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Summary

Wind tunnel tests were performed to measure the effect 27-30%, reduced lift by less than 10% and increased the
of a satellite transmitter on a juvenile green turtle pitch moment by 11-42 %. On the basis of the drag data at
(Chelonia myda} A full-scale turtle model was constructed zero angle of attack, it is estimated that the backpack will
from an 11.5kg specimen with a 48cm carapace length, reduce swimming speed by 11 %, assuming that the turtle
and a transmitter model was constructed from a Telonics produces the same thrust with the unit attached. The drag
ST-6. The turtle model was tested in a wind tunnel with data are also used to estimate the effect of a transmitter on
and without the transmitter, which was mounted on the the swimming energetics of an adult green turtle. Design
forward, topmost part of the carapace. Drag, lift and pitch  guidelines are included to minimize the adverse forces and
moment were measured for several speeds and flow angles, moments caused by the transmitter.
and the data were scaled for application to the marine
environment. At small flow angles representative of Key words: green turtleChelonia mydashydrodynamics, lift, drag,
straight-line swimming, the transmitter increased drag by pitch, transmitter, telemetry, energy, swimming.

Introduction

Since the late 1970s, satellite telemetry has been used ivonot optimal from a hydrodynamic standpoint, because the
follow the ocean movements of sea turtles. The trackingnit will increase drag by causing flow separation and
studies have benefited from improvements in telemetryurbulence. The energy expended in swimming is proportional
equipment over the past two decades. The transmitters weiethe drag. This means that the turtle will swim either more
initially large and heavy devices, weighing several kilogramwigorously to compensate for the added resistance or at a lower
and packaged into containers shaped like doughnuts, conesspeed for the same effort. Either result could harm the turtle
cylinders (Timko and Kolz, 1982; Stoneburner, 1982). Becausky increasing the energy required to migrate.
the smallest of these early designs was the size of a football, Previous hydrodynamic investigations have focused on the
they had to be tethered to the back of the turtle’s shelswimming behavior of hatchling and juvenile sea turtles. Using
Advances in microelectronics produced smaller and lightea recirculating water channel, Wyneken (1988) measured drag
devices, eventually allowing the attachment of ‘backpackand lift forces on green and loggerheddhretta caretty
transmitters directly to the shell (Balazs, 1994; Renaud, 199%5atchlings. The results showed that green turtles have superior
Papiet al.1997). This is now the preferred method for trackingstreamlining and thrusting capacity, leading to higher
hard-shelled turtles such as the green tu@lee{onia mydags  swimming speeds than those achieved by loggerheads. Prange
which rest within coral caves and under outcroppings, wher@l976) measured drag forces on a juvenile green turtle with a
a tethered transmitter could become entangled (Dizon arfttad-to-tail length of 24 cm. Assuming geometric similarity,
Balazs, 1982). Prange (1976) used these drag data for the juvenile to estimate

A rectangular box with a whip antenna, the backpack ishe metabolic efficiency of adults during migrations. Logan
glued to the topmost part of the shell. Two buttons on the frorgnd Morreale (1994) employed aircraft design methods to
of the device serve as a switch to deactivate the transmittehow that juvenile sea turtles possess a ‘laminar’ flow shape
when submerged to preserve the batteries. Salt water providist minimizes drag. Such a body shape enables the turtle to
the conductive link between the buttons so that, when exposswim with a small expenditure of energy.
to air, the circuit is broken and a signal is transmitted to the Despite almost 20 years of telemetry research, experimental
satellite. The transmitter’s location on top of the shell ensurestudies are lacking on the hydrodynamic effect of a transmitter
that the switch will function properly. However, the locationon the swimming energetics of a sea turtle. We have used wind
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tunnel testing to quantify the effect of the transmitter on a&uring material that is more flexible than the plaster. The
model of a juvenile green turtle. This small turtle was selectedlumalite flippers were poured separately, making provisions
to reduce model construction costs and because green turtfes attaching them to the plaster body. Frontal and planform
are famous for their long-range migrations of over 1000 knviews of the model are shown in Fig. 1. The length and width
(Carr, 1984; Balazs, 1994). The test procedure is similar to thaf the carapace were 47.8cm and 36.9cm, respectively. The
of Obrechtet al. (1988) and Bannascht al. (1994), who axial distance from the head apex to the center of mass was
investigated the drag of devices mounted on the back of flying0.7 cm, and the axial distance from the head apex to the end
birds and penguins. of the carapace was 54.6 cm. Using a polar planimeter, which
works as a numerical integrator, the measured planform area
of the carapace was 1517%mnd the measured frontal area
Materials and methods was 398 cri
A full-scale cast model was constructed from the carcass of The carcass weighed 113N (mass 11.5kg) and displaced
a juvenile green turtl€helonia mydasThe body was made 1.062n% of water when fully submerged, giving a buoyant
from Ultracal plaster, offering the best characteristics of higliorce of 107N in salt water. Milsom (1975) found that
strength, low mass and minimal shrinkage during castindoggerhead sea turtles develop buoyancy control after the first
However, the material was not suitable for the flippers, whiclyear of life. Buoyancy is controlled by the amount of air in the
were tapered and very thin at the edges, where plaster woulthgs, with the volume adjusted by the smooth muscle in the
be brittle. This problem was solved using Alumalite, a fastiung. A turtle is neutrally buoyant if its weight and buoyancy

Fig. 1. Photographs of the turtle model showi
frontal (A) and planform (B) views. The picture
include 12inch rulers to provide a scale. T
planform view shows the balance attachme
located axially at the center of mass. The fra
flipper on the model was not used in the test.
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are equal in magnitude. In this case, the turtle has a submer

weight of zero and will neither sink nor rise when at rest, sinc

weight and buoyancy are the only forces present at zero spe

in still water. The tested specimen was negatively buoyar Drag

with an in-water weight of 6N causing it to sink. (Sign

conventions for the force vectors are discussed below

However, if Milsom's (1975) findings are applicable to

juvenile green turtles, the animal may have been able - TN attack )

achieve neutral buoyancy when its lungs were inflated. \

The transmitter model was made from high-density foan Cer;ter y Center Relative fiui

with an aluminum antenna and screws on the front to simula V0|cl)Jme Weight  of  velocity

the salt-water switch. The transmitter was based on a Teloni mass

ST-6, which was used in a tracking study of juvenile greeirig. 3. Diagram of forces and moments acting on a swimming sea

turtles in the Gulf of Mexico (D. Shaver, personalturtle. Force vectors, pitth moment and angle of attack are shown in

communication). While smaller units such as the ST-10 artheir positive directions.

more commonly used to track juvenile turtles, the ST-6 wa

selected for this study to provide a worst-case measurement 1

the hydrodynamic effect of a transmitter. The operational unitector, and lift is perpendicular to the drag. The forces generate

with batteries weighed 4.4N (mass 0.45kg), or 4% of the pitch moment (positive = nose up) acting about the center of

turtle’s weight in air, and displaced 371%wf water when mass. The drag, lift and pitch moment are functions of the

fully submerged (3.7 N buoyant force in sea water). Fig. 2 is apeed and angle of attack. The turtle will experience an

diagram of the ST-6, measuring 13.7x@816 cnx4.4cm with  additional hydrodynamic side force, yaw moment and roll

a frontal area of 25.7 cinThe antenna length and width were moment for general three-dimensional motions.

14cm and 0.32 cm, respectively. The antenna included a thick Although not the subject of this test program, the other

base 3.7cm long with a diameter of 0.64cm. Modeling clayorces acting on the turtle are thrust, weight and buoyancy. Fig.

was used to create a platform to fair the transmitter mod@ shows the thrust vector parallel to the animal’s longitudinal

smoothly to the shell. axis. The turtle produces thrust by moving its front flippers in
a power stroke that imitates a bird’s propulsive mode (Walker,

Definition of terms 1971). WeightW is expressed a¥/=mg and buoyancyB is
Fig. 3 is a diagram of the forces and moments acting on expressed aB=pgv, wherem is the mass of the animal (kg),

swimming sea turtle. The vectors are shown in the positivg is the gravitational constant (9.81M)s p is the density of

direction, with the flow vector shown relative to the turtle’ssea water (1025kgT®) andyv is the volume of sea water §jn

frame of reference. The magnitude of the flow is equal to thdisplaced by the turtle. The buoyant force acts at the center of

swimming speed when the turtle is traveling in still water (nahe displaced water volume.

waves or currents). The angle of attack is the angle between

the relative flow velocity and the turtle’s longitudinal axis. ~ Test facility, instrumentation and scaling considerations

Drag is defined as the resistance force parallel to the flow Testing was conducted in the recirculating low-speed wind
tunnel at the US Naval Academy. The test section is
rectangular, 137 cm wide, 96 cm high and 236cm long. The

— freestream turbulence level within the test section is 0.7 % of

the mean air speed. Fig. 4 is a photograph of the model
mounted on the three-component balance, which is shrouded

Buoyancy Lift

Thrust

¥ F20N
=9~ Angle of

within a low-drag airfoil and located directly under the center
of mass of the model. The attachment mechanism was a split-
shaft design that measured pitch moment as the difference
between the vertical forces imparted on the two halves of the
shaft assembly. The difference in forces was converted to a
pitch moment and referenced to the center of mass 8.5cm
above the balance attachment point. The balance system was
designed for a maximum 400N drag, 823N lift and 95N m
pitch moment. The load transducer had a combined error,
Fcombined Of less than 0.025% of the maximum. The load
resolution was 0.067 N. An error analysis was performed on
the force and moment data following procedures described by
Fig. 2. Diagram of the Telonics ST-6 satellite transmitter. AllColeman and Steele (1989).

dimensions are in centimeters. Using Reynolds scaling, the data collected in the wind

[ |
[* 13.7 g
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Yarn Tuft

Fig. 4. Photograph of the turtle model wit
a satellite transmitter mounted on the thre|
component balance in the US Navd
Academy wind tunnel.

tunnel were equated with the forces and moments acting on tiew indicators provided insight into the characteristics of the
turtle in water. The procedure involves testing the model at shell boundary layer as the model changed configuration, speed
particular air speed and converting the force and moment daégad angle of attack.

to dimensionless coefficients. The scaling principle states that The force and moment data were transformed into a more
the aerodynamic coefficients are identical to those obtained hyseful, dimensionless form. The equations to accomplish this
testing in water at the same Reynolds numRetVI/v, where task are as follows:

Vis the speed,is the carapace length, ands the kinematic

viscosity of the fluid. The three approximate air speeds used i Cp= D , (@)
the wind tunnel were 8, 30 and 61Th.sThey correspond to ASsront

speeds in water of 0.5, 2.1 and 4.1 assuming a kinematic

viscosity of 9.3107'm?s1 for sea water at 25°C. It is L

important to note that Reynolds scaling ignores surfact CL= m 2

interaction effects. This means that the wind tunnel data appl_
to a turtle swimming at sufficient depth to avoid wave-making
drag caused by interaction with the water surface. Cm =

, ©)
dlSoian
Data collection and reduction

Data were collected for two configurations: the turtle modeWwhere g is dynamic pressureg€ipV?), Sront is frontal area
with rear flippers but no front flippers, and the same model witkB98 cn?), p is air density,Syian is planform area (1517 cin
the addition of the transmitter (Fig. 4). The front flippers wereV is wind tunnel air speed,is carapace length (47.8 cnQp
excluded because they are used mainly for propulsion, ansl the dimensionless drag coefficie@t, is the dimensionless
their drag contribution cannot be accurately simulated in &ft coefficient, Cv is the dimensionless pitch coefficiebt,is
static configuration. drag,L is lift and M is pitch moment.

Drag, lift and pitch moment were measured for the three For each model configuration, the coefficients of drag, lift
speeds and at angles of attack-6fto 20°, in increments of and pitch moment were calculated for the range of test speeds
2° (see Fig. 3 for sign conventions). In addition to the forceand angles. Aerodynamic coefficients with the subscript ‘BF’
and moment data, some general observations were madser to the baseline model (body—flippers), and coefficients
during the course of the tests. Two 13cm yarn tufts weraith the subscript ‘BFT’ refer to the model with the
attached to the front and back of the carapace (Fig. 4). Thesansmitter. The transmitter drag coefficie@b,tag is the



difference between th@p values with and without the device,
referencing the coefficient to the transmitter frontal area:

Cptag = (Cp

whereSagis the ST-6 frontal area (25.7 @mEquation 4 gives
the transmitter drag coefficient in the presence of the turtle bod
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which is analogous to the procedure used by Obreciat. 051 i
(1988) to determine the drag of transmitters attached to birds 04l |
Results 03r i
The drag coefficient at zero angle of attaak i§ relatively 02 ‘ ‘ ‘ ‘ ‘ ‘
insensitive to Reynolds number variations over the speed ran -10 -5 0 5 10 15 20 25
tested (Fig. 5). The baseline configuration, consisting of the boc Angle of attack, o (degrees)

and rear flippers, has. an average drag coefficient of 0.339 Fig. 6. Measured drag coefficier@) versusangle of attackd)) at a
a=0°. With the transmitter, the avera@e increases by 27% 10 Reynolds numbeRe of 2090<103. Drag is parallel to the relative

0.431. Fig. 5 shows evidence of a small reductio&grwith

fluid velocity (), and angle of attack is positive nose up relative to

increasing Reynolds number; however, this variation is maskeV. Bars show two standard errors of the medn1Q). a, angle of
by measurement uncertainty at the lowest test speed. Substitutattack;V, fluid velocity.

the average drag coefficients into equation 4 ¢Beeg=1.4 for
the ST-6 transmitter at=0°. Obrechtet al. (1988) report a

maximum Cp tag of 0.72 for rectangular box transmitters. Theminimal variation with Reynolds number, the data are

higher drag of our unit may be related to the sharp corners alopgesented for the highe®e of 2090<1%. The force and

the front and rear edges of the transmitter, and the 14cm lomgoment measurements are largest and, therefore, most

antenna oriented 75 ° above the horizontal. A drag coefficient gfccurate at the highest test speed.

1.4 indicates fully separated flow around the unit.
The effects of angle of attack on the drag, lift and pitchof attack (Fig. 6). The nonlinearity is caused by an induced

moment coefficients are shown in Figs 6-8. A turtle willdrag component associated with the lift of the turtle’s body and

maintain a small angle when swimming in a straight line irrear flippers. The effect of the transmitter is to shift the drag

still water. When maneuvering to catch prey or to avoiccurve of the baseline model upwards without changing its

predators, the angle of attack can become large for a brighape. As a result, the drag coefficient is increased at all angles

period as the turtle changes direction. Therefore, whetested, with a maximum increase of 30% cat2°. The

reviewing Figs 6-8, the data nem+0° are representative of transmitter drag coefficient is 1.5 at this angle.

normal swimming motions. Because the coefficients showed The transmitter causes a reduction in the lift coefficient of less

0.7
== Without transmitter

0.6 - C— With transmitter
S o5t 1
3 o4 t N 1
5 I =
S 03} 1
g
a 02t 1

0.1+ 1

261x103

Fig. 5. Measured drag coefficier@i) versusReynolds numberRe

1045x103 2090x103
Reynolds number, Re

The drag data for both models vary nonlinearly with angle

than 10% (Fig. 7). No evidence of stall is apparent up to the
highest test angle of 20°. The body and rear flippers act as low-
aspect-ratio lifting surfaces, making them less susceptible to stall
than higher-aspect-ratio fins, such as the front flippers used for
propulsion. Another feature of the lift data is the small negative
value of C_ at zero angle of attack. A negative value is
unexpected, given the positive camber of the turtle’s carapace,
which should produce positive lift at zemo The negativeC,

may be due to rear flipper misalignment. Every effort was made
to orient the fins at zero deflection during casting, but some
misalignment is difficult to avoid. The negative lift observed at
zero a could be explained by a flipper deflection of
approximately—10°. Each rear flipper was modeled as an
uncambered wing with a planform area of 4@.cam aspect ratio

of 2, and a lift slope based on a wing area of 0.045 per degree
of fin deflection (Whicker and Fehlner, 1958). Neglecting body
carryover lift, the two fins deflected byl0° produce a lift
coefficient based on body frontal area—6f023. This is close

at zero angle of attack, corresponding to the turtle’s longitudinal axi# the lift coefficient ab=0° shown in Fig. 7.
aligned with the relative fluid velocity. Bars show two standard Owing to its location above the animal’s center of mass, the

errors of the mearN&10).

transmitter causes a nose-up pitch moment at most angles (Fig.
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Angle of attack, o (degrees) Angle of attack, o (degrees)
Fig. 8. Measured pitch moment coefficier@\v) versusangle of
attack (1) at a Reynolds numbé®e of 2090x103. Pitch moment is
positive nose up and is measured relative to the center of mass. Bars
show two standard errors of the medir10). a, angle of attacky,

fluid velocity.

Fig. 7. Measured lift coefficientd_) versusangle of attackd) at a
Reynolds numbeRe of 2090<103. Lift is perpendicular to the
relative fluid velocity ). Bars show two standard errors of the mean
(N=10).qa, angle of attacky, fluid velocity.

8). The percentage change becomes large at negative angksimal. The power outpuPout required to maintain this

because the pitch moment of the baseline model approacheguilibrium condition is simply the product of the thrust and

zero at-6°. The transmitter increas€w by 42% ato=-2°, the swimming speedfu=FtV).

by 22 % ati=0°and by 11 % ai=2°. The percentage increase The reduction in swimming speed caused by the transmitter

decreases with increasing angle, eventually changing sign foan be estimated from equation 5 with the assumption of constant

a>15°, thrust. That is, if the turtle expends the same effort without trying
Another aspect of the data collection included flowto compensate for the added drag of the unit by increasing its

indicators attached to the carapace during the tests (Fig. 4). Thewer stroke, then the speed reduction is expressed as:

flow indicators revealed when the flow over the model becam

turbulent. For the baseline model, the aft flow indicators wert Veer _ | CosE ©)
streamlined until 16 ° angle of attack. Beyond this angle, the VBE \/ CopFr

flow became turbulent along the shell. With the transmitter
attached, the aft flow indicators were turbulent for all speedghere the drag coefficients are those of the turtle V@it eeT)
and angles tested. The transmitter disturbed the air directBnd without Cp gr) the transmitter. This equation implies that
behind the unit and several centimeters to either side. the percentage speed reduction caused by the transmitter is
constant if the drag coefficients are invariant with Reynolds
number within the speed rangésrr to Ver. Using the
) L i average Cp values at zero a (Fig.5) gives
Effects of the transmitter on migration energetics VeeT/Ver=v(0.339/0.431)=0.89, indicating a speed reduction
The transmitter's effect on migration energetics can bgf 119 due to the transmitter. The added drag would therefore
estimated from the drag data (Figs 5, 6). The special case @iyse the turtle to swim at 1.8 ktfior the same expenditure
unaccelerated, straight-line swimming is considered here. Thg energy that results in a speed of 2 kfhwithout the unit.
straight-line  motion assumes a neutrally buoyant turtle jth regard to metabolic power requirements, the total
traveling at constant depth in still water with no waves Olgnergy consumed during migration increases with the added
currents. Given these restrictions, the thiysequired of the  travel time caused by the lower swimming spee i$ the
front flippers to maintain constant speed is expressed as:  distance traveled on stored energy supplies, the travelTtime
is simply this distance divided by the turtle’s average
Fo= %pVZCDSfronta (5) swimm@ng speed/ over the migratory rouFe. The increas_e ip
travel time can be estimated from equation 6 by substituting
V=X/T, giving the following ratio:

Discussion

wherep is the sea water density,is the swimming spee@p

is the drag coefficient at zero angle of attack Sag is the Teer _ | Cosrr %
frontal area. This is a form of Newton’s equation for Tgr \/ CopF

thrust—drag equilibrium, with the terms on the right-hand side
of the equation collectively representing the drag on the The averag€p values from Fig. 5 give an increase of 13%
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in travel time. If the turtle’s power input is unchanged at thenydrodynamic lift and pitch moment. Lift is reduced by a small
lower swimming speed, this value would also represent thamount at most angles (Fig. 7), while the pitch moment is
percentage increase in metabolic energy during the migratioincreased by a greater amount (Fig. 8). The increase in pitch
In reality, the energy increase will be higher owing to reducedhoment, caused by the transmitter’s location above the center
aerobic efficiency at the lower swimming speed (Prangeof mass, will force the turtle to deflect its rear flippers to
1976). If the turtle increases its power stroke to maintain itsnaintain a level swimming motion. The use of the flippers in
normal swimming speed, the migration time would bethis manner will reduce their effectiveness for maneuvering,
unchanged, but the energy demand would rise in dire¢he primary function of these appendages (Walker, 1971). The
proportion to the added drag of the transmitter. For the animdleflected rear flippers will also generate more drag, further
tested, the increase in metabolic energy consumption woulgducing swimming speed.
more than double to 27 %. The true energy increase should lie
somewhere between 13 and 27 %, depending on how the Example: green turtle migration in the Hawaiian Islands
animal responds to the attachment of the transmitter. Balazs (1994) performed the first successful tracking of
Swimming data for instrumented Adelie penguiRgdoscelis  green turtles on their high-seas migrations. This example uses
adeliag support a value at the low end of this range (Cefik data for an adult female (87cm shell length) tracked for
al. 1994). Unfortunately, no comparable data are available fat130km from the nesting area in the French Frigate Shoals
turtles. Timko and Kolz (1982) attempted to address this issuglawaii) to the foraging grounds in Kaneohe Bay, Oahu
by releasing a loggerhead into a large aquarium and observifigig. 9). During the 23 day transit, the turtle averaged
its behavior with a tethered transmitter. The turtle’s surfac€.05kmih?!, and dive times ranged from 2.3 to 5.1min,
time nearly doubled, presumably because of the largmdicating that the animal was swimming near the surface. The
buoyancy of the instrument, but the animal's swimmingtracking data were obtained from a Telonics ST-3 mounted on
behavior was not quantified. Studies are needed to determitap of the shell.
whether the attachment of a transmitter causes the turtle toTwo key assumptions are required to apply our wind tunnel
reduce its swimming speed to maintain a constant energlata to the tracking study. (1) The drag coefficient of the ST-
expenditure. The studies should consider the possibility th& attached to the adult turtle is assumed to be identical to that
the transmitter elicits a temporary period of alarm, causing thef the ST-6 on the juvenileC tag=1.4 ata=0). This is
turtle to swim faster than normal until it acclimates to thereasonable given that the units are mounted at the same
device. location on the shell and that both have the shape of a box.
The dimensional drag of the ST-3 will be larger because of
Effects of the transmitter on maneuverability its increased frontal area. (2) The adult green turtle is
In addition to its effect on swimming speed, the transmitteassumed to be geometrically similar to the juvenile. This
will reduce the turtle’'s maneuverability by altering the means that the two animals have identical drag coefficients

24°N +~Erench Frigate Shoals
For, N7 0 Nacker
230 . __!\.I__ihoa
N g 08/20 0 o \
O vz DEREE2 Kaun’
o 220N N DR/23 Ol o uo’l’ 0 " X H ) Q.ahu
2 il el )
'% W3 3 Moloka'i
o " gy .
-1 21°N L s
P Lanai W, lﬁ"law
Kaho'olawe: :
20°N - i
19°N
165°W 160°W 155°W
Longitude

Fig. 9. Post-nesting migration of a green turtle from French Frigate Shoals to Kaneohe Bay, Oahu in the Main Hawaiiaralalzs)d<0@}).
The turtle traveled 1130km in 23 days at an average speed of 2.05 kiniumerical code (0, 1, 2, 3) is shown next to the dates at various
points along the path. This code represents the accuracy of the measured position and is discussetcaby1P83).
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and frontal areas that scale in proportion to the square of thew provide a three-dimensional picture of swimming behavior

shell lengths: (Hochscheicet al. 1998; Standorat al. 1998).
This example shows that an unstreamlined ST-3 has a
Sdult _ (_acit \2_ (8 modest effect on the migration energetics of an adult green
Suvenile ljuvenite | turtle. Transmitter drag becomes more significant for tracking

studies involving small adults and juveniles. Design guidelines

Substituting the known data for the ad“'? and juven.ile givegre presented below to minimize adverse forces and moments
a frontal area of 1319 chfor the adult. This information is caused by the transmitter.

used to compute the drag coefficient of the turtle with the ST-
3, accounting for the transmitter's frontal area as follows: Transmitter design guidelines

~ Sag The rectangular shape of the tested transmitter is typical of
Cogrr = Cpar + Cp,tag Srort | ) satellite tags used in sea turtle telemetry. The shape is not
optimal because it generates significant turbulence and flow
where Cpr is the drag coefficient of turtle without a separation, resulting in the large increase in drag shown in Figs
transmitter at zero angle of attac®p(gr=0.339),Cp tagis the 5 and 6. The location of the device on top of the shell
drag coefficient of the ST-3C6 tag=1.4), Sront is the frontal  exacerbates the flow disturbance. However, mounting the unit
area of the turtleSron=1319 cnd) andSag is the frontal area towards the rear of the animal, as in penguin tracking
of the ST-3 Gag30cn?). Substituting these values into (Bannaschet al. 1994), could prevent the salt-water switch
equation 9 give€p gr1=0.371, representing a 9% increase infrom activating when the turtle surfaces for air.
drag relative to the unencumbered turtle. The drag coefficients The drag of the transmitter can be reduced by streamlining its
with and without the transmitter are used to estimate thkngitudinal cross section aligned with the swimming direction.
reduction in swimming speed and the associated increase Tinis is achieved by attaching fairings to eliminate sharp corners
travel time. With the transmitter, the turtle required 23 days tthat cause flow separation and increased drag. Obeédit
reach its destination travelling at 2.05km.hWithout the (1988) showed that fairings can reduce transmitter drag by
transmitter, the turtle would have reached its destination in 22pproximately one-third compared with an unfaired rectangular
days (equation 7) travelling at 2.14 kmit{equation 6). The box. The teardrop shape of the faired unit of Obrethal.
transmitter therefore increased the travel time by 4.6% an@d988) is similar to an aircraft cockpit. In fact, from a fluid
reduced the swimming speed by 4.4%. Metabolic energgnechanics viewpoint, a cockpit and satellite transmitter both
demand due to the transmitter increases in direct proportion tepresent a bump or ‘perturbation’ on an otherwise smooth body.
the added travel time, assuming that the turtle’s thrust anfobinson and Delano (1942) tested a family of aircraft cockpits
aerobic efficiency are unchanged. If the turtle had increased its identify geometries with minimum drag. They found that the
power stroke to maintain its normal migratory speed, the@ptimum tail fairing had a length/height/H) ratio of 4.
transmitter would have increased the metabolic energy demamiogressively reduced effectiveness was achieved as the tail was
by 9%. shortened, and very little drag reduction was achieved for
These estimates are based on a two-dimensional picture lofH<2. The tail fairing used by Obrecttt al. (1988) appears to
the migratory path. The absence of a dive profile means thhe at the low end of the acceptable range. The selected fairing
the turtle’s true average speed was higher than the calculatadist balance the competing needs of low drag and reasonable
value of 2.05kmht, which ignores vertical movement during size. The longest fairing, while hydrodynamically optimal, may
dives and deviations from straight-line motion betweemot be practical for use on smaller turtles.
satellite fixes. Errors could occur in the above calculations if A tail fairing alone is insufficient to minimize the drag of
the true speed was outside the Reynolds number range of ttie transmitter. The cockpit study found that optimum tail
drag data. Fortunately, this appears not to be the case becausegth meant little if a non-optimal nose section was used.
at 2.05kmhl, the turtle was swimming at a Reynolds numberdeally, the nose should have a fairing similar to that of the tail,
of only 530x10%. The true speed could be almost four timesbut this would interfere with operation of the salt-water switch
this value and still fall within the tested range of(Fig. 2). In lieu of a nose fairing, a compromise measure is to
261x103<Re<2090x10%. Nevertheless, there is a need for dataround the sharp corner at the front of the device. The corner
on dive patterns during migrations. Such information camadius should be at least one-quarter of the transmitter’s height.
provide insight into whether the turtle seeks a favorable depthdditionally, the antenna should be oriented at a small angle
to lower drag and thus minimize energy consumptionabove the horizontal, preferably less than 45° to minimize its
Swimming on the surface entails high energy costs resultindrag contribution.
from the production of a wave train (Prange, 1976). The turtle The weight of the transmitter, while insignificant relative to
can minimize wave drag by swimming at a depththe drag force, should be adjusted to achieve neutral buoyancy
corresponding to a few body thicknesses below the calm watar sea water. This will ensure that the transmitter does not alter
surface (Gertler, 1950; Hoerner, 1965). The presence of the turtle’s submerged weight. If necessary, the unit could be
seaway may force the turtle deeper to avoid wave-inducedesigned with a small negative buoyancy with minimal adverse
motions that could increase drag. Recent studies are beginniaffect on the animal. In this way, when the transmitter
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detaches, it will sink to the bottom rather than floating to the&uLik, B. M., BannascH, R. AND WiLson, R. P. (1994). External

surface and sending spurious signals. devices on penguins: how important is shape#. Biol. 118
These guidelines are applicable to existing Telonics-type 353-357.

transmitters. It would be preferable to redesign the housing inf@ZON. A. E. aND BaLazs, G. H. (1982). Radio telemetry of

a teardrop shape. This would remove the need for fairings andHawaiian green turtles at their breeding cololiar. Fish. Rev

. . 44, 13-20.
roduce a smaller unit, because all the internal volume coul ' . . . )
b gERTLER, M. (1950). Resistance experiments on a systematic series

Zﬁotijvstide tl?sgc:)r;tglnnirt:]r?ace:tl-erztsrios?;::t. aﬁtgﬁ\r’]vahﬁ}“f’éggﬂ?ﬁgcﬂigof s_treamlined bodies_of revolution — for application to_ the design
. L of high-speed submarines. Navy Department, The David W. Taylor
studies of adult green turtles, transmissions to the Argos \jogel Basin, Washington DC. Report no. C-297. Declassified on
satellite system stopped long before the anticipated battery life 4 october 1982.
of the transmitter (G Balazs, personal Communication). It iﬂOCHSCHEID S., GODLEY, B. J., BRoDERICK, A. C.AND WILSON, R. P.
believed that the whip antenna was damaged by impact with (1998). An investigation of green turtle inter-nesting behaviour in
coral outcroppings. There are a host of low-profile antennaethe eastern Mediterranean using data-logging devices. In
that might be used in place of the whip. For example, a helix Proceedings of the 18th International Sea Turtle Sympogium
antenna measuring only 3.8cm could be integrated within the Press)- . . .
protective housing of the transmitter. Low-profile antennaé!OERNER S. F. (1965)Fluid Dynamic Drag Published by the author.
such as the helix lack the radio frequency performance of tHe?®A% P- AND MORREALE, S. J. (1994). Hydrodynamic drag
whip and are more susceptible to wave splash, but the ArgOschara(:terlstlcs of juvenile. kempij C. mydasand C. caretta In

) Proceeding of the 13th Annual Symposium on Sea Turtle Biology
system has proved itself to be extremely robust and should be, 4 Conservatiorfed. B. A. Schroeder and B. E. Witherington).

capable of compensating for reduced antenna performancenoaa Technical Memo. US Department of Commerce NMFS-
Furthermore, the transmitter drag could be minimized by sgrsc-341, pp. 248-252.
integrating the antenna within a streamlined housing. MiLsom, W. K. (1975). Development of buoyancy control in juvenile
Atlantic loggerhead turtlesCaretta c. caretta Copeia 1975
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