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near the slot exit. During the suction phase (instants B, C, and D), the
fluid particlesin the near-wallregion of the boundarylayer upstream
of the slot exit flow into the slot. The fluid particles in the region
farther from the wall, which are momentum rich, pass over the slot
exit and move down to the near-wall region of the boundary layer
downstream of the slot exit. As a result, the boundary-layervelocity
profiles downstream of the slot exit become fuller and more separa-
tion resistant. During the blowing phase (instants F, G, and H), the
major effect of the blowing is to make the boundary-layer velocity
profile downstream of the slot exit fuller. When the velocity-vector
plots atinstants F, G, and H (blowing phase) are compared with that
at instants B, C, and D (suction phase), it is clearly seen that the
boundary-layer velocity profiles during the suction phase are fuller
than that during the blowing phase. The reason for this is that the
suction not only removes the near-wall retarded fluid particles but
also brings fluid particles that are momentum rich to the near-wall
region.

The effect of varying V, while keeping f the same as that of
case 1 was studied. When V,, is decreased to 1, the separation is
delayed, but it is not suppressed. As a result, C;, is only 0.72. When
V, is increased to 2, separation is completely suppressed, and C,,
is as large as 2.2. From these results, it is seen that for the present
airfoil at this f, at least a value of 1.5 is needed for V, to suppress
the flow separation.

The effect of varying f while keeping V,, as in case 1 was also
studied. When f is increased to 10, similar to case 1, the global
flowfield almost does not vary with time, and the separationis sup-
pressed to almost the same extent as in case 1. The amplitudes of
C; and Cp, and also C; and Cp, are very close to that of case 1.
When f is decreasedto 1, the global flowfield becomes slightly un-
steady. When f is further decreased to 0.25, the global flowfield is
noticeably unsteady, varying with time periodically with the same
period as that of the V. In part of the cycle, the flow is separated,
and in another part of the cycle, the flow is well controlled. The
amplitudes of the C; and Cj variations are much larger than that
of case 1 (Cy, varies between 0.73 and 1.63). The described flow
behavioris because, for the same mass flux, suction is more effec-
tive than blowing in controlling boundary-layer separation. When
suction and blowing are applied alternatively at very low frequency
and the blowing is not strong enough for suppressingthe separation,
alternating attached and separated flows would occur.

Conclusions

1) By the use of ATBS, in both the blowing and suction phases, the
boundary-layer velocity profiles downstream of the slot are made
fuller and more separation resistant.

2) For the airfoil consideredin the Note, when the frequency and
amplitude of the blowing/suction are above 1 and 1.5, respectively,
the flow separation is suppressed. The global flowfield does not
vary with time. The flow in the neighborhood of the slots varies
with time, and as a result, the aerodynamic forces oscillate with
small amplitudes.

3) The suction is more effective than the blowing in controlling
the boundary-layerseparation, and as a result, when the frequency
of the blowing/suction is low, the global flowfield would vary with
time periodically with the same period as that of the blowing/suction
and the aerodynamic forces would oscillate with large amplitudes.
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Nomenclature
= beam stiffness givenby D = E,h*/12(1 — v?)
modulus of elasticity
beam thickness
beam length
freestream Mach number
total mean pressure
acoustic pressure
turbulent boundary-layerpressure
freestream Reynolds number
time
nondimensionalmean velocity
downstream coordinate direction
vertical coordinate direction
structural damping
pressure difference across the beam
amplitude of the inflow excitation
out-of-plane beam displacement
molecular viscosity of the fluid
Poisson’s ratio of the beam material
in-plane beam displacement
beam density
fluid wall shear stress
wy = {frequency of the inflow excitation
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Introduction

LUID wall shear stresshas not been included in most structural

vibration models.!~7 In this Note, a fully coupled model that
accounts for all fluid-structureinteractionsis presented. The system
of equations describing the motion of a beam is derived from the
fundamental principles and shows explicitly the fluid wall shear
stress. In addition, a simple beam equation that takes into account
the wall shear stress is derived using an integrated value of the
tension over the beam.

Full coupling of structural vibration to the surrounding fluid has
been shown to be critical in several earlier studies. Frendi and
Robinson® showed that for large-amplitude harmonic or random
excitations, a fully coupled model was able to explain some of the
results obtained in an earlier experimental study.’ An attempt at
explaining the same experimental results using a decoupled struc-
tural vibration model failed. In another experimental and numerical
study, Maestrello et al.!” showed that, when a flat panel was excited
by plane acoustic waves having a frequency that corresponds to one
of the panel’s natural frequencies, its response became nonlinear as
the amplitude of the excitation was increased. Similar results were
later obtained by Frendi et al.!! using a two-dimensional fully cou-
pled model. The fluid was modeled using the nonlinear Euler equa-
tions, whereas the structure was modeled using a nonlinear beam
equation. Wall shear stress was not needed in the model because the
experiment was carried out in a transmission loss facility (no flow).

In more recent studies, Frendi'>!3 used the fully coupled model to
study the noise transmission from a supersonic turbulent boundary
layerto an interior cavity through a flexible structure. The model did
notinclude the effects of the fluid wall shear stress on the structural
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vibration. The results compared well with those obtained in the
wind tunnel'* and showed the importance of full coupling. In this
Note, the same fluid model derived in Refs. 12 and 13 is used to
simulate the turbulentboundary layer. However, the beam equation
is modified to account for the fluid wall shear stresses.

The fully coupled model is described in the next section. It is
followed by a brief description of the various numerical solution
techniques used. The results are then discussed, followed by the
conclusions.

Mathematical Model

Consider a beam, which is in contact with a fluid flow on one side
(Fig. 1). The balance of forces on a beam element in the z direction
leads to

84 9%n 9%n a h an
Rl N2 L (n+ =) [+ T2 = AP
Dom T ohom P\ )| T

)]
and that in the x direction gives
3% 0N, 0&
— - —+I—==1, 2
PtTE Ty Tl T @

with

e % 2
NX_E,,h|:8 += (8x>:| (3)

In the absence of wall shear stress and neglecting the in-plane
acceleration, the beam equation becomes
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where N, is given by
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Equation (5) is obtained by integration of Eq. (3) subject to the
fixed-end condition. Equations (4) and (5) are used extensively in
the literature, whereas Eqs. (1-3) are rarely used. In the presence of

wall shear stress, instead of using the system of coupled equations
(1-3), a simplified equation derived using Eq. (5) is also used:
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From here onward, the beam model described by Eq. (6) will be re-
ferred to as the global-Ny model, whereas the one given by Egs. (1-
3) will be the local-N, model.

Equations (1-6) are coupled to the fluid flow equations given
by the conditionally averaged Navier-Stokes equations derived in
Refs. 12 and 13. The wall shear stress used in Eq. (1) is obtained
from the flow solution using

oU
w = —

0z ™

z=0

and in Egs. (1), (4), and (6), AP is given by

1.

Fig.1 Physical boundaries of the computational domain.
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AP = P* — pY" ®)

where P is constantand equal to the freestreampressure(in Refs. 12
and 13 Kirchhoff’s formula, derived in Ref. 15, was used to obtain
P<) and P" is the pressure obtained from the turbulent boundary
layer.

Method of Solution

The turbulentboundary-layerequations are solved using the two-
dimensional thin-layer version of the three-dimensional Navier-
Stokes code CFL3D.!® The numerical method uses a second-order
accurate finite volume scheme. The convectiveterms are discretized
with an upwind scheme that is based on the Roe’s flux difference
splitting method, whereas all of the viscous terms are centrally dif-
ferenced. The equations are integrated in time with an implicit,
spatially split approximate factorizationscheme. The thin-layer ap-
proximation retains only those viscous terms with derivatives nor-
mal to the body surface. This is generally considered to be a good
approximation for high Reynolds number aerodynamic flows with
minimal separation. The beam equations (1-6) are integrated using
an implicit finite difference method for structural dynamics devel-
oped by Hoff and Pahl.!” Mean flow disturbances are introduced at
the inflow boundary in the form of

u = U + &sin(wyt) 9)

where wy is chosen to correspond to one of the natural frequencies
of the vibrating plate and ¢ is a nondimensional amplitude and is
varied between 0.05 and 0.4.

The coupling between the flow and the structure is achieved by
forcing the vertical velocity of the fluid at the wall to be equal to
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that of the vibrating beam. In turn, the fluid wall shear stress and
pressure are used to compute the beam response. This procedure is
repeated at each time step.

Results and Discussion

The freestream fluid conditions used are Mach number 2.4, tem-
perature 311.11 K, and Reynolds number per meter 9.843 x 10°
(these freestream conditions are the same as those used in Refs. 12
and 13). The beam properties are thickness & =15.08 x 107* m,
length L =0.254 m, stiffness D =2.0 N - m, density per unit area
pph =2.714 kg/m?, Poisson’s ratio v =0.3, and physical damping
I'=15.5 N - s/m’. The first six natural frequencies of the beam are
47.5,130.1, 254.0,417.9, 620.7, and 861.0 Hz. An excitation fre-
quency of 620.7 Hz is used to excite one resonantmode of the beam.
Two values of ¢, 0.05 (linear case) and 0.4 (nonlinearcase), are used
to carry out several fully coupled computations. The computational
domainis 0.61 m long and 0.305 m high with 101 x 81 grid points
in the respective directions.

For the small value of ¢, 0.05, the out-of-plane displacement re-
sponses given by all of the beam models are the same as shown in
Fig. 2a. The time history of the displacement response at the cen-
ter of the beam indicates a linear response. This result is expected
because, for small excitation amplitudes, the wall shear stress term
and the curvature term are small. To simulate the effects of a flow
with strong wall shear stress component and low-pressure loading,
the same value of ¢ is used, and the wall shear stress is artificially
increased by a factor of a 100 (this may be the case in separated
flows). Figure 2b shows a comparison of the results obtained by the
local-N, and global-N, models to those obtained when the shear
stress term is neglected. Compared to the no-shear case, the results
given by the local-N, model show decreased vibration amplitudes
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and a slight phase shift, whereas those obtained using the global-N,
model show increased vibration amplitudes and no phase shift.
When ¢ is increased to 0.4, Fig. 3a shows no difference between
the time histories given by all models, suggesting a negligible ef-
fect of wall shear stress for the flow conditions being studied. This
conclusion supports the results publishedin Refs. 12 and 13, which
were obtained without wall shear stress. To enhance the effects of
wall shear stress on the beam response at high-pressureloading, the
value of ¢ is kept constant and equal to 0.4 while wall shear stress
is increased by a factor of 100. Figure 3b shows the beam response
obtained using the three models. Just as in the case of low-pressure
loading, the time history obtained using the local-N, model shows
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Fig.4 Time histories at the center of the beam of a) surface pressure
and b) wall shear stress.
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reduced vibration amplitudes and a slight phase shift. However, the
global-N, model results show no phase shift and an increased vi-
bration amplitude. Figure 4a shows the time history of the surface
pressurefor the two ¢ cases studied, 0.05 and 0.4, using the computed
value of t,. Increasing ¢ results in increased surface pressure am-
plitudes and nonsymmetric fluctuations. Figure 4b shows the time
histories of the wall shear stress. Similar to the pressure, the shear
stress amplitudes increase with increasing ¢ and show the presence
of additional frequencies. The increase in amplitudes is not as large
as in the case of the pressure. Figure 5 shows the in-plane displace-
ment response at the center of the beam for the same two cases and
for the case with large wall shear stress and ¢ =0.4. In all of the
cases, the time histories show the presence of more than one fre-
quency. As expected, the in-plane displacement response is orders
of magnitude smaller than the out-of-plane one.

Conclusions

Results obtained in this study show that in flows producing large
wall shear stresses, a fully coupled model that uses the local value
of the tension, that is, a local-N, model, and that accounts for wall
shearstressis needed for accurate predictionsof structuralresponse.
This result was shown to be true for both low- and high-pressure
loading. In flows with low wall shear stresses, the global-N, model
is sufficient for accurate structural vibration predictions.
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Introduction

HE concept of using a compliant wall to reduce skin friction

and flow noise has motivateda number of studies of instabilities
that arise from the interaction between a passive compliant coating
and a flow. In a series of experiments, Hansen et al.! and Gad-el-
Hak et al.? observed the large-amplitude form of a static divergence
(SD) wave on a highly damped viscoelastic layer under turbulent
boundarylayers. The onsetof SD instability will lead to the temporal
growth of the disturbance at any fixed pointin the flow and is likely
to give rise to significantly large surface vibrations or oscillations.
This may cause a roughness effect that would directly increase the
skin-friction drag and flow noise.

The SD instability mode is generally believed to be an absolute
instability. The limited knowledge that we have of absolute insta-
bility over flexible plates has been derived primarily from a handful
of works. For example, Brazier-Smith and Scott® found that poten-
tial flow over nondissipative compliant plates suffers from absolute
instability when the flow speed exceeds a certain critical value, de-
pendingon the properties of the plate; Lucey and Carpenter* studied
the response of a single-point pulse perturbationin an unsteady po-
tential flow; and Yeo et al.>-® studied the absolute instability of lami-
nar boundarylayer and modified potential flows, representingturbu-
lentandlaminarboundarylayers, over viscoelasticcompliantlayers.

The focus of the present Note is on uniform potential flow over
a plate-spring system. Uniform potential flow represents the lim-
iting form of laminar and turbulent boundary layers as their thick-
ness tends to zero, and the plate-spring system may schematically
describe a general theoretical model for a compliant wall. The nu-
merical model is quite simple, but the study for this simple model
allows us to better appreciate and understand the significance of the
hydroelastic-typeinstabilitiesin a flow over compliant layer.

Mapping Technique to Detect Absolute Instability

The spatio-temporal evolution of a perturbationimpulse located
at the origin x = 0 is described by the following Green’s function:

1 do dw . .
G(x,t) = e /L /F m exp(iax —iwt) 1)

The complex frequency @ and complex wave number « are re-
lated by the dispersion relation D(«, @) =0. The time-asymptotic
response of Green’s function may be determined via a process of
analytic continuation in which the Laplace contour L is deformed
toward the real axis of the complex @ plane. When the Laplace
contour L is deformed, the Fourier contour F is simultaneously de-
formed to preserve the analyticity of the integralif the paths of two
roots originating from opposite halves of the o plane intersecteach
other. We term such anintersectionpointa pinch point. The double o
roots at the pinch point giverise to a singularity at the corresponding

Received 30 March 2000; revision received 28 September 2000; accepted

for publication 23 October 2000. Copyright © 2001 by the American Insti-
tute of Aeronautics and Astronautics, Inc. All rights reserved.

*Associate Professor, Department of Mechanics; llyzys@public.wh.
hb.cn.

Associate Professor, Department of Mechanical and Production Engi-
neering, Kent Ridge Crescent.



