N

N

S 2b2Mi i BQM Q7 M 2tT2 BK2Mi H + KT B;M

T2'7Q°K M+2b M/ 2z2+ib Q7 8y@b[m ‘2@
b2i@mT QM Rj@K2i2 i rH2"

JQ': M "2? 2H- EQbiB _QM+BM-. KB2M :"2HQM- 6 0/0

C2 M@" TiBbi2 G2 Qmt- *?2 ' BbiB M CQ+?mK- uy

hQ +Bi2 i?Bb p2° bBQM,

JQ; M"2? 2H- EQbiB _QM+BM-. KB2M :'2HQM- 6 0/0 B+ JQMi2H- H
M 2tT2 BK2Mi H+ KT B;M 7Q K2 bm BM; T2 7Q K M+2b M/ 2z2+ib Q7
Rj@K2i2 i rH2'X R82DQm M@2b /2 H6?v/ ' Q/vM KB[m2- LQp kyRe- ""

> G A/, ? H@YR3RRjO]
?2iiTbh,ff2Mbi @#°2i ;M2X? HXb+B2M+2f? H@yRS3
am#KBii2/ QM 3 CmM kyR3

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://ensta-bretagne.hal.science/hal-01811343
https://hal.archives-ouvertes.fr

ResearchGate

6HH GLVFXWIRQV WDW DQG DXVKRUSIR™ BV IRUVKLY SXEQFDVIRQ DW KW8V 7 Z Z IHVHDUFKJI DV QHWSXEQFDVIRQ

35(6(17$7,21 "' 81( &$03$* 1( (:3(5,0(17$/( 3285 0(685(5 /(6
3(5)250$1&(6 (7/(6())(76"' 81.,7(' ( 0575(6 &$55¢6
167$//< 68581 &+$/87,(5' ( 0575(635(6(17$7,21 2

&RQIHUHQFH 3DSHUY0 D\

&,7$7216 5($' 6

DXVKRW LQFOGQ)

. RWAD 5 RQFLQ
(167$ Y4HVIDIQH
38% &$7,216Hb  &,7$7,216Hb

6(( 352) /(

6RP H Rl VKH DXVKRW RI VKLV SXEQFDWRQ DUH DR Z RINIQJ RQ VKHVH LHDWAG SLRMIFW/

EH RQG IKH VHD SIRMIFWO 1HZ  SLRMFW

$ @FROMQNRMRZ 1Q) VKLY SDUHZ DV XSBDGHGE. . RMID5RFIQRQ - 0D

7KH XVHUKDV IHTXHWMG HQKDQFHP HQARI WH GRZ Q®DGHG ~ i


https://www.researchgate.net/publication/324896684_PRESENTATION_D%27UNE_CAMPAGNE_EXPERIMENTALE_POUR_MESURER_LES_PERFORMANCES_ET_LES_EFFETS_D%27UN_KITE_DE_50_METRES_CARRES_INSTALLE_SUR_UN_CHALUTIER_DE_13_METRES_PRESENTATION_OF_AN_EXPERIMENTAL_CAMPAIGN_FOR_?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/project/beyond-the-sea-project?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kostia_Roncin?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kostia_Roncin?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/ENSTA_Bretagne?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kostia_Roncin?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Kostia_Roncin?enrichId=rgreq-b8f35d2780a004fbf70faf1d8d804190-XXX&enrichSource=Y292ZXJQYWdlOzMyNDg5NjY4NDtBUzo2MjE4NDk5MDU5OTk4NzNAMTUyNTI3MTk3OTQ3OA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

=20 ;
§‘~'3 EQQLA o Ifremer

15t JOURNEES
DELHYDRODYNAMIQUE

22 - 24 novembre 2016 - Brest

PRESENTATION 'f181( &$03$*1( (;3(BENTAL EPOUR MESURER LES
PERFORMANCES ETLES ())(76 'f181 .,7( '0 METRES CARRES
INSTALLE SUR UN CHAL UTIER DE 13 METRE S

PRESENTATION OF ANPERIMENTAL CAMPAIGNOR MEASURING
PERFORMANCES AND EEHECTS OF A 566QUAREMETER KITESETUP ON A 13
METER TRAWLER

Morgan Behrel V", Kostia Roncin ®, Damien Grelon®, Fréderic Montel @, Alain Néme
@) JeanBaptiste Leroux Y, Christian Jochum @, Yves Parlier @
@ ENSTA Bretagne, FRE CNRS 3744, IRDL,#29200 Brest, France
@ MERINOV, Grande Riviére, Québec, Canada
©® BEYOND THE SEA DYHQXH GH Of(XURSH /ID THVWH GH %
* Contact: morgan.behrel@endieetagne.org

Résumé

Cet article décritune campagne de mesure en mer réalisée sur un chalutier de 13 metres
PpTXLSp GTXQ NLWH GH PgWUHYVY FDUUpV &HWWH FDPSDJQH V
SURYLQFH GH 4XpEHF &DQDGD HQ RFWREUH /IH iEeEXW pWDL
lorsque le kite est déployé. Pour cela, en plus des dispositifs de contrdle du kite, un ensemble de
capteurs a été installé. Ainsi de nombreuses données ont été enregistrées comme la vitesse et le cap du
navire, les efforts générés par le kite,clenommationdu moteur, lesmouvementsdu bateaule
FRXSOH HW OD YLWHVVH GH URWDWLRQ GH OTDUEUH GTKpOLFH

Au cours de la campagne, des phases rectilignes avec le kite fonctionnant en vol statique ont
été effectuées DYHF HQYLURQ Q ° X GV -t@ittmerd Qev/ddnpadsOqui /dst [Besentty
SHUPHW GYHVWLPHU OD ILQHVVH GX NLWH HQ YRO VWDWLTXH DL
finesse obtenue est autour de 6, ce qui est cohérentafdeté&Sultats expérimentayubliés.

Summary

This paper describes an onboard measurement campaign held in-Bné@éde Gaspésie,
province of Québec, Canada, in October 2015, involving -mét@r trawler equipped with a 50
squaremeter kite. The aim of the campaign was the assessment of the boat performances when kite is
used. To achieve thurposein addition to the iike control system, a set of sensors has been installed.
Thus datawvererecorded, as boat velocity, force generated by kite, fuel consumption, boat attitude,
torque and rotational speed of propeller shaft, rudder angle and wind velocity.

During the trials runs with kite in static flightveredone, with around 12 knots of true wind
speed. The data post processmgresented in this paper, aaliows to estimate a lift to drag ratio
around 6 of the kite and the tethers. This is consistent with otheliregpéal data published.



Nomenclature
AR Aspect Ratio of the kite Vit True Wind velocity vector
Fi Component of the kite force
along the {axis into the
reference frame subscripted

WR Relative wind angle at kite
altitude (relative to ship axis)

Air density during expriments
L/D Lift to dragratio of the kite Y : ity .u Ing expri
Vv, Kite apparent wind speed Y Water density
[ Relative Wind speed at kite % Heading angle of the ship
altitude

Relative Wind velocity vector
at kite altitude

Reference Frames
f,is the earth fixed coordinate system, using the North East Down (NED) convention.

f sis the ship coordinate axis systerigidly fixed to the ship. It is defined with the-akis
pointing down, the Xaxis pointing forward, and the-axis pointing to starboardlhe origin of
reference frame is at mighip, in the intersection betweeretbenter plane of the boat and the wate
plane

f | is the headingcoordinate axis systentt is the result of a rotation about axis @f
headingangle %applied to framef .

fwis the relative wind coordinate axis systetrkite altitude It is the resulbf a rotation
about axis gof angle (wr- & DS Sfamd f WR

f « is thebody reference framattached to the kiteassumed as a rigid body.

1. Introduc tion

The use of kite to extraenergy from winds not a new ideaas it can be seen kdoyd [1].
However the current growing shortage of fossil resograad the emergence of new ecological
regulations force us toecorsider more renewableoptions and the use of kite is one of them. The
various ways to extract energy with kites have been properly sumrbgrizegiano and Milanesa
[2], andCherubiniet al. [3] give a good oversight gfossibletechnologiesThe current research
project, undertaken by the compabgyond the sea®, and managed in partnership with ENSTA
Bretagne, aims to develop kite as auxiliary propulsion system for ships.

For this purpose, numerical models have been developed at ENSTA Bretagnef@edsso
generated by kite and associated fuel savings can be prefii§teOther malels are also under
development, in particular a parametricgneuveng model to simulate thimteraction between the
kite and the shijp]. All these tools need to be validated, and experimental comparison is one of the
best ways to do it In this context, a sea trial and measurement campaign has been set up in
partnership with a Canadian fishing vessel and the Merinov institute. This campaign held in Grande
Riviere, Gaspésie, Province of Québec, Canada in October 2015isfing vessel was a 1iBeter
trawler usually used for fishing shrimpn the Gulf of St. Lawrencé\ll specifications will be given
in the first partA set of winches and sensors has been installed on board, to controldteas®
meter kite, and mease the induced effects. All the experimérsigt up will be describe in Section 3

First, mrmaneuverabilitytestswere carried outvithout kite, following as far apossible the
ITTC guidelineg6]. This aimed to get data to benchmark a maneuvering nbadeld on work done
by Yoshmura and Masumotd7]. Explanation on this model and validation method using data
acquired with the presented experimentalugeare detailed by Bigi if5]. Secondly, ruawith kite in
static flightwere carried out Logged data were used to compufetl drag ratio and lift coefficient
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of the kite using a method presentedSection 4 This method is specifically adapted to the available
data Indeed, due to a lack of some informatmrkite orientation during flight andnwind alongthe
altitude, strong assumptions and estimations havee done, leading taesults which must be
interpreted with caution. However, the obtaitiicdo dragratios and lift coefficieremake sense with
other experimental wosdike Daddone[8].

2.General presentation of experimental set up
2.1.Characteristics of the kite

The kite used during trials had an areab0fsquaremeters (34 squasmmeters of projected
area), with an inflatable leading edge, and 9 inflatable bafsee$ig. 1). With this architecture, the
kite has his own shape without any aerodynamic Isadlaunching and recovering procedure are
easier Themassof the deflated kite with bridles islXg.

Four 60-metertethers link the kite to the boat. The two main oses;alled front tethers, are
linked to the bridlesystemattached on the leading edge, and resume about 8®8fcet generated
by kite. Their lengths are constarthe 206 remaining are taken by the back tethers, which are linked
to anotheibridle systemattached on the batter3ack tether are used to control kite flight, and for this
purpose their lengths can vaiyhe attachment it of the tethers was located just ahead the forward
bulkhead of the wheelhousas it can be seen kig. 2. Themassof the 4 tethers is Bg.

Fig. 1:Kite used during measurementsBape with inflatable leading edge and battens, 508RgZdeflated
with bridles and tethe)s

For launching and recovering procedyrall tethers are wound on the same winch. For
control purpose, each back tethers goes througlecifieppulley system, whose length is adjustable
using electric winchegkzachoneis poweaed with 24 V DC, and can deliver 700W of nominal power.
Optical encoders are fixed on each motor to ensure a feedback to the systenal

The latter is runningVindows 7, and the software controlling motors operates in LabVIEW
(National Instruments)This one allows two mode of control: automatic and manual. The automatic
one maintain the kite on a specified statiary position, using a small Inertial Measurement Unit
(IMU) attached on the kite to get a feedback on kite position and orientation. The IMU uses a wireless
connection to send data to the congktem This autopilot can only ensure static flight, which
means the kite can only fly on thénd window edgelt has been developed by engineer&®fond
the sea® but ths paper does not aim to give more detaboutit. The manual modallows the
operator to control directly the motor, using two joysticks. The fingstick acts on the differential
length betveen the two back tethers, and so on the direction of the kite. The gegstitk is used to
trim simultaneously the length of the two back tethers, that means adjust the global angle of incidence
of the kite.The kite control system is fully independérdm the data acquisition system that will be
described later.
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Fig. 2:Side view of the Steven Paul with the waterline as it was duriats. Markerﬂ denotes the Kiti
attachment poinds well aghe position of the 3D load cell described part M&rkera shows the position ¢
the anemometer described part C«MarkerE notes the launching mast used for launching and recov
procedurs. Markerﬂ showsthe midship of the boat and the origiri the fSreference frameKite size and
tether length are not true to scale.

2.2.Characteristics of the vessel

The trials were conducted on a-ifeter fishing vessel, called Steven Paul, used to fish
shrimps with trawl on Saint Laurence gulf during summer sesasGeneral information and
dimensionsare given inTable | aside view plans given n Fig. 2 and apicturein Fig. 3. The Steven
Paul,like the majority of the fishing vessels of the area, is equipped with lateral stabitizexduce
roll motion, and so, improve workingpmfortof the crew.Internal structure modifications have been
carried out taallow the useof a towingkite, especially by reinforcing the foredeck on which kite
tethers were attached.

Table I:General charactetics of the fishing vessel Steven Paul

LengthOverall 13.39

m
Lengthof waterline(trials loading conditions) 12.89 m
Length between perpendiculars 12.28 m
Beamof the hull 561 m
Displacement (trials loading conditions) 64 T
Displacement (full load) 90 T
MaximumDratft (trials loading conditions) 266 m
Dratft (full load) 3.23 m
Motorization Caterpillar 3408 480hp -

Propulsion DuctedPropeller -

Crew for fishing operations Captainwith 2 seanen -




Fig. 4: Onboard picture of the kite in static flightluring
one of the starboard run.

A Caterpillar 480 horse powemgineensures the propulsion of the vessel (model Marine
3408). At full power (during trawling operatioor maximum transit speed), the fuel consumpi®n
about80 liters per hour.A reduction gear, with a transmission ratio of 1:4.48 transfers power to the
propeller(Fig. 5. The latter isa 4 blades duded propeller, with diameter df.26 meter. A grid is
protecting propeller from unidentified floatirabjecs or from the fishing ropgin case ofproblem
during trawling operation. The characterist the propeller are given in Table I

The rudder is a flat plat@ig. 5), 1.45 meter high, for 0.84 metehnord driven bya hydraulic
actuator.

Table II: Propeller characteristics of the fishing vessel Steven Paul

Propeller Diameter 126 m
Number of blades 4 -
Pitch Ratio 1.015 -
Blade Area Ratio 0.55 -

iR iR

Fig. 5Pictures of the Steven Paubpellerand rudder

2.3.Data acquisition system
The whole datacquisition system is based on a National Instruments CompactRIO platform.
It consists of 3 main parts: a set of I/O modules depending on sensor technology,-a Field
Programmable Gate Array (FPGAI CRIO-9114)and aRealTime processo(NI CRIO-9024) All
I/O modules are connected to the FPGA, and the very accurate clock of the FPGA ensures a good



synchronizatiorbetween thehannels, and precise acquisition frequenciée RealTime processor
logs all data coming from sensdhrough the FPGA on a nevolatile memory.Tablelll gives the
details of /0O modules which have beendifar this campaignAll acquisition programshavebeen
developed with LabVIEW.

Table lll: Summary of National Instrument I/O module used for datguisition

Module Description Total number of channeb
2 X NI 9870 Serial Port 8
1 xNI9411 Digital Input 6
2 X NI 9237 Bridge Analog Input 8

Raw data wereall stored in a single file, using a National Instruments proprietary format
(TDMS file). These files were then converted into MATLAB®rmat files and all calibration
procedures and data processing were done using this software.

3.Sensors
3.1.Kinematics of the vessel

To measure motions and velocities of the boat, an IMU coupled with a GPS was set up
(Xsens MTiG-700). This Unit includes a microprocessor able to realize data fusion, based on an
extended Khman filter providng roll and pitch informationManufacturer ensures dynamic error for
UROO DQG SLWFK XQGHU [ ZIIN¥ Kcdnisitibn5reéqueHdiet) & the Xsens \fere
50Hz for inertial sensors (gyroscope and accelerometer), 20 Hz for roll and pitch,Hmtbball
data regarding G®technology (position and velocityhe Xsens was directly linked &serial port
of the CompactRIOIt was fixed in the wheelhouse, just behind the forward bulkhead, a few
centimeterdehind the attachment point of the kite, located ahead this bulkhead

To avoid complexand umeliablecalibrationprocedureof magnetometer, it has bee decided
to use an existing dmward sensor to get yaw information, based on dual antenna GPS, instead of yaw
information provided by the magnetometers of the Xsens. @hgos was a Siex Vector Pro, with
1 506 HUURU XQGHU f 7KLV VHQVRUheDbbRegar@dsghé bdakK H WU XH
velocity, is used by the onboard autopilot. Therefore, a seriaWi@@done between the autopilot and
the CompactRIO toecoverthis information.The maximum update rate of the 8x Vector Pro is
up to 20Hz, according to the manufacturer. However, because the information goes through the
autopilot before reaching the data acquisition system, the final updateasiéiz. This could not be
changed during the campaign.

3.2.Engine and rudder system

A double flowmeter had been installpeviouslyon theengine, to measure the fuel feed and
fuel return, and so provide fuel consumption (Maretron M2RBHES). This sensor isonnected to
the on board NMEA 2000 network. A conversion device on the NMEA2000 network provides a serial
output with NMEA183 protocolThis outputvasconnected to another serial port of the CompactRIO,
and so the fuel flowaslogged at 1Hz.

A device neasuring the torque on the propeller shaft, developed by the company UpDagq, had
also been installed previously on board. A strain gauge had been stuck on thedisfinked tan
amplifier, sending data wirelessly to a receiver in the wheelhouselafbewas connected to the
acquisition system through a serial link. The torque on the shaft was loggedat 20

The measurement of rotational speed of the shaft propeller was carried out thalikaoy
sensor, going from 0 V to 5 V each time #fedt completes a revolutiorThe sensor was directly
linked to the Digitalnput module (NI 9411) of thednpactRIO system.
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A rudder angle sensor was part of the autopilot system to provide feedback. This information
had been retrieved using the existingiaddink presented part 3.1, with a resolution of 1°, and a
frequency of Hz.

3.3.Kite

To getforces on tethers, load cells had been used duringstriglthree dimension load cell
(Michigan Scientific TR34K) had been rigidly fixed on the foredeck, just in front the forward
bulkhead of the wheelhousghe location in f s reference frame is (3.h, Om, -1.7 m). This load
cell has a full scale load of 1D@ N for each axis, with a safe overload of 300Pke selection
process of the load cell rang&sdone using simulation tools developedLUmstoup et al[4]. During
measuremenphasesi.e. excludingaunching and recovering procedsiréhe front tethes of the kite
were directly connected to this load celvithout any idlerpulleys. So, this sensor provided
information offorce vectorgenerated by the kite, expressetbithe load cell axis system in a first
time, andinto the boat axis system after pgsocessing (the position and orientation of the load cell
implantation had been carefully measuréd)owing the length of tethers, and considering tethers are
straight, the position of the kite in theind window can be recovered.he nonlinearity erra
specified by manufacturés under 0.5% of full scale, and hysteresis and repeatabilitysem®under
0.05% of full scaleeach It was not possible on the boat to carry out a complete calibration of
measurement chaigp sensibilities provided by maflacturer had been used.

Measurementf forces in back tethers was different due to the variable length of these tethers
to ensure kite control. Two one dimension load cell (Futek LCM200) were installed into the pulleys
system, and each ongeasured twicéhe load passing through each back tether. These load cells have
a full scale load oft, 500N, with a specified notfinearity error under 0.5% of full scale, a hysteresis
error under 0.5% of full scale and repeatability error under 0.1% of full sdele again, full
calibration procedure wasdifficult to carry out ofoard, so sensibilities given on calibration
certificate of each load cell has been used. The fact that measurement of badkriesherere done
into a pulley circuit adds incertitude in amirement. The used pulleys were hitdss ones with ball
bearing design (Harken Carbo 57 mm), so it is sensible to expetdieffects, although no teist
laboratorywascarried out.

Eachload cells and each axis of the 3D load cell were connected to one of the bridge
analogical input of the CompactRIO system. The frequency of acquisitionobleahelsvas 1kHz.

3.4.Wind

Measurement of relative wind was done using an ultrasonic anemdin@de€Capteurs CV7)
fixed at 9.01 m from the water linand 0.3m aft the midship. Theupdate rate of the sensor i$12,
with a direction resolution of 1° and wind module resolution of 0.05 Tis.sensor was linked to
one of the serial port of the CoaggRIO platform, using NMEA183 protocol.

The roll and pitch motion of the boat were small (maximum £1°), with averaged periods of
2.9 s for pitch and 1@ for roll. These motions have induced a maximum velocity at the anemometer
level of 0.2 m/{3% of the averaged wind measuredjd it has been decided to neglect these effects.

4. Postprocessing of kite flight data

During the campaign, due to availability issues with the boat and inoperable weather, only
one day of exploitable measuren®mwas able tde achieved. During this day, runs with kite in static
flight have been done, with about 12 knots of true wind speed. The aim of the following part is to
process data to retrieve lift to drag ratio of the system {kite + tethers}. Howewempue thelift to
drag ratig thewind direction at the altitude of the kiteeed to be knownsinceit directly affecs the
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orientation of the wind window, and tlessociatedeferencerame f, .. As it will be shown irEq.

(4) all the datamust be expresslin f,, . In thesame way, to compute the lift coefficient, the wind
intensity at the kite altitudeeedso be known. Unfortunatelyherewasno reliable mean to measure

it. Indeed only the relative wind over the boat, at 9 m over the se®asuredseeFig. 2). Thetrue

wind at the samécationcan be easily retrieved usinige ship peed and heading informati¢eee

Eq. (1)), but thetrue wind at other altitude can only lestimated. Indeed, altitude impattse wind

both in strength and directiolVith no possibity of gettingaccuratemodelling of the twist of the
flow along the altitude, it has been decided to neglect the effect of twist, and only take account the 2D
shear stress distributiotalculatedusing theEq. (2), from the ITTC 2014 recommendation$9].
Equations 1) to (3) present the process to go from relative wind velocity and boat velocity
measuremerto relative wind velocity for any altitude

Vwi(Zy) VwdZ,) Vs )
§z

Vur(2 &; Vr(Z,) 2)

Vwd2d Vw2 Vs 3)

Where Z, is the altitude measurement (mapd z is the altitude above sea level (m).
Rigorously, V shas no reason to be permanently contained in #g,Y;) plane. Indeed, boat
motions induced a vertical velocity. Howeveonsidering the low level of boat motions during trials
(lower thanz=1°), the vertical componenof the ship velocity is under 2% of the ship loeity
magnitude. Hence, vertical speed of the ship has been neglected,\dgdasaV,,, areassumed to
be contained in the X, Y,). With the relative wind vector defined for any altitude, we can create a
new axis system based onTihe Relative Windeference framés defined with the Xaxis along the
relative wind vector at the kite altitude, theaXis vertical pointig down and the&'-axis completing
the coordinate system to create a direct one. This reference frame is noted with the SMBscript

Because kite position measurement was done through a 3D load cell rigidly attached to the
boat, boat motions affects kite positimeasugment. This is visible ifrig. 6 where elevation angle
of the kite resulting from the basic transformation of Cartesian position coordinates of the kite into
spherical onesaccording to boat axis system, evolves in line with the pitch of the Boaemove
these effects, position coordinates of the kite have been expredeethdn f, axis system,
independenfrom the boatpitch and rollmotion. The transformation matrix is created from the first
two Euler angles (roll and pitch) provided by the inertial measurement unit Xsens, accodsegso
User Manual[10]. Result of the transformation is given Kig. 6 showing a few seconds of a
starboard run with kite in static flight.



40 1

w
[o4]
o
Boat Pitch Angle (°)

Kite Elevation 6 (°)

36 y
Time (s)
Fig. 6:Influence ofpitch angleof the boat (solid red line)n kite position measurement. THetted lineis the
expression of kite elevation angie fS, andthe dashdotiedin f ; » during one of the runs with kite in sta
flight.

To process the lift to drag ratamd lift coefficient the apparent wind on the kite ned¢d be
known. This one ishe vectorialdifference betweethe relative wind and the kite velocity the f,
reference frameFor the specific case ofasic flight, with the shipmoving a constant velocitythe
kite velocityis theoreticallyzeroin f, . However kite in static flight undergoes small but permanent
displacement around a middle posititnut these displacements are mainly sideslip motion. With the
used experimental set up, tigaw orientation of the kitevasnot measured, so ttée velocity vector
cannot be knowim the f . reference frameTo deal with this issue, it has been decided to consider
the kite in perfect static flight at all times, itbe kitevelocity inthe f, reference framés taken
equal to 0ln other words, the kite is consideredcasitinuousiylocatedon thewind window edge as
defined byLeloup et al[4], and the apparent wind vector is equal to the relatinel wector and is
included in the symmetry plane of the ldssumed as a rigid body

4.1.Lift to drag ratio estimation

From thereit becomes easy to compute lift to drag ratio by expressinfokies in the f,, -
reference framelndeed, thecomponent ofthe force along XWHRaxis isthe total drag, and the
projection intothe (Y wr, Zwr) planeis the lift. The componenbf force along the 4r-axis is the sum
of the vertical aerodynamiorce generated by kite and the weighbf the kiteand tethergequat to
226N). The latter ighensubtracted to the vertical componenfarfceto get only aerodynamiorce
Finally the lift to drag ratio is achieved by processing the followeiggation:

VP (o P)’ "
FXur

L/D

4.2. Lift Coefficient Estimation

The previous part has shown the identification of lift and drag component dbidte from
the measuredorce expressed in the relative wind axis system. From there, and with the same
assumptios, lift coefficient can be processasdingEq. (5).
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C (5)

A is theprojected kite area (3#7°), I, LV WKH GHQVLW\ RI WKH DLU HVWL

during the measurement day (air temperature 15°C, atmospheric pressure 1012 hPa, relative humidity
70%),V, is the kite apparent wind speed, equal to the relatind speed/ryin case of static flight.

5.Results

The Eq. @) and Eq. §) havebeen processed f&runs with kite in static flightResults are
presented inrable V. No kite setting was modified during or between periods, which means the
global lengths of back tethers were maintained constant (no change in global angle of incidence of the
kite). Only differential variations of tether lengths were done forrobpurpose, and to keep the kite
on a static defined position.

Table IV:Compiled results offour periodswith kite in static flight

Averaged | Averaged | Liftto drag ratio L/D Lift coefficient G
Dura- | True Wind | True Wind Standard Standard
tion (s) | Speed (m/s] Angle (°)* | Mean deviation Mean deviation
Period 1| 399 5.7 88 5.9 2.3 0.68 0.21
Period 2| 569 6.1 95 6.1 2.5 0.76 0.26
Period 3] 209 5.7 304 5.3 1.5 0.59 0.17
*According to boat axis; for example 90° means cross wind, starboard tack

The instantaneous post processed signals for the lift to drag ratio and the lift coefficient,
corresponding to Period 2 are plottedrig. 7 andFig. 8. Resuls arevarying a lot, but the averadjé
to drag ratioduring the considered period is equal td65and the averagift coefficient is equal to
0.76. This seems consistent with other experimental data pubjikedadd oneg8]. Indeed, for a
3-squaremeter kite with an aspect ratio of 4.9, Dadd got a lift coefficient of 0.78 and a lift to drag
ratio of 6.07. To estimate drag coefficient and so lift to drag ratio of other kite with other aspect ratio,
Dadd uses Prandtl formula as presentedAisbott and Von Doenhoffll] and given in Eq(6),
assuming both kite are trimmed to produce same lift coefficient.

c®, 1 1
5 -2 (6)
S AR AR
Applying this method to the kite used for the present study (aspect ratio of 5.5), the expected
lift to drag ratio should be 6.36.

Co' Cp
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Fig. 7:Lift to drag ratio for each point usingg. (11) (dotted), during a 569s run with kite in static flig
The solidredline is the mean of the lift to drag ratio during the considered period, and is equal to 6.
associated standard deviation is 2.45.

Fig. 8:Lift coefficient for each point usingq. (12) (dotted), during a 569s run with kite in static flight. T
solid line is the mean of the lift coefficient during the considered period, and is equal to 0.76. The as
standard deviation is 0.26.

6.Discussion

The averaged results of the 3 periods are close, with also a good agreement with published
data, as it habeen shown previously. However, theint to point datanalysisin Fig. 7 and Fig.8
showsextreme values of lift to drag ratand lift coefficient that are not realistic. This demonstrates
the limits of the various assumptierwhich have been done. Ookthe most important is probably
the consideration of a kite velocity equal to O into tlie: reference framebut the straight line
assumption could also be a sourceintertainty The decision to disregatte twist wind flow along
the altitude due to kack of data and modetould bealsodetrimental.indeed a fourth period with
kite in static flight has been logged, buh#d to badiscarded due to inconsistent data. One possible
explanation is a significant difference between the wind orientation at the measurement point and the
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wind orientation at the kite position. This eventuality leads us to consider, for future experimental
campaign, aduplication of wind measurement systembloreover, the installation of multiple
anemometers at various altitudes could be also awagtb improve wind estimation with altitude.

This approach has already been undertaken during another expaticenpaign held in
Brittany in June 2016. This campaign took place on shore, with the kite control system solidly fixed to
the ground. ASOnic Detection And Rangin(SODAR) wind profiler was used to get the wind
intensity and direction along altitud&€he used kites were commercial ones, with area-sfd&e
meters and lengthof tethersfrom 25 meters to 80 metevgere tested. An autortia pilot based on
Fagiano worl{12] was implemented to generate repeatable gigttern trajectoriesin example of
multiple eightpattern trajectories during ten minutes record is presetiin Fig. 9. More than 15
hours of trials were logged, and data are currently underpposessingResults will be presented
and discussed in a future paper.

Fig. 9: Position of the kite during a ten minute recofdhe new experimental campaign held in Brittany in J
2016 The total force at eaghoint is given according to the color bar.

Another goal of theon boardmeasurementampaign was initially to benchmark the fuel
savings prediction tool developé&y Leloup et al [4], using the flowmeter installed on the engine.
However due to an unexpected unavailability of the boat and unsuitable weather, it has been
impossible inonly oneday to carry out enough measurements alternating runs with kite and then runs
without kite with identicalenvironmental conditiondNevertheless, &irst comparison can be done
between power supplied by the kite, and power delivered by the engine to the propeller thanks to the
sensors thatvereinstalledon-board. For example fohé Reriod 2, on the engine side, the average
rotation speed of the propeller shaft is 3.4 revolutions per second, and the average torque on the
propeller shaft is 1808m. The total power provided by the engine to the propeller is then 38000 W.
On the kiteside, the averagpropulsiveforce generated by the kite during the 56% 505N, the
average speedf the boatis 2.4m/s, so the average power is 1212W. This leads to a kite providing
4.5% of the total power, with only 6.1 m/s of true wind speed, iandtatic flight condition
Extrapolation of this case to a true wind speed of 12m/s tbadso a kite providingl 7% of the total
powerrequired However this basic estimation needs to be treated very carefully. Indeed this is only
one particular caseand it does not reflectll operational condition of the boat. Moreover this
extrapolationdoes noffully considersecondarnyeffecs, such ashe impact of théite on the driftof
the boat This couldfor instancenducebigger rudder angtin order to counteract the effects of kite,
and sowould affect fuel savings. The investigation of these possible issues would be done in a future
work, using in particular the manoeuvrability model preserded validatedby Bigi in [5]. On
another hand, in the present study the kite flight tested was not optimized. Much better results should
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be achieved in dynamic mode eventyall

7.Conclusion

A full scale kite experimental set up was installed onm&®er fishing vesseequipped with
a 50@squaremeter kite Boat motions, engine parametekge forces, kite positionsand wind data
were recorded during one day of measuremétstiple runs with kite in static flight were domeith
various durations, from 3 to 10 minutes. From data wivetelogged during thee runs, a method for
estimatinglift to dragratio and lift coefficient has been carried out. This metlvad computedand
showedresults making sense. Thus, a lift to drag ratio aboualda lift coefficient about 0.%ould
be retained (average on the 3 periods). These results are very cltmsebdbtained byDadd [8],
evenif strong assumptions have been done totlyetn These assumptions have been discussed and
improvementsn the experimental set up for future work are under consideration.
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