STREAMER CABLE FOR USE I N MARI NE SEI SM C EXPLORATI ON AND METHOD FOR

REDUCI NG NO SE GENERATI ON I N MARI NE SEI SM C EXPLORATI ON The present

i nvention relates to an inproved narine seisnmc streaner cable and a net hod
for noise reduction in the frequency range below 20 Hz in connection with
mari ne seismc data acquisition.. Mrine seismc acquisition is normally
conducted by axially towing flexible streanmer cables in the ocean. These
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(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-to-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
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noi se originating fromthe turbul ent boundary |ayer (TBL). However, it has
recently been shown (see Elboth et al. "Flow and swell noise in marine
seism c data", Ceophysics 74(2), QL7-@@5 (2009)) that on nodern seismc
streanmer cables TBL noise is often significant. For frequencies bel ow 20 Hz
it is often the dom nating source of noise. To reduce noise |evels further
the TBL noises thus have to be addressed. It is thus an object of the
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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 possible to
significantly reduce the noise generation in connection with marine seismic exploration,
in particular in the frequency range below 20 Hz.

The present invention thus relates to a streamer cable for use in marine seismic
acquisition, comprising pressure sensors (hydrophones) dispersed along the length of
the cable, arranged to provide low noise in the frequency range below 20 Hz, whereby
the surface of the streamer cable, at least in the areas surrounding the hydrophones, is
highly hydrophobic.




In the case that only the areas surroundi ng the sensor elenments are covered

with highly hydrophobic material it will be efficient to cover the area of
approximately 0.5 nmeter upstreamto approximately 0.1 meter downstream from
the sensor elenment. Below, the present invention will be described in

greater detail with reference to the enclosed drawing, wherein: Fig. 1
shows a scanning el ectron mcroscope (SEM image of a silicon surface
coated with a coating material to nake the surface highly hydrophobic;
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awing, wherein:

Fig. 1 shows a scanning electron microscope (SEM) image of a silicon surface coated
with a coating material to make the surface hi ghly hydrophobic;

Fig. 2 shows the measured difference in drag between two 25 m long streamer cables
towed at 6 knots in the ocean, where one of the cables was coated with a highly
hydrophobic material, and the other was uncoated;

Fig. 3, Taken from a Re;= 395 DNS computer simulation of flow noise generation from
turbulent fluid flow: Top figure: shows variation of ensemble average first invariant of
'Tj; tensor (solid) across a channel, where one boundary was superhydrophobic while the
other side had a normal no-slip boundary, Bottom figure: shows ensemble average rms
pressure (solid) and the ensemble average velocity (stapled) across the channel;

Fig. 4 shows a comparison of the magnitude of the Tj; tensor components from the wal
and into the centre of the Re;= 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 Re,= 395 DNS channel;

Fig. 7 shows linear plots of the normalized noise level as a function of frequency; and
Fig. 8 shows logarithmic plots of the normalized noise level as a function of frequency;
the data in the two latter plots are taken from measurements on a real seismic cable in
the ocean.




Fig. 7 shows linear plots of the normalized noise |level as a function of
frequency; and Fig. 8 shows logarithmc plots of the nornalized noise |evel
as a function of frequency; the data in the two latter plots are taken from
measurenents on a real seismc cable in the ocean. 1In connection with the
present invention, two different approaches have been followed in order to
quantify the effects of, a hi ghle/_ hydr ophobi ¢ _surface on fl ow noi se
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i mredi ately before use. This fluid was sprayed onto the surface where it
forms a su§ff;1ce Qattern corresponding to the one shown in Figure 1.

Accordi ng §SIHE SYRETUPeRY; urer, the coat does not contain any material s that
are harnful to the environnent.

A number of approaches to produce highly hydrophobic surfaces have been described in
the literature (cf. for instance M. Ma and R.M. Hill “Superhydrophobic surfaces”,
Current Opinion in Colloid & Interphase Science 11, 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 isopropanol and ethanol,
and marketed under the name “2 Components Anti Fouling Boats K17 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 pattern corresponding to 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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The first test was to apply this coating material to a 25 mlong seismc
streaner cabl e made of pol yurethane, and neasure howit affected the drag
in an ocean environnment. The results fromthis initial test are shown in
Figure 2, where a drag reduction of approximately 4% w th SHS can be
observed. In this figure the thin |ines show individual neasurenents, while
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error of tTherfirstdestiwag teamiie this echting mat€idl ewl s m lobgrstismid fiecamepedtileent |
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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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ao ax, 2 axiax, where Tii = pujui - o-ii(p - cilp)eki , co denotes |ocal
speed of sound, p(xi, t) is the instantaneous pressure and p is the density
of the fluid. Towed seismc streamers operate in a high Reynol ds nunber

fl ow environnment. Viscous effects, aij are therefore usually neglected.
Furthernore, it can be assuned that the acoustic energy is nmuch smaller
that the turbulent kinetic energy if the flow The feedback fromthe
acoustic field to the flowfie %ﬁﬁf t her ef _negligible. Consequently, for
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the ab quat A simplified Lighthill equati b tt
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2 o2 Oz?

= po amzc'?a: 7

Here py denotes the fluid density, which is considered constant, approximately
incompressible flow. This second equation can be solved numerically provided the
second derivative of the tensor u;u; is known.

The numerical simulation is also based upon a Re;=395 simulation of fully developed
plane turbulent channel flow. (See, “Direct numerical simulations of turbulent flows
over superhydrophobic susrfaces”, MARTELL et. Al, Journal of Fluid Mechanics,
Volume 620, Feb. 2009, pp 31-41)

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

Efiects 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 T
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. Tj;
only seems to be significant at a dimensionless wall distance y* = yus/v between 0 and
100. Here y denotes wall distance, u+ approx. 0,04 Uy is the friction velocity, Uy
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Effects of the SHS are quantified in figure 3, which shows sone ensenbl e
averaged quantities across the DNS channel. The top figure shows the first
invariants of the tensor. This physically represents the turbul ent kinetic
energy. The bottom figure shows how the rns pressure p varies. Both these
guantities are significantly reduced close to the SHS conpared to the
normal snooth no-slip surface. The stapled line in the bottomfigure shows
t he ensenbliepgientisihe ficetstreimyeleity ssd v idenabstha &inenlatic sisoodity. Bhisroiriciesl t hat

on the | ef twi(thgtf@aréd ﬂ%vmélbﬁle(l@e\frg&ﬁ%ﬁ)ess‘éflaﬂﬁ eV ufiRfs g@ %Eodﬁgﬁérféecaﬂ if€ro at

t he boundary. TH only seens e sli icant at a nsi,on wal |

di st ance y-Poun /W%@f)vcée‘ﬁ normplpoohinatess for aseifatio steeamiasl Y apExaho®, u.
approx. O, %rﬂeﬁbdu&s td”lﬁalﬁlirbﬁtﬂ &ﬁ Vigh 8Rled ¥n irldicatib® Bf BS® Roe t e mbohV RS o%ﬁéc?am
velocity a denotes the matl C viscosity. This coincides wth

area in whi WPWée?fé’@H%tf%t %Cgs and the turbul ence production peak in

boundary layer flows. In normal coordi nates, for a seismc strearrer, y+

2pPr o, 1006 ARy 1ARPL: Ynerh T J%%F%V%ﬁ%ﬁ“w'sﬂ ion of how

close to a movin hep s bl ence in a
boundary | ﬁ@leﬁa?dq@ﬁﬁsﬁrﬁwmm tmﬁn@ﬂy@@mmgn fIh tlis pradssrangrgyds decel er at ed

to satisfy tdnsfoRfedtibm theﬂ{eqﬁlmwomeltﬁé ﬁafbulérg ﬁlteent gyﬂﬁgég %ﬁﬂeagx FiR

t ransf or ne t he to the tur action of
t he of theq?‘@ié{gi.o GL%?\QS die Presrresyof a st ao"l"lt aslip at the
bougd?r Y, \mfrbsp@ndml’grr&ﬁmd (§]7) ?rflﬂlerSEéHﬂC\ifﬂmdh(Eb thélﬁ.lrﬁllil@@é’e, mtéh%l{ é&ﬁGWﬂP t he ]
t ur bul ence 4.nt ensi.t.y .and wa ictio e _nean el oci t t he
channel wi T e éé lﬁlﬁ?nsve(!%ﬂ @é@f&ﬁ?ﬁ%fﬁlﬁ%ﬂ?%ﬁ@%ﬂ Hﬁ%‘f fl ow
fromthe DNSadmv&eyﬁmlgwnwnuenfk)w friemrthé DN datm Higure ddb tﬁblmﬁbﬁiémlﬁnﬁicah | ow
Reynol ds ny (%%, i?_ﬁ h nent
02(w)/ oxi ox3 I ntl(Hf%%r1 '] -tﬁ@ &ulif](a)e{-gg% (f} éﬁgg{ﬁ?éﬁa (62% oﬁgér%og are
shown al on§OFRENSAL a5eizsas) Bk,08) !ﬂﬁhg Hij-gosos. Tlle‘f' indepangent thusor téreporegts arede  of
the acoust lsﬁoxSﬁ’HIoﬁ tHheSX-Bkils SFrbﬁﬁHfsﬁfikLEé Ei@cl&zﬁ tﬁat%@nﬁgﬁiaﬁt E%@tﬁeoac@ué?ﬁr mel

r

no-slip surface, e red ion i peci al | ar onents that
have deri vé?ﬁ‘r\‘i‘égerﬁnrfsf q:lpsq{g,a@;ﬁaq)rpgqg@qlghanq:maénp-ss lbﬁ‘é@ﬂ?l elated to
t hlel i ncr ealsehhcaam &cn‘sp@:}i)allydﬁrgteffer the @Wnplﬁm thet lidve d&hvawl%@gﬂ‘ﬂawlllﬂbhﬁﬁsle_ t he
wal | - nor ma, mponent 0 .have heen suppressed. Res s Seismc
experi ment dll—rF%tﬁorne%%S JRBIRbaH %g%?#h“ﬁ?)rf’%s PRIREO Ofiﬁgﬁpgf '%eg‘f amer was
af f ect ed bylllab@H@ataoaﬁthere‘lﬂle“m@mmmbﬂomemponmmt@pehytcchnvp%émg a nunber of
30s noi se gﬁﬁgﬁgg qacquired in July and August 2009 by a seismc vessel
operating I e Barents Sea. The data shows that the SHS coat initially
reduced the rnms noise level by nore than 10% In the same figure the | east
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 5‘?&“%3 conpare the average frequency content of the flow noise on
streanmer sections with and without a SHS. One can clearly observe that for
frequenci ege =|c A eg{iﬁoxt 20 Hz the noise level is significantly reduced.
In a simlar SPRY MY coated streamer section in the ocean off French
Gui ana in &ﬂﬂ@%éﬁhwmhmﬂwrmsmom(i@vel no ascisméc steedoet wgs efféeat byod SHSe
coating Mabgh! he NeorbalGE! BRI bobdifiriil haMber BAShHBR bdbrdd'® Vit er for

about one nont
acqulred in July and August 2009 by a seismic vessel operating in the Barents Sea. The

data shows that the SHS coat initially 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.




Nunerical experinment Figure 6 conpares the noise |evel (pressure) near a
SHS surface and a normal no-slip surface. It can clearly be observed that
the anplitudes are significantly reduced close to the SHS surface. To
conpare the sinulation results with real seism c noise records it is
necessary to nodel the effects of the pressure fluctuations on a hydrophone
menbr ane. A hydrophone nenbrane has been nodel | ed by averagi ng the pressure
over a 2 byn 3 sonlartest with scaatedestrsamersectiouinsthel ecesptoff FigaclsEgiaghitp and t he

nor mal no- %dt&bé?%ﬂ&‘%@&nhé’?ﬁ)@'ﬁé ﬁ'61§'é‘féﬁuélﬂ%EﬁHR%'i‘ﬁle Joﬁﬁn%)ﬁfa%rﬂap whilese two

si mul at ed rﬁ\édrc;g ones was real | rates the effects
a SHS can }wlprélth%wwrélédb@wm ?Wé@&&?@?oﬁtd}ﬂeémﬂ n both the

seismc experl rrent and in the sinmulation data it was observed that on
aver age, g@ oatin dfta has slightly | ower anplitudes bel ow 20 Hz
conpar ed t o 4HE™ Al experment .~ £ frequenci es above 20 Hz no significant
di f f er enceFigure 6 cohrperes dlek ndisegjave (ﬁresshmw)&neardtSHSaurfp¢e<ﬁndcafndrml noslil i zed

e ! 5 e syl 1RElcafl) b Ll BNy ehBRulaRORE Ll fanfl 0,500 UB: 8

Figure 8 reveal' s some no re u
nmeasur enentlke BE$ éuﬁ@‘@nTﬁéﬁm@Whe gatudation rswlté “@ﬁ'&:ﬂe@l smsmnc awae WO@W@ dftis SHS

surface ”%& oﬁfoﬁél‘tﬁé foé&s gfﬂllkpke“ss&@\ﬂu@tdﬁhéﬁl%ndlﬁrdr Jn&%%ﬁﬂﬁﬁﬁ(e range
bel ow 10 HS sur ace at ment {e ults in a_consi derable uction

of the noi s“e Y pRonem fén"B maggile b)é%vqrm&@erpa??a@em% & se
reducti on iageads hitRivestried\outsidt iah et ST ¥kp albihe Worfal o-dlipebonndae. The

orlglnatln n_the turbulent bound l.a er undi the stre 5
cables. i o difidenstip hetmnlainte ERUGR b ¥ Siratled XEOp Rt s WS no s
| evel i n trwlzsclfreeﬂmdhmgraﬂeaﬂ@@ffeststakﬁi%bmMV@fondbmﬂodeloasbllefeil.rrportance.
Concl usi on Measurenents have been performed showi ng that a highly

hydr ophobi ¢ surface coat can reduce the drag around seismc streamer cables
in an oceakreguency€antent by about 5% In addition it has, for the first

ti rrte been Iﬁb@ﬂ’ﬂht éEb’%ﬁmlU& érﬁﬁ&]tcaﬁafiﬁﬂﬁsirﬁ%lﬁ%%?/détbﬁvﬁ?&)bfsé&&ﬂﬂﬁt&? Ieve: on
a streanmer sectign [ OX i 0 noi se |eve

i oht not. axgRE i SHSbRng dalh b by s hawaes Belasias B Prmpeed i o ¢
streaner t eodweblgodatihdr ﬁeqmrfciasabbvaQweragnmﬁr;anddaf&f@e‘ei\mnembmmi.t he
SNR. The additional advantage offered by the SHS will therefore be

valuable. In the literature superhydrophobic surfaces with a distinct
patt er n of Figue 7 showos lineaipboigf theendringlized nce@tlb‘ﬁrh aha@ﬂ:w@en oflérsquenbed.

Unf or t unat %&loggﬁﬁﬂnﬂ% SCEH¥w éflﬁq:léﬂrfefs' G&l%?'is% 1Viﬁ PloWPRLRALHT €,

and it is proba ractl [ to cover seismC streamer
cabl e wi t hrgngsr Beg @apmrﬁétqn@rwsmeﬁablﬁm@ﬂﬂi out

appl i cati og$is @rﬂb@ﬁbmﬁﬁd !Fecﬁﬁ @-‘bglﬁe QQﬁE bBGici®taf indhe £ en@ft?adge beR&aped on
is nore pr?fzéhg g"r ess does.cr ateasu til;:%tlmal dom
surface patt’dfh HSseols CEnGRiBaR o SORRcTaE f‘r&’b‘Fﬁ}%@fo & ngigfavshg
argunent i Figuay 8 ghovwd that ﬂsdﬂ’ﬂi the ek .10-20 Hz noise reduction is achieved. As 1ndlcated

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 streamer 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 will therefore be valuable.
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The sinulations carried out, using a nearly ideal SHS, did give a flow

noi se reduction of alnbst 60% Such a large reduction is probably difficult
to achieve in an industrial application. In spite of theses shortcom ngs,
the present invention has shown that highly hydrophobic surfaces have a
significant flow noise reduction potential. Cains: |. Aflexible
streaner cable for use in marine seismc exploration, providing | ow noi se
in the frequency range bel ow 20 Hz, containing sensor el enments dispersed

al ong the Imngé hte@ituﬁefka h&ﬂ@&&ﬁk@i whed dlé%m%hﬁén 7 dr @ts?ﬁon he
st reaner, e are rroundi ng the senso erren over ed
by hi ghly %‘8@5 ?sel?‘?ea e Sﬂéﬁfﬁﬁuwé?éffsuebmﬁ%msawgh%uala@ée to or

above 1200 expeﬁswél'ﬂtnenﬁﬂtﬁ'afdtlh?rleﬁarﬁitlt ewabgamﬁa@fe@ptrodjom& Ht@ldféd@'offkﬂa of

character eamner. co hohi

mat eri al L)\Z/Sggnjln 3 %%ﬁelrrc gﬁ %prec%d?ﬂ?@\ﬁ?alcﬁ’i?cggggé’gi@ﬁng "gﬁt’é“ accor di ng
to claimi, ap@hgatms,@rhlgbld hydrqphablcmdetmgmaeaaletha:t cah bt Isgayéd efi¥atore .

sur roundi nq,rga@ap%ngé%ﬁé Q%P%%o@cr%%‘é%rsﬁﬂ(gnﬁnﬁ'r&m&n %Mﬁ]gga 63'3 gdlmrs:; erial.

4. The flexible st accor one o
clai ms, chaf@¥eerheseserpndrest of W@Ph’ﬂ@iﬁyflstryﬂgélfﬂﬂmtmrfavcsnlﬁbsmeplsebact ed

fromthe group consisting of poI ytetrafluoroethyl ene (PTFE, Teflon),

ol ydi net hyl.si |. ox ounds | si |l ane groups _or m xtures
F h e?/ eof yf‘he snnufaﬂons( carrie dmt sig ga nearly(igt%) S!HSS di givea ﬂowgnmsepreductlon of
almost 60%. Such a large reduction is probably difficult to achieve in an industrial
application,

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




5. A nmethod for reducing noise generation in the frequency range bel ow 20
Hz in marine seismc exploration using flexible seismc cables with sensors
el enents di spersed along the I ength of the cables, characterized in that
the surface of the streaner, at least in the areas surrounding the
sensores, is covered by a highly hydrophobic material which displays water
contact angles close to or above 1200 . 6. The nethod according to claim
6, charactetlamngt i n that the highly hydrophobic surface is provided on the
entire length of the streanmer cable. 7. The nmethod according to claim6,
characterized in that the highly hydrophobic surface is provided only on

t he areas shr ggﬁgqugemgr bl i9F yse 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 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 material is selected from the group
consisting of polytetrafluoroethylene (PTFE, Teflon), polydimethylsiloxane (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 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°,

6. The method according to claim 6, 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 is provided only on the areas surrounding the sensors.
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