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Characterizing computer cooling fan noise

Lixi Huang®
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong

(Received 23 April 2003; revised 9 August 2003; accepted 4 Septembe)y 2003

Computer cooling fan noise is studied theoretically, focusing on the radiation from the interaction
between rotor blades and motor struts. The source is decomposed into axial thrust, circumferential
drag, and radial force. There is no sound-power coupling among the three components. The index
of spatial spinning pressure mode plays the key role in noise radiation. The leading modes are the
zeroth, or coincident, mode for thrust and the first mode for the drag and radial force. The effect of
source noncompactness is quantified and found to be substantial only for higher-order radiation
modes. The sound powers of the leading modes follow a sixth-power law, while the next high-order
modes follow an eighth-power law. Quantitative analysis shows that the drag force can be equally
noisy as the coincident thrust force. Based on an empirical aerodynamic model of rotor—strut
interaction, it is found that the total sound power is more sensitive to the number of struts than rotor
blades. Numerical examples are given to demonstrate how the struts can be optimized for typical
cooling fan conditions. €2003 Acoustical Society of AmericdDOI: 10.1121/1.1624074

PACS numbers: 43.50.Ed, 43.20.Rz, 43.28|R&H]
Pages: 3189-3200

I. INTRODUCTION stator blades, and the phenomenon of modal cutoff consistent
. . . . . . with duct acoustics. This analysis represented a major con-
With the increasing maturity of aerodynamic design,, . . . . .
9 y y °S!g £r|but|on towards turbomachinery acoustics. The link be-

differentiating one manufacturer from another for a broadtween this cutoff behavior for the ducted fan was related to

range of consumer products in which fans are used. Thifat of unducted fan by Loyvsp(ﬁ97(), vyhose work al'so.
noise radiated by the computer cooling fans is receiving indeémonstrated that the radiation of mismatched spinning

creasing attention as the CPU power increases rapidly arf@®des cannot be cut off but is rather reduced in acoustic
the trend of slim packaging continues. Due to the stringengfficiency. Kaji and Okazaki1970, using the wake models

low budget imposed on cooling fans, technology develope®’ Kemp and Searg1953, 1953 modeled the rotor—stator
for large fans may not be suitable for computer cooling fansinteraction with careful doublet arrays while preserving the
For example, the technique of active noise control is apparPlade effects on sound propagation in the duct and imposing
ently too costly. A cooling fan is normally manufactured by Kutta conditions on trailing edges. A comprehensive review
plastic molding and the tip clearance tolerance in such §vas given by Morfey(1973. Meanwhile, Sharland1964),
small product is usually as large as aircraft engine fans. Thand Mugridge and Morfey(1972 focused on broadband
much higher clearance-to-fan-radius ratio means a fertil&@oise sources for which order of magnitudes estimates were
source of noise mechanisms. To the best of the author®ade. In fact, accurate computation of broadband noise is
knowledge, a comprehensive theoretical study has not beggiill a challenge, but numerical schemes using elementary
performed for small axial-flow cooling fans. experimental data as input can provide useful predictions
Research on the general fan aeroacoustics can be said(@legg and Jochault, 1998Longhouse(1976 found that
begin with Gutin’s(1936 effort in quantifying the propeller design features good for reducing broadband noise could
noise caused by the rotation of steady loading, later calledontradict those for discrete tones. Ffowcs Williams and Hall
Gutin noise. Lighthill's(1952 acoustic analogy provided a (1970 showed that trailing edge scattering of turbulent
formal platform of investigating aerodynamic sound, whichboundary layer flows is a powerful noise source, and the
was soon extended by Cur(@955 to include the effect of work on this aspect continues todéyowe, 1999 as aero-
solid boundaries by replacing it with distributed dipoles anddynamicists are yet to come up with a confident understand-
monopoles while the explicit effect of acoustic scattering aréing of boundary layer behavior.
neglected. It was not until 1969 that Ffowcs Williams and  |n the area of noise abatement for small axial-flow fans,
Hawkings (1969 formally extended Lighthill's acoustic considerable efforts have also been made. A selected few of
analogy by using the generalized functions to account for thghem are mentioned here. Fitzgerald and Laudtes4
effect of solid boundaries in arbitrary motion. The use of thegemonstrated the effect of a comprehensive range of correc-
so-called Ffowcs Williams and Hawkings equation became §ye measures that can be taken to modify a cooling fan de-
dominant feature from the late 1970's in the acoustics forsign for better acoustic quality. These include the equaliza-
rotary machines. Meanwhile, Tyler and Sofrit962 re- o of downstream strut size, the reduction or elimination of
vealed the important role played by the numbers of rotor angne potential flow interaction with nearby objects, use of
bellmouth inlet to minimize inlet flow distortions, and the
dElectronic mail: mmlhuang@polyu.edu.hk prevention of possible large-scale flow separation on the suc-
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tion side of blades. Quinlan and Befit998 focused on
broadband, high-frequency noise generated by the tip leak
age flow with extensive acoustic and aerodynamic measure
ments. Attempts were also made to reduce tonal noise by
uneven blades for propelletcewy, 1992 and small radial
fans(Boltezaret al,, 1998. It was concluded that only spec-
tral shifts can be made while the total sound power remains
more or less the same. The optimization in terms of stator/
vane blade sweep and lean was conducted on advance
ducted propellefEnvia and Nallasamy, 199%nd turbofan
engine (Schulten, 1997 The general conclusion is that a
stator blade should interact with as many rotor wakes as
possible. Similar study has not been found for unducted,
small axial-flow fans with few blades. The acoustic feasibil-
ity of active noise control for small axial-flow fans was 3
tested using ordinary loudspeakéf3uinlan, 1992 and the i g . Strut

fan itself as the secondary source through axial shaking o

(Lauchleet al, 1997. In both cases a baffle was used, which (¢) side top view with observer (d) Side top view of forces from the rotor
may have altered the acoustic directivity. The study on pro-

peller noise by Subramanian and Muel{@©95 paid more FIG. 1. Sound generated by a rotating force.
attention to acoustic directivity. By simulating the acoustic

directivity of sound radiated by the fundamental and the firsthe current study deals with the interaction noise inherent in
higher-order spinning pressure modes, Gerhd@®@97 was  an jsolated cooling fan. The interaction is considered to be an
able to cancel low-frequency noise of a ducted fan using navoidable feature of this category of cooling fans, unlike
ring of orchestrated loudspeakers. the freedom Brungarét al. (1999 has in their handling of
The present study focuses entirely on the tonal noise ofhe so-called installation effects for the whole set of vacuum
isolated computer cooling fans. This represents a first stepleaner. In terms of broadband noise, possible sources in the
towards Understanding the noise radiation of such COO”ng)resent Coo”ng fan includes the ingestion of inflow turbu-
fans installed inside a computer chassis. A chassis is a rath@ince, tip leakage vortefEukanoet al, 1986, vortex shed-
confining environment and it would not be surprising thatding from the rotor bladegLonghouse, 1977 as well as
reflection and scattering of sound by confining walls mayscattering of Tollmien Schlichting waves by the blade trail-
alter the noise radiation characteristics significantly. How-ing edge. The identification and separation of all these pos-

A D

s

=0 ar

(b) Front view of arotating
point driving force O

g I L: force
= D on air
(4

ever, it might be expected that the chassis environmengiple noise sources are beyond the scope of the current study.

would not have much scattering job to perform if the sounds  For the typical computer cooling fans, the dominant
radiated by different parts of the fan cancel themselves out inpise has a typical blade passing frequetByP of 350 Hz

the first place. In other words, efforts in silencing an isolatecfor which the fan is physically compact. The effect of blade
cooling fan would by no means be wasted. Having said thatsurface scattering can be ignored and the work of Lowson
the aerodynamic environment inside a computer does prese{t970 is referred to in Sec. Il. The dominant noise source is
an extra source of noise which is not encountered in freghe aerodynamic interaction between the impeller blades and
space. For example, the inlet flow is most likely to be non-the downstream struts which hold the fan motor. Typical
uniform due to the presence of nearby stationary objectsstruts are circular or triangular cylinders of small size, and
Apart from the nonuniformity of the potential flow part of the unsteady forces experienced by the struts are normally
the inlet condition, turbulence and deformation of turbulentmuch smaller than that on the rotor blades which are, after
eddies by a contracting inlet stream tube may also give risell, so profiled to generate large lift. Anticipating a possible
to noise radiation, cf. Trunzet al. (1981 and Majumdar and trend in designing swept and leaned fan, the contribution of
Peake(1998. Such radiation may contain both broadbandthe unsteady radial force is, for the first time, included in the
(random) and tonal (deterministi¢ components. For ex- formulation. Section Il examines the effects of source non-
ample, the inlet bellmouth of a sample fan shown in Fi@ 1 compactness, which is mainly caused by the angular phase
has four sharp edges caused by the intersection of the belilistributions instead of physical size. The relative importance
mouth and the square outer frame. The inlet flow is expectedf each unsteady force component, thrust, drag, and radial
to have a four-lobe distortion which may or may not containforce, is derived analytically for dominant spinning pressure
discrete vortices. The tonal noise induced is expected to bmodes. Further progress rests with the spectral knowledge of
equivalent to the interaction between the rotor blades and tne rotor—strut interaction force. An empirical model is pro-
set of four inlet vanes. Most likely, the noise induced by thisposed in Sec. IV with the purpose of investigating the gen-
inlet feature dominates over interaction with other inlet fea-eral characteristics of all noise components for various
tures which are further away from the rotor. The kinematicrotor—strut combinations. The current design practices are
characteristics of such interaction noise would be similar toscrutinized in a quantitative manner with some comparison
that caused by the rotor blades and the downstream strutajth experimental results. Numerical examples are then
the latter being the focus of the present study. In this sensgjven for a possible optimization of strut design.
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Il. ELEMENTARY ANALYSIS blade,L(7), is mainly produced by the interaction between
the moving airfoil and the stationary struts, while the un-
) - g ) steady forces on the struts are produced by a combination of
available in Lowsor(1965, 1970, the noise radiated by the ,4ential and viscous wakes of the rotor. The radial force on

radial component of unsteady force has not been deriveq, |ganing strut can be particularly large. The projection of the
The essential derivation steps are given in this section focusga| force on the source—receiver directiols

ing on the physical interpretation of results and the charac-

terizations appropriate for the compute_r c;oolmg fan noise. F.=r Y —(XT+(ER—xT))—yD sin 6+ Eycosd],
The effect of source noncompactness is investigated in the (smal)

next section. (4)

Although the details of the point force formulation are

A. Point force formulation where the contribution from the terms &R—xT) is small
in the far field,ry>R,|x¢/, and shall be ignored.

Following Lowson(1965, the sound generated by a ro-
tating point force is

As shown in Fig. 1, a typical computer cooling fan con-
sists of a rotor wittB blades and motor struts in its down-
stream. The struts are typically circular cylinders with a cer
tain leaning angle with respect to the radius to reduce noise,
e.g., the fan shown in Fig.(d), for whichB=7, S=4.

Using a Cartesian coordinate systemy(z) with its
origin fixed to the center of a vertically standing fan, the . . o
fro%t and side views are shown in the th?/ee subﬁg%res of Fig\{vhere the rlghF-hand s!de is evaluated at the radiation time
1. A cylindrical coordinate systemx(R, ), is also intro- or regrded tllme,co is the speed of sound, ant,
duced and the polar coordinates are shown in Hig). For — _EO dt:/dT IS thf} Mach _numberfof thefsr?urfce ?plzroach;j
an impeller rotating anticlockwise, the angular coordinate fOIJiggt e observer. The Fourier transform of the far-field soun

a point fixed on rotor is given as

Xi—yi d
(1—M,)cor at

p(x,t)=

F,
dar(1-M,) |’ ®)

— @ w (27l )
9—+(,!)T, (1) Cn:;f p(X,t)emwtdt
where 7 is time used for the sourcé€) is the initial position
of the source point on rotor relative to the stationary refer- —w (27oinewF, inw(rr/cy)
ence frame, and is the angular speed. No generality is lost T 472 0 Col e odr. ®)

if the observer is placed on the horizontal plare,0, while

is allowed to vary. The observer position is denoted byln carrying out the above integration, the leading term of the
vector x=(Xy,X,,X3)=(x,y,0), and source point by  far-field sound would be retained by substitutingn the
=(y1,Y2,Y3). The distance between themrisand the dis- denominator by ,, the same applies toin F, given in Eq.
tance to the origin is defined ag. The source is located at (4). But, that in the exponent cannot as it involves the phase
X=X, from the origin andx,| is at most comparable to the angle variation. The phase angler/c, is approximated by
source radiuR. The angular position of the observer, is

measured from the upstream, as shown in F{g).For an Nwr/co=~nky(ry—XsCOSa) —NM sina cosé,
observer in the far fieldx,,R<ry, r can be approximated
as M= wR/CO,

whereM is the Mach number of the source rotational speed.
r~ro—Xs(X/1g) —y(R/r)cosé. (20 Disregarding the mean phase angle correspondink§o,,

Figure Xd) shows a blade cross section. The fofeacting ~ @nd notingwdr=dé, Eq. (6) can be rewritten as

on air from a rotating blade is split into three components,
thrust forceT in the flow direction, dradp in the direction of

rotation (the more appropriate term here should be “driving
force,” but the term “drag” has been used extensively in )
literature, and radial forceée, which can be substantial when —M sina cos#)]dé6. (7)

the blade leans. The noise radiated By, E is called, re-  nqte thatk,x, is negligible for small fans, and the term of

spectively, thrust noise, drag noise, and radial noise. Thg-inkoxscosa jg dropped henceforth, although some comments

effect of force distribution on the blade surface can be acypg)| he made on this point in the next section. This integra-

counted for by the summation of many isolated point forces;jg can be evaluated if all force components, denotefé; as
each with a different initial source position ot(,R,®) in j=1,2,3 forT, D, E, respectively, are Fourier transformed
cylindrical coordinates. For the point force approximation,

—in we*'nkoxs cosa

n=

27+0 )
A7%Cqr s J;) F.exdin(6—0

drag and thrust are related by the pitch angle *  et=6-0 * _
FJ_ Z_OC FJ e—l)\wT )\:Z_m el)\OFj)\e—l)\H,
T=LcosB, D=Lsing, (3 ®)
wherelL is the airfoil lift. For a fan operating in a condition =3 _w 27/“’[:,(7) elhorg
where the inlet flow is uniform, the unsteady lift on the N 2q J '
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in which both positive and negative frequencies are usedrequenciesDoppler effect is very low whenM is small.

The substitution of Eq94) and(8) into Eq. (7) gives For Gutin noise, the source frequency is zers; 0, and the
i © sound-pressure amplitude sg|=Jg(BM)=MB, which is
INw 27+0 . . .
e f RIS normally negligible for computer cooling fans. The dominant
4mColor="= Jo sound is interaction noise for whiahis small. The following

subsection discusses the most typical situations|f
=0,1,2 with emphasis on physics related to two factors: one
X exdi(n—\)6—inM sina cosd]dé. is the change of unsteady force direction as blade rotates; see

. ) . . F, in Eq. (4), and the other is the change ofduring the
These integrations lead to the Bessel function of the firsty ,.ce motion: see Eq).

X[ T, cosa+ (D, sina)sin6—(E, sina)cosd]

kind. Hence
inw ) . n—»\ o
Cn~ irnel MO | T\ cosa— ——D, B. Modal directivity
27TCOr0 A=—o nM

The acoustic directivity of the three noise components
X Jp-r(NMsina) can be drawn from Eq(9) by ignoring all constants unre-
3y s 1(NMsina)— 3, . 1(NM sina) Iatet_j t0q and by making use of the Bessel_fun_ction .approxi—
, mations in Eq(10). The results are shown in Fig. 2 in polar
2 plots of sound intensity with phase angle distribution of
9 sound pressure marked in the lobes, and the simplified ex-

where the thrust and drag noise terms are identical to those ?]ressions given in the vertical labels. Three levels of Bessel

Lowson(1970. Note that when the rotor does not move, the unction orders are cgn.3|dered,=n—)\=0,1,2,. the re'sults
above formula is no longer valid since the angular position [©f ¥~ —1,—2 being similartov=1,2. The subfigures in the
used in the expression &% in Eq. (4) is no longer related to first row are for thrust noise, t_he second for the drag noise,
7in the time integration of Fourier transform. In other Words,and the _th|rd for the radial NOISE. The second row h_ag only
one cannot simply substitudd =0 into Eq.(9) to find sound two subfigures as the drag noise vanishes#e0. First, Itis
generated by stationary struts on which unsteady forces alanmted out that thrust noise differs from both drag noise and

exerted. Sound generated by one point force on strut caﬁadial noise. The difference is that the thrust noise has an

howeve.r be found through the time-domain formula of Eq antiphase relationship when measured in front of and behind

(5) whe,reM —0 andr is a constant. This procedure is ‘the rotational plane, while the drag and radial noises have the
il r .

useful when considering sound generated by vortex sheddi -phasg relation across the rotational plgne as thgse .tWO
from struts. When sound is generated by strut experiencin rces lie on the rotational plane. The _detalls of the _d|rect|v-
the wake sweeping from the rotor, there is fixed phase rela- pztterns a][e analyzhed pelow, while t?? mtagf"té"?'e t?]f
tionship among different struts, and the result is similar,30UNd POWer from each noise component IS studied in the
though not identical, to Eq9) since the source is effectively

next section.
synchronized with and attached to the rotating blades. The For thrust noisey =0 can be described as the coincident
exact formula will be given in the next section.

mode, which means the sound generation at the source fre-
SinceM is very small in computer cooling fans, usually quency itself. The result is a simple dipole in the axial direc-
BM<0.2, the argument of the Bessel functiorg,

tion, as shown in Fig. @). For v=1, such as caused by
=nMsing, is very small except for very high frequencies

=2,\=1, the pattern is shown in Fig(ld, similar to that of
where the source strength has decayed. The following Tayl

c(%Iateral qguadrupole. This pattern is produced by two factors.
expansions can be shown to be satisfactory for the range ne is the dipole nature of the source, which contributes
argumentz encountered:

—(sina)iE,

cosa in the directivity distribution due to the alternating
signs of the force projection to the upstream and down-
72 1 ze\? stream. The second factor is the motion of the soitzap-
7 JV(Z)||z<V“\/2:W<Z) (100 pler effec). When a force leaves the observer, its effect is
equivalent to a decreasing force, and vice versa. The source
Notice that the second expression works better than the usualotion changes, characterized by cag and its final effect
approximation ofJ,(z)~(z/2)"/T' (v+1) normally adopted on sound generation is characterized bysifight on the
for z—0 for all v. axis, a=0,mw, r hardly changes when the force circulates,
It will be shown later that, when the noise made by thewhile the change is most dramatic when the observer is on
interaction betweeB rotor blades and struts is taken into the rotational plane. The combination of eesina gives a
account, various acoustic interferences take place. The onfpur-lobe pattern of Fig. @). The second-order radiation
possible sound radiated is that given hymB, A\=KkV, (v=2) is shown in Fig. &) and the pattern can be described
where bothm and k are integers. The index of frequency as a split dipole.
differential, v=n—\, is the most important parameter con- It can be seen from all subfigures of Fig. 2 that the only
trolling how strong a sound component is radiated as it regpossible sound heard on the rotational axis is the coincident
isters mathematically as the order of Bessel functionsrAs thrust noise. The time-domain sound pressure can be found
—oo, the Bessel functions vanish rapidly. This suggests thatrom Eg. (5). In the far field,r;>|R|, F, does not contain
noise generated by the source component of very differerdny drag and radial force, ardd,~0. The sound becomes

\]0(2)%1_
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(a) Thrust noise, v=0 (b) Thzrg(s)t, v=1 (c) Thzrggt,v=2
300 240 300 240
Top, side view s ‘ A s 3By 1o FIG. 2. Acoustic directivity pattern for
) = “c AR A thrust (top row), drag (middle row),
Fan rotation t o o o= AN 180 and radial(bottom row force compo-
Flow - o o° o S nents. The amplitude is sound inten-
30N - ~. /150 sity, and the symbols of 4” and “ —”
denote phase angle distribution.
(e) Drag, v=2
300 27% 240
5 5 33 i ) 10
e £ = 150
7] 4] o=
Dc Ec Dc .
o o .
30 150
(f) Radial, v=0 (9) Radial, v=1 (h) Radial, v=2
JTlor =—m/2 due to its distance, but it is also weakéat 0 due to
P(X,)|a=0-=(£1) . (1) the fact that the force is not pointing to the observer despite

their proximity. When it moves further up towards-0, it

where the positive sign is for the downstream and negativggints away from the observer. The half cycle is converted to
for the upstream, and thrudt is the total integrated thrust .q s cycle of sound radiation as sif.2While D makes

force on all blades at time. By measuring the sound on the_ positive sound during= — 7/2—0 to the near-side observer

r_otatlonal axis, one can obtain the time-domain char_acterlséty>0, it actually makes positive sound to the far-side ob-
tics of the lift, L=T/cospB, caused by the rotor—strut inter-

action server aly<0 as well. This is so because of two factors; one

. . . is that drag is pointing away from the far-side observer,
The drag noise 1 shown in the secgnq row of Fig. 2 Th ence negative sound, and the other is that it also leaves the
reason why there is no sound at the coincident mod® is

. observer, hence another negative pressure effect. The combi-
explained as follows. For source frequency 1, D changes 9 P

its sign once between the two halves of a cycle. In c)thepatlon of the two effects makes a positive pressure oscilla-

N . tion. The result is a pattern shown in FigeR which is
words,D changes direction once when viewed from the ro-_." ! S o
tor. When the blade rotates, the directionfalso changes similar to the far-field directivity of a longitudinal quadru-
once relative to the stationary observer. The result is tha‘POIe' ) ) L
there is no change of drag force for this particular frequency The sound genera}ted by a moving radial force is similar
component; hence, no sound is generated. More explanatidh Patteérn as the rotating drag force, as shown in the second
is given below when the radial noise is studied. In short, dra@nd third rows of Fig. 2. However, there are differences in
noise is generated at all other frequencies due to both forcetails. The reason why there is radial sound heard at the
direction change and distance change. The pattern of sourf@incident mode oi=0 is explained for the easiest case of
at v=1 is given in Fig. 2d), which is in fact a circulating A=n=1 and the configuration is shown in Fig. 3. A point
dipole. The physics is easily appreciated by analyzing wha$ource of radial force is circulating with angular positién
happens foh =0 andn=1. A steady force appears to be an Considering the force signature &f(7)<cos(), 6=Awr,
oscillating one when it circulates around. For2, the pat- A =1, the force changes direction from outward to inward
tern shown in Fig. @) differs in phase angle distribution from =0 to =m. As a result, the force appears to be in
from that of Fig. 2d). This can be explained easily by look- the same direction to a fixed observer when the source is at
ing atA=0, n=2 with the help of Figs. (b) and (c). The 6= as it is atd=0. From this perspective, there is little
source trajectory can be divided into two hemispheres, ongound generated at the source frequenci efl. However,
near the observer and another far from the observer on due to the difference between the two points to the observer
=0. When an oscillatind rises fromz<0 towardsz=0, at angular positior, r,<r,, there still appears to be pres-
the force points towards the observer and makes, for insure variation felt in the far field once per cycles=1. The
stance, a positive sound. The sound made is weal at strength is characterized mainly by the Bessel function of
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A. Effect of source noncompactness

The effect of distributed source can be examined by in-
vestigating the sum of a series of point forces. The question
is how much error is caused by using the instantaneous av-
erage of the force componenEs(7), in computing the Fou-
rier transform of Eq.(8), instead of summing the acoustic
contribution from each point force given in E®). A proper
integration over the distributed source involves putting right
two factors. One is the source position, and the other is the
phase angle relationship. The effect of the axial source posi-
tion X, is clearly seen in the term of exp{nkyXscosa) in
Eq. (7). The error involved in approximating;=0 for all
source points is proportional tokyxs, which is essentially
the ratio of the axial extent of the source to the wavelength
of frequencynw. For compact cooling fans, this can be ig-
nored.

The effect of varying the angular position of the source,
0, manifests itself ag'®~™® in Eq. (9) for all three force
components in cylindrical coordinates, denotedFaér),j
=1,2,3 forT(7),D(7),E(7), respectively. In time domain,
this means that the distributed surface pressp(@,7),

FIG. 3. Sound generation by rotating radial force of the first rotationalghguld be integrated over the blade surf&as a lumped
frequency mode) = 1. ~ . .

component force, denoted &5(7), with a time delay of
O (N—n)/(Aw). The pair of time-delayed integration and its

J,—n_x+1, Which is essentially),; when»=0. This contrasts Fourier transform, denoted &g, , are given below
with the drag noise, which has zero noise generation when
_ ; ; ~ O(N—n)
v=0. In the latter case, the highest sound pressure is gener- FJ(T):f p(@),r— —) n; ds,
ated when a drag force passes the pointsfm/2 whenD S @\
more or less points to the observer located on the plane of .
#=0. The sound generated at this point is exactly canceled »~ _ @ K™ N (=@ a
out by that atd=3/2 as far as thepfrequency component Fin=o, 0 F(rje™7dr= Le( “pands, (12
n=N\ is concerned. Of course, there are spectral leaks to
other frequencies and the strength of such leak is signified by . w (27 Noor
the Bessel function of order=n—X\. The difference from =5 fo p(®, 7)€ dr,
the drag noise is that, whem=1, noise is generated at a
magnitude characterized by a Bessel function of zeroth ordewm:;renj is the component of unit normal vector in the cy-
for which Jo(0)=1. This is explained by using the graph of |indrical coordinate system.
Fig. 3 and assuminy= 1, n=2. Due to the change of source Whenn=0, the time delay is exactly what is required to
value once per cycle, i.e\ =1, the source force turned _in- rewind the source back ® = 0. In other Wordsl~:j is simply
ward at6=, the half cycle of¢=0— = actually consti-  he sum of forces at the different times when they pass
tutes one.complete cycle of sound radiation. Om_a cycle through a fixed point in space. For coincident noise;\,
drag rotation makes sound at the second harmonit=62, 5 time delay is needed and the instantaneous force integra-
and the magnitude is characterized Jy, which implies a  on gives the correct prediction. For othey the amount of
high radiation efficiency. In other words, a rotating radial tjme delay varies. Fon>\, time advance occurs. There is
force is actually equivalent to a stationary source of fre-ng ynjversal time-delay-integration scheme that can capture
quencyn=\=*1 due to the rotation. all frequencies correctly using a lumped source in the cir-
cumferential direction.
However, it is normally sufficient to focus on one domi-
nant noise source index for whidm—\|=0,1,2. For the
11l. ACOUSTIC INTERFERENCE example OfB:7, S= 4, it can be shown that=2S=8 is
the dominant source frequency index, so that a time delay of
This section ana|yzes the total sound power generate@/8w is suitable for the BPF noise. In this case, the effect of
by multiple blades and the interaction of sound generated bapproximatingT:j(r) by an instantaneous spatial integration
different force components on blades. Before these are quais expected to lead to some errors. Two typical cases are
tified in closed-form formulas using point-force approxima- considered for error analysis with reference to the blade dia-
tion, it is necessary to examine the effect of source noncomgram shown in Fig. 1. In the first case, unsteady flow pres-
pactness for different force component and different angulasurep on the rotor blade is assumed to have the same phase
modes. angle but with a linearly decaying magnitude with respect to
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the chordwise coordinate afe[0,C], where é&=0 means noise has different characteristics. The dominant noise comes
the trailing edge. Denoting the instantaneous integration ofrom whenv=*1 when the Mach number actually does not
force F; by G;, one has matter asJ;(nM sin@)/M is almost constant wheM is
_ “iNoTq small. The second-order drag noise features
P&, 7)nj=2A8 (1=¢/C), D,J>(nM sina)/M=DR, so that the noise radiated is propor-

c , tional to the integrated torque. The dominant radial noise
Gj(r)= fo p(£,7)njdé=A,Ce "7, also comes fromv=1 and the Bessel function involved is
Jo(nNM sina) which is also immune from the variations of
. w (27w o the Mach number. In summary, the error caused by lumping
=5 . Gj(n)e**"dr=A\C. forces at an inappropriate radius depends on the dominant

noise-making mode. The error will be negligible for all the
The approximate complex sound amplitude is theh leading radiation modes.
«A,C, while the accurate sound is found by integrating The summation of sound made by multiple blades is
e A "MOF in Eq. (9) over the chord wher® varies from 0  done by assuming that pressure fluctuation caused by the

to ¢ rotor—strut interaction occurs when a blade passes through

. an arbitrary fixed strut position; hence, the fixed phase angle

FA(£)=2A\(1-¢/C), distribution among all forces on all blades. As was shown by
1+i(A—n)p—er-me Lowson (1970, the summation of sound frorB evenly

c )
CnocJ F\(£ehmOde=A C spaced blades interacting wighevenly spaced struts is
0

[(N\—n)$]°2
. P—
The square bracket represents the deviation of the true am- C(rotor)_lmwB S i‘“[(T cosa— —-D
. . , . n=mB— kS a kS
plitude c, from the approximate one,,. Taking the follow- 27Col g k== nM
ing parameters as an examples 8, ¢=2=/10, the ratio of

the two amplitudes is 0.99, which is very satisfactory. xJ,(NM sina)— I—(sina)
In the second case, the unsteady forces on the rotor are ! 2
still assumed to decay linearly from the trailing edge where XEdJ, 1(nMsina)

interaction takes place, but the pressures are related by time
delays according to the rotation

p(f,r)nj=2A)\(1—§/C)e7”‘(‘“+), —J,.1(nM sina)]], rv=mB—kS, (13

c 1-iNg—e N where T,s,Dys,Exs are derived from the encounter of a
Gj(T):JO p(&,7)n;dé=A,C )22 e e, single blade with a single strut. Similarly, the sound from
struts is found to be of the same form as E) except that
1-iNg—e M the subscripts okSin the forces are changed moB as there
Gj)\:A)\CWa is no Doppler effect from stationary sources, although a pat-
_ tern of acoustic interference exists
A Cl—i)\d)—e"w
-0 - . 2e ®
Cpnx Ay Nd2 (st :|mwB S S i T, cos —LD
. n=mB= 2mcory k2w nEOSET M N
The accurate sound is
. e . P
FA(£)=2A,(1-&/C)e O, xJ,(nMsina) - > (sina)
c. . 1-ing—e "®

c FA(£) et MOde=A \Cl——— 5 —

n* fo A(8) §=A (ng)?I2 XE[J,_1(nMsina)—J,,,(nM sina)] |,

i'ghe ratio of approximate to accurate sound for the example = mMB—kS. (14

’ : —i\ 2
Cn_ 1-iNg—e™ ‘f’xn B. Sound-power integrations
C, |1—ing—e M? " )\2]

The sound-power integration for each frequency index
which is 0.8366 or 1.55-dB error. The error grows fast forn=mB is
higher order modes, e.dx|=2.

The radial noncompactness manifests itself through the (7 ledl?
rotational Mach numbeiM =wR/cy. For the thrust noise, n fo 2poCo
the effect depends on the order=n—\. For the coincident
mode, there is essentially little influence sindg(z)~1  where complex, - g is given in Eqs(13) and(14). For the
—27%/4—1 for small z=nM sina. For other modes),(z) same sound frequency of index=mB, there are acoustic
«z”. The error caused by placing the lumped source at nterferences among sounds generated from different source
radius where the load peaks is easily estimated. The drafgequencies(due to the Doppler effectand among sounds

2mr3sinada, (15)
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from different force components at the same frequency. Ana¢i)
lytical progress is only possible by considering the dominant
order ofv=n—\ for each force component, and by assum-(ii)
ing that the three force components of the same frequency
share the same phase angle as they are all related to the same
unsteady pressure normal to the local blade surface.

As shown in Eq(10), the Bessel functions decrease rap-
idly with the orderv, J,(z)=z", the order with lowes}y] is
dominant, and only the dominant order is necessary as thgii)
typical value of argumengz=nM sina is much less than
unity for typical cooling fans. For a moderately high value of
z=0.5, the ratio of J,,1(2)/J,(2) is 0.2582,0.1263,
0.0838,0.0627 for=0,1,2,3, respectively. The highest ratio
of 0.2582 means a 11.8-dB difference, which is considered to
be large enough. When considering the drag noise, however,
the acoustic amplitude is proportional#d,(z) and the ratio  (jv)
(v+1)J,1(2/[vd,(2)] is 0.2526,0.1257,0.0836 fow
=1,2,3, respectively. Having said that, the error caused by
neglecting the acoustic interference between a sound of anfy)
plitude 1 and another of amplitude 0.25 can be as big as
20100;(1/0.75=2.5 dB. The maximum possible error will be
reduced to about 1.1 dB for a smaller valuezef0.25.

The presence df in the radial noise termk g in Egs.

(13) and (14) means that the radial noise is 90 deg out of
phase with the thrust and drag noise in time domain, hence
no interference. The interference between the thrust and drag
noise for the dominant orderis illustrated as

c,=(aT, cosa+bD,)sin’ a,

wherea andb are both real quantities, and the asymptotic
formula of Eq.(10) has been employed. The sound power(vi)
integration, Eq(15), gives zero coupling between D,

Wn“J (aT, cosa+bD,)?sirt’* ! ada
0
=Cr(v)a’T2+ Cp(»)b?D?2,
1
CT(v)=2f x2(1—x2)"dx,
0

1 (Vll)
CD(V)=2f (1—x%)"dx.

0
To conclude, the sound power contributedTy,D, ,E, can

be calculated individually and simply added up, the results
being

2
e [T+ DA+ EAWAD), w=nen,
Mode\Power W{D w W
nM v=0: 2/3 0 5.02:2
P = v 1.25:2 0.392 1/3
y==*2: 0.667u* 1.16u? 1.254°2
(16)

where the new parametgr=nM/4 is introduced purely for
the convenience of comparative study as most coefficientéviii)
are then close to unity. Several observations are made.
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For coincident condition ob=mB—kS=0, noise is
mainly made by the unsteady thrust.

For the first rotational mode aof= * 1, the drag noise
dominates over thrust noise in terms of noise-making
ability. If one assumes a pitch angle B=30°, as
shown in Fig. 1, andaiM=0.5, T, =v3D, , but still

the drag noise is 14.3 and 8.3 dB higher than the
thrust noise fonM=0.25,0.5, respectively.

For the higher order= =2, the noise-making ability

of all force components is reduced. The dominance of
drag noise over thrust noise is even more pronounced.
The physics of such dominance originates from the
fact that rotating drag radiates noise by its rapid
change of direction, while rotating thrust through its
changing distance to the observer.

The radial noise is about the same as the drag noise
for v=x1 if E,=0(D,), and its radiation ability at
v=0 is exactly 4 times higher than that at 2.

Source radiuR enters the expression through the ro-
tation Mach numbeM. When the sound-power de-
pendency does not contaid, the location of the
source does not matter and the acoustic radiation is
considered to be of the leading mode. This occurs for
v=0 in the thrust noise|v|=1 for the torque and
radial noise, and the term “leading” is meant to dif-
ferentiate from the “coincident” condition of=0. In
these cases, the radial location of the source does not
matter as far as the distributed forces are lumped
properly in time domain if it occupies a significant
portion of the circumference.

When the power dependency containd()?, the ra-
dius of the source point is coupled with the fluctuating
forces. For dragD at |v|=2, this makes a perfect
expression for torque. For thrust noise |at=1, it
constitutes a bending moment, while that for the ra-
dial force does not have an obvious physical attribute.
The drag noise should be renamed torque noise, but it
is of secondary importance in terms of sound power.
These modes are collectively called secondary modes,
or simply higher-order modes.

If the modal coefficients of the unsteady forces,
T,,D,,E, are assumed to be proportional to the
mean flow speed, the power dependency for a given
geometrical shape can be expressed ¥§¢

o« MORPW(I'P'B) - where W(I'PB) represents the di-
mensionless power from the three force components.
For the leading mode radiatioky]:°'® is constant,

so that the power exponent is 6. For secondary mode
radiation, it becomes at least 8, depending on the ex-
act circumferential order and force component con-
cerned. In reality, the tonal sound is often superim-
posed on a broadband noise which could originate
from the trailing edge scattering, which was shown by
Ffowcs Williams and Hall(1970 to have a power
dependency exponent of 5. The exponent for the total
sound power is often between 5 and 6, which is well
known empirically.

The exact parametric relationship for each component
noise cannot be made explicit until theoretical models
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are established to relate these force components withy k= (n—»)/S, and Eq.(17) is substituted into E¢16) for
design parameters @&,S,»,R as well as other fea- thrust and drag noise, the sound power of it BPF har-
tures of the fan assembly. Mechanisms of lift fluctua-monic is rewritten as
tion is better understood than those for fluctuating ra-

dial forces. However, it may be speculated that (TD)_anB_( S )4 WS +W tan 2 g
significant fluctuations of radial forces could arise m o c  \1-w/n m? ’
from the blade tip and casing due to the motion of tip

vortices. Another possible significant source is the _(oCysinp)?

leaning design of stator/struts for the purpose of caus- " (18)

ing destructive acoustic interference of thrust and drag
noise. whereC, is related to the unsteady lift coefficient and can be

treated as a constant in the following discussions.
For the leading noise radiating modess 0 for thrust
IV. AERODYNAMIC INTERACTION MODEL and |»|=1 for radial and drag noiseM) and W) are
constants. This means that the strut nuntb@iays a domi-

If the lift experienced by a rotor blade passing o@r nant role asV,«S*, while the rotor blade number does not
struts isS triangular pulses of height, , including rising feature in the power expression at all. For secondary modes,
and falling legs of equal time duration, and each occupies athe power coefficients,Wg\’D), contain u?, where u
angular width of 2r/S_, S, >S, the Fourier component of =mBM, so thatB enters the sound-power expressiorBas

4poCy

the lift, L, , is found as follows: which is still less important thag*. Note thatB? would also
appear in the noise power expression for the leading noise
SLCL k7TS L L, R . .
Ly—ks==—> 3| 1—cos , radiation modes ifk™“ in the scaling law of Eq(17) is
Smk S replaced byk 1.

The number of struts is determined partly by structural

where highS, means short pulses typical of radial struts congigerations. Given the power dependenc&’offocus is
aligned with the trailing edges of the rotor blades. Althoughiparefore put on designs with smal S=2,3,4,5 are all
S, >Swould normally be the cas&, should be independent csible designs. S

e

of S as the former describes the interaction between on
rotor blade and one stator blade. Note that the oscillatior- Analysis of typical cooling fan
term of 1-cosknSS) is associated with the precise pulse The most typical design shown in Fig(al hasB=7
shape of rising and falling edges and their slopes, and thgstor blades anG=4 struts behind the impeller. The particu-
term disappears when the pulse has a parabolic shape. | fan in the photo has a hub and tip diameters of 37 and 86
general, it is difficult to determine the precise pulse shape; ilnm, respectively. When it is operated at 3000 rpm in the
would therefore be of more general value if the following free-delivery condition, the volume flow rate is around
relationship is assumed: 0.03 n#/s, while the maximum total pressure rise is about 50
L,—s=C_/(SI). (179  Pawhenitis fully blocked. Th_e fan itseh_c ha§ one strut Iarg_er
) . than the other three for carrying electric wiring. When this
Here, C, depends purely on the kinematics of how a strutgyira size is trimmed, the sound power is found to be 45 dB
interacts with blade rows, and it has also contained the effects. 10-22\w. The first 3 BPFs have a sound-power distribu-
of the pulse duratiors, . It is anticipated that a strut with o of 44.8, 23.8, 31.0 dB. Details of the experimental setup
considerable lean would have low@y in general, but surely  5ce described in Wong and Huat2003.
C, is not related tdB or S. It is also noted that the model is For this combination oB andS, v=B—2S=—1 is the

only of limited value when it comes to the comparison of yominating mode for the fundamental BPF. For the purpose
sounds generated at different BPFs since the potentially img¢ analysis, point force is assigned to be where the maximum

portant oscillation term has been ignored. Note also thalgieady flow loading normally occurs, such as 80% of the tip
when the individual rotor blade and strut encounter produceg,yius. R=3.4 cm. for which BM~0.22 w=nBM/4

a very sharp pulse, the spectrum of unsteady lift approaches 0.055,0.11,0.16 fom=1,2,3, respectively. The pitch angle
that of white noise, and the factor &f 2 in Eq. (17) would is assumed to bg=30°, tan23=3. Using Eq.(18), the

0
approach a constark; . _ comparison of sound radiating ability of drag and thrust
Theoretically, the exact lift waveform can be measured,,ise is found as follows:

by listening to the sound on the rotational axis, according to

Eq. (11). A special configuration has to be made so that the ~ W{D=1.25,2=0.0038, W(>=0.392,

rotor—strut interaction occurs simultaneously for all blades as

T(7) is the summation of thrust on all blades. Whether the Wﬁ?\)

result for such a special configuration can be applied to dif- m:34-4'

ferent combinations oB andS is uncertain.
In most cases, estimates of the unsteady radial forces amhich means a difference of 15.4 dB. Despite the fact that

not available, radial noise is temporarily set aside. Thighrust force component is 1.73 times larger than the drag

leaves the thrust and drag noise. The thrust and drag forcdsrce, the dominant noise source is still the drag noise as this

are related to the lift by the pitch angle Whenk is replaced is the leading radiation mode. Most radial noise would be
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radiated from the strut and it is simply assumed here that it iphasized that, with such few struts, most harmonics are ra-
also much less than the drag noise. diated by the leading modes o&=0,+ 1.

Despite the uncertainties associated with the Fourier  All the cases considered so far have a BPF noise radi-
transform of the rotor—strut interaction force in Efj7), the  ated by the leading mode. The last case to be considered is
second and third harmonics are still estimated as follows foB=7, S=5, for which the BPF noise is given by=2. The
reference. The leading modes are mB—kS=—1 for the  dominating modes are considered for six harmonics as fol-
first BPF ask=2. For the second BPF, bott=3 givesv lows:
=2 andk=4 gives v=—2. Both are secondary radiating b —B_S=2
modes, and their coupling effect cannot be determined unless ™! '
the interaction force is measured. If their amplitudes are  »,,_;=3B—4S=1,
similar and they interfere constructively, the outcome could
be a sound power 4 times higher than the estimate based on ’m=4=4B—65=-2,
one of them. Bearing this uncertainty in mind, the estimate  ,, _ .—gB—85=2,

WET\T:D}.—%S

Vmep=2B—3S=—1,

Vim_s=5B—7S=0,

now proceeds fok=3 as it is likely to have a higher ampli-
tude according to Eq(17). For the third BPFy=3B—5S
=1 is the only contributing mode. For all three frequencies,
drag noise dominates. By inserting the various valueg of
and ignoring the ternw!{" in Eq. (18), one has

w{P)=58.8, W{IP)=1.7, W{P}=13.8,

=8.4, 46.5, 33.1, 1.7, 50.0, 2.7;

33 ,:88.0; 38 _,:142.3.

Here, the fifth harmonic dominates despite the natural decay
with m. This prediction may not materialize in practice as

the phase angle of forces may not be so well synchronized on
all blades at very high harmonics due to uncertain aerody-
namics of vortex shedding, etc. From the point of view of

prediction, the sum of the first three harmonics amounts to
the similar level of power as the reference design, which

) ) represents a trade-off between the increéSead increased
Compared with experimental results, both the second and thefor the fundamental BPF. As a summary, the optimal de-
third BPF are overpredicted, but the prediction that the thir ign forB=7 seems to b&=2 according to the interaction

33 WP =740;
TD)

=353, (15.4 dB; W(mT2=43 (6.4 dB)
WE%‘ .9, . y WE; .9, . .

BPF is higher than the second agrees with the prediCtior}nodel of Eq.(17).

The numerical discrepancy can arise from many factors as-
sumed in the interaction model of E(L7), which is only
expected to give a general trend of force spectrum.

B. Effect of reduced number of struts @

Using the above result as the reference case, it would be
interesting to see how such sound power compares with the
coincident thrust noise foB=6, S=2. In this casey=B
—3S=0, and W{’=2/3. It is found thatW{i®)|g_es-»
=32.0, which is still lower than the drag noise of the refer-
ence case. This example serves to highlight the equal impor-
tance of the leading drag noise and thrust noise at the coin-
cident mode ofv=0. Having said that, the problem with the
design ofB=6, S=2 is that there is coincidence thrust noise
at all higher harmonics.

The second case to be considere®is7, S=2. Since
coincidence occurs at the second harmonic, another Base
=7, S=3 is also considered, which brings a third harmonic
coincidence. As comparison varies from one harmonic to ant2)
other, the first three harmonics are considered together for
the total sound power

m=1 2 3 33,
wW{g_;s, 11.6 80 08 205
WP, ;5.5 588 0.2 180 77.0.

The better design seems toBe 7, S= 2, which is predicted

to radiate 10logy(74.0/20.5%=5.6 dB less noise than the (3)
reference case. However, there is a likelihood that structural
weakness may require a large strut, and the predicted noise-
power reduction may not be fully realized. It must be em-
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V. CONCLUSIONS

Unsteady forces can be conveniently separated into axial
thrust, circumferential drag, and radial force. Thrust
noise radiates efficiently when the number of rotor blade
coincides with the struts as=mB—kS=0, but the drag
noise and radial noise peaks at the first modevef

+1 with very similar radiation efficiency. The traditional
design ofv=*1 is thus questionable. The leading ra-
diation mode of drag/radial forces changes fromO0 to
v==*1 due to the constant change of force direction.
The modes ofjv|=1 for thrust and|»|=2 for drag/
radial forces are regarded as secondary as they radiate
much less noise. In terms of noise-power law with regard
to the fan rotational speed, the leading modes have a
sixth-power law, while the secondary modes have an
eigth-power law.

Radial noise is formulated for the first time, and is
shown to be 90° out of phase with the thrust and drag
noise if the force derived from one physical source. The
natural radiation mode is also= = 1. Unlike drag noise,

it also radiates av=0. Little has been done or known
about this noise component. It is speculated that signifi-
cant radial noise can be present where tip vortices are
strong and structural irregularities exist near the tip re-
gions of the struts and rotor blades.

It is shown analytically that there is no sound radiation
power coupling among the three force components as
they are orthogonal to each other. Thrust noise and drag
noise are separated by directivity differences, while ra-
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