Active control of axial-flow fan noise
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Discrete-frequency axial-flow fan noise reduction using active noise control is described. The
unigue aspect of the current research is the use of the fan itself as the antinoise source in the active
noise control scheme. This is achieved by driving the entire fan unit axially with an electrodynamic
shaker which mechanically couples the solid surfaces of the fan to the acoustic medium. The fan
unit is thus transformed into a crude loudspeaker. A near-field microphone serves as an error sensor,
where transfer function measurements between the electrical input to the shaker and the electrical
output of the microphone are found to be reasonably free of phase distortions and linear. A
feedforward algorithm utilizing the output of a tachometer as a reference signal is used. The
experimental apparatus is composed of a baffled fan unit in a free field. A small cylindrical flow
obstruction is placed on the inlet side of the fan to enhance noise emissions at the blade-pass
frequency and harmonics. The experiment successfully demonstrates the concept of active control
of tonal fan noise using a shaken fan as the cancellation source. For the fan operating in a planar
baffle, the fundamental blade-passage frequency sound-pressure level at the location of the error
sensor is reduced by 20 dB, while the second and third harmonic levels are reduced by 15 and 8 dB,
respectively. Placing a cabinet enclosure over the baffled fan did not affect these results
significantly, and free-field sound power measurements indicate similar level reductions with the
active control in operation. €997 Acoustical Society of Amerid&0001-496607)00112-4

PACS numbers: 43.50.Ed, 43.50.Ki, 43.28 &AD]

INTRODUCTION spatially nonuniform, time invariant flows, random flow
variations due to turbulence and unsteady upstream condi-
Under the long-wavelengtfrelative to rotor diamet¢r tions may also be present. These stochastic flow variations
constraints of compactness, a subsonic fan, either baffled @ause random blade forces which lead to a broadband com-
unbaffled, radiates acoustic energy because of both steagyynent of sound radiation. The level of sound at the harmon-
and unsteady aerodynamic forces generated by the rotatings of the BPF, however, are usually many dBs above the
blades. For typical fans operating in air, the blades are usys;gadpand components. The BPF tones are therefore impor-
ally assumed rigid. The steady forces on fan blades generajgn o suppresgnitially) in a fan noise reduction program.
the thrust of the fan, but because they are rotating, they also There has been considerable interest and fundamental
create a steady-loading noise component. The mechanism fPésearch on the use of active noise contAMC) to reduce
steady-loading noisg5utin nois¢ is the time-dependent dis- tqe level of discrete-frequency noise radiated from fans,

tance between thg individual steady forces on the blades arb owers, and turbomachines. One of the first demonstrations
the observer. This component radiates sound at the blade

passing frequencyBPB given by the number of fan blades of this technology was by Ffowcs W|II|§1ann a Brr_ush Gas
multiplied by the shaft speed. The predominant direction of O'P: 93S turbine. Koopmanretal” and Neise and
T . . - . " Koopmanm* were able to actively control the tonal emis-
radiation is 90° to the fan axis, where the time variation in " P ) y S .
distance between any given blade and a fixed observatiofjon'S from a5 cent.rlfugal blqwer operat|pg in a duct, while
point is maximum. This type of noise begins to dominateMefndat et al> achieved active atteGnuatlon of the ran_dom
other fan noise mechanisms only under the conditions of®iS€ components as well. Fedt al” demonstrated active
very high blade tip speed&ery high subsonic and super- blower noise control in a duct while using the reciprocal
sonic conditionsand clean inflow/outflow conditions. characteristics of a loudspeaker to permit replacement of the
Unsteady blade forces result when the blades pas&ore conventional microphone error sensor by a loud-
through spatially nonuniform, time invariant flow fields. SPeaker. Ducted propeller or blower ANC is relatively
Such situations occur when the fan is operated close to otsitraightforward to accomplish for the plane-wave propagat-
structions that can disrupt an otherwise uniform inflow. Asing pressure components due to their one-dimensional na-
the blades pass through these regions, the magnitude afi¢re. To actively cancel higher-order duct modes requires an
direction of the local velocity incident to the blade sectionsarray of synchronously phased antinoise sources in the
varies with circumferential position. This gives rise to a localduct®* Sutliff and Nagel have also made progress at doing
blade section lift and drag force that varies periodically withthis for a ducted propeller through use of a feedforward ANC
time. Dipole sound is produced by these fluctuating forces a@lgorithm that uses a rotor blade position sensor as a refer-
harmonics of the BPF. Peak sound pressure occurs along tleace.
axis of the fan for the lower harmonics. In addition to the Studies of active noise control for fans situated in the
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FIG. 1. On-axis far-field sound-pressure level from the shaken fan unit relative to the BPF tonal sound-pressure level radiated by the same fan in free-delivery
operation. The independent variable is the apparent electrical power supplied to the mechanical shaker.

open field or in baffles are not numerous. Quifilaas suc- be addressed is the fan noise directivity. It is desirable to
cessful in reducing the blade-passage tones of an axial-floave the directivity patterns of the primary and secondary
cooling fan mounted in a planar rigid baffle. Located next tosources identical. These issues are addressed experimentally
the fan in the baffle was the antinoise loudspeaker. The bafflfor a given fan unit.
apparently tends t.o bring thg fan dwgctmty mtp apal SYM- | opaken fan feasibility tests
metry and makes it more uniform. With the antinoise source
and baffled(compac} fan noise source having similar direc- Experiments involving shaker-induced radiation from
tivities, global far-field noise reduction of 10 dB was the fan unit were conducted in the flow-through anechoic
achieved for the first two harmonics of the blade-passagehambel® located at the Applied Research Laboratory of
frequency components. Penn State University. A Nidec, 82-mm-diam plastic fan was
The goal of the research presented in this paper is tfitted with an aluminum disk on the back of its frame, which
investigate the use of the fan itself as an antinoise source igllowed for connection to a Wilcoxon, Type F3 electromag-
the active control of the tonal emissions from an acousticallyhetic shaker via a stinger which was fabricated from
compact, baffled, axial-flow fan. Chiet al? used coherence stainless-steel rod. The stinger was aligned along the axis of
function measurements between a small, fan-mounted forggn rotation. The shaker/fan assembly was mounted to a rigid
sensor and a far-field microphone to show that the radiatioRiand such that the fan axis was vertical. Tests were con-
at the first several harmonics of the BPF was due entirely t@jycted with the stand isolated above the anechoic wedges;
the total integratedover the plane of the rotprunsteady the fan was unbaffled. The effect of the fan flow field on the
rotor forc_e-. This result suggests that the appropriate antinoisg,giation from the shaken fan unit was investigated by sim-
actuator in ANC schemes for compact fans should be & mes)y gnerating the fan simultaneously with the shaker.
chanical shaker, or similar device that can generate con- A B&K Type 4136 microphong1/4-in) was suspended
trolled unsteady forces on the primary source. Furthermore,g
n

haken f q i cally effici I m above the fan blades on the inlet side; its signal was
shaken 1an seconcary Source, 1 acoustically € icient, wou alyzed on an HP 35 665A spectrum analyzer. In order to
be collocated with the primary aerodynamic fan noise

sources which would be a significant advantage in Ioba?alcUIate the apparent electrical poleconsumed by the
. D€ a sig 9 9 shaker, a voltmeter was placed in parallel and an ammeter in
noise control where directivity issues are of concern. In the_ . . . .
. . . series with the electrical connections to the shaker. For cer-
experiments described below, we use a small, commercially - . o o
. . . ; ._tain tests the fan was swiveled 180° to reverse the direction
available electronic cooling fan as a the primary fan noise

source. It is mounted directly to a electrodynamic shaker angf ai_:_frlloem;én was shaken at 264 Hz which is its free-deliver
the entire assembly is mounted in a rigid planar baffle. A y

feedforward ANC algorithm is used to control the shaker Sofundamental BPF. Figure 1 shows the measured on-axis

that global cancellation of the far-field tonal fan noise emis—acous_tIC pressurepf) ".it 1 m as dunction of the apparent .
; . §|ectr|cal power supplied to the shaker. Here, the dB level is

for the algorithm, which consists of a pulse for each bladéefz_erenced to the on-axis acoustic press(lp_rfe also at 1 n)1
passage, and a microphone is used to supply the error signé{Y.h'Ch is produced by the normal free-delivery operation of

A feasibility study is also described that provides informa-(N€ fan at the BPRwhile the shaker was oif It is seen that
tion on the efficiency of a shaken fan as an acoustic radiatof "€ Shaken fan radiation matches the pressure amplitude gen-
erated by the aerodynamic fan noise mechanisms when ap-

proximately 0.1 W of apparent power is supplied to the

|. FEASIBILITY OF USING SHAKEN FAN AS shaker. Figure 1 also demonstrates that with a sufficient sup-
ANTINOISE SOURCE ply of electrical power, the acoustic pressure response from

A basic issue that needs to be addressed in the deternthe shaken Nidec fan can produce much greater acoustic
nation of whether or not a particular fan unit can be successpressures than the fan in operation. These results suggest that
fully implemented in the proposed ANC scheme is whethetthe shaken fan can act as a crude loudspeaker and is hence
the shaken fan unit produces substantial acoustic radiatiocapable of serving as the antinoise source in ANC applica-
for a reasonable power input to the shaker. Another issue tbons.
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FIG. 2. Far-field directivity patterns for the unbaffled fan radiation at the
first three harmonics of the BPF. The 90° axis corresponds to the fan axis on
the inlet side.

/
MICROPHONE

Additional data of the type shown in Fig. 1 have been
obtained for off-axis positions of the microphone, the fan,
and shaker in operation at the same time, and again with the
flow direction reversed®!® In all of these situations the
shaken fan was found to create sufficient acoustic energy to
warrant its use as an antinoise source. However, it was ob- W
served that when the flow from the fan was reversed and ANALYZER
directed toward the microphor(@hich was 1-m away and
uninfluenced by the floyy the shaken fan acoustic pressurefic. 3. sketch of the experimental setup for measuring baffled fan direc-
amplitude was about 2 dB less than the case when the flovivity patterns.
was away from the microphone. This is explained as a
change in radiation impedance due to flow. An analysis by’armonics cannot be interpreted in terms of simple dipole
Muehleisef* has predicted this level of change for the typi- radiation patterns. These results are very consistent with
cal mean flow velocity of this fan. those reported by Quinldrfor a different but similar fan.
The reason for the skewness is not known precisely, but it
may be a result of asymmetries in the fan construction that
result in peak aerodynamic forces being directed off-axis.

Unbaffled axial flow fan units are reported to produce ~ When the acoustically compact fan unit is shaken as
skewed directivity patternSA nonsymmetric fan directivity ~described above, one would expect dipole directivity of the
pattern would suggest that complicated ways of shaking théound pressure with an on-axis peak. Placement of the fan in
fan would be necessary in order to most effectively cancef baffle, such as that depicted schematically in Fig. 3, would
the fan noise. Radiation patterns for the type of fan unitgransform the dipole source directivities into monopole direc-
considered here are measured under unbaffled and baffléities. Figure 4 shows the baffled fan directivity patterns
conditions in order to obtain know|edge about the Sourcemeasured on the inlet side of the fan. The patterns are Clearly
type and to determine the effect of the baffle on the radiatiorinore uniform than in the unbaffled case, which is favorable
pattern_ All d|rect|v|ty patterns were measuradlam from from the ANC VieWpOint. The dlreCthlty patterns on the out-
the fan in the free field. A movable microphone boom pro-let side of the fan were measured afsand found to be
vided measurements in increments of 5°. The unbaffled dinearly identical to those shown in Fig. 4. These experimental
rectivity patterns for the first three harmonics of the BPF offesults confirm the findings of QuinldnThey indicate that
the Nidec fan are shown in Fig. 2. In order to obtain resultsPaffled fan ANC should be simpler to achieve than unbaffled
which were repeatable withir:1.5 dB, each data point re- fan ANC when the secondary source is of the dipole type
quired 300 spectral averages over a frequency bandwidth ¢foudspeaker or shaken fan unénd located in the planar
1.6 kHz. The sampling rate was 4096 Hz. It is clear from thebaffle containing the fan.
results shown on this figure that the unbaffled fan has com-
plicated directivity characteristics. The pattern for the first!- EXPERIMENTAL ACTIVE FAN NOISE CONTROL
harmonic could be interpreted as dipolelike, but it is skewed  An experiment is constructed to demonstrate reduction
off-axis by some 60°. The patterns for the second and thirdn tonal noise from an axial-flow fan in which the fan is

B. Fan directivity characteristics
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tem, the primary noise is the noise generated by the fan in
operation and the secondary noise is the acoustic signal pro-
duced by the shaken fan. The error signal is the electrical
output of a microphone placed on the inlet side of the fan
unit, and an independent reference signal is provided by the
optical tachometer. The optical sensor is placed above the
fan and is sensitive to the passing of reflective strips located
on the leading edge of each blade. The signal from the sensor
0 is coherent at the BPF in addition to the higher harmonics
because the voltage pulse is rectangular in shape; the Fourier
transform of these periodic pulses produces a harmonic train.
The optical sensor is insensitive to the motion of the axially
shaken fan because the reflective strips, which the optical
sensor monitors, pass orthogonally to the axis of the fan. An
independent reference signal for the controller is therefore
produced by the optical sensor.
The height of the error microphone above the fan unit
was typically a fan diameter or more and was often moved to
FIG. 4. Far-field directivity patterns for the baffled fan radiation from the verify noise Ca_nce”atlon observations. The ;eyen-blgded fan
inlet side at the first three harmonics of the BPF. was mounted in a plywood baffle such that its inlet side was
flush to the surface of the baffle. The gap between the fan
shaken to produce antisound. A Filtered-X controlhousing and the baffle was 5 mm such that the housing was
algorithn?>1is implemented and responds only to the tonalnot in physical contact with the baffle. The fan was sup-
components in the fan spectrum for this experiment. Theported completely by the Wilcoxon shaker which was rigidly
Filtered-X algorithm is a feedforward algorithm that uses anmounted to a platform located underneath the baffle. A small
independent reference signal related to the tones of the préylindrical rod was placed across the center of the fan at an
mary source. Because the tones of interest are the harmoniaxial distance of approximately R1from the fan hub,
of the BPF, a simple optical-type tachometer is used for thavhereR is the fan blade tip radius. This distance is close
reference. enough to cause an increase in the tonal fan noise compo-
nents due to the wake of the obstructidrEnhancement of
the BPF tones by operating the fan in a time-invariant, non-
Elements of the Filtered-X active noise control experi-uniform inflow field seems appropriate because most practi-
mental setup are shown schematically in Fig. 5. In this syseal installations result in such an inflow. The experiment was
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2x BPF
ww 3X BPF 270

A. Experimental setup

B&K TYPE 4136 -
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FIG. 5. Sketch of the experimental setup used to demonstrate active fan noise control.
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Reference Error the digital control signal at the shaker at tiln@as generated
:‘T‘;'gﬁosn‘f:g)' ,T-l lTl Sensor by the adaptive filter last updated at time1. This delay is
important physically as it indicates an unavoidable linear
phase component in the SE transfer function. If the filter
model C has the proper phase response at the reference sig-
nal frequencies, the Filtered-X should converge without dif-
ficulty. It is necessary to update the three LMS filters D, C,
and A in real time due to the changing transfer function
responses in a real fan noise application.
t To insure C has the correct phase, a second system iden-
tification filter D is used to model the forward PE. The sum
of the outputs of the forward model D and error model C

+
t O,

+

Active Control
Shaker/Fan S

(o

Yijt-1

o

3::25::2: give a prediction of the error sign&|{. The difference be-

tween the true error signal from the microphone and the pre-
diction of the error signal is used to update the two LMS

_ , _ _ _ _filters used in the passive system identification. Its operation
FIG. 6. Filtered-X adaptive noise cancellation block diagram used for axial.

is self-correcting as long as a reference sighand a con-
trol signaly,,;_, are presenfi.e., both signals are nonzgro
conducted in the anechoic chamber described in Sec. IAIf the control output is low, then the error signal is domi-

fated by the forward plant and D is a good match to PE,

with acoustic spectral analysis being performed using th%]lowing C to model SE with the residual. Conversely, if the

same HP analyzer. Sound power measurements followe . . : . . .
standard procedur® control output is exceedingly high, the error signal is domi-

’ nated by the SE loop allowing C to closely model the error
plant and D to model PE with the residual. If the error signal

B. Control algorithm becomes quite smalthe goal of the ANC systemall of the

Figure 6 presents a block diagram representing the sigedaptive filters slow down and converge on the desired re-
nal processing and control for the active fan noise controllepult. Passive on-line system identification is important to
using a Filtered-X algorithn®® The reference signat, is axial fan ANC because flow rates and the corresponding
generated by the optical sensor described in Sec. Il A. Thelant time delays are always changing and the addition of
Fourier transform of the reference signal pulse train reveal§roadband noise is unacceptable. It is noted that SE is the
exactly the same harmonic frequencies as the tonal acoustigansfer function defined as the response of the error sensor
noise generated by the fan. The block P in Fig. 6 representyhen a white noise input signal to the shaker amplifier is
the transfer function relating the magnitude and phase of thapplied in the absence of a primary excitation signal. Figure
reference signal pulse train to that for the acoustic noise af shows the magnitude and phase of this function determined
the fan location. The block S represents the transfer functiog@xperimentally. The linear phase response is expected for a
for the shaker/fan assembly relating the electrical inpusimple delay path associated with acoustic propagation from
yyi_1 to the acoustic response at the fan location. The blockhe fan to the error sensor.

E represents the transfer function of the error sensor where A numerical simulation of the operations depicted in
the input is the acoustic noise in the near field of the fan, andfigs. 5 and 6 has been carried 64T he results indicate that

the output is the electrical response of the microphone to thithe algorithm of Fig. 6 operates only on causal, periodic
field. Clearly, if the adaptive control filter A adapts to a signals. Discrete-frequency noise was thus canceled com-
transfer function approximating P/S, the vibrations of the pletely in the simulations. The simulation also included
shaker/fan assembly and the unsteady forces of the bladésoadband random components of primary noise, but these
are superimposing in a way which suppresses the radiateslere not canceled by the Filtered-X algorithm because they
acoustic tonal noise. This is because the reference signal ongymply were not part of the tachometer reference signal. If a
contains harmonics coherent with the tonal acoustic noise. microphone reference sensor was used, rather than the ta-

We chose a passive system identification strafeépr ~ chometer, the broadband noise detected at the fan would
the adaptive controller because we do not wish to risk invery likely have low coherence with the far-field acoustic
creasing the broadband noise of the actively controlled farbroadband noise due to localized turbulent flow noise at the
For the reference signal to be properly correlated to the erraieference position which would not be present at the far-field
signal in the adaptive least-mean-squd@S) algorithm for  position. A method for suppressing local turbulent pressure
the controller A, we must filtex, by the transfer function fluctuations on a microphone in a flow field has recently
represented by the product SE, where the output is the elebeen demonstratéd,but was not used in the subject inves-
trical signal from the error microphone and the input is thetigation.
electrical control signal to the shaker/fan assembly. The C For the active fan noise control experiments, the
adaptive block in Fig. 6 models the SE transfer function and-iltered-X algorithm was programmed in C on a WE-
the D adaptive block models the PE transfer function at thddSP32C floating-point digital signal processing board which
frequencies present in the reference siggalnd the control was installed in an IBM PC equipped with an Intel 486DX
output signaly,;;_ ;. The notationy,;;_; depicts the fact that processor operating at 33 MHz with a Windows 3.1 real-time

fan noise reduction.
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FIG. 7. Frequency response characteristics of the measured error path defined by the ratio of the Fourier transform of the input to the shaker-to-the Fourier
transform of the microphone output.

user interface, also written in C. The sample rate of the conand 8 dB, respectively. A frequency at approximately 980 Hz
troller was selected to be 2 kHz and 24 dB/octave low-pas also reduced. This component is related to the shaft rota-
filters were set at 900 Hz and placed at the pre-A/D andion speed of 40.57 Hz and is perhaps due to a mechanical
post-A/D stages of the digital signal processing boardresonance of the fan unit. The fourth harmonic of the BPF at
Twenty taps(coefficienty with a step size of 0.0005 were 1.136 kHz shows an 8-dB increase with the controller on.
selected for the adaptive control filter. Ten taps with a steprhis is suspected to be due to aliasing because the low-pass
size of 0.04 were selected for the error plant SE and ten tapfiters used in the digital signal processing board were set at
with a step size of .05 were selected for the forward plant PEgog Hz, the sampling Nyquist frequency was 1 kHz, and the
On-line passive identification of the error plaffiteing the 24 gB/octave filter roll-off may not be sufficient to prevent a
path representing the input to the shaker amplifier-to-the outrgsjqual component from entering the presented spectra.
put of the error senspwas executed in real time with the The sound power radiated by the fan with and without
a!dap_tive control._Using the Iarg_est step size for the D filtekne controller on was measured using a standard 12-point
(in Fig. 6 modeling PE allows it to converge fastest, fol- 1 eaqrement proceddfen the inlet side of the fan over the
lowed by C which models SE, and then finally the A adap-pa¢e A hemispherical surface, 0.5 m in diameter was used.

tive filter, which converges to a transfer function approxi—Figure 9 shows the reduction in sound power levetiich is
".‘a“”lg -P/S at the frequencies of the tachometer re‘ceremﬁﬁdicative of global noise reductipmvith the controller on as
signa. a function of frequency. The sound power at the fundamental

and second harmonic BPF tones is reduced by 13 dB and 8
C. Results dB, respectively.

Typical sound-pressure level spectra for the error sensor ~ The sound power level reduction is some 6 or 7 dB less
microphone with and without the controller on are presentedhan the reduction in sound-pressure level measured at the
in Fig. 8. The error microphone was situated approximatelyefror microphone location. This observation can be ex-
19 cm above one edge of the fan frame on the inlet side. Thelained from the directivity patterns presented in Fig. 10.
amount of cancellation achieved at the third and higher harThese patterns were measured over the baffled fan on the
monics of the BPF was found to be sensitive to the actuainlet side at the BPF, with and without the controller on. The
location of the error sensor. This is expected because theffect of the small cylinder placed in front of the fan is evi-
baffled fan directivity patterns become less uniform at highedent in the “control off” pattern when compared to the un-
harmonics of the BPF. Comparing the two spectra in Fig. &bstructed case of Fig. 4. The obstruction causes an approxi-
reveals a 20-dB reduction of the fundamental BPF tonemate 10-dB increase in sound-pressure level over most
while the second and third harmonic levels are reduced by 16bservation positions. Figure 10 reveals a null in the direc-
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FIG. 8. Spectra of the fan sound-pressure level sensed at the error sensor position when the controller is on and off. A small cylindrical flow obstruction was
placed near the fan inlet during these experiments, and the sensor is approximately 19 cm away from the edge of the fan frame, normal to the baffle.

tivity pattern along the fan axis when the control is in opera-null region of the “control on” directivity pattern. The
tion. This null clearly shows that the axial radiation is almostsound-pressure reductions are very large in this region rela-
completely canceled by the applied axial force. Sound radiative to all other angular positions. This is the apparent cause
tion reduction at 0° and 180° is of the order 10 dB. Obvi-of the sound power reductions being less than the sound-
ously, these directions are less influenced by the secondapressure reductions.

source because of its axial dipole characteristics. The error Additional noise reduction measurements were per-
sensor was placed near the axis of the fan, so it was in thisrmed with the error microphone located on the opposite
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FIG. 9. Reduction in baffled axial-flow fan sound power level in dB as a function of frequency achieved using the active noise control procedures described
in this paper.
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Control On in operation for the baffled fan operating inside a desktop computer cabinet:

(a) the error sensor spectra measured inside the cabinetpaiite spectra
measured at a remote location outside the cabinet.

FIG. 10. Sound-pressure level directivity patterns measured for the baffled . .
fan with the small flow obstruction in place, with and without the ANC in d€r the conditions of aeroacoustic compactness, the shaken

operation. fan (the secondary sourkés collocated with the primary fan
noise source. This tightly coupled configuration produces the
side of the baffle(outlet side along with a remote micro- €Xcellent global noise reduction reported, and also leads to
phone located anywhere from 0.4 to 1.0 m away from théh€ possibility of analog feedback control strategies. This
fan1® Again, the sound-pressure level at first two harmonicgM@y Possibly permit random noise components of the fan
of the BPF was found to be reduced by 6 or more dB at thé0ise radiation spectrum, in addition to the tonal compo-
remote(and erroy microphone positions. Sound power was Nents, to be reduced. With either feedback or feedforward
not measured on this side of the baffle because of the proontrol, and under the premise that unsteady forces are the
imity of the apparatus to the hard reflecting floor of the hemi-mechanism of subsonic fan sound production, it would be a
anechoic chamber. straightforward extension of the subject methodology to uti-
As one last experiment to explore the potential applica/ize an internal uns_teady force _ser?é’oas the error sensor.
bility of the subject methodology, an empty desktop com-Future (_afforts also_mclude shaking the rotor only as opposed
puter cabinet was placed on the planar baffle over the fan. Iif shaking the entire fan assembly as was done here. Other
this arrangement, the fan pulled air into the cabinet. The aiPossible modifications include multiple shakers either on in-
exited through the opposite side of the baffle. The error midividual fan blades or located at fan frame mounting lugs to

crophone was placed inside the cabinet approximately 10 crdid in high-frequency cancellation when the directivity char-
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