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few sensors |gned o provid
are assembled into a unitary structure generally referred to as a Christmas tree. Christmas

tree and wellhead systems have the principle functions of providing an interface to the in-well
environment, allowing flow regulation and measurement, and permitting intervention on the
20  well or downhole systems during the operational life of the well. The actuation of the valves
in the Christmas tree is normally provided using hydraulic fluid to power hydraulic actuators
that operate the valves. Hydraulic fluid is normally supplied through an umbilical running
from a remote station located on a vessel or platform at the surface. Alternative systems
using electrically based actuators are also possible.
25
In addition to the flow control valves and actuators, a number of sensors and detectors
are commonly employed in subsea systems to monitor the state of the system and the flow of
hydrocarbons from the well. Often a number of sensors, detectors and/or actuators are also
located downhole. All these devices are controlled and/or monitored by a dedicated control
30  system, which is usually housed in the remote control module. Control signals and well data

are also exchanged through the umbilical.
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. to provide a bas?c understagc?ing of some aspegts of the disclosed subject matter. This
summary is not an exhaustive overview of the disclosed subject matter. It is not intended to
identify key or critical elements of the disclosed subject matter or to delineate the scope of
20  the disclosed subject matter. Its sole purpose is to present some concepts in a simplified form

as a prelude to the more detailed description that is discussed later.

One aspect of the disclosed subject matter is seen in a method for monitoring a

Christmas tree assembly installed on a subsea hydrocarbon well. The method includes

25 providing an optical feedthrough module operable to communicate through a pressure
boundary of the Christmas tree assembly at least one optical signal with a plurality of optical
sensors disposed within the Christmas tree assembly for measuring parameters associated

with the Christmas tree assembly. A health metric is determined for the Christmas tree
assembly based on the parameters measured by the plurality of optical sensors. A problem

30 condition with the Christmas tree assembly is identified based on the determined health

metric.
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noni torﬂ'[1 cgﬂémit in the systemof Figure 1; Figure 5is a sinplified diagram
illustrating how multiple or duplicative sensor data nay be enpl oyed by the
condition nonitoring unit to identify problemconditions; Figure 6 is a
sinplified BRIEBRDESCRHEITION OF THE SIPVERAL YEEWS OFTEHHRBRAVINGS neasure
paranmeters of te Christmas tree of Figure 2; and Figures 7-8 illustrate
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of exanple I1n"the drawi ngs and are herein described in detail. It should be
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Figure 2 is a perspective view of an exemplary Christmas tree in the system of
Figure 1;
15 Figure 3 is a view of the Christmas tree of Figure 2 illustrating monitoring

Sensors;
Figure 4 is a simplified block diagram of a condition monitoring unit in the
system of Figure 1;
Figure 5 is a simplified diagram illustrating how multiple or duplicative sensor
20  data may be employed by the condition monitoring unit to identify problem conditions;
Figure 6 is a simplified diagram illustrating how optical sensors may be used
to measure parameters of te Christmas tree of Figure 2; and
Figures 7-8 illustrate exemplary branching techniquwes that may be used for the
optical sensors.
25
While the disclosed subject matter is susceptible to various modifications and
alternative forms, specific embodiments thereof have been shown by way of example in the
drawings and are herein described in detail. It should be understood, however, that the
description herein of specific embodiments is not intended to limit the disclosed subject
30  matter to the particular forms disclosed, but on the contrary, the intention is to cover all
modifications, equivalents, and alternatives falling within the spirit and scope of the disclosed

subject matter as defined by the appended claims.
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defini tionalrhe disclosed subject matter will now be described with reference to the attached
figures. Various structures, systems and devices are schematically depicted in the drawings

20  for purposes of explanation only and so as to not obscure the disclosed subject matter with
details that are well known to those skilled in the art. Nevertheless, the attached drawings are
included to describe and explain illustrative examples of the disclosed subject matter. The
words and phrases used herein should be understood and interpreted to have a meaning
consistent with the understanding of those words and phrases by those skilled in the relevant

25 art. No special definition of a term or phrase, i.e., a definition that is different from the
ordinary and customary meaning as understood by those skilled in the art, is intended to be
implied by consistent usage of the term or phrase herein. To the extent that a term or phrase

is intended to have a special meaning, i.e., a meaning other than that understood by skilled
artisans, such a special definition will be expressly set forth in the specification in a defini-

30 tional manner that directly and unequivocally provides the special definition for the term or

phrase.



manner that directly and unequivocally provides the special definition for
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Christmas tree ristmas tree 120 illustrated in Figure I'S
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subject matter is not Jimted to a partjcular Christ) tree design or
St ot EBT e (18 et ShE 1865, BemduBe PP aged & 1 ufir desed
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all owi ng the operation of the actuators 230 or other various val ves and
conmponents by an ROV (not shown). Although certain enbodi mnents descri bed
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application of the present subject matter is not limited to a particular Christmas tree design or

20  structure. The Christmas tree 120 includes a frame 200, a flowline connector 205, a
composite valve block assembly 210, chokes 215, a production wing valve 220, flow loops

225, hydraulic actuators 230, a remotely operated vehicle (ROV) panel 235, a subsea control

module (SCM) 240, and fluid sensors 245. Within the ROV panel 235, hydraulic actuator

linear overrides 250 and ROV interface buckets 255 are provided for allowing the operation

25  of the actuators 230 or other various valves and components by an ROV (not shown).
Although certain embodiments described below employ components that are hydraulically
operated, it is contemplated that corresponding electrically operated components may also be

used.

30 The construct and operation of the components in the Christmas tree 120 are well
known to those of ordinary skill in the art, so they are not described in detail herein.
Generally, the flow of production fluid (e.g., liquid or gas) through the flowline 160 is
controlled by the production wing valve 220 and the chokes 215, which are positioned by

manipulating the hydraulic actuators 230. The composite valve block assembly 210 provides

5
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not exhaustive
information derived by the Christmas tree 120 includes overall health, component health,

20  component operability, efc. Exemplary parameters that may be monitored include pressure,
temperature, flow, vibration, corrosion, displacement, rotation, leak detection, erosion, sand,
strain, and production fluid content and composition. To gather data regarding the

parameters monitored, various sensors may be employed.

25 Figure 3 illustrates a diagram of the Christmas tree 120 showing various illustrative
monitoring points. These monitoring points may be provided through the use of optical
sensors as further described in reference to Figure 6. An exemplary, but not exhaustive, list
of optical sensors is provided below. Also, various signals associated with the components
(e.g., motor current, voltage, vibration, or noise) may also be considered. As shown in Figure

30 3, a vibration sensor 300 may be provided for detecting vibration in the flowline 160. Fluid
Monitoring sensors 310 may be provided for monitoring characteristics of the production
fluid, such as pressure, temperature, oil in water concentration, chemical composition, efc.
One or more leak detection sensors 320 may be provided for monitoring connection integrity.

Erosion and/or corrosion sensors 330 may be provided in the flow loops 225. Valve position

6



of optical sensors is provided below. Also, various signals associated with
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enpl oy getnetfier vpllutatedf aastho couglmpbakd $aG9Oemmallyt akaentahpanatratoumalyadsvs. | n

one enhodi nent, t optical feedthrou ule 390 includes.an optically
0 anem s PEOw ha e et Fie JBE s D dpRu s TR Er My 8 R ¢ he
W ndow dnhadidd e 3P iON k&R rogd 1o RRHUTE BoBEnARNITLR SRkl B@ﬁs‘ﬁﬁ@sﬁ‘vee{%}iﬂdbkves

inside the Christmas tree 120 pressure barrier to entities outside the
pr essurtbathaelpdesroptical repratarase esheradeolt the ainddw thahallow aneptied! signehiok i s

def,ined in the ssure barrier.,In ot her enbaodi.nent, the optical...

F odf mestimTiGudl BSEES edfhts MsidesBe OBLNEs TP OR0IRlteuist BipRLad ks

pr essurgat@uind pidssire batidw amtRphabeat arcakical #ihdeds so abfualgdenilds efigddng. 1 n
sonme enbodi ments, multiple sensors may be provided for neasurin

a
parti cundhe peasaetbarrierroln aneshepleaibodimantpthe apsicelalgedtaraych unodie %%rﬁ%?b’r s may
be pr OVéoﬂlga‘i’isé ﬁ PRhL W ERR WrEIRAL " rfs%&@%%hﬂdﬁgwéu&ﬁ rafl%:}:) chbléocl) tage and
current as well" as voltage or current surges, spikes, etc. The duplicate
sensor shfpugk tidehdasinp. bui It in redundancy and a neans for
20
In some embodiments, multiple sensors may be provided for measuring a particular
parameter. For example, multiple voltage and current sensors may be provided to allow
measurement of standard motor performance voltage and current as well as voltage or current

surges, spikes, efc. The duplicate sensors provide both built in redundancy and a means for

25  cross-checking sensor performance.

Figure 4 illustrates a simplified block diagram of an exemplary condition monitoring
unit 180 that may be used in conjunction with the optical sensors described herein. The
condition monitoring unit 180 includes a processing unit 400, a communications system 410,

30 and a data warehouse 420. The condition monitoring unit 180 operates as a supervisory
control and data acquisition (SCADA) system that accesses sensors, models, databases, and
control and communications systems, as described in greater detail below. The condition
monitoring unit 180 may consider one or more Christmas tree 120 or wellhead 130 related

system performance or hydrocarbon production goals and access hydraulic, electronic, or

7



cross-checki ng sensor performance. Figure 4 illustrates a sinplified bl ock
di agram of an exenplary condition nonitoring unit 180 that nmay be used in
conj unct WO 20i0id2783Me optical sensors described herein. Phe/useendiosioon
nonitoring unit 180 includes a processing unit 400, a comunications system

410, and a.data warehouse 420. The dition mpnitorjng unit 180 gperates
2s h SRR Sh RS g belod A e G et ADA T Cerr R Sidesses
Sensor YeyRdelith mARLAPAS S/ inRRENGORLIR AbcAMhcE QTG GAILRNS Systens, as
described in greater detail below. The condition nonitoring unit 180 may

consider one or nore Christmas tree 120 or well head 130 rel ated system

performance .Qr hydrocarbon production goal s and access hydr aul
electronic,ih%ﬂﬁ&%??%%]uwﬁr4 ﬁﬁ@’ﬁﬁée 1208 AW£P?%ééﬂn%§%ncgﬁﬁ}dF devi ces
to 8l t ehictdpro@PRi Adrl DpebifaliSAChroERVing @IS vic¥ dubh A% Bh APPlidAHAR BpdciHicEingRitéson, in
accordance with those goals. The processing unit 400 may be a general

pur pos st Kp); Thgdrocgssing witt eizesdnta from applyppdiey eff sepeads prbeudsisng
devi ce, SK@n | 0N i fi¢c inte ci ' SLC) . e

or oceadnE S eRes g P8 6 ThRTIAEETS skt CRERAR! f9aCrf kbbbt o B o

t he sensmoss 80may Brl¥idehawor currdrt QUK eltaye dag. el pracessihfediit dad aay lopérate
exanpl e, one of the sensars 430 may provide notor current or voltage data.
The pr stitesdy Ay theriensos gatara yeab Jateranay ererhs segpordats i9dhe gata garehiopss 420

tiqp OrpfHy h%ﬁeo&ﬁnﬁlﬂﬁcét‘?d?ﬁ%gstgﬁt 0l f3r Bﬁﬁn??}giﬁzé’i@r %Qgééis&q e Qch - Q14gh afche

comuni cat Fons system 410 for offline ana Bas on the sensor data,
t he pr quesssing vaiti 4004@0crdetar the rheslth be thee@htisimaf ttchd 2Chamdsémths ihdierlud20 and

or the individual conmponents (e.qg., valves, chokes, punps, etc.). There are
vari ouscof@@ﬂ?ﬁtﬁg%t Y5t I‘EhO‘fﬁgoé’g@??’n@w ni 950 TRy G e ebat fone

heal t h J¥Bdekiifs unltuo® fhhy S edbeeine RSP HREESS Ba YR eARISRR! ks a
conditifon nonitoring nodel 440 that directly processes the data fromthe
sensor Pra@esing vddtdnimplors heahdibomsanitorin®Omeodey 340 dtat wogelly prsessanyhebe

us to, determne a heglth nmetric for the Christmas tre 0 is recursive
or 1Rc1 gl eEhbh e S0 ot b axu B 1ol PR sboRRelAd afe B bERL oo

by comarde@mbiatahdth éttic PaF MERLIGTSmAYS Q88 1 TRisSERSOFsSvel fHirRigdempbibnks from
known- good data. The nodel may enpl oy a hierarchy structure where

par aneta@pkysis(BPgAduprdgl.i Heglth Betiics arededated hi compaione Agader all paredatsTned to
gener i X O i A 8 LSS SR BET R o
par anetsasiure@ierb @agi@igpe drei diduped ifto@életed nodes. The sensor nodes are combined to
20  generate higher level nodes. For example, data related to a common component (e.g., valve,
pump, or choke) or process (e.g., production flow parameters) may be grouped into a higher
level node, and nodes associated with the different components or processes may be further
grouped into yet another higher node, leading up to an overall node that reflects the overall
health of the Christmas tree 120. The nodes may be weighted based on perceived criticality

25 in the system. Hence, a deviation detected on a component deemed important may be

elevated based on the assigned weighting.

For an RPCA technique, as is well known in the art, a metric may be calculated for

every node in the hierarchy, and is a positive number that quantitatively measures how far the

30 value of that node is within or outside 2.8-c of the expected distribution. An overall
combined index may be used to represent the overall health of the Christmas tree. The nodes

of the hierarchy may include an overall node for the Christmas tree 120, multiblocks for

parameter groups (e.g., components or processes), and univariates for individual parameters.



| evel node, and nodes associated with the different conponents or processes
may be further grouped into yet another higher node, |eading up to an
overal | mwoeotomrssref| ects the overall health of the ChPCStusa@osees 120.
The nodes nay be wei ghted based on perceived criticality in the system

Hence, devi ati on detected on a conponent deened i nportant be e| evated
based et bl PEHEE R ghe g M oFORAR TR F G R qUsoudomey Bharreiiown ©n
the artmpe gatiRlabdhoulBIL0A, hakemigbehohREriRvafiyiIgrode in the hierarchy, and is
a positive nunber that dquantitatively neasures how far the value of that

node is within or outside 2.8-s of the expected distribution. An overal
conbi ned i ndex be.used to.represent the overall health of the Christms
Cree. The nddewoger CRESE by WhyPhey e foBlags AP onder simgngn

Chr st masdely @80 bdQ/or pibddsblnasdess Hou (par d@hiie §diBSal(Kealth, mEBIEPIBEMeS OF
processes), and univariates for individual parameters.These overall health
met ri c ARdualcPmppreatyretithe @rocesgh theing gentichlef by g Ghebteagetjechd2&t ofhed i n

t he dat 4 hii iLori j: 80. r
enbod, ronBhERTHERLIED i bl Bl ATy A BRI R L b dE DB AORET
450 andhake phas@ss treedells Hadoithads odehe towdrdevel tewlilt trldeRewsir Botredayies f or
the various conponents or the processes being controlled by the Christnas

tree 1RIOVigeh @ SippSPRMEOTEABItEIIAG ANQAsY 498 TBF dRGOMRMUALRN Hud Fhateti b P&t t he
paﬁbiC%h&ﬁc%ﬂﬁﬂ?ﬁﬁﬂ&ﬁgH%%@lb@ the Christnmas tree 120. The out puts of the
eal t no

| ower | evel el s 450, 460 may be provided to the condition
noni toring nodel 440 for incorporation into an overall health nmetric for

the Chri st tree 120. The condjti nonj t or i del 440 al so, enpl oy
data of her {HATFORREOBdiREEIOTBETHFhHAEmEr RIshAS DRt RYer faR iR St Bor al |
heal t h ifRbfelffmhind @ iSXARRIRe of 8@rall hERIPRHEGIS! FBPedmiAe 448 b Ruction

hi storical data 480 (e.g., regardi ng production or conponent operation) nmay

al so belatnpl oyreldori stphienl clotadt30i (e13-.rrogardioeipriedustide or 4a0ponsopesatnn) mdel s

45 or .process nodels 460...The historical ta 480 ma | oyed to
*odg: TR RERR IR G saRus el BLR AR B Rt e B et E o PER T om

t he congéddlPm60DThe Bidthigamagal 4864022 Be ehipdoyrade sdaitify hendd itk raelgﬁrti&lllﬁﬂ archy
| evel s may be enpl oyed to troubl eshoot current or predicted problens with

t he ChrdosiPeagntt ree 120 or its individual conponents. The infornmation nmay
al so be used

The information derived from the condition monitoring model 440 and the nodes at
20  the different hierarchy levels may be employed to troubleshoot current or predicted problems
with the Christmas tree 120 or its individual components. The information may also be used
to enhance hydrocarbon production by allowing the autonomous adjustment of control
parameters to optimize one or more production goals. For example, the condition monitoring
unit 180 may communicate to the system controls (i.e., managed by the topside control
25 module 170 and/or subsea control module 240) to automatically adjust one or more
production parameters. The information may also be used to provide future operational
recommendations for a component or system (e.g., maintenance schedule, load, duty cycle,
remaining service life, efc.). Rules based on the determined metrics may be used to facilitate
these predictions.
30
The condition monitoring unit 180 may generate alarms when a particular component
or process exceeds an alarm threshold based on the determined health metric. For example,
alarm conditions may be defined for one or more nodes in the hierarchy. These alarm

conditions may be selected to indicate a deviation from an allowed condition and/or a data



t o enhance hydrocarbon production by allow ng the autononobus adj ustnent of
control paraneters to optim ze one or nore production goals. For exanple,
t he condiwDanmwmm3vori ng unit 180 nmay communi cate to theCTyuste@iosontrol s
(i.e., managed by the topside control nodule 170 and/or subsea control
nodul e 24Q) .to aut.omatically. adjust one. or nore productjon paraneters. The
i nf or metEntARP s Pe MEEHIRSD B BUS YIRS, & o%élP%Fti o'h}ﬂ aﬁ‘é‘@o?ﬁ?@ﬁﬁ%‘ti ons

for a GRPeReN My DESE&AMURIcTed BRIHE ERMAESAIRIWyBen] 080, dWh¥raf¥Ed €
remai ning service'life, etc.). Rul'es based on the déterm ned nmetrics may be

used t pefondli teat evistrdsiedigatedi dedtong:. nithwgeoerdit | Bire npmitior pergonnel tmahy80 may

hr csnari batba b eroRG arfiihat REaROR Hek PireTEEr ediiRer papR e "

congi t i @AGitidAYha? 8aWteiiden6 thd MirmPEshddiontor € nodes in the hierarchy. These
alarm conditions may be selected to indicate a deviation froman all owed

condition and/or a datatrend that predicts an inpending deviation, damage,
or failure. {IhQ.a %%H%nﬁe%gd[{lé LTt %Hﬁéﬂnﬁ)"mﬂ?}’mf@ @%gl”d{%' rﬁé‘&e‘f&m’ éSB,e
conmmuni cati ons system 0 operations p@rsonne I? .g., visual 11ndrcator,
el ect r oiM0C and/ssS atyey fedre. ¢ach Thensopenadt hgociped s diplRlatemBynsacC @s Svdlidated @iea

war ehouse 420 to 8at her additional information regarding the particul ar
condi t iTBPFtoRAEYGAT Sty e hredual snSPCOREMSio6 ReCOlhbFHETESBH: THEft , Thehe
condi { i BAqiRRI hOkitdheU i 1_%§0mgy§hg>\réy LOSHRIBLMIARY. 1ot RRouiOR - adhRly data
from each sensor and associ ate upli'cate sensors'to validate the

funct i onahndey ianbe s¢mbusyswdms. hdhe ndilidatdd abnsse rigar fremsd eompanent,ewoh chs an

error or data aoffset. The condition nonitori unit 180 enpl adaptive
Cecnni queke el deedthin P reoodRo radoane kb W ¢ rentian b agufl S

val i dategdusensRé @alpdnddiOMIaisC ATRRNEN tenhSHEY (RS rdlidbNIRk ardil Becuk&yUsEehd N the
condition nonitoring nodel 440 to confirmthe functiohality and status of

t he corpdrasatbonThioslugtadn datdnagierenisasicexs tdmeparahieabilowt yndnpresssieairadcyheof t he
hyq;éocar bcgunt.grﬁdﬁfti on paraneters, such as tenperature, flow, and pressure
of hepﬁ? FUeR 'S f1ui d. Fi gure 5is asinplified diagramillustrati ng how
mul tiple or duplicative sensor data may be enpl oyed by the condition
nonitoring unit 180 to identify problemconditions. At a first |evel,
singl e sensdfigwall Bar siowlibed dingyanydllyseatiog hew rpultiple orskipbieativeaienws dare
W thin may be employed by the condition monitoring unit 180 to identify problem conditions. At a
first level, single sensor validation 500 may be performed (i.e., sensor values are within
20  permitted ranges). Redundant sensor validation 510 may be conducted at a second level
based on the single sensor validation 500 to identify deviation information. For example, two
independent sensors may be used to measure the same parameter (e.g., pressure or
temperature). Subsequently, multiple sensor validation 520 may be performed by comparing
the sensor data from the redundant sensor validation 510 to data from other sources, such as
25  other sensors, that provide an indication of the measured parameter. For example, pressure
indications from a pressure sensor may or may not be consistent with expected values
resulting from choke or valve position. The deviation and consistency information may be
stored in the data warehouse 420. Moreover, the deviation and consistency information may
be incorporated into the condition monitoring model 440 for health determination. Individual

30 parameters may be within limits, but when considered from a deviation or consistency

perspective, a problem condition may be suggested.

Referring now to Figure 6, a cross section view of a portion of the Christmas tree 120

is shown. A connector 600 couples the Christmas tree 120 to the wellhead 130. A tubing
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permtted ranges). Redundant sensor validation 510 nay be conducted at a
second | evel based on the single sensor validation 500 to identify

devi at i orwDrzbovazess7on. For exanpl e, two i ndependent sen®oTAISA®Y/OB®IUSed toO
nmeasure the sanme paraneter (e.g., pressure or tenperature). Subsequently,

mul tiple sensor validation 520 may be perfornmed by conparijng the sensor
Gt o FrioART TR R GO Re e D6 CORmanRoh 8 ot g eabl SoHsse B8ikoes.
such aS1>0tN%&@ﬁﬁppeﬁqetﬁw%wr@%ﬁﬁe@ﬁl tﬁaddo?@gdsﬁ@ valfve tHISKTRASHPED 10 to
paranmeter. For exanple, pressure indications froma pressure sensor may or

may nothobee thomgtisl éerdthupugh wrpde 389 (mﬁlsmn)r esubppticabcdblomChokeplod viaad ve
positio

ot o vl DG SO0 NEY SO Sr SN AL et e onoat R Reer A dy hRIBPHEon  may

be Bnca3porat @lichNdplittt NEcICARE bé ERPloyRMtd utengdivRial ot#Ql fisdrs Be@td dptical
determ nation. Individual parameters may be within I'imts, but when

consi deseewrf p&in Fhejenticat Fdne 640 avndiage @rn%typlgél;bglﬁeﬁ?p» gash sariRDHBIeAT BEFdi t i on
may be ferring nowto Figure 6, a cross section view of a
portlo(iwgg%aﬁﬁ) ?éftnas tree 120 is shown. A connector 600 couples the
Christmas tree 120 to the well head 130. A tublnghanger assenbly 610 coupl es
the Christmas tree_120 to the unbilical cable 140 (see Flgure
hori zontal pEhdecaibed abeue.i deqerticabdensars AB0 dBMH &SI edurdany do lisek C&%S%enbl y

21Qqto
cagle é%%Rﬁgn%ggsge k@%%tg%ﬁgﬂﬂ%ﬁggc Eﬁggggrq§g8§?%ﬁtﬁgagﬁ%%ﬁ§&?@egthrough

nodul e Va8i0usayppas bfeﬂhelﬁhrishnaspmeel&t)as oltusG3@d iARigupd 3 Cat., thplsetsoer 3EEBOMY be

enpl oy to route . indivigual fibers 670 to optical sensors 680. The
opr1 oai i SEe epon 608 TRt B 1dpa whe, RmE BEAST8 S cHor o

opti cal s1%?n%l“ SPhSsef8fe pOsicdet id Qﬁﬁaﬁé@ﬁé’& 630 RayoRL dhidh] i RRRSE, Hub&BeBYebe

r edunda to allom/crossreferenC|ng of sensor data to check sensor

oper abidfiseysorsTthet bptei dedtricd ris onerhaBoalmaysarmidniants vt ko useré@pébatszoof/emhe
stnmpas tree 120 .a | ustrated. in Fi sensors .3 0 380) .

Thd 5t e gei e 4 QLRDovnsBa A nd R HisFaadparivdls of GBS RRR RN, he

usi ng aferAPrah€ abfosin @Al senddis, 1&&Jﬁfétdih§btﬁ@rséﬂs@ﬂ Biragtgf% ﬁap%]m@d)rs SeNsedceh@) may

be optical in_nature, but ot her types of sensors ave el ectrical or

mechanis€aiors eRa@en efcappt Priloyimaensoler SEEBSCCARW SN YRS, tHEagRh P an
opti cal e?dgggcae' se %tﬁﬁnké?na‘ﬁ&f’ec 15%(?{]81169&3%4&; YRESs O, opti cal sensors include

nenbrane orma dn Sensors, eronetric sensors, Bragg grating
sensors, quorescence

20 Although Figure 6 illustrates individual optical fibers 670 for each sensor 680, it is
contemplated that one or more optical sensors 680 may be multiplexed on the same optical
fiber. Hence, the optical splitter 660 may not be present in some embodiments. For example,
as shown in Figure 7, an optical fiber 670 may be coupled to multiple optical sensors 680.
Various multiplexing techniques may be used such as wavelength or time domain

25 multiplexing. Figure § illustrates an optical network 800 that includes a plurality of optical
fibers 670 and splitters 660 serving a plurality of optical sensors 680. Again multiplexing
techniques may be employed to allow the sensors 680 to use the same fiber 670 for

communication.

30 The optical feedthrough module 390 may support multiple channels achieved either
by optical encoding, multiplexing, efc., or by having multiple individual optical pathways or
connections. The various optical network topologies illustrated in Figures 6-8 may be used

with the multiple channel architecture. For example, the optical feedthrough module 390
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sensors, Raman sensors, Brillouin sensors, evanescent wave sensors, surface
pl asma resonance sensors, total internal reflection fluorescence sensors,
etc. Al thwoghioRizgesre 6 illustrates individual optical fiPbeEns2@%0549%99 each
sensor 680, it is contenplated that one or nore optical sensors 680 may be

mul tipl exed on th sa tic fiber. Hence,. the op tical 660 nay
not be %?Yeéwﬂl% ﬁge %WBHBP ‘?ﬁtcgmﬁrilélﬂcaé%ﬁ‘ﬁﬂ‘eco% "SRBWA tﬁ‘g :t‘gﬁﬁrﬂe ,
opti calguppdres s&68d BRMnbEroS e&ahﬁqlcwngrwts mb@la@awlﬁﬁdhe SRS (RB8Q0 Vari ous

nultlpIeX|ng techni ques may be used such as wavel ength or tinme donain

mul tiplexing. Figure 8 illustrates an optlcal netmork 800 t hat |ncludes a
plurality of_optical flbe 6,70 tter raI

ot cal  sensHPooREE scaylt e potorBRd s Ry tbdh R BRRsS L e by 534 B 211 ow
t he 5sensafupcB8PwitR coisBtibhoiRdEnd drifleplr@nt of argmmuﬂioﬁaﬁérmnnghe opt i cal

f eedt hr ough nodul e 390 may support nultlple channel s achi eved either by
optical encoding, nultiplexing, etc., or by having nultlple i ndi vi dual
optical pat r ti K. |.ogl €es
opt1cal Pt AR, EARIRGS hR0uuTl ol 0k S R SR, DALY i pakams

ar chi t eohipogentfbis Iﬁmerr@lh@dvhﬂiteg@pn@admﬁqeﬁdmdwem ghymedplimi290 MyreatipRiort a
first channel tq‘allom/connunication with conponents in the well 130 and
suppor tTuire apFARIliBhah e  comprnetstinYi Readsteigitest 2nda@asnanesyingGryHs ity be
A0St MRrhfiRA phat onRfuPBEEAlen FIIRGRANGE0 described in reference to
Figures 3 and 6-8 may be use onjunction wth condition nonitoring or

i ndependent of any condition nonitoring. Enploying condition nonitoring for

the Christmas tr 120 a d it ssociated c onents .has nunerou

vt ages.  Cper aiEoATE e TR ARy e ot R Sodre AITBRTE QT b dhee
Operabkhk%%e@%uﬁgﬁ1ﬁ&ﬁ99ﬂﬁﬁ%§nﬁﬁﬁwg%ng%ﬁﬁﬁﬂk@%gdﬁﬂﬂﬂﬁ@hﬂ%ﬁﬂaﬁ&ﬁIhﬁﬁ@ﬁya|5
may be determ ned based on actual conponent performance he particul ar

enmbodi rppasnidpsidseskidled othe agrhaving|thes berafit vithettaghingsherhia. divgtbtosee reubj ect

be nodi fi d p ed |n fferent ut . equi va nner s
o8 eyt GReintgatry B4 TPl EoniEisTioh o HESen et FhE BN LB nos
her ei n.dekeHbebemnMeeclain® béloiwt ati w&le%ferel axtlamewlatt thet patid@hRiehBo@iments

construction or design herein shown, other than as described in the clains
bel ow. ditclesed pheveanay be aligradar modHicdtand afaueh yliations gisoranrdated varhie s ed

above 'E@%%é’eﬁld%h%ro‘?qhé’ﬁlsﬁ%%df JBRARd! | ARYEIn N hB b ARG oA Su G IR SE T Ld

withint
as set forth in the claims below.
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scope and spirit of the disclosed subject matter. Accordingly, the
protection sought herein is as set forth in the clains bel ow CLAIMS V\E
CLAIM 1.we nmdres37f or nonitoring a Christmas tree asse®blyuScewiosddbed on a
subsea hydrocarbon well, conprising: providing an optical feedthrough
nodul e operable to comuni cate thrqgghﬁgipressure boundary of the Christnas
tree assenbly at | east one optical @ Swith a plurality of optical
sensor sygiepepgd within the Christmas tree assenbly for neasuring
paranmeters associated with the Christmas tree assenbly; determning a
health metrilc forAtrhaghghiforsmengotinge Gustmbd yrepaswitdy indtdlgdaemaetvbse
neasurqg,b the\ﬁlyrallt¥ of optical sensors; and identifying a problem
conditi H t é ERPPSY &S tree assenbl y based on the deternined heal th
met bi C. E]@Vlﬂﬁltgfhﬂd)pﬁfzalcfb@iﬂﬁﬂo&gh st bR &pe RBIENG IS Mgni EheNthkdush gt fare
problen1con tion responsive to the determned health netric deviating from
a predeternined rhengéarsfofdbeddriabnes yed assmbly afTleastrenchenticef signali with a
Mwmﬂndaewnm [
nmoni t ori ng nodel %ﬁ' ijgﬁﬁ {]S&EB (ﬁs Ogégs)g}n%fﬁsﬂ%%g&é@%#nggtt%et%g&%qﬁ%r ality
of parameters . %eafmengrpdrhlmdte@fasgdoaatéﬂ \%uhfther@lliles’tma@ﬁwassa:mglyerrpl oyi ng the
condi tion nonitoring nodel based on the plurality of paraneters and
hi storical dgtAMidedahgeldymgiriayfog the @‘a%%tméhére%ﬁssmélyp‘a%ssﬁ#@flélaf‘sparsmef?rfe
metgod of claim r he condition nonitoring
Jb based on tﬁgg% 3?2 tmiﬂﬂgﬂ%g?pﬁéggﬁ%ﬁégggﬁéoduct|on data associ at ed
wth the Chridattifgiagta @@ot&&nmﬂmﬂdytlon&)vltﬁhélen@hﬂmnhamftreel aisembly tMved eam the
determning the h altqggﬁirlc conprlses enpl oyi ng at | east one conponent
nodel associ at ed Bite conponent of the Christnas tree assenbly
in generating the health netric.7. The nethod of claim1, wherein

determ ning the health netric conprises
2. The method of claim 1, further comprising identifying the problem condition

15  responsive to the determined health metric deviating from a predetermined range of

acceptable values.

3. The method of claim 1, wherein determining the health metric comprises
employing a condition monitoring model of the Christmas tree assembly to evaluate the

20  plurality of parameters.

4. The method of claim 3, further comprising employing the condition
monitoring model based on the plurality of parameters and historical data associated with at

least one of the parameters.

25
5. The method of claim 3, further comprising employing the condition
monitoring model based on the plurality of parameters and production data associated with
the Christmas tree assembly.
30 6. The method of claim 1, wherein determining the health metric comprises

employing at least one component model associated with at least one component of the

Christmas tree assembly in generating the health metric.
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enpl oying at | east one process nodel associated with the operation of the
Christmas tree assenbly in generating the health netric. 8. The nethod of
claim1l, wbeosin2783he Christmas tree includes first and ®ETASAOONMIY S
operable to msasure a sel ected one of the pararret ers, and identifying the
probl em condj tion_further rises jdentifying a deviation condition
o0t at od it h cHE FEGH SingheecomP Rt dmmEng e Hedlon St e erarinto,
wher ei eyt d16yifhat %agpgné pfo%egs%ba\gea%s&w&w $fithS@e sc%ra%ﬁ rRkhE ARisiRASHL a
first characteristic of Christmas tree assenbly and a second sensor
oper ablaesm@lwawemtmgmhmmcact eristic of the Christnas tree assenbly,
and identifying the problemcondition further conprises identifying that
the first characteristics is inconsistent with the second characteristic.
10. 5The net hpd ofTHel @edibd of Tlaith NE IwHRTP theSCREstHREERA i ScideR Firbthdieedldem
condition to an operator of the Christmas tree assenbg%/ 11. The net hod of
cl ai m BensgrePRIrAble He neHsistanipiectdeencaghs Betnajareespisr pack ideptilying the pinklcax

| east ft a C 12.
The merRBaSP I L RS A e B "By P BT 5
cont r olseédmawendora hydrocarbon fluid, and at | east one of the paranmeters is
associated with a paraneter of the hydrocarbon fluid. 13. A system
conprising: a Christmas tree assenbly nounted to a hydrocarbon well; an
opypcal feedthrough ARARLGORSHAD Gikfif MBTERLGALS ddr ALl AaRLSS G
boundary of the istmas tree asse ; and a plurality o optical sensors
di spos egpembichiormeadvereGhfirss thmascttristie oé$lﬁe@hxhymh9tremsmblymgldmamanm gmsor
associ ated th the Chri st tree as an erable to c cate

£ ougIPPEHEIE 3 ERETe B SHEN OUHERBHE & (08 Corpiay B aroly, i Orst b ier of n
at | eashe ?I{)bfeﬁi QRbiiea! [GARS OforhsridksdidRa@Ringt Qnat tﬂeeafﬁ&t @h&86PAMIQPLd cal
sensor. . The systemof claim1l further conprising: a first optical
cabl e coequisstent with flee &@p@nct@arafcé@dtlhrough modul e;

15
10. The method of claim 1, further comprising communicating the problem

condition to an operator of the Christmas tree assembly.

11. The method of claim 1, wherein the Christmas tree assembly comprises a

20  valve, and at least one of the parameters is associated with a position of the valve.

12. The method of claim 1, wherein the Christmas tree assembly is operable to
control flow of a hydrocarbon fluid, and at least one of the parameters is associated with a

parameter of the hydrocarbon fluid.

25
13. A system, comprising:
a Christmas tree assembly mounted to a hydrocarbon well;
an optical feedthrough module operable to communicate through a pressure boundary
of the Christmas tree assembly; and
30 a plurality of optical sensors disposed within the Christmas tree assembly for

measuring parameters associated with the Christmas tree assembly and

operable to communicate through the optical feedthrough module.

14



an optical splitter coupled to the first optical cable; and a plurality of
optical fibers coupled between the optical splitter and the plurality of
optical swo=0rm27886. The system of claim 15, wherein at PCeastooonss9subset of
the plurality of optical sensors are coupled to a first one of the optical

fibers. 17. The stem of cl ai 3,, further conprising at | east ope optical
fiber coupl éd bet e%éfsieﬂ‘e‘)fﬁ‘ﬂ‘ﬁlﬁbmé - YhesdnrE Eﬁj‘é o HB%GP%C%WEPSQY éﬁfﬁg‘é‘%‘g& % he
plural i Yea@fa QREAEGH icAEREQS. 18. The system of claim 17, wherein the
optical sensors in the subset are nultiplexed on the optical fiber using at

| east one of wavel ength nultiplexing and time domain nultiplexing. 19. The
systemof claim further. conpri.sj,ng a condition nonitoring unit operable
to deterniné'a hégkfﬁgﬁgfgfal gg’bﬁgwgﬁFP@T%%% tree assenbly based on the
par gnet ers mf@u&;ﬁféab&bté@ug?u&@thetdpti@m feRithioabh RAsI s and identify a
probl em condition with the ristmas tree assenbly based on the determ ned

heal t h met ria®.oppigal sphgergpypleghtothedirgiapfied cablgednsi n t he conditi on nonitoring
unit is opera ] . ondi ti i tQri e .S S
'ree assonoiyPEGD of RIGY eROMplRoTEN b2 dgy TpiRt: o ST

cl ai m 20, wher ei roptibsl seasaghi.ti on nmonitoring unit is operable to enploy the
condi tion nonitoring nodel based on the plurality of paraneters and
hi storical data associated with at | east one of the paraneters.22. The

sygpem of clgi m 2. MheRest1Lile 15 AMbdih AP 1TV Qb oﬁﬂietplhﬁligf@f; icq to

enpl oy the condition nonitoring node ased on the plurality rameters
and pr cdoucts an cdepled ssshict ated the bptidah&b&hri st nas tree assenbly. 23. The
system of claim 19, wherein the condition nonitoring unit is operable to
enpl oy at | east one conponent nodel associated with at |east one conponent

of the Chri stymas THee§sRESSMALYn 15, GEAST &nhfidda 188RbLE op&dal iiber edhplcthe
system of claim 19, wherein the condition nonitoring unit is operable to
enpl oy tetwéendhe optivel feeddemghmaile arsisouibstted the pliratineofopdcatseaterof t he
Chq%stnas tree assenbly in generating the health netric.

18. The system of claim 17, wherein the optical sensors in the subset are

multiplexed on the optical fiber using at least one of wavelength multiplexing and time

domain multiplexing.

20 19. The system of claim 13, further comprising a condition monitoring unit
operable to determine a health metric for the Christmas tree assembly based on the
parameters measured by the plurality of optical sensors and identify a problem condition with

the Christmas tree assembly based on the determined health metric.

25 20. The system of claim 19, wherein the condition monitoring unit is operable to
employ a condition monitoring model of the Christmas tree assembly to evaluate the plurality

of parameters.
21. The system of claim 20, wherein the condition monitoring unit is operable to

30 employ the condition monitoring model based on the plurality of parameters and historical

data associated with at least one of the parameters.

15



25. The systemof claim 19, wherein the Christmas tree includes first and
second optical sensors operable to neasure a selected one of the
par anmet erwQ 2arh2r43¢ conditi on nonitoring unit i s operablPeTius200d@ntMIy a
deviation condition associated with the first and second optical sensors.
26. The system of_ claim 19 mheéguw the Christnmas tree.includes a first

e

optical sen oﬂa‘reagaﬁtémt%f TR rein the cuiifiof MOpitiRe U 1 T8 (9t mas

tree as$gd) headddRiod e rAR SR b§s%8%%rth9?ﬁfrﬁ§§%f QrafRASTYLE] Brodeind
characteristic of the Christnmas tree assenbly, ahd the condition nonitoring

uni t i gatpesedited wahithie@hiiftnas rat assérebliyi r st characteristics is inconsistent
with the second characteristic. 27. The systemof claim19, wherein at
| east one of the optical sensors conprises a vibration sensor, a corrosion

Sengor, an erjsi OrheSEREAN of @hin1Y,Skerei@ttRE EbMti SEMATtorikBunif Reopeyled of
claim19, wherein the Christms tree assenbly conprises a valve, and at

| east o¥iepley af Heasppnecedmp@ssomodel aaspstigddamadr @i 1985t opd siopipenedf of e
val ve. ; e f % ' in.the Christnas tree assenbly is
operabﬁ%gFgI%%%f%%%§@$gﬁygIﬁ%ﬂﬁég?%@%@%gﬁgl%uid, and at | east one of the
sensors is operable to neasure a paraneter of the hydrocarbon fluid.
24. The system of claim 19, wherein the condition monitoring unit is operable to
10  employ at least one process model associated with the operation of the Christmas tree

assembly in generating the health metric.

25. The system of claim 19, wherein the Christmas tree includes first and second
optical sensors operable to measure a selected one of the parameters, and the condition
15 monitoring unit is operable to identify a deviation condition associated with the first and

second optical sensors.

26. The system of claim 19, wherein the Christmas tree includes a first optical

sensor operable to measure a first characteristic of the Christmas tree assembly and a second

20  optical sensor operable to measure a second characteristic of the Christmas tree assembly,
and the condition monitoring unit is operable to identify that the first characteristics is

inconsistent with the second characteristic.

27. The system of claim 19, wherein at least one of the optical sensors comprises a

25  vibration sensor, a corrosion sensor, an erosion sensor, or a leak detection sensor.

28. The system of claim 19, wherein the Christmas tree assembly comprises a

valve, and at least one of the optical sensors is associated with a position of the valve.
30 29. The system of claim 19, wherein the Christmas tree assembly is operable to

control flow of a hydrocarbon fluid, and at least one of the sensors is operable to measure a

parameter of the hydrocarbon fluid.
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