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ABSTRAC T

The sound gene ra t ed  b y the  i nt e r a ~~t i on  of i n l e t  boundary  layer

t u r b u l e n c e  w i t h  a r o t a t ing b lade  row is i n v e s t i g a t e d .  lo expe r i—

ment a l l y s tudy  t h i s  r a d i a t e d  sound , an e x i s t i n g  ae roacous t i c  f a :i l i t y

was modifi ed to produce the inflows desired. The r o to r  was opera ted

in air with different blade space—to-chord ratios , d if f e r e n t f low

c o et f i c i e nt s  and different anisotropic , nonhomogeneous turbulent

i n f l o w s . The i n f l o w s  ingested are : 1) n a t u r a l  b o u n d a r y  layer on hub

and annulus  wall , 2)  a t r ipped boundary  layer on the hub , and 3) a f u l l y

developed boundary layer ott the hub . The tu rbu lence  in t ens i t i e s  and

‘ength scales were altered by plac ing a grid at the inlet. The mean

velocity profiles , turbulence intensities , length scales , and ene r g y

spectra of the inflow were measured , as well as near— and far—field

acoustic spec’-ra. A parametric investigation of the e f f e c t  of inflow

characteristics on the radiated sound has been made - The sound

p r e s s u r e  level is found  to be d i r e c t l y  p r o p o r t i o n a l  to the t u r b ulen : e

i n t en sit y  squared and inversely  p r o p o rt i o n a l  to the t a t l o  of axial

l eng th  sca l e—to—blade  s p a c i n g-  Two length scales were found  to exis t

s i m u l t a n e o u s l y .  The long ax ia l  l eng th  scales are  the  dominan t  f a c t o r

in t o m e  noise  p roduc t ion  whi le  the  shor t  scales dominate  the  b r o adband

noise 
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Ch APTER I

i N  FROI )UC F I ON

1.1 Sta tement  of the  Problem

Turbulence is an important source of noise ;enerating mechanisms

in marine vehicles (propulsors and ventilation fans) as well as in

aircraft turbomachinery (propellers , fans and compressors)- Propulsor

noise is c h a r a c t e r i z e d  b y d i s c r e t e  peaks at blade passing f requen cy

and i ts  ha rmon ic s  superimposed on a broadband spectrum - The same

characteristic radiated sound spectrum has been found for aircraft

-compressors  and f ans - The p resence  of the  broadband  noise and

f l u c t u a t i o n s  in the discrete peaks suggest generation by a random

process

investigators have found four major sources for this broadband

rotor noise. They are blade boundary layers , vortex shedding from

the tra iling edge of the blade , separated f lows (as in stall), and

t u r b u l e n c e  in the  i ncoming  f l o w .  For low spe ed propulsors and

c o m p r e s s o r s  as considered her e , t urbulence In the inflow is the most

important source The sources of turbulence upstream of the  r o t o r  a r .

free stream or ambient , annulus and huh or hu l l  boundary  l ayers , and

inlet guid e vanes (aircraft) or control surface wakes tmar Ine) - Fhe

interaction of turbulence with the potential flow field of the rotor

results in quadrupole noise sources. The noise from m a r i n e  p r o p u l s o r s

or air craft compressors can also be related to time—dependent pressures

on the blades due to random t iu ctua tian s i- i  the angle of attack of

1k 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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the blades caused by operating in a turbulent velocity field. These

:lu ctua ring pressures resul t in dipole noise sources.

Ext e n s i v e  s tud ie s  have been made of t h e  rad ia ted  sound due to

a r o t o r  o p e r a t i n g  in a homogeneous , i so t rop ic  t u rbu len t  i n f l o w . The

p r e s e n t  i n v e s t i g a t i o n  c o n s i d e r s  t h e  r a d i a t e d  sound due to r o t a t i n g

b lades  o p e r a t i n g  in nonhomogeneous , an i so t rop i c  boundary layer

turbulence.

There are several parameters which affect the radiated sound

t he  most impor t an t  is the turbulence  i n t ens i ty , a measure of the

velocity fl uctuations in the flow . Another is the integral length

scale of the turbulence , an indication of the typical edd y size of

the turbulence. In this study , both the iongitudInal and tangential

integral scales are considered - These parameters give an indication

of the spatial extent and amplitude of the pressure fluctuations on

the rotor blades fhe measured turbulence parameters are correlated

with the radiated sound measurements in an effort to understand the

mechanisms responsible for this radiated sound - The experimental

results should also provide important ground work for future theoretical.

development in this field.

1 - 2  Engineering impor tance

A basic understanding of the sources generating the sound in

propulsors and rurbomach inery will lead to the design of qui eter

prop ulsors and power machinery for aircraft and marine vehicles .

Research to date has shown that turbulence is a major 1ause of broad-

band noise from rotors Elimination of turbulen ce prodqclng LIevhe s
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u p s t r e a m  ( e . g . ,  g r i l l e s )  wou ld  r educe  the  b r o a d b a n d  n o i s e .  Since  other

methods for reducing turbulence can be impractical in terms of engine

performance , weight or cost , the o p e r a t i n g  c h a r a c t e r i s t i c s  of the  r o t o r

may be changed to optimize both acoustic and aerodynamic performance.

One such change is an optimum rotor solidity resulting f r om an anal ys is

on the etfect of the ratio of turbulence length scales to blade spacing.

The rotor blade speed can be lowered , thus reducing the impact of

turbulent eddies on the blades. A fundamental knowledge of the

relationship between inflow turbulence and noise generated by its

interaction with rotating blades would lead not only to better noise

prediction but also to better noise reduction techniques.

1 . 3  Method of Investigation

rhere are many theor ies  f o r  t u r b u l e n c e — i n d u c e d  noise f r o m  a

rotating blade row . Most begin by assuming a turbulence model and

attempting to predict the noise for an actual fan. Few a t temp ts have

been made to relate the actual inlet turbulence to a rotor to the noise

produced by that rotor . This is the major objective of this research .

In t h i s  study , the inlet h.-’undary layer turbulence is measured as well

as the  noise genera ted  by i t s  i n t e r a c t i o n  w i t h  a compressor  or

p r o p u l s o r  r o t o r .  An a t t e m p t  is made to  r e l a t e  t h e  t u r b u l e n c e  parame ter s

t o the radiated sound .

An aeroacoustic test facility at the Ap p! ied Research Lahe raterv

was m o d i f i e d  to c rea te  the necessa ry  i n f l o w s  b r  t h i s  I n v e s t i g a t i o n .

• Fhree b o u n d a r y  layers were studied , the boundary t . t v ~~i or r u r r  tug

naturally in the modified test t a c i l  c l v , an a t  l i t  i~ in !  b e u n i a r y  layer 
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form ed by tripp ing the inflow , and a f u l l y developed boundary l aye r

p r o d u c e d  b y c o v e r i n g  the hub of the facility with sandpaper and

removing t he nose cone . In addition , the inle t turbulence properties

of i n t e n s i t y  and length scale were altered by placing a square mesh

grid at the entrance to the inlet duct The relevant inlet flow

parameters were measured utilizing two x—array hot wire anemome ter

systems Spectral sound measurements we re made for two rotors of the

same b l ade  geome t ry but different blade spac ing  by re-cording the output

of a microphone on magnetic tape and filtering through a real time

spectrum analyzer.

Until recentl y, there have been no data available on the

quantitative effects of inlet turbulence on sound generation - indeed ,

ritt ie is still known about the actual structure of inlet boundary

layer turbulence for a propulsor or a compressor. None of the previous

iac~escigactons have considered the ~nflow turbulence properties and the

radiated sound for an identical set of operating parameters. One of

the major objectives of this resear ..h is to gain some basic information

about inlet turb ulence , especially length scales , in the thick boundary

laye r ~a n orma l ly  encountered in marine p ropulsors , and the near and

t a r  sound f i e l d s  genera ted  b y its interaction with a rotor. Only by

relating the turbulenc e properties to the particular noise spectrum

i t  produ es is it possible to fully understand the mechanisms that

generat e the noist

A
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CHAPTER II

REVIEW OF TURBULENCE SOURCES , NOISE MECHANISMS

AND PRIOR INVESTIGATIONS

The inflow to any propulsor or compressor will have turbulence

present. Turbulence is nonuniformity in the flow characterized by

velocity fluctuations and small perturbations varying in size , or

eddies. In a test stand under static conditions , subs tan t ial

acceleration occurs near the inlet causing turbulence intensity to

increase .  From an envi ronmenta l  noise s t andpo in t , the  landing of j e t

powered a i r c r a f t  is a major  examp l e .  The eng ines very o f t e n  wi l l  get a

cross flow at the inlet , causing boundary  layer  sepa ra t ion  on the

annulus  wa l l  which genera tes  high levels of tu rbu lence . For mar ine

propulsors operating in the hull boundary layers or control surface

wakes , the turbulence levels at the inlet could be very high. Another

source of turbulence is the one that is present naturall y in the

atmosphere and the ocean . These eddies are distributed at random so

a propulsor or compressor will encounter eddies of many different sizes

Leading to spatial and temporal variations in the flow.

Two mechanisms are considered responsible for noise generation

I ron inlet turbulence , both in an upstream wake and in the free stream :

t,A) Quadrupole Sources. Turbulence provides the mechanism by

which the potential flow field around the rotor is scattered as sound .

Ffowcs—Williams and Hawkings [I] first pointed out this effect. They

studied the inhomogeneities of the homogeneous wave equation b r  a

L
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u n i te velocity field in the vicinity of a fan This induces a

quadrupole distribution Chandrashekara [2] later investigated the

significance of these sources in detail by measuring the turbulent

~‘elo ~ itv fluctuations In the axial direction and the axial potential

n o w  field near two test rotors - Then he estimated the sound power

due to the quadrupole sour es. Both Ffowcs—Williams and Hawkings ’

and Chandrashekara ’s investigations indicated that quadrupole sources

are insignificant noise generators for low speed fans at low blade

loadings .

(B) Dipole Sources. lbs fluctuating velocity field associa ted

wirh turbulence produces u luctuations in the angle of attack of the

blade row this leads to unstead y blade forces and the generation

of noise due to dipole sources on the blade surfaces Sevik [3] and

Mani [-+ ] both , independently , investigated this theoretically, using

Sears ’ [5] gust function for the calculation of the unstead y blade

forces due to inlet turbulence An extensive review of the literature

on the effects of turbulence on noise generation is given in References

6 and 7 An expanded version of this review is given in the following

paragraphs.

Qualitative evidence on the dependence of radiated sound intensity

on inlet turbulence comes from Sofrin and McCann [3]- They examined

t he noise due to the viscous in t e rac t ion  of inlet  guide vanes , IGV , and

a ro to r  as a f u n c t i o n  of the distance of the IGV upstream of the rotor

The noise level was observed to fall off with increasing separation up

to a certain distance where the noise leveled off. A further decreace
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in noise level was detected upon removal of the IGV. Sofrin and McCann

concluded that the presence of the IGV raised the turbulence level in

the duct. The lowering of the noise level observed when the IGV was

removed was attributed to the lowering of the level of turbulence

incident on the rotor.

Sharland [9] studied , experimentall y, the noise produced by a flat

plate in an open Jet - With the plate in the potential core of the jet ,

he found that the noise level was due to lift fluctuations from vortex

shedding at the trailing edge. However , when the plate was in the

turbulent mixing region of the jet and the turbulent length scale was

comparable to the plate chord length , the noise produced by the

turbulent velocity fluctuations dominated. Sharland also observed

that noise due to boundary layer pressure fluctuations was insignificant

compared to noise due to vortex shedding and turbulence. Sharland tried

to estimate the level of noise radiated due to airfoil ‘ift fluctuations

caused by incident turbulence . He used Curie ’s [10) acoustic theory

and Liepmarin ’s [11] statistical unsteady airfoil lift ideas to derive

an expression fo r  the total  acou~~ ic power:

p . 2 4 2
W 

~ j ~ cU~~ 1~q) dy , -2 .1)

whets

W total acoustic power ,

o = fluid density,

a0 velocity of sound ,

= average Lift slope defined by CL =
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q turbulent velocity component (RMS value) norma l
to the chord ,

c = blade chord at sparuwise location y,

U
1 

= relative mean velocity of the blade section at y

and U T = t i p  ve loc i ty  of r o t o r  b l a d e .

M o r f e y  [12] s tudied  the broadband noise due to  the  i n t e r a c t i o n  of

the t u rbu len t  wakes f rom an ups t r eam blade row wi th  one or more blade

rows downstream The measured noise resulting from a number of multi-

stage compressors was analyzed and some Interesting correlations were

found The frequency spec tra collapsed reasonably well using the

nondimensional  pa ramete r  ~/ X  (1 is the  c h a r a c t e r i s t i c  l eng th  r e l a t e d

to the upstream blade drag coefficient , i 2bC~ , 2b is the blade

chord , is the sound wave length) . This was surprising because the

f r e q u e n c y  co l l apse  would have been expec ted  to depend on the  S t r o u h a l

number , t i / U  (U is the flow velocity)

A result of the i/A frequency scaling is that the sound power

varies as M5 , instead of the M6 predic ted using Strouhal numberrel rel

scaiing. A semi-empirical collapse of the sound power data was

an al y z ed b y Mo n ey [12] resulting in a nondimensional sound power

parameter:

3 2 4~.
dW ~ S csc

G = — ~~~—df 5 
,

Pa0
SgMne1

where

B = number of rotor blades ,

f = frequency,
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C = nondimensional sound power parameter ,

M r e l a t i v e  Macti number , U /arel rel 0

s = blade span ,

S blade spacing , 2” r/B ,

S = rotor blade area s c.B
r

and .~~~ = exit relative flow angle-

Mugnidge  and M o r f e y  [13] reviewed e x p e r i m e n t a l  and t h e o r e t i c a l

r e s u l t s  r e l a t i n g  to noise sources. Describing the physical mechanisms

by which turbulence generates fluctuations in blade loading, they

explain that the broadband noise from subsonic compressors and fans is

due to these fluctuating forces - The fluctuations are generated by the

tandom interaction of blade surfaces with the turbulent flow . The

turbulence can have its origin in the blade boundary layer or i t  can be

convected with the mean flow . Early experiments [9] showed quite

ciearl y that the mechanisms related to inlet turbu lence dominate other

sources in many practical app lications

Mugnidge and Morfey concluded the following f r o m  their investi-

gations :

~~t )  Fan noise at subsonic speeds may be due to dipole or quadrupole

sources. The predominant source of noise in lightly loaded or low speed

fans is the dipole type , arising from tI ~~ tuating blade for~ es

il) Noise from incident turbulence .an be estimated from the blade

surface pressure spectrum and the turbu lent velocities entering the

blade row-
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(3) Secondary flows associa ted with blade tip c l e a r ances  and

duc t boundary layers are a source of turbulence and consequently

br oadband noise . Because they have opposing effects on the secondary

f l o w , r i p  c l ea r ance  and b o u n d a r y  layer thickness can be balanced to

reduce the noise radiation.

Sevik [3] and Mani [4] were the f i r s t t o p rov ide  an exac t

anal ytical procedure for the prediction of radiated noise from a fan due

to  t u r b u l e n c e-  They s t a r t e d  by a s s u m i n g  a t u r b u l e n c e  model , then

c a l c u l a t i n g  the  uns t eady  l i f t  g e n e r a t e d  b y the  t u r b u l e n c e . The f i n a l

s t ep  was to  p r e d i c t  the acous t i c  r a d i a t i o n  due to  the  f o r c e  d i s t r i b u t i o n

g e n e r a t e d  by the unstead y flow.

Sevik [3] assumed the turbulence to be homogeneous and isotropic

He calculated the unsteady lift by using the Sears ’ [5] function.

Sevik predicts that the radiated sound spectrum depends on turbulence

intensity, a characteristic time scale based on the ratio of the

integral length scale of turbulence to axia l flow velocity, and

ch a ra~ teristic length scales such as the ratio of the integral scale

of turbulence to acoustic wavelength , the radius of the rotor , and the

blade chord. The theory does not include any blade—to—blade correla-

tions or the unsteady lift ; therefore , the resulting spectrum does not

exhibit the characteristic peak at blade passing frequency and harmonics.

Sevik ’s derivation yields the following expression for the spectral

density of the sound power:

J
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g(F)F1 
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‘ kr
T) 

(2.3)

where

2ic fL
r 

U 
nondimensional fr equency,

w = sound power in watts ,

u = square of axial turbulent velocity fluctuations , u

a
0 

= speed of sound ,

p = fluid density,

U,~ = axial flow velocity,

r
T 

= tip radius of the rotor ,

L = turbulent axial integral length scale ,

g(F) = frequency parameter defined in Reference 3,

F
l
(r
T
/L , krT) = radiation function given in Reference 3,

N = axial Mach number , U /aa x O

= flow coefficient ,

r
h
/r
T 

= hub—to—tip ratio

and f = frequency (Hz).

Ma ni ’ s [~] model assumed the turbulence to be homogeneous ,

isotrop ic , and weakly stationary with a longitudinal velocity correla—

n o n of the t ype exp [—r/L ], r is the separation between points in the

~

- - .~~~~~~~~~~ - -_ _  .~~~~~ ~~~~~~~ - . -  -. - ~~~~~~~~~~~- -
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t u r b u l e n c e  f i e l d  and L is the  l eng th  scale of t u r b u l e n c e .  Mani used
x

the Sears [5] f u n c t i o n  to ca lcu la te  the  uns teady  lift. Mani ’s f i n a l

expression for the radiated sound is:

dl 3 . 2 1T2O2XS 1
1_M

~~~
2 r 1+271wr÷~ 1

~~ 
-a-— = ~~

- 
~L U  

24L cos2~ [ 2iTc~~sinç 
log 

~ 
l+271w

J

> j

f (l+3cos~~ )k~ + L 2 + 6 k k ~ cos~ sin; + (l+3sin
2C,)k~ 

dk
(L

2 
+ k2 + k2)~~~

2
x x y

2 [.g ( l—M 2 ) ( co t 2
~ — l )  

71 
_____________sin + 2 

— 

~~2 
+ 

2M 2 (l— M 2 )~~~
2 

—

ar csin N
+ 

~a)} 

‘ (2.4)

wher e

I = in tensi ty ,

u2 = square of axial turbulent velocity fluctuations ,~~~~,

X = acoustic wavenumber ,

= s tagger angle of casc ade ,

L
x 

= longitudinal integral length scale of turbulence ,

M = axial Mach number ,
a

a = blade row solidity, c/S ,

c = blade chord ,

cX/2Mrel
V
~~~~~~~

/
~~~~±MT~~
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M = flow Mach number relative to the rotor ,
— 

rel

M
T 

= rotor tip Mac h number ,

k = ~S, wavenumber ,

S = blade spacing,

and k , k = axial , t angent ia l  component of the nondimensional
wavenumber.

It is evident from the above expression that the acoustic energy

per unit frequency is a function of frequency, ax ial flow Mach number ,

blade tip speed , blade row solidity , turbulence intensity, and the ratio

of turbulence length sc~~le to blade spacing, L /S. The spectrum has

br oadba nd peaks at blade passing frequency and harmonics as long as

exceeds 0.5- For larger values , the peaks bec ome sharper - While

the peaks disappear as L / S  becomes smaller , the general nondimensional

sound levels increase .

Robbins and Lakshminarayana [7] modified Mani ’ s [4] and Sevlk’ s [3]

cheory to include the cascade effect . To verif y this modified theory,

they carried out an experimental investigation using a marine pronulso r ,

operated over a range of tip speeds with different turbulence levels

generated by grids , and compared the measured radiated sound spectra to

predicted spectra . Their maj or conclusions are:

(i) The total sound power is dependent not only on turbulent

intensity but the length scale as well. The sound power is proportional

2 4  2
t o u U  I L .re l  x

(ii) The sound spectrum had a shape similar to the turbulent

energy spectrum
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( i i i )  The sound spect rum levels  produced can be accuratel y

predicted over a limited frequency range . The Sevik—Sears theory ’s

overes t ima t ion  of noise i n t e n s i t y  at lower frequencies can be

a t t r i b u t e d  to i n t e r f e r e n c e  e f f e c t s  due to a cascade.

(iv) The use of the cascade gust function did not affect the

sound pressure level at moderate frequencies (0.7 to 2 kHz). At higher

frequencies , the predictions with the cascade gust function were closer

to measured sound levels , p a r t i c u l a r l y  w i t h  Mani ’ s theory .

Thompson [14] has extended Sevik ’s [3] analysis to include blade—

to—blade correlations and predicted the time dependent thrust of a

propeller.

Pickett [15] extended Manti ’s theory to anisotropic turbulence.

He used an aerodynamic response function valid for three—dimensional

flow developed by Mugridge [16]. Pickett concluded:

(i) The frequency distribution of radiated sound is primarily

dependent on the axial length scale , L -  Large L
x 

leads to discrete

tones at blade passing frequency and harmonics.

(ii) Tonal power levels depend on turbulent intensity and

circumferential and radial length scales.

(iii) the division of sound radiation upstream and downstream

is str ongly dependent on the circumferential and radial length scales.

Lawson [17] assumes that the t ime dependent lift on a typ ical

b lade  Is known , e l i m i n a t i n g  the  need to model  the  tu rbu lence  and

f i n d i n g  an a p p r o p r i a t e aerodynamic  f o r c e  f u n c t i o n . Lowson ’ s ana ly s i s

is f o r  a sing le blade with a weighting function used to expand the
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analysis to the rnultibladed case. The w e i g h t i n g  f u n c t i o n  inc ludes  a

delta function at blade passing t requency, BPF , and a back gr ound level

due to  random b l a d e — t o — b l a d e  v a r i a t i o n s  w h i c h  r each  a peak at BPF and

harmonics if they are correlated . Lowson concluded that strenuous

effor ts to reduce nonuniformity in the blow are justified.

Hanson [18] also assumes the time-dependent lift is known . He

makes use of random pulse m o d u l a t i o n , rpm , t h e o r y .  The idea for this

model was guided by his exper imenta l  da ta  on blade pressure distribution

and inlet turbulence structure. He found that i n l e t  turbulent eddies

are elongated as they are sucked into a static fan and chopped by each

blade at least once per revolution of the fan . This gives rise to a

tra in of lift pulses at the rotational frequency. The pulse amplitudes

grow and decay according to a pulse envelope function . Eddy irregular-

ities are taken into account through the variable pulse amplitude

modulation and pulse position modulation . The latter accounts for

changes in the pulse rate. Sound intensity is expressed in terms of an

unknown s t a n d a r d  pulse func t i on  and a j o i n t  d i s t r i b u t i o n  f u n c t ion

derived f o r  the t u rbu l en t  eddies.  These functions have to be determined

from direct measurement of the instantaneous lift on the blade .

Altho ugh Hanson shows good agreement between theory and experiment ,

a major drawback of his theory is the difficulty of measuring the blad e

loading in many installations .

Homicz and George [19] developed expressions and conclusions ver ~’

s imi l a r  to Mani [4] and Sevik [3]. They also s tud ied  the e f f e c t  of

c o m p r e s s i b i l i t y  and d i s t r i b u t e d  load ing  on the  noise f r o m  the
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interaction of isotropic , homogeneous turbulence with a rotor. They

proposed the most critical parameter to be U / L ~i , where U is axial

velocity , L is the turbulent integral scale and ~3 is the rotor shaft

speed . Large values of this parameter lead to a broadband noise , while

pr ogressively smaller values give rise to an increasingly discrete noise

spectrum . The chief influence of the compressibility and distributed

l oading effects is a lowering of high freq uency noise radiation .

Homicz and George ’s theory agrees fairly well with the experimental

da t a  of Lowson et a l .  [20].

Lowson et a l .  [20] conducted an investigation into ro to r  t i p

noise. They found it is confined to high frequencies and is easily

controlled. They proposed several source mechanisms f o r  tip noise .

Lane [21] performs an analysis using the Green ’s function relating

the rad iated pressure field to the fluctuating blade forces. By

incorp orating dissipation , resonances which would ord inarily occur at

the cut—off frequencies of the duct are removed. Lane developed a

wave number dependence for effect ive eddy viscosity.

Cumpsty and Lowrie [22] made noise measurements for in—flight

and static conditions and compared the results for different rotor tip

numbers. They concluded:

(i) Under typical static test conditions , ther e are enough unsteady

distort ions in the inflow to dominate the blade passing freq uency , BPF,

sound at subsonic rotor tip speeds. These unsteady distortions cause

the variation of sound pressure level with time usually associated with

rotor BPF tones.
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( i i )  Boundary l aye r  in take  is the  dominant source of distortion

at low Mach numbers. The momentum thickness of the boundary l a y e r

appea r s  to  be the  best correlating parameter. At higher Mach numbers ,

b~~w order turbulent eddies become the dominan t source.

(iii) There is a significant change in noise between static and

in—fl ight tests. Greater care must therefore be taken in interpreting

static noise tests.

Goldstein et al. [23] in a theoretical study included the

compressibi lity effect , convection of eddies by the  mean f l o w , and

a rt i s o t r o p ic  i n l e t  t u r b u l e n c e .  The two m a j o r  conc lus ions  of the i r

analysis are:

( i )  When turbuLence correlation lengths become equa l to blade *

spacing , the predicted spectra exhibit peaks at tonal frequencies.

( i i )  The quadrupole noise source contributes mainly to the

broadband spectrum until the c o r r e l a t i o n  l e n g t h s  of t he  t u r b u l e n c e

‘ec ..’rce quite large .



CHAPTER I I I

EXPERIMENTAL EQUIPMENT , METHODS AND TECI~~IQUES

3.1 Descr ipt ion of Test Facility

An existing aeroacoustic test facility was modified for the

purposes of this  i n v e s t i g a t i o n -  It is the  same as Robbins [24] with

the exception of a new semi—anechoic chamber , an add itional ten bladed

rotor , and a modified inlet. The facili ty, as shown in Figure 1,

consists of four main parts: the semi—anechoic chamber which surrounds

the inlet , the test  rotor , a screen d i f f u s e r  and b a f f l e  chamber , and

a Joy axial f low fan .

The semi—anechoic chamber provides a known acoust ical  environment

in which to study the radiated sound f rom the  test  r o t o r .  The screen

d i f f u s e r  prevents f low separation and i ts a t tendant  noise , while the

baff le chamber inhibits sound f r o m  the  Joy fan  f r o m  reach ing  the

semi—ariechoic chamber by an upstream path . The Joy fan permits the

con t ro l  of the rate  of f low through the tes t  ro to r .  A de ta i l ed

discussion of the aeroacoustic test facility follows:

3.1.1 Semj —Anechoic Chamber. The semi-anechoic chamber was

b u i l t  by the s t a f f  at the Applied Research Labora to ry . I t  has ins ide

dimensions of 3.35 in by 3.66 m by 2.44 m . The walls consist of a wood

frame with plywood shelves. These shelves are filled with 15. .14 cm

of f iberglass. There is a 2.54 cm air space between the fiberglass

and an outer sheathing of tar paper. The chamber is mounted on 
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v i b r a t i o n  i s o l a t i o n  u n i t s  and enc losed  ins ide  a p l a s t e r  b o a r d  and

p l~~c~oc~J walled room which has a lead foil sheathing on the outer facing.

Cer tain modifications had to be made to the chamber in order to use it

-.ith the rest of the aeroacoustic facility . A removable panel was made

for the lead—sheathed outer room to permi t the r o t o r  assembly to be as

near as possible to the semi—anechoic chamber. A hole , wh ich is

p lugged with fiberglass when not in use , was made in the wall of the

chamber. The hole permits the insertion of the inlet ducting of the

r o t o r  i n t o  the  chamber .  A set of f i b e r g l a s s  panels  p reven t s  the

drawing in of air or noise around the inlet duct. To minimize the

ingestion of vortices from the walls of the chamber , the inlet was

centered in the wall , protruding 0.38 m into the chamber . The entire

fac ility had to be put on a raised platform in order to center the inlet

in the wall. The Joy axial flow fan was placed on a separate platform

and connected to a baffle chamber by a rubber gasket to minimize its

vibration . In the wall opposite the inlet , a 1.4 m circular hole was

cut to permi t the flow of air through the chamber. A sheet of porous

plast ic foam was stretched across this opening to keep dust out of the

semi—anechoic chamber and to diffuse the flow .

The sem i—anechoic chamber was tested for free—field acoustic

conditions . Initial tests before the modifications outlined above

showed the chamber to be in good agreement with the inverse square law

from 0.1 to 20 kHz . Since this study was concerned with the conditions

along the  cen te r  l ine  of the in le t  and t h e r e  had been s u b s t a n t i a l

m o d i f i c a t i o n s , the chamber was t e s t ed  again f o r  anechoic  c o n d i t i o n s  w i t h  



the same r e s u l t s .  For a detailed outline of the calibration procedure

and a discussion of results , see Appendix A

3 . 1 - 2  lest Ro to r  and Inlet  Duct.  A pho tog raph  of the r o t o r  is

shown in Figure 2. The hub—to—tip ratio of the rotor blades is 0.482.

The t i p  d iamete r  of the ro tor  is 17.53 cm. The hub d iamete r  is

8.~~ cm. The blade profile at three different spanwise locations and

the corresponding inlet and exit angles are shown in Figure 3. The

blade chord and stagger angle varied over the span as listed in Table 1.

TABLE I

ROTOR CHORD AND STAGGER ANGLE VARIATION WITH RADIUS

Radius  (cm) Chord (cm) Stagger Angle radians)

4.57 3.99 0.31
5.08 3.94 0.38
5.59  3 .99  0 .4 6
6.10 4.04 0-54
6 . 6 0  4 .06  0 - 61
7. 1 . 1 4 .09  0 - 6 6
7 62 4.09 0 - 7 2
8.13 4.11 0.77
8.64 4.13 0.81

The standard configuration of the rotor employed seventeen blades.

This gives a mid—span spacing of 2-428 cm. The ro to r  was also operated

w i t h  ten blades , with a mid—span spacing of 4-128 cm. The design

advance ratio of the seventeen bladed rotor is 2.35 which corresponds

to a flow coefficient (l p )  of 0.75. The range of velocities of the inlet

f l ow at midstream was f rom 39 to 51.2 mj sec. The ro to r  was operated in

a ir  at 5’44O rpm.  Figure  2 shows the rotor used in the test program
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equipped wi th  seventeen b lades .  In Appendix B , a summary of the stead y

state aerod ynamic response of the seventeen bladed rotor is given.

Because of the desire to s t u d y  b o u n d a ry  lay er t u r b u l e n c e , t h e

inlet duc t was extended 0.45 m to permit t h e  f o r m a t i o n  of a boundary

l ay e r .  The hub was made longer  and s t a t i o n a r y  It  is suppor t ed  b y

si~ aerodynamically shaped struts , symme t ricall y located - After much

discussion and experimentation , it was found that a coating of rough

sandpaper 25.3 cm long on the hub and remova l of the nose cone provided

a fully developed bounda ry  layer. An artificial boundary layer formed

b y t r i p p i n g  wi th  a 0.318—cm th i ck  0 — r i n g  p laced around the  hub

immediately downstream of the nose cone was also investigated

A description of various other flows and how they were generated is

gi ven in Appendix C.

3.i.3 Baffle Chamb er and Screen Diffuser. As the flow leaves the

ro’o r , it passes through an annular diffuser before going into the

s~~reen  d i f f u s e r  and baffle chamber. The screens allow a tremendous

diffusing of the flow without separation before entry to the baffle

chamber  The b a t f l e  chamber p reven t s  noise f r o m  the  downs t ream Joy

tan iron propagating upstream . It was constructed of six parallel ,

a i r f o i l  shaped b a f f l e s  inside a 1.52 m b y 1- 52  m c ross  sec t ion  d u c t .

The airfoils , as well as the chamber walls , were lined with 5-0 cm

thic k t iberg iass. For further details of the design and construction ,

see Robbins  [24].
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3 . 2  Experimental Procedure and Instrumentation

3 .2.1 Inlet Configurations. The three boundary layers studied

were generated by altering the inlet configuration. The axial mean

velocity and subsequently the flow coefficient were controlled by the

Joy axial flow fan located downstream of the rotor as shown in Figure 1.

The natural boundary layer was the result of the original modified

inlet. A cross—section is shown In Figure 4(a). An artificial

boundary  l ayer  was generated by t r i pp i n g  the  boundary layer near the

~~let opening with a 0.318—cm thick rubber 0—ring on the hub , as

shown in Figure 4 ( b ) .  A f u l ly developed boundary layer was formed by

coa t i n g  p a r t  of the  hub with rough sandpaper and removing the nose

co ne , as shown in Figure 4(c). The level and structure of the inlet

turbulence were altered by placing a square mesh grid at the inlet

3.5 diameters upstream of the rotor . The grid has a mesh size of

2 . 8 6  cm and a rod diameter of 0 .556 cm . All  t h r e e  c ro s s—sec t ions  in

Figu re 4 are shown with the grid in p lace. the  measurements were

also carried out without the grid. In A p p e n d i x  C , a b r i e f  ou t l i n e

describing the developmental work that leo to the final inlet

confi gurations and other flows produced is presented.

3 .2 .2 Aerod ynamic Flow Measurements. Flow measurements were

taken with x—array hot wire probes. The mean axial velocity, the

t u r b u l e n c e  i n t e n s i t y  and the  turbulence integral scales were m e a s u r e d .

The axial and t a n g e n t i a l  componen t s  of the turbulence were determined

using the linearized King ’s Law equations for a t w o  sensor hot  w i r e

probe as described by Von Frank  [ 2 5 ] .  Equation (3.1) is b r  the

_ _  
_ _ _ _ _ _ _ _  

_ 
A
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axial component of the turbulence velocity f luctuations. Equation (3.2)

is the t angen t ia l  component :

2EV~T ~_ _ _ _ _ _ _ _X 
2 (3.1)u 

Fu/i~~ 
(e
1

+ e
2
)

and

2E/ü 
________

___  
2 , (3 .2)

V F/s iny (e
1 
- e

2)

where

= axial turbulent velocity fluctuations ,

= tangential turbulent velocity fluctuations ,

E = DC par t  of anemometer vol tages  (the same
for both sensors),

e1, e2 = AC par t  of anemometer vol tage s ,

F = slope of King ’ s Law equat ion  for sensors in use

(E
1 
+ e)

2 
= E~ + F’~V ,

y = angle between sensor and axial  d i r e c t i o n  (= 5~’)

and V = velocity normal to the wire.

The calibration curve for each set of two sensors were made identical

by electronic manipulation of one sensor ’s signal. Befor~~, during and

after each set of measurements , the sensors were checked (or d r i t t  from

calibration conditions and the necessary corrections , it any, were made

A diagram o u t l i n i n g  the  i n s t rumen ta t i on  f o r  the  f l o w  m e a s u r e m e n t s

is given in Figure 5. For turbulence intensity and axial r~ean v e l o c i t y

measurements , the probe was t r ave r sed  radially a l o n g  t h e  b l a d e  s p a n .
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Measurements were taken at various radial locations at an axial

posi t ion two chords ups t ream of the r o t o r  as shown in Figure  6.

A brief check was made at two other circumferential positions for

symmetry of flow at 90 and 180 degrees angular separation from the

main measuring station. The flow was found to be a xi s ym m e t r i c .

The axial integral length scales were determined by record ing

the output from an x—array , two sensor hot wire probe with a magnetic

tape recorder  having a f requency range of 0 to 20 kHz at a speed of

30 in/sec. The axial component was then played back through a

correlation function computer which has a frequency response down

to 0.16 Hz . The resulting auto—correlation curve was recorded on

paper by an x—y plotter , see Figure 5. An integral time scale , I ,

was calculated by integrating the auto—correlation curve :

T = p (i ) di , (3.3)

- 0

where

Puu (t) u(x , r , 0, t )  u ( x , r , 6 , t + r )  / u 2

The axial  in tegral  length scale was found b y m u l t i p l y i n g  the in tegra l

time scale by the mean axial ve loc i ty  at tha t  rad ia l  location-

The t angent ia l  length  scales were measured using two x— a r r a y  hot

wire probes p laced at the same radial locations but whose angular

sepa ra t ion  could be var ied , see Figure  7.  The tangential components

of the anemometers ’ output signals were recorded on magnetic tape as

o u t l i n e d  above f o r  the axial  l eng th  scales .  The c r o s s — c o r r e l a t i o n  ot
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the recorded output was computed by the correlation computer for

several different angular separations at zero time delay. The results

were platted as the cross—correlation coeff icient versus angular

separation . The tangential integral length scales were computed

d irectly from the curves using Equa t ion  ( 3 - 4 ) :

= r J o ( O ) dO , (3.4)

where

= v(x , r , @ , t )  v ( x , r , e + ~O , t )  /

The axial and tangent ia l  in tegra l  length  scales were  de te rmined

at five radial locations for all three boundary layers. In addition ,

the t urbulent energy spectra were obtained for both components by

passing the recorded components of the anemometer output through a

real time analyzer  which averaged the signals over 1024 ensembles

from 0 to 20 kHz with a oO Hz bandwidth.

3.2.3 Acoustic Measurements. Measurement s of the radiated sound

were made at two locations: the near field , two chord lengths upstream

ot the rotor flush to the inside of the duct wall; and the far field ,

4 35 duct diameters upstream of the duct inlet inside the semi—anechoic

chambe r , as shown in Figure 6. The sound spectra were obtained from

the magnetic tape recorded output of a quarter—inch microphone which

was filter ed through a real time analyzer with a range of 0 to 5 kHz

with a 15 Hz filt er bandwidth after averaging over 1024 ensembles. The

real. time analyzer output was recorded on paper by an x—y plotter.
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Sound spectra were obtained for the seventeen bladed ro tor  at

three different flow coefficients for the natural boundary layer wi thou t

the grid. Sound spectra for both the seventeen and ten bladed rotors

were obtained for all three boundary layers with and without the grid

at the design flow coefficient . All far—field spectra were taken on

the center line of the rotor. No directional or sound power measure—

ments were made.

There was concern over the effect of the inlet duct on the

radiated sound because of the great length of the duct. Accordingl y ,

calibration of the acoustic response of the duct was performed. The

results of the duct calibration are presented and discussed in

Append ix D’ No corrections of the sound spectra due to duct effects

were incorporated in the acoustic spectra of the rotor presented in

the next chapter. 

- - -  -
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CHAPTER IV

DISCUSSION OF EXPERIMENTAL RES CLTS

In Tab le II , a summary of the experimental variables and

operating conditions along with the blade passing frequency (BPF) tone

sound pressure level (SPL) is presented . The operating conditions for

both the seventeen and ten bladed rotors were 5440 rpm with a flow

coefficient of 0.75 , except  f o r  the  f i r s t  two tes ts  l isted which were

at the flow coefficients of 1.03 and 0.871 , respectively. The table

includes a descriptive name for the boundary layer , the number of

blad es of the rotor employed , the maximum mean axial velocity, the

SPL of the BPF tone and the SPL of the broadband noise at 2 kHz .

A detailed discussion of the flow and acoustic measurements follows .

~ - l Results of Aerodynamic Flow Measurements

The results of the mean axial flow velocity measurements for the

three boundary layers are shown in Figure 8. The artificial boundary

layer (ABL) as shown is nearly as thick as the natural boundary layer

(NBL) but has a much steeper gradient at the hub . The full y developed

boundary layer (FDBL) is much thicker than either the ABL or NBL .

Figure 9 is a plot of the logarithm of the velocity ratio U / U  against

the logarithm of nondimensional distance from the hub , y/r . A straig ht

line can be drawn through each series of points belonging to an

individual boundary layer. The slope of each line is different , showing

t h a t  each boundary  layer  has a d i f f e r e n t  shear s t r e s s .  The s t r a i g h t 

- - ---~~~~~~~~~~~~~~~~~~~ . . -  - - . - - -
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l i ne s  ~lraw.i th rough the points indicate that the boundary layers are

~~ nve :itiona1 in i.ature.

In Figure s 10 and 11, the turbulence intensity profiles are

plotted with and without the grid installed for all three boundary

layers. The turbulence i n t e n s i t i e s  increase  w i t h  i nc r ea s ing  b o u n d a ry

layer thickness , with maximum intensities occurring for the FDBL case,

The tu rbu lence  i n t ens i t i e s  w i t h  t h e  g r id  ins t alled ar e gene ra l ly higher.

For the  NBL , the  t a n g e n t i a l  component  is much lower than the axial

component. For the ABL and FDBL , the two components of turbulence

in tens i t i es  are nearly th? same for the middle third of the passage .

The tangential component is still the lesser of the two . Hanson ’s [18]

data indicates that , for a fan operating in atmospheric turbulence ,

the contraction at the inlet results in a higher tangential component

of turb ulence intensity (v’/u ’ 3) than the axial component . In the

present investigation , the eddies are contracted as they are sucked

thro ugh an opening in the wall of the anechoic chamber , as shown in

Figure 1 , allowed to e~~ and inside the chamber and contracted a second

t(me at. the inlet to the fan This could account for the discrepancies

bet~ een Hanson’s measurements and those presented here.

For the axial component of the turbulent velocity fluctuations ,

two length scales were found to exist simultaneously with no grid for

all three boundary layers. Figure 12(a) s a typical auto—correlation

curve with no grid showing evidence of two length scales and how they

we c e defined . This evidence also appears in the tangential spatial—

cor relations as explained later. While this evidence for two scales
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TABLE I I I

AXIAL INT E GRA L LENGTH SCAI. I- .S

Figures in parentheses are L/S values for 17 b lades  —

to derive U S  for 10 bladed , divide the figures
in parentheses by 1.7 . N .P. = Not  Present

Boundary Layer r/r T 
No Grid; Long No Grid; Short Grid

Nat ural 0.57 85.67 (50.7) 9.60 (5.68) 1 ‘+5 (0 86)
(NBL) 0.61 68-51 (34.7) 6 73 (3 41) 2.25 (1-14)

0.75 90 51 (37.1) 9.37 (3.84) 1.90 (0.74)
0.88 97.10 (35.7) 11.80 (4.33) 2.18 (0.80)
o 97 117 .20 (37.3) 5.140 (1.72) 2.24 (0.71)

Art ificial 0.52 386.1 (228.6) 69.1 (40.9) 1.91 (1.13)
(ABL) 0.58 120.7 (64 .3) 14-2 (7.56) 1.73 (0 92)

0.70 83.6 (37.1) 13 5 (6.00) 0.871 (0.387)
0.84 194.3 (67.9) 45.2 (15.8) 1.05 (0.37)
0.97 152.1 (48.4) 39.4 (12.5) 3.23 (1-03)

Full y Developed 0.52 163.6 (96-9) 21.3 (12.6) 2.10 (1.24)
(FDBL) 0.58 N .P, 2 03 (1.08) 2 11 (1-12)

0.70 34.5 (15.3) 3.20 (1.42) 1 52 (0.675)
0.84 N .P .  1.36 ( 0 . 4 7 )  0 .~+24 (0 .148)
0.97 84.6 (26.9) 13 3 (4.23) 0 958 (0.305)

persi sts for the tangential cross—correlation with the grid , it

disappears for the auto—correlation as shown in Figure 12(b). This

indicates that the grid introduces uniformity into the axial d i r e c t i o n

but  has l i t t l e  e f f e c t  on the  t a n g e n t i a l  l e n g t h  s ca l e .  One reason the

grid has little effect on the tangential size of the eddies is that the

mesh size of the grid is the same order as the eddy sizes. In addition ,

the distance of the grid upstream of the rotor permits t he f o r m a t ion

of eddies in the boundary layer.

In Figu res 13 , 1+ and 15 , the auto—correlation curves at five

rad ial locations for all three boundary layers are p lotted , both with

and without the grid. In Table Ill , the corresponding integral axial

- — -—~~ - -~~~~-- - - - - . -~~. . ~~~~~- .  —- . - —.- -.-
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L e n gt h  s ca les  as computed f rom Equa t ion  (3.3) are listed along with the

r u l e  of length scale to blade spacing. Two length scales are present

a t  each lo:ation in each boundary layer with no grid , except for the

FURL which has only one scale at two of the five locations listed.

ENere is always just one scale with the grid installed . The method

used to generate the FDBL , i.e., removal of the nose cone , may be

responsible for generating the short eddies.

The NBL shows the greatest uniformity for axial  length scales ~cit h

no grid instal led. The FDBL shows the greatest variation. These

variations are smoothed out by the installation of the grid and the

axial scales have the same order of magnitude for all three boundary

layers.

Table IV gives the average integral length scales. These scales

were also derived using Equation (3.3), as prev iously discussed .

However , instead of splitting the auto—correlation curve into two parts

as shown in Figure 12(a), the en t i re  a u t o — c o r r e l a t i o n  curve was

int egrated .

In F igur es 16 , 17 , and 18, the spatial cross—correlation curves

are pl otted for five locations for the three boundary layers , with and

with out grid installed. The plots for the NBL and FDBL are similar at

all radial locations . The ABL is radicall y d ifferent. At three radial

locations , the correlation becomes negative . This indicates a second

eddy with velocity fluctuations opposite those of the first eddy. The

n—ring used to trip the boundary l ay er may be introducing a disturbance

w h i c h  has the effe ct of a phase shift This contributes t o  the

a rt ittci a l nature of the boundary layer.

--

~

.,
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TABLE IV

AVERAGE AXIAL INTEGRAL SCALES - NO GRID

Boundary Layer r/ r T Average Axial Length Scale (cm)
(No Grid)

Natural 0.52 46.2
0 .61 41 .9
0.75 76.9
0.88 68.0
0.97 80.9

Artificial 0.52 321.3
0.58 73.7
0.70 54.4
0.84 160.8
0.97 112.3

Full y Developed 0.52 112.3
0.58 2.03
0. 70 4.83
0.84 1.36
0.97 69.6

Table V lists the tangential integral length scales derived from

Figures 16 , 17, and 18 using Equation (3.4). Two length scales were

present at all locations , with and without the grid ; however , not all

could be computed . This is because the plots do not always tend to

zero as the angle of separation approaches infinity, see Figure 17 .

The explanation for the two length scales found in this investi-

gation is as follows . There are two different sources of turbulence

involved. The first is atmospheric turbulence present in the anechoic

chamber. As the room sized eddies are ingested into the inlet , th ey

are stretched , resulting in very long and narrow eddies. Hanson [18]

tound the same effect. In his study , Hanson fo und an U of over 30 m

-.-- - . -  -- ---. ____s  - - .~~a~~ ..~~~~~~~~~~~~---—--- .---. —-—--.. ------ — — -. --——-- L___ _ -
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TABLE V

TANG1 -~; i1AL INTEGR AL LENGTH SCALES
(cms)

Natural Boundary Layer

Rad ius  No G r i d ;  Large  Small  G r i d ;  Large Smal l

0 .5 2  3 .66  0 .0 7 4  2.16 0.112
0. 61 9 . 2 7  0 107 7 . 2 L + 0. 155
0 - 7 5  7 . 9 5  0 . 178  7 . 0 1  0. 124
0.88 12 .27  0 .05 1 11.18 0.356
0 . 9 7  23 .37  0 .178  8 .08  0 . 178

A r t i f i c i a l  Boundary  Layer

Radius No Grid; Large Small Grid; Large Small

0 . 52  0.500 0.287 0.320 0.213
0.58 0.709 0.290 0.864 0.213
0. 70 3 .560  0 .4 8 3  3.100 0.361
0 .84  0 .3 2 3  0 . ’+ 5 2  0 .386  0 .170
0.97 4.010 0.391 N.)). 0.147

Ful l y Developed Boundary  L a e

Radius  No Grid ; Large Small Grid ; Large Small

0 . 5 2  1.83 0 .34 8  1.82 0 - 3 2 8
0.58 1 .27  N . P ,  1 . 2 9  N . P .
0. 70 N . D .  0 .384 N D .  0 .348
0.8 ’+  1.17 N . P .  N . P .  0 . 4 4 7
0 . 9 7  6.15 0 . 4 6 0  5 . 6 4  0 . 1 4 3 2

N . P .  = Not present .
N D .  = Not d e t e r m i n a b l e .

with an L
0 

of only  7 . 6  cm. In t h i s  s tudy , the long L , averaged over

the blade span , is 90 cm while the short L is 8.6 cm for t h e  n a t u r a l

boundary layer case . The average L~ was 10.4 cm f o r  the  la rge  and

0.L2 cm for the short. Hanson found a longer L primaril y because he

started with larger eddies. The upper limit is the size of the semi—

anechoic room , while Hanson ’s limit was the  p l a n e ta r y  b o u n d a r y  l a y e r .
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The second set of length scales , short L and large L~ , are

g e n e r a t e d  in the boundary  layer. This is the primary reason the grid

had little effect on the tangential scales. The edd y exists in the

form of a ring vortex. In the ABL , this vortex appears to have changed

its direction of rotation. This is probably due to the trip ring used

near the nose of the hub .

The energy spectra of the axia l  and tangential components of the

turbulence were also measured at five radial locations for each

boundary layer with and without the grid . Normalization of the spectra

levels by the total turbulence intensity of that component at that

radial location for a particular boundary layer collapses them into the

narrow bands shown in Figure 19. The slope af both components is —2.6

—l
in the range of wavenumbers , 10 to 100 m

14.2 Results of Acoustic Measurements

Figure  20 shows typ ical  sound spec tra  with the corresponding

back ground levels for the FDBL with grid , th e case with the smallest

change in level between background and rotor noise level The

background noise is 10 dB lower than the rotor noise at all

frequencies . Thus , the background noise has no effect on the

radiated sound from the rotor.

The results of the sound measur emen ts show a definite dependence

on turbulent length scales. In Figures 21 and 22 , the sound spectra

with and without grid are compared for both the near and far field of

the seventeen and ten bladed rotors. The decrease in the number and

strength of the BPF harmonic tones is due solely to the great

_ _ _ _  

_ 
~~~~~~~~~—~~ ---~~~~-



-~ . --.- .~ -~ ----~ 
~~~ .- --.-- -~~~~~ . . - ~~~~~~~~~ -~~~~ --

I I 9

LU

LU

I-,

I
/

- - I
1

1
/

/

/ —

/ -~~

- I
/ E

-/
==- /  L.~

I

/
/

( 77 ~~ s~ i~~ 
-
~y~~ iI7 ~~~flf 037 1 1VL ~~)O~

~~



-~~~ 
-~~~~~~~~~- - ~~~~. ~~~~~~~~ - . . . - - .

5- 4

- -

Ii -
~~~~ 

~~~ 
MR 0

~~~
k ~~i l S f  ~~~~\ R F I E I D

I H J ~~tL~J \A AA

~~~ ~~ I I I

r - T 
~

I kUit ’ I~ .ulS E 
EA R EI L L D

~~~~~~~~~~~

Jt

P\fI
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FREQUENCY kHz~

Fl gure 20. Typ [Ca I Rotor Noise and Rae kgroulnd I .eve 1 s I t . Full y
Dove 1 oped Bo~tnda rv Lover wit Ii Cr 1(1 , :- = 0. 75 ,
5440 rpm , Sevent eon B laded Rot or.



55

I I T I I

N(ARFIE [ D ~ ~O GRID 17 B lAD E S

80 - 
FARF I E ED r - 

~U GR ID 
-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

BE UI ’ )  ~c CY

Figure  21. Seven t e e n — B l a d e d  Rotor  Sound Spectra — Nea r a n d
Far Field. 

-~~~~~-~~~~~



5’)

~~- .U G R I D
7 -SI] — C R 1 0  —l

1.
~1 4 i f  III) 

—
~

3-
cI.i

70 —

.~b ’ ?~,‘,60 ‘.4 —i

V — - 

-
, ~. 

. 
\~ -~~

__
~J\

5 , )  I I ~~~~~~~~~ - - i - I - I - -

I -1
[RElu ll -~~Y - k ) ) .’

Fi gure  2 2 .  T e n — I l l a d e d  R o t o r  Sound Sp e c t ra  — N c i  r and Far  Fl o l d

_ _ _ _ _ _ _ _ _ _  

________ 



57

dec rease in axial length caused by installation of the grid. The small

rise in broadband noise is attributed to the increase in turbulence

intensity due to the presence of the  grid.

In order to compare directly the sound spectra of the Seventeen

and ten bladed rotors , the spectra must be normalized to the same scale .

Freq uency is normalized using the nondimensional parameter , f/B~l, where

f is the frequency, B is the number of blades and Q is the rotor rps.

The turbulence properties were measured only for the seventeen bladed

rotor and assumed to be identical for the ten bladed rotor , since the

operating and blade geometries are the same for both rotors. Hence ,

the only change in the two configurations is the blade spaclng,

cho rd—to—spacing ratio and the steady blade loading . The unstead y

aerodynamic transfer function is dependent on the spacing and is

app roximately proportional to the slope of the lift coefficient , C
LI

versus incidence curve . Using the flat p late cascade theory , the

incr ease in noise level due to the change in spacing is about 2 dB at

BPF. The remaining increase for the ten bladed rotor spectrum is

p resumab ly due to the change in the length—to—space ratio , L/S , wher e

L is fixed . The results are compared in Figure 23. They confirm

Mani ’s [4] prediction that , with decreasing L/S , the general noise

level rises and the BPF harmonic peaks broaden .

A comparison of the radiated sound spectra fnr the seventeen and

ten bladed rotors operating with all three boundary layers , without and

then with the grid are shown in Figures 24 th r o u g h  31 for the near and

far sound fields. A general increase in noise level is associated with 
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an increase in boundary layer thickness . Since the slope and shape

of the spectra remains the same , depending only on the presence or

absence of the grid , no mean velocity gradient or shear stress effects

on the radiated sound can be discerned . The ~eneral rise in noise

level with increasing boundary  layer thickness is thus attributed to

the increase in turbulence level that is also associated with

increasing boundary layer thickness

The BPF harmonic tones have a different change in sound pressure

level between boundary layers than the broadband noise. This is

because the BPF harmonic tones have a greater dependence on axial

turbulence length scale than the broadband noise has (see discussion

on Figures 21 aci .i 22 above). The BPF tone is highest for the full y

de veloped boundary layer . This is a consequence of the much hither

levels of turbulence intensity associated with the FDBL - Referring

back to Figures 21 and 22 and Tab le III and the BPF tone levels given

in Table II , it is apparent that the axial length scale has more

i n f l u e n c e  on the number and strength of the higher harmonics of the

BPF tone than on the strength of the BPF tone i t s e l f .  Hence , a small

d i f f e r e n c e  between the NBL and ABL BPF~ peaks and the relatively large

d i f f e r e n c e  between the FDBL and NBL peaks is seen.  The BPF noise seems - 

-

to he highest for the FDBL case with the ABL being the lowest of the

t h r e e .  R e f e r r i n g  to Table II  and I l l , it is evident that the ABL has

I ‘i~~~ - ’ .t axial length scale and s h o r t e s t  t a n g e n t i a l  l e n g t h  s ca l e .

L .lttec may have considerab le influence in providing the  lowest

~~.. ~.veI It RPF for all the cases compared. This seems to i n d i c a t e  



68

the Importance of the ratio of the tangential length scale to blade !

spacing (I fS) , which is less than unity at most radii for ABL case ,

on BPF tone lcvel .

There are broadband tonal peaks at frequencies near 800 kHz for

several of the spec t ra  shown in Figures  24 th roug h 32. These peaks

are s t i l l  presen t  in repeated tes ts .  The exact source of these tones

has not been determined . They appear to be aeolian tones generated

by the support structure of the motor which is used to drive the rotor.

Figure 32 shows the sound spectra for the natural boundary layer

without grid at three different flow coefficients , 0 .75 , 0.871 and 1.03.

The rise in broadband noise 1.4vel is due to the increase in mean

velocity and turbulence intensity associated with the increased flow

coefficient, A decrease in flow coefficient means an increase in

steady pressure on the blades. From Figure 32, it is evident that an

increase in steady pressure  leads to an increase in the number of BPF

harmonic  tones present  in the r o t o r  noise spec t rum.

Decreasing the number of rotor blades while keeping the flow

coefficient constant increases the steady pressure on the blades.

Hence , the spectrum for the ten bladed rotor should have more BPF

harmonic  tones present than the seventeen bladed rotor In F i g u r e  33 ,

the sound spectra for both the ten and seventeen bladed rotors are

compared for the frequency range 0 to 10 k H z .  The t e n  b laded  s p e c t r u m

has five harmonic tones and the seventeen hiaded has four. In addition ,

the ten bladed higher harmonics are stronge r than the seventeen bl aded

tones . This is further evidence that increasing the ste.idv blade

loading increases the number of BPF harmonic tones

- — ---
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In Figure 34, the time histories for the BPF tone level are shown

for the NBL and ARL with and without the grid for the near field. It is

evident that the tone levels fluctuate a great deal; however , the range

of fluctuation is the same for the no—grid case (long length scales) as

it is for the grid case (short length scales). Cumpsty and Lowry [2_]

observed a marked d i f f e r e n c e  between in—flight BPF tone level fluctua-

tions and those for a static test . This was attributed primaril y to

the absence of elongated eddies , as found in static tests , for in—

fLigh t conditions. In the present test , the grid eliminates long

axial, length scales and yet the level of fluctuation in the BPF tone

was unchanged . The very narrow tangential scales are present for both

tests. It was mentioned previously that the tangential length scales

may have an Important effect on the BPF tone level. The narrow

tangential scales found in static tests but presumably absent in flight

could account for the level fluctuations observed. 
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CHAPTER V

CORRELATION OF TURBULENCE PARAMETERS WITH NOISE DATA

Previous investigations , both theoretical and experimental , have

indicated that the sound power varies as the square of the turbulence

intensities and inversely as the square of the turbulent axial

integral length scales for a rotor interacting with isotrop ic

turbulence. In the present invest igat ion, a different correlation

has been found. The sound power still varies as the square of

turbulence intensities but inversely as the ratio of turbulent axial

i n t eg ra l  scale to blade spacing . With the ten bladed ro tor  operating

with the grid , the proper mean inflow velocities could not be achieved;

hence , the results do not appear in the correlations. The correlating

parame ter is q 2u4 (L IS)
1
, where L is the axial integral scale of

rel x

the turbulence and q2 is the turbulence intensity normal to the blade

defined by:

2 2 2  — 2 2
q = v cos 4 + 2uv sin4 cos:. + u sin ~ , (5 . 1)

where c, is the stagger angle of the blade. The second term on the

righ t hand side of Equation (5.1) is small and was neglected . The

far—f ield sound pressure level (SPL) at BPF Is correlated in Figures

35 and 36 and fo l low the rela tion:

SPL = (SPL)
0 

+ 40 log U
1 
+ 10 log q

2 
- 10 log L + 10 log S , ( 5 . 2 )

where (SPL)
0 

is a constant base level. 

- ---- -- - 
~~
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The values of the turbulence properties were taken from near the

hub and near the tip of the rotor The correlation with values at mid—

rad ius was found to be poor (Figure 37). This appears to indicate that

sound generation occurs primarily near the tip and root regions of the

ro to r  which operate in the hub and annulus wall boundary layers.

The correlations in Figures 35 and 36 also indicate that the

long axial length scale has a major influence on the BPF t ones; however ,

the dependence of sound level on length scale is weak. The main effect

of the long axial length scale is on the number and strength of higher

harmonics of the BPF. This is clearly shown in Figures 21 and 22,

where the sound spectra with and without the grid are compared. When

the long scales were present (no grid), the second and third harmonic

are present - When only the small scales were present (grid), these

disappear . Hanson [18] reached a similar conclusion saying that the

long length scales are responsible for the spectral distribution of

sound energy ; that  is , they lead to narrow peaks in the noise spec t ra .

In Figures 38 and 39 , the second BPF harmonic is plotted against

the turbulence parameters with no grid installed . There were no points

available for a correlation with the grid because of the length scale

effect on BPF harmonic tones which results in a drastic reduction or

elimination of the second and subsequent harmonics of the BPF tone .

Figures  40 and 41 show the  r e su l t s  of the  noise level at two kHz

with the turbulence values at the tip and root of the rotor. There  is

little change in cue quality of correlation for the short length scale

as compared to Fi gures 34 and 35 , but the correlation for the long
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length scale has seriously deteriorated . This is further evidence that

short length scales contribute primarily to broadband noise levels and

long length scales are dominant for 8FF harmonic tone levels. This

trend continues at four kHz, see Figures 42 and 43.

No definite conclusions can be drawn with regard to the effect of

the tangential scales on the sound spectrum. An interesting observation

is that the tangential scales , L0, for the ABL were much less than the

blade spacing, S. The BPF levels for the ABL were lower than either

the NBL or FDBL , both of which had much higher L0
/S ratios.
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CHAPTER VI

CONCLUSIONS

The following conclusions can he drawn from this study whose

objective is an understanding of the relationshi p between boundary

layer inflow turbulence and the noise generated by its interaction

with a blade row .

1. Two length scales of turbulence are found to exist

simultaneously in the Inflow of a static fan facility with no grid

Installed , long and short scales In the axial direction , narrow and

wide in the tangential direction . The long axial scale disappears with

a grid present .

2- Turbulence Intensities are found to be maximum at the outer

wall with appreciable magnitudes found even at mid—radius where the

turbulence Is primaril y from the free stream .

3. The controlling factors in noise generation are the turbulence

intensity and length scale. An empirical relation [Equation (5.2)]

has been developed between these turbulence properties and radiated

noise levels. The source of the turbulence does not seem to make n~~v

difference . Both boundary layer and atmospheric turbulence have the

same effects. Atmosp heric turbulence does , however , Influence boundary

layer turbulence.

4. The long axial length scales appear to be a strong fac tor in

determining the number and strength of blade passing frequency harmonics.

Short axial length scales contribute primarily to the general broadband

= — - -- —---

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



86

noise levels. These major differences between the effect of long and

short length scales seem to account for the discrepancies between

in—flight and static noise tests.

5. The primary sources of sound radiated from the rotor appear

from the correlations , Section V , to be the roo t and tip regions for

the particular hub—rotor confi guration tested . Since these regions

often operate in boundary layers , boundary layer turbulence can he an

important source of radiated noise.

6. Hani ’s [4] prediction that with a decreasing ratio of axial

integral length scale to blade spacing (for nearly isotropic turbulence),

the general noise level will increase and the blade passing frequency

peaks will broaden seems to be borne out by the comparison between

seventeen— and ten—bladed rotor spectra with identical entry turbulence.

7. The measurements indicate that the noise level , particularly

at the blade passing frequency, depends on the tangential scales , hut

no quantitative conclusions could be drawn .

8. Changes in the blade loading affect the number of blade passing

frequency tones present in the sound spectrum. An increase in steady

blade loading leads to an increase in harmonic tone levels.

_ _
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APPENDIX A

CALIBRATION OF SEMI-ANECHOIC CHAMBER

The semi—anechoic chamber was calibrated by driving a speaker with

selected pure tones between 0.1 and 20 kHz and measuring the sound

field in radial increments of 0.3 in. In one set of measurements , the

speaker was 0.3 m off the center of the chamber; in another set , the

source was 1.5 in off center. These measurements were conducted by

E. Wong before subsequent modifications were made for the chamber ’s use

with the aeroacoustic facility . The calibration carried out for the

present experiment was made after the modifications outlined in

Chapter III. The source speaker was set in the mouth of the inlet and

the microp hone traversed along the centerline of the rotor inlet in

increments of 0.3 m. The bellmouth inlet and the inlet hole in the

opposite wall were completel y exposed during the test. The positions

of the source and microphone for each test series and the results are

shown in Figure 44.

The results show good agreement with the anechoic conditions of

a 6 dB decrease in SPL per each doubling of distance from 0.1 to 20 kHz

for both the normal configuration and the configuration of interest to

this study.
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APPENDIX B

STEAD Y STATE CHARACTERISTI CS OF TEST ROTOR

The s t eady  s t a t e  o p e r a t i n g  c h a r a c t e r i s t i c s  of the  seven teen

bladed test rotor were determined in terms of the flow , drag , lif t ,

and s t a t i c  pressure and s tage loading coefficients. These coefficients

were ca lcu la ted  f rom measured s t agnat ion  and s t a t i c  p ressu res  as well

as the angle of the flow. The rotor operating conditions are listed

in Table V I .

TABLE VI

ROTOR OPERATING CONDITIONS - STEADY STATE TEST

~ (flow coefficien t) Rotor RPM Axial Ve locity

0.629 6380 36.9 in/sec
0 .750  5440 39 .0  rn/ s ec
0.87 1 5440 4 3 . 3  rn/ sec

Neasurements of the stagnation pressures , static pressures , and exit

f l o w  angles were carr ied out wi th  a YC 120 wedge probe f rom Universa l

Sensors at 15 radial  posi t ions two chords downstream of the ro tor  as

shown in Figure 6. The pressures  were measured wi th  a p ressure

transducer , the output of which was measured wi th  a DC i n t eg ra t i ng

voltmeter . The flow angles were determined by using the transducer—

voltmeter pair as a nulling circuit when the transducer was placed

across the two static pressure tubes of the probe.

- - ~~~~~~ . ~~~~~~~~~~~~~
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The s t a t i c  pressure was corrected f o r  e r ro r  using the  fo rmula :

P — PS m _
P — P  

—

0

where is the actual static pressure , P is the measured static

pressure , and P0 is the stagnation pressure.

The various coefficients were calculated from the following

formulas. The symbols and equations used are those of Horl ,ck [26],

C
L 

= 2(S/c)cos 
~m 

[tan 
~~ 

— tan 
~~

s UT 2
CD 

= 

~~ 
— 

~~~ ~ 
(~ç) 

cos

4 P — P0 0 iU~~ i
= 

2 
2ro 1 

~ U
2 ‘ ‘1’E

2 T

P
S Ps U2 1 c
1 2 an d q = ~~—

~~
P U T T

where 
~l’ ~2’ ~m 

are inlet , exit and mean flow angles , respectively ;

P
0 , 

P
0 , and are the exit and inlet , stagnation and static

2 1 2 1
pressures , r espec t ive ly ;  U8 is the absolu te  t angen t i a l  v e l o c i t y  at the

exit.

The inlet mean velocity profiles are shown in Figure 8. The long

d u c t i n g  is responsible for  the boundary layer , the e f f e c t  of which is

visible in the exit axial mean velocity profiles in Figure 45.

Figures 46 and 47 show the stage loading and static pressure

c o e f f i c i e n t s  versus radial position. For the flow coefficient 0.871 ,

the stage loading and static pressure coefficients are nearly the same

--
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in the tip region . This indicates a zero tangential velocity which ,

as seen in Figure 45, is not true . This contradiction implies an error

for the coefficients in the tip region. This error is probably in the

static pressure measurements and is attributed to the  h igh ly  t u r b u l e n t

nature of the flow in this region of the boundary layer on the annulus

wall. The measured values of C
L and C

0 
are shown in Figures 48 and 49,

respectivel y.
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APPENDIX C

ATTEMPTS TO ACHIEVE FULLY DEV ELOPED BOUNDARY LAYER FLOW

Several methods , shown in Figure 50, were discussed and tried

before a fully developed boundary layer was achieved . The first

attemp t was an 0.53—cm thick o—ring placed before the transition

point on the nose cone in order to trigger earlier transition to

turbulent flow and to achieve taster boundary layer growth , see

Figure 50(a). It led to a small increase in boundary layer and a

steeper slope than the natural boundary layer as shown in Figure 51A

but did not follow a power law development. A 0.318—cm thick 0—ring

p laced downstream of the nose cone [see Figure 4(h)] led to some

increase in the boundary layer thickness and a s teeper  s l o p e  t h a t  did

follow a power law . It ws~ used in the experiment and labeled the AU!..

A series of 0.138—cm thick 0—rings placed 0.76 cm apart on the hub

had the same effect as one o—ring.

Two staggered lines of screws placed 2.54 cm apart on the nose

cone , as shown in Figure 50(b), resulted in a very thick boundary layer.

Its length scales were thought to be too different from a norma l

boundary layer so it was not used . It also produced excessive noise

f o r  the  purposes of th i s  s tudy . The p r o f i l e  developed is shown in

Figure 51A.

A coating of rough sandpaper for 25.4 cm in length on the hub w~~

tried , see Figure 50(c). It led to a velocity profile as shown in

Figure 51A. It had a much steeper slope than the N U L  bu t had no

increase in thickness.
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The final and successful attemp t was to keep the sandpaper and

remove the nose cone , as shown in Figure 4(c). It led to the FDBL

whose very steep , thick velocity profile is shown in 
Figure 513.
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APPENDIX D

CALIBRATION OF THE ACOUSTIC RESPONSE OF THE INLET DUCT

Measurement of the acoustic response of the intet duct was

performed utilizing the reciprocity principle because the small size

of the annulus prohibited the placing of an adequate source In the d u t .

Reciprocity is the principle by which the source and re elver in a sound

field may exchange positions leaving the sound field unchanged . The

measurements were taken with and without flow . It was concluded that

the frequency shift of the duct modes , as observed by Ingard and

Singhal [28] and others , would be reversed when employing the

reciprocity principle in a flow field . Also , the low mach number of

the f low and the short length of the duct means that any effect of the

flow on the acoustic response would be negligible.

A 1/4—inch B & K microphone was positioned in the duct where the

rotor normally was placed. A random noise signal was broadcast through

a speaker placed in the anechoic chamber in the position the microphone

occupied during the measurement of the rotor noise. The microphone

response was displayed through a real time analyzer with a 30 Hz

bandwidth and averaged over 1024 ensembles. The output was recorded

on paper by an x-v plotter. The microphone response while in the duct

was compared to the microphone response when both it and the speaker

.‘ere in  the chamber at the same distance of separation as when the

microp hone was in the duct. The ratio of the in-duct sound pressure

to the in—chamber sound pressure was defined as the response of the 1u~. t .  

_ _
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This means that the sound pressure level , SPL , from the in—chamber

configuration was substracted from the SPL of the in—duct configuration .

This was performed for both the grid and no grid configurations for all

three boundary layer set—ups as follows :

P P2
Duct Response = 20 log ~~

— — 20 log j~
- = 20 log ~~

—

0 0 1

where

P~ = sound pressure when microphone is in duct ,

P
1 

= sound pressure when microphone is in chamber

and P
0 

= reference sound pressure 2 x lO~~ N/rn2.

The three configurations used to generate the three boundary layers

are shown In Figure 4. The acoustic response was identical for all

configura tions. The grid also had no effect on sound propaga t ion .

Apparently, the nose cone tapers off so quickly that acous t i c a l l y  It is

as if there was a blun t body in the duct as we have for the fully

developed configuration. The acoustic response of the duct is shown

in Figure 52 and is identical for all configurations . The peak

at 4 kllz corresponds to a wavelength twice the size of the annulus and

thus is the first mode of the duct. The peaks at 6.0 and 8.5 kHz

correspond to higher modes .hich are not of Interest In this investiga-

tion .

0 
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