OPTI CAL PRESSURE SENSOR Technical Field The present invention relates
generally to systens having capability of maki ng neasurenents for well
drilling wpenetizens. Background In drilling wells fom/useéiomnt7gas
expl oration, understanding the structure and properties of the geol ogi cal
formati on surroundi ng a borehole provides information to aid such

expl oration. However, the environnent in which the drilling tools operate
is at significant distances bel ow the surface and neasurenents to nanage
operation of such equi pnent should be accurate and straight forward in
operation. Further, the useful ness of such neasurenents nay be related to

the precision or quality of tRATIPACPRRESORESEMNSRE from such neasurenents.
Brief Description of the Dramngs Figure 1 shows a bl ock diagram of an

exanpl e enbodi nent of an

The present invention relates generally to systems having capability of

making measurements for well drilling operations. -

Background
In drilling wells for oil and gas exploration, understanding the structure

and properties of the geological formation surrounding a borehole provides
information to aid such exploration. However, the environment in which the
drilling tools operate is at significant distances below the surface and
measurements to manage operation of such equipment should be accurate and
straight forward in operation. Further, the usefulness of such measurements may
be related to the precision or quality of the information derived from such

measurements.

Brief Description of the Drawings

Figure 1 shows a block diagram of an example embodiment of an
apparatus to measure pressure in a conduit, according to various embodiments.

Figure 2 shows features of an embodiment of a method of measuring
pressure within a conduit, according to various embodiments.

Figure 3 shows a diagram of an example embodiment of a tool having a
Sagnac interferometer and a Michelson interferometer to measure pressure in a
conduit, according to various embodiments.

Figure 4 shows a diagram of an example embodiment of a tool having a
Sagnac interferometer and a Mach-Zehnder interferometer to measure pressure
in a conduit, according to various embodiments.

Figure 5 shows a diagram of an example embodiment of a tool having a
common optical source for both a Sagnac interferometer and a Michelson
interferometer, according to various embodiments.

Figure 6 shows a diagram of an example embodiment of a tool having a

common optical source for both a Sagnac interferometer and a Mach-Zehnder



apparatus to neasure pressure in a conduit, according to various

enbodi nent s. Figure 2 shows features of an enbodi nent of a nethod of
measur i ngwpresssEsw t hin a conduit, according to vari orsTAsbadion2nt s.
Figure 3 shows a di agram of an exanpl e enbodi nent of a tool having a Sagnac
interferoneter and a M chel son interferoneter to neasure pressure in a
conduit, according to various enbodi nents. Figure 4 shows a di agram

of an exanple; TRRtac&rdRg t@Mriolevhbhdifent@gnac interferoneter and a
Mach- Zehnder interferometer t0 nmeasure pressure in a conduit, according to

various enbodi ment gigure 7 shovsirgiwite oba tobionke Mickilsagrinterferomgter sivnlepice
embodi ment of g ngsﬁf%&e}ﬁar&n&m t08L bFﬂgLru%QE' L&Es [if heddpdaic@wiRgnac

interferoneter a ( son | nterferonet according to various
enbodi nents. various dalgpdimeen®s. shows a di agram of an exanpl e enbodi nent of a
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Sagnac interferometer in the tools of Figures 3-6, in accordance with various
embodiments.

Figure 9 depicts a block diagram of features of an embodiment of a
system to process signals from a tool having a single path optical interferometer
and a dual path optical interferometer such that the sensing portions of these
interferometers are attachable at a colocation on a conduit, according to various
embodiments.

Figure 10 depicts an embodiment of a system at a drilling site, according

to various embodiments.

Detailed Description

The following detailed description refers to the accompanying drawings
that show, by way of illustration and not limitation, various embodiments in
which the invention may be practiced. These embodiments are described in
sufficient detail to enable those skilled in the art to practice these and other
embodiments. Other embodiments may be utilized, and structural, logical, and
electrical changes may be made to these embodiments. The various
embodiments are not necessarily mutually exclusive, as some embodiments can
be combined with one or more other embodiments to form new embodiments.
The following detailed description is, therefore, not to be taken in a limiting
sense.

Figure 1 shows a block diagram of an example embodiment of an
apparatus 100 to measure pressure in a conduit 105. Apparatus 100 includes a
single path optical interferometer 110 and a dual path optical interferometer 120.
Conduit 105 is a workpiece on which apparatus 100 operates. Single path
optical interferometer 110 has a sensing portion attachable to a location on
conduit 105. In addition, dual path optical interferometer 120 has a sensing
portion attachable to conduit 105 essentially at the location of the sensing
portion of single path optical interferometer 110. Single path optical



I nterferoneter, according to various enbodi nents. Figure 7 shows
results of a test of a Mchelson interferometer simlar to the Mchelson
i nt er f er owetzer2/i2e918he tools of Figures 3 and 5, in accordaruseomioviz7vari ous

enbodi ment s. Figure 8 shows results of a test of a Sagnac
interferoneter simlar to the Sagnac interferoneter in the tools of Figures
3-6, in accordance with various enbodi nents. Figure 9 depicts a block

di agram of fegflrEamefer 20 SRR SRNGptRE] ifteBUDhRY 1 20 MindeS¥angdddnal s from a
tool having a single path optical interferoneter and a dual path optical

i nt er f er omet ertogsthen t measutetpsesswrn Sithin e FeNdyits This argsmentireyifes et ers are
attachabl e at .xﬁeaﬁﬁjir%‘}@&'tg g?%]a?ivgg,qg&%ine R aitpﬁsiyl%[zb&) Eshgaffbodi ments.

Figure 10 depicts arr enbo a systemat a dr site, according
to various entd®di Reeasusizedendinit 05 Dey be & preswized pipe ofpheell diillingi ng det ai | ed
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directions, where on return to the point of entry the two beams light combine in
such a way that an interference pattern can be obtained, which can be related to
different distances light travels with respect to the opposite directions of rotation.
The different distance can be due to a change at a location in the propagation
path, which is different at the different times that the path is subjected to the two
opposite directions of propagation of the two beams. The Sagnac interferometer '
can be arranged as a fiber optic tool to measure a direction of pressure change
within conduit 105. The Sagnac interferometer can include an optical source,
while dual path optical interferometer 120 includes another optical source. The
Sagnac interferometer can include an optical source, while dual path optical
interferometer 120 includes the same optical source, that is the same optical
source is common to both the Sagnac interferometer and dual path optical
interferometer 120. The sensing portion of the Sagnac interferometer and the
sensing portion of the dual path optical interferometer 120 can include the same
sensing portion, that is, the same sensing portion is common to both the Sagnac
interferometer and dual path optical interferometer 120. The common sensing
portion can include an optical fiber wound around conduit 105.

Dual path optical interferometer 120 can include a Michelson
interferometer. A Michelson interferometer generally is an arrangement in
which a beam of light is split into two beams, using a beam splitter, that follow
different paths, where the beams of light from each path are combined such that
interference in the combination shows differences in the optical path length
traveled by the two beams. With one of the two paths being a stable reference

path, or reference arm, changes in the other optical path can be detected. In the



Figure 1 shows a bl ock diagram of an exanpl e enbodi nent of an apparatus 100
to nmeasure pressure in a conduit 105. Apparatus 100 includes a single path
opti cal iwbenfanemster 110 and a dual path optical interCeuseemnm22120.
Conduit 105 is a workpi ece on which apparatus 100 operates. Single path
optical interferoneter 110 has a sensing portion attachable to a |ocation
on conduit 105. In addition, dual path optical interferoneter 120 has a
sensing por ti mcﬁa;oa,qn@atmer SIS to OB SHR s Ml iehirofiub gL | 0N Of
the sensing portion of single path optical Interferoneter 110. Single path
optical i nterlfietworhsems arereflegted backato theatamedsemspdittes for cpmbpatierer 120 can be
arf anged ! 09eUigub BaiEARYbERIARE Uitk hidh) hddihe SABRUMN _ThT s arf angerent
provi des a nmeasurin 0 noni nvasi ve termne pressure with a
pressuri zed comddcmmiﬁﬁxndi@aesslwmgcwrcbemﬂxaum ingthelength Oﬁtheawp-rr@fssfmq zed pi pe

of a well drilljn eratjon in whjc 0 t ssurized
pi pe. The pr e?gﬁlr %%V%Path% Ha p? Seeé tsoucillﬂ{ﬁrt‘aa lg“%‘ks ﬁﬁeﬁe %198%?%141 ('eemay be
correl at ed t o i fakerpinssusunt dittudspece to the tdeombizied signall | i ng operatl on.
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of propagation of the beans. The nac interferoneter can be arranged
as a fiber optnadl, Dol@feﬂmge ma@mrseamdh? et eptica) fpathrcan be detetethnlgdbeni t hi n
conduit 105. Sggp RAFp A 1 Bir IR3d 16 3h fce, while
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optical fiber R hsacomb d“% duit 105. Dual path opti cal

interferonmeter 120 1haQifferéict derwaetMhe MikEeNoniand Mafcmzem&teeaemge.sﬂé mhel son
interferoneter generally is an arrang ment ISOP\#g a beam . of is

split into twih®eupy o appiisabresriveh ¥ FM‘%‘F’ 181 &qr%%edl‘?‘frf”éraént pat hs,

where the beange 8ds orﬁﬂattwébam RAckinRakdligh BackaF i tREmSPRMeritbat i nterference
in the conbinati on shows fferences in the optical path Ien%eh travel ed by

the two beans. WWhﬁeM@%ﬂanQWIWS%F%@ﬁFféFWﬁ W"&B’I‘Eﬂf‘eebf’lé nce path, or
ref erence armz@g@é?%sﬁ the th o gh@b‘?batﬂp&ﬂeﬁ"&lhedoﬁttﬁknqﬁﬁeIQQ f&teatied. In the

M chel son i nt rorret the ends tothetwooE)lat s can include mrrors
such that the Qnmallmdnriwgdrsen theftive @pprgadhas khe Miohplsorsdasignisam he prire ter f or
reconbi nati on. se;mt?ve a‘éQhe%Ea?ZMep&&%ﬁ,tbeE&sé 91% l&ﬁ{'@avlefsrlﬁrobgh t‘f{@‘ﬁﬁt‘ﬁ the

M chel son

twice in the Michelson interferometer as a result of the reflection off the mirrors.
The Michelson interferometer and/or the Mach-Zehnder interferometer can be
arranged as fiber optic tools to measure an amount of the pressure change within
conduit 105.

In various embodiments, a fiber optic tool including a single path optical
interferometer and a dual path optical interferometer can be used to measure

pressure within a flow line pipe in a well drilling operation. In the well drilling



interferoneter indicates change or perturbation in the length of the
non-reference path. The two paths may be set to different |engths, where
thi s desiwo 2did2ay1ence i s taken into account w th respeeCTius2e¢iomorezonbi ned
si gnal . Dual path optical interferonmeter 120 can include a

Mach- Zehnder interferometer. A Mach-Zehnder interferoneter generally is an
arrangenent in which a beamof light is split into two beans, using a beam
splitter, that, E{ahbﬁ)\%d&' tid‘v&f‘srlﬁmls W Mige pl‘ﬁ@eweﬁlmya fréth the dHltind r om each
pat h are conbi Red such that inference in the conbi natlon reflects
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where pumps that pump fluid into the well hole are located. This can provide

about 100 to 200 feet of pipe on which to attach the sensing coils of the fiber
optic tool. One or more sensors can be attached to the pipe in this length.
However, one or more fiber optic pressure sensors can be placed at various

locations on a pressurized pipe associated with the drilling rig.



Such a fiber optic tool can provide a safe efficient operation as conpared
to current systens. Current systens use pressure sensors in which a hole is
drilled iwbaopiqpsessof a drilling rig in order to place @&Cprsseine223eENsSor in
the pipes that may be pressurized at several thousand psi. In various
enbodi nents, the sensing coils of the fiber optic pressure tool can be
wrapped around the flow line pipe such that a hole is not drilled in the

pi pe. The |ength ofglhesenateitiids 6P smbuaindie ofa mihdd bFMkxsusin@l | fraction
of the total length of the optical fiber of the tool._ For exarrple t he
sensing coi | rgsskrgwthin 2 eanduih f 2 Lh s pptisabsogese obasingle pathapsisali on of one
percent of theg,ptiy ﬁ%keriﬁ\hﬁé %nsﬁg‘?o&faﬂ lanac'ﬁgmvaelﬁeatioﬁ%gta%n&flt ithe sensing
coil may be | arger than one” perce of the optical fiber of the tool. The
fiber optic toe@hvaiech B@doo@atmwmaplhel@ema@esudhcqlh@amlﬁamllt he drilling
rig somewhere ween to the
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drilling rig. sh f.eat 42 e odi nent. of a net hod
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source of the pghidn @atbh ap pplicabfibérhacing & hembéraf urdhwosrngoutd thorti on of the
single path optical interferoneter and the sensing portion of the dual path
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interferometer. Determining pressure within the conduit may include mapping

the count of the signal oscillations from the dual path optical interferometer to



t he magni tude of the pressure within the conduit using a strain

rel ati onship of the conduit. I n various enbodi nents, a conbination of
si ngl e pavb ameesdier ometer (for exanpl e, a Sagnac i nter Perarsediond22and a
dual path interferoneter (for exanple, a Mchelson interferometer and/or
Mach- Zehnder interferonmeter) can be used as a tool to noninvasively

determ ne pressure within a pressurized pipe. The pressurized pipe may be a

flow l'ine pip&pd Maghifdhé bf thEGrebdude witmﬁrtﬁe%ﬂalﬁt dding \Graif RESIBhGIFShdE
determ ned by counting fringes (oscillations) or partial fringes produced

using the dualcopdih i nterferoneter, and the direction of the increnents

(increasing or decr,@@@agg ,glsgﬂmgﬁtsdaeé ﬂﬂa%sﬁopéfgleﬁatﬁmgf oMl for

interferoneter instal e sarme ocatl on romt he single path
i nterferonet ere,xamplal a &a@naemtqfesa@iqtandﬂ dral patbmr&rrommly(fwexmnbra cally

integrated to M Bels nfaert% 1o le ertagcg 191%81 2%}%5& 1ﬁte{f98¥n%?eyd&ﬂ b8 ysdy A5SUT €. The

conbi ned system e he LAl usin ependent pressure
nmeasur enent s abdlao nbﬂlﬁvasivelymetehmme mteesﬁewﬂhmtaqmssurﬁzeﬁ Ipq)et dbe. In an

enmbodi nent, rather .than an qut %Et ff t.he. se(ﬁﬁio be| gr res&ed as a
pressure, it rmISSIHREH BIPS WAV IRERPE 0 AP B 18 JRSETERS hEC i e
derivative of ;irbseurprcaswwenﬂﬁieas;wbmw,gtfhnges(dn;empﬁmu:rpami fymgee can al so

be conput ed usi ri roperties of the erlal nd wel |
known stress/ er?‘gH FA]F%‘P% FSPélRf‘%émg%?m{nﬁ@r %W@tdr"{?? tﬁ?‘ B ents A
fiber optic Sa(%?éésﬁﬁﬂﬁ&fcrééﬁﬂg)bﬁn beBéteRERE S th@sﬂ@lb@ﬁﬂl’ihﬁl@rf&bﬁxe@(l stence of
pressure changes within a pipe through detect] n‘% t he associ ated changes in

the circunf er Spydlegnt the sape logatinpe Signalsifeonythe swgleatly iplsrigrometeryi pe. The raw

out put from sughlied H?@%gh@é%’ﬂatrfek&n&éroﬂﬂy bd maéncmy ;nffe%rdt@dep@éwwnge of the
circunference of the p (and the rate of change the pressure within

the pipe). A r%Pléﬁqrméluylp@e P@m#@%@@swfﬁaﬂ%ﬁ?n@ineﬂﬁﬁt@n C&UPE er ence of the
pi pe can be Wﬁbﬂd&ﬁ'ﬁgingt\% Qlﬁrgmg%de erMeﬁﬂﬁés%% nifaflit&hed?$ oﬁletf thiier optic

Mach- Zehnder sensor as nism tor pressure related changes in
pi pe ci rcunf erfeorséhe mtnrfcmmsers\nfcshmuoglorlnamthmt;mzenﬂmwhamn pugat ofa spl it

| i ght beamt ra%gge%s&q) 39?@654“ %mﬁ&'%ﬁé%mpﬂ one is stable

and constitutes a refer arranged to be
sensitive to tﬂrepqmqnmlmthcumdemwee oftbcpexmmllegzssudwemﬂmbéne correspondi ng

to this path can be ped und t he nbini_ng the tiher optic
M chel son and/PéFSSRféZéﬁ'rf&%rfa%Pﬁ%g putedtlﬁ r{')gethe Cg nal pr?#nﬁfs zgéhr?gg sensor
al l ows pr essurxﬁatdﬁﬁleﬁdtrwanknmn smtetsshmnﬁn teinftlenshmséomme pévemgtryed sherpelsi ng t he

fiber optic Sagmac sor .based on calibrati.on of. t C sensor to an
i ndependent neasur €' ertql?gc pedas et %me%vq%’?%ﬁ g‘?%‘l ntegration of

the signal, wh&istenté6f sredsore dhﬁhgbhentﬁmrmﬁpaﬁr@gnaawtﬁngmﬁe &u@d*atah ar r angenent
(wi thout t he l\é'hglrllgs ?r? trllle glrrcul\r/r?f(e:rrc]a%ge! (l)tn lqe pipe Qestg rtl?e,) presere mt Seef‘)lpve\:/I th time.

The raw output from such a measurement is proportional to the rate of change of

the circumference of the pipe (and the rate of change of the pressure within the

pipe). A relatively sensitive determination of the circumference of the pipe can

be made using a fiber optic Michelson sensor or a fiber optic Mach-Zehnder

sensor as a mechanism to monitor pressure related changes in pipe

circumference. In these Michelson and Mach-Zehnder methods, a split light

beam travels through two equal length paths, of which one is stable and

constitutes a reference, and the other of which is arranged to be sensitive to the

pipe circumference, for example, the fiber corresponding to this path can be

wrapped around the pipe. Combining the fiber optic Michelson and/or Mach-

Zehnder sensor with the fiber optic Sagnac sensor allows pressure determination

without inference of the pressure using the fiber optic Sagnac sensor based on



Figure 3 shows a di agram of an exanpl e enbodi nent of an apparatus 300
havi ng a Saghac interferonmeter 310 and a M chelson interferoneter 320 to
nmeasure pwesiw®3di8 a conduit 305, according to vari ousPemusd0®0L232
Conduit 305 may be a flowline pipe in a drilling operation. Sagnac
interferoneter 310 includes an optical source 311, an optical receiver 313,
and a sensor coil 317. Sensor coil 317 can be a sensing portion realized as
an optical fihgpy, J'abanﬂtﬁe %gn%&%mreo Eﬁlnﬁmwr{tnﬁgﬁr@yfﬂ%ﬁfébdﬂ%the opti cal
fiber around condurt 305. Light fromoptical source 311 is split by an
optical spli ttfeﬂomx&iowﬁmaﬂ@ﬂm\/ﬁ dke signgh avhererthe errergntheer cl ockwi se
signal to a d%ﬁ%uféﬁ%tasﬁ& ofmhl‘?Qtjra@%bﬁtt(@fth@bl%e%ﬁﬂel@&ﬂﬂll\@&hl ight from
sensor coil 31 tical recelver M chel son interferoneter 320
i ncl udes an oﬁkmn&ksguumbemgﬁmﬂmaﬂWﬁbvmeal recelver 323, and a sensor coi
327. Sensor coil 3 tical fiber
that is attachabl e%t%ﬁ%grsl QVS%@%@E‘JB%%IP% e o%%‘?gfﬁ?p%greggaround
conduit 305. S@ﬁ&omngoshgﬁzﬁmmkwmwme$Ebmdmﬂﬂehﬂsnnneﬁ@mn®2®3aaw be

coll ocated wth sensor coi terfero er 31 ugh Sagnac
i nt er f er omet er™ Y RAGNF Bh%T(’é‘SW?IE%Sthg‘TO (ﬁ%%n(a) are r{’g)rd e ?ngsol%({ndﬂl? Li ght
fromoptical sSWImeE b3ANIdvSligpipé 1nkh)drﬂlilngxmetauah Sqgnia¢ ingarfeddBetérB19end an

opti cal signal, throu h sensor cgoil over ength 11. At
mrror 326, tH&C P‘ileéﬁg OP‘éca? éqqr‘ﬁ’c%léda“t??t‘ﬁ?ldffgﬁ’ﬁf é{%é‘&‘i)a f‘?’i’?‘?ﬂf@ﬂ%tnsor coi l

327 to splittedendRoil MIEES Belsehdiffhportion @hliRabesh bicaPfitet &at secei ver 323.
Li ght split fromogtlcal splitter 329 is dlrféted over a len% Elﬁéz to

anot her mi rr oratiggablesp condutgS By ginding,ie opiica lpar apouad cpngugt 30 h to

splitter 329, ﬁé}ﬁﬁglmtahﬁ)u'rde@]tl id splifiby ﬁ?éﬁﬂaltsﬁllﬁé?tﬂlg% sen@ @ Rlo¢RWis823.
M chel son sensor 20) wor ks by conparing O6“ c_sensing el ement

that is sensi tSilgﬂé}1 angl mn@e@oﬂwwqﬁegwalmdeiaaée@ébﬁ pcabepdiftet $% simi | ar
fiber optic e'a@éﬁ%ﬂlteg' ht'ﬁ%nf‘é%hsd?fcf)@ﬁ% opcdl R&efvkbPyy3l i ne. M chel son sensor

(320) can be confi to adjust the sensitivity of the Mchel son portion
of the conbined Sag\d&belQ@llOerMWMB%Q)WCKUQQ@II @@ﬁ@@pumq Bal, gepptical vity of
the M chel son t s wound
around condui trege(rﬁ%e. g@%’%ﬁ%ﬁ%ﬁ%‘gﬁédﬁ?eﬁg‘?ﬁ‘t &#p{zﬁgglgg%glp%l gtbghnght there is
i ncreased sensalized bt 3n optikall féber thet is ettachable it gondwity 305ebyt wmdinghd or sone

appl i cations, for t he case
of M chel son s@h§%f§§8?n£§?ggg%$v$g%oﬁ co‘? Bﬁ?fﬁggasgﬁ%&?ﬁgﬂ?&k&t he rate of
pressure changi20ican bé calochted with génsbresod 317 I@ﬁSagmc: 1dtdrﬁdromasr HOcthouglo f ast

aceuratol y. | et iR 11 pod PsrepbBieieoridtead i B PL20) can

be used, whi chfrwhdptical aﬂmﬁztlhesﬂnunjaaro;ﬂfcalmpmtérmpn@mdfaﬁbpaca@ ven pressure
change. Wile a s nS|t ve fi ber Ierren § of  on Iengt.h i sed in the
T

Sagnac porti onS‘%F‘ SeRsPhel 32 ?138“’(‘%" ac]ﬁ’ég n‘A(t sor to

attain a desir@blightSaenesed R protal géltblbh{ckthﬁﬁfgﬁﬁ’!ﬂ%rtcbﬁgﬁ kdogited 3opnt  (327) of
the M chel son portion can use a different ength to attain a desirable

M chel son sensyhargfheyfight is direqtedyigroptionl sesixar 323dilaght sphtdtomeptisghinpl e

enbodi ment  of s%'iltté’r@@ﬁ@&&b%teﬂ%@eﬁﬁl\éhﬁﬁ 1,80 PRARGitBf B¢ AtanRles28110 and a
Mach- Zehnder interferoneter 420 to neasure pressure in a condui’'t 405,

according to vight susflesisdurkthreush toemliter 1294pBeralie light i diteelgd (4 ne pipe in a

drilling opera}fjQn =a3p3se; i nterferoneter 410 includes an optical source
411, an opti cgt}ﬂlrecrgcl%ver 413, and a sensor coil 417. Sensor coil 417 can be
a sensing portion rMs;helzweawrﬁ?%wpﬂ@é?b' comparing a fiber optic sensing

element that is sensitive to changes in the flow line (conduit 305) to a similar
fiber optic element that is not affected by the flow line. Michelson sensor (320)
can be configured to adjust the sensitivity of the Michelson portion of the
combined Sagnac (310) / Michelson (320) sensor. The sensitivity of the
Michelson portion depends on the length of the fiber that is wound around

conduit 305. With increased length of the sensing element, there is increased



fiber that is attachable to conduit 405 by wi nding the optical fiber around
conduit 405. Light fromoptical source 411 is split by an optical splitter
419 to sewo 2a1200281RW se signal and a counter clockw se ®Cgnskomoorzel ay
cell 416. Optical splitter 419 also couples light fromsensor coil 417 to
optical receiver 413 Mach- Zehnder interferoneter 420 includes an
optical source 421, an optical receiver 423, and a sensor coil 427. Sensor

coi | 427 can heg aiagNWRe tgpgéngfaoltf fidly be @ 185 19 LoAR bRk DR mayhal i s

attachabl e to condur't 405 w ndi'ng the optical_ fiber ar ound conduit 405.
Sensor coil| 4z&sodfe tambigh Zuwﬁtfeﬂpnlﬁ%@ﬂﬁekﬁhéﬁﬁﬁ Oﬁmhﬁbﬁﬂ pansedPP@eat ed with
sensor coil 4 1 Bl r4td Of g{.@g l%gglgp Jchher feroneter
310 and Mach- %Z(ﬁ&(%we?@&'? né‘%é ZOCé?e |so%g ghtsfrom opti cal

source 421 is tegilevellthat asmllnupnmdcusqwl fast et ﬂlﬁzgscvmlsselmlwnﬁﬁtm@abe si gnal
through sensor nﬁﬁ’l‘ lt? &t nd e.oo%&:ug fc%‘?a{téﬁ r g! fsﬂgﬁ&gﬁ&r i . The ot her
splitter 42 I'rec

| i ght signal rom optica over | ength 12
to optical redmche:‘lsorﬂéﬁsor(320)caﬂ\®0fsec£eﬁmlsvmé¢ra@o¢e thd A@mberof ks by conpari ng
a fiber optic sensing_.el enent that i.tive to an flow line
(conduit 405) ¥GIAN grﬁ‘?‘laa%“er‘ﬁpd%ﬁs‘"Sﬁb?'@eel r‘r‘&'ﬁ‘tse‘fsh%\ve %8 %‘g ent?%fﬁt%gd by the
flow l'ine. MacheZ&igdie usedan SRrSaghat4iticnan theeombitfed $aged (B10)adj ust t he

sensitivity of the Mach-Zel ui der r o t he conbi ne Sa ac (410)!
Mach- Zehnder (MBH§IsaLEZY)ysenspr o @@ﬁ‘sﬁ‘ﬁqs\f? PG FRASRH- %e Y portion

depends on theﬁﬂe?@l@fn@nt‘lﬁfl)'&tﬁelhhﬁhel&diﬁﬁortll& 4R B @ifmndleﬁgnwmauﬂ% Wt h
increased length of the sensing elenment, there is increased sensitivity.

Wil e the sensdesiraple Mighglyomgensigiyity. o\ for some applications, it may al so be
too high for other appl i GRIWO Bagrhfl o&‘ﬂ@eﬁaﬁﬁ% &ﬁbd&hﬁé}néﬁk&ﬂ%ﬁramnsor (420),

excessive sensitivity may occur when the rate of pressure change is of such
a high |evel t404thapingp Spanacirsrieremeter %1& qné@tM@qha%ehp% ippEeromstist 620

| mpl ement ed ”thr%;a% Qa%eL&K/éaﬁa%ﬂﬂht4dse§c%o,<a§fg'tblvﬁ%‘g@ﬁlba&%mtel y. In such a

case, a shorter ch- Zehnder sensor (420) can be used, which woul d
reduce the nunBeduis #0H ey bt atflowrlmeipipe ima drillimg operation riagesrange. Wiile a

sensitive fibeg %J SRR 42@6’% ud anﬁﬂ)%e% PI%EQM(IS ﬁgcgi Rclib& 42394aG portion

of the conbi neate ghac ( nsor to attain a
desirabl e Sagrmnsosemt#t?l Senyor cbihd 1% eandietai semsinig muoxedeelmedtas gaiopticabf t he

Mach- Zehnder ppt&lk aF i ﬁ@ch%gl% &' coq):gfnft 908 Q%wmﬁr}%stﬁ'e 5p§1c§1t fit5d Brg ncﬁj gc?ﬂd[lﬁb le

Mach- Zehnder ram of an exanpl e
enbodi ment of 403. apgmﬁahuamBﬂ&omwmgxsaplummpmmﬂ splalerasr&mocsenc‘sﬂl for both

a Sagnac interferoneter son nte ero 520 accordi ng
to various enbd %?‘?tség“aéﬂ@r?acé’“’i‘tﬁ %‘ﬁ‘é‘?ﬁfn‘éﬁ‘% t°§ aP' ﬁgﬁ&é ORE! cal sour ce
511, an opti cadplittecan\aib codples lfglhdframi‘seﬂfsﬁﬁfmmﬂlto batlcal feecisar4160i | 517 can be
Cosone M9 oL O nGall 60,85, 20, SRLLEl, LLeL LRl s gsha e Lo
may be a flow R rideRRr 478, andlh bdrkbrt@ilAREI 8risOboil 427 can be a sensing

portion realized as an optical fiber that is attachable to conduit 405 by winding

the optical fiber around conduit 405. Sensor coil 427 of Mach-Zehnder

interferometer 420 can be collocated with sensor coil 417 of Sagnac

interferometer 410, though Sagnac interferometer 310 and Mach-Zehnder

interferometer 420 are isolated. Light from optical source 421 is split by an

optical splitter 429 to send an optical signal through sensor coil 427 to optical

receiver 423 over a length 1;. The other light signal split from optical splitter

429 is directed over a length 1, to optical receiver 423.

Mach-Zehnder sensor (420) works by comparing a fiber optic sensing
element that is sensitive to changes in the flow line (conduit 405) to a similar

fiber optic element that is not affected by the flow line. Mach-Zehnder sensor



Light fromoptical source 511 is split by an optical splitter 549 for use
by Sagnac interferoneter 510 and for use by M chel son interferoneter 520.
Opti cal swbi2nt2an3@49 can be arranged to split the out putrcirruseetie22opt i cal
source 511 such that one half of the light goes directly to Mach-Zehnder
interferoneter 520. The other half is directed to single reflecting Sagnac
interferonmeter 510. Ot her ratios for splitting the Iight may be used, where

these differ eQ?%(@%Eh ggccg{ﬁ%mtegl&ﬁghﬂlg?g% Wtofm MAGCEHR Dot oFl gnal S

fromboth inte rometers l1tter 549 for use by
Sagnac interf eth@cmnlanemnWs(%I@)r/ééaCécZeﬂmd@é‘l S@@bﬂ Thegepitivig/ofthece| | 516- 2

the Tignt {1 oy PAaHEpoRith depSid gn bl %“% SRR Y SRR 00 1 gt

from del ay celdon&hii640s. |W1thlmceaa$eddertgdl dithé sabing plbnlbnteﬁlet'cllsmcmas@nd a

cl ockwi se signal .and ckw se. si £9.3 516-1 via
sensor coi 5‘?.‘?5‘%‘{1‘8( W?e%g? Senf)'l w{ may B o 1&?‘?r are ansil'ieca an gﬂfyal o)

coupl es |ight digomb®teehigh forather aﬁpmammlsomﬂheedse bémbld-ébhrﬁibﬁsensor M chel son
i nterferoneter O includes.optical source 511 n_opti receiver 523,
and a sensor c‘é? ?SS’VQSF?Sb%‘Ftyé?ﬁXrO(?‘é“@i}T“(5lfe rmeé’ﬁgf?gﬂe ?‘Wﬁ? ?se?orret er 520

i s the same opfutleahigh MierBaPsscillpfidns dkbcus 06! Fasethatlifle lbctaginanplemented er onet er
510. Sensor coil '% can be a_sensing.portion realized as ag opti cal fiber

that is attacwaﬁf@ttr@blea%mnnfmswwam%m@we Insspch @ gpses § Ry ound

condui t 505. SR Me&H-Fetnddr hsoMR0pEamR vsél, Whi&rvocsmd fRidu&2fe i s the same
sensor coil 517 of Sagnac interferonmeter 510. ght from opti cal

splitter 549 fiymbgsef esgillptiensdersogivennresseie ch#nege Whils@ %egsﬂt“f?efﬂbegm it by an
opti cal - spl it gEmeig P4 906 erth RRLLRInH AR portidrfor@Rd ddhibineap! | € Ler 539,

t hrough sensor co to a Mrror 526 over a length 11. At mrror 526,
the light is r¥igheced)/MadhrZsbadral(€20)senkonthptiainh dsareblsrSagead 517 to

splitter 539, MGEA BE sthdlll dode aelfisﬁgﬁﬁgsf ORfdcfiBenh & Boiith cafs Vi @

optical splitter ition romopti plitter 529 is
di rected over uzseIadrﬁgaréntleﬁlgﬂaoatwnIadlesmblerMachmndeﬂitsenﬁlthr 528, light is

ref ected back th gugh. Lo S 4620 UFAEo BRI oh ulbior o0 o

optical receiver 5
enbodi ment  of :molapmgaabmm&%nm‘mun@p Silcfomuﬂnasmnacaiterﬁawmeier ﬂI)l for both

Rccording to VAEPQUETSHEUERHERTe e ST AR RE B VEPUEPBITRES SEPthes
opti cal SOUYCQn&iﬂron&ferm ineRldes @tichlwoiirc6 381, anoptical gedisars16pind 8617. Sensor
coil 617 can be a sen n% portlﬁg _Leal i zed as an If)tl cal. fiber

attachable to %?8??68?4 eB3er P ai hepntBs@ SERYRERATt9 ’t?élllzegraﬁﬁﬁﬂptl%ﬂdw It 605.

Condui t 605 NMBfihep thattisfatt@dMable fﬂ@cdﬂdﬁﬁ‘ soabﬁwdfdidglthagptaaeﬁm afind conduit Li ght
fromoptical sgurce 611 is split an optical_splitter 649 for use by

Sagnac i nt er f e¥gmgoaduiidy ’E?’Ddbq‘ ‘bf‘o‘ﬁé‘ée Bpe M VRS ARFEININNt er f er ot er  620.

Optical splitter 649, m%nb@ptﬁarﬁﬂﬁe@nQsﬁﬁduytantd@.ﬁca%lm&swmgmy opti cal
source 611 such that one half tlcgoes directly to Mach-Zehnder

i nt er f er onet erSagpas interferometas 519 and for §Sed%’rl\4 %lémtlét%feweéerﬁépl Petigalg Sagnac
i nterferoneter tpmtgr 5490 be 51?H§Q<§tof fit tﬁpl)ﬁtgﬁt'fﬂgn HeQptlit BourB®Y1 1AGcised, where

these different ratios are en | to account 1n roce55| ng the signals
from bot h i nt ethitame relf of the lightggees diresHy spMaculehnder mteéﬁerwrﬁéﬁa iBe by

sagmac | nter f e ikt Gldiito dhbig Rl i Alichldm 2‘%3@ oltek Afoge! | 616-2
is long enough o render e Il . Ir elay cell b616- I nco erentvvlth
the |ight fronfoopglittirg the pghttimayrbe@dd, inberelvhest diftehant gatios are taken into

account in processing the signals from both interferometers. Light from optical

splitter 549 for use by Sagnac interferometer 510 is directed to delay cell 516-2.

Delay cell 516-2 is long enough to render the light, from delay cell 516-2,

incoherent with the light from optical splitter 549 for Michelson interferometer

520. Light from delay cell 516-2 is directed to optical splitter 519 to send a

clockwise signal and a counter clockwise signal to a delay cell 516-1 via sensor

10



interferonmeter 620. Light fromdelay cell 616-2 is directed to optical
splitter 619 to send a clockw se signal and a counter clockw se signal to a
del ay celwo@i/a3mBa sensor coil 617 and optical splittecrTda3i100pt2rzal
splitter 619 also couples light from sensor coil 617 to optical receiver
613. Mach- Zehnder interferoneter 620 includes optical source 611, an
optical receiver 623, and a sensor coil 617. Optical source 611 of

Mach- Zehnder 43181 % gAPoRIcET spfidd 938. Ogﬁca‘-l 8pRteOPId 48 co%gléﬁ GightdFonPpt i cal

source 611 of Sagnac interferoneter 610. Sensor coil 617 of Mach-Zehnder
620 i s the sarfenssepribdlideioptigl receverSddnac interferoneter 610. Light from
optical splitter 64%.faLoUserbmVReB20RbRE& optibl86§es STEhEbpRAP 1S then
split by an optical splitter 629 to send an optical signal, via optical
splitter 639, re¢eivenghs,sndhseensersoil 537.7Opticad paureeatl 1rad Michadsons23 over a | engt h
li. The other .lJ | . it f Lcal I ' irected over
a length 12 tolHSp 'ilof:n%teg ?Z‘%:g?@éegrahlgé%aggl 9&&&&%? pggitl ﬁ$%€ﬁ§ﬁoglgsa%nnaq

i nt er f er onet erinteefervoreler Ahdl Senbbraioil 3éThpatele d sehsing porbomtealizedaswor k, t he

anplitude of the reconbined |ight. . [ It | t ph f e in the
| engt hs of theOP?Iﬁﬂ?%ﬁ{T;ﬁgt,ls Pﬁtacé%oge Tf%g ‘B%Bibﬁ"‘@?%ﬁ‘%é@ O’oplfi géqukglf%%'g&lcength of
fi ber wapped @hdunshst sengoir peil 5 tosfMichels@Oibterfd@metes 630 isahelsaG®Sendor Fi gur es
3-6, respectively, changes, the rel ative phase of the combi ned waves
changes resul t‘i°H51i7ﬁpgagg‘ﬁ‘éﬁ‘é‘?rﬂém’&%ﬂasltlpude of the light after reconbination.
The changes in the Ligidioh ftichl phtier\sua fgrade By Michdlsbh éntgrfapemetees20dk at ed to
the strain in the pipe due to the pressure in.the pipe. . Figure 7
shows resul ts Bfn %P%f&éi‘n ?Ht“’é] sﬁ}’lﬁﬂéﬁg 6915‘?‘?%138PPté’!agﬂﬁ‘Faér“"s?HﬂcP]aﬁphf%r t he

M chel son i nt eg3hemeiiBh 8énsbrcdili 73PP Midérs26 @ber 1B4E S . AtakiftoP526, theaccor dance
with various enbodi nents. Curve 790 shows a resulting anplitude with an

i ndependent | y light isreflesied to propagaicback shrppabgpior coths hoisalittsr 58 9-athere

si mul taneousl| ythé!"ii%}h id BifecleBT oPIRAPMEGTRRY3 O oBtidd ShIRtes 999 finkakiteRL | C sensor
shown as curve 780. As the pressure changes from sl ow changes over tine at

the initial tilight¢mitfremontisy! splittes|Sahisciigeige avesadength bnfo anothes mamefut 8
seconds as showg i t:-he iyxd - L ALDAAGY shltRs 539 SvHIRARMI ement  of
curve, oscill a%/%gbrll\g,rﬁlggr%z?f ﬁ%gggéﬁﬁét%%%%aﬂn{ﬁﬁ%ﬂudgﬂappear’ in curve 780 from
t he M chel son lighbsrdiregted to eptiaslaecesrst 6% pressure changes. The sl ow changes
over time at the indtj ' . . over time
above about 8 seconrpdéurgéﬁfé%v?gaatég %’gﬁggﬁg)agﬁ)?r%%r@%?gﬁéﬁ\gﬁg#%g%g%ﬁre on curve
790, where t hes(dlhaving alamgen optigé ssurans 1d fontetly 8 Sagmac siterferametet 618t | ons

corresponding tq l.gn ti,nme riods. Fach successi e fringe
(oscillation) %@Prhgg‘%‘g%e&gd?rdmgﬁﬁmwgﬁﬁ%O’ BFtNee ﬁpivle)‘g?usaer"gbt? S pi pe
changi ng by arSagnmiinterfefpusdtertc00 actndesvigicalnghte 611, aheptiday hiceiver 613 i ber .
The wavel ength in the fiper is the . | to the.wavel engt.h in a vacuum
Givi dad by S hamSBrpaRgE LS T dnbel foif AL i soreint BoRus BUE=L Ao - Fi gur o
7, this changepgtigall fRREhAt i€ aftdcBEHO RNl 60Thysiaomg tef opticAlfibet sooms. | f the
| ength of fiber is equal to the ci rcugf erence of th?, Ei 8e l(ifor exanpl e,
appr oxi mat el y ¢ndut 695- Gopdyit §0mpy pe,g How dine gipgiin ¢ drilligg oberatiqn, e oyt put

corresponds to a chapgromostichrdéntce 68N &apRf bylandptibdl GRS 689 Forassibpy t wo
(.65 mcrons). The dividing factor of two is used, because the light for

measur ement  t r SABBRGIntexfgr 160 and forusechyrMash-£elmder, intgHgremetsr §20y r r or
s te ugn_t f?of‘t } nk@;[)tﬁfggsp@ifttettm C3ft BS hidgheb@1d sphiifle Bl Pk Knef dpBBAIsEdkECt i on from

test with result's shown in Figure 7, 'the length of the
fiber was twenily sughnthat arigdalfiofthedightgnes direotly éo Maplaehngder mpgsferompdere 20

"turns" of the.seRsi i} t j : L L her ef or e,
corresponds to62§1)' ?ﬁgﬁglg{:?dr%hgizagrgﬂgﬁjtgrse éegﬂeg%ugggﬁ%fg%%ﬁgérrgﬁgﬁg?ldébout 0. 03
m crons, corr eQthermitiogfot splitingthe lightwiaybe (usesty Whereithgge diffesent catios axger at i ons)
of roughly 10-&,7ik

en into account in processing the signals from both interferometers. Light
from optical splitter 649 for use by Sagnac interferometer 610 is directed to
delay cell 616-2. Delay cell 616-2 is long enough to render the light, from delay
cell 616-2, incoherent with the light from optical splitter 649 for Mach-Zehnder
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The pressure changes within the pipe relative to a calibration point can be
determ ned by counting fringes. Wat is not known by such counting,

however, we 20tm28418ecti on of the pressure change. Met hos#sTAaseoiawai2labl e to
detect the phase of the conbined |ight and determ ne, thereby, the sense
(direction as to whether it is increasing or decreasing) of the pressure
change. However, the equipnent for this purpose nmay be expensive, perhaps

prohi bi tively iS@rfefofete?820. PlikBErdne HOBR Y6 18P0k idfradte DPRdptitd) splftter BLS
enbodi ments, the sense of the pressure change can be provided b¥ a Sagnac
f

i nter f er omet erto gendis deskwigersignelrad pconuprderkyiseenl waifislcell Al f er omet er
in tool to prayldesd BRESYhR EkalQplitkr839.UDBtCal splitter d1alNAbIE € Pressure
inside the pipe can be estimated using several techniques. In one approach,
wel | known r ellight from sensar el @idde optiral reeeiveritd3+ he strain in a cylinder, thin

val ted or thick vahifflzdfodietbREBPb20dhaad oBricaPUfilled 61124} GfiRaLan be

applied once two factors are known, t I nensi ons e ¢ylinder and the
modul us of t herecaitee 623 landh sesordoiltthi@. Optical dairced &l lod Mrsbehnddrven t hese

paraneters of .di nension d dul us.. strain in.. 1. DEy ich a tool
sinmilar or i de‘ﬂ{e 8%??’16%66 he e R ORped) SO f%asé’l??&gg O%Fégaﬁlrlegsf%f-g%ccan be
attached, can iherfeinicted 680 S¥nsoraioil6a? nf MgclaZehnder 61§ it teahmetersor nges for a
M chel son or Mach-Zehpder interfero er. . The int.ernal  pr ure may then be
conti nuousl y c"t?ﬁrﬁ]? QEE‘?@G?H”W mé'f‘%?r@hnh%ﬁg roé’?l‘éqlisalht%"%%?m U5 O ot her
approach for nuatH Bétind€ ihldFerdhRel 62Eis Mieasplirts dnroptibal splitee 62%tdsend , sim | ar
or identical to one associated wth an%/ q‘fH Fi %ures l-(gw can.aiso i ncl ude

t he mai nt enanc® Bfca] sighpinyia grict sphitisr 655 | ‘a'b‘é‘ eRerQl o] P QR ndent reasure
of pressure i selsRe 6250w RiIsHRE I OThd\bthét 138 SEHl BRI Grobh\épticanpiitg t ot al  of
fringes. Such independent neasures of pressure are typically available on a
drilling rig @ indiretedpvessisngh lyfo gptigabeecei¥enfdder neasurenent. Two val ues

in the running tot g uoh o NricRASSH inRFeRfctd fOWdadaddiAagRzERARONd L0 two
known pressures, for exanple, zero fringes at anbient pressure and a known

recor ded numbentegferometen getavosk, the asenlisideod therreqomtimnedgichbis praportionnli . t he pi pe.
In addition, athgﬁ%‘f&eni’é in NS 1NAILEF thOtwd SRIE In@DLh&0h (i 191‘893-’63 Agressures

fromusi ng the 1 ndependent pressure neasurenent can be récorded at
conveni ent ti ntbs ledgthiofi fiberrverapped| aroung thpapea comiuits 205740hHPa1andH05 0€| at i onshi p

of a physical ly _reasonabl e.behayi e j L nt) and
i nternal pr esslﬁg‘ére%an’rﬁ%pegté\%? g %n%g%ltjlgehr%%ﬁg{p}%%gﬂp}ﬁ%éé%élg&gg%%ge cal i brated
to fringe counthangtresnltingén & elhanpingtmplitudé bhfthe hdepfadecembmasm ddhe of

pressure are not nade ince e pressure nges ca taken .fromthe

mat hemat i cal r¢ %ﬁsghg’ﬁ?eb’gﬁ’e#éj’r?’ﬁf ‘gfi‘p?#%rﬂ@%g% '?IB? gr[eir%rﬁﬁgglt%@gggmfhe

mat hemat i cal rtaé pipe distoi the peysutecindhd pipecar rel ati onship. This capability may
allow for the avoidance_of the installatjaqn. of a pressure neasurenent
transducer for theq:ab%}’rrf)aéléo"&sfrei”&tﬁf’}?1Wﬁ\&daaqicgﬁlﬁ‘mfgtef%@"?el%ﬁ}‘?‘?%éo pressure
in adrilling @p&fieHelson interferometbFin\ly dpphiGitus GDBiFure Blagd 5ainQaghadhcs ensor ,
such as shown in the exanple tools of Figures 3-6, can be ea;gll oyed in order

to deternine t¥dh daiougempedimentsCopve 13 shoms @yreyftingqmplitude witheanchange

i ndi cated by tih&eﬂeﬁ&éaq§d&eﬁﬂhe&gre@uwﬁa@ﬁ@ﬂent%h@h Manbuedehnder system The
Sagnac approach may not provide a direct neasurenent of the pipe

ci rcunf er ence, simpigneoysbawith thedest mepsugamengelas Michelsen BberOPHE PSP er ence can

be correl ated I b ' I bhe ikt of change
of the ci rcum%?\gﬂgg,é&?%c Oud?‘gnthg?%gﬁgﬁg{ﬁq f%ggpﬁﬁ‘?wgﬁa%&sé chgngea.

Fi gure 8 showsthe éntigl timed® seconds3 to o w ghadgemener Hime ebdverabawttdesecandsias ar to t he
Sagnac i nt er 1 ef QURY Ll iheh kAN SerfiindTpANLES mlafirerhdhy BEGRYLance Wi th
vari ous enbodi ma{rﬂqs. &r \?E S%WSJ YOWs nﬁr SSur e WeASur eégﬁy an i ndependent
pressure oscillations, or fringes, in the amplitude appear in curve 780 from the Michelson

fiber optic sensor as the pressure changes. The slow changes over time at the

initial time (0 seconds) and the slow changes over time above about 8 seconds

appear to indicate almost constant pressure on curve 790, where the slow
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measur enent apparatus. Curve 880 shows a correspondi ng response froma
Sagnac interferoneter having a senor coil with 20 turns on a pipe being
measur ed. wOun12002880 i ndi cates that the pipe has been sulpreais2tiooe2change in
pressure that includes a decrease in pressure. Curve 880 is an output of
the Sagnac interferoneter, showing a negative spike that indicates a
negati ve change (decrease) in pressure. The output of the Sagnac is
proporti onal tcﬂaﬁgéﬁa%ﬂegieorp&we\f%lageloeffos&ih@ﬁ&fs%_&ﬁé&bsmﬁhgﬁabn eDfmB an out put
signal can be iIntegrated to produce a tinme series that can %ae proporti onal
to the pressumsriodsri ati on as a function of tine. The Sagnac sensor
allows telenetry si i TREGH - WM t i1bdd in the
hi gh pressure nud TEIg %chﬁélgggr;r%g (%s?}lﬁaﬁ?ﬁgoﬁ%ggpﬁéitgﬁé lllﬂhgﬂggfdtlhf)lhgﬁ t he
Sagnac sensor apsundrle pipetiengiof bBanamouns equsd fosongaravelgngth of thetlight Ive pl aced

essentially a re.on the surfacecf| j : qgg%ﬁd to
drilling nor eqﬁ%ﬁeg' of Wg‘c’fg? olrl}g}lge ?éeégs%% %%g} togfrleeésvgﬁe?éélggéﬂgor S. i ng any
nunber of Sagnhddarsthe sefmativeindaxi af ¢heafiber.nforshedstrshowaim Kgue §y thitket ect i ng

the leading and trailing edges of telenetr | ses i he fl.o ine, as
seen in the dif® e,mkmgﬁ%rﬁ’é‘ §pgp<gsqt0§§¢f eSﬁ'gﬁ?‘.lcr@cfggf%g eélgho\grﬁ % ows a
doubl i ng (appriggquabioahydir@inférrceddiir pipe (€or emarhple uppraximaely®.34m), ot al pul ses
from downhol e. Furt her, conbilni.n .the sij gnal S fr&m se&gral. Saghac sensors,
after del ayi nghgmhned ipga PLossiflation ihiiF PUPE! GorPonl 0 ALIFREEIB, r espondi ng to

the acoustic tdiRuMkerdrcBBf i.81 iQosl ditilédmsy Wed d3ahiorar). te dsedisgr s, the
signal to noise ratio can be significantly enhanced. Data frgr(?é ever al

Sagnac sensor seetarefiswo éosd.heepuseths light fermeasyiegisnt travg!sdhelengt h an
arrangenent cagn@l fficdoRVd 4% hitfor SnaRUGNEE bXd SMNEO Mg 8AEodcBat depends
on signal edge detection, rather than currently used schenes, which depend
on detection dfackfremgeflestipy fromethe mirror. In the &eshwith prspiteovsis Figdreph essur e per
se is not measyl g h%'t’}he(fﬂJey wés t%&’egf}'aumésri'ﬁetpibéciﬂ:ﬁﬁn?&éﬁde?fl‘ﬁ! is{tRerbhe
non-static conponent of the pressure. Static pressure can only be neasured
i f the output weea¢tums! ef the sensing cail expun¢ hepingh iEach osglation, dhssefate ng

condi ti ons. Néo%%%%ﬂdﬁo%%&r%% ih @ﬁ&fﬁf@[eﬂ{éﬁ%b‘é&/ﬁ%%%s Si'igbo%# hgynate use of
the pressure sensors currentliy used rn telemetry systens of well

oper ati ons, t heictonggiongspondihg tad sensitivignineglectingspst eonsidsrations)rdly require a
measurenment of a oiéﬁe pressure, which, currently, is obtained fromthe
conventional &8 currently used for telenetry. Thus, a flow line

i nvasi ve sensor woulfhd pedssurt clemgesswithif die pigeaclative/entdalibratiod pgjgti cag beyst em
enhanced with {he .Sﬁgrrac t el mstryg]zl stem. Wi Ibe a resfsurﬁ-l i ke signal
may be obt ai nefBHIe @Q?‘H’Eﬁnﬁ}?@?& éh‘éé‘o‘sl?’ﬁﬁ’ﬁl YABT SHB R PPBE G tine

ﬁor res DORdi ng ik qlegmiebt;dnrtgfﬂ@ ;ﬁésrshﬂaghﬂfgepmfgdweghaimﬁw to degex the ﬂ(ljﬁlsé;i nutes to
ours, there nmay be significant error build-up in the integrat agnac
signal, if thetikecombingglishtanddetermmwestheraby; the Ssaﬁjris’éecéleﬂé%g’ wedits, I'n
various embodijiRhhdeasthglor BEreaRz) 6f tRAPRAGrNENEY HEaeh theiddfifpalehed with the
sensor portion of the Tgi ber optic Saghac network at the sane | ocation as
the sensor porfor tis RIEPQse Mabe expsnsive. PRy Rkl EPfopmud PRSGer opti ¢
Machzehnder n%ﬁﬁlrek%a RatifiR! #vaioud BbddiRGs, A defise MR reRleOr ks can be
arranged such that both networks use the sane fiber optic sensor coil.

Usi ng the fi beghangstdan bsamvided beefegnacupterierametsr ¢opetnedovidethéor coil, the

S1.gn of DT eSSU RANGATa AT IRLAEBIIR i Mol Bro RRAGRSR ek {1 Der

optic Sagnac system Indication o e sign anges can then be

conbi ned wi th pressufer i nge (oscillation) counts fromthe fiber optic

M chel son and/ or I\/bﬁ - I LS4 I S to produce a
pressure profile as 2’1aﬁgorllc?ﬁ%ﬁﬁ%?ﬁ\?}&nehgpﬁ%@%??hﬁﬁﬁ@g?&ﬁﬁgﬁcqui sition
system may depeciohiques.t Inene ppproacht welhkdayn relaticls dah be sseddbatreldte theor exanpl e,

such an acquisitian systemcan he structured for.a well drilld operation
in which the fﬁ%&‘“&ﬁﬁ’é‘%&éﬁ‘g&a £4.51 this “Eaﬁ%égé%ﬁ%i‘%g AQAERES” LUK chel son
and/ or Mach- Zeknders cay bt applied oneeund factons aiecknowh, the dinsenaibotioftha pi pe of the

drilling operati.on thrqugh ich drilli fluids fl.ow .The conbi ned systens
nmake avai | abl ecyb%erl“ééﬁ’r‘?g‘é‘ﬁj\t{\‘@“ﬁf’ Qﬁﬁ?aéef}ﬂgg%‘f’{é%% gﬁt"ﬁﬂt‘i‘i‘g_’ {9EPRfer i cal |y

i ntegrated out@iven tHesd fieanRA€s A dimeadiemndriodullus| Srai PR pipeaiwhioh at he
pressure, and the nore accurate M chel son and/ or Mach-Zehnder processed

out put incorporating the sign information of the Sagnac system QOperation
of the conbi ned systens to neasure presture in a flowline of a well
drilling operation allows for a pressure neasurenent in which the flow line
is not penetrated, which can provide for increased drilling rig safety,
ease of installation, transparency to rig operation, and/or inprovenent of
pressure detection. The conbi nation of Sagnac and M chel son/ Mach-Zehnder
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structures inplenenting the conbination of Sagnac and M chel son and/ or
MachZehnder principles may be realized. Figure 9 depicts a block

di agr am olvofeemt2s|s of an enbodi nent of a system 900 hawycmgisaoi®em=oz t ool
901. Sensor tool 901 includes a single path optical interferoneter and a
dual path optical interferoneter to neasure pressure in a conduit, where
the single path optical interferoneter and the dual path optical

i nter f er omet ery,HAGHINJY RleftiGe B dsddfatell Withahny Iaf:hi%b}eg 11gxaft beOCat i on on

conduit, such as conduit 105 of Figure 1. The  location can be a col ocation.

The conduit cattaghedecanbgwpanitared by mrintginiag aavming tfal phiginggsdPbt i on. The
single path onyidakod A7 B HieAddnkRE HiAhteRAl Preiltd A8 bber f eronet er
of sensor tool can be arranged together to neasure pressure within the
condui t. The sionthusupisichmpyted fam thgafereinenaonsd eglatiomd t he dual path opti cal

interferoneter can ' HE?( QEgr Wl ar ! ical to
interferoneters asslgg?og%%ggaﬁ%?%ﬂ %ﬁ@oo é}befdgga’lkt-%é{résgurgqn {hg;?g)t%’e% 900 can

i ncl ude cont r abblesim62or iergic8ld6 onaasseiatedgith aryoofifuguiresalt-6,098 alspi t 966,

peri pheral device 67, .and el ectronic atus 968 to rate with sensor
t ool 901, cont‘Pgngestzﬁgmn??n%?e (g(%fu nné%?%ﬁ)gf;%g ?sd‘é'g%rﬁaa flnsﬁ&geeng? Itltdat a acquired
usi ng sensor tmedsu@f preSyusé BasQA comjuidioh wathsleetmmyg! them@Bhgeatal dfe | ocat ed
on the surface . to a _well .hol e. Dependi on the a i cat.jon, portions of
system 900 cantriBges Sugh wde 8@%8}658% °§%\Wéffﬁfe NSI“@%‘@?&’%I’%%Gﬁ %an be
arranged as a ¢HiBig #i®for Shichyéssife i fpipd % A mEAdoreRGat. (Mvavales il ectri cal
conductivity anong the conponents of system 900. Bu(g 963 can include an

address bus, aheBwngngial offfnges cainbe roraerthat e QERSPORGELRIRKPAYPY confi gur ed.

Bus 963 can al5gsstR§ fEOeRaRiples 566 firply £ anlb@i® pleurdddrd el 16ioWa réfdededr nore of
address, data, or control, the use of which is regulated by controller 962.

Bus 963 can benwmhst pGfiinges 2 aseleqtether knpem pepEhEHRES by piggstoaddsion ar e
distributed. g ount of SHIHHEE BF friARSs dARichrr @ndﬁ@%‘p&ﬁﬁ}e@%nﬂ&mé e

communi cations in a drilling operation. Such downhol e communi cations can

i ncl ude a t el eimdepeydeny pressire Beashredientoan be racerded arroprenignt mgedug ween
downhol e conpo 8 0 ad] ichi Lggation of
sensor t ool 90@?8 ar Pg %rﬁtgég?ﬁp%H%ﬁltglga%%%g/%?g%%%w%@ﬁw%gyar gg%bpocat ed such as
on one or nor ebahavibartetveden atraini(frings tount)gnd internal pressure camle genematedure wit h
conmuni cati ons_uni,t . providin at a,. [ 2 .l ovari ous
enbodi nent s, pséllg IF Bﬁ%{rﬁg Pregevy gaél g)e@ gl}'ﬁ I tr? é Fou%'giggf@%g§§?ﬂg%%ﬁhtbfag it tﬂ% t or age
menory, and/ orindépeadenc meisueds off pressmesart hatt maveysingedhapressure chanmgeskat i on wi t h

controller 96 nd/ nory, 964.. | n _enbodi t,.controller 962 is a
processor. A g‘é&?gﬁ?ﬁfgoﬂnﬁ’&é@%ﬁéeénag‘ﬁléﬁﬁ%d’sgg gﬁne(#g‘?ﬂnat?e %agﬁ’r %émtﬁ’goec i t h
instructions sTiyMsthémativaltelayiofship rhay beglirarrlatiandhiye rTHintapabititandyo

allow for the avoidance of the installation of a pressure measurement transducer

for the purpose of continuously logging the flow line pressure in a drilling
operation.

In various embodiments, a Sagnac sensor, such as shown in the example
tools of Figures 3-6, can be employed in order to determine the sense (positive or
negative) of the pressure change indicated by the fringe count of a Michelson or
a Mach-Zehnder system. The Sagnac approach may not provide a direct
measurement of the pipe circumference, where measurement of changes in the
pipe circumference can be correlated to pressure, but can provide a measure of
the rate of change of the circumference, including the sign (+ or -) of the change.

Figure 8 shows results of a test of a Sagnac interferometer similar to the
Sagnac interferometer in the tools of Figures 3-6, in accordance with various

embodiments. Curve 890 shows pressure measured by an independent pressure
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manage the operation of sensor tool 901 and anal ysis of data or signals
from sensor tool 901. Menory 964 can be realized as a machi ne readabl e
st orage woi2omvtr3masng i nstructions stored thereon, whiclrCTisenno@aRct ed by
controller 962, cause system 900 to perform operations including
controlling and/ or analyzing data from sensor tool 901 in which sensing
portions of the single path optical interferonmeter and the dual path

optical interf ) 80 sHOW adbResdbhdif AREreRld ocated on a
conduit. The c@%gﬁ{ﬁ@a%{)aéﬁg ?ﬁww |?1e Elape gsf% é‘{%@pd“ | 1'ing operation.

The i nst r uct i Giegnascinterpromeths hRYieg # 60701 BHLY A BITS gRckPBS VR od by _
controller 96%nea%€ﬂé§ecﬁ%§ts9mn%%9tek &apﬂuefpﬂi'erﬁ‘aéjﬂéh%ﬁb 0130 h Bdngélid9: anal yzi ng

output fromthe optical recelver single path optical i nterferoneter
of sensor toolpr%a_retlpntwimﬂlemgd@:rmmm@s@ﬁ upvg 880 éfanmugns of e change wit hin

the conduil | NeLhgt iR @l s?lowﬁ%u:rgga%%?lﬁgﬁﬁt FAREOCS ngBRGE Ao @ count

of signal osci 1 'ORS Ion ot e’ ou romthe optic Iver t he dual
pat h optical i(deaedseyinpaisarre. oThmmlofthO(SngQCiSpraMIMIbmtlhgtltnhe count of

h [ I h d
The | ntruct | SRR AREg AL o) furh flebel R etk oo The

si gnal oscil | agrbdits attihedseri®sthaticanlbe propbduenqbltceﬂlspressmc t/zh'laltloh hea condui t usi ng
a strain rel at%onshi of the conduit. Oher instructions include
i nstructions tYMSHIRR4E™Eensor t ool 901, control sensor tool 901, and/ or

anal yze data or si gnalSaghdcRBsdLaioWs télembirPéidnal ﬂeté&ibﬁrtﬁiadftﬁle\w\mmh per f orm ng
operations on a_conbination of a single_path optical interferoneter and a

dual path opt i ¢#ling helesip ghedigh @Fssgferﬁ"lldaﬂo"t' nesyofa dgi ﬂgcf)zRFraflﬁna of the

appar at us assogjdfifoRdhishdhab sGEEsT atky gumber of Saéﬂa@ drBord Carfl€divedientBn
enbodi nent of a system 1000 at a dril| g site, where system 1000 incl udes
3

a tool 1001 hake plered essenfiplly apuvhere pr Fh@é}l chiflomlineortdeast aseompared il pat h
optical inter f&"rﬁﬁﬁ%&x@fe 1o Juaaamhmraaﬁleﬁal ReksARE bdnRAts. @fsl

g
i nterferoneter attached at a col ocati on on a condui tE T)zol 1001 can be
structured andmneisr pSagpar seosarecaniprevige asigpravel meghanism for deteqiingithe/ ar i ous

embodi ments as e}nﬁH%JiLthﬁl% eglégg % of telem%ﬁtﬁg%é'g@l @rlm'enzfsl sdlfindndri Il ng r g

1002 | ocat ed a]t ace of a a string of drill pi pes,
that is, drilldiskt, mngnt&g%d Segmn eutpet Ed(ggétthmonshowsa touliogm a drilling

string that is Iowere e or
borehol e 1012. (a AppTex ‘8}%‘“113() rﬁghe%;ta ri{io‘fﬁiéé% n%?e(%gei léQ&ZI 5‘3%??3?‘\3?’% string
1008. The dri | Furthet, |cmgbibﬁig&he:agnadm&asmtsafetabSmae'smbns,arfmdclyymgthee 1007 for
drilling a boreh% 1012 thr sub urfac (& g)ﬁbl ons 10t%A{Ielt}'he drill
string 1008 caHEAsY ARRrORHRtE| “%‘ tgrvf LETERINUNS 8 PO MBS T DY 1021

| ocated at thethkﬁﬂﬂfnglﬁﬁfdtbeﬁﬁbeﬁﬁhddaﬁsoﬁb’ tHelsighblne nﬂ;ﬁ&&no'l':hﬁbbottom hol e

assenbly 1021 can._.i ncl ude dr | 1 ar ool 1001.and a |II bi t
1026. The dri | $igHfiganily sghanged. s Lem SFYP“’S %@&tﬁ& SEPSBE AR Br &0111'63

penetrating t hﬁro&ﬁﬂefaaﬁd%nm%g%m SuUR anArkaRGEméM CARAlbOPD Vil ték-a
telemetry encoding scheme that depends on signal edge detection, rather than
currently used schemes, which depend on detection of pressure pulses.

In some applications, a pressure per se is not measured, but only a signal
that is proportional to the non-static component of the pressure. Static pressure
can only be measured if the output is accurately integrated from ambient up to
operating conditions. Although a Sagnac interferometric sensor can eliminate
use of the pressure sensors currently used in telemetry systems of well
operations, the logging units of conventional systems still may require a
measurement of absolute pressure, which, currently, is obtained from the
conventional sensors currently used for telemetry. Thus, a flow line invasive

sensor would still be used for the conventional logging system enhanced with the
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During drilling operations, the drill string 1008 can be rotated by the
rotary table 1007. In addition to, or alternatively, the bottom hol e
assenbl y wO2t120msv1al so be rotated by a notor (e.g., a nmedTrast@o)poihat is

| ocat ed downhol e. The drill collars 1015 can be used to add weight to the
drill bit 1026. The drill collars 1015 also can stiffen the bottom hol e
assenbly 1021 to allow the bottom hole assenbly 1021 to transfer the added

wei ght to the glehddl teleinbiry §238m. AWl NplesSufb-lilRSsidnal mbhiiBe Sthinkd By t 1026 in
penetrating the surface 1004 and subsurface formations 1014, Duri ng
drilling oper dntegiating &e $agnag sigpal forthe peripdpf fipresereipepding fadnllingdnet i nes

known by thos el wi niltek td RMGrd bt mhv Bétignifuhtpi t 1034
t hrough a hosgStrE)}{gpo;f_ii’Ii (Jnghflarll;r%%rﬂ{gEg?ﬁT%iwse ‘10{8 arrldm1 own 1 o1 thé drill bit
1026. Tool 10Gtroc bwildsep iattheintegratedsSaghas signab ifihe meeswrement yaiepnadg32 and

rotary table rdd i luid can flow out fromthe drill bit 1026
and be return(]afgo Bhetgﬁg“agﬁﬁgé’tgg‘i%04 t hrough an annul ar area 1040 bet ween

the drill pipe 1018n saribus hmbedichestsaf fitten eptioSaghad netwerkzan hims@Hed | ing flui d
may then be returned to the % Lt 1034, wher fluidis.filtered. In
some embodi rren‘f’?f t?’f RES R ﬁr)tltijtfe&o tgnS%acu%eg‘ﬁgr# %pf:hgg%ﬁl'l? hoéﬁn FiTl bit

1026, as wel | thsseénsorpoaionde alfibbr dptiaMiclelfonmetwoek dira fiberloptic Mage- duri ng
drilling operations. Additionally, .the drilling fluid nmay be used to renove
Subsur f ace. f oraFBIE eSS TRk f bF Sherpts SoupA RN PG NS BRTEN bit 1026,
Tool 1001, at tsack@dt oth fktivbiks @8d thakarddfiter optidsehsor $bil UULIE & fiter an

i npl ementation in the borehole of a well as a _neasurenents-while-drilling
(MAD) syst em sWP8FR Saghag netyggs wih anpesaigd F"F‘FPW@"Q@W?&F@W‘* 88%ousi ng

cont ai ni ng towanjagﬁéfe&ﬁﬂedtgnﬂhaet@pédsewtﬁ@ﬂbmpﬁ@g Beykiém. SHCh as a punp,
toinject fluid into a conduit in the housing such that tool 1001 can

measur e pr essupdicativao fhgisign dipngss eanhebbrsompined with the fitngedescilerien)
Teasur erent s e, oARe Nkt DicHRA Aor G, AHALG4EANE 8 NI Ng 1001 1001

can include electronics to activate a source of tool 1001 and coll ect
responses f r oracquisitios sistenpfo preshice 2 pBssureprefileas adunchian estimanThicl ude a

processi ng uni q[ﬁ,l | I : : QL de
measur enent restérﬁf;ttgge 0 %ﬁgu@&rg?g)ggmg@gf g%egixgltﬁ araga@%%%ﬁﬁ?ggﬁcﬁlolkgnechani sm
f or operati ng desirel. |For étangnie) atiheml agquistiecsystm @s be atudtured daia veell

commn oot OnSy e P Pl R SRR PRl S0 £ 11,
t hese sensed sMiphelsen ardfor DMachrvzhydee dyséim & wouad e asiber afitiniesatounthe sur face.

pipe of the drilling operation through which drilling fluids flow. The combined

systems make available two redundant pressure related outputs: the numerically

integrated output of the Sagnac system, which is proportional to the pressure,

and the more accurate Michelson and/or Mach-Zehnder processed output

incorporating the sign information of the Sagnac system. Operation of the

combined systems to measure pressure in a flow line of a well drilling operation

allows for a pressure measurement in which the flow line is not penetrated,

which can provide for increased drilling rig safety, ease of installation,

transparency to rig operation, and/or improvement of pressure detection. The

combination of Sagnac and Michelson/Mach-Zehnder systems is not limited to

the combined systems discussed with respect to any of Figures 1-8. Other

structures implementing the combination of Sagnac and Michelson and/or Mach-

Zehnder principles may be realized.

Figure 9 depicts a block diagram of features of an embodiment of a

system 900 having a sensor tool 901. Sensor tool 901 includes a single path
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In various enbodi nents, tool 1001 may be included in a tool body 1070
coupled to a | ogging cable 1074 such as, for exanple, for wreline

appl i cat iwo=o12lmsd1sbody 1070 housi ng tool 1001 can i ncl ede/uskawocnnt r ol
conponents, such as a punp, to inject fluid into a conduit in tool body
1070 such that tool 1001 can neasure pressure associated with tool body
1070 in relation to other neasurenents bei ng nade using tool body 1070.

Tool Dbody 10700p@19£1f1€tbmreﬁhefe99:{d al&lﬁitpéiﬁepﬁca%té%m%{ee&% RRhdufe pressafet | vat e
sensor of tool 1001 and col |l ect responses froma sensor of tqgol 1001. Such
el ectronics canalcncduyfdé’hgeﬁhm@%lmgoﬂwﬂmt%femltﬁyfédﬁegﬂﬂah@ﬂsensed by t ool
1001 and pr OV'%@C%‘?@H&@ fat ez{cﬁ%lﬂ'ct assehﬁn%\gﬁléﬁ'ﬁtia%ﬁﬁ)l@%q]o@a@B%ﬂdar d

comruni cati on ani sm op eratin Al ternati vel Y. el ectronics
can include a mdum:suqhalswomblmlr%@iffm@@ k oThsrlesatige cai erfadodocgbiers ekhepy t ool

1001 to the surf r mq,m operating a
wel |, where tﬁégggg%%ﬁgcte seggé%g na h%ﬁ%k%%g ?@gah@gggproce55|ng
unit at the sw;itlaﬂenteifﬁgguetegamhhé dual@?th optigal bmerfeaamtsz seissontopd YA i ne

| | d
Conduct or ) Ao “ToGrH Seleh B ToRouE ientes G s afiss Toghtile aus

conmmuni cat i onsgptical ifittferomedtee andtht dakil pathapficad diterfepérhéted dande aﬁangetl e r
appropriate structure for use. i ecific
o0, ment 5 hehBAEERTIRY (Gt roerBee S BEI Pttt pithppy Gy g

appreci ated byjghose of ordinary skill in the art that any arrangerrent t hat
Is calculated to achieve the sanme purpgse maﬁi be substituted for the

speci fic enbodi mentSysERolS cavaiciude sonttlle?ofe s odsmeBenmbfat i ons and/ or
conbi nati ons ofonfiRiachiBRN St 968 dﬁédph@tgl d&@fc@é 967, hitd di&ctiofichpparaglenss ood t hat

t he above description is inten illustrative, and not restrictive,
and that the ﬁﬁroagrewvagysemormlﬁ%@p@fgglswte?l@& pdirprqviderasalysifie pur pose

of descripti Onof&a@ezﬂﬂ?chugﬁg saisomsl N0 %GstE 206 b BstionsTdy Q600 enbodi ment s
wi |l be apparent to those of skill in the art on study| ng t he above
description. @nApimaidan thesuched tragveligole. Dep NFFP inpprathaepelicebeorr i si ng:

a single pat h o?{l&n%‘% sys%l?56(?&9%%3&%{65@3%@90]@&4 vt hcﬁg.n§§'§?£n BEY LnON

attachable to ocation on a con
be arranged as a distributed system via bus 963. Bus 963 provides electrical

conductivity among the components of system 900. Bus 963 can include an
address bus, a data bus, and a control bus, each independently configured. Bus
963 can also use common conductive lines for providing one or more of address,
data, or control, the use of which is regulated by controller 962. Bus 963 can be
configured such that the components of system 900 are distributed.

Communications unit 966 can include downhole communications ina
drilling operation. Such downhole communications can include a telemetry
system. Such distribution can be arranged between downhole components for
sensor tool 901, depending on the application of sensor tool 901. Various
components of system 900 can be co-located such as on one or more collars of a
drill string or on a wireline structure with communications unit providing data to
surface component.

In various embodiments, peripheral devices 967 include displays,
additional storage memory, and/or other control devices that may operate in
conjunction with controller 962 and/or memory 964. In an embodiment,
controller 962 is a processor. A peripheral device arranged as a display can be

used with instructions stored in memory 964 to implement a user interface to
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a dual path optical interferometer having a second sensing portion
attachable to the conduit essentially at the location of the first sensing
porti on omothe/enduit, the single path optical interferomaisesioanz7z he dual
path optical interferonmeter arranged together to neasure pressure within
the conduit. 2. The apparatus of claim1l1l, wherein the single path optical
interferoneter includes a Sagnac interferoneter to neasure a direction of
pr essur e Changguid e Bolififort Aok toot 901 sHnAPRR ElaliSorHentlsdiolt 2. wherei n

t he dual path optrca Prterterometer includes a M chel son interferoneter to
measure an anoantortsol 9He pressure change within the conduit. 4. The
appar atus of clal Myfem ) 8k£bih dd1Balfllabs PiblhifPehdaBle JAERERGL e 1 nCl udes
a Mach- Zehnder inter? neter to neasure an anount pressure change
wi thin the corfduing mstrﬁctxoﬁlaetoeqdphfrra@n,lwhmh when exequtedWyegoairnller962.Sagr i ac

i nterferoneter has 0 I cal
i nt er f er onet er’®has Sysatemeglbg é)%ot“?l 2 Fa{s?%iﬁsrq@%&&g#%ﬁﬂmg%@r@{a%ﬁggo claim 2,
wherein the Sadyneftorh séremfteolcﬂmtnewh&hdertshg pottains phthh smgblp@t;’d optindler f er onet er

have a common .0 I 7 Th t f wh th
first sensing 15%}'6?59)%}‘?‘35?’1’6‘{'?’%&“@@8% lgaZﬁ grrﬁegm‘g‘g?f? Sﬁnsofg] §901 arfgr:)ﬁl genang

portion. attached and collocated on a conduit. The conduit can be a flow line pipe of a

well drilling operation. The instructions can include instructions, which when
executed by controller 962, cause system 900 to perform operations including:
analyzing output from the optical receiver of the single path optical
interferometer of sensor tool 901, providing a measure of a rate of pressure
change within the conduit including direction of the pressure change; generating
a count of signal oscillations in the output from the optical receiver of the dual
path optical interferometer of sensor tool 901; and mapping the count of the
signal oscillations to a magnitude of the pressure within the conduit. The
instructions can also include instructions mapping the count of the signal
oscillations to a magnitude of the pressure within the conduit using a strain
relationship of the conduit. Other instructions include instructions to manage
sensor tool 901, control sensor tool 901, and/or analyze data or signals from
sensor tool 901 in accordance with performing operations on a combination of a
single path optical interferometer and a dual path optical interferometer similar
to or identical to any of the apparatus associated with Figures 1-8.

Figure 10 depicts an embodiment of a system 1000 at a drilling site,
where system 1000 includes a tool 1001 having a single path optical
interferometer and a dual path optical interferometer such that the sensing
portions of these interferometers are attached at a colocation on a conduit. Tool
1001 can be structured and fabricated to measure pressure in accordance with
various embodiments as taught herein.

System 1000 can include a drilling rig 1002 located at a surface 1004 of a
well 1006 and a string of drill pipes, that is, drill string 1008, connected together
so as to form a drilling string that is lowered through a rotary table 1007 into a
wellbore or borehole 1012. The drilling rig 1002 can provide support for drill
string 1008. The drill string 1008 can operate to penetrate rotary table 1007 for

18



WO 2012/ 023918PCT/ US2010/ 002272 8. The apparatus of claim7, wherein the
common sensing portion includes an optical fiber wound around the conduit.

9. A net hwo 20mp8918i ng: activating an optical source/uskoia/osizigl e path
optical interferometer having a first sensing portion attached to a
| ocation on a conduit; anal yzing output froman optical receiver of

the single path optical interferoneter correlated to light injected into

the single patdhm};gd le?ého'lJ‘f(ﬁthﬁBQéTPsﬁl%urfaE@fBrﬁﬁﬁdn‘éElblﬁgTﬁel”tﬁllps@ﬁﬂ al source

of the single pathh optical interferoneter; activating an optical source of
a dual path opt0p8san inpluds drill pipe @18 aadwibetjor hole assembly 1021 located at the

lower portion of the drill pipe 1018. The bottom hole assembly 1021 can
include drill collar 1015, tool 1001 and a drill bit 1026. The drill bit 1026 can
operate to create a borehole 1012 by penetrating the surface 1004 and subsurface

formations 1014.

During drilling operations, the drill string 1008 can be rotated by the
rotary table 1007. In addition to, or alternatively, the bottom hole assembly
1021 can also be rotated by a motor (e.g., a mud motor) that is located downhole.
The drill collars 1015 can be used to add weight to the drill bit 1026. The drill
collars 1015 also can stiffen the bottom hole assembly 1021 to allow the bottom
hole assembly 1021 to transfer the added weight to the drill bit 1026, and in turn,
assist the drill bit 1026 in penetrating the surface 1004 and subsurface
formations 1014.

During drilling operations, a mud pump 1032 can pump drilling fluid
(sometimes known by those of skill in the art as “drilling mud”) from a mud pit
1034 through a hose pipe 1036 into the drill pipe 1018 and down to the drill bit
1026. Tool 1001 can be attached to the pipe between mud pump 1032 and rotary
table 1007. The drilling fluid can flow out from the drill bit 1026 and be
returned to the surface 1004 through an annular area 1040 between the drill pipe
1018 and the sides of the borehole 1012. The drilling fluid may then be returned
to the mud pit 1034, where such fluid is filtered. In some embodiments, the
drilling fluid can be used to cool the drill bit 1026, as well as to provide
lubrication for the drill bit 1026 during drilling operations. Additionally, the
drilling fluid may be used to remove subsurface formation 1014 cuttings created
by operating the drill bit 1026.

Tool 1001, attached to drill collar 1015, can be structured for an
implementation in the borehole of a well as a measurements-while-drilling
(MWD) system such as a logging-while-drilling (LWD) system. The housing
containing tool 1001 can include flow control components, such as a pump, to
inject fluid into a conduit in the housing such that tool 1001 can measure
pressure associated with the housing in relation to other measurements being
made using the housing. The housing containing tool 1001 can include

electronics to activate a source of tool 1001 and collect responses from a sensor
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second sensing portion attached to the conduit essentially at the |ocation
of the first sensing portion on the conduit, anal yzi ng output from an
optical rwoenwen3ias the dual path optical interferonetercraseabaiadto
light injected into the dual path optical interferoneter from activating
the optical source of the dual path optical interferoneter; and

determ ning pressure within the conduit fromthe analysis of the output

fromthe opti Ggliodi§661. Véilch @lecirdticsTah SlcfidB @lpRoceRirgabit tb & lﬁzﬂ%zfe% art er and
fromthe analysis of the output the optical receiver of ual path

optical interfsepsabyégol 10Qband'm@/1¢ﬁ3‘PPR§erWn@P§i“ﬁf‘9the\ﬁh‘f@cé|°Hera?nal yzi ng
out put from t r'E(f"an(aﬁ)xtd'cgf'?l'rnurnf'c(i r}’ﬁEchgfnsﬁlrfﬁ'ﬁ?eﬁﬁhg aR&IIN ARHafR1y,} Nt er f eronet er

i ncludes neasuring a rate o pressure c e Wwthin the concfwt i ncluding a
sign of the preietuonies cﬂmn@edd&@mmumgnwnterf?@rtp@r%ﬂdﬁ%gnal:ﬁrsﬁa‘ﬁ@éhl as the

single path O%h{)lcl?bl td ﬁé&rgarcg Hgér%rstandgr& corIHx%P{ﬁ‘tﬁ]Jﬁqﬂec@x mgrh ?]mg%)&tmgher ein

anal yzi ng out rom cal” recerver pat tic

i nterferonetera weil;Iwhdfesthcsemmsedlggmlsgaaalbe@eaiyzteﬂatapmessmgtuné apthe put from an
optical receiver.of a Mchelson interferoneter arranged as the dual path
opti cal mterfé‘FfS?’FEter or a Mach-Zehnder interferoneter arranged as the
dual path opti cal IIﬂRfﬁﬁdu@IéﬁihSBdllﬁfents tdel. 100h eagpt hethded ircd wiohbddy, 10Mer ei n

deter 1 g 1 ESoun Mol ey AT L LACLUKISS AERRLIG afOHT O (ne
Tool body 1070 housing tool 1001 can include flow control components, such as
a pump, to inject fluid into a conduit in tool body 1070 such that tool 1001 can
measure pressure associated with tool body 1070 in relation to other
measurements being made using tool body 1070. Tool body 1070 containing
tool 1001 can include electronics to activate sensor of tool 1001 and collect
responses from a sensor of tool 1001. Such electronics can include a processing
unit to analyze signals sensed by tool 1001 and provide measurement results to
the surface over a standard communication mechanism for operating a well.
Alternatively, electronics can include a communications interface to provide
signals sensed by tool 1001 to the surface over a standard communication
mechanism for operating a well, where these collected sensed signals are
analyzed at a processing unit at the surface. Logging cable 1074 may be realized
as a wireline (multiple power and communication lines), a mono-cable (a single
conductor), and/or a slick-line (no conductors for power or communications), a
structure including a fiber optic line, or other appropriate structure for use in
bore hole 1012.

Although specific embodiments have been illustrated and described
herein, it will be appreciated by those of ordinary skill in the art that any
arrangement that is calculated to achieve the same purpose may be substituted
for the specific embodiments shown. Various embodiments use permutations
and/or combinations of embodiments described herein. It is to be understood
that the above description is intended to be illustrative, and not restrictive, and
that the phraseology or terminology employed herein is for the purpose of
description. Combinations of the above embodiments and other embodiments

will be apparent to those of skill in the art upon studying the above description.
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pressure within the conduit using a strain relationship of the conduit.

13. The nethod of claim9, wherein the conduit
surface |lwoavixm3ias a wel |
drilling operation flows through the pipe.
wherein the optical source of the single path optical interferoneter

opti cal

Is a pipe located at a
drilling operation in which Pcmus2ab/ovize:
14. The met hod of claim9,

is the

source of the dual path optical interferoneter. 15. The nethod of

claim9, wherein the first sensing portion and the second sensing portion
are a common sensing portion 16. A é§%@%ﬁ§conprising: a single path

opti cal

i nterferoneter

| ocation on a VWhgdsslaimedig

1. An apparatus comprising:

a single path optical interferometer having a first sensing portion
attachable to a location on a conduit; and

a dual path optical interferometer having a second sensing portion
attachable to the conduit essentially at the location of the first sensing portion on
the conduit, the single path optical interferometer and the dual path optical

interferometer arranged together to measure pressure within the conduit.

2. The apparatus of claim 1, wherein the single path optical interferometer
includes a Sagnac interferometer to measure a direction of pressure change

within the conduit.

3. The apparatus of claim 2, wherein the dual path optical interferometer
includes a Michelson interferometer to measure an amount of the pressure

change within the conduit.

4. The apparatus of claim 2, wherein the dual path optical interferometer
includes a Mach-Zehnder interferometer to measure an amount of the pressure

change within the conduit.
5. The apparatus of claim 2, wherein the Sagnac interferometer has a first
optical source and the dual path optical interferometer has a second optical

source.

6. The apparatus of claim 2, wherein the Sagnac interferometer and the dual

path optical interferometer have a common optical source.

7. The apparatus of claim 2, wherein the first sensing portion and the

second sensing portion are a common sensing portion.
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a dual path optical interferometer having a second sensing portion
attachable to the conduit essentially at the location of the first sensing
portion omothe/menduit ; an anal ysis unit coupl ed tPaTiuseoisionie pat h
optical interferonmeter and the dual path optical interferoneter arranged
together to nmeasure pressure within the conduit. 17. The system of claim
16, wherein single path optical interferoneter includes a Sagnhac

interferometerg 18 IS rSYSHERIAT7, Whadel the conthi6h Sinbing BatioRHdudept i cal
interferoneter includes a M chel son interferoneter or a Mach-Zehnder

i nt er f er omet eran optical fibprawenndtasound thecdonflyit- 17, wherein the anal ysis unit

I ncl udes a machi ne-readabl e storage nedi um operably coupled to a processor,
t he machi ne-readabl e storage medi um havi ng i nstructions stored thereon such
that the instrcti dnmethetheomprimngit ed by the processor, cause the systemto

per form operations c%mnigtsaiﬁr&ggﬁl soyrce %tf’ae’k?r#gg%%ﬂlgoﬁ’cléfapi‘:ﬁerifefogﬁf@térrﬁﬁviﬁ tical

recei ver of the si n%ﬁ ep C neter, prov ng a asure of
a rate of pressfiseseasianpation sthiched the lomtiomon a corgduidi ng directi on of the
pressure change; analyzing output from an optical receiver of the single path optical
interferometer correlated to light injected into the single path optical
interferometer from activating the optical source of the single path optical
interferometer;

activating an optical source of a dual path optical interferometer having a
second sensing portion attached to the conduit essentially at the location of the
first sensing portion on the conduit,

analyzing output from an optical receiver of the dual path optical
interferometer correlated to light injected into the dual path optical
interferometer from activating the optical source of the dual path optical
interferometer; and

determining pressure within the conduit from the analysis of the output

from the optical receiver of the single path optical interferometer and from the

analysis of the output the optical receiver of the dual path optical interferometer.

10.  The method of claim 9, wherein analyzing output from the optical
receiver of the single path optical interferometer includes measuring a rate of
pressure change within the conduit including a sign of the pressure change from

a Sagnac interferometer arranged as the single path optical interferometer.

11.  The method of claim 10, wherein analyzing output from the optical
receiver of the dual path optical interferometer includes counting signal
oscillations in the output from an optical receiver of a Michelson interferometer
arranged as the dual path optical interferometer or a Mach-Zehnder

interferometer arranged as the dual path optical interferometer.

12.  The method of claim 11, wherein determining pressure within the conduit

includes mapping the count of the signal oscillations to the magnitude of the
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generating a count of signal oscillations in the output fromthe optical
receiver of the dual path optical interferoneter; and mappi ng t he
count of wbeosigsaB oscillations to a nagnitude of the preasarie/owd2rhi n the
conduit. 20.The system of claim 19, wherein the instructions include

mappi ng the count of the signal oscillations to a magnitude of the pressure
within the conduit using a strain relationship of the conduit.

pressure within the conduit using a strain relationship of the conduit.

13.  The method of claim 9, wherein the conduit is a pipe located at a surface
location of a well drilling operation in which fluid of the drilling operation flows

through the pipe.

14.  The method of claim 9, wherein the optical source of the single path
optical interferometer is the optical source of the dual path optical

interferometer.

15.  The method of claim 9, wherein the first sensing portion and the second

sensing portion are a common sensing portion

16. A system comprising:

a single path optical interferometer having a first sensing portion
attachable to a location on a conduit; and

a dual path optical interferometer having a second sensing portion
attachable to the conduit essentially at the location of the first sensing portion on
the conduit;

an analysis unit coupled to the single path optical interferometer and the
dual path optical interferometer arranged together to measure pressure within the

conduit.

17.  The system of claim 16, wherein single path optical interferometer

includes a Sagnac interferometer.

18. The system of claim 17, wherein dual path optical interferometer

includes a Michelson interferometer or a Mach-Zehnder interferometer.

19. The system of claim 17, wherein the analysis unit includes a machine-
readable storage medium operably coupled to a processor, the machine-readable
storage medium having instructions stored thereon such that the instructions,
when executed by the processor, cause the system to perform operations

comprising:
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analyzing output from the optical receiver of the single path optical
interferometer, providing a measure of a rate of pressure change within the
conduit including direction of the pressure change;
generating a count of signal oscillations in the output from the optical
receiver of the dual path optical interferometer; and
mapping the count of the signal oscillations to a magnitude of the

pressure within the conduit.
20.  The system of claim 19, wherein the instructions include mapping the

count of the signal oscillations to a magnitude of the pressure within the conduit

using a strain relationship of the conduit.
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