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Background and Objectives

The presentation reviews analytical work which has been conducted in the Structural
Mechanics Branch towards the development of smart casing structures with embedded
piezoelectric actuators enabling active control of blade tip clearance. The regulation of
clearance between the blade-tip and casing is a significant problem for advanced aero-engines.
Variations of clearance may occur during a flight cycle, leading to the development of secondary
flows, losses of pressure and efficiency if the clearance is too high, or to rubbing between the
blades and casing if the clearance is too small. Various factors affecting tip clearance include:
deformation of the blades due to changes in rotating speed; distortion of the casing from uneven
pressure; thermal deformation of the blades and the casing due to temperature differentials and
gradients; and vibrations of the blades, casing and rotor. Consequently, the development of active
structures with embedded piezoelectric actuators seems a very promising technology for biade tip
clearance management. Such structures have inherent capabilities for deformation and vibration
control. Moreover, they are electromechanical systems readily providing electric input and output
signals to the actuators and sensors respectively, and can provide compact designs.

Yet, the development of active propulsion structures entails many technical challenges, which
should be addressed. They practically involve a new material, the so-called piezoelectric-
composite laminate, which is a series of stacked and bonded composite and piezoelectric layers.
We need to understand and model the behavior, capture the evolution of new phenomena and
characterize the electromechanical response of these piezoelectric laminates. Modeling of realistic
structural configurations is also required, which may turn to be a demanding task, as it may
involve modeling of complex curvilinear structural configurations with distributed actuators
and/or sensors, as well as, addressing the effects of curvature on the performance of piezoelectric
actuators/sensors. Variations of temperature will affect the active piezoelectric structure in many
ways, thus, the effects of thermal loading should be also addressed. The structural integrity,
durability and failure mechanisms of the piezoelectric laminate should be ultimately investigated
and understood. Finally, the utilization of smart structures in aero-engines will eventually mandate
the solution of multi-disciplinary problems, such as, the interactions between a smart structure and
the acoustic field or internal flow in the engine.

Consequently, the objectives of the current research are to develop analytical and computational
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capabilities for modeling active piezoelectric structures, which encompass effects and conditions
which are typical for aero-propulsion applications. Moreover, to apply these models to evaluate

the feasibility of active casing structures for controlling the clearance between the blade tips and
casing.

Material Relations

The dual behavior of a linear piezoceramic material as an actuator and sensor is described by the
two coupled constitutive equations. The first equation describes the behavior of the material as an
actuator. In isothermal conditions, the right-hand term of the first constitutive equation (Fig. 4a)
shows the strain components in a piezoelectric material which include the mechanical strain and
the piezoelectric strain induced by an applied electric field due to the converse piezoelectric effect,
respectively. In non-isothermal conditions, thermal strains are also present (Fig. 4b).

The second equation (Fig. 4a) characterizes the behavior of the piezoelectric material as a sensor
of mechanical strain or temperature. The right hand side shows the components of electric
displacement D (electric charge per unit area) induced by the mechanical stress due to the direct
piezoelectric effect, and the electric permittivity (capacitance) of the material, respectively. Thus
this equation provides the relationship between stress, temperature and electric field. In non-
isothermal conditions a pyroelectric electric displacement component due to the temperature
differential is also present.

Modeling of Smart Structures

Starting from the previous material relations and equilibrium equations, rigorous analytical models
have been developed for piezoelectric laminates and smart structures with piezoelectric actuators
and sensors. A 4-node plate- and an 8-node shell-finite element have been formulated which
enable simulations of general structural geometries, laminations and placement of actuators and
sensors. The finite elements can provide the static and dynamic response (displacements and
electric potential at sensors) of a smart structure subject to application of mechanical loads F,
thermal loads F®, electric and pyroelectric charge Q° and Q™ respectively, and electric potentials
¢* applied at the actuators (Fig. 5). More details about the mechanics and the finite elements are
provided in Refs. 1-2.

Feasibility Studies

Feasibility studies have been performed, using the developed shell finite element on two candidate
smart structural concepts: (1) a cylindrical titanium casing ring with curved piezoceramic (PZT-4)
actuators and sensors; and (2) a curved flat untwisted Gr/Ep composite blade with symmetrically
placed piezoceramic (PZT-4) actuators on the free surface.

Active Cylindrical Casing. A quarter segment of the active cylindrical casing is shown in Fig. 7.

It consists of a 2 mm thick titanium layer with four curved piezoceramic actuators each 1 mm
thick, and four piezoceramic sensors (0.1 mm thick) attached on the outer surface. Application of
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the electric voltage pattern shown in Fig.8, will result in the static ovalization of the casing shown
in the same Figure and the development of the corresponding voltage pattern at the sensors. Thus
the results indicate, that this active casing can self-correct ovalizations with up to 0.5 mm
maximum radial deflections, which is significant for tip clearance control.

Application of uniform electric potential (Fig. 9) will force the casing to open, however, the
obtained values of uniform radial displacement are low. Thus, other types of actuators or
methods should be used to compensate for this type of deformation.

Active Flat Composite Blade. Another way to change the tip clearance, is to develop blades
with embedded piezoelectric actuators. To investigate this possibility, a series of flat untwisted
[0/45/-45/-45/45/0] Graphite/Epoxy composite blades of various curvatures, with surface
attached continuous piezoceramic actuators, were modeled. The thickness of each composite ply
and piezoelectric actuator were 0.12 and 0.24 mm respectively. The length of the blade remained
constant at 314 mm. Electric potentials of 100 Volts of opposite polarity were applied on each
actuator. Fig. 10 shows the combinations of axial in-plane (u) and lateral (w) deflections,
normalized by the blade thickness h, at the tip of the blade as the curvature of the blade changes.
For an uncurved blade (h/R=0), only lateral deflections can be induced by the actuators. However,
as the curvature of the blade (expressed by the inverse of the radius R) is increased, two
dimensional tip deflections are developed, which can take substantial values and affect the blade
tip clearance. To illustrate the effect of curvature on blade tip position further, two-dimensional
deformation plots of the blade are shown in Fig. 11. It is clear that curved blades with
piezoelectric actuators can provide two dimensional tip positioning and are more suitable for tip
clearance management.

Conclusions

Robust and generalized finite element based mechanics have been developed for active composite
structures with piezoelectric actuators, which enable modeling of curvilinear geometries, actuator
placement, and include the effects of thermal loads. In this manner, a computational platform is
available for the analysis and design of smart casing and blade structures enabling active blade tip
clearance control.

Feasibility studies have demonstrated the potential of casings with surface bonded curved
piezoceramic actuators to correct tip clearance variations caused by casing ovalization. Additional
investigations have shown the feasibility to manage tip clearance with two-dimensional tip
positioning in curved flat blades with surface bonded piezoceramic actuators. The same studies
have shown the limitation of piezoelectric structures to achieve significant extensional
deformations, such as, opening of the casing or elongation of uncurved blades.
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Questions

Q. Could you apply this technology to the leading edge of an inlet
A.  Yes you could, the technology is there. It's interesting that you asked that. There's

somebody here at the Lab that is working on piezoelectric de-icing techniques for leading
edge deicing.

Q. You mentioned something about thermal loads. Is there an upper temperature limit
that you run into?

A. Thermal loads gradually affect the properties of piezoelectric materials. At about
360 degrees C, you are losing your piezoelectric effect for this piezoceramic (PZT-4)

Q. So for right now you're saying your limit would be about 360 degrees Centigrade?
A. Absolutely. Maybe even less. For this type of material.
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