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FAN STAGE TO MINIMIZE STATOR LIFT FVICTUATIONS

by James H. Dittmar and Richard P. Woodward
NASA Lewis Research Center

Cleveland, Ohio

Abstract

An existing fan stage, redesigned to reduce
stator lift fluctuations, was acoustically tested
for reduced noise generation. The lift fluctua-
tions on the stator were reduced by increasing the
stator chord, adjusting incidence angles. and by
adjusting the rotor velocity diagrams. The exper-
iments showed significantly reduced broadband noise
levels in the middle to high frequencies. Blade
passage tone power was not reduced, but dec-eases
in the harmonics were observed. Aerodynamic im-
provements in both performance and efficiency were
obtained.

Introduction

One of the noise generation mechanisms in a
fan stage for turbofan engines is the interaction
of the rotor wakes with the downstream stator vanes.
These incoming wakes crate lift fluctuations on
the stator vanes and in turn produce noise. A num-
ber of researchers have formulated analytical mod-
els to predict the noise from this mechanism by
calculating the fluctuating lift on the stator
vanes as they intercept the rotating pattern of ro-
tor wakes. Elements of these analyses were used in
a previous report ( 1) to obtain an expression for
the magnitude of the stator lift fluctuation. Re-
sults presented in reference 1 indicated that the
fluctuating lift and therefore the noise of a fan
stage, could be reduced by I ncreasing the chord of
the stator vanes and by adjusting the fan aerody-
namic design to provide a minimization of the total
stator response.

An existing fan stage, referred to as QF-2,(2)
was redesigned using the methods of reference 1 to
reduce the fluctuating lift and therefore the noise
of the fan while maintaining a relatively constant
aerodynamic design performance. The redesigned fan,
designated QF-11, was tested at the Lewis Full-Scale
Fan Noise Facility (Fig. 1) in the same manner as
the existing fan, QF-2, had been tested previously.
Acoustic and aerodynamic data taken with the rede-
signed fan are compared with the data for the ex-
istiug fan.

Theoretical Background

This section will discuss the theoretical back-
ground for the redesigned fan both for the tone
noise and for the broadband noise. The fluctuating
lift model that was used as the theoretical basis to
reduce t^ rotor wake-stator interaction tone noise
will be examined and the broadband noise effects
will be discussed.

Rotor-Stator Interaction Tone Noise

One purpose of the redesigned fan was to re-
duce the tone noise generated by rotor wake-stator
interaction. A number of researchers have formu-
lated analytical models to predict the noise from
this mechanism by calculating the fluctuating lift
on the stator vanes as they are struck by the rotor
wakes. Examples of these analyses are given by

Kamp and Sears (3) and Horlock (4) . Portions of soma¢'
of these analyses were used in a previous report(l
The expression used in the redesign for the magni-
tude of the stator fluctuating lift was taken from
reference 1 (page 14) and is repeated here.
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where

ALN	fluctuating lift, force/area
P	 fluid density, mass /(length)3
CD	rotor profile drag coefficient
CR 	rotor chord
K	 distance from trailing edge of rotor to

lading edge of stator
U3	absolute velocity at etator inlet, length/

time
V1	relative velocity at rotor inlet. length/

time

0 3	relative flow angle from rotor after trans-
_	 lation to stator inlet, deg
03	absolute flow angle at stator inlet, deg
a	 angle of attack of stators relative to

flow, radians

I

S(w)J magnitude of transverse response function
T(w)	 magnitude of longitudinal response function

W	 reduced frequency (VCS/0.
CS	stator chord
i	 disturbance wavelength

Two general techniques suggested by this expression
to reduce the magnitude of the stator lift fluctu-
ations were investigated. These methods were (1) to
reduce the magnitude of the stator response func-
tion terms IS(w)I and IT(w)I and (2) to enhance the
cancellation of the two response terms (minimize
the enclosed expression in Eq. (1)) by adjusting
scot (03 + 0 3 ) -

The magnitude of both of the response func-
tions IS(w)I and IT(w)I decrease with increasing
values of the reduced frequency w. Since w -
VCS/1 where CS is the stator chord and I is the
disturbance wavelength, w is increased by increas-
ing the stator chord and by decreasing the distur-
bance wavelength. The original fan had 53 rotor
blades and 112 stator vanes with a stator chord of
6.83 centimeters (2.69 in.). The redesigned fan had
58 rotor blades and 70 stator vanes with a stator
chord of 12 . 45 centimeter (4.9 in.). The increased
chord of the new stator vanes, alotag with the
slightly increased number of rotor blades, resulted
in an increased "reduced frequency parameter," w,
which reduced the response functions S(w) and T(w)
and in turn should reduce the noise producing lift
fluctuations.

A number of parameters were varied in the re-
designed fan to increase the amount of cancellation
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of the lift response terms (minimize thv enclosed

expression in Eq. (1)). The base fan was found to

have too much rotor turning (as large as 60 0 ) near

the hub for good cancellation. The redesigned fan,

in order to improve the rotor velocity diagrams, re-

duced this turning at the hub by reducing the de-
sired pressure ratio from the rotor hub. The same

total pressure ratio was maintained by increasing

the tip pressure ratio. This change in hub turning

Improved the lift response cancellation through the

adjustment of the angles (83 + 63). A comparison

of the two sets of design rotor pressure ra •.ios is

found in Ta',le 1 fur the eleven hub to ti. design

stations. The cancellation was also increased by

adjusting the angle of stator incidence. The acous-

tic theory indicated more incidence should be ap-

plied at the stator tip. The reasonable limit cho-

sen was an addition of 3 0 to the incidence and a

table of the two sets of incidence, base and rede-

signed, is shown in Table 2.

A more complete discussion of the fan redesign

process and the application of this method is found

in the example in reference 1. The base fan dis-

cussed in this paper (QF-2) is the same as the base

fan in the example of reference 1. The "improved

fan" in reference 1 is the fan that was to have been

built as the redesigned fan for this testing. How-

ever, some aeroelastic considerations, namely flut-

ter, forced the reduction of rotor blades from the

60 of reference 1 to the 58 tested. The fan casing

configuration in the test facility necessitated

that an even number of stator vanes be used. The

number was reduced to 70 from the 71 specified in

reference 1. The results of reference 1 were also

modified by the inclusion of total stator area in

the calculations and small differences in aerod y

-namics were also present. For the modified rede-

sign there was a predicted reduction in the rotor-

s,ator blade passage tone of approximately 5 deri-

bels for the redesigned fan as opposed to the 6

decibels in the example of reference 1. The re-

duction in the second harmonic of the blade passage

tone caused by rotor-stator interaction was pre-

dicted to be about 5 decibels. The reductions in

tone levels were based on the fan design aerody-

namics at the 100% design speed point of the fan.

Broadband Noise

The internally generated broadband noise comes

from many sources. These include turbulence inter-

acting with the fan blading, shed vorticity from a

blade, and scr ,.bbing of the flow over blade sur-

faces and the fan duct surfaces to name a few.

Broadband noise generated by turbulence and rotor

wake irregularities inr•racting with the stator

blades is of specific interest in this study. Such
broadband noise should be reduced by the increased

stator "reduced frequency parameter," w, of the re-

designed fan. Lieppman(5) and Goldstein, et al(6)

have shown that the broadband acoustic power gen-

erated in a turbulent flow is directl y related to

the Sear's function, S(w), mentioned previously.

Here again, the reduced frequency, w - nCs/1 de-

pends on the blade chord and the wavelength of the

incoming gust or turbulence. The increase in the

stator chord should result in a broadband noise re-

duction. The amount of the reduction achieved by

the increased chord should depend on the properties
of the incoming turbulence. Since no measurement

of the turbulence striking the stator has been

made, a prediction of the reduction is not under-

taken. Observations of broadband noise reduction

from increased stator chord have been made previous-

ly in reference 7. These previous reductions were

significant, in some cases more than 5 dB, and oc-

curred in the frequency range from 1000 to 20,000

Hz. It was therefore expected that a broadband
noise reduction over this general frequency range

would be observed as a result of the redesign of the

fan stator vanes.

Apparatus and Procedure

Fan Stages

Both the original (QF-2) and redesigned fan

(QF-I1) stages compared in this study are full scale

1.83 meter (6 ft) diameter fans with a design pres-

sure ratio of 1.5. The aerodynamic design features

of the QF-2 and QF-11 stages are given in Tables 3

and 4, respectively. The redesigned fan featured an

increase in rotor blade number from 53 to 58 and a

decrease in stator vanes from 112 to 70. The stator

vane decrease was to accommodate the increase in

stator chord from 6.83 centimeters (2.69 in.) to

12.45 centimeters (4.9 in.). Redesign also included

changes in stator incidence angles and changes in

rotor pressure ratio distribution as given in Tab-

les 1 and 2.

Aerodynamic and acoustic data for the original

(QF-2) fan, to be used for comparative purposes,

were obtained in a pr vious study and were reported

in reference 2. The data were acquired at the same

facility and reduced by the same procedures as those

to be described for the redesigned fan.

Test Facilit y and Confimurations

The experiments reported herein were conducted

at the Fuli-Scale Fan Test Facility at the Lewis

Research Center. FISure 1(a) shows the test site

and Fig. 1(b) shows a plan view of the test facil-

ity. Acoustic data were obtained by 1.27 centimeter

(0.5 in.) condenser microphones located at 10 de-
gree increments from 10 to 160 degrees as shown in

Fig. 1(b). The microphones were level with the fan

centerline, 5.79 meters (19 ft) above the ground on

a 30.48 meter (100 ft) radius. A complete descrip-
tion of the acoustic instrumentation and the data

acquisition techniques are given in references 8 and

9.

Three samples of acoustic data were taken at

each test condition and averaged to minimize the ef-

fect 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 and a

1/3-octave band analysis was performed.

Aerodynamic data were taken by instrumentation

located in front of the fan to determine fan mass

flows and downstream of the stator vanes to deter-

mine performance and efficiency. The upstream in-

strumentation consisted of six wall static pressure

taps and the downstream instrumentation cons sted of

four aerodynamic ra p es each of which contained nine

thermocouples and t •n total pressure tubes. Out-

side wall static pr sure taps were located on

either side of each of these aerodynamic rakes.

The aerodynamic data from nine samples were aver-

aged to yield the aerod ynamic data presented for

each test point. Aerod ynamic and acoustic tests

were run at 60, 70, 80, and 90 percent design speed

with the design nozzle area.
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	 as those predicted by the rotor-wake-stator inter-

Acoustic Data
	 action theory but are significant.

As mentioned previously in the "Theoretical

Background" section an existing fan stage was re-

designed to reduce the rotor wake-stator interaction

noise. The noise reductions achieved with this re-

designed fan can be seen in the one-third octave

sound power spectra of Fig. 2. Figures 2(a) through

2(d) are for 60 through 90' speed respectively.

Tone Noise. Although theory indicated that the

blade passage tone generated by rotor wake-stator

interaction should have been reduced with the rede-

sign, no reduction in the sound power at the blade

passage frequency is observed in the data of Fig. 2.

(The differences at the 907, speed point art the re-

sult of the tone lying between two 1/3-octave bands

and its energy being split between them.) A pos-

sible explanation for this lack of reduction is that

an existing inlet flow distortion is interacting

with the rotor blades and controlling the sound pow-
er level. This distortion control of blade passage

frequency noise was observed in reference 2 in the

same facility and its ability to control the tone

was also shown in reference 7. Another possibility

Is that a counter-balancing effect is being ob-

served. In the redesigned stage the propagation of

the fundamental tone is not "cut-off" in the duct

while in the original stage the proper number of

rotor and stator blades existed to provide "cut-

off". The reductions achieved by reducing the fluc-

tuating stator forces may, in this stage, be

counter-balanced by the removal of the cutoff cri-

terion to provide the same blade passage tone sound

power level.

Although no significant changes in the sound

power level at the blade passage tone were observed,

changes in the directivity of the tone were noted.

Figure 3 is a plot of the sound pressure level in

the 1/3-octave band containing the blade passage

tone at the 607 design speed test point. The60%

speed case is chosen for illustration since both the

original and the redesigned fan have their blade

passage tone contained in the same 1/3-octave hand

(2000 Hz center frequency). As seen in Fig. 3 the

blade passage tone has typically been -educed in the

front of the fan (10 to 70 0 ), with the redesigned

fan but has been increased toward the refit ,90 0 to

1400 ). The inlet reduction ma y be an indication
that the two fan rotors ha ,, , a different response to

the same inlet floe astortion or possibly that the

reduced stater lift fluctuations have reduced the

inlet noise. The increase in the aft noise is pos-

!16iy a result of the violation of "cutoff" in the

redesigned fan. Heidmann (10 ) has indicated for

this test facility that "cutoff" may be effective

in reducing the fundamental tone propagation from

the aft duct. The violation of "cutoff" for the

redesigned fan may then be responsible for the in-
creased aft noise and may provide some support for

the counterbalancing effect mentioned previously.

Reductions In the harmonics o f the blade pas-

sage tone, which are also indicated by the theory i

are observed in the data of Fig. 2. As observed n

previous papers( 2 . 7) the second harmonic was not as

greatly affected by the inflow distortion known to

be present in this test facility. In addition the

harmonics are not "cut-off" in either fan so no

counterbalancing effect is expected. The noise re-

ductions achieved at the harmonics are not as great

An interesting effect may he observed in the

:ariatlon of the reduction of the second harmonic

with percent of design speed as shown in Fig. 4.

This figure indicates a growing reduction as the

speed is increased with a leveling off toward 90%

speed. As indicated in the "theoretical background"

section the predicted reduction of around 5 decibels

was based on the design point aerodynamic calcula-

tions (1007 speed). The fall off of the reduction

toward the low speed points may be a result of re-

duced cancellation between the response functions

since the velocity diagrams at these low speed

poin t s are not the same as the design values used in

the calculations. As the speed is increased the

velocity diagrams should more closely match the de-

sign numbers used in the noise calculations and the

data thus approach the expected reduction in noise.

In the redesigned fan stage, as well as the

original stage, the perceived noise level was con-

trolled by the blade passage tone and little reduc-

tion in PNL was observed due to the harmonic re-

ductions. However, the reduction in such harmonics

may be important for STOL-type fans with low num-

bers cf voter blades and low tip speeds where the

harmonics are the largest contributors to the per-

ceived noise level. In this case, the reductions in

the larmonics could result directly in a perceived

noise reduction.

Broadband. As can be observed in Fig. 2, sif-

nificant broadband reductions were also achieved

with the redesigned fan stage. The broadband nols

generated by turbulence, rotor wake irregularities,

etc. interacting with the stator vanes was expected

to be reduced with the reduction of the stator lift

response functions. This reduction was observed

over a large frequency range, at all speed points,

and amounted to up to 5 decibels at some frequen-

cies. The reductions in the broadband noise appear

to be relatively uniform with angle as can be seen

in Fig. 5. Figure 5 is a plot of the broadband SPL

for the 1/3-octave band centered at 5000 Hz for the

607 speed pulnt versus angle. The redesigned fan

exhibited a con"istent reduction in broadband noise

over a large frequency range at all polar .. gles.

This result is particularly significant because the

reduction was obtained without the weight or per-

formance penalty usually encountered with acoustic

suppression.

Aerodynnmic Results

As mentioned previously the redesigned fan

stage was designed to have the same design pressure

ratio and mass flow as the original fan stage at

1007 design speed. Neither of the fans were run at
1007 design speed so no comparisons are made at the

design point. It was discovered during testing that

the redesigned fan performed better than the orig-

inal fan at the part speed points that were tested.

This is seen in Fig. 6 which is a plot of pressure

ratio versus mass flow for four speed points. The

original fan :cage (QF-2) is indicated with the

open symbols where data from three nozzle sizes were

available and the redesigned stage (QF-11) Is in-

dicated with the solid symbols for the design noz-

zle area. The design point pressure ratio and mass

flow are also indicated on the figure. As can be

observed the new fan exhibited larger pressure ra-

tios and mass flows with the design nozzle than did

RFPR0V0C,TRTT,TTY OF nAli"



IL	 •

Cif
- --- - - -9.110

the original tan at all part speed points tested.

Aerodynamic efficiency data obtained on this out-

door noise test facility are somewhat compromised

by not enough temperature sensors and comparisons

with efficiencies taken on a specially instrumented

quarter scale test facility have historically been

onlf fair. The efficiency data taken on the out-

door noise facility, however, indicate that the re-

designed fan did perform better than the original

fan. This can be seen in Fig. 7 where the stage

adiabatic efficiency is plotted versus percentage of

fan design speed. The redesigned fan is more ef-

ficient than the original fan at all tested speed

points with the design nozzle. However, in fair-

ness, it should be noted that the trends of the da.a

with corrected speed might indicate that the effi-

ciency at design speed could he equal or lower than

the base fan. Although the improvement in aerody-

namic performance shown by this redesigned fan .tage

does not prove that designing for reduced lift fltc-

tuatfon will give better aerodynamics, at least It

indicates that reduced noise through lift fluctu-

ation reduction and improved aerodynamics nre com-

patible.

Summary of Results

An existing fan stage was redesigned to reduce

the rotor wake-stator interaction noise. The re-

designed fan had an increased stator chord, an in-

creased number of rotor blades, altered rotor ve-

locity diagrams, and altered stator Incidence an-

gles. The ultimate goal of these changes was to

reduce the fluctuating lift on the stators and

therefore reduce the generated noise. In compar-

ing the redesigned fan with the original fan it was

found that:

1. A reduction in the blade passage tone was

observed in the front hemisphere, however, an in-

crease in the tone was observed in the rear so that

no net change in the blade passage tone power oc-

curred. The lack of the predicted blade passage

tone power reduction is possibly the result of an

inlet flow distortion controlling the tone noise or

a counterbalancing effect as the result of a viola-
tion of the "cutoff" ratio of rotor blades and sta-

tor vanes in the redesigned fan.

2. Reductions in the harmonics of the blade

passage tone were observed. This result provides

some evidence for tone reduction by reducing stator

lift fluctuations even though the reductions ob-

served were not as great as those predicted by

theory. S,: , h harmonic reduction could be effective

for a low •i,, speed - low bldde number fan stage

where the harmonic reduction could result directly

In perceived noise t vel reductions.

3. The broadb: d noise output of the fan was

significantly reduced by the reduced lift fluctua-

tion design. This reduction occurred over a large

frequency range, at all speed points, and amounted

to up to 5 decibels at some frequencies.

4. Aerodynamic data showed the redesigned fan

had both better performance and slightly higher ef-

ficiency than the original fan.
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Table 1. - Pressure Ratio at Rotor Exit

Blade section Pressure ratio at	 rotor exit

Base fan Redesigned fan

1	 (tip) 1.`.41 ].556
2

3
4

5

6

7 i8
9 1.556

10 1.485

11	 (hub) 1.375

1
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Table 2. - Angle of Incidence to Suction

Surface of Stator Blade

Blade sectiun Angle of	 incidence,	 degree

Base	 f;n Redesigned fan

1	 (Lip 0 3.0
2
3
4
5
6 3.0

7 2.9

8 2.6

9 2.1

10 1.2
11	 (hub) a -0.7 r

Table 3. - Design Values for Base Fan

Rotor	 tip diameter,	 m(in.).	 .	 .	 .	 . .	 .1.824(71.81)1

Stator	 tip diameter,	 m(in.)	 .	 .	 .	 . .	 .1.726(67.94)'

Rotor tip speed	 (cruise de-

sign value,	 corrected),m/sec

(ft/sec) .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 337.4(1107)

Design stagnation pressure

ratio	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 1.5

Design weight flow	 (corrected),

kg/sec	 (lbm/sec) .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .396(873)

Rotor hub-tip radius ratio

(inflow	 face)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .0.50
Stator hub-tip radius ratio	 .	 .	 .	 . .	 .	 .	 .	 .	 .0.59

Rotor-stator spacing (rotor

trailing edge to stator

leading edge at the hub),

cm(in.)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .50.8(20)
Number of rotor blades .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .53

Number of stator blades	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 112

Rotor chord	 length,	 cm(in.)	 .	 .	 . .	 .	 .	 13.97(5.5)

Stator chord length,	 cm(in.).	 .	 . .	 .	 .	 6.83(2.69)

Table 4. - Design Values for Redesigned Fan

Rotor	 tip diameter,	 m(in.).	 .	 .	 . .	 .	 .1.824(71.81)

Stator	 tip diameter,	 m(in.)	 .	 .	 . .	 .	 .1.726(67.94)

Rotor tip speed	 (cruise de-

sidn value,	 corredted),

m/sec	 (ft/sec).	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 350.1(1149)

Design stagnation pressure

ratio	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 1.5
Design weight	 flow	 (corrected),

kg/sec	 (lbm/sec) .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 ..96(813)

Rotor hub-tip radius ratio

(inflow	 face)	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .0.50
Stator	 hub-tip radius	 ratio	 .	 .	 . .	 .	 .	 .	 .	 .	 .0.59

Rotor-stator spacing (rotor

trailing edge	 to stator

leading edge at the hub),

cm(in.)	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 . 50.8(20)
Number of rotor	 blades .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .58

Number of stator blades	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .70

Rotor chord	 length,	 cm(in.)	 .	 .	 . .	 .	 .	 13.70(5.4)

Stator chord	 length,	 cm(tn.).	 .	 . .	 .	 .	 12.45(4.9)
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(a) Test site.
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Figure 1. - Full-scale fan test facility.
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Figure 2. - One-third octave sound power spectra with design
nozzle.
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Figure 3. - Sound pressure level versus angle 2000 Hz
center frequency one-third octave band containing

4 blade passage tone at 60,76 design speed.
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Figure 4. - Second harmonic re-
ductions vs. percent speed.
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Figure 5. - Sound pressure level versus angle for
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