
876 J. AIRCRAFT VOL. 28, NO. 12

Experimental Investigation of Periodically Excited
Rotating Composite Rotor Blades

O. Rand*
Technion—Israel Institute of Technology, Haifa, Israel

Experimental procedure for investigating the structural dynamics characteristics of thin-walled composite
helicopter rotor blades undergoing periodical excitation during rotation is proposed and demonstrated. The
testing setup, which is based on measurements in a vacuum chamber, provides the isolation of the structural
dynamics behavior by eliminating the aerodynamic loads and introducing deliberate periodic concentrated loads
at the blade's tip. The study presented in this paper includes the testing of thin-walled composite box beams in
the nonrotating static case and in the case of periodic loading during rotation at various angular speeds along
with comparisons with theoretical predictions. The investigation of the measured composite-related couplings
and rotational effects showed some significant nonlinear characteristics.

Introduction

BASED on various levels of approximations, theoretical
models capable of analyzing composite beams have been

available for more than a decade.1"12 However, experimental
investigations are rare.13'15 Among the experimental investiga-
tions that were aimed toward systematic study of the com-
posite-related coupling effects in thin-walled beams, Ref. 15
represents the state of the art. In this study, a number of
graphite/epoxy box beams were fabricated and examined. In
addition to their static testing under various tip loads, the
blades were excited by piezoelectric elements, which enabled
the measurement of natural frequencies and mode shapes.

Experimental investigation of the structural dynamics be-
havior of helicopter blades usually involves considerable diffi-
culties. Besides the need to be able to apply rotation to the
blades and to transmit the measurement readings from the
rotating frame to the nonrotating frame, there are difficulties
in applying periodic excitation that does not introduce addi-
tional uncertainties to the measurements so that the structural
dynamics behavior of the blades can be directly measured and
subsequently analyzed. The main source of such uncertainties
is usually the aerodynamic loads. The prediction of these loads
includes a variety of assumptions (such as three-dimensional
modeling of a number of lifting surfaces and their wakes,
unsteady and viscosity effects, blade interaction, numerical
discretization, etc.), which makes it impossible to analytically
isolate the structural dynamics behavior.

Within the present investigation, an experimental setup that
is capable of providing a direct measurement of the structural
dynamics behavior of rotating composite blades has been de-
veloped and demonstrated. The blades were built as thin-
walled beams having rectangular cross sections. A set of such
instrumented blades made of orthotropic laminae with differ-
ent lay up angles were tested in a vacuum chamber where all of
the aerodynamic effects were negligible. The periodic excita-
tion was applied by a tip concentrated force through a special
mechanical arrangement.

The experimental setup is described in the following. Then,
typical experimental results of static and dynamic testing are
presented along with comparisons with predictions based on
the theoretical modeling of Ref. 12.

Theoretical Background
Theoretical models of thin-walled composite beams are usu-

ally based on two main assumptions.1'12 The first one takes
advantage of the blades' high aspect ratio, which enables one
to neglect the deformations in the chordwise direction com-
pared with those in the spanwise direction (rigid cross section
assumption). The second assumption is based on the small
thickness of the cross-sectional walls compared with a typical
width (chord), which enables one to assume a state of plane
stress throughout the walls. Consequently, the axial stress a$
and the shear stress T^ at each point along the cross-sectional
walls may be written as
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where Cn, C66, C16 are elastic moduli and e^, y^ are axial and
shear strains, respectively. Usually, in the case of multilayered
skin, the elastic moduli are taken to be the equivalent moduli
that are obtained by averaging these quantities according to
the modulus and thickness of each lamina. Thus, compared
with isotropic blades, the second assumption mentioned above
leads to an additional elastic modulus Ci6 that couples shear
strain with axial stress and axial strain with shear stress.

As shown by Eq. (1), proper prediction of the shear strain
distribution y^ is essential in the case of nonvanishing cou-
pling since it plays a role in the determination of both axial
and shear stresses/As a result, the ability to predict this shear
strain accurately, which is a function of the ability to provide
detailed out-of-plane warping distribution, is one of the im-
portant characteristics of the theoretical models. Thus, exper-
imental data regarding the behavior of e$ and 7^, which are
proposed by the present study, provide both better insight into
the problem and may help in assessments of the theoretical
models. It should be mentioned that the theoretical predictions
of Ref. 12, which will be used in what follows, are also based
on the above assumption of constant strain throughout the
wall thickness [see Eq. (1)]. However, for the wall thickness of
the cross section under discussion in the present paper, this
assumption is expected to have only a minor effect.

Experimental Setup
Vacuum Chamber

A schematic view of the experimental setup is presented in
Figs, la and Ib. As shown, a single blade and a counter mass
are rotated in a cylindrical vacuum chamber by an external
variable-speed electric motor. The blade is clamped to the
rotation axis at an adjustable distance from it. A load cell is
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Fig. 1 Schematic view of the experimental setup.

connected to the blade at its tip and to a small wheel that
moves along the circumference of a tilted ring plane. The tilt
angle of this plane ap and its height hp may be adjusted.
Consequently, the blade tip is forced to trail the plane's cir-
cumference, which creates a 1/revolution excitation. For the
sake of convenience, the azimuth angle ^ = 0 has been chosen
at the location where the tilted plane reaches its maximum
height and the azimuth angle \l/ = 180 deg refers to the mini-
mum height position. Thus, the blade flatwise tip displace-
ment may be written as

Wt = W0 + Wc ' COS\l/ (2)

where w0 and wc are adjustable.
During a test, the load cell measures the time-dependent

force acting on the blade's tip in the vertical (flatwise) direc-
tion and in the horizontal (edgewise) direction (see details in
Fig. Ib), whereas the mechanical arrangement ensures no tor-
sional moment or torsional constraint at the tip. Strain gauges
are located at various locations over the blade.

The blade's azimuthal position is determined by an addi-
tional signal that arises from a reference pointer that is con-
nected to the rotating system and passes over a photoelectric
port once in each revolution.

All strain gauges and load-cell readings and the pointer
signal are transmitted to the norirotating frame by a system of
slip rings. These readings are then passed through an analog/
digital converter and fed into a computerized data acquisition
system.

Thus, knowing the loads acting at the blade's tip (which are
measured by the load cell) provides complete experimental
data where the tested blade is submitted to known tip periodic

loads and performs given tip flatwise deformations while the
time-dependent strains over its walls are also measured.

Composite Blades
In the present study, thin-walled uniform composite blades

having a rectangular cross section and made of P109/glass
orthotropic laminae were tested. A scheme of a typical blade
is shown in Figs. 2a-2c. To clarify the following discussion,
two reference systems of coordinates (x,y,z) and (£,??, f) are
also shown in this figure. The origin of the (x,y,z) system is
located at the middle of the blade's cross section at its root,
the x-coordinate line connects all of the cross-section centers,
and the x-y plane is parallel to the blade's horizontal walls.
The local system of coordinates (£,??,£) is located at each point
along the cross-sectional walls, £ is parallel to x, and t] is
tangent to the local contour.

All blades were made of four identical orthotropic (cloth)
laminae. Fabrication was based on room temperature hand lay
up using a mold and cured under pressure according to the
material processing specifications. Overlapping of the plies
was limited to a small area at the cross-sectional corners. For
each blade, the angle 6 between the principal axis of the
laminae and the x -coordinate line (see Fig. 2b) was different
but constant along the entire contour. This case is usually
referred to as the antisymmetric case. Three different blades
were tested: blade 1 where 6 = 0, blade 2 where 6 = 22 deg, and
blade 3 where 0 = 45 deg. The weights of the blades were
practically identical (0.08 kg/m).

As stated earlier, the blades are equipped with strain gauges.
There are four strain rosettes over each blade—two on the
upper horizontal wall and two on the lower horizontal wall.
This enables the measurement of the normal strains e^ and the
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evaluation of the shear strain y^ at each point. Following the
notation of Fig. 2c, the blade dimensions and the gauge loca-
tions are the following: L = 0.285 m, b = 0.028 m, h = 0.007
m, t = 0.0008 m, r^ = 0.01 m, and r2 = 0.155 m.

Load Cell
The load cell has been designed to give separate readings of

the vertical (flatwise) force and the horizontal (edgewise)
force. By using the output readings of a number of strain
gauges located on the load cell, it became possible to combine
these readings in such a way that will compensate for possible
induced measurement noises.

It should be noted that there are some additional small loads
acting on the blade due to the mass of the joint used to connect
the load cell to the blade and due to small gyroscopic effects
that are created by the wheel's spinning during rotation. How-
ever, these are purely dynamic effects that are fully predictable
since all of the involved parameters are known including the
tip flatwise motion. Calculations have shown that these effects
are negligible, although it is possible to take them into account
as part of the tip loads.

Test Procedure
The following are the main stages of a typical test procedure:
1) The load cell and strain gauges are calibrated.
2) The height hp and the tilt angle of the plane ap are set to

their required values.
3) The vacuum pump is turned on to create sufficient vac-

uum level (usually 650 mm Hg).
4) The electric motor is turned on and set to give the re-

quired rotational speed (up to 1000 rpm).
5) Load-cell and strain-gauge readings are taken (at the rate

of 2000 Hz) and stored digitally in the data acquisition system.

a) Systems of coordinates

Results and Discussion
Properties of the Blades

Preceding the study of the behavior of the blades under
dynamic loads, the structural properties of the blades were
estimated using experiment/theory correlation study for sim-
ple static cases that will be described in this section. Typically,
7-10 specimens were fabricated for each lamination angle.
The results presented in what follows are of one blade from
each group that exhibits averaged characteristics of that
group. The spreading of the experimental results of this study
may also provide an indication regarding the quality of the
tested specimens. As mentioned earlier, the blades differ only
by their laminae angle 6 relative to the x directions (see
Fig. 2b). Therefore, in order to measure the effective skin
properties, it is convenient to use the uncoupled blade (6 = 0)
as a reference where only two nonvanishing elastic moduli
have to be measured. This enables the prediction of the elastic
moduli of blades having nonvanishing composite couplings.

The uncoupled blade (blade 1) has been tested under succes-
sive tip flatwise forces and tip torsional moments. Figure 3a
presents the strain at gauges 2, 8, 5, and 11 (see also Fig. 2c)
as a function of the flatwise tip force. In addition, the strain
in the T\ direction, e^, which has been calculated by the three
measurements of the strain rosette, is shown in Fig. 3b as a
function of the axial strain e^ for various points along the
blade.

The full lines in Figs. 3a and 3b are the theoretical predic-
tion of this case that were obtained for blade 1 by assuming
that the effective extension elastic modulus Cn and the Pois-
son's ratio v\2 are 1.53 x 1010 N/m2 and 0.14, respectively.

The uncoupled blade 1 enables also a simple measurement
of the shear modulus C66 by means of measuring the shear
strains along the blade that are created by a tip moment in the
x direction. The results for this case are presented in Fig. 4.
The corresponding theoretical prediction, which is presented
by a full line in Fig. 4, yields good correlation with the exper-
imental data provided that C66 = 0.25 x 1010 N/m2.

Transformation of the previously mentioned properties of
blade 1 to the case of nonvanishing laminae angles yields the
predicted properties of blades 2 and 3. Table 1 summarizes
these results. As shown, blade 1 is uncoupled with C66/
Cn = 0.16, blade 2 has composite coupling, and blade 3 is a

1000-

500 -

c) Locations and numerations of the gauges

Fig. 2 Structure and dimensions of the blades.

5 10

FLATWISE TIP FORCE (N)
Fig. 3a Axial strain as function of the tip flatwise force (uncoupled
blade).
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Fig. 4 Strains as functions of tip torsional moment (uncoupled
blade).

quasi-isotropic blade with relatively high shear modulus—C66/
Cn = 0.59.

Partial validation of the calculated properties of blades 2
and 3 are presented in Fig. 5. In this figure, the longitudinal
strains at gauges 5 and 11 are presented as a function of the
flatwise tip force for all blades. The dashed lines represent the
theoretical predictions that were carried out for blades 2 and 3
according to the tabulated values of the elastic moduli. The
correlations presented in this figure confirm the reduction in
the flatwise stiffness with increasing values of 6, as shown by
Table 1.
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Fig. 5 Axial strains as functions of the flatwise tip force.

Static Behavior
As a first step toward the investigation of the structural

dynamics behavior of the blades, the blades were tested stati-
cally. This part of the experiment includes the measurement of
the main features of antisymmetric blades, namely, the exten-
sion-torsion coupling and the bending-shear coupling. As
shown in Ref. 12, these couplings are the result of the non-
vanishing elastic modulus C16 that connects normal stresses to
shear strain and shear stress to normal strain [see also Eq. (1)].
In the following tests, the blades were clamped at their root by
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placing them in a rigid frame. However, out-of-plane warping
was not completely restrained.

Extension-Torsion Coupling
To measure the extension-torsion coupling mechanism, the

blades were subjected to a tip tension force varying between 0
and 80 N. The force was applied by a weight that was con-
nected to the blade's tip in a way that no twist, bending slopes,
or warping constraints were induced. The tip rotation angle
has been measured using a thin stick of negligible weight,
which was connected as a pointer to the blades tip and ampli-
fied the readings over a large screen. The results of this test for
blade 2 are presented in Fig. 6. As shown, the tip twist grows
nonlinearily with the tip load. The linear theoretical calcula-
tions in this case predict a slope that is smaller than the
experimental one even for the low loads region. Accordingly,
nonlinear modeling of this case seems to be inevitable.

0.6 -

0.5 -

3 0.4

0.3

0.2
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10 20 30 40 50 60 70 80
TIP TENSION FORCE (N)

Fig. 6 Theory/experiment correlation of the tip rotation as function
of the tip tension force (coupled blade).

Table 1 Elastic moduli of the blades (x 10~10 N/m2)

Blade C66

T

TIP FLATWISE DISP. ( w / L x l O 3 )

Fig. 7 Tip edgewise displacement vs tip flatwise displacement due to
tip edgewise force (coupled blade).

1.53
1.32
1.12

0.0
0.20
0.0

0.25
0.45
0.66

Bending-Shear Coupling
Static study of the bending-shear coupling has also been

carried out for blade 2. In this case, the clamped blade was
subjected to a series of increasing tip loads in the y direction.
As in the previous case, an amplification technique was used
to measure the resulting tip deflections in the y and z direc-
tions. The results are presented in Fig. 7 along with the theo-
retical predictions for this case. Compared with the previous
correlation, the agreement in this case is better. As shown,
relatively small values of flatwise displacements are created
by the bending in the edgewise direction. (Note that the hori-
zontal and vertical axes are scaled differently.) It should be
mentioned that, according to the theoretical predictions of
Ref. 12, it is expected that the resulting edgewise displace-
ments due to flatwise bending would be much smaller. To
demonstrate the sensitivity of this coupling effect to the elastic
moduli values, two additional calculations of a blade with
slightly different properties are also given in Fig. 7. Note that
both increasing the C\(> modulus and decreasing the C6g mod-
ulus tend to increase the bending-shear coupling effect. De-
tailed insight and explanation of these couplings may be found
in Ref. 12.

Dynamic Behavior
Free Vibrations

Prior to the study of the response of the blades to periodic
loads, the blades were tested under the action of a vibrator
that generated vibratory point load in the flatwise direction at
the blades' roots. The nonrotating blades were cantilevered
during this test. Examination of the gauge's response in this
case enables simple detection of the free vibration frequency.
The first mode frequency is presented in Fig. 8 along with the
theoretical predictions. Note that the Cn elastic modulus pre-
dominates the flatwise vibratory motion in this case. As
shown, the theoretical calculations are consistently high; how-
ever, the general decrease in the natural frequency with respect
to Cn is well predicted. The discrepancy presented in Fig. 8
seems to originate from the imperfect clamping conditions at
the root and, in particular, from the absence of warping
constraints. To enable comparison with full-scale blades, the-
oretical prediction of SouthwelPs plot for the natural frequen-
cies was performed. Denoting the natural and the rotational
frequencies by co and Q, respectively, the theoretical predic-
tions enable the following approximations:

If co and fi are given in cycles per second, the values of K\ are
4624, 3969, and 3364, and the values of K2 are 3.48, 4.59, and
5.89 for blades 1,2, and 3, respectively.

Periodic Response
Typical results of the study of the behavior of the blades

under periodic excitation are presented in this section. In the
following tests, the blades were clamped at a distance of 0.03
m from the rotation axis. In some of these time-dependent
results, two lines will be presented for each case: a noisy (full)
line, which represents the actual measurement, and a smooth
(dashed) line, which represents the result of filtering the high
harmonics. Although each test is based on a number of revolu-
tions (usually 10-20), only the behavior of a single typical
revolution is presented. Comparison of various revolutions of
the same test showed extremely high correlation and were
practically identical.
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Fig. 9 Tip flatwise force for two different angular velocities (uncou-
pled blade).

The load-cell readings for blade 1 are dealt with first. In
Figs. 9a and 9b, the flatwise load that was measured by the
load cell is presented for two different angular velocities. As
shown, the vertical force is increasing with speed since the
plane tilt angle was kept constant throughout these tests and
the centrifugal force component in the flatwise direction had
to be compensated. Compared with metal blades, the stiff-
ness/weight ratio of composite blades is high and, therefore,
the differences in the flatwise force between these two angular
speeds is relatively small. By comparing Figs. 9a and 9b,
dynamic effects in the blade's behavior can be recognized. At
low angular velocity (Fig. 9a), the vertical force tracks the
blade tip flatwise displacement and, therefore, reaches its
maximum and minimum values very close to the azimuth
angles of 0 and 180 deg, respectively [which are also the
maximum and minimum locations of the flatwise tip displace-
ment—see Eq. (2)]. At high rotational speed, it can be seen
from Fig. 9b that, after decreasing in the 0 < i//< 90-deg re-
gion, the tip load decreasing rate is reduced around \l/ = 100
deg before the minimum tip load is reached (at ^ = 200 deg).

This is a consequence of the blade's flatwise inertia, which acts
downward at that region.

The time-dependent edgewise force that is transferred to the
blade through the load cell is shown in Figs. lOa and lOb.
Compared with the flatwise excitation, the edgewise load is
relatively small and hardly varies with the angular speed.

The strain-gauge measurements are dealt with next. The
axial strains over the upper and lower horizontal walls of
blade 1 are presented in Fig. lla. As shown, these strains
perform a substantial 1/revolution motion with relatively
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360

90 180 270 360
b) Azimuth Angle (Deg.)

Fig. 10 Tip edgewise force for two different angular velocities (un-
coupled blade).
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Fig. lla Axial strains over the upper and lower horizontal walls
(uncoupled blade).
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Fig. lib Theory/experiment correlation of the axial strains over the
upper horizontal wall (uncoupled blade).
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small amplitude higher harmonic components. It is evident
that, unlike the case of nonrotating bending, the behavior is
not symmetric (i.e., the absolute values of the readings of
gauge 2 are not identical to those of gauge 8 and the same is
true for gauge 5 and gauge 11). This is due to the additional
extension strain that is caused by the rotation. Theoretical
predictions that were based on the first harmonic of the tip
force are presented in Fig. lib for gauges 2 and 5.

Comparisons between the uncoupled blades (blades 1 and 3)
at constant tip deflection (both magnitude and first harmonic)
are presented in Figs. 12a-12c and 13a-13c for three speeds.
It is shown that, due to the different stiffnesses, there are
notable differences in the flatwise tip force (Figs. 12a-12c).
Examination of the extension strain at .gauge 11 for these
blades (Figs. 13a-13c) shows that, as expected, for low speed
the strains are similar. However, as speed increases, differ-
ences start to appear due to the stiffnesses differences and the
nonlinear influence of the rotational effects. These effects are
usually negligible in static cases and their analytical prediction
requires the introduction of nonlinear geometrical terms as well.

The axial strain in gauge 11 of blade 2 exhibits similar
behavior. Figure 14 presents a comparison of this strain in
blade 2 with the theoretical predictions. As shown, the pre-
dicted amplitude is slightly higher, which may result from
constraints in the root region that are not fully modeled by the
theory.

The extension-torsion coupling effect in antisymmetric
composite blades that was statically demonstrated earlier us-
ing a tip tension force is one of the main features of rotating
composite helicopter blades. To demonstrate this effect, the
strains in gauges 7, 8, and 9 of blade 2 are presented in
Fig. 15a. Using the filtered results of these measurements, the
shear strain 7^ has been calculated. Then, with the aid of
Eq. (1), the axial and shear stresses a$ and T^ were determined.
The calculated results are presented in Fig. 15b. As shown, the
shear strain is negative (which corresponds to twist in the
positive x direction—see Fig. 2a). However, the shear stress is
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Fig. 13 Axial strains at the lower horizontal wall for three angular
velocities (uncoupled blades).
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Fig. 14 Theory/experiment correlation of the axial strain over the
lower horizontal wall (coupled blade).
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practically zero. This is due to the opposite contributions of
the terms C16 • e^ and C66 • r^ [see Eq. (2)], which are shown by
dashed lines in Fig. 15b. This interesting consequence is ex-
pected since no torsional moment is imposed and the resulting
shear strain is the outcome of twist that has been created only
by the composite related coupling effects.

Comparison of the shear strain variation with the corre-
sponding theoretical prediction is presented in Fig. 16. Al-
though relatively high discrepancies exist, similar trends may
be observed. It should be mentioned that, since the shear
strains are small, their prediction in cases where they are
coupled with large axial strains is difficult.

A similar picture to that of Figs. 15a and 15b is observed at
the inboard station of blade 2 (gauges 10, 11, and 12), as
shown in Figs. 17a and 17b. Note that the axial stress is much
higher at this point; however, the shear strain (which repre-
sents the twist) is similar to the previous case.
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Fig. 17a Strains at the inboard station over the lower horizontal
walls (coupled blade).
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walls (coupled blade).
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Fig. lib Shear strain and stresses at the inboard station over the
lower horizontal wall (coupled blade).
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lower horizontal wall (coupled blade).
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Fig. 16 Theory/experiment correlation of the shear strain and shear
stress at the lower horizontal wall (coupled blade).

Concluding Remarks
An experimental study of periodically excited thin-walled

composite blades has been presented. The experimental setup
is based on a unique arrangement that allows the introduc-
tion and measurement of periodic tip loads forced upon the
blades while the resulting strains at selected locations are also
measured.

By isolating the structural dynamics behavior, this testing
method may serve as a basic tool during the development of
new blades. Moreover, by eliminating uncertainties concern-
ing the aerodynamic loads, it supplies ideal results for correla-
tion of structural dynamics computer codes and enables the
study of fine structural dynamics effects.

The potential of the proposed technique to serve as a testing
facility for studying the structural dynamics behavior of vari-
ous helicopter blades has been demonstrated by examination
of different blades in various angular speeds.

Comparisons with analytical predictions showed general
reasonable agreement and pointed out a few regions where
improvements in prediction capability is needed.

The following are the most important characteristics ob-
served by the present investigation:

1) The extension-torsion coupling exhibits nonlinear behav-
ior even for relatively low and static tension loads.

2) The bending-shear coupling may be reasonably deter-
mined by linear theory.

3) The nonlinear effects of shear modulus/axial modulus
ratio that are usually negligible in static cases become signifi-
cant during rotation and should be taken into account in
theoretical predictions.

4) It has been confirmed that, compared with typical
isotropic (metal) blades, the effective rotational stiffness is
relatively small in composite blades due to their high stiffness/
weight ratio.
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