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This paper reviews and assesses the recent progress toward making the use of compliantwalls a practical method
of laminar-� ow control. Three main areas are covered. First, the current understanding of the vitally important
� ow-induced surface instabilities is assessed. Some new results are included. Then the optimization of multiple-
panel compliant walls is considered. New numerical simulation results are included showing that short compliant
panels are very effective in suppressing Tollmien–Schlichting waves. It is found that for marine applications
appropriately designed multiple-panel compliant walls are capable of suppressing Tollmien–Schlichting waves to
inde� nitely high Reynolds numbers. Finally, the feasibility of using compliant walls for laminar-� ow control in
aeronautical applications is assessed. It is found that, although there is no reason in principle why compliant walls
cannot be used in air, in practice exceptionally delicate walls are required to obtain the necessary match between
the � uid and structural inertias. The resulting lack of robustness for such walls is deemed to make them completely
impractical for aeronautical applications.

I. Introduction

T HE � rst research results on the use of compliant walls for
laminar-� ow controlwere announcedbyKramer1;2 in 1957and

1960 in a forerunnerof the AIAA Journal. A fuller account followed
almost immediately in Kramer.3 Also Gyorgyfalvy’s4 paper, which
appeared in the Journal of Aircraft in 1967, was the � rst attempt
to consider the practicaldesign of compliant walls for laminar-� ow
control. Accordingly, it is, perhaps, � tting that an account of the
current status of this method of � ow control should appear in the
Journal of Aircraft. In many respects our approach could be con-
sidered to follow the path sketched out by Gyorgyfalvy in the light
of our much greater contemporary knowledge of the � ow physics
involved.

Over the years many excellent reviews5¡10 that survey the use of
compliant walls from various perspectives have appeared. Accord-
ingly, the present paper will not review the earlier work in depth,
but will only include suf� cient detail to be self-contained.Our main
aim is to review recent progress towards making the use of com-
pliant walls a practical method of laminar-� ow control. In many
respects it is an update on Ref. 10 and will cover some common
ground.However, severalnewresultswill be presented.Alsowe will
make an assessmentof thepracticalitiesof usingcompliantwalls for
aeronautical applications.We will concentrate on three main areas,
namely, progress toward understanding the � ow-induced instabili-
ties (i.e., the hydro- and aeroelasticity behavior), the optimization
of multiple-panelcompliant walls for laminar-� ow control, and the
feasibility of aeronauticalapplications.

There has been an unfortunate and widespread tendency to use
the term compliant to describeany � exible wall, coating,panel, etc.,
even when the wall is actively driven. The term loses its point if it
is used as a mere synonym for � exible. In fact, compliance implies
that the � ow and wall properties are in some way matched. We
will use the term to describe a passive � exible wall for which the
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propagation speed of the free surface waves is the same order of
magnitude as the freestream � ow speed U1. In fact, optimization
studies11 have shown that the best compliantwalls for laminar-� ow
control have free-surface-wave speeds of about 0:7U1. It will be-
come clear that this is the paramountfactor governingthe feasibility
of aeronauticalapplication.Rather suggestively,theepidermisof the
dolphin, Kramer’s original inspiration for his compliant coatings,
also has surface wave speeds of about 0.7 times its maximum sus-
tained swimming speed.12;13 We will also brie� y discuss some other
types of � exible and interactive walls.

For the most part we will focus on laminar-� ow control, i.e., the
use of compliantwalls to postponeor completelysuppresstransition
from laminar to turbulent � ow. There are, of course, many differ-
ent routes to transition involving a bewildering variety of physi-
cal mechanisms, depending on environmental and other factors.14

Here we will con� ne ourselves to the transition process in the low-
disturbance environments encountered for external � ows in aero-
nautical and marine applications.In such cases, for boundary layers
whichare similar to thatovera � at plate, theroute to transitionbegins
with the ampli� cation of small-amplitude, quasi-two-dimensional,
Tollmien–Schlichting (T/S) waves. In experimental studies such
waves are produced arti� cially as monochromatic wavetrains by
a driver, for example, an oscillating ribbon. Likewise most theoret-
ical studies address this arti� cial situation. It is important, however,
to emphasize that T/S waves have been observedmany times in nat-
ural transition.15;16 But, as demonstrated originally by Schubauer
and Skramstadt,15 the use of a driver to excite the boundary layer
arti� cially produces much cleaner signals.

In natural transition the small disturbances are created by such
environmental factors as freestream turbulence, acoustic radiation,
vibration, surface roughnessor, particularly in marine applications,
through the entrainment of particulate matter into the boundary
layer.The processeswhereby T/S waves are generated through such
sources of natural excitation are known collectively as receptivity.
Despite their importance, little is known about many of these recep-
tivity mechanisms, especiallyhow they are affectedby wall compli-
ance.For the � at-plateboundarylayer,after the small-amplitudeT/S
waves have been created by a receptivity process, they amplify as
they propagatedownstreamand eventuallyreacha suf� ciently large
amplitude for nonlinear effects to become signi� cant. At this point
the disturbances become three dimensional, and the several stages

504



CARPENTER, LUCEY, AND DAVIES 505

of the transition process proper rapidly ensue. The actual transition
zone itself is characterized by turbulent spots, and no direct evi-
dence of the T/S waves remains. Nevertheless, this � nal stage of
transition would not have occured without the initial creation and
ampli� cation of T/S waves. In low-disturbance environments the
initial ampli� cation of quasi-two-dimensional T/S waves (the so-
called linear regime of transition) typically extends over 70–80%
of the total transition process. What we aim to achieve with the use
of compliant walls for laminar-� ow control is to extend this linear
regime greatly or even to suppress the growth of T/S waves entirely.

In a series of experimental tests carried out in open water,
Kramer1¡3 established that substantial drag reduction (up to 60%)
could be achieved with appropriatelydesigned compliant coatings.
Although he designed his compliant coatings with the aim of post-
poning transition, there was no actual evidence that the observed
drag reductions were caused by transition delay. The early theo-
retical work by Benjamin17;18 and Landahl19 followed closely on
Kramer’s � rst papers. These seminal papers provided the founda-
tion of the subsequent theoretical work. In an important respect
Benjamin and Landahl’s theories supported Kramer’s concept of
his compliant coatings acting to postpone transition. They showed
that wall compliance can stabilize T/S waves. However, they also
showed that wall damping promoted higher growth rates of the T/S
waves, suggesting that the lower the wall damping the better from
the point of view of laminar-� ow control. This idea ran counter to
Kramer’s conceptand his test results.He had incorporateda layer of
highly viscous � uid within his coatings in the belief that this would
impede the growthof T/S waves. Furthermorehis experimentaltests
showedthat therewas an optimumchoiceof damping-� uid viscosity
(about 200 times the viscosity of water) for drag reduction.

Benjamin and Landahl made no attempt to model Kramer: com-
pliant coatings. Their theory was general, rather than being aimed
at a particular design of compliant wall. Accordingly, a theoretical
assessment of the laminar-�ow capabilities of Kramer’s coatings
was lacking. This was supplied by Carpenter and Garrad20;21 who
modeled the Kramer coatingsas a plate supportedby a spring foun-
dation and also included the effectsof viscoelasticdamping and of a
viscousdamping� uid. Their resultsbroadlycon� rmed that Kramer-
type coatingswere capableof substantial transitiondelay. They also
showed that wall damping could play a bene� cial role, but not on
T/S waves as Kramer thought. Although wall damping has a fairly
weak adverse effect on T/S waves, it has a much stronger stabiliz-
ing effect on one of the additional � ow-induced instabilities,which
was termed traveling-wave � utter in Ref. 21. In effect, increased
wall damping permitted a more compliant wall to be used without
suffering the onset of traveling-wave � utter.

Substantial theoreticalsupport now existed for the stabilizingef-
fectofwallcomplianceonT/S waves,but experimentalcon� rmation
was lacking. This was provided by Gaster.22 A schematic sketch of
Gaster’s compliant panel and experimental setup is given in Fig. 1.
The design of the compliant wall was somewhat simpler than that
of Kramer; it consisted of two layers: a thin outer, stiff, plate-like
layer, backed by a much softer and thicker layer resting on a rigid
wall. The experimental model was essentially a � at plate with a
compliant-panel insert. The T/S waves were generated by a driver
located ahead of the compliant panel and measured at its trailing
edge by means of a surface hot-� lm gauge. The plate was attached
to the carriage of a towing tank and propelled through still water
over a range of carefully controlled speeds. Only two parameters

Fig. 1 Setup for Gaster22 experimental investigation.

could be controlled during the experiments, namely, the carriage
speed (i.e., � ow speed) and the driver frequency. The gain in dis-
turbance amplitude between the driver and the trailing edge of the
compliant panel was determined over a range of driver frequencies
and � ow speeds for three different compliant panels. Close agree-
ment was found between the measured gains and those predicted for
the propagationof T/S waves over compliant walls using linear hy-
drodynamicstability theory.Slightly better agreementwas foundby
Lucey and Carpenter,23 who incorporated the effects of tensioning
the upper plate-like layer in their theoretical model.

An interesting, and highly signi� cant, feature of Gaster’s experi-
mental tests was that for the two most compliant of his three panels
the route to transitionwas not ampli� cationof T/S waves.Unlike the
relatively gradual process observed for the rigid control, transition
occurred suddenly when a critical � ow speed was reached. More-
over, when this happened the hot-� lm gauge located at the panel’s
trailing edge displayed a signal that oscillated at about three times
the driver frequency. It was shown by Lucey and Carpenter23 that
in these cases traveling-wave� utter set in at the observed transition
speed. (This essentially wall-based instability is shown schemat-
ically in Fig. 1.) Their theoretical model predicted both the onset
speedsand frequenciesin closeagreementwith theexperimentalob-
servations.Thus this established that the theoretical tools, based on
linearstability theory,couldpredictaccuratelythecomplexresponse
of compliantwalls to both T/S waves and traveling-wave� utter. Fur-
thermore, it was now clear that an understandingof � ow-inducedin-
stabilities (the signi� cance of which was appreciated and identi� ed
in the early theoreticalwork in Refs. 17–19) is crucial for designing
compliantpanels for laminar-�ow control.Optimizationprocedures
for the design of compliant panels for laminar-� ow control were de-
veloped by Carpenter and Morris24 and Dixon et al.11 The former
considered the plate-spring model of Kramer-type walls, and the
latter studied the more dif� cult, two-layer, Gaster-type walls, bas-
ing their theoretical approach on the methods developed by Yeo.25

In both cases in excess of a � ve-fold rise in transitional Reynolds
number was predicted for the best compliant-wall designs.The me-
chanicalandmaterial propertiesrequiredfor operationin waterwere
not greatly different from those of Kramer and were certainly re-
alizable in practice. A better performance could be obtained when
an optimal level of wall damping is used to control the traveling-
wave � utter. In principle, there is no reason why the theoretical
methods could not be used for designing compliant walls for aero-
nautical applications.However, one would expect the required me-
chanical and material properties to be quite different for air than for
water.

We will considerthe questionof compliant-walldesigns for aero-
nautical applications as well as more recent developments in the
subsequent sections of the paper. The remainder of the paper is set
out as follows.Section II describes the recent progress toward a bet-
ter understanding of the crucially important, � ow-induced surface
instabilitiesand their prediction for design purposes. Section III re-
views the recent work on the design of multiple-panel compliant
walls for laminar-� ow control. Section IV considers the feasibility
of aeronauticalapplicationsof compliant, and other � exible and in-
teractive, walls. Finally, Section V contains brief conclusions and
recommendations.

II. Flow-Induced Surface Instabilities
The importance of understandingthe � ow-induced surface insta-

bilities has already been made clear. As the name suggests, these
are essentially instabilities of the compliant wall itself. Some of
them are already familiar in the context of hydro- and aeroelasticity.
Three main types of such instabilitieshave been identi� ed, namely,
1) traveling-wave � utter, 2) divergence, and 3) transitional modes.

The � rst of these is generated by irreversible (i.e., nonconserva-
tive) energy transfer to the wall as a result of work done by the
� uctuating pressure. The destabilization mechanism, is essentially
an inviscid mechanism, and viscous effects are secondary. Diver-
gence takes the form of slowly traveling waves and is also inviscid
in origin. The third type comes about owing to a coalescence of
a T/S wave and traveling-wave � utter. The term transitional mode
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was coined by Sen and Arora.26 We will consider each of these three
types of instability in turn.

A. Traveling-Wave Flutter

If the boundary layer were ignored and the energy transferred to
the compliant wall as a result of work done by the � uctuating pres-
sures in an unsteady potential � ow were to be estimated, it would
be found that no net work was transfered over a wave period in
this conservative system. This is because the vertical wall velocity
and pressure are 90 deg out of phase. Plainly if the presence of the
boundary layer can alter this phase difference, then there is a pos-
sibility of irreversible (i.e., nonconservative) energy transfer to the
wall. Benjamin18 showed that a mechanism originally identi� ed by
Miles in connection with water waves could also apply to waves
on compliant walls. He showed that when the wave speed was be-
tween 0 and U1 the required phase change in pressure occurred
at the critical point where the local velocity in the boundary layer
equals the wave speed. Thus, although viscous effects are required
to create the boundarylayer and may also play a secondaryrole, this
destabilizationmechanism is essentially inviscid. In Ref. 21 it was
shown that a knowledge of this mechanism allowed us to provide
the following, simple and accurate, estimates for the critical wave-
number and onset � ow speed of traveling-wave� utter in the case of
the plate-spring model:

®c D .K =B/
1
4 ; Uc D .2

p
BK C T /=b½ p

1
2 (1)

where K is the spring stiffness, B and T the � exural rigidity and
tension per unit width of the plate respectively, and b and ½p are
respectively the thickness and density of the plate. For walls with
no damping, this result holds for all Re±¤ (Reynolds number based
on displacement thickness), but when there is damping in the wall it
is only valid for in� nite Reynolds number. A more rigorous analy-
sis based on asymptotic techniques and including other irreversible
mechanisms was developed by Carpenter and Gajjar.27 This was
adapted in Refs. 11 and 23 for the more complex case of Gaster-
type two-layer walls. This approach together with Eq. (1) will be
used in Sec. IV to assess the feasibility of aeronauticalapplications.

To summarize the attributes of traveling-wave � utter, it is a
convective instability that travels at speeds of the order of 0:7U1,
and it is destabilized by irreversible energy transfer to the wall,
whereas energy transfer out of the wall, such as damping, has the
oppositeeffect and can be used to control it. Figure 2 presents the re-
sults of a numericalsimulationof traveling-wave� utter propagating
in the boundary layer over a � nite compliant panel of plate-spring
type. The � gure shows ray paths traced out by a wave packet prop-

Fig. 2 Wall displacement pro� les obtained by numerical simulation
of traveling-wave � utter produced by a relaxing bump located near the
leading edge of the compliant panel. The � ow is from left to right (based
on Fig. 2b of Ref. 29).

agating downstream initiated by creating a small bump on the left
of the domain, which is then allowed to relax. It can be seen that, in
fact, two separate wave packets are present. Despite appearances,
the right-handone becomesdominantat later times and corresponds
more closely to Eq. (1). The computations were carried out using
the novel discrete-vortex method described in Ref. 28. Figure 2 is
based on Fig. 2 of Ref. 29. It appears that traveling-wave � utter is
now well understoodand can be con� dently predictedwith existing
theory.

B. Divergence

In some respectsdivergenceis a simple instability to understand.
Imagine a small disturbance in the form of a bump is somehow cre-
atedona compliantsurface.Therewill a pressuredropover thebump
creating a suction force. If the � ow speed is steadily increased, this
suction force will rise proportionately to U 2

1 . At suf� ciently high
� owspeedit willoutweighthe restorativestructuralforce in thewall,
and the bump will grow until checked by the rise in the structural
force caused by nonlinear effects. Thus the physical mechanism is
conservative and does not require any viscous effects at all; it can
occur even in a potential� ow. In fact, the followingsimple estimates
for the critical wave number and � ow speed were derived in Ref. 21
for potential � ow over the plate-spring compliant-wall model:

®d D .K =3B/
1
4 ; Ud D 2 B K 27½4

f

1
8 (2)

where ½ f is the densityof the � uid. This appeared to give reasonable
agreement with the experimental data then available. According to
this model, divergence is a static wave at the point of instability
and slowly travels downstream at supercritical � ow speeds. It has
apparently been observed to occur on dolphins.30;31

The phenomenon is not quite so straightforward for the Gaster-
type, two-layer walls and for the simpler one-layer walls (Gaster
walls with the top plate-like layer removed). For example, Duncan
et al. 32 found that for the single-layerwalls ®d D 1. Divergenceon
such walls was fully investigated in a seminal experimental study
by Gad-el-Hak et al.33 They found that the divergence waves trav-
eled slowly downstream at speeds between 0:02U1 and 0:05U1.
They exhibited sharp crests with broad valleys between each wave.
Perhaps the most signi� cant � nding was that the divergence waves
only occurred when the � ow was turbulent. This is most dramati-
cally illustratedin Fig. 10 of Ref. 33 in which a wedge of turbulence
surrounded by laminar � ow was created by a local roughness ele-
ment. The divergencewaves were only created within the turbulent
wedge.This was explainedbyDuncanet al.32 bywriting thepressure
acting on the wall in the form

C peiµ ppot (3)

Here ppot is the wall-pressure � uctuation caused by perturbed po-
tential � ow, as in the derivationof Eq. (2). C p · 1 is the reduction in
magnitude of the wall pressure and µ the phase change, both occur-
ing as a result of the presence of the boundary layer. It could then
be argued that Cp was much smaller for laminar boundary layers
than turbulent ones. However, no method was available to predict
C p . This has now been remedied as will be explained shortly. In a
subsequent experimental study using an ultra-low-damping mate-
rial, Gad-el-Hak34 was also able to produce traveling-wave � utter
on a single-layer wall. In contrast to the preceding case, the waves
were much closer to a sinusoid form and travelled at around 0:5U1.

Figure 3 (taken fromRef. 29)presentsa simulationof divergence,
which can be compared with Fig. 2. The same technique was used,
and, as before, the disturbance was created by a relaxing bump—
this time located in the center of the domain. The main difference
between Figs. 2 and 3 is that the � ow conditions are now such that
the � ow/wall system is unstable with respect to divergence. It can
be seen that the ray patterns and displacements are quite different
from Fig. 2. Now the wave packet does not propagate downstream
but spreads in both directions from the point of initiation. This is
characteristic of an absolute instability. In fact, Yeo et al. 35 have



CARPENTER, LUCEY, AND DAVIES 507

a)

b)

Fig. 3 Numerical simulationofdivergence: a) space-time form; b)wall
displacement pro� les at successive times (based on Fig. 4 of Ref. 29).

Fig. 4 Pressure scaling coef� cient plotted against Reynolds number
based on shear thickness for a wall disturbance in the form of a static
short wave.

formally shown that divergence is an absolute instablity.By means
of these simulations,we have been able to determine the coef� cient
C p as a functionof Re Q± (Reynolds number based on shear thickness
Q±) for a static wave of length ¸, keepingU1 and the velocity-pro�le
shape � xed. (The shear thickness Q± D U1¹=¿w , where ¹ is dy-
namic viscosity and ¿w is the shear stress at the wall.) An example
of the variation of C p vs Re Q± is plotted in Fig. 4 for a short wall
wave. Turbulent boundary layers have a small shear thickness and,
accordingly, relatively high values of Cp , whereas laminar bound-
ary layers have large values of shear thickness and relatively small
values of C p . The trends shown in Fig. 4 are exaggerated;in practice
we would expect Cp ¸ 0:1.

The peculiar shape of the divergence waves revealed in the ex-
periments of Gad-el-Hak et al.33 has recently been explained by
Lucey et al.36 They showed that it is necessary to include nonlinear

effects in both the � uid and wall dynamics. When this was done,
the hydrodynamic stiffness became increasingly peaky, similar to
the waveforms observed in the experiments, as the wave amplitude
increased.

C. Transitional Mode

Under certain circumstances T/S waves can coalesce with the
traveling-wave � utter instability to form a much more powerful
instability,8 which was termed a transitional mode by Sen and
Arora.26 It appears20 that excessive use of wall damping to con-
trol traveling-wave � utter can give rise to this instability. Thus it
sets an upper limit on the level of damping that can be used to con-
trol traveling-wave � utter. But wall damping is not essential for its
existence.A numericalsimulationof this typeof instabilityis shown
in Fig. 5. The numerical methods used are described by Davies and
Carpenter.37 The group velocity is zero and appears to have the
attributes of an absolute instability. Davies and Carpenter38 have
shown that the transitional mode replaces divergence for laminar
plane channel � ow. It is known39 that this also happens for the � at-
plate boundary layer. In practice, an experimentalist would � nd it
dif� cult to distinguishbetweendivergenceand the transitionalmode
as they are both absolute instabilities.

III. Multiple-Panel Compliant Walls
There is now a body of work based on theory and numerical

simulations that suggests that T/S waves can be completely sup-
pressedto inde� nitelyhighReynoldsnumbersby theuse ofmutiple-
panel compliant walls. A series of compliant panels could be used,
each with its properties tailored to suit the local � ow environment.
Carpenter and Morris24;40 developed a methodology for the opti-
mization of an in� nitely long, plate-spring-type,compliant wall to
achieve the maximum-possible transition delay. The essential con-
cept underlying the optimization procedure is to use estimates for
the onset speeds of traveling-wave � utter and divergence in order
to restrict the choice of wall properties to those corresponding to
marginal stability at the design � ow speed with respect to those two
� ow-induced instabilities.Equations (1) and (2) were used for this
purpose. The performanceof a particularcompliant-walldesign for
laminar-� ow control is quanti� ed by following Gyorgyfalvy4 and
introducing a transition delay factor (TDF):

TDF D
[.Rext /]compliant wall

[.Rex t /]rigid wall
D [.Re±¤ /en ]cw

[.Re±¤ /en ]rw

2

(4)

The form of the TDF follows from the variation of ±¤ with x for a
laminar� at-plateboundarylayer.The wall propertiescorresponding
to the greatestTDF are then found from among this restrictedset by
using en -type calculations like those illustrated in Fig. 6. However,
as discussed in Sec. II, it is now known that Eq. (2), which is based
on a perturbed potential � ow, is very conservative. We now know
that in a laminar � ow, keeping the wall properties � xed, the � ow
speed can be more than double the value given in Eq. (2) without
divergence occurring. The results given in Fig. 6 were obtained by
merely multiplying the right-hand side of the expression for Ud in
Eq. (2) by 1.4. This modi� cation allowed us to reduce the values
of B and K (i.e., make the wall more compliant) while keeping
Ud D U1. This is a relativelyminor relaxationcomparedwith what
we now know is possible.The method of estimating Cp reviewed in
Sec. II was used to show that this new, more compliant, wall would
still be marginally stable with respect to traveling-wave � utter, but
that the � ow speed would still be well below the onset speed for
divergence. For the wall properties found with this slightly relaxed
estimate for Ud , the methods of Carpenter and Morris24;40 produce
the ampli� cation curves plotted in Fig. 6. Each curve corresponds
to a T/S wave of � xed frequency. If one were to use these results
as the basis of a transition-point prediction using the en method41

with n D 9:5, a TDF of almost six would be obtained for this par-
ticular compliant wall. But the most noteworthy feature of Fig. 6
is the complete suppression of the T/S waves between approxi-
mately Re±¤ D 2 £ 103 and 2:6 £ 103 . In Fig. 21 of Ref. 24, with
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Fig. 5 Instantaneous spatial variation of the streamwise velocity perturbation for the absolutely unstable transitional mode over a laminar � at-plate
boundary layer interacting with a plate-spring-type compliant panel. The results were obtained by numerical simulation.39

Fig. 6 Theoretical ampli� cation curves for a plate-spring-typecompli-
ant wall with good laminar-� ow-control capability. Each curve corre-
sponds to a � xed frequency with the magnitudefalling from left to right.
vx and vi denote, respectively, the amplitudes of the velocity perturba-
tionsat the current streamwise station and the point on the lower branch
of the neutral curve corresponding to the � xed valueof frequency (based
on Fig. 1 of Ref. 37).

optimizationbased on the slightly more conservativeestimate of di-
vergencespeed given in Eq. (2), the same range of Re±¤ corresponds
to a minimum in ampli� cation, but complete suppression was not
observed.

The “window of T/S suppression” can be moved to higher val-
ues of Re±¤ by changing the ratio of bending to spring stiffness of
the compliant wall. In effect, the wall properties can be tailored to
achieve complete suppressionof the T/S waves. The best way to do
this in practice would be to use a series of relatively short, locally
tailored, compliant panels in the streamwise direction. (Carpenter42

showed that even the use of only two compliant panels in series can
bring considerable bene� t compared with using a compliant wall
with uniform properties.) Short compliant panels bring yet a further
advantagebecause they are less vulnerable to aero- and hydroelastic
intabilities.43 Furthermore, should a locally severe, environmental
disturbance be generated for some reason, the resulting turbulent
� ow and possibledivergencewould therebybe con� ned to a limited
region. (The wedge of turbulent� ow and divergenceproducedin the

experimental study of Gad-el-Hak et al.33—see Sec. II—suggests
that this is a feasible outcome.)

To be really effective at suppressing T/S waves, theory indicates
that fairly short panels should be used.But the theory is based on the
assumption that the compliant wall is in� nitely long. An obvious
questionis: Do panelsas shortas a few, or evenone, T/S wavelengths
retaintheir capabilityto suppressT/S waves?This questionhas been
investigated in detail through numerical simulation by Davies and
Carpenter37 in the case of plane channel � ow. The same numerical
techniquesare used here to simulate the response of a short compli-
ant panel when a T/S wave propagatingalong a � at-plate boundary
layer is incident on the panel’s leading edge. An example of one of
these simulations is given in Fig. 7. It can be seen that the panel
exhibits a complex response. Figure 7b is typical of a case where
the frequency of the T/S wave is above the cutoff frequency of the
compliant panel. If Fourier analysis is used to investigate the panel
response in more detail, the spectrum for wall displacement shown
in Fig. 7a can be obtained. This shows that the response is actu-
ally the result of a superposition of three separate eigenmodes of
the boundary-layer/compliant-wall eigensystem. Vertical lines cor-
respondingto the frequenciesof the theoreticallydeterminedeigen-
modes are drawn in Fig. 7a. The three superimposed eigenmodes
are 1) the original T/S wave; 2) a damped, � ow-induced surface
wave that propagatesupstream from the panel’s trailing edge with a
similar wavelength to the T/S wave; and 3) a lightly damped, near-
neutral, much longer, � ow-induced surface wave that propagates
downstreamfrom the panel’s leading edge. Despite the complex re-
sponse, the compliant panel in Fig. 7 does suppress the growth of
the T/S wave, which emerges with much-reduced amplitude from
the trailing edge.

In many respectsFig. 7 depicts an extremecase.No wall damping
is included, and hinged-end conditions are assumed at the leading
and trailing edges.The use of more realisticclamped end conditions
considerably reduces the extreme behavior at the panel’s leading
edge. Including light wall damping reduces the complexity of the
response.And, when the wall propertiesare selected so that the cut-
off frequency is above the T/S frequency, the panel response is also
much less complex. A typical example of a much milder response is
given in Fig. 8. In this case clamped end conditions were assumed.
Furthermore the panel is only about two T/S wavelengthslong.Nev-
ertheless the T/S waves are damped as they propagateover this short
panel. The main outcome from our recent study is that the favorable
conclusions drawn from our simulations of plane channel � ow37

concerning the use of short compliant panels can be carried over to
boundary-layer � ows. It appears that compliant panels as short as
one T/S wavelength remain effective at suppressing T/S waves.



CARPENTER, LUCEY, AND DAVIES 509

a) b)

Fig. 7 Numerical simulation of a T/S wave propagating in a laminar � at-plate boundary layer over a � nite compliant panel of plate-spring type:
a) Power spectrum obtained by analyzing the instantaneous pro� le of wall displacement; the vertical broken lines correspond to eigenmodes of the
coupled Orr–Sommerfeld/compliant-wall eigenproblem. b) Instantaneous spatial variation of the streamwise velocity perturbation plotted along and
normal to the wall.

Fig. 8 Similar to Fig. 7 except that in this case the perturbation vor-
ticity at the wall is plotted and the compliant panel is much shorter
(its leading and trailing edges are indicated by the vertical lines) with
clamped end conditions being used.

IV. Feasibility of Aeronautical Applications
A. Compliant Walls

In principle there is no reason why the theoretical methods just
discussed should not be used to design compliant walls for laminar
� ow control in air. In water � ow the properties required for near-
optimum compliant walls have been demonstrated to be feasible
for manufacture and are probably reasonably practicable for many
marine applications.We will now assessthe feasibilityof usingcom-
pliant walls for laminar � ow control in aeronauticalapplications.

The most obvious difference between air and water is that the
latter is 800 times more dense. Another signi� cant difference is
that the kinematic viscosity of air is 15 times greater than that of
water. When the � uid density is greatly different from the density
of the wall material, there are two main consequencesthat affect the
physics of the wall/� ow interaction. First, the interfacial condition
equating the normal surface tractions in the � uid and solid requires
an additional term to account for the body-forcepertubationarising
when the compliant surface is perturbed—see Eq. (4) of Ref. 8. In
practice, this effect is usually unimportant. More signi� cant is the
mismatch between the wall and � uid inertias, which could come
about when the densities are greatly different. For wall compliance

to have a signi� cant effect on T/S waves, the wall and � uid inertias
must be of the same order of magnitude. This is well illustrated by
the theoretical results carried out in Ref. 10 for comparison with the
experimental study of Lee et al.44 It was found that a single-layer,
homogeneous,visco-elasticwall with a density of 1000 kg/m3 was
indistinguishable from a rigid wall in its effect on T/S waves. It
was necessary to reduce the wall density to close to that of air, i.e.,
1.2 kg/m3 , in order to see a signi� cant stabilizing effect on the T/S
waves. As mentioned in Sec. I, when compliantwalls are optimized
for laminar � ow control their free-wave speed turns out to be about
0:7U1 . For single-layer, visco-elastic walls the free-surface-wave
speed is given approximately by

cs ’ 0:7 Gs=½s (5)

where G s and ½s are the shear modulus and density, respectively,of
the wall material. From Eq. (5) it is plain that the free-wave speed
is strongly dependent on the material density.

Lee et al.44 have carried out Gaster-type experimental studies
on very soft, single-layer, compliant walls in a wind tunnel. They
have apparently observed a stabilizing effect on the T/S waves. A
fairlydetailedcomparisonbetween thepredictionsof hydrodynamic
stability theory and their experimental results was carried out in
Ref. 10. Essentially the same theory was used, suitably modi� ed
to allow for the density differences between the wall and air, as
previously corroboratedby comparison with Gaster’s experimental
data.22;23 According to the theory, the compliant walls of Lee et al.
were effectively equivalent to a rigid wall as regards their effect on
T/S waves. This does not mean that their results were not genuine,
although there were some shortcomings from the point of view of
making comparison with theory which were discussed in Ref. 10.
What can be concluded, though, is that the observed stabilization is
not a result of the physicalmechanismfound in Gaster’s experiment
and studied extensively by us and others.

Dixon et al.11 have shown how the properties of single- and
double-layer compliant walls can be optimized for obtaining the
greatest possible transition delay. We will now see what proper-
ties their methods predict for application in air. For single-layer
walls Dixon et al. showed that the Gyorgyfalvy transition-delay
factor could not exceed about 2.5. As just mentioned, this could be
achieved when cs ’ 0:7U1 . Thus, using Eq. (5) the required shear
modulus is given by

Gs ’ ½sU
2
1 (6)
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Table 1 Optimal compliant wall properties for use in air� ow

U1 , ½p , b, E p , ½s , Es ,
Wall type m/s kg/m3 ¹m GPa kg/m3 Pa

Single layer 25 —— —— —— 1.2 3,000
Single layer 100 —— —— —— 1.2 12,000
Single layer 200 —— —— —— 1.2 48,000
Double layer 25 1,000 4 62,500 1.2 900
Double layer 25 5,000 0.8 8 £ 106 1.2 900
Double layer 100 1,000 1 106 1.2 14,400
Double layer 100 5,000 0.2 125£ 106 1.2 14,400

To match the wall and � uid inertias, it would be necessary to
use a material with density close to that of air. Assuming that a
suitable such material exists, e.g., a type of aerogel, we see from
Table 1 what values of elastic modulus (Es ’ 3Gs for elastomers)
are implied by Eq. (6). It is possibleto obtain such elasticmoduli for
elastomericmaterials such as silicone rubber, but for such materials
the densityis around1000kg/m3 . We donotknowwhethervery light
aerogel-likematerials with these values of elastic modulus could be
manufactured.What is certain is that the lack of robustnessof walls
made from such materials would make conventional aeronautical
applications impractical.

Two-layer walls with an upperplate-like layer have a much better
potential for laminar-� ow control. Based on the results of Dixon
et al.,11 the optimal properties for the upper plate-like layer of such
walls for transition delay in air� ow are given approximately by

b ’ 0:1=½ pU1; E p ’ 100U 2
1½3

p (7)

provided SI units are used throughout.
The estimates in Eq. (7) are used in Table 1 to give wall properties

for plate material densities of 1000 kg/m3 (typical of elastomers)
and 5000 kg/m3 (typical of metals). It can be seen that even at a
low airspeed of 25 m/s the required elastic moduli for the plate
are well beyond what is possible for existing materials. The gap
between what is requiredand what is possiblewidens still furtheras
the airspeed rises. Accordingly we conclude that it is not possible
to manufacture a two-layer, compliant wall with a plate-like outer
layer for aeronautical applications.

Beforegivingupcompletely,we shouldconsiderthepossibilityof
usinga tensionedmembraneas the stiffouter layer insteadof a plate.
This, in fact, would follow directly in the footstepsof Gyorgyfalvy.4

For this purpose we turn to the optimization procedures set out
by Carpenter and Morris.40;24 With this approach one is left with
only two free wall parameters, after selecting the wall properties to
meet the requirementof marginal stabilitywith respect to traveling-
wave � utter and divergence. One parameter is the nondimensional
criticalwave number for divergence N®d [see Eq. (2)]; for a tensioned
membrane over a spring foundation21

®d D K =T ; Ud D 4K T ½2
f

1
4 (8)

where T is the tension per unit width applied to the outer layer. The
other free parameter is the dimensionlesswall-dampingcoef� cient.
Thus, in the absenceof wall damping,only N®d is availableto vary for
optimizationwith respect to the stabilizationof T/S waves. Figure 9,
taken from Ref. 45, plots the dimensionlessgrowth rate of the most
rapidly growing T/S wave at a given value of Re±¤ vs N®d = N®m0 (where
N®m0 is the nondimensional wavenumber of the T/S wave) for three
compliant walls. It is striking that in each case the optimum with
respect to T/S growth rate corresponds to the same value of N®d =N®m0

and also to the same much-reduced growth rate. Also noteworthy
is that the optimum is much shallower for the tensioned-membrane
compliant wall, implying signi� cant T/S wave stabilization for a
much wider range of off-design conditions. Table 2 is also taken
from Ref. 45; it gives the range of mechanical properties for a com-
pliant wall comprising a tensionedmembrane surmountinga spring
foundation with a good laminar-� ow capability at an airspeed of
25 m/s. Four cases are considered: 1) an elastomeric membrane
with mass chosen so that Uc D U1 using Eq. (1) for Uc (denoted

Table 2 Near-optimal wall properties for a compliant wall
comprising a tensioned membrane over a spring foundation

for air� ow with Re ¤
±

= 2240

Relative
Membrane membrane U1 , b, T , K ,
material Inertia m/s ¹m N/m kN/m3

Elastomer 1 25 4–36 2.5–23 60–5
Elastomer 3 25 11–10 2.5–23 60–5
Titanium 1 25 0.8–8 2–23 60–5
Titanium 3 25 2.4–24 2–23 60–5

Fig. 9 Variation of T/S maximum growth rate at a � xed Re± ¤ =
2:24 £ £ 103 with nondimensional divergence wave number for various
optimalcompliant walls: ——, plate/spring type (T = 0); – – –, tensioned
membrane over spring foundation (B = 0); and ++, plate-spring compli-
ant wall with an in� nitely deep inviscid � uid substrate (based on Fig. 2
of Ref. 45).

by one under relative membrane inertia in Table 2); 2) a similar
membrane with mass three times this value (denotedby three under
relative membrane inertia in Table 2), on the assumption that wall
damping could be used to control the traveling-wave � utter; and 3)
and 4) a titanium membrane with the two masses chosen as in the
former two cases. To obtain the wall properties corresponding to
other airspeeds, we note that

b / 1=U1; T / U1; K / U 3
1 (9)

From these results it appears that it would just about be possible
to manufacture a compliant wall with a membrane made from an
elastomeric material for airspeeds up to about 50 m/s. The use of a
metallic membrane seems to be just on the edge of what is practi-
cally possible.Arguably aluminumwould be preferableto titanium;
the range of thicknesses in this case would be 4–40 ¹m. Both elas-
tomeric and metallic membranes would be extremely delicate, and
this problem worsens with a rise in airspeed. Accordingly,we con-
clude that this lack of robustness makes it also infeasible to use
membrane-type compliant walls for laminar � ow control in aero-
nautical applications.

B. Other Flexible and Interactive Walls

DirectnumericalsimulationscarriedoutbyMetcalfeet al.46 show
that compliant walls, with properties close to optimal for the stabi-
lization of T/S waves, continue to have a strong stabilizing effect
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in the nonlinear regime of transition. This suggests that such com-
pliant walls would also act to reduce turbulence levels and skin
friction in fully turbulent boundary layers. However, to the best of
our knowledge,this has neverbeen con� rmed experimentally.What
does appear to have been observed in a number of experimental in-
vestigations is that relatively stiff � exible walls (of the order of a
100 times stiffer than the Kramer or Gaster surfaces) with free sur-
facewave speeds,which greatlyexceed0:7U1, do havea signi� cant
effect on fully turbulent boundary layers, producing reductions in
turbulence intensity and/or drag of up to 20% or more.47¡51 The
theory outlined in the preceding sections would indicate that such
walls are indistinguishablefrom rigid walls in their effect on hydro-
dynamicstability.Plainly, then, if theseobserveddragreductionsare
a genuine effect of wall � exibility, some other physical mechanism
is responsible,and it seems that it may also be effective in air� ow.49

The physical mechanism involved has not really been identi� ed,
although Semenov47 has developed a semi-empirical theory based
on Sternberg’s52 approach to the viscous sublayer. Very recently a
group at Cornell University have developed a promising approach
for studying this mechanism.53;54

Finally, recognizing that the problem with the use of compli-
ant walls in air is the mismatch between the inertias of the solid
and � uid, Carpenter and Porter55;56 have proposed using a passive
porous wall for laminar-� ow control. Their passive porous walls
take the form of a laser-drilled, stainless-steelmembrane stretched
over a plenum chamber. Typically the membrane has porosities in
the range 6–12%. The basic concept is that as a T/S wave propa-
gates along the boundary layer over the passive porous surface it
will drive minute quantities of air in and out of the wall. This leads
to a very similar effect at the wall as for a compliant surface. The
slight out� ow and in� ow is equivalent, for small displacements, to
the upwardand downwardvelocityof the compliantsurface.For the
passive porous wall it is the air rather than solid wall that moves in
and out, thereby overcoming the problem of the mismatch in iner-
tias. Despite the super� cial analogy between compliant and passive
porous walls, however, Carpenter and Porter55;56 showed that the
phase differencesbetween the pressure and normal velocity pertur-
bation in the two cases were opposite in sign, implying radically
different dynamics. Nevertheless, it appears that, in theory, appro-
priately designed and practically realizable passive porous surfaces
could suppress the growth of T/S waves. An optimum porosity of
about 12% was predicted by the theory.

An experimentalstudy57 was carriedout at QueenMary andWest-
� eld College, London, in collaboration with Professor M. Gaster
and British Aerospace in order to con� rm the theory. This found
a small amount of stabilization for porosities of the order 6%. For
higher levels of porosity, a powerful feedback mechanism came
into play whereby pressure � uctuations were generated in phase
with in� ow and out� ow from the plenum chamber. This produced
large-amplitudeand highly coherent, three-dimensional� ow struc-
tures, which appeared to be similar to K-type lambda vortices. This
phenomenon was very robust and could not be easily disrupted. Its
occurrenceprevented the theoreticallypredicted suppressionof T/S
waves from being observed experimentally. Plainly, some means
of eliminating the feedback phenomenon will have to be devised
in order for these passive porous walls to provide a viable laminar
� ow-control technique.

V. Conclusions
The main conclusions to be drawn from our review and assess-

ment of recent progress toward the use of compliant walls for
laminar-� ow control are as follows:

1) Good agreement has been found between the theory and the
experimental study of Gaster for the development of Tollmien–

Schlichting waves in water � ow over a compliant panel inset into
a � at plate. Furthermore there is close agreement between theory
and experiment regarding the onset of the � ow-induced surface in-
stabilities. Thus there is independent experimental con� rmation of
theory.

2) The theory indicates that traveling-wave � utter is the crucial
instabilityas regards the applicationof compliantwalls for laminar-

� owcontrol.It was the route to transitionfor two of the threecompli-
ant panels in Gaster’s experiments. The main role of wall damping
is to control this instability so that a more compliant surface can be
used.

3) New results from numerical simulations are presented for the
various � ow-induced instabilities.In particular, these show how the
amplitude of pressure � uctuations is greatly reduced by a laminar
boundary layer, leading to revised estimates for the onset of diver-
gence instability, which is now found to be much less powerful in
laminar boundary layers than previously thought.

4) Theory and numerical simulations suggest that it may well
be possible to suppress Tollmien–Schlichting waves completely at
any Reynolds number no matter how high. New results are pre-
sented showing that very short compliant panels can still suppress
the growth of Tollmien–Schlichting waves.

5) The feasibility of using compliant walls for laminar-� ow con-
trol in aeronautical applications has been assessed. It is concluded
that such delicate walls are required in order to match the inertias
of the wall and air so that the lack of robustness makes the use of
compliantwalls in air impractical.The use of other types of � exible
and interactive walls is also assessed.

There are three outstanding issues that remain to be addressed in
order to make the use of complaint walls practical for laminar � ow
control in marine applications. First, elastomeric materials which
have the appropriatemechanicalpropertiesandare suitablefor long-
term use, need to be developed. Experimental studies of multiple-
panel complaint walls are desirable to test the concept. Controlled
tests of compliantwalls in a real marine environmentand at practical
design conditions are also desirable. Finally, the outstanding theo-
retical questions concern receptivity. How does wall compliance
affect receptivity to freestream turbulence and particulate matter?
This is the subject of our current research.
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