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Abstracte—The work presented in this paper is carried out
under the HydroPé&che project with the aim to develp a tool
for an automatic optimisation of trawl in order to minimize the
drag of the gear. One of the aspects of this projeds the
experimental investigation of the turbulent flow aound bottom
trawls.

For that purpose, Particle Image Velocimetry measuements in
a flume tank are implemented to access to the twardensional
velocity field around a bottom trawl. Having an important
experimental database allows not only the calibratin of
numerical models aiming at simulating the flow aromd a
fishing net but also the validation of numerical shulation
results. Such experimental technique has the advage in
accessing the turbulent flow field and then allowsthe
determination of the main turbulent flow characteristics. Then
Proper Orthogonal Decomposition analysis was applée to
extract the main coherent structures of the overallphysical
phenomenon from the measured database. Finally, gectral
analysis of the longitudinal velocity is applied tadetermine the
frequency of the vortex shedding. This analysis shothat the
Strouhal number is between 0.19-0.3 in this case.

Keywords — Experimental trials ; Particle Image Veloaitny;
Bottom Trawl Vortex Shedding ; Proper Orthogonal
Decomposition

I INTRODUCTION

Knowing that the trawls are responsible of the datg
part of the fuel consumption during fishing opeyasi: most
of the fuel consumed during a fishing trip is usedow the
fishing gear, an important work should be donelas area
to increase energy efficiency. Indeed, the hydradyic
behaviour of porous structures used for bottom @agic
trawls is still poorly understood. The complexitfytbe flow
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makes numerical simulations difficult and todayseffective
model exists.

The work presented here is a part of the HydroPéche
project [1] whose goal is to develop a tool for camétic
optimisation of trawl in order to minimize the drag the
gear. For that purpose, different aspects areesdudi order:

a/ to extend the basis of experimental data on flow
characteristics governing the hydrodynamic behaviofi
different porous structures, b/ to develop numéticals to
simulate more realistic flow around porous struesutaking
into account fluid / structure interactions andia/develop
automatic optimisation tools to design efficienavits in
terms of energy consumption.

This paper deals with the first aspect of this gxbji.e.
the experimental investigation of the turbulentiflaround
bottom trawls. From a better knowledge of the flow
characteristics, the improvement of the structarallysis of
a net structure taking into account the effecthef trawl on
the inflow condition will be possible. As well knowthe
flow and thus the drag forces on net structuressamngly
dependent with both the geometry (Solidity ratiod ¢he
Reynolds number. If it is evident that for incre@sBolidity
ratios, flow interaction will become increasingigrsficant,
these perturbations are not well known and easily
characterized. So, in order to evaluate these tsffecd to
identify the areas where the drag is generated,hawe
carried out an experimental work to characterise fthw
characteristics around two kinds of structure: &/1® scale
bottom trawl and b/ a rigid cod-end. The bottormvtris used
in order to determine the evolution of the boundeyer
along the structure while the rigid cod-end is uisedrder to
characterise the turbulent flow in this specifigiom. The
flow is characterized from Particle Image VelocimePIV)
measurements.



In this paper we present both the experimentaltseand
the tools used for the post processing (a Prop#rogonal
Decomposition method) and the spectral analysighef
experimental data.

II.  EXPERIMENTAL DEVICE

Experimental campaigns carried out for this projeet
performed in the Ifremer (French Research Institige
Exploitation of the Sea) wave-current circulatfiime tank.
This flume tank (see Figure 1) is a 18 m long by 4vide
and 2 m deep recirculating channel. A side obsinvat
window of 8 m x 2 m placed on one side of the taliéws
users to observe the behaviour of the models duriags
and to carry out video sequences. The bottom ofitinge is
a conveyor belt which can be synchronized with wager
speed in order to simulate devices in contact thighbottom,
like bottom trawls. The flow turbulence can be atfd
between 5 to 28 % and the flow velocity range ist0.2.2
m/s.
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Figure 1. Ifremer free surface hydrodynamic waianel.

A. MEASUREMENT SYSTEM

In this work, the velocity fields are obtainading PIV
technique measurement. The PIV system, shown iar&ig
2, is composed of a double pulsed laser type tveontter
Gemini PIV Nid-Yag 2 x 120 mJ at 15 Hz, and a CCD
camera Hi sense. The method that records the nexasnt
of the existing velocities around fishing gear e tflume
tank offers two main advantages: (1) it is nontistve and
(2) it offers the possibility of mapping the velties on one
or more planes, in real time, and under unsteadglitons.
This technique is based on illuminating the seegiagicles
and storing the resulting camera images to analyze
displacements of particles between two successnagés.
The velocities are obtained by dividing the disahy the
elapse time of laser pulses.

In the flume tank two cameras are availakié two
different objectives (focal lens). The first camées a 4 Hz
frequency, with a 1280 x 1024 pixelsesolution. The
second one has a 15 Hz frequency, with a 1600 120
pixels’ resolution. The measurement plane corresponding to
the focal lens length of 60 mm &10.7 x 648.5mf while

the measurement plane corresponding to the foaa le
length of 20 mm is 387.91 x 290.843 mnThe image
processing is done with the Flow Map 1500 softwfaoen
Dantec dynamics. It is based on image intercoioglabn
regions of 32 x 32 pixelswith a covering rate of 25%. The
vector field was evaluated by a predefined velocity
magnitude and the invalid one was replaced by tbeimg
average method. Instantaneous velocity fields wetained
and generally, a series of instantaneous measutemene
statistically average to get the mean velocitydfielhe
instantaneous and mean velocity fields and turlméen
guantities are of great practical interests.
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Figure 2. PIV system principle

B. DESCRIPTION OF PIV CAMPAIGNS

Three experimental campaigns have been successively
performed. In each campaign, PIV system is impldetto
determine the instantaneous velocity field. Morecfsely,
the longitudinal u and transverse v velocity congris are
accessed along the y and z directions respectively.

The two fist campaigns deal with the fishing gesing a
rigid cod-end (see figure 3 and [2]). This struetis axi-
symmetric and the catch inside the cod-end is dichiiy two
spherical caps, so its shape is known. The 1l/@&daabdel
is 1 m long, made of PA twine of 1200 m/kg, witlamiond-
shaped meshes of 30 mm lens. During the third cempa
the turbulent flow around a bottom trawl has betedisd.

Figure 3. Rigid cod end in the flume tank.



1. First measurement campaign

In this campaign, the focal lens length of the caarie
60 mm, the size of the image is 810.7 x 648.5mn 1280
x 1024 pixeld. The laser is placed behind the catch of the
rigid cod-end and the camera is outside. The tietgvéen
two pulses laser adjusted to 0.25 s, and two 180essive
velocity fields are measured for a total time of 95The
distance between tow points of mesh is 15.2 mmhenQy
axis and 15.2 mm on the Oz axis. The measurement is
carried out in two planes shown in Figure 4.
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Figure 4. PIV measurement planes for the firstgaign (top) and the
second one (bottom).

2. Second measurement campaign

In this campaign, the camera used has a 15 Hzdreyu
with a 20 mm camera focal lens length. The sizéheffield
is 387.91 x 290.843 mor 1600 x 1200 pixefs The laser
is placed above the catch of the net model anddheera is
outside. We measured the velocity in several pfesra the
net model (shown in Figure 4). The time between two
images is always 0.067s and we have taken 408
instantaneous images for each measurement plandisin
case, the distance between tow points of mestbisnh on
the Oy axis and 5.5 mm on the Oz axis.

3. Third measurement campaign

This third PIV test is carried around a bottom tramv
order to characterize the flow along the horizompiatfts of
the trawl and to determine the evolution of thekhess of
the boundary layer. In this test, the bottom tresydlaced at
the bottom of the flume tank. The laser is plackdve the
bottom trawl and the camera is outside. The vald@lds
in several planes along the bottom trawl are meaksufor
each plane we recorded 272 images. The time bettvaen
images is 0.067 s. The fact that the bottom trawlsn
motion in the volume of water during trials entaie non
validation of some PIV images: the part of the traw
illuminated by the laser is not the same for twocessive
images and thus, the measurements can not betealida
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Figure 5. Instantaneous fields around the bottamultcod end.

For instance, the motion of the catch is oscilkatorthe
laser plane like shown Figure 5. Form this figueabserve
different forms of the cod end in the laser plama a
different locations. If it is not possible to explthe data for
means or statistics analysis, these velocity fiels
interesting in term of comparison with the reswatgained
from the rigid cod-end. The areas where the flow is
turbulent present good similarities in both kindcampaign.
These measures also tell us about the possihilitsnprove
the conditions of testing. The restriction of thevament of
the trawl is necessary to make PIV measurements



exploitable. To this aim, some tests with a lowabtilent
intensity of the incoming flow will be tempted. Fnothese
new measurements the characterization of the eéwnluatf
the boundary layer along the trawl should be done.

Il. PROPER ORTHOGONAL DECOMPOSITION

In this section the POD theory is discussed briafiy
some key features of the implementation to the &dta are
presented.

A. Mathematical concept

The application of Proper Orthogonal Decomposition
turbulent flow analysis was first proposed in 196y
Lumley [3] as an objective method to identify detaristic
features in turbulent flows. According to Lumley],[&n
organized flow structure called coherent structigethe
structure that has the largest mean square prjecti the
velocity field. This maximization leads to a Frettho
integral eigenvalue problem (Holmes et al. [4])

R(X, X (X") =/f (X), @)

where X indicates the space variable and R(X,Xf¢neto
the time averaged two point spatial correlatiorsterof the
velocity field. In this equationf denotes the spatial
orthogonal eigenfunctions antl is the corresponding
eigenvalue. Such equation provides a finite discrember
of POD eigenfunctions, ™ with n varying from 1 to Nog
which is the total number of POD modes correspandin
the dimension of the spatial correlation matrix.

Based on this flow decomposition each instantaneous
fluctuating velocity field (for instance the u velty
component) can then be expressed as follows:

Nmod
u(x,t)=a"ty"(X), )
n=1
where &(t) is the H' random temporal coefficient of
projection of u(x,t) onto the"hPOD eigenfunctiorf ™(X)
and N;qis the total number of the POD decomposition.

Such previous development describes the classical
formulation of the POD procedure. In this descaptithe
dimension of the spatial correlation deduced fromo-t
dimensional PIV images is 4 ,m, with n’'n,
corresponding to the number of PIV grid points kldé on
each flow image. Due to the possible high dimensibthis
kernel, an equivalent POD application has beenopadd
by [5]. This method called snapshot POD proposeedace
the size of the POD eigenfunction problem in cormguthe
eigenfunctions of the spatial average temporal etatipn
tensor:

Ry =(UM)(uum,nm=1.M ()

where M= " n, is the total number of PIV snapshots. And
< > indicates the spatial average. The spatialnéigpetion

f™(X) is then computed by projected each instantasieou
velocity field on the @(t) modes of the temporal correlation
tensor. Finally such snapshot flow decompositicviaes a
similar expression of each velocity component ke one
given in equation 3.

Note that both classic and snapshot flow decomipasit
provides orthonormal POD temporal coefficient&a®=d,,
with d the Kronecker symbol and uncorrelated POD
eigenfunctions satisfying™f ®=1 g,

Also recall that POD methodology degenerates into
Fourier modes when statistically homogeneous teriiul
flow is under consideration.

During the last two decades POD has become more and
more a universal mathematical tool for turbulendwf
analysis. Indeed, numerous POD applications hawn be
shown its effectiveness in extracting energetic ecent
structure and also in allowing the developmentowf brder
dynamical system.

B. POD implementation from PIV data

POD is performed from each PIV database described
above. The purpose of such application is to exantie
turbulent flow field around the rigid cod-end ahe tottom
trawl and especially the extraction of the largealesc
organized motion. Briefly for a particular test eafIV
provides a time sequence of ; Ntwo-dimensional
instantaneous velocity fields available on ,a,nPIV grid
points. Based on this available database, the ftep
consists in applying the Reynolds decompositioovatg to
extract the time averaged mean flow field and its
corresponding fluctuating part.

The second step consists in performing POD from the
available instantaneous fluctuating part of theoe#y field.
The 2D fluctuating velocity field V{£X;) (with (k,ij)
varying from 1 to N from 1 to n and from 1 to p
respectively) can be represented with a matrixize: N, n,
" n). Using the vectorial shapshot formulation of POD
procedure, the velocity correlation matrix is conguuusing
equation 3. Then a discrete series of POD coeffficie
solution is obtained via the resolution of the M@
equation (equation 1) associated with the temporal
correlation. Such resolution leads to obtain ROD
eigenfunctions. Finally each instantaneous PIV aigldield
is projected onto each POD temporal coefficienttaile on
POD application from PIV database can be found6ij [
Then by projecting instantaneous velocity fieldootite first
POD modes, coherent structure event can then lagddo

Globally, each instantaneous PIV velocity field is
decomposed as follows: the mean flow part deduceah f
the classical Reynolds decomposition, the cohepant of
the flow field deduced from the projection of thectuating
velocity field onto some selected first POD modad ¢he
residual part associated with background turbulent
fluctuations.



IV. RESULTS

This section is devoted to the analysis of the ulgnht
flow field around a rigid cod end. First, global ameflow
analyses are performed. Then Proper Orthogonal
Decomposition is implemented to highlight the lasgmle
structures of the flow around the model. Finallgséd on
the extraction of these flow structures, spectrallysis is
performed leading to the analysis of the vortexdsliveg
frequency. Based on such analyses, we expect taneah
the knowledge of the spatial flow structure of walel its
associated frequency.
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Figure 6. Mean velocity field. Top: computed in each PIVn#aof the
first measurement campaign. Bottom: computed it €4¥ plane of the
second measurement campaign.

A. Mean analysis of the flow field

Based on the first measurement campaign (sectiéna |l
1), the temporal mean flow field is computed frame 880
instantaneous velocity fields in each measuremiamep In
a similar manner, using the second measurementaigmp
(section 11-B-2), the mean flow field is computed each
available PIV plane from the knowledge of 408

instantaneous velocity fields. Figure 6 displays tasulted
mean flow field for each PIV campaign. On this figuthe
vertical patterns of the wake are clearly visibteleed, the
near wake of the porous structure is dominatednaloylarge
counter rotating vortices which are symmetric altimg z=0
axis.
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Figure 7. Normalized turbulent kinetic energyopTcomputed in each
PIV plane of the first measurement campaign. Bottmwmputed in each
PIV plane of the second measurement campaign.

To access the turbulence levels of the flow, themme
turbulent kinetic energy is computed from each Pplghe
investigated in the first two measurement campaifigure
7 shows this quantity for both PIV measurementsitAgs
been observed in Figure 6, the turbulent wake ésmrb}
identified. Indeed, the separated shear layer gemed in
this figure. Note that some differences are obgkbstween
both graphs presented on Figure 7 and especially fo
distances far from y=1.4 m. Indeed, the levelsafmalized
kinetic energy levels deduced from the second nreasnts
are quite superior to the ones computed from tiet BRIV



database. This is directly related to the spa#ablution of
the PIV meshgrid which is different in both measoeats.
Due to the high spatial resolution used in the sdco
database, the measurements allow to access toesrsedile
structures which may be more turbulent than thectires
able to be measured from the first database.
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Figure 8. Top: Detailed PIV measurement plardeuOD investigation.
Bottom: the POD energy convergence.

B. POD analysis

Based on the first and second measurement campaigns

POD is implemented to extract the energetic largales
coherent structures present in each plane. Inpduer, we
only present selected POD analysis performed in
measurement planes located in the wake of thetsteic
More precisely, we focus on the PIV measuremenhepla
located in the upper right corner of the porousicitire.
Based on 408 instantaneous velocity fields avalablthis
plane, snapshot POD is performed leading to olt#08
POD eigenfunctions. Figure 8 represents the PODggne
convergence that is the percentage of the enemggioed in
each POD mode.

Note on this figure the x-axis is limited to 200 arder to
better appreciate the energetic content of tha R®D

modes. Then the first mode and the first 44 omegains
respectively 25 % and 80 % of the total kineticrgge An
illustration of the potential of this methodology given on
Figure 9. On this figure, a raw instantaneous \igloector
field is given and its projection onto the 44 PODdas
corresponding to 80% of the total energy is alsovipled.
Note that quasi similar results are obtained fochea
instantaneous velocity field projected onto thesgt POD
modes. On this figure, it is clearly demonstratiedt tPOD
procedure extract the coherent structure embeddetthé
background turbulent flow.

Figure 9. Top: Instantaneous PIV velocity fieBiottom same
instantaneous PIV velocity field projected on tingt ¥4 pod modes.

Based on this flow representation, it is then pamesio
analyze the large scale flow dynamic in the wakethaf
porous structure. Then each instantaneous veldatd
measured in this plane is projected onto the samabar of
POD modes. An illustration of the resulted projdcte
instantaneous velocity field is displayed on Figli€e This
last figure presents 6 successive instantaneouscitel
fields. This ‘dynamical’ representation permitsotuserve the
pairing process occurring in the vortex sheddingkeva
Indeed, two coherent structures merge themselvderto
another coherent flow structure. Otherwise, on eddhese
figures, a surface color has been added in orderaik the



presence of the vortex structure. This marker getlaon the

usual Q criterion used to characterize the flowddtrres t
present en turbulent flows. Briefly, this local terion

initially proposed by Hunt et al. [7] is based tw tanalysis

of invariants of the velocity gradient tensor. Tdrgerion is

then defined as follows:

1 2 2
Q=S(W- [ @

where S and\ are the symmetric and antisymmetric parts
of the velocity gradient, and ||.|| indicates them A vortex
is then defined with Q>0.

Applying this criterion to instantaneous PIV velgci
field may be corrupted due to the presence of brackgl
turbulent fluctuations and also eventually measer@m
errors. We then propose to compute this criteri@ingi
instantaneous velocity field projected onto thestfiPOD
modes. Indeed, POD procedure acts as a filtericigntque 4
for the PIV instantaneous velocity fields.
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Figure 10. Successive time instantaneous vector fields prejech the
first 44 pod modes which contain 80% of the totakkc energy.
Isosurfaces of Q criterion is superimposed ontt e&tocity vector field.

Black color indicates the high positive level of Q.

C. Spectral analysis

Due to the high frequency resolution of the secBid
database, a frequency analysis of the vortex shgddi
frequency can be performed. Such analysis assdciith
a porous structure has not yet been fully invetidaThe
particularity of trawl or related fishing nets cengs the
difficulty in properly numerically modeling theseoqus
structures. Nowadays such investigation can then be
performed essentially from experimental measuresient
Then one of the purpose of the current vortex simgdd
frequency analysis consists in trying to compare t@nlink
our results to previous existing ones obtained from
‘classical’ turbulent wake flow behind a cylindaerasphere
for instance.

In the past, transitional and fully turbulentkeaflows
of two and three-dimensional bluff-body geometries/e
been intensively studied by many researchers fonyma
decades. It is still one of the most active rededields in
fluid mechanics due to numerous potential engingeri
applications. Then a lot of previous studies haeenb
devoted to the analyses and the control of the \eakénd a
cylinder or a sphere. Thus, based on numerous iexpatal
and numerical investigations [8] it has been ob=gthat the
wake transition differs greatly for the cylinderdatme sphere
respectively.

Such analysis is great dependent of the geornétitye
body, knowing that current porous structure hasudeq
complex geometry. Furthermore, previous vortex dimep
frequency analyses have shown that they are Reynold
number-dependent. The Strouhal number definedlasvi
f = Ut/ dis based on the reference streamwise velagity
= 0.57 m/s, the lengtd = 0.454 mcorresponding to the
diameter of the trawl (see figure 11). In this papese
present selected power spectra of the streamwikeitye
component computed at three different locationseséh

locations are given on Figure 11. The first poipt)(is
located upstream the catch while the second ppRitié in
the beginning of the near field wake of the flovheTthird
point (p3) is in the wake of the porous structudete that
this last point begins to a different PIV plane meament
than the other ones.

Figure 11. Detailed of the locations from whicktamtaneous velocity
is used to compute its corresponding power spectiima length d is used
as reference length to compute the Strouhal number.

As a first step, the power spectra are directly pated from
the raw available PIV database. Figure 12 presboth
power spectra of the u velocity component measudhg
point p1 and p2 respectively. On such figure, thexima
peaks associated with pl and p2 measurements pones
respectively to a Strouhal number of 0.27 and 0T3tese
values are directly related to the flow instateiti of the
boundary layer and the shear layer. Converselyptveer
spectrum computed in the wake shows a typical #aqu
corresponding to a Strouhal number of 0.185 (s&rdi 13-
a). This is associated with the Kelvin-Helmhotzaslity in
the detached shear layers. This Strouhal numtsmigar to
the one obtained in the wake of flow behind a dginor and
sphere.

As a second step, POD procedure is applied to Riebése
and power spectra are now computed from the vglocit
component u projected onto selected POD modes.rddgu
13-b, 13-c and 13-d display the power spectrum cistsal
with the velocity u component projected:

- onto the first 5 POD modes,
- onto the POD modes varying from 6 to 20
- onto the POD modes from 21 t@,=N=408.

Note that in this measurement plane, the first DRfibdes
contains 53% of the total kinetic energy and thst f20
modes contains more than 70% of the total kinatiergy.
Figure 13-b clearly identified the first frequengeak
observed on figure 13-a deduced from raw availdtilé
database. Thus, the first POD modes can be asstbd¢athe
main flow instability. Conversely, when regardingufre 13-



c, it is observed that the flow field projected mtiie POD
modes from 6 to 20 is associated with the firsthamimonic
(St~=0.36). Finally the residual flow field projedtonto the
residual pod mode corresponds to background tumbule
fluctuations without any selected frequency.
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Figure 12. Spectra of the longitudinal velocity eegsed as a function of
Stourhal number. Top: Computed in point p1.
Bottom: Computed in point p2.

V. CONCLUSION

The control of boundary layers or more generallg th
hydrodynamics instabilities of the near wake phstgorous
structure in high Reynolds number flows, is stilinatter of
central interest in our HydroPéche project devdiedhe
reduction of drag of the gear. Indeed, the motratdf
current study is to achieve drag reduction but tdsprovide
additional information about the turbulent flow
characteristics of the flow around the trawil.

In this experimental analysis, the main charadiesif
the flow around a trawl have been examined. Théailo
characterization of the flow including the spatial
representation of the mean flow field and the mkiaetic

energy may be quite interesting for the numerical
computation of the drag coefficient of such a psrou
structure.

The implementation of the POD procedure has been
proved its effectiveness in showing the main flow
organization of such a turbulent flow. Finally, tfROD
application allows the extraction of the instantare flow
structures making possible to dynamically followegh
structures and to estimate their dynamical spack tiane
evolution.

Furthermore a spectral analysis allows the invattig
of the vortex shedding frequency of this flow. Weert
observe that the turbulent wake flow of this fixpdrous
structure can be related to previous analyses toftalent
wake flow behind a sphere and/or a cylinder.

Finally, even if these results give some great new
information about the turbulent flow, an extensiohnthis
study has to be perform from the turbulent flowusrd a
moving fishing net. The third PIV campaign is under
investigation and similar analyses will be perfodmand
presented during the E-fishing congress.
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(d)

Figure 13. Power spectra computed from the u itglaomponent saved
at p3 location and projected onto (a) the whoteavailable POD modes
(raw original PIV database) ; (b) the first 5 P@Ddes; (c) from POD
mode number 6 to POD mode number 20 ; (d) theuasPOD modes (up
to mode number 21.
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