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EFFECTS OF LONG -C HORD A COUSTICALLY TR EATED 

STATOR VANES ON FAN NOISE 

I - EFFECT OF LONG CHORD (TAPED STATOR) 

by James H. Di t tmar ,  James N. Scott, B r u c e  R. Leonard, 
a n d  Edward G. S tako l i ch  

Lewis Research Cen te r  

SUMMARY 

A set  of long-chord stator vanes w a s  designed to replace the vanes in an existing 
full-scale fan stage. These long-chord vanes were designed to investigate the noise re
duction possibilities of increased stator chord length. The long vanes consisted of a 
turning section and axial extension pieces that w e r e  added behind the turning section. 
Acoustic damping material was incorporated in the stator vanes, but the series of tes ts  
reported herein a r e  for the cases  where the acoustic damping material w a s  made in
active by metal.tape. Three stator lengths were tested with both a cylindrical hard wall  
inlet and a taped (inactive) acoustic inlet. 

The broadband noise w a s  affected significantly by the long stator vanes. A noise 
reduction occurred in the middle to high frequencies, particularly a t  low fan speeds, 
probably a s  a result  of the reduced stator response to incoming disturbances. A broad
band noise increase w a s  observed a t  low frequencies, possibly from increased vortex 
shedding. The broadband noise changes indicate the stator vane area a s  a significant 
broadband noise location and therefore a profitable factor for  further investigation. No  
reduction in blade passage tone was observed, presumably because the blade passage 
tone was controlled by an inlet flow distortion. A decrease in the blade passage over
tones was observed toward the rear of the fan, probably a resul t  of reduced vane re
sponse to the rotor wakes. T h e  change from a hardwall cylindrical inlet to an inactive 
acoustic inlet with inactive splitter r ings resulted in some tone noise reduction. 



INTRODUCTION 

One of the noise generation mechanisms in a fan stage is the interaction of the rotor 
wakes with the downstream stator vanes. Theory indicates that the noise generated by 
this mechanism can be reduced by increasing the stator vane chord. A se t  of long-
chord stator vanes was  designed to replace the stator vanes in an existing 1.83-meter
(6-ft-) diameter , 1 . 5  pressure ratio fan stage (described in ref. 1)to investigate the 
noise reduction possibilities of increased stator chord. These stator vanes were tested 
on the full-scale fan noise test facility a t  the Lewis Research Center. The long-chord 
stator design contained 14 stator vanes, whereas  the original design contained 112 vanes. 
Because of the long chord and relatively large thickness, i t  was  possible to incorporate 
acoustic damping material in these stator vanes. The long acoustically treated stator 
vanes could thus replace conventional acoustic exhaust spli t ters.  Because of the large 
thickness involved, such long-chord stator vanes could also replace the s t ruts  normally 
used to car ry  loads between the engine core and the outer f rame.  

The data presented here a r e  for the configurations where the acoustic damping ma
terial on the stator vanes was  made inactive by being covered with metal tape. This r e 
port then covers only the acoustic effects of the long stator chord. The effect of the 
acoustic lining material on the stator vanes will be reported separately. 

The taped long-chord stator vanes were tested in three length variations. The 
shortest length included only the turning section whose chord was approximately 
0.61 meter (24 in.) or nine times the chord of the original stator vanes. Two additional 
lengths were tested by adding extension pieces behind the  turning section. The longest 
version tested had a length of approximately 2.49 meters  (98 in.)  or 37 times the axial 
length of the original stator vanes. The longest version of the long-chord stator is 
shown in figure 1 along with the original stator version it replaced. The acoustic data 
taken with the various stator lengths a r e  compared with the acoustic data taken with the 
original stator version to show the effect of chord length. 

THEORY 

Blade Passage Tone and Harmonics 

In the original 1.83-meter- (6-ft-) diameter fan stage, the blade passage tone is be
lieved to come primarily f rom two sources: the rotor wakes impinging on the stator 
vanes, and an inlet flow distortion impinging on the rotor blades. The inlet flow distor
tion appears to be a function of the test  installation, as was reported in reference 1. 

Rotor-stator interaction. - One purpose of the long-chord stator vanes was to re
duce the blade passage tone generated by rotor wake - stator interaction. A number of 
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$ 	 researchers  have formulated models to predict the noise f rom this mechanism by calcu
lating the fluctuating lift on the stator vanes a s  they a r e  struck by the rotor wakes. 
Examples of these models are given by Kemp and Sears  (ref. 2) and Horlock (ref. 3). 
Portions of some of these models were used in a previous report  (ref. 4) .  An expres
sion for the  magnitude of the stator fluctuating lift was indicated in reference 4 (p. 14) 
as 

I 

1 . 6  dCD /
= rPA L ~ ~  U,V, si1 

where 


ALN fluctuating lift, force/area 


P fluid density, mass/(length) 3 

cD rotor profile drag coefficient 

cR rotor chord 

X distance from trailing edge of rotor to leading edge of stator 

u3 absolute velocity a t  stator inlet, length/time 

v1 relative velocity at rotor inlet, length/time 

p3 relative flow angle from rotor after translation to stator inlet, deg 
-

p3 absolute flow angle at  stator inlet, deg 


a, angle of attack of s ta tors  relative to flow, radians 

I W  I magnitude of transverse response function 

I T ( 4  I magnitude of longitudinal response function 

W reduced frequency (n C S / Q ) ,  radians/time 

stator chord 

11 incoming gust wavelength 

Since the same rotor was used for both the  original 112 vane fan and the long-chord 
stator fan most of the t e rms  in t h e  expression a r e  the same. With this input, the fluc
tuating l i f t  expression reduces to 
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where C1 and C2 are the same for  both fans. This expression indicates that any 
noise reduction should come through the magnitude of S(w) and T(w) .  

A s  indicated, IS(w) [ and (T(w)[ are functions of w ,  where 

A plot of the reduction of IS(w) [ and I T(w)  I with increasing w is shown in figure 2 
f rom an equation given in reference 3 .  When the stator chord Cs is increased w is 
increased. An increase in w brings about a reduction in IS(w)  I and ( T ( w )  1 , thereby 
indicating a noise reduction. The noise reduction in decibels would be approximately 

dBreduction = 2o loglo 

where orig is for original fan and LCS is for long-chord s ta tor .  
For estimation purposes, the original fan had an w of 3 . 1  at a 100-percent design 

speed which gives [ S ( w ) l o r ig  = 0.225 and T(w) orig = 0.645. The chord of the turn

ing section of the long-chord stator vanes is approximately nine t imes the chord length 

of the original stator vanes. This gives w = 27.9, lS(o)I Lcs = 0.075, and 

I T ( 4 I LCS = 0.225. (These values differ somewhat f rom those given in ref. 4 since the 

latter were determined from the tables published in ref. 3 while the values herein were 

calculated from the equation using a computer.) 


With these values of [ S(w) [ and 1 T(w) I ,  the ra t ios  become 
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1 Since the two ratios are so close, for  approximation purposes they can be averaged: 

If both ratios are equal, the expression for  the noise reduction reduces to 20 t imes the 
log of the ratio. Then the predicted reduction in the rotor wake - stator interaction 
generated blade passage tone would be 

20 loglo (2.95) = 9.4  decibels 

I t  should be noted that the vane-blade ratio was selected to provide the cutoff condi
tion for the blade passage tone in the original design but not for the long-chord stator 
design. This violation of the cutoff cri terion could possibly result  in negating the pre
viously predicted reduction of the blade passage tone due to rotor wake - stator inter
action for the long-chord stator fan. 

Inlet flow distortion. - Reference 1 reports  one of the major sources of blade pas
sage frequency noise in this test  facility to be  the interaction of an inlet flow distortion 
with the fan rotor blades. An indication of the strength of this inlet flow distortion blade 
passage noise was given in reference 1 and portions are repeated here in figures 3(a) 
and (b). These figures show the blade passage tone sound pressure level as  a function of 
angle for two configurations a t  90 and 60 percent speeds. The f i r s t  configuration was 
with the fan driven through the inlet (the way the tests reported herein were taken) where 
the distortion was  present. The second configuration was  with the fan driven from the 
rear where this installation-caused flow distortion should probably not be present. 
(The schematics on each figure indicate the front and r e a r  drive configurations.) Since 
the other noise generation mechanisms were present in both configurations, the com
parison shows the relative strength of the inlet flow distortion noise. A s  can be seen, 
the sound pressure levels of the tone from the front-drive configuration with the inlet 
flow distortion were greater than those from the rear-drive version. Since t h i s  inlet 
flow distortion noise w a s  s o  strong, any possible reduction in the rotor-stator interac
tion blade passage frequency noise would be masked by the distortion-generated noise 
and thus probably will not be measured in the far field. However, reductions in the har
monics of the tone and in the broadband level are possible and are now discussed. 

Overtones. - The effect of the long-chord stator will most probably be seen in the 
level of the overtones of the blade passage tone. The data of reference 1 indicate that 
the overtones of the blade passage tone w e r e  not as greatly affected a t  the rear angles by 
the incoming distortion as .was the blade passage tone. T h i s  can be seen in figure 4 
where the f i r s t  overtone is plotted against angle for the same two configurations as 
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figure 3. (An increase in  broadband noise was observed in the r e a r  drive configuration 
because of flow over supporting structures,  etc.  The harmonic was not apparent at all 
of the angular locations because of this extra flow noise and, therefore, no data  a r e  
present beyond 1 3 0 7 .  The effect of the inlet flow distortion on the f i rs t  overtone was 
not as strong toward the rear as i t  was on the blade passage tone and, in fact, at the 
120' and 130' angles no increase was noted. (The ability to affect the overtone by in
fluencing rotor-stator interaction parameters was observed previously in a test  of 
rotor-stator spacing on this facility reported in ref .  5 .) This observation indicates that 
the changes in rotor wake - stator generated noise may be observed in the first overtone 
particularly toward the rear of the fan. The predicted reduction for the first overtone 
due to rotor wake - stator interaction was accomplished in the same manner as for the 
tone prediction done previously. This calculation was done with approximately double 
the reduced frequency parameter w and resulted in a predicted reduction of approxi
mately 9 decibels. The harmonics for both fans (original and long-chord stators) are 
not cut off, s o  no negating effect should be noticed from violating the cutoff cri terion. 

Broadband Noise 

The internally generated broadband noise comes f rom many sources.  These include 
turbulence interacting with a fan blade, the  shed vorticity from a blade, and the scrub
bing of the flow over blade surfaces and the fan duct surfaces  to name a few. While 
some of these noise sources should be reduced by the longer stator chord, others should 
be increased. 

The broadband noise generated by turbulence interacting with the stator blades was 
expected to be reduced by the increased size of the stator chord. Sharland (ref.  6) has 
indicated the broadband acoustic power that could be generated by an airfoil in turbulent 
flow. This model used a fixed lift curve slope regardless of the reduced frequency w .  
Both Lieppmann (ref .  7) for a general airfoil and Goldstein e t  al. (ref. 8) for a rotor 
blade have incorporated a lift response function dependent on the reduced frequency pa
rameter  w .  This function is the Sears  function S(w) mentioned previously. H e r e  
again, w = n C s / l ,  which depends on the blade chord and the incoming gust wavelength. 
The value of the incoming gust wavelength for incident turbulence is dependent on both 
the frequency of the turbulence and i ts  convected velocity. Therefore, the amount of 
broadband reduction achieved by increased stator chord Cs will also depend on the 
properties of the turbulence. If, for  example, turbulence whose frequency is close to 
the blade passage frequency were convected a t  the same velocity a s  the rotor wakes, the 
predicted reduction would be close to the predicted reduction in blade passage tone due 
to rotor wake - stator interaction. However, since no measurement of the turbulence 
striking the stator was made, a prediction of the reduction from the increased stator 
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1 chord was not undertaken. It was expected that a broadband noise reduction would be ob
served as a result of the increased chord and that the amount of reduction should depend 
on frequency. 

The broadband noise generated by scrubbing over the stator surfaces and by the 
vortex shedding of the stator would probably be increased in the long stator configura
tion. Other increases in broadband noise could result from separated flow and local 
shock regions where the flow is contoured around the pylon (not attributable to the con
cept but possibly observed in the experiment because of test  facility constraints). 

The net result of all the possible increases and reductions of broadband noise is not 
readily predictable. However, it would be expected that a reduction in the broadband 
noise would occur at some frequencies where the turbulence interaction mechanism (or 
other sources that are reduced by increased w)was the dominant source, and that an 
increase would occur a t  frequencies where other sources were dominant. 

APPARATUS ANDPROCEDURE 

Fan Description 

Acoustic data from two full-scale 1.83-meter- (6-ft-) diameter fans differing only 
in stator design were used for this study. The first fan, shown in figure 5, was a 1 . 5  
pressure ratio, 337.4 meter  per second (1100 ft/sec) tip speed fan designated as QF-2 
(ref. 1). This fan had 53 rotor blades and 1 1 2  stator vanes approximately 6.83 centi
meters  (2.69 in .) in chord. Other pertinent parameters are listed in table I .  Except 
for the direction of rotation, the QF-2 fan was  the same as the QF-1 fan described in 
reference 9 .  The  acoustic data for the QF-2 fan presented in reference 1 were used as 
the baseline for deducing the effect of the long stators.  

The second fan tested, designated QF-lA, w a s  the long-chord stator design. T h i s  
fan was tested on the Lewis outdoor fan test facility as  a par t  of the study reported here
in. The fan used the QF-1 rotor ,  which is aerodynamically the same as  the QF-2 rotor .  
The stator vanes of the QF-1A stage bear little resemblance to those of the QF-2 stage, 
however. There were 14 of the QF-1A stator vanes and they were approximately 
61 centimeters (24 in.) in turning section chord. This increased stator chord is the 
noise reduction feature being investigated. Two additional lengths were tested by adding 
axial extension pieces behind the turning section. These additional pieces lay in radial 
planes f rom the fan centerline. 



Long-Chord Stator Design 

The long-chord stator vanes were designed to achieve, as closely as possible, the 
same aerodynamic performance as  the original QF-2 stator vanes while achieving a 
much longer chord. The incorporation of this concept into an existing test facility cou
pled with the desire  for  ease of fabrication had considerable impact on the design of 
these stator vanes. 

Test  facility requirements. - An illustration of the QF-2 fan nacelle assembly with 
the original 112 s ta tors  is shown in figure 6. The centerbody of the assembly is sup
ported by one large pylon in this test facility. Since it was desired to  extend the new 
long stator vanes to  the nozzle entrance, the presence of this thick pylon caused a flow 
restriction in the fan annulus and dictated the maximum turning-section chord that could 
be used. Figure 6(a) shows this fan with the cylindrical hardwall inlet, and figure 6(b) 
shows the fan with an inlet acoustic suppressor including splitter r ings which was tested 
primarily for later comparisons when the stator vane lining material was made active. 

Developed view sketches of the fan with the original fan stage and the longest version 
of the long-chord s ta tors  are  shown in figures 7(a) and (b), respectively. (All  of the 
rotor blades and stator vanes are not shown on these sketches.) Figure 7(b) shows the 
arrangement of the long-chord vanes. Those vanes near the pylon are number for  ref
erence purposes. A s  shown in figure 7(b), the trailing edge of stator 5 was  faired into 
the pylon leading edge. With the leading edge of the stator fixed a t  the same axial loca
tion as the leading edge of the QF-2 s ta tors  and the trailing edge blending into the pylon, 
the maximum possible turning section chord w a s  determined. 

Because of the flow blockage created by the pylon, it was necessary to terminate 
stator vanes 4 and 6 on either side of the pylon at the same length as vane 5 leading into 
the pylon. The incorporation of a slightly longer turning section chord on stator vane 7 
(also vanes 1 to 3 and 8 to 14) than on vanes 4, 5, and 6 enabled the area on this side of 
the pylon to be increased slightly to allow more flow through this channel. On the other 
side of the pylon, i t  was necessary to  contour stator vane 3 around the pylon to relieve 
the area restriction. Even with these area redistributions, i t  was calculated that the 
channels on either side of the pylon and the channel between stator vanes 2 and 3 would 
be choked at about the 90 percent speed point of the fan. It should be noted that in flight 
installations the thickest pylons are much smaller and do not pose a serious problem in 
applying this concept. 

With the chord of the turning section of the airfoil fixed as described and with the de
sire to retain roughly the same solidity as the original stator,  the number of vanes 
needed was between 13 and 14. 

The total blockage area of the vanes upstream of the pylon was also to be retained. 
The combination of this desired blockage area and expectation that the acoustic lining 
surfaces would be more efficient a t  closer spacing led to  the choice of 14 stator blades. 
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Fabrication constraints. - The desire  for  ease of fabrication of these stator vanes 
played an important par t  in the design of the vane turning section. The perforated sheet
over-honeycomb construction used as an acoustic absorber is difficult to machine to a 
contour and thickness variation required of a conventional stator vane, and it is also dif
ficult to  bend in more than one plane. Therefore, it was decided that the general shape 
of the lined portion of the turning section of a vane would have the same radius of curv
ature at any radial station from hub to tip (cylindrical section). The leading edge of the 
stator vanes was then to  be a solid piece (no acoustic treatment) which was contoured at 
each radial station to conform to the incoming flow velocity vector and then blended into 
the cylindrical lined section. 

Construction. - The leading edge section had roughly a NACA-65 series airfoil 
thickness f rom the leading edge back to the location where the thickness was equal to the 
thickness of the lined portion. The thickness was then maintained constant until blended 
into the lined section. A sketch of a short  stator near the pylon (vanes 4 or  6) is found 
in figure 8(a). Figure 8(b) is a photograph of a completed short  stator as it would appear 
a t  about 6 o'clock on the fan with the fixture representing the outside wall and with the 
inside duct wall not shown. 

The acoustic lining material used on opposite sides of the s ta tors  was of two dif
ferent thicknesses. These two thicknesses were nominally the same as those used in the 
exhaust duct of the QF-3 fan (ref. 10). One thickness is placed on each side of the stator 
so that the different thicknesses face each other across  the flow channel formed by two 
stators.  The summation of the two honeycomb thicknesses, two perforated sheets, and 
the septum thickness determined the overall stator thickness of 3 . 4 5  centimeters 
:1.360 in . ) .  This  construction is also shown in figure 8(a). Rivets were used around all 
?dges of the perforated sheet as an easy way to reinforce the epoxy-bonded perforated 
sheet to  honeycomb boundary. 

Aerodynamic. - The need to blend one stator vane into the leading edge of the pylon 
and to have the longer stator vanes proceed straight downstream with extension pieces 
required that the trailing edge of the turning section of the stator vanes be alined in the 
axial direction. The original QF-2 stator vanes had turning past axial a t  some radial 
locations. The long chord stator vanes are then "under-turned", and in the short  ver 
sion they would probably leave some swirl  in the flow. 

The previously mentioned aerodynamic and fabrication constraints on the stator de
sign ( i . e . ,  contouring around pylon, underturning of flow, cylindrical shape of honey
comb, rivets,  e tc . )  could result in stator losses  higher than in an actual engine design 
not so compromised. In an actual engine the support for the centerbody could come 
through the stator vanes themselves or a number of small  pylons thereby avoiding the 
high Mach number, high loss  region around the large single pylon in the test facility. 
The r ivets  on the stator vane surfaces in these high subsonic Mach number flows also 
contribute to losses  that would not be necessary in an actual engine design. A s  a 
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consequence of all these compromises, i t  was recognized that these tes t s  would not yield 
an accurate evaluation of the aerodynamic performance of the long-chord stator concept. 

INSTALLATION AND TEST CONFIGURATIONS 

Stator Configurations 

Three length increments of the taped long-chord stator were tested. Figure 9(a) 
shows a photograph of one long stator vane standing on a work table. In this figure, t he  
stator lining material is shown before the tape w a s  applied. The stator vanes were 
tested in what will be referred to as the short, three-quarter, and long configurations. 
The short  version was just the turning section of each blade and was  the length from the 
leading edge to the first section interface (black section on fig. 9(a)) plus a trailing edge 
section. The three-quarter version extends to the third section interface from the lead
ing edge (plus the trailing edge). The long version was as shown in figure 9(a). Figure 
9(b) shows roughly the length dimensions of the three stator lengths. Figure 9(c) shows 
a series of sketches of the three stator lengths as they appear in a developed view of the 
fan r ig .  It should be noted here that the stator vane leading into the pylon and those on 
either side of the pylon do not change length. 

Figure lO(a) is a photograph of the long stator version installed in the fan r ig  where 
the vanes and the inner duct wall have been covered with metal tape. In this photograph 
the outer cowl has been removed and the fan rotor has not yet  been installed. A s  can be 
observed, this is the side of the pylon which has the contoured blade. Figure 10(b) is a 
photograph of the leading edge of the vanes viewed from upstream. 

The three-quarter length stator extends to the third black interface from the leading 
edge in figure lO(a). At this point the vanes w e r e  terminated with a contoured trailing 
edge piece. The short-stator version is seen in figure 11. This photograph was taken 
during a cleaning procedure between tests. The outline of the long version can be seen 
on the inner body and the trailing edge of the rotor blades can be seen by looking up
stream through the stator.  

These three taped stator lengths were tested with two inlets. The first inlet was  a 
cylindrical hard-walled inlet with an inlet bellmouth. The noise from the fan with this 
inlet was compared with the noise from the fan with the original 112 short  s ta tors  and 
the same inlet. The other inlet was acoustically treated with three splitter r ings and 
was tested with the acoustic lining material taped (acoustically inactive). This inlet is 
the same as described in reference 11 and is tested here  as a baseline for later tests 
when it and the long-chord vanes are made active. The three stator lengths combined 
with the two inlets mentioned earlier resulted in six test configurations. 
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Instrumentation 

Aerodynamic instrumentation. - Due to restrictions inherent in the facility caused 
by the large support pylon, the flow in each stator passage was unique. A t  the time of 
testing not enough aerodynamic instrumentation was  available to measure accurately the 
flow characterist ics in each stator passage. Hence, it was impossible to evaluate the  
overall aerodynamic performance characterist ics of t h i s  fan. The instrumentation 
available was used to determine inlet fan mass flows and to observe localized flow phe
nomena in suspected problem areas .  

The axial locations of the instrumentation a r e  shown in figure 12 .  In front of the 
cowl (station 9 in fig. 12) ,  6 thermocouples placed at uniform circumferential locations 
(fig. 13(a)) measured the ambient temperature. The inlet static pressure was  measured 
by six wall static pressure taps located at uniform circumferential intervals (fig. 13(b)). 
For tes ts  run using the hard-walled cylindrical inlet, these pressure taps were located 
a t  station 1 in figure 12 .  For tests run using inlets with splitter rings, the pressure 
taps were located at  station 8 in figure 12 .  

In the short stator test, aerodynamic rakes containing nine thermocouples and ten 
total pressure tubes (fig. 14) were placed at  various circumferential locations 
(fig. 15(a)) a t  the exit plane of the stator passages (station 3 ,  fig. 12).  There a r e  wall 
static pressure taps located on either side of each of these rakes.  

The long and three-quarter length stator configurations were tested with the same 
type of aerodynamic rakes and wall static pressure taps located a t  various circumferen
tial intervals (fig. 15(b)). However, in these cases  the measurements were taken in 
front of the trailing edge of the support pylon (station 4, fig. 12) and hence well inside 
the stator passages. In addition to the number of rakes  being insufficient to obtain flow 
characteristics in each stator passage, it was also impossible in this test  facility to 
place the rakes far enough downstream from the stator trailing edge to determine the 
characterist ics of the circumferentially uniform flow o r  even if the flow was indeed c i r 
cumferentially uniform. 

The tes ts  of the long and three-quarter length stator configurations also incorpora
ted single pitot static tubes in some stator passages (including those nearest the pylon 
where the flow blockage was greatest) a t  the plane of maximum support pylon thickness 
(minimum flow area) ,  station 6 in figure 12 .  

Acoustic instrumentation. - F a r  field acoustic data were obtained by 
1.27-centimeter- (0.5-in. -) condenser microphones located on an a r c  a t  10' increments 
from 10' to 160'. A photograph of the tes t  site and a plan view of the  microphone loca
tions a r e  shown in figure 16. The microphones were level with the fan centerline, 
5.79 meters (19 f t )  above the ground on a 30.48-meter (100-ft) radius. A complete de
scription of the acoustic instrumentation and the data acquisition techniques is given in 
reference 9.  
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Three samples of acoustic data were taken at each tes t  condition and averaged to 
minimize the effect of short-term fluctuations in the generated noise. The data taken at 
60, 70, 80, and 90 percent of design speed were recorded on magnetic tape; both a one-
third octave band analysis and some constant band width narrow band analyses were per
formed. 

RESULTS AND DISCUSSION 

A s  mentioned previously, three taped lengths of the long-chord stator vanes were 
tested. The f i r s t  section, referred to as the short  stator configuration, consisted only 
of the turning section of the s ta tor .  The next two sections, referred to as the three-
quarter and long stator configurations, consisted of the turning section of the stator vane 
plus extension pieces on most of the stator vanes (see fig. 9(c)). Each of these stator 
vane lengths was tested with two different inlets. These inlets, which included an inlet 
bellmouth , were a cylindrical hard-walled inlet and a taped (inactive) acoustic inlet in
cluding three taped (inactive) acoustic splitter r ings.  

The resul ts  of these tes ts  are presented in two par ts ,  the aerodynamic resul ts  and 
the acoustic results.  The acoustic resul ts  are  then presented in two main par ts  cor
responding to each inlet tested. 

Aerodynamic Results and Discussion 

Again it must be mentioned that available instrumentation was insufficient to deter -
mine the overall aerodynamic performance characterist ics of the long-chord stator fan 
stage (QF-1A) . Hence, only localized flow effects are discussed. 

The wall static pressure measurements taken in the fan inlet were used to calculate 
corrected inlet mass  flow. The corrected inlet mass  flow is plotted against percent of 
design speed in figure 17. In this figure, the dashed l ines show how inlet mass  flow var
ies with fan speed for QF-2 with the design nozzle and with the design exit nozzle area 
increased by 10 percent. The behavior of the QF-1A inlet mass  flow, an average of 
both short  and long s ta tor  version data (fig. 17), with increasing fan speed indicates 
that there is a relative falloff with speed for  QF-1A with respect to QF-2. This falloff 
is possibly a result  of a falloff with speed of exit total pressure,  effective nozzle area, 
rotor operating point, o r  a combination of these effects. 

Since the inlet mass  flow for QF-1A was closer to that of QF-2 with the design noz
zle at higher fan speeds, this configuration of QF-2 is used as the basis of comparison 
for the noise data. Each data point in figure 17 represents an average of all data taken 
for the specified fan-nozzle configuration a t  the given speed. The QF-1A inlet mass  
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flow was relatively independent of inlet configuration and long-chord stator length vari
ations. 

In the short-stator configuration, the gage pressure measured with the total pres
sure  tubes of rake "C" a t  the exit plane of the stator passage indicates the presence of 
a region of separated flow in the passage between stator 7 and the pylon. This region 
was near the trailing edge of stator 6 (see fig. 7). A plot of radial pressure distribution 
is shown in figure 18. This figure shows how this region of separation grew with in
creasing fan speed and that i t  occurred near the centerbody of the fan duct. Radial 
pressure distributions from other rakes  (station 3,  fig. 19) show that this separation 
was localized near the pylon in the short  stator configuration. Insufficient instrumenta
tion prevented determining how this disturbance propagates downstream. 

In the long and three-quarter length stator configurations the pitot static tubes at  
the plane of minimum flow area  provided the data for calculating flow Mach numbers in 
some of the more critical stator passages. The Mach numbers a t  90-percent speed 
ranged from val-ues a s  low a s  0 .6  in passages away from the support pylon to values as 
high a s  0.92 in passages near the pylon (those passages containing a rea  contractions due 
to the presence of the pylon and special contouring of the vanes). 

The total pressure rake measurements a t  station 4 just upstream of the pylon trail
ing edge a r e  shown in figure 20. These measurements indicate significant differences 
between the total pressures  measured for the different rake locations. Those total 
pressure differences along with the Mach number variations noted previously tend to in
dicate that some of the stator passages were acting a s  converging-diverging nozzles and 
thus may have been choked a t  the higher fan speeds. I t  is believed that this behavior r e 
sulted in a redistribution of flow in the nonchoked stator passages. This result  further 
indicates that the flow through each stator passage was unique. 

It is evident from the data collected that to evaluate the overall aerodynamic char
acterist ics of this fan much more extensive instrumentation would be required. Specif 
ically, i t  would be necessary to measure total pressure profiles i n  both radial and c i r 
cumferential directions in each stator passage in order to obtain the performance 
losses .  However, the falloff of the inlet mass  flow of QF-1A with respect to QF-2 
(fig. 17) may indicate that additional total pressure losses  do exist in these long stator 
configurations. The mass flow reduction in the short stator version is quite possibly a 
result  of losses associated with the separated flow region near the pylon. In the  long 
stator version the mass flow falloff may result  f rom a reduction in the nozzle effective 
a rea  because of the proximity of the long stator trailing edge to the nozzle entrance 
and/or from added losses  from flow over the  large stator surface a rea .  
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Acoustic Results 

Cylindrical hardwall inlet. - The cylindrical hardwall inlet cases  were run to pro
vide comparisons of the generated noise from the various lengths of the taped long-chord 
stator with the generated noise from the original stator vanes. Figures 2 1  to 23, show 
the general data taken with the three lengths of the long-chord stator.  These plots give 
one-third octave band acoustic power spectra for 60, 70, 80, and 90 percent of fan de
sign speed. Figure 21 is for the long stator vane configuration, figure 22 the three-
quarter length configuration, and figure 23 the short  configuration. 

The three figures show very similar resul ts  in that the noise increased a s  the speed 
was increased. The plots for the long and three-quarter configurations a r e  almost 
identical a t  all speeds (some differences a r e  noted a s  the result  of different test  speeds), 
but the short configuration provided significantly more broadband noise than either the 
three-quarter o r  long configurations. To better illustrate this point, data from the three 
configurations a r e  plotted together in figure 24. Figure 24(a) is for 90 percent speed 
and figure 24(b) is for 60 percent. The spectra for the three-quarter and long configura
tions a r e  almost identical and the small differences a r e  probably scatter in the data. 
The levels from the short  configuration of the long-chord stator were higher a t  frequen
cies  below the blade passage frequency. This broadband increase was more noticeable 
a t  the lower speed points than at the high ones, probably because the increase was over
shadowed by other sources a t  the high speed points. This broadband noise increase is 
believed to be due to the separated flow region observed in the aerodynamic testing. 
The separated flow region associated with the flow around the suction surface of the 
pylon (between stator 7 and the pylon on fig. 7) is not necessarily a fault of the concept 
but only of an imperfect accommodation to restrictions imposed in this particular tes t  
facility. This region did not appear with the longer configurations of the stator because 
of the extension of stator 7 in these configurations (see fig. 7). 

The short configuration of the long-chord stator wil l  not be compared acoustically 
with the original stator vane data since the additional broadband noise, above the three-
quarter or  long versions, observed at the low frequencies is not attributable to the long-
chord stator concept. Since the three-quarter and long configurations of the long-chord 
stator gave approximately the same noise spectra, only the long configuration data a r e  
compared with the original conventional stator data. 

Figure 25 shows a ser ies  of comparisons between the acoustic power for the orig
inal short-chord stator vanes (QF-2) and the acoustic power for the long configuration 
of the long-chord stator vanes. Figure 25(a) is for 60 percent, 25(b) for 70 percent, 
25(c) for 80 percent, and 25(d) for 90 percent of design speed. A number of things are 
noteworthy about this series of comparisons. A s  indicated previously (THEORY sec
tion), the inlet flow distortion - rotor interaction mechanism appears to be the dominant 
source of blade passage frequency noise. In this testing the blade passage tone was not 
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changed with the long-chord stator vanes (fig. 25(a) to (d)). (The slight change at 
90 percent is just a slight shift in one-third octave band as a result of day to day fan 
speed changes to obtain constant corrected speeds; when the power is added in two bands 
the levels are the same.)  A s  anticipated, any blade passage frequency noise reduction 
that occurred from the change to the long-chord stator vanes is not visible probably be
cause the blade passage tone generated by the inlet flow distortion is masking the effect. 

The first overtone of the blade passage frequency does show some noise reduction 
as a result of the change to the long-chord stator.  On acoustic power, this effect was 
more noticeable a t  the lower speeds than a t  the higher speeds. Part of the reason for 
this is that the inlet flow distortion contribution to the overtone was not as strong at the 
low speeds and changes in the rotor wake - stator noise generation were more easily 
seen. In addition, the one-third octave band containing the first overtone also contains 
broadband noise which may contribute to  the signal level. To  better investigate the ef
fect on the overtone, a number of narrow band spectra were taken. The level of the 
harmonic was determined f rom three samples of narrow band spectra a t  each azimuth 
angle. A plot of this harmonic as  function of angle along with the QF-2 original stator 
data is shown in figure 26 for  90 percent speed. A s  can be seen, the f i r s t  overtone was 
about the same in the front f rom 10' to 70'. This is a further indication that the inlet 
flow distortion controlled the f i r s t  overtone in the front. However, noise reductions are 
observed in the rear beyond 80' where the rotor wake - stator interaction could be dom
inant. In fact, beyond looo, the first overtone has been reduced below the level of the 
broadband noise which in this region is represented with different symbols. To further 
show this result ,  three narrowband spectra are presented in figure 27 a t  50°, 80°, and 
120' to show the differences between the front and rear radiated noise. (The sound 
pressure levels in these spectra may not correspond to those of fig. 26 since the levels 
on fig. 26 are  the average of three narrowband spectra.)  A s  can be seen, there was 
little change in the level of the overtone in the front (50°, fig. 27(a)), but i t  w a s  reduced 
toward the rear (80°, fig. 27(b)) and had disappeared into the  broadband a t  the 120' mi
crophone (fig. 27(c)). The second overtone was  reduced with the long-chord stator 
vanes as can be observed in this series of narrowbands. The reductions in the over
tones are not as  great  as the 9 decibels predicted by the theory. This  discrepancy may 
be due to the presence of inlet distortion noise, or,  fo r  the rear angles, it may be due 
to  the presence of a broadband noise floor. Nevertheless, a reduction in the first and 
second blade passage frequency overtones has been shown as a resul t  of the long-chord 
stator Vanes and even more reduction might be expected if other noise sources  such as 
the inlet distortion were not present. 

When returning to figure 25 the reader observes a significant effect of the long-
chord s ta tors  on the broadband noise. Starting with 60 percent speed (fig. 25(a)), the 
broadband noise was greatly reduced above 630 hertz with the long-chord s ta tors  while 
only a slight increase was observed below 500 hertz. This noise reduction at 60 percent 
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speed would be most effective during an airplane's landing approach. A s  the fan speed 
was  increased, the  noise source generating the increased low frequency noise became 
stronger and the emission occurred over a broader range of frequency until at 90 per
cent (fig. 25(d)) the  increase was observed in the 200 to 1600 hertz range. The reduc
tion in the high frequency broadband noise was still observed above the blade passage 
frequency but it was not as strong a reduction at this 90 percent speed point. 

To obtain an indication of where the noise sources are acting, the generated sound 
power was split into front and rear hemisphere power levels. Data at 80 percent speed 
show more clearly than data at other speed points the apparent split of where the noises 
are emanating. Figure 28(a) shows the front quadrant, and figure 28(b) shows the rear 
quadrant. A s  can be seen by this figure, the reduction in the broadband noise was 
mostly in the front, and the increase a t  the lower frequencies was mostly in  the r e a r .  

For  additional clari ty,  two broadband sound pressure level plots of specific one-
third octave bands are shown in figure 29. Figure 29(a) shows the angular sound pres
sure  level variation in the one-third octave band centered at 3150 hertz that was  reduced 
with the long-chord stator,  and figure 29(b) shows one of the bands which showed an in
crease,  630 hertz.  These data a r e  both for 80 percent speed to correspond with fig
ure 28. In viewing figure 29(a), the decrease in broadband noise with the long-chord 
stator vanes is seen to occur toward the inlet of the fan (from 10' to 120'). This for
ward radiated broadband noise is probably radiated from the front of the long-chord 
stator vanes. This general location is where the incoming turbulence or rotor wake ir
regularities would generate fluctuating lift on the stator vanes. This fact points to the 
longer chord reducing the response of the stator to the incoming disturbances, thereby 
reducing the broadband noise in this frequency range. This same effect of more noise 
reduction in the front can be seen in the narrow band t races  of figure 27 where the 50' 
and 80' mikes show marked broadband noise reductions but the 120' microphone shows 
little. In fact, the narrow bands may give a better feel for the amount of sound power 
reduction since the one-third octave plots emphasize the low frequency par t  of the spec
t rum while the narrow band spectra emphasize all frequencies equally. From a subjec
tive point due to the sensitivity of the ear the decrease in the high frequency noise may 
be more important than the increase at  the lower frequencies. 

Figure 29(b) shows the variation of one of the one-third octave bands where the 
noise was increased with the long-chord stators.  In the figure it is seen that the in
crease in low frequency broadband noise occurred mostly toward the rear of the fan, 
from 70' back. This increase probably occurred on the rear portion of the long-chord 
stator or possibly in the  exhaust jet and is an indication that the cause may be increased 
vortex shedding from the long-chord stator at these low frequencies or ,  possibly, an 
increase in jet noise because of increased turbulence in the jet. 

To summarize,  the decrease of broadband noise observed in the high frequencies 
was probably a result  of the longer stator chord reducing the response of the stator 

16 



-- 

vanes to the  incoming turbulence or rotor wake nonregularities. The increase in noise 
a t  the low frequencies was possibly the result  of vortex shedding from the long-chord 
stator vanes or an increase in jet noise from increased turbulence. The ability to im
pact the broadband noise output of the fan (particularly the reduction) presumably by 
only changing the stator indicates, at least  in this fan stage, that the stator controlled 
the broadband noise. This conclusion, if applicable to other fans, could have a signifi
cant effect on future efforts to reduce broadband noise generation. 

Taped inlet with taped rings.  - In general, the taped inlet with taped stator vane~~ 

tes ts  were run for later comparisons with the configuration where the stator treatment 
was made active. A number of interesting effects were noted, however. Figures 30 
to 32 show power spectra for the three long-chord stator lengths with the taped inlet 
with rings: figure 30 is for the long configuration, figure 31 the three-quarter configur
ation, and figure 32 the short  configuration. Each figure contains four curves cor re
sponding to the 60, 70, 80 and 90 percent speed points. 

A s  can be seen by comparing these figures with figures 2 1  to 23, the total power 
radiated with either of the inlets was  almost the same. The one exception seemed to 
occur around the blade passage frequency of the fan. For direct comparison, the 
90 percent speed long stator configurations a r e  plotted in figure 33. A s  can be seen, 
the blade passage noise was  reduced with the taped inlet. Since the blade passage tone 
was presumed to be controlled by the inlet flow distortion, this may indicate that the 
inlet r ings serve to break up the incoming distortion and reduce the blade passage tone 
energy. 

Despite the fact that the total radiated power, at  frequencies other than blade pas
sage, was almost the same for both the cylindrical hardwalled inlet with no rings and the 
taped inlet with rings, there a r e  significant differences in the fan noise. To illustrate 
these differences, two one-third octave bands a r e  plotted against angle in figure 34. 
These a r e  again for the 90 percent speed long stator configurations. The 2500-hertz 
center frequency band plot (fig. 34(a)) indicates the blade passage tone level, but since 
the tone energy is partly in this band and partly in the adjacent 3150-hertz center fre
quency band it is not the total blade passage tone. A s  seen here,  the reduction in this 
one-third octave band w a s  in the front of the fan while the r e a r  ( > l o 0 7  was almost un
affected. This further indicates that the inlet rings reduced the blade passage tone, 
possibly through the partial elimination of the inlet flow distortion. 

The one-third octave band centered at 1000 hertz (fig. 34(b)) gives an indication of 
the fan broadband noise. The broadband noise, as indicated by this figure, was also re
duced slightly in the front of the fan. This reduction did not appear in the total power 
plots seen previously because the r e a r  radiated noise of the fan controlled the broadband 
noise at this frequency. Both of the plots in figure 34 indicate that the taped inlet with 
rings reduced the forward radiated noise. This is possibly the resul t  of flow smoothing 
provided by the inlet rings. The effect of taped inlet r ings was previously observed in 
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reference 10 but only a shift in directivity was observed in that report  and not the reduc
tion in forward-radiated noise as observed here. For this reason, the reduction of 
noise with taped inlet r ings is not a general result .  

CONCLUDING REMARKS 

A set of long-chord stator vanes was  designed to replace the conventional vanes in 
an existing full-scale fan stage. These vanes were tested in three lengths, first with 
just the turning section of the blades and then with additional axial extension pieces. 
Although the vanes had acoustic lining material on their surfaces, the surfaces were in
activated with metal tape for  the tests described herein. The three vane lengths were 
tested with two different inlets, namely, a cylindrical hardwalled inlet and a taped 
acoustic inlet with taped rings.  The following resul ts  were obtained: 

1. When comparing the blade passage tone generated with the taped long-chord 
stator vanes with that of the original short-chord stator vanes no change was observed. 
Theory indicates that the rotor wake - stator interaction generated blade passage tone 
should have been reduced by the increased chord of the long-chord stator vanes. The 
fact that no blade passage tone reduction was observed was  probably because an inlet 
flow distortion - rotor interaction generated noise was the dominant tone source and 
masked any reduction in rotor wake - stator interaction generated noise. This  inlet flow 
distortion is an installation effect of this test facility, and a reduction in blade passage 
tone as a result  of a longer stator chord might occur in a tes t  facility where this inlet 
flow distortion was not present. 

2 .  Reductions in the overtones of the blade passage tone were observed with the 
long-chord stator vanes. These reductions were mostly toward the r e a r  of the fan where 
the inlet flow distortion - rotor interaction noise did not dominate the overtones. In 
fact ,  at angles greater  than looo, the first overtone was reduced below the level of the 
broadband noise. This result  provides some evidence for reducing tone noise by longer 
stator chords, even though the reductions observed were not as great  as predicted by the 
rotor wake - stator interaction theory. 

3 .  The broadband noise output of the fan was greatly affected by the long-chord 
stators.  A t  the medium to high frequencies the broadband noise was significantly re
duced in comparison with the original s ta tors ,  probably a s  a result of the long stator 
chord reducing the stator response to incoming turbulence and unsteady blade wakes. 
A noise increase was observed a t  low frequencies probably as a result  of increased vor
tex shedding from the long-chord stators.  This noise increase was hardly noticeable a t  
low speeds but continued to grow in magnitude and frequency until it was significant at 
90 percent speed. A portion of this noise increase may be the result  of aerodynamic 
compromises made to incorporate the fan in the existing test facility. The shortest 
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version of the long-chord s ta tors  also exhibited some additional broadband noise prob
ably from an identified flow separation in the channel near the pylon. This flow separa
tion was at least  in par t  the resul t  of compromises made to adapt the long-chord stator 
concept for installation in the test  facility. 

4 .  The changes observed in the broadband noise, particularly the reductions, in
dicate that the stator controlled the broadband noise, a t  least in this fan. This further 
points to the stator a s  a profitable a rea  for investigating broadband noise reduction. 

5. Tes ts  run with a taped inlet with taped rings showed a noise decrease relative to 
tests with a hardwall cylindrical inlet with no rings.  This reduction was mostly in the 
front hemisphere and was more pronounced at the  blade passage frequency. The noise 
reduction was probably the resul t  of the rings reducing the inlet flow distortion, thereby 
reducing the generated noise. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, June 17, 1975, 
50 5-03. 
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-Rotor tip diameter ,  m (in.) . . . . . . . . . . . . e l 
Stator tip diameter ,  m (in.) . . . . . . . . . . . . . . . . .  1 .726  (67.94)  
Rotor tip speed (c ru ise  design value, corrected) ,  m/sec (ft/sec) . . . . . . 337 .4  (1107) 
Design stagnation p r e s s u r e  ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 . 5  
Design weight flow (corrected) ,  kg/sec (lbm/sec) . . . . . . . . . . . . . . . 396 (873) 
Rotor hub-tip rad ius  ra t io  (inflow face) . . . . . . . . . . . . . . . . . . . . . . . . 0 . 5 0  
Stator hub-tip rad ius  ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 . 5 9  
Rotor -stator spacing (rotor  trailing edge to s ta tor  leading edge 

a t  the hub), c m  (in.) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 0 . 8  (20) 
Number of ro tor  blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
Number of s ta tor  blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 
Rotor chord length, c m  (in.) . . . . . . . . . . . . . . . . . . . . . . . . . 13.97 (5 .5 )  
Stator chord length, c m  (in.) . . . . . . . . . . . . . . . . . . . . . . . . . 6 . 8 3  (2.69)  __ 
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(a) Long-chord stator (longest version). 

b)Original stator vanes. 

Figure I. - Fan stator vanes (viewed from downsfreami. 
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Figure 2 - Changes in magnitudes of transverse and longitudinal response functions with changes in  reduced 
frequency (from eqs. given in  ref. 3). 
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Figure 3. - Angular distr ibution of blade-passage tone from narrow
band spectra on 30.5-meter (100-ft) radius. (Standard-day condi
t ions from ref. 1. ) 
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(a) Rotor. 

lb) Stator. 

Flgure 5. - QF-2fan. 



Support r i n g  7 ,-Stator assembly r o u t e r  cowl 
/ 

/ CD-10680-11 
shaft 

(a) Cylindrical hardwall inlet. 

,-Centerbody 

Rotor-stator support ring, 

CD-1003602 

(b) ln iet  acoustical suppressor. 

Figure 6. - QF-2 fan nacelle assembly. 
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(a) Original fan stage. (b) Fan stage with long-chord acoustically treated stator. 

Figure 7. - Developed views of fan stages. 
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(a)Cross-sectional sketch. 

b)Short stator on work table. 
Figure 8. - Short stator configuration. 
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Long configuration 

(a1 Long stator on  work table. (e) Developedviews of length variations. 

Figure 9. -Long stator configuration. 



(a) View looking forward. 

(b) Looking a t  stator leading edge. 


Figure IO. -Taped long stator during installation in  test nacelle. 
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Figure 11. - Short stator configuration in test facility. 
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Figure 12. - Long-chord stator instrumentation locations. 

31 



W 
N 

T9-1 

T9-4 
(a) Thermocouples for inlet a i r  temperature (station 9). 
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Figure 13. - General instrumentational locations. 
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(a) Viewing downstream, station 3. (b) Viewing downstream, station 4. 

Figure 15. - Rake locations. 
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Figure 16. - Full-scale fan test facility. 
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Figure 17. - Inlet mass flow. 
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Figure 18. - Radial pressure (gage) measured wi th  total pressure tubes near pylon at station 3 (rake C On fig. 15La)). 
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Figure 19. - Variation of pressure, measured with total pressure tubes, wi th radius f rom rakes at station 3 (see fig. 15(a)). Speed,
90 percent. 
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Figure 21. - One-third octave band acoustic spectra for longest stator con

figuration wi th cylindrical hardwall inlet. 
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Figure 22. - One-third octave band acoustic power spectra for three-quarter 

stator configuration wi th cyl indr ical  hard wall inlet. 

37 




Percent Blade 
design passage 
speed frequency 

0 90 2798 
0 0 80 2486 

$ 'I' I , 1 1 1 , , 1 I I I 
120 1 1  I I I I  

1 2 4 6 8 1 0  20 40 60 80 IOGxld 
Frequency, Hz 

Figure 23. - One-third octave band acoustic power spectra for short stator 
configuration with cyl indrical hard wall inlet. 
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Figure 24. - Comparison of sound power level spectra for three lengths of 
long-chord stator. 

38 


I 



150 r Stator Blade passage 
freauencv. 

0 QF-2original 1866 
o QF-1A long 1820 

I 	 I I I l l 1  -M 
(a) 60 Percent speed. 

150 r Stator Blade passage 

0 QF-2original 2177 
0 QF-1A long 2120 

120 I I I I 	 I I l l 1 1  -A 
(b) 70 Percent speed. 

Stator Blade passage 
frequency 

0 QF-2original 2486 
o QF-1A long 2422 

I I l l  M 
(cl80 Percent speed. 

Stator Blade passage 
frequency 

0 QF-2original 2798 
0 QF-1A long 2725 

130 
1 	

I I I I 
6 
IIL

2 4 a 1 0  20 40 60 8010Oxl$ 
Frequency, Hz 

(d) 90 Percent speed. 

Figure 25. - Comparison of acoustic power spectra for longed configuration 
of long-chord stator and original QF-7 stator, cyl indrical hardwall inlet. 
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Figure 26. - Angular distr ibution of f i rst  blade passage overtone from narrohband spectra 
on 30.5-meter (lM)-ft) radius. Speed, 90 percent. 
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Figure 27. - Comparison of 10-hertz narrowband spectra at 90 percent speed. 
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Figure 29. - Sound pressure level comparisons with angle at 80 percent speed. 
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Figure 30. - Sound power variation with frequency for longest stator con
f iguration wi th  taped in le t  and taped in le t  splitter rings. 
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Figure 32. - Sound power variation wi th  frequency for short configuration 
wi th  taped in let  and taped in let  splitter rings. 
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Figure 33. - Comparison of sound power at 90percent speed for long stator 
hard open in le t  wi th  taped in le t  and taped in let  rings. 
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Figure 34. - One-third octave sound pressure level comparison with angle at 90percent 
speed, long stator. 
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