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ABSTRACT

The noise radiated by a subsonic, axial-flow fan at its rotational
frequency and harmonics is related to the non-steady force field
created at the rotor blade/fluid interface. This force field is highly
dependent on the time-invarjant flow distortions that enter the fan.

In this basic study, a typical cooling fan used in the electronic and
computer industry was instrumented with a shaft unsteady axial force
sensc.. Its cutput is proportional to the total unsteady axial force
created by the rotor. The on-axis sound pressure levels were measured
and rompared to cnherent output power spectra involving the unsteady

force sensor and the microphone. Very good coherence at the discrete
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tones is observed.

The inflow field of the fan was systematically distorted by
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placing a small cylinder at various positions in the inlet plane. The
non-uniform, three-dimensional flow field entering the rotor was
measured by traversing a set of miniature five-hole pressure probes.
The total pressure outputs from this probe can be related to the axial,
tangential, and radial velocity vectors. Fourier decomposition of the
inflow velocity data is coupled with analysis to give information on

the unsteady rotor force harmonic content. A simplified Curle's
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equation was then used to compute the discrete-frequency radiated noise
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at the Blade Passage Frequency (BPF) and its harmonics. The predicted

and measured noise levels are in close agreement at the BPF and the
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first harmonic when the fan is a compact source.

The fan inlet and fingerguard of the test fan were modified and
evaluated acoustically. Evaluation shows that the addition of a baffle
does not reduce the fan noise. It is desirable that the radial members

of the finger guard cross the blade leading edge at a large angle and
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pass by only a small portion of the blade leading edge at any instant
of time. The unsteady blade force and thus the discrete-frequency

radiated noise will be reduced.
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Chapter 1

INTRODUCTION
1.1 Axial Fan Noise Mechanism

The noise sources of a small axial-flow cooling fan include
aerodynamic, mechanical and electromagnetic sources. The primary
sources of mechanical noise are bearing noise and rotor unbalance. The
magnetic noise is caused by the motor which drives the rotor. The
aerodynamic noise source, which is caused mainly by the viscous flow
over the blades and the interaction between blades and inflow
disturbances, is the principal noise source of an axial-flow fan.

The acoustic spectrum of aerodynamic noise is characterized by a
broadband component and a series of discrete-frequency peaks related to
the Blade Passage Frequency (BPF) which is equal to the number of
blades multiplied by the revolutions per second of the rotor. The
major broadband noise sources include the blade vortex shedding from
the blade trailing edge, blade to blade vortex interaction, laminar
flow separation on the suction surface, and random fluctuating blade
forces caused by the blade boundary layer and interaction with inflow
turbulence {1,2,3,4]. The discrete-frequency noise mechanisms are a
result of fluctuating bl#de forces which are caused by the interaction
of the blades and non-uniform inflow {5,6,7,8). It is the discrete-
frequency noise that is usually regarded as being psychologically
disturbing [9].

The inflow velocity disturbance of a fan may be of two origins:

upstream wakes from an obstruction placed near the fan inlet or from
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-
5\ the stretching of large-scale eddies into vortices as they are drawn

into the potential sink of the fan {5]. This latter mechanism often

.
-
o time averages out over long time observation; hence, the dominating

e

'l
g
::j discrete tone sources are caused by the interaction between obstruction
' i 2 s
v{g‘ wakes and blades. As a blade passes through an obstruction wake, it
W
h-‘ -‘

\:}: experiences a velocity change and an unsteady lift due to the resulting

o
o change in angle of attack. The unsteady aerodynamic force acting on

[

- the rigid blade will cause a fluctuating pressure field. 1In air, which
o is a compressible medium, the pressure fluctuation in the field will
K-

. . . . .

ns radiate as a dipole sound source. If the unsteady force is spatially

o : . . .
0 r petitive for each rotor revolution, it can be Fourier analyzed into

-

LA -

o sinusoidal blade loading harmonics, together with their appropriate

'\-"

Cal

> . . N
o phase relationships. These components generate a set of rotating
(\ modes, and each mode radiates discrete-frequency sound in its
N
oy .

S corresponding radiation pattern.

r ".‘-

N
o~ There have been numerous research studies on the mechanism of

9,

discrete-frequency blade noise [10,11,12,13,14]. Ribner and Clark [12]

-_’.’
\-'_,.
> . . . - .

s substantiated the Curle theory by demonstrating a direct relationship

~

A
,\j between the fluctuating 1ift on an airfoil and the resulting far-field

."l

{ﬁ acoustic pressure. Hersh, Meechan and Bies [13] reconfirmed that the

\-:‘.-I'

{:{ small airfoils exhibit a dipole directivity. Baade [10] showed that

N the noise at the BPF is primarily a dipole source. Wright [11,14]

® . ) . .

.- found that the fluctuating forces on rotating blades, i.e., rotating

jﬁ: acoustic dipoles, are the principle sources for discrete-frequency

- noise. He found also that the steady blade force produces little

o

' radiation compared with the fluctuating blade force. Efficient

o

o

'v::‘

o

'1.'-
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discrete-frequency noise requires only a small amount of fluctuating
force {15]. Significant discrete-frequency noise can be caused by a
fluctuating blade force as small as one one-thousandth of the steady-

state blade loading.

1.2 Research Background

In 1981-82, the IBM Corporation began support of a research program
at the Applied Research Laboratory of The Pennsylvania State University
(ARL/PSU) directed toward the identification and reduction of discrete-
frequency noise sources in small axial flow cooling fans such as those
which can be found in electronic equipment. Four (4) Rotron fans were
provided for an experimental evaluation and modification (Tarzan,
Muffin, Muffin XL, and Patriot) performed by Fitzgerald [16,17]. He
used an unobstructed inflow for the fans and found that the shroud
support struts, casing, and other asymmetries associated with the fan
itself cause tonal radiation at harmonics of the blade-passage
frequency. It was shown that the tonal energy could be reduced by
streamlining the support struts, by adding bellmouths to the inlet end
of the shroud, and by incorporating flow modifiers to the rotor blades,
among others.

The modifications recommended by Fitzgerald [16] may not always
produce the noise reductions quoted when the fan is operated in
practice. For example, when mounted in a cabinet for cooling purposes,
the inflow will more than likelytbe quite disturbed, realizing that it

must pass through louvers as well as being affected by cabinet

oy o
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boundaries and the floor and walls of the rooms where the cabinet is
situated. For this reason, a second laboratory investigation was
carried out in 1983-85. 1In this second phase, Washburn [18] conducted
a very systematic study of the tonal radiation from the Muffin XL and
Tarzan fan models. He introduced idealized inflow disturbances created
by stationary objects. These objects included a circular cylinder in
cross flow, a rectangular cylinder, rectangular plates that block a
large percentage of the inflow, and card gate models. As expected, the
fan improvements suggested by Fitzgerald lost their noise reduction
effectiveness when the inflow was disturbed by these objects. Washburn
postulated that the harmonics of the BPF were a result of the unsteady
rotor blade loading induced by the spatially periodic inflow
distortions.

Washburn’s design recommendations include the aerodynamic shaping
of unavoidable inflow obstructions, the identification of a minimum
distance of 0.3 fan radii for the placement of such obstructions, the
avoidance of any sort of blockage in the lateral inflow, and the
possible use of inlet baffles that help accelerate the flow and hence
reduce the distortion field.

It was not within the scope of Washburn's Master of Science program
to continue investigation of these recommendations. Such continuation
entails the fabrication and evaluation of the recommended devices.
Also, the design requires a detailed knowledge of the time random and
mean velocity vectors at the inlet of the fan. The acquisition of
these aerodynamic data, the inlet re-design and acoustic evaluation of

prototype configurations, will require a third phase of this overall
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= $¢ fan noise reduction effort. It is this third phase that is studied
-
(7 here.
)
i
1",&«
b
:j}: 1.3 Research Objectives
‘I
»)
90
4
1 ; . -
.:ﬁ The overall objective of this research is to provide means for the
)
N
«fi reduction of the harmonics of the BPF radiated sound through inflow
»
( ducting re-design. Specific sub-objectives include: (1) quantitative
N
:E correlation of non-steady blade lift to radiated sound at the BPF and
N
‘adi . . . . :
6N its harmonics; (2) quantitative measurements of the spatial
VN
L distribution of time invariant inflow velocity vectors; and (3) design
' y 24
o
;{J- and evaluation of modified duct inlet and finger guard configurations.
IS
.
1.4 Approach
b
o
b
e
‘TN
b~ The blade unsteady 1lift is due primarily to operation in time
BN
) invariant inflow non-uniformities. In order to reduce the blade
..'\
"
o) unsteady forces and resulting radiated sound, the rotor non-uniform
.
B
fﬁ- inflow fields typical of fan operation must be quantified. For the
L.
‘Q typical obstructions considered in this investigation, measurements of
o
N
' the spatial non-uniform inflow fields to the rotor will be made using
¢I
o miniature five-hole pressure probes. Fourier analysis of the
o circumferential variation of the spatial non-uniformities will be
o
' performed, resulting in input for inlet re-design to reduce unsteady
»
v lift and resulting BPF and multiple radiated noise. Spatial variations
o of the non-uniformities will be used to assess the blade unsteady lift
o
f.:)
"
"y
'
N
) A,
L
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due to this source and to reduce this effect and the resulting radiated

sound.

Based on the objectives set forth, it will be necessary to equip
the selected fan with an internal sensor. For ease in sensor
installation and enhancement of blade signals from these sensors, the
Patriot fan was selected for detailed aerocacoustic study.

To measure non-steady blade loading, the motor shaft housing of the
Patriot will be modified and a piezo-ceramic disk will be incorporated.
This crystal will, in effect, sense the total unsteady rotor axial
force. The complex coherence function and the coherent output power

spectrum between measured shaft force and radiated sound pressure will

.‘.‘

s
ety

be used to determine the acoustic pressure at the microphone due to the

PR
,

fluctuating force on the rotor. This procedure will be performed with
and without the cylindrical inflow obstruction studies previously by
Washburn [18].

In addition, modified duct inlets and finger guards will be
designed and tested. The purpose is to reduce the interaction noise

caused by the finger guards, to smooth the inflow surrounding the

v

»

shroud inlet, and thus to reduce discrete-frequency noise.
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Chapter 2

CORRELATION OF DISCRETE FREQUENCY NOISE AND

UNSTEADY ROTOR FORCE

2.1 Introduction

The major discrete-frequency noise sources include the steady blade
loading, which contributes to the noise at the BPF, and the periodic
unsteady loading, which contributes to the noise at the BPF and its
harmonics. The periodic unsteady loading is caused mainly by the
interaction of the fan blades with the time-invariant non-uniform
inflow. This results in the blades radiating sound as a dipole source
on the fan axis. 1In order to correlate the unsteady rotor force to the
discrete-frequency noise, two test conditions are required. One
condition is a fan without any obstruction. The other condition is a
fan with some generic obstruction positioned in front of the center of
the fan. A 1.27 cm diameter cylinder is used for this generic
obstruction. the cylindgr generates two cycles of inflow distortion
per rotor revolution. The diameter of the Patriot fan is about 18 cm
[19]. During the tests, described below, the fan was operated at the
minimum static pressure rise condition in order to maximize the
discrete-frequency noise {16,17,18]. The coherent output power
spectrum and the coherence function for the unsteady rotor force and

the fan noise were used to indicate the contribution of the unsteady




o loading to the fan noise. Experimental results are presented and

discussed.

N
oo 2.2 Experimental Setup

The measurements of unsteady rotor force and fan noise were

R conducted in an "air-breathing" anechoic chamber, where the air can

N flow into the chamber through acoustically-_reated air passages. The
o
A
{u' fan exhausts the air out of the chamber through an acoustic duct.
X
MY Figure 2.1 shows a schematic of the test facility assembly. There is
— N\
. [ 3 I3 -
For, an anechoic termination and throttle located at the duct outlet. The
I
S anechoic termination was used to reduce the formation of longitudinal
1
v o
a standing waves within the duct. The throttle was used to regulate the
. static pressure and air flow. The duct was lined with sound and
:{i vibration insulation material to attenuate the vibration and sound
S
fﬂ, generated by the test fan. The material effectively damped the
- transverse standing waves within the duct. The duct inlet was
:&- positioned 120 cm within the chamber to minimize the interaction of
i} inflow distortions generated by the foam wedges attached to the chamber
®
SN walls. A B&K type 4220 2.54 cm microphone was positioned on the fan
- axis at a distance 1 m away from the fan. The microphone’s stand was
..
S seated on a small table which was draped with sound absorbing material
o
j& to minimize acoustic reflection. The microphone was calibrated using a
(. B&K type 4220 pistonphone which generates a 250 Hz tone having an
N amplitude of 124 dB (re 20 uPa). The unsteady rotor force was measured
L
L using a force sensor which was preloaded and positioned between the
-
.
L
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S
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rotor and the root of the shaft as shown in Figure 2.2. Figure 2.3

shows the flow schematic for the measuring system.

2.3 Design and Calibration of the Measuring Device for Unsteadv Rotor

Force

2.3.1 The Design of ihe Force Sensor

The force sensor is a ring type, two-layer piezoceramic transducer
as shown in Figure 2.4. It utilizes a piezoceramic as the sensing
elements. The piezoceramic generates an electrical signal due to the
dynamic deformation caused by the unsteady rotor force.

The force sensor was preloaded and positioned between the rotor and
the root of the shaft as shown in Figure 2.2. In order to reduce the
response of the transducer to the magnetic field force inside the fan
motor, a low impedance transducer is desired. The impedance of a
transducer is proportional to its thickness and to the inverse of the
dielectric constant of the piezoceramic used [20]. A high dielectric
constant will reduce the impedance, as will a small thickness. On the
other hand, the sensitivity of the transducer is proportional to the
thickness of the piezoceramic elements. In order to obtain a high
sensitivity, low impedance transducer, a two-layer piezoceramic element
was used. A two-layer transducer possesses lower impedance than a one-
layer transducer of the same total thickness. A piezoceramic with a

high dielectric constant (K=3200) was selected. A shielding device, as

L

&Y. L& WV AW, !

PRI L L L Rl Ly CAINCAA N N e e T T e e LT N e T e T Y T T T T T L et
» TS0 "t gy v o L e e o v-, o .“.:F_.‘-Q_\ .’_-_._-"._ e (_y..*.\_.( ety
L ) - ] 5 W, 5 ¥ ! ' 8 L

-y

“.




BLADE

HUB

ROTATING UNIT
SHAFT

SHIELDING DEVICE

©
fees

L@

r
OPOOOEO

4 ~
O—1 k»;@ PIEZO-CERAMIC
@1 Lo ROOT OF SHAFT
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14
shown in Figure 2.2, and a conductive silver coating were used to

shield the transducer from the magnetic field.

2.3.2 Calibration of the Unsteady Rotor Force Measuring System

Figure 2.5 shows the experimental setup for the dynamic calibration
of the measuring system. Firstly, the fan rotor was removed and an
impact force was applied to the force sensor. Figure 2.6(a) shows the
shock spectrum from the force sensor. Since an impact force and random
noise in the frequency domain are equivalent, the shock spectrum
corresponds to the frequency response of the measuring system. It
shows that the frequency response of the measuring system with the
rotor removed is flat up to 1600 Hz. A sinusoidal unsteady axial force
with swept frequency was then applied to the system (with the rotor
installed with and without blades). The frequency responses of the
system are shown in Figure 2.6(b) and (c). This result indicates
significant coupling between the force sensor and rotor. The 600 Hz
peak shown in Figure 2.6(c) is due to a resonanc: ~»f the blades. The

transfer functions at the BPF and its harmonics were obtained from

Figure 2.6(c). The coherence functions associated with both transfer

functions in Figure 2.6(b) and (c) are nearly unity over the testing
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2.4 Experimental Results and Discussions

The coherent output power spectrum and the coherence function for
the unsteady rotor force and fan noise were used to indicate the
contribution of unsteady loading to the fan noise. Figure 2.7 shows
typical experimental data for the case without any obstruction in front
of the fan. The coherent output power spectrum and the total output
power spectrum are very close together at the BPF. This shows that the
noise at the BPF is dominated by the unsteady loading and not the
steady loading. The slope in the phase diagram is indicative of the
time delay for the sound propagation from the fan to the microphone.
This phase response verifies that the measured noise is indeed
correlated to the unsteady loading. The fluctuating phase distribution
at higher frequencies, greater than 1.1 kHz, suggests that the fan is
no longer a compact source at those frequencies. The fluctuating phase
distribution at frequencies below the BPF is due to the acoustic

limitation of the anechoic chamber. The dip in the frequency range

between 500 Hz and 580 Hz is due to coupling between the force sensor

ShS!

"‘l.

and fan structure.

P

L@

For the case of a cylinder in front of the center of the fan, the

;E: cylinder is expected to generate a two-cycle distortion which should
':2 enhance the unsteady blade loading. Figure 2.8 shows that the coherent
;?& output power spectrum and the total output power spectrum are in close
.

iif agreement not only at the BPF, but at the first and the third harmonic
e

:;' also. These harmonics are enhanced by the two-cycle inflow distortions
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created by the cylinder. Again, the slope in the phase diagram

verifies that the measured noise is due to the unsteady rotor loading.
These results support the theory that discrete-frequency noise at
the BPF and its harmonics is dominated by unsteady rotor loading. For
the test fan, the unsteady loading at the BPF is apparently due to an
interaction between the fan outflow and a strut situated downstream and
close to the blades. This hypothesis was not verified quantitatively,
The unsteady loading at the harmonics of the BPF results from the
Figure 2.8

interaction of the blades and the distorted inflow.

verifies this conclusion. The data also show that the broadband noise

is weakly correlated to the measured unsteady rotor loading.
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i Chapter 3
N
ﬁ%j MEASUREMENT OF TIME INVARIANT SPATIAL INFLOW VELOCITY
'jx: AND COMPUTATION OF DISCRETE-TONE SOUND RADIATION
S 3.1 Introduction
The principal source of discrete-frequency noise is caused by the

interaction of the blades with the circumferentially distorted inflow.

The circumferentially distorted inflow velocity can be Fourier

v
&

{‘h'

decomposed into a sum of sinusoidally varying components with various

-
S
LR S

amplitudes and frequencies. As the blades pass through such a

3

~ o
«

- sinusoidally varying velocity field, a sinusoidal variation in blade

loading will occur. This causes the blades to radiate sound as dipole

- sources.
:)_ A 1.27 cm diameter cylindrical obstruction was positioned at
-"\-'
T~ several different radial locations where Washburn [18] found that
)
=
"t R . . .
;ﬁ; significant discrete-frequency noise was generated. These locations
I
o . : . . .
o are shown in Figure 3.1. The three-dimensional steady-state velocity
. ;* I3 s -
\uﬁ field was measured using miniature five-hole probes {21]. The inflow
i N"-
‘ -
. . . . .
- velocity vectors were then decomposed into a circumferential average
o . . . . . .
e velocity and a circumferential non-uniform component using Fourier
.
o
o analysis. Based on the measured blade geometries, the unsteady rotor
L]
::& force was computed using an unpublished Computaztional Fluid Dynamics
. I3 I3 . 3
. (CFD) package which was developed at the Pennsylvania State University
.
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Figure 3.1 Radial Locations of a 1.27 cm Cylindrical Obstruction.
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{22). Thewn, the discrete-frequency noise was computed using a dipole

source model. Figure 3.2 shows the steps in the computation of the
discrete-frequency noise. The comparison between computational results

and experimental results is presented in this chapter.

3.2 Experimental Determination of Spatial Velocity Distribution at the

Inlet of a Rotating Fan

3.2.1 Experimental Setup

The experiments were conducted in the same anechoic chamber as
described in section 2.2. Figure 3.3 shows the experimental apparatus.
The circumferential variation of the inflow velocity was measured using
three five-hole probes. These probes were spaced 120 degrees apart and
mounted on a rotating unit which was driven by a stepping motor. The
rotating unit consisted of a fan shroud and a dummy hub which were used
to simulate the boundary condition of a Patriot fan. The flow field at
the inlet of the rotating unit is thus similar to that of a Patriot
fan. A running Patriot fan was used to ingest air into the rotating
unit. The five-hole probe support struts were positioned parallel to
the fan blade leading edge. The five-hole probe could move along the
same spatial locations relative to the fan inlet as the blade leading
edge in a real fan. The concept is shown schematically in Figure 3.4.
Figure 3.5 shows a photograph of the device assembly. The five-hole
probes were positioned at a total of nine different fan radii to

measure the circumferential velocity distributions. The rotating unit

R R N RV R
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Figure 2.2. The Flow Schematie for Calculating Unsteady Rotor
Force and Radiated Noise.
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SECTION (B) (&)

.4 General Concept for Inflow Velocity Measurement.
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re 2.5 Photograph of the Experimental Device Assembly.
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=, traverses the probes through 360° in 3° increments. A sampling number

of 120 data points per revolution was used to prevent aliasing in the

N Fourier coefficient estimates which will be explained in section 3.3.1.
Lo
04
e
\
" 3.2.2 Five-Hole Probe
)
K
! :";
) - . -
‘“ﬁ A five-hole probe was used to measure the inflow velocity because
(;_ of the following considerations:
»
"
-
o
o
& 1. The flow passing through the blades is three-dimensional;
® .
= therefore, the velocity transducer should be able to
2
o discriminate flow direction.
.
- 2. The inflow velocity field is, under practical application
A considered stationary. Since only time-averaged flow velocity
‘J »
‘s
}: is required, a transducer with a slow response can be
-
N utilized.
g
i 1-';
R, ‘-:
::. Figure 3.6 shows the basic configuration of an angle-tube type
&
' probe. The flow angle and velocity can be computed from the pressure
o
1 sensed at each of the five holes. The pressure sensed by the probe can
1S
)
:u be related to the flow angle and velocity using calibration data.
:: The probes were calibrated for an air flow speed range between 6
g m/sec and 21 m/sec. A schematic diagram of the calibration setup is
) shown in Figure 3.7. The calibration process consists of placing the
L7 probe in a known flow field which was supplied by an open jet as shown
. »
- in Figure 3.7. The calibration curves consist of measured pressures
L4
'\-',
7/
'f

el
ot
PR




WP U W W T T T ww RN ErTrEyY b b Al e Al bt

30
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Figure 3.6 Geometry of the Angle-Tube Probes.
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versus air velocity, yaw angle, and pitch angle of the probe. These
families of curves are coupled with equations of the Bernoulli type to
form unique relationships between the various variables. The procedure
is well documented by Treaster and Yocum {21]) and is not repeated here.
Figure 3.8 shows a schematic diagram of the five-hole probe measuring
system. The signal which corresponds to the pressures at each of the
five holes were scanned by a multiplexer and processed on a Vax 11/780
computer. Based on the pre-established calibration data, the inflow
velocity and direction were estimated. The accuracy of the resulting

data is estimated to be + 1ls.

3.2.3 Experimental Results

Experimental results for a fan with no obstruction and with a 1.27
cm diameter cylinder in front of the fan are presented. The
circumferential distribution of axial, tangential, and radial
velocities in the blade leading edge plane was measured. Figure 3.9
shows the definitions of the axial, tangential, and radial velocity
components. Because of the large database, only a few selected typical
results are presented.

Figure 3.10 shows the circumferential velocity distribution at one
fan radius over the 360° sector for the cases of the fan operating with
and without a cylinder in front of the center of the fan. The abscissa
represents the circumferential location of the probe relative to the

initial position which is the bottom of the fan. The ordinate

represents the normalized local mean velocity which is equal to the
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local mean velocity divided by a reference velocity, measured in the

exhaust duct. The reference velocity is 8.7 m/sec. The velocity

x
)'ﬂ} g

distributions for the case without a cylinder are quite uniform as

EAEIPNS
Al
P

[N
>

.

shown in Figure 3.10 (a). For the case of a cylinder in front of the

"1‘.
P

Y

center of the fan, the pronounced variations in the data are a

.y

o consequence of the cylinder wake. The variation of the tangential
o

Ao
oy component of the inflow is due to potential flow around the cylinder.
!

Figure 3.11 shows the normalized axial component of mean velocity
distribution in the plane of the blade leading edge There was no
cylinder in front of the fan. It shows that the maximum axial inflow
velocity occurs at the region near the fan shroud. Figure 3.12 shows

the secondary inflow distribution for the rases without a cylinder and

with a cylinder placed at the various positions noted in Fig. 3.1. The

Py

secondary velocity was obtained by subtracting the mean axial velocity

]

‘I

e

TRV I A A B B

from the local inflow velocity. The arrows represent vectors showing

-l e
=y
A

the direction and the magnitude of the dimensionless, local secondary

P

O

velocity. The rotational flow is caused by vorticity in the wake of

)

i;; the cylinder. It also shows that the secondary velocity increases and
i}% rotates in the direction coincident with the direction of the rotating
I;: blades as the flow approaches the region near the hub. Figure 3.13

Li;: shows polar plots of the circumferential distribution of axial velocity
;;;E behind a cylinder at various radii. The dips in the plots indicate the
,.:

axial component of the velocity defect caused by the cylinder wake.

:. .'.
St D

The maximum wake width occurs around 0.7 radius. The wake width decays

vy %’
sty

e e sy

in the regions close to the shroud and hub due to three-dimensional and
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viscous effects. The wake length is maximum when the cylinder was

positioned in front of the center of the fan.

3.3 Computation of Discrete-Tone Radiated Sound

3.3.1 Fourier Analysis of Inflow Velocity Vector

The inflow velocity v(r,§) can be decomposed into circumferential

average velocity V (r) and a circumferential varying component V (r,§):

V (r,8) = V(r) + V (r,8) . (3.1)

Equation 3.1 can be described by a Fourier series as follows

V(r,8) = V(r) + Y [ap (r) cos (nf) + by (r) sin (nf)]

n=]
- w0
-V (r) + E: ¢y (r) cos [nf - ¢, ()] (3.2)
n=1
where
1
1 n
aq (1) = ,/ V (r,f) cos (nf) df
-n
1 x
by (r) = = J/'v (r,6) sin (n6) d¢
-n
"
°
A e
ORI G N e Yy S S
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cn (r) = [anz(r) + bmz(r)ll/2

tn (r) = tan'l [b (r)/ap(r)]

The phase angle is defined as positive when in the same direction as
the blade rotation. For example, the wave c, cos (ng - t,) lags behind
¢n cos (ng) as shown in Figure 3.14. Figure 3.15 presents a typical
result of the decomposition using Fourier analysis. This decomposition
is for data collected at one fan radius when a cylinder is placed
symmetrically in front of the center of the fan. Because the Patriot
fan has five (5) blades, the harmonic coefficients at n =5, 10, 15, and
20 will contribute to the unsteady axial force at blade rate and
multiples up to 4. Hence, these coefficients were used to compute the
unsteady blade loading at the BPF and the first three harmonics.

Figure 3.16 (a) shows the magnitude of the harmonic coefficients Cjg,
C10, C15, and Cpg at different fan radii. Figure 3.16 (b) shows the
corresponding phase. Similar Fourier decomposition was performed for
the tangential and radial velocity components, since all three

components enter into the unsteady blade loading calculation.

3.3.2 The Application of Two-Dimensional, Unsteady Airfoil Theory to

the Computation of Unsteady Rotor Force

The axial component of unsteady rotor force caused by rotor blades
interacting with a spatially non-uniform, time-invariant inflow was

calculated using a two-dimensional unsteady thin airfoil theory [23,

o M Mw e e w T
PPN 4
RSSO
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Figure 3.14 The Interaction of a Rotor Blade with Distortions of Different
Phase. (The Flow is Coming Out of the Figure and § is Positive in
the Same Direction as the Blade Rotation) [22].
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24, 25}. The rotor blades were assumed to be two-dimensional, isolated

airfoils. The airfoil was assumed to be replaced by a vortex

£

R

o
1
O

distribution as was the wake shed by the airfoil. The unsteady lift on

=2 & &
P

the airfoil was determined for a sinusoidal inflow incident to the

-

airfoil.

o N
L)

For the purpose of computation, the fan blade was divided into nine

o~

N radial segments. The total unsteady lift on each blade segment due to
. the nth Fourier component of the inflow was computed using an equation
N
Leus developed by Neumann and Yeh [23], i.e.,
o % .
b
Py
3 ~{ -
“‘” . 1 dCy, . . 2Ymun
o Ly - E E;_ pc W [vp S (wp) + a uy F, (wp) + ——z—- Fg (wq)]
1N
i \'_‘\
‘:L: (3.3)
oo where
CL = the steady lift coefficient |,
A
.u$ ~ - angle of attack on the blade ,
o
AN c - blade chord length ,
CaL Y
P
) —
-, W = circumferential average velocity relative to the blade ,
P
SRS
o Ym = maximum camber of the blade ,
I} [ 4
"
’
AN S - Sears function |,
o
. Fg = maximum camber function |,
‘?;: Fo = angle of attack function ,
1.‘,-
&é& vC
° w = 2w reduced frequency ,
?k v - angular velocity ,
J--. : . k3 s r
SN u = distortion velocity parallel to the relative velocity (w)
_f:- and v - distortion velocity normal to the relative velocity (w).
o
>
1l
S
A
M
X
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s
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.
\':‘- The 1lift curve slope dCp/da should be determined from experimental data
1S
“ that includes cascade effects and airfoil section characteristics at
b each blade segment.
e, .
LAt The axial component of the unsteady lift on the blade segment is
"
20w
e
1 - - )
1 S Fz(r',t) = - L, sin (r+a) cos (p) , (3.4)
)
%Y where
Lo : :
;._:_ r’ - distance of the blade segment from the centerline of the
R
::: fan.

stagger angle of the rotor blade ,

Lt
"
1

)

:::-: I - inclination of the streamlines to the axial direction.

0!

-'.::' The total axial component of the unsteady force acting on the shaft

® can be obtained by summing the Fz (r',t) vector over all radial
b :

S segments and over all blades, i.e.,

~ .

l-'.\

3N It i(nOt + ®.)
o Y . i
.. Fz(t) = - B 7 [Lp| sin (r + @) cos (u) e n
( ] =1y
- (3.5)

0

T Here, one has Q - angular velocity of the blade ,
B - number of blades ,
X '_\:; ry - hub radius ,
‘.-'\': rey = blade tip radius ,
'

v

ot

:' and o - unsteady lift phase angle on reference blade

» T\.'

=

e The unsteady rotor force at the BPF and its harmonics can be computed

».‘\.

." from the inflow harmonics corresponding to these frequencies using

,‘_:_ equation 3.5. A CFD package which implements this methodology has been
2

2l '

W . : . . .

i developed by Zierke at Penn State University [22). The predictions
a:'.

na

." using this computational code have been compared with experimental

(.. results from other experiments. These comparisons showed that the

!
1
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predictions gave the correct trend of unsteady forces as various
parameters were changed [22]. However, the method can not always be
expected to give the correct magnitudes of the unsteady blade forces

due to the assumptions made in the calculation [22].

3.3.3 Theoretical Development for Correlating Unsteady Rotor Force

and Discrete-Frequency Noise

The correlation between blade surface fluctuating loading and
farfield acoustic pressure can be determined by using Curle's
generalized solution of the Lighthill equation [26, 27]. Several
assumptions which are appropriate for the small axial flow cooling fan
used ip this study were used to simplify Curle’s equation [28, 29].

These assumptions are as follows:

1. The Mach number of the blade tip is low.

2. tiie blade surface is in rigid steady motion.
3. The total blade force is dominated by the normal component.
4, The sound wave-length is larger than the dimension of the fan,

i.e. the fan is a compact source.

The simplified Curle’'s equation [28, 29] correlates the unsteady

rotor force to the radiated noise and is given by:

cos 8§ ,3F
P(r.t) ~ 0 (G0 (3.6)
or
P (r.f) = fF(cos §) , (3.7)
2r ¢4
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where
Co = the ambient speed of sound ,
F - unsteady rotor force ,
f - frequency ,
r - the distance between fan and field point ,
and § - the angle between fan axis and field point

The farfield acoustic pressure is proportional to the time rate of
change of the unsteady rotor force. This equation uses the point-
loading concept, i.e. the net integral blade loading is considered to
be acting at an effective point on the rotor disk. This equation is

only valid when the fan is a very compact source.

3.3.4 Computational Procedure, Results and Discussion

In this study, the procedures for computing the discrete-frequency
radiated sound caused by the interaction of fan blades and a periodic

non-uniform inflow are summarized as follows:

1. Measure the three-dimensional velocity vectors in the blade plane
using five-hole probes. The five-hole probes were positioned at
nine fan radii and rotated 360° in 3° increments. Therefore, the
circumferential velocity distribution at nine fan radii in the
blade plane was determined. There are 120 data points for each

circumferential velocity distribution at each fan radius.
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2. Calculate the harmonic coefficients of the velocity vectors at each
fan radius using equation 3.2,

3. Measure the blade geometry parameters which include pitch, camber,
thickness, skew, rake, and stagger angle at each radial segment or
strip location. The blade was divided into nine segments,
corresponding to the radii for which there is experimental velocity
data.

4. Compute the rotor unsteady axial force at the BPF and its harmonics
using the CFD package which implements equations (3.3), (3.4), and
(3.5). The harmonic coefficients of the velocity vectors at the
nine fan radii and the blade geometric parameters obtained in step
2 and 3 are the inputs for this computation.

5. Compute the discrete-frequency radiated sound from the unstealy

rotor forces using equation (3.7).

The unsteady rotor force and the discrete-frequency radiated sound
were computed for the case of a cylinder in front of the center of the
far.. The computed unsteady rotor forces are 0.0545N, 0.0260N, 0.0240N,
0.0337N for the BPF and the first, second, and third harmonics. The
computed discrete-frequency radiated sound and its comparison to the
measured values are shown in Table 1. The experimental results were
obtained using synchronous time averaging as described in section 4.3.
The computational and experimental results agree quite well at the BPF

- and the first harmonic, while for the third and fourth harmonics the

agreement is poorer. This could possibly be due to the fact that the

fan is a less compact source at the second and third harmonics (575 Hz
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Table 1. The Discrete Tones Radiated by the Patriot Fan

with a 1/2" Cylindrical Obstruction in the Inlet Flow

On-Axis SPL of the BPF Harmonics, dB re 20 uPa

BPF BPF X 2 BPF X 3 BPF X &

Experimental

’

b
.

~
-

Result 58.2 62.9 45.8 45.3

5
R

L 1% %

Computational

- Result 61.2 60.7 63.7 69
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and 760 Hz, respectively). The ratio of wave length to fan diameter at
the second and third harmonics are 2.2 and 1.7 respectively. The
simplified Curle’s equation breaks down rapidly as the acoustic

wavelength becomes smaller and smaller relative to the fan diameter.
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Chapter 4

MODIFICATIONS AND ACOUSTIC EVALUATIONS OF

DUCT INLET AND FINGELR GUARD

4.1 Introduction

The interaction between time invariant circumferentially non-

uniform inflow and the blades causes unsteady blade forces and

*

P A
ol
v

v

discrete-frequency noise. Therefore, reduction of the discrete-

a1,

'@,

frequency noise can be achieved by reducing the inflow distortion.

p

IR

Methods by which this can be done include: improving the

.
[ ] ' 'V -
P

circumferential symmetry of the rotor annulus inlet and avoiding the

-

blockage of the upstream flow field.

-’-
"
~.

The finger guard is a necessary safety device on a fan. It is also

"l

Hh]

one of the major sources of inflow distortion. Gray [30] and Filleul

L)
]
_

[4] showed that significant sound is radiated from the 90% span region
of the rotor, which is very near the shroud. The uniformity of the
inflow field in the vicinity of the shroud is therefore critical and
influenced by the duct inlet. The duct inlet and finger guard of the

patriot fan were modified in an attempt to reduce the discrete-

frequency noise. The acoustic evaluations for the modified duct inlet
and finger guard prototype configuration were conducted in the "air-
breathing" anechoic chamber as described in section 7. .. Evaluation

results and conclusions are presented in this chapter.
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4.2 Modifications of Duct Inlet and Finger Guard

The design modifications for the duct inlet and finger guard were

based on Washburn’'s recommendations [18]. These are as follows:

1. Aerodynamic shaping of unavoidable inflow obstructions such as
finger guards.

2. The identification of a minimum distance of 0.3 fan radius for
the placement of the finger guard.

3. The avoidance of any blockage in the lateral flow.

4. The possible use of an inlet baffle that can help to
accelerate the edge flow and hence reduce the inflow
distortion.

The redesigned duct inlet (baffle) and finger guards are shown in
Figs. 4.1 and 4.2. The finger guard was attached to the baffle.

The baffle inlet begins at the edge of the fan inlet housing. It
then sweeps smoothly back from the inlet to a height which would
accommodate the bolts which mount the baffle to the fan. The baffle
remains at this height over a radial distance equal to one radius of
the fan rotor and it is tapered back to the wall as shown. The finger
guard was made from small wire to reduce the blockage to the inflow
field. The finger guard consists of circular and leaned radial
members. The symmetric circular members are not expected to cause
unsteady blade force and resultant discrete-frequency noise. The

interaction between blades and the wakes, generated by the radial

members is periodic and can contribute to discrete-frequency noise at
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(a) . S —

(b)

Figure 4.2 Appearance of Modified Duct Inlet and Finger Guards.
(a) Four Radial Members (b) Seven Radial Members
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multiples of the Blade Passage Frequency (BPF). Curle’'s equation shows
that the fan radiated noise is proportional to the time rate of change
of the unsteady blade force. Experimental results [31] indicate that
the more nearly parallel a shed vortex is to the blade leading edge
during the interaction between blade and vortex, the greater the
radiated sound. A perpendicular interaction between a blade leading
edge and upstream strut shed vortex results in the least discrete-
frequency noise. The leaned radial members are such that they cross
the blade leading edge at an angle and pass by only a small portion of
the blade leading edge at any one time, i.e., reduce the time rate of
change of the unsteady blade force. The unsteady blade force and the
radiated tonal noise will thus be expected to be reduced. Finger
guards with 4 and 7 radial members were used in order to investigate
the effect of the number of radial members on the discrete-frequency
radiated noise of a fan with 5 blades. Fig. 4.2 shows the prototype
configurations of a baffle and finger guard with some of the circular
members omitted. There is a round plate at the center of the original
finger guard which is used on the Patriot fan. It blocks and distorts
the inflow; therefore, this center plate was removed as shown in Fig.
4.3 in order to evaluate the effect of the center plate on the radiated
noise. Fig. 4.4 shows the original finger guard and the final
redesigned version.

In the final redesigned finger guard, the center plate of the
original finger guard was replaced by round wire to reduce the inflow
blockage. The spiral radial members were designed so that they cross

the blade leading edge at a greater angle than was the case for the
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Figure 4.3 Appearance of Modified Finger Guard Without Center Plate.
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(" Figure 4.4 Appearance of Redesigned and Original Finger
(] Guards

. (a) Redesigned Finger Guard

- (b) Original Finger Guard
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original finger guard. This reduces the interaction between the radial
member wake and blade at the time when the blade passes through the

radial member wake.

4.3 Experimental Setup

The acoustic evaluation of the modified inlet duct and fingerguard
prototype configurations was conducted in the "air-breathing” anechoic
chamber as described in section 2.2. A B&K type 4220 2.54 cm
microphone was positioned on the fan axis at a distance 1 m away from
the fan. During the tests, the sound pressure level (SPL) of the
discrete-frequency noise was measured using synchronous time averaging
[18] to enhance the rotational tones relative to the vandom, non-
rotational broadband noise. A fotonic sensor was positioned behind the
rotor. It supplied a pulse signal at the blade passage rate to trigger
the spectral analyzer to take acoustic data from the microphone. The
acoustic data was thus taken in a time period which started at a time
when the system was physically identical to the previous period. All
data which is not phase coherent with the blade rate tends to be
averaged to zerc. Figure 4.5 shows the flow schematic for the
measuring system. Figure 4.6 is a photograph of the experimental

setup.
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B&K 2600

B&K MEASURING
TYPE 4220 AMPLIFIER
1I'" MICROPHONE

B
o SD375
SPECIRAL
A ANALYZLR
SYNC
FOTONIC
SENSOR
[ MTI KD45 D346
FOTONIC SENSOR S1GNATURE
METER RAT10 ADAPTIR

Figure 4.5 Flow Schematic for the Measuring System.
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(a)

P Vot .

;;% Figure 4.6 Photograph of Experimental Setup

- (a) Inside the Anechoic Chamber. Included are a
- patriot fan, modified fan inlet (baffle), and
N, a microphone on its mount and stand

[4

(b) Fan Exhaust Duct and Throttle
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i&i 4.4 Acoustic Evaluations and Conclusions

Fig. 4.7 shows the sound spectrum of the latriot fan tested with
and without a cylindrical obstruction in front of the fan. The
discrete-frequency noise occurs mainly below 2000 Hz. The test
frequency range was therefore chosen from 0 to 2000 Hz for the entire
evaluation process. The following results are for the Patriot fan
without cylinder.

The inclusion of the baffle causes an increase in discrete-
frequency noise at the BPF and BPF X 2 by 5 dB and 3 dB, respectively
as shown in Fig. 4.8(b). . The baffle was not helpful in reducing the
discrete-frequency noise. The original duct inlet of the Patriot fan
is a good design and can effectively smooth the inlet flow surrounding
the shroud. The baffle was also offset from the axis by 0.18 cm to
examine possible changes in the discrete-frequeﬁéy noise due to
asymmetry. The offset baffle causes the blades to experience periodic

N unsteady forces due to the asymmetry of the circumferential inflow

;& field. Fig. 4.8(c) shows a significant increase at BPF X 2 and BPF X &
Eé as expected. It indicates that the uniformity of inflow field around
_g the blade tip region is critical in discrete-frequency noise reduction.
o

32 Figure 4.9 presents the synchronized sound spectra for a baffled

fgi Patriot fan with four and seven radial members. It shows that the fan
®

operating with a finger guard with four radial members is slightly

Pl
N a
I.l
Pt

CAPRITY SEN
LN .

quieter than the one with seven radial members. Therefore, the final

¥
.

version of the redesigned finger guard has four radial members as shown

in Fig. 4.4(a).
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Figures 4.10 and 4.11 and Tables 2 and 3 present the evaluation
results which involve: the original finger guard, the original finger
guard without center plate, and the final version of the redesigned
finger guard. Table 2 shows the changes of thc Jizcrete tones obtained
from the synchronized spectra shown in Fig. 4.11. The differences in
SPL observed between unsynchronized spectra (Fig. 4.10) and
synchronized spectra (Fig. 4.11) were due primarily to the broadband
noise situated at these frequencies. The broadband (random) noise was
averaged out in synchronized spectra.

A comparison between the original and the redesigned finger guards
shows that the redesigned one has lower BPF, and BPF X 4 tones, but has

higher BPF X 2, BPF X 3 and BPF X 5 tones. The changes in SPL at the

BPF and its first three harmonics are not significant as shown in
Table 2. It is not surprising since the original and redesigned finger
guard utilize the same design philosophy. The overall sound pressure
levels (OASPL) and A-weighted levels were examined and shown in Table
J. Again the change in OASPL is minor.

The original finger guard was then modified by removing the center
plate. The center plate apparently blocks a significant part of the
inflow field. The OASPL doesn’'t show significant change but the
discrete tones at BPF X 3 and BPF X 4 were reduced by 6 and 11 dB,
respectively.

It is concluded that the original duct inlet is effective in
smoothing the inflow surrounding the shroud. An additional baffle does
not help in reducing discrete-frequency noise. The redesign of the

finger guard was based on a design philosophy which is: Lhe more
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Figure 4.11 Synchronized Spectra of Sound Pressure of Patriot Fan. .
o4 (a) No Obstruction

S (b) Original Finger Guard

~:':- (¢) Original Finger Guard without Center Plate
'y (d) Redesigned Finger Guard
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Table 2.

Radiated by the Patriot Fan

Condition Changes in the On-Axis SPL of the BPF Harmonics, dB re 20 uPa

Effects of the Finger Guard on the Discrete Tones

75

from a Unobstructed Fan

Original Finger Guard -0.4

Original Finger Guard

without Center Plate -0.7

Final Phase of Redesigned

BPF  BPFX2 BPFX3 BPFX4 BPFX5 BPFX6
11.6 -1.3 22.1 -8.4 -0.5
10.6 -7.6 11.1 -8.6 -5.8
13 -0.7 20.4 9.4 3.1

Finger Guard -1.9
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Table 3. Overall Sound Pressure Level for Tested Patriot Fan

Condition

No Obstruction

Original Finger Guard
Original Finger Guard
without Center Plate
Final Phase of Redesigned

Finger Guard

P
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dB re 20 uPa

57.1

57.2

57.0

57.6
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dBA re 20 uPa
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55.5

55.2
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nearly perpendicular the radial member is to the blade leading edge,
the less the discrete-frequency radiated noise. The original factory-
design finger guard attempted to accomplish this. The greater angle
between racial members and blade leading edge of the the redesigned
finger guard did not show significant noise improvements over the
original one. The arrangement of the radial members in both the
or:ginal and redesigned finger guard appears to be optimum. The center
plate of the original finger guard blocks part of the inflow which
causes discrete-frequency noise. The original finger guard can be

improved by replacing the center plate with circular members in order

to avoid the inflow blockage.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary and Conclusions

The correlation among the non-uniform inflow, the unsteady blade
force, and the discrete-frequency radiated noise of a small axial-flow
cooling fan was studied quantitatively. The fan inlet and the finger

guard were modified and evaluated acoustically in an attempt to reduce

the tonal noise.

A :' o
A
2 The discrete-frequency noise at the BPF and harmonics is a result
:J? of fluctuating blade forces which are caused by the interaction of the
e blades and time invariant spatially non-uniform inflow. The simplified
s
e Curle’s equation for compact sources shows that the farfield acoustic
. pressure generated by an axial flow fan is proportional to the time
)
2 rate of change of unsteady rotor axial force. To measure the unsteady
N
\ : . . .
¥ blade loading of the Patriot fan, a two-layer piezoceramic transducer

420
o

ﬂ? was designed, fabricated, and placed inside the hub to sense the total
- unsteady rotor axial force. The two-layer transducer possesses a lower
l'.4

'}} impedance than a one-layer transducer of the same thickness, i.e., the
s
N same sensitivity. A lower impedance reduces the response of the two-
o

®

7 layer transducer to the magnetic field force inside the fan motor. The
L™,
A

o coherent output power spectrum and the complex coherence function for
v,

rl .
P - e -

. the unsteady rotor force and the fan noise shown that the unsteady

e

T blade force dominates the discrete- frequency noise not only at the

=

N

N

Bl

”.

o

o

o

N

I. ~I

.

2./

LN o \ ALY \ LY
*\*&’\* $\w~f d “5. N * ’

. q



WA T YR T OW O W DU RN WWE S ST W YT TLE K IR TLAETUR LR TR TR T T TR TR T AT A e e AR AR e e e A T A R T T A A e

79

harmonics of the BPF but at the BPF also. The broadband noise is
weakly correlated to the unsteady blade loading. The slope in the
phase diagram of the complex coherence function is indicative of the
time delay for the sound propagation from the fan to the microphone.
The phase information was used to verify that the measured noise is
indeed correlated to the unsteady blade force and not an artifact of
correlating two sinusoids together.

The unsteady force on the blade is due primarily to its operation
in the time invariant, spatially non-uniform inflow. In order to

reduce the unsteady blade force and resulting radiated noise, an

Yid

understanding of rotor non-uniform inflow fields is necessary. An

experimental method of measuring the three-dimensional time invariant

.
NS

inflow is demonstrated. The spatially non-uniform inflow fields of a

Patriot fan for cases with and without a cylinder in the inlet were
measured using miniature five-hole pressure probes. The pressure
outputs from such probes are related to the axial, tangential, and
radial velocity vectors. Results show that the maximum axial inflow
velocity occurs in the region near the shroud. The inflow in the
region near the blade root is accelerated by the hub. The maximum
downstream cylinder wake length occurred when the cylinder was placed
symmetrically in front of the fan. The discrete-frequency radiated

noise was at its maximum during this condition. The wake width is a

RISCUAIFG DM S S JL IR DL

function of radial position. The maximum wake width occurs around 0.7 {
rotor tip radius. The wake width decays in the regions close to the
shroud and the hub due to three-dimensional and viscous effects. ¢

Fourier decomposition of the inflow velocity data was coupled with a
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two-dimensional, unsteady airfeil theory to give information on the
unsteady rotor force harmonic levels at the BPF and harmonics. The
predicted discrete-frequency noise level was then computed using the
simplified Curle's equation. The predicted and measured noise levels
agreed well at the BPF and the first harmonic while the fan was
behaving more like a compact source.

Design modifications and acoustic evaluation of the fan inlet and
finger guard were conducted. During the evaluation, synchronous time
averaging was used to enhance discrete-frequency noise while
suppressing ac much broadband noise as possible. The design
modification of the duct inlet and finger guard were based on
Washburn’s recommendations [18]. The acoustic evaluation showed that
the additional baffle does not reduce the fan noise. Since the
discrete-frequency radiated noise is proportional to the time rate of
change of the unsteady blade force, it is desirable that the radial
members of the finger guard cross the blade leading edge at a large
angle and pass by only a small portion of the blade leading edge at any
one time. This means that the radial members should be leaned. The
original factory-designed finger guard attempts to accomplish this and
is certainly one of the optimal designs. However, the center plate of
the original finger guard blocks the inflow and generates some noise.
It is suggested that the center plate be replaced by non-intrusive

circular members.
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O 5.2 Recommendations

\ L

-
L= .P:..

! o - . - .

\;?' The discrete-frequency noise can be reduced by either reducing

ilh -n

-'\.‘.
o inflow distortions, avoiding Blade tip interaction with the shroud
' -. .

%
‘5h boundaryv layer, or redesigning the blades to reduce the blade-rate
i
:f:r force. For the Patriot fan, since an optimum inlet and finger guard
B
-atx design for reducing the interaction between blades and non-uniform
N
: . : L. . . .
inflow has been achieved, the optimization of tip clearance or redesign

)

>
" of the blades themselves are alternative approaches for reducing the
\:{ discrete-frequency noise.
R

Significant fan noise arises from the tip region of the blades
[31]. If tip clearance is large, the leakage of air through the
clearance is significant and the leakage vortex formed in the tip
region will cause significant noise. Reduction of tip clearance can
improve the flow field within the shroud, increase the total pressure

rise and blade loading and therefore, increase the fan efficiency and

!

reduce the radiated discrete-frequency and broadband noise [32, 33].

-
.ll
3

. . i
" It is recommended for future research that the effect of reducing the
o
O blade tip clearance in decreasing the discrete-frequency noise for the
Qﬁ Patriot fan be evaluated.
1iz~ Non-uniform distribution of tip clearance (circumferentially) can
:Q cause discrete-frequency noise at the BPF and its harmonics [34]. In
)’n this study, the flow velocity in the region near the blade tip and
:}f shroud was not measured because the probes are too large to be placed ?
:j in this region. It is recommended that a flow visualization technique
_’f be applied to investigate the flow field in this region. The
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circumferential distribution of tip clearance and the flow interaction
due to the shroud and blade tip can be examined. The mechanisms for
the generation of discrete-frequency noise in the Patriot fan can then
be studied more completely.

Mechanical resonances of the blades can be an important factor in
generating unsteady blade forces. They can amplify the unsteady blade
force originating from the interaction of flow and blades. It is
desired that none of the blade resonance frequencies coincide with the
BPF or its harmonics. Resonance frequencies can be shifted, if
necessary, by changing the rigidity of the blades. It was found that
one blade resonance frequency of the Patriot fan occurred at 580 Hz
which is fairly close to the first harmonic (573.5 Hz) of the BPF. An
extensive study on the dynamic characteristic of the blade will be
helpful in understanding-the effect of blade resonance on the discrete-

frequency noise.
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