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Abstract

~*An investigation was performed of the broad band, aerodynamically generated
noise in low tip-speed Mach number, centrifugal air moving devices. An interdisci-
plinary experimental approach was taken which involved investigation of the acro-
dynamic and acoustic fields, and their mutual relationship. The noise generation
process was studied using two experimental vehicles: 1) a scale model of a homologous
family of centrifugal blowers typical of those used to cool computer and business
equipment, and 2) a single blade from a centrifugal blower impeller which was placed
in a known, controllable flow field.

The radiation characteristics of the model blower were investigated by meas-
uring the acoustic intensity distribution near the blower inlet and comparing it with the
intensity near the inlet to an axial flow fan, Results showed that the centrifugal blower
is a distributed, random noise source, unlike an axial fan which exhibited the effects of
a coherent, interacting source distribution.

~----" Aerodynamic studies of the flow field in the inlet and at the discharge to the
rotating impeller were used to asses the mean flow distribution through the impeller
blade channels and to identify regions of excessive tu.rbulence near the rotating blade
row. These studies included flow field qualification via flow visualization of the inlet
field, and quantification of the flow velocities using single- and dual-channel hot film
anemometry. Both circumferential and spanwise mean flow nonuniformities were iden-
tified along with a region of increased turbulence just downstream of the scroil cutofT.
The fluid inctdence angle, normally taken as an indicator of blower performance, was
cestimated from mean flow data as deviating considerably from an ideal impeiler design.
3 New frequency-domain expressions for the correlation arca and dipole source

strength per unit area on a surface immersed in turbulence were developed which can

Abstract i

¥ N L v
R R MR R e e

\)

‘e

P4
P A s

b

Iy
ARk
’

-

» e

-
oL
"

o
4

Ay
L7 ’v,;,’-y
1 \i 4%

o it

y'
Y 4
o]

LA
‘.f"i':;f
)

‘.é.‘.



- e

N N

-

. ’ . . . - . . A
Y Ve used to characterize the noise generation process over a rigid surface immersed in P
turbulence. The equations show that the correlation area may be thought of as a

Y complex radiation efficiency which is normalized by its maximum value, the total area

of the blade surface. Both the correlation area and the dipole source strength per unit roa
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. area reflect the characteristics of the local turbulence regions and mutual interactions 2
N betv:en regions. o,
. An investigation of the noise radiated from the single, isolated airfoil (impeller
"~ blade) was performed using modem correlation and spectral analysis techniques. Radi- L,
N ation from the single blade in flow was characterized using these expressions for the K
Ry correlation area and the dipole source strength per unit area, and from the relationship N
between the blade surface pressure and the incident turbulent flow field. Also, a com- e
3 putational fluid dynamics computer .program was used to model the steady, two- N
, dimensional flow over the single blade profile. ' e
‘ !Rcsults showed that radiation from the single blade was dominated by the e
v effects of the incident turbulence, Normalized correlations areas of approximately 25% N,
2 were measured at low frequencic:‘ While the noise generation was more efficient a2 the o
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Axial fluid velocity
Tangential fluid velocity

Total fluid velocity relative to impeller
Component i of space vectors

Space vectors

Substitution variable — time domain

Substitution variable — frequency domain

Kronecker delta

Deviation angle (6 =y, ~ ¥'3)

Inlet fluid angle

Inlet blade angle

Outlet fluid angle

Outlet blade angle

Fluid incidence angle (i = y; — y’;)
Viscosity ,
Kinematic viscosity (v, = 15.7 x 10~¢m?/s)
Rotational velocity of blade
Density

Normalized correlation area or correlation radiation efficiency factor

Time delay
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Chapter 1. Problem Formulation and Literature Review
o
A
1.1 Discussion of Problem o
a5,
Many applications for air moving devices are noise sensitive — the computer \-9:
industry, residential and commercial appliances, ventilating systems, etc. Typically, " '
pumping requirements for the device are particular to the application, and hence the .:;
d
type of air moving device (i.e., axial, mixed flow, centrifugal, or transverse) is to some .::'
s
extent predetermined. Centrifugal devices have a distinct advantage over the other .‘:::
types; they generally produce greater static pressures (at the same speed and diameter) %.-:
-
due to their ability to transfer a large amount of angular momentum to the fluid. :‘;-\.
-‘.\
. . L : . . WY
Because of this characteristic, applications in the computer industry suitable for N
centrifugal blowers are growing in numbers. This is due primarily to the market ,.,
e
-
demands for higher capacity processors which, in the final analysis, means higher pack- )
O )
-

. . . : D
aging density for the electronics to be cooled, hence greater system resistance, and e
increased volumetric flow rate requirements for the air mover. Centrifugal blower 3 4

4
noise is also normally free of any annoying discrete frequency sound energy, which "'é
. e
means two things: 1) the perceived loudness is not magnified due to tonal energy, and v
i
2) the noise sources are associated with random processes (turbulence). »
Al
. . . . o
In the hierarchy of noise control techniques, reduction of the source of the ﬁ:
o'(\d'
noise is strongly preferred over the other approaches of treatment of the path or treat- ::’
R
. . . . . . . . A
ment of the receiver. Reduction of the noise of an air moving device requires a basic »
) ) ) . . ~‘.‘ v
knowledge of the noise source mechanisms present. While a vast literature exists on ~‘;:
. the notse radiated from an axial air moving device, little information currently is avail- -
"\'.'5.
able on the basic structure of the noise sources of low-speed centrifugal blowers. As »
‘ : . L . . N
iong as the random noise sources remain unresolved (physically within the air moving N
L4
or
oy
BN
. . ) o
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device, and conceptually for the researcher), the development of quieter, more efficient
centrifugal blowers will continue to be inhibited by the lack of physical and acoustical
knowledge. This thesis contains the results of an analysis and several sets of exper-
iments performed with the objective of establishing a better understanding of the
broad-band, aerodynamic noise source mechanisms present in a forward-curved
centrifugal blower operating at low tip-speed Mach number (i.e., M < 0.1). A sche-

matic representation of a centrifugal blower is shown in Figure 1.

1.2 Approach to Problem

As with any complex noise source, a basic understanding of the noise gener-
ation process of a centrifugal air moving device is, by nature, difficult to obtain, and at
the same time fundamental to the effective treatment of or reduction of the noise
source fnechanisms. The complexity of the problem is indirectly demonstrated by a
conspicuous void in the body of air moving device literature pertaining to the noise of
low speed centrifugal blowers. Morfey's 1973 statement [63] still holds true nearly 15
years later: “Very little basic work has been done on the aerodynamic noise of
centrifugal fans and blowers, despite their widespread use . . . ”

In this case, the process of noise source identification involves relating the aero-
dynamic field inside of the air moving device to the radiated acoustic field by corrc-
lating, in a general sense, the flow phenomena with a local acoustic source or collection
of sources. It is not enough to quantfy each field (aerodynamic and acoustic) inde-
pendently — the key is the cause-cffect relationship between the fluid flow and the

resulting noise. There are three possible approaches to this class of problem:

Cause-Effect Inference (Induction). By observing or measuring the effects of

modifications to the environment, ccrtain relationships may be cstablished. For

Chapter 1. Problem Formulation and Literature Review 2
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Figure 1. Schematic of Centrifugal Blower

example, a change in the operating point of the air moving device affects the
noise. The changes in the noise spectrum may be attributed to the differences
in the aerodynamic field such as the static pressure distribution across the
blower and the differcnt flow patterns over the individual blades. [f a single
parameter could be isolated, the resultant acoustical effects could be related to
changes in that parameter. The challenge is to minimuze the number of parame-
ters affected by a single modification to the environment. Parametric studies

utilize this approach.

Correlation by Association (Deduction). Deduction implies inference by means
of rcasoning based on general principles as opposed to observauons.  This
approach entails detailed quanutication of the aerodvnamic and acoustc ficlds
independently and establishing a relationship based on evidence external to the

measurement system. An cxample ts the inference of a region of increased noise

Chapter | Problem Formulation and [iterature Review 3
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from measurement of high turbulence levels near a blade surface, based on a ,.::
! !
knowledge of the relationship between turbulent fluctuations near a solid "
surface and the radiated acoustic noise. This approach requires an thorough :’
understanding of the basic principles involved, and can be especiaily difficult :‘ d
when the individual source mechanisms are mutually masked. A case where a
. L. . . o O
deductive reasoning is particularly useful would be for identifying the source of )
>3
a discrete tone in the spectrum related to the rotational frequency of the l:
impeller. :
»
E; '
Direct Evaluation. This method for identifying acoustic sources involves meas- TN,
a0
urcment of the correlation (cross spectral density) between aerodvnamic and p ot
]
acoustic quantities, each charactenstic of the respective field. When feasible, ::._
.N‘,'p
direct evaluation has obvious advantages over the previous two approaches, :.',::
o N
L
however, the practical difficulties associated with these types of determinations o)
' [ )
are often insurmountable (noise-to-signal ratio). "0:?."
~ “:
. o
v N
o All three approaches just discussed were used to some degree in the research. A !
' e
o model centrifugal blower was constructed as the experimental vehicle for all of the '}F}Q
L) u'.'q [
q. . . . . . . N,
N measurements on a blower. (Results may be scaled using similarity relationships.) The vf."-_,. d
L) te
. Voo
) . . - . o,
- overall acoustic field was quantified by determining the total radiated sound power .;'0&

.

-

spectrum as a funcuon of blower operating point, and by determuning the two-

Al
3 : . : _ . A N
) dimensional acoustic intensity distnibution near the inlet to the air moving device. The ::\j,'
¢ RIS,
derodvnamuc field was evaluated via a svstematic measurement of the mean and turbu- .j\ :
[ 4
®
lent velocity levels near the rotaung blade row tnlet and exit. Measurements were con- wr oy
Y R
~° . . o
N centrated near the impeller because 1t 1s believed to be the primary source of noise (as NN
k~' . _..'
~' . . ey . s
~ opposcd to intcractions with the nigid scroll surtace). This beliet is based on cxper- - :\
iments which have shown that the acoustical effects of replacing the ngid scroll LA
¢ s
4 u'..-':
[ ,-.'-
o P '-‘.'
0 PN
A AW
M . b
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boundary with an acoustically soft boundary are at best minimal; certain!y not indic- ,._;.'::
: : . : e o Sy
ative of dominant wall-interaction sources.  Uscful results were also obtained (rom ~e
. . . - . . . . . } '.'
cflorts to visualize the flow fickd using acrodynamic visualization rechmyuies, ._.ﬁv
] . . hg
In the fhinal experimental phase, a4 set of measurements wos pettornn 0 0 e ..:,:
Y
. . . . . . et
single isolated impeller blade immersed in a known tlow ficld. This wuas done tor wwo 2.
P r )
primary rcasons. First, cquations were developed which allow estimutes to be muide of - \ﬁ
1;'\; '’
. . . A
the frequency-dependent dipole source strength per unit area and correlation areu' at :i"f-;'
LA e
., - .
an arbitrary point on the blade surface immersed in a turbulent flow ficll. Knowledge ; "“
of these quantities provides important information on the relative strength of the acro- ::\.’, ]
o
S : - A
dvnamic noise sources on the blade surface and some measure of the efficiency of radi- ‘_;:.\-,
0
N
ation of the local source mechanisms (i.e., the relative coupling with ncighboring RYLH).
®
R . . . . A%
points). Since these measurcments have not been reported in the literature betore this ,«-j’-.:h.
R RN
. . . . . .‘-’;-,‘;%
thesis, it was important to explore the applicability of the equations and analvsis using N
A
S
v\ .
) a relatively straightforward aerodvnamic noise source (i.c., a4 single blade in a known .'t-.".'
\ Mlow field as opposed to a rotating impeller in a scroll housing). The second moti- \“f}
e
vation for the single blade cxperiments was to be able to deductively infer o
1 acrodynamic-acoustic relationships in the operational model blower from a detailed AN
& knowledge of the single blade radiation mechanisms; the single blade characteristics not AR
s o - | | ke
, otherwise available for the rotating impeller due to the practical difTiculties associated ania
n"- 4
. . . . o ot
with making measurements in the rotating refcrence {rame. S
. . : . ®
\ All measurements in the final expenimental phase were made n a stationary ret- Ao
W L) W
crence frame. There was no possibility of obtamning valid cross spectral data between &: R
' NP
the blade surface pressures and the radiated acoustic tield in a moving reference frame !"“\:,
. o o
? for at least two reasons. First, instrumentation presents a challenge Jue to the suscep- TR
¥ ASAN
K XAy
L y P N P
h tbility of the mumiature transducers to extrancous noise and the requirement for o
N
y e
o N
W)
. o
: ' - R
_- ' These terms wall be defined in the next chapter. A UAY
] ARSI
o RSARSN
o AN
. ' o
SN
. Chapter | Problem Formulaton and iterature Review S . ’,',
2, AN
': - N e
"2, .
AT AT S ALY 3 - - - WL L ., S, e P T e S S L .
d'-' IJ‘.'I~I- .. ‘-\f s, ".s' " I..vl' ) o i Y Rt ' -\fo- ./‘*f Yo _:_‘_\_ SESENA SRS : ARt LR



routing the signais through a slip ring. Second, measurements made on a single blade

in a stationary frame indicate that the rotating frame signal would be far below the

overall noise floor produced by radiation from all 26 blades on the impeller.

1.3 Literature Review — Centrifugal Blower Noise

Studies on the noise radiated by centrifugal blowers may be classified into two
major categories: 1) acoustic investigations in which little or no aerodynamic work was
done, or 2) aerodynamic investigations where the radiated acoustic noise was inferred
from acrodynamic measurements. In both categories, the relationship between the
aerodynamic turbulence and radiated noise was seldom cvaluated directly. The fol-
lowing bricf review of the literature will cover fluid dynamic investigations of
centrifugal blower internal flow structurces, general blower noise investigations, effccts
of gecometry on noise gencration from a centnfugal blower, narrow- and broad-band
noise reduction techniques, and finally, references to more extensive literature reviews
of centnifugal blower noise.

Both theoreucal and expenimental fluid mechanic investigations of the flow field
in a centrifugal impeller have appearced in the literature. The device-independent
studies (1.e., related to airfoil response and flow patterns and not necessanly applied to
axial or centnfugal air moving devices) are largely theoretical with emphasis on the hft
and pressure fluctuauons and response of an airfoill immersed 1n flow. The hiterature 1s
rich in this area {33, 35, 37-39, 66]. Examples of expenimental investigations of 1so-
iated wirtorls are given in References |1, 19, 32, 04, 98] The acrodvnamuc exper-

imental studies of centrifugal blowers largely focus on idenufying the mean and
fluctuating  flow  patterns which  cast n a4 centrifugal  wir moving  device

[2, 27, 36, 43, ol, 78, 9], and on ctfects of vanous parameters (e, nlet turbulence)

on the steady flow tield (42, 1, 99]
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The topic of gencral blower noise includes studies on dimensional analysis and
similarity laws as they apply to the radiated noise. The first frequency-independent fun
laws were cstablished by Madison |56] in 1949, Frequency dependence was not ineor-
porated into the fan laws until 1963 when Maling [57] published a zencrajized spectrad
function for centrifugal blower noise based on the operating point of a homoiogous
family of blowers as a function of a normalized frequency parameter. Other investi-
gations of similarity laws for blowers have included discrete frequency tones {67, 71}.
In addition to similarity laws, discussions on the nature of centrifugal blower noise
sources have been published [7, 41].

The influence of geometrical parameters on the noise gencrated by a centrifugal
blower 1s critical to the designer. The results of four independent parametric studies
were published in the 1970s (8, 47, 62, 84} on the subjects of inlet conditions (2
papers), scroll housing effects, and impeller gcometry, respectively.

Noise reduction techniques for centrifugal blowers have pnmanly concentrated
on reduction of the rotor-stator interactions at the scroll cutoff (blade passage fre-
quency tone, or BPF). Increasing the cutoff decreases the strength of the tone, but
also adversely affects the air performance of the blower. While 1t 1s recognized that
these effects depend on the specific fan application, increasing the cutoff normally pro-
vides sulficient attenuation of the discrete tone [29, 89]. Alternauve methods for
reducing the BPF include 1) a streamiined cutotl geometry [76], 2) circumferentally
offset blade row at center septum [85], 3) spatial modulation ot the blade spacing (48],
3 anchined blades relauve to cutot! for vice versa) [29), and 5) acoustical resonators
located at the cutol region, where the BPFE 1s generated, and tuned to the harmonics
related to the blade rotational speed [45, 26, 72, 49)

Broad hund noise reducuon has been less successful than reduction ol pure tone
levels, since the mecharisms are not wwetl understood. Technigues hase been hinuted 1o

vanous housng treatments such as bulk absorners |9, 39 or ow-resistive materials

Clapter | Problem Formulation and Literature Review 7
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backed by a sealed plenum [96]. A notable exception to the bulk absorber approach ...::.j
4,
: . iy i
was reported by Petrov and Khoroshev (75] in 1971 who applied transition meshes to ~"‘
. . . . : y
the inlet and outlet of the blade channels of a centrifugal impeller using fine wire ooy
W
screen. They explained that the inlet mesh served to reduce the scale of the ingested ’:}.. )
Ay
large-scale turbulence, thereby acting as an agent for the cascade process in which tur- X
. . (W]
bulent energy is transferred from the large scales (low frequency) into smaller scales N
o
v " %
(high frequency) for eventual viscous dissipation. This spectral redistribution to higher -'\- d
'l,&"

. . . . . . [ t‘
frequencies is also advantageous in terms of psychoacoustic annoyance criteria. For an Sl
ingested field devoid of large scale eddies, the inlet mesh creates small scale turbulence .\;"

S
. . A I
over the blade surface and helps to extend the separation point, especially for a \.'}.;
\ 3
. . . . . . . 'l
forward curved blade design which tends to exhibit suction side separation. The outlet 1
[ ]
mesh is said to provide a more uniformly distributed outlet flow, again by way of con- );Q.
. e
version of large scale turbulence. The price paid for the use of transition meshes is a :Q'H'
h' &
. . . W N
pressure loss associated with the turbulence generation process and flow through the "

‘

screens. 7
Ly '\-
. RN ¢
Another method for producing small scale turbulence over the blade surface Ny
e 2
o
was the subject of a West German patent [93] (the United Kingdom counterpart is ref- Y
erenced here), where the inventor describes a set of edge serrations to be applied to the #:
. , DY
lecading (and trailing) edges of the centrifugal impeller, which is “responsible for a tur- e
ot
. ) A
bulent boundary layer on the face of the blade helping to put an end to noise- '%*
producing instabilities and shedding of vortices.” The concept of edge serrations has .,\?':\‘:
Ta¥a)
been applied to axial flow devices by several rescarchers (see, for example, Arndt and &3‘_}" !
]
Nagel [6]), but use of serrations with centrifugal impellers 1s not common. Experiments ::{:;:
pertormed within IBM on the use of edge serrauons on centrifugal impellers showed :‘.
TN
o
that the serrations were not ctfective in reducing the overall noise levels, but a mmimal -:.;-::'_-'
. S
amount of spectral redistnbution was achieved. '_:\."' )
o
I
L
.“J‘v-
NN
AN
NG
" a
) ANV
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There have been a number of rcviews published on noise reduction of

centrifugal blowers. The most notable arc those by Necise [68-70] and Mugnidgc [65].

1.4 Research Objectives

The purpose of this research is to investigate the generation and radiation of

broad band, random, aerodvnamically-generated noise of a forward-curved, low Mach

number centrifugal blower. The investigation has the following objectives:

Source Characterization — Investigate the overall characternistics of a family of
forward-curved centrifugal blowers. In particular, examine the acoustic radi-
ation characteristics and the gross mean flow patterns and their interrelation-
ships. In addition, investigate the radiation from a single, isolated blade

immersed in a flow field typical of that found in a centrifugal blower.

; Numerical Modelling — Invesugate the application of computational fluid
dynamics algorithms and implementations to flow through a centnifugal blower
' impeller. Develop a model for the flow over a single blade and cvaluate its

effectiveness in simulating realistic flow patterns over the airfoil.

Source ldentification and Ranking — Idenufy and make an esumate of the rela-

uve strength of the aerodvnamuc noise source mechanisms in a centnifugal

blower using both acrodvnamuc and acoustic measurements, and emploving
modermn multichannel signal analysis techmques (i.c., correlation and spectral

analvsis).

Chapter |. Problem Formulation and Literature Review 9
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1.5 Outline of Thesis

The thesis is presented in the progression of theorv, description of experiments,
experimental results, and conclusions. The experimental results comprise over half of
the thesis, and thus contain the primary contribution of the research to the field. A
portion of the experimental results, however, utilize an approach to the analysis of
aerodynamic noise which is developed in the theoretical portion of the thesis as an
extension of earlier work by Siddon [88] and Sharland [86].

The theoretical section of the thesis is presented in Chapter 2, “Theory of
Aerodynamic Noise Generation.” This section begins with a brief introduction to the
Lighthill's Acoustic Analogy theory of aerodynamic noise generation. The remainder
of the chapter is devoted to the development of frequency-domain expressions for esti-
mating the correlation area, and the dipole source strength per unit area based on both
the mean square acoustic pressure radiated to the far field and the acoustic intensity.
Some of the equations are new while others are extensions of Siddon’s time-domain
expressions into the frequency domain. These equations are used in the experimental
investigation of the noise radiated by a single impeller blade immersed in flow
(Chapter 6). In addition to the derivations, a physical interpretation of the analysis is
presented using a multiple input’output model approach.

Chapter 3, “Overview of Hardware Design and Test Facilities,” contains the
general descriptive information of the vanous expenments reported in following chap-
ters. The design of the expenmental hardware is presented along with a brief review of
dimensional analysis used for scaling. This section also includes a description of the
acousucal “erilities and the data analysis procedures used.

Chapter 4, "General Blower Characterization,” presents experimental results of
the acoustical and aerodvnamuc charactenization of the model centrifugal blower, in

terms of the external ficld properties (i.e., radiated power, acoustic intensity distrib-

Chapter 1. Problem Formulation and Literature Review 10
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ution around the the outside of the blower, and the overall air performance). Measurc-
ment of the air performance was a prerequisite for the rest of the experiments since the
primary objective was to quantifv the blower noise when operating at the design point,
which is the point of maximum ctiiciency.

The results of aerodvnamic measurements made inside the blower housing. near
the rotating blade row, are presented in Chapter 5, “Acrodvnamic Mcasurements in
Model Blower.” Mean and turbulence velocity components were measured at the blade
leading and trailing edges at 40 different locations. The results of these measurements
were used to infer mean and turbulent distnbutions around the impeller, thereby pro-
viding information of the distribution of the related acrodynamic noise mechanisms.
Discussions on the interpretation of the hot film anemometer data are included. In
addition, flow visualization experiments were performed and recorded on video tape.
The tapes have proven invaluable in assessing the validity of mean and turbulent flow
patterns deduced from the experimental data. The results of the flow visualization
experiments arc presented. This section also contains an application of the measured
data to a cascade model of the impeiler. Cascade analysis provides information on the
gross flow patterns over an individual blade based on experimental data, and 1s com-
monly usecd in the design and analysis of air moving devices.

An investigation was performed on the radiation of noise from a singie impeller
blade immersed in a known, controllable flow ficld (jet flow). These results are given in
Chapter 6, “Single Blade Investigations.” This sct of experiments was motivated by
the possibility of relating the noise radiation characteristics of a single, 1solated blade,
immersed 1 a tlow field simuiar to that tyvpicaily found in the model centrifugal blower
to the noise generation process in the operational blower. Blade surface pressures were
measurcd as well as the coherence between surface pressures at two points on the blade
separated by a streamwise or chordwise distance. The dipole source strength per unit

arca and correlation area was also deternuncd from esumates of the cross spectrum

Chapter | Problem Formulation and 1 acrature Review 11

L}
G SR \(PCI PRI G S L G L e mywang e
N , MR 'v*'y" At PN N ,,‘?, T SR A S e A S O AN e ted BAGRN XN

WA,

h S e T LI 3

y -8

SRR
BT
%‘r‘.h-}?‘

-l A

o
f"f
"

‘q L
FLYx

[y
J‘
s
¢

[ I N 4
L 4SAS
L
~
."lli'l
'n'v‘_v'-‘-

&

®.5

=
<t
.

R
W]
I}.'J‘;
LA

ey
L
A

1, o

_ﬁ..
:'.'..'.‘
XNy

™
h
[ ]
A

!
1@

[N .4.

‘W

A Y

(3
4

P ATt
2N
® TNy,
2L

"y

Pl



- A -
Ve .

A

-

-
Pl

B

o

[y Say O Wt A

w¥elwm s ]

- - - -

between the blade surface pressure and the radiated acoustic pressure. These measure-
ments rcpresent the best method currently available for directly determining the
(acoustic) strength of the aerodynamic source regions on a centrifugal fan blade and

were based on the equations developed in Chapter 2.
A summary of the experimental results is presented in the final chapter,

Chapter 7, “Conclusions and Recommendations for Future Work.”
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Chapter 2. Theory of Acrodynamic Noise Generation

This chapter contains the theoretical results of the thesis. First, a ceneral
review of aerodvnamically generated noise will be presented, beginning with Lighthill's
Acoustic Analog theory and Curle’s extension to include the effects of solid bounda-
ries. A bnef review of edge noise follows with emphasis on the experimental work of
Brooks and Hodgson {17] and how edge noise pertains to the present problem.

Finally, Section 2.2, “Frequency Domain Analysis,” contains the primary the-
oretical results of the thesis. In that section, a frequency domain analysis of radiated
noise from a rigid surface will be presented as an extension of the time-domain results
of Siddon [88] whose work was based on that of Sharland [86] and Curle {23]. Some of
the expressions developed are new while others are modernized versions of previously
published work. The expressions are cast in a form that is suitable for application to
noise source identification and source strength mapping using multiple input output
analvsis. Practical aspects of using the theory are also discussed. An application of

the analysis 1s presented in Section 6.2, “Lxperimental Investigations Using Frequency

Domain Theory.”

2.1 Aerodvnamically Generated Noise

2.1.1 Acoustic Analog Theory

The analytical foundations for the investigation ol sound generated by fluid tur-
bulence were established in 1932 by Lighthill (33, 34]. Part [ of Lighthull's General
Theory [33) adopted a rather straightforward approach which was guite similar to the

Jlassic treatment of Revnolds stresses [$2): by comparing the cquations of density for

Chapter 2. Theory of Aerodynamic Noise Genperation 13

v e m Ty e
A A

L2

s
L]

B4

Pt
NAVANY
« i'-l

]
¢

Sig n
aol 3%

RTINS
".‘ /'.' A
AN S &

S

ATEELEL
2 x.‘-'-.;; R
AARRS

S
o

¥
'

n_\:_-':_
(A A
o Y M A
.

-

'-30‘}',’_

'J b 4 ;l “» \'_'-‘.*n -.
Jo S
O AN s

R ".'. ..'

o 5
NS

- 3
.ih:lf
Yel s,

If..l
PR

l..l
P A
AN
ad

rd

b
[

A

!;5’_\

RS



-
SR SR LU OGO TR AL GAGE L DL :
BT R R S e « ;

(turbulent) fluid in motion with those of a uniform acoustic medium at rest, and con-
sidering the differences to be attributable to the effects of a fluctuating external force
acting on the acoustic medium, Lighthill was able to formulatc an equation which

describes aerodynamic sound generation in terms of a forcing function:

Here, p 1s the total density (p = p,+ p’), c is the speed of sound, and the instanta-

neous applied stress tensor at a point is given by,

TU = pu‘-uj + p‘] - Czpéij ’ (2’2)

a

where y; is the total velocity (4, = U; + «,) in the i-th direction and 5, 1s the Kronecker

dclta. The Stokesian gas stress tensor, Pij» 18,

5 B B Ny T 2.3
Py=poy—H ox; +E,-_— 3 ax, )Y (2.3)

where u 1s the coefficient of viscosity and p is the total pressure (p = p, + p’). Deriva-
tions of Equation (2.1) are given in the literature in more detail than was included in
the original work. See, for example, Dowling and Ffowcs-Williams [25).

The left-hand side of Equation (2.1) describes the propagation of sound in a
uniform medium at rest (i.e., the acoustic wave equation). The right-hand side serves
as a source term which contains the effects of sound generation, convection with the

flow, vanable propagation speed (i.c., finite amplitude), and viscous dissipation. That

Chapter 2. Theory of Acrodynamic Noise Generation 14
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is, with relativelv insignificant assumptions (adiabatic sound propagation and isotropic, -

Newtonian fluid), Equation (2.1) 1s an cxact description of the density fluctuations:
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“Hence the density fluctuations in the real {low must be cxactly those which would
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occur 1n 4 uniform acoustic medium subject to the cxternal stress svstem given by the
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difference, T,;, between the effective stresses 1n the real flow and the stresses in the
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uniform acoustic medium at rest {33].” The form of the source term, a double diver-

5%

I"{
L5

o
Y3

l'..
Ba AL

gence of a stress tensor, indicates a quadrupole source distribution.
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The acoustic density fluctuations at a point in space x in an unbounded

: medium are given by Lighthill as the solution to Equation (2.1) in the form of a
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The relationship between the total radiated power and various dimensional
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parameters was also established by Lighthill {33] using dimensional analysis arguments.
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8, The radiated sound power W, of a given turbulence region of characteristic dimension

' L is related to the mean-flow Mach number M and the speed of sound ¢ by
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) bulent source region is imbedded, an example being an imbedded jet. If a solid
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boundary is introduced into the source region, then additional terms must be included
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fluid by the boundary. This extension to Lighthill’s theory was developed by Curle {23]
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in 1955, whosc expression for the acoustic density fluctuations includes a surface inte-
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where P, 1s the force per unit area cxerted on the fluid in the x; direction, (P, = jp,-/), 2,
are the direction cosines for the outward normal from the fluid, p,; is the stress tensor ey

given in Equation (2.3), r= |x — v |, is the distance from the intcgration point on the e

&- .sl >
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surface to the recciver in the acoustic field removed from the mean flow, and the (e,

~

surface integral is over the surface of the boundary. It is readily shown that the o

boundaryv-induced term is, “exactly equivalent to the sound generated in a medium at SNty

rest by a distnibution of dipoles of strength 2, per unit arca, and P; 1s exactly the force I

SN
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per unit area exerted on the fluid by the solid boundaries in the x; direction {23]." Curle N,
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uscd dimensional arguments similar to Lighthill’s to deduce the dependence of sound
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which implies that the importance of surface dipole terms increases signmificantly at low -~
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Mach number relative to the volume quadrupole terms. The estimates of Lquations AR
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(2.5) and (2.7) were based on the assumption that both the volume and surface regions
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are compact, which means that retarded time differences have been 1gnored over the
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source regions. This assumption is valid for low Mach numbers only since the source
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region becomes of the order of an acoustic wavelength as the charactenistic veloaity

approaches the spced of sound. Dowling and Ffowcs-Williams [23] show that, for
M > 1 the radiated power is proportional to M3 rather than M® for low Mach numbers.

For large Reynolds numbers, the viscous stress components of 7, may be ncg-
lected. Also, at low Mach numbers, the acoustic density fluctuations are 4 small pro-

portion of the ambient density. Therefore, the applied stress tensor mav be

approximated by the fluctuating Reynolds stress; T, ~ p uu,. This approximation was
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sct forth by Lighthill. What this shows is the nature of the quadrupole source terms.
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thought of as longitudinal quadrupoles in which the fluid 15 stretched and compressed.
For 1#, the quadrupoles ure comprised of cpposing dipoles with aligned dipole ',:\:-
moments spaced a small distance apart ti.c., lateral quadrupoles).  This configuration
generates sound by applving Huctuating shearing torces to the tuid.

The Lighthill-Curle Acoustic Analogy theorv provides an exact solution for
derodyvnamucally generated noise, where the noise generation 1s contained within a fixed

volume. The dernived wave equation, Eguation 12.1), contains the etlects of fluid
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9 AN
' the right-hand side of Equation [2.1]). Since the left-hand side of Equation (2.1) N
o
" describes an acoustic medium at rest, the solutions must be considered effective density .'.-‘;;
W, e,
t N 3
-'.:' fluctuations that would propagate in a stationary medium under the stress svstem ™~
5 F;'
L . . ~ . - ~
I described by the forcing functions. For example, in the rar field of a jet, the acoustic o,
medium 1s removed from the flow field and the solution p given by Equation (2.6) 1s y
N s
Ny cxact. However, for turbulent boundary laver flow over a plate, where the receiver is NN
\ i
Sa >
N located 1in the mean flow ficld, the acoustic field is more accurately described by PN
L
including convection in the wave equation rather than in the forcing function. This N
¥ R
TN - : : PO
b particular point was discussed by Tam (90]. ot
) Ny
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N Y
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N ] v
. 2.1.2 Edge Effects RO
o’ N
. NN
. It 1s well known that the radiation from a semu-infinite flat plate immersed in ;~.;
B PN

' flow is significantly increased at low Mach number by the presence of the plate edge. ®
Shh:
' Mathcmatically, the edge represents a spatial discontinuity which may be accounted for ;“*:
N Wy
f: using a Green's function approach in which the eddy interactions are important in the N
% o
acoustic near field [31]. Other theoretical approaches have been formulated for cdge !‘-. ;
. . . : ‘ NN
L0 noise. A review of edge noisc theornies was presented by Howe [40] in which several Yo
N N
. v, N
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:',.' different edge noise models developed by researchers were consolidated into one, N
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AN unified theory. Confusion persists on the exact mathematcal treatment of the edge oA
:'_. boundary condition (application of the Kutta condition), but the underlyving result 1s N
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velocity, which s slightly more efficient than the surface dipole terms (3/7), and consid-
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crably more efficient than the volume quadrupole sources (M3), assuming small values

s
s

of the Mach number M (compare Equations [2.5] and [2.7], for volumc and surtace
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radtation).
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While theoretical developments have progressed considerably, cxperimental
investigations have been limited due to the measurcment complexity, with a few
notable exceptions.  Speafically, Brooks and Hodgson [17] contirmed the tifth power
rclationship between the radiated noise and convection velocity by relating the suriace
pressure statstics to the traiing edge noise ol an airfoil immersed :n tlow with <hwe
noise due primarily to the tripped turbulent boundary laver over the airfoil.  Thev con-
cluded that the turbulent boundary layer flow past a sharp trailing edge was not
affected by the edge, assumung the top and bottom turbulent flow fields were statis-
tcally independent. A blunt edge, however, produces additional noisc duc to a
coherent vortex structure.’ The blade surface pressure represents a superposition of the
scattered edge ficld and the incident field (either from the turbulent boundary laver or

the external field turbulence).

2.2 Frequency Domain Analysis

In this section, frequency domain expressions arc developed which describe the
relationship between the surface pressures on a plane, rigid boundary immersed in flow,
and the radiated acoustic pressure at some point distant from the boundary. More
specifically, it 1s shown that the mean square acoustic ‘pressure in space resulting from
stress fluctuations at the surface of a boundary (c.g., a centnfugal fan blade) in flow
may be obtained by integratuing (over the boundarv) the cross-spectral density between
the (retarded time) surface pressure and the farfield acoustic pressure. In addition to

the expression for the mean square acoustic pressure, a formulation 1s presented for the

' Coherent shedding from a blunt traling edee was also investigated by Blake (18] who developed

an analytical formufation to relate the coherent, wake-induced pressures to the charactenstics of

the near-edee wake.
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Jcoustic intensity and the correlation area on the blade surface. The frequency-domain
cxpressions developed in this section are, for the most part, onginal to this work. In
some cases (correlation area and dipole source strength per unmit area). parallel develop-
ments were adapted from previous work which used tume-domain analvsis, however,
the final equations are new.

The expression for the noise generated by a volume of turbulence containing a
solid boundary was first denived by Curle [23], and is given here in an expanded form of

Equation (2.6) which was used by Siddon [88]:

2= ¢ ds I .
cplx, 1) = [7(pun)] - U puu] L
S

drr ¢x, dnr
S

& f Lnd,,
CxCX, dnr
1 4

where the square brackets [ ] indicate that the term is evaluated at the retarded ume
I=t— ric, and f; is the local stress acting at the surface (shear and normal). For a
rigid, stationarv surface the normal veloaity of the surface u, = 0. By neglecting the
quadrupole source terms (the volume integral), and limiting the solution to the acoustic
and geometric fur field, the acoustic pressure 1s due to a surface integral of the tme
derivauve of the stress components. If we also assume that onlyv the normai stress 1s of
importance {88} (i.e., neglect shear stress), then the following form may be used for the

JdCOousuic pressurc:
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In this form the dipole nature of the source term s evident due 1o the ume dernvatine
of a4 fluctuaung force on the tluid. This convenient expression for the  Loustic pressure
due to the normal stress fluctuations at the surface forms the basis tor the subsequent
analvsis.

[t 1s instructive to examune kquation (2.9). The acoustic pressure at a spatial
location « at ume 7 1s deternuned by contnbutions from the surtace pressure Cactualls
the time denvatve ol the surface pressure) over the entire surfuce at an earlier tume ¢
Since r = |x -y | 1s the distance from the surface point of integration to the far tickd
point, the retarded ume 1s dependent on the surface point location 5. Thus, in order 1o
account for retarded ume dyfferences over the surtace, all r— dependency must be
retained within the integral over S(' ). Secondly, neglecting the shear stress means that
the source terms are assumed to be associtated with the normal surface pressure. The
angle dependency 1n Equation (2.9) 15 indicauve of the onentation of the dipole source

model perpendicular to the surface. Thus, for a plane surface the radiation frem

opposing faces includes a change 1n sign due to the direction of the umit normual sector

.A.
Z5e

This 1s accounted tor in the (dipole) cosine directivity factor.

NN
o

'5.1...'.'.‘ P
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P NN,

2.2.1 Dipole Source Strength — dGpp/dS
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For a fined far field i cation, the acoustic pressure 1s comprised of contrbut s
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from the entire blade surtace — superposition  The mndividual pressure contnibutcns
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are supenmposed at « 1 oa coherent manner, hence the amphtuae and phase o the
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pressure combine to form the total pressure. The total power of a source is related to
the integral over a closed surface surrounding the source of the normal acoustic energy
lux (intensity). Thus, at a point on the integration surface the power 1s directlyv related
to the active intensity, or, for plane waves or in the far field or sphencal waves from a
point monopole, to the mean square acoustic pressure. .An expression for the contrib-
ution to the mean square acoustic pressure at a point in space by the surface dipoles
will be developed.

For px. 1) and p{y, () stationary, ergodic random processes {p,} and {ps,}, the

finite Fourter transforms over the k-th record of length T are:

-
Pix.f, D= L pd e dr (2.10)

_ T
PyG S TV = [ e lar. (211)

Then, by definition the two-sided spectral density functions are

- | S - .

S, = hm == E[ PUZ. S NP S D) (2.12)
. | ) o o2 N
Sp=hm — E[1P42. L TI1T] (2.13)
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Also, the single-stded spectral density Gy, = 28),. Introducing a substitution vanable, RAY)
A

)= Cpoice, Equation (2.9} becomes A

x
]

e
fyf- "
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Carv
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Taking the finite Fourier transtorm of the &-th record of Equation {2.14)

e,
5 '
"'\":?. :

<, ]

Py,
s.('-.. 5
‘-.‘_ 's

?;;.’

)

PR T, 7):(2-“—’) f 245 £, dS (2.15)
/ S

dnxc

where Z, is the finite Fourer transtorm of the substitution variable (7) evaluated at

the retarded ume, r.

:\
» v
! : A : o : . . - N
, Note: The retarded time evaluation introduces a bias error in the finite transtorm est- A,
| ~ RN
b mate due to the evaluation of Z, from a time record of length 7, but offset from the RV
; time record used for P, bv the amount of the ume defay t = r/c. In pracuce the bias 3{,“\?.
: ¥
7 mayv be munimized by making < << [, or ehmnated bv aligning the time records before AN
Cl ‘:-‘"-r':
performing the transforms. The bias crror results from the finite transforms and 1s ::,Ef.:
v removed by the hmutaton operation (T — <) taken on the expected value to vield the -..2 ]

analvuce relationship. For this analvsis the bias will be taken as zero by virtue of aligned

data records. See Bendat and Piersoll (151 and Sevbert and Hamulton [83] for turther

4 . .
X Jdiscussion of time-delay hias errors.
. Two Founer transtorm properties

N
)

O, '
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" F[«1)] = Z(h= " 2(p) (2.16)
N
s and
)
N
1.4 -~ .
x F[A0)] = Z() = jwP) (2.17)
L]
[
R
allow Equation (2.15) to take the form
N
N
L™
- cos @ . —iwrlep = - W,
Pyx, =(—)J. e P . 2.1 )
: F = oae ) [ g0 P dSG) 218) o
N 0
-~ u::‘-
: S
¥ Muluplying by the conjugate of the acoustic pressure spectrum gives
e :ﬁ
N o
. o
. If
L] :'
' . cos 8 wrlc p® 4
P(x , HPfx.N= (W) ije‘f“” Px NPy, NdSy) . (2.19) -
. >
- L]
X ”
. Iy
The autospectral density is obtained by applying the expectation operator E over the i
\
ensemble index & to both sides of Equation (2.19). The true autospectral density 5
N - ~
hY
requires taking the limit of the expected value divided by T as T — oo. The final N
. .
D expression 1s given here in terms of the one-sided cross- and autospectral densitv func- N
) -3
tions. N
\ RNt
(SR N
~ . "_.1' o
: R
N AR
LY - »5‘5\
L
: N
SN \..
NN
tw':.v‘\(‘_
.\.'\":q:
_ LS COAN
Chapter 2. Theory of Aerodynamic Noise Generation 24 ®
LSOy
» R
‘ -',:J-"‘-;ﬂ
¢ . ~
o ,:f.;-‘_;{;.-_'w,;'_;J'_:'_ '_'_I\.-/;\::\\::\- _.-:,'-._ T __:,':. . :~_: ._",'._-‘;._;\'f._';.:'._.-"._:;\_;-,_‘_'\,‘;\f\ (o -vf-\. ‘-'\' ‘\.". (N \5“ ~ \_ﬁ"'-.'.\



ety gt

< cos 6 . ~—wrc . v
= —— - ._,,_‘
G;.p ( Tmxc ) J‘SJ(ue Gr"ps ds. { N
Differenuiating Equation (2.20) gives an expression for the contribution to the mean
square acoustic pressure (., per unit area by the dipole sources associated with the

blade surface pressures.

aG
rp cos f T
ds =< drxc ) Jo e CGPP;' (2.21)

This term is called the dipole source strength after Siddon who developed a simular

expression for uime domain quantities (i.e., dG.,;dS was cast in terms of the © derivauve

ol
of the cross correlation function [88]) and a {requency domain version based on a mod-
ified definition of the cross spectrum. Since (7, is real, the real part of Equation (2.21)

is taken for the final expression for the dipole source strength per umt area {in units of

mean square pressure per unit area):

dG, _ _wcosd lm['—,urc‘l ] (3.0
ds = dnxc ¢ s 1 ===)

The tull expression for the dipole source strength per umit area, given by Equation
(2.2, is complex: the imaginary components teng related to the non-propavating
field. A detailed discussion ol the interpretation of the dipole source strength per unit

area 1s given n the following secuons.
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2.2.2 Acoustic Intensity — dI/dS

In this section an expression for the acoustic intensity is derived based on the
finite-difference approximation. The approach used hcre was adapted from Elko (28]
who derived the cross-spectral representation of the acoustic intensity for stationarv,
ergodic signals from a pair of closely spaced pressure microphones.

The complex acoustic intensity at a point x in the acoustic field is given by the

following equation:

u, dS

épdt,y)
o1

where u, is the instantaneous acoustic particle velocity at a point X in an arbitrary
direction denoted A. Applying the finite-difference approximation® to u, yields, for the

integrand L in Equation (2.23):

pl1,y) -
cpaly) o
ct

[:(; ) w:(l)] - [:{{) '.»‘,A(’I)]
—pAh

* The tinite-ddference approximation assumes that the difference between two closely spaced
pressures can be used to approximate the pressure gradient.  Euler's equation relates the pres-

sure gradient 1o the time denivative of the panticle velocity: cufét = ~ (1/p ',u,"p/t?;i.
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It follows that the complex intensity is,

cos @ —jwric
= Qnxcpdh Js [Se.e; = Spyp, 1S

I{w) + jOHw)

The real part of Equation (2.29), 1, is termcd the active intensity and is related to the
propagation of acoustic energy. The imaginary part Q,, or the reactive intensity, char-
acterizes the non-propagating portion of the acoustic field. From Equation (2.29), the

active intensity is given by,

dl(w) cos 8@ 2 2
dS ~ SnxcpAh [Cp’o‘_cp"’?]

where the hat denotes the phase shift correction of the cross spectrum,

e "Gy = Gy = Coy+ j0ry - (2.31)

Equation (2.29) and Equation (2.30) represent a means for estimating the con-
tribution, per unit area, to the acoustic intensity by the sources associated with the
normal component of the fluctuating stress field near the surface of an airfoil or other
solid object immersed in flow. The intensity is determined from the difference between
the real parts of the cross spectra measured between the surface pressure and cach of

the two, closely spaced pressure microphones located in the acousuc field.
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) ) This expression provides all of the benefits of examining the intensity field as I3
“.
?:T opposed to using the plane-wave assumption for the intensity, namely the mean square .
.. C . e
e pressure divided by the characteristic impedance of the medium. o)
o 3 A
\d
‘- d .}'ﬂl
™ 2.2.3 Correlation Area — Sc . :
. N
N o
’ . .. . . . -~
!,“S The concept of correlated regions of turbulent eddies interacting with the solid S
0 -.l’-l i
y . . . . . Ry
.: surface implies a surface area, or correlation area, associated with the coherent fluctu- d‘é’
: )
ations and thus acting as a discrete, coherent noise source. Identification of the corre- :.. 5
'y .
) : . : o : : : o0
;f_. lation areas is important since their size and shape is related to the efficiency noise AN
N e
N . .. . . . . s
- generation and radiation. The following abbreviated form for Equation (2.18) will be a:.f,:
i3
~ used to derive a frequency-dependent equation for the correlation area, where the time ,t Py
s gs
. RS
v record index k has been omitted for brevity: e
! \'-‘. ‘z\-r
\:_ '-:'h';
e "
Y “:'
o
+ o e
Ay [ofs] . —jwr|c ~
+ Pfy=( — we P(f)dS e
> ( dnxc ) LJ Y ey
< L
\j %,
N (2.32) :’
. - P{f)dS e
A =] A PU) AN
:.\‘ A} '_" .
.\' .'."-._'u
- RASAS,
2 e
o K"

and the following substitution vanables were used:

[N
L X5

-
i
-t

’I
Py

.‘

PALN
.
“y Yy

A ATNA
f'?{f ¢

y
LA A
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The cffects of retarded time, e~#"¢, and time differentiation, jw, have been incorpo-
rated into the variable A and denoted A,,,. Since A, contains the rctarded time cflects
in the phase term e~/#’/¢, and since the rctarded time is a function of source-to-receiver
distance, where the source is taken as each differential surface area, then A, must be
included in the integration over the surface S.

An alternate expression to Equation (2.19) for the mean square pressure spec-
trum may be obtained by multiplying Equation (2.32) by the conjugate of itscif at a

different sct of surface locations y':

P'(f.E)P(f,E)=f f Ar PULT) ALy PIT7) dSG S (2.34)
sds

, cos 8 o - =, . . .
where A, = K ) jo e@rle and v = |x -y l The differences in retarded time

over the entire integration surface are manifested in the phase differences between A,
and A,.
The inner integral of Equation (2.34) may be cast in terms of a correlation area

Y

Aw,w.;)f ALe PIATY dSG) = PIASOPLAT) Al ST (235)
S

where terms involving the integration vanable y of the outer integral of Equation
(2.39) have been taken outside of the integral over ;' in Equation (2.35) to emphasize
their independence. In this definition the retarded time differences have been neglected

over the corrclation arca only. This pomnt will be clanfied momentanily. The defintion
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3 of correlation arca, given by Equation (2.35), may be rearranged to obtain the fol- L)
J lowing form for S, : ::.-
) o
: ) ..--:: }
§ %
iy J' P.G’")P,(.;) o fr—r Ve ds() Yy
. Sc= 2 — .= :J‘ -
b PGIPG) R
R (2.36) "]
3 _[ Gy, eV 4 RN
‘ s Py € % .\,q
?:. Gp_vp: :33?;
& )

?
’

where the right arrow — in Equation (2.36) indicates the transformation into spectral
density functions via the expectation operator and limiting process described earlier in
Section 2.2.1, “Dipole Source Strength — dGpp,dS.” (Recall that the finite transform

index k was dropped for notational brevity.) Equation (2.36) provides a good concep-

.
o tual picture of the correlation arca. For each fixed point y, the correlation area is :

determined by the integral of the cross spectrum between the surface pressure at the

4k

.
'r{'

)
'ots
thh b

Y

» fixed point y and all other points on the surface with the phase adjusted to compensate

®

. : : . . .. R,

v for the retarded time differences between the different points on the surface. This inte- N

. o

| | - . o

E gral 1s normalized by the autospectrum of the surface pressure taken at y. The normal- o
» S
o ized cross spectrum is the transfer function: 4

e

* \A..

_ —sw(r=r)c =,
S.= L HN": € dS(y’)

FEET
g e
- (2.37) O
o+ -'..-'\u'
’ = PTG
Y = | H, , dS(y’'). BEASAK
o J‘S P s U ) Tt

' °
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Assunung a statistical decay in the two-point correlation with separation distance
¢ =r~r, then for large £ the cross spectrum is small and the phasc correction term
e3¢ is unimportant. For small values of !, the phase correction may be approxi-
mated as unity. lence, the approximation Lquation (2.37) was made by 1gnonng the
retarded time differences, only, just over the correlation area, and assumung spata]
decay of the coherence between surface pressures separated by a distance . These
assumptions allow the approximation A,, = A, which was used in Equation (2.35).

The difficulty with implementing Equation (2.37) is the requirement for the
determination of two-point transfer functions over the entire blade surface; that is, the
result of the double integral. Since the radiated acoustic pressure at a point in space 1s
a superposition of pressures radiating from all regions of the blade surface, the effects
of this integration can be incorporated into the equation for S, to obtain a more prac-
tical expression for the correlation area.

The mean square acoustic pressure was expressed as an integral of the cross
spectrum between the surface pressure and the acoustic pressure in Equation (2.19).
Combining Equation (2.34) and Equation (2.36), and comparing with Equation (2.19)

gives an expression for the correlation area:

Ayr Gpp,

= —___-T—_.—-
I Awrl (’PpP;

S{y)

—_
[3%]
(V9]

.38)

where A, is given in Equation (2.33). The real part of Equation (2.38) can be

cxpressed as

. G
Re[S.] = - —2%C qp| porerre Fo | (2.39)
. 0 Cos ¢ prps ’
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The obvious advantage to this representation of the correlation areca over that pre-
sented in Equation (2.36) is that S, is determined by a single cross-spectral measure-
ment; one point on the surface, and one point in the acoustic far field.

The time-domain representation of the correlation arca was first presented bv
Sharland [86] who failed to realize the benefit of incorporating the correlation between
the surface pressure and the far field acoustic pressure into the correlation areca. Thus
Sharland’s expression for S, was similar to Equation (2.35) above, but cast in the time
domain (i.c., S, was based on the cross-correlation and the autocorrelation functions).
In 1973 Siddon [88] published a more rigorous derivation for the correlation area, still
using time-domain auto- and cross-correlations functions, but was able to incorporate
the cross correlation between the surface and acoustic pressures into the expression
(see Equation [13] in Siddon [88]). The exclusion of frequency-dependent information
in Siddon’s expression for the correlation arca made the experimental results difficult to
interpret since the behavior of S, was controlled by the dominant frequency compo-
nents. The work presented here is an extension of Siddon’s time-domain derivation

into the frequency domain.

2.2.4 Interpretation of dGpp/dS and Sc

The mean square acoustic pressure at a point in space is denoted by G,,, where

frequency- and space-dependence are assumed. G,, is comprised of contributions from
source regions over the entire surface of a quasi-plane surface immersed in flow, hence
the differential contribution to G, dG.,/dS, is a function of surface position y.
dG,,/dS s referred to as the dipole source sirength per unit area. If we consider the
case where the source strength is uniform over the entire radiating surface, then the
form of the dipole source strength per unit area is readily scen. For a uniform source

strength distribution over S, dG,,l dS = K and
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dG., .
. dSy)=K -} dS=K -5 RIS
S ) S J S

\ / S

where S, if the surface area of the immersed body.
An alternate form for G,, is obtained by combmng Equation (2.34) and

Equation (2.36),

Gpp= 1AL L(;pﬁ(} ) S5 dS(5). (2.41)

where the spectral-density form of Equation (2.36) for the correlation arca has been
used. Equation (2.41) demonstrates a fundamental feature of the corrclation urea,
S{y) is a direct measure of the local surface pressure interactions and cancellations. The
corrclation area contains space- and frequency-dependent information regarding the
efficiency of radiation from the various regions of the radiating surface. For regions of
high cancellation (local muiltipole distribution), S, 1s quite small and there 1s no
reinforcement of the local pressure from neighboring eddies. For large values of S. the
local eddies are well correlated over a large area and hence increase the strength of the
local dipole sources.

The term correlation area 1s somewhat of 4 musnomer since 8., as defined in
Equation (2.35), 15 a complex quanuty and, as discussed above, 15 related to the ofhi-
ciency ol radiation. Tt will be shown momentanly that the mavmum value tor S s the
With this mformation, the correlation area

surface area of the immersed bodv, S,
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L ¢ Bt b U V -
)
K)
L]
L)
L)
'y
" , ,
' could be normalized to the surface area of the radiaung bodyv to form a normalized
' correlation area, or corrclation radiation efficiency factor ¢, which is bounded by + 1,
l
d,
»
=SS 3
: o.=S/5,. (2.42)
L]
The term correlation area will continue to be used throughout this thesis, primanly to
v maintain a histonical hink with previously published literature. However, it is noted
o
here, and this point will be re-visited, that the correlation area is a complex quantity,
(]
. and the real part, which corresponds to the radiation of real acoustic energy, can be
, ncgauve. Values of S less than zero correspond to regions on the immersed body
which destructively interfere with surrounding areas so as to create a net ctfect of
)
- absorbing energy — an acoustical sink!
N The effects of the correlation area on the radiated pressure field are best demon-
strated by exammmng three cases: 1) cohcrent sources over the entre radiating surface, ®
AT
» 7 \vn' U
1) parually coherent sources where the correlation decays as a function of separation \"J\‘;
o
. . KNS
distance, and 3) total staustical independence between any two points on the surface :--.:.:,‘.;
) e
. . _ ATV
Y S, In all cases 1t will be assumed that the local strength of the surface pressure is PS
AN
- . - - , .- . . ’ >
independent of v (ie., Gpply)= K where K 1s constant). Thus the acoustic pressure is ,'_:4.\-,:
- S
- ) . Y '.-\\
. proportional to the the surface integral of the correlation area (sece Equation (2.41}). PO
PN
. EAC M

Also, for the sake of discussion, the etfects of the retarded time differences over the
correlation area are neglected (1.e., e7~7" = | where the pnme is used to indicate

the integration over the correlation area onlv).

L

Total Coherence. Since the mean square surface pressure 1s umform over the

S
Pk

8 % 4
r‘"l‘: o

kY
s
l..' «

P RS

surface, the only factor atfecting two-point correlation 1s the relative phase

5

s
;1
Yy
T

s

51

relattonship between the two pressures. Total coherence here means a units

coherence function hetween two points or that the cross spectrum s oinde-
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pendent of surface location or scparation distance; that is, (p'xp,(-;‘;’) = Gpplt)
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for all values of 2 = I? —_;’I and ;. Thus, from Equation (2.36) the correlation

4
)
5

arca S, = LdS(f) = S,, and the radiated pressure is

':'
A 4

27
I‘{

EAS LA
7 -.':.f\ .

GPP= IAwFIZ K J;Sq dSG): "Awllz K S: {2.43)

I.,Ild"r(;'.-‘ !

» o (r‘_
"}-
]

,
2
Py

Partial Coherence. For this case the cross spectrum decays with separation dis-

‘f‘

tance £ about cach point on the surface. Assuming a monotonic decay of the

’ S

-
>
.

'.
NN

magnitude of the transfer function between two surface points, a separation dis-

.
»
>
{

Y
L4
e )
/

tance or correlation radius £, exists such that Z,= S/n , and Z_ is less than the
characteristic dimension of the surface, /S, . For simplicity assume the corre-
lation area S, is uniform over the surface. Then, the acoustic pressure is given

by:

G,"P: I"\wrlz K fSC dS(_;): IAer2 K S, S.. (2.34)
S

Statistically Independent. Two-point independence implies the transfer function

g
Pl S

1s unity at =0, but scro every where else. This casc is treated by taking the
limit of the partial coherence case as f,— 0, implying S, — 0 and there is no

radiation.  This case 15 of course not physically reahizable as the even random

molecuiar mction implies some infinitesimal correlation area.

Recall that the vanable A, contains the frequency dependence due to the time deriva-

tive of the surtace pressure, the (dipole) cosine directivity, and the sphernical divergence:

."_'.\-'. A
. .(_'
IESREAS
SN
° -."':'.‘;
N ) _ i ) S o
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2.2.5 Multiple Input/Output Analysis

A model for the problem may be developed by treating the distributed source
region over the solid surface immersed in flow as a collection of discrete source regions,
and the resultant acoustic pressure as the output of a multiple input/output model.
Thus the integrals may be approximated by summations, the accuracy of which
depends the character of the sources (source strength uniformity) and the selection of
the differenual area, AS. Since the multiple input’output model closely resembles the
measurement procedures used here (i.e., discrete samples over a blade surface), a dis-
cussion 1s presented here regarding possible sources of errors and optimal ways to
implement the formulas just dcveloped for the correlation area and dipole source
strength per unit area.

In general, the output of a multiple input system, G

vy» 15 given in terms of the

cross spectra between inputs G

q
=1

q
G,y =2 Y HGH+G,, (2.46)
=1

or in terms of the cross spectra between each input and the output G,

q
Gy = H, G, + G, (2.47)

=\
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where the cross spectra G, are given (for G;, = 0) by,

q
G:'y= ZII/GU. (248)
=1

The noise terms, G,,, G,, and G, represent the extrancous noise in the model

nne nys

resulting from the optimal least squares estimate of the system transfer functions {13}.
This sct of equations represents a multiple input/output model where the
unknown quantities, the transfer functions or {requency response functions 1, repre-

scnt lincar systems based on the measured cross spectra. These linear frequency

response functions do not necessarily correspond to any physically realizable system,
but rather are the result of the mathematical processes inherent in the above equations.
The degree to which the H's correspond to the physical system depends on several
factors such as the linearity of the physical system, measurement accuracy of the cross-
spectral estimates, the relationship between the model and the physical system, and
other factors® A derivation of the above set of equations describing the multiple
input’output problem may be found in Bendat and Piersoll [14]). The equivalent to the

above cquations for the turbulence model are as follows:

< -

For funther discussions of multiple input output analysis see References [10-13, 15, 92},

Chapter 2. Theory of Aerodvnamic Noise Generaion 39

"Y' B N W . ‘o™
(SO e e
A A N TS,

'f"l’f'f‘f.\l'f.f'-'.f.('f.f',. -'-J- -{-'-’- LB S Y R T ™ P R .
N " A S RLS, ot s L JOIN LY .
Tl R e N IO TN 8, (LR X AN N ¢




v

T v

-

LT,

N Yo W W W o WA,

q
-
GPP = Z:\w,‘. (Gpps)‘ AS‘ + an
=1

(2.49)

Hi (GPP:)I' + an

C3-

i

q q
Gpp = Z ZA«",A;'/ (Gpgpy)ij 8S:8S;

=1 =1
(2.50)
q

Z Hi flj. (pro_y)i,/

=1 =1

)
M=

where the equivalent system transfer function is

and the acoustic pressure-surface pressure cross spectrum (_Gpp:)i can be expressed as
the sum of two-point surface cross spectra (Gj,);; as in Equation (2.48). These
equations will be used to illustrate several practical aspects regarding estimates of the
dipole source strength dG,,/ dS and correlation area S,.

In lumped-clement terms, the dipole source strength is denoted (AG,,/AS);
where the incremental strength is evaluated at the /-th location on the surface. The
units are of course the same as for the continuous form — Pa?/m?. As discussed carlier,
the source strength represents the relative magnitude of the dipole-related sources as a

function of frequency and spatial location on the surface. For a given turbulent struc-
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ture, the multiple input/cutput model is defined by the distribution of measuremcnt
points on the surface, where the mcasured quantities are the various cross spectra
between ¢ source locations and the output (far field acoustic pressure). A umform
sampling grid is assumed here (for simplicity) thus the arca associated with cach meas-
urement location is AS; = S;/q where the total surface area i1s denoted S,. An estimate

of the cumulative acoustic pressure (output) is given by,

q

’ AGPP Sa
G,p = ( o2 (2.52)

=}

It 1s clear from Equation (2.52) that the dipole source strength per unit area (AG

1A,

is independent of the number of samples taken over the surface. This fact allows the
source strength to be determined (at a point) from the measurement of the cross spec-
trum at a single point on the surface.

A rcasonable model for the eddy structure over the surface is to treat the dis-
tributcd sources as discrete regions within which the eddies are, to some degree, sclf-
coherent. The pressure fluctuations related to the turbuience outside of a particular
region are assumed to be uncorrelated with those within the region  Given a relatively
sparse samphng gnd (or rapid spatial fluctuations of the source distribution), the errors
associated with esimating G,, arc large due to the fundamental notion that the -th
input 1n the model represents the differential area AS, on which that point is centered.
For a given measurement distribution, the crrors in esumating the output from the
given inputs are contained 1n the noise term of Equation (2.49), G, The differences
between the true, nonuniform source distribution within AS, and a umiform distribution

based on the point measurement at location ¢ are contained 1n G, In addition, the
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effects of partial (as opposed wo full) correlation of pressures within AS, are also

oy
%Y

included in G,,. Again, the spatial sampling errors affect the accuracy of the prediction

.; ’
[
'.

J
"r'.

of the total radiated pressure (a finer grid structurc or more uniform source distribution

trtat
l’\)\
@

¥

(']
b

yields a more accurate prediction), but not the estimate of the local dipole source

r
]

Ay Ty
[

strength.

o
4

The mutual correlation among inputs to the model is dctermined by the

: ?.v::"f
2o,

)

relationship between the sampling density and the correlation arca. If all samples are

taken at locations on the surface which are outside of the correlation areas centered on
each point, then the inputs of the multiple input system are uncorrelated with each
other and the governing equations are simplificd. In this case the inputs may be
trecated independently and the output is determined by the sum of autospectral densities

multiplied by the system transfer functions.

q
Gpp= 2, 1H1? (Gpp )i+ Grp -
=1

X

This expression cannot be used to obtain a simplified estimator for the dipole source

s

[ty
Fd o'ng

Xy,

strength distribution. While the notion of using the autospectral density as an estimate

P A0
G 5
+ AR

:x;,
2
(LA

L4

YAy
[N

of the dipole source strength is tempting, the penalty for such a simplification is an

*

increased error term G,, which becomes an inseparable part of the estimate of G, (i.e.,

Gpp~ G, — G,y is a poor approximation for sparse spatial sampling).*

»
"
’

)

&

¢ The best cstimator for the source strength is given by the measurement of the cross spectrum

lsl
»

< %

o _ 1

Pod

between the surface pressure and the far ficld acoustic pressure (sce for example Equation

7.7

P

[2.20]). In effect, this is the same as performing a surface integral of the cross spectrum

v
L)

7.

between two surface pressures as in the inner integral of Equation (2.34) since that information

RALIN
PNty

L
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If two points ij are sampled within a correlation area then inputs i and j are
partially correlated. In this case the cross spectrum between an input and the output
contains, in addition to the autospectral density terms of Equation (2.53), terms
involving the cross spectrum between inputs. These cross-spectral terms arc associated
with interference between surface pressure regions (see Equation {2.48]). Inclusion of
these terms provides a more accurate estimate of the source strength than using just
the autospectrum of the surface pressure, however, a better estimate yet of the cross
spectrum is by direct measurement.

In summary, a lumped-element multiple input/output model has been applied to
the distributed aerodynamic sources due to turbulence interactions with solid surface
immersed in a flow field. Consequences of finite spatial sampling have been discussed.

In general, the multiple input/output system is represented by the set of equations

q
GPP = Z Hi (GPP;)I' + an (25-1)
=1

where the cross spectrum may be viewed in terms of the cross spectrum between two

surface pressures,

(Gpp,)i

N

q
D (Gop) (2.55)
=i

is contained in the acoustic pressure. The errors associated with the finite spatial resolution of

the sampluig gnd are thereby eliminated.
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There are three ways for estimating the cross spectrum of Equation (2.55) at each

location i, listed here in order of increasing accuracy:

Estimate of Equation (2.55) — Surface Autospectrum at Point i. This estimator
1s the worst of the three because it contains both types of errors — those due to
the finite spatial sampling inherent in the use of Equation (2.55) and the effects
of neglecting mutual source interference. This estimator is however relatively
simple to obtain since only the surface pressure autospectra are involved. The
approximation to the mean square acoustic pressure using this estimator is

given by,

e
\k\n‘

q
Gpp ~ Z | 4,12 (GPJ’:)U+ Gpp -
=

s A &

oy
o
iy
-
o)
3

Equation (2.55) — Surface Cross Spectrum. In theory, the implementation of

“

Equation (2.55) requires the measurement of all combinations of cross spectra

between each surface pressure location. In practice, the number of cross

spectra required depends on the relationship between the correlation area and

hY

?.’{ ‘

"

s

k)

"' ,4‘!’4
-

the measurement grid. For correlation areas which are relatively small, only a

P
4

few inputs near each location i will be important. The rest of the cross terms

will be small relative to the autospectrum at i. While this estimator still con-

l', n}" .

.
W

tains the effects of finite spatial sampling, it does have the advantage of not

WAL -
o
_P"."."'-
e
| L%

requiring the measurement of the cross spectrum between the radiated acoustic

.4‘.

pressure and the surface pressure, which can be a difficult quantity to measure

¥
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due to the inherently poor coherence. Also, usc of this method allows the pre-
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diction of the radiated noisc from the surface in situ — that is, without the neced
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for an acoustical environment for measuring the radiated acoustic pressure frce
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of background noise or reflections {rom nearby surfaces. The approximation to

the mean square acoustic pressure using this estimator is given by,

Direct Measurement. If an environment is available in which the radiated
acoustic pressure can be measured, then a direct measurement of the cross spec-
trum can be obtained. Measurement of the cross spectrum has the effect of
performing a continuous integral (over the surface) of the cross spectra between
the surface pressures, since that information is contained in the radiated
acoustic pressure. The approximation to the mean square acoustic pressure
using this estimator is given by Equation (2.54). This method overcomes the
problems associated with finite spatial resolution of the sampling gnd and
includes the effects of partially correlated source regions. This is the preferred

method for estimating the cross spectrum.

In addition to the use of Equation (2.54) for predicting the radiated pressure, the model

may also be formulated in terms of the correlation area, S,,

—_—~
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n
o )
—_

Chapter 2. Theory of Aerodynamic Noise Generation 45

O A

N
‘.

AN
s SV @
RSN

J"l’l

0

b
CACAPLAA

.
.

Nt il
A
ERA
‘x','i.‘v y *
24

}

f_Y|
~ %
7
n'e T
o2

.’ ;”.‘rr
’t'l"'rl'l
{':’ FLre LS

a
Y

»
.l .

2,
by

e 2
L]

PP
".'i
o5
YLy

RIS,
5
L

.
r

a
-

P

LY
s ."r

Pd
’
X

& 4y ¢
[
R 't{'

2202

E)
Y54

PR A A
'

z
o~
z

4

PR
Vsl
-'l P

ey

SN

NN
Ld 3

Y
*
»
']



4 - :_,.:-:
0 B
e
x Y
'; r:‘-:,:
! Since the correlation area and the dipole source strength are both based on the cross E:E?_-"
N e
;: spectrum between the acoustic pressure and the surface pressure, they are both subject B
o to the same types of errors and limitations discussed above. Therefore, the optimal E::
1:' estimates for these quantities may be obtained from a direct measurement of the cross ::fs,.
INAY
" spectrum Gpp, . :
. Another approach to the solution of the multiple input/output problem was ,;:,;
[ .
: developed by Bendat in 1976 [10, 11] which is referred to here as partial coherent output '\\
A power analysis or PCOP. This process involves the computation of conditioned spectra f :)L‘E
. which represent the cross-spectral density functions between an input and the output Qﬁ_’;\
» Y
. where the lincar effccts of other inputs have been removed. The mathematical proce- :'.:Eg':".
» N
dure allows a new model to be developed based on conditioned inputs which are mutu- )
2
> ally uncorrelated by virtue of the conditioning process. An important parameter for
: establishing the conditioned model is the causality relationship between the inputs (i.e.,
N whether input i is causing effects in input j, or vice versa). Interpretation of the condi-
tioned inputs is difficult, at best. The analysis is dependent on a priori knowledge of
, the causality nature of the inputs in the original model, which is often the original
: objective the investigator. Without that knowledge the results can be musleading or
- even erroneous. For the case of turbulence interactions over a plane surface, PCOP
! analysis is not applicable. The reason is that PCOP analysis is an attempt to estimate
E the strength of individual inputs with all other inputs powered off. That is, the condi-
) tioning process is intended to isolate the unique properties of each input and estimate
their relative contribution to the total output. By conditioning inputs, the effects of
' mutual source interactions are removed from inputs ranked by the investigator to be of
lower order in terms of cause and effect, and attributed to inputs of higher order. For
d a turbulence model based on samples taken at various locations over the solid surface
é immersed in flow, the partially correlated regions represent a coherent cddy structure
: and local pressure interactions. A cause-effect relationship between the source regions
e
.
\
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is not applicable since the sources arc interacting and collectively form a distributed
complex source region. In most cases of turbulence generated noise, 1t makes no sense
to associate a specific arca within a corrclation region with the cause and another arca
within the same correlation region with the e¢ffect — the corrclation region 1s a distrib-
uted, interacting source region and should not be thought of as an accumulauon of

discrete sumulus and response areas.

2.2.6 Summary — dGpp/dS, dI/dS, Sc

@ *

g
The expressions that were developed in the previous sections are collected here "E;
in the forms used for the experimental work presented in Section 6.2, “Experimental ';2
Investigations Using Frequency Domain Theory.” Note that the real part of each of ;":i
, e
the three components (mean squarc pressure, intensity, and correlation area) is given. :-_'
A,
2
Dipole Source Strength per Unit Area — Mean Square Pressure “."
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Dipole Source Strength per Unit Area — Acoustic Intensity
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Correlation Area :
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Ll
»
A -':_\\- ‘."u

\ drnxc PPy " -
L, = - . A--6 ." v
¢ wqose G,,ypx (2.61) :.:.v .

: The hat indicates a retarded time correction e—/«"/°. 'Q'C“
e A form similar to Equation (2.59) was previously derived by Siddon [87, 88] WS
based on the Fourier transform of the slope of the cross correlation function. Time- N
domain equivalent expressions for Equation (2.59) and Equation (2.61) were developed .:.- :
by Siddon as well with a slightly different form of Equation (2.61) first published by NN
Sharland [86]. Auto- and cross-correlation functions were used by carlier researchers
? (scc, for example, investigations by Clark and Ribner [20], Lee [50], Lec and Ribner : AN
[S1], Leggat and Siddon [52], Miller et al [60], Richarz [80], and Siddon [88]). The :.:::

frequency-domain expression of the correlation area, Equation (2.61), and the deriva- g
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tion of the equation for the acoustic intensity, Equation (2.60), are new to this work.
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Chapter 3. Overview of Hardware Design and Test Facilities

This study involved the design and construction of a specialized centrifugal
blower assembly and incorporated a wide variety of experimental data including the
measurement of acrodvnamic parameters such as mean flow velocity vectors, turbu-
lence intensity levels and overall fan performance. Far-field acoustical data was
acquired (sound power, pressure and intensity) as well as necar-field and blade surface
data. This section will describe the centrifugal blower design, the various experimental

sctups used, and some of the data acquisition techniques employed.

3.1 Scale Model Blower Blower Design and Mounting Configuration

This section includes a brief discussion of the fan laws and the scaling Jaws used
in the design of the model blower. The blower was designed as a member of a family
of blowers which are in widespread use for cooling computer and business cquipment.
The term furnily imphes an homologous series of air moving devices covering a wide
range of pressure and flow conditions where the performance of each device is predict-
cble from anv other device in the fumily using the fan law relationships desenbed in

[44].

3.1.1 Fan Laws and Sound Laws

It 1s often instructive to cast relational parameters in dimensionless torm.  The

specific quantity used to nondimensionahze a parameter depends on the desired form

of the relationship between the independent varniables. In general, the total number of

independent dimensionless parameters required for a specific problem s obtained by

Chapter 3. Overview of Hardware Desin and Test Paaliies 49

L A O S I T L I I I -
e A s e A

» N o A A O a®

o

R
o, ;

v, :4.

RS
e

f"!"{.'l

o
AT A
-."-.{l.' A

P

»
o

AN A AR S
» 8 o
-.:.\;. N
AN

P4

A

Y
34"y
l?.n,

o8

e
& %

-

1
v

P
& !

>
|7 4
v
:/
'

e
s < d

v 1
Pt DR}
.

&4

e

0N

‘t.:f

X
5

LA R e
LN
P 2 I )
> [} v
P4 Py
s -4

il

<

[ [ 4
Pd l‘..fi »
¥ ‘f .

PN 4
3

s
(
T
LW
s

b g
"l .
‘s

r e
)
-~

.
]

» ¥

LA ¢

e

£

’5,

1
4
rrS L

PR R




P

A

subtracting the number of dimensions involved from the number of dimensional quan-
titics in the system. This is known as the Buckingham Pi theorem (18] and has formed
the foundation for nondimensionalization of a broad range of problems.

In nondimensionalizing fluid flow problems involving small. low-speed air
moving devices, the two most important parameters are the flow and pressure coefTi-

cients given by:

X

~
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The flow coefTicient, ¢, is obtained by normalizing the flow rate, Q, to the ctfecuve
flow rate calculated from the tip speed, .V, and the circular arca based on the up diam-
cter, D. The pressure coefficient (total, static, or velocity), y, 1s the pressure normal-
ized by the effective tip velocity pressure, (p LU?)/2 , where the tip speed U= nDJN.

The overall air performance of a particular air moving device 1s generally char-
acterized by the amount of static pressure developed for a given flow rate. This P
versus () relationship is referred to as a head-flow curve. When a blower 1s attached to
some passive device for cooling, a point of operaiion is reached which corresponds to an
equihibrium between the pressure nise across the blower and the pressure drop through
the passive device. Since the flow rate through both devices 1s the same, this point 1s
represented graphically as the intersection of the svstem resistance curve and the head-
flow curve (sce Figure 3). The system resistance curve rclates the pressurc drop across
some passive deviee to the volumetrie flow rate through the device. For turbulent flow

this curve approximates a squarce law: P = KQ?
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In nondimensional terms, the point of operation is referred to as the pomnt of I

rating. Two similar fans are said to operate at the same point of rating 1f, on a dimen- e a
sional head-flow curve, the proportions of pressure and flow capacities remain the ‘ "-‘.
same for both air moving devices. The dimensionless head-flow curves for any two air ot
. . . . .. . . . . . '4‘" > ‘0’
moving devices having similar flow conditions will be identical. This 1s a direct result i,

of the fan laws which describe the relationships between the various flow parameters of

P
S

I's
9"
4
'l
o
A% Y Y

the system. In order for these relationships to hold, there must be total simularity in

| IR

Ll
2
.
P ALY

L)

the flow conditions; that is, geometric, kinematic, and dynamic similanty. Geometric

LS
L.

simulanty refers to dimensions (proportional magnitudes and equal angles), kinematc
to fluid velocities, and dynamic to fluid forces. Total similarity as defined here ensures

that the pressure and flow coefficients between two sinular devices will remain con-

stant.  Considering other forces on the fluid such as compressibility, viscosity, gravity,
and surfacc tension, none are important (within at least an order of magmitude) in -

terms of flow performance for the class of air moving devices of interest.
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The sound laws for fans are relationships which allow the overall radiated noise
level to be estimated from data on a single fan in a similar series of fans. The sound
laws, first proposed by Madison {56], are based on the assumptions that, for a fixed
point of rating, the sound intensity of the radiated noise is directly related to the mean
square hydrodynamic pressure level inside the air moving device, and that the ratio of
the hydrodynamic rms level to mean level remains constant throughout the series of air
moving devices. Also, the sound power is related to the intensity through an area
factor, thus the overall power radiated is proportional to the square of the character-
istic linear dimension D. From the fan laws the flow rate Q is directly related to D? so

the final sound power dependence is:

W=KPQ=KDN’ (3.3)

This is a fairly crude expression for noise dependence which contains no
frequency-dependent information. The first attempt at developing a characteristic fre-
quency spectrum for blower noise was by Maling (57). While Maling was able to
obtain a generalized spectrum, g(s, ¢) , he found that the flow coefficient (¢) and the
normalized frequency parameter (s = f] V) were interrelated and thus g must be deter-

mined for each value of the flow coefficient ¢.
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3.1.2 Application of Scaling Laws to Model Blower Design

P
LR
B 4

The initial objective of the project was to investigate the noise of a small

)
5
L

rd ? A:'f
AP
o & 3

centrifugal blower typical of those being used throughout the computer industry for

&

cooling computer and business equipment. Space being of primary importance in the

PP

%

design of clectronic equipment, most centrifugal blower impellers are of the order of

»
b o

28]
\l‘.'

100 mm in diameter or smaller. Since most of the measurements were to be performed

M

i)
>
o 2
,I

*
A

%‘5‘

at or ncar the impeller blade surfaces, it was decided to design a scaled version of a

2
P 2“1’ [

typical device which was physically more accessible. The small blower that was chosen °
RN
. . . . ) . .“b"&g‘.\
as the base design will henceforth be referred to as the reference air moving device, and N
TN
NN
. . : . . . . AN
the scaled blower which was designed and built specifically for this project will be :'_\Q,\""
. o . NN A,
referred to as the model air moving device. e
. R
A dimensional scale factor of 2 was selected as being a good compromise ANRSANS
LN
. - . . e
between accessibility and manageability. The model blower design was thus determined :.::_':'-f.'-
IR

5
¥
A

by scaling all of the linear dimensions of the reference device by 2.0 and by maintaining

RS
; all of the appropriate blade angles. In addition, in order to maintain a constant tip :-'.'_-'.*};
‘ 'Ky
X spced Mach number the rotational speed of the blower was reduced by a fuctor of 2.0 AR
NN
. . , : : . R
from 3450 r/min to 1725 r/min. Since there were no commercially available impecllers ”“:&
, . L . . AN
3 that matched the desired specifications, a custom impeller was fabricated by Revcor, NN
. a’_.-’_ LA
. . . . . . o Al
X Inc., Carpentersville, Hlinois. A single-inlet configuration was chosen for the model AT
. '- .i- .I. 9
Yo ™ Lt
. . . . . e Y
over the reference double-inlet impeller.  This was done to avoid any flow anomalics e
L]
. . . . T
' associated with disturbances due to the motor and other hardware obstructions that RS
S
. , A PRGN
: would have becn ncar the inlet. As a result, the overall impeller width was the same as ASNISS
M 2
y RO
. . . . 0" o
’ the reference impeller since only half of the impeller was modelled. Flow conditions hERA LN

inside the impeller were felt to be nearly identical since the reference impeller was con-
structed of two halves joined at the center along a solid septum.

The profile of the scroll volute was designed so that the clearance between the

blade tips and the scroll increased linearly with angular displacement around the wheel.
>
‘
& ]
L)
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The intent was to make the mean velocity or flow through the blades 1s uniform as
possible by increasing the discharge cross-sectional arca linearly with angle. If the
scroll and blade row are “unwrapped,” the angle between the line connecting the blade
tips and the linc of the scroll profile is called the development angle. A development
angle of about 10° is a good compromise between blower performance and noise and is
commonly used in the industry. The cutoff angle is the angle between two radial lines;
the line from the axis of rotation to the top of the scroll and from the axis of rotation
to the tongue or cutoff region. This is shown in Figure 4 on page 74.

The scroll profile for the model blower was chosen to maintain the same, nearly
optimal, development angie as employed in the reference blower, but to increase the
cutoff angle thereby minimizing the possibility of strong discrete tones due to the
rotor-stator interactions at the scroll cutoff. The likelihood of strong, rotor-stator
interactions in the model blower was increased by the fact that the model blower was a
half-width, single-inlet design rather than a double-inlet impeller. The refercnce
impeller design incorporated the blade passage tone reduction technique of circumfer-
entially offsetting the two halves of the double-inlet wheel, which was not possible to
implement on the single-inlet model impeller.

The scroll used for this work was manufactured by De-Sta-Co Division of
Dover Corporation (Model 650) and had an optimal 10° .development angle for a
161-mm diameter impeller. The cutoff angle for the scroll used here was 92°. This is
considerably larger than the 64° cutoff which is accepted as being nearly optimal. The
purpose of such a large cutoflf was to eliminate the generation of discrete frequency
tones (see later discussion).

The impeller was driven by a one-half horsepower, three-phase motor capable
of opcrating at speeds between 0 and 1900 r'min, with a nominal rotational spced of
1780 r'mun at 208 volts. TFor most of the cxperiments the motor was opcrated at a

constant voltage of (208 volts) throughout the blower flow range which 1y a typreal
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i operating procedure (sce Section 3.2.2, “Air Performance Determination,” for dis-
]
cussion of speed variation at constant voltage.) A photograph of the model and refer-
A ence blower components is shown in Figure 5 on page 75.
4
g The blower assemblics were mounted to 570-mm square, 19-mim thick pivwood
plates which were attached to 609-mm square, 9.5-mm thick alumunum plates. The
- plates were designed to fit into the floor structure of the data processing raised toor
L
N installation installed in the 13M Poughkeepsic Acoustics Laboratory (see Section
T~
3.3.1, “Acoustical Facilities,” for details of the acoustical facilities). A schematic of
28 the blower assembly is shown in Figure 6 on page 75. e
» S
.. A summary of the model blower specifications is provided in Table 1 and "
.
L4 r\.
; Table 2. The blade angles were deduced from information obtained from the manufac- ::
. . . . [ ]
”, turer of the impcller. The computed dynamic specifications were calculated from the R,
-t o '
b Ve Lt
- following assumptions: N
- I,
- el
. PRGN
K N
AT,
: . Computation of the average velocity at the inlet orifice was based on a uniform %\
. P
a " .Q.
flow distribution across the inlet, an inlet opening diameter of 123.5 mm o
-~ -'.-
U Y
L™~ . . . - . ) o’
o (DeStaCo inlet ring #603), and the blower operating at the design point (Best n
) W
- Efficiency Point or BEP) which is a flow rate of 0.141 m3/s. . )
» . The computation of the average air velocity at the exit of the blades was based
. on evenly distributed flow through the blade channels, the mean radius of the
")
."J . .
- blades, and the BEP operating point.
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Table 1. Model Blower Scroll Specifications

Scroll Specifications

R

L
JY

Matenal:

Bellmouth Inlet Diameter:
Discharge Area:

Optimum Impeller Diameter:
Development Angle:

Cutoff Angle:

Steel (20 gauge)

123.5 mm

177.8 x 120.6 mm wide
161.3 mm

10.8 degrees

92°

A
T
-"- a_ &
4, 4,

x
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Table 2. Modcl Blower Impeller Specifications and Dynamic Characteristics

= x
L AP
AN
W
-l

Impeller Specifications

Material: Aluminum
Number of Blades: 26
Blade Thickness: 1.0 mm
Mean Radius Blade Spacing: 17.63 mm
Arch Length: 17.46 mm
Radius of Forward Curvature: 11.11 mm
Chord Length: 16.26 mm
Inlet Blade Angle: 15°
Outlet Blade Angle: 66°
Blade Camber Angle: 91.2°
Blade/Impeller Width: 101.6 mm
Impeller Diameter (TE):  160.34 mm
Trailing Edge Radius: 80.17 mm
Leading Edge Radius: 60.11 mm
Mean Impeller Radius: 70.14 mm
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Dynamic Characteristics

T

’
A4
R

Tip Speed @ 1800 rpm:
Mach Number:

Dynamic Head:

Average Velocity at Inlet:
Average Velocity at Exit:
Mach Number at Exit:
Dynamic Head at Exit:

15.07 m/s

0.0438

137.4 Pa (re: 15.07 m/s)
9.09 m's

2.87 m's

0.00834

4.98 Pa (re: 2.87 mv's)
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It is important to note the extremely small tip velocities relative to the speed of
sound. IFor Mach number less than about 0.3 the flow through a compressor, from an
acrodynamic viewpoint, can be considered incompressible. In acoustical terms the flud
can never be considered incompressible, otherwise there would be no noise gencrated
and an infinite sound speed. In terms of aerodvnamic and acoustic performance, using
the frequency-independent sound laws expressed in Equation (3.3), the noise level gen-

erated by the model blower should be the same as the for the reference blower, for the

same point of rating, keeping in mind the linear dependence of sound power on width.

Also, the fan performance should be equivalent to two reference blowers operating in ~ _\,’.'-.
RSN
_ A o , RESEN o
parallel. This is because the static pressure is directly related to the square of the tip RHLSALL
. | e
speed, which was unchanged, and the two-fold increase in the characteristic dimension .‘\-ﬁ:ﬁ'{
- - -.h I.
D caused a four-fold increase in flow, which was reduced to twice the flow since only a
half-width configuration of the reference blower was modelled.
3.2 Task-Specific Test Setups
This section is devoted to a description of each of the measurement setups used
for this study. [In addition to a detailed description of the hardware and instrumenta-
tion, further details will be provided on the specific mcasurement methodology used BN
AT AN
. . . . - .. A
and the manipulation of the first-generation data to obtain the desired quantities. EN N
LRSS
@
3.2.1 Aerodynamic Load Apparatus
Since the kinematic flow conditions for an air moving device dare strongly
dependent on the particular operating point of the device, it is important for the pur- .
poses of these studics to be able to control the point of operation of the blower X
,
without significantly affecting its aerodynamic or ucoustic performance. One approach LRty
to this problem was first proposed by Maling (58], and has been in use in the IBM SN
RSN
A
A
e
o
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Acoustics Laboratory since 1962, in which an aerodynamic load is applied to the zir
moving device under test by attaching the device to a large plenum with thin, non-
porous, acoustically transparent walls. The operating point of the air moving device is
controlled via an adjustable orifice located in the opposite corner of the plenum from
the air mover. Use of a piezometer ring located inside the test plenum provides a
means for monitoring the static pressure developed by the air moving device and thus
enables the operating point to be set. The head-flow curve may be used to estimate
the volumetric flow rate of the device for a given static pressure, or, a more elaborate
facility might incorporate a means for determining the volumetric flow rate directly by
monitoring the flow through the adjustable orifice.

The key to the success of the plenum has been that the walls can be made quite
thin and sull remain impervious to flow, thus providing minimal acoustical attenuation
over a broad frequency range. The test plenum is generally used for overall sound
power determunation, thus the effect of the plenum on the directivity of the air moving
device is not very important, especially if reverberant room methods are used for deter-
muning sound power.

In 1985 the Institute of Noise Control Engincering, Technical Commuttee on
Computcr and Business Equipment, issued a document which described in some detail
the specifications for constructing a standardized test plenum, and measurement proce-
dures governing the use of the plenum for measuring the noise emitted by air moving
devices [30]. This document was published in the form of a “Recommended Practice”
(henceforth referred to as INCE RP 1-85), and has since been submutted to an ANSI
working group for conversion to an American National Standard. A Europcan
counterpart to INCE RP 1-85 which specifies a slightly different configuration for
attaching the air moving device has also been submitted to the International Organiza-

tion for Standardization, 1SO, for conversion into an international standard.
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A new test plenum was constructed during the summer of 1984 following the
guidelines of INCE RP 1-85. The box frame was constructed of solid S0-mm square
oak members and covered with a thin Mvlar® cover (0.0381 mm nominal thickness).
A schematic representation of the INCE test plenum 1s shown in Figure 7. The INCL

plenum was used throughout the project to provide the subjcct blower with a desired

aerodynamic load. For all tests on the model blower performed in the Acoustics Labo-

ratory, the blower and plenum were installed in the reverberation room. The static

pressure inside the test plenum was monitored using a digital manometer calibrated to

read pressure head in mm of water.
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3.2.2 Air Performance Determination
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The air flow performance was mecasured with the blower assembly attached to e

ALYN N

3y

an air flow test facility located in the IBM Poughkcepsie Thermal Laboratory and RACN

o5

.-"‘~
tested 1n accordance with standardized test procedures [3). In addition to the statc i >
pressure and flow, the voltage, speed, and input clectrical power were recorded. This
information was needed to determine the design point of the blower (i.c., the best effi-
ciency point or BEP). The BEP is dcfined as the point of maximum static cfficiency,
where static efficiency 1s the ratio of acrodynamic output power to clectrical input
power to the motor. Note that this is an approximvation to the truec air mover cffi-
ciency in which the input power is taken at the impeller shaft rather than at the motor.

For all tests, the blower was opcrated at a constant voltage (208 volts)
throughout the flow range, which is a typical test procedure {3]. Depending on the
torque curve of the motor, this mav or may not cause the blower to operate at a con-
stant rotational speed.  In the present setup, the one-half horscpower, three-phasce

motor has sutficient power to overcome the additional lift and drag forces at maximum

flow. The total varation mn operating speed of the blower 1s from 1779 r min at free

. . - . - v L v
delivery (i.e., 0 pascals static pressurc) to 1792 r.mun in the stall region for nearly j"\
N RN
NN S
AT
NI
AT
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totally blocked flow with a static pressure of 25 mm of water (250 pascals). The acous-
tical effect of this smail variation can be estimated by assuming a fifth power depend-
ence on spced, which says that the difference between operating at constant speed and

constant voltage in this case is insignificant (0.16 dB).

3.2.3 Blade Channel Inlet/Outlet Velocity Determinations

In order to quantfy the uniformity of mean flow through the blade channels,
and to identify regions of excessive turbulence intensity near the blade surfaces, hot
film anemometry was used to measure the velocity components at the inlet and exit of
the blade channels. Ancmometry was the method of choice because it is reasonably
accurate, relatively casy to use, and is capable of measuning both the steady and fluctu-
ating components of the velocity field.

Single- and dual-element hot film sensors were used to resolve the velocity
vector at the leading and trailing edges of the blades into radial, v, , and tangential, v,
components.” Gencerally the radial velocity component is of interest since 1t is a
measure of the volumetnc flow rate through the blade channel. Other components are
important for investigations involving the three dimensionality of the flow or for an
esimate of the fluid angles relative to the blade geometry, however, inferences of the
fluid angles can be made from knowledge of the radial component.

The general flow direction at vanous points in the air moving device inlet was
obtained using flow visualization techniques (sce Section 3.1, “Flow Visualization™).
This information coupled with the cosine directivity charactenstics of 4 hot film sensor

allowed measurements to be made at the leading edges of the blades of the magnitude

Sce Seetion AL “Veloaty Diagrams,” for discussion of the veloaty field and the temminolowy

uscd 1in the decomposition of the veloaty vectors.
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of the radial velocity component using a single-element sensor.  For these measure- LN
v PaiEs .
. ~ . WA
ments the sensor was placed close to the lecading cdge of the blude row und aligned - 2
o
. . R Ce . . L
with axis of rotation so as to mummuze the sensitivity to the axial velocity component. YN
-:.-‘:f.,::
At the trailing or outside edges of the blades, it mav be assumed that the merid- Q.n_;.r}f
,r_\.'-.:f
: ; = =T ~ - PN
ional velocity component (v, = v, + v.) 1s completely radial; that is, the axial component ]
v, is negligible. This is not in general true at the leading edges. With this simphfving ,:_,:,’-\
| | N R
assumption, mean velocity and turbulence measurements were performed at the trailing A
SN
P o
. B . -.'\_.'- "
edges using a single-clement hot film sensor located in a fixed frame of reference (rela- SN
tive to the scroll) with the sensing element oriented one of two ways (relative to the AP
WAt
B
. . . . P Y
axis of rotation), depending on the desired result: -..:-{;-.:-»
'
NN
A J';
S
]
Parallel — This orientation provides a measure of the vectorial sum of the radial RIS
':-:'J".f:'_
and tangential velocity, and is assumed to approximate the fotal velocity since AR
the axial component is small.
N
b
Perpendicular — This sensor orientation allows determunation of the magnitude N
A
of the radial velocity vector, again assuming a small axial component. >
The appropriate sensor oricntations in the blower inlet were achieved by modi-
fving a standard hot film sensor probe support by adding a nght angle bend approxi-
mately 35 mm from the sensor end. This allowed placement of the cross-stream sensor, o
‘hic i 4 90° ari ] : : ;':":’:"
which also incorporated a Y0’ orientation, at the blade leading edee without siemticant e d
.':'\.:\.I‘\-F
‘ AN A
upstream flow disturbance from the probe support. A photograph showiny the sensor .-:.-:if_.n
Ay
placed at the leading edge using the modificd probe support 1s shown in Figure 9. - ,_-?.._
:-.::\'.\_'_*-
The feading- and trinhing-edee radial veloaities were measured at five spanwise RN
- - A '-', .‘. .b.
, A NN
positions spaced 20 mm apart, centered on the peometric center of the impeller. e :-.:\:,\"_w.
S UNAT
leading- and five trathng-cdue measurements were taken at cach of eirht Greumterential o~ .’. o
LIPS Y
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1_4--. .
- .
.\..
AL
: "y
Chapter 3 Overnview of Hardware Deaen and Tost Faaliticn 61
e
AN
AL e e A e e, D T T R o L S T ¥ __---“_.,
B PR A PR S PR PR S I PP FRERAIEN S S R AR S G S I S :.._;' :'C.\.‘ :‘:;:J'




MO
o«

locations, equally spaced at 45° intervals around the impeller for a total of 80 spatial
locations. A diagram of the measurement grid and the scnsor orientations used is
shown in Figure 10. Additional measurements of other velocity components and
directions were made at selected locations around the impeller.

In all of the velocity measurements, it was necessary to sample the signal at the
same time relative to the blade position for each revolution of the impeller. A sche-
matic of the instrumentation setup to accomplish this is shown in Figure 11. Once per
revolution of the impeller, a short pulse was generated by an infrared sensor attached
to the mounting plate which sensed a white strip of paper affixed to the rotating shaft.
The angular location of the paper on the shaft determuined the location of the blades
relative to the sensor at the instant of trigger. A time delay between this trigger signal
and an instrumentation trigger used to initiate the acquisition of data was introduced
through the use of the GenRad pulse delay generators. The functions of the generator
were to provide control over the time delay between blade passage and instrumentation
trigger, and to condition the infrared signal. These pulse delay generators act to
sharpen the trigger sincce the width and height of the pulse from the infrared sensor
depend to some extent on the shape of the paper on the shaft and the supply voltage
used to drive the infrared emitter/sensor. The duration of the infrared pulse was about
2 milliseconds with a rise and decay of about 5 volts per ms. At a rotational speed of
1780 r'min and 26 blades, the blades pass at a rate of 1.3 ms per blade. The duration
of the final trigger pulse should be a small fraction of the blade repetition rate to
ensure stable instrumentation triggering. The pulse delay generator provided such a
pulse from the infrared signal. An opuical strobe was triggered by the same pulse used
to initiate data acquisition (i.e., the delaved trigger). In this way, the ime waveform
from the hot film anemometer svstem was accurately synchronized with the passage ot
a blade channel by continuously adjusting the time delay to visually align the sensor

with a speafic blude edge. A samphng rate of 102.4 kIlz was used which provided
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about 132 data samples between blade edges.  This is the maximum sampling rute of

the analyzer being used (HP5420A).

With accurate triggering, the mean velocity levels can be estimated using the
time averaging capability of the analyzer. However, in order to esumate the turbulence
levels at cach point in space, statistics must e computed based on several sample time
records (ensemble averaging). In general, the mean or rms velocity levels for a partic-
ular circumferential location are represented by a specific data bin in the resultant time
record.

The velocity direction for a given blade position may be determined using etther
two different orientations of the single-clement hot film sensor, as in Reference |78], or
through the use of a two-element hot film sensor. In general, a three-clement, cross-
wire sensor may be used to determune the direction of the mean velocity vector :f the
signs of the orthogonal components are known. A two-clement hot film sensor may be
used with two-dimensional flow, again with knowledge of the two direction signs. Lsu-
mates were made of the discharge veiocity at the trailing edge by assumung thar the
radial component was flowing outward away from the axis of rotation and the
tangential component was in the direction of rotation. While these would appear to be
rcasonable assumptions, there were locations around the impeller where the Hlow did
not appear to have any significant radial flow. For these conditions, where the mean
flow 1s not necessanly associated with flow through the blade channels, the direction
sign of the tangenual component was less certain.

Two dual-element sensors were used. The TSI Model 1241 15 a straight probe
with the x-sensors oriented for end flow where the Model 1246 probe contains 4 9o
Jegree bend and 1s thus suited for cross flow apphcations. The direction of the mean

veloaity vector was computed from:
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where }7,, }', are the mean velocities computed from the output of the two sensors, and
the angle 1s relative to a line bisecting the right angle formed by the two sensors. The
results of the hot film sensor measurements are presented in Section 5.2, “Blade

Channel Inlet’Outlet Velocities.”

3.2.4 Microphone Positioning System

As part of the effort to characterize the overall radiation charactenstics of the
blower, an investigation of the distnbution of the active acoustic intensity ncar the
inlet of the blower was performed. The objective of this portion of the rescarch was to
charactenize the flow of acoustic energy from the iniet of the air moving device by
mapping the acoustic intensity near the inlet as a function of spatial location and fre-
quency.

In order to perform the space-domain measurements, a sampling device was
constructed which allowed automated control of the position of a sensor retainer over
an arca of 1 squarc meter (1.03 m x 1.10 m) with a computed spatial resolution of 25
mucrons.® The computed resolution is based on the mechanical resolution of the stepper
motors and ball beanng screw. The acrual resolution must take into account mechan-
iwcal fitung tolerances, friction, backlash, etc. This would most certainly be greater than

25 mucrons. The positioming system was prnimarily used to position acoustical sensors,

* The author gratefully acknowledyes the work of Remnhart Beatty who was responuble for the
mechanicdl design and construction of the posiiorung system.  The author was responsible for

the desim lavout of the sy<tem.
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N hence the term Microphone Positioning System, or MPS. The MPS ball bearing lcad
L)
screws were driven by a commercially available two-axis stepper motor mouon control ’
. . N .- . - . . o
N svstern’ interfaced to an IBM PC XT using the [EEE-488 interface protocol. Position A
Y o
- . o . EAN
:‘ control software was wrntten to sense limut switches mounted to the MPS to set an A
\: ERCAP,
. : . AN
e absolute origin when power 1s applied, and to perform relative and absolute moves. ;‘S:-K
a5y The MPS measurement plane may be onented hornzontally or verucally using r_-'-’- d
\j :\::t"
S detachable supports. PN
N A schematic representation of the instrumentation used for measunng the inten- ;d"' {
ol i
sity distnibution is shown 1n Figure 12. The instrumentation system of Figure 12 may e
N ' : : e
N, e
,,'_:'_ be used for mapping acoustic or acrodynamuc quantities, scalar or vector (e.g., sound YD
RUAK
~ o
. pressure, sound intensity, mean flow components, turbulence intensity, etc.).  Most ;,‘;:
AN
o uanutics of interest are functions ot frequency as well as space. thus requinng the o
., 4 2 ._I-,\
S ) e
N management of relatively large blocks of data. For example, a 10 x 20 point, two- X
o e
- . . ) TS
o Jdimensional intensity map consumes nearly | megabyte of disk space when stored in AN
tPS I8
h rumecrical format on a computer Jisk. 9
e . ) '::-':‘:~ v
For the measurement of intensity maps cach spaual vector was represented by TN
- ' NS
-4 two spectra—magnitude and direction of the intensity vector over a given frequenay N
X AR
ik range. Since the unalvas svstem was hinuted to measurning one .ntensity component at
. el
- a ume, two sweeps ot the measurement grid were required to obtain a complete map ol
'-' \. u‘.
oo e
NN the two-dimensional intent ty field, requinng a total of 9 hours for acquisiton alone. N
NN tee.
For such an evtended measurement time source stationanty becomes important. Pen-
.
Cails -
e odic chechs were made at reterence locations in the round ficld to ensure the long term
P I
::' stability of the source and dacoustic environment.  All intencly estmates were made
"
\"”: e _ NN
:f: A
" R
L) . . cy- DULE Wt
W “lThe stepper motor wstem 1, gvatlable trom Supenor Pleame, Bostols O 4y the NG
*: ot A
- . . . - o
MODULYNXY® Moton Control svstem, and tvpicaily conssts of the motors dnser clee- r".“
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o trones, and g computer intortace S
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d
&
B
N using a Bruel and Kjaer Type 3519 Sound Intensity Probe and a Hewlett Packard
!
:‘ HP5420 FFT Analyzer The cross spectral method was used for estimating the sound
. intensity vector.
) . . . .
.r Two basic source configurations were measured using the system described
&
N above:
A}
\
:_-: | An axial fan (Muffiin® XL Model MX2Al, EG&G Rotron, Woodstock, NY)
.
[y was mounted in one of the reflecting plane floor panels of the hemi-anechoic
_ chamber (see Section 3.3.1, “Acoustical Facilities,” for description of the acous-
S
* - . . .
~. tical facilities) such that the outlet noise was isolated from the inlet sound ficld
: ‘ (1.e., outlet air discharged under the raised floor).
hY .
3 2. The modet blower assembly was installed in the hemi-anechoic chamber with
= the mounting plate perpendicular to the raised floor and a section of the raised
. floor, directly under the blower, replaced with acoustically absorptive material.
- The blower was oriented such that the inlet was directed awav from the
- - .
- -'.._ .:_‘
- reflecting plane and air was exiting in a plane parallel to the floor. 2
¢ o Y
®
;:'.--.:
-
- The three-bladed axial fan was operating at free delivery at a speed of 3100 _’,',':
-, .h.’\_l
F . . AN
- r mun thereby gencrating discrete frequency tones related to the blade passage fre- RS
o NN
3 : . :
quency of 155 Hz. The measurement gnd contained 200 points (10 x 20) spaced at
. =
X intervals of 30 mm, centered 100 mm above the fan inlet. The intensity probe con-
~I
» . . .
» sisted of two 12.7-mm diameter microphones separated by a $0-mm spacer.  The
[}
increased mucrophone spacing was used to improve the accuracy of the intensity est- ,.\,."....
. o . Y
% mutcs at the first few harmonics of the blade passage {requency of 155 Hz. A mcasure- TN
AT
4 SN
- ment handwidth of 800 H2z was selected thus vielding nomunal resolution handw:dth of NN
L4 ,"J\‘ft q
' V128 e .
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Figure 13 is a schematic representation of the blower installation which shows
the orientation and relative size of the measurement arca located just above the blower
mounting plate. For this sct of data the measurements were made at spatial intervals

of 30 mm for an overall grid size of 270 mm x 570 mm. The cross spectral estimutces

were made over a frequency bandwidth of 6.4 kHz providing a frequency resolution of

25 1z, A smailer microphone separation distance of 12 mm was sclected to extend the

upper frequency range of the estimates.

3.2.5 Quiet Air Source

A senies of experiments were performed using the frequency domain expressions
Jeveloped in Section 2.2, “Frequency Domain Analysis,” to estimate the dipole source
strength of the noise generated on a single blade immersed 1n flow under various condi-
tions. This section contains a brief description of the apparatus designed to produce 4
tlow field suitable for such an analvsis. Details and results of the expenments per-

formed using this flow apparatus are described in Section 6.2, “Expenmental Invest-
gations Using Frequency Domain Theory.™

The design goals for the air source were as follows:

Low Noise. The residual acoustic noise level of the air source should be sutfi-

ciently low so as to produce at least a 10 dB ncreasc in radiated noise over a

broad frequency range when a single blade 1s inserted. This s a Kev feature of

the flow facility, hence the term quier air source.

Varable Turbulence.  There <hould be regions of very low turbulence uand
reqions oF high turbulence. The turbulence intensity should ranee tfrom 4

minimum of 1 percent to a4 maximum level ot 30 percent or higher A wide
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range of turbulence levels was found in the inlet of the model blower, and these

experiments should be performed under similar conditions.

Variable Mean Flow. The mcan flow velocity should be variable from 5 my/s to

15 m's (typical velocities in the model blower) at a particular point in space.

X
% 4
24 g

Minimal Acoustical Disturbance. All points in the flow ficld must be accessible

x
AR
x4, 5

and the entire flow apparatus should allow for unobstructed acoustic radiation

Lok A o

i&

from within the flow ficld.
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In order to satisfv the above design goals, a jet flow facility was constructed

-

producing a flow field in which two distinct regions existed: a ceuntral core region con-

8 0, N

»

Lol
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taining very low turbulence levels and a clearlv defined direction of mean flow, and a
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mixing region with much higher turbulence levels and large scale eddies characteristic

)
'I

£

of a transition layer. The key clements to the quiet air source are depicted in the sche-

Id

matc shown in Figure 14, The air supply was provided by the second of two mocel

M‘-"\"&"- Y %

blower assemblies constructed for this project. The blower was attached to an acous-

tically lined plenum which served as a settling chamber and transition to a 10 meter

»

>3y N
5

secticn of flexible acoustical duct. The blower, transition plenum, and acoustical duct

2

s

were installed below the raised floor of the hemi-anechoic chamber to minimize the

se s

background noise level. The duct was attached to a large opening in a floor tile upon

&

RS

which was placed a 0.7-meter long section of rectanguiar, acoustically lined duct

Y
s S Y
KRR

(Quict-DUCT® Silencer Type L manutactured by Industrial Acoustics Company,

)
»

Bronx, New York). The hinal component in the air path was a rectangular converging

.s l~

«

scction attached to the end of the acoustical duct which provided a small rectangular

onifice for the jet exat arca.  The converging section was 0.5 meter long with an inlet
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area of 390 mm x 300 mm and an exit arca of 110 mm x 23 mm for an area con-
traction ratio of 46.

The exit air velocity was controlled by varying the speed of the model blower
attached to the transition plenum. The maximum velocity attainable in the core region
was 16 m's. The aerodynamic and acoustic characteristics of the quiet air source will
be given in Section 6.2.2, “Quiet Air Source Characterization.” A photograph of the

quiet air source installed in the hemi-anechoic chamber is shown in Figure 15.

3.3 General Laboratory Facilities

A brief description of the acoustical facilities and instrumentation used for this
project is given in this section. For the most part commercially available instruments
were used during the research, so signal processing details will not be provided unless a

specialized approach was chosen for a task.

3.3.1 Acoustical Facilities

All of the experiments for the present study were performed at the IBM Acous-
tics Laboratory in Poughkeepsie, New York with the exception of the air performance
data which required the use of an air flow test facility iocalcd in the IBM Poughkeepsie
Thermal Laboratory. The three primaiy acoustical chambers at the Acoustics Labora-
tory are a reverberition room, a convertible, fully-anechoic chamber, and a hemi-
anechoic chamber.

All chambers are single-wall construction with either poured concrete or filled
concrete block. All floors are poured cor.crete on-grade construction with no floating
suspension.  The absorptive surfaces of both anechoic chambers urc nomunar 90-Hz

wire-protected fiberglass wedges.
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" The reflective plane of the hemi-anechoic chamber is a raised-floor construction
iy typical of that found in a data processing installation with 60-cm square floor panels,
ot
weighing approximately 14 kg each, supported by a structural grid. If required, a two-
I.
p..- speed, low noise air system supplies fresh air into the space under the raised floor of
A
. . . . .
2 the hemi-anechoic room. The air is then vented into the chamber through several per-
“ forated panels and exits the chamber via acoustically lined return air ducts. The perfo- "«
R e nf' +
- - . { J
;' rated floor panels are interchangeable with solid panels and thus may be arranged to '\‘;"\Nj
N o~ ‘
. . - . . . . . l~ ~
;" eliminate their influence on the measurements. Dimensions of the hemi-anechoic field
. . . LJ
) (1.e., between wedge tips) are 7.3 x 10.6 x 3.9 m high. ;'_E}
N S
: . : . . . . DY
o The 230 cubic meter reverberation room is populated with acoustical absorbers A
..S «..‘-':V(‘
> arranged to reduce the cffects of low modal density at frequencics below the statistical ﬁfh "
< , , : o
A lower frequency limut of the chamber. The reverberation room has been qualified for BN
» e
>, . . . . ) ST
W use in measuring noise sources containing discrete frequency tones at or above the 100 NN
~ r_:.-_.." )
. LA
N Hz one-third octave band [94]. AL
4 [ AP Be%.N:
Background noise levels in the chambers are quite low, due in part to the favor- E‘,%\,_
SO
- . . . . . . \:\?\
- able location of the Laboratory site relative to possible environmental noise sources. N
- b WA
- .F " -
- . .. . . S
- For most octave bands of interest, the minimum noise levels measured in the chambers ;!‘.\jx'
- Cn AN
) are limited by the instrumentation and not the environmental noise. Background noise
I . : . : . :
o levels in the hemi-anechoic chamber increase by about 3.0 dB on an A-weighted basis
-, .
" - - . . .
.- with the air system operating on high speed and about 0.2 dB on low speed, relative to
v _ L
‘ the air system powered off (which is of the order of 19 dB(A)).
p ,(i:
ol
w?
4 3.3.2 Instrumentation
R
> Some of the specific instrumentation setups were covered in Section 3.2, “Task-
DA
y Specific Test Setups.” This section contains a description of transducers and other spe-
) p p p
) o
N cialized instrumentation used.
\
‘
*I
Y, Chapter 3. Overview of Hardware Design and Test Facilities 70
K
e

- gt .- Wy  m, » g T e T e e T
) ",‘J‘I .-_. I'f )-r I!.'.\ ~ "a-" (""’f’f‘f Jl :{ "y ’:’ AN »
R A A o Sy S AN A SNSRI A M SA M A SN

\f\f\‘)’\f}
¥ 9,08,

= .‘-"-.;‘-_
Kl R X

AR ALY
AN X 3 Ay N Y



Varnious transducer types were employed, depending on the paramcter to be
mcasurcd. In gencral, sound ficld mcasurements utilized Brucl and Kjacr 12.7-mm or
6.35-mm diamcter condenser microphones; flow field velocity measurements were per-
formed using hot film anemometry from TSI, Inc.; and blade surface pressures were
measured using ecither microphones fitted with probe tubes or miniawure pressure
sensors manufactured by Kulite Semiconductors.

For measurements made in the hemi-anechoic chamber, both 12.7-mm and
6.35-mm diameter, free field response microphones were used; Bruel and Kjaer Type
4165 and Type 4135, respectively. A 12.7-mm diameter pressure response microphone,
Bruel and Kjaer Tvpe 4166, was used for the reverberation room mecasurements.

The hot film anemometry system consisted of a three-channel anemometer (TSI
Model 1054A) with integral lincarizers, a sum and difference module (TSI Model 1063)
for use with two-element sensors, and a variety of single- and two-element hot film
sensors. The linearizers and sensors were calibrated by the manufacturer for mean flow
using an end point calibration over the range of 0-30 m:s. The frequency response of
the sensors was checked following procedures specified by the manufacturer. The
internal oscillator produces a | kHz squarc wave in the Wheatstone bridge circuit and
the half-power response of the sensor may be cstimated from the time constant z. The
nominal measured bandwidth was 30 kHz or higher for all sensors used. Control resis-
tors were utilized with the sensors to provide the proper operating resistance. End
point calibration and stability were checked periodically during the experiments.

Blade surface pressure measurements were performed using either a 12.7-mm
condenser microphone fitted with a probe tube (Bruel and Kjaer Type 4165 micro-
phone and UA0040 Probe Kit), or a miniature pressure transducer manufactured by
Kulite Semiconductor Products, Inc., Ridgeficld, New Jersey (Model LQMIC-125-LT).
The Kulite sensors arc simular to those used in edge noise studies reported by Brooks

and Hodgson (17]. They are piczoresistive type sensors incorporating a strain gage
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ctched on a thin diaphragm. The nominal dimensions of the sensor are 0.76-mm thick,
4.4-mm wide, and 9.6-mm long. The circular sensing area has an overall diameter of
approximately 3 mm. A battery was used for the power source to minimize noise. For
an excitation voltage of 6 volts, the overall nominal sensitivity was 0.8 uV/Pa. Further
details concerning calibration and frequency response of both the Kulites and the
probe tube microphones are provided in Section 6.2.1, “Transducer Calibration.”

Signal conditioning was often necessary. For this purpose most of the signal
amplification and filtering was achieved using a two-channel signal conditioner (Ithaco
Model 454 preamplifier and Model 4112 filter). The filter-amplifier sets were calibrated
and verified to have minimal inter-channel gain and phase mismatch. The band pass
filters were nominal fourth-order Butterworth.

Signal analysis was performed using a two-channel digital signal analvzer
(Hewlett Packard HPS5420 FFT Analyzer), a two-channel sound intensity analyzer
(Bruel and Kjaer Type 3360), or a single-channel, one-third octave band real time ana-
lyzer (GenRad Model 1995). All FFT analysis was performed on the Hewlett Packard
HP5420 FFT Analyzer. The selection of a random signal type implements a Hanning
data window. A 3.2 kHz analysis bandwidth was used and signals were averaged over
256 or 512 ensembles. The cross spectral density estimates between the blade surface
pressure and the acoustic field at a distance of 200 mm implies a propagation time
delay of 580 us. Since this time delay is a small portion of the total time record used
by the analyzer for the 3.2 kHz bandwidth (7 = 80ms), the resulting time delay bias
crror was assumed to be negligible. The Hewlett Packard HP5420 FFT Analyzer was
also uscd to cnsemble average the velocity records acquired using the synchronized
triggering system. For these data, a total of 128 ensemble averages was used.

Some signal analysis was also performed using a digital oscilloscope with post-
processing capabilitics (Nicolet Instruments Model 4094 with software packages lor

waveform analysis, mathematics, and advanced acquisition). In particular, the steady
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and fluctuating velocity levels were obtained by sampling the hot film sensor output at
a rate of 1K samples/second (K equals 1024) for 16 seconds, and computing the mean
and rms levels from the stored data using the Nicolet software. The data were also
stored on diskette for further analysis. The low sampling rate of 1K samples s was
selected based on the maximum memory size of 16K samples per trace.

Frequently data were transferred to a computer for more cxtensive processing,
in which case an IBM PC/XT was used to communicate to the attached instruments
via the General Purpose Interface Bus (GPIB). The PC/XT was also used as a local
controller for various instruments, allowing repetitive tasks to be programmed, or,
occastonally acted to synchronize the acquiring of data among multiple instruments.

In cases where graphical output of the post-processed data was required, or
more extensive processing of the data was required than was feasible for a rather
limited PC microprocessor, the information was transferred from the PC environment
to an IBM mainframe host computer. The host-PC interface was implemented using
1 -2 IBM Personal Computer Graphics Attachment (IBM PCGA) emulation package.
The PCGA package consists of terminal emulation hardware and software which reside
in the PC and a graphics card which interfaces to the appropnate graphics display (in
this case, a high resolution, monochrome graphics display, Tektronix Model 614).

After transferring the data to the host, graphical display was obtained using pri-
marily two graphics packages; either GRAPHPAK, a VSAPL-based package con-
taining graphics utlities to be used in a user-written APL program, or, GRAFSTAT,
also VSAPL-based but menu-driven. Both graphics packages are also capable of cre-
ating device-independent graphics files which could be used for plotter output or for

direct integration into the IBM Document Composition Facility.
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Figure 8. Photograph of I
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Figure 15. Photograph of Quict Air Source Installed in Hemi- Ancchoic Chamber.  The Micro-
phone Positioning Systern shown in the photo was also used for positioning a hot
film sensor in the flow ficld for the purpose of ficld charactenzation.
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O Included in this section are results of three different types of measurements ':':::.‘
s ! ¢
b . ) ) ) el
made on the model blower in an effort to characterize the overall air performance. the B
" o 4 e
] radiated acoustic power, and the distribution of sound intensity near the blower inlet. R0k
X3 !
M . -PI-P
e . . : . “
»:::a Details of the measurcment methodology used for each set of experiments are given in :-.‘;-.
3 ": ;-‘_ v,
; ¢
the appropriate subsection of Section 3.2, “Task-Specific Test Setups.”
R
v vl
::: . . '\-:“\
b 4.1 Air Performance SN
"l‘. ~* w.
Y nz, Y
.88 4%
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{f‘ﬂ The overall air performance of the model blower is given in Figuie 16 where e %Z
. Qo)
e . .. . . . !
h the head-flow relationship is plotted. Since the model blower is a 2x scale model of a .\_ o
A d
o :‘ . hY
2 half-width version of the reference blower with the same tip speed Mach number, an 10
& P sp °
p é estimate of the relative air performance of the two blowers using the fan laws of "%;S
iy : : o . l
/ : Equation (3.1) and Equation (3.2) indicates that they should provide the same amount ﬁ%
[}
v . . . )
e of air moving capacity. 3,
) @
W . . . , oo
&: o For convenience, a least squares curve fitting process was applied to the empir- P‘"
X ’ L
j ical head-flow data to produce approximate expressions that were uscd to cstimate the c'.:i,t
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) . L 2% o
« pressure head P from the flow Q, or vice versa. AL
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by = 2.4125 x 102

2 = 2.4545 x 10!

a, = —-1.3826 x 10~} b, = 3.6601

a; = 5.5515x 104 b, = -4.1015

a; =9.9431 x 10-¢ by = 5.8730 x 10!
a,=—-9.872d x 10-8 by == —3.2484 x 102
ag=2.1029 x 10-10 bs = 5.8926 x 10~4

and the pressure and flow rate are in mm of water and liters/s, respectively. These
cx;.essions were found to be useful for estimates of the flow when performing tests
with the model blower attached to the INCE test plenum, where only the static pres-
sure was known.

The design point is the operating point associated with the most efficient opera-

tion of an air moving device. The terminology used here for the design point is the

best efficiency point or BEP. The BEP for the model blower is indicated in the effi-
ciency curve given in Figure 17 and in the head-flow curve of Figure 16. Most of the
aerodynamuc measuremenis were made with the blower operating at the BEP. Specif-

ically, determination of the mean and fluctuating velocity components was done at the

BEP of the model blower. Sound power determinations discussed in Section

4.2, “Sound Power,” werc made over a range of operating points, including the BEP.
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4.2 Sound Power

The sound power spectral density of the air moving device was obtained using
standardized reverberation room methods [4] The comparison method was used uti-
lizing a Bruel and Kjaer Reference Sound Source Type 4204 calibrated in one-third
octave bands by the manufacturer. The use of narrow band FFT techniques required
an additional, secondary source calibration which was performed in the IBM
Poughkeepsie Acoustics Lab using the free-field over a reflecting plane methods pre-
scribed in national and international standards (3]

In all cases the blower assembly was attached to the INCE test plenum which
was installed in the reverberation room. Narrow band and one-third octave band
sound power levels are shown in Figure 18 and Figure 19. The data have been
A-weighted to emphasize the mid frequency range dominance of the noise. The narrow
band spectra show no indication of the blade passage frequency tone normally attribut-
able to rotor-stator interactions in the vicinity of the cutoff of the volute. For a rota-
tional rate of 1780 r/min and 26 blades, the frequency of the tone is 770 Hz. The
design objective of minimizing the discrete tone noise due to proximity of the blade and
tongue thus was achieved. The primary frequency region of dominant random noise
from 250 [1z to 2500 Hz is also apparent from the power spectra.

The cffect of operating point on the radiated noise is clcarly demonstrated by
the decrease in noise levels as the BEP is approached. Not only do the overall levels
change, but so do the spectral distributions, although not very dramatically for this
particular air moving device. This was pointed out by Maling [57] who obtained an
empirically based characteristic spectrum for a family of blowers which was dependent
on the point of operation; that is, a change in the point of operation was accompanied
by a spectral redistribution of the acoustic energy. This phenomenon is consistent with

the fact that the incidence angle of the flow is directly related to the volumetric flow
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rate through the blower (see Section A.3, “Cascade Analysis and Terminology,” and
Scction 5.3, “Measurcments Applied to Cascade Analysts,” for further discussion of

the incidence angle effects).

4.3 Sound Intensity Distribution

1 an effort to characterize the radiation field in the vicinity of the inlet to an
air moving device a set of experiments was performed to measure the distribution of
active acoustic intensity in a plane centered on the air moving device inlet. Details of

thc measurement procedures are given in Section 3.2.4, “Microphone Positioning

Y
Al )
&

0
4

System.” This section contains the experimental results. Results of the axial fan mcas- ,::::;:;
urements were published previously in Reference {97], but the centrifugal blower data e
are new.
The axial fan was mounted in the plane of the reflective floor discharging air
under the raised floor. A typical intensity spectrum of the fan opcrating at frce
delivery is shown in Figure 20. The intensity distribution of the fan was examined at
the fundamental blade passage frequency, at several harmonics, and at other frequen-
cies not related to the rotational speed of the fan. For most of the frequency spectrum,
radiation of energy from the fan inlet was uniform and propagating away from the fan
with little or no recirculation. This was true even for the second and third harmonics
of the blade passage frequency. However, an acoustic recirculation zone was apparent
for the fundamental blade passage frequency in which the active intensity vectors were
directed toward the fan. This is shown in Figure 21. Rccirculation of acoustic energy
is characteristic of multipole source radiation or multiple cohcrent source interactions.
See Reference [28] for examples of the intensity field of complex sources. The recircu-

lation indicated for this configuration is consistent with the complex acoustic source

distribution cstablished by the partially coherent rotor-stator interactions distributed

Chapter 4. General Blower Characterization 88

LA T LY LT »

f
BN N WS

X '.'.‘..‘ "".-‘ N }(:':: .‘-(-‘I‘“-J\' % P ] \J‘;’d‘\-’\ ::(:‘.\"(;- \}\-f\}'."‘.{:{{\{‘-
AT NS VR, VLY s ! R N R X 2

[
. i

NN N N




"o - -

¥

Fa el

over the periphery of the fan. The interactions could also be the result of nonuniform
blade tip clearance which would cause modulation of the inlet field. Whatever the
cause for the apparent acoustic source interactions, they arc manifested in the intensity
field near the inlet of the air moving device.

In order to measure the intensity field of the model blower, it was installed in
the hemi-anechoic chamber in an orientation accessible to the scanning apparatus (sce
Figure 13 for blower installation details). “The intensity spectrum of the model blower
contained no indication of discrete frequency energy. This is in contrast with the fan
noise which is dominated by narrow band energy related to the rotor-stator inter-
actions. As a result a much wider bandwidth was used in which to examine the
acoustic intensity field distribution; 25 Hz for the blower experiments and 3 Hz for the
fan data.

The intensity distribution was measured over an area 570 mm x 270 mm high,
centered over the blower inlet. In order to reduce the effects of wind gusts for points
near the discharge area of the blower a thin sheet of 6.35-mm thick acoustical foam
was stretched loosely over the blower exit area. The 60-cm x 120-cm foam sheet was
sccured at both ends and placed so as to deflect the exhaust air from the sampling
region. A thin sheet of plywood was used to support the blower assembly in the
upright position. The plywood support was angled away from the discharge arca and
covered with acoustical foam to minimize its cffect on the radiated intensity field.

The 200-point intensity distribution for the frequency band centered on 675 Hz
is shown in Figure 22. Comparison of this with the fan data indicates that the source
interactions present in the fan are not manifested in the radiated intensity field of the
centrifugal blower. This is not surprising since, for the fan, at the frequencies not asso-
ciated with the rotation of the blades the intensity distribution was quitc uniform
showing no signs of complex radiation patterns or recirculating acoustical energy. In

order for source interactions to occur the source distribution must be at least partiaily
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% seif-coherent. That is, there must be a statistically dependent feature of the multiple ‘Q r::
[y i O '0
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4 sources involved with the noise generation process. For rotating, random. aerodynamic ':;".;:',

sources, where many statistically independent source regions comprise the total source, i.""n

o 94
" . . . Mol
::g‘ interactions between regions are not expected to occur. "'?r"
(%) ')
W . . ) AARN
o In summary, it was found that the detailed structure of the centrifugal blower . )
.:.' (NS ANs

source mechanisms is not manifested in the active intensity radiation patterns, even T
e st

. . . ) .. eyt
P within a fraction of a wavelength of the blower inlet. Some features of the radiation :':::‘.::::
¥ 01 t
N . . . . . Wt
.:,: field of complex multipole source configurations were found in the intensity fields of an ::::‘,:.::}
11,3 LS.

axial air moving device, indicating the feasibility of local source interactions. These « ' ‘::
o : . . , u
,::" phenomena were associated with rotor-stator source mechanisms and were less promi- $ ’:::
& . . . Y
:{:‘ nent at the higher order harmonics of the blade passage frequency and nonexistent for o .::,.
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Chapter 5. Aerodynamic Measurements in Model Blower

A key component to understanding the aerodynamic noise generation mech-
anisms in an air moving device is a knowledge of the mean flow ficld in the vicinity of
the air moving device rotor. This information is crucial for making estimates of the
distribution of noise sources since aerodynamic noise generated by an airfoil immersed
in flow is largely determined by various parameters of the steady and fluctuating flow
field. Measurements were made of the mean and turbulent velocities near the leading
and trailing edges of the impeller blade while the model blower was operating at the
design point. Results of these measurements are presented in this chapter. Informa-
tion regarding the mean flow conditions is then used to make estimates of the incidence
aﬁgle, an important parametcr for the analysis or design of an air moving device.

These data are preceded by a general discussion of the flow field based on flow visual-

ization experiments.

5.1 Flow Visualization

The importance of flow visualization cannot b;: overemphasized. A qualitative
knowledge of the flow field can be used to formulate alternative approaches to the
overall air moving device design, and is indispensable as a first step to a more detailed
investigation of the flow field using anemometry or laser doppler velocimetry tech-
niques. There are many different ways to visualize the steady flow.' Most direct-

injection methods use either neutral hehum bubbles or smoke as the visualizing agent.

' See Chapter 7 of Reference [34] for a good review of the subject.
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For the present study, the smoke-wire method was chosen because of its simplicity and
because of the improved spatial resolution afforded by the fine smoke streams over the
smoke-tube method. Another method of flow visualization, minituft probe, was used
at various stages of the project as a means for crudely determining the general align-
ment of the flow in a particular location inside the blower or in other air streams. This
mcthod was used only where smoke strcams were not feasible.

Fine smoke strecams are generated when a thin resistive wire coated with an oil
film is heated. The heated oil forms discrete droplets due to the surface tension of the
fluid which vaporize to produce smoke strcams. [f immersed in a low-turbulence flow
ficld, the streams are entrained by the flow and remain coherent for several centimeters,
following the streamlines of the flow. The effectiveness of the smoke-stream method

depends on the flow being laminar. This means the wire itself must be quite small to
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keep from producing a disturbing wake. A maximum Reynolds number of 20 based on

Y
LY

[
e

Ps
h
&

Y
v

f‘. A

s R

v
.. s

the wire diameter has been suggested {34}, but, for an average flow velocity of 10 m/s,

that would require the use of a wire only 31 microns in diameter! This was not fcasible

¢
4

s

as the wire must withstand a considerable amount of heat in order to vaporize the

N N ST

fluid.n

After trying several wires, the best compromise between durability and size was

achieved using a 0.38-mm diameter steel wire. The Reynolds number was reduced by

W’
[AASR
X

L/
f,

moving the wire back from the inlet of the blower thereby reducing the local velocity.

The duration of the vaporization, smoke density, and required current through the wire
are all interrelated. By reducing the cooling effect on the wire via a smaller local
velocity, a lower current could be used thereby increasing the lifetime of the wire and

at the same time increasing the duration and density of the smoke strcams. Common

" The inlet velocity of 10 m/s was taken from Table 2 in which the velocity was calculated for

the BEP volumetric flow rate through the inlet orifice.
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mineral oil was found to produce streams which lasted longer and were more dense
than thc modecl-train smoke frequently used for this purpose. This was probably duc to
the high natural viscosity of the mincral oil which allowed a thicker coat of oil to
adhcre to the wire.

Smoke streams were used to visualize the inlet flow field of the model blower.
The oricntation of the wire rclative to the blower inlet is shown in Figure 23 on
page 112. The blower assembly was attached to the INCE test plenum to maintain
the proper operating point. All flow visualization experiments were performed with the
blower operating at the BEP. The oiled wire was stretched horizontally across the inlet
area of the blower and located approximately 10 cm upstream of the inlet orifice. The
horizontal wire orientation prevented the oil droplets from creeping along the wire
during vaporization, which was a problem when oriented vertically. Wetting a suffi-
cient portion of the wirc allowed the flow across the cntirc width of the inlet to be
visualized with each run. Appropriate selection of the height of the wire allowed
various inlet regions to be visualized.

Documenting the visualization expcriments was challenging. The lighting con-
ditions were poor in general, cspecially when attempting to photograph refl~ctive sur-
faces such as an aluminum impeller. To complicate the situation the smoke strcams
only last for 1-3 seconds for cach run. Many have devised timing circuits to automat-
ically trigger photographic equipment at the precise moment of optimal smoke density.
One such circuit is described in Reference [34]. After unsuccessful attempts at real time
photography, 1t was decided to capture the events using video equipment and photo-
graph the vidco display during playback at a later time. This approach produced good
results, and has the added value of repeated views of the flow phenomena.

The wire was positioned at several heights, covering the entire inlet ficld. A
photograph of a typical flow pattern is shown in IFigure 24 on page 113. Since it was

particularly difficult to obtain clear photographs from the marginal-quality video
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1 recordings, the following discussion on the observed phenomena and trencs is based on

o repeated viewings of the flow using video playback.
oy
¢ Uy . . .
o Efficient Method. The smoke-stream technique was a very effective method for
i
(N .. . . . . . . .
e obtaining useful information with a relatively small investment in time or equip-
ey y quip
" ment. While high-quality documentation is difficult, reasonable resuits were
y ¢
0 btained usi d hrome video equi
o obtained using consumer-grade, monochrome video equipment.
)
b
-!l'
. Sensor Orientation. The use of single- or multi-element hot film sensors in flow
l.'
* . .. . . .
:’:u requires a priori knowledge of the general direction of the mean velocity vectors.
&
1d . .. . . .
g The flow visualization studies showed that the flow in the inlet of the blower
w y
was characterized by a strong axial component near the inlct which was con- . ,-._‘;._.
b B
SEEAS
P verted to radial through-flow from the midspan region to the hub. This infor- S
ey e
0N . . . ) LR MY
: j mation allowed the use of a single-element hot film sensor oricnted parallel with g‘}‘-s\
¥ N ¢
L the axis of rotation, and placed near the blade leading edge for determining the :
. DY
. radial component of the mean velocity. This particular orientation took advan- AN
4 s
" . . .. o e .. . s
,;!\: tage of the cosine directivity charactenistic of the hot film sensors t0 minimize E "
L) .
M . ’ =
the effect of the axial component. 7"".
.1 -
-
5 :
i Velocity at Leading Edges. The photographs indicate that, at the inlet to the
\d
| . . .
blade channels, the tangential component of the mean velocity is almost negli-
d . . . . . .
!::‘ gible. That is, there is very little swirl in the inlet flow field.
q
f
o
‘t',..
\ Flow Nonuniformities. Both spanwise and circumferential inlet flow nonuni-
o formitics were observed. In the spanwise direction, over most of the crcumier-
» .
2 ence, the region near the inlet was dominated by purcly axial flow with little
i ]
l"‘, . - . . . . . ~ -
evidence ol air being ingested into the blade channels. In the circumicrential
2%
R - : AL
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direction there was a deficit in the ingested flow in the region near the cutoff
and downstream of the cutoff. Both of thesc trends were confirmed by the hot

film scensor data.

Large-Scale Turbulence. As the smoke streams neared the inlet to the blade
channels they became unstable and began to deviate in a random fashion from
the projected path — dancing streams. This phenomenon is believed to be due
to large-scale, high-lcvel turbulence in the inlet region. It was not duc to
ingested eddies from the external environment, otherwise stream dancing would

have occurred upstream of the blade channels closer to the bellmouth inlet.

Further discussion of the overall flow distribution in the blower impeller is provided in

the next section.

5.2 Blade Channel Inlet/Outlet Velocities

The flow field of centrifugal devices has been studied by many rescarchers
[2, 26, 27, 35, 36, 42, 43, 61, 78, 79, 83]. While some studies concentrated on high-
speed compressors and others on low-spcéd centrifugal blowers, all results indicate a
common trait among device flows patterns; the detailed flow structure is very complex
and usually exhibits considerable secondary flow mixing. A complete understanding of
the details of the internal flow patterns has eluded investigators. The objective of this
phase of the research is to obtain a gencral understanding of the overall flow distrib-
ution inside the model blower using a conventional anemometry svstem and straight-
forward measurement procedures. The intent is to be able to confirm fundamental
flow characteristics typically found in simular air moving devices, and to use this infor-

mation to better understand the distribution of, and mechanisms responsible for, acro-

Chapter 5. Aerodynamic Measurements in Model Blower 101

L]
! \ ' "N ) Y P, 0N TR LSS SE N Yo Y Y 3. A T S E R L S L A
DI WNY AT AN IR X e el .s. I BT RO t RSN KPR

1] » .l “ “
e
O
'.'...'l" )

() .'l ..‘ ".
SCSCACY

[ ]
O
,.ia"::'
R
e
e




-
-~

(At

S a s

L 8

- -

T x L X .

dynamic noise sources. An underlying premise in this approach is that for a given
volumetric flow rate and static pressure, the minimum noise level is achieved with a
uniform distribution of the flow through the impeller, all other things being equal.
Quantification of the mean and turbulent flow was achieved via measurement of
the flow velocitics at the leading and trailing edges of the impeller blade channels.
Details of the measurement procedures can be found in Section 3.2.3, “Blade Channel
Inlet/Outlet Velocity Determinations,” and will not be reiterated here. In general, the
mean and rms radial velocity levels were measured at the inlet and outlet to the blade
channels at several locations in the model blower. The measurement sampling grid is
shown in Figure 10. A particular measurement location is identified using an alphanu-
meric code. For example, L/3E denotes the leading edge, circumferential position 3,

and spanwise location E.

5.2.1 Mean Flow Distribution

The basic stecady flow structure through the blade channels is exhibited in
Figure 25 on page 114. Proper orientation of the hot film sensor enables discrimi-
nation against axial flow at the lecading edge and tangential flow at the trailing edge,
thus providing an approximate measure of the radial velocity component at both
locations.!? At the leading edge (L/1C) the flow deficit is due to the passage of the

blade edge and the associated boundary layer. The upstream effects of the complex

2 On the inlet, the sensor directivity allows measurement of the radial velocity by onenting the
scnsor parallel with the axis of rotation (assuming a small tangental componcent). At the cxat
of the blade channels, alignment of the sensor perpendicular to the axis of rotation produces an
output proportional to the vector sum of the axial and radial components. lHere, the axal

component i1s known to be neghgble.
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channel flow are evidenced by the periodicity in the velocity profile as the flow cnters o 0 _m,,
ittty
the blade channel. The channel profile is slightly skewed toward the suction side of the ,ﬁ}
blade channel on the inlet.® At the trailing cdge the wake structurc of the bl le ;NE} S
L%, L
Lo S
. . . . b4 ety
channcl is more pronounced with a clearly defined region of high through-flow near the DY
W W
center of the blade channel associated with lower flow velocities near the blade sur- My
faces. This general wake structure is typical of flow in centrifugal blowers. For the T
:":"'y v
AN AN
data presented in Figure 25, a slight skew of the radial velocity profile exists in the "f-\':: A
NG
. . . . . . U
q inlet prefile and is further developed at the exit. The skew in this case is toward the . v:$0
suction side of the blade channel. This is consistent with data presented in [27], but -,g\h .
L] 3
f LY
inconsistent with profiles measured by Raj [78]. ":t'qi s
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. N . A . . S
Relative levels of the total velocity v and the radial velocity v, arc given in '*-ﬁ:." )
LY )
Figure 26 where the trailing edge velocity components (locatien T, 1C) were resolved woe .:;
EN AN
. . . . - - i AN Y
using two sensor orientations. The increased level of v over v, implies a strong '::‘:.\:'-'_'.
RGN
tangential velocity component. This is to be expected at the blade channel cxit as a }:;;23::
x
result of the transfer of cnergy from the impeller to the fluid, and the effects of the '-"",'.-
o
y l- \ I'
AT
forward-curved blade shape. RSN
Jon X
L . . . , AN,
Mean flow nonuniformitics were found in bath the circumferential and spanwise Wt
FLEFRLNY,
directions. Those results are presented followed by a discussion of the distribution of ‘p_‘g,
N
LN L
turbulent cnergy based on the measurement of turbulence intensity levels. ':-:.,-:"‘,,
et » o~
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In the circumferential domain there was a general tendency for the flow to ".'-':'i\_-'\:.
_ ‘ , o AR
migrate toward the portion of the scroll opposite the cutoff region (i.c., toward regions ®
e
. . . . . . *u .
6, 7, 8, and 1). This trend is depicted in Figure 27 on page 115 for the lcading edge a.'{"':::[
’ TS
. . g . ! “ { “
! and in Figure 28 for the trailing edge. For both the blade channel inlet and outlet, the ”’_;‘E: -5‘5
. g . | VDN
, data shown was taken at the position nearcst the hub (position E). The velocity pro- o ‘. }
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files measured in the circumferential regions near the cutoff (position 3) and down-
stream of the cutoff (positions 4,5) did not fluctuate with the passage of the blade
channel and therefore are not indicative of the jet-wake pattern characteristic of flow
through a blade channel. This trend of low through-flow downstream of the cutoff was
observed at all spanwise positions between midspan and the hub. The aperiodic traces
indicate a strong tangential velocity, but the direction of flow cannot be determined
with the present measurement procedure.

The second region exhibiting reduced through-flow was found to be over the
entire circumference, but just in the spanwise region near the inlet shroud (i.e., posi-
tions A and B in Figure 10 on page 79) The effects of the starved inlet areca were not
as prevalent at the Icading cdges as at the trailing cdge, but nevertheless did exist in
both areas. The measured radial velocity profiles for position 6 (225° clockwise from
the top of the scroll) are shown in Figures 29 and 30 on page 116 for the leading and
trailing edges, respectively. The jet-wake pattern characterizing dominant blade
passage through flow is significantly enhanced for the regions near the hub (positions
C, D, and E). Through-flow in the leading-cdge inlet shroud area (positions A and B)
however is lower at position A and marginally lower at position B than at the inner
hub positions C, D, and E (see Figure 29), and for the trailing edge the cffect is even

more pronounced (viz., positions A and B in Figure 30).

The mean flow patterns are best summarized by averaging the radial velocity

data across the blade channel and examining the circumferential variation at both the
lcading and trailing edges. The data presented in Figure 31 are for the leading cdge
variations, and the trailing edge data are shown in Figure 32. Caution should be exer-
cised in averaging data of this type since the effects of a strong tangential component
at the leading edge and a strong axial component at the trailing edge are inherent in
the sensor response. The resulting average may not display the same trends which

were obtained from inspection based on periodicity information. In this case the aver-
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aged data do exemplify the flow patterns just discussed. In particular, at the lcading
cdge (scc Figure 31 on page 117) a wide variation in the average velocity across the
span occurs ncar the cutoff which indicates a nonuniform flow profilc across the blade
span. At other circumferential locations, the reduced flow necar the inlet shroud is
depicted by the lower average velocity at position A. At the trailing edge (sce
Figure 32) the through-flow deficit at and downstream of the cutoff is quite pro-
nounced. In addition the reduced flow region near the inlet shroud is evidenced by
lower average flow velocities at positions A and B. The final simplifying step was to
average over one more dimension producing traces in Figure 33 and Figure 34. The
general trends previously discussed are clearly shown in these two figures.

This completes the mean flow distribution pattern identification. A brief dis-
cussion of measured turbulence levels will be presented next, followed by use of the
mean flow data to estimate incidence angles in Section £.3, “Mcasurements Applied to

Cascade Analysis.”

5.2.2 Turbulence Intensity Levels

The turbulence intensity (TI) levels were mcasured in the lcading and trailing
edge arcas at 8 circumferential locations. (positions 1-8 as dcfined in Figurc 10 on
page 79), all at the mudspan position C. The same sensor oricntations were uscd for
TI determinations as for radial mean velocity mecasurements; that is, parallel to the axis
of rotation at the lcading edge and perpendicular to the axis of rotation for the trailing
edge. Care was taken to ensure that the triggering circuit was stable, and this was
verified by visualizing the frozen blade row during the measurements. Variability in the
trigger location could produce excessively high T1 levels due to the spatial vanation in
the mean flow patterns (i.c., jet-wake profile). [t was also important to avoid any dis-
turbances in the inlet flow ficld during these measurements which might result from

inlct obstructions such as the measurement apparatus or other support hardware.
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The turbulence levels were generally quite high, considering that upstream of
the inlet TI levels of approximately 1-5% were found. Figure 35 on page 119 shows a
typical turbulence velocity profile taken at the midspan position, trailing edge,
circumferential location 1 (top of scroll), superimposed with the corresponding mean
velocity (SS and PS in the figure correspond to suction and pressure side locations,
respectively). This particular trace was not normalized to the local velocity to yield
turbulence intensity in percent because of the periodic nature of both the mean and
rms velocities. There is useful information in the time history of the velocities (viz., the
relationship between periodicity and through-flow) that would be lost or distorted if
normalized. Two features of the turbulent flow are demonstrated in Figure 35 that

werce found at most of the other locations around the impeller:

. The turbulence profiles were periodic at both the leading and trailing edges of
the blades. The rms velocity levels depended not only on the spatial location
around the impeller (i.e., circumferential, spanwise, and chordwise), but on the

specific location relative to the blade channel.

i The spatially periodic turbulence levels were consistently higher near the suction
surface of the blades with reduced turbulence near the pressure surface,
although at some trailing edge locations the region of increased turbulence
nearly filled the entire blade channel. This is consistent with separated flow or
shed vortices from the suction surface of the blade, and a steady, turbulent

boundary layer on the pressure side.

The overall trends in turbulence are demonstrated in Figure 36 which 1s a plot
of the turbulence level averaged across three blade channels for measurements taken at

the midspan position €. These data have been normalized to the local velocaty to
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produce turbulence intensity in percent of the mean radial velocity. Normalization

l**
\J .
does not cause any distortion in this case since the spatial fluctuations have been aver- M 4
) L J
aged out. The two primary features of the turbulent ficld are: REN AN
:\'jx.::t:\
RONLAG
RGNy
. At the leading edge, excessively high turbulence intensity 1s present at the scroll Ay
cutoff and downstream of the cutoff region. Turbulence intensity in these areas RN
PN
- . . !-‘ " ‘. .. )
is markedly higher than over the rest of the scroll circumference, and even R
RS A
. . . . TN
exceeds levels at the trailing edge. This phenomenon is characteristic of the A
turbulent, low through-flow aerodynamic field which exists in this region as dis- r(tf ,‘;&.‘;
. . . INNNDE
cussed in the previous section. A
Cp o
5*‘-{_ N
;'?'Q‘Q-Tm
. : . o
. In regions other than at the cutoff, the turbulence intensity levels are signif- NPENLY
;\':'\.':'.':\'
icantly higher at the blade passage outlet than at the inlet. This phenomenon 1s AN
SN
. . . . AN g
typical of blade chanrnel flow and is consistent with results presented by other .}-{_j‘w

researchers [78].

It is also interesting to note that the turbulence levels are in fact quite low over most
of the blade channel inlet area, thus indicating relatively smooth inlct conditions; that

is, minimal cffects from inlet protuberances.

5.3 Measurements Applied to Cascade Analysis

A general cascade analysis approach is presented in Section A3, “Cuascade
Analysis and Termunology.” This section will build on the model established in that
scction and employ data from Section 3.2, “Blade Channel [nlet,Qutlct Velocities,” on
the mean flow velocities to estimate the incidence angle of the flow rclative to the

tangent leading edge camber line of the blade.
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Knowledge of the rotational speed of the impeller, the blade geometry, and the
mean flow velocity relative to a fixed reference frame allows calculation of the inci-
dence angle.'* A typical inlet velocity profile was shown in Figure 25 which indicated a
mean radial velocity range if 5-10 m/s with the low end of the range corresponding to
the flow at the blade surface. It has generally been assumed in this investigation, and
verified through-flow visualization, that the tangential flow at the blade channel inlet is
negligible; thus the measured velocity vectors have been referred to as radial compo-
nents.

For a rotational speed N of 1780 r/min and impeller blade leading edge radius r

of 64 mm, the tangential bladc speed U is

U=Qr=2ax NJ60)x r= 12 m/s (5.1)

A cascade is defined as the intersection of the blade row with a stream surface.

Assuming a negligible axial component, the intersection of the stream surface with the

blade row produces a simplified two-dimensional cascade flow model. This assumption

is valid at the trailing edge across the entire blade span, and at the leading edge for the
inner blade span near the hub. There remains some question about the axial flow at
the leading edge near the inlet shroud, but there is such low through-flow in this region
that the applicability of this simplified cascade analysis is a moot point. From the
velocity diagram shown in Figure 79 on page 196 the inlet fluid angle 1s the angle
formed by the flow velocity and the normal to the line connecting the blade tips (i.c.,

the pirch line). The inlet blade angle is determined by the geometry of the impeller and

 The incidence angle, as defined 1in Section A3, “Cascade Analysis and Terminology,” 1s the

angle between fluid flow and the blade camber line at the inlet to the blade.
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is defined as the angle between the normal to the pitch line and the tangent to the

camber line at the leading edge of the blade. Thus, the incidence angle, 1, is the differ-
cnce between the inlet blade angle y*, and the inlet fluid angle y,. For the design point
of the model blower, the radial velocity at the leading edge in the midspan region is of

the order of 5 m/s. Thus, the inlet fluid angle is approximated by

y, = tan™’ xtan” 2 =67 (5.2)

vl

Therefore, since the blade angle is 15°, the incidence angle is 52°. The incidence angle
1s schematically depicted in Figure 37. This simplified analysis has assumed a negh-
gible tangential velocity component. If in fact, the measured velocity component (35
m/s) contains a tangential component such that the inlet swirl is in the direction of
rotation, then the incidence angle of 52° would decrease by an amount equal to the
angle between the radial unit vector and the direction of the actual vector sum of the
radial and tangential velocities.

i

As discussed in Section A.3, “Cascade Analysis and Terminology,” the inci-
dence angle is an important factor in the design of an air moving device and provides
some measurce of the flow geometry over ihc individual blade. It is sufficient to say
that for this particular impeller configuration, the incidence angle deviates significantly
from an ideal of grazing incidence. Excessive incidence angles can lead to flow sepa-
ration over a large portion of the suction surface. Separated flow over the blade sur-
faces has the compound effect of directly generating excessive noise due to the local
turbulence, and, decreasing the air moving device efficiency (which has an indirect
cffcct on the noise level by requiring a larger air moving device for a given pumping

requirement).  The cxperimentally determined information that 1> 0 will be used to
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develop a fluid flow model using numerical techniques. This topic is covered in Section

6.1, “Results of FLUENT Model of Single Blade.”

5.4 Conclusions

Mecasurements have been presented on the mean and turbulent flow field dis-
tribution in the model blower operating at the design point. This information has been

coupled with the flow visualization experiments to reach the following conclusions:

L. The mean flow in the model blower is nonuniform in both the circumferential
and spanwise directions. There is evidence of a flow deficit over the entire cir-
cumference for the spanwise region near the inlet shroud covering the outer
20-40% of the blade span. There is also a region just downstream of the scroll

cutoff in which the flow through the blade passages is deficient.

2. The turbulent field exhibited high turbulence intensity levels over most of the
circumference at the trailing edges, and near the cutoff region at the leading

edges. This pattern is consistent with item 1, above.

3. The turbulence levels measured at the leading edges increase significantly in the
low through-flow region just downstream of the cutoff. This is due to the
random nature of the flow field in that region possibly due to insufficient scroll-

to-blade-tip clearance.

4. Mcasurcment of the mean flow velocity at the inlet to the impeller enabled esti-
mates of the incidence angle. These estimates indicate an excessively large inci-

dence angle which could cause an enlarged scparation region over the suction
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surface of the blade. This behavior is consistent with the circumferential dis- Y, :::?;
&

tribution of turbulence within a single blade passage at the blade channel exit tary ,:::}-
which shows increased turbulence near the suction surface side of the blade :‘%%
v

channel exit.

The above conclusions are in general agreement with previously published data (78], AN

with a more extensive treatment of the blade channel inlet region presented here.
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Figure 23. Schematic of Flow Visualization Setup. The wire was positioned so that the streams
were ingested into the inlet at various locations. Fach row of streams provided infor-
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Chapter 6. Single Blade Investigations

Several experiments were performed using a single blade from the model blower
impeller immersed in a controlled flow field. In addition, the two-dimensional, steady
flow over a single blade was modelled using a numerical fluid flow modeiling program.
This chapter contains the results of those efforts.

In a general sense, the broad band, random noise generated in a low Mach

]
number centrifugal blower is due to turbulent interactions with the rotating blade row ‘}*
.
RS o
and with the stationary housing. Aerodynamic source identification within the air :'_\.';\‘_;
A Tt
S,
. : : : hTara
moving device requires knowledge of the flow field causing the turbulence, and an ',}?\CNE_

oy

understanding of the relationship between the flow field and the resultant noise gener-
ation for that particular geometry and flow condition. The results of experiments
aimed at understanding the details of the flow distribution in and around the blade row
were presented in Chapter 5, “Aerodynamic Mecasurements in Model Blower.” Investi-
gations similar to these have appeared in the literature in the past.

The next logical step would involve direct measurements of the blade forces and "

correlations of these with the radiated noise. Several investigators have been successful o

SR

. i . . N

at measuring the blade surface pressures in an operating impeller; however, attempts at BV
- : RSN
determining the strength of the correlations between local blade aerodynamic forces meaTTs
AN

and the generated acoustic noise, if any, have not been successful, or at least have not
appeared 1n the literature. This is not at all surprising considering the complexity of
the problem. Assume, for the sake of discussion, that the noise is due entirely to the
fluctuating normal forces on the blade surfaces. f the overall source region on each
blade surface is taken to be comprised of a collection of sub-regions, each with time
histories that are statistically independent from any other sub-region, then the col-

‘ection of independent sources distributed over the entire rotating blade row may be
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treated as a multiple input/output problem. Even if the turbulence-induced blade

surface pressures are well correlated over each entire blade (which 1s an unlikely
assumption) but independent from blade to blade, spectral analysis methods would
involve measurements between signals with a noise-to-signal ratio of approximately 14
dB (for a 26-bladed impeller). This, coupled with the added difficulties of performing
measurements in a rotating frame of reference, force the conclusion that it is an impos-
sible proposition, given current experimental technologies and signal processing tech-
niques.

The approach taken for the research reported in this thesis was to isolate a
single blade in a controlled flow field under favorable acoustical conditions (i.e., non-
rotating frame, and no nearby reflecting surfaces) and use the information obtained
under those conditions to infer simular behavior in an operational blower. The disad-
vantages of using the single blade as a model of a blade in an operating, rotating

impeller are:

. The primary energy transfer mechanisms in the impeller (centrifugal forces on

the fluid) are not present in the model.

. Isolating a single blade in the flow field neglects the possibility of inter-blade
interactions.
. An important fiteld parameter in the rotating impeller ts the local hydrodynamic

pressure gradient over the blade surface. This is impossible to control in the

free jet flow used for the single blade investigations.

Despite these shortcomings, the single blade analysis establishes a solid foundation for
the understanding of the active noise source mechanisms. In addition, using the know-
ledge gaincd as a result of the aerodynamic measurements made on the operating

blower (see Chapter 5, “Aerodynamic Measurcments in Model Blower™), the flow ficld
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over the single blade immersed in a jet flow can be made to approximate realistic con-
ditions by proper placement of the blade in the spaually varying ficld. Blade-to-blade
interactions can be accounted for to some extent by the use of a cascade imbedded in
the controlled flow. While this was not done for this project. cascade analvsis repres-
ents a natural extension of the current work. Also, the analytical approach presented

in Chapter 2, “Theory of Aerodynamic Noise Generation,” was used for the first ume
in the single blade studies and will continue to be developed for future investigations of

more complex geometries.

6.1 Results of FLUENT Model of Single Blade

AR
e
(‘ 4
}

19

vy

W
-

As a first step in the investigation of the flow field near a single blade immersed

7-’:
L g '- ¥
"\v(‘n

turbulent flow, a numerical model of the mean flow was developed using a commercial, "::'?"’-C
AT,
) . . e . PN
computational fluid dynamics (CFD) computer program, FLUENT®, available from :.*;:
o~ !',,: o,
Creare, Inc.. FLUENT is a finite-volume, elliptic solver which offers turbulent as weil ‘."I;i'
. . . . . ;(.'W‘
as lamunar fluid flow models. The main advantage to the use of clliptic solution T
ALY
: : : A
methods 1s that the flow field solution can take into account downstream cffects. A N
S
. . . NN
parabolic solver, on the other hand, progressively solves the ficld from inlet to outlet, -"'s‘: b
: L . . RN NN,
with downstream cffects having little bearing on the overall solution. Ry
AN
- . o [ . S
Two turbulent models models are available with FLUENT;, the two-cquation, AN
e
. . . s P
k-¢ model and an algebraic stress model. The k-c model is the simpler of the two and is AR
®
. . . . A
based on a Boussinesq hvpothesis for the turbulent viscosity as a model for the .':f\:
oy
SN
. o

-
¢

Revnolds stress terms [49]. The transport equations for turbulent kinetic energy, 4, and

£S5
S
o

dissipation rate, ¢, ar¢ modeled, and the ctfective turbulent viscosity, u,, is given by,

wiad
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where C, = 0.09 is a proportionality constant. The Reynolds stresses are related to the

turbulent viscosity by [74],

2 u [ 0U; 4y

The primary shortcoming of the k-¢ model is the inherent assumption that the eddy
viscosity 1s scalar; hence the Reynolds stress terms modelled by Equation (6.2) are
inscnsitive to direction — the turbulence is locally isotropic. This assumption is partic-
ularly poor for anisotropic flow fields such as those with a high degree of swirl. For
the present problem, flow over a curved surface, only gross effects of flow separation
around the blade surface were required. Hence the simpler, less numerically intensive,
k-e model was used. When flow past a circular cylinder was used as a test case, the
overall flow structure was not significantly affected by the choice of the turbulence
model.

FLUENT (Version 2.8) solves the steady partial differential equations for fluid
flow (mass, momentum, and energy) using an iterative process which starts from arbi-
trary initial conditions and converges to a solution of the discretized equations of
motion. Since time dependence is neglected in the version used for this work, it is
important to make a proper interpretation of the steady solutions produced by
FLUENT, at the Reynolds numbers of interest, to a quasi-steady problem such as the
flow past a cylinder or over an airfoil. Since the time that these models were devel-
oped, Creare, Inc. has released a version of FLUENT which incorporates time depend-
ence into the solution (Version 2.9) by implementing a fully implicit time integration
scheme [22, 73].

FLUENT (Version 2.8) uses a time-marching iterative approach in which the

momentum equations are solved based on a “guessed” pressure. A pressure-correction
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cquation (incorporating continuity) is then solved to obtain the pressure ficld cor-
rections and, in turn, to adjust the velocity components and to solve for other ficld
paramctcrs. The entire process is then repeated for the next iteration, with the cfTects
of the previous itcration factored into the solution using an underrelaxation factor (a
default value of 0.2 is provided by FLUENT). For an unsteady problem, the iteration
process indirectly corresponds to the time evolution of the flow ficld simply because
omission of the time dependence is manifested in the residual errors or correction terms
for each iteration. The relationship between a single iteration and the actual time
increment is an indirect one because the solution to the flow field is controlled by the
underrelaxation factor, which is independent of the flow field. Decpending on the
rclationship between the underrelaxation factor and the unsteadiness of the physical
problem, the residual errors for the problem may become quite small, and hence the
problem would appear to have converged to a steady solution. While the convergence
is artificial in a sense, the solution can be thought of as an approximation to the flow
field at some fixed time during the evoiution.

The flow over a single blade was considered as a two-dimensional problem for
reasons discussed in the section on cascade analysis. A polar cvlindnical coordinate
system was sclected since a constant radius of curvature blade profile was to be mod-
clled. The circular domain was configured 1n such a way as to approximately simulate
flow through a constant cross-section two-dimensional duct by dcfining various outer
cells around the periphery as boundary cells. The duct walls were kept far enough
from the modelled blade so as not to influence the local flow field around the blade.
The inlet velocity boundary conditions at one end of the duct had to be specified in
radial and tangenual velocity components due to the coordinate system. Lach inlet cell
velocity was individually specified to produce an inlet veloaty tield contamning vectors

in a direction parallel with the walls of the duct. A nonuniform problem grid was

defined in order to concentrate most of the solution cells near the pressure and suction
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surfaces of the blade. As a result, the grid structure was quite coarse near the outer
boundary of the domain.

In order to test the ability of FLUENT to make a reasonable prediction of the
separation point over a curved surface, a test case was used which consisted of a cyl-
inder immersed in a turbulent flow field. The curvature of the cylinder was chosen to
match that of the impeller blade to simplify the definition of the problem. That is, the
blade was merely a section from the thin-walled cylinder. An inlet turbulence intensity
level of 10 percent was chosen for the problem to simulate typical conditions found in
the inlet of a centrifugal impeller. An inlet velocity of 10 m/s and cylinder diameter of
20 mm was specified; the Revnolds number was 1.4 x 10*. The solution to this problem,
which consisted of approximately 10,000 cells, required about 85 minutes of processor
time on an IBM Model 3081 computer system (mainframe) before rcasonable conver-
gence was achieved. This illustrates the complexity of CFD algorithms, and the order
of magnitude of processing capability required to solve a relatively simple problem
(simple in the sense of requiring only a steady solution and using the less computa-
ticnally intensive k-¢ turbulence model). More extensive solutions, such as those
requiring :ime dependence, would benefit from the capabilities of computers with spe-
cialized vector processing capabilities, such as an IBM Model 3090 Vector Facility.

The resulting velocity field is graphically depicted in Figure 38 on page 128.
The separation point for a cylinder immersed in flow usi.ng exact solutions of the
steady-state boundary layer equations is 108.8° from the stagnation point (sce Chapter
9 of Schlichting [82] regarding the solutions of Blasius). The results shown in
Figure 38 rcasonably predict that behavior.

By redefining a section of the cylinder wall to be part of the active flow field,
the desired blade shape was obtained. Results of the flow simulation over the blade
oriented at an angle of 0° rclative to the incident flow velocity arc shown in Figure 39

on page 129. The steadv flow ficld predicted by FLUENT is shown to scparate from
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the suction side of the impeller blade section at a chordwise point very close to the
leading edge of the blade! The separation bubble encompassed most of the blade
surface. An additional counter-rotating eddy was formed at the trailing edge duc to the
incident pressure-side flow mixing with the recirculating leading-edge eddy. Such a
flow field is not charactenistic of an effective airfoil design. This was the primary result
of the flow simulation. A second blade orientation was used to examune the effects of
the incidence angle on the simulated flow field. Rotating the blade by 30° allowed the
incidence angle to be affected. Figure 40 on page 130 shows the predicted steady flow
field for a 30° incidence angle with enhanced eddy formation over the suction surface
of the blade. It i; clear from these simulations that, for velocities typical of those
found in the model centrifugal blower, the flow over a section of the impeller blade is
not well behaved. A high incidence angle was found to correspond to the formation of
two counterrotating eddies in the wake. This structure is characteristic of flow past a
blunt body and the formation of a periodic vortex street. When considering a rotating
blade row rather than an isolated airfoil, an increased incidence angle would tend to
exaggerate blade-to-blade interactions through adjacent blade-wake intcrference. [t
would be interesting to model these ecffects, but the current implementation of
FLUENT is not suitable to a full cascade simulation.

It should be noted that since the flow solutions prescnted in this scction were
obtaincd by a steady solver, the results must be imefprctcd by considering the limita-
tions imposed by the solution algorithm. Specifically, it is probable that the eddy
structurc observed near the airfoil in the above figurcs is indicative of the unsteady
formation and shedding of discrete vortices from the suction surface of the blade
(rather than the existence of a steady separation bubble), since that is charactenstic of

flow past a cylinder of the same curvature and Reynolds number. However, informa-

tion on the unsteady properties of the flow was not available from the FLUENT

program.
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Figure 38. Simulated Flow Ficld Past Cylinder Using FLUENT
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6.2 Experimental Investigations Using Frequency Domain Theory

This section contains the experimental results of investigations of noise radiated
from a single impeller blade immersed in a flow ficld of both low and high degrees of
turbulence. Expenments were performed in the hemi-anechoic chamber facility using
the the air flow source described in Section 3.2.5, “Quiet Air Source,” and a single
blade of the same blade shape as those used in the model blower impeller. The blade
was immersed in the flow field at two different locations, to simulate high and low
turbulence levels incident on the blade. Both aerodvnamic and acoustic parameters

were measured:

Aerodynamic — The mean and turbulent flow distnbutions were measured at
several points within the flow. Both total rms levels and frequency-dependent
information were obtained for the turbulent field. In addition to charactenza-
tion of the flow field external to the blade, measurements were made of the
blade surface pressures and the associated statistical nature of the surface pres-
sure field.

Acoustic — Acoustic measurements included determination of the sound pres-
sure level at various points around the blade, and measurcment of the corre-
lation between the radiated acoustic field and the local blade surface pressures.
The correlation data were used to make estimates of both the correlation area

over the blade surface and the distribution of the dipole source strength.

The results of the flow field charactenzations externai to the blade surface are pre-
sented in Section 6.2.2, "Quiet Air Source Charactenization,” the blade surface pres-
sure data appears in Scction 6.2.3, "Blade Surtace-Pressure Statistics,” and the

correlations between the acoustic and aerodvnamic field are given in Section
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6.2.4, “Correlation Area — Sc,” and Section 6.2.5, “Dipole Source Strengths —
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dGpp/dS.” The measurement configuration for the blade surface pressure investigations
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and the acoustic-aerodynamic correlations will be described in the following paragraph.
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All measurements of the blade surface pressure were done at the mudspan posi-
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tion on both the pressure and suction sides of a singie blade immersed 1n the jet flow.
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Single point measurements were made at three chordwise locations, referred to as the
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LE, MC, and TE (leading edge, midchord, and trailing edge, respectively). In addition
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to the single-point measurements, two-point correlations were determined in which
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spanwise as well as chordwise coherence was examined. The sensor locations are
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shown in a plan view of the blade surfacc in Figure 41 on page 160. Both the low-
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profile pressure transducers (Kulites) and the probe-tube microphones were used for

-
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the surface pressure determunations. The Kulites were imbedded in clongated slots

1
-

machined into the blade surface and retained with clay. The ends of the probe-tube

.
ST

microphones were inserted flush through small holes drilled to fit the tube then sealed

1
.
a

-5

with clay from the opposite side of the blade. Chordwise measurements on the pres-
sure sidc were obtained using all three Kulites mounted along the chord. The
transducers were removed and replaced with opposite orientation for the suction-side

data. Simultaneous measurcment of the pressure- and suction-side pressure was per-

)

formed with a pair of Kulites mounted back-to-back in each chordwise position. As

PP

the Kulites were difficult to remove and replace, and since only three were available,

F W rard
A

the spanwise correlations were determuned using chordwise Kulites and a probe-tube
microphone located consecutively, opposite each one of the Kulites along the blade

span.

PN Y T Yo

Acrodynamic-acoustic correlations were based on estimates of the cross-spectral

Jensity between the blade surface pressure and the radiated acoustic pressure sampled
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at a point removed from the flow. The far field microphone was located 0.2 m from
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the blade surfacce along a radial line from the blade center of curvature through the
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blade midchord position. This configuration is pictured schematically in Figure 42 on ALY

page 160, and a photograph is shown in Figure 43 on puge 161. R,

X
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6.2.1 Transducer Calibration
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Since all of the measurements presented in this portion of the analvsis were per- R,

formed in the frequency domain, rather than in the time domain as in carlier work [88], " _,-‘-:_.v

the possibility existed for compensating for transducer effects using frequency domain :\‘;:\:i

calibration techniques which have become an integral part of modern experimental E.i‘é:;éyf;
mcthodology. With digital FFT signul analvsis techniques the complex frequency :::x:.\&i
response of transducers can normally be measured with a high degree of precision. E:?:'E::f,
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Transducer effects may be removed from a frequency domain measurement through
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complex normalization of the result by the previously mecasured transfer functions of v, o,
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the transducers used for the measurement. The calibration process 1s even further sim- NAAENEN
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difference techmique for esumating acoustic intensity.  Experimental verification of ®

complex intensity patterns were difficult at best unul the advent of digital FFT-based
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calibration procedures and associated instrumentation which allow laboratory cali-
bration of measurements that can be influenced by extremely small transducer anoma-

lics.  The sccond effect of dizital calibration on experimental methods is the ability to
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{ sclect from a much wider range of sensor types since the particular sensor responsc can
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experiment can often be overcome most cffectively by compromising transducer pcr-
formance in return for miniaturization or durability. This compromise is not possible

(with currently available instrumentation) when limited to time-domain analysis as it is

™ . . . .
N much more difficult to compensate for sensor anomalies in the time domain.
»
) _ . :
": It is the latter effect which has enabled the use of mucrophones fitted with small
g probe-tube adapters for the measurement of blade surface pressures. Probe tubes have
N
" several advantages over conventional miniature pressure sensors but have found little
"
- : : .
) use in acoustical measurements due to the inherently poor frequency response charac-
" teristics resulting from acoustical transmission line effects of the tube extension.
~
Ll . . .
s: Ilowever, probe-tube calibration transfer functions were measured and successfully
)
}‘ usced to compensate for the intluence of the tubes. The primary motivation for using
4 probe-tube microphones was to take advantage of the exceptional dynamic character- _‘_.:,
; ., “u
:3" istics of cond icrophones — uniform f ide dynami o
" 1stics of condenser microphones — unmiform frequency response, wide dynamic range, "
N ST
. ¢ . I RO A
o and high sensitivity. RS
i et
Not all experimental determinations of the blade pressure statistics were ame- . ?7
RS
b . . ) ) RRESAY
X nablc to the use of probe tubes. Specifically, due to the physical interference of the -{_-_:
,\-' MO
- . . RV
:z probe tubes with the flow field, simultancous measurement of the pressure- and \":_\: X
~% DAY
) ] ) ) ) ) MY
suction-side blade surface pressure at the same chordwise location required the use of
.~ b
o miniature, low-profile pressure transducers manufactured by Kulite Semiconductors POy
=t . .‘.'I:.‘ d
: . [ : " . . .--‘,-“.
o (see Section 3.3.2, “Instrumentation,” for transducer specifications). RS
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’ e i
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In general, transducer effects are characterized by the complex frequency °
. . '-I".Q { q
',',‘.'_ﬁ response /. If the desired signal for channel /, u{r) passes through a transducer to :-\‘.:_Q-:
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A produce the measured signal u,, then the autospectral density of the measured signal \:.;
" Ny !
p’: ot

G, 18 related to the desired autospectral density Gy, through the transducer response:
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Using the same notation, the cross-spectral density between two measured signals is, Ay

L L] '. 1\ a5
Gry= X X;= = H; H; Guy,. (6.4) DAL

where G“i"j is the desired cross-spectral density. Knowledge of the transducer fre-
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b quency response functions H allows the desired result to be obtained from the meas-
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ured result by straightforward frequency-domain operations.
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For most of the measurement results presented, the desired quantity was the

o
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v
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§ acoustic and/or hydrodynamic pressure, and the measured quanuty was typically the
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b electrical analog of the pressure. Since the response of transducer i relative to the ref- -
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erence transducer (I, = I H') is a quantity that can be readily measured, then the

cross-spectral density of the pressure between two points p, and p, is given by

Gxyxy H,, H,,
o T O T
H 1, | H,)

Gpipy =

. Equauon (6.5) represents the cahbration relationship used for the data presented in this
scction. A Bruel and Kjaer 12.7-mm diameter microphone Type 4165 was used as the

v reference transducer. The amplitude of /, was compensated for using a pistonphone
calibrator operating at 250 Hz. It was assumed that the amplitude response of the

P reference mucrophone was uniform for the frequency range of interest, thus the denomi-

nator of Equation (6.5) is assumed to be unity. The phase response of the reference

mucrophone however does nor have an ecffect on the computed cross spectrum Gy, p,
since 1t 1s an inherent part of the measured calibration transfer functions #, and since

- the phase of the reference transducer response f{, cancels out in the numerator of -"f
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Equation (6.5). The next two sections contain descriptive information on the procz-

<

dures used to measure the transducer response functions.

6.2.1.1 Probe-Tube Calibration

Calibration of the 12.7-mm diameter microphones fitted with probe tubes was
performed with the use of a closed air cavity excited by a small earphone (see
Figure 44 on page 162)." A reference microphone and the probe-tube microphone
were simultaneously attached to the small cavity and thus exposed to the same uniform
sound field inside the cavity. The earphone was driven by a broad band random notse
source over a frequency bandwidth of 3.2 kHz using the internal source from the

Hewlett Packard HP5420 FFT Analyzer.
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Calibration transfer functions for each probe-tube microphone were obtained
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relative to the response of the reference microphone over the frequency range of
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interest. A frequency-independent calibration factor, obtained from a single-frequency

pistonphone attached to the reference microphone, was then applied to the transfer

R
o
’
<.
<

functions to compensate for the microphone sensitivity. The resulting calibration
transfer function was a measure of the relative response between the refercnce micro-
phone and the probe-tube microphone.

Two probe tubes were used and fitted to three different microphones to deter-
mine the combinations with the best amplitude and phase response. The probes werc

constructed from 2-mm diameter tubes provided with the probe kit and were cut to an

o

P

overall length of approximately 70 mm, including the conical microphone adapter.

Acoustical resonances in the tubes can be minimized using damping matenal such as

s r

Gl
"r\f'n 4 %

" The probe tube calibration apparatus was a part of the Bruel and Kjaer Probe Microphone Kit
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loosely packed fibers or fine steel wool, but no such material was used for these cxper-
imeats as the effects would have been difficult to control over time, especiully since the
tubes were to be immersed in an air strcam.

Transfer functions between the reference microphone and cach of four probe-
tube microphone combinations are compared in Figure 45 on page 163. Three of the
combinations were well matched, and the fourth was quite different. Notice that the
probe, when attached to different microphones, behaves differently. This is due to the
source impedance of the microphones interacting with the acoustic transmission line
cffects of the probe. For this reason the procedure of calibrating the microphones and
probe tubes independently could nor be used, and the complete probe-tube microphone
assembly had to calibrated for each combination. The calibration transfer functions
were found to be repcatable within a few degrees and a fraction of a decibel over the
entire frequency band.

In order to verify that the source impedance interaction would not affect the
free field response of the probe tubes, a pair of probe tubes were calibrated using a
free-ficld switching method in the hemi-ancchoic chamber. The free-field method
involved exposing the probe-tube microphones to a simifar sound ficld produced by a
loudspcaker suspended above the reflecting planc of the chamber, measuring the
transfer function between the sensors, then interchanging the microphones in space so
that they were exposed to the sound field prcviously incident on the opposite micro-
phone. Manipulating the two transfer functions measured under these conditions
allows the relative response of the censors to be determined as though thev had been
cxposed to identical signals (i.e., the differences in the pressure fields at the two micro-
phones cancel).  Results of the free-field experiments are shown in Figure 46 on
page 164 where the worst probe-tube microphone combination was used as onc of the
sensors so as to exaggerate any differences in the two methods. The excellent agree-

ment confirms that the coupler calibration method is accurate and that the differences
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between the coupler response and free-field response of the probe-tube microphones
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were negligible.
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6.2.1.2 Kulite Pressure Transducer Calibration
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The Kulite pressure transducers were calibrated with the same coupler used for

“r
é

calibration of the probe-tube microphones. Up to three Kulites could be inserted into

P,

the cavity at one time. The opening in the coupler wall normally used for a probe tube

Xy

was just large enough to accommodate the flat cable from the Kulites. Clay was used

to seal the opening during measurements. ;-Z-

X

Due to the low sensitivity of the pressure sensors, extreme care was taken to 'i-.:‘:f'
& ﬁ ™,

w35
minimize the noise floor of the Kulites. Batteries were used as the power supply to SNe
[
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x
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P
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reduce the effects of line frequency noise. Other researchers have devised special cir-
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cuits for these transducers to eliminate common mode noise associated with

,
e
r

L
>y
(Ol

o,
oDy

electromagnetic interference or other stray noise sources. For the current project the

3
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a

outputs of the transducers were fed directly into high quality laboratory amplifiers with

Ax
’
s .“..-'"Iﬂ'
565458

a gain of 70 dB using a short section of coaxial shielded cable. For most of the meas-
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urements this was sufficient, however extraneous noise did become a factor in some

?

- ,.

cases. T
Xl

The minimum effective sound pressure level measurable by the Kulites is shown "ijf,

S A

in Figure 47 on page 165 along with the sound pressure level of the noise produced :':'-_‘,'_.f,
inside the coupler for the calibration transfer function measurements. The pressures -n;‘-’%_
D W]

Y
- . . . . RO Ye
levels have been normalized to a 1 Hz bandwidth (i.e., spectral density). The third data NASCS
.".-n'\w{‘

. . . . S A
set in Figure 47 was taken with the earspeaker output attenuated by placing clay over "::3','; A
LV RE N PP ¢

the outlet port of the speaker. The purpose of this experiment was to verify that the ‘-,__.‘: =
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output of the transducer was indeed due to the acoustic field and not the result of an NGONON
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induced voltage from the electromagnetic field of the earphone, as was thc case when \'.-:.-': '
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the wire leading to the earphone speaker was within a few millimeters of the Kulite h '-,'{:ﬁ- "
) A\l
¥ o
output cables. z"' )
Cou N ) l'
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A AR
phone deviates from the Kulite response for frequencies above 2 kliz. This deviauon 1s 2 fﬁ:,
. ~ ‘.
EN N
. . - . Id . . L] '
indicative of the relative frequency response of the Kulites and was responsible for the o ry
v ’
X
nonuniform calibration transfer functions measured between the reference microphone X _J
: IR
and the Kulites. ]
. L : N e
The ordinary coherence function is a measure of the input/output relationship A0t
. . o o Bz
between the two signals, and was used to monitor the integnity of the calibration °
N AN
: - . o : Al
signals. The extreme sensitivity of the Kulites to extraneous noise is demonstrated 1n NN,
o P
A " Y
: : . AT,
Figure 48 which shows the effect of the overhead fluorescent lights on the coherence NIV N

._( s
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°

The sound pressure level inside the coupler as measured by the refercnce micro-

»
x

between the Kulite and the reference condenser microphone. The ordinary coherence
function is especially sensitive to noise introdaced into one channel only. The meas-
urement was taken with the reference Bruel and Kjaer microphone as one of the meas-

urement channels, hence the electromagnetic noise was induced in only one of the

: : .o . A
channels (that is, the channel with the Kulite transducer). The lights were subse- Lo e
.'f '.'V--l
. . P . . . A SR SN,
quently powered off for all measurements involving the Kulites. The lighting system in }"‘-_-;.': o
A
LN LX
. . [N . . - ~
the hemi-anechoic chamber is incandescent and did not affect the Kulite output. Expe- "‘““. :
T T
y rience with the Kulites has shown them to be especially sensitive to electromagnetic .“_-:\-'.:{:-:
“.-\ I..‘-"..
. . ) . ) . \~.~\-\-._‘~
interference and input power supply noise. Efforts to reduce the noise floor by RSN
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o . ARSI AT,
shielding were only margtnally successful. S
o
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The relative response between the Kulites and the reference microphone was ~ _«.:1_\_-:-\. X
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; quite uniform up to about 2 kHz where the decrease in sensitivity to high frequencies AASAS
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by the Kulites became evident (see Figure 49 on page 166). This response pattern was RRRSEES
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X also indicated in Figure 47. All Kulites mcasured were found to have incorrect ROAGRAY
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:E‘. polarity." This was easily corrected by interchanging the output leads rclative to the
)

i factory specification. The Kulites were quite well matched in both amplitude and

phase, as shown in Figure 50.
Initially, Kulite calibration was attempted by flush mounting the Kulites and

the reference microphone to a termination plate at the end of an impedance tube. The

oY resulting transfer functions showed evidence of the longitudinal resonances of the duct” SNFS,
! e
. R v T .
'_*; and, despite efforts to damp the resonances using glass fiber, the measured curves were BRSO
R et
;o not nearly as smooth as those obtained using the probe tube coupler. The impedance- ;};"t;'
tube method was abandoned. A
y* YA
. In summary, microphones were fitted with probe tubes and successfully cali- :.':,:_‘:
R v RN
- ;‘ brated using a small closed cavity and a reference microphone. Results were repeatable i
D
p 2
. and found to be in close agreement with, and smoother than, those obtained using a
= free-field method. Miniature, low-profile pressure sensors (Kulites) were also calibrated :
o in a coupler using the transfer function method. The low sensitivity and inherent noise o
e g
of the Kulites limited their application to high turbulence regions. Probe tubes were ®
o used where physically feasible and where low turbulence levels existed. Efforts to
) reduce electromagnetically induced noise in the Kulites were only marginally successful.
)
1, v
o L . ~
N 6.2.2 Quiet Air Source Characterization N
5 -\".
e N
; . . . . . . N
N The jet flow field produced by the quiet air source, described in Section &
; 3.2.5, “Quiet Air Source,” was quantified by determination of the mean and fluctuating :},::‘_
NN
3 .. . . . : : o
N velocities using a single-element hot film sensor. Since the length-to-width ratio of the {_’.:".:
: A
! .. Yol
‘:: ‘¢ This problem was venfied using acoustic pressure pulses with known polanty (e.g., a clap or
- bursting balloon).
>
k- . Y
‘:'_ '" The small Bruel and Kjaer impedance tube was used. v,
-~' :~
':T

~
~
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exit orifice was approximately 5:1, the hot film sensor was aligned parallel to the longer
dimension of the orifice so as to be sensitive to the velocity components which lic in
the planc perpendicular to the longer dimension of the exit orificc. Measurcments were
performed at points in the flow which corresponded to the location of the leading edge.
mudchord, and trailing cdge of the single blade when the blade was tmmersed 1n the
flow, but measurements were made with the blade removed from the flow. The three
streamwise locations were taken at the mud span of the blade width. The mean and

total rms velocity levels were determined using a digital oscilloscope and associated

software.'t

Two blade locations, termed the core and mixing regions, were used for the
experiments described in this section. These terms refer to the locations of the leading
cdge of the blade relative to the center of the 23 mm x 110 mm exit onfice, with the
blade oriented at a 0° incidence angle. For the core measurements, the blade was cen-
tered over the exit orifice at a height of 20 mm above the duct edge. The mixing
rcgion location corresponded to placement of the leading edge of the blade verucally
aligned with the back edge of the exit orifice (with the blade curvature away from the
corc region) at a height of 55 mm above the duct exit. A schematic of the blade posi-
tions and measurcment locations is given in Figure 51 on page 168.

The blade was attached to the end of a steel support rod and clay was used to
produce a smooth transition from the blade surface to the rod cross section. The
opposite end of the cantilevered blade was attached to a small, stuff wire secured to the
air supply which was used primanly as a spaual reference point. The blade was
cemented to the support wire to reduce vibration levels.

A summary of the corresponding mean and rms velocity levels is given in

Table 3. Additional information 1s contained in the frequency distribution of the tur-

" The velocity computation procedure is discussed in Section 3.3 2, “Instrumentation.”
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bulent energy. Since the radiated noise is a direct result of the turbulent interactions ?f
the flow with the blade surface, the incident turbulent energy distribution is of funda-
mental importance to understanding the noise source mechanisms. For the purposes of
determining the spectrum of the velocity fluctuations, the hot film sensor output was
analyzed using the Hewlett Packard HP5420 FFT Analyzer. The results are shown in
Figures 52, 53, and 54, beginning on page 169. Several aspects of the turbulence are
apparent from these data. First, the decay of the turbulence with distance from the jet
exit is evident for both the core and mixing regions. This would imply that the turbu-
lent energy incident on the blade from the free stream is strongest at the leading edge,
and possibly the midchord for the mixing region. There is no information here

however on the blade-generated turbulence (e.g., separation) since these measurements

were made without the blade present in the flow field.

Table 3. Velocity Distribution in Jet without Blade Present

Mixing Region Core Region
Mean Turbulent Mean Turbulent P
Location {m}s) TI{%) {(m/s) TI(%) N
Leading 7 30 14 5 o
Midchord q 40 14 2 oS
Trailing 1 70 14 2 N

X
o s

L8
.
M

The second feature of the flow is that in the core region a dominant frequency is
apparent in the frequency range from 400-800 Hz. This particular charactenstic is
likely to be due to the irregular internal structure of the flow duct; the result of large
scale vortex shedding and stretching at the jet exit. Regular vortex patterns typically
form in the wake of structures over a wide range of Reynolds numbers up to about
3 x 10° for a constant Strouhal number (S = fD/U) of about 0.2.” For a maximum jct

velocity of 15 mvs, the characteristic dimension of the interfering structure is of the

1* Sce, for cxample. Schlichting [82] for a general review.
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!
;E. order of 5 mm. While the internal duct discontinuities are considerably larger than §
E:':' mm, any internaily shed vortices would be contracted and stretched before exiting the
o

\ conical transition section of the duct, thercby decreasing the time scale of the eddies
"‘g (conservauon of angular momentum). This concept of cnergy redistribution through
}‘: vortex stretching is discussed by Tennekes and Lumley [91] and is shown to be an inte-
B

: gral part of the energy cascade process by which large scale cddies transfer energy to
A
'} smaller scales for eventual viscous dissipation. The decay of the dominant frequency
effects may be seen in Figure 53 where the eddies appear to decay in strength and in
_; the charactenistic time scale with distance from the jet exit.
;_\f: In addition to the above measurements, which were performed with the blade
\ 'Ez removed from the flow, several points in the flow were sampled with the blade present
‘ * in order to characterize the blade wake region. The velocity spectral densitics are
:-'_ shown in Figures 55 and 56, and the mean and rms velocity levels are shown in Figures
N

5
[
2
-,

57 and 58. A characteristic blade wake structure is evidenced by the mean distribution

in the mixing region. Core region data demonstrates a uniformly low veloaity ficld,

.‘; ‘4;‘ L

[ J
o, : : . : i T
.:_»r_. mainly due to the obstruction of the blade in a laminar flow. The large scale turbu- AN
e L]
) . .. . . . . Lo
\; lence present in the mixing region prevents the formation of a large velocity deficit 94N
N w < e
A8 TNG:
! . . . »
“ directly behind the blade, thus creating a much narrower wake structure. The turbu- A
- . . . "'i',';
-~ lence spectra are uniformly decreasing with frequency. AW
g AR
*'x Y
2 '.r::r_‘ i
) i :::';:'
6.2.3 Blade Surface-Pressure Statistics """."
ol AL
o® oo N
','.‘.:', As discussed in Section 2.2, “Frequency Domain Analysis,” the fluctuating NS
L. RN,
s , , , NN
(e blade surface pressure 1s closely related to the noise generation process over the blade S
e S efadtd
e surface. In fact, some investigators have taken the surface pressure to be a direct *v. ’
iy R
e W
v . . . - T
i\; measure of the surface dipole source strength by assuming negligible etfects of complex PR
\ ./‘..-'\-'
. . : : : o
O surface pressure interactions and measuring the surface pressurc independent of the Ininty
[ ] “\\\
vy radiated acoustic pressure {77, 78]. The blade surface pressure is quantified in this ®
20 ! 'J'_\& :
::. :-y-_:f )
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:: f: ‘\".‘_-:
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:} scction. Inferences are made relative to the structure of the incident flow field and the
N
R . .
" resulting effects on the surface pressure from point pressure measurements and two-
»
. point correlations.
',:; The primary quantity used for examining the pressure correlations is the
%]
complex coherence between two points on the blade surface,” y,,, which is defined as
L%
. [13],
v,‘:
"
Y,
v G e
> 12 @
=" (6.6) A
4 (Gll Gzz) N
") oy
; tat
R LI
[ . {'\’\}'&'
¥ The phase of the complex coherence is the same as for the cross spectrum, and the e
.
. _ . C e IR
. magnitude is just the square root of the ordinary coherence, y%,, which is given by Nt
0, "t n -" I"
o' IN.‘-".'J
- i
o o
. F:'{,\‘n'z’
. P3¢
i 2 ®
2 ' 612 ‘ & moag
- 2= GG (6.7) RASOERN,
. 1 Uy Spt
D
" RGN
) NN,
" . .. . . NN
: The chordwise distribution of the blade surface pressure for both the suction P
AR
\: and pressure surfaces for the blade immersed in the mixing region of the flow is shown EDANANS
5 . AN
> in Figures 59 and 60 on page 173. (Low turbulence levels at the trailing edge limited ::,:
N ) O
- measurements to the frequency range below 1 kHz.) A comparison of the pressure * *.“’
. . . . R ,'.-q .r_
N data for the suction surface (Figure 59) and the velocity mecasurements made in the ENGNEN
e ,.',__n' n‘..
p) mixing region (Figure 54 on page 170) indicates that the suction side pressure reflects
LY
! o
. v
‘ TN
; B ) ' . : o -J‘:'
M 2 The complex coherence is sometimes referred to as the normalized cross spectrum{17] , but this SR
f - ]
\ terminology is mislcading since the spectral shape of the cross spectrum is generally quite dif- «
:: ferent from that of the complex coherence.
]
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the fundamental features of the external velocity field. The leading cdge and midchord
regions cxhibit similar spcctral shapes and intensitics with decrcasing levels at the
trailing edge. This is an indication that the suction-side surface pressurc was domu-
nated by the incident flow ficld and not by the local boundary layer formation. Con-
versely, the pressure-side surface pressures are more uniform along the chord indicaung
little change from leading to trailing locations. The effects of low transducer sensiivity
are evident in these data. The spikes beginning at 300 Hz represent odd harmonics of
the line frequency beginning at the fifth harmonic.

The convective eddy structure plays an important role in the generation of
noise. As large and small scale eddies are convected past a fixed point the eddy struc-
ture may change due to the transient nature of turbulence. A mcasure of this ume
dependence may be obtained in the frequency domain from an esumate of the coher-
ence function. The coherence function between two points aligned in the streamwise
direction provides qualitative information on the decay or growth of eddies. A high
value of the coherence function indicates the transport of a coherent structure that
remains essentially unchanged as it is convected past the two streamwise points.
Hence information regarding eddy decay is manifested in the strcamwise coherence
function. Simuilarly, the cohcrence between two spanwise points provides some measure
of the physical size or length scale of the eddies since an eddy is presumably passing
both points at the same time [17].

The magnitude of the complex coherence between two streamwise points spaced
6 mm apart for both the pressure and suction sides is given in Figures 61 and 62 on
page 174, respecuvely. The corresponding spanwise coherence data for a spanwise
spacing of 5 mm are presented in Figures 63 and 64 on page 175. The most noticeable
feature of these data is the decreasing coherence with increasing frequency. The span-
wise data imply that the large eddies are those whose time scale 1s the largest (i.e., low

frequency), and the high streamwise coherence for these low frequencies indicates a
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- -

slowly decaying eddy structure. In addition, increased low frequency coherence found
in the spanwise coherence at the trailing edge of the suction surface (Figure 64) is
typical of trailing edge vortex formation where the separation point is uniform in the
cross-stream direction [16]. On the pressure side the spanwise coherence is significantly
higher at the leading edge. This would imply that the large scale eddies in the muxing
layer are oriented in a way which enhances separation at the leading edge — edge
scatter effects. The pressure side also shows reduces trailing edge coherence and
enhanced leading edge coherence. This is indicative of incident free stream turbulence
effects.

The complex coherence in the streamwise direction was also measured on the

Caal e e

suction side for various angles of incidence of the flow on the leading edge of the blade.

The data, shown in Figure 65 on page 176, demonstrate the effects of local flow pat-
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RN

f
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ey ey
S
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terns which are affected by the angle of attack. For flow incident from angles greater

e
B A
e
'.I'

4

than 0° the enhanced coherence at low frequencies may be interpreted as an increased

s w
2
»

separation region over the suction blade surface due to the incident angle which would

_y;_vif'\
LAy
. . . L tm N

) cause large scale eddy formation. Conversely, for angles of incidence less than 0° the AL ALAY
1) . - .,

. . o RN

flow over the suction surface is more uniform and the streamwise coherence is prima- Do
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rily due to the incident free-stream turbulence.
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The phase of the complex coherence function, or the cross spectrum, between
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two streamwise points is related to the convection velocity of the eddies by the
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expression (21]
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\ where the strcamwise scparation distance s ¢ and the convection velocity 1s U.. In A

general, the convection velocity may or may not be a function of frequency. The phase
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of the cross spectrum (streamwise) for a constant separation distance is shown in
Figure 66 on page 177 and Figure 67, for the pressure and suction surface, respec-
tively. The phase data suggest that two different frequency regions exist for both the
pressure and suction side — both frequency regions exhibiting a nearly linear depend-
ence of convection velocity on frequency, but each with a characterisuc convection
velocity.? The division between these low and high frequency regions occurs at the
same frequency for both the suction and pressure side of the blade (approximately 750
Hz), but characteristic velocities are quite different for the regions. It is interesting to
note that it is at about the same frequency that the magnitude of the coherence
becomes negligibly small, but the regulanty in the phase would imply that some corre-
lation still exists over the entire frequency range. It should also be noted that while the
phase data indicates inordinately high values of U, (e.g., U.~ 10 m's and the frce-
strcam velocity was measured at the leading edge position without the blade present as
7 m’s), several factors must be accounted for, such as, the accuracy of the anemometer
lincanzers for turbulence levels of the order of 40 percent of the mean flow, the direc-
tion of the convection velocity relative to the free-stream flow, and the effect on the

flow field of the presence of the blade.

6.2.4 Correlation Area — Sc

The concept of a correlation area S, was discussed in Section 2.2, “Frequency
Domain Analysis.” Results will be presented in this section of esumates of the
frequency-dependent correlation area at the leading edge, midchord, and trailing edge
positions on the suction surface of the single blade immersed in flow which is incident

at an angle of 0°.

I Linear phase implies a convection veloaty which is independent of frequency.
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Since estimates of the dipole source strength and correlation area were based on
the cross spectrum between the blade surface pressure and the acoustic pressure in the
far field, it was important to identify the frequency range over which the noise due to
the presence of the blade in the flow was dominant. Figure 68 shows the sound pres-
sure level measured in the hemi-anechoic chamber at the same microphone position
used for the correlation area and source strength determinations (i.e., 200 mm from the
blade along the radial midchord line). These data indicate a sufficient signal to noise
ratio for all frequencies above 200 Hz, regardless of whether the blade was located in
the core or mixing layer regions. The low frequency noise was due to the air supply
blower that was installed under the raised floor of the hemi-anechoic chamber Thus,
low frequency measurements were limited to approximately 150 Hz.

The spectral hump (280 Hz) that occurs in the noise from the blade in the core
region was initially thought to be due to a dominant frequency in the inlet turbulence
spectrum. However, the charactenstic frequency of the inlet turbulence was at a much
higher frequency (approximately 750 Hz) as shown in Figure 52. The 280-Hz peak in
the “core” spectrum corresponds to a Strouhal effect due to the periodic wake struc-
ture of the blade immersed in a laminar flow. The frequency of 280 Hz implies that for
a constant Strouhal number of 0.2, the characternistic dimension of the obstructing
object is 10.7 mm.2 This dimension is roughly that of the blade as seen by the incident

flow.® The resulting periodic interactions influence the broad band noise generation

2 The constant of S = 0.2 holds over a wide range of Reynolds numbers. The Reynolds number
here was estimated as 10* which is in the range where the Strouhal number of 0.2 corresponds

10 a penodic wake structure (Karman vortex street) [82].

3 The charactenstic dimension of the blade in this case is the effective width of the obstruction in
the flow. For the blade onentation of 0° relative to the incident flow, the effcctive width, or

projection of the blade chord. 1s 11 mm.
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and produce a narrow band cffect. In most of the data reported in this thesis, the
measurcments were performed with the blade located in the mixing region. Not only
was the signal-to-noisc ratio much better, but the Strouhal effects were nunimized by
effectively increasing the incident turbulence level.

The spatial vanation of the mean square pressure in the acousuc field was
examuned to verify that a) the cosine directivity factor could be ignored over the range

of angular locations of the nucrophone relative to the blade surface, and b) the

acoustic pressure field was relatively uniform and did not exhibit any indications of

standing waves or reflections from objects in the hemi-anechoic environment. Samples
taken at two angular positions corresponding to 8 =0° and 8 = 30° are shown in
Figure 69. The measured sound pressure level variation reasonably approximates the
cos*# directivity nature of the dipole sources (i.e., 20 x log[cos 30] = -1.2 dB) for fre-
quencies above 100 Hz. Below that frequency the influence of high background noise
can be scen.

Determunation of the correlation area was performed with the blade immersed
in the mixing region of the flow tield. From a practical viewpoint, the correlation arca
represents the region over the rigid surface in which the eddies are well correlated.
This area is only partially related to the correlation length scales of the eddies since S,
ts denved from the the cross spectrum between the surface pressure and the radiated
acoustc field pressure and not from a measure of the turbulent velocities.®* Hence, the
correlation area contains information regarding the local acoustical source interactions
and interterences. A large correlation area corresponds to a point on the surface that
1s well correlated with the surrounding turbulent sources, and is in some sense effi-

ciently radiating (or absorbing) acoustical energyv. This distinction between the corre-

23

A complete discussion of the dipole source strength and correlation area, as defined by

Fquations (2.59) and (2.61), 1s @ven 1n Section 2.2, “Frequency Domain Analysis.”
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lation area and turbulent length scales, which are normally measured ising velocity
correlations, is similar to an underlving point made by Siddon [88]. He noted that
pressure-deduced length scales are approximately 60 percent of the velocity length
scales due to the variation of pressure in turbulence with the square of the velocity.

The correlation area was estimated using Equation (2.61) which is based on the
real part of the complex correlation area. The measurement configuration is shown in
Figures 42 and 43 beginning on page 160. The measured cross spectrum between the
blade surface pressure taken at the leading edge, and the radiated acoustic pressure is
shown in Figure 70 on page 179. The nearly linear phase shift, characteristic of the
propagation time delay for 200 mm, indicates that the local surface pressure and
resultant acoustic pressure are in phase. Also, the phase of the cross spectrum is a
more sensitive indicator of the validity of the cross-spectral estimation than the coher-
ence function, so a determunistic phase such as that shown in Figure 70 indicates a
causal relationship between the surface pressure and radiated acoustic pressure.

The correlation area was estimated from measurements taken at the leading and
trailing edges, and at the midchord location, all on the suction side of the blade using
the Kulite transducers. The results of these measurements are shown in Figure 71 on
page 180. Measurements made at the trailing edge suffered from a poor signal to
noise ratio, and thus only the valid frequency range is shown. Recall that for complete
coherence over the entire blade surface, the correlation area is equivalent to the blade
surface area, S,. This represents the maximum noise radiation condition for a given
surface pressure autospectrum. Therefore, the correlation area shown in Figure 71 was
normalized to the blade surface area, S,. The portion of the single blade immersed in
the flow field was approximately 100 mm x I8 mm (span x chord) for a total wetted
surface area (including both pressure and suction surfaces) of 3.6 x 1077 m?.

The results indicated by the correlation arca estimates imply an increasingly

large corrclation area at the trailing edge for decreasing frequency.  This is consistent
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bal with the notion established in Section 6.2.3, “Blade Surface-Pressure Statistics,” that Aty
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; the large eddics correspond to those with the longer ume scales (low frequency). It RO
Eat Cagt e
= should be kept in mind tha® the correlation arca is rclated to the efficiency of radiation N :‘.
o . ‘ . o ‘ N RS
s and not necessarily a direct measure of the strength of the radiating noise source. The " _:_;
Y -.‘_,- &
::ﬂ . . .. . "."‘u-"
) latter is better estimated by examuning the source strength per unit area, the theoryv of -},-::C;‘-
A -\',[ ’
S0
- . - . - ‘ . ~ ~ "
v which is discussed in Section 2.2.1, “Dipole Source Strength — dGpp,dS,” and the F".'
A Py
’ LSATAS
N . . . . ree s
:j experimental results presented in Section 6.2.5, “Dipole Source Strengths — dGpp./dS.” ared
ARSI
[ AN
o The correlation area was also estimated using probe-tube microphones to RO
' ) ) . {".":‘!Q 4
: measure the surface pressure. These devices are significantly more sensitive and thus ®
N A%
.' . . . . g ‘j 'h.
R were useful when making measurements in regions with low turbulence (e.g., trailing :—_.:‘;:-_,
-, A
" A A
A8 . . Ao
- edge surface pressure). The results of the probe tube measurements are shown in oA

t ]
X;
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- } , RS
. Figure 72 on page 180 where the data over the .atirc frequency range has been °
- Tl
- . . . AT
~ included. Similar trends are demonstrated by both scts of data, and diflerences are :.A;ﬁf'.-
. AL
'.'. . . . . . . . AR
- attributed to a slightly different spatial location (in the flow field) which was chosen for NN
B .I )-..- "
- - - A,
i Figure 72. *
T L
o In general, the data of both Figures 71 and 72 indicate that the noise radiated
a from the blade surface is reasonably well correlated over as much as 30 percent of the
Y blade surface near the trailing edge. The radiation enhancement shown for the trailing
':.s" cdge could be due to a large scparation recgion covering the area between the midchord
b
L
\ Ly . . . .
~ and trailing edge locations, similar to the phenomena demonstrated by the numernical
h )
o
p h\ . . . . “ - . . .
fluid flow mode! discussed in Section 6.1, “Results of FLUENT Model of Single
)
* “ : - ~ . .
- Blade.” Separation from the blade suction surface would have two-dimensional tenden-
-"
:.: cies where the separation point would occur at about the same distance from the
r Sl
b . -~ e . . .
- leading cdge, along most of the blade span.  This behavior would also explain the
. I
A% increased spanwise coherence of the surface pressures measured at the trailing edge as
:; shown in Iigure 64 on page 175. The regions of low correlation correspond to high
f
.
i frequencies, where the scale of the turbulence gets progressively smaller.
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Negative correlation areas were measured at the leading edge of the blade. The

existence of negative values for the correlation area mav be explained by considering
the alternate form for the radiated acoustic pressure given by Equation (2.41) in which
the total mean square pressure consists of the surface integral of the product of the
mean square surface pressure and the correlation area. This formulation highlights the
fact that correlation area is related more to the radiation efficiency at a point than to
the concep: of an area. For a complex source distribution, some regions act as sources
and some as sinks of acoustical energy. Sinks are characterized as regions which
absorb acoustical cnergy and thus contribute in a negative manner to the radiated
acoustical power. Hence, negative values of the corrclation area correspond to
destructively interfering source regions at the blade surface, or sinks. [t is plausible
that the frequency ranges with negative correlation areas indicate and interaction of
that area with other source regions in such a way as to destructively interfere with the

noise generation process.

6.2.5 Dipole Source Strengths — dGpp/dS

Determination of the dipole source strength per unit area, dG,,/dS , is achicved
from an estimate of the cross spectrum between the surface pressure at a point on the
blade surface, and the far field acoustic pressure. Since the cross spectrum is a
complex quantity, the full expression for dG,,/dS is complex. The real part corre-
sponds to the actual contnbution of the dipole sources to the mean square acoustic
pressure; as discussed in Section 2.2.5, “Multiple Input/Output Analysis,” the negative
terms have similar meaning to those of correlation area; that is, destructive interference
between source regions.  The experimental results presented in this section were
obtained by calculating the source strength per unit arca from Equation (2.59), which

represents the real part of dG,,,/dS.
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' The geometry of the measurement setup i1s shown in Figure 42. As discussed
55- above, the approximation cos 8 ~ + 1 was used; the sign dependent on whether pres-
& sure- or suction-side surface pressures werc measured. The blade was located in the

"5 muxing region of the flow for three reasons: 1) increased blade noise thereby minimizing
f the influence of ambient noise due to the air supply apparatus, 2) to avoid Strouhal
',.I effects present in the core region (see Figure 68 and related discussion), and 3)
‘_ increased blade surface pressures (due to turbulence) thereby improving the
;: signal/noise for use with the (insensitive) miniature pressure transducers (Kulites).

" The dipole source strength per unit area was estimated at three streamwise
EE locations (LE, MC, and TE) and, for some estimates, on both the pressure and suction
?‘_r sides of the blade. Figure 73 on page 181 shows an estimate of the dipole source
:; strength based on measurements taken at the leading edge of the blade for flow inci-
; " dent at 0°. The ordinate is displayed in linear units to preserve the information con-

tained in the sign of dG,,/dS. Several conclusions regarding the leading edge noise may
L2

1.

be drawn based on Figure 73. First, the spectral distributions of the pressure- and

T W
. . . N U ’
o~ suction-side source strengths are quite similar. Both are primarily limited to the fre- AONS
‘: ‘ ' _ :""::vr
7 quency range below 1 kHz with most of the energy concentrated in the 200-450 1/ :Q.rv*
) v,
2 Y . . . o
) band. The spectral distribution of the noise sources at the leading cdge was simuilar to ,h. -
4 P J '.2 '_."
_',"..' those at other locations on the blade surface. The general trend of source strength f::-':-_;
s St
[~ . A A
o uniformity over the surface is consistent with data presented carlier in the thesis, and is \_:
> e
W . . . . . . A
best cxplained by considering that a spatiaily uniform coherence level existed over most "
NN of the blade chord implying a fairly uniform source distribution. [n addition, rather
D)
(N
4 . . . .
;.'.:' ' large, low frequency correlation areas were also measured which indicates a large eddy
™
4 scale. There are some differences however which are especially noticeable in the fre-
ot N : : SATAC
ol quency range below 300 Hz where the pressure side source strength at the leading edge AN
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The dipole source strength per unit area was also determined for the blade

AR RRRARSY
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L AAs

y

7
s s
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located at a slightly different position in the flow, but using probe-tube microphones

rather than the miniature pressure sensors. The results of these measurements are i.:: -::._
shown in Figure 74 on page 182. Here the dominant source regions are clearly located EEE:‘E?’;
near the trailing edge of the blade, over most of the low frequency range. A small '::\.:
amount of noise generation occurred at the leading edge in the range above 1 kHz. E;E-,-.{f
This was likely due to the incident turbulence interacting with the finite-thickness :.j.j:.i:'
POV
leading edge. L\_:;i';’,.:-
Two different methods may be used to estimate the dipole source strength per .\_:\f\g\} :
unit area, depending on the information available. The direct method utilizes the cross ::'FE:-SE
A
spectrum between the surface pressure and the radiated acoustic pressure. Another ::"'Ezf-
cstimator for the dipole source strength per unit area may be obtained from Equation ,; ,:\; _g;
(2.41) in which the product of the surface pressure and correlation area is proportional 'E:'\EEE
to dG,,/dS. As a practical matter, the cross spectral terms are often not available or ::-_i:;_;_

difficult to measure accurately. In that case, the product of the surface pressure auto
spectrum and some estimate of the correlation area may be used, with some error.
This will be referred to as the indirect method for estimating dG,,/dS. The result of the
indirect method produces a spectrum which is just the surface pressure spectrum with

the time derivative effect applied (i.e., w2 x Gp, ). The difference between the two esti-

o« Lol
c._,,'t.

¥
Y ey
RN

mators for the dipole source strength per unit area is a measure of the error that would
be incurred by estimating the contribution to the radiated acoustic pressure using blade
surface pressure autospectral data only.

Figures 75, 76, and 77, show a comparison of the indirect and dircct methods
for estimating the dipole source strength per unit area at the chordwise blade locations
on the suction surface, where the correlation area used for the indirect method is the
surface area of the blade, S,. Since this is the maximum that the correlation area can

be, it is not surprising that the surface-pressure-based spectrum 1s considerably higher
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than that based on a direct measurement of the cross spectrum. The key difference
between the results lies in the spectral distribution of encrgy. The decrease in efficiency
of radiation by high [requencics is clearly demonstrated in these figurcs.

Onc of the most commonly applicd modcls for the noise gencration process on
an airfoil consists of attributing the radiated noise to the fluctuating lift force over the
blade surface. The instantaneous lift force can be defined at a point on the blade as
the difference between the pressure- and suction-surface fluctuating pressures. This
model takes into account the correlation between the two surface pressures and associ-

ates cach chordwise and spanwise point with a lift force and presumably a source

x

strength. An estimate of the dipole source strength per unit area s thus obtained by

AN
A

'-':'i,'l'.'
WA bg

subtracting the pressure-side source strength from the suction-side dipole source

=Y
P&I"
A
T R

strength per unit area.® Even though the cross spectra nced not be measured simul-

s
L)

taneousiy,® the probe-tube microphones would tend to interfere with the radiated

-

»

sound field when measuring surface pressures on the opposite side of the blade from :.':) X
CRENUEN
RPN,
the far ficld acoustic microphone. The practical problems of measuring the pressurc SRS
e
-
and suction side surface pressures at a given location using probe-tube microphones '-.i\.j-\.
i
)
were resolved by the use of the miniaturc Kulite sensors, mounted in a back-to-back -.'."%":,
.':J' w
configuration. S
..®
Since calculation of the dipcle source strength per unit area includes the cos 8 NN
-
. RS
. . . N
term which changes the sign of the cross spectrum between the acoustic pressure N
LY
sampled opposite the suction side and the pressure-side surface pressure, the resultant N
e
o
oo
", o,
.
r',:/', R .. . . : : ¥ ;
(' 3 Since addition 1s a linear operation, taking the cross spectrum between a reference signal and the
4 . . . . ‘
ol output of a sum or difference amplificr (x, ()= x, + x,) is identical to subtracting the two cross ®
A - LS
- -. . . . "('
E_‘::.: spectra between the reference signal and cach individual signal (i.e., Gy =G, +G, el
A o
N , v _ o
;'\.u * This was venfied by companng the cross spectrum obtained using a differencing amplifier with N
3&-: that computed from the difference between two cross spectral measurements.
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dipole source strengths associated with the fluctuating lift force at a point may be \
obtained from the sum of the pressure-side and suction-side source strengths per unit ' !
arca. The results of measurements made at the three chordwise locations are shown in » , 7
Figure 78 on page 185. Contained in these data is information needed to rank-order Q-":j\;
each chordwise location as a function of frequency on the basis of the overall strength 5"-.,»
of the dipole sources related to the blade surface pressures. For the blade configura-
tion under investigation, the leading edge turbulence interactions are responsible for iy
most of the radiated noise over the mid-frequency range. Above | kHz the pressure :
sensors were not sensitive enough to resolve the associated source strengths which )

| decay rapidly with frequency. e

6.3 Conclusions ! ,.._
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A series of experiments were performed using a single impeller blade immersed
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in an accessible and quantifiable flow field in an effort to better understand the radi-
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ation characteristics of the surface-pressure noise. The flow field was quantificd using
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hot film anemometry and found to be tvpical of jet flow containing a central core
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region which is nearly laminar, and a muxing region which contains high turbulence
levels. The blade was subdivided into three chordwise regions; leading edge, midchord, '.-_..,_-.-
and trailing edge. Measurements were made in these regions on both the pressure side N
and suction side. The blade surface pressure statistics were determined from single-
and dual-point measurements using both muniature pressure transducers and probe- W)
tube microphones. The relationship between the surface pressure and radiated noise NARENLY, ‘
field was determined using frequency-domain cross-spectral density measurements s‘.'\."-:s,.
hetween the local surface pressure and the far ficld acoustic pressure. Thesc data were e

then used to estimate the dipole source strength per unit arca and the corrclation arca NS,
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process was more efficient near the trailing edge than at the leading edge (for low fre-

s
A

vy

[d
P

EAs

77
!

’

quencies; below 1 kHz). That is, more noise would be generated for the same source

o
5

LR
!?"?

% A

o

strength, or, as was the case for the single blade experiments, the same noise radiation

would be produced from a region of lower source strength. The increased trailing edge vl';t;g'{
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tion and vortex shedding from the trailing edge. It was also determined that the corre- t
lation area was as much as 25% of the blade surface area, and typically 10% or less. :
Correlation areas of this magnitude imply that the resolution of different source regions \
in the streamwise direction is difficult due to the high correlation between points. The g-
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' blade surface. For the single blade experiments, the region on the blade surface with
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ated noise. [t was found that the lift force correlation could accurately be determined
from the difference between two cross spectral density measurements, without the need
for measuring the cross spectrum using the difference signal from a real-time differ-
cncing circuit.  The pressure and suction side corrclations should however be deter-
mined using the identuical experimental setup since any disturbance would cause the
estimate of the difference signal cross spectrum to dcteriorate.

The effects of local surface pressure interactions were clearly demonstrated from
the comparison of the direct and indirect methods for estimating the dipole source
strength per unit area. Source interactions among the high frequency, small scale tur-
bulence on the blade surface are confined to a relatively small region surrounding the
measurement point. Hence the efficiency of conversion to acoustical encrgy is signif-

icantly decreased from that of the low frequency turbulence.
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Figure 44. Photograph of Probe-Tube Calibration Apparatus

162

Chapter 6 Single Blade Investigations

.

~ ..(\’\__.._\‘,\’-' ",

" -.{\".‘_‘:.*-sf

RPN,

ST

Corn e e A

AT
O

N

S
o

-

'-1

Ta" ) o m
L IR I )
RGN LSyt

AR

&

P G Pt
AR AN 'Y

e

b 'u’-‘1-
Mo



-

hAIIRIS ERZAA RO O IORREION g5 s _ ; 1

@55 vy A .wxfxmxuxru.u\ xh\. IO .V..&fs”:\”. XX .V.V n-\u h ...ur. “W-m. o S ALK 2,2.2. 02007 o
[ AR PN 1,0, & « 3 o Rdnte Jh e ’

- e A v 4 " AR AR o ’ _\\\\\ﬂ A rﬂﬂh v :

AR AR AR YL PANYRANY P LA WA R, L

ATy S RN P AANAA S NSy, 8 X

Ly Y RN LAALAS , [ Sl Rl g g A NI o0 Pt AL ALY _r.-........«
A TARAA AR B Ree Al ErA A LA aae e FIIIRE L ..\s

c -,
=1 et
= —
c
E v
= z
—— T T YT T - T M S R 7 =
4 g 5
,/ , o = v
o
™ 4_ -1 1O e -
X » 2 =
\ = =
A —~ e NN - =
. b b e =
NSNS N . =
B INT) L =
4 S 233 c o
— e NN 3 o
— -~ — LI T ] £ c
NN NN m- &
— )N o4 s o v
3> 33> L c
- <
[ A o \.Phl.. -
- onq4ab B O JUNUPUNUPIPINE § R o~ Xz £
oL = S = o
¢ - Mlu
~ xE - /.
< €& X
. — (]
t * 2 PK .\.
o (3 L
o =g “
Nt m -'-
&g E o
£ ’
o oﬁ C q\u(
) - B 18 £ Py
- =% o
= ' 5
- - L
v & v "
= o I
(2L » B
. A £ - "
= "
g < i
Lo .
= > ' "
[ ‘
NS D R S £ -
o o o o I} o o o) o w = ;
oY ~ — — ~ ) @) o “ .z ’
v ] f} o™~ o - .\-'
+ -5.. N
(gp) bopbon - ’
(sa3.sbap) asoyy ~
I Tag
Wh L
& L

-~
o

.

.

13
.




v AN . P S
AR A -,M \.‘ -
R Xy hng a %, .
®. ¢ ..W\-\‘-\ LA RN ..\J....H.:.. ..;»\ .-I.
BIGSANSAS, NS
ot v L) PR R :
5559545 SSNSR Y S

»
.. v v v v — A S 4 T L4 ﬂ v v Ll TJ LS 2 8 v v - v — L ,— v
<, (@]
K B N 13
~ O
K, "
3 . ©
K > ©
= e - Rt
g oL vl c
- - S -~
. - oo ~ - [+ YV 1o &
’ S e Je ~ I
" O« O - -
ou Ou
>
— - b
~ 0 -~ 0O c
s Vo Ve @
! ve i L Rulio ) 3
o — =% c
be. 00 (el o] [}
»no no -
- - - - e
o
; . - - 418
; -
,
)
2 ! J 5
o
PO B N . 1 " i N B
3 o Ire) o [P} o o o o o
-— ' — (@] o o o
f} o~ -— — o~
(gp) bopbo
ap nbo (s29.bap) asoyd
b
£
b
1
)
TN NIy ey rr VRN et @ O Xnnr AR LLLY Y PN

c
~
3]
(%
o
E
o
-
e
3
v
c
o
£
[
[
2
7
[

3}
I
2
C
v
[
G
x
I
4
Z
E
2
£
E
<

I'ree ficld me

Nata.

Figure 46. Free Field vs Coupler Calibration

T ol Jo LN

anechoic room in the plane wave region of

Single Blade Investigations 164

Chapter 6

\c\-\\\\

o e s

-~

N

-
Y

'.\

N

-~
)

Tu e,

’I ’-

-

h]

LS
o
bJ

c .
B

RN ATy

a - -.,\f-" A

PP

.
S
"b
.



A

t;lf
e
o

NN
':'l:.&.

P +
(NN
'.
\
P d

110 T T — T

"K N .
2

¥
i

- Earspegker On
Eorspeoker Attenuoted

100 - Eorspecker Off (noise floor)

oao
[

(dB)

1
1

90

v
>
v
4
Qv
; 80 —*l
o
o s . 1
a 70+ A ’g“*‘! /\4,'?;-_. -_/‘aﬁ '{r./""w—w
g P “"\"'\':g\-.t“_,\'._ I»_.——-\‘ﬂ ‘d."' i 4
o R 8 /
[72] 60 L \/“-’A__ - "%\,\x =
0 1 N A N PR i
100 1000

Frequency (Hz)

Figure 47. Sound Pressure Level in Acoustic Coupler as Measured by Kulites.

.

.10 v T ~r T T v v

Fluorescent Lights
1.05 (solid) Off
(dotted) On

.95

Ordinary Coherence (magnitude)
o

(@]
0]
wn
U U U S

0.8C L L -~ '
1000 2000 3000

Frequency (Hz)

o 48 Eff~ct of Fluorescent Lights on Kalite OQutput. O
BN
AR SN
2 4-‘::‘ ,
RN
- :'_\.':'.::

| Chapter 6 Single Blade Investigations 165

£~ ¢
s a '.
1@<
»"1 l‘
X




A m‘f&"‘.’?-"&'-)&'?-“i“t‘«'.‘&".‘i‘.'7.:,‘\(}.‘\",

\
\
t.
;
\
.I
.
~
~ .
. T -+~ ' —_— v
4 -
]
r) I 0 - Kulite #1
» 0 - Kulite #2 )
ll1 6 - Kulite #3
y
A 2+
4
o L
. o O
. o
-, r3 )
N S
E -
{' | L g y
;f
W -4} i
3
h A A e A 41 A
90 T Y T Y T T
} 4
50 0 - Kulite #1 -
! 0 - Kulite #2 ]
-~ A& - Kulite #3
(%] "~ 4
[}
s -
o i ]
© (0] o2
o .
0 b
[»]
P b
a
s
50
1 1
3 4
L ]
-390 A N N L1 .
100 1000

Frequency (HZz)

Figure 49. Kulite Calibration Transfer Functions. The data shows the relative response between
the Kulite transducer and the reference microphone.

Chapter 6. Single Blade Investigations 166

o -_-.‘_:.'_-.'_-."-. . S IS D T L .

EACN AR ST Ll
AYCTICRS S AR ST A LA AR TR 25 Ve M i T RN VA




7 . - A , - - - - AR AT NN T AN e Y A . -..'_\ N )
'w«.#-'\"\ INP 4 . '-'&I .ﬂ\.r,- ,Q.(\J\ '\.-\.r'_ "-J\ ‘J\\ \c\u.r\. ‘_.r__..-._.'_‘.r_. _‘-l',: v \-I‘
b - oW ¥, kS o X e N . . N o N Coe 3% oY " TP a) »

LogMag (dB»

Phase (degrees)

Figure 50. Relative Response Between Kulites.  The Kulites were well matched as evidenced by
the similanty in the transfer functions taken between the Kutites.

o - Kulite
0 - Kulite
a4 - Kulite

(#2)+ (#1)
(#3)+ (#1)
(#3)+(#2)

I
: 'l.v
p)

NS

-
»
‘

R'5'Y
h)
l‘l ‘.

1.'
'y,
3

Y A
L)

vy
Ny
Py
.y

2
e

10

"10

0 - Kulite (#2)+(#1)
0 - Kulite (#3)+(#1)
8 - Kulite (#3)+(#2)

'y i |

”

A
A
&5’

&‘

g. -
4
e

‘<

..II

-
%
.5
X

8,

v
5 Pla ‘l
., 3
4 W s

A A
[ _‘. )
LI
-.:;.:.';\r;'z
y %ty 'h"‘
~

o

.'.
he

.
K

100

1000

Frequency (Hz2)

)

Chapter 6. Single Blade Investigations 167

T N e N
A A e N
N, A




‘e 0ta b b

\

Y UN Y

I UN

a¥at,

.

J.v.
AR
1\\\.- PP

10 20 30 80

0 mm

m

r(fﬁ.fj-nv

MIXING REGION

..*0

40

10 20

0 mm

&
-.- \“f\”\- \s‘\
e ...w.wﬁ.a
f&).\ s A

10 mm

\\\\

= -

11 mm

R=

BN S A SO

.- r 5
h'.wg-.‘q

o

CORE REGION

\.\.. ﬂtfn(f

G

-n\\c\--\d

AIR SOURCE

Figure 51. Schematic of Blade Position and Blade Wake Mcasurement Locations.

168

hapter 6. Single Blade Investigations

(

e
p
2 .

<7

€, " CL e S,
.-'-\. -« n "y

L

AN

R
AW,

AP

3

<
%
o~
~
Sl
*
L
AY

‘-

S

)

o ¢

F)

SN

5

l‘

Yy

"

" pt .

J":-',

\’-1‘_

e

o

3!

> :‘:J"-

A

!

%,

e

g

o]

oY



v

AT AT TN Y UV AT U A R )

ot Al

(U

ot

Ay AN
O LA T @y n

vA QLA 3 FIllPrd
FWFE hf. P,
BLISININ R85 ES,

NSt Ny

Pt PRl rry
wﬁ.w.ﬂvﬂ\.h. O_._n.ﬁ..a 5 e
o PR AN
J? Y Mﬂvvhhv
A R NI NCY
n-.\.-u-... ..- -\. \—l%’&'\.ﬁ\r\m (\-

Y

.

Mixing
Core

1

100

o

1
o
~N
'

-40}

i 1
o Q
w @
' ]

“100

(s/w 1 22 gp) A}150]3A

1000

Frequency (Hz)

&
i
=
&
£
=
<
“
!
Rt
[~
:
e
©
©
=
&
el
=
c
-£<
=
z
d
13
=
E
[
£
£
>
3
K
>
e
L g]
@
'
=
=
(i

rwa.ﬂmw
Y LA AR

2

Single Blade Investigations 169

Chapter 6,

.l
Tt

(]
SN
%

RN
U

A

4

SN

L}
v Ce

x

W
Lt

-y
AR
A

-

SN

..I"

.1
S

»~
Lt

1Y

A \1
AN

Sy

FEENE IR
. )
g

L
Ala

N \-\

"t .

o
-
L)




O - Leoding Edge
D - Midchord
A - Troiling Edge

Velocity (dB re 1 m/s)
p P

Frequency (Hz)

Figure 53. Velocity Spectra in Jct without Blade Present — Core Region.

%

»
A\
&

*

.
o«

XA
fo
e

s
5% h N
2
I‘,\'l"

£
]

3

.

-
»
»
s
f
a

0 - Leading Edge
0 - Midchord
8 - Troiling Edge

.
$ 5
‘l'?;,

-y
'. 4y
'

.

.
'

»
‘n'.,l" l'. a
s r"f'c
i
x5,

T
X
‘>

>

’4
%
’

=X
!

o
S -
Ihe

%y

.

-{5\5
f

[d
‘v[‘l{ s

Velocity (dB re 1 m/s)

" % Y
P

L]
‘
I'd

L

1
1000

Frequency (HZz)

Figure 54. Vclocity Spectra in Jet without Blade Present — Mixing Region.

Chapter 6. Single Blade Investigations 170




XD .'ilt.!tlﬁ:ill\ e g g Yl [T *a 4! \.-.-'\\‘.‘\, a8 Bab Bat Bl aat 2 b’ () ‘oot 00b 8 il Bal .‘.,‘,..‘

NI
l.l. I."
(RN
]
WY
NN

<
e

(@)

1

]

]

.ﬁ
P N Y
ﬁ%
LM
Py

|‘I

WL NS

b
l..f ; )
L ]
LA % o~
<
'r.*ﬁ" e

“20F B A LN

"

&I

]
&

¥y 5 r
DR
55

‘,‘

“40+ B 1‘"\;\ N ENOHES,

(dB re 1 m/s)

Cross-Stream
Position

¥
P
o - 10 mm : ‘¢:§: f
Q- 20 mm 1 RN
a
v

o
o
T
i
h o)

Velocity

- 30 mm [ ]
- 40 mm . A

4

Q
(o]
H
‘Y

i

'
A

(Y

100 " A " i 1 e
100 1000

Frequency (Hz2)

<,
G
o

L4045
5

Figure 55. Velocity Spectra in Jet with Blade Present — Core Region.

PO A PN ]

4y

T
¥
Yt
o 5
RN

TN AT

Y

ne
l"
f

x

A

0y - _— .

L Mixing Region 1

[3n 20 In e B i {

re 1 m/s)
4
..f
M

R
l'

(dB

~
-y ' J
Cross-Stream 1L\\\”&M::fq\\x\ il

Pos:ition

o
O
T
?
/

{

- !0 mm :"-:: "

20 mm ] i::\:Q:
- 30 mm “,53:,\\‘
- 40 mm - b ‘-. % )
NN

Velocity
Qp0do
'

0]
o
T

'IOO;L A " i - —
100 1000
Frequency (Hz)

Figure 56. Vclocity Spectra in Jet with Blade Present — Mixing Region.

Chapter 6. Single Blade nvestigations 171

R R A Y Tl JL I I L Y e S P - A B I B Y e R I LN I D I S UL RN R LN I 3
TR N T O A A A e e T 8 et S T T R LR AT e
L - . '« » . L) » . L) L) ~ ) W - of . & »’ - . i i .



Velocity (m/s)

Core Region 3] :

Blade i 1

Location i |

20 30 40
Cross-Streom Location (mm)

Figure 57. Velocity Distribution in Jet with Blade Present — Core Region.

Velocity (m/s)

Blade ]

Location 4

PP A e

Cross-Stream Locotion (mm)

Figurc 58. Vclocity Distribution in Jet with Blade Present — Mixing Region

Chapter 6. Single Blade Investigations 172

Lo W A o

S M N \.‘,\;_&'v.'."_\_',\.;;. \‘(\:;.}x;;.‘_‘\';.:ﬁ' RS SRR L
0. W% i T, 2 o h oy o v Sl A gy

pi
X
<
* 3

A

Pl o 54
s g
NN
5N

Pekan
s
(S
g
v'l

Z
%
b
.

Ry
4
A

s ¥

»

4
e



<

W

\!

ata’ 89, 4

p 2 X Bl (S

Miachord
ling Edge
Noise Floor

- Leading Edge
Tra:

o
C
a
v

P

i

100

o,

Ol - YFNH

3
A J
\mW’ nnnnnnnnnnn r
; <
o e !
Ty
\ D
3
J
s
v
Ty
\
»
\
\
P R
o o
~ w

|@A37 3inssaid 3d0)ung

o
.J\...\...-l LA
Al

1000

100

Frequency (Hz)

.

Figure 59. Blade Surface Pressure in Mixing Region — Suction Side.

LR S I S =
A g
L ARARAAA

TR :
wfﬁtﬁyhh\.ﬂﬁﬂﬁﬁ¢:

g

A

O iy
w5 Ta Tz & 2

€ x

AP

-. Il
\l

LY

e

[

- Leading Edge

Midchord
- Traoiling Edge

- Noise Floor

o}
o -
a
v

ap)

Q% \ﬂ)ﬂ-w...ud-o&.. N

K J.-(.-,I

XA R

|3A37) 3.NSSIig 370, ung

T o
N XA
.,.Haw... _....r....s..h
AN
(@]
1O
(@]
=
~
pay
] >
o
c
@
2D
o
1 @
[
[vs
o
-4 O
2 -—
o
<3

5% N

Figure 60. Blade Surface Pressurc in Mixing Region — Pressure Side.

AN -nn-&t- [y
[y \fm

Ay

e 2Nt

Chapter 6.

Single Blade Investigations

-

: o )
n-!-{\hv\ :-h'.- ki i el Ty ---
@SS e @
PO AN Bl SN NN
vl e A
5
’
’
7
ro
‘ v{.
5,
P
09
g ’s
~ a7
— A
‘&

-
-

-'.J'\— . .\-'

-‘%“f

L

\‘F‘-

“w ‘\-""\*‘-

,'-;:'-.'J_-.}-\'\f 5 "-r"""'-r oy
0 O W%l oY M

< -"’i.'
e,

)

Yy
Y,

O™ o™ Py
’

W

1 R
.

%

e

Lo -

s

¥

Tl .-.,Q,'
OAOOQAIJWA



o - Leoding-Midchord
O - Midchord-Trailing
4 - Leading-Trailing

o

H

N

P
L NS

I 1]
Py

4
s 2

ARy

0.2 N,
Bt

.«f-ﬁfi;vai; |

n
e,
. W,
1

247,

Magni tude of Compiex Coherence

Ll
5":1"
P AN

Z

1000
Frequency (Hz)

Figure 61. Complex Streamwisc Coherence in Mixing Region — Pressure Side.

(o]
w

1

o - Leading-Midchord
0 - Midchord-Trailing
4 - Leading-Trailing

L ey

o
[e4]

bEE 2% Y
.

o
~

o
N

Magnitude of Complex Coherence

Frequency (Hz)

Figure 62. Complex Streamwise Coherence in Mixing Region — Suction Side

Chapter 6. Single Bladc Investigations 174




.vﬁ.x..x..xf CENE AN

« W

A AP oA 0 g o't ath g¥E oh gle o

-

P‘“WW\'Y\““W\.“ <

I A
w... R @ L ANy

oo e
YR
ﬂ...............
A
N N

- Leading tcge
Midchoro
- Traiting

o
o -
a

NGy

Y i 1 1 A 1 . i "
© o < N o
Q o o [w] o

9oud.,9yon xa|dwo)y jo apnyiubopy

1000

100

(Hz)

Freguency

Figure 63. Complex Spanwise Cohcrence in Mixing Region — Pressure Side

LG, < >
AONINA BRI
FANSSSNY @ N....-.-._........» o
ARG LA LN
\_\ ..). .-.v.._ P f\ -\-\na --iN” -.!N L] -f&
» Y ‘, 9 « -f- “
....-\- A-» .- .-fkf-l\ _ »NISF“HT &uﬂ- i

[
| o o
o O
0 W
u
oo
oe C
- —
D U--
wdau o
2o S
N e 3 2 o
—
] 1 )
ﬁ o4
/
I
/
o
~\..
4 o
{ .
{
O
\ &)
e A i -
o [+ ¢ (@]
— Q o o O o

25u813yo) xa|dwo) jo0 apn)iubop

(Rz)

Frequency

Figure 64. Complex Spanwisc Coherence in Mixing Region — Suction Side.

175

Chapter ». Single Blade Investigations

"

AT A h il

R

ﬁ;f‘ﬂ; h

“

QAT AT
N T W AN

1o I8 JR e
Bty .‘

4




P - » N ..
) AN . A LR ] s R A R AR A A AL
« S A e s " . A P
us.l-\..&-( .7 -- -\- --.- u“.- .f\.r\ s -\.1..-1- .7 J-nJ. .A'-)- ~frwﬂ ® -Y f\-v\-\-t\..\ -\- [ ] .l--l-v g v, \A“\h‘ﬁu&/-
£, -\-d\- V.- (--h-.-f-\ .vu{h(..v-st-.r\f f-.f%f-.f-f\fﬁ el ln—\un\l‘u “a 88"
P - - L RN "y "e X vpLrLS
Saant BhLS N SR ALt U XAV
L, B CCREANG P SERNAAT Y B R R A AR SR A i
£ ]
.
o
(@]
; - o
—
]
l-
s o
: i =4
I 1 i 1 A 1 1 i " —
. o © © < ~ o
— o o o o o
: 22ud4ay0) x2(dwo)y jo apnyubop

M
e

; a PAl L T
WO ea RO ANV B
SN NS e x.n.a...... S 2 e a a0

L N R Iy o " ’, ...-\--..\u f

(NN AN N A \--... ‘. \..F\- I LA A .«ln-\. -

Frequency (Hz)

NN
5 5%
')ﬂ»—...r.b. L4 N-N z®

Figure 65. Effect of Incidence Angle on Complex Streamwise Coherence.

......x...x.;s%....,:...\_m

E X g
% a0t .-.~.\ .—\”-\“un..-l\u\ -...\-A o

176

hapter 6. Single Blade Investigations

(

TN

e

.—‘.N--H-\-N'
y N N P, > o

=

. '\'-""J‘:'):'J‘::,\" :.}“\._:. e

.""""’

A e

o o

AT

e v e

ST AT &.(

3

!

a % ) " PR
",
Y Niiteaty, R

«



N X PSS 5 RRET F FANY CaCal 2 1l v .
NI, -J’Jf AN A IO \A-h . AR AN S N e 4N 5985 " - Pur e e a2
...........J ® VHJ\.,...,..J. .....a L %N ....\J.......\.....u o, S N ..“ \N.ud" [ ERRRANAS °" 227, x......x..\..* °® ..x..x..x.a....u..x. . .mnM. A ° A2 AR ° ,
ARRR AN o AN S T A e Ny LA : NN A L
R ' s R Y L Jo Yo AL ---ﬂ Tttt e 0y 549D L 7 .\.-.-ﬂ\s v
By A WU S JU R R S oy N L N T el . W ' ..\\.\vm Celp e le e > & PO LS .
R VAN Yy AT SR oL S A LR R R A ’ NN AR 5 A
,,A. L A I LA T AR S ] w1\'.. Teletala Vel rARNSNE N S .I. -\,\.WN.J ; .\..\... S \.
* ..\“-‘
3 \n
. ..-
L ¢
4
> r~ -—-
~ “
] = d‘.
. D
b’ z o
& < A
' r T T . T T 1§ - v T A T T T v - .m \n
K, o = ]
» v C v .
. Q - lo g 4
3 I 18 - 2248 c ‘
» M 0o 2% -— .3.
v OV ~ [#} x
“ 2k = .,
3 - K] S
Y, | © = 2
. O v . "
. -“ | c O # 5t 2 -\n
[ ) = - ol ' Ny
Y 75 0o W = A
=z o o0 . o LN
A oc < o= e v -
. - = - 3 c s’
; o — N = < Ll
P L= ~ - .
) S = ~o |8 = c e
. - © < 415 3 -9 - ve-{s5 3 C ’
; s N 1 3 ol R £ s
& ¢ 0 -~ (el ] ~ c - %
P o~ w ko] I ~ P
» c o > - - > <© i
. Ragp= %) > %) E -~
he ¢ c U ﬁ c - ¥
K I DoUo© v o ] 4
. 82 3 £ 3 £ >
3 - o o o < ‘S
b’ — [ o ..
: -~ L 2 e ¥ o
holy M w .- .y
y - o o z
e 1o E 1o £ NS
. oo o a B o 3 o
0O - 4 — < s
K - = — = .
. 77 . v
3 »” . w “x,
4 @ [ .
] -y = 2
| m ﬁ m _.-‘
o -~ .
. o =
: c < v
; m 1 m
.l S — " OO £ S i ps —_— OO -m" ...
2 o o e o o) be) e~
. (] o~ : o~ - o~ . v,
- . “ ‘. m ...
k (sasibap) 9ouaisayo) xa)dwo) 0 3soyyg ® (s@91bap) 95u312y0) x3|dwol ;O asoyg v o
- = - .’
: & & "
; = s Ay
*




i 8 S

- e e

¥

T 1’8 a'h L'a a'n ate’aVeate’ At a1a aia® ia’ et akat flatgar gatatat s GA ahan y TYUYTR TUTUR Wwvmmmvw“ﬂ.w}‘t
o ™
e

60T v ‘ v — —

50

T

Biade in Mixing
Blode in Core 4
- Blode Removed

(dB)
>Ooo
]

Sound Pressure Level

100 1000
Frequency (Hz)

Figure 68. Sound Pressure Level at Distance of 200 mm from Blade.

60 r . - — :

(dB)

Sound Pressure Level

1 " " N A 1 "

100 1000
Frequency (H2)

Figure 69. Sound Pressure Level Variation with Angle

Yo

P T R e T e N N T S N )
P, f,( ' J‘ .f_-" S St f_c"\l'.-,-. T A —

R i

la N o¥)
',“‘

A7

SOOI
SEP S
YRASYS
A AL DS
ANV Y

?:,\Tck >
r' ~
el "r’ P

5
o
ol

"y

.
a

L




N PR T A WK

)
»

L)
il

Figure 70. Quantities Required for Fstimating Corrclation Arca at Leading Fdge.

-
Mgl -0!‘.‘. n.!

3 \J L3 1 1, 4t i Vo av L) - I » ‘gt » K] ¥ . .
100 r A T v T 1
- J
Blode Surface
o 80 Pressure
©
- L
[ ]
s ol |
Y &0
Y L Cross Spectrum
v 40r Rodiated Sound Pressure .
a
T 1
c
3
& 20 L
0 | . A i T — I
200 — T v
100+
@
v i ‘
v [ |
3 )
he) OoF
o Phase of Cross Spectrum
a s {Note Log Abscissa) [’
£
Q ]
100+ ‘.
-200 4 . — — !
100 1000

Frecuency (HZ)

Cross spee-

trum between the blade surface pressure and the radiated acoustic pressure, and the
autospectrum of the blade surface pressurc. [incar phase of the cross spectrum is due

to a propagation time delay for 200 mm.

Chapter 6. Single Blade Investigations 179

G N

L)
) ¥ ¥ ] GO y A% IR ) e i T M e e N )
“!‘l'c 'o . "8%, :..'l.-hl.’l'n I.! 50 WO W L LS l'!‘l O"‘l ‘. 3 q‘a- .”' ] “.‘9 f ’ . 'y " .‘- * ‘.‘.‘t ot .n Ay N ,n\‘-"‘n

-----------

o
1w
o .4"

c;*'":;‘:

RN
o e
ol

* i

/‘;' o 4
Ll oy

2
{.:_ ¢l

WA
b
T

%

)

o’
J"J"'-'




1.0

Normalized Correlation Area (Sc/So)

'
b
o

0.5

'
o
o

O - Leading Edge

LA 0 - Midchord

= 4 & - Troiling Edge

L " " L A 1 N

100 1000
Frequency (HZ)

Figure 71. Suction Side Correlation Arca — Mixing (Kulites).

Ilgure 72. Suction Side Corrclation Area — Arbitrary [ocation (Probe ‘Tubes).

‘l‘.'l.o O,Q‘.. lu.‘.l..o' L,

-
(o]

o
(3,

4+
o
(5,

.
—
(o]

e

Normalized Correlotion Area (Sc/Sa)
o}
o

o R e St N ANEME M L e SR 3o v

0 - Midchord
& - Troiling Edge

o
t 0 - Leading Edge

1

100 1000
Frequency (Hz)

Chapter 6. Single Blade Investigations

o,

Al X ‘.\l. -

To (vt
YN -

O X
M ‘:Q:‘.:':':c
et e ".‘l.

el iy

- 1

\VN* *

E;F‘ haty
n

*\r ’

¢
&
‘5
AKX
S

‘{Y'
;-;_
P

L&

D7

g
’l
e
-y
B

f <
B 4
oxR

Pg

o

o

4
s ® h
LERS

e o S
! E

Eg;gg;_~ﬂ

v ® m e_~
PRy
AR
L L
VA
L] l"‘
1"-.4".?‘.("-

r\" = e
180 ehiNe

P
7, L)
‘."v)‘,'.\‘
NI T, 5% JE T s NN,
{1} Nl RGYY, j B 0N W A, :



squared)

Dipole Source Strength per Unit Area
(Po per m,

80

70

Dipole Source Strength per Unit Area
(dB re 20 micro Pa per m)

[
o

0.0004

0.0002

0.0000

~0.0002

“0.0004

used.

o - Pres;ure
0 - Suction

0 - Pressure
O - Suction

.

100

Figure 73. Dipole Source Strength at Leading Fdge — Mixing.

1000
Freguency (Hz)

Chapter 6 Single Blade Investigations

Kulite pressure transducers were

Z"WNYXKY
o ] '. v
.'\* h )l ":‘l:‘::
AT
Bg%'aﬂdﬁ
» '|"'."5
L) ".',";'!'

Xy

NS

"~

> A @ 35
"ﬂ: -

veLLll S
(NP
N
PR
s
r‘ ': ’v‘ *y

s,
7

N

LA

(\4’.'( ..l .'- "' .
f"-' .
.f..l

1@



CP 2 8483 o8 ad o'R a danbngBop g hop i 9as Yot fad byt : ¥ 2 4700 gt Lt Bin iy B 9 e B g ais e he

N 80 T v Ll
(=4
s | -
«
" -- 70} O - Leading Edge -
% zE 0 - Midchord
e Di - 8 - Trailing Edge ]
¥ [ ']
o Bp ©0
A c
Py
AL €V g
¢t Qo=
! sE
l'k no
.o'l‘ N
I Se 40
) -
=4
om
"o
PN ~
Y v 30
o S
- a S i
3:'. 5 1
:f. 20 e L A 4
s
i it
X . 0.0006 ' — r RGN
o 8 | .."'A.,. § }'- ‘,"\ s
e < SN .‘-‘-,'?-’
o - 0.0004 |- / 3 0 - Leoding Edge - e
- = / g 0 - Midchorg -
53 r 2% 8 - Trailing Edge 1 I
.'\; -e \ AN
i i oomg A AN : S
) £ d ' !
~ - t -
: () U‘m ‘3,'1‘_*’»
N ¢ € 0.0000] e
- 3
K wne ,_.-2.;-:.'
N 8o - NS
e vo ~0.0002f ) - e,
+ -0 e q.\q.
] 2~ S IENY
] . A
¢ v LNEYLY.
o "0.0004+ -
o
%) a i 1
(0" e - 1
k>, 0.0006 — . . =
100 1000
:‘,: Frequency (Kz)
L}
Al
Figure 74. Dipole Source Strength for Blade at Different Location.  Probe-tube microphones
e, were used.

Chapter 6. Single Blade Investigations 182

] ™ e
. XS

W ."., |:i.'.‘l.’ ahen l‘fl3.’0"0'*':.30‘.:0.0!\!, .l!‘.l! 3, ,t'_‘.l.. 10!.;".‘5‘!\.!%0,'\ e, 2



Dipole Source Strength per Unit Area
(dB re 20 micro Pa per m)

nN
o

Dipole Source Strength per Unit Areo
(dB re 20 micro Po per m)

T T ’ oo ¥
Leaoding Edge
L .
i Indirect 7
i Direct i
N . a1 44,
100 1000

Frequency (H2)

. Comparison of Dipole Source Strength Fstimators at Leading Fdge.

T M 1 M
i Midchord
i Indirect h
d
Direct ﬁ
l -
\ .w,wvw
! L j
100 1000

L o L
RN

Frequency (Hz)

Figure 76. Comparison of Dipolc Source Strength Fstimators at Midchord

Chapter 6. Single Blade Investigations

R IR, N0y \--\-\--~~Qﬂlq-1uli!'.".11'..-"'.'
" \! ‘. '\h‘-n..l. ."’ 5 "\ o !‘ * \“.‘\ . »"\ X \'.'

o,

i3 ‘5 gl,
LUty ey
Nl

n :’;

"l SA -
u‘..l‘..«‘.‘o'.;l

Wity

T
D)
B
(SO XY
L\ f
Y A

! @
YRII




- e e s

- .~

I W O S DO P S TS R O R N R K Y KW R TV T VY VW OUOWUWT-vD - ERER

l"

]
t'.:':!
‘;i:‘:"si‘::if
'.:,::?:‘a )
ng

{'l.
100 . . — : .«!!5?9”.-?1
L Troitling Edge ]

.'ei.""' 't"
80 . ! '::":.t"t

Indirect v

60+ =

- Direct .,.!

40

(dB re 20 micro Po per m)
T
{
Y - -
3 2read B
X £330

Dipole Source Strength per Unit Area

L) t
20 i A A i e Y hod !
100 1000

®
Frequency (Hz) %%::3%
Figure 77. Comparison of Dipolc Source Strength Fstimators at Trailing Fdge

Chapter 6. Single Blade Investigations 184

h Tal,

D) J 3 3 \ 3 P O G L L L VT T VU S Wl Sy il S S S St iy, S "y S VL A N T D T BT R T VA Y
.:w{\"ﬂ'-\';‘i;«?\;.!\’.h‘! ‘AQQ ":'5:”'“.,\0lf.:‘?“‘!‘:‘:’t.ﬁlﬁ O ."‘. y J' 7. .’ :w' :I'_( o, \h' Ch 0) by -' ) !’ o' f- J f HOheh:



100 v . ——— -

R 0 - Leading Edge -
80 0 - Midchord
4 - Troiling Edge

60

40

Dipole Source Strength per Unit Area
(dB re 20 micro Po per m)

20
0.0006 v v T y T v
0 - Leacd'nq Edge
0.0004 0 - Midcho?d 9 7

& - Troiiing Edge

0.0002f

squared)

0.0000 o
J

Dipole Source Strength per Unit Area

€
o 3 )
Q
o "0.0002 : n
e
0.0004 | 1
i 1
0.0006 . . L 4
100 1600

Frequency (H2)

Figure 78. Dipole Source Strength Distribution Related to Local Lift Foree.

Chapter 6. Single Blade Investigations 185

Al {a’aY "y " N A o s T T AT e N e T e T

.
« Tt ¥
wm e

¥ .

Y.i”
e




Chapter 7. Conclusions and Recommendations for Future Work

7.1 Conclusions and Discussions

The design goal of the model blower test vehicle was to produce a member of a
homologous family of centrifugal blowers typically used for cooling electronics (espe-
cially in the computer industry). The design of the model should deviate from
geometric similarity only to the extent necessary to minimize the generation of discrcte-
frequency noise associated with the rotor-stator interactions which occur at the cutoff
of the scroll housing. This objective was met by designing a 2X scale model with
increased cutoff angle to reduce the tonal noise. The resultant power spectrum was
uniformly smooth over a wide range of operating points, with no evidence of narrow
band noise.

Most of the experiments on the model blower were performed at the operating
point of maximum static efficiency.” By definition, the BEP is the point of operation at
which the impeller is most efficiently transferring mechanical rotational energy to the
fluid. Examination of the power spectra taken over a range of operating points shows
behavior typical of most air moving devices; that is, the radiated noise is a minimum at
the BEP, and increases significantly at off-design operating points. The fact that noise
increases for static pressures both greater than and less than the maximum-efficiency
static pressure, indicates that the noise increase is due to a change in the local flow
patterns in and around the impeller blade row, and not just the result of differences in

the pressure rise across the blower.

¥ Also referred to as the best cfficiency point (BEP) or design point.
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The sound intensity distribution near the inlet to the model blower was meas-

. . . . . . e DI
urcd using a custom-designed, automated scanning system built for this project. The ROUET
g g :‘.“ l.":‘g l.

results of the broad band intensity measurements were usced to graphically construct -
".\"‘0:' W
encrgy flow maps of the active acoustic intensity ficld. In addition to the centrifugal ::::::éc Y
o
blower, the intensity distribution near a small axial flow fan inlet was also detcrmincd ,«:0:.:::-::&:
DUDONON

and compared to the centrifugal blower data. The results were consistent with the

""\Qﬁ;
notion that local source interactions (i.e., between different points on a distributed ey .:‘»,EE:
- ) . ‘
source) can occur if a causal relationship exists between the source regions. Local '.:n\ .‘i
. “. en.l.‘
interactions between source regions can produce complicated energy flow patterns with - . ]
S
areas of recirculation and cancellation indicated in the intensity field. For statistically ;j.,-'f;i ,
AT
. . . . .. . PN
independent source regions, the local interactions are negligible and the areas radiate “ J‘: %4
. . o - . Y
independently producing an intensity field characteristic of outwardly propagating ]
:‘"“\‘?;'"
waves (point monopole radiation). Centrifugal and axial air moving devices are exam- "._-r:‘,‘-:,_
» o«
AN SN
a . . - . . - - )!’4 * -"
ples of independent and interacting distributed sources, respectively (provided the dis- g ':.:J:J‘.;
Pa. ]
crete {requency noise of the centrifugal device — rotor-stator interactions at the cutoff’ °
TR
FIE
. . . 0
— is masked by the broad band components). Since a centrifugal blower can be -f.:-,,.:- e
NS,
a,h NS
thought of as a collection of random, independent source regions, noise cancellation ﬁ::ﬁj.‘;'
“Curn
methods have little chance of success for this class of air mover, since cancellation : "
"0 %
. . : o
schemes rely on the causal relationships between source regions. .'{-\3. o
LS. Y
. AN
. . . . O N
The aerodynamic field internal to the scroll housing was qualified through ,),\j;\ .,::
T I W
AN
visualization techniques, and quantified using hot film anemometry. Measurement and “%:“:‘
. . . . . ' W
visualization of the internal flow field near the impeller blade row lead to a good under- ,",'.:,.: -
_ o R
standing of the essential qualities of the flow patterns, but detailed information was a*g\q:
' 0
difficult to obtain. In general, the mean flow distribution through the blade channels St
was found to be similar to that measurcd by Raj [78]. NN
*' .". -.'i
. . . \':,\‘_\:_\
Idcally, the mean flow through the impeller should be uniform in all three NSV
S S R )
o, o,
. . - . ‘. . - . . . VN N
dimensions {circumferential, radial, and axial) to munimize the noise. For a given “"-"*.‘-'\
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volumetric flow rate, and assuming that the noise generation is (indirectly) related to ":':'k:‘::u".

the mean flow velocity through the blade channels (possibly through a fifth or sixth ,.u‘.'-':"'

power law), a uniform flow distribution represents the minimum noise condition, all o

s

other things being equal. The extent to which the mean flow deviates from the ideal

represents some incremental increase in the overall noise generation. Additionally, the > ::“ ::.
distribution of turbulence provides information on regions in flow which, when inter- Codaint
"X J
2R
acting with a solid boundary (blade surface), are directly responsible for noise gener- -'.)-‘}«"' .l:o"}‘.
\', ) '
w N
ated by turbulence-boundary interactions. Consequently, the distribution of the mean L "'f Al N
and fluctuating flow field in the vicinity of the impeller blade row was determined and g '.8: %
»,
. . . . e . R
used to infer regions of high noise levels and indications of poor aerodynamic perform- SO
e
>
ance. e inint
m ‘- (X
It was concluded that the mean flow through the impcller was not uniform. - o 4
- WL,
. . : . N
There was evidence of a flow deficit around the circumference of the impeller for the S:: :ﬁ:
) * i
. . . . . aSannaY
spanwisc region covering the outer 20-40% of the blade span (i.e., nearest the inlet). gt ol
Zav8.a%0, 8% o
Conversion from axial to radial momentum is a gradual process, with the resulting o _“
RATRANLT
through flow deficit occurring near the inlet. In the circumferential direction the mean \:&2"% !
SN
flow through the blades was reduced just downstream of the scroll cutoff.® The \;-; o
WAL
increased cutoff distance used for the model blower may be partially responsible for S )
hroe e
this effect, but it is more plausible to attribute this. to a characteristic of the flow in the t'_;‘,";::':\';
L
) . " . .. Wil
presence of the cutoff. Both the circumferential and spanwise nonuniformities were %:f-}’:
L%V )
. . . oy eqr . . . n Cn (Y
obscrved in the visualization studies. The possibility exists for improving the stcady g ®
I : , ANt
flow uniformity through scroll profile and/or impeller blade structure redesign. X ':." N
The turbulence levels were generally low over most of the inlet to the blade :c‘
AN
. : _ LN
channels, with the exception of the area opposite and downstream of the scroll cutoff, et ®
SN NS
< :ﬁ:":‘\
-1., " 9
EIER
Cd
R
% The term downstream is used here to denote the region on the side of the cutoff opposite from Rl e
. ZRENEN,
the blower discharge. :-f:'-_.\'_f:-_.
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R
RO
Chapter 7. Conclusions and Recommendations for Future Work 188 .a&:-'nl\':\ :

A

PN . '}-'f.;l -J'.;-'.-f‘:!'..fo- <

T R T T A R o P €y
RO TR ISR AR



T LINE W WO AP ST ST I LTI Y LI LU 1Y U LW U U R T UW LI L U 1P LY DWW LW U U D U T OO T T W T oW T T wowo at g% ‘ab at. b ;:.:;":;g.:;q:;
) .""".“lﬂ
n::,'o:',c".a:'.u

A l'.‘l.:’l‘..l.

) o

OO |"b.|;ﬂ‘| by

N
2R
. Y ¥ J
the inlet side near the cutoff suggests that the entire blade passage flow (as opposed to : \-",,'Q ;:7'
O e <

just the trailing cdge region of the blade channcl) is affected by the abrupt change in !

where they were significantly higher. The isolated region of increased turbulence on

outlet flow impedance as the impeller passes the cutoff region. Since the turbulence 1s

spatially periodic (once per revolution), the resultant noisec generated by the periodic " :.:n‘:::
'Lk
forces on the blades as they pass through the turbulence is narrow band. The turbu- —
OSSN Y
. . . . .. . AT AN
lence itself being stochastic means that the phase of the sequential periodic pressures is DAY
PRGN
i . . . . DA N
also random. Also, since the turbulence is spatially distributed and the blades are of AR ERSE
finite dimensions, the resulting noise is narrow band, and random. A barely detectable, ' .
e
D N Ot |
. . .. . . A 15’ t
relatively broad peak in the spectrum at the blade passage frequency is indicative of BARSOGY
n'- Y ."'
this phenomena. P :n
b Js
Increased turbulence was also measured at the blade channel outlet. The ' [
velocity fluctuation intensity at the trailing edges of the blade row was uniformly high, ﬂf '..'
| B
showing almost no effect of the asymmetry of the scroll profile. The outlet turbulence, ‘.f\*..)- j'.
'1.,‘ ¢
. . L)
thercfore, was due to local blade interactions caused by separated flow over the blade ,& Py
QN Y
surface, turbulent boundary layer formation, and incidence and deflection fluid angle .({f-@\«r
BN
. . R . '\,
effects at the lcading and trailing edges of the blades. The marked increase in turbu- k AN
0
Y t
. . : "
lence from blade channel inlet to outlet is an important feature of the turbulent flow I"‘“"
AN
. - ‘ . . : . P
field and is an indicator of the noise generation process. It is impossible to determine 'QJ-T_X,;;Q
AN,
- ] .*\i'h"r‘-(‘-
from these mcasurements whether the turbulence is generated in the blade wake or J-',:.;';f:.r:
AN
» \ s
whether it results from leading edge or midchord phenomena such as boundary layer .fbl‘u.KE*’
) - [
separation. Efforts to reduce the turbulence levels from each of these regions would f".'~:'.-:‘:-k.:-_
OGNS
require different approaches. A natural extension of this analysis would be to examine :‘:-',:'.‘}'\'::_
e T N I
W AN
the secondary flow effects in the blade channel. The intra-channel flow could be meas- at ';":
ured cither in a stationary frame, using a laser doppler velocimecter and triggering - ]
RONSTR
system sirmular to the current setup, or, in a rotating frame, which has been done by A "k.-
- A * ’ ‘* '
several researchers [2, 27, 43, 61). EL-"“ Ch¥.
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In summarizing the aerodynamic evaluation of the internal flow field, the mean
flow patterns were determined and found to exhibit distinct regions of deficient flow,
and other areas where the mean flow was quite high. Efforts to improve the mean flow
distribution should produce a more efficient air mover with the added benefit of less
noise. The relationship, however, between the mean flow velocity and the amount of
noise generated is an indirect one. This is because turbulence is controlled not only by
the flow speed, but by aerodynamic interactions which are dependent on the geometry
of the airfoil and the fluid flow angles relative to the blade row. Therefore, the mean
flow patterns are useful in understanding the basic flow phenomena and making some
estimate of the effects on noise, but the real utility of these data is the role they play in
estimating turbulence related effects from the steady flow field. A prime example of
this point is the use of mean radial velocity measurements made at the blade inlct to
compute the fluid incidence angle of the flow as it enters the blade channel. The inci-
dence angle is a key parameter in cascade analysis because of the important stall condi-
tions that may be predicted from knowledge of the angle of incidence. Note that stall
refers to partial or complete separation over the blade suction surface, and is normally
associated with a high angle of attack or incidence angle. A stalled impeller is both
aerodynamically inefficient and excessively noisy.

The role of incidence angle on blower performance and acoustics was discussed
bricfly in the thesis. The incidence angle was estimated for tﬁe model blower, based on
measurements of the mean radial velocity at the blade channel inlet, to be significantly
different from ideal. The measured incidence angle was also used as input to the
numerical mode!l (developed using FLUENT) of two-dimensional flow over a single,
isolated impeller blade immersed in a turbulent flow field. The flow simulations pre-
dicted suction side separation over most of the surface, even at 0° incidence, presum-
ably due to blade curva.ure. The design benefits to forward blade curvature are best

understood by considering exit velocity diagrams. The resultant incrcased rotational
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1]
:; velocity is converted to static pressure at the exit, hence forward curved centrifugal
o
" - - . «
.'.: blowers are considered high static pressure devices.
™
. Results of experiments on a single isolated blade immersed in a controlled flow
R
; ficld comprisc a significant portion of this thesis. A detailed discussion of the results
" was presented in Section Chapter 6, “Single Blade Investigations,” and will be summa-
. nzed here. The dipole source strength per unit area and correlation areas were esti-
1 mated using frequency domain techniques developed in Chapter 2, “Theory of
e
;‘. Aerodynamic Noise Generation.” Since the blade was located in the turbulent mixing
[N
region of a free jet, high turbulence levels existed in the surrounding flow and were the
"
Ll
i: primary cause for the radiated noise. There was however evidence of locally generated
e
; turbulence due to suction surface separation when the blade was oriented to produce a
L
high angle of attack (30°). Estimates of the dipole source strength per unit area
_,: showed that more noise was radiated from the leading edge region than from the mid- -
:: chord or trailing edge, but the differences were small. The fact that no single region p
.. . . . . . . L . . . :;‘C’J-:Di',b
was dominant is consistent with the notion that the noise radiation in this particular
o
"
. . . . D
_,: cxperimental configuration was largely due to intcractions of the free strcam turbulence N
. o
. . . . Oy
e with the solid blade suiface, and that noise generated as a result of local blade surface e
\
. phenomena (separation or vortex shedding) was of secondary importance.
o
- . . . . ',
" Estimates of the correlation arca indicated that the corrclated rcgions were NN,
2 - RN
N largest at low frequencies. This is consistent with surface pressure coherence measure- N,
N AT,
") . . . . Lele,
» ments which showed rapidly decreasing coherence between two fixed points on the ~e
\ surface with increasing frequency. The largest correlation areas peaked at about 25%
~ _ o _ BN
- of the total blade surface area (both sides combined) for frequencies around 250 Hz ::: :’_':-
"~ X
- ™~ - o
~ : , - e verc N
\~ and decreased rapidly above that frequency. Correlation areas were very difficult to L .4
v N
determine above 1 kHz duc to the dominant effects of the correlation between the RDAIASY
A
-‘-.A".-‘-
acoustic pressure and the time derivative of the surface pressure (i.c., AARAYY.
LS
’ '~*'\‘;s )
- e
3 Grp o 0l Gpp,S.dS ). Nt
] . [ ]
y AN
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Since the correlation area was determined to be a complex quantity which con-
tains information on the extent of the local turbulence interactions and acoustic source
interferences, negative values indicate destructive interference among local acoustic
source regions. Some negative values of negative correlation areas were measured,
however, a limited amount of destructive interference was indicated. Again, this is in
general agrecment with the premise of free stream turbulence being the primary noise
source mechanism, since the ingested turbulence is a spatially distributed random
process.

In conclusion, a wide range of experimental approaches have been utilized in an
attempt to gain a better understanding of the noise generation mechanisms present in a
low-speed centrifugal air moving device. The most significant results are those con-
cerning the detailed flow investigations inside the blower housing, and the single blade
experiments. While application of the experimental results of the single blade investi-
gations to noise generation in a rotating impeller is not straightforward, the single
blade experiments represent a significant initial effort at using modern signal analysis
techniques for aerodynamic source identification in air moving devices.

Correlations were found to exist between the blade surface pressure and the
radiated acoustic noise, and were strong enough to enable estimates of the local dipole
source strength per unit area and correlation area. Significant advantages to using
cross spectra over time domain functions typical of earlier-work were discussed; the
most obvious being the frequency-dependent information provided by the cross spec-
trum. In addition, comparisons were doné of two methods for estimating the dipole
source strength per unit area for the single blade radiation: the direct mcthod which
uses the cross spectrum, and the indirect method which is a besr guess of the source
strength based on surface pressure measurements only. It was shown that the the

cffects of local source intcractions are significant and should not be ignored (the
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assumption of negligible acrodynamic source intcractions is inherent in the use of the

indirect mcthod for estimating the dipole source strength per unit arca).

7.2 Recommendations for Future Work

There are many areas of this research which could be extended. In a general
sense, the theoretical development of Chapter 2, “Theory of Aerodynamic Noise
Generation,” has laid the foundation for frequency domain estimates of correlation
area and the dipole source strength per unit area based on both the mean square
acoustic pressure and the acoustic intensity. The latter has considerable potential in
evaluating large scale structures as the directional characteristics of the intensity probe
can be used to selectively examine certain regions of a radiating structure. In addition,
the concept of a complex correlation area and the relationship to radiation efficiency
should be explored, possibly using simplified acoustic sources, in an effort to better
understand the meaning of negative and imaginary correlation areas. An error analysis
should also be performed on the equations developed in Chapter 2, “Theory of Acro-
dynamic Noise Generation,” in order to quantify the limitations of the measurement
methodology. This is crucial to future applications of these expressions.

The experiments on a single blade should be extended, both in measurcment
technology (better sensors for improved signal~to-noi§c ratio) and in experimental com-
plexity (multiple blades). By examining the radiation from two or more blades simul-
taneously immersed in a flow field (cascade analysis), blade-to-blade and blade-wake
interactions could be evaluated.

Experimental work on an operational centrifugal blower should be continued by
examining blade surface pressures (single- and two-point measurements) in a rotating
reference frame. Since the correlation area can be estimated by a surface integral of

the local two-point cross spectra as well as by a single cross spectrum between the
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radiated acoustic pressure and the local surface pressure, estimates of the correlation
area could be made in a rotating frame without the noise problems associated with
estimates of the acoustic field correlations using only blade surface pressure data. This
work may require arrays of miniature sensors mounted in the blade surface. New pres-
sure sensor technologies should be investigated for this purpose. Information on the
correlation area in a rotating impeller would help considerably in establishing a better
relationship between the isolated single blade experiments and radiation from an opera-
tional centrifugal blower. The correlation area is the link between the blade surface
pressure and the conversion of the turbulent energy to acoustic noise.

Blade-to-blade surface pressure correlations (in a rotating frame) should also be
quantified in order to assess the importance of blade-wake interactions. This could be
done in conjunction with cascade analysis in a fixed frame for a more complecte acous-
tical analysis than was possible with a single blade.

Regions of mean flow dcficit and nonuniformity in the turbulent flow field were
identified in the research. This information should be used as a basis for novel impeller
and scroll configurations aimed at improving the flow uniformity and thereby reducing
the noise levels. Impeller redesign should also emphasize the importance of proper
sclection of the mean flow incidence angle, which is a good indicator of excessive noise
due to poor local blade airflow (stall). The relationship should be quantified between
the incidence angle and noise. While computational fluid dynamics {CFD) computer
programs are still rather limited, proper application of CFD to scroll and impeller rede-
sign should be investigated as an effective design approach. Several of the key aero-

dynamic elements of a centnfugal blower could be simulated using rather simplified

geometrical models.
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" Appendix. Principles of Centrifugal Blower Operation
1
U
b
" In this chapter some basic terminology will be established which is used
Y
4
' throughout the thesis. Topics covered include the velocity vectors at the inlet and
L)
;:: outlet of the blade channels, Euler’'s pump equation, and the terminology associated
N . . . . .
" with and important parameters involved in cascade analysis.
',n
) . .
o A.1 Velocity Diagrams
»
oy
) -
3 By convention, the absolute velocity vectors will be denoted by ¥V, and the
Ny -
',’3 velocity relative to the impeller by W. Subscripts 1,2 are used to indicate inlet and
X
:: outlet parameters, respectively. The velocity trniangles at the leading and trailing edges
’l
; of a mixed flow impeller are shown in Figure 79. The meridional velocity is the vector
4 - - -
o sum of the axial and radial components (¥,, = ¥, + V,). Since the blade has no meridi-
Y
4 . . A .
ey onal veloaity (only tangential), then the total velocity component relative to the blade
e
~ is given by the vector sum of the absolute meridional velocity and the relative
~d tangential velocity:
9
%
oy
> W=V i+ (Vo= Qriy . (A.1)
O
‘
.‘c.
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A.2 Euler’s Pump Equation

A fundamental relationship in turbomachinery is that between the rate at which
energy is transferred to the fluid by the impeller, and the relative fluid velocity vector
¢. The conservation of mean angular momentum may be applied to a control volume

including the rotor to obtain this relationship, which is called Euler’'s Pump Equation.”

diV 1 [(2 2 2 2 2 2
==+ (Ui - 0) - (Wi - wi)] (4.2)
In these terms, Euler’s pump equation is a decomposition of the cnergy transfer
per unit mass into three terms which represent a change from inlet to exit of; 1) the
kinctic energy relative to the casing (absolute), 2) the kinetic rotational cnergy (or
radius, since U = Qr ), and 3) the kinetic encrgy rclative to the impeller. The following

general statements made regarding the individual terms of Equation (A.2):

. For an axial device, the inlct and exit rotational velocity of the impeller 1s
ncarly constant (assuming neghgtble radial velocity through the blade row),
hence the sccond term of Lquation (A.2) 1s neghgible. For a centrifugal device,
however, the second term represents the transfer of rotational encrgy to the
fluid and is a major contributor to the overall transter of energy to the fluid.
The first and last terms being equal. a centrifugal pump can produce greater
cnergy transfer per unit mass flow than an axial device, simply due to the

increase in rotational energy imparted to the fluid as it moves from the hub to

® The denvation appears in most basic fluid mechanics texts and will not be repeated here.
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the tip of the impeller. This is why centrifugal devices are capable of producing

greater static pressures than axial devices.

. In order to extract a contribution from the third term, l;’: must be less than
l_i’l, thus the relative flow is decelerating and working against an adverse pres-
sure gradient (i.e., p/ds > 0). Flow is much more likely to separate from the
impeller blade surface under these conditions. The corresponding term for a

turbine is reversed, hence turbines are less susceptible to flow separation.

A.3 Cascade Analysis and Terminology

Cascade analysis is the two-dimensional representation of the intersection of a
stream surface with the rotating impeller. If the stream surface is cylindrical, then the
coordinate transformation y = r8, x= x applies. This is an approximation that might
be applied to an axial fan. For a centrifugal air moving device, especially where the
blade chord is a small portion of the overall impeller diameter, the strcam surface at
the blade channel inlet can be considercd to be a plane which 1s perpendicular to the
axis of rotation This assumes a small axial velocity component at the leading cdges of
the blade row, which is shown in Chapter 5, “Acrodynamic Measurements in Modcl
Blower,” to be a realistic assumption for the blade span section near the hub of the
impeller.

Using the simplification of negligible axial flow, a cascade modcl of the blade
row may be obtained from the intersection between a plane perpendicular to the axis of
rotation and the impeller blades, where the blade row 1s unwrapped. A schcmatc repre-
scntation of the blade cascade for the model blower used in these expeniments is shown

in Igure 80.
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Figure 80. Cascade Schematic of Modd Blower and Relevant Terminology.

in a plane perpendicular to the axis of rotation.
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R
Terminology: ,“' -
~| =
¥
R
: o
U =Blade Velocity (U = Qr) ™ v
)
Q =Rotational Velocity of Blade (radians/second) '{:-t:\ A
- A,
. . - LR
¥, =Tangential Fluid Velocity o
~ My
V. =Mendional Fluid Velocity (V,,= V. + V,) T
.
- . . . A
¥, =Axial Fluid Velocity Rl
53
pyd . . . [ JCIC
¥, =Radial Fluid Velocity r;.-:-r
- - - - - 0 ool
V =Total Fluid Velocity (V = V, + V + V) .2
TN
7, . . . ot}
W =Total Fluid Velocity Relative to Impeller o
v, =Inlet Fluid Angle PO
PRt
y'1 =Inlet Blade Angle o
Ly e

% ."_'x":\.'f
:: t =Incidence Angle (1 =y, —y’,) :}:::;‘.‘-
N\ . N
o y2 =Outlet Fluid Angle NN

o RN '
> P kY
& y'; =Outlet Blade Angle a;-\.

" o )
:"' $ =Deviation Angle (6 =y, - y’;) NN
' '-:"\‘:\

] -\.l\
b R ,:' \:l_\
;! The incidence angle is a critical parameter in cascade performance since there is °
MRS
¥ LA AL N
] a strong relationship between suction side separation (and consequent pressure loss) ’I":\
o LOANAK
d ".', ..l'
¥ o and increasingly negative values of incidence angle (24]. Beyond a certain value of neg- N

“ AN

¥ ative incidence, the cascade is operating in a stalled region where there is a pronounced
. increase in total pressure loss across the blade cascade. Positive values of incaidence
|/

can also lead to stalled performance. Several investigations have been performed in an
4 . . . .

./ effort to correlate cascade performance with fluid angles (incidence and deviation).

9l . . -
> Since the pressure losses are related to the growth and scparation of the blade surfacc
::: boundary layers, the incidence angle is taken as a measure of the overall cascade per-
>,
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formance.
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