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This paper reviews recent progress on understanding
the effects of compliant walls on boundary-layer in-
stabilities and laminar-turbulent transition. Aspects
of the structure and properties of dolphin skin are
also considered insofar as they have influenced the
work on the hydrodynamics of compliant walls. The
question of whether the work on this subject can
shed any light on the supposed laminar-flow capabil-
ity of dolphin skin is also examined.

Do some dolphin species (e.g. the bottle-nosed dolphin
Tursiops truncatus) possess an extraordinary laminar-
flow capability? Certainly mankind has long admired
the swimming skills of this fleet creature. Scientific
interest in dolphin hydrodynamics dates back at least as
far as 1936 when Gray' published his analysis of dol-
phin energetics. It is widely accepted (although there is
expert dissenting opinion>’) that Tursiops truncatus can
maintain a sustained swimming speed of 9 m/s. Gray
followed the usual practice of marine engineers and
modelled the dolphin’s body as a one-sided flat plate of
length 2 m. The corresponding value of Reynolds num-
ber, Re;, based on the body length was about 20 x 10°.
Even in a very low-noise flow environment the Rey-
nolds number, Re,,;, for transition from laminar to turbu-
lent flow does not exceed 2 to 3 x 10° for flow over a
flat plate. Accordingly, Gray assumed that if conven-
tional hydrodynamics were involved, the flow would
mostly be turbulent and the dolphin body would experi-
ence a large drag force. So large, in fact, that at 9 m/s
its muscles would have to deliver about seven times
more power per unit mass than any other mammalian
muscle. This led him and others to argue that the dol-
phin must be capable of maintaining laminar flow by
some extraordinary means. This hypothesis has come to
be known as Gray'’s Paradox.

Little in detail was known about laminar-turbulent
transition in 1936 and Gray would have been unaware
of the effect of the streamwise pressure gradient exter-
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nal to the boundary layer. We now know that transition
is delayed in favourable pressure gradients (accelerating
flow) and promoted by adverse ones (decelerating
flow)*. Thus, for the dolphin, the transition point would
be expected to occur near the point of minimum pres-
sure. For Tursiops truncatus this occurs about half way
along the body’ corresponding to Re,, = 10 x 10°. When
this is taken into account the drag is very much less and
the required power output from the muscles only ex-
ceeds the mammalian norm by no more than a factor of
two. There is also more recent evidence that dolphin
muscle is capable of higher output™. So after re-
examination of Gray’s paradox there is now much less
to explain. Nevertheless, the dolphin may still find ad-
vantage in a laminar-flow capability. Moreover, there is
ample evidence, which we will review in the present
paper, that the use of passive artificial dolphin skins —
compliant walls — can maintain laminar flow. We will
also review the information on those features of the
dolphin epidermis which may be of hydrodynamics sig-
nificance. In particular, we will consider whether the
study of compliant walls can offer any evidence that
dolphin skin has laminar-flow properties.

Structure of dolphin skin and its artificial
analogues

In the late 1950s, Kramer®™® carried out a careful study
of the dolphin epidermis and designed compliant coat-
ings closely based on what he considered to be its key
properties. Figure 1 shows his compliant coatings and
test model. Certainly, from his photographs® of sections
through dolphin epidermis, it appears that his coatings
bore a considerable resemblance to dolphin skin, par-
ticularly with respect to dimensions (see also Figure 2).
According to Babenko er al’'', however, Kramer’s
photographs are misleading and his understanding of
the structure of dolphin epidermis faulty. In fact, it ap-
pears that there is still not a universally accepted, co-
herent view of the structure. Figure 2 attempts to give a
composite schematic view of the main structural fea-
tures of the dolphin epidermis and upper dermal layer
drawn from several sources™®'*. Some authors'®"? have
noted the presence of microscales or cutaneous ridges
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Figure 1. Kramer’s compliant coating and model. All dimensions in
mm. (Drawings based on those given in ref. 7.) a4, Cross-section; b,
Cut through stubs; ¢, Model: shaded regions were coated. {Based on
figure 1 of ref. 17.)
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Figure 2. Structure of Dolphin skin. @, Cross-section; b, Cut through
dermal papillae at AA'; ¢, Front view. Key: a, cutaneous ridges or
microscales; b, dermal papillae; ¢, dermal ridge; d, upper epidermal
layer; e, fatty tissue.

running approximately normal to the flow direction.
The effect of the cutaneous ridges on the hydrodynam-
ics is unknown. The upper epidermal layer forms a
comparatively dense elastic membrane and is consid-
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ered capable of transmitting all pressure fluctuations to
the underlying layer. This layer and the dermal papillae
are made of looser, more hydrated tissue, including fat
cells. The angle the dermal papillae make to the vertical
varies over the body from 10 to 80 degrees'’. They ex-
tend upwards from the dermal ridges which run roughly
in the streamwise direction'®'? and can be clearly dis-
cerned through the translucent upper epidermal layer by
the naked eye. Babenko et al” ' also suggested that the
blood flow through the dermal papillae could be varied,
thereby allowing the viscoelastic properties of the papil-
lary layers, and perhaps the skin as a whole, to be regu-
lated by the nervous system. This implies that dolphin
skin is subject to a certain amount of active control
unlike the purely passive compliant walls.

Kramer’s compliant coatings were manufactured from
very soft natural rubber and he mimicked the effect of
the fatty, more hydrated tissue, by introducing a layer of
highly viscous silicone oil into the voids created by the
short stubs. He achieved drag reductions of up to 60%
for his best compliant coating compared with the rigid-
walled control in sea-water at a maximum speed of
18 m/s. Both the grade of natural rubber and the viscos-
ity of the silicone oil were varied to obtain the best re-
sults. (The optimum viscosity was found to be about
200 times that of water.)

Effects of compliant walls on instability waves

Although no evidence existed beyond the drag reduc-
tion, Kramer believed that his compliant coatings post-
poned laminar-turbulent transition. For the low
disturbance levels found in the natural marine environ-
ment the route to laminar-turbulent transition for
boundary-layer flows like those over flat plates is via
the amplification of quasi-two-dimensional, small-
amplitude, Tollmien-Schlichting (T/S) waves®. After
extended exponential growth along the boundary layer,
these waves eventually grow sufficiently large for
nonlinear effects to set in. Transition proper follows
shortly thereafter. Its final stage is characterized by the
formation of turbulent spots and any vestige of T/S
waves has disappeared. However, this final stage of
transition can only take place following the amplifica-
tion of the small-amplitude waves which occupies ap-
proximately 80 or 90% of the total transition length.
This initial phase is well described by linear hydrody-
namic stability theory.

Kramer’s view was that compliant coatings reduced
or suppressed the growth of the small-amplitude T/S
waves, thereby postponing transition to much higher
Reynolds numbers or even eliminating it entirely. This
also remained the goal of much subsequent research.
Kramer believed that the fatty tissue in the upper dermal
layer of the dolphin and the silicone oil in his compliant
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coatings acted as damping to suppress the growth of the
waves. This must have seemed eminently reasonable at
the time. Surprisingly, however, the early theoretical
work by Benjamin'*'"> and Landahl'®, while showing
that wall compliance can indeed suppress the growth of
T/S waves, also showed that wall damping itself pro-
moted wave growth (i.e. the waves grew faster for a
high level of damping than for a low level). Because the
theory contradicted his concept of the role of damping
and also owing to the failure of other investigators to
confirm his results, few believed that Kramer’s coating
had a laminar-flow capability. But Benjamin and Lan-
dahl’s theory was rather general and they had made no
attempt to model Kramer’s coatings theoretically. A
theoretical assessment of his coatings was carried out
much later by Carpenter and Garrad'”'® who modelled
the coatings as plates supported on a spring foundation
with the effects of visco-elastic damping and the vis-
cous damping fluid included. Their results broadly con-
firmed that the Kramer coatings were capable of
substantially reducing the growth of T/S waves.

Experimental confirmation was still lacking for the
stabilizing effects of wall compliance on T/S waves.
This was provided by Gaster'”. A schematic diagram of
his compliant panel and experimental set-up is shown in
Figure 3. The compliant wall was simpler than
Kramer’s and less obviously like dolphin skin. It con-
sisted of two-layers: a thin, outer, plate-like covering
surmounting a much softer and thicker layer. The test
model was a flat plate with a compliant-panel insert.
The T/S waves were created by a driver located ahead
of the compliant panel’s leading edge and they were
measured at its trailing edge by a surface hot-film foil
gauge. Close agreement was found between the meas-
ured growth and that predicted by suitably modified
linear stability theory.

Flow-induced surface instabilities

A compliant wall is itself a wave-bearing medium. If it
is subject to an impulsive line load in the absence of
fluid flow, surface waves travel outward along the sur-
face to the left and the right of the point of impact.
These are the free surface waves. It has been found that
for compliant walls with good transition-delaying proper-
ties these waves travel at about 0.7 times the flow
speed’®?!. In fact, a good definition of a compliant wall is
that the free-surface waves travel at speeds comparable to
the flow speed. It follows therefore that a particular pas-
sive flexible wall can only be compliant for a certain
range of flow speeds. In the presence of fluid flow the
free-surface waves can develop into instabilities. They
can also interact with other waves to form instabilities.
The existence of these flow-induced surface instabili-
ties adds much to the interest and challenge of the sub-
ject, and their importance was fully appreciated in the
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seminal papers of Benjamin'*'’ and Landahl'®. Benja-
min’s discovery of the unexpected effect of wall damp-
ing on the T/S waves, led him and Landahl to introduce
a new concept to science. They classified waves accord-
ing to how they responded to irreversible energy trans-
fer. Class A waves (now called Negative Energy
Waves — NEW — after terminology introduced later in
plasma dynamics®) are destabilized (stabilized) by irre-
versible energy transfer out of (into) the system due, for
example, to wall damping. T/S waves belong to this
class. (One needs to be a little cautious in this regard as
strictly the concept can only be applied to conservative
base states.) Class B waves (Positive Energy Waves —
PEW) are more conventional in that they are stabilized
(destabilized) by energy transfer processes having the
opposite effect on the NEW. In their pure forms the
NEW and PEW can only become convective instabili-
ties®, i.e. they grow exponentially (until nonlinear ef-
fects intervene) as they propagate downstream, but do
not grow with time at a fixed location. Owing to their
opposite energy requirements, however, NEW and PEW
can combine to form a truly self-sustained, temporally-
growing instability, known as an absolute instability>.
Once they form, these instabilities are indifferent to
irreversible energy transfer. Examples of such instabili-
ties found in flow over compliant walls are discussed
below.

An interesting, and highly significant, observation
made in Gaster’s experimental study was that for the
two most compliant of his three panels, the route to
transition was not amplification of T/S waves. Unlike
the relatively gradual process found for the rigid con-
trol, transition occurred suddenly when a critical speed
was reached. Moreover, when this happened the signal
from the hot-film foil gauge located at the panel’s trail-
ing edge oscillated at a much higher frequency than the
driver. It was later shown by Lucey and Carpenter™ that
a flow-induced surface instability — traveling-wave flut-
ter — set in at the observed transition speed. (This insta-
bility is included schematically in Figure 3).

Traveling-wave flutter is a PEW and it is destabilized
by irreversible energy transfer to the wall due to the
work done on it by the fluctuating pressure. If the
boundary layer were absent it would be found that the
fluctuating pressure generated in an unsteady potential
flow when a surface wave propagates along a compliant
surface is exactly 90 degrees out of phase with the ver-
tical velocity of the wall. Thus no network would be
transferred over the wave period. If the boundary layer
can shift this phase difference away from 90 degrees
then there would be a possibility of irreversible energy
transfer to the wall. Benjamin"> showed that a mecha-
nism originally identified by Miles in connection with
water waves could also apply to waves on compliant
walls. He showed that the required phase change in
pressure occurred at the critical point where the local
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