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Abstract   


   


This   paper   uncovers   and   suggests   solutions   for   the   challenges   to   control   change   
 over   time   more   reliable   and   cost   effective.      


Front-‐end   concept   engineering,   design,   inspection   and   monitoring   strategies,   
 technologies,   systems   and   methods   for   Life-‐of-‐Field   are   recommended.      


Autonomous   underwater   vehicles   (AUV)   are   identified   as   a   possible   cost-‐


efficient   opportunity   to   reduce   cost   of   inspections   and   monitoring   operations   
 while   safeguarding   asset   integrity.      


A   recognized   design   spiral   methodology   is   used   to   perform   a   front-‐end   concept   
 evaluation   of   an   AUV   system.   Investigation   of   key   technological   limitations   and   
 new   developments   within   underwater   communication,   energy   storage   and   
 wireless   power   transmission   is   performed.   It   further   enables   opportunities   such   
 as   AUV   recharging   station   on   the   seafloor   for   better   utilization.   


One   major   learning   point   is   through   the   use   of   numerical   models   and   the   
 outcome   being   a   better   and   more   hydro   effective   hull   design.   


One   expectation   from   this   paper   may   be   the   aid   to   collaborating   partners   in   their   
 design   work.   
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1  Introduction   


   


General   subsea   operations   are   faced   with   excessive   cost   challenges.   As   the   oil   
 price   plummeted   by   end   of   2014,   it   has   even   further   underlined   the   critical   need   
 to   deploy   new   technology   and   utilize   man-‐hours   more   efficient.      


The   industry   may   need   to   boost   their   continuous   search   for   autonomous   and   
 cost   efficient   solutions,   balancing   safe   quality   and   reasonable   budget.   Innovation   
 and   streamlining   are   key   factors   the   process   to   go   deeper   and   further   


underwater.      


   


Throughout   the   entire   operational   life   cycle   of   subsea   field,   structures,   pipelines,   
 seabed   settlement   and   the   environment   need   to   be   consistently   monitored   to   
 ensure   safe   extraction   of   oil   and   gas.   Reliable   subsea   inspection   and   condition   
 monitoring   is   an   important   piece   of   the   puzzle   to   succeed.   Future   subsea   
 production   systems   in   deeper   and   more   remote   locations   are   depending   upon   
 further   cost   efficient   solutions.   The   current   fulfilment   of   the   seabed   factory   
 vision   is   to   further   move   the   process   plant   sub-‐surface.   Increasing   cost   and   
 complexity,   as   well   as   reaching   longer,   deeper   and   colder,   call   for   more   use   of   
 inventive   remote   advanced   technology   to   acquire   the   data   necessary.   The   
 challenges   to   control   change   over   time   more   reliable   and   cost   effective   is   
 assessed   in   this   paper.   


   


Company   Stinger   Technology   operates   within   underwater   research   and   


technology   product   applications.   This   thesis   is   developed   together   with   Stinger   
 Technology.   They   are   specialist   in   tailoring   solutions   to   problems   posed   by   
 working   subsea.   They   cover   the   whole   process   of   creating   a   product   or   service   
 from   design   to   implementation.   They   like   to   do   simple   things   well,   and   complex   
 ones   even   better.   


Cooperation   with   Stinger   Technology   has   been   beneficial.   Through   a   Stinger   
workshop   survey,   first   hand   impression   of   advanced   underwater   technology   was   



(8)acquired.   Their   detection   and   early   warning   products   has   also   provided   valuable   
 inputs.   Part   of   their   research   work   includes   product   durability   testing   through   
 long   termed   deployment   of   their   remotely   operated   vehicle   (ROV).   This   test   
 marks   the   longest   continuous   deployment   of   an   ROV   without   requiring   
 maintenance.      


Last   year   the   University   of   Stavanger   (UiS)   invested   in   new   research   facility   with   
 pool.   It   is   used   by   the   UiS   Subsea   organization,   made   up   of   B.Sc.   and   M.Sc.   


students   aiming   to   use   their   research   and   development   of   underwater   vehicle   in   
 international   competitions   such   as   MATE   ROV.   Part   of   this   thesis   is   inspired   from   
 this   year’s   autonomous   underwater   vehicle   (AUV)   project.   Knowledge   gained   
 from   surveys   at   UiS   Subsea   is   used   to   build   an   understanding   of   the   challenges   
 that   subsea   inspection   and   monitoring   faces.   


   


A   motivating   factor   to   develop   this   thesis   is   the   fascinating   and   important   subsea   
 underwater   vehicle   use.   To   fill   in   and   contribute   to   further   cost   efficient   


methods,   models   and   design   of   underwater   vehicles   is   both   valuable   and   


interesting.   An   inspiration   it   the   fact   later   years   UAV   drones   have   developed   and   
 exploded   in   popularity   both   within   military,   commercial   and   private   use.   It   is   
 expected   that   this   development   will   also   occur   underwater.   The   Hunter-‐Killer   
 AUV   (Figure   1)   is   an   example   of   cutting   edge   military   technology   with   


transferable   abilities   to   commercial   subsea   activities.   


   
    
    
    
    
    
    


Only   the   imagination   put   limits   into   the   development   and   use   of   a   wireless   
 vehicle.   With   recession   of   oil   and   gas   investments,   continuous   military   spending   
 within   drone   technology   both   above   and   underwater   is   likely   to   make   the   
 commercial   AUV   market   more   dependent   upon   harvesting   and   collaborating   
 within   their   industry.   


Figure   1:   Hunter-‐Killer   AUV   (ECA   Robotics)   
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   The   main   focus   areas   in   this   thesis   are   subsea   inspection   and   monitoring   in   
 search   for   improvements   and   opportunities.   It   covers   some   of   the   challenges,   
 available   methods   and   involves   design   evaluations   of   cost-‐efficient   solutions.   


   
    


1.1  
Scope   and   objectives   


The   main   focus   areas   and   objectives   are   further   targeted   as   follows:   


• Maintenance   strategy   and   planning      


• Investigation   into   different   technologies   and   challenges   related   to   
 monitoring   and   inspection   


• Evaluation   and   suggestion   current   available   detection   technologies   used   
 in   subsea   inspection   and   monitoring,   their   application,   system   


requirements,   function   and   limits.   


• Investigate   operational   requirements   and   research   how   to   utilize   state-‐of-‐


art   tools   to   improve   subsea   condition   monitoring.      


•  Extract   features   and   benefits,   by   observing   UiS   Subsea   and   Stinger   
 Technology   AS   efforts   to   develop   remote   and   durable   applications   for   
 subsea   inspection   and   monitoring.      


•  Present   opportunities   for   improved   condition   monitoring   solution   
 through   a   review   and   utilization   of   cutting   edge   technology.   


•  Carry   a   general   attention   throughout   the   thesis   regarding   cost-‐efficiency   
 and   safe   environment   within   the   task.   


• Use   of   a   design   methodology   to   perform   a   front-‐end   concept   evaluation   


• Investigate   key   technological   limitations   and   new   developments   within   
 underwater   communication,   energy   storage   and   wireless   power   


transmission   is   performed   


•  Design   optimization   process   


• Analyse   and   simulate   the   hydrodynamic   drag   forces   acting   on   a   new   AUV   
 design   using   computational   fluid   dynamics.   


• Investigate   opportunities   for   organizations   



(10)   
    



2  Maintenance   approach    


This   chapter   seeks   to   provide   an   understanding   of   the   purpose   and   mission   of   
 subsea   inspection   and   monitoring.   Life-‐of-‐Field   concept   will   always   incorporate   
 this   kind   of   activities   in   order   to   identify   subsea   challenges.   This   concept   is   
 captured   in   word   by   subsea7   as   follow:   


   


Ø  “Assurance   of   asset   integrity   throughout   the   operational   life   cycle,   enabled   
 by   a   suite   of   services   including   integrity   management,   survey,   inspection,   
 repair,   maintenance   and   field   extension.   


Ø  Delivering   maximum   operational   functionality   whilst   protecting   health,   
 safety   and   the   environment.”   


   


It   includes   a   consideration   of   different   maintenance   approaches   of   subsea   assets   
 in   order   to   evaluate   and   measure   the   merit   between   different   inspection   and   
 monitoring   (IM)   solutions   covered   in   this   paper.   


Threats   and   failure   modes   for   subsea   production   system   are   presented   through   a   
 life-‐cycle   analysis   to   review   maintenance   strategies   and   inspection   


requirements.   


   


Subsea   inspection   and   monitoring   is   an   integral   part   of   asset   integrity   


management.   Structural   and   environmental   IM   programme   in   combination   with   
 a   suitable   maintenance   strategy   enables   assets   to   be   evaluated   for   functionality,   
 condition   and   safety.      This   process   allows   for   timely   planning   of   repair   and   
 replacement   activities   to   increase   revenue   due   to   higher   uptime   and   operating   
 results.   It   may   also   provide   valuable   information   used   to   develop   an   


understanding   of   failure   mechanisms   and   damaging   trends   (CIRIA   et   al.   2007).   


The   flow   chart   (Figure   2)   shows   an   overview   of   maintenance   best-‐practices   and   
 strategies   that   various   IM   programme   is   a   part   of:   


   



(11)Figure   2:   Maintenance   strategies   flowchart       
    


2.1  
Unplanned maintenance 


Unplanned   maintenance   will   always   occurs,   since   it   is   impossible   to   anticipate   all   
 failures   that   can   occur.   It   includes   reactive   maintenance,   corrective   maintenance,   
 emergency   maintenance,   breakdown   maintenance   and   run-‐to-‐failure   


maintenance.   It   is   considered   as   an   “avoid   if   you   can”   style   in   the   flowchart   
 above.   Because   involves   both   unplanned   and   unscheduled   maintenance,   which   
 require   more   time   and   resources   to   perform.   Unplanned   inspection   is   needed   to   
 investigate   and   determine   the   problem   and   further   develop   a   maintenance   plan.   


These   unplanned   failures   can   pose   a   high   risk   and   effect   production.   The   first   
 generation   of   subsea   production   systems   presented   significant   failures   such   as   
 material   problems   and   leakages,   which   caused   long   downtime   and   high   costs.   


Table   1   present   two   of   the   subsea   failure   that   British   petroleum´s   experienced.   


   
   



(12)Table   1:   British   petroleum´s   early   experience   of   subsea   failures   (Uyiomendo   &   Markeset   2010)   


Project   


    Failure   mode    Direct   cost    Downtime   


Foinaven    Super   duplex   (steel   


pipe)   cracking    55   USD/m    10   months   


Foinaven    (Valve)   Stem   seal   


leakage    30   USD/m    4   months   


   
    


Improved   solutions   are   continuously   being   developed   in   response   to   expensive   
 maintenance   tasks   such   as   these.   It   includes   reduction   of   response   time   of   
 unscheduled   inspection   and   maintenance   with   permanently   deployed   IMR   
 vessel,   stock   retention,   and   more   modular   and   standard   designs.   It   has   led   
 maintenance   to   be   completed   in   days   or   weeks   instead   of   months   (Uyiomendo   &   


Markeset   2010).   Operational   cost   of   an   IMR   vessel   is   very   high,   thus   more   cost-‐


efficient   solutions   are   needed   to   achieve   high   availability.   Increasing   the   
probability   of   early   detection   before   an   initial   failure   progresses   into   a   larger   
problem.   



(13)2.2  
Planned maintenance 


Planned   maintenance   involves   planning,   documenting   and   developing   


maintenance   plan   before   a   breakdown   occurs.   This   include   mapping   of   potential   
 threats,   failure   modes   and   effects.   It   allows   maintenance   technicians   to   perform   
 maintenance   more   efficiently,   because   they   know   what   to   do   in   advance   and   can   
 make   prior   arrangement   for   spare   parts   and   resources.   


Asset   inspection   and   maintenance   requirements   change   depending   on   the   
 component’s   life-‐cycle   failure   pattern,   criticality,   safety   risks   and   costs   
 associated   with   failure.   Observed   failure   rates   in   subsea   assets   follow   the   
 bathtub   curve   (Uyiomendo   &   Markeset   2010).   The   bathtub   curve   (Figure   3)   is   
 often   used   for   life-‐cycle   analysis.   It   can   describe   the   relative   failure   rate   of   a   
 component   or   an   entire   population   of   components   in   a   system   in   relation   to   time.   


Where   planning   of   maintenance   action   depends   on   where   on   the   bathtub   the   
 component   is   located   (Soares   2010).   The   Weibull   distribution   model   can   be   used   
 to   describe   each   section   of   the   bathtub   curve   with   the   failure   rate:   


   


    𝑧 𝑡 =𝜆!𝛽𝑡!!!    (1)   


Where   β<1   in   first   section,   β=1   in   second   section   and   β>1   in   third   section.   


   
    
    
       
    
    
    
    



Example 


Consider a component lifetime with bath-tub shape like figure 
 below which can well distributed by Wiebull distribution. The 
 failure rate can be written 𝑧 𝑡 = 𝜆   𝛽𝑡


Assume reasonable assumption for β in each section (1,2,3) 
 Explain, with out any calculation, which section needs 
 maintenance strategy? 


Figure   3:   The   bath-‐tub   curve   (Aven T, 2014, Lecture notes UiS)   



(14)2.2.1  Infant   mortality   
    


The   first   section   of   the   bath-‐tub   curve   where   β<1   is   the   early   failure   period,   due   
 to   infant   mortality.   The   shape   indicates   a   decreasing   failure   rate,   where   no   
 preventive   maintenance   is   recommends.   Any   preventive   replacement   or   repair   
 will   only   increase   the   failure   rate.   However,   the   failure   rate   is   initially   high   and   
 requires   more   frequently   inspection   and   monitoring.   These   high   failures   rates   
 are   addressed   through   warranties   and   testing   before   and   during   commissioning   
 under   representative   conditions   (Uyiomendo   &   Markeset   2010).   Table   2   present   
 threats   during   design,   manufacturing   and   installation   of   subsea   production   
 system,   which   might   incur   the   high   initial   failure   rate.      


Table   2:   Early   life   threats   to   subsea   facilities   (DNV   GL   2014,   Subsea   Facilities   -‐   Technology   
 Developments,   Incidents   and   Future   Trends)   (U)   =   only   relevant   for   umbilical   


   



(15)2.2.2  Normal   operation   
    


The   second   phase   is   often   called   the   useful   life.   Here   the   Weibull   distribution   
 model   is   reduced   to   an   exponential   distribution   (β=1),   with   random   failures   at   a   
 constant   rate.   Components   that   have   an   exponential   distributions   are   memory-‐


less,   thus   preventive   maintenance   would   be   waste   of   money.   Either   an   increased   
 probability   of   failure   would   be   introduced,   by   replacing   a   functioning   unit   with   a   
 defect   unit   or   a   unit   that   might   fail   after   a   short   time   as   a   result   of   infant   


mortality.   Thus   no   preventive   maintenance   is   recommended   and   the   subsea   
 production   systems   are   run   to   failure   in   this   phase.   However,   the   risk   of   failure   
 (production,   cost   and   HSE)   must   be   within   the   limits   of   standards   and   


regulations   such   as   Norsok   Z-‐008   (Uyiomendo   &   Markeset   2010).   This   includes   
 safety   and   redundancy   features,   which   must   be   regularly   tested   and   inspected.   


A   plan   for   corrective   maintenance   should   be   specified   before   a   failure   occurs,   to   
 allow   the   asset   to   be   quickly   repaired   or   replaced   while   causing   minimal   effect   
 on   production.   Since   SPS   control   modules   are   run   to   failure   with   a   constant   
 failure   rate   and   the   failure   rate   of   electronic   and   hydraulic   components   are   
 extremely   rare   (Uyiomendo   &   Markeset   2010).   It   might   indicate   that   the   
 majority   of   failures   are   due   to   random   external   events   such   as   incorrect   


operation   and   third   party   mechanical   damaged   on   hoses,   cables,   etc.   by   fishing   
 trawlers,   ROVs   and   other   impact   or   water   ingress   (Uyiomendo   &   Markeset   
 2010).   These   threats   are   presented   in   Table   3.   They   are   also   responsible   for   
 some   of   the   most   serious   leakages   that   has   occurred   on   the   Norwegian   and   UK   
 continental   shelf   (DNV   GL   2014):   


   


•  (2013)   Bleed   valve   set   in   the   open   position   by   a   mistake:   2.5   tonnes   oil   


• (07.2002   –   01.2003)   Wrong   operation   of   a   valve   on   manifold:   30   m3   oil   


•  (1996)   Dropped   object   caused   XT   leakage:   41.6   tonnes   gas   
    


   



(16)Table   3:   Constant   threats   to   subsea   facilities   in   it´s   useful   life      (DNV   GL   2014,   Subsea   Facilities   -‐   


Technology   Developments,   Incidents   and   Future   Trends)   (U)   =   Only   relevant   for   umbilical   


       


Although   subsea   production   systems   are   run   to   failure   in   the   second   phase   of   the   
 bathtub   curve,   external   threats   in   table   3   and   historical   accidents   indicate   the   
 need   for   regular   inspection   and   condition   monitoring   of   subsea   assets,   beyond   
 the   yearly   general   visual   inspections   by   ROVs.      


   


2.2.3  Wear-‐out   zone   
    


In   the   third   section   called   wear-‐out   zone,   the   failure   rate   of   SPS   increases   due   to   
 material   degradation   and   structural   deterioration   presented   in   table   4.   These   
 threats   require   more   complex   asset   maintenance   plans   such   as   preventive   or   
 predictive   maintenance   to   reduce   the   probability   of   failure   and   extend   service   
 life   (Figure   4).   


   
    
    
    
    
    
    


   


Figure   4   Extended   service   life   with   preventive   maintenance   and   predictive   maintenance   



(17)Table   4:   Wear-‐out   threats   to   subsea   facilities.   (DNV   GL   2014,   Subsea   Facilities   -‐   Technology   
 Developments,   Incidents   and   Future   Trends)   (U)   =   Only   relevant   for   umbilical   


       


      
    


   



(18)2.2.4  Preventive   maintenance   
    


Preventive   maintenance   is   suitable   for   components   critical   to   operation   with   an   
 increasing   probability   of   failure,   where   regular   maintenance   can   prevent   or   
 reduce   failure   modes.   It   allows   collective   planning   of   inspection,   upgrade,   
 replacement   and   repair   tasks   in   periods   where   the   execution   has   the   least   
 impact   on   production   or   the   availability   of   subsea   production   systems.   Required   
 resources   are   made   available   prior   to   the   execution,   which   is   performed   while   
 components   are   still   working   to   avoid   unexpected   failure.   Scheduled   preventive   
 maintenance   can   be   time-‐based   or   usage-‐based.   A   typical   example   of   usage-‐


based   is   replacement   of   wet-‐mate   connectors   after   x   mate/de-‐mate   cycles.      


Times-‐based   preventive   maintenance   can   be   performed   after   a   predetermined   
 running   time,   Mean   Time   Before   Failure   (MTBF),   calendar   time,   etc.   These   
 intervals   are   generated   based   on   a   component   criticality,   expected   failure   and   
 cost   of   maintenance,   which   usual   result   in   too   early   or   too   late   replacement.   


Too   early   replacement   is   often   the   consequence   of   preventive   maintenance,   due   
 to   safety   limits,   which   is   unprofitable.   Failure   can   also   occur   as   a   result   of   


preventive   maintenance,   by   replacing   a   functioning   unit   with   a   defect   unit   or   a   
 unit   that   fails   after   a   short   time   as   a   result   of   infant   mortality.      


Too   late   replacement   can   result   in   failure,   with   more   costly   maintenance   and   
 downtime.   Optimal   maintenance   intervals   can   be   achieved   with   the   use   
 maintenance   policies   such   as   age   replacement,   block   replacement   or   minimal   
 repair   block   replacement   (Soares   et   al.   2010).   


   


2.2.5  Predictive   maintenance   
    


   


Predictive   maintenance   (PdM)   is   suitable   for   components   or   systems   critical   to   
 operation,   with   failure   modes   that   can   be   cost-‐effectively   predicted   with   regular   
 condition   monitoring.   It   includes   inspecting   equipment,   components   or   


structures   on   a   regular   basis   to   monitor   their   condition   and   identify   the   level   of   
 degradation.      


The   maintenance   frequency   of   a   successful   predictive   maintenance   program   is   as   
low   as   possible   to   prevent   unplanned   reactive   maintenance,   without   performing   



(19)unprofitable   repair   or   replacement   and   incurring   more   faults   associated   with   
 doing   too   much   preventative   maintenance.   PdM   is   more   complex   to   coordinate   
 and   require   more   resources   to   perform   than   preventive   maintenance   (MA   CMMS   
 2014).   However,   many   of   the   issues   related   to   scheduled   preventive   


maintenance   are   avoided   through   comprehensive   interpretation   of   data   
 gathered   with   condition   monitoring   techniques.   Condition   monitoring   is   a   
 generalized   method   for   establishing   equipment’s   health   using   measured   
 parameters,   which   reflect   changes   in   the   equipment’s   mechanical   state.   


The   main   objective   of   the   predictive   maintenance   is   to   (Markeset   2014):   


   


• Predict   failures   in   advance   


• Prevent   occurrence   of   the   failure   by   performing   condition-‐based   
 maintenance   


• Allow   planning   for   scheduled   maintenance   as   economically   as   possible   at   
 a   time   convenient   to   management,   technicians,   weather,   etc.   


• Minimize   operational   risks   and   unscheduled   interruption   of   the   
 production   system   


   


Some   of   the   main   challenges   with   this   strategy   involve   determining   which   
 parameters   to   monitor,   how   to   monitor   them   and   setting   baselines/alert   levels   
 to   reflect   the   actual   condition.   Measurements   can   be   collected   through   regular   
 inspection   by   manual   or   automatic   systems   covered   in   Chapter   3.   Measurement   
 data   should   then   be   communicated   to   a   control   system   for   diagnosis,   such   as   a   
 SCADA   (supervisory   Control/Data   Acquisition   System)   or   PCDA   (Process   Control   
 and   Data   Acquisition).   


   


Facilitating   for   condition   monitoring   of   subsea   production   system   and   processes   
 is   today   a   customarily   approach   to   ensure   safe   operation   and   optimize   


performance   of   assets   throughout   its   serviceable   life.   The   present   of   subsea   
 operational   and   environmental   challenges,   has   led   to   sensors   for   monitoring   of   
 subsea   equipment   and   processes   being   build-‐in   or   mounted   directly   on   


equipment   as   non-‐remote   sensors.   This   is   especially   true   for   traditional   sensors   
used   for   performance   monitoring   such   temperature,   pressure   and   flow   rate,   as   



(20)well   sensors   for   direct   vibration   measurement.   Although,   these   sensors   provide   
 reliable   and   accurate   measurements,   they   also   require   structural   interfaces   and   
 cabling,   which   may   introduce   technical   challenges   or   too   high   cost   to   justify   the   
 need.   Further   technical   challenges   and   expenditures   related   to   performing   
 maintenance   and   installation   of   these   structure-‐mounted   sensors   are   also   
 limiting   factors.   In   combination   with   the   industry´s   lack   of   confidence   in   
 condition   monitoring   as   an   optimization   tool   (Midtun   2011),   these   costly   and   
 technical   challenging   tasks   appear   to   have   led   engineers   to   resolve   the   matter   by   
 pricey   custom   designed   subsea   production   systems   with   more   redundancy   and   
 conservative   material   selection   to   improve   reliability,   availability,   


maintainability   and   serviceability   (RAMS).   Thus,   subsea   installations   have   not   
 experienced   the   same   amount   of   emphasize   on   condition   monitoring   as   
 observed   on   topside   equipment.   


However,   recent   developments   have   pushed   for   more   modular   designed   to   
 enable   developed   of   smaller   field   as   subsea   satellites   tie   back   to   exciting   offshore   
 infrastructure.   While   more   complex   equipment   is   being   installed   subsea   for   
 enhanced   oil   recovery,   require   more   sophisticated   monitoring   systems.   


As   well   as   in   light   of   accidents   such   as   the   Macondo   accident   experienced   by   BP   
 in   the   Gulf   of   Mexico   in   April   2010   and   the   recent   oil   spill   in   Santa   Barbara,   has   
 amplified   environmental   concern,   operator’s   effort   to   appease   public   opinion,   
 improve   safety   and   their   reputation.   Consequently   supporting   with   incentives   to   
 develop   better   and   more   cost-‐efficient   solution   to   monitor   subsea   production   
 systems.   


   


2.2.6     Planned   inspection   
    


Observed   failures   and   appropriate   maintenance   approaches   on   subsea   


production   systems   are   well   illustrated   by   the   bathtub   curve.   But   in   reality   the   
 bathtub   curve   (Figure   5)   is   comprised   of:   


-‐  Decreasing   probability   of   “early-‐life”   failures   


-‐  Increasing   probability   of   failures   related   to   the   threats   that   dominate   
 during   the   wear-‐out   phase   


-‐  Constant   random   failure   rates   
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Figure   5:   Detailed   bathtub   curve   (Adopted   from   the   U.S   Army)   


   


Hendelsesdatabasen   is   a   database   established   by   Petroleum   Safety   Authority   
 Norway,   which   includes   information   about   80   reported   leaks   of   hydrocarbons   
 and   control   fluids   on   the   NCS   between   1999   and   2013(DNV   GL   2014).   


This   show   that   subsea   production   system   will   always   be   subjected   to   threats,   
 which   require   more   regular   inspection   and   monitoring   to   ensure   the   safety   of   
 assets   and   the   environment.   The   main   purpose   of   the   inspection   is   usually   to   
 look   for   major   damages   and   leaks.   Other   tasks   may   include   cleaning,   cathodic   
 protection   measurements   (potential   recordings),   visual   inspection   of   remaining   
 anode   mass,   wall/coating/marine   growth   thickness   measurements,   vibration   
 measurements   and   visual   inspection   of   scouring.   If   a   leakage   is   detected,   
 additional   rate   measurements   and   sampling   to   reveal   its   origin   might   be   
 required   (DNV   GL   2014).   Special   equipment   might   be   needed,   especially   to   
 perform   internal   inspection   of   wall   thickness   due   to   corrosion   or   erosion.      Thus   a   
 more   comprehensive   inspection   is   generally   performed   every   five-‐year.   This   
 includes   Non-‐destructive   testing   (NDT)   tools   to   provide   quality   assurance   in   
 compliance   with   regulations   and   defect   management   benefits   (Uyiomendo   &   


Markeset   2010).   Traditional   inspection   with   ROV   is   often   limited   to   the   yearly   



(22)scheduled   inspection   program   and   high   costs.   More   effort   should   be   used   to   
 develop   cost   efficient   solutions   to   monitor   the   actual   condition   of   equipment   in   
 accordance   to   relevant   degradation   mechanisms   throughout   the   service   life.   At   
 the   same   time   adapt   the   inspection   program   to   the   criticality   of   components   to   
 the   operation   of   the   subsea   production   system   while   considering   where,   what,   
 when   and   how   to   inspect.   (Soares   et   al.   2010):   


   


Development   of   residential   underwater   inspection   vehicle,   readily   available   at   
 the   seafloor,   without   the   weather   constrains   and   high   vessel   costs   might   be   
 solution   to   support   a   more   dynamic   way   of   scheduling   maintenance   activities.   


An   autonomous   system   with   a   condition-‐based   approach   such   as   a   risk-‐based   
 inspection,   may   provide   a   sufficient   framework   to   fulfil   environmental   risk   
 acceptance   criteria   and   minimize   cost   consequences   with   failure   (Soares   et   al.   


2010).      
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3  Subsea inspection and condition monitoring systems 


   


The   incentives   and   need   for   better   inspection,   condition   monitoring   and   leak   
 detection   system,   especially   as   O&G   operators   are   seeking   more   cost-‐efficient   
 solutions   to   make   new   and   excising   developments   profitable   with   current   low   oil   
 prices.   While   pursuing   oil   and   gas   exploration   in   deeper   waters   and   further   
 north,   which   increase   the   difficulty   and   cost   related   to   retrieving   subsea   
 equipment   to   perform   maintenance   or   replacement.   It   has   accelerated   the   
 development   and   stipulated   advances   in   the   way   subsea   production   system   are   
 monitored   and   inspected.   It   includes   remote   controlled   and   autonomous   


solutions   for   subsea   leak   detection   and   condition   monitoring   systems   to   ensure   
 safe   operation   of   the   subsea   production   system   while   protecting   the   sensitive   
 environment.   


   


3.1  
Resident monitoring units 


These   custom   made   underwater   monitoring   units,   referred   to   as   landers   in   this   
 thesis   can   be   designed   with   a   cone   shaped   or   tripod   structure,   as   shown   in   figure   
 6   and   7.   Landers   are   usually   stationed   near   subsea   assets   for   leak   detection   and   
 condition   monitoring.   They   can   be   equipped   with   a   variety   of   environmental   and   
 condition   monitoring   sensors   such   as:   


   


• Active   acoustic   sensors      -‐   Leak   detection   


•  Methane   sniffers   -‐   Leak   detection   


• Capacitance   sensors   –   Leak   detection   


•  Passive   acoustic   sensor   -‐   Leak   detection   and   condition   monitoring      


•  Bio   sensors   –   Leak   detection   


• Fluorescent   detectors   -‐   Leak   detection   


•  Electromagnetic   sensors   -‐   Condition   monitoring   
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3.1.1  Active   acoustic   detector   
    


Common   sensing   solution   often   includes   acoustic   monitoring   system   for   leak   
 detection,   providing   operators   with   valuable   data,   which   can   be   converted   into   
 images   for   further   analysis   and   localization   of   leakage.   The   sensitivity   range   is   
 from   100   to   500   meters,   thus   several   units   must   be   linked   to   an   intelligent   
 network   to   control   a   larger   area.   Non-‐retrievable   resident   installed   sensor   units   
 are   usually   designed   with   up   to   25   years   of   design   life,   providing   cost-‐efficient   
 and   high   sensitive   leak   detection.   


Figure   6   shows   a   seabed   leak   detection   system   from   Stinger   Technology,   


equipped   with   active   sonar   for   detection   of   large   leaks   and   a   methane   sensor   for   
 smaller   leaks.   The   active   sonar   can   detect   bubble   plumes   by   scanning   an   area   
 with   acoustic   signals.   Gas   bubbles   reflect   acoustic   waves   effectively   due   to   


impedance   difference   between   water   and   gas.   The   scanned   sonar   image   can   then   
 be   processed   with   intelligent   algorithms   for   automatic   analysis   and   leak   


detection   by   filter   out   irrelevant   signals   such   as   structures   and   marine   life.   


Detection   of   crude   oil   is   limited   due   to   lower   impedance   difference   between   
 water   and   crude   oil.   Leak   detection   with   active   sonar   may   also   be   sensitive   to   
 acoustic   shadowing   effects   by   subsea   structures,   thus   more   than   one   unit   might   


Figure   6:   Seabed   Leak   Detection   


system   (Stinger   Technology   2015)    Figure   7:   Subsea   acoustic   leak   detection   and   
condition   monitoring   unit   (NAXYS   2015)      



(25)be   needed   (NGI,   Stinger   Technology   2015).   Better   algorithms   for   leak   detection   
 and   autonomous   recognition   of   gas   plumes   in   acoustic   pictures   will   further   
 improve   this   method.   


   


3.1.2  Methane   sniffer   
    


The   methane   sensor,   called   “sniffer”   can   detect   smaller   gas   leaks   by   measuring   
 the   amount   of   dissolved   methane   in   the   seawater,   diffusing   over   a   membrane   
 and   into   a   sensor   chamber.   This   method   can   be   very   sensitive   to   small   leaks   
 depending   on   the   distance   and   drift   of   the   leaking   medium,   thus   this   method   can   
 be   limited   if   the   leaking   medium   is   flowing   away   from   the   sensor.   A   methane   
 sniffer   is   a   point   sensor,   which   make   positioning   of   the   leak   relative   to   the   sensor   
 not   possible   (DNV   2010).   This   paper   concurs   with   Stinger´s   commercial   


approach   to   utilize   CFD   techniques   in   order   to   enable   positioning   of   leakage.   


Solved   by   simulating   measurement   data   from   more   than   one   detector   combined   
 with   current   meters   (Stinger   Technology   2015)   


   


3.1.3  Capacitive   sensors   
    


Subsea   leak   detection   systems   based   on   capacitive   sensors   is   the   most   common   
 method   used   in   the   NCS.   The   capacitive   sensors   consist   of   two   electrodes   that   
 measure   the   change   of   dielectric   constant   of   the   separating   medium,   which   is   
 proportional   to   the   capacitance.   Since   the   dielectric   constant   of   water   is   very   
 different   from   hydrocarbon,   a   change   will   appear   to   the   capacitance   when   
 hydrocarbons   get   in   direct   contact   with   the   sensor.   This   is   a   point   sensing   
 method,   which   make   positioning   of   the   leak   relative   to   the   sensor   not   possible.   


Seawater   currents   and   buoyancy   effects   that   carry   the   leaking   medium   away   
 from   the   sensor   are   limiting   capacitance   methods.   But   the   buoyancy   effect   of   
 hydrocarbons   in   seawater   can   be   utilized   by   collecting   hydrocarbons   with   the   
 template   protective   covers.   The   sensor   can   then   mounted   on   the   collector   and   
 when   in   direct   contact   with   the   leaking   medium   it   is   very   sensitive   (DNV   2010).   


This   method   should   be   further   improved   by   developing   more   efficient   collectors.   



(26)3.1.4  Passive   acoustic   detector   
    


Figure   7   show   NAXYS´s   subsea   acoustic   leak   detection   and   condition   monitoring   
 system.   It   is   equipped   with   passive   acoustic   hydrophones,   capable   of   detecting   
 oil   and   gas   leaks   within   500   meters.   In   contrast   to   the   active   sonar,   these   


hydrophones   only   listen   for   the   discrete   sound   signatures   of   leaks   and   filter   out   
 noise   from   other   sources   and   performs   as   “ears”   on   the   seabed.   Leak   positioning   
 can   be   achieved   by   using   more   than   two   sensors.   


Because   passive   hydrophones   only   listens   to   the   sound   generated   by   a   leak,   it   
 can   detect   leaks   regardless   of   the   chemical   composition   of   the   leaking   medium.   


Passive   hydrophones   are   thus   capable   of   detecting   gas,   crude   oil   and   control   
 fluids,   as   long   as   the   pressure   difference   of   the   leakage   is   sufficient   enough   to   
 generate   strong   pressure   waves,   which   can   be   detected   by   the   hydrophones.   To   
 avoid   shadowing   of   acoustic   waves,   it   is   recommended   to   use   multiple   


hydrophones.   Passive   hydrophones   can   also   be   used   for   condition   monitoring   of   
 valve   and   choke   operations,   structural   integrity   and   analysis   of   subsea   


machinery   by   measuring   acoustic   emission   caused   by   stress   waves   in   vibrating   
 structures   and   misaligned   shafts   (Midtun   2011).      


   


3.1.5  Biosensors   
    


Biosensors   are   another   promising   technology   used   for   real-‐time   environmental   
 monitoring   and   leak   detection   related   to   subsea   productions.   Figure   8   show   
 Biota   Guard´s   blue   mussel   biosensors   mounted   in   a   sensors   rack,   instrumented   
 with   sensors   to   measure   hearth   rhythm   and   activity.   Information   from   mussel’s   
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The  system  should  be  manned  by  a  trained  operator  who
 knows what the detectors measure and the system limitations.


The data display should be of such a quality that it is easy to
 interpret for a trained operator.


5.2.2  Findings from laboratory tests


The SINTEF report /3/ describes the response time for some
 technologies  during  the  tests.  Please  see  Table  3-1  for  the
 recorded test results. It should be noted, however, that these
 response  times  are  found  under  laboratory  conditions  and
 should not be directly applied for subsea applications.


5.3  Trouble shooting, data download and self 
 diagnosis


The leak detectors have limited field history, and will require
 close follow up in operation. A high data rate transparent com-
 munication interface will enable the operator to evaluate data
 from  the  detector,  perform  fault  tracing,  download  updated
 software or even reprocess raw data on topside computers (see
 also item 6.3).


Detector self diagnosis should be developed for known failure
 modes.  Redundancy  and  automatic  disabling  of  components
 should be implemented to avoid the effect of these failure modes. 


6.  Installation and interfaces
 6.1  General 


The various sensor types will have different requirements for
 parameters  like  mechanical  interface,  required  space,  power
 needs,  communication  link  bandwidth,  etc.  Likewise,  each
 subsea system will have different capacities available for such
 parameters for the leak detection sensors. Procedures for cor-
 rect installation and positioning of the leak detectors should be
 available for all commercially available technologies.


Below, some general guidelines are given for interfacing to the
 subsea control system and for testing of a subsea leak detection
 system, followed by technology specific requirements.


6.2  Communication bandwidth


Bandwidth capacity for subsea leak detectors is in general a
 lesser  challenge  for  new  fields  than  for  retrofit  to  existing
 fields. However, bandwidth limitations can be imposed on the
 subsea leak detection system depending on the field specific
 spare bandwidth capacity.


6.3  Communication interface


The SIIS (Subsea Instrumentation Interface Standardization) /9/


JIP is an initiative from the industry. The aim is to standardize
 the interface between subsea sensors and the subsea control sys-
 tem. SIIS has developed levels for defining subsea instrumenta-
 tion interfaces. 


Referring to the SIIS definition /9/, advanced detectors should
 typically have a SIIS level 3 interface (Ethernet TCP/IP), while
 simpler  or  more  proven  detectors  could  use  a  SIIS  level  2
 (CANOPEN  fault  tolerant,  ISO  11898-3)  interface.  In  the
 future, sensors complying with the SIIS standards are what oil
 companies most likely will request and what will be the easiest
 to interface to their system designs. 


Please also see item 5.3.


6.4  Power requirements


ISO  13628-6  /14/  may  serve  as  a  reference  for  the  power
 requirements for subsea leak detectors. 


Subsea control systems are optimized for power. Thus, keep-
 ing the power requirements for the subsea leak detection sys-
 tem to a minimum will always be a benefit.


6.5  Test methods


The  leak  detection  system  should  be  tested  to  verify  that  it
 meets the specified functional requirements (ref item 4.2). 


FAT is described in ISO 13628-6 /14/.


System level tests are described in ISO 13628-1 and 13628-6 
 /14/.


Descriptions  of  sensor  specific  test  methods  should  be  pro-
 vided by the vendor for all commercially available leak detec-
 tion systems.


6.6  Technology specific requirements
 6.6.1  Active acoustic methods


Due to the active function and high processing demands, some
 active acoustic detectors require more bandwidth and  power
 than passive acoustic detectors. 


For size, weight and further technical parameters, please refer
 to Appendix D.


6.6.2  Bio sensor methods


In  the  concepts  being  developed  today,  the  bio  sensors  are
 mounted in a sensor rack together with other sensor technologies.


These racks will be installed on or near the subsea structure to
 be  monitored.  The  prototype  racks  have  dimensions  of
 2 m 0.4 m 0.4 m.


The sensor rack will be connected to the subsea control system
 via cable. 


Figure 6-1


Illustration of bio sensors Figure   8:      Instrumented   blue   mussels   as   
 biosensors   for   leak   detection   (Biota   Guard   
 2015) 


Figure   9:   Fluorescence   detectors   (Bowtech   
2015) 



(27)health   and   activity   has   proven   to   be   up   to   1400   times   more   sensitive   than   
 convectional   sensors   to   detect   oil   in   water.   Recordings   of   mussel’s   heath   and   
 activity   can   also   be   used   to   document   the   environmental   footprint   of   O&G      
 operations.   Biosensors   are   point   sensors   and   affected   by   local   current   or   drift,   
 thus   more   than   one   sensor   is   required   to   cover   a   larger   area   (Biota   Guard   2015).   


This   energy   efficient   sensor   type   should   compliment   and   improve   sensoring   
 underwater.      


   


3.1.6  Fluorescent   methods   
    


Fluorescent   detectors   such   as   Bowtech´s   leak   detection   system   (Figure   9)   
 include   LED   light   that   emits   a   certain   wavelength   for   excitation   of   fluorescent   
 tracer   dye   in   the   leaking   medium.   A   camera   fitted   with   a   narrowband   filter   is   
 then   used   to   detect   the   emitting   light   from   the   fluorescent   marker.   This   method   
 is   commonly   used   to   detect   leakage   of   control   fluids   and   since   hydraulic   fluids   do   
 not   naturally   fluoresce,   fluorescent   marker   is   often   added   as   standard.   Crude   oil   
 however   has   significant   natural   fluorescence.   Within   a   limiting   range   of   a   few   
 meters,   these   fluorescent   detectors   can   efficiently   detect   and   locate   small   leaks   
 (DNV   2010).   This   may   be   a   preferred   method   for   inspection   use   with   ROV   or   
 AUV.   


   


3.1.7  Electromagnetic   sensor   
    


Resident   monitoring   units   such   as   NAXYS´s   system   in   figure   7   can   also   be   
 equipped   with   sensors   for   electromagnetic   condition   monitoring   of   electric   
 machines,   cables   and   equipment   such   as   subsea   transformer.   


This   method   use   low   frequency   antennas   or   underwater   electric   potential   
 sensors   to   measuring   emerging   electromagnetic   stray   fields   from   electric   
 equipment   to   detect   unique   electromagnetic   signatures   used   for   diagnostics.   


Failure   and   faults   can   then   be   identified   with   proper   algorithms   and   signal   
analyser   (Barzegaran   &   Mohammed   2014).   Electromagnetic   condition   
monitoring   can   also   be   used   along   with   passive   acoustic   monitor   systems   to   



(28)determining   load,   torque   and   general   performance   of   rotating   equipment   by   
 calculating   slip   ratio   (Midtun   2015).   


   
    


3.2  
Unmanned underwater vehicle 


   


While   resident   installed   monitoring   units   can   offer   reliable   and   accurate   


measurements,   their   limiting   range   and   need   for   grid   connection,   promote   more   
 adaptable   solutions   for   inspection   and   monitoring   of   subsea   production   systems.   


   


Underwater   operations   within   the   O&G   industry   can   present   great   danger   and   
 risk   to   human   saturation   diver.   Subsea   production   systems   are   also   usually   
 located   in   harsh   and   deep   waters,   where   professional   diving   operations   are   not   
 feasible,   thus   remote   controlled   or   autonomous   solutions   are   required.      The   use   
 of   remotely   operated   vehicle   (ROV)   for   regular   inspections   and   maintenance   
 activities   greatly   reduce   the   risk   factors   for   personnel.      


However,   these   IMR   operations   are   expensive,   as   they   require   a   support   vessel   
 and   operators   to   control   the   ROV.   It   has   resulted   in   developments   of   AUVs   as   a   
 more   cost-‐efficient   solution   to   perform   predefined   survey   and   inspection   
 missions.         


   


3.2.1  ROV   
    


Remotely   operated   vehicle   (ROV)   is   the   workhorse   of   subsea   operations.   It   is   
 basically   a   robot,   which   is   controlled   by   an   operator   from   a   surface   host   facility   
 via   umbilical   cable.   It   allows   ROV   pilots   to   perform   subsea   tasks   in   a   hazardous   
 environment,   while   safely   situated   in   a   comfortable   environment   at   a   support   
 vessel.   The   ROV   is   connected   with   the   umbilical   for   power   and   data   transmission   
 providing   live   video   for   high   definition   camera,   position   and   other   senor   data.   


The   industry   use   ROVs   to   support   underwater   operations   in   all   lifecycles   of   
offshore   O&G   fields,   such   as   exploration   drilling   support,   completions   and   work-‐
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