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NOMENCLATURE

length of the blade semichord

distance from the shear center to the center of gravity

vertical deflection of blade measured at the elastic axis

Blade chord length = 2b
" mass moment of inertia about the shear center of the blade
blade torsional stiffness

blade bendiﬁg stiffness

1lift on the blade

moment on the blade

unit span-wise mass of the blade

1

unsteady aerodynamic forces due to plunging of the blade

unsteady aerodynamic forces due to the pitching of the blade

interblade spacing
cascade rotation speed
relative velocity

angle of incidence

blade vibfatory frequency
angle of blade twist
blade stagger angle

flow angle

interblade phase angle

vii



INTRODUCTION

Flutter, an aeroelastic phenomenon first associated with aircraft
‘ﬁings, has also become a problem in present day gas turbine engine com-
pressbré and fans. The'proﬁlem arises due to the need for lighter, thin- i
ner blading for increased thrust-to-weight ratio in aircraft gas turbines.
With thinner, lighter blades in compressors, the dynamic effect of the
air on the blades becomes a controlling factor in the blade stability.

The unsteady phenomenon of flutter occurs when the vectoriél sum of
mechanical damping of the blades and aerodynamic damping of the airflow
becomes zero. ‘At this point, the blades experience severe self-induced
oscillations. These oscillations of fan and compressor blading reduce
gas turbine efficiency and increase blade fatigue damage. Therefore,
this makes flutter an undesirable phenomenon in aircraft gas turbines. -

qutter occurs in four ranges of gas turbine operation as shown on
the compressor map in Fig. 1 and outlined by Mikolajczak [1]*.

(1) Supersonic unstalled rangé: This type of flutter occurs when
the full span of the compressor blade has air flow that is operating at
supersonic speeds relative to.the blades. This can occur at or near the i
design point of operation. This occurrence places a limit 6ﬁ the speed |
of operafion and, therefore, the maximum pressure rise of the machine.

(2) Supersonic stalled range: Flutter occurs as before in the
supersonic relative velocity region, but at or near the surge limit of
compressor operation.

(3) Choke range: Flutter occurs when the compressor is operating

%Numbers in brackets indicate references listed at the end of
thesis.
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at high-flow in or near the choking region and the flow is transonic over
most of the blade chord.

(4) Subsonic stalled range. Flutter occurs when the compressor is
operating in the néar—Surge range and the flow over the blades is subson-
ic; as, for example, at part speed for a high speed fan. This speed may
be within the design range of operation, and therefore cause a reduction
in compressor performance and possible blade damage.

Since’subsonic stalled flutter occurs at low rotor speeds and blade
velocities, it may be produced in a relatively low-speed experimental
apparatus. For this reason and because of the importance of the subjeét,
subsonic stalled flutter was chosen as Fhe subject for this investigation.
This thesis provides data which are intended to aid in the modification
of present aircraft wing prediction techniques so that these techniques
may be used to predict effects in blade cascades. This modified tech-
nique should accommodate adjacent blade interactions and end wall gffects
in turbomachines. .

An experimehtal method for the investigation of the stall flutter
phenomenon in a rotating fan is presented. This experimental technique
involves the development of a special low-speed rotating fan. The fan
haé design parameters equivalent to present day high-speed Compressors
.vand will flutter in low-speed operation. This apparatus was designed so
that the occurrence of subsonic stall flutter can be investigated employ-
ing photogréphic techniques. Acoustical and strain gauge stall flutter

information can also be obtained from this apparatus.



REVIEW OF LITERATURE

The first experimental methods for the investigation of the flutter
phenomenon in turbomachines involved stationary cascades. N. D. Tikhonov
[2] conducted a study on a cascade of compressor blades. The study in-
volved determining the influence of cascade parameters on flutter. The
experimental appafatus consisted of an aerodynamic tube used for creating
air flows around cascades with a wide range of flow velocities and
angles of attack. F. 0. Carta [3] performed experiments on a subson-—
ic cascade oscillating.nearlstall. The experimental apparatus contained
an oscillating cascade wind tunnel with airfoils fitted with high-response
and hot film pressure transducers. The effects of interblade phase angle?
frequency of oscillation and free-stream velocities on flutter were inves-
tigated. ‘The results showed that the chaﬁge of interblade phase angle
radically alters the character of the unsteady blade loading.

Additional cascade experimentation was performed by S. Yashima and
H. Tanaka [4]. Their ekperimental apparatus involved a water tunnel with
a linear cascade of 11 blades. The blades were forced to vibrate in a
torsional mode about their rotational axes at the same amplitude and con-
stant interblade phase angle. A black-ink flow visualization technique
was used to detefmine the separation point on the blade. Also, the un-
steady moment acting on the blade was measured using stain gauges

Because of the lack of centrifugal effects in cascade tests, rotating
experiments have been conducted to verify analytic prediction techniques.
Mikolajczak [1] advanced the experimental technique by the investigation

‘of actual rotating machinery. With a rotating shrouded fan, and through



the use of an optical technique known as holograﬁhy;ithe'mode shaﬁes of
the vibrating blades were determined. B. S. Hockley, et al [5] also used
double pulse holography to measure vibratory moﬁes of a rotating fan.
Jeffers and Meece [6] déveloped an on-rotor test program to investigate

the stall flutter problems of the F100 Turbofan engines. The test in-

volved placing the engine in a test cell to control atmospheric conditions.

Compressor blade vibratory response was determined from blade-mounted
strain gauges. These gauges transmitted electrical signals through slip
rings to stationary FM recording equipment. Through a blade redesign the
occurrence of stall flutter in the engine operation zone was reduced. ' It
was noted that analytical methods fell short in the prediction of stall
flutter in the F100 Turbofan.

Another experimehtal method in stall flutter research was developed
by Banerjee and Rao [7]. Their experimental apparatus contained a two-
bladed rotor with blade-mounted piezoelectric crystals. Some of the
crystals were used to excite the Blades and others were used to measure the
response. The response was then transmifted through slip rings to a sta-
tionary frequency analyzer.

FM telemetry techniques in the investigation of on-rotor stall flutter
were developed due to speed limitations of slip rings. Daws [8] and Sparks
[9] report success in the use of blade-mounted strain gauges in the meas-
urement of flutter on a rotating cascade. Data were transmitted from the
rotor by FM telemetry. Problems were reported in the level sensitivity of

the torsional channel. Adler [10] reports on advantages and limitations

of on-rotor telemetry.



H. Stargardter [11] employed aﬁ optical’technique:forvtheimeasure—‘
ment of flutter motion.. These measurements were made with small blade-
mounted mirrdrsvthat reflect laser light once per revolutioﬁ. Through
this method, vibration émplitude, phase and frequency of rotating com-
pressor blades were determined. Bien and Camac [12] used optical inter-
ferometric techniques to measure frequency and amplitude of vibration of
a rotating element. W. C. Nieberding and J. L. Pollack [13] explored two
methods of optical detection of the onset of blade flutter in fan blades
of an aircraft gas turbine. One method involved photoelectric»scanning
of bladé tip motion. Time between subsequent passing of blade tips was
measured to determine the presence of blade flutter. The second method
was that of stroboscopic imagery. Through the use of a short duration
pulse once per revolution, the rotor motion was apparently arrested, and
-one blade tip was monitored for flutter motion. Both methods gave real

time histories of fan blade flutter.



FLUTTER FUNbAMENTALS

At this point a basic theory for the mechanics of stail'flutter will
be developed té aid in showing the purpose and direction of this thesis.‘

Early methodslof‘avoiding stall flutter in compressors were devel-
oped through stress rise testé [14].  These-tests involved measurements
of stress ih turbomachinery blading due to the increase in inlet flow
velocity and aﬁgle of incidence. These results generated the curves of
the type in Fig. 2. These cﬁrves Werebthen nondimensionalized and con-
verted to the typé of curve shown in Fig. 3, where b is one-half of ﬁhe
blade cord length,'w'is-the blade vibratory frequency, V is the relative
velocity of the inlet flow and o 1is the angle of incidence of that flow.
As can be séen, redﬁction éf a given blade‘é vibratory frequency'causes
the blade to enter the unstable region for a high angle of incidence.
Present turbomaéhine bléding, with their reduced weight and thickness,
may enter into this unstable range during normal operating conditions.

Because of the increasing cost and time for development of a test
compressor for these stress rise tests, an analytic method for the pre-
diction of flutter has become desirable. TFlutter predictioﬁ involves the
determination.of the flutter speed, the rotational speed at which.flutter
occurs, and tﬁe frequency at which the blades vibrate, called the flutter
frequency. The basic’theory underlying an analytical method can be ex-
plained through the use of the model shown in Fig. 4, where b is one-
half of the blade cord length, bh is the vertical blade deflectién, Y, M,
L are the angle of twist, moment and lift, respectively,‘on the blade
during flutter, and ba is the distance from fhe elastic axis to the cen-

ter of gravity of the blade. From Fig. 4, the equation of motion in
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bending can be determined as

mbh + Khbh - mbaY

The equation for torsional motion is

|

ILy+ KYY - mbabh = Q

Y Y

where the unit spanwise mass and the mass moment of inertia about the
shear center are represented by m and IY’ respectively. Qh represents
‘the unsteady aerqdynamic forces due to plunging motion of the blade and
Qerepresents the unsteady aérodynamic forces due to pitching motion of
the blade.

The evaluation of the term QY represents the greatest challenge in
the development of analytical theory for the pfediction of stall flutter.
To make an accurate prediction of stall flutter speed and frequency, QY
must represént the unsteady forces associated with separation and possi-
ble reattachment of the airflow. These unsteady forces are direct func-
_vtions of such qascade parameters as interblade spacing s, blade stagger
angle A and interblgde phase angle ¢ as shown in Fig. 5.

The pﬁrpbée of this thesis is fo develop an eiperimental method for
the investigation of the effect of cascade parameters on flutter speed’
and frequency in a fotating fan. These experimental results may then
aid in the verification and/or modification of an aﬁalytic model fbr

stall flutter.
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FIGURE. 5. CASCADE PARAMETERS .FOR FLUTTER ANALYSIS



EXPERIMENTAL APPARATUS

" 'Requirements

To study the occurrence of stall flutter in aircraft engine fans and

compressors, an experimental apparatus must be designed with design param— .

~ eters which may be related to aircréft turbofans. It also must be able

to accommodate experimental methods for the investigation of stall fluttér.
Previous experiments have shown that a stationary cascade of blades lacks
centrifugal effects which are necessary in the investigatibn'Of turbofan
stall flutter. Therefore, a rotational céscade of blades was judged to be
necessary. |

Since stall flutter occurs in the subsonic' range of operétion,»a me-—
dium range rotationél speed fan (10,000 RPM tbp speed) was designed for
the investigation. Previous investigations by Daws [8] and Sparks [9] en-
countered problems in obtaining the necessary speed ranges for a complete
’in?éstigation of stall flutter. For a detailed investigation of stall
flufter, ﬁhe cascade must have a sufficiently variable speed drive system
to covef the full range of flutter speeds.

Stall flutter has been defined as a self-induced blade vibration due
to the interac£ion of the aerodynamics of the flow and the mechaﬁics of
the blade. To assure that there is no external aérodynamic‘force acting
on the cascade blaﬁes, they should be positioned so as to reduce the ef-
fects of any upstream wakes in the flow. The interaction between aerody- .
namics and mechanicsvis,controlled by such cascade parameters as solidity,
c/s, and blade stagger'angle, A The’effects'of these paraméters must be.

~included in an investigation of stall flutter. Another important parameter

13
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in the phenomenon of stall fluttefrié that of.fiow incidence angle. The
incidence angle is defined as the angle betWeen'the'fluid'attack angle and
‘the blade staggef angle;’This angle affects the stalling poinﬁ of the
bléde. | |

With these reqﬁirementS'as a guideline, a blade stall flutter test

facility was designed.

Blade Flutter Test Facility

The éxisting flutter rig used by Daws [8] and Sparks [9] was exten-
sively modified in oraer to satisfy the requirements discussed in the
previous section. To reduce disturbances in the flow, the rotor was
placed ét the center of the fan casing allowing a full rotér diameter,
0.20 m (8 in.) upstream and downstream to be free of flow disturbance.
This required that;the rotor be press fitted‘onto the center of 2 0.58 m
‘(23 in;)shaft.: To,furthér_reduce flow disturbances, the‘bearing support
struts were streamlined and a bellmouth was placéd'bﬁ,the inlet of the
fan as shown in Fig. 6. To obtain the speed capacity necessary to in-
vestigate stall flu;ﬁer under varyiné conditions, a Vickers 3600 RPM,
30.5N°m (270 in.1lb) hydraulic motor was chosen to drive the fan fhrough
a 2.77 ratio Browning gear belﬁ speed increaser as seen in Figs. 7 and 8.
Using the speed increaser, speeds of up to 10,000 RPM were obtainable. A
hydfaglic motor was chosen because avhydraulic source bump was already’

available at the research site. Variable speeds were obtained by shunting

the fluid across.the motor through a regulating valve. Rotational speed of

the fan was displayed on a Keithley 168 Autorange digital voltmeter. One

volt D.C. represented 1,000 RPM. The D.C. voltage was supplied from a
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FIGURE 6. VIEW OF INLET OF TEST FAN



FIGURE 7.
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VIEW OF DRIVE SYSTEM ON TEST FAN
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variable relutance transducer which provided a 2 VOlt.pulse per revolu—

i‘tiqn for a Teledyne-Philbrickv4702vfrequency#toevoltage converter.

The fan shaft was sﬁpported by two Fafnir composite~ring ball bear-
ings mounted 0.4 m (16 in.) between centers. The shaft supported the
0.20 m (8 in.) -diameter rotor with 35 blades. The outer rotor diaﬁeter
was 0.28 m (11 in.), giving a hub-to-tip ratio of 0.72. The rototywas
designed to accommodate variable blade stagger angles from 0 to 65 de-

_ érees. To aid in the changing of stagger angle, a hatch was cut in the
casing and inner annulus as shown in Fig. 9. The rotor solidity was set
at 1 through the use of 35 blades spaced 1 inch apart at mid-span.

Theee blades were fabricated from Alclad 2024 T3 .aluminum. The blades -
were 76.2 mm (3 in.) in length, 25.4 mm (1 in.) in chord, and 0.40 mm
(0.016 in.) in thickness. Fig. 10 ehows,a single blade.

For future research on the effect of incidence angle on stall flut-

' ter, an Aerovent direct-drive tubeaxiel fan, dﬁiven'by a Vickers vane
type hydraulic motor was installed at the exit of the test fan.- The fan
will be‘used for vatying the incidence of the flow in the test fan during

operation.

Photographic Method
To investigate the use of photographic techniques in stall flutter
measurements, this method was used instead of pfevious F.M. Telemetry
methods, although the test facility is designed to accommbdate telemetry
methods.
Photographs of rotating bledes were.Obtained’using'a 35 mm Nikon

camera outfitted with a bellows focusing attachment and a 300 mm £4.5
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FIGURE 9. VIEW OF HATCH TO AID IN VARYING BLADE STAGGER ANGLE
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FIGURE 10. VIEW OF TEST FAN BLADE
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Auto Nikkor lens. The camera was positioned 1.5 m (5.0 ft) from the
leading edge of the blade so that little inlet distortion was produced
‘ in the test fan by the camera'equipmént. The light source for thié pho;
tography was provided by a General Radio strobolume. The pﬁotogréphic
system is shown in Fig. 11. Photographé were taken by opening the cam-
era shutter in total darkness and illuminating the blades with a 33 mi-
~ crosecond pulse 6frlight from the strobolume. This procedure does not
allow for coﬁtinuous invéstigation of one blade. Therefore, multiple
phOtogfaphs weré'taken to assure capture of a vibfating blade on film.
A viéwport to provide for photographs of the tips of the blades
- through the casing was also desigﬁed’but was not employed iﬁ tHis in-

vestigation.

Acoustical Method

To aid in the identification of flutter, a B & K sound level meter
was placed near the inlet of the fan to monitof the audible change in
tone at the onset of flutter. The sound level meter signal was monitored
on a Tektronig oscilloscope. A Spectral Dynamics Model SDjSOA real-time
analyzer (RTA)VwaS also used to monitor the signal and display its fre-
quency content. Thg oscilloscope and RTA data were recor&ed witﬁ a Tek—
tronix type C-12 oscilloscope camera. fhis instrumentation is shoﬁn iﬁ

Fig. 12.

Flow Measurement

The test fan axial velocity was measured at a point 35.5 mm (1.4 in.)

upétream'of the leading edge of the blade with a United Sensbr DC~125 yaw

Al
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FIGURE 11. VIEW OF PHOTOGRAPHIC EQUIPMENT



FIGURE 12.
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VIEW OF TEST FAN INSTRUMENTATION
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probe. This pressure was displayed in inches of water on a F.W. Dwyer

Magnehelic pressure gauge.



RESULTS

Experimental Procedure

To investigate stall flutter in the experimental fan, a procedure
Was‘developed such that the flutter speed for variable stagger angles
could be determined and a permanent‘photographic and sonic record of the
occurrence obtained. Dug to the late availability of the drive motor
for thevunloading fan, the effect of incidence angle on stall flutter
was not investigated.

The experimentalkprocedure used involved decreasing the blade stag-
ger angle in steps of 5 degrees from a starting value of 65 degre?s,
which was the maximum obtainable stagger angle on the experimental fan.
For each stagger angle the test fan speed was increased from zero until
flutter was detected by the sonic measuremeﬁt system. Detection of flut-
ter was noted by the sharp inéreases and decreases in amplitude of the
sound level meter output. At this point the test fan rotational speed
and inlet dynamié pressure were recorded. The speed was then reduced
below the flutter speed and photographs of the blades were taken. At
this speed, a photograph of the sound level meter and variable reluctance
speed transducer output was taken from the oscilloscope. The spéed trans-
ducer 6utput was used to obtain a permanent record of the speed at which
the photographs were taken. The fan rotational speed was then increased
above the flutter speed to a point where the sound level meter output
was steady. At this speed flutter was continuously evident, therefore
increasing the.possibility of photographing a blade that was vibrating..

While the photographs were taken, the sonic frequency content of the

25
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sound level meter output wés averaged and recofde& from the RTA.. The
 sound level meter and vériable relﬁtance speed transducer output were al;
so récqrded for comparison ﬁith the previous non—flutter speed sonic 6ut-
put. Thisvprbcedure‘wasbfollowed for 5-degree reductions of stagger
‘angles to 40 degrees. At a staggef angle of 40 degrees,-flutter was not
detected up to a rotational speed of 4,000 RPM. Thereforé,‘to prevent
blade ‘bending, the procedﬁre was halted at this pqint until the unload-

ing fan installation was complete.

Experimental Results

Analysis of the inlet flow measurements through the use of velocity
triangles as shown in Fig. 13 determines the incidence angle at the on-
set of flutter. The flow incidence ahgle and rotational speed at the
onset of flutter, which were experimentally determined for stagger ang-
les between 65 and 45 degrees, appear in Table 1. Fig. 14 shows the
.effect of stagger angle on rotof_speed'at which flutter was noted. Us-
ing the flow information shown in Table 1, the~relative velocity over
the blades was calculated for the flutter point. This information is
shoﬁn plotted as a function of blade stagger angle in Fig. 23 of Appen-
dix 2. Phoﬁographs‘of the fén‘bladés‘and sound level meter outputs be-
fore and during flutter are presented in Figs. lethrough 22 to verify
the evidence of the flutter phénémenon. A frequency analysis of the fanv
sonic output during flutter‘for the stagger angles investigated is shown

in Fig. 24 of Appendix 2.



TABLE 1. STALL FLUTTER SPEED AND INCIDENCE ANGLE COMPARISONS

N

Stagger Angle,

Inlet Velocity,

Blade Midspan
Velocity

Flow Incidence

Flutter Speed,

Degrees m/sec (ft/sec) m/sec (ft/sec) Angle, .Degrees RPM
65 15.5 (51) 36.6 (120) 2 2500
60» 17.7 (58) 35.1 (115) 3 2400
55 17.1 (56) 32.3 (106) 7 2200
50 16.4 (54) 29.3 (96) 11 2000
45 » 15.5 (51) 29°3..(96).,. :>17 20Q0

LT
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FIGURE 13. VELOCITY TRIANGLE -
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FIGURE 16.
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WITH A 60-DEGREE BLADE STAGGER ANGLE
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VERTICAL AXIS:
TOP TRACE - SOUND LEVEL OUTPUT, 2 VOLTS PER MAJOR DIVISION
BOTTOM TRACE - SPEED TRANSDUCER OUTPUT, 2 VOLTS PER MAJOR DIVISION

HORIZONTAL AXIS: TIME 0.005 SEC PER MAJOR DIVISION

FIGURE 17. SONIC WAVEFORM AND BLADE PHOTOGRAPH

AT 2100 RPM FOR BLADE STAGGER ANGLE OF 55 DEGREES
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VERTICAL AXIS:

TOP TRACE - SOUND LEVEL OUTPUT, 2 VOLTS PER MAJOR DIVISION
BOTTOM TRACE - SPEED TRANSDUCER OUTPUT, 2 VOLTS PER MAJOR DIVISION

HORIZONTAL AXIS: TIME 0.005 SEC PER MAJOR DIVISION

FIGURE 18. SONIC WAVEFORM AND BLADE PHOTOGRAPH
AT 2800 RPM FOR A BLADE STAGGER ANGLE OF 55 DEGREES

(FLUTTER PRESENT)

€e



VERTICAL AXIS:

TOP TRACE - SOUND LEVEL OUTPUT. 2 VOLTS PER MAJOR DIVISION
BOTTOM TRACE - SPEED TRANSDUCER OUTPUT, 2 VOLTS PER MAJOR DIVISION

HORIZONTAL AXIS: TIME 0.005 SEC PER MAJOR DIVISION

FIGURE 19. SONIC WAVEFORM AND BLADE PHOTOGRAPH

AT 1500 RPM FOR A BLADE STAGGER ANGLE OF 50 DEGREES
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VERTICAL AXIS:

TOP TRACE - SOUND LEVEL OUTPUT, 2 VOLTS PER MAJOR DIVISION
BOTTOM TRACE - SPEED TRANSDUCER OUTPUT, 2 VOLTS PER MAJOR DIVISON

HORIZONTAL AXIS: TIME 0.005 SEC PER MAJOR DIVISION

FIGURE 20. SONIC WAVEFORM AND BLADE PHOTOGRAPH
AT 2500 RPM FOR A BLADE STAGGER ANGLE OF 50 DEGREES

(FLUTTER PRESENT)
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VERTICAL AXIS:

TOP TRACE - SOUND LEVEL OUTPUT, 2 VOLTS PER MAJOR DIVISION
BOTTOM TRACE - SPEED TRANSDUCER OUTPUT, 2 VOLTS PER MAJOR DIVISION

HORIZONTAL AXIS: TIME 0.005 SEC PER MAJOR DIVISION

FIGURE 21. SONIC WAVEFORM AND BLADE PHOTOGRAPH

AT 1600 RPM FOR A BLADE STAGGER ANGLE OF 45 DEGREES
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VERTICAL AXIS:

TOP TRACE - SOUND LEVEL OUTPUT, 2 VOLTS PER MAJOR DIVISION
BOTTOM TRACE - SPEED TRANSDUCER OUTPUT, 2 VOLTS PER MAJOR DIVISION

HORIZONTAL AXIS: TIME 0.005 SEC PER MAJOR DIVISION

FIGURE 22. SONIC WAVEFORM AND BLADE PHOTOGRAPH
AT 2500 RPM FOR A BLADE STAGGER ANGLE OF 45 DEGREES

(FLUTTER PRESENT)

LE



DISCUSSION OF RESULTS

The evidence that stall flutter was achieved in an experimental fan
with 35 flat plate rectangular blades is as listed below.

(1) The stall flutterlphenomenon is primarily associated with blade
vibrations that are torsional in nature, as stated by Y. C. Fung [15].
The theoretical torsional natural frequency of the test blades,.as deter-
mined from R. J. Roark's [16] cantilevered beam model, was 324 Hz. Fig.
24 of Appendix 2 shows that the major frequency component of the sonic
output‘during flutter was 348 Hz. The frequency analysis of the fan
sonic output cannot be precisely related to the blade vibratory frequenf
cies due to the difference in reference frames. The sound level meter
is in a stationary reference frame while the blades are vibrating in a
rotational frame. A shift in apparent blade vibratory frequency meas-
ured by the sound level meter can be expected. This frequency is within
7 peréent of the theoretical torsional natural frequency, therefore indi-
cating torsional blade oscillations during flutter. These torsional
oscillations indicate the presence of stall flutter.

(2) The photographs of the fan blades during flutter shown in Figs.
18, 20 and 22 also indicate torsional blade motion, again supporting the
evidence of stall flutter.

(3) The incidence angle data determined from inlet flow measure-
ments during flutter shown in Table 1 indicate stalled flow on the
5lades. A fwo—degree incidence angle would not normally indicate stall
on a cambered blade. Therefore, at this point it is assumed that there
are sufficient losses to cause stall on blades with zero camber for a

two-degree incidence angle. A more detailed investigation of losses
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would be necessary to verify this assumption. The blades are certainly
stalled at stagger angles of 45 and 50 degrees due to flow incidence
angles greater than 10 degrees.

With the presence of stall flutter verified, further discussion of
the phenomenon can be made.

Table 1 showé that the flow incidence angle increases as stagger
angle is reduced. During the experimental procedure it was noted that
the regularity of the characteristic sound during flutter decreased with
reduction of stagger angle. At 45 degrees the characteristic sound out-
put was very sporadic. Fig. 24 of Appendix 2 shows the reduction in
average amplitude of thebdominant frequency component, of the sonic out-
put during flutter, with decreasing stagger angle. It appears that there
is a point in the reduction of‘stagger angle below which the blades be-
come severely stalled and flutter cannot be achieved. In this fan, -
stall flutter was not evident for stagger angles below 45 degrées. From
‘Table 1 it can be seen that at a stagger angle of 45 degrees the inci-
déncé aﬁgle was recorded as 17 degrees. Therefore, for incidenée angles
greater than 17 degrees the blades become.completely stalled and do not
oscillate torsionally in and out of stail, as for the lower incidence
angles, and stall flutter is not evident. The addition of the loading
fan to the test fan will greatly enhance the investigative capabilities
of the effect of incidence angle on stall flutter. Table 1 also shows
that the flutter speed of this experimental fan decreased with decreasing
stagger angles until the incidence angle became too great for stall flu-
ter to occur. This decrease in flutter speedeith'decreasing stagger

angle.correlates with Sparks' [9] results. Fig; 23 shows that the flow
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veloéity relative to the blade chord at the onset of flutter decreases
with decreasing stagger angle. It is contradictory to the analytic re-
sults for a cascade of rotor Blades reported by White [17]. White
reports an increase in flutter relative velocity with a decrease in stag-
ger angle from 60 degrees to 45 degrees.

Photographs of the blades during stall flﬁtter shown in Figs. 18,
20 and 22 indicate that an interblade phase angle during stall flutter
is evident. These figureé show that one blade may be twisted during
stall flutter, while blades on either side of it remain in an undeflected
position. Photographs of stall flutter for stagger angles of 65.and 60
degrees are not presented because the foreshortening of the blade chord
during torsional vibration as viewed by the camera was too small to ob-
serve. Fig. 24 of Appendix 2 shows that the flutter frequency does not

vary significantly with stagger angle.

* Summary of Results

An experiﬁental fan was constructed that would generate stall flut-
ter in the blading at relatively low rotational speeds. The existence
of stall flutter was in&icated through incidence angle investigatioms,
phqtography and sonic waveform analysis. Photographic results showed
that. there was a finite interblade phase  angle duriﬁg stall flutter. It
was also determined that the flutter frequency remained constant near the
torsional natural frequency of the blades while the stagger angle was re-

duced. The flutter speed decreased with decreasing staggef angle.
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(2)

(3

(4)

5)

CONCLUSIONS -

Stall flutter can be obtained in the tested experimental fan

‘with 35 flat plate rectangular blades.

Stali flutter can be recorded through pﬁotographic methods at
the cémpressor inlet for‘stagger'angles bélow 60 degrees.
During stall flutter an interblade phasevanglé between adja-
cent blades is evident.

Flow incidence angle affects the characteristics of stall flut-
ter.

Acoustical informatipn can be used to determine stall flutter
frequency, which was fdund to be within 7 percent of the theo-

retical torsional natural frequency of the blades.
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(1)

(2)

(3)

(4)

RECOMMENDATIONS
Further studies of flutter-related flow and blade parameters
should be performed since the development of an experimental
facility for stall flutter research has been achieved.
On-rotor measurements on adjacent blades during stall flutter
should be implemented to aid in the development of and improve-
ments in analytical prediction methods.
A high speed motion picture of stall flutter in this experi-
mental fan is desirable to increase the understanding of the
phenomenon.
Tip photography should be developed to aid in the investigation

of stall flutter at stagger angles greater than 60 degrees.

(5) Further investigation into the effects of cascade solidity on

flutter speed should be undertaken.
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Item

Sound Level -
Meter

Oscilloscope
Camera

Oscilloscope
Digital
Voltmeter

Real-time
Analyzer

Magnehelic
Pressure Gage

Yaw Probe

35 mm Camera
Tripod
Bellows

Focusing
Attachment

300 mm f4.5 lens

Strobolume

LIST OF EQUIPMENT

" 'Manufacturer

B &K

Tektronix

Tektronix

Keithley

Spectral Dynamics

F. W. Dwyer

United Sensor
Nikon-F
Gitzo

Nikqn

Auto Nikkor

General Radio

Mod. No.

1613

Cc-12

3A72

2B67

168

SD 330A

DC-125
1500
323

PB-5

1532-D

46

‘Ser. No.

300743
007322

010883
028127

37276
251

70203JP86
70220JP90
B11205

7160006

418320

1897
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Flow Relative Velocity at Flutter Occurrence, m/sec
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FIGURE 23. FLOW RELATIVE VELOCITY COMPARISON
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STAGGER
ANGLE
(DEGREES)

65

60

55

50

45

FREQUENCY

VERTICAL AXIS: RELATIVE AMPLITUDE
HORIZONTAL AXIS: FREQUENCY, 100 Hz PER MAJOR DIVISION

FIGURE 24. FREQUENCY COMPONENTS OF TEST FAN SONIC OUTPUT
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| AN EXPERIMENTAL METHOD FOR THE.  INVESTIGATION
OF SUBSONIC:STALL FLUTTER IN GAS TURBINE ENGINE FANS

AND COMPRESSORS
by -

William W. Copenhaver

(ABSTRACT)

A facility for the investigation of stall flutter in aircraft engine
compressbrsiand fans was designed. Stall flutter was achieved in the
test fan and verified fhrqugh sonic and photographic‘methods.‘ The fre-
quency components of the sonic output during flutter were determined
using a real—time'énalyzer. This frequency anaiysis‘indicated a dominant
peak Withiﬁ 7 percent of the theoretical’torsional natural frequency of
the blades.

Photographs taken during stall flutter indicated the presence of an
interblade phase angle.

The effect of blade stagger angle, flow incidence angle and solidity

on flutter speed was determined.
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