howes of McGill University for guidance,and for handling many 

administrative details assopiated with the project. 

Financial support of this phase of fan noise research 

is due entirely to the National Research Council, Ottawa, Canada. 

Credit is due Iv!r. G.E. Chipps, M.E. (McGill, 1956) for 

constructing and testing the matched acoustic waveguide; 

Mr. !. Bredahl, M.E. (McGill, 1956) for designing, building and 

testing a suitable windscreen; and the Canadian Sirocco Co. 

for donating a fan and arranging fabrication of the duct. 

The author is indebted to his wife, Irene, for a typing 

job well done, and for much encouragement. 



iii 

ABSTRACT 

Forward and baokward ourved blade centrifugal fans 

as noise sources were subjected to an analysis employing the 

matched acouatic waveguide measuring technique. 

There are three major findings: 

1. The noise output from homologous series of fans oan 

be defined by one V - shaped specifie noise power vs. log 

specifie curve, with minimum close to maximum static 

efficiency. Fan noise "laws" differas the slope of the 

branches of this curve. 

2. Fan outlet noise power at maximum fan efficiency approxi

mates 10-5 times the input fan power. 

J. The noise origin is primarily blade and air-flow boundary 

turbulence. The spectrum varies with fan - flow details. 

but can be roughly predicted. 

The problem of fan design for minimum noise is 

investigated. 
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PREFACE 

ttLife is full of sounds, and we want to hear the pleasant 

and vital ones while shunning the unpleasant and dangerous 

variety." How increasingly true these words of Lord Rayleigh 

are in this age •••• this age of beautiful "Hi-Fi" reproductions 

of that universal language of the soul, music •••• and also in 

this age of intense industrialization and urbanization in which 

silence is fast becoming a most expensive, if not unattainable, 

luxury. 

There is sound which is stimulating, charming, pleasing, up

lifting, spirited, beautiful and soothing •••• and there is that 

which is ugly, fatiguing, deafening, depressing and unwanted. This 

is NOISE; unwanted sound. 

The study of noise has evolved into a major branch of accus

tics at a time when acoustics itself has scarcely completed its 

projection from an "art" to a science; and also at a time when 

civilizations are beginning to realize that there is a by-product 

of industrial-urban societies which is increasing at a rate much 

faster than it can be controlled •••• noise. It has been observed 

that there are four major threats to the future of our great 

cities; overcrowded living and resulting high cost of living, air 

polution, traffic and NOISE. Unchecked, they may ultimately spell 

doom to the metropolis. 

Acoustics has modern manifestations in such diverse fields 

as engineering, architecture, medi cine, music, science, psycholo

gy, drama and linguistics . The fields of sonics and ultrasonics 

alike are enjoying an accelerating expansion which may ultimately 

rival that of a closely allied branch of science and engineering; 

communications. The focal point of much research in acoustics 
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today is noise, its study, reduction and related problems. The·re

~earch herein reported is such a study. It is but a pinpoint on 

the map of noise studies to be sure, but like all scientific re

search it is necessary to exhaust each detail before progressing 

to the next, lest sorne salient feature be overlooked. 

This thesis is a presentation of the study made of fan noise, 

a somewhat controversial subject which has been dealt with in a 

rather empirical manner to date in an effort to provide much needed 

engineering data. A detailed study is made of a commercial centri

fugai ventilating fan possessing forward (Sirocco) and backward 

(Silentvane) blade curvatures, as outlined in the Abstract. 

The problem of noise in ventilating systems is evidenced in 

the large number of expansive, but noisy, speech-masking installa

tions today. Much of this noise can be attributed to the fan, 

which may be likened to the generator of an acoustic waveguide net

work. Fan noise is a nuisance noise •••• one which is usually tole

rated, often forgotten and considered inconsequential compared to 

the ocean of noise produced by industry; but one which nonetheless 

induces fatigue, with all its manifestations and resulting ineffi

ciency and lowered well-being. Most important, it is a needless 

noise, one which can be largely avoided by careful consideration 

of a system before installation. 

Language and political barriers, plus the rigid limitations 

of one studying at a Master's level pre~ent the writer from knowing 

the vast inheritance in the Scientific Pool of Knowledge. It is 

believed, however, this research and resulting thesis may be a 

modest beginning in elevating the study and analysis of fan noise 

to a more scientific level. 
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Other terms appearing in the literature are defined as 

necessary. 

ACOUSTICAL 
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= Velocity of sound • 331.4JJn m/sec. 
T • ambiant temperature, eK. 

= Frequency, c.p.s. 

= Sound intensity, watts/meter2 

xii 
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.. I is computed from PWL. 
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NCL 
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PWL . 

= Wave number = ().:) /C. 

= Variation of k, used. only if contained in quotations. 
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annoyance factors. 

= Effective sound pressure 

= Acoustic power leve! : 10 
-13 

W ref. = 10 watts. 

It is SIL revised to include 
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'N'I'&-f 

{PWL)s= PWL- 10 log (Qhs2) db re lo-13 watts. 

SIL - Speech interference level = average SPL in the 600 to 
4SOO c.p.s. octave bands. 

SLM : Sound level meter. 

SWR : Standing wave ratio. 
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· • nth fan rotational component. 
= · ( r • p • m • /60 ) n c • p. s • 

VSWR = Voltage standing wave ratio. 
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Power to fan 

= Wavelength. 
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MECHANICAL 

xiii 
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746 watts. 

Fsyst • Constant system, or system of given frictional resistance 
to air flow. 
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t • Temperature, F. 

U = Air flow, ft./min. or ft./sec. 

Uf or UFree = Air flow at free fan discharge (when hs • o) 
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xiv 
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INTRODUCTION 

Air cannot be moved without generating sorne degree of noise. 

In a well engineered ventilating system, most of the noise heard 

at the load (room) is generated by the source (fan). Properly 

damped and braced ducts (acoustic transmission line or waveguide) 

should serve to attenuate, rather than generate noise. 

Fan noise is broadly due to turbulence at the blades, tur

bulence of the flow, and vib~ation, in order of importance at the 

fan outlet. Considerable research has been devoted to noise from 

aeroplane propellors and sorne to the related axial type fan. Less 

has been done to clarify the relations of noise and noise spectra 

for the centrifuga! fan. This follows since axial type fans are 

inherently more noisy in operation compared to centrifuga! fans 

and generally the severest noise problems receive first attention. 

The propellor for example, is, or should be, a slow speed deviee; 

but must be operated at high speed in order to derive a practical 

efficiency from it. 

The centrifuga! fan is widely employed for ventilating and 

air conditioning s ystems, primaril y because this type can cover a 

vast range of pressures and volumes compared to the axial types, 

which are generally regarded as low pressure fans, although these 

can be staged in series for higher pressure. Commercial centrifu

ga! fans are roughly categorized as to blade profile; f orward 

curved (Sirocco), radial or straight and backward curved (Silent

vane). Each possesses diffèrent characteristics asto speed, 

pres sure, capacity r elati ons. The followi ng tabl e will help i l lus 

trate this. 



TABLE I CENTRIFUGAL FAN CHARACTERISTICS 
(blower application) 

2 

CHARACTERISTIC STRAIGHT FORWARD CURVED BAC~~ARD CURVED 

Speed Medium slow high 

Usual Pressure Use High{tallnar- medium 
row blade medium 

Number of blades 10 - 20 32 - 66 14 - 24 

high (70%) Efficiency 

Noise 

Blade depth 

good to high good (60%) 

Not too different for equal duty. Backward 
curved is usually least. 
largest smallest medium 

Hp. characteristic linear rise 
with flow 

concave upward convex with flow 
with flow 

Fan manufacturers of America have tested the capacity - pres

sure - speed relationships of fans according to a long established 

code prepared jointly by the Engineering Committee of the National 

Association of Fan Manufacturers (NAFM) and the Fan Test Code 

Committee of the American Society of Heating and Ventilating 

Engineers (A.S.H.V.E.). Later in the history of fan manufacturing 

it was decided to supply customers with the overall noise level of 

each fan type at rated conditions. The contemporary code ( ref. 

54, p -304-) provided for measuring the overall noise at seven 

stations surrounding the fan while it discharged into a duct fit-

ted with a pitot tube, manometer and throttling arrangement. The 

fan could be mounted to a foundation or on a wooden bearn structure 

of beams not axceeding 4" x 4". No vibration isolation was allowed. 

No standard room or acoustic treatment was provided for except 

that the background noise was to be 10 db or more below the noise 

produced by the apparatus. One formul a was specified; a correc

tion for variations of fan speed not exceeding ! 10%, db change = 
50 log,o "P~ '1. (the db implying S. P . L. ref. o.ooo 1. micro bars). It 

'(' 'P """' 1 

was admitted in the code that the sound emitted at t he fan dis-
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charge must necessarily be higher than that deternüned by the 

code but its exact amount was not measurable because of lack of 

means for measuring the sound level in an air stream. 

To acousticians, the severe limitations of this test code 

are obvious. Recent research on the measurement of fan noise in 

the air stream is rapidly changing the picture. A new code 

should be evolved shortly. 

The first significant work leading to an improvement of the 

noise test code on this continent was originated by Beranek, Rey

nolds and Wilsonl. Acoustically their apparatus may be classed as 

a matched, circular acoustic waveguide. It is an instrument; just 

as electromagnetic waveguide components are used as instruments 

for measuring the performance of cavity resonators, tubes, etc. 

The result of subsequent research by Peistrup and \i esler2; 

Beranek, Kemperman and Allen3; Goldman and M:aling4, Van Niekerk5, 

Bredahl6 and G. Chipps7 has resulted in a nwnber of promising 

emperical formulae concerned with relating the overall noise 

power output of axial and centrifugal fans to fan Hp, flow, pres

sure and speed. Sorne mention of fan noise spectra has also been 

included. Using these relationships a ventilating engineer can 

make a crude estimate of the noise level to be expected for a 

fan over a restricted operating range. As will be shown, much 

disagreement prevails and the work generally lacks a theoretical 

background of any sort. 

This study proposes what could become a more universal and 

reliable set of fan noise laws, after more experimentation. By 

exhaustive noise spectra observations, the origins of centrifugal 

fan noise can be quite well isolated. Because of the detailed 
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nature of this analysis, only two cownercial centrifugal fans 

were covered; the Sirocco (forward curved blade) and Silentvane 

(backward curved blade). The latter was not studied as tho

roughly as the Sirocco, due to the time spent on the former. 

The random nature of centrifugal fan noise is a stumbling 

block for accuracy. Ivluch more intense, prolonged and detailed 

studies of fan noise must be done if the problem of fan noise 

estimation is to be reliably solved and measures taken to mini

mize it. It needs a scientific foundation. This study provides 

a modest beginning. It is hoped sorne of the ideas and results 

in this thesis help those continuing this line of research, 

while providing sorne useable knowledge to the practical fan 

manufacturer. 
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I HISTORY: REVIEW OF THE LITERATURE 

As an art, acoustics is ancient, as a science, it was born 

yesterday. One of the most historically peculiar facts about the 

field of acoustics was its stagnation, even before the death of 

its modern father, Rayleigh; then after a time a renaissance which 

has accelerated the field to fever pitch. The stagnation occurred 

between 1896 and the late 1920 1 s, at which time industrial concerns 

began to make use of the subject in telephony and architecture. 

In contrast to its academie origin, acoustics received its rebirth 

from industrial origins. Close on the heels of this "re-discovery" 

of the field was the formation of the Acoustical Society of Ameri

ca in 1928, which served to inject further life blood into the 

acoustic vein. 

As a consequence perhaps of the 20th century trend to high 

specialization, the view held by Rayleigh that sound and dynamics 

were two inseparable aspects of the same thing dissolved with the 

advent of flight. Aeronautics became one field, acoustics another. 

The development to a high degree of Rayleigh's electric circuit 

analogies in acoustic systems, plus the vast application of corn-

plex electronic instruments in the field, compared to the essen

tially non electrical instrumentation of aerodynamics, has caused 

acoustics to become closely associated with electronics and com-

munications in this .country. 

Fan noise contains a complexity of origins, the major one 

of which is turbulence at the rotating blades, as is shown to be 

true in Art. 5. The subject of aerodynamic noise; noise resulting 

from air turbulence,has only recently received just attention. To 

understand this type of noise generation requires a re-uniting of 

acoustics and aerodynamics. For this reason the historicall y sig-
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nificant past of fan noise research treated in Art.l.l is followed 

by a review of research on air turbulence and aerodynamic noise, 

Art. 1. 2. 

I.I HISTORY OF FAN NOISE RESEARCH 

To avoid needless duplication, the interested reader is 

also referred to the companion work of G. Chipps7 which contains 

a very readable account of fan noise studies and general noise 

measuring techniques to the present day. A few supplementary 

notes are hereby incorporated into this brief sketch of fan noise 

history to follow. 

The first laboratory appearance of the fan in acoustics was 

in 1830. F. Savart3 using fans and toothed wheels placed the mini

mum audible frequency at 8 C.P.S. and the upper at 24 Kc. 

There is little account of any work on the problem of fan 

noise until the acoustics renaissance in the late 1920' s. Many books 

appeared at this time, most of which interpreted and applied Ray-

leigh's work. The studies which were made, typical of which are 

ref.8,9, concerned themselves generally with methods of minimizing 

fan and ventilating noise and the standardization of techniques for 

measuring noise. The work was under severe handicap because: 

1. The sound measuring systems of the day were 
inaccurate and not altogether reliable. 

2. A reference level for the noise measured had not 
been widely decided upon. 

3. Little was known of the ear, although loudness 
contours by Fletcher and Munson came out about 
this time. 

Even today the American Standard Sound Level Meter (A.S.A. 

spec. Z 24.3 - 1944) has rather liberal frequency tolerances for 

a scientific measuring instrument; and how we hear still remains 
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a puzzling problem in modern psychophysics,as no theory of au

dition proposed has been completely accepted. However, the 

store of knowledge is building up rapidly. 

The reference level of 10-16 watts / s~.cm. as the aver

age threshold of acute binaural hearing at 1 Kc. was published 

in 1933. This having been proposed, Knudsen'; after a review of 

air conditioning noise,deplored the lack of a sound level meter 

to simulate the ear. 

Il 
Marks and Weske (1934) in considering the design and per-

formance of the axial flow fan came up with the interesting con

clusions that: 

1. The inherent noise of any fan depends primarily upon 
the static pressure against which it operates. 

d \,. ~ c '\- \ 0 "\ •• ( ~ ~ )'/.,_ - cs 1 h s = c 6 \J 2. • - ( 1. \) 
.. . f" 1 Q '<( ~ .. 1. 

h s = Pressure; inches of water; the others are 
constants. 

2. Noise and efficiency are not related upon any 
energy basis because of the exceedingly small 
amount of energy required to produce noise. 

3. Increase in noise generally precedes loss in fan 
efficiency; hence is a much more critical indicator 
of proper application tha n efficiency. Minimum 
noise corresponds with maximum efficiency. 

4. A comparison between axial types and a centrifugai 
fan shows thè noise variations to be rouch different. 

5. In general, a concentric circumferential obstruction 
of the fan outlet increases the acceleration compo
nent of noise, while any unsymmetrical obstruction 
(such as a motor support) at the inlet of the axial 
fan may increase the blade frequency components and 
certain harmonies. The effect with the obstruction 
at the outlet is s i milar, but reduced. Thes e effects 
can be remedied by the use of straightening vanes 
to minimize the rotational component. 

Their findings in graph form have been traced in Fi g . 1.1 

In connection with point 5, since the airflow at inlet 

and discharge of a centrifugal fan does not possess a marked 

rotati onal component, the effects of such obstruct ion at inlet 
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and outlet should have negligible effect, except to change the 

pressure and flow sy.mmetry. This was confirmed by the writer; 

no significant change in noise spectra being observed for these 

conditions. 

A concluding note of wisdom by Marks and Weske, "The use 

of absorbing material should be resorted to after all elements 

in the fan application have been considered, hence does not 

represent a problem in fan application". 

The noise problem in the application of fans is studied 
1"1. 

further by McMahan (1936) who in 1934 also conducted a few sim-

ple noise measurements on 12" and 2411 propeller fans. Although 

this 1936 research was on axial flow types, he stressed that 

nearly all the information he collected applied equally well to 

other fan types. He found that in the normal operating range of 

axial fans, noise<:::.<. -/max. air acceleration. • He also concluded 

that the noise is principally dependent upon the static back 

pressure. The "whine" in high speed propellers and the "flutter" 

in low speed fans he said were due to the blade frequency and 

its harmonies. In relating axial fan noise to its operating con-

ditions; 

db = 67 log. 'V . --:- 199 .s _ •••••••••• (l.Z,.) 

while for a particular series of similar fans, the noise for a 

given peripheral velocity varies slightly with fan diameter as: 

1 \ ( ,1.'2.5'-) clb-::. (;"7 .,~, ,o. \'2.~ ct " - \':) ~. s . (1.~) 

( '\ ,. '\ ( ,l."l.. S',..-
\.3) ls "''ff lt:.""lo Il!. '""" Q\ ,......- IS1 ooc 
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McMahan also suggested classes of fan noise which modify 

the inherent noise of a fan: 

(1) Noise increases due to improper flow conditions . 

(2) Noise increases due to improper application or aerodyna
mic design of fan . 

(3) Change of inherent noise by other parts of the apparatus , 

(4) Amplification by the fan of noise made by other parts of 
the apparatus 

(5) Noise increase due to improper mechanical design or 
construction • 

About this same time, Stowell and Demingl3 ( 1936) in

vestigated vortex noise from rotating cylindrical rods. One, 

1~ and 2 foot rods, representing propellers, were rotated in a 

horizontal plane 6' above ground and studied at a fixed distance 

from the plane of rotation by a microphone fitted with an extending 

probe. Their findings are: 

(1) Power output in sound ( ,_ +) 

K = constant 
~ = length of rod ( ..,.... .. 1 ,~_.,. .. / ,...,..,.._ ..... ) 
"' -= rod tip velocity ~o /s ... c.. 

(2) The polar distribution of S.P.L. is s imilar to a fi gure 
8 with the plane of rotation forming t he null axis and 
the shaft f orming the maxima axis. "All rotating s ys 
tems show this distribution for vortex noise provided 
that no obstacle of appreciable size is close enough 
to disturb the diagram." 

(3) The spectra all show one maximum which moves out to 
higher fr equencies as t he rotat i onal speed incr eases . 

(4) An 18" dia rod when rotating about 2800 rprn emits about 
24 microwatt s of sound. 

(5) From the hub out to 0.81, t he size of the vortices i s 
near l y const ant and nn t he order of a few mm. Thi s 
s ize decreases t owards t he t i p. 

( 6) 
1 1 

The spectra were compared with the von Karman fre quency 
formula 

f = c.,-p,s. ( 1. S') 

V - r elative velocity of profile 



d = profile dia. or width projected perpendicular to 
the ai'i- stream. 

K = 0.194 for vrlres, 0.15 for flat plates 

11 

This formula says that for nearly all shapes of obsta
cles, with the exception of aerfoils at normal angles of 
attack, a rotating profile should generate all frequen
cies from zero to a maximum determined by (1.5). Com
pared with the spectra, fair accuracy was attained. 
Also, use of ~ 11 instead of ~" rods shovved the maximum 
significant generated frequency to double. 

·," ,. e. ~- 13 

In this connec ti on, Strouhal ( 187én, who worked with 
fine wires stretched across the circumference of a drum 
in such a way that their motion was perpendicular to 
their length, found the generated frequency was given by 

f = a.\s s"' ( 1 .~) <:.. .f>.s_ 
d 

where V and d have the same meaning as in (1.5) 

The publication of a Standard for Sound Level Meters, A.S.A. 

224.3, 1936,was a most welcome and improving one. The tuning 

fork, audiometer and acoustimeter now became instruments of old. 

The new sound level meter, plus a noise measurement specifica-

tion by A.S.A. at least put sound measurement in the running 

with measuring instruments in other fields of science and engi-

neering. 

Oddly enough, in spite of this development, the status 

of fan noise from the point of view of research supplying useful 

noise information to fan manufacturers remained almost static 

until after vJorld \•lar II. In the meantime an improved sound le

vel meter and specification was issued (A.S.A. 224.3, 1944). 

True, sorne propeller noise studies were conducted, and studies on 

such topics as anechoic chambers, noise measurement techniques 

and general ventilating system noise were published, but little 

pninting to a concrete appraisal and research of the fan noise 

problem could be found in English literature up to 1950. The 
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study of turbulent aerodynamic fields was more active during 

this interval as will be seen in Art. 1.2. 

In connection with aerodynamic noise in fans, Bleierl4 

(1948) pointed out that of the four sources of fan noise: vibra-

tional, mechanical, electrical and aerodynamical, the latter 

was the main problem, and that this was related to blade design. 

For a given operating condition, t he forward and backward curved 

blades generated comparable noise. Although the forward curved 

blade is inherently noisy, it need operate at only half the speed 

of a backward curved blade for a given capacity, resulting in 

comparable noise generation. This is illustrated in Fig.l.2 (~),(b) 

in which traces of Bleier's graphical findings are reproduced. 

Perhaps the initial impetus to further research on fan 

noise in North America was provided by the now familiar work of 

Beranek et al The writer is unable to appraise the status of 

fan noise study in other parts of the world due to the language 

barrier, time element and lack of access to many publications. 

Scientific literature from England indicates many cont ributions 

to the understanding of aerodynamic noise (see Art.l.2) but 

nothing was found on fan noise research in the narrow sense. 
15 

Batchelor (1947) who interprets Kolmogoroff's t heory of local-

ly isotropie turbulence states that "···· In many respects charac

teristics of turbulent motion are not much advanc ed beyond 1938. 

Perhaps more work ha s been done in the U. S .S . R. t han in any other 

country n . . . . . . 

What then were fan manufacturers using as fan noise data? 

Nothing of conseque nc e , until t he issui ng of the Sound Mea surement 



1. ?.__ 

~~ ~ s 
:;! 0 
0 
"l 

lt "'JS 

1'1. 3 

1!. o., '1 

"' 
~-, "' 
~+ ri 

? 
Ill 
1/1 
"' li 
o. 

0 () 
~ 

0 5 lo 15" 2.0 
VOL.\JME - 1(>00 <... ~ - ""· 

' 
~ 

'l 

0 

~b ) l 'i PIC...._ 1.. B""c.l'..-.1~1'-P -Bu,ot. 
c \LNT'f<.I'F \> C,.._ ._ f;_,_. ( '1.. '1·• cl 1<>t.) \\"\-O l"·f ........ ) 

r\G .\.'l.(c) (~1 1.,_-.- FP...~-~ \:.t-~<a\NES."-ING) 

lLLU!i.>R"'TING S PE.C..IFïC. Soi.J~c 

PE'It. f"ORt'lfi.NC.E. C.uf'-\1 10. '!> Fo"'- ,..__ 

?.. ~ ,, f:.. ~ "'-~ r~o'ol f;_t' 
{ '-rl\1\\ t>lrf'- -u!> G"- "'1'-..NCS) 0 • 

'...,~a "'· .. ,..., 

"" 
P [<:. 

::r 
9 

til 

~-~ 
tt " ~ 

"' "' "' '- "" o. 
H~ -,..,. 

v 
!:! 

1. 
~ 
1-
Ill 1) 

~----~-------r----~~0 

3 

::r 

~ 
? 

~ ... 
li. 
4-

Q 
0 

1 

: . so 

t"\ 
!r'-1<:: 1< ~ 

1 s,. ,.,. 

~~ 

s 1<> 15 
VOLUME - I<>O <> t. .-f .m . 

JND .I~E· 

/ -
•e. ...-..:~ 

oT,.._'-

l 

~ 0 -~ 

:oo 

'8"' 

70 

•rr~ ...,.-

- l"l. 

9 
- + 

Il 
z 
:> 
a 
Ill 

,. 
J 

~() z 
"' ,. -
() 

~(J c 
'l.<>i:i 

lu 1~ 

c,...,.,..,c, Ty IN THOU S "NP S 

t 



14 

Test Code for Centrifuga! and Axial Fans by the N.A.F.M. in 1942. 

This was briefly reviewed in the introduction. A good practical 

account on sound appeared in Fan Engineerin~+ (1949). Two major 

he1pful items are included which did not appear generally before: 

1. TABLE OF SOUND LA\IJS FOR FANS (TABLE 2) 

(Based on the variation of sound intensity 
with fan operating conditions) 

1 
1 !:::,. I <:::>( Ratio ( size) x 

s 
Ratio (r.p.m.) 

2 

3 

4 

5 

6 

7 

8 

9 

10 

" " " 
" " n 

ft " " 
ft " " 

" " " 
If ff " 
If " " 
" " " 
" n " 

(size) 
'2. 

(1/size)~ 

( 1/ size) -<t/3 

ft 

" 

" 
(capa city) " 

(capacity) " 
l/. 

(pressure) 3 " 

(Hp)'l. 

(Hp) 

{Hp) ;ls 

" 
" 

ft 

" 
" 

" 

" 
ff 

" 
" 
" 

5"1 
(pressure) 'l.. 

5 
( capacity) 

(Hp)s-/3 
"2.. 

(pressure) 

( ) ~/3. r.p.m. 

(1/r.p.m. ).,_ 

(1/capacity) 

(pressure) 

( ) 
1-/s r.p.m. 

2. THE CONCEPT OF SPECIFIC SOUND . 
(db)s =db- 10 log (c.f.m. x h; ) (1.7) 
(db) = specifie sound in db. 
db s = sound in db according to standard fan test 
c.f.m.~cubic feet of air per min. 
h 5 - static pressure in inches of water. ('total 

pressure will serve equally well, but is not used 
since it is tied up with fan size.· However, if 
free de li very operation is contemplated, h s: =- o 
hence (db)~ must be based upon total or ve1ocity 
pressure to be determinate. Unless otherwise 
indicated.specific sound is based on static 
pressure.) 

A few words of discussion about these formulae. It is 

not . known direct1y just who deserves credit for them; it is not 

apparent in the seventeen sources listed in the Fan Engineering 

bibliography at the end of the sound section. Two of the formulae 
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have been experimentally verified. 
' • S'f 1\-

Lubcke verified the 7 power law 

variation with diameter as reported in tests on motor cooling 

fans. Tests in the Laboratory of the Buffalo Forge Co. over a 

speed ratio of 2 to l checked the 5th power ratio of speed change. 

Tvm im~)ortant restrictions apply to the formulae in Table 2: 

l."These laws, like the fan laws, apply only at a particular 

point of rating and cannat be used when moving along the 

curve from one rating to another. 

2. 11These are not applicable over the entire operating range 

possible for a fan, but are said to be reasonably close 

over a very lr.Jide range. n 

The se laws have not be en verified by experiment ( v.Ji th 

the two exceotions noted above) but were derived on the basis of 

the following reasoning: 

w.che sounds generated by fans follow a fairl y well·-de -

fined system based upon the logarithmic scale. As the fan blades 

intercept filaments of air there is a pressure built up on one 

side of the blade and a rarefaction or: t1le opposite side. These 

pressures are proportional to the pressure developed by the fan 

since ·t:1ey e.re rrroti vated by t:1e same rneans and a che.nge in Sl!eed 

that affects one also cffects t~1e other. 3ince 0c1.md int::;nsity 

varies CJ.s the square of the effective sound pressure in the wave 

it is reasonable that it would also varv as the square of the 

fan pressures developed. For a fan of given pressure the intensi-

ty varies as the volœi1e of air flowing throuvh the fan inlet or 

outlet •. This is because the intensity varies ·.:~ith_ the area of 

flow and area and capacity are proportional for a given velocity 

pressure. On this ba sis noise interlsi ty for a gi ven size fan will 

vary as capacity X (pressure)2 or as the 5th power of the speed." 
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The fan laws as in Table 2 follow the same pattern as 

the ten fan laws (p 21~2 ref.S".+) relating size, r.p.m., capacity, 

press. and Hp . 

The s pecifie sound concept could prove to be a powerful 

tool, as implied in t he contents of this thesis. It was derived 

by anal ogy vri th s pecific s peed, a well knmm concept of fan 

engineering which enables a homologous series of fansto be de-

fined within narrow limits by a simule curve of static efficiency 

vs. specifie speed. t hetl'o.er or not the original "unknown" author 

had sufficient s ound data to enable exploitation of this idea, is 

not know~. The extent to which it is used in Fan Engineering is 

illustrated by the curves of Fig.L2 (c ). Stated is: 

1. 11It is just as desil'<...ble to relate noise characteristics 
of a ,g i ven type and series of pro po.rtionoately dèsigned . 
fans as to relate speed - capacity - pressure character
istics. This can be done by plotting a specifie sound 
curve against specifie speed or by plotting specifie 
sound against capacity for any given size fan at constant 
speed." 

2."For fan use we will define specifie sound as the sound 
made by a fan of similar type to give one c.f.m. at l" 
static pressure. Such a theoretical fan would be 
operating at a speed equal to its s pecifie speed for 
the rating considered." 

3. About fig .1.2 ( c) : "To full y ap precia te the value of 
specifie K .•.••... observe in fi g .l2 (c) that although 
the actual sound level is relatively fl at over a region, 
it is a mistake to infer this fan may be rated anyvihere 
in that re gion with equally good results. The specifie 
K curve shovlS this is not the case •...• " 

: . c . -f . ...... . Y.\,: J 
Speci f ie K = db - 10 log ( 1 o,ooc (L'ô) 

Symbols sar;te as in eq. ( 1. 7). The use of this gi ves 
values nearer to the measured values of sound hence is 
more easily visualized. 

This then has been a summary of ideas the fan engineer 

has been, and very likely still is, relying upon in North America 

at least. 
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Without omitting much of significance, we come to a 
1-7 

group of modern papers which is fast bringing the status of fan 

noise knowledge to adolescence. They are not elaborated upon here; 

hov1ever the ir findings are summarized: 

Beranek, Reynolds and l:Jilsonl (1953) seem to be the first 

to publish a paper describing apparatus and procedures for pre

dicting ventilating system noise using a matched aco:_·stic wave-

guide and microphone windscreen. It is somewhat smaller than the 

one used by the writer (Fig.l.3), except for the duct diameter 

which was 21 1/8". They recommend: 

(1) A system constructed c1o s er to N.A.F.M. Bull #10 - 1950 
edition. 

CIO 

(2) Maximum taper of transitions 7. Gonnect fan to circu1ar 
section of duct eq~al to fan diameter and 5 to 10 diame
ters in length. 

(3) Make measurements of temperature and barometric pressure 
at a11 times. 

(4) Undertake further studies on the best position of micro
phone in the duct. 

C.F. Peistrup and ~esler~ (1953) using the same apparatus 

made measurements on three axial and two centrifugal fans. They 

observed: 

1. Overa11 P\JL 

Hp- total HP to fan. 
N = number Ôf fan blades . 

2. A change in back pressure (hs) has ne gligib1e effect on 
PWL and spectra. 

3. General shape of the exhaust noise spectra curves for any 
type is essentially independant of fan speed in the range 
of speeds be1ow rated speed. 

4. I\;Iost of P~'IL is contained in the 1ower frequencies. 

5. Fundamental blade passage frequency of a fan does not 
have as great an effect as expected, and is more apparent 
in the inlet spectra than exhaust. 
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6. In duct systems, the duct dimension in the direction of 
a bend is a major factor in predicting the attenuation 
which that du.ct will provide. 

Two years elapsed until another paper on fan noise 
3 . 

originated at N.I.T. Beranek, Kamperman and Allen aga1n looked 

at the problem of supplying fan manufacturers with suitable PVJL 

vs. fan Hp. data. They made measurements on 14 installed axial 

and centrifuga:\ fans, making measurements at the fan exhaust or 

inlet, which ever \·.Jas accessible, and using the name plate motor 

Hp. :·.Thereas the noise intensi ty of a gi ven fan increases wi th 

Hp2, they found that for fans operating near thèir rated load, 

noise intensi ty increases simply linearly l'Ti th Hp. In properly 

engineered ventilation systems therefore; overall fan PWL = 
lOO+ 10 log Hp .......•.... (1.11) Sorne of the data of ref.2 

was said to be invalid. Other findings were: 

1. Data within 1 4 db. Scattered overall PWL readings 
attributad to turbulence in the air stream which produces 
pressure fluctuations below 75 c.p.s. Turbulence more 
prevalent in the exhaust, may be cause of first-band 
noise. 

2. At small fractions of rated speed, PWL does not drop 
proportionally, perhaps due to the constant operating 
noises of the mechanical eouiDment. . ~ 

). For the same rated Hp, two fans Qay produce significantly 
different noise. Silentvane is near the lower envelope 
of the ~ 4db. variation. 

4. At speads significantly great er than rated values, ex
ce ssive turbulence sets in v.rhich causes a rapid rise in 
r~~IL. 

5. U', ~T <::>( 50 l 0 ~~ · 1 . J .1..J .:: .• r.p.m. relation verified in the region near 
rated load. 

Having provided fan manufacturers with this average 

em~irical engineerj_ng data so that ventilating engineers can deter-

mine t h e amo Fnt of noise reduction to be built into a ventilating 

system, the fan noise studies at M.I.T. ceased. 
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Slightly after this last work , Goldman and Iiialing
4 

stu-

died sorne small centrifugal fans using a modifi ed, matched, 

a cous tic v.raveguide s ystem, vvhereby the air vms exhausted through 

a high acoustic i mpedance before the microphone, enabling measure-

ment of the fan noise without a windscreen. The study of double 

inlet Sirocco centrifugal fans ranging frorr.. 3" dia., 2.:4 " wi de t o 

6n dia. , T' vii de net ted: 
s 

1. l'ioise intensity Io<. (air flow) .•••....... (1.12 ) 

2. 
. 3 Noise intensity Ic<(statlC pr essure) ••... (1.13 ) 

This inferred t hat fan noise is separable i nto 

"Flovl noise"<:::><. (r.p. m. )
5 

••••••••••••••••••• (l. lLt- ) 
5 

p _ c2. 9. ( 1. 1 s) 
fla-.. - c:>o( "1- Dl"l. 

and 

' "Head noise" c::.< ( r. p . m.) ..•••.••••••••••• (1.16 ) 
~ 

p - c, \-\ 
.._.._.,.,! - <:::><. 

both based on 75 - 10 ,000 c.p. s . 

H ::: static pres. 
Q - c.f.m. 
D = fan: dia. 

" H 0 '1 

r.p.m. = fan speed. 

( 1. 11) 

<;;:::,.(:: a soect r atio_ 
C, :=. 9xio'"'"~- f or above uni t s 
C'l.. = 5. 2xlo -'~for ab ove uni ts 

s t<> 6 
Total noise (75 - 10, 000 c. p .s.) ~ (r.p. m. ) .•... (1.18 ) 
(20 - 75 c. p .s. band was considered unreliable due to 
the equipment design) . 

3. Fo r a fan operating near s hut-off "Head noise" dominates. 
For a f an operating near free f low " Flovl noise" dominates. 
The difference in d5.scharge s pectra f or t hese t wo is 
shown in fi g . 1.s (c) t-35. 

4. I-1inimum noise occurs where ~e. .. ~ ~ P~'"'"" • Total noise do es 
not go through a minimum but approaches t he head noise 
as an a sympt ote. 

5. Minimum nois e occurs at maximum fa n efficiency. 

6. Flow nois e is corr elated with the fa ct that vortex noise 
depends on the 5th or 6th power of t he relative velocity 
between an air stream and an obstac le off which vorti ces 
a r e f ormed. 

7. Noise decreas es somewhat with increased aspect ratio . 
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8. Least possible noise in a ventilating system is deter
mined only by hs. 

9. For mlnlmum noise: choose a fan with large aspect ratio 
and choose the diameter for maximum efficiency. Speed 
and Hp. are then uniquely determined. 

This analysis seems to come the closest so far to ex-

plaining centrifugal fan noise. 

No papers on the narrow subject of fan noise have ma de 

their appearances in internationally known British scientific 

journals r ecently although sorne work may have been done. This 

writer does not know. One article B)peared however in July 1956 

from South Africa. Van Ni~kerk 5 , following the 1953 M.I.T. study 

by Beranek, Reynolds and V:ilson
1 

, dec ided to extend research on 

windscreens and transverse resonance effects in the duct. He 

employed the novel ide a shown in fi g .1.4 (a), combining a matched 

acoustic wave guide and reverberant room to make comparisons . His 

main conclusion regarding f an noise measurement proc edures are: 

1. Radial variations of pure tones up to 10 - 12 db at sorne 
fre quencies above eut - off for the size of duct used. 

2. · Sorne longi tudinal resonance occurred when the system 
length became multiples of ~ wave length of the pure 
tone frequenci es under c onsideration. Unfortunately 
sinc e thes e res onant fr eq uencies also coincided with .the 
axial type fan blade frequency and harmonies, the con
clusions were not too definite. The fan was run at only 
one speed. 

3 . Most interesting is the comparison between noise mea sured 
in the duct and in the r everber ation chamber . The re
s ults ( fi g .~4b) show close a gr eement above the t erminating 
horn eut-off, and a gradua1 spreAd between the tvw as 
fre quency drops below eut-off. The duct readings are 
the higher due to more low f requency sound ener gy re
maining in the duct and becoming abs orbed by the duct 
wa l l as the transmitt i ng efficiency of the .horndecreased. 

4. I t i s poss i ble to measure the noise of a f an by means o.f 
a r everberation chamber. It may be pr ohibitively expen
sive and di fficulties rr~y be experienced in coping with 
the return air f loT:Is of large f ans wi t h thi s method . 

Two companion research pro jects have been r ec ently completed 
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under the direction of Dr. F.S. Howes (this one being the third). 
6 

One (A. Bredahl ) deals \l'fith windscreens for microphones used 

to mea sure noise,when placed in an airstream. "The most effect-

ive windscreen from the results is one that gradually reduces the 

wind velocity and has a frnmework whi ch will no t offer a high im-

pedance to air flow nor distort the desired sound . Light wei ght 

nylon tricot and nylon organdy seem satisfactory as a cover for 

t he windscreen frame. tt ttThe vlind noise appears due to: 

1. Turbulenc e of the air flow 

2. Turbulence of t h e air flow crea ted by t he mic rophone. 

3. Vibration of the microphone in an air stream . 

4. Bombardment of the microphone by air molecules." 

A tttriple sphericaltt windscreen built and tested by Ur . 

Bredahl wa s ado pted for the research in this t hesis. (See 

}Jerformance curves in f i g . 3. 7 ) . 

The other proj ect, by G. Chi pps' , was the construct ion 

and testing of a matched ac u ~stic waveguide t o K. A. F. M. s pecifi-

cations (as far as they went) and t he preliminary testing of a 

Sirocco centrifugal fan (American/ Canadian Sirocco Series 81 

#135). The equipment is believed acoustical ly superior t o t hat 

of r ef . l. To summarize hi s results on the fan (Det ails of equip-

ment and t est s thereon a re gi ven i n a l a t er section ): 

l . Determining P"VJL from a formula based on motor input Hp 
would yield result s which could be in error by as much 
as 8 to 10 db, unles s th e point of rat ing on the head -
flow curv e is considered. 

2 . Nea r the point of maximum effi ci enc y the overall noise 
of this f an can be represented empirically by: 

. ( ) - 1'3 PWL = l OO + 20 lo g . Hp motor i nput db,elO watts (1 . 19 ) 
This a pplies for the s ame point of rating a t each Hp . 

3 . At other t han maximum effi ci ency t he noise i s higher . 
The slope of t he line represent i ng t he variation decreases 
with i ncreasing back press ure. 
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4. A similar condition exists when the results are analysed 
on a fan Hp input basis since the motor efficiency 
varies with operation. For a point of rating near maxi-
mum effici.ency, ( 1.19) is now: _1"2. 

p~·;"L = 106 + 15. 5 log Hp (fan) db '>e 10 watt ... (1.20) 
The slope of 15.5 agrees favorably with that of 16. 6 
derived theoretically in Fan Engineering p.312 and 
verified experimentally in tests conducted to the N.A. 
F .l-I. test code. 

5. The oct~ve band levels do not increase at the same rate 
with Hp as the overall levels. The tendency is a 
slov.rer decline of P.\rJ.L. vrith frequency as Hp is in
creased. 

6. At high back pressure, PWL is high, but the octave -
band levels drop off faster with frequency. 

7. PVJL. i = P!iiL i + 50 log.'":.~.~- .••••••......• ( l. 21) 
holds only for operating ~:,oints near maximum efficiency 
and near free discharge. It does not hold when rnoving 
along the fan performance curve. 

8. Overall P\'JL is a minimum in the region of maximum effi
ciency. 

9. The fan blade frequency does not appear prominently in 
the noise levels. 

10. The octave bands increase with speed with slopes varying 
from 4.4. to 6.6. 

11. Noise - level increases with back pressure according to 
23.5 lo ghs except near shut-off where the slope is 15 • 

.4,.6 
In restros pect, one would tend to agree with Ashley 

n\:e do not yet have a well recognized procedure for the measure

ment of the PWL of air conditioning equipment, nor a suitable ra-

ting code. Very little information is available on the generation 

of aerodynamic noise in duct systems. Good ~uantitive data is 

lacking on · the attenuation of duct systems. Data on performance 

of sound absorbing elements is incomplete. There is no general 

agreement on standards of desirable and acceptable noise charac-

teristics for different types of room use.n 

Progress is being made, but much work remains to be done. 

The state of things may be illustrated by the general acceptance 
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s 
of fan noise speed correction in America of (ratio r.p.m.) and 

. E 1 ds s . ,.. ( . ) s. 5 ln •ng an a correctlon or ratlo r.p.m. , Sorne progress 

towards stabalized formulae is believed indicated in this thesis. 

l. 2 HL)TCfUCAL TRACE OF AERODYNAIUC NOibE 

AKD THE EATURE OF TURBULENCE 

••... The roar of the gale ••••. an observed phenomena 

since the origin of man has to this day barely been scientifical-

ly explained. "The irregular random motion of small fluid masses 

to which the name turbulence is given is of such complexity that 

there can be no hope of a theory which will describe in detail 

'' IG the velocity and pressure fields at every instant. 

Two major reasons for the lack of great historical de-

velopment in aerodynamic noise research are: 

l. The former tendency to study not only steady state, but 
impulse and transient wave phenomena, employing Fourier's 
sinusoidal analysis of amplitude-phase relations. 

2. The post Rayleigh divorce of acoustics and aerodynamics. 
Il 

Of this Hardy states: "The statistical approach in terms 

of energy and intensity relations is the realistic way of studying 

most noise phenomena ..• "Much of the noise of modern mechanism is 

associated with air turbulence, yet very little has been done 

scientifically to relate the parameters of turbulence and acoustic 

propagation •.. mainly because there are two scientific rather 

disunited fraternities associated with the dynamics of the at-

mospheric medium - acoustical and aerodynamical - whose technolo-

gies do not even have semantic sympathy.n 

Aerodynamic noise study began flourishing with Rayleigh. 
S"3 

In his classical, and still useful HTheory of Sound11 he investi-
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gates vortex motion, nsensitive" jets, singing fla mes and aeolian 

tones. "A large and important group of acoustical phenomene have 

their origin in the instability of certain fluid motions of the 

kind classified in hydrodynamics as steady .•. "A motion, the same 

at all times, satisfies the dynamical conditions, and is thus in 

a sense possible; but the smallest departure from the ideal so de

fine d tends spontaneously to increase, and usually with great rapi-

dit y according to the law of compound interest. Examples of such 

instability are afforded by sensitive jets and flames, a eolian 

tones and by the flute pipes of the organ. These phenomena are 

still imperfectly understood; but their importance is such as to 

demand all the consideration He can give them." 

As pointed out in Art. 1.1, acoustics growth stagnated 

from about 1895 to 1928, and the consideration of aerodynamic 

noise suffered most of all. The dawn 11as to break wi th two major 
1 s- 1 

contributions, one on the nature of turbulence itself (Kolmogoroff, 
1 'G 1 1 ~ 

1941), the ether with aerodynamic sound generation (Lighthill, 

1952 and 1954). Prier to these however, research was conducted on 

mainly turbulence study, typical of which were, "Statistical Nea

surements of Turbulence in the Flm.v of Air Through a Pipe" ( Tovm-
'l.c 

end, 1934) , "Emperical Investigation and Analysis of the Veloci-
2...1 

ty Variations in Turbulent Flow" (Simmons and Salter, 1934) and 
'2..'2.. 

Statistical Theory of Turbulence" (Taylor, 1935) • 

A host of scientific papers on turbulence have been pu-

blished in the pasttwenty-five years. It is not intended to give 

a comprehensive review or bibliography on the subject, but rather 

to give samples leading up to the important papers on aerodynamic 

noise. 

"1..0 

Townend arranged seven spark gaps in a row across a 3 
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in. square pipe. Discharging them together heated small elements 

of air in the moving air stream in the pipe so that their motions 

could be photographed by the Schlieren method. Utilizing a micro-

scope, the flow was discovered to be laminar belov1 a Reynolds 

nwnber (Rey. ) of 500. Turbulence st udi es were performed for 

3000 < Rey <.9300. The turbulence was a minimum near the axis and 

rose at an increasing rate toward t he wall. Little definite 

phase relation between the maximum values of turbulent components 

was apparent. Cinematographic records reveal the fluctuating 

character of the velocity distribution in turbulent flow, which 

may vary from an almost uniform distribution at one instant to 

one of very irregular shape. Eddies of fairly regular periodici

ty sometimes show up , many o.i' these having wave-lengths ('~\....) < !" 

corresponding to a frequency of about 300 per second. 

The affect of a uniform grid or mesh on the turbulence 
'l..l 

of an airst ream was investigated by Simmons and Salter in a one 

foot wind tunnel. Using a . 0025n dia. hot--;,vire anemometer he ob

served velocity changes 6 or 7 times l arger in magnitude behind 

a l" mesh , à" thick grid , than those normally present in the wind 

tunnel. Flow speeds varied from 5 to 55 ft/ sec. Values of the 

average velocity convey sorne idea of the diffusion behind the 

grid . Eddy motion occurs from the wake of a strip composing the 

mesh to the high velocity jet from the neighbouring hale . Mixing 

was complete in about 10 inches at 5.3 ft ./sec ., when turbulence 

bec ornes diffuse across the section . This distance increases v;i th 

speed . 

1.'2. 
Developing the statistics of turbulenc e further, Taylor 

mainta ined that beyond the ""l:'lind shadow" of a grid in an air 



stream, the turbulence therein becomes statistically unif orm 

(isotropie). The scale of the turbulence is anticipated to be 

sorne definit e fraction of the mesh size of the grid, 

Î'--.. = À- rY, . 
M \}M'\{_ 

2S 

( \.22.) 

~ may be roughly regarded as the diameter of the smallest 
eddies responsible for the dissipation of energy • . 
M ~ side of each square of the mesh. 
A = absolut,e constant for all grids of a definite type 
( eg. square-mesh , honeycombs).-
~ = kinematic viscosity of air. 
~=,J\J._'l,_,::: r.m.s. value of the particle velocity. 
Rey=~= Reynold's nmnber of the turbulence. 

"V 

Eq. (1. 22 ) is limited: 
(1) cannat apply when MV~ is small. 

(2) cannot apply immediately behind the grid where the wind 
shadow of the grid is still distinct. 

(3) If a very turbulent stream passes throup;h a mesh which is 
arranged for large scale, (large M, thin strips), the 
original stream turbulence may pass unaffected. As the 
distance downstream from the grid increases, the large 
sca le turbulenc e which has pass ed through i t decreases 
more slowl y than that J?roduced by the grid and eventually 
completely obliterates the effect of the grid. 

The results show that although li/v.: ( IJ 
1

= d.c. stream velo

city) range s from 4. 9 to llO and M from 0. 62" to 511
, all the ob-

served values of A lie between 1 . 95 and 2 . 20 ~which appears to con-

firm that this is a universa l constant for turbulence produced or 

controlled by any type of square grid or honeycomb . It also 

seems that a honeycomb with long cells is more likely to r educe 

pre-existing turbulence to a def inite scale than a grid of say 

v-li res or round bars. 

Taylor also looks at the distribution of dissipation of 

en er gy i n a pi pe over i t s cros s s ection and dif f us ion i n a turbu-

lent a ir stream. 

In concl usion, Taylor proclaims that the whole question 
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of turbulence clearly needs more experimental work on the lines 

laid down •....... 

More papers appeared between 1936 and 1941 on the gene

ral subject of kinernatics of turbulence and the spectra of turbu-

lence, sorne of vrhich Here highly theoretical. 
'2.~ 

0immons and Salter 

(1938) experimentally investigated the spectrum of turbulence in 

a 4 foot dia. wind tunnel. They mentioned that there was sorne 

evidence that mixing of eddies vdth high velocity jets behind a 

mesh across the tunnel continued for a distance of about 15 x the 

mesh slot dimension, after which the stream is statistically uni-

form. 
2+ 

Taylor (1938) attempted to compare the results of Sirrunons 

and Salter on the spectrum of turbulence vrith an analytical ana-

lysis. A connection between the spectrum of turbulence measured 

at a fixed point, and the correlation betv;een simultaneous values 

of velocity measured at two points was sought. A successful corn-

parison was made for isotropie turbulence, but the results were 

left more or less until theory ripened further. 

A review of the statistical theory of turbulence was 
16 

made by Dryden (1943) in which turbulent fluctuations, mean mo-

tian, vortex trails, pulsations and isotropie turbulence were 

highlighted. In painting out the hopelessness of a detailed theo-

ry to describe the velocity and pressure fields in turbulence at 

every instant, he placed existing theories in the empirical or 

statistical class. The former are focused on the distribution of 

mean speed and mean pressure, while the latter considers the fre-

quency distribution and mean values of pressure, and the corn-

ponents of the velocity fluctuations. 

Randomness is regarded as an essential feature of turbu-
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lence; turbulence is not equiv2lent to any regular vortex system 

ho~ovever complex. Vortex trails are one of a number of distinct 

velocity fluctuations occurring under certain circumstances. 

They generally appear when a blunt object (such as a cylinder) is 

exposed to a fluid stream. The velocity fluctuations in the trail 

are periodic in themselves and produce no turbulent mixing. The 

trail pattern quickly transforms into irregular turbulent motion 

quite unlike any character of the motions in the trail itself. 

Space and time averages by hot wire anemometers which 

average over a cylindrical volume of 0.01 mra dia, lmm long and 
~3' 

over a time interval of 0.5 x 10 seconds, or in this neighbour-

hood, are satisfactory. Measuring equipment not approaching 

these space-time intervals, according to Dryden, givesresults 

which largely reflect the instrwnent properties, rather than 

those of turbulence. 

Isotropie turbulence (in which changes in magnitude and 

direction of velocity fluctuation are wholly random) is said to 

be the simplest type of turbulence for theoretical or experimental 

investigation. "There is a strong tendency toward isotropy in all 

turbulent motions. The turbulence at the center of a pipe in 

which flow is eddying or in the natural 1-'iind at a sufficient 

height above ground is approximately isotropie. A grid of round 

wires placed in a uniform fluid stream sets up a more or less re-

gular eddy system of non - isotropie character which very quickly 

transforms into a field of uniformly distributed isotropie turbu-

lence. 11 Turbulent fields of isotropie nature can have a variation 

in intensity of more than 0.1 to 5 % of the mean speed and a 

scale from a few mm to 25 mm. 

Dryden goes on to discuss various turbulence generators 
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(screens) and concludes that if one studies the turbulent field 

behind them in relation only to isotropie turbulence, the details 

of construction and distance upstream of the screen is of no 

importance. 

The exploration of non - isotropie turbulence, Dryden 

concludes, i s still in its earlie~stages; handicapped by the ab-

sence of reliable experimental data on the twelve functions re-

quired to describe the complex state of this turbulence. 

Vithout omitting too much of relevance, we come to the 

"new and fruitful theory of turbulent motion published in 1941 
1 s-' 

by A.N. Kolmo goroff'r. Strangely enough, this theory did not be-

come widely knovm outside of the U.S.S. r~ . 
1 s 

until Batchelor inter-

preted and extended the paper in 1947. It has not been proved 

entirely valid, but sorne experimental results have been correlated 

with this theory. The basic notion is that at high Rey. nurnbers, 

all kinds of turbulent motion show a similar structure if atten-

tion is confined to the smallest eddies. Motion due to eddies 

less than a certain limitinf, size in an arbitrary turbulent field 

is deter~ined uni quely by; (1) the viscosity and (2) the local 

mean energy dissipation per unit ma s s of fluid. The physical pic-

ture is that the turbulent flow consist s of pulsations ranging in 

scale from a dimension characteristic of the mean flow (which may 

not be uniform), to a lower limit a t vJhich the motion is entirely 

laminar. 8ach pulsation is an unstable st s. te 1.·rhich passes energy 

on to ever decreasing pulsations or eddies, until in the limit 

the Rey. number of the smallest pulsations i s too srnall to per-

mit the formation of smaller eddies, at 'tJhich point viscosity 

governs the energy balance. The energy for the entire motion lies 
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chiefly in the mean flow and the largest eddies, which may be a 

function of the seure e pro duc ing the flovr. A memory - fixing 

poem of the principle is quoted: 

nBig v1horls have little whorls, \vhich feed on their velo
city; 

Little vlhorls have smaller whorls, and so on unto vis
cosity.n 

The theory can be applied only -,v-hen the Rey. number of the flow 

is sufficiently high for the characteristic size of the smallest 

eddies to be small compared to the spacial dimensions of a domain 

G which contains a "largetr number of orders of pulsations. An 
' "tl-, 

nth arder set of pulsations absorb some energy from the (n-1) 
' +"-

arder and pass it partly to the (n+l) arder. The energy transfer 

is affected by: (l) ~ork done against the Reynolds stresses (cor-

responding to various rates of momentum flux across surfaces 

fixed in the fluctuating fluid flow) and (2) The heat energy of 

the fluid through viscous dissipation. The ratio of energy dis-

sipated throu gh viscosity to energy conveyed to the next highest 

(smaller) arder of pulsations decreases as the Rey. number in-

creases. Consider a do:-nain G where Rey. number is so high that 

the size of the smallest set of eddies <<.spatial dimensions of G. 

Let the Rey. nwnber fall to a very low value. There may b~ no 

eddies small enough to be contained by G. The theory does not 

hold in this quasi turbulent state. The Rey. numbers of a large 

percent of engineering flows are well within the range of the 

theory however. In the upper limiting case of infinite Rey. num-

ber, the larger sets of eddies contained by G pass their energy 

to the next smaller set of eddies, and only the eddies of infinite

ly small characteristic size will dissipate an appreciable portion 

of their received energy through viscosity. That briefly is the 
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physical picture of this theory. Note that it concerns only the 

dynamical similarity between turbulence in different states and 

does not pretend to encompass the passage of turbulence from state 

to state. As such it provides a powerful tool for the determina

tion of statistical characteristics of space and time derivatives 

of quantities influer.ced by the turbulence. 

This theory provoked a revision of thought. As Heisen

burg25 remarked, "In earlier years one thought turbulence was 

caused by viscosity .•... now it is almost the reverse. A fric

tionless liquid is a system with an infinite number of degrees of 

freedom. As soon as one puts energy into this li quid, the energy 

vrill be distributed among all degrees of freedom , a nd what finally 

results is a certain equililJrium distribution corresponding to 

t he Maxwellian dist ribut i on in ga ses ••... It is the viscosity 

that reduces the number of degrees of freedom, since it damps very 

quickly all motion in the very small eddies .••• Turbulence is an 

essentially statistical problem which can be solved without going 

into any detai ls of the mechanica l motion." 

The next fevr years after Batchelor presented Kolmogoroff' s 

"Theory of Loca lly Isotro pie Turbulence" in 1947 br ought forth 

quite a f lood of published papers on t ur bulence. 

Air turbulence and transfer processes were studied by 

Cornrnings, Clapp and Taylor26 ( 1948 ). Employing an ll inch square 

duct and hone ycomb turbulence generator, turbulenc e level was 

calculated from a temperature traverse about a heated wire as an 

axis. The complete instrument ,nhot-wire v.rake angle instrument", 

gave t he turbulence l evel as t he r at io of the cro ss current 

f luct uating velocity to t he mean velocity a t a poi nt . It was 
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found that variation in turbulence at high values of turbulence 

level ( 255b) had little influence on heat transfer rates, whereas 

at low values of turbulence (1%), variation of the turbulence 

level had a pronounced effect. 

In looking at the spectrum of locally isotropie turbu

lence, Kov:'mlay?7 derived the spectrum of fig J..~5a and compares it 

wi th the 11 5/3 power lawn sever al previous au thors had deri ved 

for the medium frequency range by assuming similarity in the 

turbulent energy transport and neglecting viscosity. A spectrum 

function F(n) is defined: U.."4 = J.<P~\'>Î dY\ ( \-'1~) 
\J.... = velocity fluctuations in the turbulence 

"<\ = wave number 

After Kolmogoroff 1 s theory, the energy passed to higher frequen-

cies becomes less and less as the viscosity dissipates more and 

more energy into heat. The solution is found as: 

r, n) = r. \~-Y'"'" L: - \;;,.lv, r ( \ . 2 4) 

F., Y\., are constants 

K -= _l_ ( F: \ ~'2... is a uni versal Rey number which can be 
., --y \ \t\o ) ohtained from measurement 

The energy bal anc e of the spectrum i s shown in f i g .1..5(b). 

Following this work on ttfree turbulence'', boundary effects 

were scrutinized. Townsend28(1951) looked at both the boundary 

between a turbul ent stream and quiescent air, and t he boundary 

between turbulent flow and a solid (channel flow). The ef fect of 

a tur bulent stream on quiescent a ir is to gr adual ly entrain this 

air . Thi s i s due to a group of lar ge - s c a l e s lolfJ eddies which 

distort the bounda ry so that the surrounding air is brought into 

closer contact with it. The s c ale of these i s l a r ger than t hat 
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of most of the turbulent motion. Pressure flov.r in pipes and chan-

nels represent the extreme in t 'urbulent shear flow. The proper-

ties of the turbulent fluid depend on their position in the flow 

with respect to the boundary. Tovmsend concludes that the struc

ture of channel turbulence is not known in comparable detail. 

Laufer29made measurements on fully turbulent channel flow 

in a 10 inch pipe at air speeds of 10 and lOO ft./sec. He sug

gested that from the standpoint of turbulent structure, the tur

bulent field may be divided into the following three regions: 

(1) Wall proximity where turbulence production, diffusion 
and viscous action are all of about equal importance. 

( 2) The central region of the pipe 1Hhere energy diffusion 
plays the predominant role. 

(3) An intermediate region between (l) and (2) Hhere the 
local rate of change of turbulent energy production do
minates the energy received by diffusive action. 

There are many physical problems in which pressure 

fluctuations in turbulent flow play an important part. Batche

lo~0 (1951) mentions noise as one of them, this being directly re~ 
lated to the fluctuating pressure distribution. In such problems 

he suggests the usefulness of knowing the statistical properties 

of the pressure field in a turbulent flow. 

Aerodynamic noise received little attention until 1952 

when Lighthillg and Moyar
1 

each presented theories for this me

thod of sound generation. Moyal, by means of an analysis of the 

kinematics of turbulence of a compressible fluid, coupled the vor

ticity, dilation, entropy and pressure fields associated with the 

flow to explain aerodynamic sound. Lighthill's theory however is 

more advantageous and has been widely acclaimed as being a very 

important contribution to the theory of aerodynamic sound. His 



theory is based on the equations of motion of a gas. We shall 

look at it briefly. 
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What causes sound? Although the theory of audition is 

incomplete, it is clearly necessary that suitable pulses of air 

activate the ear drum. Such pulses can be produced by the vibra

tion of a solid body, as a result of fluctuating masses of air 

induced by a solid body moving (without vibration) through the 

air, and finally due to the interaction of fluid in irregular or 

turbulent motion 1-vi th fixed surfaces ( temporary aerodynamic sur

faces). Only the latter is strictly aerodynamic sound, although 

the second cause is frequently placed in the same category. Each 

successive cause produces sound less efficiently. When a turbu

lent fluid moves across the surfa ce of a rigid body, sound is 

generated. This is also aerodynamic sound and is more effic ient 

t han that due to turbulence without solid boundaries, but less 

than tha t due to a solid s ystem moving through t he air in such man

ner asto generate sound without vibration (eg . - rotating blades 

of a fan). All of these sources can be represented by a distri

bution of dipoles except turbul ence without solid boundaries , 

which is represented by a quadruple distribution . This is Light

hill's contribution. 

Consider a f luctuating fluid f low occupying a limited do

main of a vast sink of f luid at r est . The momentum or ener gy wi

thin this space can be looked upon as changing at a rate equa l to 

t he combined effect of (l) the stresses a cting at the boundary 

and ( 2 ) the f low a cross the boundary of momentum bearing fluid. 

This is equiva l ent ta an additional stress system refe rred t a as 

"momentum f lux tensor" or "fluctuating Reynold 's stresses". A mo

mentum equation can be written which expresses th e fact that mo-



mentum in any fixed region of space changes at a rate the same 

as if the gas were quiescent under the combined action of: 

(1) the real stresses made up of hydrostatic pressure 
'f b"1.i and viscous stresses J 'f \~ 

and 
( 2) the fluctua ting Reynold' s stresses P \.f.: \J.i , (i.e. 

the rate at which momentum in the ~~ direction crosses 
unit surface area in the ~j direction). 

"Since a uniform acoustic medium at rest experiences stresses due 

to a simple pressure field (the variations are proportional to 

· density variations with the constant of proportionality being the 

square of the speed of sound, C2), density fluctuations in the 

turbulent flow equal those in a uniform acoustic medium subject 

to an external stress field given by the difference: 

(1.25) 

between the effecting stresses on the real flow and the stresses 

in the uniform acoustic medium at rest". Eq_. (1.25) incorporates: 

(1) The generation of sound. 

( 2) Its convection \"li th the flow (in part of the te r .rn f''\S' \f"~ ). 

(3) Its propagation with variable speed. 

(4) Gradual dissipation by conduction. 

(5) Gradual dissipation by viscosity (in the viscous contri-

bution to the stress system r\j). 

In practice, the difference between the exact pressure field 

and the approxima te one c:. -..l' ~ '1. ~ , and the contribution of viscous 

stresses to T\ ·~ is unimportant. At low Mach numbers 

(M = !:L = flow velocity ) T, - ---·o \f \J · and the principal sound g . ' l r· 1. .) , 
veloc~ty of sound 

generator is fluctuating Reynold's stress corresponding to various 

rates of momentum flux across surfaces fixed in the fluctuating 

fluid flow. (The proportional error is on the order of M2). 



The basic equations of the theory of aerodynamic 

sound production are those representing the propagation of 

sound in a uniform medium at rest due to externally applied 

fluctuating stresses: 
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-a~ -'- ~ rfvt.\ -=~ 
'bt_ -.- è "X-'\. \ ) '---' (1.26) 

ô ) '2. 'o? 'ô\\ . 
ot \fl \.f1_ -t-c è~ ..... =-- ~ x.\ (1.27) 

- c"" 'V "2. r = o'l... \i..'.l 
'è '"k..-1_ "'ô X- ~ 

(1.2$) 

the instantaneous applied stress at any point 
as discussed above. 

? - gas den si ty. 

'"X-1. , -x.. .l = coordinate direction terrns . 

V'"t.. =Laplacian operator 

f?'f \. ,.P '\1~ := rnornenturn a cross surfaces in x.-·" and x.. j 
1 directions respectively. 

C = velocity of sound. 

These equations can be used to analyse a turbulent region pro

vided additional rnass is not introduced into the region, in 

which case an additional term must be added. 

The novel approach of Lighthill is the evaluation of 

a general procedure for estirnating the intensity of sound pro

duced in terms of flow details, rather than trying to relate 

frequency in the flow and sound frequency. What is important 

in acoustics is that it is the intensity at a point,and its 

frequency spectrum,which is estirnated by the ear. At high Rey. 

numbers when the flow field is fully and randornly turbulent, 

amplitude and phase have no meaning hence intensity and its 

spectrum are all that can be given rneaning. Using equations 

(1.25) to (1.2$) and these principles, Lighthill evolved a 

technique for obtaining a general expression for the total 
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acoustic output of a turbulent field. The result of the gene

ral dimensional analysis was shown to be strongly affected by 

quadrupole field considerations and the Stokes effect • The 

amplitude of the quadrupole strength /unit volume is propor-

tional to the square of a typical velocity U in the flow. The 

amplitude of the radiation field due to a quadrupole (see 

fig.l.5d) is proportional to its strength times the square of the 

frequency (Stokes effect). In many cases a typical frequency 

is proportional to the flow {Rey. number) so that the amplitude 

of sound generated by a given fluctuating flow increases 
-+'.-, 

~oughly as the 4 power of a typical velocity in the flow. In 

terms of intensity: 

Iso"-...J <:::.( uà (U = typical flow velocity) • • • • • • (1.29) 

Most of Lighthill's work concerns I and total power 

output. He described a general method of predicting the spec

trum of I from the dimensional analysis,which will not be 

covered here. He showed that the efficiency of aerodynamic 

sound production (ratio of the acoustic power output to supply 

of power) will satisfy roughly: 

(M =Mach. No.) •••••••••••••••••••••• (1.30) 

It is evident that acoustic efficiency is very low, even as ,,_, 
M_.l. Gerrard's experiments indicated an order of magnitude of 

lo-4 for the coefficient ~/M5. At low Mach numbers, as encoun-

tered in ventilating systems, sound from this aerodynamic qua

drupole field will nearly always be negligible. As modified by 
' 

solid boundaries however, it may be significant as mentioned 

belo v;. 

Needless to say, this work of Lighthill revolutionized 
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the state of aerodynamic sound knowledge. An increasingly 

large number of papers followed, many of them devoted to jet 

noise, due to the pressure of public annoyance being brought 

to bear on the manufacturers and users of jet planes. One of 
\9 

the first of these was an additional paper by Lighthill on 

sound generated aerodynamically. Much of it vJas devoted to 

jets. Of direct interest here he states: 

(l) In the statistical character of turbulence the values 
of momentum flux at points with no eddy in common are 
uncorrelated, while its values at points with many 
eddies in common are well correlated. 

{2) A further consequence of the statistical nature of 
turbulence is important when the turbulence is super
imposed on a mean flow whose Mach number is not 
negligible. 

(3) Although turbulence without a mean flow has an acous
tic output, turbulence of a given intensity can gene
rate more sound in the presence of a large mean shear, 
(solid boundaries become loosely "aerodynamic sounding
boards"). 

A paper received a few months after Lighthill's first 
"3'2.. on aerodynamic sound was by Proudman, who based his work on a 

combination of Lighthill's methods, and techniques from the 

statistical theory of isotropie turbulence. Assuming , as Light

hill did, no back reaction of sound on the turbulence, he 

stated that in isotropie turbulence only those eddies not dis

sipating much of their energy through viscosity will make an 

appreciable contribution to the generation of noise at large 

Rey. numbers. This he said is independent of the Rey. number. 

The acoustic power output per mass of the turbulence is 

P = <::><.. E. M5 ........••..•..•....•••.•••...•.. (1.30) 

c:::.( - universal constant - an order of 10 to 100 -
: 

M - Mach number = U/C -
3/2 

c:l Ü.'2. 

E: = - ol-t. = mean r ate of di ssipation of energy 
per mass. 
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Lighthill showed that the fluctuating forces of an 

air flow on a rigid body may be expected to possess an asso
~~ 

ciated dipole radiation field. Gerrard found this was so in 

measuring the sound from circular cylinders in an air stream. 

For 50<Rey.~l05, essentially pure tone sound was observed to 

occur. Periodic vortices were shed. Above Rey. of 105 the 

periodic characteristics of the flow were replaced with the 

random fluctuations of turbulence, while below Rey. nurnber of 

50 no vortices were shed. 

It was in 1955 before the influence of solid bounda-

ries on aerodynamic sound was really analysed. As an extension 

to Lighthill's theory, Curl~4 incorporated the influence of 

solid boundaries upon the sound field. Their influence is 

(1) Reflection and diffraction of the sound waves at the 
solid boundaries. 

(2) A resultant dipole field at the solid boundaries which 
are the limits of Lighthill's quadrupole distribution. 
The quadrupole field still exists throughout the region 
external to the solid boundaries. 

What Curle obtains in his dimensional analysis is a 

dipole contribution added to Lightgill's quadrupole one. Phy

sically the sound field due to turbulence in the presence of 

stationary solid boundaries (such as a duct wall) is the sum of 

that generated by a volume distribution of quadrupoles through

out turbulent space plus that produced by a surface distribution 

of dipoles over the solid boundaries. The highérthe Mach number 

the more important is the quadrupole contribution, the lower 

the Mach number the more the important the dipole contribution. 

The frequencies of sound generated by the quadrupole field are 

twice those of the dipole field. The frequencies of sound gene-



43 

rated by the fluctuating forces at the solid boundaries (dipole 

field) have the same frequency as the fluctuating velocity 

field, according to Curle. Finally, a dimensional analysis si

milar to Lighthill's shows that the generated sound intensity 

at large distances is of the general form 

• • • • • • • • • • • • • • • • (1.32) 

Uc = typical velocity of the flow 

L = typical length of the solid body 

ao = velocity of sound in fluid at rest 

~ = density of fluid at rest 

At low Mach numbers this dipole radiation is more efficient 

than the quadrupole radiation as far as sound generation is 

concerned. 
~s 

Phillips uses Curle's results to consider aerodynamic 

surface sound as turbulent fluid moves across an infinite flat 

plate. The acoustic effect is analysed to be a finite net 

dipole distribution near the leading edge, which becomes vanish

ingly small with increasing distance down the plate. 

Most of the above summary of aerodynamic noise progress 

stems from British authors. Coming to the experimental side of 
'36 

the picture we have in America IVIawardi and Dyer suce essfully 

classifying noises of aerodynamic origin by considering the ef-

ficiency of conversion from mechanical to acoustical energy from 

measurements of wind tunnel, turbojet and air jet noises. After 

Kovasznay27, for a given set of boundary conditions (free jets, 

wind tunnels, etc.) a universal spectrum is thought to exist 

. . . . . . . . . . . . . . . (1. 23) 

where F(n), the spectrum of velo city fluctuations ' 'u~, is a func-

tion of the wave number On the ba sis of dirnensional analysis, 
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the kinetic energy/unit mass/unit time/ unit frequency S(n) 

can be determined as 
- ~ 

S(n) ·= k, [ F(n )J n ~ . . . . . . . . . . . . . . . . . (1.33 

~ and ~ are powers to be evaluated 

k, = constant determined by boundary conditions. 

S(n} is assumed to depend only on F andn. The rate of viscous 

loss of kinetic energy 1 (~) is of 

L(n) = k-z. /hF('f\)'f\.,_ dY\ 

k '2.. = another constant. 

From an energy balance viewpoint 

the form 

. . . . . . . . . . . . . . . . (1.34) 

• • • • • • • • • • • • • • • (1.35) 

This defines a differentia! relation which will yield a unique 

spectrum F(n) for a given set of boundary conditions for the 

flow. 

Two conclusions valuable in classifying and comparing 

data coll-ected from different aerodynamic noise generating sys-

tems are stated by Mawardi and Dyer: 

(1) "The spectrum function of the acoustic source is ex-

pected to be a unique function given similar flow con-

ditions. 

(2) "The strength of the acoustic source seems to be in 

sorne cases proportional to the rate of dissipation of 

kinetic energy. 

"Since it is plausible to assume that dynamically simi-

lar systems would have a constant kinetic energy and 

loss coefficient, the efficiency of conversion of me-

chanical to acoustic energy should also be a constant 

for these similar systems". 
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Of the three types of aerodynamic noise studied, the 

relavent one here is wind tunnel noise. Measurements were ta-

ken on supersonic tunnels whereas for ventilating systems the 

Mach number is always below 0.1. They excluded noise extr•

neous to the wind tunnel proper and directed attention only to 

noise generated within the tunnel. The measurements were taken 

by moving the microphone along the tunnel exterior for maximum 

reading, which was then analysed. The noise within the tunnel 

was obtained by adding its transmission loss, estimated on the 

basis of experience on similar walls. Error was claimed to be 

5 to 10 db in the low frequency range, becoming less with in

creasing frequency. The result is the somewhat bell-shaped 

spectra limits showm in fig.S.\~, after normalization with res

pect to the frequency band of maximum output. It might be ar

gued that in a supersonic flow the shock wave produced much of 

the noise, since it will vary about a meanposition. The spec-

tra shape however belies a narrowly concentrated force po~nding 

on the wind tunnel. Maximum sound was found in the vicinity of 

the diffusers and shock wave. The Rey. number of the flows in

vestigated ranged from about 9 x 105 to 2 x 107. By comparison 

of the spectra with that for the rate of viscous loss. of kine-
/ 

tic energy for isotropie turbulence predicted by Kovasznay 

(see dotted curve fig.S.\9), the authors conclude that the cha-

racter of the noise measured definitely points to an aerodyna-

mie origin. 
~~ 

Later, Medwin, Pietrasanta and Dyer found that the 

efficiency of aerodynamic sound production is a function of the 

supply to exhaust pressures of supersonic wind tunnels. (Tun

nel sections of 4" x 8" to 2" to 2i"). 
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An approximate method was developed for the estima-

tion of the acoustic power frequency spectrum of the sound 

generated from isotropie turbulence by Mawardi~~ (1955). The 

end result is the spectral densi ty curve of Fig~.5 ( e) • L may 

be taken as the radius of a sphere contàining one quadrupole of 

an assembly extending over the region of isotropie turbulence. 

The statistical behaviour of the velocities in turbulence are 

such that the values of velocities at points distant by an 

amount greater than a typical dimension L, are uricorrelated. 

The turbulent field then consists of a number of non-overlapping 

regions of volume 4/~~13 inside which are localized quadrupole 

sound sources. In Fig.l.5(e) sound power as a function of kL 

(k = wave number of eddies contributing to noise of frequency 

~ = ck) is completely governed by the behaviour of the average 

ofv:, where ~~ is the strength of the source due to velocity 

fluctuations inside L. 

This pretty well completes the thumbnail sketch of his-

torical developments of aerodynamic sound research and the asso

ciated turbulence studies. Much experimental and theoretical 

work remains of course. An idea of present studies is afforded 
'3~,40,4-4-

by Kraichnan who recently treated the pressure field within 

homogeneous anistropic turbulence and pressure fluctuations in 

turbulent flow over a flat plate. 

1.3 CURRENT STATUS 

Empirically, fan noise measurement has progressed from 

a few measurements, with rather poor instruments and arbitrary 

reference levels, to quite elaborate measuring techniques, with 



standardized references and well developed instruments. 

Scientifically the subject is still in a low stage of evolu-

tion. 
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An acceptable theory of aerodynamic sound was just 

recently conceived. Theoretical investigations are rapidly 

expanding the field and drawing the intimately related branches 

of acoustics and aerodynamics together. · Experimental work is 

lagging, but along with the jet noise problem, it is quickening 

pace. 

Four methods of studying fan noise are proposed: 

(l) Duct test: moderately inexpensive, good results except 
for low frequencies at which the system resonates. It 
is also the only system which actually measures noise 
propagated down a ventilating system. 

(2) Free field test: excellent for measuring overall fan 
P.W.L. with no regard for air flow, provided true free 
field environment can be obtained. This usually means 
an anechoic chamber; bukly, stationary and expensive. 
Outdoor measurements can be taken also if the reflect
ive properties of the ground are known. 

(3) Reverberant room test; same category as (2) except not 
as reliable for measuring spectra. 

(4) Duct opening test: similar to (1) except the air flow 
is exhausted prior to reaching the microphone. It is 
more expensive and unless very well designed, less re
liable for spectra measurements than (1). 

The duct test is the category the matched acoustic 

waveguide used herein falls. 

Fan noise measurement and research is presently at 

the following state: 

(1) Little theoretical investigation has been performed on 
the fan as a no i se source. 

(2) Only the duct test has been investigated fairly well. 
No reliable comparison has been made between the above 
methods. 



(3) Emperical formulae only for fan P.W.L. have been de
veloped. They are linked with fan operating parame
ters. Data conflicts. 

(4) No investigation of the contributing sources of fan 
noise has been reasor.rably done. 

(5) No evaluation of aerodynamic noise in a ventilating 
system has been made. 

(6) The fan engineer has been faced with :_relatively in
complete and conflicting or unproved data. Little 
emphasis has been placed on spectra. 

(7) No fan noise P.W.L. formulae are applicable beyond an 
operating range near maximum efficiency. A problem 
where the fan operates considerably off maximum effi
ciency may arise when high flow at low head is desired, 
or a fan is operated with varying load. 

Investigations herein contribute something to (3), (4), 

(5), (6) and (7). At the outset it must be emphasized that this 

work is narrowly restricted to one size of centrifuga! fan 

having two types of runners. The detailed information gleaned 

therefrom has been applied as broadly as possible in the hope 

it will be of use to those continuing fan noise research, and 

to fan engineers for eventual application. This is the second 

fan noise research project to be conducted at McGill University 

under the direction of Professer F. S. Howes. Dr. Howes has 

maintained sorne contact with the M.I.T. noise research group, 

the National Association of Fan Manufacturers and the American 

Society of Heating and Ventilating Engineers on the subject of 

fan noise. 
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2 THEORY 

Throughout the ages, science has evolved in two ways. 

Either some phenomena was observed, then theories developed to 

describe the observations; or theories were propounded, and there

after proved by experiment. The science of acoustics has been 

particularly vitalized by the first form, since the final reci

pient of all sound is the ear and the human brain. As Rayleigh 

philosophied, "Without ears we should hardly care much more about 

acoustics than without eyes we should care about light." 

Aerodynamic noise, hence fan noise, is very much a sub

ject thirsting for further theory. Lack of knowledge prevents 

the writer from contributing anything outside of experimental evi

dence in this thesis. However, some theorization must precede the 

display of results, if only to gain perspective of the measured 

data, its accuracy and importance. The commercial ventilating 

fan is here treated as a complex acoustic forcing function which 

yet defies mathematical description. The purpose of this research 

is measurement, analysis and organization of the acoustic output 

from such a source. 

The fundamentals of acoustics and the aerodynamics as

sociated with fans are left to texts on the sub j ect, a few of 

which are t o be found in the bibliography. As far as acoustics 

is concerned, it is ultimately important to obtain the overall 

power and its spectrum emanating from the fan, and the noise in

tensity and its s pectrum at the ear of the listener. The trans

mitting medium may consist of anything ranging f rom free space, 

to an enormously complex acoustical network, such as a large air 

conditioning system. This research and thesis concerns itself 

with one thing, the overall power output of the fan and its 
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spectrurn. 

Three things merit mention in this section which do not 

appear in published literature on fan noise, but which could well 

be hidden in scattered theses on the subject: 

1. Evaluation of the matched acoustic waveguide as a means 

of determining accurately the acoustic output and spec-

trum of a source. 

2. A word on the generation of noise by rotating systems and 

air turbulence. 

3. A hypothetical example of a noise transmission system 

from fan to ear. 

To these we now turn in order. 

2.1 THE JVJ:ATCHED ACOUSTIC WAVEGUIDE 
(ref. Fig. 1. 3) 

2.1.1 
This is one of three general techniques employed to 

measure the acoustic output of a deviee, the others being free 

space and reverberant space techniques. One modification of the 

acoustic waveguide to measure sound in an air stream is that of 

Goldman and r.Ialing 4, who withdrew the air through a high accus

tic impedance prior to reaching the microphone. The problem of 

attaining the necessary high shunt impedance over the audio range 

is a study drawing no further mention here. 

The matched acoustic waveguide aims in its perfected 

state at directional "free space". We note at this point that 

the electrical analogy of duct characteristic impedance is 

~ C.jarea, whereas acoustically it is simply ~ c for the plane 
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wave. With this in mind thé system of Fig. 1.3 becomes a bounded 

extension of the fan outlet long enough to stabilize air turbu

lence and allow measurement of the noise, plus a transformer 

mat ching the ana logous du ct impedance 1': c / ~ ... .,. to;:. c:, the charac

teristic impedance of the ttfree space" tennination. The acoustic 

output power is obtained from one reading of sound pressu1·e in 

the duct section, just as it can be sampled at one point on a 

spherical surface in free space (more if source is directional). 

Why bother with such a system at all, if free space will 

suffi ce? 

1. "Free spacen with low ambient noise level is virtually 

unattainable in urban centers. 

2. A good anechoic room is costly and not portable. The 

same applies to a reverberant cham~er. 

3. Sampling the noise at the fan outlet or inlet is influ

enced by localized effects such as disregard for impe

dance matching, mutual interference of inlet and outlet 

noise, effect of room reverberation on the measurements, 

unknown and unstable scale of air turbulence at these 

positions and lack of practical back pressure control. 

4. Most fans are ducted, and such a measuring system most 

closely approximates the installed fan in p:cactice. 

5. By ;:aeans of duct length and a grid, the air turbulence 

will stabalize and be in a statistical fo~ which will 

not cause erratic pressure read.ings. 

One can argue that the ensuing ventilating syste:n will 

so modify fan noise power output and its s pectrum that it will 

be unrecognizable at the system outlet, rendering accurate deter

mination of fan noise output unnecessary. Perhaps, but how can 
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fan noise laws, standardization, noise reduction calculations 

and design improvements be possible without first having trusted 

and accepted knovvledge of the acoustic characteristics of the 

source? 

The matcheè acoustic waveguide is hypothetically the 

simplest of acoustic systerlls, yet is not without fault or com

plexity because of the 2000 to 1 frequency ratio of audible sound 

to be raeasured. 'l'o expect such widebancl transmission in the ana

logous field of electromagnetic energy propagation in bounded 

waveguides would te ridiculous. The important difference in 

these analogous fields, aside from the nature of the energy it

self, is that tha free space acoustical plane wave will propagate 

down a tube at all frequencies, whereas the free space electro

magnetic mode (T. : .M.) will not. This is due to the boundary 

conditions allowing a wave with longitudinal variations, but not 

mutually transverse electric and magnetic v~riations, to propa

gate. 7ile plane wave becou1es the ( -1,0) mode of propagation as 

cliscussed in Art. 2.1.3. 

1/{ideband transmission of acoustic energy in pure plane 

wave form in a ùuct is limitecl at upper frequencies by the duct 

di.:uneter (i.e. Cl..tt-off frequency of the lowest high - ord.er mode) 

and at its lower extreme by the transfonler (horn) used to illatch 

the duct to its "load". These two problems are now considered 

in more detail. 

2 .1. 2 LOi'/ FREQUIZIJCII:S 

iv1uch of the noise output of fans and air turbulence is 

in the low frequencies (eg . 20 c.p.s. to 300 c.p.s.). The sys

tem of Fig. 1.3 is detailed in the section on Apparatus. It is 
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similar to that developed by Beranek, Reynolds and \'lilson·' , with 

sorne modifications and with dimensions standardized to I{ .A.F .!4 . 

Its low frequency response is illustrated in tenus of voltage 

standing wave ratio (V .s.r,,i.R.} in Fig. 2.2(a). Its performance 

is acceptable for the most part down to 75 c. p.s. \'l'nat should 

be evaluated is the region below 75 c.p.s., in order to determine 

whether or not, the observed readings frow. 20 c.p.s. to 75 c.p.s. 

should be discarded. Four things cast doul>t on these readings: 

1. The lwrn eut - off is about 70 c.p.s. 

2. The absorbing fiberglas . wedges in the tennination eut 

off near 90 c.p.s. 

3. The tennination and duct eventually become on the same 

order of length as ~he sound wavelength (A) of interest. 

4. The system walls cannot be regarded as entirely rigid. 

THE HORN 

A horn (flared tr&nsmission line} is an acoustic trans

former of ànalogous impedance ratio AJ../ A", where A o is the throat 

a rea and A,__ the mouth area. The concentrated sound waves in the 

du ct are gradually spread over a sufficiently large area so that 

they can continue with little or no reflection. Respoase at low 

frequencies is very sensitive to the horn shape and the rate of 

increase of horn area. Unlike the electrical transformer, the ana

lysis of the acoustic horn is extremely complex. A horn in the 

limit is simply a continuation of the duct (transfonnation of uni

ty) or an infinite flange at the duct end (transformation of in

finity). What is usually desired is to transfona from the ana

logous duct characteristic impedance~C/Ad (AJ= duct cross 

sectional area) tc that for free space > ~ c . 

Free space in the acoustic sense is not always possible to find 
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near the point of testing. The solution is to terminate the 

horn in a resistive tennination consisting of a highly absor-

bent duct longer than the longest wavelength of sound of inte

rest (7\max.), and of analogous characteristic impedance~~~~ 

Assuming a perfect matched resistive load for the horn, the only 

limiting factors are the flare constant of the horn and its 

length. (Perimeter of mouth should be>"- ) • 

Of the four horn shapes often used: conical, exponen

tial, catenoidal and hyperbolic; the exponential horn gives the 

most genera11y desired transmission - frequency characteristic. 

It is unity almost to eut - off. However, on1y the catenoidal 

horn will join smoothly to a uniform duct. The discontinuity of 

slope between throat and duct of an exponential horn is not se

vere if the horn is sufficiently long. Taking all these things 

into consideration, the modified exponential horn of Fig. 3.5 

was designed and constructed by G. Chipps. Since no analysis of 

it was made, it was decided tQ compute its behaviour below eut- . 

off, considering it as a combination of an exponential and coni-

cal horn. 

The throat reactance and resistance of an inifnitely 

long exponential horn of diminishing throat diameter is given by 

curves 2 and 5 respectively, Fig. 2.1. The computed reactance 

for the horn in Fig. 3.5 is given by curve 1, and the resistance 

by curves 3 and 4, for the region below eut - off. The expres-
_s-c; 

sion used for this is due to Morse: 

1
_, 

~(;~ ... ;) ~ l T c•"'<lo L"' (<>< .._:) <3>)- ( i. w: )_) 1 +~\ "tonh (E) ( 2. 1) 

- \ M <w) J . ('2..'2..) 
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~ = transmission coefficient 
· c \ j w"'- \"'-

= t~w\...1 \-(-c::-) 

( .,..z-\ 0 ) is a syrnbol used for convenience to transfer from 

Eq. ( 2 • 2 ) to ( 2 .1) 

h = flare constant for the horn (eg. for the exponential 
horn it is the distance in which the cross - sectional area 
increases by a factor of E. = 2. 71$). 

w = 

a = equivalent radius of the horn mouth. 

1 = horn length. 

J, 0'!) = Bessel function of first kind and order. 

M (W) = acoustic reactance ratio for an open ended tube 
(Table Vlll, Morse). 

• • t 1.. • '2.. \ 
\:=.-.)) "\_=j-:::.. 

Other syrnbols as per glossary of symbols. 

The calculated resùlts in Fig. 2.1 show this horn to 

have a somewhat higher reactance below eut - off than an infinite 

horn, and also sorne resistance, which is very small but nonethe

less shows sorne transmission of sub eut - off frequencies is pos

sible. Free space termination is assumed. 

The effect of this horn added to the open duct of 

Fig. 1.3 is to lower the resonant frequencies as shawn in Fig.2.l 

(bottom). This calculation was made from the familiar lossless 

line formula 
. ( 2...3) 

t:L= throat impedance of horn terminated in free space as 

computed from eq. 2.1 
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:Z:.o = free space impedance_r'oc:.- duct characteristic acoustic 
impedance for plane waves. 

(3 - 7...'11/r-

THE "LOAD" 

This horn transformed from an analogous electrical 

impedance of ;P. 5-"À.l-:::: 4000 uni ts to an impedance of t?· Y'~J...."2. 370 

units. These are respectively the analogous characteristic im-

pedances of the circular duct and the tenninating chamber. A 

terminating chamber was employed instead of free space because 

the latter could not be obtained in the area available for this 

research. The main absorption or "resistance" provided by this 

chamber is due to 16 wedges (described in Art.)) having a eut -

off frequency near 90 c.p.s. and having JO sq. meters of exposed 

surface. Below eut - off, the termination becomes a "lossy" 

chamber or transmission line of length comparable to a wavelength. 

It thus exhibits resonances of its own. When the back pressure 

control panels are open the circuit takes the form shown in Fig. 

2.3 (a). The holes act as:a small resistance and inductance in 

series,(O.J + jO.J)mks rayls at 20 c.p.s., holes completely open, 

( 
'!;'-1 

Ref. Beranek.p 138); a mismatch between the drilled panels and 

~ree space; and finally a small resistance and capacity in series, 

corresponding to a plas terboard wall 1.5 feet behind the back 

panels. The presence of the wedge s ~ithin. the terminatioù causes 

a restriction and consequent reflection and sorne series inductance 

followed by tlœ capacity of the rear chmnber. 

'>Jhen the back panels are closed f or maximum back pres-

sure, the terrnination may be regarded at low frequencies roughly 

as a closeà. box with a fiberglas lining. Its input impedance va-



ries roughly from l-j8 mks rayls at 75 c.p.s. to 2.5 - j320 mks 
S7 

rayls at 20 c.p.s. {pp 217,$ Beraüek). The equivalent circuit 

is shown in Fig. 2.3 (b). The back panel is actual ly a capaci

tor and radiator because ~" plywood is not perfectly rigid at 

these frequencies. 

NON RIGID WALLS 

The duct is mastic coated 24 ga. U.S.S. (approx.0.033") 

galvanized iron. The horn is k and ~ inch fiberglas - lined, 

mastic coated plywood. The termination has walls of ~ inch 

braced, fiberglas - lined plywood. None of these constructions 

are rigid at low frequencies. Each can Le likened co a capaci

tive reactance (ég . stiffness controlled) and a radiation resis-

tance in series . The wave is really no longer plane but exnibits 

the characteristic s exnibitaJ in Fi g . 2. 2 (c). (There is a s lmi

lar, but in this cas e negiigible, effect due to vi scous friction 

and heat conductioil.; ref. 'Jies ton4l). The dumping of the wave is 

proportional to t he acoustic conductance ratio of t he walls, t.he 

duct circurnf e r ence,and inversely proportional to the cross sec-

tional area. ';falls covered with a po rous material add an addi-

tional dampi n[S factor. 'l' ile equivalent ci rcuit of su<; h a ;.;all 

bounding a propagating plane wave is given in Fig. 2.2 (d) (ref. 
S6 

:':orse). 

LC\1 JR:Gt!=<.:N CY TR.t"JSJ4I3SION 

The i ndiviJual elements influencing low frequency trans-

mi.ssion of this acou.stic waveguide have been qualitati vel y a:1a

lysed . The low frequency ~ehaviour of t ne system is r oughly ap

proximated as the lumped element circuit s shown in Fi g . 2 .3( a) . 

All resistances aüd reactance s are frequency dependent, ar1â. t here 
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are many unknowns such as the stiffness factor of materials 

composing the systems. It would seem that below eut - off of 

the horn, the circuit behaves fundamentally as a transmission 

line on the order of a wavelength long. It has a composite 

structure causing impedance mismatch and is ultimately capable 

of radiating sorne energy, transmitting sorne, absorbing sorne and 

hoarding the remainder. 

Below eut - off then, heterogeneous transmission can 

be expected through the system. The standing wave ratio could 

not be measured below 75 c.p.s. (see Art.}). Âlthough the trans

mission curve in this region is low and has peaks and valleys, 

there are several reasons for believing that the error in the 

20-75 c.p.s. band is not ,as p(lenomenal as the above would indi

cate: 

1. If noise spectra is fairly uniform in this band, and 

the position of the microphone is constant, it will 

sample energy from various positions on a standing 

wave, depending on the frequency. To evaluate t his 

r oughly, the horn~s assumed to be a simple disconti

nuity between two ducts of area 0.1 sq.meters and 

1.16 sq.meters. This is a fair approximation when the 

horn length <: ~/L- • The second ùuct was assumed to 

be infinitely long. Although this is far from true, 

the amount of energy transmitted into thi s duct and 

reflected back is trif ling, hence the net effect on 

the standing wave of energy within the 0.1 sq.meter 

duct can be considered as negligible. 

The specifie acoustic impedance at the open end of 

a tube fitted with an infinite flange is given by 



S"E> 
Morse: 

where the symbols are listed after eq.(2.2). 
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. (2. -r) 

When "'-._ / 'el'\\ ~ , as is the case for the 14" du ct in 

question below 75 c.p.s., (2.4) becomes 

Ga" being the tube radius. 

If instead of an infinite flange there is a discon

tinuity such as we have assumed, it may to a rough 

approximation be considered as a flange less than a 

wavelength in size, in which case eq. (2.5) becomes 

••••••••• (2.6) 

(ref. Morse) 

Using common relations for the short electrical trans-

mission line: 

Pressure reflection factor K = \\<-\ E j'f . . . . . . . . 
~ -= .z:.2. - -l. , -:::._ k 
'fi. -=t;.,_ -+~ 1 • • • • • • • • 

"t.oz. = impedance seen from the tube end (eg.eq. 2 .6) 

-:t:.. , = ~ c 

\~\=magnitude of K 

'V = phase angle of K in radians 

Q> = 'L 'Y'f\__ 

(2.7) 

(2.8) 

(2.9) 

) = distance from tube end (discontinuity) that pres-

sure minima occur 

X\ = positive i nteger or zero 



f'-.- • magnitude of the reflected pressure wave 

~\=magnitude of the incident pressure wave. 

\1<..\, S.W.R •• ~ .... -"'l..,~{n•o) were calculated at each 
':ii!::..._-+"1:: 1 1 
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5 c.p.s. interval from 20 c.p.s. to 75 c.p.s. Knowing 

the position of the pressure minimum and that the mi

crophone position was 1.45 meters from the discontinui

ty, and further asSl ming a standing wave shape of rec

tified sine waves, the relative reading was computed. 

This is approximately the ratio of the reading at the 

microphone due to the standing wave Ps~~to the reading 

which would be obtained if S.W.R. was unity (P, ). \K\, 

s.w.R. and l f .. -..~t-/f, are plotted in Fig.2.2(b). The a ver-

age ~ - 0.83. The microphone was therefore in su ch -p, 

a position as to give a fair average of S.P. L. assuming 

a uniform spectrum of sound energy from 20 - 75 c.p.s. 

It is at approximately the maximum upstream position for 

measurement in stable turbulence (see Art.3). Experimen

tal values of y . were checked at 75,50 and 35 c.p.s. as 
""''"" 

described in Art. 3. Agreement with the calculated 

values was moderately good. 

2. The small sub eut-off horn transmissibility and ra-

diation loss help to moderate the value of S.W.R. in 

the duct. 

3. G. Chipps7 found: 

(a) Negligible 20 - 75 c.p.s. band S.W.R. when the 

fan was used as a source. 

(b) Variations of 2 db in the 20 - 75 c.p.s. band when 

the termination was removed from the duct. 

(c) Fan noise attenuation through the termination was 



about 20 db in the 20 - 75 c.p.s. band, increa

sing to 33 db in the 4800 - 10,000 c.p.s. band. 

(d) "Indications are that the termination does not 

have toc much effect if a fixed microphone posi-

tien is used." 

The above was generally verified by the writer. 

2 .1. 3 HIGH FREQUENCIES 

Above horn eut - off, the transmission coefficient 

rises rapidly and standing waves in the ~uct drop to a toler

able level. The plane wave of sound is essentially matched 

from 75 c.p.s. to 1200 c.p.s. as seen by Fig.2.2(a). Above 

1200 c.p.s. it becomes impossible to measure S.~~. due to higher 

order modes masking the plane wave. The higher frequencies are 

matched once they reach the horn, but there is considerable 

non-unifonnity of euergy beth axially and radially in the duct 

as shall be seen in Art. 3. 

Acoustical propagation of higher order modes is direct

ly analogous to that of electromagnetic energy propagating down 

a hollow uniform waveguide. Assuming a uniform, smooth, rigid 

tube of inner radius a, the wave equation in cylindrical co -

ordinates for excçss pressure is: 
1 , .... 

of which the solution is the sum of terms of type: 

\ = radial distance from pipe axis 
-~ = wave number = G::J/c 

( 2· 11) 
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1...,_("c.r)= Bessel function of first kind, and of order 
n = 0, l, 2 etc. 

Applying the boundary condition that particle veloci

ty at (r = a)= o, then ~~ • o and 3-:_ \'R<:. ~) = O. The eut - off 

wave number kc can have only values that allow (kc.a) to be a root 

of j_: (kc.a) = o. If x. ... is the nth root of the Bessel function, 

] ......, (-x.) = o, th en 

Higher order mode notation follows as (kr) , or T-.-..,r. 
the m,nth mode where 

rn = number of cycles of space variations of pressure 
on a circle concentric with the axis of the tube. 

n = number of concentric cylinders on which the axial 
component of pressure vanis hes • 

.An excellent reference for sketches of mode configu
'>8 

rations is Microwave Theory and Techniques (p.265-279). The 

analogy is the transverse electric configuratio~, substituting 

equal pressure lines for electric field lines and iustantaneous 

particle velocity direction for magnetic field lines. If this 

is done, a TEm,n mode is ar.alogoÙs to a {kr) m,(n-1) acoustic 

mode. This analogy is true for pipe cross sections, but is not 

applicable to longitudinal sections. 

For any particular tube radius a and sound velocity c, 

-f = \~~)""',r. c_ 
......,)..... '2.T'\\() 

........ (2.12) 

from which we can compute the eut - off frequency for any de

sired mode. A table of the lower modes follows; 
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TABLE 2.1 

Mode C' c.p.s. Mode f c.p.s • .l. 

01 5SC 11 1670 
02 960 12 2110 
00 1200 10 2205 
03 1320 13 2520 

etc. 

It is the 00 mode that upsets the measuremeat of 

s.r!:.R. near 1200 c.p.s. It possesses both axial and radial 

particle velocity, and longitudinal pressure variations on 

both axis and along the circumference. P1acing an interior 

flange inside the duct fai1ed to su~press it, however, such a 

mea~1s -woulè. cau se mismatch. .4.ttempt s to ;neasure relative ra-

dial to longitudinal partic1e ve1ocity using a technique sug

gested by Larnbert42 failed due to an inadequately constructed 

detecter. The only useful ::.nformation i t reveë:tleù was tt1at ra-

dia1 particle velocit.y did exist froll~ about 600 c. p.s. up. 

Fortunat ely, the decliniüg spet.::tjrutn of fan noise ren-

ders errors in overall noise levels due to the presence of 

higher order illOd8s negligib1e. ~ tec~nique out1ined in ~rt. 3 

discus ses bandwise correction due to rallial variati ons at tl!e 

higher frequencies. 

2. 2 FJJJ AHD TURBULENCE AS A l~ üi.S!~ SvURCE 

There are two general wethods of cre&Ling contrulled 

air flo11; positive displacE:raent, as occurs wi1en a piston raoves 

in a cylinder (air cou1pressor) ; and inJ.uceà. mot ion, as occurs 

wnen a blade rotates (fan). The for1ner is most used for high 
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pressure power and control applications, the lattt:r for !tloving 

air for ventilating purposes. 

A fan must contain a 1noving (usually rota ting) element 

which may be surrounded with an energy converting casing. Con

sider the simplest case; a single rod being rotatecl in space 

about its center. Tnere are t~~distinct sources of noise 

created by such motion, quite apart froffi any vibratioü which is 

here assumed zero;: 

(1) A "rotational" or "blade passage" component and its 

harmonies. This results from positive displacement 

of the air caused by the finite thickness of the whir

ling elernent. Regular pulses of air emana te from the 

source. The pha~üng is such that it is a maximum in 

the plane of rotation and theoretically zero on the 

axis of rotation. For the simplest profile, a cylin

drical rod, acoustic power output of tllis noise in

creases as tne 5.5 power of the rotational speed. The 

magnitude depends on the rod dianeter and tip speed 

(ref. 13 ) • 

(2) A "profile" noise due to a scale of turbulence esta

blished by the rotating element. This illBY possess 

sorne regularity associated with a regular train of ge

nerated vortices, or may be purely of a statistical 

random nature covering a wide band of frequencies. In 

any case it .is unique for a particu:ar profile, its 

speed and environment. This type of noise appears to 

increase as the 6 power of rotational speed. (ref.3+~~. 

(3} "Aerodynamic" noise which is due to turbulence of the 
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fluid medium itself. Quite apart from the noise ge

nerated in establishing this turbulence, o~ce it is 

set up, it generates a wide band of noise that in

creases as ~he 8 power of a typical flow in the tur

bulent medium (ref. l'è ) • 

Each of the above processes is less efficient than the 

preceeding one. In the study of ventilating equipment and air 

motion, (3) is not significant compared to (1) and (2). All 

of these methods of noise production are loosely classified as 

"aerodynamic", although strictly speaking, only (3) deserves 

this title since only (3) is generated without the aid of solid 

boundaries. In this thesi~, the above sources will be classi

fied as (1) Blade component, (2) Boundary turbulence noise and 

(3) Self turbulence noise. Lighthill bas shown (3) to be equi

valent to a distribution of quadrupoles oriented th~oughout the 

turbulent volume. One and (2) are acoustically equivalent to 

a dipole distribution along the profile, or covering the boun

dary surface. A fourth type of generation is due to vibration 

of a solid member in air. Any rotating system contains all of 

these sources of noise generation to a certain degree. We shall 

now narrow the discussion to the type of rotating system re

presented by that class of fans called Centrifugal. The ducted 

centrifugal fan is now discussed in light of recent theory. 
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2.2.1 EXPECTED TURBULENCE 

Air is rarely quiescent. Aside from the molecular mo

tion due to the energy level at which it is, there is nearly 

always a net flow. In nature the ultimate source of both the 

energy state and flow is the sun's energy spectrum reacting on 

a boundary, the earth' s surface. Ivlulti directional air flows 

are manifested. Such motion has many properties; it can be 

"felt", "seen", heard (aerodynamic sound); it evaporates li

quid, suspends particles, scatters electromagnetic energy, and 

so on. It is not possible to either move air, or move an ob

ject through it at an appreciable velocity without causing tur

bulence of the air. Ventilation involves both situations; mo

ving solid boundaries through air, and moving air itself. 

Vie may visualize the action of the rotor in a centri

fuga! fan in two ways; either as wide cups or blade tips on the 

periphery of a dise, or as curved or flat plates moving through 

the air in such a way that the motion is perpendicular to their 

length. Let us examine a single profile in the form of a long 

plate moving rapidly through the air. This is somewhat, though 

not exactly, analogous to air moving swiftly past a stationary 

blunt abject, since in this latter case the air is turbulent 

prior to reaching the object. 

A blunt profile moving through quiescent air will have 

a hypothetical wake made up of a fully turbulent core bounded 

by intermittent turbulence as shawn in Fig.2.4(b) (Ref.43). 

This idea is plain if one observes the wake of an object moving 

slightly submerged through quiescent water. The picture one 
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obtains on the water surface can be roughly applied to a 

Schlieren photograph of the turbulence within a cross section 

of the wake shown in Fig.2.4(b). Where does the energy applied 

to the profile ultimately go? Most of it eventually heats the 

air, as shall be seen shortly, and an extremely small fraction 

emanates as sound which ultimately is dissipated in space by 

heating the air. The spectrum of noise is dependent primarily 

on the velocity of the object. 

Let the object be stationary and air flow past it. 

Fig.2.4(b) still applies, only now all the air is filled with 

turbulence, and the blunt profile introduces another scale of 

turbulence which will graàually fuse with the ambient turbulence 

as the distance downstream increases. For the case of a circu

lar cylinder in an airstream, Gerrard33 found that three dis-

tinct types oî flow exist in the wake of a rigid body, and 

these depend on the Reynolds number of the flow (Rey., see glos

sary of symbols). 

Rey<50 - no vortices are shed, flow is laminar. 

50 < Rey < 105 - periodic shedding of vortices takes 
place. 

Rey/ 105 - the periodic characteristics of the flow 
are replaced by the random fluctuations of 
turbulence. 

To appreciate these values of Rey. number, a Rey of 50 

corresponds roughly to an air speed of ~ ft/min in the duct of 

Fig.l.J, while Rey of 105 corresponds to about 850 ft/min. It 

is quite apparent then that most of the turbulence that occurs 

in this system will be random, and that laminar flow is never 

attained. Gerrard discovered that sound of relatively pure 

tone character i s radi ated for 50< Rey< 3 x 104 and t:1at the 
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frequency of vortex shedding from one side of the cylinder, 

and the acoustic frequency were equal. A typical spectrum is 

shown in Fig. 2.4(f). 

We may then very well assume that in most instances, 

a random spectrum will emanate from the centrifugal fan rotor, 

and that the outlet stream is fully turbulent. The discussion 

is directed at centrifuga! fan rotors of say a foot diameter 

and larger, so that relatively large scale, high Rey flow pre

vails. 

2.2.2 RANDOM TURBULENCE AND AERODYN&~IC NOISE 

Turbulence and turbulent flows are of great practical 

significance, yet they are not well understood theoretically, 

exact analytical description being well nigh hopeless. The 

large number of variables involved are reduced to a manageable 

form of statistics by making vast simplifications: 

(1) The governing equations are written in terms of the 

time-mean fluid properties as though the flow were 

steady. 

(2) Crude terms are then added to (1) to represent the 

influence of unsteadiness superposed on the time -

mean flow. For our purposes, one term will suffice, 

called somewhat misleadingly the "Reynolds stress" 

but better named "momentum flux tensor" M x.) • In 

turbulent flow, the effect of viscosity can be safely 

neglected. 

This amounts to the physical picture of Fig.2.4(a). 

Defining the components: 
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('2. .13) 

u = flow velocity 

pu = apparent flow ( ;'= density) 

x = x direction 

y · ··y direction 

Bar over a symbol denotes the slowly varying temporal 

mean value. 

Prime denotes instantaneous deviation. 

If t denotes time, then by definition 

t~ 

ü = ~ ... [ u dt, etc. 
':le. t.... -;><. 

0 

• • • • • • • • • ( 2 .14) 

t* large compared with the period of the fluctuations. 
ü~ =O(average time of any fluctuating component is 

zero). 
0 

_ 
~'->--:>t.. ~ ( ~) = ~ ~ e.tc.. 

-= ':x- o.:::>c-'hx.- 0 

Manipulating the continuity equation in time-mean 

form, substituting into the momentum equation and assuming a 

very thin boundary layer, a steady flow in the mean, and the 

time-mean viscous stress negligible, we end up with the desi

rable expression: 

;-~ l-(f\)_'j~ ~ x.l 
(2.1 s) 

which is the simplified momentum equation for turbulent 

f l ow in the x direction. 

compressive stress tensor, representing 
the force in the x directi on acting on a 
portion of the fluid, per unit surface 
area aligned normal to the x direction. 
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The forces and momentum fluxes involved in the unmo-

dified momentum equation are illustrated in Fig. 2.4(c). 

Eq. (2.15) contains the term of interest as far as 

we are concerned, 

M = 
?o<-'J 

•••••••••• ( 2 .16) 

= Reynolds stress or momentum flux tensor (We will 

adopt the latter). 

It is the time-mean of the x - momentum flux crossing a sur

face aligned normal to the y direction. This momentum - ex

change term accounts for the unsteadiness of the flow when the 

momentum equation is written in terms of the time-mean flow 

properties. There is a similar equation to (2.15) and term 

(2.16) corresponding to energy balance. They are respectively 

the "energy equation" and "heat flux tensor", but they do not 

enter the discussion on aerodynamic noise, although they are 

necessary to describe a turbulent field. An excellent develop

ment of this material is to be found in Shapiro's Vol II, of 
s~ 

Compressible Fluid Flow. 

Keeping in mind the vast simplifications which have 

been made regarding a turbulent stream we now turn to Light-

hill's great contribution to aerodynamic noise.lS,l9 Eq.(2.15) 

expresses a turbulent field as though a fixed region of gas 

were at rest under the combined action of hydrostatic pressure 

and viscous stress (which was neglected) plus the fluctuating 

momentum flux "stress". A uniform acoustic medium at rest ex-

periences stresses only i n the f orm of a simple hydrostatic 

pressure field, whose variations are proportional to variations 

in density, with c2 being the constant of proportionality. 

Therefore Li ghthill postulates, the density fluctuati ons in the 
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real flow must be exactly those which would occur in a uniform 

acoustic medium subject to an external stress system given by 

the difference: 

M~'J-t- p')<-'X-- c2D.? 

This incorporates: 

(l) The generation of sound 

••••••••• (2.17) 

(2) Its convection with the flow (in part of the term 
M )<'J) 

(3) Its propagation with variable speed 

(4) Graduai dissipation by conduction 

(5) Gradual dissipation by viscosity. 

In practice, Lighthill claims, only M "'":J is important 

to the generation of sound. By forcing the rates of momentum 

flux across fixed surfaces to vary, sound is generated aerody-

namically with no motion of solid particles. The physical in

terpretation he applies is that any forcing motion on a scale 

comparable to a wavelength of sound of interest is balanced 

partly by a local reciprocating motion, or standing wave, and 

partly by compressions and rarefactions of the air whose effect 

is propagated outwards. The larger "'A.. in comparison with the 

scale of the forcing function, the more completely can the mo

tion be fully reciprocated by the local standing wave. It is 

the radiation due to the minute fraction of the fluctuation in 

momentum flux which is ~ balanced by a local reciprocating 

action that Lighthill determines. Mathematically he finds, 

"the radiation field of a distribution of acoustic quadrupoles" 

(see Fig.l.5(d) ). 

Presumably, random turbulence will result in random 

noise of very wide spectrum. This is upheld by looking at 



76 

Kolmogoroff' s "Theory of Locally Isotropie Turbulence" 15. He 

postulates that turbulent flow consists of pulsations ranging 

in scale from a dimension characteristic of the mean flow 

(which may be non-uniform), to a lower limit at which the mo

tion is entirely laminar. 

Consider a high Rey. number flow. Such a flow is un

stable to small disturbances hence it will always have super

posed on it a set of pulsations or eddies which have character

istic dimensions and velocities one order lower than the cor

responding quantities. characteristic of the mean flow. On 

this first order flow, which in turn is unstable at sufficient

ly high Rey. numbers, is superposed a set of pulsations or ed

dies of still smaller characteristic dimensions and velocities. 

This "eddy cascade" process is repeated until the Rey. number 

of the smallest pulsations is too small to permit the formation 

of smaller eddies. If the wavelength of an eddy is defined as 

its mean diameter, then in a turbulent flow we should expect 

wavelengths ranging from À,, of the largest eddies to "-......._ of the 

smallest eddies commensurate with the Rey. number of the flow. 

The larger the Rey., the larger is n. We may then expect wide

band noise from Lighthill's considerations. 

Most analyses assume turbulence is isotropie; that is 

the instantaneous motion of an infinitesimal volume of the tur

bulent motion is spacially random, superposed on a d.c. flow. 

There is a strong tendency to isotropy in an air flow dawn

stream from a regular grid placed in series with the air flow22. 

This corresponds to the microphone location in Fig. 1.3. The 

turbulance at and near fan blades is obviously not of this 
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type. However, if a small enough volume of turbulent air is 

considered, isotropy will exist in that volume. Hence behind 

a regular grid, eddying flow quickly transforma to isotropie 

flow and the volume considered can be quite large, within 

which isotropy is dominant. This implies we will get a random 

noise spectrum from the isotropie turbulence, plus a more unique 

and possibly narrower band spectrum from the larger scales of 

turbulence which àre not isotropie and which are dependent to 

a degree on the boundaries (eg. fan blades) that produced them. 

In the extreme there are the aeolian, jet and edge tones which 

may be considered due to a dominant scale of turbulence, having 

eddy trains of strong, relatively constant size vortices which 

mask the output of the other eddy scales. These "pure tones" 

are to be found only under special flow conditions, usually at 

relatively low Rey. numbers. 

Various workers 23, 24, 25, 27,31 have delved into theo-

retical and experimental determination of the spectrum of iso

tropie turbulence. Lighthill was not as concerned with this 

as developing a general expression for the tota l acoustic power 

output of the quadrupole field mentioned earlier. In fact, 

reasonable theories on this spectrum were published as early 

as the 1930's. Various findings are briefly show.n in Figs. 

1.5(a) {e); 2.4(d) and discussed in Art. 1.2. They all point 

to a relatively low frequency ·spectral distribution. This has 

been further verified by Mawardi and Dyer•s36 supersonic wind 

tunnel noi se studies ( ref .Fig. 5 ;1.9) . 

An anomaly would seem to exist in view of what Light

hill said on p. 1 s ( eg . The lower the wa;velength of sound consi-
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dered, compared with the scale of the forcing function, the 

less the sound radiated.) He claimed the amplitude of the 

quadrupole field strength per unit volume is <::>(.square of a ty

pical velocity U in the flow; but that the amplitude of the 

radiation field due to a quadrupole ~its strength X(freq.) 2 ; 

and finally that in many cases a typical frequency~U. Centrifu

ga! fans have a reputation for relatively low speed operation 

and low frequency noise spectrum. Air moving at low Mach oum

bers also has a low frequency noise spectrum. As blade tip 

speeds increase and flow velocity increases we can expect both 

the overall intensity and frequency of maximum intensity com

ponent or band to increase. If allowed to crudely illustrate 

this, we could pass from the low frequency, low intensity noise 

of a centrifuga! fan coupled to a ventilating system, to the 

higher intensity, higher distribution of a supersonic wind tun

nel powered by multiple stage high speed axial fans. Or, com

pare the lo\•T toned whisper from a low speed jet to the ear 

tingling high pitched whine of the jet aircraft "warming up". 

Since most noise measurements have been made on flows of low 

Mach numbers, it is simply lack of experimental evidence that 

creates this seeming anomaly. For a given type of forcing 

function, or scale of tu~bulence, spectral densities plotted 

against a scale of f/fmax should lead to similar spectra 

shapes. 
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2.2.3 BOUNDARY TURBULENCE ~~D AERODYNAMIC NOISE 

Air motion is usually generated artificially by blades 

and conducted by ducts, whether it be a ventilating system or 

supersonic wind tunnel. Turbulence is therefore created by 

the solid boundaries of the blades, and acted upon by the duct 

boundaries. The effect of boundaries according to Curle34 is 

to cause reflection, diffraction, confine the quadrupole field, 

and to exert equal and opposite forces on the turbulent medium 

at the boundary. The resultant round field generated by an 

isotropie turbulent field surrounded by boundaries consists of 

the sum of a doubly - differentiated volume integral solution 

(Lighthill's contribution) plus a surface integral over the 

solid boundaries (Curle's contribution). For similar flows, 

the sound intensities vary as uà and u6 respectively (U being 

a typical flow velocity). The quadrupole field is notoriously 

weak ( aerodynamic sound production efficiency ~ ~ Mach5) at 

low ~1ach numbers. The dipole field over the boundaries is 

therefore the one of importance for flows of low Mach numbers 

(\~ M:ach3). It is obvious, boundary or no boundary, that 

the efficiency of aerodynamic sound production is extremely low. 

From this we would expect one blade of a centrifugal 

fan rotating with a tip ~1ach number on the order of 0.1 to emit 

a relatively wide noise spectrum, the overall intensity of 

which increases as the sixth power of the air velocity leaving 

the blade. There is evidence to show that this index may vary 

from about 4 to 7, for a number of mutually interfering blades 

and about 5 for noise generated by turbulent flow at moderate 

Mach numbers over thin stiff plates (eg.duct walls, fan housing). 
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Gerrard {see Curle34) investigated the sound from flow past 

a cylinder and found sound intensity 1 ~ u7. He then varied 

the cylinder diameter and velocity in such a way as to keep 

Rey. constant and found a dependance on U 4. • It is also sug

gested qualitatively that rotating parallel rods in their 

plane results in more noise and a higher power of I ""< U x than 

when they are rotated such that one follows in the wake of ano

ther. The theoretical study of noise radiated by the vibration 

of thin, stiff, flate plates under the action of turbulent 

boundary fluctuations, made by Kraichnan44 shows a dependance 

on Mach 5. This is for Ivlach numbers on the order of .05 to • 5, 

therefore includes higher ventilating air speeds. A.t lower 

Mach numbers, there is a tendency for this dependance to be 

flatter. Although more fundamental observations like those a

bove are necessary for proof; it appears quite likely that 

the rotating system represented by a fan, either centrifugai 

or axial, could result in "blade" turbulance plus "duct" tur

bulence (eg. both boundary layer turbulence) noise which de

pends on u4to7 and is governed by details of blade profile and 

size, speed, length, Rey. number of the flow, flow geometry 

and environment. This is borne out by the results in Art.5. 

What of the frequency spectrum of noise generated by 

boundary turbulence? Evidence is strongly in support of a very 

wide band spectrum, having most power at the lower end and de

creasing continually with increasing frequency when the Mach 

numbers involved are say < 0.5 Mach. Curle 34 shows that if Q 

represents the spectrum of the quadrupole field, and D that of 

the dipole field, then Q = 2D frequency-wise. It is known 



that the sound generated by the fluctuating forces at the so

lid boundaries will have the same frequency as the fluctuating 

velocity field, hence Q contributes more to higher frequencies 

than D. What was said of the spectra for Q in Art. 2.2.2 may 

be applied to D provided the abscissa scale is halved. A stu

dy of wall pressure fluctuations in a turbulent boundary layer 

conducted by Willmarth 45 yielded a power spectrum of wall pres

sure fluctuations having a maximum at the lowest frequencies 

(300 c.p.s. was the minimum transducer response). The spec

trum descended at decreasing rate with frequency and was conti

nuous up to the maximum transducer response at 50 Kc. This re

sult is for Mach = .197 in a 4" dia., 1/8" thick brass tube. 

Wall pressure fluctuations were found to be a minimum of 6 

times greater with turbulent flow than with 1aminar flow, both 

being at the sameRey. number. In Kraichnan•s44 analytical 

study, mean - square radiated sound power for a Mach flow of 

.5 and .25 over stiff, thin, flat, low damped plates yiélded 

spectra of the following relative values: 

f 
c.p.s. 

lOO 

300 

1000 

3000 

10,000 

TABLE 2.2 
(after Kraichnan, Fig.6, 

M : 0.25 
lp(f)\2 

re1ative db 

-12 

-9 

-9 

-17 

-27 

Max. = -8.5 at 500 c.p.s. 

ref.44) 

M : 0.5 
lp(f)\2 

relative db 

-9 

-5 

-1 

0 

-10 

0 at 2500 c.p.s. 
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For Mach ~ 0.1, it can be seen that there will be consider

able low frequency power in the spectra. Again it is pointed 

out that this noise is mainly due to plate vibration induced 

by turbulent pressure fluctuations, hence represents a rather 

random field of pressure due to turbulence, as modified by 

plate parameters such as mass, size, stiffness and damping 

factors. 

A third finding of these two scientists concerns 

pressure. Willmarth noted that the output power spectrum was 

roughly proportional to the dynamic pressure squared. In ap

plying his theoretical results to aircraft, Kraichnan found 
-...--.. 

that for critical damping of the plates the noise power ~ 
'"1- "2.. '"-" 1.. 

/""': ~:><-t for the pressurized cabin, and <:::>< ~à for the un-

pressurized cabin, where /~ is the sea level value of the air 

density and~t is that .in the cabin. Over and under damping 

may considerably complicate the picture. 

2.2.4 THE DUCTED CENTRIFUGAL FAN AS A NOISE SOURCE 

The major source of noise in a well designed and in

stalled fan is due to turbulence generated by the blades. This 

is what would be expected from the above considerations and is 

shown to be true in the results. The results also indicate 

this is highly dependent on operating conditions. 

Let us generalize here and list all the possible noises 

generated due to the system of Fig.l.J. The fan runner is as

sumed to have an element of dynamic unbalance, as is always the 

case in practice. 



PRINCIPAL NOISE GENERATORS 
(in approximate order of importance} 

1. Wideband noise due to turbulence at the blades. 

2. Rotational line component and possible harminics due to: 

(i) Fan runner eccentricity "pumping" air in pulses down 

the duct at.frequency r.p.m./60. This is illustrated 

in Fig. 2. 4 ( e). 

(ii l Vibration of the scroll case set up by dynamic runner 

unbalance. Due to the finite structural flexibility 

of the welded steel plate construction usually used, 

the back part of the scroll case will cause positive 

displacement of air in the form of pulses propaga

ting down the duct. This will be greater or less and 

may or may not have harmonies, depending on the rigi

dity of fan housing and mounting. This action is il

lustrated by Fig. 2.4(e) and is somewhat analogous to 

a loudspeaker diaphram forcing the mass in a fixed 

region of space to fluctuate. 

3. Line component and possible harmonies due to air pulses 

resulting from blade spacing. This is amplified somewhat 

by the fan "eut-off" (see Fig.2.4(e) ). The closer this 

is to the blades, the greater this component due to larger 

changes of air acceleration involved locally about the 

"eut-off". 

4. Wideband noise due to air turbulence acted on by the duct 

walls. This is greater or less, depending on the Mach 

number of the flow. 

5. Mechanical vibration (aside from the "pumping" action 

mentioned in point 2) of the steel plates of ~ich fan 



and ductwork are composed, bearing noise and all such 

"mechanical origins". 

MICROPHONE AND WINDSCREEN 

An additional measured "noise" is due to pressure 

pulses generated by and at the microphone when it is located 

in a fast moving air stream. The subject of windscreens was 

studied recently at McGill University (ref.Bredahl6). LOcal 

pressure pulses generated by the moving air over a microphone 

can cause output voltages well exceeding that from the real 

noise propagating in the airstream. This is minimized by a 

screen which will present a high impedance to airflow, a low 

impedance to sound. The screen employed (see Art.3) was found 

to be one of the best tested by Mr. Bredahl. However, as he 

concluded, the complete elimination of windnoise appears impos

sible because: 

(i) Even though the moving air is retarded in steps to 

reduce the decceleration of the motion, and though 

low air motion impedance occurs in the region sur

rounding the screen while the screen is a high impe

dance, rapid decceleration of some of the air is una

voidable. This causes changes in the rates of momen

tum flux, resulting in a finite component of aerody-

namic noise. 

(ii) The screen causes additional turbulence in the airflow 

with resultant increase in noise. 

(iii) Vibration of the microphone in the airstream adds to 

the voltage output. 

(iv) Bombardment of the screen by air molecules. 

These are negligible or significant, depending on screen desig~ 



materials, flow conditions and support of the microphone. This 

will be discussed further in Art. 5. 

There are other minor noise sources in any ventilating 

system, but they are either of no consequence compared to the 

above, or can be made so by pruper design. 

2.3 HYPOTHETICAL VENTILATING SYSTEM NOISE EX&~LE 

No pretense is made at covering aspects of ventilating 

system noise other than that from ducted fans. However it is 

instructive to examine a very simple ventilating system merely 

to assess the meaning offan noise in terms of speech interfe-

renee and annoyance. 

The basic assumptions are represented by Fig.2.5 and 

curve 1 of Fig. 2.6. A continuous noise spectrum is assumed 

for the centrifugai fan. Guidance for the ventilating system 
S7 

was obtained from ref.S1, while B~r.anek (ch.4,10,12) was em-

ployed for those curves followed by his name in the legenda of 

Fig. 2.6, 2.7 and also for calculation procedure and noise 

criterea. Fig. 2.5, 2.6, 2.7 are largely self-explanatory. 

The end result is curve 1 and 3, Fig. 2.7, which shows 

the relative SPLat the ear of a listener positioned as in 

Fig. 2.5(b). This is the worst listening position in the hall 

under the assumption that the ai r outlet behaves like a piston 

in an infinite baffle. This assumes the air molecules are all 

vibrating in phase over this 25 square foot area, which is far 

from true. This assumption gives higher directivity factors 
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at the higher frequencies than would normally be the case. The 

true picture would be a curve commencing as curve 1 Fig. 2~7 

does, but declining at a much faster rate above about 300 c.p.s. 

Since the fan noise completely covers the region between ·.·curves 
5"7 

4 and 6, Fig. 1.7, the Articulation Index (Beranek p.409) is 

zero, and the speaker (Fig.2.5(b) ) cannot be heard. 

If the hall were used chiefly for lecturing, either a 

public address system must be employed, or fan noise lowered 

so that most of the area bounded by curves 4 and 6 Fig. 2.7 and 

frequency bands 300 c.p.s. to 4800 c.p.s. lies above the ambient 

or fan noise curve at this worst location. (Actually the back 

of the hall would be the poorest listening area if the simpli

fying assumption that the ventilation noise is generated by a 

piston source was discarded. In the interests of brevity, the 

point directly beneath the air outlet is assumed the poorest 

listening area because of the high directivity at the high fre

quencies of the air outlet source.) Unless noise in the fre

quency bands 20 to 300 c.p.s. and 4800 c.p.s. upward is rela

tively excessive, it will not serve to mask the important 300 

to 4800 c.p.s. speech spectrum band too badly. 

If the hall is also used for chamber music and concerts, 

it is highly desirable that fan noise be reduced to a level be

low the minimum desired SPL spectrum of music. In this case the 

entire audio spectrum will be involved. 

Assuming flat electronic amplification is used in the 

ball (due to the nature of the transducers now in use, flat 

amplification is rarely approached without high investment}, 

curves 3 to 6 Fig. 2.7 can be raised an amount equal to the db 
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gain of the system, with due regard for directivity. This me

thod of overshadowing ambient noise can be applied only as far 

as listening fatigue will permit. It is much more desirable to 

reduce the noise level, thereby reducing the overall SP1 in the 

hall necessary for good understanding of spoken word or music. 

With this in mi nd, Beranek gi ves a noise figure of SC '-::2 25, 

applicable to this hall. SC stands for speech communication, 

and the number is the speech interference level (SI 1) for that 

contour (SI 1 = arithmetic average S P 1 of noise in bands 

600/1200, 1200/2400, 2400/4800 c.p.s. If noise in the 300/600 

band / 10 db more than in the 600/1200 band, it is also inclu

ded in the average). The recommended noise curve for this hall 

if used primarily for lecturing is curve 7, Fig. 2.7. The re

quired ventilating noise attenuation is given by curve 1 minus 

curve 7, Fig. 2.7. The noise criteria curve NC = 25 (ref. 

Beranek47) is the same as curye 7, Fig. 2.7 above 600 c.p.s., 

but is lower below this frequency, being 57 db for the 20/75 

c.p.s. band. If annoyance, as wall as speech communication is 

a factor, the NC = 25 curve should govern. 

S<X. In these calculations, the room constant (R •----
' -<::oo( 

where S • surface area and<=><. = average absorption coefficient of 

the room), reverberation time (T ~ .049 b , V = volwne of room 

in cubic ft. and a • absorption units in Sabines, sq.ft.), and 

the like were computed for 125, 250, 500, 1000, 2000 and 4000 

c.p.s. using Ch.lO Beranek, and extrapolated to include higher 

and lower frequencies. 

Formulai employed were: 
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(a) Assuming an equivalent conical horn for the air out

let nozzle of Fig. 2.5(a), the throat acoustic impè-

dance of an infinite conical horn is "r..._ +j:x:...A.: 

/:c ""..,_ "2.. 

\,..__ - X-<> 
s;., \-t- 'R'2.~::-

(2.18) 

)L = /oc k X-C> 

"' Sc \ -+ 'R "l. -x-., '2.. (2.19) 

after Olson 
~0 

and J'.iassa . 

'"' -t J')::__..._. = throat acoustic impedance. 
'X-o = distance between apex of horn and actual 

throat • 
. s ~ =' are a of t hroat. 

other symbols as per glossary. 

(b) p,. - -=2:-'2.-::z::' { E ~) 
~1.- '=t. .,._ +7=, see q. '2..o 

'2. 
T = 1 - \ : .... "\.. \ = transmission coefficient (2.20) 

Transmission loss = 10 log _ 
1

1 
db 

(horn) '" 
(2.21) 

(c) The sound pressure level at a distance 'feet from a 

(d) 

source having a power level PWL of directivity Q in a 

large enclosure of room constant R is: 

SPL = PWL ~ 10 log,Q (4~l ... + ~ ) + 0.5 db (2.22) 

at standard temperature and pressure. 

(Eq. 2.22 is a function of frequency) • 

The directivity pattern for a rigid circular piston 

in an infinite baffle is given by 

L 2. J 1 ( ~~ s·Jh EJ) 

J ~a siY\ e (2.23) 

J, - Bessel function of first ki nd and or der -
a c piston radius 
a - 0" on piston axis -
This, in conjunction with the concept of directivity 

factor: Q(f) • ratio of the intensity on a designated 
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axis of a sound radia tor at a stated ·.;distance 1 , to 

the intensity that would be produced at the same po

sition by a point source if it were radiating the same 

total acoustic power as the radiator; yields a curve 
S"1 

of ·'!Q(f) vs ~a ( e = 0) p.ll2 Beranek. This curve was 

used for estimating the directivity factor, as a 

function of frequency, of the ventilating outlet 

treated as a piston source in an infinite baffle. 

It was mentioned above that the desired attenuation to 

be built into the ventilating system of Fig. 2.5(a) is curve 1 

minus curve ]. Above 300 c.p.s. this is readily achié.ved sim

ply by lining the duct with about a one inch thickness of one 

of the commercial duct lining materials available today. For 

lower frequencies, more elaborate means of attenuation are 

usually required such as thicker absorbent lining, wideband 

filters of various sorts, and reduction of air speed. Concer

ning air speed, it does little good for example to attenuate 

fan noise well, only to have noise generated by air flow tur

bulence near the outlet propagated into the room. An improve

ment in the system of Fig.2.5(a) in light of the relatively high 

air speed in the main duct of 3000 ft/min would be to reduce 

this speed by employing a larger duct. This is not always pos

sible for reasons of space and economy. What should be done is 

to gradually increase flow area prior to the elbow as well as 

after it. This will reduce the Rey. number of the flow, gene

rally reducing air turbulence and noise at the elbow. The el

bow itself will attenuate sorne of the noise generated by up

stream turbulence, whereas as it now stands, some air turbulence 
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noise is undoubtedly generated within the elbow and at the 

junction of the elbow and air outlet transition piece or nozzle. 

There is negligible engineering information available 

so far giving insertion loss of lined duct sections, elbows, 

filters and other "plumbing" when they carry an air stream. The 

data now available simply gives attenuation under static condi

tions. There is evidence (ref.Lambert48,49) that well intended 

noise attenuating deviees, filters, traps, etc. may in some 

cases possess insertion gain, rather than loss, when air is 

flowing through them. This should not be too surprising to 

those acquainted with noise from a turbulent boundary layer. 

An element with fair static attenuation may well generate noise 

under dynamic application (eg. air flow) due to the turbulent 

scale it creates. This turbulence may generate noise compo

ments which could well be resonated by the element. Lambert 

points out that more refined techniques are necessary in order 

to evaluate the performance of acoustic deviees in viscous 

moving media. Until such time as reliable data from further 

research is provided, acoustic filtering must be applied with 

discretion, keeping the above facts in mind. 
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3 • AFP ARA TUS 

The basic system for the acoustic waveguide technique 

of fan noise measurement was discussed in Art. 2 in connection 

with Fig.l.3, and is elaborated upon by its builder, G.Chipps?. 

Specifications of N .A.F .I"Ï. bulletin No. llO were followed as 

far as they went. The General Radio family of sound measuring 

equipment was used to measure and analyse the noise. A complete 

equipment list follows in Art. 3.1. Co~nents and data on 

equipment performance occur in Art. 3.2. A wide variety of 

photographs of the system are found in Ref;.?. Supplementing 

these are additiona1 disp1ays of equipment, Fig.3.1, 3.2, 3.3. 

3.1 EQUIPMENT LIST AND DESCRIPTION 

A MATCHED ACOUSTIC WAVEGUIDE AND NOISE SOURCE 
(Refer to Fig. 1.3) 

1. Canadian Sirocco Series 81, No. 135, c1ass I and II, single 

in1et, single width centrifuga! fan. 

Arrangement: No. 2, top horizontal discharge. 

Runner: 36 forward curved blades approx. 7~"wide x 1 1/8" 
(Fig.3.1a) 

deep. Runner dia. 13~"· 

Inlet: 14 3/à" diameter outside, l.OSS sq.ft. inside. 

Outlet: 14 3/8" x 10 3/4" outside, 1.044 sq.ft. inside. 

Performance: Fig. 3.4 (a). 

2. Canadian High - Efficiency Streamline (HS), Series 81, 
·~ .. 

No. 135, class I and II, single inlet, single width centri-

fugai fan. 

Specifications as for I except: 

Runner: 12 backward sloped b1ades ap prox. 4 1/16" wide x 
(Fig.3.lb) 



FIG. 3.1 

(a) SIROCCO RUNNER & INLET FLANGE 

(b) "HS" RUNNER & INLET FLANGE 



FIG. 3.2 

(a) DISPLAY OF INSTRUMENTS 

( b) FAN, MOTOR & SPEED 

COUNTii'J'G EQUIPMENT 



FIG. J.J 

(a) MEASURING & DRIVE EQUIPMENT 
EXTERIOR OF ANECHOIC CHM~ER 

(b) INTERIOR OF ANECHOIC CHk~ER 
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3" deep. Runner dia. 13 i"· 
Performance: Fig. 3.4 (b). 
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NOTE: 1 and 2 are identical to the respective American Blower 

Corp. fans. 

3. A. double canvas coupling 6" long, supported in the middle 

and each end. 

4. A rectangular (10 19/32" x 14 9/32" inside) to circular 

(13 15/16" dia.) transition 29 3/4" long. 

5. A circular section (13 15/16" dia.) 80 1/8" long. 

6. An egg - crate air straightener 3 3/4" long with 9 vanes 

by 9 vanes on 1 3/8" centers (inside dia. 13 7/8"). The 

vanes are about 1/16" thick. Intersection points are rigid-

1y so1dered. 

7. A circular section 56 1/8" long which is the slotted measu

ring section. 

8. A. circular to rectangular transition 30 1/4" long. Dimen

sions as in 4. 

Items 4 to 8 are fabricated from #24 ga. u.s.s. ga1-

vanized iron. It is smooth inside, and coated partly with 

approx. 3/8" combination of water soluble tar and cork and 

part1y with automobile undercoat on the outside. Item 7 has 

a l" wide x 30" s1ot bounded on the sides by guide strips 

brazed to the duct. A heavy weight - loaded copper slider lined 

with hard rubber on the downward face was used for longitudinal 

movement of the microphone. A threaded stem passing tbrough a 

rubber lined ho1e in the slider allowed vertical movement of 

the microphone within the duct over a 6" range with windscreen, 

8" without windscreen. A 5" x 5" contoured, hinged, gasketed 

door was placed over a window in the side of item 7 to allow 



for checking of microphone position. 

9. Modified exponentia1 horn transition 55 3/8" long from 

Item 8 to Item 10. 

100 

10. An anechoic chamber 43" long and 42 1/2" by 42 1/2" cross 

section. Sixteen fiberglas wedges are suspended in the 

chamber. 

11. An extension to Item 10 with movab1e panel to adjust system 

friction (i.e. back pressure loading on fan). 

12. A 10" long ranovab1e measuring section was added by the 

writer as shown in Fig. 3.5 between items 9 and 10. 

See Fig. 3.5 for items 9 to 12. 

Items 9 to 12 were formed from 1/2" and 1/4" plywood. 

Where 1/4" p1ywood was used, it was rigidly braced. The horn 

was coated with damping material as used for the duct. Items 

9 to 12 were a11 lined with 1 inch thickness of PF-612, 

2! lbs/cuft fiberglas. The wedges, made of the same grade of 

fiberglas and spaced as shown in Fig. 3.5 were designed from 

data by Beranek and Sleeper 50. They are 35" long with an 8 

inch square base and a base length of 6 inches. The horn was 

designed for a 70 c.p.s. eut-off, the wedges for roughly 90 

c.p.s. Variable system friction was simulated by varying the 

outlet area at the end of Item 11 by means of two panels each 

containing 63 - 2" dia. heles. By s1iding one panel relative 

to the ether then bracing and locking it in position, the area 

could be varied from approximately 3.8 sq.ft. to zero, although 

there was leakage around these panels which increased the 

effective area. 
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B. POWER AND CONTROL EQUIPMENT 

1. Western Electric #2S A755 shunt wound 50A, lSOO rpm, 115V, 
5 Hp open frame d.c. motor. 

2. Triple "B" V-belt drive. 

3. Weston model 901 0-3, 0-150, 0-300 d.c. voltmeter. 

4. Simpson model 29 0-1.5 A.d.c. ammeter (field). 

5. Weston model 1147 0-100 amp d.c. ammeter. 

6. Three rheostats for armature speed control; ribbon bank 
and coil spring bank for course control, carbon pile for 
fine control. 

7. Speed counter circuit as follows: 
(a) Dise with 60 evenly spaced holes drilled around the 

periphery, fastened to fan rotor shaft. 

(b) Photo - electric pick-up and 3-stage amplifier. 

(c) Multiple voltage power supp1y for (b). 

(b) and (c) are war surplus equipment. 

(d) Electronic counter, Hewlett Packard modal 521 A. 

This circuit provided accurate and instantaneous fan 

rotor speeds displayed visually at the measurement location. 

It was initially assembled by A. Bredahl6 for an al1ied project. 

9. General Radio (GR) type #631 BL Strobotac for speed checking 

purposes and for speed measurement at the anechoic chamber. 

10. Hasler-Swiss precision dial tachometer for cross checking 

fan rotor speed. 

1. 

2. 

3. 

4. 

5. 

C. NOI SE MEASURING INSTRUMENTS AND RELATED APPARATUS 
(General Radio manufacture unless otherwise specified) 

Type #1551 - A Sound Leve1 Meter, ser.#244. 

Type #1262 - A Power supp1y for Item 1, ser.#266 

Type #1551 - PI Condenser microphone power supp1y, ser.#277 

Type #1551 - PI - 25, 640 - AA preamplifier ser.#l94 

Type #640 - AA condenser microphone, ser.#5140 
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6. Type #760 - B Sound analyser, ser.#l303 

7. Type #1550 - A Octave band analyser, ser.#332 

8. Type #1552 - B Sound leve! meter calibrator, ser.#l028 

9. Type #759 - P35 Vibration Pickup 

lD. Type #759 - P36 Control Box {for item 9) 

11. Dessicator for storing item 5 

12~ Du Mont mode! 208 - B Cathode ray oscilloscope 

13. Hewlett - Packard model 200 - B audio oscillator {used in 
conjunction with item 8) 

1~ Hewlett - Parkcard model 400 D vacuum tube voltemeter 

15. Power audio oscillator (Hewlett - Packard model 200 1) 
and Wi11iamson amplifier housed in R.C.A.F. serial 1166 
frame 

16. General Electric S 1249 D 12 inch loudspeaker; response to 
35 c.p.s. 

17. Triple spherical windscreen {2 3/4" diameter) designed and 
tested by A. Bredahl6. It consists of three wire mesh 
screens, one within the other, covered with tricot nylon 
cloth. The screen clamps rigidly to the microphone pre
amplifier so that the microphone is centered within the 
inner sphere. The attenuation of this screen was measured 
in an anechoic chamber by A. Bredahl, the results appearing 
in Fig.3.7 • Further tests conducted by the writer are 
presented in Art. 5. 

D. MISCELLANEOUS 

1. Fan base. 

The base used throughout the project was the solid 

steel one in Fig. 3.6a, bolted to the floor (2 inches of wood 

on concrete). Two other bases tested were a heavy wooden one 

not fastened to the floor, and this same one mounted on vibra

tion isolators. The method of vibration isolation is shown by 

the felt pads mounted on 2 x 4's in Fig. 3.6b. The pads were 

evenly loaded at 11 lbs/sq.in. Natural resonance of the base 

was about 4 c.p.s. Negligible vibration was transmitted to 
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the f1oor using this base, but it was discarded for reasons 

gi ven in Art. 5. It was ·:desired to mount the fan on a con

crete base, but faci1ities would not permit. 

2. An anechoic chamber was used to measure PWL and spectra 

of the fan runners rotated alone. Fig. 3.3(a) shows the drive 

and measuring instruments exterior to the anechoic chamber, 

whi1e Fig. 3.3(b) shows the interior. The room is 14'6" long, 

9'2'' wide and 10' high. Walls, outside to inside, are of 

plaster, 5" hollow clay blocks, 4 inch space and 4 inches of 

2 1/2 lbs/cu.ft. PF fiberglas. No tests on the room were con

ducted except a bandwise check of reduction in SPL with distance 

from the rotating fan runner as source. Fig • .S.\Sa shows this to 

be quite good. Some standing waves are known to occur below 

500 c.p.s. 

3. The room in which the system of Fig. 1.3 was installed 

is 37'long, 16' wide and 12'9" high. It is of plasterboard 

construction on two internal walls, brick and glass on two ex

ternal walls, concrete ceiling and ~od on concrete floor. As 

such it is a fairly "live" room acoustically. The reverberant 

sound field was always about 20 db below that of sound inside 

the acoustic waveguide. Overall ambiant sound level of the lo

cation generally ranged between 50 and 60 db. 'te. .0(}(}'2.. .fk-\..c:n·. 

~ The Pitot tube and manometer are shown in the fore-

ground of Fig. 3.2a. The Pitot tube is of standard construc

tion and conforms to that design recommended on page 1105,Ref.54 

reco~nended by the American Society of Heating and Ventilating 

Engineers. The manometer consisted of two l' long, 0.2" bore 

glass U tubes connected by short lengths of rubber hose to the 

Pitot tube. A graduated scale gave readings direct to 0.1" HQ 
2 
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estimated to 0.01" H20. The tube for static pressure was ver

tical while that for measuring velocity pressure was inclined 
0 

15 to the horizontal. Air velocity is then: 

-T-t ;1. 
s~.c. 3.1 

hw (observed) = head in inches of water observed directly 
on the inclined manometer 

Po = Ambient air pressure, meters of Mercury 

T 
0 = Absolute temperature converted to F 

Distortion of the meniscus was found to have negligible effect 

on the reading of the inclined tube. A micro-manometer served 

to check this manometer. Levelling screws and zero set were 

part of the equipment. 

~ A Mercury barometer having an accuracy of ! 0.01 cm. 

of mercury was used to measure barometric pressure. Tempera

tures were recorded to the nearest oF using a standard labora-

tory Mercury themometer which had been checked against two 

others. Relative humidity was determined to an accuracy of 

about ! 1% using a Taylor 5532-S Hygrometer. 

6. Connecting cables were coaxial. When specified for 

proper operation, instruments were well grounded to a low impe

dance system and were placed on a grounding plate. 

~ Power supplies were: 

(a) 115 ! 5V, 60: 1 c.p.s. 

{b) 115 ! 5V, d.c. no load, 105 ~ 5V, d.c. 
at motor full load (50 amps.). 



3.2 EQUIPMENT PERFORMANCE AND ESTIMATED ACCURACY 

3.2.1 PERFORMANCE 
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The matched acoustic waveguide was discussed in detail 

in Art. 2.1. Experimentally, its performance is represented 

by Fig. 2.2 a. Beyond the range of this graph, refer to the 

text of 2.1. 

The General Radio Sound-Measuring System was checked 

and operated in accordance with the appropriate operation ma

nuals provided with the equipment listed in Art. 3.1 C. The 

overall acoustic calibration at 400 c.p.s. was performed at 

least weekly, the electrical circuit calibration for the sound 

level meter was checked every day readings were taken. These 

calibrations generally agreed within + l db. The equipment was 

carefully handled, was not used on any other project during all 

but preliminary measurements and is relatively new. For these 

reasons, the manufacturers tolerances are presumed to bernet 

(see Art.3.2.2). 

Perhaps the most annoying and inaccurate equipment be

haviour was poor voltage regulation of the d.c. supply to the 

motor. Other loads . on the same cable system caused instanta

neous voltage variations up to 5 volts, which represents a 

change of fan speed of about 5%. The photo electric pick up 

and counting circuit, giving direct visual indication of the 

speed at every instant was an immeasurable asset in determining 

average speed. 

Fan and motor vibration did not affect the measurements. 

Although vibration was transmitted directly to the floor, themass 
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of the concrete floor prevented significant vibration from 

reaching the measuring location or the duct downstream from 

the canvas break. The manometer was mounted on .a pedestal 

and was insulated from it by pads so that there was no tremor 

of the meniscus. 

Fig. 3. 7. 

The performance of the windscreen is illustrated by 

6 This data was supplied courtesy of Mr. A. Bredahl • 

The attenuation curve (Fig.3.7a) was obtained by measurements 

in an anechoic room while the wind noise attenuation (Fig.3.7a) 

was determined by rotating the microphone in a wide circle 

using special apparatus6• Comparison between overall values 

with and without windscreen at the duct microphone station of 

Fig. 1.3 is shown in Fig. 3.7b. Bandwise, Mr. Bredahl found 

the difference in noise level between a screened and unscreened 

microphone varied between 7 and 20 db, the reduction for dif

ferent air speeds (30 to 60 ft/sec) being relatively constant 

in each band. As mentioned in Art. 2.3, and as substantiated 

in Art. 5, the effect of the turbulent air stream over the wind

screen, on the signal output from the microphone has not been 

entirely eliminated. Nonetheless, the designs by Mr. Bredahl 

appear to be among the best to date. 

3.2.2 ESTIMATED A.CCURJ.CY OF THE EQUIPMENT 

In this section, instrumental and observational errors 

are evaluated; to be used at the end of Art. 5 for computing 

overall errors in the results. 
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INDEPENDENT SOURCES OF ERROR 

1. GENERAL RADIO SOUND MEASURING SYSTEM 

Calibration of the Sound Level Meter (Sll~} and micro

phone was performed with the 1552 B calibrator. This provides 

for an overall operational check of SLM and microphone at 400 

c.p.s. This acoustic calibration and electrical calibration 

were performed at !east weekly and always agreed to within 

! 1.5 db. The electrical circuit calibration was performed at 

least daily during accumulation of measured data. This, plus 

other reasons given in Art. 3.2.1 are believed sufficient evi

dence to verify that the condenser microphone system and SLM 
'+ are together within the A.S.A. tolerances : 

TABLE 3.1 

f Tolerances {db l 
25 -6, -9.5 
60 -3, -3 

300 to 1100 -2, -2 
2000 -3, -4 
3000 -4, -5.5 
5000 -5, -7.5 
8000 -6, -9.5 

The performance of the microphone is most uniform at 

the lower freqencies (<1500 c.p.s.) where most of the noise 

power measured exists. 

Observational error is on the order of : 1.5 db, on 

the "Slow" meter position (heavy meter damping). Fluctuations 

were usually ! 3 or 4 db, bence a short time average of each 

reading was necessary to minimize the error. 

The 760 - B 2% B.W. Sound Analyser was used extensive-

ly for spectra measurements. I ts frequency response was checked 
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and found to be ! 2 db from 25 to 2500 c.p.s. and ~ 3 db, 

-1 db from 2500 c.p.s. to 7500 c.p.s. {There is negligible 

power in this last band.) Observational error was ± 2db down 

to a level of 25 db below the overall sound level. Fluctua

tions of the meter needle of ~ 1 to ~ 6 db were common in any 

one spectrum due to the narrow .bandwidth, and fan rotor speed 

and turbulence fluctuations. Method of obtaining the spectra 

is discussed in Art. 4. 

The 1550 - A Octave Band Analyser was used for a few 

spectra, plus noting the bandwise variation of fan noise with 

speed and position of microphone in the duct section. The 

bandwise filter errors for random noise are about ~ 1 db, from 

75 c.p.s. to 4800 c.p.s. The low pass filter (20-75 c.p.s.) 

would give an indication of 1 db lower than the other bands, 

provided it eut off sharply below 20 c.p.s., while the high 

pass filter (4800 to 10,000 c.p.s.) would be about 2 db lower. 

This is partly compensated for (indeed it may be overcompen

sated in some cases) by noise power below 20 c.p.s. and above 

10,000 c.p.s. For our purposes, the Octave Band Analyser will 

be considered as having an inherent bandwise error of ! 1 db. 

2. STANDING WAVES IN THE MATCHED ACOUSTIC WAVEGUIDE, 

AND WIND NOISE 

These were discussed in Art. 2.1. The method of cor

recting for transverse variations due to the higher modes is 

discussed i n Art. 4. The serious error here is in the low band, 

20 to 75 c.p.s., below horn eut - off. As pointed out in 

Art.2.1, the error will be low by about 15% of the pressure 
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being measured, provided white random noise occurs throughout 

this band. This latter is not true, but in most cases is 

roughly approximated. What then does such an error mean in 

terms of db: 

ASPL: 20 log~ 
p ... 

. ~ 5 f> ... 
: 20 log = -1.5 db 

f>'l.. 

In view of the assumptions dealing with this in Art. 2.1, the 

frequent presence of one line component in this band ("rota

tional" component, r.p.m./60 c.p.s.) and the fact that the noise 

is not white, an error of say +.1, -3 db should be specified due 

to standing waves in the low band. In turbulent air flows 

however, a windscreen covered microphone such as the one men-

tioned in Art. 3.2.1 does not attenuate all the locally gene

rated noise due to its presence, for reasons stated in Art.2.3. 

Further research is required to evaluate this. There is reason 

to believe that it is the low frequencies generated locally 

which contribute the most to this in air flows of ventilating 

Rey. numbers. This will tend to boost the measured SPL in the 

20 to 75 c.p.s. band. Because of the unknowns, and the fact 

that this windscreen design was among the best (see Ref.6 for 

review of other papers on windscreens), it is assumed (ref.6) 

that a1though wind noise is not eliminated, it is minimized to 

insignificance compared to the SPL measured in these tests on 

fan noise. 

3 • AIR FLOW AND PRESSURE 

Velocity pressure was read on an inclined tube mano-
o 

meter (15 to horizontal) with a least scale reading of 0.1" 

and an estimated scale reading of 0.01" (with the aid of a 
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magnifying lens). Observational error due to fluctuations in 

the flow is estimated as follows: 

A.bove l" H,_O velocity head: 0.02" 

Between 0.5 and 1" H~O velocity head: 0.01" 

Below 0. 5" H 2..0 velocity head: O. 005" 

A further error of 0.01" is due to adhesion of the meniscus to 

the tube wall, the manometer not being precisely level, and 

temperature variations up to ! 5~F. 

inches of water, the errors are: 

h..,--;, 1" H,O; 0.010" H1..0 

Converting to equivalent 

l" H 0 > hv > 0.5" HlO; 0.0008" H'l..O 

hv <.0.5" H.,_O; 0.007" H2_Q 

The static pressure (h 5 ) manometer was vertical. Fluctuations 

were negligible, bence 0.005" will be assumed due to these. 

The two 0.01" errors for h '~ also apply here, bence the error 

for hs is 0.025" HtO. 

4. SPEED 

Fan speed could be read to ~ 1 r.p.m. by the photo 

multiplier - counter circuit. During the course of a run 

however, line voltage fluctuations would cause instantaneous 

changes in speed of up to 5% but usually within 3%. By recor

ding and averaging the speed severa! times per run, this error 

was reduced to an estimated ! 1.5%. 

5. POWER TO FAN 

This was estimated from input power readings using the 

efficiency curve, 3.8a and the performance curves 3.8b. (These 



ci 
(,J 

0: 

"' 
=..è w g .. ·-« 
.J..::: .. ~ 
~.'l 
:Jo .,_ 
" x 

2 
Il .. 
"' l') 

f'. .R.I'.. 



115 

of course have been reduced in scale here to save space.) 

Where the family of performance curves did not apply, the effi

ciency curve was used (mainly at low values of speed and high 

system friction (back pressure.) • These curves were obtained 

from a brake test having the following errors: 

Input Power: E.,., Ef: -t.2V and "!.lV observational. 

I : -:t 2A and "!.. 0. 5A. observational. -
I.f: "t.0.05A and ±. O.OlA observational. 

~ 6. Win • :!:;::,..~ .. I.. + E~ I t} ~ '± 10 watts. 

Subscript "a" refers to armature, "f" to shunt 

field. 

Output Power:Torque: ~ 1.5 ft.lbs. and ~ 0.5 ft.lb. observa
tional. 

r.p.m. "!. 1% and~ 10 r.p.m. observational. 
( Stro bot ac ) 

t c..Hp out •!. A LK(T)(r.p.m.ll 
(function of speed) 

The family of curves Fig. ).àb was necessary because 

speed was varied by regulating armMure voltage, and motor ef

ficiency depends on E.,. as well as load. 

Shunt motor efficiency • E.,. I.. - (I: R"' ~ K,)\ n 
E I ~ K ... = constant .. .. 

where R. is the armature resistance 
K, representa the constant !osses 
K representa input to the field (constant except for 
~ voltage regulation). 

At rated full load, rated voltage, K, 
"&. 

"=- I,. R.,. while below 

this K,> !.,. ... R"'. One is most interested in Hp to fan and speed 

of same, while the main variales are E~, I". For a constant 

speed, neglecting I.._ R,.<< E.,., Speed n <=>< E"", and the efficiency 

is relati vely constant. To vary the speed however, E 01 must be 

correspondingly varied and also I~ will vary: 



EQI. : K+n + !.,. R"' 

hence I = E~ (1- Ks) since n~E-
~ R . , ~ 

"' 

K 5 = constant dependent on motor design 

The rotationa1 !osses (formerly represented by K
1 

) 

are now variable: 

Friction and w.i.ndage c:.<,. n2-3 

Hysteresis loss ""<. n 

Eddy current loss ""'n2 

.......... 'l.. 
Resulting Variation ~ E ~ say. 

Eff. • E. .. 'l.. \k' - ~c-:- ~ .. - 'f.."l) 
t: .. 'l.. \<.,., -t "' .... 

Kc; • constant ~) 
~01 

K1 P·= constant associated with the rotational !osses. 

K 'l • E+ 1 f. -:::. constant. 
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As E"' - 0, Eff. - O. If Eline fluctuates, or if 

E01 is reduced for speed regulation, efficiency can assume the 

following values (having evaluated the above constants) rela-

tive to that at rated applied voltage of 115 volts: 

Eq (volts) Eff. ~E·d 
Eff.E,.=115v) % Diff. 

115 1 QO 
llO 1 0.0 
lOO .995 .5 

90 .99 LO 
80 .985 1.5 
70 ·975 2.5 
60 .965 3.5 
50 .950 5.00 

This represents the approximate range of armature voltage used 

for speed regulation in this project. For the reason implied 

by the above table, and for convenience, Fig. 3.gb was draw.n, 

using a large number of carefully taken brake test readings. 

The brake test is inherently not the most accurate test that 
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cou1d be used, but was the most convenient. 

The Hp input to the fan is in error by the fo11owing 

estimated percentages, a11owing 2 1% error in the assumed 2% 

power 1oss of the V -

H:e to fan 1800 

6 8.5 
5 9.5 
4 11 
3 14 
2 20 
1 37 

.5 70 

be1t drive: 

TABLE 3.2 

MOT OR r.p.m. 
1600 1400 

7.5 7.0 
8.5 8.0 

10.5 9.5 
13 12 
19 17 
34 30 
65 60 

1200 

5.5 
7.5 

8.5 
11 
15 
26 
50 

1000 

-6.5 
7.5 
9.5 

13 
24 
40 

BOO 

6.5 
8.5 

11 
19 
35 

The resu1ts of the foregoing are app1ied in "Accuracy 

of the Resu1ts", end of Art. 5. 



4. PROCEDURE 

The basis of the numerous graphical results was the 

accurate measuring and plotting of the following curves: 

1. Air flow {U) vs. Fan rotor speed { n) wi th constant 

system (Fsyst) as the parameter. 
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Fsyst was varied by changing the relative position 

of the drilled back panels (Fig.3.5), thereby changing 

the relative system friction or back pressure (a func

tion of air velocity) as "seen" by the fan. The back 

panel was calibrated for seven settings giving fairly 

evenly spaced curves ranging from low Fsyst to high 

Fsyst• 

2. Static pressure corrected to fan outlet (hs) vs. Fan 

rotor speed (n), Fsyst parameter. 

3. Hp to fan (Hp in) vs. Fan rotor speed, Fsyst parameter. 

4. Overall PWL vs. Fan rotor speed, Fsyst parameter. 

From these four basic families of curves (which must be 

repeated for each different fan tested), the variation of over

all noise intensity with fan speed and Hp, air flow velocity, 

capacity, static pressure (back pressure), and variable Fsyst can 

be determined. This forms one series of results. 

The other major portion of the results is isolation of 

the noise origins by taking extensive noise spectra. 
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4.1 MEASUREMENTS 

4.1.1 FLOW - PRESSURE - Hp.- SPEED DATA 

Measurements of air flow velocity, static pressure and 

Hp to fan vs. rotor speed, with Fsyst as parameter were taken 

together. For each setting of Fsyst (back panel) and fan speed, 

20 readings of hv, hs were taken in the duct cross section. 

These stations are on two mutually perpendicular diameters ac

cording to the Heating, Ventilating and Air Conditioning Guides4 

p.ll05, 1954 (NAFM code). The arithmetic average of these 

gives h~ and hs for one Fsyst and speed. Actually, a 21st rea

ding was taken at the duct center for comparative purposes. On 

the average it gives readings of hv 3 to 10% high (depending on 

U) and reading a of h s close to the average. Guides assured 

the Pitot tube was parallel to the axis. The manometers were 

read with the aid of a magnifying lens. A time average of hv 

was taken for higher flow velocities because of some fluctuation 

of flow at a given station. 

Readings of fan speed and motor input EQ, I., Ef, I+ 

were taken and averaged for each point. Employing Fig. J.à (in 

its original enlarged form) gave Hp to fan. 

The above was done for speeds of BOO, 1000, 1200, 1400, 

1600 and 1800 r.p.m. for the Sirocco fan, double these for the 

"HS" fan, for each of the seven Fsyst positions. Once learning 

hv, hence air velocity, a correction to hs coul~ be made for 

the length of duct and mesh between fan and Pitot tube. After 

correcting for temperature and pressure, which were recorded 

regularly each run, curve families 1 to 3 above were accurately 

plotted and drawn. 
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4.1.2 PWL vs. SPEED 

The fourth "basic" family of curves is overall fan 

noise PWL - Speed. The general procedure is the same as above, 

except speed increments were generally half those above and the 

windscreen covered microphone was kept only on the duct axis. 

(Further sets of measurements later provided bandwise correc

tions for SPL variations across the duct section, see Art.4.1.5) 

For each Fsyst and speed, overall SPL, octave bands, motor in

put and speed were read, speed being the average of several rea

dings displayed by the counter. Because of the random nature of 

the noise and turbulence in the flow, a time average of all 

overall SPL and some octave band readings wa~ necessary. Elec

trical calibration of the SLM was made frequently, acoustical 

calibration at 400 c.p.s. at least weekly,and setting of the 

Octave Band Analyser gain was checked for each Fsyst and speed. 

Pressure and temperature were recorded. Overall PWL ~ SPL 

for this duct section of 1.05 sq.ft. were plotted vs. speed. 

Checks were made of the plotted points, and where agreement was 

not within ~ 1 db, further measurements were made and the re

sulta averaged. Generally this was not the case. 
0 

The microphone was oriented 90 to the noise source 

for all measurements in this research. Such orientation results 

in the generally best gain - frequency characteristic for the 

condenser microphone - Sll~ system. 



121 

4.1.3 NOISE SPECTRA 

Most spectra were taken with the G.R. 760 - B 2% B.W. 

Sound Analyser. It is felt this analyser is the most useful, 

since a band analyser does not reveal prominent "line'' compo

nents, While a constant B.W. analyser is too highly selective 

at higher frequencies. Speed regulation and noise fluctuations 

do make it rather difficult to use the 2% B.W. Sound Analyser 

in detail. Its use was as follows: Starting at 25 c.p.s., the 

tuning dial was very slowly turned over small increments of fre

quency. Over this range, sound fluctuations were observed. If 

a "line" component was suspected by watching the meter fluctua

tions, it was found and its maximum average and minimum average 

value noted. If there was a sudden change in the sound level, 

the dial would be turned to retrace the .band over which the 

sound level was approximately constant. The tuner would then be 

approximately centered in this band and a time average taken. 

With practice, a spectrum 25 c.p.s. to 7500 c.p.s. (the limits 

of the 760 - B Analyser) could be "swept" in 20 to 30 minutes. 

This may appear rather slow, but is much faster than a Wave 

Analyser (constant B.W.) and gives spectra which are as detailed, 

especially if much of the noise analysed is low and mid-frequen

cy. The writer firmly belives the Sound Analyser to be the most 

useful for procuring meaningful, detailed noise spectra, provi

ded it is carefully used. One-third octave bands will be close 

to giving the shape of a continuous spectrum, but will not maa

sure line components. The octave band analyser is useful for 

preliminary spectra measurements and checks, and field measure

ments but is not adequate for spectra measured in a laboratory. 



All G.R. Sound measuring equipment was operated, 

checked and maintained in accordance with the respective in

struction manuals. 

4.1.4 VIBRATION 
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Extensive fan vibration measurements were taken using 

G.R. Type 759 - P35 crystal pickup and the G.R. Type 759 - P36 

Control Box in conjunction with the SLM, Octave and 2% BW Ana

lysera. Preliminary measurements were taken on various parts 

of the fan. It was decided from these that the most useful 

detailed results would come from the upper side of the fan out

let (Fig.2.4 e,p.-;~~). The vibration pick-up was bolted to the 

position shown for most of the fan vibration measurements. This 

would give all the housing vibration components in the direction 

of the duct. Lateral ones, though present were small and were 

considered to have negligible effect on the "vibration noise" in 

the duct. 

Vibration measurements were made on the duct at the 

microphone position and on the floor near the fan. The vibra

tion at these points proved small (see resulta}. 

If the microphone was at a station where vibration 

could be felt, the signal due to this was determined by applying 

a tight fitting cap over the microphone and observing the band

wise output. In all cases and bands the signal was at least 

15 db (usually more) below that when the sound was being mea

sured. The attenuation of the cap was not measured, but it is 

unlikely it exceeds 20 db at the lower frequencies. This was 

done for all microphone stations in the research, the resulta 
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showing that any vibration the microphone was subjected to due 

to transmission through the floor to the apparatus and from 

the turbulence in the airstream had negligible effect on the 

results. 

4.1.5 STANDING WAVES 

In addition to the analysis of Art. 2.1, means were 

taken to minimize the error due to standing waves along the 

duct and across it. Bandwise measurements were first made with 

a random noise generator (amplified resistor noise, not listed 

in the Apparatus) as source. The microphone could then be 

moved from the duct center to the periphery, since a windscreen 

was unnecessary. This was done for two mutually perpendicular 

diameters aeross the duct section. The same stations were 

used as for flow measurements. Measurements were also taken 

longitudinally with the microphone on the duct axis. This was 

then repeated with the windscreen covering the microphone, for 

each of the fans operating at various flow conditions (eg. Four 

settings of Fsyst and three speeds). The results are in Art.5. 

The similarity of results between the random noise generator 

and fan allowed extrapolation into the region the microphone 

could not be extended to because of the windscreen surrounding 

it. In all cases, bandwise plots of SPL vs. distance across 

the duct were made. From these, corrections were estim~ed and 

applied to the octave band readings taken during the overall 

PWL noise measurements with the microphone on the duct axis at 

the station indicated in Fig. 1.3 p.là. 
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4.1.6 TERMINATION STUDY 

Contour maps o~ air flow and SPL were taken just be

yond the horn mouth, as shown in Fig. 3.5. Readings of hv, hs 

and SPL were taken at 16 stations, representing the centers of 

16 equal squares into which the termination cross section was 

divided. Additional measurements were made near flow and SPL 

maxima. This was done for various fan operating conditions. 

Spectra were also taken here, at stations indicated in the re

sults. 

4.1. 7 ANECHOIC ROOJ'-,1 

Noise spectra and overall PWL measurements were made 

on the fan runners rotating in isolation in the anechoic room. 

All the equipment was kept exterior to the room except the mi

crophone, runner and one pillow block and support, as can be 

seen in Fig. 3.3. Overall PWL was determined by measuring SPL 

at the centroids of surfaces represented by a quarter of a 

sphere divided into 3 and 5 equal parts. This was done for 

radii from the runner center of 3 and 5 feet. The results are 

discussed in Art. 5. Spectra were measured using the 2% B.W. 

Analyser, and checked by the octave band analyser. No ventila

tion is provided in the room, and with fan runners of the size 

tested running near top rated speeds, temperature rose as much 
0 

as 20 F in a 30 minute period due to air turbulence. Rough 

temperature averages were considered sufficient considering the 

accuracy of the measurements. 
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4.2 PREPARATION OF RESULTS 

4.2.1 FAN NOISE LAWS 

These curves refer to overall noise PWL versus various 

fan - flow parameters. They werepresented as familias of curves 

with some pa ramet er held constant. Each point corresponde :,to 

one particular setting of the back panels. Many preparatory 

pages of curves were drawn to aid in presenting the resulte in 

the most rational form. By plotting all parameters on a log 10 

base, fan "noise laws" became apparent. No sample calculations 

are presented here, because they are merely the elementary ap

plication of simple fan and acoustic formulae which have been 

given elsewhere in this thesis. Further elaboration is given 

in Art. 5 as necessary. 

4.2.2 FAN NOISE SPECTRA 

The results measured with the 2% B.W. Analyser were 

computed from the overall SPL reading as per instruction manual 

for the instrument. It has been mentioned that the average ma

ximum and average minimum values of reading on this meter were 

noted. The SPL of a band 2% wide was taken as the arithmetic 

average of these two readings, provided their difference <10 db. 

If their difference> 10 db (as it was occasionally), the aver

age value was taken as the minimum average plus 2/3 of the dif

ference between the minimum average and the maximum average. 

(This is almost the same as subtracting 3 db from the maximum 

average, as recommended in Ref.6~). As described in Art.4.1.3, 

the spectrum was slowly "scanned" with the 2% B.W. Analyser in 

such a manner that the SPL recorded represented the average 

maximum and average minimum in a 0.02f band, where f is the cen-
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ter frequency of a bandAf over which the average maximum and 

average minimum were approximately constant (within 1 or 2 db). 

Each plotted point in a spectrum taken with this instrument 

therefore represents a band of frequencies Af in which the aver

age maximum and average minimum SPL in a band 0.02f (f being 

the center frequency) is near1y constant. Note that it does 

not represent the sum of SPL in a band Af. Line components are 

plotted as such along with the spectra. 

The most universal method of plotting the spectra would 

have been to reduce the SPL to their pressure spectrum 1evels 

in db (eg. reduce them to a bandwidth 1 c.p.s. wide) and plot 

this against f/f max as abscissa. This was done in only one 

case. The reason for not doing them a11 is this: The 2% B.W. 

Sound Analyser is be1ieved by the writer to be the best current 

basis for intercomparison of spectra of wideband random noise 

containing "line" components. This instrument gives a maximum 

of laboratory spectral information in a minimum of time; and 

this information is a minimum for noises such as fan noise be

cause they are not only wideband and random, but are like1y to 

contain a few line components. If this instrument receives the 

widest acclaim for 1aboratory measurement of fan noise at least, 

then less time is consumed by all if intercomparison of these 

dataare made of the basis of a 2% B.W. Sound Analyser sweeping 

the spectrum. Further ideas along this 1ine are mentioned in 

Art. 7·. 

Theoretically, these spectra should be corrected for 

standing waves at both sub horn eut - off frequencies and fre

quencies at which the higher modes present themselves. Such a 
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task has not been attempted here. Because of meter damping and 

the averaging method used to obtain the plotted data, the re

sulting spectra are believed to give a fair indication of things 

as they really are. 

Octave band spectra were corrected for transverse va

riations according to Art. 4.1.5. The average bandwise SPL as 

computed from the corrected minimum average and maximum average 

readings were then plotted. In many cases when the spectrum 

was declining rapidly, readings in the upper four bands were 

taken using the A and C networks of the SLM and the correct rea

ding derived therefrom as stipulated in the instruction manual 

for the octave band analyser. In all cases this was done for 

the 4SOO/lO,OOO c.p.s. band. Special procedures in the instru

ment manuals must be adhered to rigidly if reliable resulta, 

unadulterated by self noise of the instrument and such, are to 

be obtained. 

4.2.3 VIBRATION SPECTRA 

Octave band and 2% B.W. spectra were taken of particle 

acceleration and velocity from 20 c.p.s. to about 1100 c.p.s., 

at which point the pick-up crystal response coupled with the 

control box and SU~ becomes very non linear. These results 

were taken in the same way as the noise spectra. They were 

first corrected for no linear response using Fig. 7 Ref.~3, 

before computing acceleration and velocity from the voltage -

db conversion tables Ref.b3. 
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5. RESULTS AND DISCUSSION 

Noise origin, power and spectra of ducted centrifugai 

fans has been studied in detail. It was mentioned that the 

most important factor in acoustics is that the human brain can 

judge sound intensity and its spectrum at the ear. Overall 

acoustic power level and its spectrum, plus directivity infor

mation, completely describe · an acoustic source. Separating 

source and ear is an acoustical network; as simple as free 

space, as complex as the ventilating system in a large building. 

Whether it be music or noise that is involved, the acoustician 

will first study and modify the source, then the network medium, 

and finally the vicinity about the ear, in that order in any 

acoustical problem. The resulta herein add to the knowledge 

of one type of noise source; the commercial ducted centrifugal 

fan. 

The nature of noise is such that rouch data is required 

to obtain the smallest concrete result. It is therefore econo

mically desirable for the fan manufacturer to either avuid fan 

noise measurements or at least keep them to a minimum. On the 

other hand, the customer should be given sufficient information 

to roughly assess noise intensity and frequency distribution 

at any given point relative to the noise source. Ventilation 

and acoustical engineers are interested in both "source" and 

"load" specifications so that they can design the intermediate 

network accordingly. The simplest possible fan noise informa

tion is overall PWL at a given point of rating. This is insuf

ficient. Since the ear can judge spectra to an extent, fre

quency distribution of the source is essential. For ducted 
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fans in separate rooms remote from the listener, directivity 

is fixed in the sense that one is concerned only with the noise 

propagating down a duct. To have noise data for only one point 

of rating is impractical, since the fan may operate under 

varying load conditions, or never operate on the point of rating 

specified. 

What the fan manufacturer and ventilating or acousti

cal engineer should have at their disposal is a system of esti

mating the overall PWL of a given fan operating at a given 

point, then tag this PWL with an appropriate spectrum. These 

would not be precise, but would provide probable information 

regarding the acoustic source. More will be said in Art. 7. 

The present task is to establish a universal technique for de

termining PWL and its spectrum for a given fan operating unàer 

a given condition. 

The results herein are presented and discussed under 

the three broad headings of overall noise power laws, noise 

spectra and origin, and finally, other studies. They are sum

marized in Art. 6. The graphical data is arranged so that the 

Sirocco fan results always precede the HS fan results. 

5 .1 OVERALL FAN NOISE POWER 

In the review of the literature, Art. 1.1, many empi

rical formulae relating fan PWL with fan and flow parameters 

are given. Data is conflicting. For the most part the "laws" 

evolved are from PWL vs. U, h r.p.m. and H~ (see glossary of 
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symbols) with constant system (Fsyst> as parameter. The results 

presented here will exhibit further conflict. However, the 

author has gone a step further by accumulating a vast amount of 

measured data and organizing it to a high degree so that the 

most useful combinations of fan - flow - noise parameters are 

subjected to careful analysis. From this, a universal method 

of predicting ducted centrifugai fan noise output PWL is evolved. 

5.1.1 PREL~UNARY CORRELATION 

The first set of curves, Fig. 5.1a, b (a for the Siro

cco, b for the HS) consists of various fan and flow parameters 

plotted against air velocity, for constant speed. The symbols 

are repeated here for convenience (they can also be found in 

the glossary of symbols): 

Air Power = 1.575 x 10 -4 Qhs x 746 watts. 

Hp • Horse power to fan rotor. 

h5 • Static pressure of flow, inches of water. 

I = Sound intensity, watts/meter • 

Q = Flow, cubic ft. per min. 

U = Flow velocity, ft./min. 

"\~ = Efficiency of noise production 

= noise Eower from fan 
Power to fan. 

's = Static efficiency of the fan 

= Air Power (based on hs ) 
Power to fan. 

t• = Total efficiency of the fan 

=Air Power (based on ht) 
Power to fan. 

ht = static head plus velocity head, inches of 

water. 
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Comparing the PWL curve with the others: 

1. The PWL - U curve has a minimum for the Sirocco fan, but 

is nearly constant for the HS fan. The blade tip speeds 

are respectively 5000 ft/min and 10,000 ft/min, correspon

ding to about the mid point of the useful speed range for 

these fans. 

2. In the Sirocco case (Fig.5.l(a), the PWL minimum coincides 

almost exactly with the point where the unit capacity curve 

~{hs begins to change slope. This is further illustrated 

in Fig.i2 for three different fan speeds. 

3. The PWL minimum for the Sirocco fan coincides approximately 

with the maximum total fan efficiency and maximum Air Power. 

4. In Fig. 5.1a, I decreases very nearly at the same rate as 

Air Power increases, below the minimum PWL. 

5. The minimum of PWL for the Sirocco fan corresponds roughly 

with the constant PWL for the HS fan. (At these speeds, 

the two fans are operating nearly equivalently). 

6. The efficiency of noise production ~~displays a shape simi

lar to the PWL curve and for both fans has a minimum near 

l0-5. The air velocity here is ab~out 3200 ft/min, or in 

terms of Mach number U/C is about 0.047. According to 

Curle34 (see also Theory, p.79 Art. 2.2), the efficiency of 

sound power production due to boundary layer turbulence is 

~(Mach)3 for Mach<l. Using the above numerical value 

Mach = 0. 04 7, '1.~ ~ lo-4. Lighthill 's quadrupole field due 

to air turbulence alone has an efficiency that increases 

approximately as (Mach)5. Using I'4ach = 0.047, '1_f-0.2xlo-6 • 

This is evidence that the measured noise may be of an 

"aerodynamic" origin, primarily due to the action of solid 
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boundaries with air turbulence. 

7. Although both fans appear equally noisy at the PWL min. 

for the Sirocco fan, the Sirocco fan becomes noisier as the 

operating condition draws away from this point, but the HS 

fan does not. 

From this preliminary set of results we can conclude 

that the Sirocco and HS fans appear not to follow the same noise 

laws and that thereis possible correlation with unit capacity, 

air power and total fan efficiency. 

5 • .1..2 SPECIFIC SOUND, SPECIFIC SPEED 

On page 16 of the literature review, Art. 1.1, mention 

was made of the concept of specifie sound and specifie speed 

of a fan. Specifie speed is a well known concept of fan engi

neering whereby a homologous series of fans can have their oper

ating characteristics defined by one universal curve of static 

efficiency vs. specifie speed ( ~s vs. N ) • This is true provi

ded one is not considering operating conditions too remote from 

optimum (eg. maximum efficiency), as witnessed by ~s- Ns curves 

3, 4, 5, Fig. 5.3a and 3, 4, Fig. 5.3b (refer to the legenda 

for the operating condition these curves represent). The idea 

of specifie sound, it was stated, origina1ed -fli1h an unknown au

thor contributing to Ref. 54. The subject matter concerning 

specifie sound in this reference was related in Art.l.l. The 

idea is good, but requires further exploitation. To this end, 

two further specifie sound concepts are defined: 
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Specifie Power Level 

(PWL)
5 

: PWL-10 log (Qh 5 2) db re lo-13 watts •••••.••• 5.1 

where PWL is the measured fan output noise power level. 

Specifie Intensity 
( P\N L)s 

(I)s = lo-13(10)~ watts/meter2 ••••••••••••••••••••• 5.2 s 
l0-13 is the reference level for PWLand (PWL)

5 
in watts. 

S = Duct area in which the noise intensity is being measured 
(meters2) 

Although the dependent sound variable is PWL or (PWL)
5 

in the ensuing results, the variations of sound with various 

fan - flow parameters is more understandably expressed as the 

change in sound intensity I and (I)s in a given duct as a 

function of the fan - flow variables. 

(PWL)s vs. Ns is plotted for the Sirocco fan as curve 

1, Fig. 5.3a and for the HS fan as curve 1, Fig. 5.3b. Also 

plotted is the unit capacity curve (curve 2, both figures) and 

PWL - Ns curves for two speeds of the Sirocco fan, Fig. 5.2a 

curves 6 and 7. Data composing these results is for three wide

ly separate fan speeds and for each of the seven Fsyst values 

(back panel adjustment) mentioned in Art.4. For at least a 2 

to 1 fan speed ratio, comprising the useful portion of the fan 

operation, and a wide range of operating back pressures, the 

computed data (eq.5.1) forms a well defined V curve (within 

~3 db) for each fan type (curve 1, Fig. 5.3a,b). Note that 

this single curve contains results from all the fan operating 

points over a range extended well above and below its optimum 

rating. Observe the following: 

1. The (Pv~)s - Ns curves contain all the information one 



139 

need know about the overall noise power output of a 

given fan. By applying Eq. 5.1, the overall PWL of a 

given fan for any operating condition can be predicted. 

2. The (PWL)
5 

- Ns curves form a specifie V shape of straight 

sides. By the linear conversion for a given ducted fan 

condition from (PWL)s to (I)s, Eq. 5.2, the slopes of the 

curve branches are as follows: 

Sirocco: A(1.ls _ 6 below (PWL) s min. ---
.o..Ns 

= 4 ab ove (PWL)s- min. 

HS: .o. \1. ). . - 2 below (PWL)s min. 
., Ns 

= 2 above (PWL\s min. 

3. The (PWL) 5 minimum occurs approximately at maximum~~for 

the highest speed and approximately at the point where 

the unit capacity - Ns curve deviates from linearity. 

4. The (PWL)s minimum for the Sirocco and HS runner are both 

about 68 db. Since both fans operate at almost the same 

Q and hs at this point, they are equally noisy. The Sir

occo quickly becomes the noisiest away from this point of 

operation. This was found in Art. 5.1.1. 

It appears very possible that for each homologous series 

of fans, the overall noise power level can be represented by a 

single typical curve of (PWL)s vs. Ns. In other words, PvJL da

ta obtained from curve 1, Fig. 5.3a, b should coincide with 

measured date (wi thin a reasonable margin of say -:. 6 db) for all 

American Sirocco and knerican HS Series 81, single inlet fans. 

This represents a diameter range of 12" to 132" and a capacity 

range of zero to 400,000 c.f.m. at 6" water gau:~e. 
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A striking comparison between the published ~s - Ns cur

ves for the Sirocco and HS fan types (Ref.54, p.246, curves 

A and D), and the (PWL) 5 - Ns curves found above is made in 

Fig. 5. 4a,b( compare curves 1 and 3) • Two things are obvious: 

1. The maximum of"ts- Ns and minimum of (PWL)s- Ns are near-

ly coincident. 

2. The HS efficiency curve has a broader maximum than the 

Sirocco (this has been somewhat exaggerated because of the 

different efficiency scale used). There may,be sorne rela

tion between this and the slope of the (PWL)s - Ns curve 

on either side of the minimum (i.e., the broader the ef

ficiency curve, the lower the slope of the specifie sound 

curve). 

There seems to be little correlation between the 

slope of the efficiency curve and corresponding slope of the 

sound curve, although it is not unreasonable to expect such 

correlation. The slopes are as follows (found after converting 

the efficiency ordinate to a logarithmic sc ale and replotting): 

Sirocco fan: A Oî$ = - 6 and 4 
o. Ns 

ô. "\s = 
A N.s 

0.65 and - 1 

HS fan: 
6. ~1.\s = - 2 and 2 
A Ns 

C.. "'_s • 1.25 and - 1.5 
c::..Ns 

The first figure corresponds to the slope below the maximum 

efficiency, the second figure, above. It appears that the 

lower the slope of the efficiency curve, the higher that of 

the ( P11/L)
5 

curve, although the re are no grounds for this. The 

opposite is what would be expected. 
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In concluding this section, the specifie sound con

cept appears to be a most valuable tool for the estimation of 

overall fan noise. If testing of other fans in the same series 

gives almost identical curves, as they should, then armed with 

this one curve and applying eq. (5.1) one can predict the pro

bable overall fan noise PWL for any size of fan of a homologous 

series, for any operating condition. It will be illustrated 

later that most of the fan noise power is of "boundary turbu

lence origin" (see pp.67,68 Art. 2.2 for the significance of 

this), hence it is reasonable to expect the (PWL)s - Ns curve 

to hold for other fan sizes in the same series since the scale 

of air flow involved increases proportionately and other noise 

such as vibration is small in comparison. 

5.1.3 INLET VS. OUTLET NOISE 

All measurements for these curves were made at the 

microphone location shown in Fig. 1.3 p.l8. The noise measured 

here is almost equivalent to the noise at the fan outlet, since 

the duct cross sectional area is approximately the same as the 

area of the fan outlet. It is often inconvenient to measure 

noise from installed fans at this location. Usually the inlet 

is readily accessible. It would be of sorne value to compare 

the overall noise levels at these locations to determine whe

ther a correlation exists between them. It should since, as 

will be shown, much of the noise power is generated by bounda

ry turbulence at the blades. The inlet station was chosen as 

the axis of the inlet eye, at the junction of the bell mouth 

outer face with the fan casing. Àt this point it is a short 
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distance from the runner, and is just within the inlet flange. 

It is analogous to being just inside a short length of open 

duct. Due to mismatch between the inlet flange and "free 

space", the PWL will be somewhat higher just inside the flange 

than outside. At this position with the 2 3/4" windscreen in

tact, there was but small change of the air flow characteristics 

of the fan. 

The results are shown in Fig. 5.4a, b, curve 2. These 

curves represent the same wide range of operating points that 

curve 1 in the same figures do. The correlation appears rela

tively good for specifie speeds above the 1s maximum. Data be

low this for the Sirocco fan showed no form, while for the HS 

fan did display useful correlation. The inlet noise for the 

Sirocco fan is displaced about 6 db below the outlet noise while 

for the HS fan, it is actually above the outlet noise for higher 

Ns. This is due in part to additional noise generated at the 

bell mouth of the HS fan because of venturi - like shape and 

higher inlet air speeds. More will be said of this in Art.5.3. 

The acoustic characteristics of the two inlets and runners dif

fer, thus the degree of noise transmitted outward from the in

let will differ. 

Curve 2, Fig. 5.4a, b maintains its slope, and decrea

ses in magnitude as the microphone is moved axially away from 

the fan inlet. This held only out to about 6 inches from the 

inlet flange (12" from the Sirocco runner) at which point the 

ambient noise of the motor, plus the reverberant nature of the 

room affected the overall noise level. The overall level drop

ped about 6 db at 6" compared to that measured above. When the 
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microphone was inside the open inlet flange, the PWL ~ SPL 

because the inlet area ~ 1 ft. 2 • The SPL falls quite rapidly 

outside of the flange due to mismatch between flange and space 

and the diffusion of the noise energy over a wider area. For 

reliable measurements, the windscreen covered microphone should 

be just inside the inlet flange. The ambiant motor noise for a 

given fan speed was found to be about 10 db or more in each 

octave band below the measured inlet fan noise. 

For operation near maximum efficiency, or above maxi

mum efficiency, adding 6 db to the inlet PWL for the Sirocco 

fan, and leaving the HS inlet PWL unchanged should represent 

roughly the overall PWL of fan outlet noise (when the outlet is 

ducted). A similar, though not identical, correlation should 

exist when the fan is used as an exhauster, with ducted inlet 

and free discharge. 

5.1.4 DUCTED CENTRIFUGAL FAN NOISE LAWS 

It appears probable from Fig. 5.1 and 5.2 that the va

tiation of fan noise power with various fan and flow parameters 

will be quite different for different fan types. Not only that, 

but there seems to be a further division of laws for each fan 

type, differing from one side of the 1s maximum(PWL minimum) to 

the other. It is very probable that each slope of the (PWL).s-\~ 

Ns curve represents a different set of laws. 

What follows now is a wide selection of curves repre

senting nearly all the useful variations of fan PWL with flow -

fan parameters as independant variable. These results, Fig.5.5 
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to 5.12, were constructed mainly from the four basic experi

mental curves as outlined in Art. 4. The letter''a~following 

the figure number represente Sirocco results,'·b~- H.S fan re

sults. These results are now briefly discussed. The reader 

is requested to refer to the glossary of symbols whenever neces

sary as most of these symbols have been used previously. Noise 

intensity I watts/meter2 is the dependent variable used in the 

laws. 

Fig. 5.5. PWL- log. %U~ (free flow), speed constant. 

A universal way of expressing fan discharge into a 

system offering a certain back pressure is as a fraction of the 

flow the fan would deliver into free space (back pressure, hs•O). 

For each constant speed selected, there is a specifie Ur (free 

flow air velocity). As back pressure increases, for constant 

speed, the actual flow velocity as a fraction of U~ decreases. 

This then forms the abscissa of Fig. 5. Air velocity U~is the 

independant variable, modified to the form log% u~. 

PWL vs. log Z Uf at constant speed (eg. blade tip 

speed V constant) is a well defined V-shaped curve for the Si

rocco fan and a rather poorly defined shallow one for the HS 

fan. Their shape as a function of speed is relatively constant. 

From Fig. 5.1, the nearest correlation is with Air Power (which 

is proportional toU x hs). A given increase in speed does not 

yield a proportional increase in PWL, but something less than 

this. The behaviour of these constant speed curves is best de

scribed as follows: 
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11 
b( u -1.2. below yt s max. 

'"'< J>...iT_' Po'-1 e.Y \i 

Sirocco fan: 

\1. ~ U c; \v above ~· max. 

HS fan: li ""'< ~- 1 \v 1 •2~elow ~.s max. 
•••~{~i\"" f'o 'H e1 \V 

[I~ Consta'V\tJ" V >8000 ft/min} 

[I ~ t>..iT Po'«e~v V< 8000 ft/min 
above . yt s max. 

The subscript (V in this case) outside the brackets indicates 

the parameter held constant. The term '1s max. refers to the 

maximum static efficiency of the fan as discussed in connection 

with Fig. 5.4. It corresponds approximately to the minimum fan 

noise. The laws above "<l.s max. are to be taken to apply at Yz s T'l\~'4. 

also. 

Fig. 5.6 PWL vs. log U (flow velocity), back pressure (hs) 
constant. 

The independant variable here is simply the log. of 

flow velocity U. The significance of constant back pressure hs 

is that as U increases the back panels for pressure regulation 

must be opened more and more. This follows because hs ~ u2 

and if the system were held constant, hs would increase with U. 

This set of curves has use only if one has a fan Which is to be 

operated at a specifie condition of hs, but variable U and Fsy.st 

(meaning variable system as seen from the fan). The relations 

are: 

Sirocco fan: 

[1 eo.<_ \J'1~.s above ~s max. 

HS fan: L1-:::::: constant with u]hs>2.5" Ht.O 

[1~ \j _o.s] hs-<:2.5" H'tO below ~_,max. 

(1 ~ \J 2
'
5 ]h.s above .'l_s max. 
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Fig. 5.7 PWL vs. log. back pressure {hs), flow constant. 

A commôn situation in ventilating problems is that the 

air volume required is the first known, and all the other un

knowns follow in the system design and fan selection. For a 

given capacity, or air velocity in the main duct, the back pres

sure the fan must operate against is a function of the ventila

ting system inserted between the fan and room to be ventilated. 

It is instructive to know how the noise level will vary with 

the back pressure (system design). 

milar patterns of variation: 

Sirocco fan: [l :::::: constant wi th hs] u 

tr c.< ~~"1.-S J \J 

HS fan: [I-< \.._ ... o.s-J\.1 
("1 ""< ~ s .... :J u 

Fig. 5.7a, b display si-

below ~s max. 

ab ove \ J max. 

below ~s max. 

above -,_..r max. 

This ends the relations of constant parameter other 

than the ventilating system itself (Fsyst :constant). Before 

turning to these, it should be pointed out that there are va

rious additional curve families involving Hp and speed as the 

constant parameter or as independent variable. These two va

riables are only considered with Fsyst constant. Hp and speed 

have not been plotted with U and hs, because these latter are 

the more fundamental in any ventilating system. Hp and speed 

follow naturally once U and hs are known. U and fan speed are 

generally proportional for a given fan, hence they can be in

terchanged in the graphs. If one desires relations ether than 

those presented here, they can be computed f rom the (PWL·) s -Ns 

curve for the fan type in question, and Eq. 5.1. All data plot

ted here are of course measured values. We now turn to relations 
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of PWL, (PWL)s, U, hs, V, Hp with Fsyst as a constant parame

ter. This is the parameter which has been assumed held con

stant in all the fan "noise laws" given in the literature review 

Art. 1.1. 

Fig. 5.8 PWL vs. log blade tip velocity (V ft/min), 
Fsyst constant. 

The commonly held view in North America is that fan 

noise intensity varies as the 5th power of the fan speed. In a 

British handbook55' it varies as the 5.5 power of fan speed. In 

part, both are correct, but not for all operating conditions or 

fan types. In Art. 2.2 it was inferred that the boundary tur

bulence noise from a rotating system could vary from a 4th 

power of speed to a power of 7, depending on the details of the 

rotating system and airflow. The results of Fig. 5.8 a and b 

show a dependance on .speed running the gamut from 1 to à, de

pending on the fan type and operating condition. Operation 

near free flow (Fsyst low) however does show a more or less 

uniform dependance of I on the 5th power of speed. 

In Fig. 5.8, three curves have been plotted, corres

ponding to three positions of the back panels (seven curves in 

all were taken). Curve 1 is typical for Fsyst low. This cor

responds to high air flow, low back pressure operation with 

specifie speed (Ns) well above the Y)_
5 

max. point. Curve 2 is 

for Fsyst medium, corresponding to the ~_,.max. (P'NL min.) point. 

Curve 3 is for high hs and Ns well below the 1_s max. point. At

tention should be paid only to the solid curves in the upper 

half of Fig. 5.8 a, b. The solid curves in the lower half show 

the corres ponding increase of back pressure with fan speed for 

each of the above mentioned Fsyst• We have the rather incon-
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sistant relations: 

Sirocco fan: [ 1 ""'-(\/"1 Fsyst.·, for V< 4500 ft/min 

below and above 'l.s max. 

\ 

stot.j 
l<»<\J J Fsyst; for V / 4500 ft/min 

ab ove yt max. 
\· n· s l ll <><'J . • j Fsyst; for V ) 4500 ft/min 

below "1_s max. 

HS fan: t '2..+ .. s1 
1~\/ Fsyst;where the larger exponents are for 

1 

operation above ~,.max., the smaller exponents below. 

In conclusion, the variation of PWL with fan speed is 

not a dependably constant variation, hence should be used with 

caution. 

A better relation appears to be specifie sound vs. V 

for the HS fan, but is of little added value for the Sirocco 

fan. (PWL)
5

- log V curves are represented by the dashed lines 

in the upper half of Fig. 5.8 a, b. We see for the HS fan they 

are a uniform family so that 

l (1\s (eg.specific intensity) c::J.. '\J-" l Fsyst; above and 

b elow "1;,smax. 

Fig. 5.9 PWL vs. log U and log hs, Fsyst constant 

The upper half of Fig. 5.9 a,b contains two sets of 

curves. The solid ones are PWL vs. log U for the same three 

Fsyst as for Fig. 5.8. The dotted ones are the corresponding 

variations of hs with each of the Fsyst• We find a dependency 

of A! vs. L::..U of from 1.25 to 6, which is not surprising since 

there is a close relation between V and U and AI varied with 

the first to the eighth power of V in Fig. 5.8 a,b. The dotteè 

extension of solid curve 3, Fig. 5.9a is a rough indication of 
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PWL vs. log U ror high Fsyst as speed is increased to a surfi

ciently high value. What actually happens is that the unit 

capacity ~~eventually departs from its linear variation as 

discussed in connection with Fig. 5.2. When Fsyst is high, hs 

is high and Q relatively low for a given speed, hence in the 

range of the results, this condition is not reached up to maxi

mum rated fan speed. An attempted explanation of these seeming

ly inconsistant results is left until after the noise spectra 

have been examined. What we have is: 

Sirocco fan: 
r o-t .. s1 
ll--< U j F syst·, below '1..., max. 
r s+.' 1 l 1. ""<V F syst i above '1_ ... max. 

HS fan: ~- 1 to'l 1 
~ ~u Fsystibelow~~ max. 
r- \.J""3i"o4] Lie.< Fsyst;above l.r max. 

PWL vs. hs is plotted in the lower half of Fig. 5.9 

for the same three Fsyst values as before. It is commonly held 

l 
\ 'I...S 

that for a gi ven point of rating on the 1._ .. - Ns curve, ~ <=>< ê. Y\.s • 

These curves of course represent widely varying points of ra

ting, but nonetheless this relation is approximately valid over 

part of 

Sirocco 

HS fan: 

the fan operating conditions. 

fan: II.~ ""': s-J F syst 

li':< ~s~ .s1Fsyst 

h..,<. 1.5" H'2.0 

h.s < 3" H..,_O 

below "t ... max. 

above 1.r max. 

below '1..s max. 

above l.s max. 

A.bove the hs limits for the Sirocco fan, I varies 

with hs in the manner nbt.e·d, bottom of Fig. 5.9a. 
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Fig. 5.10 PWL vs. log Hp to fan, Fsyst constant. 

This bas been one of the main centers of study in the 

past, in order to relate fan PWL with an easily obtainable pa

rameter, Hp. Beranek, Kamperman and Allen3 found that for fans 

operating near maximum efficiency (rated load) I~Hp, while for 

a given fan operating at variable load, I~Hp2. G. Chipps found 

this latter to be true only near maximum efficiency and low 
'X.. 

back pressures. As hs increased l"'< Hp where -:x.. approaches 1 

from 2. This finding is substantiated by the writer, Fig. 

5.10a,b upper half. The three curves correspond to the three 

values of Fsyst previously used. The dotted extension to the 

medium-high curve, Fig. 5.10a is the probable locus if speed 

could be increased above rated value. 

Sirocco fan: Ll-< \-\~ 1 F syst ; wh en operating below \~ max. only, 

for the Hp well below rated. 

I-1. ~ \\/.s t.'l.) Fsyst ; when operating below '1.s max. only, 

for Hp approaching rated. 

[1.""< \-\,'1.1 Fsyst near .and above '1_smax. 
\1.. \\ o;JSt••·s-\ HS fan: l -< ~.. J Fsyst below '1_., max. 

[1.-< \h ,.s-J Fsyst above '\...s max. 

The lower portion of Fig. 5.10a, b contains a trace 

of the (PWL) :s - Ns curve from Fig. 5.3a, b respectively. The 

points near this trace are a result of calculating (PWL)s, Ns 

data from Fsyst = constant values,compared to blade tip speed 

V = constant as in Fig. 5.3. Agreement is quite good. 

It is obvious from the above results that relations 

between PWL and V, hs, U and Hp are not consist~nt enough to be 

too useful. vle shall examine the variations of (PWLI.s with 
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these same parameters. This time however, percent free flow 

(Ui) is held constant at four values for the Sirocco fan and 

three values for the HS fan. This is very approximately the 

same as holding Fsyst constant (back panel openings} as was 

done in Fig. 5.8 to 5.10. It should be noted that for the same 

range of back panel adjustment (Fsyst), the flow characteris

tics of the Sirocco fan varied more than the HS fan. For this 

reason 1. Ur <40% cannot be given for the HS fan. 

Fig. 5.11 (PWL)s vs. log U and log hs, % U$ constant. 

Sirocco fan: L (1).,'!:. Co"'stoo"'"'\" _;,rth \.J} Ï.Ur below Y(,s max. 

((I).s""<Uo-t.s- }.Y.\Jr above~ ... max. 

HS fan: [(Ils. ""< \J- .,_]/. u F above and below ~ s max. 

Sirocco fan: [ (1.) s = Col'\s"tc:t"'t -...1\\-'nJO/. below ~s max. 
t.IJr 

l \"I.\3 "'<~;+· 3 Jï. uF above 'l s max. 

HS fan: L (I\s a< 'n .. -' 17. u:ho"b;low 'l_s :ma~. 

Fig. 5.12 (PWL)~ vs. log V and log Hp, % u.r- constant. 

Sirocco fan: L \1'\s = Const .. .._t -...ii\\.-" 17.\JF" below '\. .. max. 

L tr\s--< Y o + • s 1·;. Ur above '\. s max. 

HS fan: L (I\s ~ "1 -2.1% \Jr above and below ~ .. max. 

Sirocco fan: t (1. \:,-=- Col'\s"\".,., .. ;t ~n\- \-\~ b elow Yl max. l ~JJ.\lr ll 

[ ("'I.}.s -1. \-\p .. +· p·~ % \Jr ab ove '1s max. 

L(It ...J.. \-\"'T""·'sjï.u..- above and below '1smax. 

Attention is also drawn back to Fig. 5.8a, b upper 

half where (PWL)s vs. log V, Fsyst constant,was plotted as 

dotted curves. This was noted in the discussion on this figure. 

The useful noise power or intènsity relations or 



0 
Vl 
x 
0 
Vl 

0 

N 

:s: 

.. -.~ - · -- ·- .... ...... , 
. ;.~j~: ~l;- -~i ;_: :; _~~ 

~-· __ : __ !,-.-~!-- ~-~- -_ i:~c- ;,: _ .:~_ fi- ·-· ' . .. ·· t ·1 _ ~i~Ju: 



0 

" 

- ~ : 1 

-:· · • ·· i t ·· · · · · · i • . 
~- : ~ ~; ·: ; -~ t ~ :> . '.-1 

·i ~ i~~~ -~-f t~ 

~ ::.; :-: .;-:·:· : 
V> 

"' w 
I 
CJ 
c 
I 

','·j .; ~ l:! tMHP~~~~_;_. . .;.~+-,-i.+:hoi;r . .;_:.:..~.+;....-.. ~4-J~_._.L.~-4-i+~~.:::+-t:"H:P:.~~-i-!+t-t+-i+-H-++ii-l-i+++l 
. : ~~ -~- ; :.- ~: . t : . ~- . 

:: ::::.: 



F\ G. s. \ 2 a ~=> ... ~~ lç;?. 

;:J:l: ·::l: •.;; ·::.L:. :~:.··:--:·Uf~-;'f:!:;t'l D.~+:tl: .. :;:~Cl.!:.:~;· .. :: ;:;: -n. 11:\::;::;·1 ;. ~· ;p!':-:b:. ~:. :~::. :: ~:J':":+/\·~·;; ~j.f; r::·: :t;:.Jr lllmiFm: -~ · mf':}~·] Uj ~,_.,.J ., .,, •• 1 .... 1 • ••• 1. ~ • .,....,r---..,..-;-\j .ll, .. ,t- .. ·'-'1' .......;-<-t'"·"', .-rrl•· . r-l•1 1 V .\..~ ... ,_,_ ~~- 1 --1-;·-Nr:-r~•·-·'--.~+ ·-+-+-·-+-:1-1 ... r .. ·-t-'- • .._.-~... ... .-.[;~• ~+·-L 1- - +-i-fl.,. 
..... ··-· · ~· ·'r , ··r+· 1

• .. t 1 ........ __._.- ···-t·r- ,....._ -~~- ~-1 ...... +-•• t·'.t-.+~-~H .f.~..,J .. l ..•. :.j .• ·~ . .;_-·.- -~-...--4;._~ .•. -,_ rt-·'···r-·-· .. -~-----~.+ ..... ·rt.· ·.-t--l+·-r·· +--.-~~ .... ·t--··. · · '-'- l'' 1 • ·.. · t. ·l' ..... • ,. ·-- 1 ···•• .J.j_._,+-1._,, • -~ .. l---

1
, .lr~-;+ft t'"+'~i~-- ..-+--+--t---~r t+r•r~ i ~-- 1+·• :.,. ~-~.~----:t-·•· .... , ... '1fi±i._ ·r '.''·.:...--r-1••-; ..... ·~ 1·1. ··t ·r~ ....... ~ ··r:: .... ···t--·: ·:-::~~ ~ü·· ···r(-'"". '[~ .. ~·~~l't ..... ,.r1 . ., .. f-·· •••... , .•• -'-'.r·'·-- ...•... , . .. , ......... ~ ·-i+.··ti ·!i··'"rt-'H 

.:·-·.-·.' ·.--J:!r_·:··-.·:·:·~·:·. ~~ ·t~ • .. ~~ -~----~- ~~--~ --~-... ,_ ; --·~· , i ...... 1tl-~·t"t ..... --)_~~ •. !··•·•ct-~-~-·----.-- ......... ~,--,~ ·······''- ......... +++ +......;- .j... ... ~-..-+•· 
.. ~ · -~, .:;::1.~.::1!..!:,;~:.:~ .;;~.:: .. ; ::-:~..:.:,:: •. ~:t:;' :~~~;;t:'r• OJLn::.;.~~'~'"'i!'~11 1!>l:l!f~lllf+~~ :~+;:-11.,+·t+t 4::;:t:-1 





170 

"laws" are those which possess a cc;>nstant exponent_.. Once- . 

given a reliable (PWL)~- \-..~Ns curve and the fan flow character

istics, most of the laws become superfluous, as they can be 

computed from Eq. ( 5.1), ( 5. 2) • It i s sometimes valuable . how

ever to estimate a change in sound intensity in a given system 

with sorne change in operating characteristics. Fan noise 

"laws" are then of value in saving calculation time. 

These sections, Art. 5.1.1 to Art. 5.1.4 discussed 

means of predicting overall fan noise power with little regard 

for the theory of why these variations are so. This will come 

during a discussion relating to the origin of noise in centri

fuga! fans, Art. 5.2. 

5.2 SPECTRA, AND CENTRIFUGAL FAN NOISE ORIGIN 

Having studied possible general laws relating fan 

noise P\v.L with fan - flow parameters, we turn to the important 

subject of the origin of noise in the fans, and spectra to be 

related with the PWL results. The spectra are of two types; 

2% B.W. or octave bands as discussed in Art. 4. The reader is 

reminded of the contributing noise components predicted in 

Art. 2.2. 

5.2.1 FAN NOISE OUTLET .SPECTRA 

(at microphone station shown in Fig.l.3 p.l8) 

Figs. 5.13a, b show the fan outlet noise spectra on a 

2% B.W. basis for various conditions of flow. The upper half 

of Fig. 5.14a, b shows the same thing on an ~ve bandbasis. 
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Note the following: 

1. The Sirocco and HS fan spectra on a 2% B.W. basis are 

quite different but on an octave band basis are similar. 

2. The higher the back pressure,hs, (the lower the %U~) the 

higher is the first band noise (Fig. 5.14a, b). 

3. There is a component or hump near log f - 2.2 that in

creases as % U:~ increases (as the air flow velocity U 

increases). 

4. Both :the rotational line component (r, ) and blade component 

(b,) are prominent. The second harmonie of the rotational 

component(r~) is prominent in the HS fan noi se output. 

These "line" components were discussed in Art. 2.2.4. They 

are: 

r~ = the nth harmonie of the rotational frequency line 

component = , (fan66•P•m•)n c.p.s. 

b~ = the nth harmonie of the blade frequency line compo

nent • (fan r.p.m. x no.of blades) n c.p.s. 
60 

Note that these components are much more prominent in the HS 

fan spectrum than the Sirocco; a consequence partly of the 

higher speed and fewer blades. The variation of these compo-

nent~ with back pressure at constant speed are shown for the 

Sirocco fan at the bottom of Fig. 5.13a. The rotational com

ponent r, pas ses through a broad minimum in the vicinity of 

maximum efficiency (1smax) while the blade component b, passes 

through a maximum in the region of maximum air power (based on 

hs), somewhat above the\ s max point in terms of specifie speed 

(Ns). Logical variations for the HS r,, r~ and b lina compo

nents were not apparent as hs was varied. These components re-



mained relatively unchanged. 

5. The continuous portion of the spectrum is the greatest 

contributor to Sirocco fan noise, while it is not the 

greatest part of the HS fan noise. 
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6. The continuous Sirocco spectrum declines at a greater rate 

with frequency than does the HS fan spectrum, although the 

bandwise difference Fig. 5.14a, b is not as marked. This 

is likely a consequence of the higher (double) speed of 

the HS fan. Note too that the higher the back pressure, 

the faster the spectrum declines with frequency. This is 

in line with other workers4, 7 in the field. 

These features are simply list.ed at this time and 

will later be referred to when discussing the origin of the 

noise. 

In Fig. 5.14a, b upper half there is a curve designa

ted as being for no air delivery. This is not a spectrum for 

fan eut-off but is that obtained when the fan runner was co

vered over its inner periphery so that it could still rotate 

and cause sorne air turbulence, but would not deliver air. This 

alteration of the noise source had a much more marked effect 

on the spectrum for the Sirocco fan than it did for the HS fan. 

It will be seen later that some of this noise is due to remai

ning air turbulence at the blades and not due to mechanical vi

bration of the fan. Efforts to enclose the runners with smooth 

material so that they would rutate with negligible air turbu

lence failed because of the centrifugal forces involved. Had 

this succeeded, the contribution of noise due to V·ibration alone 

could be measured. As it was, it had to be estimated from vi-
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bration measurements, as discussed later. 

5.2.2 FAN RUNNER PWL AND SPECTRA 

The main purpose of the many noise spectrum results 

is to separate the noise origins. It was predicted in Art. 2.2 

that the major contribution to fan noise would be due to boun

dary turbulence at the blades, especially since most centrifu

ga! fans are designed to operate at blade tip spee&of 4000 to 

13,000 ft/min. The next step in the separation of noise compo

nents was to remove the runners and rotate them in an anechoic 

chamber, as described in Arts. 3, 4. 

The overall noise power (PWL), generated by the runners 

as a function of speed is illustrated in the upper half of 

Fig. 5.15a, the lower half of Fig. 5.15b. (See Art. 4.1 for 

the method of obtaining this). The solid curve represents the 

runner PWL vs. V while the dotted curves form the envelope of 

overall fan outlét noise PWL over a wide range of back pres

sures. The runner PWL lies about 5 db below the fan PWL for 

the Sirocco fan, but almost equals the overall PWL for the HS 

fan. The rate at which the runner PWL increases with speed is 

quite the same as overall PWL vs. speed, Fsyst constant, Fig. 

5.e. This is further evidence that turbulence at the runner 

blades is the major. source of noise in a fan. It is not so at 

very low fan speeds because of the ''constant" system noise. 

It is interesting to note the effect on the runner 

noise when the runner is covered on the inner periphery. At 

the higher runner speeds, overall PWL decreased about 9 to 10 db 
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for the Sirocco runner; about 4 to 5 db for the HS runner. 

The same effect was recorded when measuring fan outlet noise 

with the inner periphery of the runner covered. The results 

for this are shown at the top of Fig. 5.30 p.l29for the Siroc

co fan and the top of Fig. 5.15b for the HS fan. PWL vs. speed 

is compared between the covered runner (solid curve; sorne blade 

turbulence plus vibration, no air delivery) and the envelope 

of fan noise results under varying operating conditions (dashed 

curves). Under this condition it is still mainly turbulence at 

the outer blade tip that is responsible for the measured noise. 

The difference between the inner radius covered, and uncovered 

case,is greater for the Sirocco fan than the HS fan. This lies 

in the smaller b1ade depth, b1ade shape and c1ose1y spaced 

b1ades of the Sirocco runner as compared to the HS runner. Other 

differences such as the different rate of PWL increase with 

speed are 1eft to Arts. 5.3.1, 5.3.4. 

Let us now study the runner spectra measured in the 

anechoic chamber. Fig. 5.16a, b each contains very useful in

formation. Before examining them, three points shou1d be èla

rified. First is that the stations used for the measurements 

are indicated by the sketch in the upper right corner of Fig. 

5.16a. They are referred to in the legend and are the same for 

Fig. 5.16 a and b. Next, it was mentioned in Art. 3 that the 

qua1ity of the anechoic room 1acked much, and that a bandwise 

check on the approximation to free space is given in Fig.5.15a 

bottom. The spectra drawn are therefore not precise resulta, 

but are reasonab1y good average resu1ts. Third1y, curves 5 and 

6 Fig. 5.16a and curve 6 Fig. 5.16b are the ambient noise spec-
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tra for the apparatus running minus the runner. A short steel 

shaft fitted to ball bearing pillow blocks provided the driving 

linkage between the interior and exterior of the anechoic room. 

A steel support was used outside, a wooden one inside. Due to 

the inherently noisy operation of ball bearings, and the lack 

of a rigid foundation (such as concrete) for the base in the 

anechoic chamber, the ambient noise is relatively high, but for 

the most part does not contribute significantly to the runner 

spectra. Exceptions to this are near 1000 c.p.s. for the Siroc

co runner, and line components a, r
1 

and r 'l. for :the . . HS . runner • . · 

Curves 3 and 4, Fig. 5.16a, and 4 and 5 Fig. 5.16b dif

fer only in that the lower one is the SPL sorne 3 feet from the 

runner, while the upper one is the SPL 1 foot away. In free 

space this means a difference of about 9 db. The difference 

actually obtained varies from 7 db to 9 db due to the imperfect 

anechoic chamber and the averaging of the results from three 

stations. These curves are the relative spectra of the runners 

alone. They are similar in this respect to spectra obtained 

by past workers for rotating cylinders and the like. The pro

minent features are: 

1. The spectra are continuous and widebanded. This was 

predicted in the theory for spectra of rotating ele

ments. 

2. The Sirocco runner spectrum is relatively flat over a 

wide frequency range. There are no line components. 

There is a broad maximum ranging from about 40 to 120 

c.p.s. 

The HS runner on the other hand has a peaked spectrum, 
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the fundamental blade frequency b 1 appearing as a line 

component at the spectrum maximum. The SPL falls off 

quite rapidly on either side of the maximum, although 

it remains continuous. Rotational components r
1 

and r1. 

are also present, but this is an abnormal situation 

due to slight runner unbalance and the nature of the 

support used. 

Review for a moment the noise from a subsonic propellor. 

The noise is similar to that generated by a pulsing flow and 

consists primarily of a few frequencies of constant amplitude 

harmonically related to the blade passage frequency. At sub

sonic tip speeds, the fundamental predominates. Or recall the 

noise from a bluff obstacle in an airstream. Looking back to 

Fig. 2.4(f) p.?O we find the peaked but continuous spectrum of 

noise observed by Gerrard33 for a circular cylinder in an air -

stream. 

How shall we consider the Sirocco and HS runners as 

noise generating rotating systems? If they consist of a few 

relatively deep blades rotating at low subsonic tip speeds, 

they are somewhat analogous to a combination of a pulsing de

vice and a bluff obstacle in an airstream. We should therefore 

expect a peaked spectrum with perhaps a line component at the 

blade passage frequency plus possible harmonies. Next consider 

the rotating system consisting of a large number of shallow 

closely spaced blades moving at fairly high subsonic tip speeds. 

Let the system approach a cylinder. In the limit the plate 

would simply become a smooth cylinder rotating about its longi

tudinal axis. The noise output from this system would be low 



except at high surface speeds at which point we would have 

noise from boundary layer turbulence. In Art. 2.2 it was 

pointed out that the spectrum due to this (Mach.<l) is very 

wideband, has no prominent components,but passes through a 

broad maximum over a frequency range depending on the surface 

speed. This maximum shifts upward in frequency as speed in

crea~es. For a rough surfaced circular cylinder, boundary tur

bulence would increase vastly and the noise output therefrom 

woulà be significant at a much lower speed. The spectrum how

ever should still be characterized by its width, maximum and 

lack of line components. 

The Sirocco runner consists of closely spaced shallow 

forward curved blades rotating at tip speeds on the order of 

Mach. = 0.1. The HS runner consists of deeper back inclined 

plates, fewer in number hence farther apart, but operating at 

tip speeds of about Mach = 0.2. The Sirocco runner would be 

expected to have a broader, flatter noise spectrum than the HS 

runner, in light of the above paragraph. A third general series 

of centrifugai fans is the radial blade type. These are of two 

general classes, a wide shallow bladed one with specifie speeds 

intermediate between the Sirocco and HS runner; and narrow deep 

bladed pres~ure blowers of low specifie speed. These radial 

types usually have only a few blades and therefore resemble pad

dle wheels. The blades are generally deep and the blade tip 

velocities lower than the HS or Sirocco fans. We can then pre

dict their spectrum from above considerations as being sharply 

peaked at the fundamental blade passage frequency, plus some 

prominent blade passage harmonies. 

Looking again at Fig. 5.16a and b confirms what has 
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been said regarding the Sirocco and HS fan runner spectra. It 

should be borne in mind that converting these to an equivalent 

1 c.p.s. bandwidth base would tilt the spectra clockwise about 

the 100 c.p.s. frequency. They were plotted in the 2% B.W. form 

for reasons given in Art. 4.2. 

5.2.3 AIR TURBULENCE SPECTRA 

(Anechoic chamber and termination study). 

Driving a fan runner alone in space at rated speeds 

sets up tremendous turbulence about the runner. For the tests 

in the anechoic charnber, on the order of 1 Hp was delivered to 

the Sirocco and HS runners at maximum rated speed. This enar

gy was spent as heat generated by air turbulence. In the 

length of time it took to record one 2% B.W. spectrum for exam

ple (20 to 30 minutes), the temperature in the closed 1,4 x 103 
0 

cu.ft. anechoic chamber would rise sorne 20 F from the original 
0 0 

ambiant of 6$ to 73 F. This turbulence existed in strength on-

ly within about 1 to 2 feet of the runner blade tips, hence on

ly station 3, Fig. 5.16a would be in this turbulence. The mi-
0 

crophone was suspended firmly at this station for 90 incidence, 

and the noise recorded for bath runners. The spectral results 

are given by curves l and 2, Fig. 5.16a and curves 1, 2 and 3, 

Fig. 5.16b. The increase in law frequency power i s tremendous, 

as one can appreciate by observing the ordinate magnitude bet

ween the results at station 3 and those at station l on the run-

ner axis. Af.ter examining the spectra for the various stations 

1 to 6, it must be admitted that most of this additional signal 

is not so much due to noise per haps as due to ineff iciency of 



187 

the windscreen in preventing the air pulsations of turbulence 

reaching the microphone. If this were not so, the low frequen

cy power would be increased everywhere in the anechoic room. 

In Fig. 5.16b, curve 3 is the recorded output at sta

tion 3 for the HS runner rotating in normal direction. Curve 

2 is for the runner rotating .. at the same speed in the opposite 

direction, so that the runner now has blades that are forward 

inclined instead of backward inclined. The air turbulence is 

greater~as would beexpected,since the forward swept blade is a 

very blunt obstacle compared to the element of "streamlining" 

a~sociated with the backward swept blade. Curve l is for no 

windscreen on the microphone, the HS runner rotating in the same 

direction and at the same speed as for Curve 3. It shows a 7 

to 13 db attenuation for the windscreen at these low frequen-

cies. 

The results appear rather discouraging for measuring 

fan noise in an airstream with this design of windscreen (which 

is among the best, as noted in Art. 3). The turbulence resul

ting from rotating the runners was of a gusty nature however, 

unlike that which would be encountered in a wind tunnel. There 

is evidence to show that the windscreen was performing satis

factorily in the acoustic waveguide. Turning back to Fig.5.13a 

and b, the highest low frequency components (below 50 c.p.s.) 

actually occur for the lower flow, higher back pressure condi

tion, not the highest f low as one may first expect. 

There is further experimental evidence of low frequen

cy nois e output from turbulence in a ventilating airstream (as 



opposed to a "gusty" turbulence when spinning the runners 

alone). 
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Means for determining this was afforded by the con

flicting aerodynamic · - acoustic requirements for the transi

tion between the acoustic waveguide and its termination (i.e. 

the exponential horn). The requirements to match the flow in 

a pipe of one diameter to that of another, with minimum loss, 

is that the transition have as small a taper as possible (7° 

max. recommended by N.A.F.M.). Acoustic matching in a minimum 

of space requires an exponential, catenoidal or hyperbolic pro

file. Aerodynamically, these shapes result in pressure loss, 

additional turbulence and uneven air flow distribution (over 

and above that which may already be present) beyond the horn. 

What actually occurs is illustrated by the air flow contours, 

Fig. 5.17a, b, right side, for various conditions of system 

friction (Fsyst, back panel adjustment). The view is looking 

into the horn mouth towards the fan. The arrangement of appa

ratus is shown in Fig. 3.5 p.IOI. It is interesting to compare 

the different effects equivalent Fsyst has on the flow beyond 

the horn as produced by the different runner types. The higher 

the Fsyst (or back pressure) against the Sirocco fan, the more 

central the apparent flow center in the termination, whereas 

it i s low Fsyst which produces this result in the HS runner 

case. Centrifugal fans exhausting into a duct of area equal to 

their outlet area cause a vertically non-uniform flow, the lar

gest velocity component being above the duct axis. The f low 

is quite symmetrical in a horizontal plane. This would follow 

from the outward air velocity component at the blade, tending 

to increase the flow near the duct roof. Thi s condition is 
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modified to varying degrees by the back pressure against which 

the fan must operate. This back reaction affects the exhaust 

flow characteristics of differently designediUnners to varying 

extents, depending on the runner design and condition of opera

tion. 

The stream characteristics beyond the horn mouth afford 

an opportunity of: 

(1) Assessing the efficiency of the windscreen. 

(2) Verifying whether the air flow itself actually causes 

a measurable noise output compared to the fan noise. 

This can be done where the stream is highly concentra

ted, leaving the rest of the termination cross section 

without appreciable air motion. If a microphone is 

placed in this quiescent section, it will record noise 

from the fan, plus turbulence noise due to the air

stream, without being affected by the turbulence it

self,~ince it is not in moving air. The windscreen is 

still used as a precaution against any low flow which 

could not be estimated with the Pitot tube and mano

mater. 

Compare now the SPL contours over the same section, 

with the air flow contours. In Fig. 5.17a, b the SPL contours 

are on the left hand side. Note: 

(1) The striking resemblance in the contour maps. Looking 

at the SPL and flow maxima, the SPL increases with the 

flow density, but not proportionately. 

(~) Most important, note that the SPL in the quiescent re

gion increases with the flow density. It does not in

crease significantly with maximum flow itself, but with 
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the density or gradient of the flow, as witnessed from 

the bottom diagrams, Fig. 5.lla, b (Fsyst low). Thus 

the SPL is 101 db in the quiescent region of the 

48 ft/sec. max. flow of the Sirocco fan, but only 96 db 

in the quiescent area of the 40 ft/sec. max. flow of 

the HS fan. The difference is the relatively steep 

gradient from the max. to min. flow for the Sirocco 

case as compared to the moderate gradient in the HS 

case. This follows from Eq. (2.16) where we found the 

momentum flux tensor, which is the principal noise ge

nerating component in turbulent flow, was proportional 

to the gradient of the time mean momentum flux crossing 

a surface whose normal is perpendicular to the direction 

of the component of momentum flux being considered. 

What we would 1ike to do at this point is to evaluate 

the additional noise PWL due to this turbulence. It is not pos

sible,unfortunately,because of equipment limitations such as 

standing waves below horn eut-off hence hoarding of noise power 

within the duct. Air speeds within the duct are high, but do 

not vary appreciably in the cross section until the duct wall 

is approached. The air velocity reduces to zero at the wall 

and the resulting large velocity gradient would give rise to 

some boundary turbulence noise. The result is that the PWL 

measured in the duct is higher than that which would be obtained 

by adding 11 db to the average SPL recorded near the horn mouth. 

The measured PWL in the duct is as follows for the speed and 

flow conditions specified in Fig. 5.17a, b, compared with the 

approximate estimate from the contour :maps of SPL across the 

horn mouth: 
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TABLE 5.1 

FAN FLOW CONDITION PWL (duct) PWL (horn) 
watts) (Fsyst) (db re 10 

-13 

Sirocco High 
Medium 
I.ow 

115* 105* 
111 
116 

HS High 
IVIedium 
Low 

111 
116 

113* 
113* 
112 

106* 
llO* 
112 

The values wit~ the asterisk are not in accord, the 

duct PWL being higher than that estimated from the horn. A 

major reason for this is that the measured SPL is dependent on 

the air flow velocity and gradient (Fig. 5.17) which is much 

higher in the duct on the average than in the termination. We 

might postu1ate that the true fan · noise is real ly that measured 

in the quiescent regions of Fig. 5.17a, b left side, and the 

rest is due to air turbulence within the duct. There is insuf-

ficient evidence to support this however because·: 

1. The PWL of the fan runners a1one as measured in the 

anechoic room would exceed the fan PWL estimated as 

intimated above. The runner PWL readings may be some

what high because of the low frequency directivity 

factor being greater than unity due to the runner loca

tion as shown in Fig. 3.3. p.97. The inadequacy of 

the anechoic room gave runner PWL information which 

estab11shed the order of importance of the blade tur

bulence noise, but did not give it precisely. 

2. The unknown behaviour of the windscreen in certain 

turbulent condi tions as mentioned in connection with 

the upper curves of Fig. 5.16. 

3. There are significant 1ine components r, and rt in the 
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20 - 75 c.p.s. band below horn eut-off. These may re

sult in a hiq~ measured PWL in the duct than in the 

termination,for reasons given in Art. 2.1. 

The evidence does remain nonetheless that the higher 

the gradient of velocity in the air stream beyond the horn 

mouth, the higher is the SPL in the quiescent regions of the 

termination, fan speed being constant. For flow densities such 

as represented by the lower right map of Fig. 5.17a, one might 

expect the noise generated by this turbulence and its reaction 

. with the bounding walls to be nearly of the same order as the 

noise from the fan runner blade turbulence itself, which is the 

main source of noise in the system. If for example a constric

ting throat such as that used in supersonic wind tunnels is in

serted in the system, it is not unreasonable to expect a signi

ficant noise increase, solely due to air turbulence and the re

action on it of the bounding walls. 

It is instructive now to examine the noise spectra in 

the flows of Fig. 5.17a, b and compare them with Mawardi and 

Dyer's36 wind tunnel noise spectra. (Ref.Art.l.2). The spectra 

are plotted in Fig. 5.18a, b. The stations referred to in Fig. 

là are found by the points of intersection of the appropriately 

numbered arrows on the perimeter of the SPL contour maps, Fig. 

5.17. To avoid overcrowding of Fig. 18, the legend refers to 

the curves by the plotted point symbo1s and type of line (eg. 

whether so1id, dotted, etc.). Observe the following (referring 

to Fig. 5.17 and 5.18): 
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1. The similarity in spectra shape of the Sirocco and HS fans 

for equivalent Fsyst and flow condition. 

2. The rather minor rôle of the blade passage frequency and 

adjacent spectrum for the HS fan,compared to the prominence 

exhibited by Fig. 5.16b. 

3. The significant hump in the spectra straddling the 120 to 

180 c.p.s. band. This hump is apparent upon examination of 

the fan outlet noise in the duct, Fig. 5.13. There it grew 

in magnitude with increasing flow (decreasing back pressure) 

at constant fan speed. This hump is not due to fan runner 

turbulence or vibration, as seen from Fig. 5.16 and the bot

tom dashed cur ves Fig. 5.1$,which is the termination noise 

measured when the inner periphery of the runner was covered 

as discussed before. In this condition the runner can re

tate and cause sorne air turbulence at the blade tips, but 

cannot deliver air (no pressure differential across the 

blades). The spectrum becomes much flatter in this region 

as fan speed, hence flow decrease; and becomes more pro

nounced as speed and flow increase. This part of the spec

trum is attributed to aerodynamic noise caused by the com

bined action of turbulent air flow, and termination and 

horn boundaries reacting on the turbulence. These bounda

ries are "soft" since they are composed of l" fiberglas on 

quite rigid wood panels. For a given fan speed, a higher 

flow causes a wider, higher maximum than low flow, high 

back pressure. The low frequency side of the hump especial

ly reflects this. 

4. The vast increase in low frequency noise when the microphone 

is placed in a high speed, concentrated flow compared to a 
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lower speed distributed flow, or compared to placing the 

microphone in a quiescent region (study Fig. 5.17, 5.là 

carefully). This phenomeoon is similar to that encountered 

in the anechoic room runner tests, when the windscreen co-

vered microphone was placed in the turbulence. Sorne of the 

increased signal is undoubtedly due to increased noise, but 

sorne of it must also be due to the design and presence of 

the windscreen covered microphone in the flow, as discussed 

in connection with the upper curves of Fig. 5.16, and also 

in Art. 3. If this additional signal was entirely turbu

lence noise, then the low frequency portion of the spectra, 

Fig. 5.18 taken in the low flow regions of Fig. 5.17, would 

be higher. 

The conclusion that the 120 to 180 c.p.s. (approx.) 

maxima in Fig. 5.18are due to aerodynamic noise (point 3 above) 

is substantiated by the following theoretical and experimental 

evidence: 

(1) Plotting the spectrum level of this region against 

f/f max. (fmax being the frequency of maximum signal) 

allows comparison in Fig. 5.19 with Mawardi and Dyerts36 

wind tunnel noise spectra. As pointed out in Art. 1.2, 

their work was done on supersonic flows which differ 

aerodynamically from subsonic flows, but in which the 

mechanism of noise generation is comparable. They con

elude that their spectra definitely point to noise of 

aerodynamic origin. Results were compared with Mawar

di and Dyer's only for the Sirocco fan, but similar 

results obtain for the HS fan, as comparison of Fig. 
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5.18a and b reveals. The higher the speed and concen

tration of the flow, the closer the noise spectrum 

measured in the quiescent region near the flow approa

ches that of Mawardi and Dyer's wind tunnel noise, and 

also that for isotropie turbulence27. 

(2) The higher the I'iach number of the flow, the great er 

the noise magnitude and the higher the maximum fre

quencylB,44. This is evident in Fig. 5.18a where the 

solid curve, low graph,is for the lowest flow, (Fsyst 

high Fig. 5 .l?a), the--:.-:-- curve, upper graph is for a 

higher flow (Fsyst medium Fig. 5.17a) and the ~ 

curve is for the highest flow (Fsyst low Fig. 5.17a). 

Note how the hump widens, shifts and increases in mag

nitude as flow velocity increases. 

It appears that most of the low frequency signal in

crease when placing the windscreen covered microphone directly 

in the flow is not true fan - flow noise, as this would be con

trary to the theory that suggests that as flow increases, so 

also does the frequency of maximum signal. Generally the spec

trum seems to be a maximum near the lower audible limit, de

creasing with frequency. There is only one shred of experimen

tal evidence to the contrary, as seen from comparing the low 

frequency portion of the--+- ; - - -1--- and curves 

Fig.5.18 (both lower and upper graphs). These curves corres

pond to a microphone position in the maximum flows of Fig.5.17 

for the appropriate Fsyst• Comparing the three curves, the low

est is defficient of appreciable low frequency contribution 

(U max= 30ft/sec). The time average of the highest flow 
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(U max • 48ft/sec) shows a maximum near 85 c.p.s. This growth 

and shift of the low frequency contribution to the spectrum 

vaguely fulfills theoretical expectations. It may simply be due 

to a new scale of pressure fluctuations superposed on the flow 

turbulence, caused by the presence of the windscreen covered mi

crophone. 

If what has been said is true, then at higher flows, 

the low frequency portion of the noise spectrum as measured in 

the duct may be high. This would account for the increase of 

I with V~ or u~ when ~ becomes increasingly greater at high 

flows for the Sirocco fan (Fig.5.8a ). It would not account 

for the uniform exponent obtained with HS fan, because the 

power of the r, , r 'l... rotational line component is relati vely 

great when compared with the adjacent continuous spectrum. The 

error cannet be very large however because octave bandwise the 

outlet noise spectra as measured in the duct retain their rela

tive shape at various fan speeds for constant percent free flow 

reasona:bly well, except for the 75 c.p.s. to .300 c.p.s. bands 

which increase proportionately with flow. This is a result of 

the increased turbulence noise discussed above in connection 

with Fig. 5.17, 5.18, 5.19. The bandwise increase of noise 

with speed is left to Art. 5.2.5. 

Fig. 5.18c is the octave band equivalent of Fig.5.18a. 
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5.2.4 VIBRATION 

Classified under this heading are the following noise 

sources: 

1. The rotational line components r, , r~ etc. as previous

ly defined, due to runner unbalance and finite flexi

bility of fan base and housing. 

2. Miscellaneous sources of vibration coming from the fan 

plates, bearings, etc. Duct vibration was confirmed 

negligible by measurement. 

Most of the graphical data is for the Sirocco fan. 

Where results differ appreciable for the HS fan, they have also 

been included. The reader is referred to Art. 4.1.4 for method 

of measuring fan vibration. 

When the wavelength of sound emitted from a vibrating 

source is larger than the source dimensions, acceleration (ace.) 

of the source is the best criterion to assess probable sound 

output. When the wavelength of emitted sound is smaller than 

the source dimensions, velocity (vel.) of the source is the best 

criterion. Since the tested fan principal dimension is on the 

order of one foot, the approximate division between ace. and 

vel. is 1000 c.p.s. Nearly all the vibration spectrum occurs 

below this, thus acceleration is the prime indication of proba

ble sound emission. 

As mentioned before, the closest attempt at measur.ing 

noise due to vibration was by covering the inner runner peri

phery so that the runner could not deliver air. However when 

the runner rotated, considerable turbulence was still in evidence 
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at the blade tips, masking noise due to vibration. Some cor

relation was obtained by comparing the spectrum of this noise 

with that due to runner turbulence Fig. 5.16 and acceleration 

of the fan housing, as described in Art.4.2.J. The comparison 

of covered runner noise and fan housing acceleration is made 

in Fig. 5.20.: __ (Sirocco fan} and 5.22· (HS fan}. The seeming 

jumble of curves on the lower half of Fig. 5.20 .. are for four 

conditions of fan operation at constant speed. Except for de

tails, they are similar. Compare the general trend of these 

curves with the noise spectrum curve obtained for the covered 

runner (microphone in the du ct}. In Fig. 5.2 2. _, the two curves 

to compare are 1 and 2. The acceleration spectrum, curve 2, 

for the HS fan changes but little with varying fan operation at 

constant speed. The general similarity between the noise and 

acceleration curves at sorne of the frequencies indicates that 

part of the noise is due to fan vibration. Where correlation 

is not good, the major noise is likely due to turbulence at 

the fan runner blade tips. In other words, for the Sirocco run

ner, most of the measured noise from 25 to 400 c.p.s. is due to 

vibration. For the HS runner, line components r,, r~ , r 3 and 

continuous spectrum from about 200 to 400 c.p.s. is attributa

ble to fan vibration. The upper graph of Fig.5.30 shows the 

overall Sirocco vibration noise to be at least 10 to 15 db be

low the overall fan noise. The upper graph of Fig. 5.15b 

shows the overall HS noise to be only 3 to 5 db below the over

all fan noise. This is primarily due to the large rotational 

line components r, , r '1.. and r::s • Were it not for these, the vi

bration noise would be 10 or more db below the overall noise. 

The magnitude of the rotational components is a function of 
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dynamic runner unbalance, fan rigidity, installation rigidity 

and rotor speed. The effect of the fan base is covered in 

Art. 5.3.2. 

Curve 3, Fig. 5.2~. and Fig. 5.21 give vibration velo

city spectra for the HS and Sirocco fans respectively. As pre

dicted, the spectral correlation between sound and vibration 

velocity becomes more positive with increasing frequency. Again 

Fig. 5.21 contains three velocity curves, all similar, differing 

slightly with various conditions of Sirocco fan operation at 

constant speed. 

Fig. 5.23 illustrates how little the bandwise accelera

tion of the Sirocco fan changes with percent free flow at con

stant speed. The three solid curves prove that increasing the 

speed results in a greater change of overall fan vibration with 

percent free flow with constant speed. 

Overall vibration acceleration and velocity increase 

with fan speed is plotted in Fig. 5.24 for the Sirocco fan. Re

sults are similar for the HS fan. The dashed envelopes repre

sent the total scatter of points for the various speeds. This 

scatter increases with speed and is due to the V - curve effect 

noted in Fig. 5.23 for various fan operation at constant speed. 

The higher the speed, the sharper this variation. The minimum 

vibration occurs at maximum mechanical efficiency (near maximum 

static efficiency). These variations are not nearly as great 

for the HS fan. Observe that as speed dro ps , fan acceleration 

and vi bration approach a r elat i vely const ant low value anà t he 

scattering of points decreases. Actually, the average vibration 

should decrease quite linearly (aside from structural resonances) 
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with speed, approaching zero as speed does. The change in 

s1ope with increasing speed is a consequence of aerodynamic re

action on the fan. The fan is now able to deliver useable quan

tities of air at significant pressures. The straight line of 

slope = 4.5, Fig. 5.24 is the increase of sound intensity 

in the duct due to the covered Sirocco runner (mainly vibration 

noise) with runner speed. Near top speed, 

Sound pressure p ~ r.m.s. velocity of the vi-

brating source ( \f). But acceleration a • d. \r • 
tit 

Since sound 

intensity I <»<.P2, it also varies as \!~or a. Considering the 

final average slope of velocity and acceleration with fan speed, 

it is apparent that it is the acceleration which primarily de

termines ~r.p.m. This was predicted earlier. The solid 

curves within the envelopes of Fig. 5.24 are for the covered 

fan runner (no air delivery or "no load" as stated on the graph). 

The upper envelope as a ratio with this no-load curve representa 

a ratio of about 2. Since . I <::.J.... a, the inc rease in fan vibration 

PWL between "no load" and the worst condition (near free flow) 

is about 3 db at the high speeds. Thus it is possible to esti

mate the probable range of vibration noise for different ranges 

of back pressure at constant speed. This has been done to ob

tain the envelope on either side of the solid curve, upper graph 

of Fig. 5.30. This spread is much less for the HS fan, hence 

has not been computed for Fig. 5.15b upper graph. 

The final vibration graph, Fig.5.25a,b is a bandwise 

plot of acceleration with speed. The solid lines are for Fsyst 

. low, while the dashed ones are for Fsyst high (high back pressure). 

The solid curves are not as extended because of lack of driving 
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motor power. The results indicate that the acceleration of 

the Sirocco fan does not increase indefinitely at an increasing 

rate as indicated in Fig. 5.24a, but appears to pass through a 

resonance condition. Note too that most of the vibration is in 

the lower two bands. The HS fan results show a rapid increase 

of acceleration similar to the Sirocco fan, then a tapering off. 

There is a suggestion of installed fan resonance near a fan 

speed of 1800 r.p.m. in Fig. 5.25b for the Fsyst high condition, 

but not the Fsyst low. This is probably a consequence of the 

back pressure reacting aerodynamically on the runner blades to 

increase the reciprocating thrust on the fan housing at its re

sonant point (near 30 c.p.s.). Base resonance is discussed in 

Art • 5 • 3 • 2 • 

5.2.5 OCTAVE BAND FAN NOISE INCREASE WITH SPEED 

We have come to valuable conclusions from the foregoing 

fan noise spectra, Art. 5.2.1 to 5.2.4, regarding the origin of 

fan noise in particular. It has more or less been established 

that the main noise sources are from air turbulence at the 

blades and in the duct (or at the fan outlet flange if the duct 

area is much greater than fan outlet area), plus line rotational 

components due to fan runner unbalance causing vibrations and 

"pumping" of air as outlined in Art. 2.2. There is still ano

ther avenue worth exploring to confirm these conclusions, and 

that is to observe how the various noise sources we have mea

sured i ncrease bandwise with fan speed. 

Octave band fan outlet noise increase with fan speed 

1s given in Fig. 5.26a, b for widel y different f low conditions . 
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The desired information may be hard to pinpoint for the unini

tiated due to the large amount of data condensed onto these 

graphs. Aid is given by referring to the legend on each page 

where the slope of ~~r.p.m. is listed for each band and flow 

condition, and each curve is referred to by the plotted point 

symbol and a number. Two observations should be noted on the 

part of the reader on this type of graph; the slope of the ap

propriate band vs. speed, and the relative position of the oc

tave band curve with respect to the overall noise curve. In 

Fig. 5.26a for the Sirocco fan, note the relative importance of 

jÙand 4th band (where the overall audio band is here termed 

the lst band) noise for flow conditions (a) and (b) compared to 

{c). These bands contain most of the aerodynamic noise gene

rated by air turbulence in the duct. As such they should in

crease with about the 6th power of fan speed34. It is seen this 

is approximated for the Sirocco fan, and only for band 4 in the 

case of the HS fan, Fig. 5.26b. In addition observe: 

1. The lower slopes of the first 5 bands for the HS fan com

pared to the Sirocco fan. 

This is attibutable partly to the blade turbulence noise, 

as shall be seen, and partly to the relative importance in 

the HS fan noise of rotational components r~, r~, r 3 caused 

by runner unbalance, hence vibration. Correlation will al

so be seen with this later. 

2. The absolute value of most of the bands is somewhat higher 

for the HS fan than the Sirocco, keeping in mind that for 

approximately equivalent operation the HS runner operates 

at twice the Sirocco speed {eg. add 0.3 to the Sirocco 

abscissa scale). This is a consequence of the higher opera-
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tional speed, hence larger blade turbulence noise. 

3. The higher the air flow (eg. the higher the percent free 

flow or the lower the back pressure) for a given speed, 

the higher is the magnitude of the upper bands of noise, 

and also the faster they increase with speed. This is a 

combination of blade and duct turbulence. It is seen from 

Fig. 20 that there is negligible vibration in the upper 

three bands but that in Fig. 5.19 aerodynamic n~ise is 

very wideband. The higher the fan speeds anà air flows 

involved, the higher the significant noise extends into 

the upper frequency regions. 

4. Second band noise is most important in low % Ui Sirocco 

fan noise. This is possibly due to a modifying effect of 

back pressure on blade turbulence and increased r
1 

, Fig. 

5.13a. 

5. The difference in results between high % UF and low % Uf 

is more marked for the Sirocco than the HS fan (remember 

this was true for overall fan noise PWL). Graph (a) and 

(c) Fig . 5.26a corresponds to the same Fsyst as (a) and 

{b) respectively in Fig. 5.26b. 

Before making definite conclusions, let us examine 

Fig. 5.27 and 5.28. Fig. 5.27 contains the bandwise increase 

with speed of noise generated by the "covered" Sirocco and HS 

fan runners (Art. 5.2.4). The noise is due to vibration and 

s orne turbulence at the blade tips. Note: 

1. The slopes of bands 20 to 600 c.p. s . have decreased com

pared to Fig. 5.26. Especially observe this reduction for 

the 150 to 300 c.p.s. band where aerodynamic noise was 
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most evident before. 

2. All levels are higher for the HS fan due to the added vi

bration of higher speed operation and added blade turbu-

lence. 

3. The 300 to 600 band becomes the major contributor at the 

highest HS runner speeds. This is the band of maximum 

blade turbulence power, Fig. 5.16b. 

Fig. 5.28 contains two important sets of data; octave 

band increase of runner noise with speed, and the effect of 

octave band levels and increase in speed due to placing the mi

crophone in a very turbulent stream. For partc:.n\cp, the runner 

noise exhibits the following characteristics: 

1. The important bands increase with speed to the 6th and 7th 

powers, as boundary turbulence noise should according to 

the theory. 

2. If n is Sirocco runner speed and 2n is the equivalent HS 

runner speed, the overall HS runner turbulence noise ex

ceeds that of the Sirocco by about 5 db. 

3. The band following the 300 to 600 c.p.s. band in which 

maximum HS runner noise exists (see Fig.5.16b} contains 

more power due to the higher average level and double the 

frequency range (eg.600 to 1200 c.p.s.). 

4. Bands 2, 3 and 4 of the HS runner noise contain mainly 

vibration noise from the assembly in the anechoic chamber. 

They are of minor significance at the higher speeds. Band 

2 (dotted) contains a resonance (runner support resonance). 

Parts c<acd are b.andwise comparisom.of noise in Station 1-l, Fig. 

5.17a bottom, and Station 2-2 of the same figure. The first 



0 
V) 

" 0 
V> 

N 
s 
lu 

~ 
0 
(\) 
w 
:r 
CJ 
c 
:r 

~ · . : . '1 
- · : r-, ... . , 

:~;-~i:::~ 
• ·-. •'r ''' 

r-~ i~-~:~ ~ ~}1 
.. . . . . . . ~ 

· t ~ • : • • • 1 • . 

~ • • , 1 • ' • 
: •• 1 ; ~ •• 

t-~~~~ ~--1 ~~ 
;i--~~~ : t·: 

t 

--· -· .. ·---- ·-
+ ; ; ' • r ' -~ ·- - ,1- · 

nldf!Il 
• . • ' • • ~ 1 

• • 1 • . . 

l. ; .•• ; . ! 
•::· 



222 

graph in the~d part of Fig. 5.28 is for the maximum flow posi

tion, the second graph for the quiescent flow adjacent to the 

main turbulent stream. Note particularly that bands, 1, 2, 3, 

7, 8, 9 increase appreciably due to the microphone being placed 

in the flow. In both cases the slopes of all the bands increase 

with speed to the 5th to 7th power, except the 20 - 75 c.p.s. 

band in the quiescent flow which increases with the 4th power. 

Essentially all of the power within the flow is in the 20 - 75 

c.p.s. band as confirmed in Art. 5.2.3. 

The conclusions to be drawn from the results of this 

section are: 

1. Fan runner and stream turbulence noise verify the theory 

that they are of boundary turbulence origin thus increase 

with the 6th power of speed. 

2. The upper three bands (1200 to 10,000 c.p.s.) are predo

minantly aerodynamic noise as suggested by theory, the re

sults of Fig. 5.19, and the lack of significant vibration 

towards this band. (It was not possible to accurately 

measure vibration above about 1000 c.p.s. because of non

linear response of the vibration measuring system; ref.6~ 

p.8 ). The fan noise spectra behave similarly in this 

range. 

3. Those bands which fail to increase with the 5th power (or 

greater) of speed are probably influenced by vibration 

noise; in particular the rotational component r 1 and its 

harmonies. For fan operation below maximum static effi

ciency (ytsmax.) this becomes increasingly apparent for 

the lower bands of noise. Consider the slopes of the fan 
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outlet noise bands with speed for high Fsyst; (c) Fig. 

5.26a and (b) Fig. 5.26b for the Sirocco and HS fans res

pectively. In the 20 - 75 c.p.s. band for the Sirocco and 

the 20 to 150 c.p.s. band for the HS fan, rotational com

ponents r,, rt, r
3 

are know.n to become an appreciable por

tion of the noise in these bands. These line components 

increase with ·fan speed at a rate which is characteristic 

of the fan- base vibration (resonance effects, etc; see 

Fig. 5.25a,b}. The 300 to 600 c.p.s. band varies but lit

tle with the HS fan speed. Evidence of fan vibration and 

runner noise increase with speed in this band points to a 

5th power relation instead of 3 as obtained. It may be 

explained by the gradual shift of important components with 

speed. For example in Fig. 5.22. : there are two significant 

components in this range. One is a maximum near 310 c.p.s. 

and the other is the "blade" component at 565 c.p.s. at 

the particular blade tip speed of 10,000 ft/min (2830 r.p.m.). 

At lower speeds, the rather broad maximum is in the 150 

300 c.p.s. band while the blade component is within the 

300 - 600 c.p.s. band. At higher speeds the first maximum 

is in the 300 - 600 c.p.s. band while the blade component 

is in the 600 to 1200 c.p.s. band. At 2830 r.p.m. as plot

ted, they are 2/3 in, 1/3 out of the band. The effect is 

to raise the band power at low speeds due mainly to vibra

tion, decrease it at high speeds due mainly to a shift in 

the major part of the blade turbulence power out of the 

band. 
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5.3 ADDITIONAL RELEVANT STUDIES 

5.3.1 INLET NOISE SPECTRA AND BANDWISE SPEED INCREASE 

In Art. 5.1.3 fan outlet and inlet PWL were advanta

geously compared. There is little similarity in the spectra 

between ducted outlet and open inlet centrifuga! fan noise. Oc

tave band analyses for three varying flow conditions appear 

back in Fig. 5.14a for the Sirocco fan, 5.14b for the HS fan. 

The three flow conditions in the legend occur for the same re

lative back panel (Fsyst) position for each fan. The inlet 

spectra appear to increase in~itude rather uniformly with 

air flow (speed is constant in this graph), regardless of back 

pressure at the outlet. For this reason correlation between in-

let and outlet PWL Fig. 5.4 was not too positive below the max.~ 3 
point (higher hs, lower U). The blade component for the HS 

fan is about 510 c.p.s. This accounts for the peak of the 

300 - 600 c.p.s. band and indicates that the runner spectrum, 

Fig. 5.16b, plays a dominant role in output noise. As such we 

would expect most of the inlet noise bands to increase as the 

5th or 6th power of speed. This is approximately true for all 

of the Sirocco fan bands and most of the HS bands as seen in 

the following table: 
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TABLE 5.1. 

BAND\flSE INCREASE OF FAN INLET NOISE WITH SPEED (À ~/o.n) 

BAND SIROCCO HS 

Fsyst Low Fsyst High Fsyst Low Fsyst High 

Overall 5 5 5.5 5 
20 - 75 5.3 4.S 4.5 4 
75 - 150 5.5 5 6.5 5.5 
150 - 300 5.7 6 4 4.5 
300 - 600 5 6.5 5 6 
600 - 1200 5 6.5 6.5 8 
1200-2400 6.5 8 6.5 7.5 
2400-4800 7 7 6.5 7 
4800-10,000 7 7 8 7.5 

A 2% B .VI. spectrum for the Sirocco fan is gi ven in 

Fig. 5.29 and for the HS fan, bottom of Fig. 5.13b. Looking 

first at Fig. 5.29 curves 1, 2 and 3 (curves 4 to 6 were dis

cussed in Art. 5.2.4) we find: 

l. There is considerable power at the lowest frequencies. 

This seems due to a scale of turbulence caused by the in

rushing air around the microphone windscreen plus the noise 

of the incoming eddies breaking on the runner. When the 

runner is covered for no air delivery at the same speed 

(curve 3), the low frequencies are well down. 

2. In curve 3 there is a vibration maximum centered at 120 

c.p.s. (see also Fig. 5.20· ). Note how this increases in 

magnitude, width,and how it shifts to the right slightly 

as air flow increases at the same speed. This is due to 

both added magnitude of vibration and air turbulence in 

the flow, mainly the latter as pointed out in Art.5.2.3. 

3. There is a second small maximum in curves l and 2 centered 

at the blade passage frequency, 570 c.p.s. There is a 

falling 8pectrum of sorne width on either side of this 

blade frequency, accounting for the broadness of the maxi-
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mum as contrasted with a line component. The blade spec

trum appears more significant in the inlet noise than the 

outlet noise. 

4. Note the marked decrease in noise as back pressure increa

ses (flow decreased) at the same speed. Curve 2 also de-

creases more rapidly at the higher frequencies, as was 

found in the outlet spectra Fig. 5.13a. 

The HS fan inlet noise spectra are plotted in the lo

wer half of Fig. 5.13b for the same two Fsyst as used for 

curves 1 and 2 Fig. 5.29. The spectra are quite different from 

the Sirocco spectra, the line components and spectrum associa-

ted with the blade passage (the maximum centered at b) playing ,;; 

the dominant rôle. The nth harmonie rotational components are 

r,, r~ and r 3 • The decrease in power with decreased flow at 

constant fan speed does not lower the inlet spectrum signifi-

cantly except for frequencies above about 300 c.p.s. 

5.3.2 FAN INSTALLATION VS. NOISE 

There are generally three requisites for installation 

of centrifuga! fans for minimum noise: 

1. Quiet prime mover and drive (eg. - electric motor and 

V- belts, fluid drives). 

2. A vibration break between fan and ducts to prevent 

transmission of vibration down them. 

3. A rigid base insulated from the building as far as pos

sible. 

The original cause of vibration at the rotational fre-
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quency (r·~Ôm. c.p.s.) and its harmonies is runner unbalance. 

This mechanism of generating noise was discussed in Art.2.2.4. 

Runner eccentricity on the order of 0.010" for the Sirocco fan, 

0.005" for the HS fan was noted using a dial micrometer (having 

multiplied travel) on the inner runner periphery. The cast hub 

for the Sirocco fan was visibly eccentric. The runners had been 

factory balanced however as evidenced by drilled holes and/or 

welded counterweights. Dynamic unbalance and structural flexi

bility of the fan supports is very critical as far as vibration 

and rotational line components of noise are concerned as witnes

sed by Fig. 5.20;11 · and curves 1, 2 and 3, bottom of Fig. 5.30. 

In Fig. 5.30b, the importance of base flexibility or vibration 

freedom is illustrated. Curve 1 is the vibration noise measured 

in the duct for the covered Sirocco runner. The spectrum of 

this noise and the fan housing vibration is gi ven in Fig. 5.20· .• 

The base is that of Fig. 3 .4a p. 104; structural steel bolted to 

a wood-on-concrete floor. Curve 3, which lies some 4 db above 

curve 1 is for the base illustrated in Fig. 3.4b; a heavy wooden 

structure on felt vibration isolators. These isolators virtual

ly eliminated vibration transmission to the floor, but allowed 

the base a certain freedom to vibrate, move, or rotate about 

its centroid due to dynamic unbalance of the fan runner. A 2 % 
B.W. analysis showed the increase in PWL over curve 1 is solely 

due to rotational components ~ , r~ and r 3 plus higher minor 

harmonies. Curve 2 is the result with the base of Fig. 3.4b 

resting on planks instead of vibration isolators. 

For research on noise from ventilating air flow tur

bulence, it is important to minimize vibration due to runner 
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unbalance and structural flexibility if êase of analysis and 

accuracy of results is important. The fan used should have a 

well balanced runner and be mounted rigidly on a concrete base. 

Large low speed fans will have their rotational funda

mental well below 20 c.p.s. and harmonies near the lower audio 

limit. These become of negligible importance as far as the ear 

is concerned. They are still important when making measurements 

with a standard SLM or octave band analyzer because these do 

not eut -off sharply below 20 c.p.s., thus it is possible for 

sub - audio power t .a itl.flu.ence .. mâ~sured audio power in the 

low band. 

5.3.3 AERODYN~4IC UNBALANCE VS. NOISE 

This refers to unsymmetrical inlet air flow, uneven 

blade spacing or shape and any eccentricity of the runner, not 

from the viewpoint of vibration it creates, but from the view

point of a "cam" action generating air pulses. The important 

manifestation of these faults is added power to the rotational 

line component and harmonies. Some &hsurd conditions were esta

blished to illustrate this point. Curve 4, Fig. 5.30b is the 

PWL resulting from the Sirocco runner when it was covered on 

the outside periphery. Due to centrifuga! force, the cover was 

not perfectly concentric with the shaft and it also possessed 

a ridge. Although the fan delivered no air, the PWL was high 

because of line components r~ , n = 1 to 8, the fundamental 

being the largest component. Next a cover was inserted over the 

inner periphery of the fan such as was used for vibration noise 

measurements. A slot equal to one blade width (1/36 of the 

Sirocco runner circumference) was eut out of the covering. The 
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fan could then build up sorne pressure across one blade only. 

The measured PWL ( in the duct) is given by curve 5, Fig.5.30b. 

Rotational harmonies up to the loth were measurable with the 

2% B.W. analyzer. Next, 26 out of the 36 Sirocco bladeswere 

exposed (adjacent to one another). The measured overall PWL 

was: 

r.p .m. 

àOO 

1200 

Fsyst 1ow 

130 db 

139 db 

Fsyst high 

123 db 

127 db 

The resu1ting air pulses propagating down the duct were 

"deafening" and the fan vibration notkeab1y increased. These 

resu1ts are probab1y high because of the 1ow frequency storage 

of energy in the duct below horn eut-off (see Art. 2.1). These 

are ridicu1ous examples of course, but they serve to illustrate 

that the contribution to rotational line components of noise 

due ·to slight aerodynamic unbalance is not to be ignored. 

There is additional evidence in the literature (ref.Sl) 

that if there is an induced rotary motion of the inlet air in 

centrifuga! fans of relatively few blades (radial type) particu

lar1y, the blade passage frequency noise will be increased. Fur

thar, if there is an unsymmetric flow to the inlet, caused by 

the presence of sorne obstruction such as a motor support near 

the inlet, turbulence is established such that when it breaks 

on the runner blades, it may give rise to product modulations 

of the blade passage note. (eg. If f = fan note corresponding 

to number of blades x r.p.s. and f is the frequency of the major 

vorticy set up by the obstruction, there will be formed tones 

of f 1 , f, - , f · ~ f 
1 

+ f). The presence of the se si de bands was 
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not detected for various obstructions and flow conditions in 

this research, but is a possibility in slower speed, fewer bla

ded centrifugai fans and is a likelyhood in axial fans. 

5.3.4 BLADE PROFILE VS. NOISE 

Visualize fan runner blades in any cross sectional 

form. If they were cylindrical or tear-drop shaped, they would 

be expected to rotate through the air with relatively small 

turbulence compared to a section such as a flat plate, broad 

side leading. Any irregular blade shape not approaching that 

of a cylinder may be considered as a blunt object generating 

more turbulence by its motion than that of a cylinder. We would 

expect a greater PWL from it than from a cylinder moving through 

the air at the same -speed. The spectra would differ widely; 

quite white for the plate, peaked for the cylinder, as previous

ly considered. 

A very rudimentary study was made on three common 

blade profiles, sketched in Fig. 5.3la. They were fitted in 

turn along a horizontal duct diameter,2" in front of the micro

phone location Fig. 1.3 p.l8. The duct area at this section 

was thereby reduced 12%, which is not too serious from the point 

of view of air acceleration around the blade. With the Sirocco 

fan rotating at a blade tip speed of 4800 ft/min as source, and 

Fsyst low, noise measurements were made downstream from the 

blade. If significant noise was generated, it would add to the 

fan noise, increasing its spectrum. This study should be ac

cepted with reservation, since we are using a one bladed model, 

stationary in a turbulent airstream, to simulate a number of 
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closely spaced blades rotating in a circular motion perpendicu

lar to their length through generally quiescent air. 

Fig. 5.3la shows PWL vs. traverse along the duct axis 

in inches downstre~~ from the blade. This is not all noise, but 

is a signal produced by a scale of eddying which the microphone 

windscreen failed to attenuate. We learned in Art. 1.2 that at 

a sufficient distance downstream from a blunt object in high 

Rey. number flow, this eddying will quickly merge with the 

dominant scale of turbulence that existed prior to the object. 

As would be expected, the more blunt the object, the greater is 

the eddying following the object (curves 1, 2 and 3 Fig.5.3la). 

The microphone travel limit is 23" from the blade. This is 

close to stabalized turbulence as seen from the final slope of 

the curves, Fig. 5.3la. Additional PWL that occurs at this 

station should therefore be due primarily to the noise generated 

by the blade, and not due to eddying. 

Octave band spectra taken at station 23, Fig. 5.3la 

are shown for the three profiles, Fig. 5.3lb. Note that they 

all add slightly to the original fan noise and that the 75 to 

150 c.p.s. band in particular is influenced by profiles 1 and 

2. It is obvious from Fig. 5.3la,b that the backward curved 

profile is the least noisy. It should be,since it approaches 

a cylindrical profile. That the forward curved blade should be 

less noisy than the straight one seems at first rather curious. 

It can be explained in part at least by its slightly smaller 

depth dimension and the possibility that the air directly in 

front of the blade may form a comparatively stale higher pres

sure pocket around which the airstream divides. The apparent 
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profile may then b~ that suggested by the dotted line, profile 

b, Fig. 5.31a. This profile is less blunt than that of the flat 

plate. 

Two percent B.W. analyses· are plotted in Fig. 5.32 for 

the three profile shapes, station 23 and for profiles 1 and 2, 

station 5. The results are not indicative of those expected, 

since the flat plate, not the backward curved blade, generates 

noise and turbulence of pure toned character. The backward 

curved blade appears to generate a predominant peak of exactly 

twice the frequency of that generated by profiles 1 and 2. At

tention is directed ~gain to Gerrard's33 findings for noise ge

nerated from a circular cylinder in an airstream (see spectrum 

Fig.2.4e p.?O) in which he found the frequency of vortex shed

ding from the cylinder and the acoustic frequency were equal. 

For a flat plate oriented normal to an airstream the von Karman 
frequency formula,f • ~ \1 c .p.s. for frequency of vortices re-

d 
leased from the profile?gives 93 c.p.s. for the above situation 

where: 

k =constant= 0.15 for flat Jplatesl3 

d = profile depth projected perpendicular to the airstream 

= 0.115 ft. 

V = relative velocity of air and profile = 71 ft/sec in the 

duct,~ SO ft/sec just at the profile. 

Using V = SO ft/sec resulta in f = 104 c.p.s., which coincides 

with the peak found in Fig. 5.32. Profile 2 appears to behave 

equivalently to the flat plate as far as the frequency of vor

tices produced is concerned, but not for the noise magnitude. 

Profile 3 is intermediate between a flat plate and a cylinder. 
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Assigning the constant 0.175 (cylinder is 0.194)13 and noting 

that the projected ~depth is 0.075" gives 187 c.p.s. for f, 

which nearly corresponds to the peak for profile 3, Fig. 5.32. 

The Rey. number of the flow in the pipe is about 5 x 105• Ac

cording to Gerrard33 the periodic characteristics of flow past 

a cylinder in an airstream are replaced by random fluctuations 

when Rey>l05. Apparently this does not hold for all flows 

past bluff obstacles. Gerrard's finding was from studying cy

linders rotated by a twirling apparatus, the tested cylinder 

being parallel to the twirler's axis. Gerrard derived a formu

la for the intensity of sound from cylinderstwirled in the 

above manner: 
...._ , ... 

~- \J..,-
I = . ( s. 3) 

1 = length of cylinder. 

r = distance of point of measurement from mean cylinder 
position. 

~=angle which r makes to the direction of U. 
- .... -"a. 

( ) 
. p 'r _., 

f Rey = n~"u+ \'1. where F is the mean square sound 

pressure measured and n = the number of 
cylinders twirled at one time. 

Other symbols per Glossary of Symbols. 

Using (5.3), Fig. 6 ref. 33 corrected for n = 1 to calculate 

f (Rey), r = unity (duct measurement), and hydrau1ic mean depth 

= profile depth, for Rey. number; the intensity of sound at 

station 23 in the above situation for profile 3 was computed as 

0.6 watts/m2. For the duct of Fig. 1.3 p.lS this works out to 

a PVJ"L of 118 db re lo-13 watts. Actual overa11 measured PWL 

at this point was 116 db, of which 115 db was fan noise. 

Judging by the accuracy of the measurements, the resu1t is in-
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conclusive. Only the flat plate gives a substantial increase in 

apparent noise at station 23 (see Fig.5.3la), and this is at a 

level of 119 db indicating the power level due to the plate a

lone to be about 117 db. The peak of P1tJL signal, curve 3 Fig. 

5.3la for profile 3 gives an apparent intensity of 0.5 wattsjm2 

which is the same order of magnitude as computed for a cylinder 

of diameter equal to the profile depth of profile 3. 

Fig. 5.33 is of especial interest in view of prier dis

cussions. Fig.5.33a is a 2% B.W. spectrum for the Sirocco fan 

runner reversed, b for the HS runner in reverse rotation, in the 

anechoic room. The Sirocco runner now simulates a cascade of 

quarter cylinders moving through air, hence the relatively pure 

toned spectrum. The HS runner blades, with the tips leaQing, 

now behave as bluff obstacles, netting a typically flat spec

trum. Compare the spectra and overall SPL of Fig. 5.33a, curve 

4 Fig. 5.16a; Fig. 5.33b, curve 5 Fig. 5.16b. 

5.3.5 EFFICIENCY OF NOISE GENERATION 

It was mentioned in Art. 5.1.5 that the efficiency of 

noise generation (~~) expressed as the ratio of noise power 

from fan to power input to fan was about IQ-5 for fan operation 

near'f)_.smax. at the higher speeds. For a wide span of opera

ting conditions ~·,..is shown on Fig. 5.34, the upper graph being 

for the Sirocco fan, the bottom for the HS fan. There does 

not appear to be any similarity between the relation for the 

Sirocco and HS fan variations except that they a re near ytt\ of 

Io-5 at the higher speeds at ~.s- max. The HS fan ~" remains re

latively constant for all operating conditions, while the Si-
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rocco fan '<\_ "'displays a V - shaped variation wi th % Ui=: ; just as 

PWL does; and increases with speed for a given % UF. An in

crease in\" with % U:~ and speed is what would be expected from 

theory (see Art. 5.5.1). 

5.3.6 SMALL OBSTRUCTIONS VS. NOISE 

Aside from the blade study of Art. 5.3.4, it was de

sired to determine the effect of the following on fan outlet 

noise: 

1. The "egg-crate" straightener Fig.l.3 and Art.3.1 

2. Square mesh of 0.025" wire spaced on ~" centers. 

3. 0.030" brass rod 

4. Sphere representing the 2 3/4" triple spherica1 wind-

screen used. 

Items 2 and 3 were inserted in place of the egg crate 

straightener and the two duct sections brought together. The 

fan was operated over a range of speeds against Fsyst low (max. 

air flow}. The windscreen covered microphone was retained at 

the station shown in Fig. 1.3 p.l8. Al1 results proved negative. 

The following items were placed at the fan inlet 

flange and noise measured with the windscreen covered microphone 

just inside this flange on the runner axis (sa~e station as for 

inlet P\'IL measurements Art. 5.1. ) : 

1. 0.030" brass rod across the inlet diameter. 

2. 1~" x 2~" block at f1ange periphery. 

3. 2" wide aluminum strip across inlet diameter. 

4. Square mesh of 0.17" rods spaced on 1" centers across 

inlet. 
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5. Square me~h of 0.025" wire spaced on ~" centers. 

6. Mesh of 0.015" wires spaced 0.05"· 

If the inlet flow had a marked rotational component, 

sorne of these items may give positive results. Except for very 

minor octave band spectral differences, all results were nega

tive. Items 3, 4 and 6 caused measurable decrease in air flow 

due to increasing inlet resistance. The air flow into the fan 

is essentially non rotational as fas as fan noise is concerned. 

(This is a factor in axial fans). 

5.4 ESTIMATED ACCURACY OF RESULTS 

These are based on data presented in Art. 3.2.2 and 

are the maximum possible (not probable) errors. The affects 

of standing waves are included unless otherwise mentioned. 

Considering the average sp~ctra of outlet noise of the fans, 

the SUi tolerance is taken as "!. 3 db for PWL purposes. The a

verage probable error is based on the deviations of plotted 

points from the mean in the basic data. 

5.4.1 OVERALL FAN OUTLET NOISE PWL 

Calculation of the maximum possible error proceeds as 

fol1ows for the example of a 3000 ft/sec air flow at 2.0" head 

water guage. 

Independant errors: 

SLM ! 3 db plus j:. 1.5 db observational 

Standing waves 0, -2 db (maximum overall affect) 

Velocity pressure hv, 0.008" H2o; St at i c press .hs, 0.025 
"H20 

Fan speed -:. 1 r.p.m. :_ 1.5% 
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Fan speed is necessary because flow charts were first drawn, 

and the proper operating condition determined by fan speed and 

Fsyst• (the setting of the back panels was quite exact and is 

neglected here for all practical purposes). 

The maximum error at this operating point becomes: 

+ ('3.-t\. s) 

= +(4. s-) 

- ( .:; . s-) 
-t.. 1. 3 ±.. o. ~ "--' ;- <:.c 

- '8. <:) 

2.5 

1 ,.-l~ '-oJ01"\is 

This result is based on an average increase of intensity with 

the 5th power of speed and flow and the 2.5 power of static 

pressure. This of course varies with operating condition and 

fan type. 

A comprehensive listing or plotting of error vs. opera

ting condition and fan type would require pages. A general idea 

of maximum errors is given in the table below,simp1y assuming 

Fsyst is constant and considering only one independant variable. 

TABLE 5.a 
SIMPLIFIED TABLE FOR MAX. POSSIBLE ERROR IN PWL 

( db re 10-13 watts) 

INDEPENDENT 
VARIABLE 

Air Flow 

(U ft/min) 

Static Pressure 

Fan Speed* 

(V = ft/min) 

MAX. POSSIBLE ERROR 

PLUS MINUS -
1000 9.5 11.5 
3000 5 7 
5000 4.5 6.5 

1 5 7 
3 4.5 6.5 
5 4-5 6.5 

2500 5 7 
4500 5 7 
6500 5 7 

AVERAGE PROBABLE 
ERR OR 

PLUS MINUS -
3 3 
2 2 
1.5 1.5 

3 3 
2 2 
2 2 

2 2 
2 2 
2 2 
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Input Fan Hp SPEED* 
l 2500 $ 10 3 3 

Hp 4500 10 12 3 3 ' 
6500 12 14 3.5 3.5 

3 2500 6 $ 2~5 2.5 
4500 6.5 8.5 2.5 2.5 
6500 7 9 2.5 2.5 

5 2500 
4500 5.5 7.5 2 2 
6500 6 $ 2 2 

* Speeds given are for the Sirocco fan. Double them for the 

HS fan. 

5.4.2 SPECTRA 

OCTAVE BAND 

Additional bandwise errors over those of PWL Art.5.4.l 

accrue from causes such as standing waves below horn eut-off 

contained in one band only, cross sectiona1 variations of PWL 

due to higher order modes, and the addition of an instrument 

having its own tolerances in series with the SLM. The addi

tional maximum possible errors per octave band are as fo1lows: 

MAX. POSSIBLE AVERAGE PROBABLE 

20 - 75 c.p.s. 3 -3 2 -2 
75 - 150 2 -2 1 -l 
150 - 300 2 -2 1 -1 
30o - 6oo · 2 -2 1 -1 
600 - 1200 2 -2 1 -1 
1200 - 2400 3 -3 2 -2 · 
2400 - 4800 4 -4 2.5 -2.5 
4800 - 10,000 5 -5 3 -3 

db re • 0002 }J..-bar 

·2% B. 1,'1. SOUND ANALYZER 

The independant error of this instrument was discus

sed in Art. 3.2.2. It is difficult to give errors here for 

discrete frequencies because of the unknowns of standing waves 
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and higher modes at specifie discrete frequencies. Errors will 

be given here as additional maximum possible errors for speci

fie bands over and above the PWL errors Art. 5.4.1. Specifie 

frequencies may be in error more than this,although the method 

of obtaining and plotting spectra using this instrument aver-

ages these out as discussed in Art. 4. 

MAX. POSSIBLE AVERAGE PROBABLE 

25 - 75 c.p.s. 6 -6 2 -2 

75 - 1200 4 : -4 l -1 

1200 - 2500 8 -8 3 -3 

2500 - 7500 9 -8 4 -3 

db re .0002)J--bar 
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6 SID~Y OF THE MOST IMPORTANT RESULTSj CONCLUSIONS 

The solution of ventilating and air conditioning noise 

demands adequate knowledge of the source. The minimum accept

able knowledge o~ a noise source is its PWL, spectrum and di

rectivity. Additional desirable knowledge is the origin of 

this noise and how it can be minimized. Fans cover perhaps the 

widest range of sizes and types of any machine. Attempts at 

a universal means of predicting fan noise have to date failed, 

perhaps for this very reason. 

Copious and carefully organized results from the de

tailed analysis of a forv·1ard curved and backward curved centri

fuga! fan in this research has led . to a promising means of 

universalizing fan noise prediction, assuming the fan is 

structurally sound and well installed. The method is this: 

Each homologous series of fans can have its outlet noise power 

defined as one V - curve of specifie noise power (PWL)s vs. log 

specifie speed (Ns). At present this curve cannet be well pre

dicted, but must be obtained from careful measurement on a ty

pical fan or fans of the series. The (PWL)s minimum corresponds 

closely to maximum static efficiency, and almost exactly with 

maximum total efficiency. A set of laws in vol ving PWL or I as 

a function of U, hs, n, Hp and Syst. (see glossary of symbols) 

can be derived from: 

PWL = (PWL) + 10 log (Qhs2) db re lo-13 watts (5.1) 
..s 

These laws will differ for each fan series, because each slope 

of the (PWL)s - log Ns curve implies a different set of laws. 

This variation is not to be compared with sorne of the verified 

laws already established for certain cases of fan operation, as 
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these latter apply only at a single point of rating on the 

~s- Ns curve, while the proposal of this thesis is for opera

tion at any point on the curve. 

Since the (PWL)s - log Ns curve is generally V-shaped, 

one set of laws applies at and above the ~L max. point whereas 

the other applies below ~3 max. Thus to completely describe 

the noise changes with the point of operation of a fan series 

requires two distinct law sets. The variations at ~ ... max. are 

most accurately described by those laws applicable at specifie 

speeds above that at 1~ max. 

It is possible there is some relation between the Y(_s -

log Ns curve and the (P\1/L).s - log Ns curve. It is not in the 

slope of the '<\_ .... - log Ns curve, but experimental evidence sug

gests a possible relation between the slope of the (PWL)~ -

log Ns curve and the breadth and magnitude of the 1s- maximum, 

or blade profile, as illustrated in Fig. 6.la. Further research 

is indicated ta establish this. 

The {PWL)s - log. Ns curves contained in this thesis 

are for fan output noise with either no duct on the outlet, or 

a duct of the same cross sectional area. Air flow velocity is 

the increasingly governing noise factor above ~s max. (specifie 

speeds above that at ~3 max.). The position of the right hand 

branch of the (PWL)s - log Ns curve depends to an extent onU, 

hence on the area of the attached duct. If the fan and a 

length of outlet duct are taken as the noise source unit, the 

right hand branch of the (PWL)s - log Ns curve can be expected 

to change in a manner suggested in Fig. 6.la, as duct area va

ries with respect ta the fan outlet area. Additional research 
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is required to establish this law. 

Why is the left hand branch,which is governed mainly 

by back pressure effects,not altered? It is suspected, as 

Goldman and Maling4 did, that the minimum noise from a fan at

tached to a system is dep~dent on the operating pressure (pres

sure differentia! between inlet and outlet). This does not 

mean that pressure itself or the slight increase in air density 

can generate noise. It does mean that the fan design details 

and operation details hinge on back pressure. Once this is 

established,the flow can be varied to suit the need by fan size. 

For a given air flow, high pressure operation will generate 

more noise than low pressure operation because: 

1. Each blade must convey more power to the airstream. 

2. High pressure blades are deeper. The consequent air acce

leration and turbulence about them will be larger, than 

for a shallow blade. (eg . The difference between noise 

from a small and large bluff obstacle in a turbulent air

stream). 

3. For a given air volume, higher pressure operation general

ly means higher tip speed. 

4. Blade profile varies with the pressure it is required to 

develop. This in it self will not change the noise but will 

alter the spectrum over that of a volume fan, usually shif

ting the noise power distribution to somewhat higher fre

quencies. Loudness level is therefore increased. 

5. For a given air flow velocity, it is quite possible the 

nature of turbulence in the flow differs with pressure in 

such a manner as to increase the output noise. This will 
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be one object of an extension of this research, as men

tioned further in Art. 7. 

Since the (PWL)s- log Ns curve must be obtained ex

perimentally for each fan series, until further research evolves 

a means of predicting this reliably, it is little additional 

work to take a typical 2% B.W. spectrum at the same time. With 

a (PWL)s -log Ns curve and a typical spectrum (say one at~~ 

max., one above and one below}, the acoustician or customer is 

greatly helped in predicting the ventilating noise in a given 

room, or to design attenuating deviees for the system. For 

ducted fans, these two pieces of information are a sufficient 

minimum to describe the source. 

Fan noise spectra reveal noise genesis. A typical 

spectrum for centrifuga! fans of the volume type under three 

variant load conditions are sketched in Fig. 6.lb. The spec

trum will change little with speed for an equivalent operating 

condition, the main alteration being a shift in some components. 

(This does not hold of course at low speeds where negligible 

pressure is produced across the runner blade~. The noise com

ponents comprising the spectrum of Fig. 6.lb are universally 

present in fan noise and differ only in their relative magni

tude and frequency position. A universal fan noise spectrum 

may be thought to exist.containing the following major compo

nents to greater or lesser degree. They are in their approxi

mate order of importance for the two fan types discussed in 

this thesis: 

1. Blade turbulence spectrum. This will vary from a large 

line component with many harmonies for the propellor, to 
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a wideband almost flat spectrum for the many bladed Si

rocco fan. 

2. A wideband component with broad maximum centered at the 

lower frequencies (lOO to 300 c.p.s.) representing noise 

from boundary turbulence in the air flow. This will grow 

in magnitude and width, and will shift upwards in fre

quency as flow velocity increases. The turbulence causing 

this noise component tends towards isotropy. This com

ponent will not generally be significant for flow veloci

ties < Mach number of 0. 05. rvtost ventilating systems 

are designed with flow velocities less than this except 

in the main duct where they are approaching Mach~ 0.1 

in advanced high speed systems52. This component of 

noise, once generated in a high flow velocity section, 

can propagate through a lower velocity section, hence its 

importance in considering fan noise. If the duct area > 

fan outlet area, this noise can be generated at the fan 

outlet (with modifications in the turbulent structure of 

the flow compared to long duct flow). Design fan outlet 

velocities approach Mach 0.1 as a maximum today for ven

tilating purposes. 

3. Low frequency noise centered below, near,or above the 

lower audio limit, depending on fan type and flow condi

tions. This random continuous spectrum component is 

caused by sorne contribution from 2, plus additional noise 

resulting from a scale of eddying and/or large scale tur

bulence not of isotropie nature due to the design of the 

fan, changes in system area, discontinuities or obstruc

tions in the system. Thi s component i s difficult to as-



252 

sess with current microphone windscreen designs. Eddying 

in the flow for example may cause a low frequency noise 

output due to reaction between it and a duct wall, but 

this noise may be masked by the eddying producing pres

sure fluctuations at the microphone which are not repre

sentative of the actual low frequency noise pressure 

fluctuations. The only solution may be to locate the mi

crophone away from the flow, not within a windscreen in 

the flow. The type of windscreen used was shown to p~

vide otherwise good protection from non acoustic pressure 

fluctuations at the higher frequencies ( above about lOO 

to 150 c.p.s.) for noise measurements in air flow in a 

duct. 

4. High frequency spectrum depends on the fan design, speed, 

vibration and flow. If air flow and blade turbulence are 

the major contributors, the high frequency e.nd of the 

spectrum can be expected to decline at a rate of about 

5 db per octave from the last salient.component,which may 

be due to 1, 2 or vibration. 

5. Dynamic runner unbalance will cause generation of a ro

tational frequency (r.p.m./60 c.p.s.) line component and 

one or more of its harmonies. These may, or may not, add 

appreciably to the overall noise. They will be signifi

cant in higher speed centrifugai fans, but will not be 

too important in most low speed centrifugal fans and a

xial, propellor and tubeaxial fans of any design. 

6. Vibration may add an unpredictable measure of noise to 

the spectrum at certain frequencies,or over narrow bands 

of frequencies, but generally it will not contribute 
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signed and installed fans. 
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Until more is known from further fan tests, fan noise 

spectra should be obtained experimentally along with the (PWL)s 

log Ns curve for supplying fan users with fan noise information. 

The Sirocco fan can, to a very rough approximation, be repre

sented by an octave band spectrum declining from the first band 

at the constant rate of 5 db per octave. This agrees with 

Beranek, Kamperman and Allan3. This does not in the least sug

gest a uniform detailed spectrum. For operation at and above~~ 

max. ( eg. specifie speeds above tho se for ~.s max.), the octave 

band spectrum is closer to a 4 db/octave decline, whereas for 

operation at specifie speeds below ~~ max. the spectrum should 

be represented by a 6 or 7 db/octave decline. This is what 

Goldman and Maling4 also found. 

CONCLUSIONS 

The above constitutes the major findings regarding 

centrifuga! fan noise PWL, spectra and origin. Other findings 

of importance are: 

1. Centrifuga! fans of forward and backward curved blade 

design have an efficiency of noise generation of l0-5 

at and near ~s max. This is a guide in assessing the 

probabl~ overall PWL of these fans, and also in esta

blishing the trough value of the (PWL)s - log Ns curve. 

Estimated PWL near Y-t.s max. 

= 10 log '\N4
"'"' db re lo-13 watts (6.1) 

\Nnt-
where Wfan • l0-5 x Power input to fan in watts. 
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For the backward curved blade fan, this is manifested 

over a wide range of the '1_.s - Ns curve. 

2. Commonly published fan noise laws are not applicable un

less restricted to one point of rating on the \s - Ns 

curve; and even then they do not always apply for fan 

operation at specifie speeds below '<l__s max. 

3. Fan noise intensity increase with speed (Fsyst constant) 

can obey laws varying from at least 4 to 7,depending on 

fan design. The backward curved runner will be close to 

4, the forward curved runner near 6 or 7. The radial run

ner and axial fans are predicted to obey the 5th to 6th 

power speed law. There is evidence for these conclusions 

in Art. 2.2 in addition to the experimental results of 

this thesis. 

4. At ~s max., the forward and backward curved blade centri

fugai fans produce equal noise. The forward curvedblade 

generates the most pleasing spectrum from the annoyance 

viewpoint. At operation away from ~~max., the forward 

curved blade runner generates more overall noise power 

than the backward curved blade runner, but there is some 

compensation in the more pleasing spectrum. 

5. Back pressure (or more accurately point of operation with 

respect to '~max.) has significant effect on noise level 

and spectrum. The more forward curved the blade profile, 

the more pronounced this effect will be. The more back

ward .curved, the less the effect. The higher the back 

pressure, the steeper the octave band spectrum. 

6. Broadly generalizing from the results; the quietest 

sounding c entrifugal fan is one having .~the optimum com-
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bination of the largest number of shallow forward curved 

blades and lowest speed as is aerodynamically and practi

cally feasible. The backward curved blade emits less 

noise, but unfortunately delivers less air unless operated 

at a higher tip speed than the forward curved blade. For 

a given tip speed the forward curved blade runner rotated 

alone in anechoic space generates a power level some 15db 

higher than the backward curved blade runner. For equi

valent aerodynamic operation however, the difference is 

only 2 db, but the forward curved blade runner possesses 

the most pleasing spectrum and ultimately results in the 

lowest loudness level. Perhaps a composite curvature 

blade design (reverse curve) will prove the least noisy. 

Over and above this, plus operation of the fan at maximum 

efficiency, the lowest practical speed and outlet flow 

velocity, there is little that can be done to minimize 

generated fan noise. 

1. The rotational line component and harmonies can be mini

mized in centrifuga! fans by accurately balancing the 

runners dynamically and providing rigid construction. 

Although the construction was good, dynamic runner ba

lance of the two fans tested could be imp31oved. 

8. Installation for minimum noise requires: 

(a) The fan be located either remote from areas to be 

kept quiet, or in a sound proof room. 

(b) A vibration break between fan and duct. 

(c) A rigid mounting on concrete or the like. I f t here 

is an element of dynamic runner unbalance, as there 

always is, installation on vibration isolators may 
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greatly increase the rotational component and its 

harmonies propagated down the duct. 

9. Any aerodynamic dissymetry will increase the rotational 

component and its harmonies. Such dissymetry may be 

caused by an eccentric runner (even if it is possible to 

perfectly balance it), unequal blade spacing or unequal 

blade profile. This may become a maintenance problem if 

unfiltered inlet air causes deposits of grime on blades. 

10. Obstructions such as screens,small blocks and rods at 

the inlet, or screens and slender rods or obstruction 

small compared to the outlet area at the outlet,have no 

effect on the overall fan noise PWL and only minor spec

tral effect. 

11. A fair indication of overall PWL at the outlet of a cen

trifuga! fan is given by placing the windscreen covered 

microphone on the axis of the inlet eye, just within the 

flange end. The result will be on the low side and may 

not be as close for operation at specifie speeds below~~ 

max. as above. Adding 3 db to the SPL measured near 1s 
max. should net the approximate outlet PWL, assuming the 

fan inlet and outlet areas are nearly equal. The inlet 

spectrum however is quite unlike that at the outlet. 

12. Averaging of fan noise over the duct section is necessary 

above the eut-off frequency for the (0,1) mode. 

The microphone should be located in such a position as to 

approximately sample the average of the standing waves 

through the frequency range below horn eut-off. This re

quires preliminary calculation and longitudinal standing 

wave measurements, plus sorne knowledge of the expected 
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fan spectrum below horn eut-off. 

13. The triple spherical windscreen used in this research is 

unreliable in anisotropie flow at frequencies below 150 

c.p.s. The larger the windscreen and the more spaced 

layers of high air impedance, zero acoustic impedance 

material used,the better, up to the point where the pro

jected windscreen area becomes an appreciable fraction of 

the bounded airstream cross section within which measure

ments are taken. The windscreen used herein constituted 

the best available compromise to date, but further re

search is indicated. In the duct section where most of 

the measurements were taken, the flow was random and ap

proached isotropy. (according to experiments involving 

a mesh in an airstream, Art. 1.2). 

14. If a ventilating duct is well braced, stiff,or damped, 

no significant noise will accrue therefrom. Noise propa

gating within will be attenuated 15 to 30 db overall de

pending on material and construction, for conventional 

unlined ducts. 

15. Ventilating duct transitions having tapers in excess of 

about 10 will not on1y be aerodynamically poor, but may 

result in added noise generation due to the new scale of 

turbulence established. 

16. The matched acoustic waveguide · technique of measuring 

fan noise is a generally expedient, practica1 and accurate 

method. A sma1ler acoustic waveguide system than that of 

Fig. 1.3 p.là is not recommended for testing of fans having 

in excess of one foot runner diameter. The larger the 

horn and termination, the better. Due to the nature of 
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pressure - velocity component relations of air at the 

blades of a centrifugai fan, flow from such fans in a 

duct is not generally symmetrical. Those engaged in 

further work using this equipment should be satisfied 

with nothing less than the 20 flow measuring stations re

commended in Ref. 5~. The flow distribution changes with 

load and fan speed. Manufacturers' data should be used 

only as a check, not the basis for flow data in fan noise 

research. 

Of the various major parameters upon which fan noise 

depends (at low Mach numbers for clean air): 

PWL = f (U, hs, Hp, n, N, 1, D, d, Syst., P, A) 

u - Flow velocity -
hs = Back pressure 

Hp = Horse power to fan 

n = Fan rotor speed 

N - Number of rotor blades -
1 - Blade length (rotor width) -
D = Rotor diameter to the blade tips 

d - Blade depth -
Syst= System attached to fan 

P = Blade profile 

A = Ducted fan inlet and outlet area, 

N, 1, D, d, P are the responsibility of the fan manufacturer, 

and the remainder are under control of the ventilating engineer. 

The acoustician is concerned with them all. If noi se cannot 

be minimized to the satisfaction of the customer by proper fan 

design, selection, installation and operation, only one para-
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meter can be altered; the connected system. Since such altera

tion can prove very expansive and time consuming, everything 

possible must be done to assure proper selection of the other 

parameters. It is the responsibility of the acoustician to 

lend guidance and information to those concerned with any sys

tem used to move air in public places, so that a satisfactory 

installation from the noise viewpoint can be obtained. The 

work has just begun. This research pours additional informa

tion into the growing stream of noise studies. Much more re

search is required, for we are just now becoming acoustically 

acquainted with the source characteristics, after which noise 

reducing fan designs must be studied, and finally research on 

the entire ventilating and air conditioning system intensified 

to try and separate "the inseparable" from moving air: noise. 
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7 RECO~~ENDATIONS 

1. Conduct further research in support of the contents of 

this thesis, and implications and predictions made therein. 

In particular to: 

(a) Determine a means of estimating the (PWL)s - log Ns 

curve given a fan type and its ~~- Ns curve. 

(b) Determine the noise law associated with ducts of vary

ing diameter ~pplied to a given fan outlet, when the 

fan plus duct is considered as the noise source unit. 

(c) Select two fans of the same series as tested herein, 

but of different size, to verify the results. 

2. If 1 (a) proves negative, 1 (c) positive, make measurements 

on all the common fan types (centrifugal and axial) used 

in North America today to establish a "standard" set of 

(PWL)s - log Ns curves and typical spectra,suitable for 

publication in a fan or ventilating handbook, and for dis

tribution as a bulletin. 

3. By extensive flow pictures and measurements, show the effects 

of relative back pressure and flow (eg. percent free flow 

of a fan) on the scale of turbulence at the fan runner and 

in the duct. Try to determine whether it is back pressure 

that governs minimum noise in a ventilating system, and if 

so, if it can be reduced. This was to have been part of 

this research program, time permitting. Work has begun in 

fabricating duct sections with windows and in as sembling a 

smoke generator capable of producing a controlled,dense~ 

white,optically opaque,smoke which can be inserted as ele-
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ments into a pressurized ventilating system or near the 

fan blades for visual turbulence studies. This work is to 

be continued. 

4. The effect of air turbulence of isotropie and anisotropie 

nature at different Mach numbers on microphone windscreens 

should be investigated with a view to establishing their 

low frequency efficiency. It must be kept in mind that if 

the acoustic waveguide noise measuring technique is to con

tinue, the windscreen must be restricted in size,in addition 

to being efficient over the audio range. Failing this, it 

may be possible to predict the proportion of low frequency 

signal generated due to actual noise, rather than turbulence 

fluctuations reaching the microphone diaphram. If all this 

gives negative results, the solution may be Goldman and 

Maling's4 waveguide with the shunt air exhaust. Trying to 

design such a shunt,reflecting high acoustic impedance into 

the waveguide over the entire audio spectrum, and not cau

sing additional turbulence or noise propagation into the 

waveguide,may prove a formidable task indeed. Until fur

ther data i s available on windscreen behaviour in a turbu

lent stream (as opposed to a screen being driven through 

quiescent air), the flow at a windscreen covered microphone 

should be kept below Mach 0.05 if possible, with current 

windscreen designs. This applies only for turbulence ap

proaching isotropy. 

5. Res earch is indicated on fan runner and blade design with 

a view to minimizing noise without deterrent to t he aerody

namic performance of the blade or fan. 
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6. Acoustically investigate different aspects of the ventila

ting system such as bends, dampers, transitions and louvera 

in air flow. Perform research on impedance mismatching 

(noise reflecting , air adrnitting)devices ., filters and such,. 

under the influence of air flow. 

7. It may prove more convenient and reliable for the fan manu

facturera to submit fans to a fan noise research center ha

ving the trained personnel and specialized equipment neces

sary to acoustically analyse and appraise fan noise, rather 

than trying to incorporate this as part of the standard 

fan Test Code. A simple noise measurement could be made 

while aerodynamically testing the fans to determine whether 

the fan noise falls within limits specified by the acousti

cian. 

8. The 2% B.W. Sound Analyzer should be the standard instru

ment (plus graphie or visual recordera) for measuring fan 

noise spectra. This is necessitated by the composite con

tinuous - line component nature of the spectra. Bandwise 

spectra can be deceiving when line components exist. 
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