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Summary

The power output and propulsive efficiency of swimming bottlenose dolphins
(Tursiops truncatus) were determined from a hydromechanical model. The propulsive
movements were filmed as dol phins swam in large pools. Dolphins swam at vel ocities of
1.2-6.0ms~1. Propulsion was provided by dorsoventral oscillations of the posterior body
and flukes. The maximum angle of attack of the flukes showed a linear decrease with
velocity, whereas the frequency of the propulsive cycleincreased linearly with increasing
velocity. Amplitude was 20% of body length and remained constant with velocity.
Propulsive efficiency was 0.81. The thrust power computed was within physiological
limits. After correction for effects due to swimming depth, the coefficient of drag was
found to be 3.2 times higher than the theoretical minimum assuming turbulent boundary
conditions. The motions of the body and flukes are primarily responsiblefor the increased
drag. This analysis supports other studies that indicate that bottlenose dolphins, although
well adapted for efficient high-performance swimming, show no unusua hydrodynamic
performance.

I ntroduction

Most studies of dolphin swimming energetics and hydrodynamics have used models
based on rigid bodies. These models assumed that the thrust generated by swimming
dolphins was equal to estimates of drag from gliding dolphins (Lang and Daybell, 1963;
Lang and Pryor, 1966), towed reproductions of dolphins (Purves et al. 1975; Aleyev,
1977) and simple hydrodynamic formulae based on flat plates (Gray, 1936; Hui, 1987).
However, a dolphin does not swim as a rigid body, but oscillates its tail and flukes in
large-amplitude motions for propulsion (Slijper, 1961; Lang and Daybell, 1963; Videler
and Kamermans, 1985). Hydromechanical models based on kinematics provided values
of power output for actively swimming animals which exceeded those for equivalent
rigid bodies by 3—7 times (Lighthill, 1971; Webb, 1975; Fish et al. 1988). Estimates of
drag based on rigid-body analogies, therefore, may underestimate the energy expenditure
of swimming by dolphins. Such underestimates led researchers to look for special
mechanisms that might minimize drag and enable the dolphins to perform better than
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engineered designs (Gray, 1936; Kramer, 1960). In reviewing the available literature on
dolphin swimming performance, Fish and Hui (1991) found no evidence for drag
reduction from special mechanisms. Although current understanding was incomplete,
they concluded that dolphin body design and behavior decrease swimming effort.

Hydromechanical models based on swimming kinematics are considered to be the only
method with sufficient predictive value to caculate power output (Webb, 1975).
Dolphins are good models for this type of analysis, because their swimming mode,
subcarangiform with a lunate tail, effectively separates the structures associated with
thrust production from those associated with drag production (Lighthill, 1969). Estimates
of thrust based on the motion of the flukes can be used to assess independently the drag
due to body form and that due to swimming motions. A number of studies have used
kinematic data (Norris and Prescott, 1961; Lang and Daybell, 1963) to help develop
hydromechanical models based on oscillating plates or hydrofoils (Parry, 1949; Lighthill,
1970; Wu, 1971; Chopraand Kambe, 1977; Y ates, 1983). However, application of these
models has relied on data from a single swimming speed for a single dolphin. Estimates
of swimming energetics and hydrodynamics have come mainly from examinations of
maximal swimming effort (Lang, 1975; Goforth, 1990) and have ignored submaximal
swimming by dolphins. In the wild, dolphins swim over a wide range of speeds (Norris
and Prescott, 1961; Wursig and Wursig, 1979; Au and Perryman, 1982; Lockyer and
Morris, 1987). Because studies of dolphin swimming performance have not considered
the full range of speeds, an incomplete picture of dolphin swimming energetics and
hydrodynamics has emerged.

The purpose of the present study is to describe the kinematics of dolphins and to
compute the thrust power, propulsive efficiency and drag over awide range of swimming
speeds. A hydromechanical model of lunate-tail propulsion will be used for the
computations.

M aterials and methods
Experimental animals

The swimming motions of five trained bottlenose dolphins (Tursiops truncatus) were
filmed at Sea World in Orlando, Florida, and the National Aquarium in Baltimore,
Maryland. Experiments were performed in large elliptical pools (Sea World: maximum
length 27.4m; National Aquarium: maximum length 33.5m). The curved portions of
each pool were constructed of glass panels. A water depth of 1.4-2.1m was visible
through the panels. Depth of the pools was 7.3m and water temperature was maintained
at 20-22°C.

Prior to each swimming bout, the animals were marked with zinc oxide reference
points on the lateral aspects of the caudal peduncle. Dol phins swam along the curved wall
of the pool routinely or under the direction of human trainers. All dolphins had been
trained to swim near the water surface. The speed of the animals varied in response to
cues from trainers.

Morphological measurements were obtained for each dolphin and are summarized in
Table 1. Body length (L, m) isthe linear distance from rostra tip to fluke notch and fluke
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Table 1. Morphometrics of dolphins (Tursiops truncatus) tested

Dolphin
Dimension Toad Goofy Nani Nalu Akai
Sex Femae Female Female Male Mae
Age (years) 20 22 20 20 18
Body mass (kg) 192.8 263.1 2295 228.2 2114
Body length (m) 251 2.70 2.60 2.70 254
Maximum diameter (m) 0.49 0.58 0.52 0.48 0.48
Finenessratio 5.10 4.69 5.00 5.63 5.34
Surface area (m?) 2.99 2.45 2.74 2.73 2.60
Fluke span (m) 0.58 0.65 0.73 0.68 0.65
Planar fluke area (mP) 0.089 0.117 0.112 0.110 0.105
Fluke chord (m) 021 0.28 021 021 0.20
Aspect ratio 3.78 361 4.69 4.20 4.00

span (S, m) isthe linear distance between fluke tips. Planar surface area of flukes (Fa, m?)
and maximum body diameter (D, m) were measured from scaled photographs. Aspect
ratio of the flukes (AR) was calculated as $¥/F,, and the root fluke chord (C, m) was
measured as the centerline distance from leading to trailing edges of the flukes. Fineness
ratio (FR) was calculated asL/D. Surface area of the body (S, m?) was calculated from a
prediction equation dependent on body mass (M, kg):

Sa= 0.08MO65, 1)

based on data from odontocetes (Slijper, 1958; Lang and Daybell, 1963, Lang and Pryor,
1966; Kanwisher and Sundnes, 1966; Hampton et al. 1971; Ridgway, 1972; Y asui, 1980;
Andersen, 1981; Hui, 1987; Bose et al. 1990; D. P. Costa, unpublished results; Fig. 1).

Filmanalysis

Dolphins were filmed with either ciné or video cameras. Ciné films were made at
64framess—1 with a Bolex H-16 ciné camera equipped with a Kern Vario-Switar 100
POE zoom lens (1:1.9, f 16-100mm) using 16mm film (Kodak 4-X reversal film 7277,
ASA 400). Film records were analyzed by sequentially projecting individual frames of
film with a stop-action projector (Lafeyette Instrument Co., model 00100) onto adigitizer
tablet (GTCO, Digi-Pad 21A71D4) interfaced to an IBM PC microcomputer. Dolphin
swimming was videotaped with a Panasonic Camcorder at 60Hz. Sequential body and
fluke positions were digitized from individua frames of videotape with an AT-
compatable computer, Panasonic AG-7300 video recorder, Sony PVM 1341 monitor and
avideo analysis system (Peak Performance Technologies, Inc.).

Datawere acquired only from those film records in which dolphins swam steadily with
no apparent accelerations and the dolphin maintained a horizontal path. From these
records, average swimming velocity (U, ms~1) was measured as the total displacement
per cycle divided by the cycle duration. Steady swimming was achieved with aless than
10% difference in U between thefirst and second halves of a propulsive cycle and with an
average difference of 4.9%. Stroke cycle frequency (f, Hz), peak-to-peak amplitude of



182 F.E. FisH
10

Swface area (m?)

10 100 1000
Mass (kg

Fig. 1. Surface area (m?) as afunction of body mass (kg) for avariety of odontocetes (see text
for references). Regression equation for line provided in text. Correlation coefficient for the
line was 0.98 (P<0.01).

the fluke motion (A, m) and angle of attack («, rad) were measured. Angle of attack isthe
angle between the tangent of the flukes' path and the axis of the flukes (Fig. 2; Fierstine
and Walters, 1968; Fish et al. 1988).

Reynolds numbers (Re) are based on the dolphin’s length (L, m), swimming velocity
(V) and the kinematic viscosity (v) of seawater (1.044x10~6m?2s~1) using the equation:
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Fig. 2. Path and position of dolphin flukes throughout a stroke cycle. The tips of the flukes
move along asinusoidal path. Fluke position with respect to the path is shown as straight lines
a intervals of 0.1s. The inset shows how the angle of attack was measured as the angle
between the fluke axis and the tangent to the fluke pathway.
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Re= LU/v. @)

Submersion depth (H) was measured from the surface to the centerline of the body.

Power output, efficiency and drag coefficient calculation

A hydromechanical model of lunate-tail propulsion based on unsteady wing theory
(Chopra and Kambe, 1977; Y ates, 1983) was used to calculate thrust power output (Pr),
coefficient of drag (Cp), and propulsive efficiency (v). Propulsive efficiency isdefined as
the mean rate of work derived from mean thrust divided by the mean rate of all work that
the animal is performing while swimming (Chopra and Kambe, 1977). In the model, the
relationship between reduced frequency (o) and proportional feathering parameter (6)
determinesthe coefficient of thrust (Ct) and . The reduced frequency isameasure of the
unsteady effects of flow about the flukes, and is:

g=wC/U, ©)

where w isthe radian frequency, equal to 2mf (Y ates, 1983). The feathering parameter, 6,
istheratio of the maximum a to the maximum angle (wh/U) achieved by the pitching axis
of the flukes (Y ates, 1983) and is:

0= U()Lmax/(x)h. (4)

The parameter h isthe amplitude of heave (Y ates, 1983) and was calculated from A/2.
The mean thrust power output (Pt) is given by:

Pr = 0.5mpCr U3Fa (WC)2, (5)

where p is the density of sea water. For a body moving at constant U, Pt isequal to the
power output expended in overcoming drag, and the dimensionless drag coefficient (Cp)
is calculated as:

Cp = P/0.5pSaU3. (6)

Because dolphins swimming near the water surface would have experienced increased
drag due to wave formation, a drag coefficient corrected for effects due to submergence
depth (Cpd) was calculated (Hertel, 1966, 1969; Au and Weihs, 1980; Blake, 1983) as.

Cbd = Cbply. (7)

The drag augmentation factor due to the influence of the water’s surface, -y, varies with
relative submergence depth of H/D. For a body of revolution, the range of vy is 1-5. A
maximum value fory occurs at H/D=0.5; minima occur at —0.5>H/D>3.

Results
Swimming speeds and kinematics

Morphological and hydrodynamically relevant dimensions of the five dolphins are
providedin Table 1.
Fifty-six swimming sequences were filmed that were determined to be acceptable for
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kinematic analysis. The dolphins swam steadily along the glass wall of the pool
maintaining a distance of approximately 1-2m from the wall. Swimming depth was
shallow at 0.40-3.52D. Dolphins swam at velocities ranging from 1.22 to 6.0ms~1
(Re=3.16x105—15.3x 10%). These velocities were within the range of burst and routine
swimming speeds reported previoudly for dolphins (Lockyer and Morris, 1987; Fish and
Hui, 1991). Maximum speed for Tursiops was lower than the maximum speed of
15ms~1 reported for wild Tursiops (Lockyer and Morris, 1987) and 8.3ms~1for a7.5s
burst measured by Lang and Norris (1966) for Tursiops. This difference in maximum
speed is accounted for by the inverse relationship between swimming speed and duration
(Fish and Hui, 1991). The maximum speed of 6.09ms~1 for a swimming period of 50s
(Lang and Norris, 1966) is representative of the speed and swimming duration of
Tursiopsin the present study.

The posterior one-third of the body was bent to effect dorsoventral movement of the
flukes. Maximum amplitude was confined to the tips of the flukes. Flukes showed both
spanwise and chordwise flexibility at the tips. During the upstrokes, the fluke tips were
bent down dlightly from the plane of the fluke, whereas bending in the opposite direction
was observed during the downstroke. Flukes followed a sinusoidal pathway (Fig. 2).
There was no significant difference between average time of up- and downstrokes of the
flukes (paired t-test). Throughout both up- and downstrokes, the flukes were
continuously pitched, which changed « over the stroke cycle. The angle of attack
increased rapidly at the initiation of up- and downstrokes and reached a maximum
within thefirst third of the stroke. The end of the stroke was accompanied by adrop in a
with the flukes oriented parallel to the direction of forward progression. Maximum «
decreased linearly by 42% over the U range examined (Fig. 3) as described by the
equation:

amax = 23.17 — 1.85U. (8)

The relationship between amax and U was significantly correlated (r=0.46; P<0.001).
The peak-to-peak amplitude, A, was not significantly correlated with U (r=0.16;
P>0.2). Mean A was 0.53+0.09m (s.p.). This represents a length-specific amplitude of
0.20+0.03L.
The frequency of the propulsive cycle (f) increased linearly with speed (Fig. 4) with a
significant correlation (r=0.85; P<0.001) according to the equation:

f=0.47 +0.37U. (9)

The positive linear relationship between frequency and swimming speed for Tursiopsis
consistent with the results for other marine mammal sthat use hydrofoil propulsion (Davis
et al. 1985; Feldkamp, 1987; Fish et al. 1988). Maximum f for Tursiops corresponded to
tail-beat frequency at maximum voluntary muscular effort for dol phins pushing against a
load cell (Goforth, 1990).

Thrust power, efficiency and drag coefficient

Individual data points from swimming kinematics were used to compute reduced
frequencies (o; equation 3) and feathering parameters (0; equation 4). The mean value of
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Fig. 3. Plot of the relationship between the maximum angle of attack, amax (degrees), and
swimming velocity, U (ms~1). Regression equation for line provided in text.

0 was calculated as 0.35£0.11. Vaues of o were all over 0.5 (0.71+0.17; range
0.51-1.15). Vaues of o greater than 0.1 indicate that unsteady effects dominate the fluid
forces associated with a propulsor such as an oscillating hydrofoil (Y ates, 1983; Daniel
and Webb, 1987). The data here are in accordance with those from other hydrofoil
swimmers (Daniel and Webb, 1987).

The hydrodynamic model using unsteady lifting wing theory (Chopra and Kambe,

Frequency (Hz)

1 2 3 4 5 & 7
Yelocity (ms1)

Fig. 4. Tail-beat frequency, f (Hz), as a function of the swimming velocity, U (ms~1).
Regression equation for line provided in text.
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Fig. 5. The thrust power, Pt (W), as a function of the swimming velocity, U (ms™1).
Regression equation for line provided in text.

1977; Y ates, 1983) related both Ct and my with o for isopleths of 6. The calculated thrust
power for Tursiops showed a curvilinear increase with increasing U (Fig. 5). Log-
transformed data were used to compute aleast-squares regression equation of :

Py = 28.87U291 (10)

where Pr was measured in watts and U was measured in ms~1. This equation was
significantly correlated with U (r=0.95, P<0.01). The maximum Pt displayed by one of
the dolphins swimming at 5.9ms—1(2.2L s~1) was over 7600W.

No relationship was found for n with respect to U (r=—0.13; P>0.2). Mean n was
0.81+0.04, and v ranged from 0.73t0 0.91.

Computed values of dolphin Cp are compared with theoretical minimum drag
coefficientsin Fig. 6. For the dolphins, values of Cp not corrected for swimming depth
varied from 0.006 to 0.046. Average Cp for dolphins was 6.95 times greater than the
theoretical minimum drag coefficient (Cpm) at equivalent Reynolds numbers. The Cpm
was calculated from an equation based on arigid flat plate with turbulent boundary layer
conditions (Webb, 1975). Cpm assumes that the total drag is composed of a frictional
component with no pressure drag component. However, the difference between
theoretical and dolphin drag coefficients is decreased by 15.5% when the influence of
shape and pressure drag are considered. In this case, theoretical drag coefficients (Cps)
are based on streamlined bodies of revolution (Hoerner, 1965) with fineness ratios equal
to that of the dolphins.

Depth-corrected drag coefficient, Cpg, was on average 52% lower than Cp. Average
Cpd was 3.17 and 2.68 times greater than Cpm and Cps, respectively. The lowest Cpg
computed was 0.0026 at an Re of 1.37x10".
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Fig. 6. Plot of drag coefficients, Cp, with respect to Reynolds number, Re. Individual values
for Cp (@), Cpd (O), Com (M) and Cps () are shown. Theoretical drag coefficients assume
turbulent boundary conditions exist. The relationship between Cp and Re is expressed by the
equation Cp=0.08Re~909 (r=0.09; P>0.5), and the relationship between Cpg and Re is
expressed by the equation Cpg=16.32Re~047 (r=0.38; P<0.005).

Discussion

The morphology and swimming kinematics of Tursiops are characteristic of the
thunniform mode or carangiform with lunate tail (Lighthill, 1969, 1970; Lindsey, 1978;
Fish et al. 1988). The thunniform mode is typica of some of the fastest marine
vertebrates, including scombrid fishes, laminid sharks and cetaceans (Lighthill, 1969).
These species display morphological convergence for minimizing drag while maximizing
thrust production. Body shape of these animals has a fineness ratio that approximates the
optimal value of 4.5 for minimal drag and surface area with maximum volume (Hertel,
1966; Webb, 1975). The caudal peduncle exhibits extreme narrow necking in the plane of
oscillation (Lighthill, 1969, 1970; Fish and Hui, 1991). Necking in the caudal region
reduces virtual mass effects and unstable movements (Aleyev, 1977; Webb, 1975: Blake,
1983).

As with other thunniform swimmers, dolphins generate thrust exclusively with a high-
aspect-ratio caudal hydrofoil (Fish and Hui, 1991). The tail flukes, which act as the
hydrofoil, oscillate dorsoventrally while being pitched. Whereas changes in amplitude
are accomplished by bending of the posterior one-third of the body, pitching is controlled
at the base of the flukes. These heaving and pitching motions are responsible for changes
of angle of attack and thrust generation throughout the stroke cycle (Lang and Daybell,
1963; Lighthill, 1969, 1970; Videler and Kamermans, 1985). Thrust is derived from a
combination of the horizontal component of the lift force and leading-edge suction
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(Ahmadi and Widnall, 1986). Thrust from lift increases directly with increasesin angle of
attack. However, low angles of attack increase hydromechanical efficiency while
reducing the probability of stalling and decreased thrust production (Chopra, 1976).
Excessive leading-edge suction could also induce stalling due to boundary layer
separation, but the curved leading edge of the flukes (van Dam, 1987) should reduce
leading-edge suction without a decreasein total thrust (Chopraand Kambe, 1977).

The three-dimensional hydromechanical model proposed by Chopra and Kambe
(1977) provided reasonable estimates of P, athough Pt may be an overestimate due the
effects of the peduncle and small-aspect-ratio flukes. Vaues of Pt for Tursiops were,
however, within the capacity of muscle power outputs for cruising and sprinting
mammals (Webb, 1975). When compared on a mass-specific basis, Tursiops Pt was
found to be equivalent to that to other marine mammals. The maximum mass-specific Pt
for an individual Tursiops swimming at 5.85ms~1 was 30.5Wkg~1. This value was
close to the maximum power output of 35.3W kg~1 reported for Senella attenuata (Lang
and Pryor, 1966). Over arange of equivalent speeds, Tursiops had lower mass-specific Pt
than Lagenorhyncus obliquidens (Lang, 1975), Stenella attenuata (Hui, 1987), phocid
seals (Fish et al. 1988), Zalophus califor nianus and human runners (Fel dkamp, 1987).

The propulsive efficiency was high for Tursiops, but within the range of m for other
mammals that swim with an oscillating hydrofoil (Webb, 1975; Fish, 1992). Propulsive
efficiencies range from 0.77 to 0.92 for otariid seals swimming with high-aspect-ratio
foreflippers (Feldkamp, 1987) and dolphins and phocid seals swimming in the
thunniform mode (Webb, 1975; Yates, 1983; Fish et al. 1988). The high efficiencies
associated with these swimming modes are due to the maintenance of nearly continuous
thrust production over the stroke cycle and a hydrofoil morphology which enhances high
thrust with reduced drag (Fish, 1992).

Wu (1971) estimated that the propulsive efficiency of a dolphin could be as high as
0.99. This efficiency was assumed to be an overestimate because Wu used a two-
dimensional analysis which underestimated trailing vorticity and wake energy loss
(Ahmadi and Widnall, 1986; Karpouzian et al. 1990). Competing three-dimensional
models of lunate tail swimming, including that of Chopra and Kambe (1977), predict
efficiencies lower than 0.99 (Yates, 1983). However, efficiencies may be higher than
predicted by al the models, because they assume that the hydrofoil is a rigid plate.
Dolphin flukes exhibit both spanwise and chordwise flexibility (Joh, 1925; Felts, 1966;
Purves, 1968; Curren, 1992). Katz and Weihs (1978) found that the chordwise flexibility
of afoil increased propulsive efficiency by 20% with only a slight decrease in thrust
compared with arigid fail.

The tendency of the trained dolphins to swim near the water surface (H/D<3) was
largely responsible for the high power outputs and drag coefficients computed. Hertel
(1966) showed that the drag on a body near the water surface could be up to five times
higher than the drag on a body at a submerged depth greater than three times body
diameter. Au and Weihs (1980) considered the maximum -y (drag augmentation factor)
for a dolphin to be 4.5, because the dolphin is not an exact body of revolution. The
increased drag is due to energy loss in the formation of waves (Lang and Daybell, 1963;
Hertel, 1969; Fish, 1982). Wavedrag is particularly important in marine mammals, which
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arerestricted to the surface because of respiratory requirements (Williams and Kooyman,
1985; Fish, 1992).

Swimming near the surface greatly increased drag coefficients for Tursiops. When
corrected for swimming depth, Cpq was 2.68-3.17 times greater than minimum
theoretical drag coefficients. The higher drag coefficients for Tursiops were expected
because the oscillating motions of the flukes and body while swimming will increase drag
(Lighthill, 1971). The increased drag corresponds to thinning of the boundary layer,
which increases skin friction over agreater proportion of the body than would occur for a
rigid body of equal length. Lighthill (1971) estimated that skin friction could increase by
up to a factor of five for undulating animals. The pressure component of drag would
increase because of deviation from the streamlined body form due to the high-amplitude
motions of the posterior body (Williams and Kooyman, 1985; Fish et al. 1988). An
additional drag component, induced drag, would occur as aconsegquence of lift generation
by the oscillating flukes. The induced drag component is the energy lost from tip vortices
that are generated by pressure differences between the two sides of the flukes (Webb,
1975). The induced drag is highly dependent on AR, with high drag associated with low-
AR untapered hydrofoils. Wall effects and swimming along a curved path would aso
contribute to high drag coefficients for Tursiops. Dolphins swimming in circlesin small-
radius (3.3m) pools had higher calculated power outputs than for linear swimming (Hui,
1987). However, by using banking to swim along a curved path, the additional drag for a
neutrally buoyant dolphin would be low because there is no added induced drag from the
flippers (Weihs, 1981). In the present study, the size and configurations of the pools and
the distance from the wall that dolphins maintained should not have augmented drag
significantly.

Cbd averaged 3.2 and 20.2 times higher than the minimum drag coefficient with
turbulent and laminar boundary conditions, respectively. These differences are large
enough to be insensitive to any inaccuracies in calculation of thrust and drag, although
estimates of thrust and drag should be considered conservative. Chopra and Kambe
(1977) lowered their computed drag coefficient by 20% to correct for the effects of the
peduncle and low AR. Such a correction for Cp in the present study still yields an average
Cbd 2.54 times Cpm with a turbulent boundary layer. Such results are in agreement with
drag coefficients measured or calculated previously for dolphins using thrust-based
models (Lang and Daybell, 1963; Purves et al. 1975; Webb, 1975; Aleyev, 1977; Y ates,
1983; Videler and Kamermans, 1985) (Fig. 7), but these results indicate that calculations
using simplerigid-body analogies will underestimate the drag and power requirements of
a swimming dolphin.

The idea that dolphins can minimize the drag by special mechanisms that maintain a
laminar boundary layer (Gray, 1936; Kramer, 1960) has been of considerable interest
(Fish and Hui, 1991). However, the results of numerous studies on dolphin
hydrodynamics showed no special mechanisms for drag reduction. Drag is minimized
primarily by a streamlined body design, with no known contribution from compliant
viscous dampening, dermal ridges, secretions, boundary layer heating, or skin folds (Fish
and Hui, 1991). Dolphins appear to maintain a turbulent boundary layer incurring higher
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Fig. 7. Comparison of cetacean drag coefficients estimated from hydromechanical models
based on kinematics and rigid bodies. Drag coefficients are plotted against Reynolds number,
Re. Open circles represent depth-corrected drag coefficients, Cpg, for Tursiopstruncatusfrom
this study. Other symbols represent Delphinus delphis (¢ and <), Lagenorhynchus
obliquidens (M and [J), Phocoena phocoena (A), Phocoenoides dalli (A), Sotalia fluviatilis
(V), Senella attenuata (%) and Tursiops truncatus (@). Open symbols represent values of
drag coefficient estimated using hydromechanical models based on swimming kinematics;
filled symbols represent values obtained from gliding or towing experiments. Data are from
Lang and Daybell (1963), Lang and Pryor (1966), Purves et al. (1975), Webb (1975), Aleyev
(1977), Chopra and Kambe (1977), Yates (1983) and Videler and Kamermans (1985). The
solid line represents the minimum drag coefficient assuming turbulent boundary conditions;
the broken lineis for minimum drag coefficient assuming laminar conditions.

drag and energy costs in swimming (Lang and Daybell, 1963; Videler and Kamermans,
1985; this study).

The highly derived swimming mode of dolphins allows for sufficient thrust generation
to compensate for the drag incurred by the animal. Energy costs associated with turbulent
boundary conditions and muscular performance within physiological norms restrict
swimming performance. High-speed swimming is limited to the power that the animal
can generate (Bose and Lien, 1989) and, while energetically possible in dolphins, high
speeds are limited to bursts of short duration (Lang, 1975; Lockyer and Morris, 1987).
Lunate-tail propulsion is associated with rapid and relatively high-powered swimming,
but increased performance in dolphins is often the result of behavioral strategies that
reduce energetic effort (Fish and Hui, 1991; Williams et al. 1992). The independently
derived conclusion that dolphins have the capacity for high rates of work, but show no
unusual hydrodynamic or physiological performance, is in agreement with the
conclusions of Lang and Daybell (1963) and Williamset al. (1993).
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