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Fig. 4. Velocity vector (B) and vorticity contour (C) fields around and in the wake of tHehe shadows beneath the models represent areas that were shielded from laser light=Mean
smooth trunkfish model positioned at a pitching angle of attack of +10°. The data ameulation magnitude and mean peak vorticity magnitude values for a dorsal \chtexg
viewed in transverse planes at various locations along the body and in the wake. EachgidtPwp, respectively) and a ventral vorteky( and Pwy, respectively) are included =

is the mean result of 30 velocity fields (1 representative trial). From left to right, theeneath the vorticity contour plots for measurements along the body. In the wake, d@&sal
locations (A) are: eye ridge, maximum girth, midpoint between maximum girth armhd ventral distinctions are not necessary since ventral and dorsal vortices merge. a
posterior edge of the carapace, posterior edge of the carapace, caudal peduncle and wake. =
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Fig. 5. Velocity vector (B) and vorticity contour (C) fields around and in the wake of tHEhe shadows on the sides of or above models represent areas that were shielded from
smooth trunkfish model positioned at a pitching angle of attack of —10°. The data &ser light. Mean circulation magnitude and mean peak vorticity magnitude values for a
viewed in transverse planes at various locations along the body and in the wake. Eachdaatal vortex [p andPwp, respectively) and a ventral vortex/(andPwy, respectively)

is the mean result of 30 velocity fields (1 representative trial). From left to right, tlege included beneath the vorticity contour plots for measurements along the body. In the
locations (A) are: eye ridge, maximum girth, midpoint between maximum girth andake, dorsal and ventral distinctions are not necessary since ventral and dorsal vortices
posterior edge of the carapace, posterior edge of the carapace, caudal peduncle and makge.
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Fig. 6. Velocity vector (B) and vorticity contour (C) fields around the posterior edge oépresentative trial). The shadows underneath or to the side of models represent are% that
the carapace of the smooth trunkfish model positioned at pitching angles of attack of (fleéte shielded from laser light. Mean circulation magnitude and mean peak vortiGly
to right): +20°, +10°, 0°, —10° and —20°. The data are viewed in transverse planes, arapnitude values for a dorsal vortéx@ndPwp, respectively) and a ventral vortex/( £
sampling locations are indicated (A). Each plot is the mean result of 30 velocity fieldsgdPwy, respectively) are included beneath the vorticity contour plots.
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Fig. 7. Velocity vector (B) and vorticity contour (C) fields around and in the wake of thenderneath the model represent areas that were shielded from laser light. Mean circulation
smooth trunkfish model positioned at an angle of attack of 0°. The data are viewedriagnitude and mean peak vorticity magnitude values for a dorsal vbgend Puwp,
transverse planes at various locations along the body and in the wake. Each plot isr¢éspectively) and a ventral vortek\( and Pwy, respectively) are included beneath the
mean result of 30 velocity fields (1 representative trial). From left to right, the locatiomsrticity contour plots for measurements along the body. In the wake, dorsal and ventral
(A) are: eye ridge, maximum girth, midpoint between maximum girth and posterior eddgstinctions are not necessary since ventral and dorsal vortices merge.

of the carapace, posterior edge of the carapace, caudal peduncle and wake. The shadows
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Fig. 8. Velocity vector (B) and vorticity contour (C) fields around the posterior edge tfie mean result of 30 velocity fields (1 representative trial). The shadows underngath
the carapace of the smooth trunkfish model positioned at yawing angles of attack of (eftdels represent areas that were shielded from laser light. Circulation magnitudeZand
to right): 0°, 10°, 20° and 30°. The data are viewed in transverse planes, and sampfiegk vorticity magnitude values for a dorsal vortEy &nd Pwp, respectively) and aé

locations are indicated using illustrations of models viewed from above (A). Each plotventral vortex [v andPwy, respectively) are included beneath the vorticity contour plo
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regions of the carapace (i.e. portions of the carapace that avieculation of far-field vortices intensified (Fig. 8). As was the
shielded somewhat from oncoming flow), but little case with pitching angles of attack, peak vorticity and
concentrated vorticity formed in near-field locations of thecirculation of attached vortices were always greatest at the
carapace (i.e. portions of the carapace that are exposed posterior edge of the carapace, irrespective of angle of attack.
oncoming flow) (Fig. 8). At the far-field side of the carapace

(the far-field side in this case is the right side of the carapace Pressure measurements

when viewed from the rear), a clockwise region of Locations ofthe concentrated, attached vorticity observed in
concentrated, attached vorticity developed around the e)@PIV experiments were closely correlated with locations of
ridge/anterior edge of the dorsal keel and grew posteriorly itow pressure detected in pressure experiments. Along the eye
terms of circulation and peak vorticity along the keel. Thaidge dorso-ventral transect, regions of attached vorticity
resulting vortex left the body at either the posterior edge of théeveloped around the eye ridge and above the ventro-lateral
carapace or caudal peduncle. One or two counterclockwideel at positive pitching angles of attack. At these locations
regions of concentrated, attached vorticity developed at th&ong the transect, which correspond to pressure ports B4 and
anterior edge of the ventro-lateral keel and grew posteriorl31, respectively, low pressure was also detected (Figs 4, 9).
along the keel, before leaving the body at either the posteriddong the maximum girth dorso-ventral transect, regions of
edge of the carapace or the caudal peduncle. As yawing angtancentrated vorticity were detected laterally and above the
of attack deviated farther from 0°, peak vorticity andventro-lateral keel, which correspond to pressure ports B7 and
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Fig. 9. Pressure coefficient€f) plotted as a function of location (pressure port) along various dorso-ventral transects on the smooth trunkfish
model positioned at positive pitching angles of attack. The locations of the pressure ports included in each graph aeel lmginfigbes of
the model. Note pressure ports A2, A4 and A6 are located in the middle of the ventral region of the carapace, whicble inadheismages.

The dorso-ventral transects considered are: (A) eye ridge, (B) maximum girth, (C) midpoint between maximum girth anddheqmestei
the carapace and (D) posterior edge of the carapace. Values are meams + 1
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B11, respectively. Low pressure at B11 was clearly apparent Along the eye ridge dorso-ventral transect, regions of
at all positive pitching angles of attack along the transect. Lowttached vorticity formed around the ventro-lateral keel and
pressure at B7 was less apparent, but there was a droptie eye ridge at negative pitching angles of attack. Consistent
pressure at B7 relative to its dorsal neighbor B6 at angles @fith this observed vorticity pattern, a clear decrease in
attack >4° (Fig. 9). Along a transect half way between the poirpressure was observed at B1, a pressure port just above the
of maximum girth and the posterior edge of the carapace, botkentro-lateral keel (Fig. 10). As angles of attack increased,
attached vorticity and low pressure were observed just aboyessure dropped at B1, just as vortex circulation increased at
the ventro-lateral keel (pressure port B12) at positive pitchinghore negative angles of attack. A drop in pressure was also
angles of attack. At the posterior edge of the carapace, a stroolgserved at pressure ports near the eye ridge; for angles of
vortex was observed above the ventro-lateral keel at positivegtack 0 to —10°, pressure was low at B4, and for angles of
pitching angles of attack; at this location (B20 on pressurattack —20 to —30°, pressure was low at B5. For dorso-ventral
model) low pressure relative to other points along the dorsdransects located at maximum girth and at more posterior
ventral transect was observed. Furthermore, pressure droppedations, regions of concentrated vorticity were located
at ports near regions of concentrated, attached vorticity dargely just below the ventro-lateral keel at negative angles of
angles of attack increased, which is consistent with thattack, an area where no pressure port was located. As a result,
observed increase in peak vorticity and circulation with highethere were no consistent declines in pressure at ports just

angles of attack (Fig. 9). above the ventro-lateral keel (i.e. B11, B12 or B20) along
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Fig. 10. Pressure coefficientSH) plotted as a function of location (pressure port) along various dorso-ventral transects on the smooth trunkfish
model positioned at negative pitching angles of attack. The locations of the pressure ports included in each graph ted imghlages of

the model. Note pressure ports A2, A4, and A6 are located in the middle of the ventral region of the carapace, whiclibis imothés
images. The dorso-ventral transects considered are: (A) eye ridge, (B) maximum girth, (C) midpoint between maximum ginlosteddh

edge of the carapace and (D) posterior edge of the carapace. Values are means + 1
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dorso-ventral transects as observed at positive angles af B1, the only location along the transect where regions of
attack. Interestingly, at the point of maximum girth, there wasoncentrated vorticity were prominent. Along an antero-
a noticeable drop in pressure at A4, a pressure port locatedposterior transect where regions of attached dorsal vorticity
the middle of the ventral region of the carapace thatvere frequently observed, pressure was lowest above and/or
presumably was influenced by regions of ventrally locatedhyehind the eye ridge (D4, B5) at both positive and negative
concentrated vorticity (Figs 5, 10). angles of attack (Fig. 11), areas where regions of concentrated,
Although peak vorticity and vortex circulation increasedattached dorsal vorticity were frequently greatest. Dorsal
consistently along the ventro-lateral keels from the anterigpressures at positive angles of attack were lower than at
edges of the keels to the posterior edge of the carapaceegative angles of attack, which too is consistent with the
pressure values did not decrease antero-posteriorly at positisbserved vorticity patterns, i.e. there was stronger concentrated
pitching angles of attack. Instead, pressure just above therticity around the eye ridge at positive as opposed to
ventro-lateral keel decreased from the snout to the point afegative angles of attack.
maximum girth (B11), but then increased posteriorly thereafter At yawing angles of attack, vortex formation occurred at the
(Fig. 11). Pressure along the antero-posterior path followed biar-field side of the carapace, most prominently in regions
regions of concentrated ventral vorticity at negative angles afdjacent to the dorsal and ventro-lateral keels. Low pressure
attack was not measured because of a lack of pressure portss consistently detected in these regions along dorso-ventral
However, along the D1-B20 antero-posterior transectransects. For example, at the point of maximum girth, pressure
considered for positive angles of attack, pressure was lowesat D7 (port just below dorsal keel) and B11 (port just above
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Fig. 11. Pressure coefficient€) plotted as a function of location (pressure port) along dorsal antero-posterior transects (A,C) and ventral
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Fig. 12. Pressure coefficient8H) plotted as a function of location (pressure port) along a dorso-ventral transect at the maximum girth point of
a smooth trunkfish model positioned at different yawing angles of attack. The graph on the left depicts conditions whegrthe inathe far

field, i.e. shielded from flow, whereas the graph on the right depicts conditions when the transect is in the near fieldeddodiqw. The
locations of the pressure ports included in each graph are highlighted in the image of the model. A4 is located in thietimeidciatial

region of the carapace.

ventro-lateral keel) was low when models were positioned @b drag ratio occurred at —16°. Nose-down pitching moments
yawing angles of attack with the ports in the far field (Fig. 12)about the center of mass were detected at angles of attack >-2°,
Moreover, a clear drop in pressure at lateral locations betweevhile nose-up pitching moments about the center of mass were
the dorsal and ventro-lateral keel (i.e. B7-B9) was frequentlgetected at angles of attack <-2° (Fig. 13).

observed, which is where additional regions of concentrated When compared to lift measurements from force balance
vorticity were detected using DPIV (Figs 8, 12). As circulationexperiments, lift values predicted from DPIV circulation
and peak vorticity increased with increasing yawing angle ofalues (using 2-D airfoil equations) were consistently of higher
attack, pressure in regions of concentrated vorticity droppednagnitude (paired samplétest, mean difference=0.045,
When the model was positioned so that the holes were in thief.=6, t-value=4.322P=0.005). At positive angles of attack,
near field, i.e. directly exposed to flows, a very differenDPIV lift estimates were 29-33% higher in the positive
pressure distribution occurred. As the pressure ports werdirection than force balance lift measurements. At negative
exposed to a larger normal velocity component in the near-fielangles of attack, DPIV lift estimates were 25-38% higher in
side (i.e. higher angles), pressure actually rose at all the latethe negative direction than force balance lift measurements
ports (Fig. 12). (Fig. 14).

Force balance measurements Discussion

No obvious stall occurred at angles of attack up to £30°, and This study is the first to our knowledge that applies multiple
overall lift coefficients of the carapace were similar toaerodynamic and hydrodynamic engineering methods to
coefficients of delta wings of similar aspect ratio (Fig. 13). Theaddress an important question in the functional morphology of
lift coefficient of the carapace was closest to 0 at —2fish locomotion, i.e. what are the physical bases for the
(CL=-0.005). At 0°C. was 0.027. The drag coefficient of the exceptional hydrodynamic stability of swimming found in the
carapace was lowest at —45p=0.157) and was 0.167 at 0°. ostraciid fishes? The results demonstrate that: (1) it is possible
At positive angles of attack, the lift-to-drag ratio was highesto obtain internally consistent, independent lines of data that
at +20°, which is consistent with delta wings that often haveollectively address the question; and (2) morphological
maximum L/D ratios >15° (Bertin and Smith, 1989). At features of the carapace contribute to hydrodynamically stable
negative angles of attack, the highest downward-directed lifwimming. This paper establishes the foundations for a larger,



740 |. K. Bartol and others

similar, comparative study of carapace morphologies and fluidentro-lateral keels provide channels for vortices to develop, and
flow properties for each of the major variations in body formserve to fix developing vortices in place at various pitching and
that occur in the ostraciids. Those results will be presented yawing angles of attack. The steep lateral sides and prominent
another paper. dorsal ridge also play important roles in isolating developing
ventro-lateral flows, allowing counter-rotating vortices to form
Morphological features without interaction with one another. The eye ridge, which was
The results of this study indicate that prominent vortices fornconsistent in width and present at 14-37Rpand dorsal keel,

along the body when smooth trunkfish triqueter pitch and  which became sharper posteriorly up until approximately
yaw. The morphological features of the carapace play an0%CL, are responsible for forcing flow separation and the
instrumental role in the generation, growth and persistence gkeneration of vorticity in dorsal regions when smooth trunkfish
these vortices. The anterior origins of the ventro-lateral keelpjtch and yaw, respectively. During yawing, vortex circulation
which were present at locations approximately ©Cl%force  growth along the carapace is facilitated by the dorsal keel when
flow separation and the generation of vorticity during pitchingone side of the keel is exposed to larger normal velocity
and yawing. The ventro-lateral keels extend along the majoritpomponents than the other. However, during pitching, the lack
of the length of the carapace, becoming sharper posteriorly @ multiple, laterally extended dorsal keels, which would allow
to a location 82%L and providing a large area for vorticity the two regions of vorticity shed from the eye ridge to grow in
buildup along the body. These characteristics facilitate vortestrength posteriorly with minimal interaction with one another
circulation growth in areas adjacent to the ventro-lateralas in ventral regions), inhibits vortex circulation growth along
keels. Regions of lateral concavity found 38-92%and the carapace. Consequently, vortex circulation in posterior
0.38-1.23cm above the ventro-lateral keels and ventraegions of the carapace is weaker dorsally than ventrally during
concavity present 58-94@4 and 0.62-1.37cm below the pitching.
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(D) indicate a nose-down pitching moment about the center of mass, whereas negative pitching coefficients indicate achosgmpmient
about the center of mass.



The carapace and swimming stability in trunkfish41

040 e Tritton, 1998; Vogel, 1994). Consequently, for those ports
F o Lift (DPIV) located near the vortex core, a low-pressure region is detected
0'30;' —e—Lift (f orcebalancg 1 and becomes more conspicuous as angles of attack increase.
020F 3 Along some dorso-ventral transects, a high-pressure region
— : adjacent to the low-pressure vortex core region was present
% 0-10§ ] (e.g. B2 and B10 in Fig. 9). This high-pressure region is
= ok ] indicative of a slow flow area where separated flow comes to
= ; reattachment, a process that is visible in the velocity vector and
5 —010¢ ] vorticity contour fields for the respective transects (Fig. 4). The
_o20F ] farther the vortex core migrates from the carapace surface, the
: less effect it has on pressure at the surface because the induced
—030¢ 1 velocity drops with growing distance. This point is illustrated
0. 405 . . . . , , , by the observed increase in pressure along an antero-posterior
-40 30 20 <10 0O 10 20 30 40 transect above the ventro-lateral keel, beginning at maximum

Angle of attad (degrees) girth and progressing posteriorly to the edge of the carapace.
g)espite an observed increase in vortex circulation along the

using a force balance (filled circles) and DPIV (open circles) plottegnte'ro—posterlor transect, localized surface pressures did not
as a function of angle of attack. Values are meanssb.1In the continue to decrease along the transect because the vortex core

force balance measurements. bars are often smaller than the Migrated away from the carapace, thus having less effect on
symbols used to denote values. surface pressure (see Figs 4, 11). This result highlights the
importance of using pressure and DPIV data in conjunction;
linking global flow features with their concomitant localized
Self-correction for pitching effects on the smooth trunkfish carapace is critical for fully
DPIV measurements, which provide a global picture of flomunderstanding flow effects.
around the body within planar domains, indicate that pitching Force measurements, which afford an integrative view of the
angle of attack has a large impact on ventral vortex formatioriorces acting on the entire carapace, provide further support for
As angles of attack increased from approximately 0° in théhe flow patterns detected in DPIV and pressure experiments.
positive direction, vortices with stronger peak vorticity andBased on DPIV and pressure results, vortices are generated
circulation developed along concavities above ventro-lateraiear the anterior of the fish and grow in strength as they move
keels, beginning at the anterior origins of the ventro-latergbosteriorly down the carapace, most prominently in regions
keels and reaching maximum strength at postero-lateraldjacent to ventro-lateral keels. Delta wings, which have
regions of the carapace. As angles of attack increased frooomparable planforms to smooth trunkfish, produce similar
approximatey 0° in the negative direction, vortices withflows. In delta wings, a coiled vortex sheet with a core of high
stronger peak vorticity and circulation developed along ventralorticity forms at the leading edge of the wing and grows
concavities below the ventro-lateral keels, beginning again giosteriorly along the wing generating lift — a process that
the anterior origins of the ventro-lateral keels and reachindiffers from lift created through bound circulation in
maximum strength at postero-ventral regions of the carapaceonventional wings and leads to higher angles of attack for stall
At angles near 0°, weak vortices with the lowest circulatior(Bertin and Smith, 1989). The observed similarity in lift
developed along the ventro-lateral keels. coefficients and L/D ratios between delta wings and smooth
Pressure measurements, which provide useful informatiomunkfish is thus further evidence of vortex generation and
on flow conditions at the surface of the carapace, an aresabsequent growth along the ventro-lateral keels. Based on
difficult to resolve with DPIV because large velocity gradientsforce measurements, lift coefficients were closest to 0 at —2°
within the boundary layer require high particle densities anénd were slightly positive at 0°. This too is in agreement with
small interrogations windows to resolve, were consistenDPIV data. DPIV results indicate that lowest vortex circulation
with the global flow patterns. In regions where attachedpccurs at angles of attack near 0°, and vortices are generated
concentrated vorticity was observed, areas of low pressusbove ventro-lateral keels at 0°, providing beneficial lift for
were consistently detected on the carapace surface. Moreoveounteracting negative buoyancy present in rigid-bodied
as angles of attack deviated farther from 0°, either in a positivestraciids (Blake, 1977).
or negative direction, and circulation of attached vortices The vortical flow patterns summarized here produce
increased, pressure dropped accordingly. These correlatiott@nming forces that self-correct for pitching motions, i.e.
are in agreement with Bernoulli’'s Law, which states that higherotation in the vertical, head up/down longitudinal plane.
local speeds result in lower static pressure. Near the cordtached vortices with the strongest peak vorticity and
of each vortex, flow speeds are higher than the surroundirgrculation generally develop posterior to the center of mass;
fluid and consequently static pressure is low. As the vortethe center of mass of smooth trunkfish is located at a
intensifies in strength and local speeds increase, pressuoagitudinal location corresponding approximately to the point
becomes more negative (McCormack and Crane, 1978f maximum girth (Bartol et al., in press). These vortices form

Fig. 14. Lift forces acting on a smooth trunkfish model measure
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above (positive angles of attack) or below (negative angles @brtices, which pick up vorticity and energize flow close to the
attack) ventro-lateral keels that extend laterally at an angle afrapace surface. Based on the observed positive pressure
25-40° relative to a horizontal axis when viewed in crosgoefficients at the posterior edge of the carapace in dorsal
section. Consequently, suction derived from the presence ofl@cations, flow separation appears to occur in dorsal, posterior
vortex above or below the ventro-lateral keels, which wasegions of the carapace for angles of attack >4°. According to
evident as low pressure zones in pressure experiments, shoplagssure distribution measurements of other aquatic organisms,
act largely upward and posterior to the center of mass #ibw separation occurs near the eye and anterior to the arms of
positive angles of attack (which also occurs in delta wings) ansquid Loligo pealeiswimming tail-first (Vogel, 1987), at the
downward and posterior to the center of mass at negativeosterior quarter of the body of penguigyoscelis papua, P.
angles of attack. Based on pitching moments recorded in foraseliaeand P. antarticaand tunaTrachurus mediterraneus
balance measurements, where nose-down pitching momerfsleyev, 1977; Bannasch, 2000), and at the posterior half of
occurred and became progressively stronger as angles of attabk body of a swordfisKiphias gladiugAleyev, 1977). Using
became more positive, and nose-up pitching moments occurrsdrgically implanted catheters, Dubois et al. (1974) found that
and became progressively stronger as angles of attack becafiesv does not separate anterior to the caudal peduncle in
more negative, this is exactly what happens. Therefore, tHduefishPomatomus saltatrixResults from both Dubois et al.
ventro-lateral keels are effectively generating self-correcting1974) and the present study are significant because they
forces for pitching motions; the self-correcting couple issuggest that fin motion may not be necessary to keep flow
proportional to the angle to which the fish is perturbed from attached to the body, as suggested in other studies (Aleyev,
horizontal swimming trajectory. 1977; Blake, 1983b).

Dorsal and antero-posterior flows Self-correction for yawing

Regions of attached, concentrated vorticity detected around The flow patterns and pressure distributions detected around
the dorsal eye ridge in this study did not grow in a uniformand along the carapace at various yawing angles of attack
manner antero-posteriorly during pitching, as was the case fordicate that the carapace also generates self-correcting forces
ventral keel induced vorticity. Instead regions of concentratetbr yawing, i.e. rotations in the left/right horizontal frontal
dorsal vorticity largely broke down along the body posterior tgplane. Dorsal and ventral vortices clearly formed on the far-
the eye ridge, irrespective of pitching angle of attack. Theskeld side of carapace, especially in areas adjacent to the dorsal
results again are consistent with the observed pressuamd ventro-lateral keels, when the smooth trunkfish model was
distributions. If dorsal carapace morphology does not facilitatpositioned at various yawing angles of attack. Circulation of
the growth of vortices posteriorly, is there an advantage tattached vortices increased posteriorly along the carapace, such
producing vorticity and creating the observed pressuréhat maximum vortex circulation occurred posterior to the
distributions at the eye ridge, i.e. is there a hydrodynamicenter of mass. Vortex circulation and peak vorticity also
purpose of the eye ridge? Given that ambient pressure occungreased as yawing angles increased. In areas where
around the eye ridge regardless of angle of attack, the eye ridgencentrated attached vorticity was observed, low pressure was
may generate the observed flows to ensure an optimal pressdegected, and as circulation of attached vortices increased with
distribution around the eye. Maintaining ambient pressuréncreasing angle of attack, pressure dropped accordingly.
around the eye is advantageous because the eye (and n®sttion derived from the presence of vortices at far-field
importantly the lens) will not be pushed in or pulled out as flowocations of the carapace acts largely opposite the direction of
moves along the body, which improves eye function. Detectiothe yaw and posterior to the center of mass, thus providing
of ambient pressures around the eyes has been reported in otfnenming forces that self-correct for yawing motions. As with
nekton, such as squid, bluefish, and tuna (Aleyev, 197%itching, the self-correcting couple is proportional to the angle
Dubois et al., 1974; Vogel, 1987). In addition to creating ario which the fish is perturbed.
optimal pressure distribution around the eye, the eye ridge may
generate some lift to counteract the nose-down pitching Hydrodynamic stability in boxfishes
moment produced by the ventro-lateral keels at a 0° angle of Hove et al. (2001) found that boxfishes exhibit some of the
attack, thus allowing for more uniform lift generation about thesmallest amplitude recoil moments known among fishes. As a
center of mass to counteract negative buoyancy. This proposegbult, they swim in smoother trajectories than either body- and
function is analogous to the role of canards on delta wingaudal-fin (BCF) or single-complex median- and paired-fin
aircraft, which provide nose-up trimming moment to(MPF) swimmers. Results from the three independent but
counteract nose-down pitching (Bertin and Smith, 1989).  complementary experimental approaches applied in this study

Based on pressure distributions along antero-posteriandicate that the keeled bony carapace plays an important role
transects, there is no appreciable flow separation from the producing both longitudinal and latitudinal stability in at
posterior edge of the carapace in ventro-lateral regions (i.&east one species of boxfish, the smooth trunkfighiqueter.
pressure coefficients are not greater than ambient pressure addition to producing self-correcting forces, the bony
(CPp=0) and pressure gradients are gradual). Flow remairgarapace of the smooth trunkfish also appears to incur high
bound to the carapace, presumably because of the ventdahg; the drag coefficients reported in this study are higher than
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those typically recorded in other fish, by as much as an ord&rucker and Lauder, 2001b), flows around the caudal peduncle
of magnitude (Blake, 1981, 1983a). Given that Anderson et ahnd finlets (Nauen and Lauder, 2001), vorticity control in fish-
(2001) found that live, flexible-bodied swimming fish havelike propulsion (Beal et al., 2001), and boundary layer flows
much greater friction drag than has been reported in th@nderson et al., 2001). However, DPIV has one significant
literature because of boundary layer thinning and streamwidinitation: it is a 2-D measurement platform that does not
acceleration of the near-field, drag differences between boxfigtonsider all three flow-field components, which may ultimately
and flexible-bodied fish may be less pronounced than expectddad to some error when calculating propulsive and resistive
Nonetheless, control for pitching and yawing is presumablyorces. An example of such error was encountered in the present
more important than drag reduction for fishes like smootlstudy. Lift forces determined using DPIV were consistently
trunkfish. These fishes generally move relatively slowly, buhigher than those measured directly using a force balance. A
live in highly energetic waters with frequent externalcomparable situation was also detected by Noca et al. (1997)
disturbances, like turbulence, that can lead to large&when measuring instantaneous forces on a cylinder in an
displacements and significant energy-wasting trajectories. Thecompressible cross-flow. These errors occurred because a 2-D

trimming self-corrective forces produced by the carapace limitather than a 3-D velocity field was used to determine force.
these displacements and are especially advantageous for théuture studies on live smooth trunkfish will be performed
unpredictable velocity fields experienced by smooth trunkfislusing defocusing digital particle image velocimetry (DDPIV),
because rapid neural processing — a factor that may limét new method that allows us to visualize and quantify flows in
correction responses to sudden, erratic perturbations — is nbree dimensions as they move along the body and around the
required, as in powered control systems (Webb, 2000). Ifins (Pereira et al., 2000; Pereira and Gharib, 2002). Since
addition to the energy savings associated with self-correctiathis technique allows for the quantification of flows over a

for disturbances, maintenance of smooth

swimmingsignificant volume of fluid, it is an improvement on, not only

trajectories also presumably improves sensory acuity of botturrent 2-D DPIV systems, but also stereo-DPIV technology,
hostile and target objects because it reduces complexity @fhere 3-D flows are imaged in a thin slice of fluid. Employing
movement, a factor that improves sensory perception in oth&DPIV technology to study stability in live rigid-bodied

animals (Land, 1999; Kramer and McLaughlin, 2001).

boxfishes promises to provide unprecedented information on

Trimming and powered forces provided by the fins alsdhe control and regulation of trajectories in rigid-bodied multi-
presumably play an important role in the control and regulatiopropulsor swimmers.

of trajectories. Like spotted boxfish, smooth trunkfish have
four low aspect-ratio median and paired fins of nearly identical
area that assuredly move in complex ways together with the
caudal fin to minimize recoil motions (Hove et al., 2001; I.Af
Bartol, unpublished morphological measurements of smoothAp
trunkfish). The pectoral fins, in particular, may play an
important role in the structure of vortices forming along theBL
ventro-lateral keels since the pectoral fins are located near the
path of body-induced vortex formation. Studies focusing on th€p
interactions between flows over the fins and over the bodies GfL
live boxfishes are underway in our laboratories. Although firC.
flow and body flow interactions are present in live fishes, th€w
results of this study are applicable to freely swimming fishe€p
because the underlying physical functioning of the carapade
self-correcting system is not affected by fin/body flowdy
interactions. When angles of attack deviate frdninOeither  do
the positive or negative direction, vortex strength increases

along the carapace. The self-correcting effect of these vortic&PIV

will still occur, irrespective of whether vortex strength L
increases relative to magnitudes measured for the body alorg,
or for some fin-modified value. Lo
Quantifying and visualizing flow patterns around oscillatingLs
fins poses a significant challenge for understanding stability i
smooth trunkfish. DPIV is a powerful tool that has been applie&
to a number of interesting areas of fish locomotion, ranging from
wakes around flexing bodies (Stamhuis and Videler, 199%/
Wolfgang et al., 1999; Mdiller et al., 2001), fin function (Drucker
and Lauder, 1999, 2000, 2001a; Wilga and Lauder, 1999, 2000)L
fluid forces during turning maneuvers (Wolfgang et al., 1999u

List of symbols

maximum frontal area

planform surface area of the ventral region of the
carapace

body length of fish

chord length of carapace

drag coefficient

carapace length of fish

lift coefficient

pitching moment coefficient

pressure coefficient

total drag

distance between load cell beams in the force balance
distance between center of force balance and center
of mass of model

Digital particle image velocimetry

total lift

lift measured at load cell closest to model

lift measured at load cell farthest from model

lift per unit span

pitching moment

segment connecting the apices of ventro-lateral and
dorsal keels

segment connecting the apices of the two ventro-
lateral keels

total length of the fish

flow speed
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