A study of active tonal noise control for a small axial flow fan
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Sound radiated by a computer cooling fan consists of tones which are phase locked with the rotation,

and other less deterministic tones and broadband

random noise. This paper demonstrates the

feasibility of globally eliminating the rotation-locked tones by applying a very simple destructive
interference to a modified cooling fan with the number of struts equal to the number of rotor blades.
The rig consists of a miniature electret microphone used as a rotation sensor, an ordinary
loudspeaker, and a bandpass filter with adjustable amplitude and phase delay. The microphone is
located at the inlet bellmouth of the fan to pick up the fluctuating aerodynamic pressure caused by
the passing rotor blades. The pressure spectrum is rich in the blade passing fre@RP@nNd its
low-order harmonics. It provides much better performance than a pulse-generating tachometer.
Analysis of the original fan noise shows that about 90% of the radiated tonal sound is phase locked
with rotation, and this portion is almost completely eliminated in all directions. The reductions of
the radiated sound power in the first two BPFs are 18.5 and 13.0 dB, respectively, and the overall
sound power reduction is 11.0 dB. @005 Acoustical Society of America.
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and Hawkings equation has served well the community of

) ) ) . turbomachinery noise research although alternative ap-
~ Knowledge of generic fan noise mechanisms exists buproaches also exist. In fact, search for the knowledge of a
it may be said that the abatement of noise from a specific fagpecific fan noise mechanism has never ceased since Gutins
application remains a tough job. This study is concerned Wi”iime, and reviews of the topic at large were written by au-
the feasibility of applying the technique of destructive acousihors such as Sharlari@964 and Morfey(1973. The work
tic interference to a computer cooling fan, and the primary¢ Lowson (1965, 1970 on the point source formulation for

motivation for the study is to maximize the simplicity and

the unducted rotors was, in the opinion of the current au-

the global effectiveness of the technique so that it mighihors quite useful and illuminating. These formulations were
become economic enough to be applied in practice. In thigecently adapted to characterize the specific application of

section, the general fan noise mechanisms are given a brigfy

mputer cooling fangHuang, 2003 where the numbers of

review, together with efforts to reduce the fan noise. This iS o anq stator blades are small. Focusing on computer cool-

then followed by the rationale for the choice of the specific
fan configuration and the active control technique.

A. General fan noise mechanisms °

Fans are but one member of the turbomachinery family

ing fans, the important mechanisms of fan noise are summa-
rized below.

Tip leakage flow. The flow leaks through the blade tip due
to the pressure difference developed between the pressure

and, as far as the acoustics is concerned, the family may also and suction sides of a blade. The leakage flow may mani-

include helicopter rotors and propellers. The study of the

fest itself into jetlike, unstable shear layers and roll up into

propeller noise caused by the steady loading was the topic of vortices in the blade passage. It may even hit a neighbor-

Gutin’s (1936 research. In the application of fan noise, Gu-
tin noise is negligible. The dominant noise source is the di-
pole caused by the fluctuating pressure on the rotating
blades. The study of Tyler and Sofrit962 was significant

in that it revealed the paramount importance of the matching
or mismatching of the numbers of the rotor and stator blades
for the noise caused by the rotor—stator interaction. A rather
formal theoretical platform was established by Lighthill's
(1952 acoustic analogy for the aerodynamic noise caused by
a compact turbulent jet, and its elegant extension by Ffowcs
Williams and Hawkings(1969 to applications where the
presence of a solid structure in arbitrary motion is a primary
feature. Since then the use of the so-called Ffowcs Williams
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ing blade. Details can be found in the work of Fukano
et al. (1986, among others.

Nonuniform inlet flow condition. A nonuniform inlet flow

is seen as unsteady flow by rotating blades and unsteady
pressure ensues on the blade surfaces. This is perhaps one
of the most efficient dipole sources of fan noise. The noise
thus radiated is often a combination of broadband and
tones(Trunzoet al, 1981; Majumdar and Peake, 1998
Turbulent and/or separated flow condition on a rotor. Flow
separation occurs whenever the incidence angle is large,
and most realistic flows through a fan are more or less
always turbulent. Large scale flow turbulence, such as that
caused by a fan working at a loading much higher than the
condition it is designed for, can be very noisy, and most of
the noise created is broadband in nafsee, for example,
Sharland(1964) and Longhous&€1976)].
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e Trailing edge noise. When unstable convection waves inhad some success in suppressing the BPF tones of a fan in
side a developing boundary layer are disrupted by theasolation except that a baffle was used on the rotational plane
trailing edge of a blade, part of the energy is scattered int@nd that might have significantly changed the acoustic direc-
sound wavegFfowcs Williams and Hall, 1970 The re- tivity of the fan. The work of Lauchlest al. (1997 is also
sulting sound power is proportional to the fifth power of remarkable in that the fan itself was shaken in the axial di-
the representative flow speed when the source is honconnection to serve as a control source. Apparently it was hoped
pact, and the dependency becomes the sixth power whehat the vibrating fan would produce a good directivity match
the source is compa¢Howe, 1998; Blake, 1986 with the original noise pattern. The acoustic radiation from

e Rotor-stator interaction. When the wake of a rotor im-an oscillating fan can be thought of as follows. First, a vi-
pinges on the stator blades, forces on the stator bladdsrating fan assembly radiates noise much like a loudspeaker
fluctuate rapidly. Empirical models for such interactionin the absence of flow. Second, the fact that the fan also
(Kemp and Sears, 1953, 195bave still served the pur- shakes the flow means that it would induce additional fluid
pose of noise estimation. This is often the dominant noiséoading hence dipole radiation from the fan. Details of such
source in turbomachinery. Recently, Huai2903 specu- flow modification by the fan oscillation are apparently be-
lated that the back reaction towards the upstream bladgond the scope of Lauchlet al. (1997). Generally speaking,
row could be more important when the downstream statoit can be said that the modification could reduce or eliminate
is a bluff body like a circular strut used in computer cool- the unsteady loading on the fan structure caused by the wake
ing fans. The unsteady force generated on the upstreaiteractions. It may also generate an antisound which
rotor is caused by the periodic flow blockage by the down-matches with the original noise without directly interfering

stream struts. with the source of the original noise. Nauhaatsal. (2003
placed small flow obstructions around the blade tips, and
B. Fan noise abatement blew air jets into the tip clearance. An active aerodynamic

Sound absorption is often the most reliable and effeCtivecontrol algorithm was used to counter the rotating instability

measure of noise abatement, but this is not true for unducte?inq SUppress the BPF noise originating from the wake inter-
fan applications. Most efforts of fan noise abatement hav ctions. Similar aerodynamic control was also demonstrated

been directed towards improving the flow conditions perti- y Raoet al. (2001 and Slmonlc_het al. (1993. The work .
nent to noise source mechanisms. such as the inlet flow unf€Ported here shares the acoustic feature of the active noise

formity, and the reduction of the strength of wake interac_c_ontrol_described at_)ove,_ but the use of fo_rmal control algo-
tions which depend crucially on the distance between th thms is deemphagl_zed in favor of S'”_‘p"c'ty and the use of
rotor and stator blades. Fitzgerald and Laudil@84) dem- nowledge of specific source mechanisms.
onstrated a collection of modifications for reducing the axial
flow fan noise, such as the use of a bellmouth to smooth ou
the inlet flow distortions, the leaning design of the down- Instead of following the strategy of complex aerody-
stream struts to reduce rotor-stator flow interactions, and theamic control, or using complex secondary loudspeaker ar-
correction of the cupped trailing edge to prevent flow separays, this study aims to explore the feasibility of a very
ration and vortex shedding. The method of leaning strut desimple destructive acoustic interference technique for typical
sign was also discussed by Envia and Nallasa1§99. computer cooling fans which consist of a rotor and a set of
They also showed that a positive sweep angle can reduce tlilwwnstream struts. The technique involves a redesign of the
tone level due to the additional cancellation caused by phadan struts so that the primary noise becomes a simple dipole
differences in the axial direction. Longhou&978 also at-  in the axial direction. A miniature microphone is used to pick
tempted to eliminate the tip leakage flow by using a rotatingup the information of blade rotation, much like a traditional
shroud, a feature which may cause structural vibration probtachometer, and the signal is filtered, phase shifted, and am-
lems if the shroud is not properly balanced. plified to drive a single loudspeaker placed just beneath the
In the area of active noise contr@ANC), the technique fan casing. There is no error microphone and the setup can
has been tried for ducted fan with some success. The cut-doe regarded as a simple feedforward, open-loop control. The
of the spinning pressure modes is first described by Tyler andecondary noise is a simple dipole with its axis aligned with
Sofrin (1962 and the acoustics is essentially identical to thatthat of the fan rotation. The key questions asked are as fol-
of duct acoustics. To cancel the sound of higher order modelews. (a) How effective is the manipulation of the fan noise
propagating in a duct, Gerhold997 used a delicate ring of directivity? (b) Can the simplified noise be cancelled by the
48 microphones and many control sources in a duct. Thomasimple open-loop arrangement? The rationale for using such
et al. (1993, 1994 controlled the plane wave mode in a duct a simple scheme is based on practical considerations. One
by 12 electromagnetic compression sound drivers, and usezhnnot afford to have a sophisticated control algorithm and
three-channel feedforward method to create a 30° quiet zoneomplex detection and error microphones for applications
for an operational turbofan engine. For unducted fan noisdjke computer cooling. The same applies to many other situ-
ANC has not been tested as extensively. The main reasaations.
could be as follows. Noise from an unducted fan has com-  In what follows in Sec. IlI, the noise made by the sample
plex modal composition in space, and it is rather hard tdan is analyzed thoroughly. The analysis shows the directiv-
match such distribution with a limited number of secondaryity, the components of noise that can be controlled, and those
sources. Lauchlet al. (1997 and Quinlan(1992 have both  lying beyond the scope of the current scheme. It would also

. Rationale for the current work
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component may also exighot shown. The reason why the
force is divided this way is that noise radiated by each of
these components has its own distinct characters which can
be used for the source characterization purpose. If the un-
steady force on the blades is represented by a point force of
thrust component and drag componemd, the rotary noise

at the frequency of thenth harmonic of the fundamental

FIG. 1. Computer cooling fan and its noise sourdasis the front view of BPF is given below in terms of its complex pressure ampll-

a typical fan,(b) is the cross-sectional view of a blade with forces acting on tUd€ Cyp (Lowson, 1965, 1970

the surrounding air{ L) decomposed into thru$T) and drag(D) compo-

nents, andc) is the strut design for the coincident configurationB S I

=7. imBw v

Cmpg=5—— i % Tygcosa— ——D
me 27TCOr0szoo kS mBM ks

assess whether such a specially designed configuration with
a dipole sound radiation is worthwhile for practical use. In
Sec. lll, details of the experimental configuration will be
dlssemlnat.ed .before the results of noise reduction are given.. B and S denote the numbers of the rotor blades and
Such details include the sensor signal, loudspeaker perfor-

mance, and the characteristics of the filters. At the end, regtrUtS' respectivelyy is the angular rotating speetiB is the

. . o requency index of the observed souk& is the frequency
thﬁl}tspfgstzﬁtzglse reduction and the limitations of the methoc|Index in the spectrum of the unsteady force, the dimensional

frequency being the product of these indices and the rota-
tional frequency, rpsrpm/60,r is the distance between the
1I. ANALYSIS OF THE ORIGINAL NOISE fan center and the observer,s the angle between the rota-
tional axis and the observer direction, as shown in Fig),1
Cq is the speed of soundj is the Mach number of the source
As shown in Fig. 1a), the sample fan for the study is a point motion, andls, Dy are, respectively, theS compo-
computer cooling fan of 92 mm in diameter, consisting ofnents of the spectra of the source fordeandD. Note that
seven blades and four struts at the back for holding the masothm andk can be any integer. The frequency index differ-
tor. At the design point, the rotational speed is 3200 rpmential, v=mB—KkS, or the index of spinning pressure mode
With such low blade tip speed, noise generated by the GutiTyler and Sofrin, 196Ris the most important parameter.
mechanisms is totally negligible. The acoustic spectrum conThe source frequency index kS because each blade expe-
sists of a broadband noise and discrete tones at the multiplegnces blockage b$ struts during one cycle of rotation. The
of the blade passing frequen@PF). As described by Wong observed noise has frequency indicesnoB because the
and Huang2003, the dominant noise source for such a fannoise of other frequency components is cancelled among
is the aerodynamic interactions induced by two noticeabléhemselves sincB rotor blades all radiate sound with a fixed
features. One is the interaction between the rotor blades amghase relation determined by the rotation. In fact, the phase
the downstream struts; another is the interaction between thelation is an important assumption which is not satisfied
distorted inlet flow pattern and the rotor, the inlet flow beingcompletely in reality. For example, there might be unsteady
a four-lobe distortion caused by the four sharp edges of thérces arising from vortex shedding from the cylinder and its
incomplete bellmouth cut short by the square outer frametiming could be very different from the fan rotation. Noise
The dominant noise source is the fluctuating force inducedrom such dynamic process cannot be modeled easily but can
by the two interaction processes on the rotor blades. If onbe measured and analyzed to some extent. Here, the part of
compares the noises made by these two interactions, it isoise that is phase locked to or synchronized with the rota-
possible that the inlet flow distortion is louder. However, thistion is denoted rotary noise, while the rest is denoted as
feature can be avoided by using a complete and smooth beltandom noise although the underlying mechanism could well
mouth. As a result, the current study focuses on the noisbe deterministic. The acoustic interference designed in this
radiated by the interaction between the rotor and its downstudy deals solely with the rotary noise.
stream struts, the latter being regarded as an essential struc- When the two indices coincidenB=kS, the noise is
tural feature that cannot be removed or drastically modifiedrather loud since noises radiated by all blade-strut interaction
It has to be said that noise emanates from both bladevents simply add up. This radiation is denoted here as the
surfaces and all other stationary surfaces experiencing urmoincident mode, and the special desigBef S allows such
steady pressure. However, the lift-generating nature of theoincident radiation for all harmonicgy=1,2,3,.... The co-
rotor blade makes it the largest source of noise. Figuogid  incident configuration is the one being tested in this study.
the cross-sectional view of a blade, and the unsteady forc€he reason why noise is also made when the two frequency
exerted on the surrounding air, which is the reaction of thendices do not matchy=mB—kS+#0, is due to the Doppler
lift, —L, is divided into two components: drdy and thrust effect of the source motion with the rotating blade. The
T. The component of drag should be better named the drivingtrength of the Doppler effect is governed by the Bessel
force in this case but the term is kept here in step with lit-function J,(z) of order » and argumenz=mBMsina. For
erature. If the blade has a significant lean, a radial forcehe small cooling fan operating at low speed, norm#liyl

xJ,(mBMsina), v=mB—kS (1)

A. Noise mechanisms of the sample cooling fan
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<0.2, the Bessel function can be simplifieds|, .o—1, 270
300 ; 240| —  Overall
‘Ji 1| 24»04)0.5&. Top. side view S Rotary
It is clear that the thrust noise is loudest whesO. R '

However, examination of the drag noise term in Eb.re- 3G L A 10
veals a different phenomenon. The noisea0 is annulled o O N
by the presence of in the numerator, but the noise with

v==*1 is not proportional toz due to the presence of

mBMexz in the denominator. In fact, the loudest drag noise
is heard wherv=+x1 and the amplitude of the drag noise is
of the same orderzf) as that of the thrust noise in terms of

the small argument. This mode of drag noise radiation can Rotation 1 i R

. L. . . . : 2
be called t_he Ieadmg-qrdgr radiation, which is, in pnqmplg, Flow —> 60 : 120 I_, 5, (NW/m®)
equally noisy as the coincident mode thrust noise. This shift 90
in coincident radiation mode originates from the artificial SWL: overall: 53.4, rotary: 52.7dB

decomposmon of the tma.l fIU(_:tuatlng lift intD andT. The . FIG. 2. Directivity of the sound intensity measuredrgt 0.5 m when the
drag force D changes direction once per cycle and thiSsampie fan operates at 3200 rpm.

changes the actual frequency perceived on the ground from

kSto kSt 1, hence the loud noise at £1. The reason why

drag noise vanishes at=0 is also rooted in its changing is given for the effect o6 by Huang(2003, both concluding
force direction, and detailed explanation is given by HuanghatSis a very dominant factor when the size of each strut is
(2003. Ideally, a quiet fan should be designed in such a wayixed. However, the conclusion changes if the size of each
that the indexy/ is at least 2 or above for all integer numbers strut is allowed to decrease. FBe 7, the strut size could be

k. But a simple analysis of=mB—kS shows that this is  cut down to? of the original. In such a case, one strut may
almost impossible for the leading BPF harmonics, s&y not be able to contain all the electrical wires, and two struts
=1, 2, 3, wherB andSare both small as might be limited by might be involved for wiring. This issue of practical design

aerodynamic and structural considerations. complication is put aside for the moment. Wong and Huang
_ o . _ (2003 also found that the lift fluctuatioifs is almost pro-
B. Acoustics of the coincident configuration portional tod* whered is the strut diameter and>2. So the

The knowledge of loud noise radiation with=-0 seems reduction in strut size by a factor ¢fwould give a noise
to be well known for most engineering designers of coolingreduction of at least 20 lqg(5)2=9.7 dB. This would, to a
fans, but that loud noise is also made with a desigp-ef-1  large extent, compensate for the difference between the co-
does not seem to be as commonly known. This perhaps exacident thrust noise and the leading-order drag noise radia-
plains why the most popular design Bs=7 with S=4, as tion from S=4. In addition to this justification, there are
shown in Fig. 1a). The dominant BPF noisar(=1) occurs cooling fans which feature fewer rotor blades, suchBas
for k=2, v=—1, which is a loud drag noise. The drag noise =3 or 4. In such applications, the coincident designSof
radiated by such a mode has its peaks on the rotational plane;B may well be the best choice for structural reasons. In
as indicated by the directivity factor of g in Eq. (1), short, the design d8=S is not unrealistic for a fan with few
where « is the angle between the rotational axis and therotor blades, and the original strut size is used for demon-
source-observer vector. The drag source is in fact a rotatingtration purpose.
dipole which changes the axis constantly on the rotational The directivity measured in the full anechoic chamber
plane. In contrast, a thrust noise is a dipole with a fixed axigor the coincident configuration is shown in Fig. 2 in the
which coincides with the rotational axis, for which the soundform of sound intensity distribution when the fan operates at
pressure directivity is cda). If conventional loudspeakers 3200 rpm. The intensity is calculated by the far field approxi-
are used to construct antisound, a ring of loudspeakers wittation,| = pfmsl(poco), wherep, s is the local rms value of
delicate phase relation may be required to cancel the dratpe measured sound which contains the near field contribu-
noise, while one fixed loudspeaker is all it takes for the thrustion. The exact intensity is=1/2 Repu’), whereuy is the
noise. This is the reason why a coincident desigBefSis  conjugate of the radial component of the acoustic particle
chosen for the current study. Figuréjlshows the design of velocity. For the sound field produced by a simple dipole,
struts. Note that, for such a configuration, all drag noise iformulas forp andu, can be found in Dowling 1998 for
cancelled out by the rotating blades and does not need arsimulation purpose. When the sound power integration is
attention. carried out over a sphere of radiuss0.5m from the fan

It has to be acknowledged that the increased number afenter, the error caused by the sound intensity approximation
struts increases the time-mean blockage of the flow, and the 9%, which means 10 1d§.09=0.37 dB. Due to the low
aerodynamic performance of the fan may suffer. In fact, thesound pressure level in some part of the fan noise pattern,
actual amount of noise radiated by this coincident design ofise of a large radius would give a very poor microphone
B=S=7 would also be higher than the leading order dragsignal. Therefore =0.5m is used in measurement as a com-
noise radiation of the original desigB=7, S=4. A specific  promise. Comparing with sound pressure level, the use of
estimate of the sound powers from the two configurationsntensityl in the directivity plot amplifies any nonuniformity
was made ifWong and Huang, 200&nd a general analysis existing in the actual acoustic field. The thin outer curve in
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Fig. 2 is the intensity of the overall noise, the thicker inner E 10 T ; ; s
line is the rotary component found by synchronous averagings ,»%ﬁ;’a‘sf*:ﬁ\zg:,gw‘x@%,‘. P "l ad? M

with the help of a tachometésee Wong and Huan@003 S
for detaild. The sound power level]SWL) is the result of (@) a=0 ‘

integration of the sound intensity and details are given in % 100 200 300 200 500
Eq. (15 of Huang (2003. The total sound power levels 10

(SWL ref. 107 12W) for the two intensity distributions are
indicated in the lower label. Note that the rotary noise domi-
nates in this case. Note also that, when the inlet flow condi-
tion is smoothed out, the original fan with four struts shown 0 . i i i
in Fig. 1(a) has a sound power of around 47 dB, while the 0 100 200 300 400 500
current coincident configuration has 53.4 dB, which is not Indsx ot rotallonal eycle ()

too noisy considering the use 8& 7 struts with its original  FIG. 3. The cycle-to-cycle variation of the BPF sound pressure amplitude in
size. (a) the front and(b) the back of the fan.

O PRI S P T oo, 805
I} U SRR - SR i
) o=z ' :

BPF sound pressure Prms (10

C. Analysis of the noise components tween this sound power level and the actual rotary sound

Ideally, the sound radiated by the fan is a perfect thruspower level of 52.7 dB is 0.2 dB. The difference must be
dipole with an intensity directivity of (a)=co€ a, and the caused by an additional noise for which the sound power
radiation is perfectly stable with a constant rpm. A singlelevel is estimated as 10 Ig(38'— 10>?%=239.2 dB. This ad-
loudspeaker is then able to radiate a perfect antisound tditional noise is deemed to be uncontrollable. The difference
cancel the fan noise. The reality deviates from this in manybetween the overall noise and the synchronously averaged
ways, and the part of noise that does conform to the ideahoise also represents the uncontrollable noise by the current
assumption is here called controllable noise. Major deviamethod, but this part of the noise is mainly broadband and is
tions are analyzed below. not the focus of the present study.

First, the actual sound radiation does not feafuasdD The variation of sound radiation from one cycle to the
with equal strength on every blade with a perfect time dif-next is studied by taking the Fourier transform for each cycle
ference locked with the rotation. Unsteady forces can hardlyf the measured sound, which contaBs 7 pressure oscil-
be deterministic given the high Reynolds number flow whichiations for the BPF component. The temporal borders of each
is inevitably turbulent. If the force on one blade is different cycle are indicated by the tachometer signal taking into ac-
from the average of the seven blades, the difference can hgyunt the time required for sound propagation over a dis-
seen as the effect of having an additional single s8atl,  tance ofr;=0.5m. The rms value of the BPF sound pressure
for which the noise of all sorts of spinning pressure mede ygaries with the cycle index1 and is denoted ap,m«(n),
exists including the drag noise. Second, the rotational speaghich is shown in Fig. 3 for the fronty=0°, and the back of
varies from one cycle to the next slightly. Since the activethe fan, «=180°. One possible reason for such variation is
control technique can only use the information from onethe change of local rpm with. Assuming that the radiated
cycle to construct antisound to cancel the noise of the nex¢ound power follows the usual sixth power law for dipoles,
cycle, the imperfection of noise radiation caused by rotap _is proportional to(rpm)®. The value ofp,y,s Shown in
tional speed variation is another source of uncontrollablesig. 3 has already taken this into account by multiplying a
noise. Since the directivity shown in Fig. 2 is taken by usingfactor of (rpny/rpm)3, where rprg is the mean rpm and rpm
a single microphone traversing the whole horizontal plane ofs the actual rotational speed for cyeleThus corrected, the
360°, its deviation from a perfect cs) distribution is also  variation shown in Fig. 3 is believed to derive solely from
partly attributed to the temporal variation of rotational speedne random aerodynamic events. The amplitude of noise
and rotor-strut interaction. The extent to which the measuregom such random events is estimated as follows. If the ran-
directivity 1(«) conforms to the ideal distribution of, say, gom event contributes to the BPF noise with an rms ampli-
|+ cos’ @, may be measured by the following correlation cal-tydeA, and the deterministic noise has an amplitéde the

culation, range of the amplitude for the actual noise is, statistically,
- w [Ag— A, ,AgtA,]. Here, A4 is found easily as the mean of
= fo |(a)cos’ a da jo cos' ada, (2 thep,me(n) pattern shown in Fig. 3, i.eAy=prms(N), While

_ _ A, is found asstd(p;ms) J2. A, is found to be roughly uni-
and the sound power from the ideal component with ampliform over the whole measurement plane, so the sound power

tudely is given as associated with the random events is calculatedPas
- I =Ar247rr§/(poco), which is found to be 38.4 dB, very close
Pi= fo (11 cof a)2mrsina da= 5(4wr3). (3)  to the result of directivity pattern analysis shown in E@S.

and (3). To summarize, the amount of uncontrollable rotary
The estimated intensity amplitude; for Fig. 2 is 1.70 noise is about 39 dB and the maximum expected rotary
X 10”7 W/m? for the observer radius af,=0.5m, and the sound power reduction is 52.7—-39:03.7 dB. In terms of
thrust sound poweP+ is found to be 1.78 107 'W, or  the percentage in sound power, the uncontrollable part rep-
SWL=10Ig(P/10 **W)=52.5dB. The difference be- resents 10*371%0.043 or 4.3%.
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B&K Tachometer is not used as error sensor here but is merely for the purpose
@_\ of evaluating the results. Note that this part of the experi-
f mental setup can be easily absorbed into the controller block
~ shown in Fig. 4. It is kept as a separate part purely for op-
Ilind abare erational convenience. The rig is built around a dSPACE
electret (DS1103 PP controller, which is a real-time system with
microphone B&K 05" multiple A/D and D/A channels, and a Motorola PowerPC
it rophe 604e microprocessor running at 333 MHz. The input signal
derives from the rotation sensor and the output goes to the
PO secondary sound source. The digital controller is connected
— to a personal computer through an ISA bus. The control al-
gorithm is simply based on IIR filters constructed by the
SIMULINK function in MATLAB® assembled in the host
personal computer. A real-time interfa¢BTI) is used to
D/A build the code downloaded to and executed on the dSPACE
hardware. The rotation sensor signal is sampled at 10 kHz,
—?_-{* '};a/ ,;Et. gnd the output analog signal is also c_or_15tructed at an updat-
I T A R, -y ing rate of 10 kHz, both deemed sufficient for the range of
AD HEE Lelay i frequencies encountered in the current study. The control is
@_,“%J concentrated on the most outstanding peaks on the funda-
bedpiet Hor gz “iargpod mental BPF and its first harmonicy=1, 2, at which the
BRE: LS noise level exceeds the broadband by 17 and 14 dB, respec-

tively. Two filters are constructed as parallel channels, one
DSPACE (D51103 PPC) for each peak, to extract the rotational information at the two
FIG. 4. Experimental setup in the anechoic chamber. The fan is isolated anU?que!"C'es' l_EaCh channel has its own phase delay and am-
unbaffled, and the secondary louderspeaker is put beneath the fan. plification variables which can be adjusted manually in the
computer to optimize the results. The outputs from the two
channels are added together before the DA conversion.
The experiment is conducted in a full anechoic chamber
An open-loop, feed-forward control is used for the ywth a cutoff frequency of 80 Hz, and the acoustic directivity

sample fan beina investiaated here. The svstem simoly corlS measured by the survey microphone fixed at one position
P 9 9 ' y Py .5 m away from the fan center, while the fan and loud-

sists of three components. First, a nonacoustic reference fromi . L

- : . . Speaker rotate on a tripod to traverse all directions on the
a miniature electret microphone, of which the details are dehorizontal lane at an anaular interval of 10°. The pulse Sid-
scribed below, located on the bellmouth of the fan provides P 9 ) P 9

the clock information of the rotating fan blades. To Somenal from the optical tachometer is sampled together with that

extent, the amplitude of the signal is also weakly related toOf the electret microphone by a 24-bit AD card using a sam-

the rotational speed. Second, the signal is bandpass filtered E)(I)mg rate of 16 kHZ‘. More Qetans O.f the sensor microphone
. and other elements in the rig are discussed below.
keep the components of BPF and a few chosen harmonics,
and further conditioned in terms of amplitude and phase de[—3 Description of rig components
lay. Third, the conditioned signal drives the loudspeaker at-"
tached just beneath the fan to produce the anti-sound to can- Normally, a photoelectric tachometer provides the infor-
cel out the noise made by the fan at the earliest possiblgation of the instantaneous position of the rotor by generat-
blade passage cycle, which iBB1¢f a rotational cycle. Note ing a pulse at each passing of a marked blade. Since the
that for deterministic sound from the fan, the acoustic signabpectral energy of an ideal pulggelta function spreads out
repeatsB times during one rotational cycle. The total time over a very wide frequency range, the amount of signal en-
delay of the system is found to be such that the signal fronergy in one narrow band of frequency, such as that around
one moment is actually used to cancel noise at the next bladde BPF, would be necessarily low in proportion. This makes
passage. Such a short time delay means that the limitation dfless ideal for the current purpose. In addition to this draw-
the system performance is mainly rooted in the randomnedsack, the height of the pulse is independent of the rotational
of the aeroacoustic source. In what follows, the three elespeed, and it requires some kind of frequency to amplitude
ments of the control rig are discussed before the results aeonversion if more antisound needs to be constructed to can-
presented. cel the noise of the fan running at momentarily higher speed.
In this study, a miniature electret microphone is used as the
alternative rotation sensor. The microphone used is a 151
The schematic diagram of the experiment is shown irseries from Tibbetts industries. It has a cylindrical head 0.1
Fig. 4. lllustrated at the upper-right corner aré-im. survey in. in diameter and 3 mm in height, with a flat frequency
microphone(B&K type 4187 and a tachometgB&K type response of 0.018 V/Pa from 300 Hz to 5 kHz. A photoelec-
MO004) connected to a PC equipped with signal analysis softtric tachometefB&K type MM0024) is also used in the rig
ware MATLAB® and an A/D card. The survey microphone and is located at some 30 cm upstream of the fan, while the

IIl. EXPERIMENTAL STUDIES

A. Experimental setup
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When the two signals in Figs(& and(c) are compared
in terms of BPF energy contents, the tachometer has 23%
while the electret microphone has 83%. The large spectral
clearance between the BPF and its non-BPF neighbors for
the electret microphone means that the passband of the filter
does not have to be too narrow in order to extract the BPF
signal. In fact, a very wide band of 200—500 Hz is used in
the current study for the BPF around 373 Hz. This way, the
time delay caused by the filtering is minimal, and the effect
of noise cancellation is expected to be much better than that
based on the photoelectric tachometer. In addition to this
crucial time-delay factor, the use of a miniature microphone
is also more economical and convenient. A much broader
10 bandpass filter also allows simpler analog construction in
. __ Time(ms) , future applications. In terms of the secondary source, a 4-in.
eneeee .ﬁ[ e, ,rw, e ) — loudspeaker is used, and its dipole directivity is confirmed by
AN Mw‘ YN [‘ vy ‘H - /\ fﬁ ) the measurement without the fan. Also, the loudspeaker is
, A AUV VAR W found to have a time delay of 0.4 ms at the frequency of the
5 10 15 20 25 30 BPF for which the period is 2.7 ms.
Frequency (ps) The overriding consideration for the filter design is the
FIG. 5. Signals from two rotation sensofa) is for the photoelectric ta- time delay caused by the filter. A time delay here means that
chometer andb) is the spectrum of signal ite). (c) is the signal from the  the signal of the rotational sensor at present is used to con-
miniature microphone, ang) its spectrum. struct antisound for the future. The random variation of the
BPF amplitude with respect to the rotational cycle shown in

electret microphone is flush mounted on the inlet bellmoutHi9. 3 means that such delay should be minimized in order to
of the fan just upstream of the blades. Signals from the phoachieve the best result. Since an infinite-impulse-response
toelectric tachometer and the electret microphone are confllR) filter has much smaller time delay than a finite-
pared in Fig. 5. The photoelectric tachometer signal is showimpulse-responséFIR) filter with equivalent bandpass per-
in Fig. 5a) and its spectrum in Fig.(5). Here, the ripples formance, the former is chosen. In making this choice, the
around the edges of the pu|ses are caused by the high_pdﬁtor of Signal distortion by the IIR filter is not much a
filter installed in the data acquisition system to avoid excesfactor for the following reason. There is no reason to assume
sive electronic noise that exists at low frequencies. When théhat the time delay between the component of BPF in the
optical reflex paper is attached to all seven blades of the fariotational signal shown in Fig.(§) and the radiated sound is
the main peaks are found at the BPF and its harmonics. TH&e same as that for the second BPF component. In other
appearance of the peaks at the rotational frequémsy and ~ words, the required time delays for the fundamental (
its non-BPF harmonics is caused by the difference among the 1) and first harmonicri=2) may well be different. In
pulses due to either the variation of tachometer or the chandact, due to the variation of the rotational speed of the fan,
ing fan rotational speed. The difference between the firsthe ideal antisound should maintain a fixed phase angle of
BPF and its two neighboring non-BPF peaks is 16 dB. 180° with respect to the original noise at its varying BPF and
Figure c) shows the saw-tooth-like waveform from the higher harmonics. The varying phase relation between the
electret microphone, and its spectrum is shown in Fig).5 sensor signal and the final antisound for various frequencies
The BPF peak is cleared of its nearest non-BPF peaks by 3Beans a nonlinear phase response might well be ideal. In this
dB. What is measured here is the aerodynamic pressuigudy, such nonlinear phase response is not studied, nor is the
variation on the bellmouth surface caused by the constantarying amplitude response that might be beneficial.
sweeping of the blades, which is a source of far field sound As shown in Fig. 5, the sharp BPF peak allows a wide
but not all sound by itself. The effect of the blade rotation onpassband to be used together with a wide transitional band.
the upstream flow is mainly a potential flow blockage, and itsThis allows a low-order filter to be constructed to achieve a
magnitude should be of the order of the dynamic pressuréiat response. For the fan operating at 3200 rpm, 373 Hz is
head associated with the velocity change during the sweeghe fundamental BPF, and 200—550 Hz is chosen as the pass-
ing. A brief test shows that the measured peak-to-peak pred®and with its center at 375 Hz. The band of 600 to 900 Hz is
sure variation is 0.140, 0.154, and 0.162 Pa for the rotationathosen for the first harmonic with its center at 750 Hz. A
speeds of 3000, 3100, and 3200 rpm, respectively. One susix-order Chebyshev IIR filter is constructed by using the
pected drawback of using the miniature microphone is thatieastp-norm optimal IIR filter design in the SIMULINK of
in principle, the fan noise and antisound can also be sensedATLAB®, and the responses of the two filters are shown
leading to a feedback loop in the system. But this worry isin Fig. 6. Based on these filters, a further gain and phase
unfounded since the near-field amplitude of the loudspeaketelay are required to construct the antisound, as shown in the
sound is found to be around>510~2Pa, which is much lower part of Fig. 4. These are achieved by manual tuning for
lower than the aerodynamic pressure amplitude, 162he two channels independently, although there is no reason
X103 Pa. why a formal procedure of system identification cannot be

L)
o =N
T T T

Amplitude

Tlme (ms)

4]
CJ

Amplitude (dB)

O

o o
_ 0 =
T T =

[4)]
o
T

o

Amplitude (dB) Amplitude

740  J. Acoust. Soc. Am., Vol. 117, No. 2, February 2005 Wang et al.: Fan noise abatement



— o] 55 . . . .
% : : [ Control off
; 50 B Controlon [
o L 4
2 -50 45
S 40} i
g : 35+ 1
-60 : -100 : : R
0 500 1000 1500 O 500 1000 1500 %30 t 1
200 . a
7 : _ , 5
&JJ 0 : b 1 E 20}
:'}) : ( ) Q) feosum .............. ........
<100 | | 5 5 -l
3- NG - 200l A NG .|
i i : : : 5l
o : : : i
(AT AN
200 300 400 500 600 800 0 3 = ul I “ ]3 H 5 L .
Frequency (Hz) Frequency (Hz) Frequency/BPF '
FIG. 6. The responses of the tWO_ filter chann(}iﬁ;.apd(b) are the magni- FIG. 7. Sound pressure spectra at the on-axis peaks of dipole with control
tude and phase response for the first BPF, respectilgnd(d) are for the off (open bar and on(filled bap
second. '

BPF, and 13.0 dB for the second BPF. There is also a peak at
pproximately 3.5 BPF, for which there is virtually no
hange in sound pressure level. This source of this peak is

beyond the scope of the current investigation. Acoustic di-

rectivity is also measured on the horizontal plane level with

C. Results and error analysis the center of the fan, and the control on—off comparison of

The loudspeaker is put underneath the fan to minimiz&°Und intensity is made in Fig. 8. FiguréaBcompares the

its influence on the incoming flow stream. The dipole Sounototal synchronous sound pressure levels ip decibel l.JnitS,' with
from the fan and that from the loudspeaker are coupled as ah'® total sound powers labeled on the horizontal axis. Figure

effective lateral quadrupole with a perpendicular separatioff(t) 9ives the details of the control-on directivity, which in-
distance ofd=10cm between the two parallel dipole axes.CIUdeS the overall noise, rotary noise, and the random noise

The ratio of the quadrupole sound power to the dipole Soun(ilerived from, respectively, the original signal measured from
power can be shown to bé&d)?/5 (Dowling, 1998, where the survey microphone, the synchronous average of the mea-

k=2mflc, is the wave number. For frequendy=373 Hz sured signal, and the power difference between the original

the ratio turns out to be 0.096, which means a maximum
reduction of sound power 6f101g(0.096=10.2 dB. This is (a) The SPL of the rotary noise (b) The controlled sound Power
a serious limiting factor. Ideally, a ring of small loudspeakers =0
should be placed around the fan circumference in order tc
create a better coincidence of the centers of the two noise 339 .~
sources. In practice, two or four loudspeakers might be ad- :

followed to achieve the goal of noise minimization. The
manual tuning is based on the display of sound picked up b
the survey microphone on the rotational axis;0.

— — Overall
2w Random
— Rotory

—— control off
- control on

equate. Using simple numerical simulation of linear superpo-«=q { = # - 80
sition of sounds from two antisound speakers placed at the _

top and the bottom of the fan, which is itself modeled by ‘ . N
seven-point dipoles on a ring of 4.5-cm radius, it is found : 60

that the best cancellation is improved to become 24.1 dB, 50 20 SPlgeg g (@B) 30 Triag (Wim?)
which is quite satisfactory. So, the issue of the relatively Control off SWL: overall 53.4, random 45.0, rotary 52.7 dB;

large fan-loudspeaker separation distance is temporarily se Control on SWL: overall 46.6, random 44.8, rotary 41.9 dB

aside by the fOIIOWing heuristic method. The paramEterS Of(c) The first two BPF tones, control off (d) The first two BPF tones, control on
the antisound are tuned only on the horizontal plane level 270

300 : 40 | — BPF
: N --- 2BPF

with the fan center, and the finalized result is also measurec

on the same plane. In terms of the separation of the primary 33,
and secondary sources, the method of shaking the fan itsel
as a secondary sourcéauchle et al, 1997 may have
achieved a rather perfect collocation. The only limitation fac-
tor for the performance becomes the issue of whether the 30«""
primary and secondary sources have the same dipole compc

. . . . . < 200
sition and acoustic directivity pattern. ' 60 = B o (Wi
The spectra of synchronous sound measured with anc
SWL for BPFs: (1) 51.3, (2) 46.3 dB SWL for BPFs: (1) 36.5, (2) 36.5 dB

without the loudspeaker far=0 are presented in Fig. 7. It is
found that 18.5-dB noise reduction is achieved for the first FIG. 8. Sound power level comparisons for with and without control.
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and synchronous signals. Note that the rotary noise includes
sound at frequencies other than the harmonics of BPF, such
as 3.5 BPF shown in Fig. 7. The total reduction in the rotary
noise power is 52.741.9=10.8 dB. The overall noise reduc-

tion is 53.4-46.3=7.1 dB while the random noise, about (2)

50.0 dB, is essentially unchanged.

Figures &c) and(d) show the sound intensity directivity
of the BPF and 2 BPF noise for control-off and control-on,
respectively. While the control-off pattern is clearly an axial
dipole with some limited distortions, the control-on pattern is
quite irregular and the scale for this figure is amplified by 40
times when compared with Fig.(@. The irregular shape
indicates that most harmonic noise that can be controlled by

the simple scheme has already been suppressed successfully.

The sound power reductions for the two frequencies are 14.8
and 9.8 dB, respectively.
The result of this simple control scheme is determined

by many factors, and the main one has been recognized edf)

lier as the random variation of sound radiation by the rotat-
ing fan(see Fig. 3. The standard deviation of sound pressure
amplitude is 15.9% while that for the rpm is 0.4%. If the
radiated sound pressure grows with rpm by the third power
law, the variation in the sound pressure amplitude would
have been only 80.4=1.2%. The difference between this
prediction and the actual 5.6% change in the radiated sound
amplitude means that the variation is rather independent of
the rotational speed change. In fact, the correlation study
between one-cycl@,,,s and rpni shows a peak correlation

of only 20%. The deterministic error of using the rotational
signal from one blade passage to control the noise radiated
by the next blade passage is also analyzed in terms of the
phase error due to the response characteristics of the filter

shown in Fig. b). The error of 0.4% BPF period means a (4)

frequency error of 0.004373=1.5 Hz, or a phase response
difference of66=1.5° based on the phase response curve in
Fig. 6(b). This phase angle error can only lead to an error of
86 in radian units, which is 0.026 or a limit of noise reduc-
tion of —201g(0.026=31.7 dB, which is also unlikely to be

a bottleneck of the performance.

IV. CONCLUSIONS

The reported scheme of active acoustic interference
demonstrates that the sound locked with the rotation from the
typical computer cooling fan can be significantly attenuated
by a simple design. More specifically, the following conclu-
sions are drawn.

(1) The noise of the sample computer cooling fan is suffi-
ciently deterministic to allow a meaningful implementa-
tion of the proposed scheme. For the dominant BPF

nous sound is reduced by 10.8 dB. The reduction of the
sound power in the experiment for the BPF, 10.8 dB, is
close enough to the limit of 13.7 dB forecasted for the
deterministic acoustic interference.

The cause of the random variation could have a complex
origin in turbulent fluid dynamics, and the limitation im-
posed by this factor is much more stringent than those
imposed by the known phase delay and amplitude mis-
match problems associated with the inevitable variation
of the fan rotational speed from one cycle to the next. In
fact, this variation is rather small since the total time
delay involved in the current study is only about half of
the blade passage, gr of the rotational cycle. A more
stringent limitation appears to be the separation distance
between the fan center and the single loudspeaker, but
this problem would be alleviated if two loudspeakers are
used.

If the rotation signal is provided by a traditional photo-
electric tachometer, the pulse signal does not carry suf-
ficient BPF content and it would limit the performance
of the method. In this study, a miniature electret micro-
phone is used to provide the unsteady pressure arising
from the blade rotation just upstream of the rotor. The
signal is found to be very rich in BPF content and is
rather smooth. Spectral analysis shows that the peak at
the BPF is well above the neighboring rps harmonics. As
a result, a broad passband can be used to extract the BPF
signals to drive the loudspeaker. The time delay for the
filter is thus minimized. Apart from this technical advan-
tage, the miniature microphone is also relatively cheap
and small to allow the implementation of the technique
in practice.

The sample fan used in this study is a modified version
of a typical computer cooling fan. In a typical fan, the
number of struts differs from the number of rotor blades,
S#B. It is pointed out in this study that this seemingly
correct design avoids the worst coincident mode sound
radiation by the unsteady flow thrust, but it is almost
impossible to avoid the equally efficient radiation of
drag noise. Since drag noise originates from a rotating
dipole with a changing dipole axis, the modification
from the usual design with drag noise domination to the
coincident design o6=B with thrust noise domination
carries the following important technical advantage: a
simple loudspeaker can be used as the secondary source
for the thrust noise but the same cannot be done easily
for the drag noise.
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