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NOISE REDUCTION BY MEANS OF V LE -GEOMETRY 

INLET GUIDE VANES IN A CASCmE APPAIRATUS 

By David Chestnutt and Lorenzo R. Clark 
Langley Research Center 

SUM 

Noise-reduction stu&es i n v o l ~ n g  variable-geometry inlet guide vanes for choEng 
have been made by using a hYo-sector cascade apparatus with three &Berent inlet eonfig- 
urations: a rotaLing offset inlet guide vane (IGV) , a translating wave IGV, and a stationary 
uncambered IGV. A111 three configurations were operated in both the choked and unehoked 
modes for a range of airflows. 

The acoustic and aerodynamic performances were found to be dependent on[ the 
geometry of the test configurations. Choking in an uncambered IGV resulted in a noise 
reduction of 49 dB for the Eundamental frequency. Gholoing in the offset EGV and in the 
wave IGV resulted in noise reductions of 2 1  dB and 34 dB, respectively. The total- 
pressure recovery for the uncambered IGV was 0,94 out of 1.00, whereas total-pressure 
recoveries in the choked mode for the offset IGV and the wave IGV were 0.57 and 0.66, 
respectively. Therefore, the uncambered IGV configuration was judged to be more 
improved in both acoustic and aerodynamic performances compared with the other Wo 
configura~ons tested. Within the limits of the experiment, it was found that the better 
pressure recovery occurs with the largest noise reduction. 

INTRODUCTION 

It has been established that pure tones r a a a ~ n g  from an ha l - f l ow  compressor can 
be reduced by choking in the inlet, that is, f o r m a ~ o n  of a sonic barrier, as described in 
references 1 and 2. Two &fficulties have been encountered in a t t emp~ng to ease this phe- 
nomenon for noise ateenuation. The first  has been f ~ l u r e  to o b t ~ n  Barge noise r educ~ons  
because of the inability to get a continuous shock wave across a relatively large area  
(ref. 1 )  The other &fficulty is large &ffusion losses, and hence lower pressure reeov- 
eries, because of the high &ffusion angles necessary a s  a result of axial space I imi ta~ons  
(ref. 2). Choking in the inlet guide vanes offers relief from both of these & B i e u l ~ e s  
because each area to be choked is relatively small and because of the inlherently low &f- 
fusion angles on the vanes. The first  inlet-wide-vane choloing idormalion became avail- 
able with the publicaLion of references 3 and 4. Reference 3 demonstrated the feasibility 



of idet-mde-vane choEng, and reference 4 demonstrated that chokng could be made to 
occur througlaout the o p e r a ~ n g  range of the compressor by instalfing Gfferent sets of 
tMcker inlet guide vanes. Reference 5 further demonstrated that a sonic inlet could be 
made variable and made to function on a gas-turbine en@me. 

This study examined mechanically simple devices for choking anywhere witMn the 
operating range while the compressor (or engine) was opera~ng .  Three inlet choking 
m e c h d s m s  were selected for their simpEcity and tested in a labra tory  cascade appa- 
ratus. The cascade apparatus was used to provide an inexpensive and q ~ c k  evaluaaon of 
the potenha1 of these mechanisms prior to any testing with a compressor, The main pur- 
pose, of this evaluation was to determine wPicE: of thzse three mechanisms was most prom- 
ising both acoustically and aerodynamicallyhy. The cascade apparatus simulated a two- 
&meansiomal t~7o-sector section of the compressor used in the tests of references 3 and 4. 
Aerodynamic and acoustic results of these tests, which were reported prefiminarily in 
reference 6, a re  presented in this report, 

SYMBOLS 

cross -sectional area at pitot-tube location 

cross-sectional area  at throat section 

cross-sectional area  r e q ~ r e d  for choking 

axial Mach number of one-dimensional flow in throat area formed by adjacent 
inllet ,@de vanes 

AY' &stance between adjacent inlet guide vanes 

x axial position of translating wave kGV 

9 inlet-side-vaaae setting angle, degrees 

Abbreviations : 

IW inlet guide vane 

SPL sound pressure Bevel, dB (re 0.0002 microbars) 



Description of E q ~ p m e n t  

Cascade apparatus.- A two-sector cascade apparatus was designed for this study. 
The apparatus and associated instrumentation a r e  shown in the photograph of figure 1 and 
schema~cal ly  in figure 2. The inlet to the cascade apparatus was designed to operate 
slightly below atmospheric pressure and at airflows from 0.454 to 0.781 kg/sec (1,O to 

1.5 lbm/sec). The average pressure recovery for the apparatus, without a test section 
installed, was found to vary from 0.97 to 0.99, depending on the airflow. 

The three inlet codigurakions tested are  shown in the photographs of figure 3 an5 
a re  shown schematically in figure 4. Coorfinates of the configurations a r e  given in. 

tables 1, II, and HII. 

Rotating offset IGV.- The rotating offset IGV is shown in figures 3(a) and 4(a). The 
object of this geometry was to obtain maximum displacement at the leading and t ra l ing 
edges, as compared with an uncambered IGTT; hence, large area reductions a r e  obtaned 
with a minimum of IGV r o b ~ o n .  This mifimum rotaGon would retard the onset of flow 
separation from the rotated IGV by mifimizing the deviation of the IGV surfaces from the 
streamline. This c o d g u r a ~ o n  creates two throats, one a t  the leading edge and the other 
at the t ra l ing edge. With this eonfiguration, only every other IGV would be rotated. 

Translating wave IGV.- The translating wave I W  is shown in figures 3(b) and 4(b), 
and the object of this geometry was to allow for the required area reduction for chokng 
by trarmsla~ng every other IGV, while keeping the IGV shape such that the deviation of i t s  

surface from the streamline is minimized. TMs shape was intended to minimize the flow 
separation and hence m ~ m i z e  the pressure recovery of the device. 

S ta~onary  uncambered IGV.- The stationary uncambered I W  is shown in f i p r e s  3ge) 
and 4(c). The object of this geometry was to attain choked flow by increasing the airflow 
while minimizing inlet Posses by maintaidng constant IGV geometry which was near an 
absolute mifimum deviation of i t s  surface from the streamfine. The data collected for 
this device would also be appfied to an inlet codiguration which would cause the cross- 
seckional area to be reduced by insertion of additional uncambered %GV when chafing is 
r e q ~ r e d .  The major difference between this device and the other two is that this device 
would require the insertion of at least several additional uncambered HGV to accompKsh 
the area  reduckion needed for choking. 

Instrumentation 

Two 12.7-mm-&ameter (0.5 in.) condenser microphones were used to measure the 
noise generated by the noise source and the noise upstream of the test confiprabtons. 
Output signals were recorded on a graphic level recorder after passing through a 



1/3-octave analyzer. The overall frequency response of the recording system was flat 
Wthin rt2 dB from 100 Hz to 20 000 Hz, The microphones were located a s  shown in fig- 
ure 2 and were flush mounted in the walls. The problems of amplitude variations due to 
stan&ng wave shifts and reflection complications were m i ~ m i z e d  by locating the refer- 
ence mieroplasne as close as  possible to the noise source. Experience gained during the 
inves~gatiosa in&licated that this noise level was sufficiently accurate because i t  remained 
relatively constant throughout a p a r ~ c u l a r  test. The microphone located upstream of the 
test codiprat ion is known to be influenced somewhat by reflections from the inlet and the 
downstream hard surface. This arrangement was a reasonable compromise considering 
the alternatives and the objectives of this investigation. 

Procedure and Measurements 

To begin the experiment, the noise source was activated and regulated. The noise- 
source frequency was set  at approximately 500 Hz wMch was -at the resonance of the test 
channel. It was necessary to operate at this frequency to have a sufficient noise-source 
amplirtude above the broadband noise of the airflow. This procedure resulted in a signal- 
to-background noise ratio of approximately 50 dB, At this time the flow control valve was 
opened to obtain the required airflow for the particular test. After the temperature and 
pressure stabifized, acoustic and aerodynamic data were obtained during a 5- to 10-minute 
period. During this time, total-pressure probes were used to survey the cross section to 
obtain tobl-pressure profiles. These profiles were obtained by traversing the cross 
section vertically and then horizontally at two downstream stations. The maximum total 
pressures were obtained by omiLting the total-pressure reading very close to the wall in 
order to more closely simulate a compressor. The temperature and pressure probes 
were located as shown in the sketch (fig. 2). 

RESULTS DISCUSSION 

The primary variables for the rotating offset IGV and the translating wave IGV were 
cross-sec~onal-area reduction and air velocity. The offset IGV configuration was used to 

study the acouslic and aerodynamic performances of a simple, lightweight, choking mech- 
aruism. The wave IGV configuration was used to study a slightly more complex device 
wMch promised better aerodynamic performance than the offset IGV configuration because 
of improved geometry in the choked mode. The uncambered IGV configuration was used 
to study a d e ~ c e  which promised much improved aerodynamic performance over the off- 
set  IGV and the wave IGV configurations because of further improved geometry in the 
choked mode. The primary variable for the uncambered PGV configuration was airflow. 



Noise Spectra 

Rotating offset EGV.- The effects of robting an IGV to choke an inlet were s'tudied 
to evaluate the rotating offset IGV for use in an axial-flow-compressor inlet and to com- 
pare i t  with other such devices. Noise measurements were obLained with the offset HGV 
co&guration for a range of angles of rotation and airflows. Typical noise spectra a r e  
shown in figure 5(a). The dashed curve represents the 1/3-octave spectrum of the noise 
in  the inlet when the offset IGV is set  at 9 = Zoo - that is, with an area  seducGon of 

57.3 percent - and the flow is choked. The presence of harmonics of the fundamental 
tone of the air modulator noise source is due to nonlinearity effects in the air modulator. 
The noise re&iuctions of the first,  second, and third harmonics of the frequency generated 
a r e  appro~mate ly  21 dB, 14 dB, and 6 dB, respectively. Noise redueitions of the broad- 
band noise across the entire spectrum a r e  caused partly by chokng and partly by the 
reduced airflow. This type of spectrum alteration is characteristic of choked flow as 
shown in figure 5 of reference 1. However, the magnitude of the noise reducaom for the 
offset IGV configuration was less than those obtained in  reference 1. The noise spectrum 
of the offset IGV configuration (fig. 5(a)) in the choked mode shows that the fundamenlan 
frequency is still present which in&cates that the two throats a r e  not fully choked acous- 
tically, although they were observed to be choked aerodynamically since further opening 
of the control valve was ineffective. This could be due to noise propagation through the 
boundary layer in the area  of separated flow believed to be present when the HGV is 
rotated. 

Translating wave IGV.- The effects of translating an IW to choke an inlet were also 

stu&ed to evaluate the tanslat ing wave IGV for use in an axiial-Row-compressor inlet and 
to compare it with other such devices. Noise measurements were obtaned with the wave 
IGV codguraaon for a range of trmslated positions and airflows. Typical noise spectra 
a r e  shown in figure 5(b). The solid-line curve represents the 1/3-octave spectrum of the 
noise in the inlet when the wave IW is in the unchoked position, that is, with a 7-percent 
area  reduction, and the flow is not choked. The dashed curve represents the l/3-octave 
spectrum of the noise in the inlet when the wave HGV is in the choked pos i~on ,  that is, 
a t h  an area  re&ction of 51.5 percent, and the Row is choked. The noise reductions of 
the first, second, and third harmonics of the frequency generated a r e  approdmately 34 dB, 

30 dB, and 23 dB, respectively, Noise reductions of the broadband noise across the entire 
spectrum a re  caused partly by chafing ;and partly by the reduced arflow. Further imspec- 
tion of the noise spectrum (fig. 5(b)) in the choked mode shows that the fundamental fre- 
quency is still present which inacates  that tQe two throats a re  not fully choked acoustically 
although they were observed to be choked aerodynamically. In spite of this fact, it can be 
seen that the wave IGV configuration yields similar noise reducaon results when compared 

with other chokng devices. (See refs, 1 and 2 .) 



Stationary uncambered IGV.- The effects of using uncambered airfoils to reduce 
the cross-sectional area  of an inlet were also studied to evaluate the stationary uncam- 
bered IGV for use in an &al-flow-compressor inlet and to compare it with other such 
devices, Noise measurements were obtained with the stationary uncambered PGV config- 
uration for a series of ~ r f l o w s ,  inclu&ng and exceeding the ail-flows measured in the two 
prece&ng test codigurations. 

Typical noise spectra a r e  shown in figure 5(c). The solid curve represents the 
1/3-octave spectrum of the noise in the i d e t  when the urncambered IGV is without &rflow. 
The dashed curve represents the B/3-octave spectrum of the noise in the inlet when the 
uncambered BGV is fully choked aerodynamically and acoustically. The noise r educ~ons  
s f  the first,  second, and third harmonics of the frequency generated a r e  approemately 
49 dB, 29 dB, and 24 dB, respectively. Noise reductions of the broadband noise across 
the entire spectrum a re  caused entirely by acoustic choking since the airflow was 
increased from the unchoked to the choked mode. Further inspection of the noise spec- 
trum (fig. 5Qc)) in the choked mode shows that the hndamental frequency is no longer 
present which indicates that the throat is h l ly  choked acoustically. The uncambered BGV 
configcaration yields more sigdficant noise reduction than the offset IGV configuration and 
the wave %GV confiwration stu&ed in this investigation, as well as the other devices of 
references 1 and 2. 

Noise Reducbon 

A series of experimental noise spectra of the type shown in figure 5 was obtained, 

and the peak values of the fundamental frequency were noted. The unchoked mode for all 
coniigurations was taken to be the reference O dB. The differences in  SPL beween the 
reference and the subsequent test conditions were p l o ~ e d  as fundamelillan frequency noise 
r e d u e ~ o n  a s  a function of center-line Mach number in figure 6. The center-Gne Mach 
number was obtained by finding first  the axial Mach number in a section of the cascade 
apparatus ahead of the test section by use of a pitot tube. Next, by using a standard table 
(ref. 7) for compressible subsonic flow, the ratio AB/A, that corresponds to this axial 

Mach number was noted. Multiplying this ratio by the ratio A ~ / A ~  yielded mother ratio 

A~/A, which applies to the condition in the throat of the choking device. The value of 

A A, corresponds to the Mach number in the same compressible flow table. This Mach 2/ 
number value has been termed center-line Mach number for the purposes of this report. 

Rotating offset IGV.- The triangular symbols in figure 6 refer to the rotating offset 
IGV conf,iguration. As the two throat areas a re  reduced by rotating the center IGV, the 
ceraler-Lne throat Mach number is increased. There is a sharp decline in the noise level 
up to a center-line throat Mach number of about 0.5. Beyond this value the noise redue- 

tion is very gradual as the Mach number is further increased to 1.0 by reducing the throat 



areas to approximately 50 percent of the open area. The maximum noise reduction 
o b t ~ n e d  with this configuration was 21  dB. 

Translating wave IGV.- The circular symbols in figure 6 refer to the translating 
wave IW configuration. As the two throat areas a r e  reduced by translating the center 
IGV, the center-line throat Mach number is increased. There is a sharp decGne in noise 
level up to a center-line Mach number of about 0.5. Beyond this value the noise reduction 
is gradual as the Mach,number is further increased to 1.0 by reducing the throat areas to 
approximately 50 percent of the open area. The maximum noise reduction o b t ~ n e d  with 
this configclration was 34 dB. 

Stationary uncambered IGV.- The square symbols in figure 6 refer to the stationary 
meambered IW configuration. The center-line throat Mach number is increased by fur- 
ther opening of the flow control valve. There is a gradual decrease in noise level up to a 
center-line throat Mach number of about 0.85. Above this value the noise reduetion 
becomes much larger a s  the Mach number is further increased to a maximum of L O e  The 
maximum noise reduction obtained with this configuration was 49 dB. The &fference in 
the shape of this curve and the shape of a similar curve in reference 1 is believed to be 
due to the generation of higher noise levels by the compressor at the higher center-Ene 
throat Mach numbers. In adation, reference 1 uses average axial Mach number for one- 
&mensional flow instead of the approximation of center-line throat Mach number used in 
figure 6. There is also the possibility that the afference may be partially due to fre- 
quency effects. The curve in reference 1 was for a series of high frequencies, from 
7000 Hz to 10 000 Hz, whereas this study involved only a single low frequency, 500 Hz. 

Total-Pressure Recovery 

Values of maximum total-pressure recovery were obta,ined which corresponded to 
the noise reduction data presented in the previous figure (fig. 6). Maximum total-pressure 
recovery as a function of center-line throat Mach number for the three configurations is 
shown in figure 7. The symbol representation is the same a s  in the previous figure. Of 

the three configurations tested, the uncambered IGV configuration was the best as  far as 
total-pressure recovery was concerned. Even during choked-mode operation, the total- 
pressure recovery for the uncambered IGV configura~on was no lower than 8.94. This 
value is higher than any p r e ~ o u s l y  measured. (See refs. 1 and 2.) The values of total- 
pressure recovery for the offset and wave configurations were reasonably Mgh (0.93 and 
0.96, respectively) at the lower Mach numbers but became increasingly lower a t  the higher 
Mach numbers (0.57 and 0,66, respectively)., From these results, i t  appears that much 
more attention needs to be given to the obvious problem of minimizing flow s e p a r a ~ o n  
from the unusual shapes of both the offset HGV and wave PGV configura~ons. Figures 8 
and 9 show the results of typical total-pressure profiles obtained from these tests, 



Referring to figure 8, the maximum average total-pressure recovery in the horizontal 
plane is approximately 0.965 for the 0.25-chord location and approximately 0.960 for the 
1.25-chord location. The two patterns a r e  not quite symmetrical which is believed to be 
due to a small discontinuity in the surface between 0.25 chord and 1.25 chords a s  in&cated 
by the left side of figure 8. This discontinuity may also account for the dip in the 
1.25-chord curve. The shape of the curves on the right side gives an in&caGon of the 
boundary-layer t k c h e s s e s .  Referring to figure 9, the m d m u m  total-pressure recovery 
in the vertical plane is approximately 0.965 for the 0.2 5-chord location and approximately 
0.960 for the 1.25-chord location. Although these maximum values a r e  nearly the same 
for figures 8 and 9, the shape of the curves a re  quite different because of the total- 
pressure probe passing  rough the wake of the IGV when traversing vertically. A 
decrease in the pressure defect is observed as the probe is moved farther downstream 
from the ZGV. 

CONCLUDING RE KS 

Noise reduction studies involving variable-geometry inlet guide vanes for choking 

have been made by using a two-sector cascade apparatus with three different inlet config- 
urations: a rotating offset IGV, a translating wave IGV, and a staeionary uncambered IGV. 
All three cofigurations were operated in both the choked and unchoked modes for a range 
of airflows. 

The acousac and aerodynamic performances were found to be dependent on the geom- 
etry of the test configura~ons. GhoEng in an uncambered IGV resulted in a noise reduc- 
tion of 49 dB for the fundamental frequency. Choking in the offset IGV and in the wave IGV 
resulted in noise reductions of 21 dB and 34 dB, respectively. The total-pressure recov- 
ery for the uncambered IGV was 0.94, whereas total-presswe recoveries in the choked 
mode for the offset IGV and the wave IGV were 0.57 and 0.66, respectively. Therefore, 
the uncambered BGV configuration was judged to be more improved in both acoustic and 
aerodynamic performances compared with the other two configurations tested. Witkn 
the limits of the experiment, it was found that the better pressure recovery occurs with 
the largest noise reduction. 

Langley Research Center, 
N a ~ o n a l  Aeronau~cs  and Space Administration, 

Hampton, Va., October 5, 1971. 
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TABLE I.- COORDINATES FOR ROTATING OFFSET IGV 

(a) Vane (b) Walls adjacent to IGV 

Y 

Yupper 
rnrn in. 

0.51 0.02 

.76 .03 

1.27 .05 
1.52 .06 

1.78 .07 

1.78 .07 
1.78 .07 



TABLE LI.- COORDINATES FOR TRANSLATING WAVE IGV 

(a) Vane 

mm 

0 
6.4 

12.7 
19.1 
25.4 
31.8 
38.1 
44.5 
50.8 
57.2 

63.5 
69.9 
76.2 
82.6 
88.9 
95.3 

101.6 
108.0 
114.3 
120.7 
127.0 
133.4 
139.7 
146.1 
152.4 

158.8 
165.1 
171.5 
177.8 

?er 

in. in. 

0 

.25 

.50 

.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.25 
6.50 
6.75 
7.00 

mm 

0 

0 
0 
0 
0 

.76 
1.52 
2.29 
3.05 
4.32 

5.08 
6.35 
7.11 
7.37 
7.37 
7.37 
7.11 
6.35 
5.08 
4.32 
3.05 
2.29 
1.52 

.76 
0 

0 
0 
0 
0 

(b) Walls adjacent to IGV 

in. 

0 

0 
0 
0 
0 

.03 

.06 
-09 
.12 
.17 

.20 

.25 

.28 

.29 

.29 

.29 

.28 

.25 

.20 

.17 

.12 

.09 

.06 

.03 
0 

0 
0 
0 
0 

Y 

mm I in. 

X 

mm 

0 

6.4 
12.7 
19.1 
25.4 
3 1.8 
38.1 
44.5 
50.8 
57.2 
63.5 
69.9 
76.2 
82.6 
88.9 
95.3 

101.6 
108.0 
114.3 
120.7 
127.0 
133.4 
139.7 
146.1 
152.4 

158.8 
165.1 
171.5 
177.8 

in. 

0 

.25 

.50 

.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 

2.50 
2.75 
3.00 
3.25 
3.50 
3.75 
4.00 
4.25 
4.50 
4.75 
5.00 
5.25 
5.50 
5.75 
6.00 
6.25 
6.50 
6.75 
7.00 



TABLE l[II.- COORDINATES FOR STATIONARY UNCAMBERED IGV 

X Y 

mm in. mm in. 

1.3 0.050 0.79 0.03 1 
2.5 .lo0 1.07 ,042 
5. 1 2 0 0  1.47 .058 

10.2 .400 2.03 .080 
15.2 .599 2.41 .095 

20.3 
25.4 

30.4 

35.5 
40.6 
45.6 
i0. 7 
55.8 
60.9 

65.9 
71. n 
7'6.1 
8 1 2  
86.2 
91.3 
96.4 

101.4 

.799 

.998 

1.198 

1.398 
1.597 
1.797 
1.997 
2.196 
2.396 
2.596 
2.795 
2.995 
3.195 
3.394 
3.593 
3.794 

3.993 

2.69 
2.87 

3.00 

3.05 
3.00 
2.92 
2.77 
2.54 
2.34 
2.11 
1.91 

1.68 
1-45 
1.24 

1.02 
-81 

0 

.I06 

.I13 

.I18 

.I20 

.I18 

.I15 

.I09 

.I00 

.092 

.083 

.075 

.066 
-057 
,049 
.040 
.032 
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Figure 5.- Noise spectra of variable-geometry inlet guide vanes. 
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