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Summary

Undulatory swimmers generate thrust by passing a which can be identified by their shedding dynamics as a
transverse wave down their body. Thrust is generated not start—stop vortex of the tail and a vortex shed when the
just at the tail, but also to a varying degree by the body, body-generated flows reach the ‘trailing edge’ and cause
depending on the fish’s morphology and swimming separation. Two consecutively shed ipsilateral body and
movements. To examine the mechanisms by which the tail vortices combine to form a vortex pair that moves
body in particular contributes to thrust production, we  away from the mean path of motion. This wake shape
chose eels, which have no pronounced tail fin and hence resembles flow patterns described previously for a
are thought to generate all their thrust with their body.  propulsive mode in which neither swimming efficiency nor
We investigated the interaction between body movements thrust is maximised but sideways forces are high. This
and the flow around swimming eels using two-dimensional swimming mode is suited to high manoeuvrability. Earlier
particle image velocimetry. Maximum flow velocities recordings show that eels also generate a wake reflective of
adjacent to the eel's body increase almost linearly from maximum swimming efficiency. The combined findings
head to tail, suggesting that eels generate thrust suggest that eels can modify their body wave to generate
continuously along their body. The wake behind eels wakes that reflect their propulsive mode.
swimming at 1.5L s71, where Lis body length, consisted of
a double row of double vortices with little backward Key words: fish, swimming, undulatory swimming, eéhguilla
momentum. The eel sheds two vortices per half tail-beat, anguilla, flow visualisation, particle image velocimetry.

Introduction

Many fish pass a transverse wave down their body tandulatory swimming and generate thrust along their whole
produce thrust. Undulatory swimming comprises a continuunbody rather than at the tail. A snapshot of the flow around and
of swimming styles from curvilinearly increasing body wavesbehind their body has been published (Gray, 1968) and
running down fusiform bodies and generating thrust mainly atesembles the flow patterns observed in mullet and danio. But,
the tail to rectilinearly increasing body waves along elongatwithout a description of the eel's swimming kinematics, no
bodies generating thrust along the whole body. At one end d¢ihk between body movement and flow can be established.
the spectrum are fish such as mullet Chelon labr{gigler It is, however, unlikely that the trailing edge shedding
et al.,, 1997) and dani®anio malabaricus(Wolfgang et mechanism contributes to thrust since eels do not have a
al., 1999), both with a curvilinearly increasing amplitudepeduncle region and body vorticity cannot be shed in this way
envelope and thrust production dominated by the contributioto interact with the tail flow.
of the tail. Two mechanisms have been proposed to explain Simple analytical models predict that undulatory swimmers
how the body contributes to the thrust generated at the tagdhed a reverse von Karman vortex street when optimising
First, the body undulations create circular flow patterns thatwimming performance (Lighthill, 1969). This wake consists
travel posteriorly along with the body wave and ultimatelyof a double row of single vortices and is generated if the fish
modify the flow around the tail to increase swimmingswims at a slip (the ratio of swimming spdédo body wave
performance (Mdller et al., 1997). The second mechanism speedV) of less than 1. Typically, slip is in the region of
based on shedding vorticity off the body’s trailing edge in th®.6-0.8 (for a review, see Videler, 1993). Computational
peduncle region, which again modifies the tail flow to increassimulations of the flow around an undulatory swimmer exist
swimming efficiency (Wolfgang et al., 1999). Eels (Anguilla for a danio (Wolfgang et al., 1999) and eel (Carling et al., 1998;
anguilla), with their elongate bodies and rectilinearly Pedley and Hill, 1999). Two of the three models predict a wake
increasing body wave, represent an extreme case ofsembling the prediction of Lighthill (Lighthill, 1969) with
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A Q Q shown that eels generate flow fields around their body and in
@ /\/ their wake that are qualitatively equivalent to the flow fields of

O O carangiform swimmers such as mullet and danio. The eel is

also the most extreme case of body-generated thrust: without

a pronounced tail, an eel generates thrust along the whole of

its body. Hence, eels provide the ideal showcase for thrust-
OTO generating mechanisms of the body during steady undulatory

B
@TO swimming.
QLO Q\'O Materials and methods

Fig. 1. Sketch of a cross section in the medio-frontal plane of the Experimental animals

wake behind a steady undulatory swimmer. (A) Double row of " o neriments were performed on juvenile eels Anguilla
single vortices as observed in eel, bream, trout and mullet, which in

three dimensions constitute a chain of vortex rings (Blickhan et al."’,mguIIIa L} Cau?fhthas glass-eels during thg ﬁvmtefrs of 1995496
1992). (B) Double row of double vortices as observed in zebr@" 1996 97_0 the Portuguese coast and kept for 3 months at
danio, water snake and Kuhli leach. The circles indicate she@in €€l farm in the Netherlands. They were reared to the elver

vortices, with arrowheads indicating the rotational sense. Th&tage in a 301 aquarium containing artificial sea water (salinity
arrows indicate the jet flows. 30 %o) at 22+1 °C. At the time of the experiments, the eels were
approximately 0.10m in body length and less than 5mm
high.
one vortex shed per half tail-beat. Carling et al. (Carling et al.,
1998) predict a wake consisting of two counter-rotating Flow visualisation
vortices on either side of the mean path of motion, into which The experiments were performed in still-standing water.
all shed vortices merge. However, model studies on wavinghis allows the eel to display its preferred swimming
plates have shown that the wake changes significantly with slipehaviours spontaneously. In still-standing water, the signal-
(Hertel, 1966) and the phase between interacting waving platés-noise ratio in the flow visualisation is maximal in the
(Gopalkrishnan et al., 1994; Streitlien et al., 1996). absence of turbulence induced by the flow tank. The eels swam
The experimental flow fields published so far havein a 0.2m%.3m>0.3m tank filled to a depth of at least 50 mm
concentrated on the wake rather than on wake generation. Twath artificial sea water (salinity 30 %o, temperature 22 °C). The
main wake patterns have been observed behind undulatomater was seeded with unexpanded polystyrene particles (VF
swimmers (Fig. 1). The reverse von Karman vortex stree54, BASF, diameter 0.2—0.4 mm). The particles were slightly
indicative of high efficiency, has been observed in eel (Grayjenser (1.026kgm) than sea water, so their response to
1968), bream Diplodus annulari¢Aleyev, 1977), trout changes in the flow velocity was delayed (Merzkirch, 1987)
Oncorhynchus mykisgBlickhan et al., 1992) and mullet and they sank slowly. Both effects were insignificant compared
(Maller et al., 1997). A different vortex pattern resemblingwith the fish-generated flows and were therefore neglected.
a double row of double vortices has been reported forhe particles were illuminated in a horizontal plane by a 1 mm
zebra danioBrachydanio albolineatugRosen, 1959), water thin laser light sheet (krypton ion laser, wavelerigtb47 nm,
snake Natrix natrix (Hertel, 1966) and Kuhli leach maximum power 0.8W). A horizontal light sheet was
Acanthophthalmus kuhl{(Rayner, 1995). All these wake positioned in the middle of the water column. The water
patterns were generated during steady undulatory swimming stirface was covered with a Plexiglas raft to prevent surface
speeds between 1 and.§1, where Lis body length. The waves from distorting the images when the fish was swimming
values for slip were 0.6—0.7 where mentioned. too close to the water surface. We recorded sequences only
In the present study, we address the question of how a walthen the fish was swimming in the middle of the tank to avoid
is generated by the interaction between fish and watewall and surface effects. Only spontaneous swimming
Quantitative mapping of the flow, from its generation on théehaviour was recorded; we did not stimulate the fish in any
body to the shedding of the wake, will provide a time coursevay.
of wake development. If thrust is generated along the whole All experiments were performed with a single fish in the test
body, flow speeds adjacent to the body should increagank. The fish avoided looking into the light sheet by keeping
continuously from head to tail, rather than increase sharpliys eyes above or below the level of the light sheet. Otherwise,
towards the tail as observed in carangiform swimmers (Mulleswimming behaviour seemed to be unaffected by the light
et al., 1997; Wolfgang et al., 1999). Mapping swimmingsheet. A CCD camera (Adimec MX-12, with 50mm lens and
movements and flow simultaneously will suggest the relevarimm extension ring) was mounted perpendicular to the light
kinematic parameters for thrust production. Key wavesheet to record top-view images of 182824 pixels at
parameters such as maximum lateral displacement and lategal frequency of 25imagesls (integration time 10ms).
velocity will be mapped relative to the flow to establishRecordings of the flow fields were made using a purpose-
correlations between body wave and flow. Previous work hagesigned recording system (Dutch Vision Systems) (Muller et
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al., 1997). The recorded images were checked immediatelgpnsecutive images to obtain a velocity vector field from the
and sequences in which the eel and the wake were in the lighdrticle displacements (Chen et al.,, 1993; Stamhuis and
sheet in the centre of the field of view were storedvideler, 1995). We used a subimage size of3&pixels with
uncompressed as 54212 pixel images for later analysis. We 50 % overlap. The choice of the subimage size was determined
filmed in the centre of the tank to avoid recordings impairedby the seeding density of the polystyrene particles and the peak
by wall effects. We recorded up to five sequences from 11 eelgelocities in the flow fields (Keane and Adrian, 1991): there
_ _ _ were more than 10 particles in each subimage; the particle
Kinematic analysis displacement in the flow was less than 25 % of the subimage
In the selected sequences, the eel was swimmingiameter between consecutive frames. The cross-correlation
horizontally through the light sheet along a straight pathesulted in vector fields of, at best,>x30 equally spaced
through the centre of the field of view, i.e. with its body at leastectors if all subimages contained sufficient information for
25 mm away from the water surface and the bottom of the tankross-correlation. A comparison of particle tracking results
We obtained the midlines of the swimming eel from thewith PIV flow velocity data for the same area in the flow field
digitised images (TIM, Dutch Vision Systems) (Muller et al.,revealed no significant underestimation of the peak flow
1997). The body length was assumed to be equivalent to tivelocities due to the spatial averaging of the cross-correlation.
number of pixels representing the midline of the fish. TheRegions in which PIV was not possible or was unreliable were
instantaneous swimming speed was obtained from the headigmented by particle tracking velocimetry (as described in
position in sequential images and the frame rate. It wagliller et al., 1997).
averaged over complete tail-beat cycles to obtain the mean
swimming speed U. The mean path of motion was calculatefdost-processing
from the head position in consecutive images using standard The flow velocity vectors resulting from PIV were fitted into
linear regression over complete tail-beat cycles. a grid of 3080 cells. Gaps in the resulting vector field were
In an earth-bound frame of reference, we calculated thfifled using a two-dimensional spline to interpolate vectors
following kinematic parameters. The amplitud®fhe body (Stamhuis and Videler, 1995). The following flow parameters
wave at each point along the body was defined as half theere derived from the flow field: vorticitgy, which is
transverse distance between the points of maximum laterptoportional to the angular velocity at a point in the fluid, and
excursion of a particular body segment. The stride lekgti  the discriminant for complex eigenvalues d, which was used
the fish was calculated as twice the distance between two locate the centre of vortices in the wake (Vollmers et al.,
consecutive points where the path of the tail crosses the meag83; Stamhuis and Videler, 1995).
path of motion. We also determined the lateral velocity V(t,x) The wake was characterised by the position of the vortex
of the body relative to the fluid and the points on the midlingentres and the direction of the jet. From the position of the
where this lateral velocity is zero [for a definition of V(t,x), seesortex centres in the flow field, we calculated the distance
Appendix]. between vortices along and perpendicular to the mean path of
The following kinematic parameters were obtained in a fishmotion. Consecutive vortices were considered to be a pair and,
bound frame of reference. The body wave lenythwas hence, were assumed to form a vortex ring in the three-
considered to be twice the distance between two consecutidémensional wake if they were separated by a distinct jet flow
points where the body midline crosses the mean path eind moved away from the mean path of motion together. We
motion. The speed df wave propagation was calculated from also confirmed that their respective circulations were equal in
the displacement of these crossings and the frame rate (25 H@agnitude and of opposite sense after shedding. The forward
We further determined the position of the nodes, maxima angiomentum that the fish is able to gain from such a vortex ring
inflection points of the midline. The nodes were defined as théepends on the momentum angldetween the ring and the
points where the midline crosses the mean path of motion. Thegean path of motion. The angle between the ring and the mean
inflection points were defined as the points where the curvatugsath of motion and the flow speed of the jet through the ring
of the midline changes direction. Nodes, maxima and inflectiopere obtained directly from the velocity vector field.
points of the midline were derived numerically by searching All mean values in the text are given 3s.b.
for zero positions and extremes in the lateral displacement
function and its derivatives (Mller et al., 1997).

Results
o Herodynamm analysis We recorded 30 sequences, each of approximately three tail-
Particle image velocimetry beats, in which the eel was swimming in the field of view at

The flow generated by the swimming fish was visualisedwimming speeds between 0.10 and 0.15%is half of these,
using two-dimensional particle image velocimetry (P1V). Thethe eel shed a structured wake always consisting of one vortex
exact algorithms employed to derive the flow fields from oupair per tail-beat. We did not succeed in recording a single
recordings are described elsewhere (Stamhuis and Videlesequence in which the eel reproduced the wake pattern
1995). photographed by Gray (Gray, 1968). Of the recorded

We conducted subimage cross-correlations on pairs &equences, three were selected for further analysis on the basis



2754 U. K. MULLER AND OTHERS

Table 1.Morphological and kinematic parameters for the
three swimming sequences selected for analysis

Sequence
1 (Fig. 2A) 2 (Fig. 2B) 3 (Fig. 2C)
Body length, L m 0.08 0.10 0.10
Swimming speed, U ms1t 0.12 0.14 0.10
Wave speed, V ms1 0.21 0.20 0.15
Tail-beat frequency, st 2.6 2.3 2.8
Tail-beat amplitude, A m 0.09 0.10 0.10
Stride length, A L 0.5 0.6 0.4
Body wave length\p L 0.87 0.69 0.85
Slip, UV 0.6 0.7 0.7

ECREA ) A A A wERE - SRR

.............. PO 0 T R

of their high and even seeding with the eel swimming
horizontally in the light sheet without noticeable changes i a— - SR - - - R
direction or speed. Their wakes consisted of a double row «
double vortices. The fish swam in the centre of the field of vie\
in only one of the chosen sequences. All but two flow field:
presented stem from this one sequence to facilitate comparis
amongst the figures.

Swimming kinematics

In the selected three sequences (Fig. 2), the eels have simi
tail-beat frequencies, amplitudes and body wave lengths (Tak
1). They cross the field of view within three tail-beat cycles
Their slip U/Vranges from 0.6 to 0.7 at swimming speeds of
0.10-0.14 m3d (1.0-1.8_s71). Within one tail-beat cycle, the
swimming speed varies between 0.9 andUl.Swimming
speed exhibits a total of two peaks per half tail-beat cycle, wit
both peaks clustering around the moment of stroke reversal
the tail. The kinematic characteristics of the undulating bod
movements agree with earlier findings (Hess, 1983; Videle
1993). The amplitude envelope of the body wave shows
minimum at a distance 0.1ftom the snout tip and increases
from there almost linearly to a maximum amplitude of
approximately 0.1Lat the tail tip. The body wave length
decreases along the body by 20-30% from aboveif.¢he
first third of the body to Ol8at the tail. The stride lengths A
is approximately 0.5L.

Fig. 2. The wake behind a steadily swimming eel. The short black
arrows indicate the flow velocity. The meandering grey arrow
indicates the path of the tail tip and the swimming direction. All eels
are swimming from right to left and have just left the field of view.
The colour tiles indicate the level of vorticity in the flow, blue for
clockwise vorticity, red for counterclockwise vorticity. Darker
shades indicate higher levels of vorticity. The field of view is
108 mmx08 mm. (A) Eel (body lengthi=0.08 m) swimming at
speedU=0.12ms?. Sequence 1, see Table 1. Tail and body vortices
have moved away from their initial shedding position (filled and
open circles, respectively) close to the tail path (grey line). The shed
vortices are visible in the flow field as areas of elevated vorticity. (B) e L S
Eel (L=0.10 m) swimming at U=0.14 m's Sequence 2, see Table 1. N i Vorticity

(C) Eel (L=0.10m) swimming at U=0.12mis Sequence 3, see —_— [ —— —
Table 1. 50 mm st -4 0 +4 st
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Fig. 3. Flow field adjacent to an eel -
(body lengthL=0.079 m) swimming
steadily at speed U=0.121 mdrom e
the lower right to the upper left of the - -

field of view (sequence 1, see - . .. -
Table 1). The black arrows indicate
the flow velocity. Blue shades
indicate clockwise vorticity, red
shades indicate counterclockwise . = ., . . | . R A
vorticity. Darker shades indicate =~ _*' o
higher levels of vorticity. The flow - - 3 o R
fields are continued in Fig.6. The - . .. . . ... .. ... ..., .. B - A - - - - R

T

VA NS e

timetis arbitrarily set to t=0s for the t=0.04 s t=0.12 s Vorticity
first frame shown in Fig. 3. The field e i A—
of view is 108 mm#£08 mm. 50 mm st -5 0 +5sl

Flow in the vicinity of the fish body
Flow generated by the body

A swimming eel generates substantial flows from the crest 25 - 0.03

to the troughs of the body wave along the full length of its bod' +Trough d the body wave T+

(Fig. 3). In the medio-frontal plane of the body, these flows 5 21 o Crest of he body wave f; * &

form semicircles that travel posteriorly with the body wave. Ir 5 R Hlom E

a fluid-based reference system, the flows from crests 1 & 1.5] # éfl : 2

posterior troughs are strong, unlike the flows from crests t » R T i,} + °8’_

anterior troughs. As the body wave amplitude increase E °, By & Y 3 001
. . LL o "

posteriorly, so do the flows. The peak flow speeds in the cres 05 ° g ®8 ° @8, [

increase almost linearly from values close to 0 directly behin ' w o thEE & B¥

the head to 0.014m’%s (0.12U) at the tail (Fig. 4). In the 0 DGR I

troughs, the flow speeds increase to values of up to 0.023 m 0 0.2 0.4 0.6 0.8 1.0

(0.19U) at the tail. Contralateral semicircular flows have the Position (L)

same sense of rotation. Combined, they resemble the potent:~'

. . O ) Fig. 4. Variation in the flow speeds adjacent to the eel's body over
region of a vortex that has its centre within the eel's body, theone tail-beat cycle. The values at a particular position along the body

flow drlven_by the pressure difference between crests Acan range from close to zero when the body segment is close to an
troughs. With each high-pressure flow off a crest beingnfiection point of the midline to maximum values when the segment
followed by a low-pressure flow into the neighbouring troughis in the low- or high-pressure zone. The maximum flow speeds,
the maximum size of this vortical structure is limited to aindicative of the transferred momentum, increase almost linearly
quarter of the body wave length. The ‘vortex’ centre is locatefrom head to tail.
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Body midline

e Node .—o---""\»\'_a/
Inflection point

e Maximum lateral cursion

O  Local wvorticity maximum ,./—r_-,*\
Yy = .

Minimum body curature

® Zero lateral body displacemjgt//.

Edge of feld of view

Fig. 5. Midlines of a steadily swimming eel *-\W/ :;/'r;\\g
over approximately two tail-beat cycles in an g K 4
earth-bound frame of reference (swimming \..E\—f/ K
speedU=0.121 msl, sequence 1, see Table 1; °
see also Fig. 2A, Fig. 3 and Fig. 6 for flow
fields). Also shown are the positions of several
body wave parameters and the location of
maximum vorticity in the flow field. The time
interval between consecutive midlines is 0.04s.
The vertical lines at either side of the graph \ .
indicate the edge of the recorded images. The —.\'\'“g\../D

asterisk indicates t=0s (cf. Fig. 3 and Fig. 6).

The purple boxes indicate the grid cells with a *’\-\\Q"/
local maximum in vorticity, sized to scale. /“\\\Q

Their arrowheads indicate the sense of rotation
of the shed vortex. The area of minimum /'.\0\\‘:‘\.
curvature (brown bar) indicates the confidence
interval of the location of the inflection point.

Swimming direction

Edge of feld of view

Time

between the crest and the trough of the body wave in thmechanism is driven by a combination of a travelling wave
regions of elevated vorticity adjacent to the eel's body. Thisvith a posteriorly increasing amplitude envelope. The centre
vortical flow travels down the body along with the body waveof the ‘proto-vortex’ is therefore correlated with the transition
and is ultimately shed in the wake as a vortex. While stilpoint between concave and convex body curvature.
travelling along the body, we call this structure a ‘proto-Triantafyllou et al. (Triantafyllou et al., 2000) find in their
vortex'. Once it has been shed, it is called a ‘body vortex’. Theomputational flow fields that local peaks in the boundary layer
term ‘bound vortex’ is avoided because our experimentalorticity occur near the nodes of the body wave. To test these
evidence does not show conclusively that the observegroposed links between body kinematics and flow, the position
phenomenon is a vortex or that it is in any way equivalent tof the vortex centre was tested against the position of the
a ‘bound vortex’, which is a free vortex core ‘buried’ inside afollowing three body wave parameters: (i) the node, where the
lift-generating aerofoil to satisfy the Kutta—Joukowskybody midline crosses the mean path of motion; (ii) the
theorem. maximum, where the body wave reaches local extremes of
Blickhan et al. (Blickhan et al., 1992) and Videler et al.lateral excursion; and (iii) the inflection points, where the
(Videler et al., 1999) suggest that the undulatory pumplirection of the body curvature changes. The centre of the



Wake of a swimming eél757

Vorticity
— N -
50 mm st 5 0 +5 sl

Fig. 6. Instances during the time course of wake generation behind a steadily swimming eelfp&2iim sl, sequence 1, see Table 1).

The black arrows indicate the flow velocity, and the colour code indicates vorticity. Blue shades indicate clockwise vorticity, red shade:
indicate counterclockwise vorticity. Darker shades indicate higher levels of vorticity. The flow fields are a continuatioswirinthimg
sequence in Fig. 3. The tinés arbitrarily set to t=0s for the first frame shown in Fig. 3. The field of view is 108u®8mm.

‘proto-vortex’ was assumed to be at the local vorticity peakthe tail (Fig. 5, Fig. 6). The phase between node and vortex
We found that, within the limited spatial resolution of our flowcentre induces a lateral offset that decreases with decreasing
fields (3mm), none of the above body wave parametenshase. Ultimately, the ‘proto-vortex’ crosses the mean path of
correlates tightly with the position of the vortex centre. Insteadnotion together with the inflection point and is shed off the tail
the vortex centre shifts from a position close to the lateradn the opposite side (Fig. 6;0.48 s;t=0s is defined in Fig. 3)
maximum when near the head until it almost coincides witlfirom where the vortex was first observed at approximately 0.3L
the position of the node and inflection point when it is shed ofiehind the head (Fig. 8:0.04s).
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To test whether the observed vorticity distribution isnot always distinguishable from the previously shed tail vortex
consistent with a simple lift generation model (Lighthill's during and immediately after shedding (Figt=).24-0.36s).
slender body model: Lighthill, 1960), we also calculated th&However, both emerge as separate and individually
lateral velocity V(t,x) of the body relative to the fluid. A bodyrecognisable body and tail vortices in the wake by the time the
of constant cross-sectional areastimming in water of next body vortex is shed (Fig. 60.405s).
density p creates instantaneous lift forces Bt each body
segment according to: Flow in the wake

FL = —pAV(L.X). (1) Wake morphology anq wake generz.alti.on .
In all sequences with a clearly visible wake, the flow field

At the centre of the ‘proto-vortex’, V(t,x) should be zero.in the medio-frontal plane behind a swimming eel consists of
The precision of zero positions of V(t,x) decreases anterioryur vortices per tail-beat cycle (Fig. 5, Fig. 6). Consecutively
from less than 1 mm at the tail to 10 mm near the head. Withished ipsilateral vortices have an opposite sense of rotation.
these limits, the points along the midline wh¥¥gx) is zero  This induces a strong jet flow between them. The jet has only
coincide with the positions of local VOI’tiCity maxima only for a small component in the direction opposite to the Swimming
the counterclockwise vortices. For the clockwise vorticesgirection, but is directed away from the mean path of motion
there is a variable phase shift between the two. These tentati¥ealmost a right angle &y0+10°,N=3 tail-beats from t=0s
results, together with predictions of an analytical body waven Fig. 3 to t=0.64s in Fig. 6). This suggests that the eel is
model (see Appendix), suggest that body wave parameters ajenerating considerable side forces and little thrust. The flow
not suitable for predicting the body flows directly. In thespeeds of the jet are 0.016+0.005%H(6.13+0.05U:N=3 tail-
present study, a simple two-dimensional pressure-based modigiats). The vortices move away from the mean path of motion,

yields more reliable predictions, but its power is limitedand the distance between the contralateral vortices roughly
because it ignores three-dimensional effects and wakgoubles within 0.5s.

interaction. A pattern of double vortices in a double row could be a cross
) section through either of the proposed wakes (Fig. 1). First, if
Flow generated at the tail the wake behind the fish is a single chain of vortex rings

The flow at the tail results from the interaction between therig. 1A, Fig. 7A), a frontal cross section of such a vortex

body flow reaching the tail and the flow generated by thehain off the medial plane would consist of two rows of vortex
oscillating movement of the tail. Over most of the tail-beapairs. Two consecutive ipsilateral vortices would have the
cycle, it has a strong lateral component. This is mainly a resuidame rotational sense. The jet through the centre of the vortex

of the body-generated low-pressure flows periodically enteringings would appear to meander between consecutive counter-
the tail region. Averaged over one tail excursion from right tc

left, flow velocities are 0.019+0.004 m€0.16+0.03U) (N=23 A
velocity vectors from t=0.08s in Fig. 3 to t=0.24 s in Fig. 6).
Flow velocities in the grid cells adjacent to the tail vary ovel
half a tail-beat cycle from 0.014+0.006 n 50.12+0.05U)
(N=27 velocity vectors from three tail-beats from t=0s in
Fig. 3to t=0.64 s in Fig. 6) when the tail crosses the mean pa
of motion to 0.021+0.008 nT% (0.18+0.07U) (N=14 velocity
vectors from three tail-beats) near the stroke reversal. The pe g
velocities coincide with the body flows entering the tail region
At this moment, the mean angle of attack of the tail (the angl
between the flow and the tail fin) is approximately 50 ° (49+5°
N=3 tail-beats), and a vortex is shed off the tail (Fig.3
t=0.12s; Fig. 6, t=0.32s). Body vortices shed to the right o
the animal just before stroke reversal rotate clockwise; bod
vortices shed to the left rotate counterclockwise.
Each time the tail reaches a lateral extreme and change~
direction, a start—stop vortex is shed at the tip of the tail. ThiFig- 7. Hypothetical three-dimensional wakes of an eel. (A) In a
vortex is visible in the wake as a circulating flow around arcross-secngmal view above or beIO\_N the medio-frontal plane, a s!ngle
area of elevated vorticity (e.g. Fig. 6, t=0.24s and 0.44s). Ta’0/l€X chain would appear as pairs of same-sense vortex pairs to
vortices shed to the right of the animal rotate counterclockwiselther side of the mean path of motion. A strong jet flow meandering

. _ . ; . around the mean path of motion would be visible between
(Fig. 6,t=0.445); vortices shed to the left of the animal rotate.onsecutive contralateral vortices. (B) A double vortex ring wake

in a clockwise direction (Fig. 6, t=0.24s). In the following, viewed in the mediofrontal plane would appear as pairs of counter-
start-stop vortices shed at stroke-reversal from the trailinotating vortices to either side of the mean path of motion. A jet flow
edge of the tail will be called tail vortices. Because of thewould form between the vortices of a pair. Our two-dimensional flow
limited spatial resolution of our flow fields, a body vortex isfields are consistent with scenario B rather than A.
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rotating vortices on opposite sides of the mean path of motion. Discussion
Second, two ipsilateral counter-rotating vortices could be aontribution of the body to the wake in undulatory swimmers

mediofrontal cross section through a vortex ring with a jet Lighthill (Lighthill, 1969) predicted that the body would

_through. the centre of the ring. The three'd'menS'Onat\lgeneratethrustatslipssmallerthan unity by imparting rearward
impression of such a wake would be a double row of vorteX omentum to the fluid. On the basis of their own flow

rings (Fig. 1B, Fig. 7B). These individual vortex rings would visualisations, Rayner (Rayner, 1985) and Blickhan et al.

move away from the mean path of motion at their self—induceEiB"Ckhan et al., 1992) also proposed that the body would

velocity. contribute to thrust production. Rayner called the flow patterns

n tour tﬂ?N fu_erlgs, d_c?nsecugvzv |pS|Iater;:1I lvi)rtlcles ?re enerated on the body ‘trapped vortices’ (Rayner, 1985).
counter-rotating. the distance between contraiateral VortiCegy a0 et g, (Blickhan et al., 1992) coined the phrase

perpendicular to the mean path of motion increases over tim%ndulatory pump’ to describe thrust production by body

while the distance along the mean path of motion remainsn ulation. Both base their concepts on observations of
constant. On the basis of these observations, we assume tHa%j o . Pt .
consecutive ipsilateral vortices represent cross sectionundmatory. smmmers_gene_:ratmg _cons_lderable potentlal_ flows
through a vortex ring with a diameter that can be approximate'rgOng the|r. body. I._|ghth-|lls (Lighthill, 1.969) analytical
by the distance between the two vortices (Fig. 7B). model pr¢d|cts that fish will shed pnly a single vortex street,
One vortex ring comprises consecutively shed ipsilaterangﬁggsl?n?grasgjggbioiﬁr?gf :tarltla(faltOWTshii re\zN:Egd itZ?r??/\rgf
body and tail vortices. A clockwise tail vortex combines with_ =" . : ' P .
the previously shed counterclockwise body vortex to form nticipated in model experiments and computational studies
vortex ring to the left of the mean path of motion, afab Gopalkrishnan et al., 1994; Streitlien et al., 1996). According

versafor vortex rings to the right of the mean path of motion to their findings, at least three types of vortex interaction can

Body and tail vortices can be distinguished by their positiorl?e anthpated. One_ possmlg scenario maX|m|se,s thrUSt and
relative to the path of the tail tip (Fig. 2A). Tail vortices areresul'[s in the shedding of a single reverse von Karman vortex

shed just after the point of maximum lateral displacement osftreet, because body and tail vortices of the sam_e rotatllor]al
the tail, and body vortices are shed before this point close fgnseare shed together and merge.,Anqther scenario maximises
the mean path of motion. The positions of the vortices refleGMMcieNcy. and a single weak von Karman vortex street results
the swimming kinematics. The distance between the centrd©@™M the merging of counter-rotating tail and body vortices into

of consecutive tail vortices and between consecutive bodgne shed vortex per half tail-beat. A third scenario emerges

vortices along the mean path of motion is 22:+4 mmkil- om counter-rotating body and tail vortices being shed at
beats from £0s in Fig. 3 tot=0.64s in Fig. 6), which discrete instances. The resulting wake behind the fish contains

matches half the stride length Ms=46+5mm, N=3 tail- WO vortex pairs per tail-beat cycle. While Triantafyllou et al.
beats). Vortices of the same type do not move apart along th&rantafyllou et al., 2000) emphasise the role of body vorticity
mean path of motion during the observation period of 1s. Thehed at the caudal peduncle in modifying the propulsive
initial distance between shedding positions of consecutive tai€rformance of the tail, we would like to propose a modified
vortices perpendicular to the path of motion is 20.1+4.3 mninodel of wake generation for undulatory swimmers. This
(N=3 tail-beats). This corresponds to twice the tail-beaffodel does not require trailing-edge shedding off the body and
amplitude A (A=9.3+1.0 mm,N=3 tail-beats). The distance IS therefore, also applicable to elongate swimmers such as the
between consecutive contralateral tail vortices almosgel without a peduncle region or discrete dorsal fins.

doubles during the first second after shedding. The body At slips smaller than unity, the swimmer transfers momentum
vortices move apart perpendicular to the mean path of motigfhen the lateral movements of its body accelerate the adjacent
at the same rate. However, at 2.6+2.1 i3 tail-beats), water. This generates longitudinal flows that are driven by the
the initial distance between consecutive contralateral bodgressure gradient between ipsilateral troughs and crests of the
vortices is considerably smaller than twice the tail-beabody wave. With the body wave amplitude increasing towards
amplitude and is closer to the distance between consecutitlee tail, this momentum transfer takes place along the entire

inflection points as they reach the tail tip (4.4+3.2mm3N body; as the body wave amplitude increases, so do the
tail-beats). longitudinal flows. The localised pressure gradients not only

If the circulation 'and radius Rf a circular vortex ring are  cause flows from body wave crests to posterior troughs, but also
known, the vortex ring impulskecan be computed according cause a backflow from high-pressure to anterior low-pressure
to (Spedding et al., 1984): zones. This backflow, in turn, causes a thickening of the
_ > boundary layer in a region along the body approximately at the

I =prmRe. @) core of the ‘proto-vortex’. This thickening effect becomes

Immediately after shedding, body and tail vortices have &isible only in slender swimmers, for which the flows are
similar strength, which varies between rings from 0.0003 tstronger than in fusiform swimmers; in these areas of backflow,
0.0007 n#s™L. This circulation is equivalent to a vortex force the boundary layer occupies a large enough proportion of a grid
of 0.4-1mN. At a momentum angle of 70°, this correspondsell to elevate its average vorticity significantly.
to a net thrust of 0.1-0.3mN. Computational studies on fusiform swimmers (Triantafyllou
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a body vortex off the trailing edge of the tail tip. Independently
from the shedding of this body-generated vortex, start—stop
vortices are shed off the tail every time the tail reaches a lateral
extreme and changes direction. The phase between body and
tail movements determines whether consecutive body and tail
vortices are shed separately, as in our eel, or merge into one
vortex, as in our previous experiments with mullet (Muller et
al.,, 1997). This sensitivity of the wake shape to the phase
relationship between two vortex generators was established by
Gopalkrishnan et al. (Gopalkrishnan et al., 1994) and Streitlien
et al. (Streitlien et al.,, 1996), including its relevance for
Fig. 8. Body contours over one tail-beat of (A) an eel and (B) amaximising thrust or efficiency.

mullet swimming steadily at 114s™ (slip 0.6-0.7, wheré is body | ‘ )
. . i n th f our eel, th roto-vortex’ travel wn th
length). The time between contours is 0.04s. The light-shaded ar?a the case of our eel, the ‘proto-vortex' travels do the

indicates the initial water displacement by the head. The maximu ogy. I CfOSS?fS Lhe m_lea_ln pathhof m0t|0r|1 befolre'lc'j 'S theg as a
crests (thick black line) of the body wave extend considerabl ody vortex off the tail tip on the contralateral side of where

beyond this initial displacement only in the eel (grey triangles). Thidt Was first observed. We observe the following shedding
means that only the eel generates strong high-pressure flows. TRattern in the mediofrontal cross section of the wake. The body
troughs (thick black line) recess significantly beyond the initialsheds a single row of alternating vortices close to the mean
displacement of the head in both fish (grey triangles). This causgxath of motion. These lie inside a reverse von Karméan vortex
strong low-pressure flows in both species. street shed by the tail. Consecutive body and tail vortices
counter-rotate and form one vortex pair per half tail-beat cycle.
et al., 2000) predict strong transverse flows out of th&he circulations of the body and the tail vortex are similar
mediofrontal plane near the nodes of the body wave anidhmediately after shedding, indicating that body vortices
predominantly longitudinal flows where the body wave reachesontribute equally to the wake and probably to thrust. In
a lateral maximum. From our two-dimensional flow fields, weprevious studies on mullet (Miller et al., 1997) and danios
can calculate divergence (Stamhuis and Videler, 1995) t@Nolfgang et al., 1999), the body vortex is shed together with
estimate the absence or presence of out-of-plane flows antail vortex of the same rotational sense. Body and tail vortices
incompressible fluids. We observe weak divergence at the headmbine into a single vortex. The resulting cross section
and slightly higher values in the tail region. The caudal out-ofthrough the wake consists of a reverse von Karméan vortex
plane flows concentrate in the areas of high flow velocitystreet with two single rows of counter-rotating vortices.
between the node and the lateral extreme of the body wave. Wake morphology is the result of the interaction between
Eels generate more pronounced longitudinal flows than thiae circulation building up around the tail and the momentum
previously studied fusiform swimmers for several reasongyenerated by the undulatory pump action of the body. This
First, they have a larger body wave amplitude and a shortérteraction depends on the phase relationship between the tail-
body wave length. Both aspects can contribute to higher laterbéat cycle and the body wave travelling down the body. It can
body velocities. Second, bodies of almost uniform widthbe shown analytically (see Appendix) that a non-uniform
displace water in a different way from strongly taperedamplitude envelope causes a phase shift between the lateral
fusiform bodies. In a fusiform body, the lateral excursion ofdisplacement function of the body and the pressure difference
the body at the crest of a body wave does not significantlsicross the midplane of the fish. Assuming a constant body
exceed the initial displacement of water at the head. Noticeableave length, the phase shift causes the ‘proto-vortex’ to be
crests develop only in the peduncle region (Fig. 8A). Henceshed off the tail not on the mean path of motion, but offset
for fusiform undulating bodies, the water displacement and thkaterally. A phase shift can be the result either solely of a non-
momentum transfer are largest at the troughs and only weakatiform amplitude envelope or of the interaction between the
the crests (Muller et al., 1997; Wolfgang et al., 1999). Slenddbrmer and a changing body wave length along the body. The
fish such as eels generate substantial lateral movement beyamhsitivity of the phase relationship to slight changes in the
the initial head displacement along the entire body (Fig. 8Bamplitude envelope and the wave length might explain how
Hence, significant pressure gradients build up in the crests aadulatory swimmers can produce wakes with single vortices
well as the troughs of the body wave. and vortex pairs at similar U/atios. Eel-type swimmers can
These flows along the body contain the momentunadapt their kinematics to produce a double (Hertel, 1966;
transferred to the water by the body, but they cannot be equatBdyner, 1995; present study) or single (Gray, 1968) vortex
with the body’s contribution to thrust production and simplywake. Saithe-type swimmers have been reported to produce
be added to the tail's thrust output: the body flows interact withiortex-pair wakes (Rosen, 1959) as well as single-vortex

the tail flows and modify the tail's performance. wakes (Aleyev, 1977; Blickhan et al., 1992; Mller et al., 1997;
o _ Wolfgang et al., 1999).
Wake generation in undulatory swimmers Some data exist in the literature mapping the phase between

As the body flows reach the tail, they cause the shedding &dteral displacement function and body curvature, and several
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studies did indeed find a variety of phase relationships ifthis approach neglects the effects of the wake on the pressure
several undulatory swimmers (Gillis, 1997; Jayne and Laudedistribution on the body, the details of the shedding process and
1995; Katz and Shadwick, 1998; Miller et al., 1997; Videleradded-mass effects. We compare pressure distribution and body
and Hess, 1984). These experimental data on the variable phageve, in particular the positions of nodes and inflection points,
within body wave parameters — such as node and inflectidior two simple amplitude envelopes. The analysed body wave
point — make it likely that a similar variability exists betweengeometries neglect the existence of a pivot point and assume a
these body wave parameters and the body-generated flmwenstant body wave length. We also assume that the cross-
patterns. However, the experimental evidence for a correlatiosectional area Aof the eel's body is constant. The main
between body wave parameters and body vortex shedding dbjective of this comparison is to see whether the ‘proto-vortex’
far from conclusive. Data on the relationship between vortewill be shed on the mean path of motion (node and vortex centre
shedding and body kinematics are still very sparse (Miller efoincide at the tail tip) and whether it coincides with the
al., 1997; Wolfgang et al., 1999). inflection point at the moment of shedding.

Experimental and theoretical approaches alike suggest thatLet the midline displacement, relative to the mean path of
fish might change their body wave to cause changes in the phasetion x, be Ht,x) and the lateral velocity of the midline
relationship between body and tail movements, which in turiv(t,x) be:
affect the phase between body and tail flow. The result is a fir

: : . : (bh oht
control over the interaction between body and tail vortices an V(t,X) = O0— + U—0, (A1)
the vortex shedding pattern that reflects the optimisation criteri ot oxQ
employed by the fish at each moment. The range of flo
patterns observed behind undulatory swimmers to date can
explained in terms of the proposed control over body and t

hereU is the swimming speed. Then, according to Lighthill
qghthill, 1960), the instantaneous lift per unit length of fish

- . . t,x) is:
vorticity. The wake of an undulatory swimmer will be a strong LX)
reverse von Karman vortex street only if the fish is maximising Do 0 UCbh ohd
thrust. When maximising efficiency, the resulting wake is a FL=-p Eﬁ +U &E %37[ +U &EA' (A2)

weak reverse von Karman vortex street, which can verge on .

drag wake depending on the relative strength of the merging/ith A and the density of watgy being constant along the
counter-rotating body and tail vortices. Maximising thrust ofody, the pressure difference D\Across the body is
efficiency requires a specific phase relationship between bodifoportional to:

and tail vortex shedding. For a phase relationship midwa 09 9 O0Bh ohO
between the two optima, yet another wake pattern is generate DWo O—+U—00—-+U —[. (A3)
This is the vortex-pair wake observed in the present study. (ot ox[ot X[l

The centre of the ‘proto-vortex’ should be BW=0. The

Concluding remarks _ inflection point is where@/dx2=0 and the node is bt0. Now
The morphology of the wake and the flow adjacent to thegnsider two cases.

eel's body support the hypothesis that the eel employs its
whole body to generate thrust. The maximum flow velocitiegniform amplitude envelope
adjacent to the body increase approximately linearly from head h=Acosk(x¥1), where Vis the wave speed akds the wave
to tail. The tail-beat kinematics is only one factor besides thﬁ '
) umber. Then
body wave that determines the shape of the wake. The shanre
of the wake deviates strongly from an optimised wake fol 0%h — K2Acos8 (A4)

maximising hydrodynamic efficiency or thrust, as suggested b 0x2

Triantafyllou et al. (Triantafyllou et al., 1991; Triantafyllou et .
fy ( fy y here 8=k(x-Vt) and DW=k2A(V-U)2cos@ In this case,

al., 1993) and observed in mullet (Muiller et al., 1997) and trout |~ . . . L
(Blickhan et al., 1992). Instead, it resembles the flow patter ?\illvv_\/%einhd_gc’de and inflection point coincide. All reach the

described by Gopalkrishnan et al. (Gopalkrishnan et al.1994
for a phase relationship between maximum thrust an
efficiency, where neither is particularly high.

Einearly increasing amplitude envelope
h=A(x/L)cosk(x¥t), where Lis the body length of the fish

Then:
Appendix ah x K
Lighthill's small-amplitude slender body theory (Lighthill, P iai A— k2co - 2A—simd , (AD)
1960) can be used to derive a qualitative estimate for the pha 0x L L

relationship between ‘proto-vortex’ and body wave parametersgyhile

Lighthill's model describes the pressure distribution across th-

body. We assume that the centre of a ‘proto-vortex’ lies at th DW = —Ak2£ (V - U)2cos0+ ZAE U(V - U)sind . (A6)
point where the pressure difference B#&oss the fish is zero. L L
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Therefore,02h/0x2=0 where tan8-kx/2, while DW=0 where Katz, S. L. and Shadwick, R. E(1998). Curvature of swimming fish midlines
tan9:+kx/2(V/U—l). Note that, in this Caséz,h/OXZZO at x=L=0 as an index of muscle strain suggests swimming muscle produces net

_ _ C positive work.J. Theor. Biol.193, 243-256.
when tan&1/kL, and h=0 at x=lwhen cos&0, which is not  ygane R. D. and Adrian, R. J.(1991). Optimization of particle image

necessarily at the same time as the ‘proto-vortex’ reaches thevelocimeters. Part I1. Multiple pulsed systerveasurement Sci. TecB,
tail tip, depending on the values kif and V/U. Hence, node,  963-974.

. . . . .. Lighthill, M. J. (1960). Note on the swimming of slender fighFluid Mech.
inflection point and vortex centre do not necessarily coincide,y 305_317.

and the vortex is shed at the tail tip not on the mean path aghthill, M. J. (1969). Hydrodynamics of aquatic animal propulsiannu.
motion but offset laterally. Rev. Fluid Mechl, 413-446. y
Merzkirch, W. (1987). Flow Visualisation. Second edition. Orlando:
) . Academic Press. 260pp.
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