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ABSTRACT

The aim of this work is to identify experimentally the
features of the lateral flow in a cross-section slice of an
elongated body during locomotion. We use an experimen-
tal approach in the context of the undulatory swimming
of an elongated body. For that, two kinematic parameters
of the fish’s body are taking into account, the body’s cur-
vature and the cross-section diameter. We examine the
lateral flow field for different elliptical cylinder-shape, and
we perform the experiments using particle image velocime-
try (PIV) technique.

INTRODUCTION

The Lighthill large amplitude elongated body theory
(LAEBT) [1], has become one of the most fundamental
theories used by the scientific communities such as biolo-
gists or bio-inspired roboticiens. In the LAEBT, it is con-
sidered that the flow in each lateral slice of the fish’s body
corresponds to the potential flow produced by the move-
ment of an infinite cylinder with the same cross-section
diameter. The Lighthill’s 3-D model (LAEBT) referred
the flow patterns in the cross-section slice of an elongated
body to as ”transverse” (see figure 1(b)). In contrast, in
the 2-D model proposed by Wu [3], the fluid near the fish’s
body moves longitudinally (parallel to the direction of the
swimming), it’s referred to as ”longitudinal” (see figure
1(a)).

Recently, the LAEBT theory has become a topic for dis-
cussion among fluid mechanicians. In particular, numer-
ical and theoretical studies [4] - [7] have shown that the
3-D flow near the fish’s body differs from that described

(a) longitudinal

(b) transverse

Figure 1: Flow along a straight swimming fish as modeled
by: (a) 2-D swimming plate theory [3], (b) 3-D elongated
slender-body theory [1]. (Figure modified from [2] and the
numerical flow fields are chosen from [8])

by [1]. Reference [4] shows, through numerical simulation,
that the flow near the fish’s body results from a combina-
tion of ”transverse” and ”longitudinal” flow features along
the length of the body. Furthermore, the recent theoreti-
cal work made by [7] reveals that the cross-sectional flow
underlying the LAEBT is actually more complex than the
2D potential flow produced by the movement of an infinite
cylinder of the same cross-section. In fact, the flow can be
affected by different parameters, such as the variation of
the body curvature during the lateral body’s movement
and the variation of the cross-section diameter along the
body of the fish.

In this study, our goal is not to dispel traditional swim-
ming theories, but rather, to show the features of the
flow around an elongated body by taking into account the
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body’s curvature and the cross-section area of the body.
Therefore, we propose to break down the fish’s swimming
patterns into two distinguished movements; the forward
movement of variable cross section body (see figure 2(a)),
and, the lateral movement of a constant cross section area
along the body’s curvature (see figure 2(b)). As a re-
sult, we performed experiments on five models of elliptical
cylinder-shape. Experiments are carried out in a hydro-
dynamic re-circulating test bench. Velocity flow fields are
examined in the midplane of the lateral slice of each model
by performing particle image velocimetry (PIV) technique.

(a) body movement cross-section slice

body movement i

Figure 2: Sketch of two distinguished deformation of an
elongated body during swimming.

MATERIALS AND METHODS

Hydrodynamic Test Bench

Experiments were performed in a re-circulating hydro-
dynamic test bench. This bench is composed of a large
tank (6 m x 0.8 m X 1.2 m) separated in two parts by
two large parallel plates. A variable-speed axial turbine
was used to set the flow velocity in the channel; it can
be set up from 0 to 0.5 m/s. In order to reduce the tur-
bulence of the incoming flow, two bent blades and baffle
of flow straighteners were placed at the end of the tank,
downstream the turbine. Figure 3 shows the photograph
of the hydrodynamic test bench.

Elliptical Cylinder Models

The elliptical cylinder models were designed using the
CATIA CAD software. They were manufactured from
transparent plastic material using prototype Injection
Molding Process.

Experiments were carried out on five elliptical cylinder-
shaped. The first one (C; cylinder) has a variable ellip-
tical cross-section with infinite radius of the curvature.
The four other models (Cs up to C5) have the same cross-
section diameter with variable curvature’s radius from one
to another. A summary of the characteristics of each
model is provided in the Table 1, and all dimensions are
normalised with respect to the major axis (45 mm). In

laser device inside
protecting structure| ]

bent blades
and baffle

Large hydrodynamic
tunnel

Figure 3: Photography of the hydrodynamic test bench
with different components.

Table 1: Characteristics of the elliptical cylinders-shape
Model S o R K ¥

Ch 1 067 oo 0 0.1
Cs 1 067 oo 0 0
Cs 1 067 333 03 0
Cy 1 0.67 267 037 O
Cs 1 0.67 2 0.5 0

Non-dimension parameters

addition, in the figure 4, we see a 2-D dimensional sketch
(top and back view, dimension in mm) of the two elliptical
cylinders C and C, and in the figure 5, the photography
of the actual models. We define 3 as the major axis, o as
minor axis, R as the radius of the curvature, K is equal to
1/R the inverse of the radius of curvature and v is equal
to 98/0x = da/Ox (x represent the coordinate along the
axis of the cylinder).

Experimental Apparatus and PIV Setup

An overview of the experimental apparatus is presented
in the figure 6. The experiment was performed in a 3 m x
0.5 m x 0.7 m working section using PIV.

The pulse laser device (newWave Solo Nd:Yag 120 mJ
pulses @ 15 Hz, Wavelength 532 nm) is mounted on two
perpendicular traverse in a way that the laser sheet is per-
pendicular to the direction of the flow (perpendicular to
the elliptical cylinder). The laser device can move in two
perpendicular directions. In order to insure that the laser
sheet is perpendicular to the cylinder, the laser sheet must
be perpendicular to the light sheet reflected from the tank
wall.

The Dantec HiSense camera with 1600 x 1200 pixels is
equipped with a 50 mm focal length lenses and green light
filters. It is immerged in water using a waterproof cam-
era box made with a transparent plastic material based on
the front side of the camera. The camera is mounted on
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Figure 4: 2-D dimentional sketch from CAD drawing C}
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Figure 5: Photography of the actual models.

the traverse and moves in a parallel direction to the laser
device’s movement in order to have a fixed position rela-
tive to one another. Water flow was seeded using 25um
polyamide particles. Dantec DynamicStudio software is
used for PIV measurements and data processing.

Experimental Procedure

PIV measurements were performed using two experi-
mental setups. They are referred in figure 7 as setup (1)
and (2).

In the first one, the elliptical cylinder C; was fixed to a
vertical metal rod, in a manner that the symmetric hori-
zontal axis of the cylinder is set parallel to the direction
of the flow, and that the circular side is placed against the
flow’s direction. Measurements were carried out in the
vertical midplane of the cylinder.

In the second one, the measurements were performed in
the hydrodynamic tunnel without velocity flow. To insure
the lateral movement of the elliptical cylinders (Cs - C5),
a pneumatic cylinder system was used. Each cylinder was
fixed to a metal rod, which was in turn fixed to the ex-
tremity of the piston road. The movement is assumed to

Traverse 3

working section
~_

light sheet

water flow

|, water proof
camera box

field of view

4
CCD camera

Traverse 2

Traverse 1

synchronization box
Figure 6: Schematic view of the experimental apparatus.
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Figure 7: Schematic view of the two experimental setups

be linear with 250 mm stroke range at constant speed.

As a result, velocity vectors grids and streamlines are
obtained in the midplane cross-section of each model by
performing cross-correlation analysis and data processing
on the recorded images from PIV measurements.

RESULTS AND DISCUSSIONS

During the swimming of an elongated body, the propul-
sion is insured by the travelling of a deformation wave
along the body, and whose amplitude increases gradually
from head to tail. Near the head, the lateral flow velocities
of an elongated body with variable cross-sections are gen-
erally small compared to the axial velocity, and the local
curvature of the body is often negligible [7]. In contrast,
near the tail, the local curvature may become significant,
and the body cross-section area can be considered as con-
stant. So the lateral flow features differ in the cross-section
slice along the body from the head to the tail. Therefore,
in order to understand the surrounding flow features of
the swimming of an elongated body, streamlines and ve-
locity vectors grids which were obtained experimentally
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Figure 8: Experimental velocity field captured using par-
ticle image velocimetry PIV in the midplane cross-section
of the cylinder C;: image signal provided by the CCD
camera (a), and, normalized average velocity vector from
1500 double-frame samples (b).

are presented in the following section.

Variable Section

In this section, the lateral flow pattern of the variable
cross-section cylinder is provided. The cylinder C; was
fixed in the opposite direction of the velocity flow. The
velocity of the incoming flow defined by U is equal to 0.285
m/s. In the figure 8 we show, an arbitrary image signal
provided by the CCD camera (figure 8(a)) and the aver-
age velocity vector field from 1500 double-frame samples
(figure 8(b)).

When the fluid goes through the cylinder C7, the cylin-
der pushes surrounding fluid laterally, as illustrated by the
direction of the black arrow in the figure 8 (b). The mean
of the lateral velocity represents 0.2 % from the axial ve-

locity U and it is shown to be normalised with respect to
U.

Variable Curvature

Now, the lateral flow in the midplane cross-section slice
of the cylinders C5, C3, Cy and Cs are studied. The speed
of the lateral displacement of the elliptical cylinders de-
fined by V is approximately equal to 0.48 m/s. Figure
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Figure 9: Experimental velocity field captured using parti-
cle image velocimetry PIV in the midplane cross-section of
the cylinders Cy — C5: sample of image signal provided by
the CCD camera (a), and, the normalized instantaneous
velocity vector of the lateral flow of the cylinders Cs - Cs

(b)-(e).
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Figure 10: Streamlines representation of the same infor-
mations presented in the figure 9.

9(b), (¢), (d) and (e) shows the normalised (with respect
to V) instantaneous velocity flow fields that correspond
respectively to the lateral flow of the cylinders Cs, Cs,
Cy4 and C5. The direction of the cylinder motion is from
the right to the left. Only the lower part of the PIV im-
age signal is analysed (see figure 9(a)). In order to show
clearly the lateral flow patterns, the same informations of
the figure 9 are presented as streamlines in the figure 10.

We can see from the first observation of these results,
a significant difference between the flow pattern of the
cylinder C5 and the others. In the potential flow around
the cylinder Cy, the streamlines have a symmetrical shape
with respect to the red line (see figurelO (a)). In contrast,
in the lateral flow of the cylinders with curvature differ-
ent to zero, the streamlines patterns are not symmetric
anymore, and the deviation of the red line increases when
body curvature increases (see figure 10(b), (c) and (d)).

(a) Variable section
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Figure 11: Streamlines of the lateral flow presented by [7]:
the radial flow during the axial movement of an elliptical
cylinder with variable cross-section (a), and the transverse
flow during the lateral movement of an elliptical cylinder
with normalized curvature equal to 0.25 (b).

Note that the pattern of the streamlines and the veloc-
ity vector field can be qualitatively compared with good
agreement with the numerical and theoretical studies pre-
sented respectively by [4] and [7]. Figure 11 shows the
streamlines of the lateral flow presented by [7]; (a) the ax-
ial movement of an elliptical cylinder with variable cross-
section and (b) the lateral mouvement of an elliptical
cylinder with curvature (normalized with respect to the
half of the major axis ) equal to 0.25.

We can deduce that the feature of the lateral flow in a
cross-section slice of an elongated body is more complex
than the 2-D potential flow of an infinite cylinder proposed
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by [1]. Indeed, the body curvature and the cross-section
area have a significant influence on the pattern of the flow
surrounding the body of the fish while it’s swimming.

CONCLUSION

This paper provides experimental results of the features
of the lateral flow in the cross-section slice of an elongated
body. We propose an experimental approach in order to
understand the nature of the fluid around the body of
the fish, by taking into account the variation of the cross-
section area and the curvature of the body. We performed
experiments on five elliptical cylinder shapes. We observed
that when the fish moves its body axially, it pushes the
surrounding fluid laterally. In addition, when the body
moves in a lateral direction with constant cross-section
area, the body curvature changes and the flow patterns, in
the cross-section slice, differ from the 2-D potential flow
proposed in the LAEBT Lighthill theory. We have de-
duced that the body curvature and the cross-section body
area have a significant influence on the features of the flow
surrounding the body of the fish.
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