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Summary

Tangential and normal velocity profiles of the boundary  streamwise acceleration of the boundary layer. The
layer surrounding live swimming fish were determined behavior of these variables differed significantly in the
by digital particle tracking velocimetry, DPTV. Two boundary layer over a rigid fish. Total skin friction was
species were examined: the scuftenotomus chrysopsa  determined. Swimming fish were found to experience
carangiform swimmer, and the smooth dogfishiMustelus  greater friction drag than the same fish stretched straight
canis an anguilliform swimmer. Measurements were taken in the flow. Nevertheless, the power necessary to overcome
at several locations over the surfaces of the fish and friction drag was determined to be within previous
throughout complete undulatory cycles of their propulsive  experimentally measured power outputs.
motions. The Reynolds number based on lengtRe ranged No separation of the boundary layer was observed
from 3x103 to 3x1C°. In general, boundary layer profiles around swimming fish, suggesting negligible form drag.
were found to match known laminar and turbulent profiles  Inflected boundary layers, suggestive of incipient
including those of Blasius, Falkner and Skan and the law separation, were observed sporadically, but appeared to be
of the wall. In still water, boundary layer profile shape stabilized at later phases of the undulatory cycle. These
always suggested laminar flow. In flowing water, boundary phenomena may be evidence of hydrodynamic sensing
layer profile shape suggested laminar flow at lower and response towards the optimization of swimming
Reynolds numbers and turbulent flow at the highest performance.

Reynolds numbers. In some cases, oscillation between

laminar and turbulent profile shapes with body phase

was observed. Local friction coefficients, boundary layer Key words: undulatory swimming, fish, boundary layer, friction,
thickness and fluid velocities at the edge of the boundary drag, separation, hydrodynamics, digital particle image velocimetry,
layer were suggestive of local oscillatory and mean digital particle tracking velocimetry.

Introduction

When a body moves relative to a surrounding fluid, gFig. 1). Normal velocity relative to the surface also varies
boundary layer exists very close to the body surface as a resfitm zero at the body surface to some external valde,
of the ‘no-slip condition’ and viscosity (Prandtl, 1904). generating what is known as theprofile (Fig. 1). A third
Consider an object held stationary in a uniform oncoming flovprofile, thew-profile, usually exists in the flow over three-
with velocity U. The fluid in direct contact with the body dimensional surfaces, wheve is tangential to the wall and
surface adheres to the surface and has zero velocity. The flppdrpendicular ta. Note that ifu, v or w is not specified, the
just above the surface is slowed by frictional forces associatedrm ‘boundary layer profile’ generally refers to thprofile.
with the viscosity of the fluid. The closer the fluid is to the The shapes of the boundary layer profiles above a particular
surface, the more it is slowed. The result is a thin layer whengosition on a surface depend on the shape of the body, surface
the tangential velocityy, of the fluid increases from zero at roughness, the upstream history of the boundary layer, the
the body surface to a velocity closelo This velocity at the surrounding flow field and Reynolds number. Flow in the
outer edge of the boundary laytls, depends on the shape of boundary layer can be laminar or turbulent, resulting in
the body (Schetz, 1993). By definition, the boundary layeradically different classes of profile shapes. Prandtl (1952),
extends from the object’s surfage, to a positiory=9, where  Schlichting (1979) and Batchelor (1967) provide thorough
the tangential velocity relative to the object’s surface isW99 descriptions of the boundary layer concept. The behavior of a
The curve representing the continuous variation in tangentidlody moving relative to a real fluid cannot be accurately
velocity from y=0 to y=0 is commonly referred to as the described without an understanding of the boundary layer.
boundary layer profile or, more specifically, theprofile  Since the work of Prandtl (1904), great strides have been made
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* Ue - y body depend on the nature of the boundary layer. Unlike the
) i drag on a rigid body, such as an airplane wing, the drag on a
> U(®) =0.99Ue swimming fish cannot be measured by simply placing a fish-
shaped model in a wind or water tunnel. The boundary layer
of a swimming fish is complicated by the motion of the body
and is unquestionably different from that over a rigid model.
Furthermore, since the drag- and thrust-producing mechanisms
of a swimming fish are coupled, even the use of an actively
> swimming model requires indirect means to determine drag
(Barrett et al., 1999). Gray (1936) was clearly skeptical of the
Object surface extension of the so-called ‘rigid-body analogy’ to the
determination of drag on a swimming dolphin but, left with
Fig. 1. Tangential and normal velocity profiles in the boundary Iayef10 alternative, he used rigid-body drag as a tentative
over the surface of an object. Tangential velocities are represented Bﬁproximation. Webb (1975) catalogues the rigid-body drag
horizontal vectors and normal velocities by vertical Veaors'calculations and measurements on fish that ensued. but
Tangential velocityy, above any given positior, along the surface . . . '
varies from 0 tdUe, the tangential fluid velocity at the edge of the reiterates thg warning concerning the Wegkness of the gnalqu.
boundary layer, with normal distange,from the surface. Boundary | N€ reservations of Gray (1936) were affirmed when Lighthill
layer thicknessp, is defined as the normal distance between thd1960, 1970, 1971) published his reactive model of fish
surface of the object and the point at whist0.99Je. The curve  Ppropulsion, which predicted thrust in steady swimming to be
connecting the tips of the tangential velocity vectors is known as thas much as 3-5 times greater than the theoretical rigid-body
u-profile. The plot of fluid velocity normal to the body surfageas  drag. While the reactive thrust model of Lighthill (1960, 1970,
a function ofy, displayed to the right of the diagram, demonstrates| 971) is considered to overestimate thrust, it is widely believed
the conventional presentation of the normal velocity profile, okhat the drag on a swimming fish is, indeed, greater than rigid-
v-profile. There would be a set of velocity profiles for every positionbody drag. Weihs (1974) determined that it was possible for
X, along the surface of the object in this two-dimensional example. 'ﬁsh to capitalize on this state of affairs by burst-and-coast
is important to note t_hat all velocities are measured with respect tosa\llvimming.
coordinate system fixed to the body surface. Therefore, the same Lighthill (1971), citing discussions with Q. Bone, claims

basic profile shapes are obtained whether the object is held stationary o o ;
in a flow or whether the object moves through still water. that this ‘enhanced friction drag’ may be the result of boundary

layer effects resulting from the lateral movements of the body
segments of swimming fish. The rate at which vorticity is

in understanding fluid forces acting on bodies. Neverthelesproduced as the body surface is thrust into the surrounding
the hydrodynamics of undulatory swimming remains elusivefluid is likely to be higher than the outward diffusion of
Drag, thrust and power in undulatory swimming have not beeworticity that occurs during the retreat of the body surface. The
definitively determined. This is, in part, because no definitiveesult of this mechanism would be a boundary layer that is
measurements of boundary layer flow over a swimming fish dhinner and of higher shear than would be expected over the
cetacean have been performed. rigid body. Our fish boundary layer data substantiate this

Few attempts have been made to characterize the bounddwypothesis and reveal an additional mechanism of friction drag
layers of undulatory swimmers, and none has produceenhancement — mean streamwise acceleration of the near-field
boundary layer velocity profiles. Most recently, Rohr et alflow.
(1998b) have suggested that the relative intensity of Lighthill's (1971) prediction of enhanced friction drag
bioluminescence around a swimming dolphin may be linkedurther confused the already troubled field of energetics in
to the thickness of the boundary layer. In a set of earlieundulatory locomotion. Gray (1936) and Gero (1952), among
investigations, Kent et al. (1961) and Allen (1961) achieved athers (Webb, 1975), made measurements that suggested that
qualitative description of flow in the near-field and possibly thehe power required to overcome rigid-body drag for dolphins
boundary layers of fish using the Schlieren technique. Thand certain fish was greater than their muscle mass was capable
near-field is the region of flow around the fish affected by thef producing. This spawned a search for mechanisms that
presence of the fish and its swimming motions. In contrast, theould reduce the drag on an undulatory swimmer to levels
so-called far-field is the region in which the impact of the fistbelow the rigid-body drag. If, as Lighthill (1971) suggested,
has decayed essentially to nothing. While the boundary layéne drag on a swimming fish was actually several times the
can certainly be considered part of the near-field flow, to aidgid-body drag, the situation became even more problematic.
in the discussion, we use the term near-field to refer to thiéwas clear that Lighthill's (1971) model over-predicted thrust,
region dominated by the presence of the fish, but outside tlileat swimming performances had been exaggerated or that the
boundary layer. estimates of available muscle power were too low.

The understanding of drag mechanisms in undulatory Investigators of undulatory swimming hydrodynamics and
swimming has been impeded significantly by this lack oimuscle physiology have studied each of these alternatives in
boundary layer data. Both form drag and friction drag on @an attempt to resolve the discrepancies. Thrust and power
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were estimated from velocity measurements of the wake of a Materials and methods

swimming mullet Chelon labrosus(Muller et al., 1997). Fish

These investigators used techniques that were developed toSCup Stenotomus chrysop&N=9) and smooth dogfish
calculate thrust and minimum muscle power output in birdystelus canigN=1) were caught in traps or by hook and line
and insect flight, where they were met with varied succes$, Nantucket Sound. off Woods Hole. MA. USA. The animals
(Rayner, 1979a,b; Ellington, 1984; Spedding et al., 1984qr6 kept in 7501 tanks with a constant flow of fresh sea water
Spedding, 1986, 1987). In their preliminary work, MUller etgom Nantucket Sound. All fish kept longer than 2 days were
al. (1997) report thrust estimates even higher than thg frozen squid biweekly. Fish were transferred to and from
theoretical values of Lighthill (1971). At the same time,ihair tanks in 301 buckets or 60! coolers. Following

claims of extraordinary ~performances of —undulatorye,periments, fish were killed by cervical transection. The body
swimmers have been toned down somewhat (Lighthill, 196%ngth L, of scup averaged 19.5+1.8cm (meas.). The
Rohr et al., 1998a) and estimates of available muscle POWRhgfish measured 44.4 cm.

have been refined (Bainbridge, 1961; Webb, 1975; Weis-
Fogh and Alexander, 1977; Fish, 1993; Rome et al., 1993; Swimming conditions
Coughlin et al., 1996). In the light of such findings, it appears Scup were observed swimming both in still water and in a
less incumbent upon fish and cetaceans to possefisme. In still water, scup were observed swimming at
extraordinary drag-reducing secrets (Fish and Hui, 19918-40cms! at water temperatures of 11°C or 22-25°C,
Still, the problem has not been unequivocally resolveddepending on the season during which the experiments were
Excised fish muscle driven at rates equal to those measurath. In the flume, scup were observed swimming at
in vivo has given relatively low power outputs (Rome andl10-65cmsl at 22-23°C. The dogfish was observed
Swank, 1992; Coughlin et al., 1996; Swank and Rome, 200@wimming at 20-65cnt$in the flume at 22-23 °C.
Rome et al.,, 2000). These studies suggest that maximumIn flume trials, observations from three positions along the
power output measurements recorded during nonmidline of each fish were made at one or more speeds. In scup,
physiological stimulation and strain are not applicable. the measurements were made=0.50, 0.71 and 0.91. In
Despite the dearth of available boundary layer data andogfish, the measurements were made=at44_, 0.53. and
Lighthill's (1971) prediction of drag enhancement based 0®.69.. The majority of flume data for scup were acquired at a
theoretical thrust, theories of drag reduction by boundary layewimming speed of 30cm’s (18 swimming sequences). At
manipulation abound. The most notable proposed mechanisrtigs speed, scup were observed to use primarily caudal fin
fall under the categories of laminar boundary layempropulsion with infrequent strokes by their pectoral fins.
maintenance, turbulent drag reduction, utilization of shedRecordings of transverse velocity showed continuous
vorticity and the delay of separation. Theories of dragindulatory swimming during all acquired sequences. In still
reduction in undulatory swimming are reviewed and critisedvater, scup tended to swim more slowly, frequently using their
in Webb (1975), Webb and Weihs (1983) and Fish and Hypectoral fins and gliding. Therefore, in our analysis of the
(1991). One recent experimental study using a robotic fisish boundary layer, we have concentrated on the flume
claims to have substantiated drag reduction in undulatorgxperiments and the fastest of the still-water swimming
swimming (Barrett et al., 1999). Earlier works, on the flowsequences. The majority of the flume data for the dogfish were
over waving plates, have also demonstrated mechanisms treatquired at a swimming speed of 20ch 2 swimming
may act to reduce drag, especially form drag. Taneda arsgquences). Rigid-body measurements in dogfish were made at
Tomonari (1974) observed that the flow over a waving platéwvo positions,x=0.44_ and 0.62 at 20cmsl. The more
with wave speed, less than the oncoming flume spdéd forward positions on the dogfish were chosen because it was
resulted in separation of flow and turbulent recirculationdifficult to acquire sufficient data in the posterior region where
regions in the wave troughs. When wave speed was increast@ body wave amplitude increases dramatically with position.
so that c/lU=1, flow remained attached over the entireAt positions posterior tg=0.79_, the fish surface was captured
plate. In some cases, boundary layer flow was completelypfrequently in the small field of view of the flow-imaging
laminarized. In others, it oscillated between turbulent andamera. The swimming speeds of 30chB scup and
laminar. 20cmstin dogfish were chosen because at these speeds the
Here, we present the first description of boundary layer flofish swam steadily for long periods without tiring.
in swimming fish based on high-resolution velocity profiles. Still-water trials were performed in a large rectangular tank
We report the unsteady spatial distribution of boundary-layer2.5 nx1.2 nx0.5m). Water depth was 20 cm. A channel 20cm
related variables over the surface of swimming fish and discusg@de was constructed along one of the long glass walls of the
mechanisms responsible for the observed behaviors. Thank. The midpoint of the channel was used as the test section.
distribution of wall shear stress, determined from the boundaryhe flow-imaging camera was partially submerged in a glass
layer, is used to determine the total friction drag and thenclosure to prevent free surface optical distortion. Fish swam
power necessary to overcome it. Theories of boundary layeleeply and slowly enough so that free surface wave effects
manipulation, drag reduction and friction drag enhancememere negligible. Flowing-water trials were performed in a
are re-examined. large, recirculating, open-channel flume capable of speeds up
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to 70cmsl. The racing-oval-shaped flume, with straight High-resolution
sections 7.6m long, is paddle-driven by a conveyor bel digital video
mechanism. The flume channel is 78 cm wide and 30cm dee camera
Water depth during fish swimming trials was 16 cm. The tes
section used was constructed against one of the glass walls
the flume, 20cm wide and 80cm long. The free surface we
eliminated using a sheet of acrylic. Honeycomb flow-througt
barriers bounded the test section, confining the fish to the te
section, and damping out large-scale flow disturbances. Tt
barriers were 12.7cm in streamwise length with a tub
diameter of 1.3cm. Turbulence intensity in the test sectio
measured by laser Doppler anemometry (LDA) was 4-69
over the range of experimental flow speeds. Without thi
honeycomb barriers, turbulence intensity measured 7-89
Velocity measurements outside the fish boundary laye
demonstrated scatter in agreement with the measured te
section turbulence intensity. Still-water trials showed little to
no scatter in velocity outside the boundary layer. In both stillrig. 2. Sketch of the experimental arrangement for digital particle
and flowing-water trials, fish swam far enough from the walimaging velocimetry (DPTV) image pair acquisition. The illustration
— generally about 10 cm — that wall effects are expected to tdepicts a still-water triall and the arrow represent the velocity of
minimal. the fish through the test section. In flume experiments, fish were
Fluid flow around the fish was illuminated by a horizontalobserved to hold station in the flow through the test section. In such
laser sheet, 0.5mm thick, and imaged from above with casesU rgpresents the flume speed, and the flume direction would
high-resolution digital video camera (Kodak ES 1.0,Pe opposite to the arrow shown.
1008 pixelx1018 pixels) (Fig. 2). The flow was seeded with
neutrally buoyant fluorescent particles, 20g#0in diameter
(Johns Hopkins University). Macro photographic lensesheet. As the angle between the laser sheet and the fish surface
(Nikon, Micro-Nikkor, 60mm) were used to obtain high- deviates from 90°, boundary layer velocity profiles are
quality, high-magnification images of particles in the flow overdistorted, tending to give an incorrectly low wall shear stress.
the fish surface (Fig. 3). Fields of view used with the particletmages in which the fish surface is perpendicular to the laser
imaging camera were 1-2cm on each side. The resultingheet are easily distinguished from images in which the surface
images had a scale of 50-100 pixelsThnOur fish boundary is at an angle to the sheet. In the former, the fish surface appears
layers measured 0.5—-12 mm in thickness. The laser (New Waws a sharp edge. In the latter, depending on the direction of tilt,
Research, Nd:YAG, dual pulsed) was operated at low poweither the intersection of the beam and the fish surface is not
to prevent irritation to the animal and to minimize glare. Thevisible or the features of the fish surface beneath the sheet are
time delayAt, between laser pulses, i.e. between exposures #fsible, dimly illuminated by reflected laser light. Only images
the flow, was set at 2-10ms depending on swimming speedf the former type were used in the analysis.
The measured displacement of particles between exposures idn both still-water and flume trials, all three video cameras
divided by this time to obtain particle velocities. The laser andavere fixed with respect to the frame of the test section during
the particle-imaging camera were synchronized using a digiténage acquisition. In still water, the fish swam through the test
delay triggered by every second vertical drive signal of theection. They therefore swam through each camera’s field of
camera. The vertical drive signal is a TTL pulse that signalgiew at their swimming speed, and flow velocity outside the
the moment between two exposures. When triggered, tHesh boundary layer was nearly zero. In the flume, fish held
digital delay triggered laser 1 of the dual laser to fit  station in the test section without significant streamwise
before, and laser 2 to finkt/2 after, the next vertical drive motion with respect to the fields of view. The flow outside the
signal of the camera, which was ‘ignored’ by the digital delayboundary layer of the fish therefore moved through the fields
The camera was operated at approximately 30Hz, and 1@® view at the approximate flume speédl, Apart from the
sequential images were acquired per swimming sequencambient turbulence of the flume flow, the two situations are
Therefore, pairs of exposures, or image pairs, were acquiredequivalent from the standpoint of fluid dynamics. Both
15Hz, and continuous sequences of 50 pairs were acquirgdchniques proved useful to the analysis of the fish boundary
Two standard video cameras were used to obtain simultaneolager. Still-water trials revealed actual boundary layer
recordings of whole-body motion in lateral and dorsal viewsdevelopment over particular fish in undisturbed flow, whereas
This allowed fish boundary layer flow to be compared withflume trials revealed the phase-dependent aspects of the
relevant instantaneous whole-body kinematic variables. boundary layer at selected positions on the fish. The flume was
Measurements were confined to positions on the fish whesdso used to look at boundary layer development by recording
the body surface was essentially perpendicular to the lasseveral sequences from various streamwise positions.

Dual pulsed
laser system
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layer, Ue. Velocities measured by particle tracking confirmed
this.Ue values in both the swimming and rigid-body cases were
found to be essentially the samexa0.44..

Digital particle tracking velocimetry

The acquisition and analysis of image pairs for digital
particle image velocimetry (DPIV) and digital particle tracking
velocimetry (DPTV) are now common practice among
engineers, chemists and a growing number of biologists. For
this reason, the details of these techniques will be left to the
numerous existing works on the subject; the reader is referred
to Adrian (1991), Willert and Gharib (1991) and Stamhuis and
Videler (1995). Here, we report the variations on the themes
of DPIV and DPTV necessary to capture and resolve the fish
boundary layer. Flow velocities around the fish were quantified

rimarily by semi-automatic DPTV (Stamhuis and Videler,

Fig. 3. A double exposure showing examples of particle pairs used lpyg5y "5 icle pairs are located manually with a cursor on the
determine fluid velocities in the boundary layer around a swimmin

scup. An example of a particle pair is labeled with white arrows. Th%omputer screen. The term particle palr refers to the .tWO
particles in the image were moving roughly from left to right. Scalémages Of_ the sam.e pa'rtlcle that occur in an image pa”’.' A
bar, 1mm. The camera angle was as shown in Fig. 2. The bod:g,e\rtlcular image pair typically has tens to hundreds of particle
surface of the scup appears as a sharp, bright edge in the lower Ha@irs depending on seeding density. Once the particle pairs
of the image. The position on the scup shownx=8.59. on the  have been located, a computer program then determines the
midline of the fish, where is body length. The scup was swimming centroids of the particles and calculates displacement and
at 8.3cms! through still water, roughly to the right in the field of velocity. Conventional DPIV and automatic particle-tracking
view (black arrow). The body surface was moving laterallycode were sometimes used to resolve the outermost regions of
1.7cms in the direction away from the region of fluid shown here o ndary layer flow, but they often failed to resolve the flow
in the upper portion of the image. Note that the particles closer to ”\?ery close to the moving surface of the fish.

fish move a greater distance than the particles farther away from thep i o\ iface was located using an edge-detection
fish. This is because the fluid closest to the fish is most influenced b . . . .
gorithm developed in the study of squid locomotion

the motion of the fish through the fluid. However, in the frame o )
reference of the fish, the particles closest to the fish are moving mof@nderson and DeMont, 2000; Anderson et al., 2000). The

slowly than the particles farther from the fish, resulting in boundanglgorithm was further developed during the course of the
layer profiles similar to those shown in Fig. 1. The double exposurBresent work to match surface features in sequential images and

was constructed by simply adding successive video images. Thbereby calculate the precise motions of the animal surface. This
image was swept of approximately half of its original particles andnotion was conveniently described by a tangential and a normal
threshold-filtered for clarity of presentation. displacement. Deformation and rotation of the fish surface were
found to be negligible for any image pair because of the short
time separating the images and the small field of view. Trials
Rigid-body drag during which the fish rested motionless on the bottom of the
In general, the dogfish swam very close to the bottom of theank revealed the accuracy of this wall-tracking algorithm to be
flume, and it was possible to measure the boundary layer of thetter than 0.5pixels. At our magnifications, this represents
dogdfish at the same streamwise position and flume speed f00—20um error in displacement and, after smoothing,
both swimming and resting. Three image sequences of theegligible error in surface slope. For a typical swimming trial,
dogfish boundary layer were acquired while the dogfislsay U=20cms?! and At=5ms, this translates to less than 2%
conveniently rested motionless on the bottom of the flume. Therror in the measurement of tangential flow velocity relative to
flume speed and water temperature were 20¢émred 23°C. the fish surface. Average maximum error in normal velocity is
The resting data were used to determine rigid-body frictio2—10 %, depending on the magnitude of the transverse body
drag for the dogfish. velocity. Since wall shear stresses were determined from the
It was important to confirm that the bottom boundary layeslope of the boundary layer profile near the body surface, such
of the test section did not affect the rigid-body measurementsrors in velocity relative to the fish surface do not affect our
significantly. LDA showed that the boundary layer of the testalculated skin friction. Instead, these errors impact less critical
section bottom was thinner than 1.5cm. Dogfish boundargneasurements, such as outer edge velocity, boundary layer
layer data were taken between 1.2 and 1.8cm. Flowhickness and their fluctuations. In general, these variables were
visualizations were therefore made outside, or at the outer ediz@ge enough that errors were insignificant to negligible.
of, the flume bottom boundary layer, where small changes in
the height would not be expected to have a significant effect Tangential and normal velocity calculations
on the flow velocities at the outer edge of the fish boundary To construct tangential and normal velocity profiles from the
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image pairs of flow over the fish surface, the motion ohear-field, reducing the tedium of semi-automatic DPTV
particles in the image pairs must be viewed from the referengegocessing. The better the seeding, the closer to the fish DPIV
frame of the fish. Unless the surface can be described bycauld be used with confidence. DPIV nodes were treated as the
straight line, this requires the construction of axes normal angbsitions of virtual particles in the first image, and the locations
tangential to the fish surface for each particle. Assuming thatf correlation peaks were treated as virtual particle positions
the velocity profiles do not change significantly over thein the second image. This use of DPIV was made only well
relatively small field of view, this method results in the desiredbeyond the linear sublayer of the boundary layer and only
boundary layer profiles. The separate profiles are built up fromvhen particle densities allowed. The linear sublayer is the
the normal and tangential components of velocity determinedegion of the boundary layer closest to the body surface in
for each particle, with respect to the fish, plotted against normalhich the tangential velocity profile is linear. It will be shown
distance of the particle from the fish surface. below that an accurate determination of velocities in the linear
Normals from particles to the fish surface were determinedublayer is critical to the analysis of skin friction. As expected
through a standard minimization of the distances from thé instances of proper seeding, cross checks of such DPIV data
particles to the fish surface. The radius of curvature of the fidhy DPTV showed negligible differences in velocities
surface was always larger in scale than the field of view. Thigalculated in the outer regions of the boundary layer.
ensured convergence of the minimization process. The fish
body surface was found to be fitted well by a cubic polynomial. DPTV errors
This was used as a means to smooth surface roughnessAbsolute errors in DPTV depend on camera pixel resolution,
reducing needless scatter in the minimization process. ThHeld of view dimensions, particle shape, size, centroid analysis
normal velocity,v, of a particle with respect to the fish was and image quality. Relative errors are magnified by decreased
calculated by: particle displacements, which depend¥and the field of view
yo-y1 dimensions. We estimate average maximum DPTV errors of
= AL Q) tangential velocities in the linear sublayer of the fish boundary
layers to be between 5 and 15%. This range arises from
whereAt is the time between laser pulses, gn@éndy, are  conservative estimates of sub-pixel accuracy and particle
the lengths of the normals for the particle in the first and secorttisplacements of the order of 10 pixels. These errors tend to be
images respectively. This simple equation can be used becausgbiased since they depend on the images of individual particles.
as mentioned above, the deformation and rotation of the fishtherefore, if enough particle pairs are sampled in a given image
surface was negligible over the time between imafyes, pair, the error in wall shear stress determined for that image pair
The calculation of tangential velocity also began bytends to be unbiased. Wall shear stress is determined from a
determining normals to the fish surface from points in the fluidinear fit of theu-profile in the linear sublayer.
using the same distance minimization. In this case, however, Increased scatter was commonly observed inveunofile
the normals were determined from the midpoint of a particlelata compared with the-profile data. This is probably due
track to the average position of the fish surface in the twto DPTV errors magnified by generally shorter normal
images. The slope of the average fish surface was determindigplacements. Turbulence, wall tracking errors, variation in
at the intersection of the normal and the average fish surfadge profile over the streamwise length of the field of view and
The slope was used to construct a unit tangent vécifithe  cross-stream surface curvature may also contribute to scatter
average fish surface, in a streamwise sense, with respectioour profiles. In still water, very little scatter was observed
the camera pixel coordinates. That is, the vector lies in thié our u-profiles, especially outside the boundary layer, where
horizontal plane of the laser sheet, is at a tangent to the figlarticles are nearly stationary in the field of view. This is strong
surface and points roughly in the caudal direction. The velocitgupport for setting our DPTV error towards the lower end of
of the particle)Vp, and the velocity of the fish surfadk, were  our estimated 5-15% mentioned above.
determined in the same coordinate system. The tangential
velocity, u, of the particle with respect to the fish was then Boundary layer profile analysis
determined by the vector operation: Shapes of actual boundary layer profiles have been
U= (Vp-V9 -t @) detgrmined over thg years both' theoretically using the
L Navier—Stokes equations and experimentally using techniques
i.e. uis the component of the velocity of the particle, relativesuch as hot-wire anemometry. Prandtl’s student Blasius (1908)
to the fish surface, in the direction of the surface unit tangemtetermined the first boundary layer solution from the
vector in the plane of the laser sheet. Therefot® at the fish  Navier—Stokes equations. Blasius (1908) used numerical
surface and=Ue at the edge of the boundary layer. The normamethods to determine the velocity profiles for the simplest flow
velocity of the particle with respect to the fish can begeometry — laminar flow over a flat plate with no streamwise
determined in a similar manner, but normal velocitiespressure gradient. Blasius’ solution shows excellent agreement
calculated from equation 1 are more accurate since fish surfasith experimental data. Since Blasius, several other so-called
averaging is sidestepped. In some instances, conventioreact solutions of the Navier—-Stokes equations have been
DPIV was used to resolve the outer boundary layer andetermined for laminar boundary layers, including accelerating
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and decelerating flows (Falkner and Skan, 1930), and for thre 30

dimensional flows (Sowerby, 1954). It is important to note A

that these are solutions, not theory, and are, therefore, val

descriptions of boundary layer behavior despite their age. 20 ut = 5.75log(y*)+5.2
Knowledge of turbulent boundary layer profiles comes S5

mainly from experimental data. Time-averaged measuremen
of turbulent flow over flat plates with no pressure gradient hav
conveniently revealed what is known as the law of the wal
(Schlichting, 1979). When appropriately non-dimensionalized

! . . . 10?
the tangential velocity data follow a universal profile. The
effects of streamwise pressure gradients and variot
geometries on this universal profile are well documente 20
(Schetz, 1993). Tangential velocity, and distance from the B
wall, y, are non-dimensionalized for the law of the wall using 00000
the following definitions: 20 o
u 5
urs—
Uy 10 U=40cms?
T x=10cm
- 0 T=15°C
U = [ — ©)) 0
P 100 101 102
y" = & y+
v Fig. 4. Tangential boundary layer profiles presented as is

conventional for the law of the wallu* and y* are non-

whereV is the kinematic viscosity of the fluids is the wall  dimensionalized tangential velocity and normal distance from the
shear stress ards the fluid density. The defined intermediate,body surface, respectively. The relationship between these plots and
Us, is known as the friction velocity. Traditionally, the non- the tangential profile defined in Fig. 1 is best illustrated in B. If the
dimensionalized tangential velocity’, is plotted as a function axes of B were switched and tly¢ axis were changed from a

of logio(y*). Fig. 4A shows the law of the wall plotted in this logarithmic scale to a standard scale, the shape of the profile
manner. Two distinct curves are evident. Closest to the waléPresented by the circles would be essentially the same as the
which can be thought of as running parallel touhaxis, the tangential profile shown in Fig. 1. In other words, one can imagine

profile is linear, withu*=y*. Note that, on a semi-logarithmic the object surface to .be pa”.i”el o the axis and the S.C"’lled
. . . .~ boundary layer tangential velocity vectors to span fronyttexis to
plot, it does not look linear. This curve represents the line¢

. - i the plotted curves. (A) The time averaged profile of the law of the
sublayer, which is commonly referred to as the ViSCOUyq for turbulent boundary layer flow over a flat-plate with no

sublayer in the analysis of turbulent boundary layers. Farthtreamwise pressure gradient plotted in non-dimensional wall units
from the wall, the profile follows a logarithmic curve. Flow is on a semi-logarithmic graph. (B) The tangential velocity profile of
turbulent in the logarithmic region and laminar in the linearthe laminar, zero streamwise pressure gradient, flat-plate Blasius
sublayer; a region called the transition zone separates the tvboundary layer (open circles) scaled as for the law of the wall. The
Unlike the linear sublayer, the shape and position of thvalues used for velocity), streamwise positiorx, and temperature,
logarithmic region of the time-averaged profile may veryT: are within the experimental ranges of the present study.
significantly as a result of surface roughness and streamwi
pressure gradients (Schetz, 1993). For this reason, data in the analysis of turbulence on sampling time is due to the
logarithmic region cannot be used to determine wall shedluctuating nature of turbulent flow. If the sampling time is too
stress on an undulating fish. The linear sublayer must be usethort, the instantaneous boundary layer profile could appear to
Nevertheless, the general shape of the logarithmic region s laminar — and not necessarily Blasius-like — even if the flow
still useful for distinguishing between turbulent and laminamvere turbulent. It is only when several instantaneous boundary
profiles. Boundary layer profiles were fitted to the law of thdayer profiles over a particular point in a turbulent boundary
wall using the linear sublayer. The profile was then classifiethyer are drawn overlapped that the average curve drawn
as turbulent or laminar on the basis of the profile shape outsiderough the combined profiles follows the law of the wall. Our
the linear sublayer. For example, if the Blasius boundary layqrofiles, at most, can be considered time averages over an
is plotted using the non-dimensionalization of equation 3, theffective sampling period ais=I/U, wherel is the streamwise
majority of the boundary layer profile follows the linear curvedimension of the field of view arld is the swimming speed.
and is poorly fitted by the logarithmic curve (Fig. 4B). Tsin our experiments ranged from 0.02 to 1.0s, much shorter
It should be noted here that, for turbulent boundary layerdhan traditional sampling periods, and led to uncertainty in the
it is the time-averaged profile at a given streamwise positiodesignation of certain profiles as turbulent. Nevertheless,
that is described by the law of the wall. This dependence afeveral of our fish boundary layer profiles at high Reynolds
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numbers showed excellent agreement with the law of the wal Dt
More importantly, in the neighborhood of a particular surface CFTUZ’
position, the shapes afprofiles in the linear sublayer of a 2P

turbulent boundary layer are less variable than those in theyarep is the fluid densityA is the total wetted surface area
logarithmic region. Therefore, it is safe to assume that OYit ihe hody andl is the relative velocity of the object through
measurements of wall shear stress, which are based on g f,id. To obtain accurate values of friction drag and the

linear sublayer, are accurate. coefficient of friction for a swimming fish, a large number of

Throughout the diSCl‘JSSiOH of the measured bcggndary layersieasurements of wall shear stress at different positions and at
the quantityRe, or the length Reynolds number,’is usB& itferent phases of the undulatory motion must be taken.

is the Reynolds number based on positign,e. R&=UXV.  £qr comparative purposes, a local coefficient of frictia,
Recis commonly used (Fox and McDonald, 1992) in detailed, 55 defined as:

analyses of fluid phenomena that depend on streamwis”
position, such as boundary layer thickness, wall shear stre: Cix= >, (7
and the transition of boundary layer flow from laminar to 2pU

turbulent. For example, the position at which laminar flowB
makes the transition to turbulent flow over a flat plate does nQ
depend on the total length, of the plate. Instead, transition
tends to occur aRe=3.5x1C° to 5x1(0P, for any flat plate or
relatively similar surface (Schlichting, 1979), regardless of
and, subsequently, the standard Reynolds number based
length,Re Note thatRe atx=L is the same aRe

(6)

y this definition,Cs is the area average Gk over the fish
rface. ThereforeCs for a given fish falls between the
maximum and minimum values Gfx determined over the fish
body. Rough time averages Gf« and other boundary layer
variables were determined by simply averaging these
c?unantities over sufficient boundary layer realizations to cover
the entire locomotory cycle.

Wall shear stress and friction drag Undulatory phase
The tangential component of wall shear strass,n the Boundary layer data were taken on one side of the fish for
plane of the laser sheet was determined using: any given trial. The fish surface oscillated in the field of view
of the particle-imaging camera because of the transverse
- ﬂ motion of the body. We will use the term ‘crest’ to describe
To=H ) (4) . . : L
9y |y=0 the instance when the section of the fish surface in view has

moved to its full amplitude in the direction of the outward-
where i is the dynamic viscosity of the fluidi=u(y) is the  pointing surface normal, i.e. the positiyalirection. We use
tangential component of fluid velocity over the object in thétrough’ for the instance of full amplitude in the negative
plane of the laser sheet agds in the direction of the local direction. Phase is setto 90 ° at the crest and 270 ° at the trough.
outward normal of the surface. In the linear sublayer of botfiransverse wall velocity as a function of time determined from
laminar and turbulent boundary layers, the value of the partiaball tracking was fitted with a sine function. The phase of the
derivative — the normal gradient of— is constant and can be body surface transverse position was determined by integrating
determined by a simple linear fit. This use of experimental dataall velocity or simply by subtracting 90 ° from the phase of
to determine wall shear stress has been termed the ‘near-wialinsverse wall velocity.
method’ by Osterlund and Johansson (1999). Their wall shear Detailed phase analysis was only applied to flume data. Still-
stresses calculated from equation 4 using hot-wire velocitwater trials result in a more complicated mix of phase and
measurements show excellent agreement with theory ammbsition. The propulsive wave of the fish travels streamwise at
concurrent measurements of shear stress by the oil-film speed slightly greater than the swimming spékdGray,
technique. They also determined and verified fluctuating shed®68). Since, for still water, the field of view is fixed with respect
stress measurements, due to the unsteadiness of turbulent fldmthe bulk fluid in the tank, phase appears to change more slowly
with Micro Electro Mechanical Systems (MEMS) hot films.  than if observed in a flume. If the wave speed were nearly equal

The wall shear stress distributian, over an object can be to the swimming speed, almost no change in phase would be

used to calculate the total friction drdgy, using: observed. Therefore, still-water trials give information at various

phases at various positions. In contrast, flume trials give

Df:|£ 5TodAcoes, (5) information at one position as a function of phase.

S

where S is the three-dimensional function defining the body Results

surface of the fish, Alis the incremental area over which a Fish boundary layer profiles

particular shear stress applies, &b the angle between the  More than 70 swimming sequences of scup and 30
body surface tangent in the laser plane and the streamwisequences of dogfish were acquired, yielding hundreds of
direction. The coefficient of friction for any object is defined asusable image pairs for boundary layer realization. Tangential



Fig.5. Two representative boundary I
realizations illustrating the distinction betwt
laminar-like and turbulent-like boundary layers. E
data point represents information calculated frorr
particle pair of the image pairs used for the g
realizations. The first realization shown (A-C
from x=0.50L, whereL is body length, on a sc
swimming in the flume at 42 crm’s Re=4x10% The
second (D) is fromx=0.53 on the dodfis
swimming in the flume at 20cm’s Re=4x10%
(A) The u-profile of the first realization showil
agreement with a Blasius fit drawn as a solid ct
(B) The v-profiles of the first realization and 1
Blasius fit of A. (C) Theu-profile of the firs
realization compared with the law of the wall
fitting the linear sublayer. The boundary le
distinguishes itself as laminar-like, as outlined in
4. (D) The dogfish boundary layer realiza
showing good agreement with the law of the v
distinguishing the profile as turbulent-like. Note

y (mm)

+
=}

The boundary layer of swimming fish 89

y (mm)

30

10

20 30
u(ems?

20

10

0
100

102

3

B

-20

-10 0
v(cms?)

10

20

10°

102

slight shift in the logarithmic region. The fit exhit
sharp contrast to the fit of the profile shown ir
Re, the length Reynolds number based >gnthe
streamwise position on the body measured from the leading ed@eigential velocityy, normal distance from the body surfagenormal
velocity; u*, y*, non-dimensionalized tangential velocity and normal distance, respectively.

and normal velocity profiles were determined for more thampstream volume input. If the pipe is tapped, so that water can
270 image pairs from 36 swimming sequences with high imagee pumped in or out, the downstream volume flow of the pipe
quality over the full range of experimental speeds. Only onean be changed. Incompressibility and continuity require that
dogfish has so far been examined, so generalizatioriBe flow speed must also change. If water is pumped in, flow
concerning anguilliform swimmers must be considerednust accelerate in the pipe in the vicinity of the tap. If we pump
tentative. Nevertheless, the quantity and consistency of theater out, the pipe flow decelerates.
dogfish data suggest that the conclusions regarding theFish boundary layer profiles occasionally resembled
specimen observed are well founded. strongly decelerating Falkner—Skan profiles characterized by
Fish boundary layer profiles tended to resemble the solutiorgghly inflectedu-profiles with low wall shear stress (Fig. 6C).
of either Blasius or the law of the wall (Fig. 5). Profiles thatThe v-profiles of these realizations revealed flow out of the
deviated from these two types often exhibited good agreemebbundary layer characteristic of boundary layer deceleration
with the Falkner—Skan solution (Fig. 6). The Falkner—Skar{Fig. 6D). Inflected boundary layers of this type are often a
solution can describe either an accelerating (Fig. 6A,B) or aign of incipient separation (Batchelor, 1967). No profiles
decelerating (Fig. 6C,D) boundary layer depending on thendicative of separation were observed.
choice of a coefficient in the Falkner—Skan differential
equations. Boundary layers are classified as accelerating or Flow condition in the boundary layer
decelerating on the basis of the#profiles. However, in the In still-water trials, boundary layer profile shapes always
instantaneous profiles of a boundary layer, the evidence stiggested laminar flow. This is not entirely surprising since
acceleration or deceleration is found in thgrofile. Negative Reynolds numbersRg were %10° to 6x10* lower than
normal velocity at the outer edge of the boundary layethe standard critical range for boundary layer transition,
(Fig. 6B) reveals that there is a net normal flow of fluid, orRg=3.5x1CPto 5x1(°. Recall that, at=L, Re is at a maximum
normal flux, into the boundary layer characteristic of arand equal tdRe In flume trials, however, both laminar and
accelerating boundary layer. In contrast, the Blasius solutioturbulent profile shapes were observed even though Reynolds
always shows positive normal velocity at the edge of th@umbers did not quite reach the critical value. The critical
boundary layer (Figs 5B, 6B) and is, therefore, a deceleratingalues for boundary layer transition assume quiet incoming
boundary layer. flow over smooth rigid surfaces. The ambient turbulence of the
The connection between normal flux and acceleratioflume, the roughness of the fish surface and the unsteadiness
involves the incompressibility and continuity of water. Imagineof the flow over the fish might be expected to trip turbulence
a constant-diameter pipe carrying water with a prescribedt lower than critical Reynolds numbers. The boundary layer
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Fig. 6. Two representative boundary layer realizatior® 1 A > 1
that are fitted well by the Falkner—Skan solution. The st
first realization (A,B) is fromx=0.50, whereL is body st
length, on a scup swimming in the flume at 30thhs 0 0
Re=3x10% The second (C,D) comes from very close to 0 10 201 30 = 5
the body trailing edge of a scup swimming in still water u(ems?)
at 14cms! and decelerating at 10 crifs Re=2x10%
(A) The u-profile of the first realization with a 8 8
Falkner—Skan fit drawn as a solid curve. The dashed D
curve is the Blasius solution with the same wall shear 6 6
stress. (B) Thev-profiles of the first realization, thezE\ =
Falkner—Skan solution and the Blasius solution. (C) Tig 4 g 4
u-profile of the second realization. (D) Theprofile of > =
the second realization. The solid curve is the 2 2
Falkner—Skan fitRe;, the length Reynolds number based ’
onx, the streamwise position on the body measured from g 0
the leading edgay, tangential velocityy, distance from 0 5 10 15 -2 2
the body surfacey, normal velocity. u(ems? v(cms?)

101 - - - — over scup swimming in the flume at 30 cth Re=6x10*%, was

apparently always laminar over the entire body. The boundary
layer over a dogfish swimming at 63 crhsRe=3x10P,
measured at=0.63_, Re=1.9<1(°, appeared to be primarily
turbulent. In some cases, at Reynolds numbers between these
two values, the boundary layer apparently oscillated between
laminar and turbulent. When this was observed, turbulent
profile shapes tended to appear at the crest phase of the body
wave. The boundary layer generally returned to a laminar
shape during the crest-to-trough motion.

The rigid-body case of the dodfish revealed an interesting
103 , , , , , effect. Flow appeared laminar #t0.44. and turbulent at
2x10* 4x10* 6x10*  8x104 x=0.69.. For the swimming dogfish, boundary layer flow

Rex appeared to be laminar xt0.44_ and x=0.69 for most of
the time, with some evidence of oscillation between laminar
and turbulent flow ak=0.69.. The observation of laminar
rigid-body case of the dogfistD}. Ci« is plottedversus Rebecause bour_l(_jar)_/ layer flow at=0.64. during swimming suggests a
it is known that geometrically similar objects all have the sameStablllzatlon Process. The same phenomenon was observed by
distribution of Cix with Re regardless of size, speed or fluid Taneda and Tomonari (1974) comparing the boundary layer
environment. Plotting the local friction coefficienersus Reis  flow for the rigid body and various swimming cases of a
therefore the best way to compare the distribution of friction over &vaving plate.
set of objects in varying conditions of size, speed and viscosity. The
data were averaged over several locomotory cycles from several Local friction coefficients
swimming sequences at the same flume speed for each species aposterior tax=0.8L in scup an&=0.5_ in dogfish, the time-
22-23°C:U=20cms for the dogfishU=30cms? for scup. The  ayeraged local friction coefficientsCr, of both species
lines labeled ‘T" and ‘L’ are flat plate friction for turbulent (T) and ;,rease above the flat-plate laminar and turbulent values (Figs

Iamlr_lar (L) boundary layer flow W'th no streamwise pressur 8). This increase in friction is much more dramatic in the
gradient. On average, each data point shown, representing a wholg-

cycle average, represents eight boundary layer realizations for SCL@Y}QUI”IfOfm swimmer. Local friction coefficients in the rigid-
34 realizations for the swimming dogfish and eight realizations fo

Fig. 7. Time-averaged local friction coefficientSy, versuslocal
Reynolds numberRe, on scup [(J) and dogfish ), including the

ody case of the dogfish do not show this increase and remain
the rigid dogfish. Error bars are based on the maximum percenta"?j@t\’_"een the laminar and turbulent flat-plate values, i.e. the
errors in the determination of the slope of the linear sublayer, i.e. tHéiction drag on the swimming dogfish is higher than that on
wall shear stress, for the boundary layer profiles contributing to eadhe dogfish stretched straight in the flow.

data pointU, swimming speed. In many cases, the values ©f, Ue and d versusrelative
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Fig. 8. Plots of time-averaged local friction 181 C 18

coefficients,Csx, normalized tangential velocity at
the edge of the boundary layetJgU, and 16 16
boundary layer thickness), as a function of - 14
relative streamwise positiondL, for the same 3’ g
data presented in Fig. 7. Time averages over 12 12
periods during which the fish transverse body 1

1
velocity was positive or negative are denoted by 08 H%ﬁ 0.8

(A) and {V), respectively. Data from scup are

presented in A, C and E. Dogfish data are 04 0.6 0.8 1 04 0.6 0.8 1
presented in B, D and F. The rigid body case is XL /L

denoted by circles connected by dashed lines. 10 E 10 =

Turbulent and laminar flat plate friction, labeled

‘T" and ‘L, are included in A and B for 8 8 «%

comparison. On average, the data points for the & 6 = 6 //

opposite directions of transverse velocity) @nd 3 £ e

(V) represent half as many realizations as for the *© 4 o4 7

whole-cycle averages of Fig. 7. Error bars are

based on the maximum percentage errors in the 2

determination of the variables presented for the 0

boundary layer profiles contributing to each data 0.4 0.6 0.8 1 0.4 0.6 0.8 1
point. x/L XL

position,x/L, were observed to depend both on species and approximately +31%, 6% and *21%, respectively, with
the sign of the transverse velocity of the fish surface (Fig. 8some variation among trials depending on the quality of the
Cix increases out of the range of flat-plate friction moreflow realizations. For example, the rigid-body case of the
forward on the body of the dogfish than on the scumogfish has lower than average uncertaintZin(x19 %) as
(Fig. 8A,B). In both species, local friction oscillates in phasea result of the large number of images of the same event
with transverse body velocity (Fig. 8A,B). In the dogfish, theacquired; i.e. many particle pairs were sampled. Uncertainties
time average ole increases with streamwise position on thewere often greater in one direction than another. For instance,
body (Fig. 8D), suggesting a mean acceleration of both théne uncertainties i€« for the swimming dogfish were +42 %
boundary layer and the near-field flow over the fish. In thand-21%. Where appropriate, error bars are used to display
scup, the time average Ot is close taU for the entire region the unique uncertainties of data points.
that was measured (Fig. 8C). In both spedikspscillates in Data from scup swimming in the flume at swimming speeds
phase with transverse body velocity (Fig. 8C,D) and locatanging from 30 to 60 cntsat a water temperature of 23.3°C
friction (Fig. 8A,B), suggesting local oscillatory accelerationshow that, in the neighborhood xa£0.5L, Cix falls within the
and deceleration in the near-field and boundary layer. Theange of values expected for flat plates (Fig. 9). The effects
boundary layer thickness over the posterior region of thef transverse body surface velocity at this position are
dogfish, where local friction increases above flat-plate frictiongconsistently small compared with more caudal positions
oscillates 180 ° out of phase with transverse body velocity (FigFig. 8A). Therefore, at some positions on the fid,appears
8F). Oscillatory effects i, Ue andd are more pronounced to be sufficient to predict local friction, whereas at other
in the anguilliform swimmer than in the carangiform swimmer.positions local friction deviates from flat plate friction and
Finally, the behavior o€, Ue andd in the rigid-body case is oscillates significantly. Boundary layer data from still-water
opposite to that in the swimming dodfish (Fig. 8B,D,F), whiletrials in scup suggest that the similarity to a flat plate may
scup data show some similarity to the rigid dogfish case. extend over the majority of the anterior half of the fish
Uncertainties inCsx, Ue and & were determined to be (Fig. 10). Boundary layer acceleration due to the finite
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Fig. 10. Local friction coefficients,Ci, representing 18 scup
Fig. 9. Time-averaged local friction coefficientSi, versuslength  poundary layer realizations compiled from five still-water trials at
Reynolds numberRe, at x=0.50, wherelL is body length, from  swimming speeds of 10-40cnis(circles). Each point represents
several scup swimming sequences ranging in swimming speed frogata from one boundary layer realization. The lines labeled ‘T’ and
30 to 60cms. No lines are drawn connecting these data pointe|’ are flat-plate friction for turbulent and laminar boundary layer
(diamonds) since they do not represent the distribution Ofiow, respectively, with no streamwise pressure gradient. The whole-
coefficients of friction along the body of a scup. The data atRach  cycle-averaged local friction for scup swimming at 30chis the
represent 9-10 boundary layer realizations. Error bars are based flyme (Fig. 8A) is included and denoted by diamonds connected by
the maximum percentage errors in the determination of the slope solid lines. Sequences displaying incipient separation,Gse=0,
the linear sublayer, i.e. the wall shear stress, for the boundary laywere not included. Error bars are omitted for clarity. The uncertainty

profiles contributing to each data poifRe, the length Reynolds jn cyy is +31 %.x, position along the body;, body length.
number based aox X, position along the body.

velocity throughout the boundary layer is 180° out of phase
thickness of the scup leading edge, in contrast to a flat platejth transverse body surface velocity, As the body surface
is the likely explanation of a spike in local friction observedmoves into the fluid, normal velocity is negative. During

near the anterior end (Fig. 10). retreat, it is positive. At this short distance from the surface of
. _ the fish, incompressibility and continuity predict that this
Oscillatory behavior of the boundary layer behavior is not simply a relative velocity effect. Furthermore,

Oscillations inCtx, Ue and d were highly correlated to the if the effect were due strictly to relative motion, thprofiles
transverse velocity of the body surface (Fig. 8). Local frictionwould be expected to exhibit velocities equal to the transverse
andUe tend to be highest when the fish surface is moving intavall velocity throughout the boundary layer.
the fluid and lowest when the surface is retreating from the
fluid; 5 behaves in the opposite manner. A more highly resolved Incipient separation
picture of the relationships betwe&s, Ue, d and Ve versus While no boundary layer separation was observed in the fish
body phase was obtained using polar phase plots for the dogfistudied, incipient separation was seen in six swimming
swimming at 20cm3 (Figs 11, 12)Ci andUe are roughly in  sequences. Figs 14 and 15 show examples of incipient
phase. Boundary layer thickness is roughly 180 ° out of phaseparation in scup in both still and flowing water. The example
with Cs. Normal flux oscillates roughly 180 ° out of phase withfrom still water (Fig. 14) dramatically demonstrates the highly
transverse body velocity. In addition to these previouslynflected, low shear boundary layer profile shape of incipient
described trends, the phase plots reveal a clockwise processemparation. Our data show that incipient separation occurs after
of maximumCiy, Ue, 6 and possiblye with increasing relative wall velocity, w, becomes negative, and that friction
position,x/L. This procession suggests that the distributions oéssentially drops to zero where the inflected profiles occur.
these variables can be characterized as waves travelling alondn the flume, a time sequence of the boundary layer behavior
the body of the fish with wavelengths and speeds different fronvas obtained that included incipient separation (Fig. 15). As
those of the body wave. The details of these ‘distribution waves the still-water example (Fig. 14), incipient separation occurs

will be discussed below. close to where wall velocityyw, becomes negative. Local
o . friction decreases noticeably. The time sequence suggests that
Oscillation of normal velocity the inflected boundary layers, which occur at troughs, are

Not only wasVe observed to oscillate with body motion, but stabilized as the body phase cycles towards the subsequent
sequences of normal velocity profiles in both scup and dogdfistrests. In the flume, instances of inflected boundary layers were
swimming in the flume also revealed oscillation throughout thebserved twice in separate sequences of scup swimming at
entire profile (Fig. 13). In both species, the sign of the norma0cms? and once in the dogfish swimming at 20 ctas
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Fig. 11. Phase plots of local friction coefficienBs, and boundary layer thickness,from 10 swimming sequences of the dogfish at the same
swimming speedJ=20cm s, at three streamwise positions, representing 100 boundary layer realizations. The three positions along the body
examined werex=0.44_, 0.53 and 0.62, whereL is body length. Each phase plot presents the behavior of a particular boundary layer
variableversusbody phaseg, measured at a particular position along the fish. The crest of the body surface corresgedds;tthe trough
corresponds tap=270°. Time and phase increase in the counterclockwise direction, and radial distance expresses the magnitude of th
boundary layer variable plotted. The radial scaling is printed between the angular positions 60 and 90°. A solid radiusrisedi@wphase

plot to mark the phase of the maximum value of the variable displayed. Consider theGplaitaf=0.69.. At ¢=0°, the body is cycling from

trough to crest, an@i is equal to 0.033. The highest positive transverse body velocities occur near this phase. As the phase reaches 90°, tl
body reverses directio decreases, reaching a minimum of 0.005 ip=d50 °. At the troughg=270 °, friction is increasing and reaches a
maximum neap=330 ° as the body is thrust towards the fluid. The cycle then repeats itself. The set of three plots for each variabld@re drawn
the same scale so that magnitudes as well as phase relationships can be compared. For example, one can observe theiseeaoreasamw

in Ci, noting the progressive increase in area enclosed by the plotted curves. These curves are fourth-degree polynomiabfitsdefyhe

layer data. They are constrained to be periodic, but not sinusoidal, by equalizing function values and slopes at theahdgémiing the

cycle. This method of fitting the data allows for asymmetric phase plots.

Total skin friction and friction coefficients oscillations in Ci, Ue, 8, Ve and overall profile shape.
Table 1 presents calculations of total body friction drag an&treamwise trends proved to be highly dependent on
corresponding friction coefficients for scup (swimming) andswimming mode (Fig. 8). Local oscillations of boundary-
dogfish (swimming and rigid). The power required to overcoméayer-related variables occurred similarly in both the dogfish
friction drag is also presented. In Fig. 16, the coefficients ofind scup, although the amplitudes of oscillation were greater
friction are plottedversus Reogether with flat-plate friction for in the dogfish. The data reveal that all these behaviors can
comparison. The coefficients of friction for swimming scup andoe understood from the perspective of two superimposed
the rigid dogfish fall within the range of flat-plate friction for fluid accelerations: mean streamwise acceleration and local
laminar and turbulent flow. The coefficient of friction for the oscillatory acceleration that is correlated to the transverse
swimming dogfish lands above this range. motion.
The streamwise increase Gt in the dodfish is evidence of
) . mean streamwise acceleration of the near-field and boundary
Discussion layer flow. The time-averaged values@jf increase and ob
The nature of the fish boundary layer decrease, as would be expected in a boundary layer under an
In the most general sense, the boundary layer of swimmiraccelerating exterior flow. No significant mean streamwise
fish can be characterized by streamwise trends and locatceleration was observed in scup; however, the near-field flow
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Table 1.Total drag calculations based on measured wall shear stress distributions oveStsagpomus chrysomsd dogfish
Mustelus canis

M. canis S. chrysops

Flume, rigid body  Flume Still water Flume
Swimming speed,) (cm s1) 20 20 10 30
TemperatureT (°C) 22.8 22.8 23.3 23.3
Lateral body area (m?) 0.0213 0.0213 0.0206 0.0206
Body lengthL (cm) 44.4 44.4 195 195
Mass,M (kg) 0.218 0.218 0.166 0.166
Measured friction drad)+ (N) 0.0033 0.0064 0.0013 0.0067
Theoretical rigid-body friction drads (N) 0.0018 0.0018 0.0007 0.0044
Measured friction drag coefficierT; 0.0076 0.0146 0.0127 0.0071
Theoretical friction drag coefficienGs 0.0041 0.0041 0.0068 0.0047
D+#/Drt 1.8 3.6 1.9 15
Di/measured rigid-body friction drag 1.0 1.9
Power required to overconiy (mW) NA 1.3 0.13 2.0
Mass of red muscle per mass of fish 0.0209*
Mass of red muscle (kg) 0.0035
Power required per mass red muscle (W)kg 0.6

*Taken from Zhang et al., 1996.
NA, not applicable.

was not observed to decelerate either. The absence of mg#ig. 13) reveal a cycle of local tangential acceleration and
acceleration over the scup follows from the tendency ofleceleration of the boundary layer at any given position along
carangiform swimmers to produce the majority of their thrust athe fish. As explained above, positive and negative normal
the caudal fin. Mean streamwise acceleration is a sign of thrugtlocity relative to the body at the edge of the boundary layer
production anterior to the caudal fin. The difference betweeare evidence of normal flux out of and into the boundary layer,
scup and dogfish in this regard can be understood by consideriregpectively. In general, tangential flow accelerates as the body
the relatively small wave amplitudes present in carangiforneycles from trough to crest, and decelerates as the body cycles
swimmers. Studies of swimming performance after completéom crest to trough.
caudal fin amputation (Breder, 1926; Gray, 1968; Webb, 1973) One might argue that normal flux exhibited by wherofile
show that carangiform swimmers are able to compensats simply the observation of relative motion due to the surface-
surprisingly well for the loss of fin thrust by increasing bodyfixed coordinate system, but that would be true only if one were
wave amplitude and frequency. The observed differences fiocusing on the far-field, where there is negligible impact on
amplitude and frequency after complete amputation suggesttlae flow due to the fish. Allen (1961) apparently uses this far-
change in swimming mode on the part of the fish. Meafield concept to explain his supposed observation of boundary
streamwise acceleration of the near-field might be expected kayer thickness oscillation. In contrast, the normal flux revealed
occur over a larger portion of the body in these fish since they Fig. 13 occurs at the level of the near-field and boundary
have only their bodies to produce thrust in the amputated statayer. Therefore, it is not merely relative fluid motion. This is
However, it does not follow that carangiform swimmers actuallyindicated by the fact that across the boundary layer, normal
do use their body wave to produce a significant amount of thruselocity, v, remains well belowsy, in magnitude. Near the
forward of the caudal fin. When the caudal fin is amputated, ormirface of the fish this is the necessary result of the continuity
would not expect the fish to use the same body motion to swiand incompressibility of water and the no-flux boundary
as it did with the caudal fin intact. Therefore, it would be tenuousondition at the surface. The fact that the same is observed
to conclude that, since a carangiform swimmer with its caudalt the edge of the boundary layer indicates tangential and/or
fin amputated uses body-based thrust to swim, the same is trer@ss-stream boundary layer acceleration.
when the tail has not been removed. Our data suggest low body-
based thrust in scup compared with caudal-fin-based thrust since Wave-like distributions of boundary layer variables and
mean streamwise acceleration of the near-field fluid forward pressure
of the peduncle, which would be the evidence of the body As mentioned above, the oscillatory behavioCgf, Ue, &
producing thrust forward of the peduncle, was not observed. and Ve with relative position along the fish suggests that the
In both scup and dogfisble andd were observed to oscillate streamwise distributions of these variables can be represented
180° out of phase with each oth€ behaves as would be as travelling waves moving in the same direction as the fish
expected according to the first-order approximatignquUe/d  body wave. The clockwise procession of maximum values in
(equation 4). This and the concurrent oscillation oftpeofile  the phase plots reveals an ever-increasing downstream shift in
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Fig. 12. Phase plots of tangential and normal velocity at the edge of the boundarydsama Ve, respectively, for the same 10 swimming
sequences of dogfish swimming (20cH sas in Fig. 11. The details of the construction of the phase plots are described in the legend of
Fig. 11. ForVe, the solid lines represent positive values, or outflow, and the dashed lines, negative values, or inflow. The increasing are
enclosed by the plots tfe show mean streamwise acceleration as shown in Fig. 8D.

the streamwise distributions of these variables with respeetavelengths. In other words, the friction distribution travels
to the phase of the body travelling wave (Figs 11, 12). Thé.6 times faster along the body than the body wave. Boundary
regular periodic behavior of these variables at fixed positionsyer thickness exhibits the same rate of procesbigappears
on the fish reveals that these ‘distribution waves’ and the bodp have the same rate of procession despite the larger phase
travelling wave have the same frequentySincec=Af, the  shift betweerx=0.44_ and 0.58. There is so little variation in
increasing streamwise phase shift of the variable distributionde at x=0.44_ that it is possible that there is significant error
with respect to the body wave is therefore due to thén the determined phase of the maximum. Finally, normal flux,
distribution waves having a longer wavelengthand higher Ve, exhibits the same rate of procession betwedh44_ and
wave speed;, than the body travelling wave. 0.53, but very little procession occurs betweer0.53. and
Wave speeds and wavelengths of the distribution waves c&n69..
be determined from the streamwise rate of procession. The Taken together, the general procession of all four variables
procession of local friction is approximately 30 °xashanges (Figs 11, 12) is evidence of a travelling pressure distribution
from 0.44_to 0.53.. Betweerx=0.53_ and 0.6Q, procession over the fish. Boundary layer thinning, negative normal flux
is approximately 60°. Therefore, the ratio of procession t@nd the increase ibe can be understood as being linked to
change in body position, i.e. the rate of procession, is roughlyccelerations of the boundary layer and near-field flow. These
constant (approximately 354° per body length). Thus, thaccelerations, in turn, can be thought of as being driven, at least
wavelength and wave speed of the streamwise distribution @f part, by pressure gradients. We assume here that maxima in
local friction are roughly constant. If the rate of processiorboundary layer acceleration, as showrOgy Ue, d andVe, are
with streamwise position were variable, the wavelength anthdicative of maxima in pressure gradient. Therefore, the
wave speed would be variable. In the dogfish swimming gtressure distribution around the fish behaves like the
20cms?, the measured body wavelengiy,was 27cm and distributions of these variables in wavelength and wave speed.
body lengthl, was 44.4cm. Therefore, the rate of procession From this assumption, the data in Figs 11 and 12 suggest that
given above translates to approximately 215° per bodyhe travelling wave of the pressure distribution and the body
wavelength, i.e. when the body wave travels one bodwave are approximately 60° out of phasexa0.44., with
wavelength, the friction distribution travels 1.6 body pressure lagging behind the body wave. This means that, when
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Fig. 13. Time series of normal velocity profilesprofiles, from scup

(A) (x=0.77, U=30cmsY) and dogfish (B)¥=0.53_, U=20cm 1)
swimming sequences in the flume, together with transverse body
surface velocity, or wall velocityyw. The dashed vertical lines
represent the=0 axis for each profile and are positioned at the times
of the realizations. These times correspond to the times at which
was determined. Velocities within the profiles can be determined on
the basis of the velocity scale bar shown and the respestivaxis

— positive to the right, negative to the left (see Fig. 3B)body
length; U, swimming velocity;y, distance normal to the body
surface.

surface of the caudal fin. In the same way, pressure minima shift
to positions on the forward-facing surfaces of the posterior body
and caudal fin. This orientation of pressure maxima and minima
would result in thrust production over the posterior half of the
body. On the anterior half of the body, pressure maxima occur
on the forward-facing surfaces and pressure minima occur on
the rearward-facing surfaces, as is normally the case for a non-
thrust-producing body moving through a fluid. Therefore, the
pressure distribution suggested by the behavior of the boundary
layer, independent of the assumption of thrust production, is in
elegant agreement with the expected hydrodynamics in fish.
This suggests that analysis of the boundary layer may be an
invaluable tool in the investigation of the hydrodynamics of
undulatory swimming.

Drag enhancement and drag reduction
Friction drag on swimming fish is higher than rigid-body

upstream of the body crest. As these two waveforms progrefisction drag, as predicted by Lighthill (1971). The data in
down the fish, the faster wave speed of the pressure distributidable 1 reveal that the friction drag on a swimming dogfish
causes the pressure maximum to move past the body wave crést3.6 times the theoretical rigid-body friction drag and 1.9
By the time the body wave crest has reached the peduncle tohes the measured rigid-body friction drag. The difference
the fish, the pressure maximum resides on the rearward-facibgtween these two ratios can be explained by the turbulent

Fig. 14. Boundary layer development (i.e-
profiles), transverse body surface velocity, and
local friction coefficients,Cx, over a swimming
scup showing incipient separation. Timprofiles
shown were observed 5cm above the center line
of the fish and spanned from the leading edge to
the trailing edge of the body for a chord length,
Lc, of 9cm. The dashed vertical lines represent the
u=0 axis, wherau is the tangential fluid velocity,
for each profile and are positioned at the relative
streamwise position on the fiskilLc, of the given
realization. These positions correspond to the
positions at whichsy and Ci were determined.
Velocities within the profiles can be determined
on the basis of the velocity scale bar shown and
the respectivau=0 axis — positive to the right,
negative to the left (see Fig. 5A). The decreasing,
distance between successiue0 axes reveals O
that the fish was decelerating. The very quiet, or
uniform, flow just outside the boundary layer
shows that this is a still-water trigJ, distance
normal to the body surface.
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u-profiles, showing incipient separationxat0.77., 0
near the peduncle of a scup swimming at 10@ms 5
in the flume. Approximately one locomotory cycle ' ' ' or o T ' '
is shown, as revealed by the plot of transverse wallﬁ; 0 S ©
velocity, w. Incipient separation occurs most g o
clearly in the two profiles measured between 0.7 < . 5L © © © i
and 0.8s. The data at the start of the time series,>
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stable. The dashed vertical lines representutie 0.2 03 04 05 06 0.7 08 0.9 1
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of the realizations. Velocities within the profiles o o © o
can be determined on the basis of the velocity scale 0.02f o © )
bar shown and the respectiwe0 axis — positive to ) © ©
the right, negative to the left (e.g. Fig. 5A).body 0.01r ° o |
length; y, distance normal to the body surface; ) ) ) ) ) ) )
Ci, local friction coefficient; u, fluid velicty 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
tangential to the body surface. Time ()
boundary layer flow observed over the posterior region of th 101

rigid dogfish measured in the flume. Our theoretical drag i
calculated assuming laminar flow to compare our measure
drag enhancement with that predicted by Lighthill (1971)
Drag enhancement for the dogfish falls within his predicte«
3-5 times. In scup, drag enhancement was observed to be I
pronounced than that observed in the dogfish, and measur O
friction drag was calculated to be only 1.5-1.9 times th¢
theoretical rigid-body drag. Interestingly, the behaviors of
Cix, Ue and d for the swimming scup are not dramatically
different from those for the rigid dogfish (Figs 7, 8). This is
reasonable considering that a carangiform swimmer deviatt
less from a rigid body than does an anguilliform swimmei X107 4x10%  6x10% 8x10%
(Breder, 1926). Re

Fig. 8 reveals that enhanced friction drag can be linked to
boundary layer thinning in both species, thus supportianig- 16. Total coefficients of frictio_an, versusReync_JIds n_umber,
the hypothesis of Bone and Lighthill (in Lighthill, 1971). Re calculated for scup() and dogfish) (Table 1), including the
However, greater values dfle in the swimming dogfish rigid body case O.f the dogﬁsl@]. T”Tb“'e”‘ () and laminar (L)

- L flat-plate total friction coefficients are included.

compared with the rigid-body case suggest that mea
streamwise acceleration of the near-field is a secon
independent mechanism of enhanced friction drag. While thendulatory example in animal swimming might be the squid,
hypothesis of Bone and Lighthill requires transverse motion téor examplelLoligo pealei This organism propels itself using
operate, any streamwise acceleration of the flow around a bodyhigh-velocity jet that exits beneath its arms. The accelerated
can result in increased friction drag, regardless of transverdlew over the surface of the arms undoubtedly leads to
motion. Of course, there would be no acceleration of the floenhanced friction drag.
around a fish if the fish were not waving its body, but the It might be argued from the dogdfish data=®.69_ that only
hypothesis of Bone and Lighthill is more closely linked to thethe Bone-Lighthill hypothesis is acting. At this position,
transverse body motion than this second hypothesis. TH®mundary layer thickness over the swimming dodfish is
streamwise acceleration hypothesis is linked to the mean flompproximately one-quarter of that over the rigid dogfish
field arising from a propulsive system that generates thrust ovéfig. 8F), while the local friction on the swimming dogfish is
a significant portion of the body. This would occur whether ofour times that on the rigid dogfish (Fig. 8B). The linear
not the body used undulatory propulsion as long as the thrustpproximationo=pUe/d suggests that boundary layer thinning
producing elements were close to the body surface. A nomlone is enough to explain the enhanced friction drag. This
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arguments fails, however, because the boundary layer atmbers, the boundary layer appeared, in some cases, to
x=0.69 on the rigid dogfish was clearly turbulent, while theoscillate between laminar (in troughs) and turbulent (on
boundary layer on the swimming dogfish at this positiorcrests) flow, as in the waving plate of Taneda and Tomonari
appeared to be laminar for the majority of the time. The shap€$974). These observations reveal that, although fish do not
of laminar and turbulent profiles are radically different, and theompletely suppress turbulence, there is probably some
approximationto=pU¢/d breaks down. The Bone-Lighthill stabilization enacted by the body motion, which could lead
hypothesis does not include the effects of such differences to energy savings by some friction drag relief.
boundary layer condition. Their estimate that boundary layer The observation of turbulent boundary layer flow in certain
thinning can lead to swimming friction drag that is 3-5 timesircumstances presents the possibility of yet another drag-
greater than rigid-body friction drag is made assuming that theeducing mechanism — turbulent boundary layer drag reduction
boundary layer flow condition is the same in both theby surface features, such as mucus or riblets. Dermal ridges on
swimming and rigid-body cases. If the boundary layer on theharks have been shown to act as riblets in the reduction of
rigid dogfish were laminar, rather than turbulent, it would haveurbulent boundary layer drag (Reif, 1982; Bechert et al.,
been up to 40 % thinner and would have had a lower locdl985). There is also evidence that the mucus of fish can reduce
friction. Therefore, the calculated drag enhancement datirbulent boundary layer drag in the same way that large
x=0.69 would be greater than fourfold, while the boundarypolymer additives have been observed to do (Webb and Weihs,
layer thinning would be less than fourfold. Then, by the lineal983). These mechanisms only operate when the boundary
approximation ofto, the degree of boundary layer thinning layer is turbulent. Fish would not be expected purposely to
between the rigid and swimming cases would not be enoughigger turbulent boundary layer flow to gain drag reduction by
to account for the increase in local friction. Furthermore, theuch methods — a laminar boundary layer would be preferable.
fact thatUe at x=0.69 for the swimming dogfish is 1.6 times Nevertheless, fish may benefit somewhat from such
that for the rigid dogfish (Fig. 8D) makes it very difficult to mechanisms, since their boundary layers do show instances of
argue that mean streamwise acceleration has no impact on theing turbulent.
local friction at this position. The apparent conflict of suggesting that both drag reduction
In scup, no obvious mean streamwise acceleration of thend enhanced friction drag occur simultaneously in undulatory
near-field flow was observed (Fig.8C), while friction swimming arises from a subtlety in the definition of drag
increased by a factor of almost 2 betweer0.77L and reduction in undulatory swimming. Drag reduction should not
x=0.91L. Fig. 8E reveals that boundary layer thicknessbe thought of simply as an improvement in the swimming state
decreases by almost 50 % between these two positions, and ther the rigid body. By that definition, there is certainly no
Bone-Lighthill hypothesis can account for the streamwisdriction drag reduction (Figs 7, 8B). More accurately, drag
increase in local friction. The lack of mean streamwiseaeduction is an improvement within the realm of the swimming
acceleration in scup may therefore explain the lower dragtate. For example, consider the proposed turbulent drag
enhancement in scup (Fig. 8A), illustrating a way in which theeduction by dermal ridges, or riblets, in sharks. If riblets lead
carangiform mode of swimming leads to increased efficiencyto a reduction in drag in sharks, we would expect lower drag
Lighthill (1969) details other beneficial aspects of theon a live fish compared with that of an identical robotic fish
carangiform mode. In contrast, anguilliform swimmers usewithout riblets swimming with identical kinematics. It would
large-amplitude motions over a significant portion of the bodyot make sense to compare the drag on a rigid body, with or
to accelerate flow (Figs 8D, 12) and produce thrust anterior twithout riblets, with the drag on a swimming fish with riblets.
the caudal fin. The price is significantly increased dragn the light of the friction drag enhancement confirmed by our

(Figs 8B, 11) and, probably, decreased efficiency. observations, it is likely that the swimming fish, even with
_ _ riblets, would have a higher drag. The decision of whether or
Drag-reduction mechanisms not drag reduction is present really has nothing to do with

The confirmation of enhanced friction drag does nothe stretched-straight case unless gliding phases are being
exclude the possibility that drag-reducing mechanisms arnavestigated, as in the investigation of burst-and-coast
operating. Two possible mechanisms observed by Taneda asg@imming by Weihs (1974). For this same reason, even the
Tomonari (1974) were suggested in fish boundary layergerm ‘drag enhancement’ needs to be used carefully. In general,
They are form drag reduction by delayed separation anfst-swimming fish and cetaceans need to undulate some
friction drag reduction by partial or total laminarization. Fishportion of their bodies in order to swim, and the rigid-body
boundary layers strongly suggested the former effect, whicktate is not an option. Hydrodynamic optimization must be
will be discussed in detail below. As to laminarization, bothviewed within this constraint.
laminar and turbulent boundary layer flow were present under No separation of flow was observed in scup or dogfish.
various circumstances. Not surprisingly, turbulent boundarpeparation of flow is the result of momentum losses, or
layers occurred at lower than critical Reynolds numbers idecelerations, that eventually prevent the continued
the flume, but flume turbulence did not prescribe turbulenstreamwise progress of the boundary layer fluid along the body
boundary layer flow over the whole fish at all times, as hasurface. These losses in momentum are generally due to
been suggested by Webb (1975). Even at high Reynolgsessure gradients working against the fluid motion. Such
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pressure gradients are referred to as adverse. Boundary lagéfferent positions. Instead, inflected profiles, with the
profiles from the caudal fin of a swimming scup revealecexception of the single case in the dogfish, occurred near
attached flow. Similarly, Taneda and Tomonari (1974)railing edges. Regardless of the origin of the inflected profiles,
observed that the flow on a waving plate remained attached itofollows from the suggested correction mechanism that fish
the trailing edge. They hypothesized that acceleration of flovgre able to sense near-wall hydrodynamic variables, such as
which they observed along the waving plate, explained thehear and pressure, and quickly adjust muscular control of
prevention of separation observed. Such acceleration @vimming motions to optimize efficiency. For many years, it
evidence of a favorable, mean streamwise pressure gradiehgs been suggested that the neuromasts of the fish lateral line
opposite to that which would result in flow separation. Thesystem are capable of just such flow sensing (Coombs and
mean streamwise acceleration we have observed in dogfisfontgomery, 1999).
suggests the same stabilization process. The similarity betweenThe boundary layer of swimming fish suggests a favorable
the dogfish and the waving plate of Taneda and Tomonaniade-off between thrust production, separation control and
(1974) is reasonable since the plate was operated in faction drag in undulatory swimming. The similarity between
swimming mode similar to the anguilliform mode. our data and those of Taneda and Tomonari (1974) on a waving
In scup, although no obvious mean streamwise acceleratiqgofate lends weight to numerical and experimental studies
was observed, the fact that no significant mean deceleratidocusing on this simplified geometry. Perhaps small variations
of the near-field and boundary layer flow occurred mayn swimming parameters would require higher shear profiles to
explain why no separation was observed. Momentum iensure attachment or lead to changes in the duration of laminar
certainly being removed at the fish surface by friction andperiods in the boundary layer oscillation, thereby increasing or
since the flow over the fish does not decelerate, the additiatecreasing friction drag. Simultaneous effects on form drag
of some potentially stabilizing momentum is sustaining thexnd thrust production would doubtlessly occur in this highly
relatively constant streamwise flow over the fish. It is alsmon-linear system. It should be noted that ‘optimum’ is not
possible that an oscillatory effect similar to the enhancedecessarily synonymous with efficient, since issues, such as
friction hypothesis of Lighthill and Bone is operating. If the escape, may be equally important. Knowledge of the boundary
diffusion of momentum out of the boundary layer as the fistayer brings us closer to answering an important question
surface cycles from crest to trough is slower than theegarding optimization in undulatory locomotion: what slight
production of momentum as the surface is thrust into thperturbations of fish swimming motions lead to a more or less
fluid, then there will be a net increase in boundary layeadvantageous locomotory mechanism?
momentum. Boundary layer profiles signaling incipient
separation were always observed during the crest-to-trough ~ Two-dimensional analysis of a three-dimensional
motion and were apparently stabilized as the surface moved phenomenon
from trough to crest. As mentioned in the Introduction, three-dimensional
The occasional appearance of incipient separation arwbundary layers have a third component profile wpofile,
subsequent stabilization may be evidence of complex flowt a tangent to the body surface and transverse to the
manipulation on the part of the fish, which may be used tstreamwise direction. This component is often referred to as
optimize the ratio of thrust to drag. Avoiding separation, a fislthe cross-flow component of the boundary layer. The cross-
essentially eliminates form drag and increases the effectiveneffsw component certainly exists over the surface of undulatory
of the caudal fin in thrust production. At the same time, morswimmers in the light of the three-dimensionality of their
‘strongly attached’ boundary layers mean higher wall shedvodies and locomotory movements. Occasional difficulties in
stress and therefore increased friction drag. Perhaps fish tumatching the particles of an image pair, especially at the trough
their swimming movements to take advantage of the lowerephase of the body surface, suggested cross-flow and possibly
shear stress of a nearly separating boundary layer, whiteansverse separation. Wolfgang et al. (1999) present
simultaneously benefiting from the reduced form drag andumerical evidence that flow over the majority of a laterally
increased lift of fully attached flow. The inflected boundarycompressed fish is highly two-dimensional. Three-dimensional
layer profiles observed may be an example of the fish ‘pushirgffects become important along the dorsal and ventral edges.
the envelope’ and, as the time sequence implies, the fisfhree-dimensional flow, however, is not as important to the
quickly corrects back towards the attached state. Fig. 7 revealstermination of streamwise skin friction, since it is the
that drag enhancement in scup is significantly less than in thangential profile in the streamwise direction that determines
dogfish. The lower drag may be the result of the proposetthe streamwise component of wall shear stress. Wall shear
optimization, since inflected boundary layers were more oftestress due to cross-flows does not contribute to the rearward
observed in the carangiform scup. However, the data from tHaction drag, but cross-flows do have the potential to affect
dogfish may not have been sufficiently near the tail to test fswimming performance in a variety of ways. First, in all
the phenomenon. undulatory locomotion, wall shear stress associated with cross-
Another explanation for the appearance of inflected profileBow would resist transverse motions of the body, stealing
is some disturbance in the flow, but in this case one might haemergy from the muscles. This is in addition to any form drag
expected to see inflected boundary layers on both fish at seveoalinduced drag due to possible transverse separation of the
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boundary layer as cross-flows move around the oscillatinGx
body segments. Second, the distribution of cross-flow walliA
shear stress over the animal could result in a net force in tihx
cross-stream direction — dorso-ventral for fish and lateral foDs
cetaceans. This effect would not be expected to occur ih
cetaceans because of symmetry with respect to the planelin
which undulatory motion takes place.
L
Power to overcome friction drag

Friction drag was used to estimate minimum power outpult
during swimming. Our calculation of the power per unitlc
muscle mass necessary to overcome friction drag for a schp
swimming at 30 cm$ at a temperature of 23°Cis 0.6 Wkg Re
(Table 1). Rome et al. (2000) measured the power for excisdrlg
scup red muscle driven according ito vivo strains and S
stimulation patterns measured in fish swimming at 30@éms t
to be 1-9Wkg! at 10 °C. It should be noted that, at this low T
swimming speed, scup tend to include occasional pectoral fin
strokes in their swimming pattern. This increases th&
available muscle mass, decreasing the calculated powes
requirement per unit muscle mass that we report.
Furthermore, Rome and Swank (1992) observed maximum
power output by scup red muscle to more than double as
temperature increased from 10 to 20°C. This suggests that
our calculation of 0.6 Wkd, at 23.3°C, is only a fraction of U
the available muscle power. Ue

Friction drag is only part of the total hydrodynamic drag
acting on the scup, and the power required to overcome friction
drag should be only a fraction of muscle output capabilitiesay
Of course, before the power required to overcome total drade
can be calculated, transverse separation and induced drag must
be more thoroughly researched, and friction from flow over th¥p
fins and through the gills must be considered (Webb, 1975). \fs
is hard to imagine, however, that these effects could increase
power requirements by more than an order of magnitude
which would be necessary to place them above the upper limit
of available muscle power. y

The analysis of drag, thrust, power and pressure distributioyt
from the measurements of the flow around a swimming fisb
is an attractive alternative to hydrodynamic models. Thét
application of existing hydrodynamic models to real fish®
shapes is limited, and it is difficult to incorporate the effects
of complex locomotory patterns. Not only do experimental
studies avoid such difficulties but they are also necessary {0
validate existing theory. In this way, high-resolution flowV
visualization, which has enabled us to quantify flow as closp
as 0.1mm to the body of a swimming fish, promises a new
perspective on the mechanisms of undulatory locomotion arng
opens a door to much-needed comparative studies.

local coefficient of friction

incremental area on the body surface

total skin friction

theoretical rigid-body friction drag

frequency of the body wave

streamwise dimension of the field of view of the particle-
imaging camera

designates a curve representing friction on a flat plate with
a laminar boundary layer

body length

streamwise chord length

total wet mass of fish

Reynolds number based on body length

length Reynolds number, i.e. basedxon

the function describing the body surface

unit tangent vector of the body surface

designates a curve representing friction on a flat plate with
a turbulent boundary layer

temperature

effective period of data sampling for time-averaged
profiles

fluid velocity tangential to the body surface

non-dimensionalized tangential velocity

friction velocity

swimming speed

tangential fluid velocity at the outer edge of the boundary
layer

fluid velocity normal to the body surface

transverse velocity of the body surface

normal fluid velocity at the outer edge of the boundary
layer

velocity of a particle in camera pixel coordinates

velocity of body surface in camera pixel coordinates

cross-stream fluid velocity tangential to the body surface

streamwise position on the body measured from the
leading edge

distance normal from the body surface

non-dimensionalized normal distance

boundary layer thickness

time between laser pulses/exposures of the flow

angle between the body surface tangent and swimming
direction

wavelength of the body wave

dynamic viscosity

kinematic viscosity

fluid density

body phase

wall shear stress
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