STREAMER CABLE FOR USE IN MARINE SEISMIC EXPLORATION AND METHOD FOR
REDUCING NOISE GENERATION IN MARINE SEISMIC EXPLORATION The present invention
relates to an improved marine seismic streamer cable and a method for noise reduction in the
frequency range below 20 Hz in connection with marine seismic data acquisition.. Marine seismic
acquisition is normally conducted by axially towing flexible streamer cables in the ocean. These cables
are populated witAISRBASMEREEABIENCCIIHB PN M ARIIOR SHISM LRI RIORATINGANPe made from
subsurface reflectibfETHADEGRCREBUINGONGER DGO R RTIESV I IqUeNiakKIeAsiCin this
connection it should be noted that the term "sggpe@icatarpeak Wwhen used in the present description and
claims refers to a device inside a streamer cable that is used to detect subsurface reflections. This will
often be in the form of a hydrophone, but it can also be in the form of a geophone, an

accelerometer/vefSHTT SELFHPRFRIS SYTRFTRRYELTATRS IS BiasHar séilaiddata. A large
number of such Fs&estéifagacieredsgian Bieftagusnaniarge btltve XUBs inferraettion séBmic operation
streamer cablesmwithesdisncaddiearptsitioh cm and length of up to 10 km are used. The relative
motion of a streamer through the ocean creates a turbulent boundary layer (TBL) that surrounds the
cable. Noise ge ithin. this IBL .signifi I I % s the qualit collected data. Seismic
subsurface rem‘%%?é%@%ﬂﬁ%&%ﬁ S@%@%ﬁ%ﬁ%@%ﬁ% ?Ha?raaﬁé%‘?qgﬁglft Xg’ Ii?eslgﬁnafrclefndustry, this is
where the signaftoidise TatiG SRS AT PR B E SR EYT EXRRTSIREBPREE sources
within this frequehBHAgessie R nss e Taare fosunbswdees wasdionyakeestriaenserowing vessel,
and external curegitstihaticausgpsessyoeriieGlugtiosisiatdyattlingtion stsanidecabéshsther noise
sources are tuggiag-eausedopyiswalls inah abipilwdoresihadewirenvassaliadifsranttowing speeds,
and the presencg.alseiseus Ul enho e 25 adus CRID ARA ISR RIS 4lon0 the streamer

cable. Different types of agcean ambient nojse that propagates over long distances also exist.
Examples are sgﬁerrﬁ?&efn%% e??gﬁc_% r?l |5§3 r8“rﬁjo‘é%%ﬁ%‘??§?f%é%§%%ﬂ?§ ?#&ﬁeﬁ%ﬂﬂ% eatures. In the
1990's significaRtEoHIRRRIORR e Sl F B lsvisblrdoamirkingum asisarsdats. fluid filled
seismic streamer’ lakgecnnsaizie oSinderthendinirasaisedit ididtnyshamdpcutte absyiteniatically
improving streameisayisiggeriaoh splogyricbhd wat hemiiedumémany ahthe identifiedseurces of noise.

With few exceptigns, mogidf the work towards these improvements have not focused on 1

The relative motion of a streamer through the ocean creates a turbulent boundary layer
(TBL) that surrounds the cable. Noise generated within this TBL significantly degrades
the quality of collected data.

Seismic subsurface reflection data are normally limited to the 0-250 Hz range. For the
seismic industry, this is where the signal-fo-noise ratio {SNR) primarily needs to be
improved. Examples of noise sources within this frequency range are wave motions
from subsurface waves, wakes from the towing vessel, and external currents that cause
pressure fluctuations and rattling on streamer cables. Other noise sources are tugging
caused by swells that abruptly force the towing vessel to different towing speeds, and
the presence of seismic equipment such as module cans and depth controllers along the
streamer cable. Different types of ocean ambient noise that propagates over long
distances also exist. Examples are seismic interference, noise from oceanic traffic and
noise from marine creatures. In the 1990’s significant contributions to the understanding
of noise generation mechanisms on fluid filled seismic streamers were made.

Since then, the seismic industry has focused on systematically improving streamer
system technology to reduce the effects of many of the identified sources of noise. With
few exceptions, most of the work towards these improvements have not focused on

! |

e



noise originating from the turbulent boundary layer (TBL). However, it has recently been shown (see
Elboth et al. "Flow and swell noise in marine seismic data", Geophysics 74(2), Q17-Q25 (2009)) that
on modem seismic streamer cables THL noise is often significant. For frequencies below 20 Hz it is
often the dominating source of noise. To reduce noise levels further the TBL noises thus have to be
addressed. Embodiments of.the.present invention seek to reduce the level of noise in connection with
seismic streamer%gllrglTJ &%ﬁ%%nﬁ%ﬁ%?%ﬁ%% ule%vb%%‘?’ﬂﬁ}" ggg{f?n&‘fﬁ'&"ﬁrﬁﬁéﬁﬁﬁ%dary layer.
Friction in fluids iR=RBERHIBUE R e Fiodham eweh eish immesnsiseifaiedatduired to move an
object through a figRPaIsieroiAE2, RIF-QA0EGA%) device rivdeh effarchasganedbia tBYaleping surfaces
that reduce dragishitshisgnifiolats Fand-apimilian-walseame 2 fevneanpiesahapesgaches that have

been evaluated. fsperiabalassatoaigraluibahbang eaenty, emerged are materials called

superhydrcrphobic surface materials. These materials enhance the moblﬁty o?eérops by reducing their

contact-angle hysigtesis iyt drrg AR amiparand urhylent flows, Superhydrophobic

surfaces have contact angles of water droplets exceeding 1500 an t_ﬁeﬁ%ﬁ)(ﬂf angffe IS less than 100
This is referred (S°4EHHETHRESEHE Feam BRI wa s issedifane feietelvuebohifetus plant.

On a macroscopieystale, a superhydrophobic surface will have non-zero slip velocity, and have
recently been shown to reduced surface drag both for laminar and turbulent flows (see for instance C.

Henoch, T.N. Kr kin, B. Kolodner,. 1.A.Taylor, M.S. Hodes and A.M, Lyons, "Turbulent drag
reduction using @%ﬁ?ﬁyﬁr%?ﬁ%ﬁi%ﬁ%%%éf %‘l%{i ﬁﬁ%ﬁ%ﬁ%ﬁfﬁ@&ﬁe@@@ﬁ%ﬂt has now

surprisingly beer{ S8 Th&PI5H Shenehnt 2 strmanser BapGmweh a deyeahydrophobic surface, at least
in the area of the hydrophones, it is possible to significantly reduce the noise generation in connection
with marine seisiviscRxfiteratiopois paytisuRpingdbe-HEIUBRGYFRRASDEIMLRA HEer Agcording to a

irst aspect of the.aigsELENe BB INGYHRh B Xble UERmer sgble 07 Use n marine

seismic exploratign, providing, | oise in frequency range below Z, conta?ﬁl_n sensor

elements dispers%agsa fc?’rlfgagl ?ﬁgl Tg%%%ﬁﬂg? {ﬁ%%%gb@%%%ﬁ%mﬁ%@ frecgiyiserboltithe streamer, at

least in the areaSSSHRBAGHA Y SE mesrrisls srbrrecithe vl bf dags yhydeopb disic material

displaying water®otacictghdizsahobentd mioneaitZ0n Rotbbaiinenisiafithe-areraynt invention thus relate

to a streamer cabipdeify SpHOLD il aHEvRICoasat isilef o LOMAT IBINERTER2UAR S§5§0L34(hydrophones)

dispersed along e dengf0idhe cablen apanged AP oy Holse aihe reguency range below 20
t t

Hz, whereby the surface of the streamer cable, at least in the areas surrou dhgt efhye&Fophones, is -
highly hydrophoBic. 6 ALNE RIS S0l i Bt mlocomit scale, a

superhydrophobic surface will have non-zero slip velocity, and have recently been
shown to reduced surface drag both for laminar and tarbulent flows (see for instance C.
Henoch, T.N. Krupenkin, P. Kolodner, J.A.Taylor, M.S. Hodes and A. M. Lyons,

“Turbulent drag reduction using superhydrophobic surfaces”, 3 ATAA Flow Control
Conference (2006).)

It has now surprisingly been found that by providing the streamer cable with a
superhydrophobic surface, at least in the area of the hydrophones, it is possibie to
significantly reduce the noise generation in connection with marine seismic exploration,
in particnlar in the frequency range below 20 Hz.




According to a second aspect of the present invention, there is provided a method of reducing noise
generation in the frequency range below 20 Hz in marine seismic exploration using flexible seismic
cables with sensors elements dispersed along the length of the cables, characterized in that the
surface of the streamer, at least in the areas surrounding the sepsores, is coveredﬁg a highly _
hydroph“t?ﬁﬂf%t@r?aﬁ%ﬁ@?‘iﬂ R RGN AR G I 2 YEEYD TPaia Ec e © Iﬁ% bodiments of the
presentfinveation-fithelspio videoatinat hod fdin gocu citige nide Hienerated:igethdoivetfuency range below
20 Hz ip;marine seismic ex| Ior LUsin les nsors (for instance
hydropr?{ohesli %”“% rSed (Tor%a I?h neést%g igtﬁ%m}é%rgg%e%ggi%ﬁw?\%yéct?ﬁﬁ%ﬁ?e%%mer cables are
providethewientzehid iy ﬁ%@étﬁﬁ?@%mﬂﬁé@“&@ st inee b sas g ety WEsd BEor elements. In
the casg;that ks he-Areassalraaunging she-senset slementsareasoveredwith highly hydrophobic
material it will be efficient to cover the area of approximately 0.5 meter upstream to approximately 0.1
meter downstream from the sensor element. Below, the present invention will be described in greater
detail WEimbed?amxms@ﬁdwmeemmﬂwenﬁdnahnmgelaﬁm@reh’mﬁt@?I@MNS@@eamﬁngSeimon microscope

(SEM) ig&a%@é o°d @M&M@Mﬁmmmmm@ﬂ@m&@wface highly

hydrop b|c VS }h%&ngs%g%q% %f %% gé& %?Ehtﬁ@% eggg?ng streamer cables
towed a 8rkdbo s ma%ﬁe ocean, W ere ne o bles wa co hydrophobic material,
and the BRSO e STARRHIP i aﬁeﬁé %‘%Mﬁﬁ?ﬂgﬁﬁémlon of flow noise
generativghiso frydorphelat f|UId flow Top flgure. shows variation of ensemble average first invariant of
Tij tensor (solid) across a channel, where one boundary was superhydrophobic while the other side

had a namahng-8lipbouadasy.Beotep:figur e shaus wasempleiaverasansn s feassuee (solid) and the

ensemble average velocity éstapled) acrossi the cplannel
noise generation in the ffequency range below 20 Hz in marine seismic exploration using

flexible seismic cables with sensors elements dispersed along the length of the cables,
characterized in that the surface of the streamer, at least in the areas surrounding the sensores,
is covered by a highly hydrophobic material which displays water contact angles close to or

above 120°.
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Fig. 4 shows a comparison of the magnitude of the Tij tensor components from the wall and into the
centre of the Rei= 395 DNS channel; Fig. 5 shows how the relative reduction in rms noise level
develops with time for the streamer in the ocean that was coated with a SHS coat; Fig. 6 is a
comparison of instantaneous far field pressure (flow noise) distribution outside the no-slip (left) and the
SHS-slip (right) boundary. The data is derived from the acoustic computations using the Iter= 395 DNS
channel; Fig. 7 sgo%v Jinearﬁj%ts of the normalized noise level as a function of frequency; and Fig. 8

shows logarithmic plots of the ALrMEIPEd ke Bvearravidn e merber feqadivee misdemeindatho

latter plots are tekemdpeyTaresdslywAe His i marreaiceidrigpbabiednting eteni.sBeimaonnection with

the present inveriisies #ith stiffesani-anpsoashng.neysyarpadelly weskin.@rasiia.auaptfy the effects of a

highly hydrophofic gsiaee anidlowanlbe AeRRAaNLe Ak G R el scale measurements
[ ) h tin

EI .
on seismic stre I cables in the ocean, where a high rophobic coa Material was applied on
part of a seismic tgrré}g%?elr? 5 %eé%tgﬁ%g %%E#Sgﬁ%ﬁg‘%@ég}/% R AER—PEES direct numerical
simulation (DNS) of a fully developed channel flow. In this channel a normal no-slip condition was
imposed on onelivét, wusikatamiyshositeswatowaEng ddetesbosi ansupernydveplehii bigace (SHS) by
imposing slip anblydessiibiasrateaghtariiaiemotheadpesitierrel spgha mied @l hayndary condition
constitutes a viahlgaioeinadelia o1 ARILYAIQRANARIG SHARE 1115 iy Approach Is inherantly

a

limited to low/moderate Reynolds numbers due to the requirements o ﬁﬁ)?nrésolved (spatially and
temporary) sim?%%tion of the NavierStokes equations. Limited computing resources are generally what

imposes this re a%@méﬁvmﬂ%mgﬁﬁeﬁﬂiﬂ% soeiradrteibmigorebuensits thait at modejate to
low Reynolds nifficdieadugenlgegia:are at the correct Reynolds number, but it contains much less
details. They are also affected by the noise and other uncertainties. Despite the Reynolds number

difference, the comhiggsipnQLaRNRACISCRIS S PasHs; 1373 ypefulin.order to gain a physical

o

understanding S.on flow noise generation. Seismj periment A number of approaches to
produce highly r Sﬁ%%}é %&%3?(33 a_vg%eégr] %%%ﬁé%??’rﬁ?? ‘?l?é‘i;ature (cf for instance M. Ma and
R.M. Hill "Supe%d?&ﬁﬂ%%%&?é‘%%ﬁ@ﬁ%%%@%ﬁdmgm 11, 193-202
(20086)). A convérTHeaEhhdtipie s Esice st meake fusoinevay doapliobit ahighipply a suitable
coating materialkydinspEitis mmdeisia b dg ki x@arEgsant is a product produced by the company

Percents AG, cangistingighsiienrlems e i aRieRADRLAIGP IRk, aNG Mpksted under the

name "2 Compqpgais ArtkFauling.Boats K1: and "2 Components Anti Fouljiig Boats 83 The ICI
component co Ofﬂﬁ)ses theié:%\ié’ %ﬁe%’i%érﬁ@‘é'r‘ﬁ t!i?g‘%ﬁ“c%r%sgﬁ & B SHER GRS eB e nt/diluent.

The two compon&HTa g MRATRITASHRIRSYy Harseng Seundwy Maswrsshapreniodiomnsdsurface
where it forms L&FiEde wdttcivrast rospinuivriaytRettme StowistionsicasentlcAsendingsto the
manufacturer, thpecenat (okid) and tertaiamthyRaigsiadtotist eI barfd et @annel,

Fig. 4 shows a comparison of the magnitude of the T;; tensor components from the wall

and into the centre of the Re~ 395 DNS channel;

Fig. 5 shows how the relative reduction in mms noise level develops with time for the

streamer in the ocean that was coated with a SHS coat;

Fig. 6 is a comparison of instantaneous far field pressure (flow noise} distribution

outside the no-ship (lefl) and the SHS-slip (right) boundary. The data is derived from the

acoustic computations using the Re.= 395 DNS channel;

Fig. 7 shows linear plots of the normalized noise level as a fimetion of frequency; and

Fig. 8 shows logarithmic plots of the normalized noise level as a function of frequency;

the data in the two latier plots are taken from measurements on a rea! seismic éable in

the ocean.




environment. The first test was to apply this coating material to a 25 m long seismic ma-earner cable
made of polyurethane, and measure how it affected the drag in an ocean environment The results
from this initial test are shown in Figure 2, where a drag reduction of approximately 4% with SHS can
be observed. In this figure the thin lines show individual measurements, while the thick lines are

smoothed. One n?f%asurement was taken each second and the error of the measuring probe used was
<0.1 Newton. DuthEPIREED & thPrsiers iyeniars te ditfuens anertsstisstheve bate dolistedncoated

streamer cable inPiF te wespfinberfourdigbighiftiodesvbighistatid diofleenbifute to the overall

drag. However, nemergtiche welights hatleaf&id Stapniinge whishsngansihaldhe measured 4% drag

reduction is probakdieam ﬂﬁ%é@ﬁ,“ﬁﬁ@@hx%ﬁ?ﬂ?&ﬁﬁ;&%ﬁ%&@é%%?%ﬁﬁ %@s‘%ﬁ‘#‘fg dalogolé rfac? structure
IV

was machined in.t ' irection.by sandpaper suyface roughness arﬁ)%ut 100 gm.
No coating materz?‘apig s%g@g}; E%\ﬂ%e ﬂ]ﬁeﬁfsms ?eﬂé rg?f%lghggarséasﬁ?\%%g %95 9he st g compared to
the smooth untresal{%‘gajgt?g ) @hpielyiseelonsd dhenneh figw.dp isrermlnnsaniteoistiage velocimetry
(PIV) measurem &GS EReSPY pro Hol /i eghechrstivn wall avpr esidellpmagaufactured regular
patterned SHS aﬁuﬁéﬁ@ﬁyﬂmmlmbmﬁﬁo@ig&iﬁagﬁ%-ﬁip\égmgﬁa@a@g@g@ll, A. M. Li, F.
van Swol, P. Shalhyni6h 3t Biinlsari Eafloatue.slieo Roisifiurech RGN SRIIORIG syfaces' Physics of
Fluids 17, 0517%4@@(3%3}' %g}ggg@c%gating used was subsequently applied on parts of a
seismic streamer cables used for exploration on a seismic vessel. During data acquisition, these
cables were kept approximately 7 m below the surface, and the vessel velocity was 5 knots. AU data

was sampled at 21EONshEPRressh s inbesenthidimitedd wlopiiagdersieBicysviddimoiserchrtandiaation. From

the acquired datzedHeemsotsoimfiltyeacbad slisbisadesebwasxompatios oand theipoise level

Flow nose 15 QeREARE Yt o Doss T e gt el B e i &
ow noise is ge ropagate along the

velocity just bglqﬁnggW%%f%eb%p Iﬁ'}%%% ?%ﬁe%%tﬁ%ﬁﬁ%ggt@g&%%ﬁ%‘?%@gxpressed by

the Lighthill inhomogenebus wave grqua%ste\%\{;/ AR 3% aEe sortRriaynalds rebracid from the

Navier-Stokes effUfSHBRE stk Hhevasdbnefiretsd e thenoisstiod otmoissiitintesia is described
by 5 Despite the Reynolds number difference, the combination of 2 DNS and full-scale

measurements is useful in order to gain a physical understanding of SHS on flow noise
zeneration,

Seismic experiment

A number of approaches to produce highly hydrophobic surfaces have been described in
the literature (¢f. for instance M. Ma and R.M. Hill “Superhydrophobic surfaces™,
Current Opinion in Colloid & Interphase Science 1 1, 193-202 (2006)), A convenient
and inexpensive way to make a surface hydrophobic is to apply a suitable coating
material. The SHS material used in this experiment is a product produced by the
company Percenta AG, consisting of a silane blend mixed with isopropanc] and ethanol,
and marketed under the name “2 Components Anti Fouling Boats K1” and “2
Components Anti Fouling Boats K2”. The K1 component comprises the active
ingredients and the K2 component constitutes the solvent/diluent. The two components
are mixed immediately before use, This fluid was sprayed onto the surface where it
forms a surface pattemn corresponding fo the one shown in Figure 1. According to the
manufacturer, the coat does not contain any materials that are harmful to the
environment,
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1 82p 32p 82 (Tij) cg at2 aaxiaxi where= pueui - o0-ij(p -c8p)0.i5 , co denotes local speed of sound,
p(xi, t) is the instantaneous pressure and p is the density of the fluid. Towed seismic streamers
operate in a high Reynolds number flow environment. Viscous effects, mi are therefore usually
neglected. Furthermore, it can be assumed that the acoustic energy is much smaller that the turbulent
kinetic energy if the flow. The feedback from the acoustic field to the flow field is therefore negligible.
Consequently, fohedie destreesritespphibleis ehetingonséstielne BOW nideritseistid sticawhergife(1,2 3} is the
dominating soursedadhgobheskare uat areadns vl ieditigiathl dqy atianocas kewysittegas 102p 02pa2
Ot2 Xaxiaxi Hergipa-dgnokemthes iuichriensity uiishd #eansideine Gansiatiuappl gximately
incompressible i tigaesond aasationsanbe.solv el iy Beriealpiouided o second derivative of
the tensor uilif iz%yq n, 1Ae numerical simulation is also based upon a ef:ibé)%vsimulation of fully
developed plandthBtiE R ATHIHE ol §3§,Mé‘€?ﬁ%@ﬁ%‘g & RS RSB RA B&ht flows over
superhydrophobfk&usiehceendandiresroe! fic msgrrarePraree e cENsroImB8RE, Feb. 2009,
pp 31-41) Slip ishaypigmentecitisbugiziasnoeshaded anditiothe kvild sikhulatisnd besapanwise width of
tﬂe slip area is 3@upmwWhiehEXag taniabinbave PRaR:faundieiene é&tﬁb@&@%@&@ﬁﬁﬁr to represent
the microscopic | N {lgur wil OWS some
ensemble averaﬁ?@%ﬁ%@%i%%i&%%ﬁ%ﬁ%%%l%r%%%g‘%fqg?%%%ﬁﬁeﬁﬁﬁﬁ %ariants of the
‘cis tensor. This Plysicany represent & R BRI é‘rllsé’rg?t BB IS A5 & shows how the
rms pressure p VA BHRTREee e Hireshinedsiy fsicarm risa d8eefienzesandnersies compared to
the normal smoetverocilip sugiases Fwsstapleprlinkdrdiiap otmefigaseghiodstiiesensemble average
velocity across hechamied rtssbouich Becnaticad thatprdhpiedt (SHSHsde thedanerage) velocity
does not approggh.zera.alithe boundary. Th only seems to be significant at a dimensionless walll
distance y+ = yu./v between 0 and 100. Here y denotes wall distance, tr. approx. 0,04 Uo is the friction
velocity, Uo

These results may be compared with particle image velocimetry (PIV) measurements
which indicated up to 50% drag reduction on a precisely manufactured regular paiterned
SHS at relatively low Reynolds numbers {(cf. S. Gogte, P. Vorobieff, R. Truesdell, A.
M. Li, F. van Swol, P. Shah and C.J. Brinker, “Effective slip on textured
superhydrophobic surfaces”, Physics of Fluids 17, 051701 (2005)).

The commercial coating used was subsequently applied on parts of a seismic streamer
cables used for exploration on a seismic vessel. During data acquisition, these cables
were kept approximately 7 m below the surface, and the vessel velocity was 5 knots. All
data was sampled at 2 ms, and a 3 Hz low cut filter was applied to avoid swell noise
contamination.

From the acquired data, the root-mean squared (rms) noise level was computed, and the
noise level between coated and un-coated parts of the streamer section was compared.

Numerical simulation

Flow noise is generated by turbulent flow fluctuations that propagate along the streamer
surface with a velocity just below the towing speed. It is known in the art that flow
noise generation is expressed by the Lighthill inhomogeneous wave equation, which is
derived without approximations from the Navier-Stokes equations. It states that the
acoustic pressure fluctuations {noise) in media is described by
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6 represents the free-stream velocity and v denotes the kinematic viscosity. This coincides with the
area in which the Reynold stresses, and the turbulence production peak in boundary layer flows. In
normal coordinates, for a seismic streamer, Y4 approx. 100 corresponds to y approx. 1 cm. This gives
an indication of how close to a moving object flow noise production takes place. Turbulence in a
boundary layer is generated when an on-coming flow suddenly is decelerated to satisfy the no-slip
boundary condition. In this process energya’r%,tra@sprmgztﬁo;n the mean flow Ui to the turbulent field
uf by the action of the of the local velocifg gradiepLishiegif) 5)he presence of a slip at the boundary,
with a corresponding reduction in the shear, will reduce the tlrbulence intensity and wall friction, while
the mean velocitwmsﬁg;he:cpameluvaim@as@gﬁm%cambﬁfﬁmmgdp%@d%ﬁ@ynolds number
I shows the r 02 s o ndependent
shows the r | [ of eac mpenen i.vaxiazi in Ti-tensgr. The 6 independen
tensor componeﬁgs%%ﬁr%%é éa%ea o%%gl%g{% Qﬂé%x% l]grlf)%?rt %“?%nﬁgol 1€ QS’;{? %Lgteﬁ%c%gﬁﬁfﬁjde of the
acoustic source BT ¥ G SRR HEEE o IO TSniiarebp Ay mes thal e 2omysEqsaeiey The reduction is
especially large f8rhaedlenibridhedrabalentiioctie toensyds the fhevwEbe ferdhadkdfrentibe. This is probably
related to the increastid flisottiepfosf fiek flothecifise tepthebMligChbmeqakaiyy, iese-henwalkgaormal flow

component appm%%wmpﬁggwﬁejsmé%??gﬂrqgg;e QG shows how the
on

nns noise level (ya@cgqm%%{%%@g{i&aﬁ%ﬁgﬁﬁﬁﬁi%ﬁﬂsﬁéﬁ § ne redu%téio}n was computed by

comparing a number of 30s noise records acquir y };m ugust (S:O%y & Seismic vessel
operating in the Barents Sea. The data ggws yzﬁt the %H@@%) t initially reduced the rms noise level
by more than 10%. In the same figure BTg;raspzaua el Tit indicates that the effect of the SHS
coating is reduced with time, this is pro(bably becAuse this parficular coating was washed off. Figures 7
and 8 compare the average frequency content of the flow noise on streamer sections with and without
a SHS. One can clearly observe that for frequencies below approx. 20 Hz the noise level is
significantly redycged. In a similar.te tWitl‘{?a coated stregmer section in the ocean off French Guiana
in October and ,oe\geeﬁqgglﬁ%? rfwlgigr]g%lél é%%‘%dsecﬁ%s %%@%%@Wl%as detectable when
the streamer hadPBEBRFFstNE It Mbrsatidicardimaarbalivretraneigstiperdridhre 6 compares the

noise level (preswuray deryati GBS surizoeands dwermal no-slip surface. It can clearly be observed that
the amplitudes are significantly reduced close to the SHS surface. To compare the simulation results
\r/]wtgl rez;lll selsmlqnﬁgi)@%{&@gqgﬁjﬁl%&gmgsg Hﬂ’ﬁg@%g‘e:ﬁg%éii%f‘ég%e°%§f%@eﬁl Glyations on a
ydrophone membrane ro e membrane has been. modelle averagi e pressure over
a2bylcm ared in ga%%@eggne%g{gg dide e?th%w“@%%%ﬂﬁa]aﬁﬁl a@%r‘%ﬁrﬁ%@gﬁrﬁﬁ%ndaw. The

difference in tenfPSFAFPRRYY Beombais thebssvd URdiEd ehytrdpraried Fluid Membatisnos, which really
illustrates the efféelane SHSFeh2RR@R tAD flow noise level.

Slip is implemented through a no-shear condition. In the simulation the spanwise width
of the slip area is 30 pm which experimentally have been found to be a suitable size in
order to represent the microscopic structure of a SHS.

Effects of the SHS are quantified in figure 3, which shows some ensemble averaged
quantities across the DNS channel. The top figure shows the first invariants of the Tj
tensor. This physically represents the turbulent kinetic energy. The bottom figure shows
how the rms pressure p varies. Both these quantities are significantly reduced close to
the SHS compared to the normal smooth no-slip surface. The stapled line in the bottom
figure shows the ensemble average velocity across the channel. It should be noticed that
on the left (SHS) side, the (average) velocity does not approach zero at the boundary. Ty
only scems to be significant at a dimensionless wall distance y" = yu«/v between 0 and
100. Here y denotes wall distance, u- approx. 0,04 Uy is the friction velocity, U
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Frequency content In both the seismic experiment and in the simulation data it was observed that on
average, the SHS-coating data has slightly lower amplitudes below 20 Hz compared to the no-slip
data. For frequencies above 20 Hz no significant differences were observed. Figure 7 shows a linear
plot of the normalized noise level as a function of frequency. The logarithmic plot shown in Figure 8
reveals some more detail in the low frequency range. The measurements have been perforrned on a

seismic cable witfPEER it iFiRcit bk fmetes Bmiinguasrvisre sy idisointifethe
frequency rangevigi ¢ 2@ WiiclsHSReaymizldettresrnradithe sultslime ponisiceraidekraduction of the

noise level. FigubeuBdsnpluget Taivalsh el rbgndRs2Hz:a0ise seeelion isachiened. As indicated
above, below 20;5Z:{06:00is§ picinAtNG,| Fl‘%%?b&!\%i@&%d&*ﬂo@%ﬁ{séw%oﬂgﬁg?ﬁ&ftreamer

cables, is one ofﬂtgg 0?@“”%9&%%“@&330&{&85‘3- A reduction of the noise level In guency range
is therefore of considerable impor ance. Conclusion Measurements have been performed showing that
a highly hydrophobic surface coat can reduce the drag around seismic streamer cables in an ocean
environment by Apduiengs e hetaidery leymds tonatatedirshaine cheemiigdlow thddehly Same coating
reduced the rmsificlenaiée|arbipthanstaamensastondiyoapproxipaiaks d%yAs 10% reduction in

noiﬁe Itlevel f;igf&mfﬁﬁ%mﬂmf%ﬁwﬁl floshouidher-Lame H%%%f@gg B%W@%é@é%méﬁfﬁm% Stéeamef
technology has . - ecades toimprove.t . additional advantage
offered by the S%%%%ﬁ%gg%%%@%gﬁ;ﬁ%%e%ﬁ e%ﬁer%ﬁ?%“&%‘é%ﬂ% bic surfaces with a
distinct pattern SPABY B PSS ARKY th ?Ifkﬁaﬂi%&Fﬁ“ﬁ%@ﬁ%@@@gﬁi‘fg@%ﬂ%‘f‘ﬁgr‘fﬁﬂateIy, such
patterns are diffiEiiiuh ¥ e bR SvarsIasiR Aeronsibs sherielsilohebiyeBhisetic gaotfied hundreds of
km of seismic stireainerRzablédwithmbaricis GynrmianDi e - SIS pattseen fran industriahppplications, a
highly hydrophokig.aaatiner mateRalibak camhe SORAYEH AR SO0 ERER0HEab/A SREAYINg process does

create a suboptighalraagdom surface pajjem fquever-th e and.cost of applying is a strong
argument in favg,{tljr %f sir?géf_é@é%.a JQe %rgl] Igt%ﬁrés'cirrigé %%’t?nl%fﬁ%egsﬁrecé}rlsﬁ%gﬁs 8Fs, did give a
| ﬁl%‘é

flow noise reduction of almost 60%; Su GLeeBihY BromasnrgierihascatHieve in an
industrial applic&H8Re rrEpREedpashbdase ina REG Ampsred dopraemrnl wrreinisnthess Brown that highly
hydrophobic surfavetidrdyesacsigitifigsgetffivtheroisporedisctierhpatdatiedti€es in the wall normat

direction. This is probably related to the increased anisotropy of the flow close to the

slip boundary, where the wall-normal flow component appears to have been

suppressed.

Results

Seismic experiment

Figure 5 shows how the rms noise level on a seismic streamer was affected by a SHS
coat. The reduction was computed by comparing a number of 30s noise records
acquired in July and August 2009 by a seismic vessel operating in the Barents Sea. The
data shows that the SHS coat initfally reduced the rms noise level by more than 10%. In
the same figure the least squares linear fit indicates that the effect of the SHS coating is
reduced with time, this is probably because this particular coating was washed off,
Figures 7 and 8 compare the average frequency content of the flow noise on streamer
sections with and without a SHS. One can clearly observe that for frequencies below
approx. 20 Hz the noise level is significantly reduced.




Claims: I. A flexible streamer cable for use in marine seismic exploration, providing low noise in the
frequency range below 20 Hz, containing sensor elements dispersed along the length of the cable,
characterized in that the surface of the streamer, at least in the areas surrounding the sensor
elements, is covered by highly hydrophobic material displaying water contact angles close to or above
1200 . 2. The flexible streamer cable according to claim 1, characterized in that the streamer is
covered by highly hiEbpHet v arsmdverrershtien dhtgocgmateimesh WtAsdmer cable according
to claim 1, chardbtebiscahdNererheh 2K, aeagisofrtiucstzadfer 0§ the sortdipmbeigiersor elements is
covered by highligsytastzpliadi the@tefiddr had been in the water for about one month.

Numerical experiment

Figure 6 compares the noise level (pressure) near a SHS surface and a normal no-slip
surface. It can clearly be observed that the amplitudes are significantly reduced close to
the SHS surface. To compare the simulation results with real seismic noise records it is
necessary to model the effects of the pressure fluctuations on a hydrophone membrane.
A hydrophone membrane has been modelled by averaging the pressure overa2by 1 em
area in a time series, outside both the SHS slip and the normal no-slip boundary. The
difference in temporal rms between these two simulated hydrophones was almost 60%,
which really illustrates the effects a SHS can have on the flow noise level.

Frequency content

In both the seismic experiment and in the simulation data it was observed that on
average, the SHS-coating data has slightly lower amplitudes below 20 Hz compared to
the no-slip data. For frequencies above 20 Hz no significant differences were observed,

Figure 7 shows a linear plot of the normalized noise level as a function of frequency.
The logarithmic plot shown in Figure 8§ reveals some more detail in the low frequency
range. The measurements have been performed on a seismic cable with and without
SHS surface treatment. From Figure 7 it is obvious that in the frequency range below 10
Hz the SHS surface treatment results in a considerable reduction of the noise level.
Figure & shows that also in the range 10-20 Hz noise reduction is achieved. As indicated
above, below 20 Hz the noise originating in the turbulent boundary layer surrounding
the streamer cables, is one of the dominant sources of noise. A reduction of the noise
level in this frequency range is therefore of considerable importance.

Conclusion

Measurements have been performed showing that a highly hydrophobic surface coat can
reduce the drag around seismic streamer cables in an ocean environment by about 5%.
In addition it has, for the first time, been shown that the same coating reduced the rms
flow noise level on a sireamer section by approximately 10%. A 10% reduction in noise
level might not seem impressive. It should be remembered, however, that seismic
streamer technology has been fine-tuned over many decades to improve the SNR. The
additional advantage offered by the SHS wili therefore be valuable.
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4. The flexible streamer cable according to any one of the preceding claims, characterized in that the
highly hydrophobic material is selected from the group consisting of polytetrafluoroethylene (PTFE,
Teflon), polydimethylsiloxane (PDMS), compounds comprising slime groups or mixtures thereof 5. A
method for reducing noise generadori in the frequency range below 20 Hz in marine seismic
exploration using flexible seismic cables with sensors elements dispersed along the length of the
cables, characterized in that the surface of the streamer, at least in the areas surrounding the
sensores, is covEt& Biruture rpahiuphobicsttaces atit i disdispiaiiernvef ebcorgasts algles close to or
above 120. 6. Tthe fletidockticebndivgicaaibed (nifanaatesizasdn shadthedigrshyskephobic surface
is provided on thexguire: neiuelHhR SRS EBINS infprbt AR BOL ARGRIENY AR 6 gém 6,
characterized in dgh D bighly S ORRRIE SRS ISRIRYIG RheTlon thE argag shrrounding the
sensors. 10 C L , . . .

applications, a highly hydrophobic coating material that can be sprayed on is more

practical. A spraying process does create a suboptimal random surface pattern.

However, the case and cost of applying is a strong argument in favour of a simple coat.

The simulations carried out, using a nearly ideal SHS, did give a flow noise reduction of
almost 60%, Such a large reduction is probably difficult to achieve in an industrial
apphication.

In spite of theses shortcomings, the present invention has shown that highly
hydrophobic surfaces have a significant flow noise reduction potential.




Claims:

1. A flexible streamer cable for use in marine seismic exploration, providing low noise
in the frequency range below 20 Hz, containing sensor elements dispersed along the
length of the cable, characterized in that the surface of the streamer, at least in the areas
surrounding the sensor elements, is covered by highly hydrophobic materia! displaying
water contact angles close to or above 120°,

2. The flexible streamer cable according to claim 1, characterized in that the streamer is
covered by highly hydrophobic material over its entire length,

3. The flexible streamer cable according to claim 1, characterized in that only the areas
of the streamer surrounding the sensor elements is covered by highly hydrophobic
material. |

4. The flexible streamer cable according to any one of the preceding claims,
characterized in that the highly hydrophobic materiat is selected from the group
consisting of polytetrafluoroethylene (PTFE, Teflon), polydimethylsiioxane (PDMS),
compounds comprising silane groups or mixtures thereof.

5. A method for reducing noise generation in the frequency range below 20 Hz in
marine seismic exploration using fiexible seismic cabies with sensors elements
dispersed along the length of the cables, characterized in that the surface of the
streamnet, at ieast in the areas surrounding the sensores, is covered by a highly
hydrophobic materia! which displays water contact aﬁgles close to or above 120°,

6. The method according to claim 5, characterized in that the highly hydrophobic surface is

provided on the entire length of the streamer cable.

7. The method according to claim 6, characterized in that the highly hydrophobic
surface 18 provided only on the areas surrounding the sensors.
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