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Figure 1Stages of boundary layer development on a flat plate, subjected to an adverse pressure gradient. Arrows sho
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velocity and mean flow velocity emboldened, boundary layer in blue and zone of vortex formation or swakes in red.

forces and is influenced by the animal's size. At low Re the
greatest influence on drag will be surface friction, moving
through a relatively viscous medium with little momentum
from the propulsive forces the animal generates. In larger
organisms, inertial forces are more important, and adaptations
are primarily aimed at preserving laminar flow or controlling
turbulent boundary layers at higher speeds through relatively
inviscid fluids [7]. Consequently, fish larvae must generate
thrust constantly to move forwards through relatively viscous
fluid [8]. There is debate as to whether changes during onto-
geny reflect optimal functionality for differing Revalues [9],
or are just an energetically expensive stage of growth before
achieving a streamlined adult form [10,11]. It is the point at
which the Reis great enough for inertial forces to take priority
in the design of the organism that they are broadly classified as
nektonic, rather than planktonic [12].

push it behind it again (form drag), while skin friction drag
concerns the finer interactions of fluid flowing over a plane.
Induced drag covers the energy lost to the component of
lift force acting against the direction of motion, arising from
the vortex wakes of fins and other finite lifting surfaces.
Two main mechanisms of drag reduction are recognized in
extant nektonic organisms; maintaining attached laminar
flow as the ideal flow regime [14], or inducing and controlling
turbulent flow to prevent separation [15,16].
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3. Strategies for drag reduction in fossil

(a) Streamlining

Streamlining is a fundamental way to decrease form drag as

it optimizes pressure gradients which develop across the

body. Many fishes are dorsoventrally or laterally compressed
flatfishes, lookdowns, respectively), or long and tor-

e.g.
(b) Boundary Iayer development and Separ%@ﬁ@-ﬂe (e.g. barracuda) to minimize their impact against

As a fluid of uniform flow (figure 1 a) passes over a wall, mol-
ecules in contact with the surface decelerate due to shear
stress from friction. The flow velocity above this decelerating
fluid then becomes retarded, as particles move over slower
moving particles below. Counteracting this, the fastest moving
fluid in the main flow-stream above drags the underlying
fluid along and a velocity profile is formed (figure 1 b). The
region between the wall to the point at which the fluid velocity

is at 99% of the maximum ‘free stream’ velocity is called the
boundary layer.

In an adverse pressure gradient, such as behind the widest
point of a fish's body, the rising static pressure (pressure
energy per unit volume) of the fluid implies a reduction of
dynamic pressure (kinetic energy per unit volume) and thus
a decrease in flow velocity [13] (figure 1c). Reduction of flow
velocity induces flow to separate and reverse, forming counter
rotating vortices near the wall (figure 1 d,e). This is referred to as
boundary layer separation, which increases the effective size of
the object to be propelled through the fluid and thus also the
amount of drag suffered [14].

(c) Types of drag

Drag can be divided into three categories; pressure, induced
and friction drag. Pressure drag describes the energy used to
move fluid out of the way of the anterior part of the body and

the fluid as they move. Body shape should act to maintain
a favourable pressure gradient and laminar flow, with the

widest part of the body in the centre [16]. In some of the fast-
est moving fishes, protrusions from the body surface can be
tucked into fairings that maintain the streamlined shape,

and even the eyes do not protrude [17].

(b) Turbulisors

To delay boundary layer separation, some species (particularly
fast-swimming pelagic fishes) use turbulisors at the widest
point of their body to induce turbulent flow (figure 2). As
water passes over the contractor region (from the anterior lead-
ing edge to the widest point of the body), laminar flow is
maintained as dynamic pressure is high, pushing the fluid
towards the wall. After the contractor, in the diffuser region
(the narrowing area towards the tail), dynamic pressure
decreases, static pressure increases and boundary layer separ-
ation may occur [12,13]. Turbulisors can include surface
roughness, fins and gills, but all trigger the transition from
laminar to turbulent flow which transfers some of its momen-
tum towards the wall, meaning the boundary layer stays
attached for longer. Fishes also maintain attachment by ‘blow-
ing’ fluid from their gills (positioned at the widest point of
the body) downstream, counteracting retarding flow in the
boundary layer at high speeds [18].
























