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EFFECT OF CASING BOUNDARY-LAYER REMOVAL 

ON NOISE OF A TURBOFAN ROTOR 

by A r t h u r  W. Goldstein, Frederick W. Glaser, and James W. Coats 

Lewis Research Center 

SUMMARY 

The effect of casing boundary-layer removal on noise produced by a turbofan rotor 
was measured. 
was made between the noise measurements when the boundary layer was bled off and 
under zero bleed conditions. When the boundary layer was removed, overall sound 
pressure level was reduced 2 decibels with moderate blade loading and 3 decibels with 
heavier blade loading. 

A small reduction in blade passing tone was  obtained by boundary-layer bleed. In a 
complete subsonic fan stage, this effect might be expected to be larger, particularly for 
close axial spacing between the blade rows; for a complete stage with a transonic rotor, 
this reduction would be negligible because of the dominance of shock noises. 

quency region (about 150 to 250 Hz); this is associated with a change in the level of jet 
noise and also in the level of internal noise. A reduction was obtained in a broad band 
noise component located in the region of 2800 hertz. This noise component is also sen- 
sitive to loading and probably a r i ses  from the vortex shedding and turbulence which ac- 
company separation of the flow from the blade surface in the region near the blade tips, 
because of the influence of the casing boundary layer. An additional broad band noise is 
produced at the blade tips as the turbulence causes fluctuations of the blade lift .  This 
noise, which has a very broad range with a maximum in the low frequency end, is no- 
ticeably reduced by bleeding the boundary layer. 

The outlet guide vanes were removed for these tests. A comparison 

In broad band noise, a reduction of about 5 decibels was obtained in the low fre- 

INTROD UCTION 

The noise produced by high bypass turbofan engines has a number of sources such 
as the fan, the core compressor and turbine, the fan and engine jets, and the gears. 



The fan is generally a major noise producer; its noise is greatly influenced by the rotor 
blade tips because of the high relative gas velocity. The conditions under which these 
blade tips operate can be significant. Tests were made to find the influence of the 
boundary layer at the fan casing on the noise produced by rotor blading; these tests were 
conducted by comparison of noise with and without boundary-layer bleed in a test engine 
without guide vanes. 

The effect of such a boundary layer can cause noise in several ways: 
(1) Turbulence in the free stream near the boundary layer (and generated by this 

layer) could cause fluctuations in the flow field near the rotor blade tips and, therefore, 
pressure fluctuations on the blade surfaces and noise production. 

(2) Separation of flow from the blade tips can occur because of high angle of attack. 
In the casing boundary layer, the flow velocity is in the axial direction and assumes low 
values compared to those in the free stream. Since the inflow direction relative to the 
blading is then at a high angle of attack in the boundary layer, separation of the flow 
from the blading results. Separation is not limited to the region of the blade tip im- 
mersed in the casing boundary layer. The radially adjacent region of the span has low 
pressure regions which suck the dead air from the blade tips into the boundary layer 
flowing on nearby portions of the blade and thicken it. The thickened boundary layer on 
the blade surfaces exterior to but near the casing boundary layer promotes separation 
there. The spanwise extent to which flow separation is tripped off by the casing bound- 
a r y  layer depends heavily on the aerodynamic loading of the blading. 

In a complete fan stage, the large wakes generated by the rotor blade tips pass over 
the stator vanes periodically causing them to radiate a tone at the blade passing fre- 
quency. Removal of the boundary layer upstream of the rotor may therefore be expected 
to reduce the noise from outlet guide vanes as well as noise from the turbulent flow re- 
acting with the rotor blade tips. 

The tests reported here provide information on the effect of the casing boundary 
layer on noise produced by the rotor only; the outlet guide vanes were removed for this 
set of engine tests. Since the engine support struts are well downstream of the rotor 
(about three blade chords), they are believed to be generating only a small tone at the 
blade passing frequency. The broad band noise generated thereby is not known, but it 
should be small at least in the front quadrant of the radiation field. 

SYMBOLS 

A area of acoustically radiating surface 

sonic speed in atmosphere 

fluctuation of airfoil lift coefficient CL 
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ff  

fS 

K1,K2, etc. 
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te 
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vp’ vcY 

vC 

vO 
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wO 

wa!, wp 
X 

Y 

a! 

6 

6* 

A 

airfoil chord 

frequency of sound 

frequency of blade passing tone of fan 

frequency of blade passing tone of supercharger 

proportionality constants 

reduced frequency, - oc/2V 

wake thickness or characteristic length 

integer, NF o 
gas pressure, acoustic pressure fluctuation 

dimensionless form of pressure spectral density 

distance from source of sound 

Strouhal number, fL/V 

time 

thickness of trailing edge of rotor blades 

flow velocity of gas in boundary layer 

component of flow velocity of gas 

convection velocity, jet sources 

free stream velocity, air 

acoustic power radiated 

turbulent upwash normal to free stream velocity 

upwash amplitude in frequency range w to w + dw 

components of turbulent velocity 

blade pitch, in rotational direction 

distance from wall 

fluctuation of flow angle 

angle of blade section camber line at trailing edge, relative to machine 
axis 

boundary- layer thickness 

boundary- layer displacement thickness 

blade tip clearance 
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8 

e* 

angular coordinate, engine field, measured from forward centerline 

momentum thickness of boundary layer 

density of gas in atmosphere 
PO 

sp Sears' function 

spectral densities of turbulence correlation, wall pressure Qw,+p 
w frequency, rad/sec 

w rotor blade loss coefficient - 

Subscripts: 

a, P running coordinate indexes (tenser notation) 

A P PARATU S 

The engine tested was a high bypass turbofan engine manufactured by the Lycoming 
Division of the AVCO Corporation. A schematic section is shown in figure 1. The nom- 
inal cruise speed of the fan is 6440 rpm; the tests were conducted without outlet guide 
vanes at 5800 rpm to conserve engine life. The rotor has 40 blades of 10.16-centimeter 
(4-in. ) chord; tip diameter is 0.978 meter (38.5 in. ). 

The acoustic tests of the unmodified engine are reported in reference 1. As pre- 
viously, the inlet cowl was replaced by a static-engine-test bellmouth intake. The pre- 
sent tests required modification from the original version: the stators downstream of 
the fan rotor were removed, and the bleed system was installed (fig. 2). The double 
slot was used because it is more efficient than the single; less volume is required to 
remove the boundary layer, since it is removed before some diffusion into the free 
stream occurs. The slots in the casing can be seen in detail in figure 3. The boundary 
layer is bled from the fan casing before passing through the rotor. At the bleed site the 
pressure is lower than that in the atmosphere. An ejector was therefore required to 
pump this low energy air back into the atmosphere; it was activated by an air line sup- 
plying about a 2 . 7  kilogram per second (6 lbm/sec) flow at a 357 000 newton per square 
meter (45 psi) gage pressure. An overall view of the test site is shown in figure 4. 

rotor (fig. 3). Microphones were placed on a 30.48-meter (100-ft) radius, 1.22 meters 
(4 f t )  off the ground (same as engine axis) in aximuthal locations at 10' intervals from 
0' (front) to 160'. In later tests microphones were located only at Oo, 30°, 40°, 50°, 
90°, and 130' in order to reduce the engine running time. Acoustic data were reduced 
on line using a 1/3-octave band width analyzer; they were also recorded on tape for 

Small pressure rakes measured the boundary-layer thickness just upstream of the 
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later processing in 6 4  and 16- hertz bandwidth analyses. 
uncorrected for line loss. This line correction schedule is as follows: 

The data shown here were 

Frequency, kHz: 3.15 4 5 6.3 8 10 12.5 16 20 

Corrections, dB: 1 1 1  1 2 3  5 6 7 

The fan jet was annular and surrounded the central engine exhaust jet. Between the 
two jets, at the nozzle exit, there was a dead air space (see fig. 5); a central body inr 
side the engine exhaust flow produced an additional space near the axis. 

TEST CONDITIONS 

The equivalent (corrected) operating speed of the engine at test conditions was 
5800 rpm. The outlet guide vanes were removed, and the fan nozzle areas were 0.330 
and 0.313 square meter (512 and 486 in. ). 
meter nozzle was about the same as when the guide vanes were in; the rotor operating 
condition may therefore be taken as the same. Calculations based on survey data with 
the 0.330-square-meter nozzle supplied by Lycoming showed a blade tip relative Mach 
number of 0.94 when the blade tip speed was 297 meters per second (975 ft/sec). The 
relative inflow angle at the rotor blade tips was 67. lo, and the diffusion factor (a meas- 
ure of the blade loading) was about 0.36, which is a moderate level. The fan stage was 
operating at maximum efficiency, so the rotor blades were probably at the high inci- 
dence angle end of the loss curve. With the 0.313-square-meter nozzle area, calcula- 
tions showed the relative flow angle increased to 69' and the diffusion factor to 0.470. 
Profile losses were estimated to increase about 25 percent at the blade tips when the 
nozzle size was reduced. 

Bleed rates were  set at 0, 0.816, and 1.0 kilogram per second (0, 1.8, and 2.2 lb/ 
sec). (These flow rates were  0, 1.2, and 1.4 percent of the fan airflow.) Larger rates 
were possible, but these rates were found to affect the potential flow outside the bound- 
a ry  layer. 

When no boundary-layer bleed was used, a smooth spool-piece was used in front of 
the rotor to avoid disturbance due to the presence of the bleed slots. This procedure 
required that the noise data with bleed be obtained on different days than when the no 
bleed data were obtained. 

or less. 

2 The weight flow with the 0.330-square- 

All data were obtained when the wind velocity was 5.1 meters per second (10 knots) 
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TEST RESULTS 

' Distance for 
v/vo = 0.9, 

mm 

7.6 
4.1 
0 

Boundary Layer 

The boundary-layer velocity profiles downstream of the second bleed slot and just 
upstream of the rotor are shown in figure 6. When there is no bleed, the boundary- 
layer velocity reaches 90 percent of the free-stream value at 7.6 millimeters ( 0 . 3  in. ) 
from the casing. Thus, the blade tips are immersed in the boundary layer. The static 
tip clearance is 3 . 3  millimeters (0 .13 in. ) where the velocity ratio is only 0.55 .  (Since 
operation was at only 77 percent of the speed of mechanical design, it is believed the 
running clearance was not much different, although the actual value is not known. ) The 
displacement thicknesses for various bleed rates are given in table I. 

TABLE I. - DISPLACEMENT THICKNESS 

FOR VARIOUS BLEED RATES 

Bleed, 
percent 
of flow 

1 . 4  

~ 

Displacement 
thickness,  

mm 

3.6 
1 . 2  

. 3 3  

The distance at which V = 0.9 Vo is listed because at this velocity the angle of inci- 
dence on the blade tips has  increased 2.3' over the value in the potential flow region. 
Although this represents a substantial increase in aerodynamic loading, it is not suffi- 
cient to cause breakdown of the flow over the blades. Thus, if the running clearance of 
the blades is 3 . 3  millimeters, the velocity ratio at the blade tip section is 0 . 5 3  with an 
increase of 10' in the angle of attack. This is too high for efficient operation. Separa- 
tion at nonzero bleed rates may also be caused by end flow through the clearance space. 

Noise Data 

The effects of boundary-layer bleed are shown in several types of spectrograms. 
One-third-octave bandwidth data are shown in figures 7 and 8. A bandwidth of 64 hertz 
was used for the spectrograms of figures 9 and 10. Additional spectrograms a re  pre- 
sented in the appendix. These spectrograms include more microphone locations, ex- 
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tended frequency range, and smaller bandwidth data. All these data were reduced from 
samples having 4-second durations on the tape recordings. The accuracy of the 1/3- 
octave spectrograms may be estimated from the oscilloscope tracings of 12 separate 
spectrograms of &second samples (fig. 11). Over most of the spectrum the extreme 
fluctuation is 2 decibels, but in the bands containing the blade passing tone (3870 Hz) 
and its harmonics (7740 and 11 600 Hz) the fluctuations are 3 to 5 decibels. 
passing tones of greater accuracy, four 32-second samples were obtained, and some 
typical data a re  shown in figure 12. The extremes in these cases differ by less than 
2 decibels; extreme deviation from the mean is about 1 decibel. 

The spectrograms show noise reduction resulting from boundary- layer bleed de- 
pending on frequency region, direction of radiation, and fan nozzle size. Overall sound 
pressure levels are reduced 2 decibels by bleeding with the large fan nozzle, and the 
levels are reduced 3 decibels by bleeding with the small  fan nozzle. Almost the entire 
reduction in noise takes place with a bleed rate of 1 .2  percent. This rate is adequate 
to remove the boundary layer from the blade tips so that they operate at a favorable 
incidence angle. 

For blade 

Analysis of Noise Data 

Discrete tones. - The spectrographs (see, e.g., fig. 13) show discrete tones which 
a re  blade passing tones for the fan and first-stage supercharger (40 blades) at 
3900 hertz and the overtones at 7800, 11 700, 15 600 hertz. The blade tone for the 
second-stage supercharger shows up at 4680 hertz (48 blades), and its harmonics are at 
9360 and 14 040 hertz. 
ranged, so  interaction tones may be expected; these tones occur at 5460, 8600, 10 920, 
12  490, 13 260, 16 390, and 17 160 hertz, and their frequency values f follow the re- 
lation 

Figure 1 shows the supercharger blading to be compactly ar- 

f = N(fs - f f )  + f f  

(The tone at 7000 Hz and N = 4 does not appear. ) 
The discrete tone components shown in the spectra were not sufficiently steady to 

provide reliable amplitudes since these were only &second averages. Samples of 32- 
second duration were used to find the discrete tone amplitudes on the 1/3-octave spec- 
trographs. Not all these data were useable, since in some cases the amplitude of the 
band containing the blade passing tone did not clearly stand out from the amplitude of 
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adjacent filter bands. The suitable noise level data are summarized in table II. 

TABLE II. - NOISE LEVEL OF 

BLADE PASSING TONE 

I Bleed, IMicrophone location, deg I 

Noise, dB 1 
The effect of bleed is seen to be small. The noise reduction would be much greater 

for a complete fan stage because the size of the wakes discharged from the rotor blade 
tips would be reduced when the casing boundary layer is bled off. Stator blade radiation 
of blade passing tone would be reduced with these smaller wakes. For supersonic rotors 
the noise reduction due to boundary-layer bleed should be less, because of the substan- 
tial blade passing tone generated by shocks on the leading edges of rotor blades. 

Broad Band Noise 

Boundary-layer bleed reduces the broad band noise by an amount which depends on 
the blade loading (nozzle size), location, and frequency. A reduction of as much as 
12 decibels is produced at 0' with the 0.313-square-meter nozzle (fig. lO(a), 2.6 kHz); 
with the 0.330-square-meter nozzle, the reduction is generally much smaller (compare 
figs. 9 and 10). Increasing the bleed from 1 .2  to 1.4 percent had negligible effects. In 
the rear quadrant (6 = 130') the effects of boundary-layer bleed were negligible. 

The spectrograms indicate that the broad band noise may be considered to contain a 
base level which declines at the rate of about 1.2 decibels per kilohertz (figs. 13 and 
18 to 21). On this base are superimposed a number of discrete tones and broad band 
maxima: 

A maximum in the 150- to 250-hertz region (figs. 7, 8, and 23 to 25) 
A maximum in the 2.8-kilohertz region (figs. 9, 10, and 18 to 25) 
A maximum in the 6. 0- to 6.5-kilohertz region (figs. 10(b) to (d), 20(b), and 21(b)) 

These noise components are now discussed individually. 
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Low frequency noise. - The maxima in the broad band spectral density in the low 
frequency region of 150 to 250 hertz, displayed in the 1/3-octave bandwidth plots of 
figures 7, 8, show that the effect of bleed is to decrease this noise from 2 to 5 decibels 
with the large nozzle except for the 90' microphone data. With the smaller nozzle, 
there is a consistent reduction in this noise with the minimum bleed, and no further gain 
is incurred by additional bleed. Low frequency broad band noise is generally thought to 
be generated in the jet, and the influence of the bleed on this noise is unexpected. It is 
therefore worthwhile to examine this noise in some detail. This examination gives evi- 
dence to show that the noise level and distribution differ substantially from pure jet 
noise produced by nozzle flow; therefore, other sources must be found to account for the 
data. 

Experiments on the aerodynamic and acoustic properties of coaxial jets were re- 
ported by Williams, Ali, and Anderson (ref. 2). In their experiments the conditions 
differed from those of our tests. In theirs, the central or core jet was cold and the two 
jets emerged from the nozzles with no dead-air region between them; in the 
present tests, a 14-centimeter (5.5-in. ) annular space existed between the two jets 
(fig. 5). The calculation methods of reference 2 give a maximum in the power spectrum 
(region of 50 to 70 Hz) this maximum is much lower than the engine jet data maximum in 
the 150- to 250-hertz region (fig. 14). According to the jet model of reference 2, the 
mixing and noise generation occur as a result of two processes: (1) mixing of the two 
jets at their mutual interface, and (2) mixing of the combined jet with the surrounding 
air. It is found that for the Lycoming engine the mixing of the two jets with each other 
dominates the noise production; therefore, the directional properties of the coaxial jet 
are determined by the source convection velocity at the interface of the two jets. In 
other words, the average of the two jet velocities is the convection velocity. The direc- 
tional power distribution, which was calculated for a 16- hertz bandwidth at the maximum 
spectral density, is plotted in figure 15. In this calculation the overall power was cal- 
culated by the method of reference 2 for a coaxial jet using a constant suitable for turbu- 
lent inflow to the nozzle. The spectrum of that same source was used with the direc- 
tional factor of (1 + Vc cos e/ao)-5 (ref. 3). Also shown in figure 15 a re  the data for the 
measured maxima from 1/3-octave bandwidth spectrograms corrected to a 16- hertz 
bandwidth. The calculations are in rough agreement with the data near the jet at the 
back of the engine, but at the side and front, the calculations are much too low. Because 
of the large annular space between the jets, the geometry differed markedly from that of 
reference 2. The core jet was surrounded by a stagnant region; therefore, the calcula- 
tions were also done for the core jet alone (assumed to be discharging into the atmos- 
phere). The calculated frequency of the spectral maximum was  found to be from 130 to 
170 hertz, which agrees with the measurements. The peak sound pressure levels (16-Hz 
bandwidth) shown in figure 15 agree with the data measured at the engine discharge. The 
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single jet model also fails to account for the noise level measured near the front of the 
engine. Therefore, there is the probability that the low frequency noise near the front 
has a source other than the jet; it may arise in the fan itself. 

In further support of this hypothesis are the data reported by Rice, Feiler, and 
Acker (ref. 4) and Groeneweg, Feiler, and Acker (ref. 5). When sound suppression 
equipment is placed in the fan housing, both of these tests show an unexpected reduction 
in the front quadrant of low frequency broad band noise (150- to 400-Hz range) in the 
amount of 2 to  7 decibels. This sound suppression equipment could only affect the radi- 
ation of noise being generated inside the fan, and one must assume the existence of some 
internal noise generation mechanism which may be operating in the present case as well. 
Reduction of low frequency noise by boundary-layer bleed might, therefore, as in the 
cases of the installation of sound absorbing materials, be the result of action on noise 
originating in the fan rather than in the jet. 

influenced by the level of turbulence developed by the fan or engine which is cast into the 
jet (see Bushell, ref. 6). In the present circumstances, a reduction of fan nozzle size 
could cause the rotor blades to discharge larger blade wakes because of the increase in 
aerodynamic loading. (The diffusion factor increased from 0.36 to 0.47. ) Removal of 
the casing boundary layer would improve conditions at the blade tips and reduce the 
spanwise extent of contamination of the blade boundary layer by flow from the blade tips. 
Thus, boundary-layer removal would reduce fan jet noise for highly loaded fan blading. 
(Compare fig. 7(f) with fig. 8(f). ) 

Boundary-layer turbulence noise. - When rotor blade tips are immersed in the tur- 
bulent flow of the boundary layer on the case, they will be buffeted by small  velocity 
fluctuations normal to the blade surfaces (upwash perturbations). These will cause fluc- 
tuations in the angle of attack on the blades and therefore in the blade l i f t  force. Such a 
fluctuating force acting on the fluid causes acoustic radiation. According to Sharland 
(ref. 7, eq. (5)) the acoustic power radiated by an airfoil in a turbulent stream is 

? 

There is also evidence to  indicate that the level of noise generated in the jet can be 

W =  

where 

CL 

Sc 

V 

() time average 

fluctuation of l i f t  coefficient of airfoil section 

area of correlation of surface p r e s s y e  fluctuations 

mean stream velocity in turbulent flow 
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When expressing this result in terms of turbulence, Sharland calculates 

where (Y is the fluctuation of the flow angle from the mean value. Because he does not 
take into account the fall-off of airfoil response CL ( l i f t  coefficient) as the frequency of 
the turbulence increases, he calculates too high a radiation level. The theory can be 
modified by using Sears' results for sinusoidal gusts (ref. 8). Thus, if we regard the 
fluctuation of the l i f t  coefficient as decomposed into frequency components, 

I 

Y.J (k) wo ,iwt CL(t) = 2a- 
V 

where t is time, wo upwash amplitude component in frequency range w to w + dw, and 

w = w e  turbulence velocity (upwash) 0 

In equation (2) the function ~ ( k )  produces a reduced amplitude as the frequency in- 
creases. The equation shows that 

E L  = iwCL 
a t  

and 

((27) = O2 (c;) 

Sharland introduces a plausibility argument to show that 

o 2 Sc = K I V  2 
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W = K2/ CV 6 2  (CL) dy 
Span 

(5) 

When the gusts are turbulent, rather than sinusoidal, the fluctuation of the mean-square 
l i f t  coefficient is shown by Liepmann (ref. 9) to be 

where 3/,(w) is the power spectral density of w/V. Furthermore, Liepmann has 
shown that a good approximation for I cp (0) I is 

If an average value of the integrand is used over the portion of the blade span emitting 
noise, then we have a further modification of Sharland’s equation from 

W = K3C lan dy {V64r2 dw [ 9 w ( w )  I} 
1 + AWC/V 

to 

qw(W) 
1 + (rc/V)w 

W = K4(Span) 

Therefore, the spectral density of the airfoil radiation corresponding to equation (9) ,J 

*,(f) - -  dW - K5(Span) 
df (1 + 2a2cf/V) 

An effective span for acoustic radiation can be estimated from the distribution of the 
radiation intensity from equation (8) (ref. 7), which shows the important criterion to be 
the distribution of (w ) V . The data of Serafini (ref. 10) show that (w? V4 and airfoil 
acoustic radiation reach a maximum in the region of the boundary layer specified as 

2 4  
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0 . 0 6 7  y/6 7 0.24 (where 0.83 7 V/Vo? 0.94) and that substantial power is being radi- 
ated from y E 6 (6, boundary-layer thickness). At larger distances from the wall, 
power drops rapidly with ( w 3  . Consequently, the boundary-layer thickness 6 may be 
taken as the distance within which the blade radiates acoustically. The span of the blade 
within this distance is (6 - A), where A is the blade-tip clearance space. 

The only additional requirement for comparison of the spectrum of equation (10) 
with the data is the spectral function @w. The wall surface pressure data of M. K. 
Bull (ref. 11) has been used for this purpose, since it is believed that the processes 
producing pressure fluctuation at the wall and at the airfoil are very similar except for 

trum would seem to be reasonably approximated by 
, the influence of the airfoil response function q ( k ) .  Thus, the airfoil radiation spec- 

df (1 + 2r2cf/V) 

where 

df 

and Pw is the pressure fluctuation at the wall. In further support of this substitution 
is the demonstration by Kraichnan (ref. 12) that the wall pressure fluctuation is nearly 
proportional to the turbulence-shear terms w V where a and p are running coor- 
dinate indexes. Therefore, the pressure spectrum is proportional to the turbulence 
spectrum, since p and w are  approximately linearly related. The data of refer- 
ence 11 are presented in generalized (dimensionless) parameters so that dependence on 
specific boundary-layer conditions can be explicitly shown. With f6* /Vo as the gener- 
alized (dimensionless) frequency, the generalized spectral density is given by 

a P’ 

and 

dW K66* (6 - A)Q(f6* /Vo) 
- =  
df 1 + f/150 

(13) 
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This equation shows that reduction of the boundary-layer thickness reduces the intensity 
of the radiation by a factor of 6* (6 - A). It also shifts the frequency distribution of the 
spectrum to higher values because equal values of the dimensionless frequency argument 

2 f6* /Vo require higher frequencies f. The precise value of 6 appropriate to the (w ) 
distribution is not known in the present tests. However, an estimate is made from the 
measured distributions by assuming a power- law velocity distribution: 

A value of 6 = 8.5 millimeters can be obtained from equation (14) when 6* = 3.53 mil- 
limeters and e* = l. 45 millimeters. At this distance from the wall, the measurements 
show that V/Vo = 0.94. When the inner layer is sucked out (1.2 percent suction), then 
V/Vo = 0.94 at the point y = 5.3 millimeters. Curves of the radiation spectrum dW/df 
are shown in figure 16 in relative decibel units for these two cases. 

impedance in order to render a simpler comparison of the recorded data with the calcu- 
lation data (compare fig. 16 with figs. 18 to 21). The curves have shapes roughly simi- 
lar to those of the base level of the broad band noise, provided the maxima are dis- 

The reduction in broad band noise base 
level with reduction of boundary-layer thickness supports the hypothesis that this noise 
results from the interaction of the blades with the casing boundary layer. 

tral density near 2.8 and 6.2 kilohertz are thought to result from two types of vortex 
shedding. Vortex shedding from the trailing edges of rotor or stator blades was dis- 
cussed by Sharland (ref. 7)  as a source of noise in fans. At sufficiently high Reynolds 
numbers there is discharged from the trailing edge of the blades a mixture of vortices 
and turbulence which produce a broad band noise from sources in the wake and on the 
blade. This noise is characterized by a spectrum having a density at some character- 
istic frequency. This mechanism was advanced by Sharland (ref. 7). A dimensionless 
form of the characteristic frequency is the Strouhal number S = fL/V where L is 
some characteristic length scale. As one considers the portions of the blade closer to 
the hub, the relative velocity is smaller and the whole noise spectrum shifts to lower 
frequencies. Thus, the overall radiation of this type from the blades is rather complex, 
but it should be dominated by conditions near the blade tips because of the higher veloc- 
ity there. Sharland uses the blade thickness as a characteristic scale for the Strouhal 
number, but this seems to be an irrelevant choice. Experimental data on noise spec- 
trums reported by Roshko (ref. 13) were correlated for several cylinder shapes using a 
Strouhal number based on wake thickness and stream velocity at the flow separation 

The theoretical spectral distribution was modified to include the effect of the line 

counted at 250 hertz, and 2.8 and 6.2 kilohertz. - 

Vortex shedding noise - blade trailing edges. - The maxima in the broad band spec- 
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point. The approach velocity will be, used to approximate the value at the separation 
point. 

The thickness L of the airfoil wake may be estimated as 

L = 26 + te (15) 

where te is the trailing edge thickness. 
power velocity distribution, 

For the turbulent boundary layer, with a 1/7- 

where e* is the momentum thickness. The momentum thickness can be estimated 
from the airfoil loss coefficient: 

(ref. 14, in the limit of e* << X) where p2 is the air flow angle at the trailing edge of 
a blade relative to the machine axis and X is blade pitch (distance between correspond- 
ing points on adjacent blades, 7.6 cm at the blade tips). A common midspan range of 
values of W is 0.02 to 0.03 (ref. 15). Then, for the fan rotor blades, 8* is approxi- 
mately 0.38 to 0.56 millimeter (0.015 to 0.022 in. ) and the wake width L is from 8.4 
to 12.0 millimeters (by eq. (15)). For a Strouhal number of 0.164 (ref. 13), the char- 
acteristic frequency is 6300 hertz 7 f 7 4400 hertz at the blade tips. At the inner 
radius of the fan blades, the characteristic frequency would be lower i f  this section were 
isolated from the remainder of the blade. However, the stronger impulses come from 
near the blade tips, and this region is probably the most important in determining the 
characteristic frequency of the vortex shedding process. 

effect of removing the boundary layer on the casing should be negligible. The effect of 
nozzle size should not be negligible; a small  nozzle increases the work on the gas and 
the aerodynamic loading of the rotor blades. Increasing the blade loading increases the 
blade surface pressure gradients, the boundary-layer thickness, and the thickness of 
the blade wakes. The larger wakes develop larger vortices and larger pressure fluctu- 
ations on the blade and in the wake, and, therefore, more noise develops with the small 
nozzle. When the fan is operated with the larger nozzle, the maximum in the 5.5- to 
6.5-kilohertz region is not clearly shown (fig. 7); with the smaller nozzle there is a 
prominent maximum at locations 6 = 30°, 40°, and 50'. The maximum spectral den- 
sity values in the 5.5- to 6.5-kilohertz frequency region are given in table III. 

Because this noise is generated over an extensive region of the blade span, the 
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Bleed, 
per  cent 

1. 4 

TABLE III. - MAXIMUM SPECTRAL 

DENSITY BETWEEN 5.5 

AND 6 .5  KILOHERTZa 

Position, deg I 
0 30 40 50 90 130 

! Density, dB/Hz 

aBandwidth, 64 Hz; fan nozzle a r e a .  
0.313 m 2 . 

These data exhibit no consistent and substantial effect of bleed and therefore indicate 
that the noise source producing the broad band maximum in the 6 kilohertz region is not 
connected with the boundary layer on the casing; the variation with loading and the char- 
acteristic frequency range suggest that vortex shedding from the rotor blade trailing 
edges produces the noise. 

mally expected without boundary-layer bleed because of the very high angle of attack on 
the blade, which results from the low axial velocity of the gas in the boundary layer on 
the fan casing and the high rotational velocity of the blade. Noise produced by these 
separation vortices should be subject to control by the boundary layer on the casing. 
The separation here may extend from the leading edge of the blade; its spanwise extent 
is not limited to the boundary-layer region, but should extend to adjacent regions where 
the blade surface boundary layer must pass through a large pressure rise, because of 
spanwise flows of the boundary layer. This noise must be sensitive, therefore, to load- 
ing the blades as well as boundary-layer removal. The characteristic frequency might 
be estimated as previously by using the wake thickness as the length scale. The wake 
can be no thicker than the normal distance between blades; this scale gives a typical 
frequency of 2050 hertz. The observed maximum in the region of 2600 to 3000 hertz 
would correspond more precisely to the process of separation of the flow from the lead- 
ing edges of the blades if the interblade channels were only partially filled with the wake. 
The wake thickness would vary along the span. 

These maxima are displayed in figures 18 to 21, and additional details shown in the 
16-hertz bandwidth plots of some of these data in figures 22 to 25. Comparison of the 
effect of varying operating conditions on the amplitude of this noise component is facili- 
tated by the summary in figure 17, which shows the peak amplitude in this frequency 
range selected from figures 18 to 21, 9, and 10 (64-Hz bandwidth). This noise in- 
creases by 10 to 12 decibels in the 0' to 30' region when the nozzle size is reduced; at 

Vortex shedding noise - blade tips. - Flow separation from the blade tips is nor- 
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the side of the engine the increase is not so large. When the casing boundary layer is 
removed, the front noise is decreased to the level observed with the larger nozzle. 
Bleeding off the boundary layer does not reduce this front noise when the larger fan noz- 
zle is used. These data lend credibility to the hypothesis that there is a separation of 
the flow from the blade tip at or near the leading edge, associated with a vortex shedding 
process and noise production, and furthermore, that this separation at the blade tips 
triggers a large spanwise effect in highly loaded blades but has a small effect on lightly 
loaded blades. 

System noise. - An effect not previously noted appears in the data obtained from the 
microphone located at 130'; in the frequency range of 1 to 2 kilohertz (see figs. 9(f) and 
10(f)), the noise increases as the boundary layer is bled off. This noise probably orig- 
inates in the ejector of the bleed system and is therefore not so prominently displayed 
in the noise spectrum from the microphones more remote from the ejector. 

SUMMARY OF RESULTS 

The thickness of the boundary layer on the casing of the fan of the Lycoming turbo- 
fan engine was reduced by means of an external bleed system. The outlet guide vanes 
were removed to obtain knowledge of the acoustic effects of rotor interaction with this 
boundary layer without interference from the outlet guide vanes. 

Boundary-layer bleed produced a small reduction in blade passing tone. In a com- 
plete stage the effect would be greater for a subsonic rotor and perhaps less for a tran- 
sonic rotor because of the dominance of the blade shock noises which a re  unaffected by 
bleed. 

The broad band spectrum density decreases gradually with increasing frequency; 
superimposed on it are maxima located at 150 to 250, 2800, and 6200 hertz. The broad 
substratum component is reduced as much as 7 decibels in special circumstances by 
bleeding off the boundary layer. The spectrum of this noise and its relation to boundary- 
layer thickness indicate that it is probably caused by the acoustic reaction of rotor blade 
tips to turbulence in the casing boundary layer. 

The low frequency maximum (150 to 250 Hz) was reduced from 2 to 5 decibels when 
the boundary layer was removed and the fan was operating with the large nozzle. When 
the fan was operating with the small  nozzle, the reduction in noise is slightly larger. 
When 1.2 percent of the flow is bled from the casing additional suction does not reduce 
this noise further. This noise is believed to be partly generated in the fan jet and to 
depend on the level of turbulence cast into that jet by the rotor. Additionally, internal 
sources of this noise are indicated by the high level of the noise propagated forward, as 
compared with the propagation pattern of a pure jet. 
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The maximum in the region of 2800 hertz is increased 12 decibels in the forward 
sector by increasing the loading of the rotor blades. This noise increase can be elimi- 
nated by bleeding off sufficient air s o  that the rotor blade tips do not project into the 
casing boundary layer. This noise is thought to originate in the process of flow separa- 
tion and vortex shedding from the suction surfaces of the blades near the tips, either at 
leading edge o r  at some other point well forward of the trailing edge. 

The noise maximum at 6300 hertz did not correlate with boundary-layer bleed. It 
did increase with blade loading and is believed to originate in vortex shedding from the 
rotor blade trailing edges, along the entire blade span. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, January 27, 1972, 
132-80. 
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Figure 1. - Schematic diagram of core engine and fan rotor. 
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Figure 2. - Schematic of boundary layer bleed arrangement. 
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Figure 3. - Inlet  duct and rotor blading. 
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Figure 4. -Turbofan engine with static in let  and bleed ejector system. 
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Figure 5. - Schematic of exhaust nozzles of fan and core jets. 
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Figure 6. - Velocity in boundary layer o n  fan casing 38 mil l imeters up- 
stream of rotor blading. 
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Figure 7 .  - Engine spectrogram. Nozzle, 0. 330 square meter (512 in. '1; l /Foctave bandwidth. 
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Figure 8. - Engine spectrogram. Nozzle, 0.313 square meter (486 in .  z); 1/3-octave bandwidth. 
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Figure 10. - Effect of bleed o n  spectrograms with 0. 313 square meter (486 in. ') fan nozzle. 
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Figure 11. - Spectrograms (12 superimposed). One-third-octave bandwidth: 
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(a) Bleed, 0 percent. (b) Bleed, 1.4 percent. 

Figure 12. - Spectrograms (4  superimposed). One-third-octave bandwidth; 32-second samples. 
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Figure 13. - Spectrogram showing discrete tone system (64 Hz bandwidth). 
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Figure 14. - Spectrogram of jet noise wi th  no bleed. Nozzle, 0.330 square meter (512 in. ’); 

113-octave bandwidth; location, 1600. 

28 



r 
Fan nozzle, 
m2 (in. 2) 

0 0.313 (486) 
0 .330 (512) , 

60 ,/-Coaxial jets 

I 50 I 

.' 
/' 

u 
140 160 

I 
120 100 

I 
80 

Azimuthal direct ion angle, deg 
0 20 40 60 

Figure 15. - Distr ibution of low frequency noise (160 Hzl for engine and maximum spectral 
density for estimated j e t  noise, 

.- 
I 
14 

I 
12 

I 
10 

I 
- 

8 
I 
6 

I 
4 

I PI 
-301 n 2 16 18 20 

Frequency, kHz 

Figure 16. - Estimated spectral density wi th  a i r fo i l  t ip in boundary layer. 
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Figure 17. - Dis t r ibut ion of spectral maximum in 2600 to 3000 her tz  range. 
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Figure 18. - Engine spectrogram. Nozzle, 0.330 square meter (512 in. 2 1; bandwidth, 64 hertz; bleed rate, 0 

percent. 
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Figure 19. - Engine spectrogram. Nozzle, 0.330 square meter (512 in.*); bandwidth, 64 hertz; bleed rate, 1.4 

percent. 
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