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Abstract. Piezoelectric actuators have long been recognised for use in aerospace structures for control
of structural shape. This paper looks at active control of the swept shock wave/turbulent boundary layer
interaction using smart flap actuators. The actuators are manufactured by bonding piezoelectric material to
an inert substrate to control the bleed/suction rate through a plenum chamber. The cavity provides
communication of signals across the shock, allowing rapid thickening of the boundary layer approaching
the shock, which splits into a series of weaker shocks forming a lambda shock foot, reducing wave drag.
Active control allows optimum control of the interaction, as it would be capable of positioning the control
region around the original shock position and unimorph tip deflection, hence mass transfer rates. The
actuators are modelled using classical composite material mechanics theory, as well as a finite element:
modelling program (ANSYS 5.7).

Key words: piezoelectric material; finite element modelling, design, smart structures technology; shock
wave/boundary layer interaction.

1. Introduction

For shock waves, with an upstream Mach number above 1.3, incipient separation occurs and the
shock wave foot bifurcates above the boundary layer to form a lambdeaof. The leading shock
is usually highly oblique with the trailing part of the lambda foot nearly normal.

Previous work (Kubota and Stollery 1982, Babinsky 1999, Bahal. 1983, Chenet al. 1984,
Delery 1985, Delery and Bur 1999, Gibsenal 2000, Nagamatset al 1985, 1987, Raghunathan
1987, Raghunathaet al. 1987, Raghunathan and Mabey 1987, Raghunathan 1988, Savu and Trifu
1984) has been to passively control the interaction by replacing the surface beneath the foot of the
shock wave with a porous plate covering a plenum chamber (Fig. 1). This allows high-pressure air
from the flow downstream of the shock wave to re-circulate through the plenum chaliobhenga
rapid thickening of the boundary layer approaching the shock, forming a lambda shock foot,
reducing wave drag. Furthermore, the suction down-stream reduces separation and viscous losses.

Passive control is shown to be beneficial for freestreams above Mach 1.3. However, at lower
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Fig. 1 Passive control of shock/boundary layer interaction (PCSBLI)

freestream veldties the amount of wave drag reduction is offset by tleeease in skin friction

drag due to the ‘rough’ control surface, creating an increase in total drag. The amount of wave drag
reduction depends on numerous factors that include, shock strength/location (Delery 1985, Delery
and Bur 1999, Nagamatset al 1985, Raghunathan 1987, Krogmaginal. 1985), porosity type/
distribution (Bahi et al 1983, Cheret al. 1984, Nagamatsat al. 1985, 1987, Raghunathan 1987,
Raghunatharet al 1987, Raghunathan and Mabey 1987, Raghunathan 1988) and boundary layer
size (Bahiet al 1983).

Historically, active control of shock/boundary layer interaction (ACSBLI) has been hampered by
the drag reduction achieved being negated by the additional drag due to the powemssgsj for
example, the pump in the case of mass transfer and the drag of the devices in the case of vorte
generators.

Piezoelectric actuators have long been recognised for use in aerospace structures for control o
structural shape (Crawley 1994). The object of the present research is to assess the concept of acti
control using “smart” flap actuators (Couldriet al. 2001, 2002a, 2002b) (Fig. 2). The actuators
(Fig. 3) are designed using PZT-5H piezoelectric material to control bleed/suction rate, whilst
retaining a ‘smooth’ control swate.
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Fig. 2 Active Control of Shock/Boundary Layer Interaction
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Fig. 3 Modified unimorph flap configuration

2. Experimental arrangement

The experimental work is to be carried out in a blow-down supersonic wind tunnel and a swept
shock interaction will be produced on the tunnel side wall, giving a normal shock Mach number
(M) of 1.3 with a wedge of 11 degrees mounted on the floor in a Mach 2.0 free stream, (Fig. 4).
For a static pressure in the test section of 44 kPa, the smart flaps will then have a 17.64 kPa
pressure difference acting across them.

A circular plenum chamberdJ@40 mm x 20 mm) is placed underneath the swept shock in the
sidewall of the test section. This is covered by a plate containing the ‘flaps’ and 47 pressure ports,
(Fig. 5). The flaps, which without the piezoelectric ceramic are cantilever beams, are cut into the
plate by electro discharge machining (EDM) with a gap of 0.1 mm between the model skin and the
flap. The plate is sufficiently anodised to electrically isolate the piezo-ceramic, which is bonded to
the underside of the flap, and a voltage is applied to control the actuator deflection and thus mass
transfer rate. The surface pressures are recorded using a single transducer which steps through tf
various ports using a time averaging scanivalve. Surface pressures are recorded in both streamwis
and transverse directions.
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Fig. 4 Experimental arrangement
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Fig. 5 Generated shock position and pressure port layout on test surface

3. Unimorph actuators

Unimorph tip deflection varies with the substrate’s Young’s Modulus and thickness
(Chattopadhyay and Seeley 1997, Yam and Yan 2002). The selection of substrate is a trade-off
between suppressing the pressure deflection whilst keeping the unimorph electrically flexible. Active
control of the shock boundary layer interaction requires that the flaps are able to have zero
deflection to be regarded as capable of active control. Furthermore, the piezoelectric ceramic will
breakdown or depolarise if the mechanical and/or electrical loads exceed thisir that is too
much deflection will degrade the piezoelectroeramic. It is hoped to achieve improved
piezoelectric performance, as a pressure gradient in the plenum chamber and zero pressure loads
the unimorph edge will reduce the pressurdeddhce, from the constant 17.64 kPa, across the
unimorphs. For all analyses, the bond/electrode are assumed infinitely thin and stiff. The effects of
these and other variables such as temperature and hysteresis are not considered, as this paf
concentrates on one design condition with an isotropic and moderately thin composite plate. It is
recognised (Chattopadhyay and Seeley 1997, Hwang and Park 1993, Crawley and Luis 1987,
Crawley and Lazarus 1991, Matthewal. 2001, Mukherjee and Joshi 2002, Soaeal 1999, Vel
and Batra 2000) that further study of these effects would improve results.

4. Determination of tip deflection
4.1 By classical theory

Classical theory (Crawley and Lazarus 1991, Gibson 1994, Donthireddy and Chandrashekhara
1996) uses a combination of composite laminate plate theory (CLPT) and siegpte bending



Design of “Smart” flap actuators for swept shock wave/turbulent boundary layer interaction cob2d

theory. The effective bending stiffness of the flaps is calculated using CLPT, assuming an infinitely
strong bond between the piezoelectric ceramic and substrate. This effective stiffness is then used ir
classical beam theory to determine the tip deflection of the flap considered as a cantilever beam
under various types of pressure loads, namely uniform, linear, etc and due to the induced strain in
the PZT layer due to the applied field. For analyses, the piezoelectric strain is assumed to be
analogous to a temperature induced strain. The equations of CLPT and the beam theory are
implemented using a spreadsheet, giving instantaneoussraad it assumes that the total uniform
deflection is a summation of the deflections due to the pressure and piezoelectric action.

4.2 Unimorph tip deflection for an applied voltage (dy)

Using piezoelectric and laminate theory the deflection obtained when the piezoelectric ceramic
has an applied voltage acrossdy, is given by,

ne’0 (A B|TONiD
o ‘o=~ B a'o (1)
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& = 5"L (2)
In Eqg. (1), the extensional stiffness matr, relates the induced mid-plane straiss; , to the

induced in-plane forcesy;, and the bending stiffness matri®;, relates the curvaturesg;, to the
induced momentsyl;.. The coupling stiffness matrig;, couples the induced mid-plane straiss, ,
to the induced momentd/;, and the curvaturess;, to the induced in-plane forcel. L is the
length of the unimorph.

The in-plane forced\, and momentsM, are induced by the voltage applied to the piezoelectric
material and can be calculated using,

Epd
N = Ny = 75"V (3)

_m . = Eplals kO
My = My; = —2(1_VP)*V = Nu* 55 4)

where Ep, d3;, V, Vo andts are the piezoelectric ceramic’s Young's Modulus, piezoelectric charge
constant, applied voltage, piezoelecttezramic’s Poisson’s ratio and substrate thickness respectively.
The load is acting at the centre line of the piezoelectric ceramic, which is at a distance of half the
substrate thickness from the laminate centreline.

4.3 Unimorph deflection for a given pressure load (dy,)

Similarly, laminate theory predicts the unimorph deflection under a given load is given by,

0
= 5
7 [e ol tMp ®)
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whereN andM are the external applied loads and moments respectively. Then the effective bending
stiffness of the composite beam along its length can be obtained as

(ENess = b/dyy (6)

where b is the width of the beam and;; is the first element of the bending element of the
flexibility matrix, i.e. the inverse of the laminate stiffness matrix. For any given distribution of
pressure loading the tip deflection of the composite cantilever beam can be computed using classica
beam theory equations using the effective beam stiffness. For instance, for a constant pressure loa
P, the tip deflection is given by:

Sy = PbL"/8*(El)e )
4.4 By Finite Element Modelling

ANSYS 5.7 was utilised as the FEM program with a parametric design language program to
enable the analysis to be repeated simply, quickly and to minimise manual work time. It allowed
the parameters to be changed easily and the results recorded as table arrays to minimise memot
usage.

The program models the unimorph actuator flap, substrate and piezoelectric ceramic, as well as
the supporting substrate structure, (Fig. 6). This could not be performed with the classical theory

1]
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Fiezoceramic
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Young's Modulus (Ep) — 64 GPa
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Poisson’s Ratio ve = (.45

(k)
Fig. 6 (a) Unimorph Finite Element Model in ANSYS 5.7, (b) Material characteristics
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analysis due to the assumption of a continuous uniform cross section. Furthermore, FEM allows
modelling of the solid substrate tip and analysis of complex pressure loadings, which satisfy
aerodynamic boundary conditions. On the other hand, the classical theory can only apply simple
approximate loads.

The model consists of 3144 Solid95 Brick elements with 1344 elements to model the unimorph.
This grid resolution was chosen as a balance between computational cost and sufficient accuracy
(Hwang and Park 1993). Zero deflection boundary conditions were placed on all edges of the
supporting structure allowing the unimorph flap to freely deflect under the pressure load applied
directly to the unimorph flap. FEM only models part of the support structure, as increasing the
support structure to the realistic shape does not further improve the results. Furthermore, the
improved model would take longer than the 6 hours of computation processing that is required for
current analysis for one line on each results graph.

Two design parameters were varied for analysis of the tip deflection. The substrate Young’s
Modulus and substrate thickness were varied from 20 GPa to 210 GPa and 0.5 mm to 2.5 mm
respectively.

5. Results
5.1 Theoretical deflection variation with substrate thickness for no load

The substrate thickness was altered to observe how the tip deflection would vary using a 500 V
applied piezoelectric field (Fig. 7). This analysis used a substrate Young's Modulus of 70 GPa
(aluminium) and the substrate thickness is normalised to the piezoelectric ceramic thigfness (
The results are comped to experimentally obtained data fodidation. It is seen that as the
substrate thickness increases, the tip deflection increases initially, reaches a peak and then reduce
The theoretical results show good agreement with experimental data.
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Fig. 7 Unimorph deflection vs. Normalised substrate thickness due to 500 V applied field
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Fig. 8 Deflection vs. Normalised substrate Young’s Modulus for 500 V applied field

5.2 Theoretical deflection variation with substrate Young’s Modulus for no load

The substrate’s Young's Modulus was varied to observe how the tip deflection would vary using a
500V applied piezoelectric field (Fig. 8). This analysis used a substrate thickness of 1.1 mm
(X=2.2) and the substrate’s Young's Modulus is normalised to the piezoelectric ceramic’s Young's
Modulus (Z). A legend of suggested substrate material has been included for the range of Young's
Modulus considered.

It is seen that as the substrate thickness or stiffness increases, the tip deflection increases initially
reaches a peak and then reduces. Noting that at zero subtffagss tiere will be no bending
deflection as the piezoelectric ceramic is free to expand under the induced strain; as the substrat
thickness/stiffness increases from zero, its increasing restraint on the in-plane expansion of the PZT
produces an increasing out-of-plane moment causing the composite beam to bend more and more
However as the substrate becomes stiffer due to increasing thickness or increasing Young's
Modulus, it becomes more effective in restraining the in-plane expansion of the beam with less
deflection, since the applied voltage is uedt.

The FEM would not allow the substrate’s Young’s Modulus to go to zero but the two theories
show good correlation with each other whilst varying substrate thickness. However, finite element
modelling predicts slightly higher tip deflections caangd to the classical theory, which is expected
to be due to the ability of non-zero deflection characteristics of the support structure not modelled
in the classic theory.

5.3 17.64 kPa Constant pressure load predictions

The two modelling systems were tested (Figs. 9a & 9b) to predict the deflection under a uniform
pressure load of 17.64 kPa, half the pressure difference between the upstream and downstrear
pressures. The legend symbeland + are indicative of negative and positive applied electrical fields
respectively. The OV trend is approximately the mean of £500 V trends and has been omitted from
the figures for reasons of overcrowding. Furthermore, no experimental data could be obtained as this
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Fig. 9 Tip deflection for a 17.64 kPa uniform pressure load for varying substrate: (a) thigkre&s GPa);
and (b) Young’'s Modulust = 1.1 mm)

is a first order theoretical prediction of the pressure gradient and is hard to physically simulate.

The trend between the classical theory and the finite element results are good for varying both
substrate thickness and Young's Modulus. The theoretical results for varying substrate thickness are
within 0.1 mm of the finite element modelling. When the normalised substrate thickness is 1.2,
deflections of 1.49 and 1.59 mm are predicted for FEM and classic theory respectively.

The theoretical results for varying substrate Young’s Modulus are within 0.17 mm of the finite
element modelling. When the normalised substrate thickness is 0.3125, deflections of 1.32 and
1.15mm are predicted for FEM and classic theory respectively. However, after the substrate
normalised Young's Modulus is greater than 0.4 the error is reduced to within 0.1 mm.

The differences are suspected to be due to the taevikom perfect bult-in condition at the
cantilevered end in the FE model, which realistically simulates the support structure around the
unimorph allowing non-zero slope at the beginning of the flap.

It is also seen that a ‘negative’ applied voltage field assists deflection whilst a ‘positive’ applied
voltage field inhibits deflection. An aluminium flap, with a Young’s modulus of 70 GPa (Z=1.1)
can be assumed to have zero deflection, i.e. minimum mass transfer, for substrate thickness abov
2mm (X =4). However, if the thickness of the flap is only 1.1 mx¥ 2.2) then the flap will be
unable to ‘close’ within the substrate Young’s Modulus range considered here.
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Fig. 10 Quadratic pressure loading

5.4 Quadratic pressure load predictions

The main advantage of FEM is that complex pressure loadings can be applied that reflect the rea
conditions more accurately, that is satisfy the boundary conditions. The basic boundary condition is
that there is no pressure load at the flap edges. A parabolic load distribution was applied to the FE
model with the numbering system used corresponding to the elements on the FE model (Fig. 10).

A maximum pressure of 17.64 kPa is used, which is the first order theoretical unimorph pressure
difference. The pressure drops off to zero at the flap edges producing a more realistic loading and
hence better deflection predictions. This loading cannot be implemented using the classical beam
theory in which the pressure can be varied only along the length of the beam. No experimental data
points could be obtained for deflection under for this pressure loading as all measuring techniques
available are invasive and would alter the flow conditions being observed.

The tip deflections of the flap under the parabolic pressure distribution are plotted against the
normalised substrate thickness (X) and the normalised substrate thickness (Z) (Figs. 11a & 11b). It
is seen that as the substrate thickness and Young’s Modulus are increased the tip deflectior
decreases. This is to be expected as the thicker and stiffer the substrate the more constrained tr
unimorph will be.

If the unimorph has to be capable of zero deflection to provide active control then, for a 500 V
limit, the substrate has to be at least 0.9 mm thick (X=1.8) for a 70 GPa Young's Modulus.
Alternatively, a flap with a thickness of 1.1 mm requires a minimum Young’s Modulus of only 50
GPa g =0.78) for complete theoretical closure.

5.5 Piezoelectric limits

As stated earlier, piezoelectric materials have particular operating limits, for temperature, voltage
and stress. The chemical composition of the material determines these lingtsitif@p outside
these limits may cause partial or total depolarisation/breakdown of the material and a diminishing or
loss of piezoelectric properties. This paper uses a limit of 500V, which over the 0.5mm
piezoelectric ceramic equates an applied field of 1000 V/mm. Above this applied field the unimorph
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Fig. 11 FEM tip deflection predictions for a quadratic load for varying substrate: a) thickness; and b) Young’s
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was observed to breakdown. The nature of the breakdown is uncertain, possibly due to either the
piezoelectric properties or the unimorph properties, i.e. arcing to the substrate.

FEM has the added advantage that the stresses due to the mechanical and electrical loads can |
easily determined in each stage of deflection and in different configurations. It is suspected that
breakdown occurs for an aluminium substrate (70 GRt) tivickness below 1.1 mm, due to the
substantial load applied to piezoelectric ceramic from the acting pressure. This constrains the
unimorph again and the design requires to be optimised for stress. However, the piezoelectric
‘breakdown’ characteristics of the material are still not fully determined.

6. Conclusions

The classical theory gives good correlation and accuracy with the FEM. FEM generally predicts
greater deflection due to the support structure deflects and creates a non-zero slope at the start ¢
the unimorph, which is not modelled by CPLT. The main disadvantage of the FEM over classical
theory is its higher computational cost in terms of time and effort compared to the ‘instant’
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spreadsheet ability of the classical theory.

The design can be easily optimised to provide active control for substrate thickness and Young’s
Modulus. The thinner or more compliant the substrate the more mass transfer, deflection, can occur.
Furthermore, zero deflection, for active control, limits the substrate to minimum thickness and
stiffness. FEM gives the ability to analyse more complex pressure loadingeefieat the real
boundary conditions. This enables improved FEM predictions of minimum thickness and stiffness
over the classical theory.

The ‘breakdown’ characteristics seem to limit the unimorph design for stress and voltage levels.
Another advantage of FEM is that stress levels in the unimorph can easily be obtained but more
work is required to research the ‘breakdown’ characteristics of the piezoelectric material to provide
an improved design analysis.
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