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Experimental Investigation of Counter-Rotating Propfan Flutter
at Cruise Conditions
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This article presents wind-tunnel experimental flutter results, at transonic relative flows, for a 0.62-m-diam
composite propfan model. A blade row that fluttered was tested alone, and with a stable aft counter-rotating
blade row. The major objectives of the experiment were to study the effect of the second blade row on the row
in flutter, and to investigate the flutter. Results show that the second row had a small stabilizing effect. Two
distinct flutter modes were found within the operating regime of the rotor; both apparently single-degree-of-
freedom instabilities, associated respectively with the first and second natural blade modes. For both flutter
modes, flutter boundary, frequency, nodal diameter, and blade displacement data are given. The blade dis-
placement data, obtained with an optical method, gives an indication of the flutter mode shape at a span near
the blade tip.

Introduction

P ROPFANS were under development because they have
significantly higher propulsion efficiency than turbofans

at the same cruise speeds. Interest started with single row
(SR) propfans and changed to counter-rotating (CR) propfans
because they have even greater efficiency.1 The unducted fan
was a two-row CR propfan concept being developed. During
aero/acoustic wind-tunnel testing of unducted fan research
models at cruise speeds, several blade designs fluttered.2 Some
trends and characteristics of the flutter were different than
those previously found for SR propfans.

SR propfan unstalled flutter has been investigated experi-
mentally.3"5 From these experiments the type of flutter (clas-
sical) and the sensitivity of the flutter to stage parameters
were identified. Also, flutter analyses have been developed
for SR propfans.6'7 The flutter analyses developed for SR
propfans have been used for the design of CR propfans.8 The
accuracy of such flutter predictions would change if the sta-
bility characteristics of one blade row are significantly changed
by the second row. The predictions would be less safe if the
second row caused a decrease in stability.

The present experiment was planned to help guide the de-
velopment of flutter analyses for CR propfans and further
investigate propfan flutter. The main object of the experiment
was to study the effect of a stable CR propfan blade row on
the stability of a row that fluttered. The unstable row used
for the experiment was known to flutter from earlier aero/
acoustic wind-tunnel tests.

This article presents new flutter boundary data for a flut-
tering propfan blade row (called F21) tested alone, and with
a stable aft CR blade row (called A21). The terms blade row
and rotor will be used interchangeably, and the F21 and A21
rows will be referred to as the forward and aft rows, respec-
tively. The blades were research models for an Unducted Fan
engine.9 Two distinct flutter modes were found. For both
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flutter modes, flutter boundary, frequency, nodal diameter,
and blade displacement data are given. We use the change in
the F21 flutter boundaries for the single and dual rows to
determine how the aft row changed the stability of the forward
row.

A nonintrusive optical system was used to measure the
blade vibrations at flutter. This system provided complete
blade-to-blade phase information. It also provided an indi-
cation of the flutter mode shape at a blade span near the tip.
Conventional blade mounted strain gauges were used to mea-
sure flutter frequency. The optical system description and
detailed spectral results have previously been reported.10 For
completeness, a brief description of the optical system, fre-
quency, blade displacement, and nodal diameter data for the
front row alone are repeated herein.

Apparatus and Procedures
The experiment was done in the NASA Lewis 8- by 6-ft

Supersonic Wind Tunnel.11 The tunnel has porous walls and
a rectangular test section that is 2.44 m high and 1.83 m wide.
The freestream Mach numbers ranged from 0.50 to 0.84 dur-
ing the experiment. The Lewis Counter-Rotating Pusher Pro-
peller Test Rig12 was floor strut mounted in the tunnel, as
shown in Fig. 1. Two rotors are driven by independently
controlled air turbines, allowing different and independent
rotational speeds. The forward and aft blades were designed
for the same speed, but were operated at different speeds to
obtain the flutter data. There are 13 F21 blades in the forward
row and 10 A21 blades in the aft. The propeller diameters
are nominally 0.62 m (2 ft). Table 1 gives some of the design
and model characteristics.

Fig. 1 F21/A21 model installed in the NASA Lewis 8- by 6-ft Super-
sonic Wind Tunnel.
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Table 1 F21/A21 design and model characteristics

F21 A21

Number of blades
Tip diameter, cm (in.)
Hub-to-tip ratio
Spacing between rows, cm (in.)
Design cruise Mach number
Design advance ratio
Design power coefficient5

Tip speed,0 m/s (ft/s)
Aerodynamic tip sweep, deg

13a

61.80 (24.33)
0.429

14.99 (5.90)
0.80

3.124
2.79

243.8 (800)
45

10
59.66 (23.49)

0.423
14.99 (5.90)

0.80
3.214
2.79

243.8 (800)
25

aDesigned for 11 forward blades.
bBased on the forward row and using the anhulus area.
cAt nominal design cruise condition.
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Fig. 2 Optical blade deflection measurement system diagram.

Fig. 3 F21 blade model.

An optical system, developed to measure deflections of
unducted blades, was used to measure blade vibrations at
flutter.13 This system uses two laser beams as illustrated in
Fig. 2. One beam is aimed across the blade path to a pho-
todiode. Each time a blade interrupts the beam from reaching
the diode a negative voltage pulse is created. The second beam
is reflected to another photodiode when a small mirror on
the blade hub rotates past it. This creates positive voltage
pulses with spacing equal to the once-per-revolution time. The
steady-state displacements are found by averaging, typically
over 100 revolutions, the instantaneous blade positions rel-
ative to the once-per-revolution pulse. The dynamic displace-
ments are found by subtracting the averaged steady-state dis-
placements from the original blade positions. The optical
displacement data were recorded on magnetic tape and pro-
cessed after the experiment.

Figure 3 is a planform and edge-view photograph of an F21
model blade. The blade is constructed of a graphite/glass shell
and a spar and shank of titanium. The wires at the blade base
are from foil resistance strain gauges on the blade pressure
surface. At the start there were a total of 12 blade gauges oh
the F21 rotor. However, nine gauge signals were lost early in
the experiment.

Figure 4 shows the first three calculated in-vacuum non-
rotating frequencies, and mode shapes for an F21 blade. The
modes all have coupled motions, but the primary motions are
used to describe them. The modes are first bending, second
bending, and first torsion, respectively. The measured flutter
frequencies arid mode shapes, discussed later, fall close to
those of the first and second calculated modes.

Except for the windmilling (uripowered rotor) flutter points,
flutter was reached by manually powering the rotor to increase
the forward rotor speed, at a fixed wind-tunnel Mach number
and aft rotor power. The forward rotor speed was incremented
in 20-rpm steps as flutter was approached. The windmilling
points were reached by slowly increasing the tunnel Mach
number. These procedures were reversed, but with haste, to
get out of flutter. At powered points the rotor was automat-
ically unpowered when a preselected strain limit was reached.

Results and Discussion
Experimental results are given at flutter for the F21 propfan

model tested alone, and with the stable A21 CR blades in the
aft row. Two distinct flutter modes were found. For both
modes, flutter boundary, frequency, nodal diameter, and dis-
placement data are discussed, in the order listed.

The measured stability boundaries for the F21 propfan in
terms of the basic operating parameters (rotor speed vs free-
stream Mach number) are given in Fig. 5. Flutter conditions
are given for three different blade setting angles and the single
and dual rotors. The stable region is the area below the flutter
boundary. The data shows that the stable region of operation
decreases as the blade angle increases. Comparing the solid
and dashed flutter boundaries, we see that at most conditions
the unpowered aft rotor caused a small increase in the stability
of the F21 rotor. The solid symbols above the dashed bound-
ary are conditions where the aft rotor is powered, with in-
creasing power moving toward the top of the figure. The F21
stability was increased further at these conditions. The effect
of the aft row can be explained if we consider that the presence
and powering of the aft row causes the magnitude of the local
axial flow velocities into the front row to change. This in turn,

Fig. 4 F21 blade calculated nonrptating natural frequencies and mode
shapes: a) mode 1 (159 Hz), b) mode 2 (375 Hz), and c) mode 3 (659
Hz).

Blade angle (0.75 R),
deg

O 55.0 55.5
D 58.1 58.6
A 61.2 61.7

Open symbol, single rotor
Solid symbol, dual rotor
Flagged symbol, forward rotor
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* Flutter boundary
> Flutter boundary with aft

rotor unpowered
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Fig. 5 F21 propfan flutter boundaries, rotor speed variation with
freestream Mach number.
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Table 2 Rotor power coefficient summary at flutter with the dual rotors

Blade angle
(forward/aft),
deg
55.0/55.5

58.1/58.6

61.2/61.7

Freestream
Mach

number

0.50
0.60
0.70
0.60
0.65
0.70
0.74
0.70
0.74
0.79
0.82
0.84

Power coefficient,41

forward rotor,
aft rotor unpoweredb

2.40
1.76
0.60
2.35
2.06
1.63
0.96
1.74
1.72
1.86
1.04
0

Power coefficient/1

(forward rotor/aft rotor),
aft rotor at max power

2.37/1.97
1.57/2.17
0.34/1.02
2.23/2.50
1.89/2.46
1.41/2.07
0.96/2.13
2.17/2.34
1.88/2.26
1.41/2.07
0.54/1.33

——
aBased on the forward row and using the annulus area.
hPower coefficient of aft rotor is zero.

/' Blade angle (0.75 R),
deg

Forward Aft
O 55.0 55.5
D 58.1 58.6
A 61.2 61.7

Open symbol, single rotor
Solid symbol, dual rotor
Flagged symbol, forward rotor

unpowered
_J_____|

.60 .65 .70 .75
Freestream Mach number

.85 .90

Fig. 6 F21 propfan flutter boundaries, advance ratio variation with
freestream Mach number.

changes the angles of attack and relative velocities of the flow
into the row because of induced flow. We suspect it is the
change in one or both of these parameters that results in the
increased stability of the front row.

Table 2 gives a summary of the power coefficients for both
rotors, at the unpowered and the maximum powered aft rotor
conditions. The power coefficient of each row is given by the
equation

Cp =

where Cp is the power coefficient, P is the power absorbed
by the row, p is the freestream air density, n is the front row
rotor speed, 'dtip is the front row tip diameter, and A is the
frorit row annular area. With this definition the ratio of power
coefficients is equal to the ratio of row powers. Table 2 shows
that the aft rotor was powered to significant levels relative to
the forward rotor.

In Fig. 5, observe the slope differences between and the
slope changes along the flutter boundaries. The boundary for
the 55-deg blade angle has a small increase in flutter rpm with
increasing freestream Mach number up to the unpowered
flutter point at Mach 0.76. The same is true for the 58.1-deg
blade angle boundary up to a Mach number of 0.75, but then
a change occurs and the flutter rpm decreases with increasing
freestream Mach number. The boundary for the 61.2-deg blade
angle shows a greater rate of flutter rpm increase than the
other boundaries up to a Mach of about 0.80. Then, a sudden
change occurs and the flutter rpm decreases, similar to the
boundary for the 58.1-deg blade angle. The cause for the slope
changes, and differences along the boundaries are discussed
later and are attributed to a change in the physics of the flutter
and the modes along the boundaries, respectively.

To get a better physical understanding of what is happening,
the flutter boundaries are redrawn in Fig. 6. Now the variation
of advance ratio at flutter is shown with freestream Mach
number. Advance ratio J is given by the expression

where Vaxial is the freestream velocity, and Vtip is the tip ro-
tational velocity. Advance ratio is used because it is available
data and is related to the angle of attack of the flow into the
row at the blade tips. The expression relating the advance
ratio and the angle of attack at any blade radius r is

a = P - arctan(7/7T x rtip/r)

where a is the angle of attack at r, fi is the blade angle of the
deflected blade shape at r, and rtip is the tip radius. Calculated
contours of constant relative tip Mach number are also shown.
Interestingly, all three boundaries appear to reach a limit at
a relative tip Mach number of about 1.10. Once this Mach
number is reached flutter occurs regardless of the value of
angle of attack. It is inferred that this Mach number limit is
the cause of the negative slopes in Fig. 5. Now consider the
boundaries in Fig. 6 at relative tip Mach numbers less than
1.10. In this region a positive boundary slope indicates both
a relative tip Mach number and an angle-of-attack change
along the boundary. We see that the slope of the lower two
boundaries is significantly greater than the slope of the upper
boundary. This indicates that the change in angle of attack
as relative tip Mach number varies is larger for the lower two
boundaries compared to the upper boundary. As a matter of
fact, the very small slope of the upper boundary means that
the angle of attack is almost constant along the boundary.
Thus, in this flow velocity region along the upper boundary,
angle of attack appears to be a flutter limit regardless of the
value of relative tip Mach number. A factor that may be
causing the difference in sensitivity to angle of attack between
the boundaries is a difference in flutter mode for the bound-
aries. It will be shown that the flutter mode associated with
the lower two boundaries is second bending, and with the
upper boundary it is first bending. From the slopes of the
isodisplacerrtent contours in Fig. 4, we see that the blade
motion for the second bending mode (mode 2) has a large
torsion component in the tip region compared to the first
bending mode (mode 1). We conclude from Fig. 6 that the
physics of the flutter is different at and below a relative tip
Mach number of 1.10.

The flutter, frequencies are shown on a Campbell diagram
in Fig. 7. Also shown, for the first two modes, are the cal-
culated in-vacuum single blade natural frequencies, and the
nonrotating bench measured frequencies. The data shows that
the flutter occurred in either of two distinct flutter modes.
One flutter mode is near the first natural blade mode (the
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Fig. 8 F21 propfan flutter frequencies and nodal diameters on the
single rotor flutter boundaries.

first bending mode) and the other is near the second (the
second bending mode). In addition, some of the flutter points
near the second natural mode fall close to the four-engine-
order excitation line (for further details see Ref. 10). How-
ever, the displacement data obtained from the optical mea-
surements show that none of these points have the phase
relationship that is necessary for a four-engine-order forced
response.

The flutter boundaries for the single rotor are revisited in
Fig. 8 to show the variation of flutter frequency and nodal
diameter along the boundaries. Nodal diameters are calcu-
lated from the average of the measured blade-to-blade phase
angles around the rotor. The phase angles had large variation
around the rotor, such that if measurements were taken from
only a few blades (like is typically done when only strain
gauges are used) an accurate value of nodal diameter would
not have been obtained. The higher frequency flutter mode
occurs along the entire two upper boundaries. In contrast,
the frequency of the flutter mode changes along the lower
boundary. The lower frequency flutter mode occurs along the
positive slope portion, and the higher frequency flutter mode
along the negative slope portion. The mode change is at about
the 0.80 freestream Mach number, and this corresponds to
the condition where the relative tip Mach number reaches the
1.10 limiting value in Fig. 6. There are also multiple nodal
diameters and frequencies at some flutter conditions in Fig.
8. The spectral data10 shows that all the modes listed at each
condition went unstable at the same time. The mode of largest
amplitude is shown at the top of each column. Readers in-
terested in seeing details of the flutter response spectra are
directed to Ref. 10.

An indication of the flutter mode shapes from the optical
displacement measurements is shown in Fig. 9. The mode
shapes, represented by the ratio of leading-edge to trailing-
edge amplitudes, were measured at a blade span near the tip.
Also shown, are in-vacuum calculated single blade results for
the first two blade natural modes. These are at the two ex-
tremes of blade setting angle, 55 and 61.2 deg; and for the
rotational speeds that span the experimental range associated
with the blade angles. The variation in frequency for each
calculated natural mode is caused by the change in rotational
speed or blade angle, since these are in-vacuum calculations.
Also, shown on the figure are the nodal diameters associated
with each measured point. They were obtained from the op-
tical displacement spectra.

The first group of measured points cluster near the calcu-
lated points for first natural mode and differ little in both
frequency and mode shape from the calculated values. Hence,
the measured points appear to be from a single-degree-of-
freedom flutter mode associated with the first natural mode.
The nodal diameters for this group of points range from — 3
to -6. The variation of frequencies for the measured and
calculated points is about the same.

The second group of measured points is clustered to the
right and slightly below the points for the second calculated
natural mode. Using the calculated points as a measure, the
spread in frequency for this flutter mode is larger than can
be attributed to the change in rotor speed or blade angle.
However, the spread may be due to a variation of flutter
frequency with nodal diameter. The measured and calculated
mode shapes for this group are in closer agreement than those
of the first group. These measured points also appear to be
from a single-degree-of-freedom flutter mode, but are asso-
ciated with the second natural mode. The nodal diameters for
these points range from 0 to -2. There is only one point with
a nodal diameter of 3.

The points not near the clusters associated with the two
natural frequencies are, in general, secondary flutter re-
sponses of lower amplitude. These points have nodal diam-
eters of 2 and 3, and would probably be associated with the
second natural mode from their frequencies alone. However,
their amplitude ratios show they are not associated with the
second mode, and illustrate the wide range of amplitude ratios
possible for nonintegral order, self-excited vibrations in tran-
sonic flow.

Blade
angle

(0.75R),
deg

o 55
o 58
A 61.2
o Open, single rotor
• Solid, dual rotor
O Flagged, calculated

• 2
• 2

-Nodal
diameter

200 250 300 350 400 450 500 550 600
Frequency, Hz

Fig. 9 Variation of average F21 blade leading-to-trailing-edge am-
plitude ratio and nodal diameter with flutter frequency."
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Concluding Remarks
A wind-tunnel experiment was done to determine the effect

of a stable counter-rotating propfan blade row on the stability
of a row that fluttered. The fluttering row was tested alone
and with the stable blades in the aft row. A nonintrusive
optical method, used to measure blade vibrations during flut-
ter, provided complete blade-to-blade phase information and
an indication of the flutter mode shapes. Conventional strain
gauges were used to measure flutter frequency. Some major
conclusions of the work are as follows:

1) The presence of a stable aft counter-rotating blade row
had a small stabilizing effect on a fluttering blade row. The
stability increased with increased power of the aft row.

2) Two distinct flutter modes occurred. One flutter mode
was associated with the first, and the other with the second
natural blade mode.

3) The dominant nodal diameters found were — 3 to — 6
for the lower frequency flutter mode, and 0 to —2 for the
higher frequency mode.

4) At lower Mach numbers the flutter had a dependence
on angle of attack and relative tip Mach number. But the
angle-of-attack range was much smaller for the lower fre-
quency flutter mode compared to the higher frequency flutter
mode. However, when a relative tip Mach number of about
1.10 was reached it became the limiting parameter, and the
flutter occurred independently of the value of the angle of
attack.

5) Increasing the blade angle had a destabilizing effect.
It can be concluded from the experiment that flutter anal-

yses developed for single rotor propfans should give conser-
vative results when used for counter-rotating rows similar to
the ones tested. More accurate analysis should include the
effects of row interactions.
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