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Summary

Eels undulate a larger portion of their bodies while
swimming than many other fishes, but the hydrodynamic
consequences of this swimming mode are poorly
understood. In this study, we examine in detail the
hydrodynamics of American eels Anguilla rostrata)
swimming steadily at 1.4 s1and compare them with
previous results from other fishes. We performed high-
resolution particle image velocimetry (PIV) to quantify the
wake structure, measure the swimming efficiency, and
force and power output. The wake consists of jets of fluid
that point almost directly laterally, separated by an
unstable shear layer that rolls up into two or more
vortices over time. Previously, the wake of swimming eels
was hypothesized to consist of unlinked vortex rings,
resulting from a phase offset between vorticity distributed
along the body and vorticity shed at the tail. Our high-
resolution flow data suggest that the body anterior to the
tail tip produces relatively low vorticity, and instead the
wake structure results from the instability of the shear
layers separating the lateral jets, reflecting pulses of high
vorticity shed at the tail tip. We compare the wake

structure to large-amplitude elongated body theory and to
a previous computational fluid dynamic model and note
several discrepancies between the models and the
measured values. The wake of steadily swimming eels
differs substantially in structure from the wake of
previously studied carangiform fishes in that it lacks any
significant downstream flow, previously interpreted as
signifying thrust. We infer that the lack of downstream
flow results from a spatial and temporal balance of
momentum removal (drag) and thrust generated along
the body, due to the relatively uniform shape of eels.
Carangiform swimmers typically have a narrow caudal
peduncle, which probably allows them to separate thrust
from drag both spatially and temporally. Eels seem to lack
this separation, which may explain why they produce
a wake with little downstream momentum while
carangiform swimmers produce a wake with a clear thrust
signature.

Key words: eel, Anguilla rostrata wake structure, particle image
velocimetry, fish, swimming, fluid dynamics, efficiency.

Introduction

Different fishes swim in different ways. To categorize this1975), although there may be some yawing motions at the head
diversity, fish swimming is usually classified into a variety of(Donley and Dickson, 2000). In addition, researchers have
different modes. A primary grouping distinguishes severatlistinguished several gradations of carangiform swimming,
modes among fishes that use their body and caudal ffrom subcarangiform, in which a greater proportion of the body
primarily for propulsion. In particular, eel-like, or undulates, to thunniform, in which the tail moves largely
‘anguilliform’, fishes undulate a large portion of their bodies,independently of the body (Webb, 1975). While swimming,
while jack-like, or ‘carangiform’, fishes undulate much lesscarangiform fishes produce a series of vertical linked vortex
(Breder, 1926; Webb, 1975). These kinematic distinctions haueéngs, angled to the swimming direction (Muller et al., 1997;
been recognized for many years, even before Breder gave th@mantafyllou et al., 2000; Drucker and Lauder, 2001; Nauen
their modern names in 1926 (Alexander, 1983), but thand Lauder, 2002a).
hydrodynamic consequences of the differences in kinematics The hydrodynamics of anguilliform swimming have been
are not well understood. studied much less. Like the eel, after which this mode is

Most modern studies on the hydrodynamics of fisthamed, anguilliform swimmers tend to be elongate with little
swimming have been done on carangiform swimmers. Thes® no narrowing at the caudal peduncle. This lack of separation
fishes tend to have fusiform or laterally compressed bodiebetween the body and tail is particularly extreme in eels, in
often with a pronounced caudal peduncle. The greatest latemhich the dorsal, caudal and anal fins effectively form a
excursions occur near the peduncle and the caudal fin (Wekdpntinuous median fin (Helfman et al., 1997). In other
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A e observe the flow fields around freely swimming juvenile eels.
Time 1 o Gl Based on their observations, they hypothesized that eels’
VD wakes consist of unlinked vortex rings moving laterally

C (Fig. 1A). They proposed that eels shed two separate same-

Time 2 S ) sign vortices because of a lag between the stop/start vortex

2 o Gt (solid arrows in FiglA), shed when the tail changes
- U 1 direction, and centers of rotation that progress down the body,
GRS which they termed ‘proto-vortices’ (broken arrows in
B Fig. 1A). They did not observe a downstream jet behind the
tail, which is typical of carangiform wakes (e.g. Nauen and
Lauder, 2002a). Due to the difficulty of working with freely
/ / swimming eels, Miller and colleagues did not evaluate the

effects of different swimming speeds on the wake structure.

/ — Also, the mechanical significance of the difference between
\ carangiform wakes and the wake they observed for eels
remains unclear.

By contrast, Carling et al. (1998) used a two-dimensional

] . ) o ) ~ computational fluid dynamic model to estimate the flow fields
Fig. 1. Flow fields behind swimming eels according to two previousyahind a self-propelled ‘eel-like’ anguilliform swimmer.

studies. Red arrows indicate flow with clockwise rotation and bluel-heir calculations indicated a single, large vortex ring
arrows indicate counter-clockwise rotation. (A) Results from Mdller ’

et al. (2001), showing the wake structure they observed. Protc\)'yrapplng around the eel, with the eel in the center, producing

vortices (dotted lines) appear to be vortices centered on the body gfpstream flow behind the eel (FIB). Th?se results suggest
progress down the body. After they are shed into the wake they afat €els produce thrust almost exclusively along the body,
shown as dashed lines. They are shed after the stop/start vortex (sdidt not at the tail tip, which seems to result mostly in
lines), resulting in two same-sign vortices being shed each tail beddrag. Carling’s model, while tested thoroughly in several
(B) Computational fluid dynamic model of Carling et al. (1998). Thestandard test cases (Carling, 2002), has not been verified on
model indicates a large flow wrapping around the eel, resulting in kving eels.
net upstream flow in the wake behind the eel. Several important questions remain. Which of these two
views of anguilliform wake flow patterns are correct? What are
the quantitative differences between anguilliform and
anguilliform swimmers, such as sharks and needlefish, the figarangiform wakes? How do these differences affect the
are more separated and there may be a slight narrowing at #wimming performance? How efficient hydrodynamically is
caudal peduncle (Liao, 2002). They undulate from one-third tanguilliform swimming relative to carangiform swimming? In
almost all of their bodies, depending on speed, often with ongarticular, Lighthill's (1970) argument for the inefficiency of
or more complete waves present at a time (Gillis, 1998). Theswguilliform swimming leads to an inconsistency: eels migrate
extra undulations, relative to carangiform swimmers, musthousands of kilometers without feeding (van Ginneken and
affect the flow around their bodies and in the wake, but thean den Thillart, 2000), and many anguilliform sharks swim
effect is not well understood. constantly (Donley and Shadwick, 2003). It is unlikely that
Lighthill's elongated body theory (referred to here as EBT)such proficient swimmers are highly inefficient. In fact, a
offers some insight into the possible effect of differentrecent study of swimming energetics found that the
kinematics (Lighthill, 1971). He argues that the carangifornphysiological cost of migration for eels was low (van Ginneken
mode is more efficient, because his theory predicts that thrughd van den Thillart, 2000).
is produced only at the trailing edge of the tail. Therefore, any In the present study, therefore, we examine in detail the
extra body undulation is wasted energy, and efficienwake of the American eelAnguilla rostrata swimming
swimmers should undulate as little of their body as possibleteadily at a single speed. The flow around anguilliform
Indeed, many pelagic predators considered highly efficierswimmers is compared with both previous models and with
(Lighthill, 1970; Barrett et al., 1999) are thunniform swimmersprevious data from carangiform swimmers. We propose a
and hold their bodies relatively straight. EBT, however, is @ew explanation of the hydrodynamic differences between
simple model, and neglects many effects, including viscougnguilliform and carangiform swimming, emphasizing the
forces, which could enable thrust production along the lengttinportance of carangiform swimmers’ narrow caudal peduncle
of an anguilliform fish’s body (Taneda and Tomonari, 1974and propeller-like caudal fin over the importance of differences
Shen et al., 2003). in kinematics. In addition, we provide the first quantitative
Only two recent studies (Carling et al., 1998; Miiller et al.comparison of the predictions of EBT (Lighthill, 1971) to
2001) address the hydrodynamics of eel-like swimming, an@mpirical forces estimated using PIV and demonstrate a partial
they offer divergent conclusions. Miller et al. (2001) usedtorrelation. Finally, we examine the efficiency and power
particle image velocimetry (PIV; Willert and Gharib, 1991) tooutput for steadily swimming eels.
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Fig.2. Methods. Eels were filmed from
below using two synchronized high-speed
cameras aimed at a4irror below the flow
tank. A laser light sheet Mm above the
bottom of the tank illuminated the eel's wake
and part of its tail. One camera (labeled
‘kinematics’) imaged the whole eel, and the
other camera (labeled ‘PIV’) imaged the light
sheet. Representative images from each
camera are shown to the left. Diagram is not
to scale.

Front surfacemirror

at 45° with two high-speed cameras, one
to record the swimming kinematics and
one to film the light sheet for PIV
(Fig. 2). An approximately 3@m-wide
horizontal light sheet was projected
7 mm above the bottom of the tank, along
the dorso-ventral midline of the eels, using two argon-ion
Animals and experimental procedure lasers operating at W and 8W, respectively. The light from
We obtained American eel&nguilla rostrataLeSueur, by the two lasers was combined optically to form a single large
seine from the Charles River, Cambridge, MA, USA durindight sheet. The eels’ swimming kinematics were recorded
June and July 2002 and housed them in aquaria at roomsing a RedLake digital camera at 250 or ftafess1. For
temperature with a 12:12h light:dark cycle. We performed PIV, a close-up view of the light sheet was filmed using
experiments on 11 individuals, ranging frontr8 to 23cm  either a RedLake digital camera at ZEmess! at
total body lengthl(), in a 600-liter recirculating flow tank with 480pixelx420pixel resolution or a NAC Hi-DCam at
a 26cmx26cmx80cm working section. Three individuals 500framess™ at 1280pixelx1024pixel resolution. A six-
(L=20cm, 2Ccm and 2%m, corresponding to masses ofgl4 point calibration between the two cameras allowed positions
169 and 14g) that swam exceptionally steadily were choserto be converted between the two images with an error of
for detailed analysis. Before the experiment, an eel was moved.5mm using a linear rotation and scaling transformation
from its tank to the flow tank and allowed to acclimate.(Matlab 6.1 imtransform routine; Mathworks, Inc., Natick,
Animals were confined to the working section using plastidMA, USA)
grids upstream and downstream witbrix5 cm holes covered
in a fine mesh. After an acclimation period of approximately Kinematics
1hin flow of ~1L s1, the eels spontaneously adopted steady Eel outlines and midlines were digitized automatically using
swimming behavior on the bottom of the flow tank. The eels custom Matlab 6.1 (Mathworks, Inc.) program. The positions
would not swim consistently in a mid-water plane and, sincef the head and tail were identified manually. The eel midline
eels often naturally swim on the bottom in rivers duringwas then located by performing a 1-D cross-correlation analysis
daylight (Smith and Tighe, 2002), we focused on eelslong transects between the head and the tail, to find the bright
swimming in that region. This also allowed comparison withregion with a width corresponding to the known width of the
previous work by Gillis (1998) that studied eels swimming oreel. This technique produced fewer errors resulting from the
the bottom. presence of PIV particles in portions of the images than
All data were taken from eels swimming at ~lL.g?1,  thresholding-based techniques used in previous kinematic
ranging from 1.30 to 1.484sl In total, the swimming studies (e.g. Tytell and Lauder, 2002). A similar method located
kinematics for 415 tail beats were analyzed. Thehe edges of the eel's image. Twenty points were identified
hydrodynamics of 118 of these were examined. Considerabtdong the midline and were simultaneously smoothed
effort was expended to analyze only truly steady swimmingemporally and spatially using a 2-D tensor product spline
sequences; all sequences analyzed had a maximum variatior(Matlab’s spaps routine), a two-dimensional analog of an
velocity under £5%; in most cases, the velocity varied by lessptimal method (‘MSE’ method in Walker, 1998). The tensor
than £3%; and the.n. in velocity over all sets was 2%. In product spline, however, does not allow a direct specification
addition, most sequences involved 10 or more sequentiaf the mean error on the data as in the 1-D version. Thus, the
steady tail beats. During the experiments, an eel was gentiynoothing values were initially set at pixel, the limit of
maneuvered into position using a wooden probe. Care waseasurement accuracy from the video, and adjusted manually
taken to remove the probe completely from the region arounghtil a good fit was reached. This resulted in a mean distance
the eel before data were taken. between the smoothed and measured values of less than
The eels were filmed from below through a mirror inclined0.3 pixel (approximately 0.2nm).

Materials and methods
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Fig.3. Coordinate system used for elongated body theory
calculations. The solid line represents a midline at one time,
while the dotted line represents it at a later time. Perpendicular
and parallel velocityyg and v, are shown as vectors at theTail
point Xb, Yb). The arc lengtls is shown along the midline and 0 (Xo:Y)
the eel is swimming into a floW. L is total body length. sL

Kinematic variables, including amplitude at each bodyderivatives of values with measurement error, an analytical
point, tail beat frequency, body wave length and body wavexpression for the midline position was used to find the zero
velocity, were calculated by finding the peaks in the laterdift positions. Using the kinematic values measusgdan be
excursion of each point over time. A Matlab programexpressed a®\e¢®(s-1) sin k(s-Vt), where A is the tail beat
automatically located the peaks based on the midlines, asnplitude,a is a parameter defining how fast the amplitude
estimated above. The amplitude, frequency and wave lenggrows from head to tailk is the wave number (equal to
were determined by the timing, position and height of th&r/wave length), an® is the body wave speed.
peaks. Average side-to-side tail velocity was estimateddis 4 .
where A is amplitude and is frequency. The body wave . ] Hydrodynamics )
velocity was determined by the slope of the line fitted to the High-resolution PIV was performed using a custom Matlab

wave peak position (in distance down the body) and the tim@-1 program in two passes using a standard statistical cross-
of that wave peak. correlation (Fincham and Spedding, 1997) and a Hart (2000)

The forces and power required for swimming were€or correction technique with an integer pixel estimate of the
calculated using large-amplitude EBT (Lighthill, 1971). TheVelocity between passes (as in Westerweel et al., 1997; Hart,

time-varying thrustRrus) and lateral forceRjatera) are: 1999). PIV interrpgation regions were abouhBix5 mm and .
a5 o 0 5L 3 2.5mmx2.5mm in coarse and fine pass, respectively, with
Vb Xb Yb i
Firust= MV — +%m\é e 42 E mv, — ds search regions of_mmxg mm and 3.5nm><3.5mm. For the
0 ot 0s Py ot Jo 0s lower resolution video, this produced a matrix®8 vectors,
and for the higher resolution, 1RIR5 vectors. Data were
g Uoxp O dyp U smoothed and interpolated onto a regular grid using an
= |7 1 -
Flateral g_ b 0 ot +U E+ iy ds E;L adaptive Gaussian window algorithm with the optimal window

size (2-3mm for these data; Agli and Jiménez, 1987;

0 &'— OXp Spedding and Rignot, 1993), being careful to note the
T ] m"DE ds, (1) inherently uneven spacing of PIV data (Spedding and Rignot,

0 1993). The Gaussian window method was used because it

where xp(st) andyn(st) are the position of points along the provides good results (Fincham and Spedding, 1997) while

midline of an eel facing in the positixadirection in flow with  being simple and fast when applied to such large matrices of

velocity U towards the eeinis the virtual mass per unit length, vectors.

L is the eel's lengths is the distance along the midline from

head to tailf is time andv; is the body velocity perpendicular Boundary layers and background flow
to the midline: Because eels swam on the bottom of the flow tank, we made

a series of measurements to quantify the flow regime in this
= - . (2) part of the flow tank and to be certain that we were observing
ot 9s dt 0s 0s free-stream flow. At all swimming speeds, the PIV light sheet

Fig. 3 shows the coordinate system and variable definitiongvas above the flow tank boundary layer, which was turbulent.
The wasted powelP(yakd shed into the wake gmv2v]sL, The boundary layer was quantified using a vertical light sheet,

wherey is the velocity parallel to the midline: showing that the boundary layer thicknesy Was equal to
~7mm at the slowest flow speed used (Big.The boundary

layer changes from laminar to turbulent just below that speed,
indicating that the boundary layers in all data sets were
turbulent. At speeds above this transition, the boundary layer
is always thinner, decreasing proportionally to the free-stream
Y/elocity to the —1/5 power (Schlichting, 1979). Thus, at the
highest speed used, ~df s, we estimated the boundary
layer to be ~5.5nm thick.

Fitt = 7 ph2(3/0t + Ud/as) (Byw/dt + Udyw/ds), (4) Because the boundary layer was turbulent, the background

flow was complex. Turbulent boundary layers are

wherep is the water density artdis the dorso-ventral height characterized by a range of relatively long-lived, coherent
of the eel. Because of the error introduced by taking secorstructures that rise up out of the boundary layer region

OXp 0Yn OYb OXp 0Yb

Vo

0Xp 0Xo  OYb OYb OXp

ot ds Ot 0s 0s
Additionally, the position of the proto-vortices along the
eel’s body was estimated according to Muller et al. (2001) b

searching for the points along the body where Fif | equals
zero, defined using small-amplitude EBT (Lighthill, 1960) as

3
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Fig. 4. Flow tank boundary layer. The boundary layer thickness was
7.3mm or less at all swimming velocities. Black boxes are standard
statistical box plots, with the box stretching from the 25th to 75th
quartile, a white line at the median, and whiskers of 1.5 times
the interquartile range. Outliers are shown as separate points.
(A) Laminar boundary layer at flow speeds less tham@ts with

fit Blasius boundary layer profile (Faber, 1995). The boundary layer
thickness at 0.99 was 7.3mm (green dotted lines). (B) Turbulent
boundary layer at flow speeds above @fis. The normalized
distancey* and velocity u* are shown on the top and right,
respectively. The law of the wall profile for turbulent boundary
layers,u*=5.75 logy*+5.2, is shown in red. Note that this is a semi-
log plot. (C) Axial component of velocity from the horizontal light
sheet, "mm above the bottom, showing turbulent effects. Flow is
from bottom to top. Note the streamwise regions of reduced velocity.
The bottom profile shows mean velocity (solid line) and mean
velocity about two hours later (dotted line). A histogram of velocities
(solid line) is also shown beside the color bar with a histogram from
about two hours later (dotted line).

visible as streamwise regions of slower or angled flow
(Fig. 4C). Conveniently, they were consistent over a duration
of many minutes.

The consistency of the turbulent structures enabled us to
subtract their effect from the flow. For each swimming speed,
we took 50 flow fields without the eel present. These fields
were then averaged to estimate a mean background flow, which
was subtracted from the wake data to remove the turbulent
effects. The background velocity changed spatially by as much
as 13%cnr? but changed over time by only about 0.5%

(Fig. 4C).

Wake analysis

Wakes were only analyzed when the kinematics remained
steady for at least three tail beats. Most wakes analyzed
included between five and 15 consecutive steady tail beats.
Phase-averaged wake vector fields were produced by
averaging frames corresponding to the same tail-beat phase,
dividing the tail beat into 20 steps. These phase-averaged fields
are instructive for visualization, but no quantitative values
were measured from them.

Vortex centers were digitized manually. Location of the
vortices in the vector fields was aided by plotting the
discriminant for complex eigenvalues (DCEV; Vollmers,
1993; Stamhuis and Videler, 1995):

(Ou/Ox + ovidy)? — 4@ulox ovidy —ouldy oviox) ,  (5)

where u and v are thex and y components of velocity,
respectively. DCEV is negative in regions where the fluid is
rotating more than it is diverging. Two vortices were identified
for each half tail beat. When the tail changes direction, it sheds
a primary vortex. As the tail moves to the other side, it stretches

(Robinson, 1991). In particular, structures called ‘quasithe primary vortex into a shear layer, which eventually rolls
streamwise vortices’ were common. In our data, quasitp, producing a secondary vortex. The vortex circulation was

streamwise vortices, which are vortex

lines orienteddetermined by integrating a circle at amBh radius from the

approximately parallel to the flow (Robinson, 1991), werevortex core. This radius was determined by inspecting the
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circulation values at increasing radii for many vortices. Finallyjmpulse is in units of force time, we chose to normalize by
the width of the lateral jet was determined by the pair ofthe standard characteristic forggSU2 and a characteristic

vortices on either side (the primary vortex of one half tail beatime L/U, resulting in an impulse normalization factor of
and the secondary vortex of the next). These are the twpSLU.
vortices identified by Miller et al. (2001) as the cores of a

vortex ring. The angle of the line between the two vortices and _ o Statistics
the mean jet velocity in the region between them were The kinematics in the data set used for PIV measurements

determined. Finally, the velocity along the center line betweeleré compared with those in the complete data set to make

the two vortices was integrated to get another measure 8fré that the swimming behavior in the selected data was

circulation. typical. A mixed-model multivariate analysis of variance
Assuming that the two vortices on either side of the laterdMANOVA; Zar, 1999) was performed on the kinematic

jet are the cores of a small-core vortex ring, the impujsaf ( variables, including the individual as a random effect and
the ring was estimated as (Faber, 1995): which set the data came from (i.e. the PIV or complete data

sets) as a fixed effect. The kinematic differences between
| =4mprhd, (6)  individuals in the PIV data set were also assessed using a

wherer is circulation across the center line of the vortex ring MANOVA including only the effect of individual variation.
his the height of the ring, equivalent to the eel's height,cand 1€ changes in wake morphology over time were examined

is the diameter in the plane of the light sheet. The rings af®y regressing individual wake morphology parameters on tail-
assumed to be elongated ovals, with the height equal to tR€at _Phase, including the individual as a random effect.
height of the eels, 1@m, as previously observed in other Slgnlf!cqnt §Iopes were determ_lne_d by testing the S|gn|f|cance
fishes (Lauder, 2000; Drucker and Lauder, 2001; Nauen ancg \_/a_rlatlon in tm_1e over Fhe va_rlatlon due to the |_nteract|c_)n by
Lauder, 2002a). The mean forcEpf,) that produced the |nd,\||\g(1;1:)ls with time, as in a mixed-model analysis of variance
;/r?e:tfz;(ilnt?ga\t/vszri)lz(.) estimated by dividing the impuilse by hal%AA repeated-m_egsure; ANQVA (zar, 1999) was performed
The power P) that the eel added to the fluid was determined® compare the initial circulation of the primary vortex to the

. . . : sum of the circulations of the primary and secondary vortices,
by integrating across a plane approximatetyr@ behind the - : . . .
tz;I tip'g g P PP y after they divided. Circulation at two different times was the

repeated measure, which allowed the early primary vortex
_ &W circulation to be compared with the sum of the primary and
P=3pUh (] [(u+U)?+v? -U2dy= secondary vortex circulations later in time. The individual was
W included as a random factor (Zar, 1999).
&W Finally, mixed-model ANOVAs were used to compare
3PUND u2+20u+v2dy, (7)  force, power and impulse estimates based on EBT (Lighthill,
w 1971) with those values measured using PIV. The individual
whereh is the height of the area affected by the eel, equivalewas again included as a random factor.
to the eel's height, andv is the half-width of the wake  All analyses were performed using Systat 10.2 (Systat
(~40mm). Because of the uncertainty introduced by the quasPoftware, Inc., Point Richmond, CA, USA). All error values
streamwise vortices, and because almost all of the waKBat are reported are standard error and include the number of
velocity was lateral, a ‘lateral’ powePigera) Was calculated —data points, where appropriate.
using only thev component of velocity:

&W Results
Piateram3pUh 1 v2dy. (8) Kinematics
w At the moderate swimming speed of ~L.g%1 all

To account for the phase lag between when the kinetic energydividuals swam very steadily and repeatably. For the three
was shed at the tail and when it reached the poskigre individuals studied in detail, swimming speed varied by a
where power was measured in the wake, the phasing of thgaximum of about +4% and generally varied less than +2%.
wake power was adjusted byo@jand/U. At that speed, the animals swam with a tail-beat amplitéye (

Force, impulse and power were both normalized to producsf 7% of body length at a frequendy ¢f 3.1Hz. A andf are
force and power coefficients. Using coefficients is importantpproximately inversely proportional to each other, even
because it makes these values comparable between eelswithin this small speed range=-0.669). Thus, the product,
different sizes and between the present and other studigse average tail velocity ff) over a period, and average
(Schultz and Webb, 2002). The normalization factors for forc&trouhal number are quite constant: 0.856+01067 and
and power were the standaySUP andipSLP, respectively, 0.314+0.003, respectively. Body wave velocity was generally
whereSis the wetted surface area of the eel (Faber, 1995). Nb.878+0.006. s1, resulting in slip of 0.73, an indication of the
standard normalization exists for impulse, however. Sincewimming efficiency (Lighthill, 1970). The body wave length
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Vorticity (s71)

Fig. 5. Representative flow field from behind an eel at 90% of the tail beat cycle. The field is a phase average of 14 tail ibégts Vort
shown in color in the background, and contours of the discriminant for complex eigenvalues at —200, -500 and —1000 areedhdlva in
eel’s tail is in blue at the bottom, with red arrows, scaled in the same way as the flow vectors, which indicate the mettail. ofdctor
heads are retained on vectors shorter thaor2$ to show the direction of the flow.
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Table 1.Kinematic parameters Fig.6. Velocity transects through vortices in the eel’s wake over
. - time. The center of the first vortex is shown by the vertical dotted
Variable Symbol _ Value 8Em.  Units lines, and zero velocity is indicated by the horizontal dotted lines.
Length L 20.8+0.7* cm Representative flow fields are shown to the right, indicating the
Swimming velocity U 1.374£0.002 Ls? position of the transect, with vorticity shown in color. The cross
Reynolds number Re 60000 identifies the position of the first vortex, and the circle identifies the
Tail beat amplitude A 0.0693+0.0005 L position of the second. Standard error around each velocity trace is
Tail beat frequency f 3.11+0.03 Hz shown by a lighter-colored region. (A) Transects through the primary
Body wave velocity \ 1.8784.006 Lst vortex and, once it is formed, the secondary vortex. Idealized profiles
Body wave length 0.604x006 L through a single Rankine vortex and two same-sign Rankine vortices
Average tail velocity AV 0.8564.006 Ls? are shown in black at top and bottom. The position of the secondary
Strouhal number St 0.3144.003 vortex, plus or minus standard error, is shown as a bar along the zero
Slip unv 0.73146.002 line. Before the secondary vortex is completely formed, this bar
Stride length U/t 0.448+0.005 L indicates the position of the inflection point in velocity where the
Amplitude growth parameter o 2.75940.009 vortex will be formed. (B) Transects across the lateral jet, from the
secondary vortex of one half tail beat to the primary vortex of the
N=118 except where indicated\*3; "N=2180). next. An idealized profile through a small-core vortex ring is shown

in black above.

was usually ~60% of body length, or ~1.65 waves on the bodyuid, alternating in direction, separated by one or more
at any given time. Amplitude increased exponentially along theortices or a shear layer (Fig). Each time the tail changes
body asAe¢*(s-1), wheres is the distance along the body, from direction, it sheds a stop/start vortex. As the tail moves to the
0 at the head to 1 at the tail, amds a parameter that defines other side, a low pressure region develops in the posterior
how fast the amplitude grows2£0.978).a was equal to quarter of the body, sucking a bolus of fluid laterally. The
2.762+0.01. A linear regression did not fit the data nearly abolus is shed off the tail, stretching the stop/start vortex into
well; r2 was 0.890 and the residuals were visibly non-normalan unstable shear layer, which eventually rolls up into two or
Kinematic parameters are summarized in Tdble more separate, same-sign vortices. The wake generally
To verify that the sequences chosen for hydrodynamicontains more total power than is predicted by large-amplitude
analysis were typical of overall swimming performance, weEBT (Lighthill, 1971). These features are analyzed in detail
examined a larger data set containing 415 tail beats taken undriow, focusing on the three individuals chosen for detailed
the same conditions but in which the PIV data were notuantitative study.
guantitatively analyzed. A MANOVA on four parameters (tail-
beat amplitude and frequency, amplitude growth parameter, Wake morphology
body wave length and slip) that completely define the The stop/start vortex, shed when the tail changes direction,
kinematics did not show a significant difference between this designated the ‘primary’ vortex. The vortex formed later,
larger data set and that used for hydrodynamic analysis (Wilkiwhen the shear layer rolls up, is called the ‘secondary’ vortex.
lambda=0.978F4,405=1.858;P=0.101). The primary vortex from one half tail beat and the secondary
Swimming kinematics varied significantly among vortex from the next form the edges of each lateral jet. These
individuals. In most variables, individuals differed from onetwo vortices appear to be the cores of a small-core vortex ring.
another by less than 10%. However, one individuaHowever, without velocity data from the planes perpendicular
consistently chose to swim with a higher amplitude (about 13% the one used in the present study, it is not certain that the
higher) and lower frequency (about 25% lower) than thevortices truly form a ring. To emphasize this difference, we
others. Another individual used a longer body wave (abouwill not call this region a vortex ring; instead, we term it the
20% longer) than the others. By contrast, wave velocityateral jet.
differed very little among individuals; all were within 5% of To address how the wake changes over time, wake
each other. While these differences were highly significaninorphology parameters were regressed individually on tail-
(MANOVA: Wilk’s lambda=0.0139f10,2067149.5;P<0.001), beat phase and individual, treating the individual as a random
most studies of this nature have significant variation amonfactor. In general, the wake widens over time and becomes
individuals (e.g. Shaffer and Lauder, 1985). weaker. The distance between the primary and secondary
Given the average swimming kinematics, the predictedortex increases at ~0.12T-1, whereT is a tail-beat period
position of the proto-vortex was calculated analytically usingF1,=28.7;P=0.033), during the approximately IT5n which
equatiord. The proto-vortex is shed off the tail &6 after the the wake was visible. The diameter of the lateral jet, however,
tail reaches its maximum lateral excursion, or 5.1% of a tailstays approximately constant at Cl21throughout time
beat cycle later. (F1,2=0.370;P=0.605). The two vortices on either side of the
lateral jet (the ‘vortex ring’) stay parallel to the swimming
Hydrodynamics direction §12=0.037; P=0.864), but the lateral jet itself is
In all 11 individuals, the wake consisted of lateral jets ofinclined slightly upstream, with an angle of°§significantly
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128 ms Q0%) 172 ms @5%)

Fig.7. Flow fields close to the
body of a swimming eel, shown in
gray. The lateral position of the
eel’'s snout (off the view) is shown
as a black arrow. Velocities are
phase averaged across 14 tail beats
by interpolating the normal gridded
coordinate system on to a system
defined by the distance from the
eel's body and the distance along
the body from the head.
Approximate positions of the
proto-vortices, defined by Miller et
al. (2001), are shown in red 232 ms (55%) 244 ms {0%) 276 ms (70%) 320 ms (85%)
(clockwise rotation) and blue .

(counter-clockwise rotation). lcm lcmst

different from 90; P<0.001). There is a trend for the jet to  The circulations of the primary and secondary vortices both
rotate downstream over time, but it is not significantdecrease overtime. In principle, total circulation should remain
(F1,,=1.860;P=0.306). The peak velocities in the jet decreaseonstant, implying that the sum of the two circulations should
significantly over time K1,2=24.0; P=0.039), diminishing by not change over time. A repeated-measures ANOVA (Zar,
~15% over a half tail beat, from 0.45 to C128°L. By contrast, 1999) in which the repeated measure was tail-beat phase
the circulation measured through the center of the lateral jelivided into early and late regions shows that the initial
does not change over timE1(>=1.536;P=0.349), remaining circulation of the primary vortex alone, 32007 s, is not
at 2490+1kn? sL significantly different from the sum of the primary and
To illustrate the rolling up of the unstable shear layer, wesecondary circulations in the end, 12#s?! and
took cross-sections through the primary and secondary vorticé§2Ccn? s, respectively F1,85=1.471;P=0.228).
over time (Fig6A). The idealized profile through a single To examine how the wake is generated, flow close to the
Rankine vortex (Faber, 1995) is shown above the first profilbodies of the eels was examined. Higghows a typical flow
and a profile through two same-sign vortices is shown belowattern near the body of an eel over the course of a tail beat.
the last profile. Additionally, FigsB shows cross-sections In the first three frames shown, a strong suction region
across the lateral jet over time, with an ideal profile through develops near the tail, pulling a bolus of fluid laterally. This
small-core vortex ring. bolus will become the lateral jet in the wake. Proto-vortices are
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Momentum flux Fig.8. Flow field behind the eel, averaged over 14
6.65 kg mm <2 complete tail beats, centered on the tip of the eel’s tail,
shown as a black circle. Arrow heads are retained for

velocities lower than 6.-ims! to indicate flow
direction. Axial flow is shown in color: red is

~ ~ R downstream and blue is upstream. Two profiles of
L) t : : : : : M velocity are shown in black above and below the flow
N ... 30 field, with standard error in gray and total momentum
""" M haeey : : T e T flux represented by the trace printed beside it. Black
. . T T lines across the field indicate where the velocity traces
TR . N am  IROPIS (e were measured (2Bm and 95nm behind the tail).
I 0 ¢ CRECRERS — =4y BT - 7 e 20 The vertical scale is the same for both traces.
R S GRS x VAP St A A AN B t
RN W o v = A VY A S GEE A B VR R B 1
[ N T v A A G GG o A A | i) —~
IITTTTL U R R 10 Té and fairly robust to digitization error. Thus, the
S v O IR - S L L, £ impulse coefficient for the lateral jets was
- *«‘\:::: : : : : : j T i :; 0.0217+0.0004, corresponding to an impulse in a
oy M'Seess 00 r10 S 20cm eel of 0.76nN's. From this value, given
e NN e L S that the lateral jet was generated over half a
B ! B ® period, the lateral force coefficient was
- - se-ZINN 1110 & 0.097+0.001 (4.641N in a 20cm eel). Fig9A

" e shows a typical trace of lateral force from EBT
. . with the average force estimates from PIV
superimposed; Tabf® displays the same
b - e I e R comparison numerically.
A < omaidy. g 0 T T U e ¢ Power was also measured in the wake at a plane

e~ s v v e e e s . approximately 8nm downstream of the tail tip.

® & - - R Both total power, including both velocity

20mmsl  20mm l'L . 0 components, and ‘lateral’ power, including only
the lateral ¥) velocity component, were

© calculated. Fig9B shows a typical trace of power
Momentum flux S over time. The total power coefficient was, on
2.84 kg mm < E average, 0.023+0.002 (398V in a 20cm eel).
—~ o Lateral power was usually less than half of the
N total power and was equal to 0.0151+0.0003
(198uW). Table2 summarizes the comparison of
force, impulse and power measurements from PIV
visible (shown with red and blue arrows), but their vorticity iswith those calculatedia EBT.
very low (generally less than £5%). In general, EBT underestimates force and power as measured
Finally, for comparison with the computational model ofby PIV, although for certain values the two match well (B)g.
Carling et al. (1998), we computed an average flow behind thigoth the impulse and the total wake power estimated by PIV
eel, averaged over many tail beats. The computational modahd EBT are highly significantly differenP<€0.001 in both
predicts a net velocity deficit behind the eel that could beases; Tabl@). However, the mean force from the PIV
obscured by the temporal variations in the observed flonmeasurements matches the peak lateral force estimated by EBT
Fig. 8 shows the flow behind an eel averaged over 14 tail bea®=0.182). Additionally, the power estimated using only the
with axial flow magnitude shown in color. On average,lateral component of velocity is not significantly different from
momentum in the wake was elevated above free-streathe total EBT estimate, in both maximuP=(.000) and mean
momentum by between 2.84 and 6k8Fmms= at planes values P=0.693). The shape of these two power curves is also
25mm and 95nm, respectively, behind the tail. visually quite similar (Fig9B).

Force, impulse and power

Impulses were calculated from PIV using equa6ohy Discussion
assuming that the observed vortex cores were part of a small-This study provides a detailed picture of a typical
core vortex ring. In equatio®, rather than using the circulation anguilliform swimmer's wake during steady swimming at
of one of the cores, which vary over time and are sensitive tmoderate swimming speeds. The wake consists of strong
digitization error, we chose to use the circulation measurelhteral jets, separated by two same-sign vortices {big.
through the center of the lateral jet, which is constant over timgrobably unlinked vortex rings heading in opposite lateral
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Fig.9. Representative traces for force, impulse and power from

large-amplitude elongated body theory (EBT; in black) and particle

image velocimetry (PIV; in red and green). Each black line shows

force and power for a single tail beat. A total of 14 tail beats from a

single swimming bout are shown. (A) Force (left axis) and impulse

(right axis) over a tail-beat cycle. Because impulse is force integrated
over time, impulses are indicated as lines, showing the impulse value
and the time over which it was integrated. (B) Power from EBT and

PIV over a tail-beat cycle. PIV values have standard error in a lighter
color around the trace. The total power measured through PIV is
shown in green, and the ‘lateral’ power, measured using only the
lateral velocity component, is shown in red.

anterior to the tail has reached a high lateral velocity
(60.2+0.6% of the swimming velocity). This substantial
velocity difference along the eel's body seems to result in a
strong suction region that pulls fluid laterally. Once the tail
changes direction, it sheds a stop/start vortex (the primary
vortex) and begins to shed a bolus of fluid to form a lateral jet.
Each full tail beat produces two jets, one to each side, and two
vortices separating them.

Because the velocities in successive lateral jets are large and
in opposite directions, a substantial shear layer is present
between the jets, with shearing rates of as much ast.9bhis
shear layer is unstable and breaks down into two or more
vortices (the secondary vortices), probably through a
Kelvin—Helmholtz instability (Faber, 1995). This instability
develops gradually (FiggA), resulting in a fully formed
secondary vortex about one full cycle later. Classic
hydrodynamic theory predicts that a Kelvin—Helmholtz
instability should result in vortices with a spacing

directions. The most striking feature of the wake is the sizapproximately equal to ™) where & is the shear layer
and strength of the lateral jets and the notable absence thickness (Faber, 1995). Before the shear layer breaks down,
substantial downstream flow. In contrast to the downstreais approximately 3nm, giving a predicted vortex spacing of
flow observed in the wakes of carangiform swimmers, almos27 mm, which is close to the 20-8@m spacing observed
all of the flow in an eel’'s wake is in jets directed laterally. when the secondary vortex is fully formed. Additionally, the
The lateral jets are produced along the body, just anterior theory suggests that many vortices with this spacing could be
the tail tip. In particular, when the tail has reached its maximurformed. Indeed, another secondary vortex is occasionally
lateral excursion, and thus has zero velocity, the pointl0.15formed at about twice the distance from the primary vortex.

Table 2.Comparison of force, impulse and power from PIV and EBT

PIV coefficient  Dimensional  EBT coefficient  Dimensional F12 P

Lateral force* 0.097+0.001 4.64 mN 0.090+0.003 4.31 mN 0.490 0.556
Lateral impulse 0.0217+0.0004 0.76 mN 0.0062+0.0001 0.216 mbl 36.18 0.027
Thrust forcé 0.0166+0.0004 0.79 mN

Max. lateral power 0.0297+0.0007 0.0286+0.0005 37aW 0.103 0.778
Mean lateral power 0.0151+0.0003 0.0148+0.0003 19RW 0.200 0.699
Max. total power 0.065+0.003 0.0286+0.0005 376w 16.25 0.056
Mean total power 0.023+0.002 0.0148+0.0003 19RW 0.292 0.643

Bold indicates a significant difference.

P values are calculated including individuals as a random effect. The individual was a significant effect in all compafdeE) except

for lateral force P=0.090).N=118.

Dimensional values are calculated from the coefficients fora®ng eel.
*Compares mean lateral force from particle image velocimetry (PIV) to peak value from elongated body theory (EBT).

TThrust force could only be calculated using EBT.
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t=28 ms (10%) swimming forward would push some fluid out of its way with

M its snout, increasing the upstream fluid momentum (Long et al.,

ﬁ Q@O 2002). For forces to balance, this upstream increase must be
matched by a small downstream increase at the tail, as we
observed. The eel's snout adds upstream momentum at a rate

0 . proportional topUanead Whereaneadis an area at the snout,
76ms (%) H GO representing a force in the order ofmBl. The extra
ﬁ D@ O downstream momentum in the wake represents forces between
o 3.5 and 7.5nN, which are roughly in agreement. We thus

argue that the additional downstream momentum observed in
the eel wake (FigB) is necessary to fully conserve momentum

132 ms @5%) Nt and is not evidence for thrust. A complete control volume
Nﬁ O@O around the eel would resolve this question fully, but eels would

o not swim steadily with their heads in the light sheet, preventing
> om gy 1 us from performing that additional experiment.
cn 5cm s . .
It is important to note that the lack of net change in
Fig. 10. Schematic summary of the results of the present studynomentum is not equivalent to ‘leaving no footprints’, as
showing the wake behind a swimming eel at three different timesaypothesized by Ahlborn et al. (1991). The ‘footprints’ of an
The size of the eel and position of the vortices are scaled to represefi| are the lateral jets. In principle, at 100% efficiency, as
tht_a true spe}cing. Vortic_es are indicated by blue a_nd red arrow§iniporn et al. (1991) suggested, all power would go into
primary vortices are solid lines and secondary vortlpes are dott oducing forward motion, and none would go into producing
lines. The lateral jets are shown as block arrows, with lengths al .
angle proportional to the jet magnitude and direction. _a Wa_ke. The fact that an eel does leave a \.N‘fike’ or footprints,
is evidence that they are not completely efficient.
This momentum balance described above must be true for

When the jets are fully developed, they point almost directhall steady swimming, including previous studies that have
laterally, meaning that very little flow is directed axially. observed a strong downstream jet during carangiform and
Previous studies of caudal fin swimming (e.g. Mdller et al.pectoral fin swimming (Muller et al., 1997; Drucker and
1997; Lauder and Drucker, 2002; Nauen and Lauder, 2002&puder, 2000; Lauder and Drucker, 2002; Nauen and Lauder,
have interpreted axial downstream flow as evidence for th2002a). It is our hypothesis that these previously studied fishes
production of thrust and have found that estimates of the thrudisplay some spatial or temporal separation between thrust and
from PIV approximately match the estimated drag on the fisdrag production that allows momentum to balance on average
(Lauder and Drucker, 2002). This balance also held true fayver a tail beat, while still producing a downstream jet
fish swimming using their pectoral fins (Drucker and Lauderindicating thrust. The apparent discrepancy between this study
1999). If downstream velocity is evidence for thrust, where ignd these previous ones is easiest to explain for pectoral fin
the thrust signature in the eel wake? swimmers. Drucker and Lauder (2000) observed a downstream

Because the eels in the present study were swimmingt from pectoral fin swimming in bluegill sunfishepomis
steadily, without any substantial accelerations, the net force anacrochiru3 and surf perch Embiotoca jacksohi that
the animal must be zero and, thus, the net force measurableré@presented enough force to balance the experimentally
the wake should also be zero. Equivalently, because thwmeasured drag. Unlike eels, bluegill and surf perch rely solely
momentum of the eel is not changing, there must be no net their pectoral fins for thrust in the speed range examined.
change in fluid momentum. Thus, while somewhat counterPectoral fins effectively produce only thrust and little drag,
intuitive, it is physically reasonable that no downstreanrelative to the body, which is held nearly motionless at these
momentum jet would be evident in the wake. It is important tewimming speeds and produces only drag. The spatial
think of the eel as producing thrust and drag simultaneouslgeparation between the thrust-producing pectoral fins and the
If one could separate thrust from drag, one would see fluidrag-producing body allows accurate measurement of thrust
being accelerated down the eel’'s body, as it produces thrustom the pectoral fins alone, as Drucker and Lauder (2000)
At the same time, however, the drag along the eel’'s body f®und. Nonetheless, if one were to examine a control volume
removing momentum from the fluid. In combination, the twoaround the entire fish, the net fluid momentum change would
effects cancel each other out, producing no net change be zero. The situation is somewhat like that of an outboard
downstream fluid momentum as long as the eel is swimmingropeller on a boat: the body, like a boat’s hull, generates most
steadily. All the lateral momentum observed in the wake alsof the drag and negligible thrust, and the pectoral fins, like
cancels out and is simply evidence of wasted energy. propellers, generate all of the thrust with negligible drag.

If thrust and drag balance exactly, why did we observe a For carangiform caudal fin swimmers, the situation is more
small increase in downstream momentum immediately behindomplicated, but previous results should still be valid. For
the tail (Fig.8)? Probably, this increase is offset by an increasenany fishes, the outboard motor analogy may still be
in the opposite direction at the eel's snout. In still water, an eappropriate. Because carangiform swimmers move their
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anterior body relatively little compared to the caudal finnot contradict this statement. Fiyshows that lateral force and
(Webb, 1975; Jayne and Lauder, 1995; Donley and Dicksompower are pulsatile, but axial force was not measurable and
2000), very little thrust can be generated anterior to the caudalxial power’, constructed in a similar way to ‘lateral power’,
peduncle. Flow also does not separate along the bodgmains fairly constant and small over the tail beat.
(Anderson et al., 2000) but rather converges on the caudal
peduncle (Nauen and Lauder, 2000). As fluid moves along the The importance of shape
body, drag removes momentum, but this low-momentum flow We speculate that the novel wake structure of swimming
is concentrated at the caudal peduncle. The dorsal and ventegls is highly dependent on their shape and that differences in
portions of the caudal fin are therefore exposed primarily tshape, along with differences in kinematics, may be one of the
undisturbed free-stream flow. Except at the very center of tharimary distinctions between anguilliform and carangiform
fin, the caudal fin thus may also function like an outboardwimming. In particular, eels do not have a narrow caudal
motor, producing almost entirely thrust with very little drag.peduncle, whereas most carangiform swimmers do. The large
Probably the analogy is most valid for fishes such as mackerdéeral jets develop in the suction region centered around ~85%
and tunas that have a very narrow caudal peduncle and a lagfebody length. Both anguilliform and carangiform swimmers
caudal fin. Indeed, in their study of chub mackeBgofnber have a substantial undulation amplitude this close to the tail,
japonicug, Nauen and Lauder (2002a) found that thrusieven though the kinematics on the anterior body differ
measured from the downstream jet roughly balancedubstantially. For example, both chub mackerel and kawakawa
experimentally measured drag (although drag measuremertsa Euthynnus affinis have amplitudes of ~4% of body
were difficult to make accurately). length at 0.8% (Donley and Dickson, 2000), and largemouth
For carangiform swimmers with less pronounced caudabass Kicropterus salmoidgshave amplitudes of ~4.5% at
peduncles, the outboard motor analogy may break dow®.85L (Jayne and Lauder, 1995), comparable with the 4.4%
somewhat, but differences in swimming kinematics betweewe measured in eels. However, most carangiform swimmers
them and anguilliform swimmers may explain why thrustare different from eels because they have a narrow caudal
wakes were still observed (e.g. in Muller et al., 1997; Druckepeduncle around 0.85 If their body shape were more similar
and Lauder, 2001). We speculate that anguilliform swimmert that of eels, it is likely that a substantial suction could
may produce thrust more continuously over time thardevelop there in the same way as in eels. The narrowness of
carangiform swimmers. For a steadily swimming fish, thrusthe peduncle, however, probably prevents such suction from
need only balance drag on average over a full tail beat. If thrudeveloping. Even if a mackerel, for example, swam using the
is produced in a very pulsatile way, it may briefly exceed dragame kinematics as an eel, its wake would probably differ from
to such an extent that it would be evident in the wakean eel's due to the differences in body shape. In fact, recent
According to a reactive inviscid theory such as Lighthill's EBTresults from an engineering study of rectangular flapping
(Lighthill, 1971), thrust is only produced at the tail tip (or othermembranes indicate that simple shape differences, such as the
sharp trailing edges). Evaluation of the EBT equation for thrugiatio of flapping amplitude to body height, can determine
generated at the tail tip (equatibpresults in a pulsatile force. whether the wake is a linked vortex ring wake, as observed in
However, these equations do not include possible thrust fromarangiform swimmers, or an unlinked ring wake, as in eels (J.
the body anterior to the tail due to viscous effects. Recent direBuchholz, personal communication).
numerical simulations showed that an infinitely long waving Clearly, this effect in fishes is more complicated than a
plate can produce thrust (Shen et al., 2003), in support gimple ratio and probably depends on how narrow the peduncle
previous experimental observations (Taneda and Tomonais, relative to the size of the body and tail. It would therefore
1974; Techet, 2001). Like a waving plate, the short wavelengthe strongly affected by the wide range of body shapes in fishes.
undulations along an eel’s body can produce thrust smoothW/akes, therefore, probably show a gradation from those of
to even out the pulsatile force from the tail tip. In particularmackerel (Nauen and Lauder, 2002a), for example, which have
since a full wavelength is present on the eel's body, a portiovery narrow peduncles but large caudal fins, to those of eels,
of the body is moving and likely producing force out of phasevhich have no narrowing at the peduncle at all.
with the tail tip. The majority of thrust may still be produced
in the posterior regions of the eel's body, where we saw Efficiency of anguilliform swimming
accelerated flow (FigZ) but, even so, some regions of the One of the goals of the present study was to evaluate the
posterior body are moving out of phase with the tail tip, helpingfficiency of anguilliform swimming relative to carangiform
to smooth out pulsatile thrust. For carangiform swimmersswimming. However, for steady swimming, efficiency is very
unlike eels, the long wavelength body undulations do nobard to evaluate. Froude efficiency)(is usually written,
contain out-of-phase motions at sufficient amplitude and mageglecting inertial forces, as:
tend to reinforce the pulsatile thrust from the tail (Webb, 1975)
Therefore, at certain points in a carangiform swimmer’s tail n 9)
beat, thrust may exceed drag to produce a thrust wake, ev:
though the two forces balance on average. For eels, thrust antiereF is a force,U is the swimming velocity anBwake iS
drag may balance more evenly over time. Note thatdHitpes the power in the wake (Webb, 1975). StricByis the net force

_ Useful power FU
" Total power FU +Pyake’




Wake structure of swimming eel8839

on the swimming body, which is zero during steady swimminglittle increase in fluid velocity until the last 30% of body length,
resulting in a zero Froude efficiency. Schultz and Webb (2002yhere the fluid bolus is generated (M. Finally, we
have discussed this issue in some detail.iff the thrust force calculated the phase difference between the shedding of
only, thenn represents how much power was used for thrusstop/start vortices and the shedding of proto-vortices off the
and how much was wasted. While thrust cannot be measuré&all. The difference was only ~5% of a tail beat cycle, so any
directly from the wake of swimming eels, it is still useful, proto-vorticity is likely to simply add to the stop/start vortex,
conceptually, to separate it from drag. By using a mathematicalhich is forming at almost the same time, rather than create a
model, such as EBT or more complex computational fluiceparate vortex.
dynamic models (Carling et al., 1998; Wolfgang et al., 1999; It is somewhat surprising that we saw so much less fluid
Zhu et al., 2002), thrust can be estimated and used to calculatocity along the body than Miuller et al. (2001) did. While
a Froude propulsive efficiency. the eels analyzed in detail in the present study, atr?dng,
Specifically, EBT can be used to calculate this thrust valueiere more than twice as long as those in Muller’s study, we
using equatiof, which can be combined with the wake powerexamined the wake of a TPh eel qualitatively and found the
estimate from PIV to produce an efficiency. The estimatedame pattern as in the larger eels. The eels in Miller’'s study
mean thrust is 0.88IN, and the measured wake power isseemed to show greater undulation amplitude along the body,
between 198 and 3QB8N, resulting in efficiency estimates particularly near the head, than the eels in our study. This
between 0.43 and 0.54. Additionally, EBT can also estimatamplitude difference may explain the stronger fluid flow near
the efficiency directly. This valugjegT, is usually written as the body but it also suggests that Muller’'s eels may have been
1-4(v-U)/V, whereV is the body wave velocity (Lighthill, accelerating slightly, because increased anterior undulation is
1970). According to this method, EBT estimaigsst as  often found in accelerating eels (E. D. Tytell, manuscript in
0.865+0.001. However, since EBT usually underestimated thgreparation). Additionally, they document a slight downstream
total power in the wake (TabB), the first range, 0.43-0.54, is component to the jets (Muller et al., 2001), another indication
probably the more realistic estimate. of acceleration (E. D. Tytell, manuscript in preparation).
Anguilliform swimming has been hypothesized to be The other model examined in the present study, Carling and
inefficient (Lighthill, 1970; Webb, 1975). Our measurementscolleagues’ computational fluid dynamic model for acn8
however, indicate a swimming efficiency of around 0.5, odong anguilliform swimmer (Carling et al., 1998), is not
potentially as high as 0.87, depending on how it is calculatedupported by our data or those of Miller et al. (2001). Carling’s
Because of the difficulties of estimating efficiency from amodel predicts a substantially reduced velocity immediately
steadily swimming fish, it is difficult to compare this value behind the tail, as if the eel were sucking fluid along with it as
with previously reported values, which range from 0.74 to 0.9 swam (Fig.1B). Even averaged over many tail beats, we
(Drucker and Lauder, 2001; Muller et al., 2001; Nauen andid not observe any reduced velocity in the wake; in fact,
Lauder, 2002a,b). immediately behind the tail, the flow is accelerated
downstream (Fig8). Somewhat surprisingly, we observed that
Comparison with previous studies of anguilliform swimming momentum in the far wake, 9m from the eel’s tail, was
Miiller et al. (2001) first observed the wakes of swimminggreater than that in the near wake,n2® from the tail.
eels and noted their unusual structure. They showed that twide speculate that this effect is due to three-dimensional
vortices were produced per half tail beat and that the jetorientation or contraction of the wake, similar to that in the
between successive vortices was primarily lateral. Theifar-field wake of a hovering insect (Ellington, 1984).
observations are, in general, quite similar to ours. With ouNonetheless, it seems clear that axial wake momentum is
higher resolution PIV, we are able to propose a differentlownstream, the opposite of what the model predicted (Carling
mechanism for generating the wake. Additionally, our datat al., 1998). Additionally, their model does not predict the
allowed a much more detailed examination of the balance aomplex vortical structures and lateral jets that we consistently
thrust and drag and the Froude efficiency of steady swimmin@bserved in all individuals covering a length range from 12 to
which have been controversial (Schultz and Webb, 2002). 23cm. While we did not observe the wake of amn8
Nonetheless, there are some important differences betweamividual, the size they modeled, Miller et al. (2001)
our findings and those of Miller et al. (2001). Theyexamined one that size and observed a wake similar to those
hypothesized that the double vortex structure resulted fromwae observed in larger individuals and quite different from
phase lag between the vorticity shed from the tail andarling and colleagues’ predictions (Carling et al., 1998).
circulation produced along the body, which they termed proto- To continue the exploration of the hydrodynamic differences
vortices. Although proto-vortices were evident along the bodypetween different modes of swimming, future studies should
(Fig. 7), their vorticity was much lower than the vorticity of be careful to include detailed kinematics. Small differences in
the secondary vortex. The vorticity in the proto-vortices alondiinematics may cause substantial changes in flow, as we noted
the body is generally less thas3, while the secondary vortex in the differences between Miiller et al. (2001) and our study.
peak vorticity was often more that &% Mdller et al. (2001) This effect may prove useful, however: small kinematic
also observed that fluid velocity increases along the bodgifferences as fishes change swimming speed may induce large
linearly from head to tail. By contrast, we observed relativel\nydrodynamic changes, as seen in pectoral fin swimming
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(Drucker and Lauder, 2000). Examining both effectsHart, D. P. (1999). Super-resolution PIV by recursive local-correlatibn.

simultaneously will help to elucidate the mechanical effect of Visual.10, 1-10. .
y P art, D. P. (2000). PIV error correctiorExp. Fluids29, 13-22.
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