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ABSTRACT

The advent of high tip-speed, high work, blading in the fan
stages of advanced gas turbine engines has led to the recogni-
tion of a new type of blading instability — unstalled supersonic
flutter. As a result, a concerted effort to develop an ap-
propriate predictive mathematical model has taken place. To
determine the range of validity and to direct refinements to
the basic flow model, fundamental supersonic oscillating cas-
cade data are required. This is the final summary report for
an experimental research program directed at obtaining these
unique time-variant aerodynamic data. The approach involved
harmonically oscillating dynamically instrumented 2-D rectilin-
car cascades of airfoils in a supersonic inlet flow field, with
the unsteady operation of the cascade computer controlled.

Data were obtained in both torsion and translation over a range
of steady and time-variant aerodynamic conditions. All of

these data were then correlated with predictions obtained from

a current state-of-the-art model.




TABLE OF CONTENTS

PAGE
ABSTRACT i
INTRODUCTION 1
EXPERIMENTAL FACILITY 5
] CASCADE DRIVE SYSTEMS 10
' TORSION MODE DRIVE SYSTEM 10
TRANSLATION MODE DRIVE SYSTEM 13
DATA ACQUISITION AND ANALYSIS 16
RESULTS 21
[ CASCADE 1 21
CASCADE 2 25
CASCADE 3 29
CASCADE 4 39
PUBLICATIONS RESULTING FROM ONR-SPONSORED 45
RESEARCH
— -~ —————————
ARCESSION tw {

(31 wute Loctien g‘/
| Pld : ¥ L)

L
u

f e it




INTRODUCTION

The advent of the high-speed turbofan engine led to the dis-
covery of a new type of blading instability — supersonic un-
stalled flutter. This instability, which until recently had
been virtually unheard of, is defined as the self-excited vibra-
tion of rotor blades which are operating in a uniform supersonic
relative inlet flow field with unstalled passage flow. It is
characterized by a steep stress boundary and serves as a barrier
for the high-speed, and even design point, operation of the fan

or compressor, as schematically depicted in Figure 1.

To avoid this instability during the design process, it is
necessary to calculate the time-variant pressure distributions
(the unsteady aerodynamic forces and moments) on harmonically
vibrating blades. The designer can use this information,
together with the rotor structural damping, to accurately
predict the supersonic unstalled flutter boundary of advanced
design fans and compressors as well as to investigate alternate
airfoil profiles and geometries which could move this flutter
boundary beyond the engine operating regime prior to the fab-

rication of hardware.
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Unstalled supersonic flutter is fundamentally an inviscid

phenomena caused by the phase lag of the flow field relative
to the motion of the airfoils. As this type of flutter tends
to become more severe as the pressure ratio is lowered, the
generally used analytical model assumes an inviscid, essen-
tially supersonic flow with a subsonic axial component through
a differential radial height fan stage operating at a pres-
sure ratio of one. This differential fan stage is then
developed into a two-dimensional rectilinear cascade. The
cascade airfoils are assumed to be thin (most often zero
thickness flat plates) and executing small harmonic torsion

or translation mode oscillations. These assumptions lead to
mathematical simplifications which result in a linearized, ]
two-dimensional, constant coefficient (for the case of flat
plate cascades), partial differential equation for the per-
turbation velocity potential. Various solution techniques
have been and are currently being applied to this mathe-

matical model.

The overall objective of this ONR sponsored research program
was to obtain fundamental unsteady aerodynamic data to as- ]
sess the range of validity and to indicate necessary re-

finements to the above noted basic math model for supersonic




unstalled flutter. The approach used in this experimental
investigation involved harmonically oscillating dynamically
instrumented 2-D rectilinear cascades of airfoils operating
in a supersonic inlet flow field, with the unsteady operation
of the cascade computer controlled. Data were obtained in
both torsion and translation over a range of steady and time-
variant aerodynamic conditions, with all of these data
correlated with predictions from the state-of-the-art math

model .




EXPERIMENTAL FACILITY

The Detroit Diesel Allison (DDA) rectilinear cascade facility,
shown in Figure 2, was conceived and built as g research tool
to evaluate the steady and time-variant aerodynamic char-
acteristics of compressor and turbine blade sections. The
facility is a continuous flow, non-return, pressure-vacuum
type wind tunnel, with the test section evacuated by means of
two primary steam ejectors. Up to 10 lbm/sec of filtered,

dried, and temperature controlled air may be used.

The major features of this facility include

® Continuous operation for extended time periods.
e A mechanized test section.

® A schlieren optical system for visual observation
and photography of the test section with the
facility in operation.

® Bleed systems on all four tunnel sidewalls.

® A sophisticated instrumentation system centered
around a laboratory-size digital computer. The
computer provides on-line control of data ac-
quisition, data reduction, calculates steady and
time-variant cascade performance while the test
is in progress, and also controls the dynamic
operation of the cascade.

In this cascade facility, the entrance flow to the test
section is generated by fixed nozzle blocks, as seen in
Figure 3. The orientation of a sharp wedge with respect

to this nozzle exit flow specifies the test section Mach
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FIGURE 3. VIEW OF TEST SECTION




number, i.e. the shock or expansion wave generated by the

wedge determines the cascade inlet conditions. The cascade
inlet flow direction is determined by the orientation of the

wedge with respect to the airfoil cascade.

To aid in the establishment of the cascade inlet periodicity,

bleed chambers are provided on the lower nozzle block. Ad-

justment of the bleed rate through these chambers allows the

inlet flow field to the rear (bottom) portion of the cascade to

be affected. The inlet flow field to the front (upper) portion 5
of the cascade is affected only by the wedge position, with

the first passage controlled to some extent by the splitter
position. The build-up of the boundary layer in this first

passage can produce area ratios such that this passage cannot ;

, be started. Hence, bleed is provided along the front portion
E of the splitter to remove the boundary layer and start this

first passage.

Active cascade inlet sidewall boundary layer control capability
to assure the two-dimensionality of the cascade flow field is
also available. This is accomplished with the suction strip
seen in Figure 3. It contains five discrete regions yet still ;
permits the schlieren system to be utilized to view the cascade

wave system. ﬁ

- . }




Disturbances generated at the lower endwall run downstream of
the cascade in the supersonic flow regime and thus can have no
influence on the cascade performance. The upper endwall of
the tunnel, on the other hand, is crucial in that it can
influence the whole flow field downstream of the cascade and
prevent the formation of a periodic exit flow field. The shape
of this upper endwall also uniquely determines the cascade
pressure ratio under started exit operating conditions. The
most crucial portion of the upper endwall is in the early
stage of compression. Here the flow splitter provides the
capability to both bleed and blow. This capability in con-
junction with adjustments of the exit plenum pressure and the
angle of attachment of the tailboard to the splitter, permits
the setting of the streamline shape in this region and thereby
sets the throttle condition to the first two channels of the
cascade. The remaining problem is to not allow the cascade
shock expansion system which impinges upon this tailboard to
reflect back into the cascade. This is accomplished by making
this upper tailboard porous with a 50% open area as well as
having it open to the exit plenum pressure. This effectively
produces a streamline representation of an infinite cascade

at the design pressure ratio, as established in the first

passage and results in a periodic exit flow field.




CASCADE DRIVE SYSTEMS

Dynamic testing to investigate and correctly simulate the cas-
cade time-variant characteristics requires the airfoil cascade
to be periodically excited at known frequencies with the inter-
blade phase angle precisely controlled. To accomplish this, a
16K computer is used to generate a one-half square wave voltage
signal for each airfoil at a specified excitation frequency with
the required interblade phase angle imposed between the signals,
as 1is schematically indicated in Figure 4. The cascade as-
semblies are designed such that the time-variant motion of each
airfoil is controlled by individual electromagnets interfaced
with this computer. Hence, the computer controls the harmonic
airfoil oscillations by transmitting the one-half square wave
signals to the electromagnets which in turn drive the airfoil

cascade at the specified frequency and interblade phase angle.

TORSION MODE DRIVE SYSTEM

This research effort led to the development of a spring~bar tor-
sion mode drive system of the type schematically depicted in
Figure 5. An array of torsional frequencies is provided by at-

taching various thickness spring bars to the trunnions. Driving

10
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mechanisms are attached to the airfoil trunnions which are in
turn driven by the computer controlled electromagnets, as
previously described. Strain gages mounted on the spring
bars exhibit excellent sensitivity to the torsional movement
of the airfoil, and allow the measured strain gage signals to

be converted to rotational amplitudes.

TRANSLATION MODE DRIVE SYSTEM

A schematic of the translation mode drive system is presented
in Figure 6. Since translation is movement normal to the
chord, no bearing or other rigid axial restraint is necessary.
The airfoil is positioned with the two flexible mounts con-
sisting of a "“squirrel cage” support which attaches to the
spline on the airfoil trunnion by indexing over six grooves
and attaching through a replaceable spring bar to a rigid
mount. The indexing tabs ensure torsional restraint with no
blade angle slippage. The airfoil trunnion splines are posi-
tioned axially on these devices by a driver arm clamped and
piloted to the trunnion with an attached spacer tube which

nests over the indexing tabs of the squirrel cage.

Translational excitation forces to each blade are supplied
through the drive arm from the computer controlled electro-
magnets. Driving mechanisms are located on each airfoil
trunnion so that proper excitation of the two-dimensional

translational motion of the airfoil can be accomplished.

13
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The computer controlled electromagnets excite the translation
mode drive system at the airfoil-drive system natural frequency,
thereby imparting the desired translation mode oscillation to
the airfoil cascade at precisely controlled interblade phase
angle values. Strain gages mounted on the spring bar as-
semblies exhibit excellent sensitivity to the translational

airfoil oscillations, and allow the measured strain gage

signals to be converted to translational amplitudes.




DATA ACQUISITION AND ANALYSIS

With the tunnel in operation and the steady-state cascade
periodicity properly established, as determined by sidewall
static pressure taps and schlieren flow visualization, the
appropriate computer controlled drive system is made opera-
tional. This results in harmonic oscillations of the airfoil
cascade at a prescribed frequency and interblade phase angle
value. The resulting time-variant strain gage and airfoil
surface pressure transducer signals are digitized at rates to
100,000 points per second by a l6-channel analog-digital
converter and multiplexer system, and stored on a magnetic
disk. These digitized data are analyzed on-line to determine
the fundamental aerodynamic characteristics of the unsteady
phenomena. The parameters of interest include the amplitude
of the airfoil motion and the pressure disturbance, the
frequency, the interblade phase angle, and the phase differ-
ence between the unsteady pressures and the airfoil motion

as characterized by the strain gage signal on the dynamically
instrumented airfoil, i.e., the aerodynamic phase lag data is
referenced to the motion of the dynamically instrumented

center airfoil in the cascade.

The amplitude of the airfoil motion and the pressure distur-
bance are determined by fitting a second order least square

function to the data, differentiating it, and evaluating the




maximum. The pressure disturbance amplitude is then non-
dimensionalized into an unsteady pressure coefficient, Cp, for

torsion or translation, as defined in equation 1.

G Y ¥ (1)
o 2
5 pUTa
e =ty
pT ;i pU E

where p is the measured unsteady pressure amplitude, p is
the fluid density, U is the inlet velocity, h/C is the ratio
of the translational amplitude to the airfoil chord, and a is

the torsional amplitude of oscillation (in radians).

The frequency of the time-dependent data is determined through
the autocorrelation function. This function describes the
dependence on the values of the data at one time, Xi' on the
values at another time, Xi+r' The normalized autocorrelation

function, er, is defined in series form as

N-r N
R, === ¥ X.X /lZXXr=012 m (2)
Xr N-r i%i+r N I 1 AR

i=1 i=1
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where:

ad
Il

X(1 At)

a}
Il

lag number

2
Il

total number of dynamic data points

3
Il

number of lags.

The lag time, At, is inversely proportional to the rate at
which the data is digitized. A typical autocorrelogram of
the digitized data exhibits the features of a sine wave plus
random noise. A second order least square function is fit to
the data in the second positive peak of the autocorrelogram.
The inverse of the time at which this least square function

is a maximum is equal to the frequency, f, of the time-dependent

data.

The phase difference of the pressure disturbance along the air-
foil chord in relation to the airfoil motion is calculated

through the cross-correlation function. This function, for two
sets of data, xi, Yi’ describes the dependence of the values

of one set of data on the other. The normalized cross-correlation

function, R , is defined as:
Xyr

N
R RN LS TR Y 1S PR
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where the variables are defined analogous to those in Equation

(2).

As in the frequency calculation, a second order least square
function is fit to the data in the first positive peak of the
cross~correlogram. The time, tp, at which this least square
function is a maximum is analytically determined. The phase

difference, in degrees, is calculated as
g =%t £ 360 (4)
p

where f is the frequency calculated for the airfoil motion

from the strain gage data, utilizing Equation (2).

Two sources of phase relation discrepancy are inherent in the
electronic data acquisition system and correlation computation.
The analog-digital (A/D) converter-multiplexer unit does not
permit data to be digitized simultaneously on all channels.
Consequently, an inherent phase shift is introduced into the
physical data when the cross-correlation function operates on
the raw digitized data. This phase shift, for the sinusoidal
data in this experiment, is directly proportional to the "cut

rate" of the multiplexer, as shown in Equation (5):

12




g = F (Ky— Kx) 360/Ra {5)

where GS is the AD phase shift inherent in the computation
between channels Ky and Kx' representing the respective data,
Yi and xi. The frequency, fx' corresponds to the disturbance

in channel Kx’ and Ra is the rate at which the data were being

digitized.

Prior to acquiring data the electronic data acquisition system
is calibrated for phase shift, ea, using the A/D converter and
the computation described in the foregoing. Therefore, the

phase difference of the pressure disturbance along the airfoil

surface in relation to the airfoil motion is
— R (6)

This computational procedure results in a valid on-line data

analysis system and provides the experimentalist with meaning-
ful information with which to make judicious decisions during
the test. All analyzed results are stored on a magnetic disk

for further examination.

20




RESULTS

CASCADE 1

The objective of the initial cascade investigation was to demon-

strate the ability to achieve controlled harmonic torsional os-

cillations of an airfoil cascade in a steady supersonic inlet

flow field. This was accomplished by developing and applying

f the previously described dynamic computer system to a cascade
of five flattened double-wedge airfoils. Each of these air-
foils was cantilevered from a trunnion attached to a torsion
rod. A double-pass schlieren system was provided for flow
visualization, accomplished with a back surface glass mirror
inset into one sidewall of the tunnel test section. Each
cantilevered airfoil-torsion rod assembly was inserted through

é the mirrored sidewall, as seen in Figure 7, with the trunnion

mounted on ball bearings.

On the back side of the mirrored sidewall, an airfoil driving
arm was attached to each of the torsion rods. An electro-

magnet was provided for each of the driving arms, as seen in
Figure 8, to permit the on-line computer system to drive the
electromagnets at a prescribed frequency and interblade phase

angle and they, in turn, drive the airfoils.

Figure 9 presents an example of the digitized strain gage

signals obtained with the cascade oscillating in torsion in

21
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the supersonic wind tunnel. Figure 10 presents a sequence

from a high-speed schlieren movie which shows the time-
variant phenomena during controlled cascade operation. As
seen, controlled harmonic torsional oscillations of an air-

foil cascade in a supersonic flow field have been achieved.

CASCADE 2

The objective of this unsteady cascade investigation was

to quantitatively measure the time-variant pressure distri-
bution on an harmonically oscillating airfoil cascade for the
first time. These unique torsion mode data were then correlated
with predictions obtained from a state-of-the-art analysis,
thereby indicating its range of validity and necessary refine-

ments.

A classical airfoil profile, consisting of a flat suction
surface and a wedge-shaped pressure surface, was selected.

The center (third) airfoil of the cascade, Figure 11, was
machined to permit the embedding of 11 miniature high response
dynamic pressure transducers such that the airfoil contour

was preserved. Figure 12 shows a view of this instrumented
airfoil with the pressure transducers, staggered across the
span, clearly visitle. These double-trunnionrcascade airfoils
were then mounted using the spring bar torsion mode drive system

previously described and schematically depicted in Figure 5.




SEQUENCE FROM HIGH-SPEED SCHLIEREN MOVIE
FOR 180° INTERBLADE PHASE ANGLE
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Data were obtained over a range of inlet Mach numbers and
interblade phase angles for two torsional axis locations and
correlated with analytical results from a current state~of-the-
art analysis. These data did not always exhibit good correla-
tion with the analysis. This was shown to be a result of the
variation of the blade-to-blade amplitude, an effect hereto-
fore neglected in the analyses. All of the state-of-the-art
analyses consider the oscillating blades to be undergoing equal
amplitude vibrations. Modification of the state-of-the-art
analysis to include this variation in blade-to-blade amplitude
led to excellent correlation of the experimental data, as
clearly seen ‘n Figures 13 and 14. This is felt to be a signi-
ficant advancement in the development of analyses which will
predict the unsteady aerodynamic forces on fan and compressor

blades.

CASCADE 3

One of the fundamental differences between the mathematical
model and turbomachinery design practice is the airfoil load-

ing. The model considers a zero thickness flat plate airfoil

cascade executing harmonic oscillations in a uniform flow field.

However, fan and compressor blades have thickness and camber
and operate at a static pressure ratio greater than unity, with

the aerodynamic loading affecting the overall steady-state

29
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aerodynamics, including the shock structure and wake char-
acteristics. Hence, the objective of this experiment was to |
obtain fundamental time-variant data on an advanced design
cambered airfoil cascade over a range of static pressure
ratios to quantitatively demonstrate the apparent deficien-

. cies and to indicate the significant refinements to the basic

model.

FFigure 15 shows the MCA airfoil embedded with Kulite, high-
response pressure transducers. Note that this is a uniquely
instrumented airfoil. First, increased sensitivity Kulites
are used, accomplished by decreasing the diaphragm thickness
and increasing the bridge impedence. Second, the airfoil
contour was maintained to an extremely high degree of accuracy
! by staggering the Kulites and by the use of a thin, pliable

| coating over the transducer diaphragm, with no depreciation

in sensitivity.

With the cascade periodicity established, the steady cascade

e

! airfoil surface performance was determined for the aerodynamic
conditions of the unsteady experiments. Figure 16 presents

the airfoil surface performance data for the low pressure

ratio condition together with the predictions obtained from a
transonic, time-marching, steady flow analysis. Overall the
airfoil steady surface pressure distribution data correlates

very well with the predictions. The correlation is not as

32
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good near to the leading and trailing edges, regions where the
analysis does not accurately model the profile of the airfoil.
Also, as previously noted, the current flutter aerodynamic
model assumes a uniform steady flow field with small perturba-
tions generated by the harmonic oscillations of zero thickness
flat plate cascaded airfoils. Thus Figure 16 demonstrates
clearly the differences between this uniform steady flow of

the model and the actual steady flow field.

The effect of aerodynamic loading on the time-variant aero-
dynamics on the suction surface of this MCA airfoil cascade
is demonstrated in Figure 17. As seen, increased cascade
static pressure ratio generally results in an increased phase
lag over the cambered portion of the suction surface. The
chordwise trend of the suction surface unsteady pressure
coefficient data is to decrease in the direction of the trail-
ing edge. The data is increased significantly in value over
the prediction for the front of the surface, decreasing in
value and generally approaching the flat plate prediction
near the trailing edge. This is an'interesting contrast to
the phase lag data in that they correlated well with the flat

plate prediction over the front portion of this surface.

Figure 18 presents the analogous data-theory correlation on

the pressure surface. The time~variant phenomena on this

35
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surface are extremely complex as a cambered airfoil surface
with two impinging shock waves are involved. Generally the
acrodynamic phase lag data exhibits some correlation with

the flat plate cascade prediction over the front portion of
the pressure surface. For the example shown, the value of
the aerodynamic phase lag approaches 360° in the trailing
edge region. This may be attributable to the physical
phenomena not modeled in the state-of-the-art flat plate cas-
cade analysis. For example, the analysis does not predict
the pressure surface impingement of the shock wave originating
at the trailing edge of the adjacent airfoil. Also, the
steady flow field is modeled as a uniform flow with small

unsteady perturbations superimposed, as previously discussed.

Overall, the unsteady pressure coefficient data on the pres-
sure surface shows a relatively large decrease in value
between the leading edge and the second chordwise data points,
14.0 percent and 34.5 percent chord, with this second data
point demonstrating reasonable agreement with the flat plate
prediction. The 65 percent chord data point is located in the
immediate vicinity of the impinging trailing edge shock wave,
hence the scatter exhibited by the data at this chordwisei

location between the various interblade phase angle cases.

38
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Over the approximate aft 40 percent of the pressure surface,
behind the trailing edge shock intersection, the unsteady
pressure coefficient data is in reasonable agreement with the
flat plate cascade prediction. Also, as indicated, increased
cascade static pressure ratio generally results in an increased
aerodynamic phase lag on the pressure surface, analogous to

the suction surface results previously discussed.

CASCADE 4

This investigation was directed at extending the range of un-
steady supersonic cascade data by developing the necessary new
experimental techniques and then obtaining relevant translation
mode cascade data. In particular, the fundamental time-
variant translation mode aerodynamics are determined for the
first time for a classical airfoil cascade in a supersonic

inlet flow field.

To achieve realistic reduced frequency values, maintain a two-
dimensional airfoil mode shape, and also maximize the imparted
airfoil oscillatory amplitude for a given input driving power,
unique airfoils fabricated from graphite/epoxy composite
material were necessary. The airfoils were fabricated from a
combination of pre-impregnated Kevler cloth and graphite mat

injected with epoxy resin under pressure into a booking mold.

39



Cloth fiber orientation was controlled to meet prescribed
torsional and bending stress requirements while maintaining

a low density and a high modulus of elasticity.

To maintain the desired overall composite material properties
with no degradation of the airfoil surface contours, pro-
visions for dynamic instrumentation were embedded in one air-
foil during fabrication. This involved molding the dynamic
pressure transducer lead wires into the airfoil as part of
the lay-up and molding process. The ends of the lead wires
were then exposed and the transducers attached. Flush-
mounted Kulite dynamic pressure transducers were staggered
across the span of the airfoil on both the pressure and suc-
tion surfaces. Figure 19 presents a view of this unique

dynamically instrumented airfoil.

With the steady-stage periodicity established and the cascade
performance determined, the airfoil cascade was harmonically
oscillated in a translation mode at a reduced frequency value
equal to 0.20. Specified interblade phase angles were in-
vestigated and at selected points, the cascade static pressure

ratio was increased from the nominal 1.00:1 to 1.30:1.
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An example of these unique chordwise pressure and suction
surface translation mode data together with the corresponding
predictions are presented in Fiqure 20. As seen, the time-
variant suction surface data are seen to generally exhibit
very good correlation with the predictions. The aerodynamic
phase lag and unsteady pressure coefficient data are both
nearly constant in the chordwise direction, with the theory
predicting an approximate 60° greater lag than characteristic

of the data.

The time-variant pressure surface data also generally exhibit
very good correlation with the theory. Both the aerodynamic
phase lag and dynamic pressure coefficient data and predic-
tion remain nearly constant in the chordwise direction between
the leading edge and the mid-chord region shock wave inter-
section location on this surface. The theory predicts this
intersection location to be at approximately 70% of the chord,
with the data indicating a shock in the region between the 60%

and 75% chord transducer locations.

An interesting trend was also noted in the aerodynamic phase
lag data-theory correlation on the pressure surface in the
region between the leading edge and the shock intersection
for both values of the pressure ratio which were investigated.

In particular, in this region, as the interblade phase angle
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is decreased and attains larger negative values, the phase
lag data decreases as compared to the prediction, with the |

best data-theory correlation obtained at a 0° interblade phase

angle value.
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