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IPOLECCE MUKPOOUOTIOTHYECKON KOPPO3UHU YIACTBYIOT

MHKPOOBI WX GAKTEPUH, KOTOPbIE IIPUCYTCTBYIOT

IIOBCEMECTHO: B BO3JyX€E, 3EMJIE, B IPECHOIN 1 MOPCKOU
BOJIe. UX TPUCYTCTBUE TEM HE MEHEE HEOOA3ATEIBHO CBSA3AHO
C IpO6EMON KOPPO3UU. B IEUCTBUTEIBHOCTU, HECMOTPS HA
TO YTO MUKPOOUOJIOTUUECKYIO KOppo3uio (MBK) ¢ HekoTOpoOH
BEPOSATHOCTBIO MOKHO BCTPETUTD B I'€OI'PAPHUIECKUX
PEruoOHAX C TEMIIEPATYPOU BO3AYX4A, TUITMYHOM I ADKTUKU
U AHTAPKTHUKH, 60JIEE YACTO OHA BCTPEYAETCH B 30HAX C
YMEPEHHBIM, TEIJIBIM U BJIAXKHBIM KJIMMATOM, KOTJJA PEYb
UJICT O PA3BEKE U 10ObIUE HE(DTHU U Ta3a. bosee Toro, no
CPAaBHEHHUIO C JIPYTUMHU (POPMAMU KOPPO3HUH, KOTOPBIE MOT'YT
BCTPEYATHCSA B KOJIOHHAX THOKUX HACOCHO-KOMITPECCOPHBIX
Tpyo (HKT), HanpuMep, TOUEYHOU KOPPO3UEH, BOJOPOJHBIM
PaCTPECKUBAHUEM U OOIIEN KOPPO3UEI (IOTEPEN BECA),
KOTOPBIE PA3BUBAIOTCA OT KOHTAKTA C BLICOKOCEPHUCTHIMH
WJIA UHBIMU KUCJIBIMH CKBA)KMHHBIMU (DIIIOUJAMU, THOO
C MTHT'UOHMPOBAHHBIMU HEJOJKHBIM O6PAa30M PACTBOPAMHU
JUISL KUCJIOTHBIX OOPa60TOK, MBK ABIsieTCsA BECbMA PEAKUM
sByieHueM. bojiee uem 3a 20 j1eT HCCaeJOBAHUH B OO6IACTH
noBpexeHni rmoknx HKT aBTOpy BCTPEYAIOCh BCETO Mapy
cinyyaeB MBK. OgMH TaKOU C/1ydar CBA3aH C IPOU3BOLCTBOM
rn6kux HKT nHa 1ore Texaca, CIIIA, a B pyrom CJIy4dae pedb
IIJIA O KOJITIOOMHI'OBOM OyPEHHMHU HA I0Tre ABCTpaInu. [1pu
3TOM BO BTOPOM CJIy44€ UMEJIU MECTO YKE CYIIECTBOBABIINE
KOPPO3UOHHBIE A3BbI, BBI3BAHHBIE MBK, KOTOpBIE, BEPOATHO,
06pPa30BAJIUCH BO BPEMA JNIMTEIBHOI'O IIEPUOLA MOPCKOM
MEPEBO3KU.

MEXAHWN3MbI N BUAbl MBK

Ha pucyHke 1 IOKa33aHO MONEPEYHOE CEYEHUE
KOPPO3UOHHOM $13Bbl, BHI3BAHHOU KOJIOHUEN MUKPOOOB,
NPOHHUKIINUX B CTEHKY CTAJIbHOM TPYOBL CTaJIb <IIPOEJAIOT>
OaKTEPUH, HATTOJOOUE TEX, YTO NPEACTABICHBI HA PUCYHKE 2.
ITMHA TAKUX GAKTEPUI, KaK IIPABUIIO, COCTABIIACT 6—8 uMm,
aguaMeTp — 2 pM. HEKOTOPBIM OAKTEPUAM HEOOXOJUM
KUCJIOPOJ, (HAIIPUMED, a9POOHBIM OAKTEPUAM), B TO BPEMS KAK
Jpyrue 0aKTEPUU, HAIPUMED, CYIb(PATBOCCTAHABINBAIONINE
(5O ,»), ABJISAIOTCA AHAIPOOHBIMU U PA3MHOXKAIOTCA B YCJIOBUSIX
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icrobial corrosion involves microbes or

bacteria that are omnipresent; in the air,

in soils, and in fresh and seawater. Their
presence, however, does not necessarily imply a
corrosion problem. In fact, even though microbial
influenced corrosion (MIC) can be encountered
in unlikely geographical regions with ambient
temperatures typical of Arctic and Antarctic regions,
it is more commonly encountered in temperate,
warm and humid climates as far as upstream oil
and gas exploration activities are concerned. Also,
to put it into perspective, compared with other
forms of corrosion that can occur in coiled tubing
(CT) strings such as pitting, hydrogen cracking and
general (weight loss) corrosion from contact with
sour or other low pH wellbore fluids or improperly
inhibited acid treatment fluids, MIC represents a
rare occurrence. Over the nearly 20 years of CT
failure investigations, the author has encountered
only a few cases of MIC, one involving coiled tubing
manufacturing in southern Texas, USA, and another
during CT drilling in southern Australia where the
latter involved pre-existing MIC corrosion pits that
were suspected of having been incubated during
long shipping periods by ocean transport.

MECHANISMS AND TYPES OF MIC

Figure 1 shows a cross section of a corrosion pit
produced by microbial colonies penetrating into
the wall of a steel tube. The steel is “consumed”
by bacteria such as that shown in Fig. 2 that are
typically about 6 — 8 um long and 2 pm in diameter.
Some require oxygen (e.g. acrobic bacteria) while
others such as sulphate (SO *) reducing bacteria
(SRB) are anaerobic that thrive in oxygen-starved
environments. Some of these bacteria thrive at low
pH values and all require water (Ref. 1).

Anaerobic Sulphate Reducing Bacteria: As the
name implies, in their metabolic process, sulphate
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Pucynox 1 — Koppo3suonnan a3eéa 6 CmaisHomaucme,
B8bl36AHHAA KONOHUAMU OaKmepPuii

Figure 1 — Corrosion Pit in Steel Plate Formed by Colonies
of Bacterial Microbes

nedunura Kucjaoposa. Hekoropele u3 3Tux 6akTepuit
Pa3MHOXKAIOTCS IIPU HU3KOM ITOKa3arese pH, 1 BCEM UM
HeobxoauMa BoAA [1].

AHaspobHbLe CYNdameocCmanasauearoujue baxmepu.
Kaxk cienyeT 13 Ha3BaHUS, B IPOLIECCE METAOOIN3MA
Cynb(haTBOCCTAHABIUBaIOMME 6akTepru (CBE)
BOCCTAHABJIUBAIOT CY/Ib(paT-uoHbI (SO,*) 10 CYIb(PHUI-UOHOB
(%), mpu aTOM IOTPEHGASL A6COPOUPOBAHHBIN BOJOPOJ
U1 06pa3ys BOAY KaK IOOOUHBIN IPOAYKT, ABJISAIONUNACS
0065132TEIBHOU Cpeoi 1151 Bcex nporieccoB MBK, kak 3To
JEMOHCTPHPYET NPEJCTABICHHA HIDKE XMUMUYECKAS
peakuus. JJanHas peakusa IPOTEKAET B YCIIOBUAX OTCYTCTBUSA
KUCJIOPOAA; TAKUM 06pa3oM, CBB K1accupuuupyroTcs Kak
4HA9POOHBIE OAKTEPULL

SO, +8H,, — S* +4H,0.

B IpuCyTCTBUM CTAMHN CYIb(PU/I-NOHBI BCTYHAIOT B PEAKITHUIO
c noHnamu xkenesa (Fe?) u 06pasyior cynbdpuj xenesa (FeS),
ITPOYHBIH OCA/IOK, UJIN YEPHBIC OTJIOKCHHUS, SBJISIIOIHECS
6oiee 3PPEKTUBHBIM, YEM CTAJIb, KATOJIOM JIJIS1 BBIJICJICHU S
BOJIOPOZIA B KOPPO3UOHHOH PEAKIIUH, CKOPOCTb IPOTEKAHU S
KOTOPOMU PETYIUPYETCSI CKOPOCTHIO PEAKIINH HA KATOJE.
Kpowme Toro, yaanenue abcopbuposanHoro sogopoaa (H, )

C IIOBEPXHOCTH CTAJIH AT 3PPEKT ACTOMIPUSAITUN KATOTHBIX
Y4YaCTKOB, UTO IIPUBOJUT K YCKOPEHUIO ITOJIYPEAKIINY HA
Kkaroje. ITomuMo 31oro, CBE BeIpa®aTeIBAIOT (DEPMEHT
TUAPOTE€HA3Y, UTO CIYKUT KATAJIM3ATOPOM U YBEJTUUYHUBAET
CIIOCOOHOCTD HAKTEPHUI TOTPEOIISATH BOJOPO,.

AHa3pOOHBIE OAKTEPUHU TAKXKE MOT'YT IPEBPAIIATh
Cyab(aTsl UK Cyab(UTH B Cyabdu Bogopoga (H,S).
[TOMHUMO BJIMSTHUSI HA CKOPOCTb KOPPO3WH B PE3YIIBTATE
PaccMOTPEHHOrO Bhille 0O6pasoBanus FeS, H,S B coueranun

technologies

Pucynox 2 - Kyromypa CBb
C KapooHamusiMu omaoncenusmu [2].

Figure 2 — SRB Culture with a Carbonate
Precipitate (Ref. 2)

reducing bacteria (SRB), reduce sulfate ions (SO *)
to sulfide (§%) while consuming adsorbed hydrogen
and producing water as a bi-product, an essential
medium for sustaining all MIC processes as shown
in the following chemical reaction. This reaction
occurs in the absence of oxygen; hence SRBs are
classified as anaerobic bacteria.

SO,>+8H, —$*+4H,0

= =

Fatigue crack

Pucynox 3 - Ilogpexcoenus om éosoeticmeuna H,S ¢
2uorxux HKT (cyrsgpuonoe pacmpecxkuéanue

100 Hanpancenuem — 66epPxy cieeéa, cnyuueanue —
86epxy cnpaea, 6000POOHOe pacmPecKkusanue —
6HU3Y),

(em. cemunap komnaruu Trican Well Service 6 pamxax 13-ii
MencoyHnapooroil KorgpepeHyu <KonmoouUH206bLe MexHOI02UN
U BHYMPUCKBANCUHHBLE Pabombl», Mocksa, 2012 200)

Figure 3 - H,S Damage in Coiled Tubing (S5C top
left, Blisters top right, HIC bottom)

(Ref-Workshop on CT Technologies and Maintenance presented by
Trican Well Service as a part of the 13" International Coiled Tubing
Technologies and Well Intervention Conference, Moscow, 2012)
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Pucynox 4 - Kpacnoeamo-kopuunegnoie 0yzopxu, uiu Pucynox 5 — Cxema Kucaopoonozo

«my6epnyﬂw», o6pa306anubte ancenezooxucaarouwunu KOHUEHMPAUuUOHHO20 d1emMeHma Ha aKmueHo

6mcmepumu ) ) B B gugmymeﬁ A36UHE 6 Jicee3e, a makKiice cxema

(em. cemunap komnanuu Trican Well Service 6 pamiax 13-ti MexncoyHapoorori eticmeus Xaopuo-uonoes [4]

Kongpeperun <KonmoouH2066Le MexHOI02UL U BHYMPUCKEANCUHHBLIE PAOOMbL», Figure 5 — Schematic of Oxygen Concentration Cell

Mocxea, 2012 200) at an Actively Growing Pit in Iron Including

Figure 4 — Reddisbh Brown Knoblike Mounds or “Tubercles” the Effect of Chloride Ions (Ref. 4)

Formed by IOB Bacteria

(Ref.Workshop on CT Technologies and Maintenance presented by Trican Well

Service as a part of the 13" International Coiled Tubing Technologies and Well

Intervention Conference, Moscow, 2012) In the presence of steel, the sulfide ion reacts with

the ferrous ion (Fe**) to form iron sulfide (FeS), a

¢ H,0O MOXET IPUBECTH K JTIO60H 13 OOIMIEU3BECTHBIX tenacious precipitate or black scale that forms a more

($OpM ETpaalii MATEPUAIIA B CEDHUCTON CPeJIe, TAKOM, efficient cathode than steel for H, evolution during

HaIpUMED, KAK BOJIOPOAHAS XPYIIKOCTb, BOLOPOJHOE the corrosion reaction, the rate of which is generally

PaCTPECKUBAHUE, BKJIIOUAS BCIIYYUBAHUE U CYIb(PUIHOE controlled at the cathode. Furthermore, the removal

PaCTPECKUBAHUE MO/ HATIPSIKEHUEM (CM. PUCYHOK 3). Bce of adsorbed hydrogen (H,,) from the steel surface

3TU (PAKTOPBI CIOCOOCTBYIOT YBEINUYEHHIO CKOPOCTH has the effect of de-polarizing the cathode areas

MHUKPOOUOJIOIHYECKOIO KOPPOZUOHHOTO PA3PYIIEHUS, which results in an increased rate of the half reaction

KOTOPOE MOXKET JOCTUTATB 2,5 MM B rofi (100 MHJIOB B rOf). at the cathode. In addition, the production by SRB

HecMmoTps HA TO, 9TO A1 Pa3BUTHS CKBO3HOI KOPPO3HUH B of a hydrogenase enzyme, serves as a catalyst by

CTaJI OOBIYHOI TOJIIUHEL, KAK IIPABUJIO, TPEOYETCS OKOJIO enabling the bacteria to increase their capacity to

TPEX JICT, B YyTYHHBIX TPYy6aX TOMIIIMHON 6,3 MM TaKasi KOpposusi  consume hydrogen.

Pa3BUJIACh B TEYEHUE NIEPBOTO I'Ofld SKCILUTYATALUH [3]. Anaerobic bacteria can also convert sulfate or

MBK ru6kux HKT (06 aTOM 6051€€ TOAPOOHO OYAECT CKA3AHO sulfite into hydrogen sulfide (H,S). In addition to

HUKE) IPUBOAUT K UX OTKA3Y BCETO 324 HECKOJIBKO MECALIEB! the corrosion rate effects by the formation of FeS

CBDB 06HApYKHBAIOTCA B TIOYBE, HA IOBEPXHOCTHU 3EMJIH, B discussed above, H,S in combination with H,O, can

MOPCKOM BOJIE U JA3KE B OOEAHEHHOW KUCJIOPOJIOM CPEAE O/ result in any of the well known forms of material

KOJIOHHSIMH 43POOHBIX OaKkTepuii [1]. degradation under sour conditions such as hydrogen
Aspobrubie Kucaomooopasyroujue baxmepu. embrittlement (HE), hydrogen induced cracking

Kucnoroobpasyiomue 6axkrepun (KOB) ncnioneayior kuciaopos  (HIC) including blistering and suphide stress

JUISL OKUCJIEHUSA 3JIEMEHTAPHOM CEPBI MU CYIb(PUIOB JJO cracking (SSC) as illustrated in Fig. 3.

cepHo#t kucnotst (H,SO,) unu Ipyrux BBICOKOKOPPO3UOHHBIX All of these factors contribute to the rapid rate of

OPraHUYECKUX KUCJIOT, KOTOPBIE SABJISAIOTCS IOOOYHBIM MIC corrosion attack that can reach 2.5 mm/year

OPOAYKTOM UX METAO0IN3MA, JOCTUTAsl KOHLIEHTPAluY BILIOTh (100 mpy). Although perforations in common steel
710 10% [1]. DTH KUCIOTHI OKA3bIBAIOT ATPECCUBHOE BO3AcHCcTBUE  thicknesses generally occur over a period of
Ha METAJUIbL, 6ETOH U IIOJIMMEPHBIC TOKPHITHSL. B urcio ipyrux 3 years, cast iron pipes, 6.3 mm thick, have

43POOHBIX OAKTEPUI BXOJST KEJIC300KUCIISIONINE OAKTEPUU perforated within the first year of operation (Ref. 3).
(OKOB), notpebnsiomue Fe** u BeIACSIONNE KaTUOHBbI Fe3* MIC in coiled tubing, to be discussed in greater detail
4Jepes CBOIO OUOILIEHKY, 06pa3yst BOKPYT ce6s KOPKY U3 below, has resulted in failures within periods of only
prkaBUMHBL [10 MEpPE CBOETO POCTA KOJIOHUS OAKTEPHUH, KAK several months! SRB are found in soils, surface and
MIPAaBUIIO, IPOOUBAETCS YEPES ITY KOPKY, YTOOBI PACIIUPUTHCSA seawater and may even be found in oxygen depleted
WU OOPA30BATh EIIIE OAHY KOJIOHHUIO C HOBOIM KOPKOM. regions under colonies of aerobic bacteria (Ref. 1).
DTOT IPOLECC TIOBTOPSETCS U IPUBOAUT K OOPA30BAHUIO Aerobic Acid Producing Bacteria: Acid producing
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OYTOPKOB (MJIU «TyOEPKYJI») PAKABYUHEI (OKCUZA

skenesa (Fe,O,) nnu Fe(OH),) na rubkux HKT,

4TO U NIPOAEMOHCTPUPOBAHO HA PUCYHKE 4.

MBK ¢ yuactuem JKOB n1puBOAUT K IIEJIEBOM

KOPPO3HH, YCKOPSET AHOAHYIO PEAKIIUIO U MOXET

CIIOCOOCTBOBATD YBEJIMYECHUIO KOHIIEHTPALIUH

pa3pymuTENbHbIX HOHOB Cl.

Bce xonmoHuu 6aKTeEpU CO3/1a10T A3PAITMOHHBIN
JUPHEPEHITNATBHBIN IEMEHT, TAKXKE UMEHYEMBIH
«KHCJIOPOHBIM KOHIICHTPAITUOHHBIM 3JIEMECHTOM». CaMast
pPacIpOCTpPaHEHHAA KATOJHAA PEAKIIUA IPOTEKAET B BO3yXE
U IPEJCTABIIET COOON BOCCTAHOBICHUE KMCIOPO/A B BOJITHOM
cpeze B BUJE CACAYIOMEH XUMUYECKON PEAKIINU:

O,+2H,0 +4e- — 40OH..

B 30HE 3aCTOSL 06PA3YETCA KUCIOPOAHBIN
KOHLICHTPALIMOHHBIN 3JIEMEHT, B KOTOPOM 3aKPBITBIN Y4aCTOK
OJI KATIJIEN 3ACTOMHOM BO/IBI B JAJIBHEHIIIEM IOKPBIBAETCA
HOPUCTBIM XKETE300KCHUIHBIM KYIIOJIOM U3 PXKABYUHBI
(Fe(OH), niu Fe,0,), Kak OKa32HO HA PUCYHKe 5. Cpefa ¢
HU3KUM COAEPKAHHUEM KHUCIOPOAA CO3LAETCA 10O, JAHHBIM
YIJIYOJIEHHUEM, METAJININYECKHUE CTEHKH KOTOPOT'O ABJISIOTCS
AHOJHBIMH 10 OTHOIIEHUIO K OCTAJIbHON IIOBEPXHOCTHU
METAJLIA, TOKPBITOM 3AIUTHON NACCUBHOM IJIEHKOM.
COrIIacHO BBIIIETPUBEAEHHOU (POPMYIIE THIPOKCUIBHBIE
aHnoHbI (OH") IpOIO/IZKAIOT BBIICASATHCS BOIU3H KATOIHOM
30HBI MEXY HOPUCTBIM KYIIOJIOM M TACCUBUPOBAHHON
METAJUINYECKON IIOBEPXHOCTBIO IIPU COXPAHEHUU IIOJA4H
BOZbL U KUCJIOPOAA. [IOCKOIBbKY KOPPO3UOHHBIN IIOTEHIIU AT
HOAJEPIKUBAETCA 34 CUYET BOCCTAHOBJIEHUS KUC/IOPOA HA
HAPYKHO! ITIOBEPXHOCTH, AHOAHAS PEAKLINA [IPOAOIIKAET
OPOTEKATH B I3BUHE, OOCTHEHHOM KHUCI0pOoAoM. Kak
43POO6HBIE, TAK U AHAIPOOHBIE OAKTEPUH MOI'YT Y4ACTBOBATD B
MIPOLIECCE MUKPOOUOTIOTHYECKOM KOPPO3UH, BCTPEYAIOMENCA
B HAUO60JIEE PACTTPOCTPAHEHHBIX MECTAX, IJI€ TAKUE
AHA3POOHBIE OaKTEPUH, KaK CBDB, 339acTyIo OOHAPYKUBAIOTCSA
B OO€THEHHBIX KUCJIOPOJIOM YYACTKAX IO/ KOJIOHUSMU
43POO6HBIX 6aKTEPUIL [1].

IIpu BeAcHUHU PA6OT C UCTIOIb30BaHUEM rHOKUX HKT oueHb
4aCTO IPUXOAUTCA UMETD JIEJI0 C XJIOPUJCOACPKAIUMU
cpeaamu (OypoBble pacTBOPBI HA OCHOBE KCl, HAChIIIEHHbBIE
MHUHEPAJIbHBIE PACTBOPHI U T.11.). [IPUCYTCTBUE TIOOBIX XJIOPH/I-
aHUOHOB (Cl) YCHUIMBAET TOYEUHYIO KOPPO3UOHHYIO PEAKIIUIO
IIyTEM MUI'PALIUU YE€PE3 IIOPUCTBIA OKCUIHBIIN KYIIOJI B
AHOJHYIO A3BUHY BCJIEACTBUE IPUTAKEHUS IOTOKUTEIBHO
3apSIKEHHBIX MOHOB Fe?'. DTO MPUBOAUT K F'UAPOIUTHYECKOMH
peakuu MexXAy KaTuoHamu Fe?* u annonamu Cl, Kak
MOKA3aHO B IPE/ICTABIEHHON HMXE XUMUYECKOU PEAKITUH:

Fe + 2H,0 + 2CI' — Fe(OH), + 2HCL.

Conanas kucyiora (HCI), monydeHHasd B pe3yIbTaTe 3TOMH
pEeaKUMH, IPUBOIUT K JIOKAJIbBHOMY CHIDKEHMIO ITOKA3ATENA
pH (10 3HadyeHud 2—3) Ha y9aCTKE UHULIMAIIMU, [IOCKOIBKY
coepunenue Fe(OH), umeer 60ee ca1a6oe OCHOBAHME 10
CPaBHEHMUIO C CHJIBHOIM KUCJI0TOU HCL. DTO NPUBOAUT K

technologies

Pucynox 6 — INospencoennviii yuacmox

2uo6x01t HKT c u3oopasicenuem kpynnoii
U3OAUPOBAHHO A36UHBL HA HOHE 2UOKOTL mPYObL C
He3HAUUMENbHOU 6 Ue0M MOoUeUHOUL KoOPPo3ueti

Figure 6 — CT Failure Specimen Showing Major
Isolated Pits Among a Generally Minor Pitted CT

bacteria (APB) utilize oxygen to oxidize elemental
sulfur or sulfide to form sulfuric acid (H,SO,) or
other highly corrosive organic acids as a waste
bi-product of their metabolism that can reach
concentrations up to 10% (Ref. 1). These acids attack
metals, concrete and polymer coatings. Other

types of aerobic bacteria include iron-oxidizing
bacteria (IOB) that consume Fe?* and discharge Fe®*
cations through their biofilm to form a crust of rust
around themselves. As the bacterial colony grows, it
tends to burst this crust to extend or form another
colony with a new crust. This process repeats itself
and results in the formation of “tubercles” that

are knoblike mounds of iron oxide (Fe,O,) rust or
Fe(OH), which have been observed on coiled tubing
as illustrated in Fig. 4. MIC involving IOB cause
crevice corrosion, accelerate the anode reaction and
can concentrate detrimental Cl- ions.

All microbial colonies set up a differential aeration
cell, also called an “oxygen concentration cell”. The
most common cathode reaction occurs in air and
involves the reduction of oxygen in an aqueous
environment according to the following chemical
reaction:

O,+2H,0 +4e- — 4OH-

Under stagnant conditions, an oxygen
concentration cell is formed in which the
shielded region under the stagnant water drop is
subsequently covered by a porous iron oxide cap
of Fe(OH), or (Fe,0,) rust as shown in Fig. 5. An
environment of low oxygen is created under this
cavity whose metal wall is anodic relative to the rest
of the metal surface that is covered by the protective
passive film. By the reaction above, hydroxyl anions
(OH) continue to be exuded near the cathodic
interface between the porous cap and passivated
metal surface when the supply of water and oxygen
is maintained. Since the corrosion potential is
maintained by the reduction of oxygen on the
outside surface, the anodic reaction continues in the
oxygen depleted pit. Both aerobatic and anaerobic
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Pucynox 7 — CHUMOK KPDYRHbIM NAAHOM 6HYMPEHHeTl
noegepxnocmu 2u6rxoit HKT (creea) u 60.a1ee cuavroe
yeeauuenue 3mozo e fpomo (cnpaea)

Figure 7 — Close-Up of Inner CT Surface with Higher
Magnification on Right

Pucynok 8 — CHUMOK KPYRHbIM RAAHOM 6HYymMPeHHel
noeePxXHOCMU OKOJI0 CKEO3HOU A36UNBL NOC/IE OUUCIKU U
mpaenenun (10-kpamnoe yseaunenue)

(cm. cemunap komnanuu Global Tubing é pamxax 11-ii
Mesicoynapoonoti kongpepenuyuu «Konmioounzosvie
MexXHON0ZUU U BHYMPUCKBANCUHHBLE Padombl», MocKkea, 2010 200)

Fi égure 8 - Close-Up of Inner Surface at Wall Penetrating Pit After

i
Cleaning and Etc, m% (Mahg 10X)

g?gf.‘ Workshop on CT Technologies and Maintenance presented
7}} Global Tubing as a part of the 11" International Coiled Tubing
echnologies and Well Intervention Conference, Moscow, 2010)

CaMOIIPOU3BOIBHOMY POCTY SI3BUHBL. AHOJTHOE PACTBOPEHHE
BHYTPH SI3BUHBI YCKOPSIETCSI PACTBOPOM XJIOPAHTHIPHU/IA,
KOTOPBIH B CBOIO OUEPEAb JOOABIISLET B I3BUHY €IIIE GOJIbIIE
XJIOPUJIOB, IIPH 3TOM KOHIIEHTPHUPYS JIOKATU3UPOBAHHOE
KOPPO3UOHHOE PA3PYIIEHUE B JAHHOM SI3BHUHE.

AHANN3 KOHKPETHbIX CITYHAEB
MBK TMBKX HKT

Ananus cayuas 1. I1ocne npoBefeHUs HECKOIBKUX
CEPBHUCHBIX ONIEPAIUN B CTBOJIE KOHTUHEHTAJIBHON CKBAKUHBI,
BKJIIOYAs IPOMBIBAHHE M OUHUCTKY OT IIECKA, KOJIOHHA THOKHX
HKT CT-80 ¢ BHEIIHUM JJUaMeTPOM 31,2 MM U TOJNIITUHOMN
CTEHKH 2,4 MM IPETEPIIETA HEKOTOPBIE MEXAHUYECKUE
noBpexeHus. KosoHHa 66112 BOCCTAHOBJIEHA ITYTEM YAAJIEHU
HOBPEXJEHHOI'O Y4ACTKA U IOBTOPHOI'O COEUHEHUS C
HOMOIIBIO CTBIKOBOT'O MJIU KOJIBLIEBOTO (T.€. TPyOa K TPyO€)
CBAapHOIro WBAa. [Tocie nposegeHus rupOUCIIBITAHUIM, 32
KOTOPBIMH HE MOCJIEIOBAJIA BU3YAIbHAS IPOBEPKA TPYOEI
(IyTEeM IEPEMOTKHU C OJHOTr'O 6apadaHa HA IPYTON) HA IPEAMET
MHBIX MEXAHUYECKUX U/UIH KOPPO3UOHHBIX ITOBPEXKICHUN, U
XPAaHEHUA KOJIOHHBI HA IPOTS)KEHUU HEKOTOPOT'O BDEMEHHU Ha
OPUOPEKHOM CKJIAJIE OHA ObLIA BBEJICHA B KCIUIYATALIUIO HA
mebge, 1€ UCHOIb30BAIACH IS IPOMBIBOYHBIX ONEPAIINUHA
C IPUMEHEHHEM IEHDBL IMEINCh HEMOATBEPK/ICHHBIE
OCHOBAHM4 NTOJIATATh, YTO IPU CO3[JaHUU PA6OYEN TIEHUCTOMH
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bacterial activity can be involved in the MIC process
occurring at a common location where anaerobic
bacteria such as SRB are often found in the O2
depleted regions under colonies of aerobic bacteria
(Ref. 1).

In coiled tubing operations, chloride containing
environments are abundant (KCl drilling muds,
brines, etc.). The presence of any chloride anions
(CI) exacerbate the pitting corrosion reaction
by migrating through the porous cap of oxide
into the anodic pit region under the attraction of
the positively charged Fe** ions. This resultsin a
hydrolysis reaction between the Fe?* cations and CI
anions in accordance with the following chemical
reaction:

Fe++ 2H,0 + 2CI — Fe(OH), + 2HCI

The hydrochloric acid (HCI) produced from this
reaction results in a local reduction of pH (values
of 2-3) at the initiation site since the Fe(OH), is a
much weaker base compared to the strong HCl acid.
This results in a self-propagating mechanism of pit
growth. The anodic dissolution within the pit is
accelerated by the acid chloride solution which in
turn introduces more chlorides in the pit while
concentrating the localized corrosion attack
in this pit.

CASE STUDIES OF MIC IN COILED TUBING
Case Study 1: After several on-shore wellbore
service interventions that included well washing
and sand cleanouts, a 31.2 mm OD X 2.4 mm wall
thickness (WT) CT-80 coiled tubing (CT) string
incurred some mechanical damage. The string was
repaired by removing the damaged section and
rejoining the string with a butt or girth (i.e. tube
to tube) weld. After hydro-testing but without
conducting a reel to reel inspection for other
mechanical and/or corrosion damage, and after
some unknown length of time of storage at a sea-side
location, the string was placed into service at an
offshore location performing wash jobs using foam
prepared with nitrogen. It was suspected, but not
confirmed, that sea water was used to create the
working foam fluid. After several trips running in
and out of hole, two (2) pinholes were noted, one
approximately 100 m from the whip (ie. free) end
and the second pinhole approximately 300 m from
the same end. It was also not confirmed how many
foam wash jobs had been performed nor the length of
time between each job that the string remained idle.
Visual inspection of the outer surface of the
~1-1/2 mlong failure specimen showed only minor
pitting uniformly distributed over the complete CT
surface except at one location where severe pitting
was concentrated within a few centimeters in the
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JKUJKOCTH UCIIOJIb30BAIACh MOPCKas BoAa. [Toce
HECKOJIBKUX CITYCKO-TIOJ/bEMHBIX ONIEPALIUH

OB OOHAPYKEHBI JIBA MAJIBIX OTBEPCTUS: OTHO

H4 PACCTOSHUU TPUMEPHO 100 M OT CBOGOTHOTO
KOHI4, 4 BTOPOE — IIPUMEPHO Ha paccTossHuu 300 M
OT TOT'O K€ KOHIIA. TaK:Ke OTCYTCTBOBAIU CBEACHUS
O KOJIMYECTBE IPOBEJEHHBIX IPOMBIBAHUN C
UCIOJIB30BAHUEM MIEHBI U IPOJOIKUTEIBHOCTHA
MHEPUOAOB MEXY IPOMBIBAHUAMHU, KOT/IAd KOJIOHHA
HE 3KCILJIYaTUPOBAJIACS.

BusyanbHbBII OCMOTP HAPYKHOU IOBEPXHOCTU
NOBPEXJECHHOI'O YYACTKA JUIMHOU NOPAAKA 1,5 M ITOKa3aJ1
BCETO JINIIb HE3HAYUTEIBHYIO TOYEYHYIO KOPPO3HIO,
PABHOMEPHO PACIIPEACICHHYIO IO BCEH MOBEPXHOCTU TMOKON
HKT, 32 HICKJIIOUEHUEM OJTHOT'O MECTA C CUJIBHOI KOPPO3UEH,
CKOHLIEHTPHUPOBAHHOMU B IIPEJEIAX HECKOIBKUX CAHTUMETPOB
OoT OTBepCTHs (PUCYHOK 6). OGPATHUTE BHUMAHUC HA
MIPU3HAKH PaHEE OOPA30BABIINXCS OYTOPKOB BOKPYT OOIBIION
M30JIUPOBAHHOM A3BUHBI HA (POTOrparu CIIpaBa, CHATON
KPYITHBIM IUTAHOM ( PUCYHOK 6).

B pesynbrare OCMOTpa BHYTPEHHEN IOBEPXHOCTU I'MOKOI
HKT 6bpu1H O6HAPYKEHBI CIEAYIOMUE OCOOEHHOCTH,
U300PAKEHHBIEC HA PUCYHKE 7. OOpATUTE BHUMAHUE
Ha KPACHOBATO-KOPHUYHEBYIO KOPKY U HAJTUYHE
MHOTOYHCJIEHHBIX 6YTOPKOB. [TOC/IE OUMCTKH 3TUX
MOBEPXHOCTEN OBUIN BBISABIEHBI JONIOTHUTEIBHBIE
NOAPOOHOCTH, MPOJEMOHCTPUPOBAHHBIE HA
pucyHke 8. Kparepoo6pa3HBIE CTPYKTYPBI BOKPYT
Ka’K0I U3 [IByX U30JTUPOBAHHBIX I3BUH B [IEHTPE
3TUX MUKPOCHHUMKOB I'OBOPAT O Hann4nuu MBK
K4K IIEPBUYHOI'O MEXAHN3M4 TOUYEYHOIM KOPPO3UH.
Taxske OBLJIO OIIPEAEIICHO, YTO KOPPO3UOHHAS SI3BUHA B LICHTPE
paBo POTOrpapun Ha pUCYHKE 8 ABJISECTCS CKBO3HOM.

H3MepeHus TONMUHBI CTEHKH Ha OOOUX KOHIIAX
MOBPEXJEHHOI'O Y4ACTKA HE BBIABUIN 3AMETHOI'O UCTOHYEHHUA
CTEHKU B PE3Y/IbTATE OOIIEH KOPPO3UH (IIOTEPU BECA).
ITpOAYKTBI KOPPO3UU UMEIN KPACHOBATO-KOPUYHEBBIA
OTTEHOK U JIETKO COCKAOJIMBAINUCH, YTO CBUETEIBCTBOBAJIO
O HAIMYHUH B UX cocTase remarura (Fe,0,). Takxke 66110
O6pallleHO BHUMAHUE HA yYACTKHU YEPHOU OKAJIMHBI, BEPOSITHO,
cocrosert u3 maraetuta (Fe,0,) unu cynbdua xenesa (Fes).
BHYTPUCKBAXUHHASA Cpeia Ha MOMeHT oTka3a HKT coneprkana
OCTATKU AMOKCHAA yriepoaa (CO,), HO He Cyabduaa Bogopoaa
(H,S). PactionoxeHue OTBEPCTUH PSIOM CO CBOGOAHBIM
KOHIIOM KOJIOHHBI TOBOPHT O TOM, YTO BHEIITHU I KOHEI]

TPYOBI, OyAyY1 HAMOTAHHBIM Ha 6apabaH, MOT NNOJBEPTHYTHCA
TOYEYHOU KOPPO3UU BO BPEMS XPAHEHUS U3-34 IPUCYTCTBUSA
MOPCKOU BOJBL

Heo6xoquMo 66110 IPOBECTH 60JIEE THATEIBHOE
06CIEJOBAHUE C IOMOIIBIO PACTPOBOI'O AJIEKTPOHHOI'O
MHUKpOCKona (POM), 4TOOBI pACCMOTPETH TOUYEYHYIO
KOPPO3HIO C TOPa3o 60JIee CUIIBHBIM YBEIUdeHueM. Ha
PUCYHKE 9 TTIOKA3aHBI CZIEIAHHBIE C TOMONbIO POM CHUMKN
CKBO3HOI SI3BUHBI B LIEHTPE MIPaBOH (poTOrpapmu pucyHka 8.
OH PACKPBIBACT €IE OHY OCO6EHHOCTh MBK, 2 UMEHHO
K4aBEPHO3HYIO CTPYKTYPY A3BUH(-bI) C OCTPBIMU U 3yO4ATBIMU
Kpaamu. OTUYETIUBO BU/IHA KPATEPOOOPA3HAS IOBEPXHOCTD

technologies

Pucynox 9 — Inepzooucnepcuonnsie cnexmput
CKB03HOU KOPPO3ZUOHHOU AZEUHBL HA NPABOTE
Ppomozpagpuu pucynxa 8

(100-kpamnoe yseauuenue — caesa, 500-kpamnoe
yeeauuenue — cnpaéa)

(cm. cemunap komnanuu Global Tubing 6

pamkax 11-it Mencoynapoonoii konghepenvuuu
«Konmiob6unzoevie mexHonozuu u
BHYymPuUcKsaIcunnsie padomot», Mockea, 2010 200)

Figure 9 — SEM Images of Wall-Penetrating
Corrosion Pit on the Right Side of Fig. 8

(Mag 100X left, 500X mT'ghg

(Ref. Workshop on CT Technologies and
Maintenance presented Iéy Global Tuthzg as a part
of the 11" International Coiled Tubing Technologies
and Well Intervention Conference, Moscow, 2010)

Pucynox 10 - Bmopoe omeepcmue.
Hapysicnas nogepxnocms — creéa,
GHYMPEHHAA NOBEPXHOCMb — CRPAGA.
Oopamume enumanue Ha omeepPcmus 6 6uoe
XPynKux u310Mo6 u Haruuue 0yzo0pKoe

Figure 10 — Pinbole at Second Location.

External Su:{ace on Left, Internal Surface on Right
Note Brittle Appearance of Pinboles and Presence
of Tubercles

vicinity of the pinhole (Fig. 6). Note the evidence of
pre-existing tubercles surrounding a large isolated
pit on the close-up photo on the right of Fig, 6.

Examination of the inner CT surface revealed
the details illustrated in Fig. 7. Note the reddish-
brown scale and presence of numerous tubercles.
After cleaning these surfaces, further details were
revealed as illustrated in Fig. 8. The moon-cratered
morphology surrounding each of the two different
isolated pits in the centre of these micrographs
suggests the presence of MIC as the primary
corrosion pitting mechanism. It was also determined
that the pit in the centre of the right side photo of
Fig. 8, completely penetrated the wall.

Wall thickness measurements at both ends of
the failure specimen showed no appreciable wall
loss due to general (i.e. weight loss) corrosion.

The products of corrosion were reddish brown in
color and were easily scraped off that inferred the
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13 O6PA30BABIINXCS PaHEE OYTOPKOB. Kpome Toro,
HAJIMYHME YETKO BBIPA’KEHHOTI'O TUKA KUCIO0PO/A

Ha 9HEPrOANUCIEPCUOHHON CIIEKTPOrPAMME
CBUJIETEIBCTBOBAJIO O TOM, UTO OAKTEPUH,
CBSI3aHHBIE C JAHHBIM IOBPEXJEHUEM, OTHOCITCA K
43pO6HON PA3HOBUAHOCTH.

Ha nieBoit (mpasort) potorpadpuu pucyHka 10
M300PAKEHO BTOPOE OTBEPCTUE HA HAPYKHOMU
(BHYTPEHHEN) NOBEPXHOCTH TPYOBL BHyTpeHHEE Pucynox 11 - Cmpyxmypuot paspoiea npu
OTBEPCTHE PACTIONOKEHO MO JIEBYIO CTOPOHY OT 3ayCEHIIA gzczj’,’%fi’;‘l’z gﬁg%ﬁf,’é%’b”_o‘z;%’g;%mb - creea,
(Tpara) IpPOAOIBHOI'O CBAPHOI'O MIBA. Ha mepBbIiT B3ITIA/, Oéy amume 6HUMAHUE HA XPYNKUe U3I0MbL,
3TU OTBEPCTUS HE IPOSABJISAIOT TUITUYHBIX [IPU3HAKOB 3(»)7

uamole KPas u omcymcmaeue «2yovt cpesa»
cm. cemunap komnanuu Global Tubing 6
YCTAJIOCTHBIX TPEIIHH B ITIACTUYHOM Marepuasne ru6xou HKT, pamxax 11-1t Mearcoynapoonoti kongepenvyuu

«Konamiob6unzoasie mexnonozuu u
4 IMEHHO: HE UMEIOT Y-O0Pa3HbIX KOHLOB. TaKXKe 3aMETHbI sHympuckeasicunmvie pacomot», Mockea, 2010 200)

TE K€ KPACHOBATO-KOPUYHEBBIC OYTOPKU, KOTOPBIE MBI MOIJIN Figure 11 - Tensile Test Fracture Morphologies.

HA6IIOJATh HA PUCYHKE 7. External Surface on Left, Internal Surface on Right
Note Brittle Appearance; Jagged Edges and Absence

I'm6kas HKT co BTOpbIM OTBEPCTHEM ObLIA HOABEPTHYTA of Shear Lip

HCTIBITAHUIO HA PACTSKEHHUE TI0 BCEH JUTMHE TPYOBL. PasphiB ef. Workshop on CT Technologies and
Maintenance presented by Global Tubing as a part

[pU PACTSHRCHUN OTOOPAKEH Ha PUCYHKe 11. OTCyTCTBHIE of the 11" International Coiled Tubing Technologies

«I'yObI Cpe3a» («ry6a cpe3a» HAGIIOAACTCS TTPU TIACTUIECKUX and Well Intervention Conference, Moscow, 2010)

HM3JIOMAX), 3y6UaThIC M OCTPHIE KPasi TIOBEPXHOCTU PA3PbIBA

composition of hematite (Fe,O,). Also noted were
areas of black scale possibly consisting of magnetite
(Fe,0,) oriron sulphide (FeS). The downhole
environment, at the time of failure, included traces
of carbon dioxide (CO,) but not hydrogen sulphide
(H,S). The location of the pinholes close to the whip
end of the string suggested that the outer wrap of
the string, while still spooled on the reel, may have
incurred some salt water pitting during its period of
storage.

Pucynox 12 - Omeepcmus, pacnorovcennvie 6 06yx pasuuix Even closer examination with a scanning electron
mecmax Ha 6HeuHel no0BePXHOCmU 00HOTL U MOt dce 2udKoil . .
mpyovL microscope (SEM) was desirable to observe the
OmeepcmueNe 1 — cneea, omeepemue Ne 2 - cnpasa pitting at much higher magnification. Figure 9
f:i’g;:’olfs;;;;ggftlzz gz&zegfgfm‘g Surfaces at 2 Different shows SEM images of the wall penetrating pit in the
Pinbole #1 on Left, Pinhole #2 on Right centre of the right of Fig. 8. It reveals yet another
characteristic of MIC, namely the cavernous

SIBJISIIOTCS] YETKHUM CBU/JIETEIbCTBOM XPYIIKOT'O U3JI0MA. morphology of the pit(s) with the sharp and jagged
BBIIO CAEIAaHO MPEATIONOKEHUE O BOJOPOIHOM XPYIIKOCTU edges. The moon-cratered appearance of the
MaTepHaa TPyObl, BBI3BAHHOI BEIPAOOTKOI CyIb(puaa surface from pre-existing tubercles is clearly visible.
Bozopoaa (H,S) cyabdarBoccTaHaBIMBAIOIMMHI OAKTEPUAMM, Additionally, the presence of a distinct oxygen peak
y2Ke YIIOMSIHYTBIMU B OOCYKAEHHUU MEXaHU3MOB MBK. on the energy dispersive spectrograph (EDS) scan

BBUIO CAEMAHO 3aK/IIOUEHUE, YTO OTBEPCTUSA CTATIU indicated that the bacteria associated with this
pesyasraToM MBK ¢ XapaKTepHBIM 151 HEE OBICTPBIM POCTOM failure were of the aerobic variety.
SI3BUHBL, CIIOCOOCTBYIONIUM PA3BUTHIO CKBO3HOI KOPPO3UU Figure 10 shows the second pinhole on the
TOHKOM cTeHKU THOKOI HKT B OTHOCUTENBHO KOPOTKUE CPOKU.  external and internal surfaces on the left and right
OJHAKO JOCTOBEPHO YCTAHOBUTD IIPOUCXOXKJECHUE OAKTEPUL, side of the figure respectively. The internal pinhole is
y4acTBYIOMUX B MBK, HE TPEACTABIIAIOCH BO3MOXKHBIM. located just to the left of the longitudinal weld flash.
BO3MOXXHBIM UCTOYHHUKOM MOIJIA OBITH BOZIA, UCIIOJIb30BAHHAS An immediate observation is that these pinholes do
PU Ir'UAPOUCIBITAHUAX rHO6KOM HKT nmocne ee peMOHTHOMU not exhibit the usual appearance of a fatigue crack
CBaPKH, UJIM MOPCKAsl BOAA, KOTOPAs UCIOIb30BAIACH JIIS in a ductile CT material, namely a “Y” at the ends of
MIPUTOTOBJIEHUS IEHUCTOU IPOMBIBOYHOU XKUJKOCTH U/UN the crack. Also visible are the same reddish brown
JUIS IPOMBIBKY KOJIOHH T'HO6KUX HKT BO BpeMs KAITUTAIBHOTO tubercles that were observed at the first pinhole as
pPEMOHTA MENb(POBOI CKBAKUHEL illustrated in Fig. 7.

Ananus cayuasn 2. B jaHHOM Cirydae 6blIa ITIOBPEXKAEHA The CT specimen containing the second pinhole
KOJOHHA 13 pa3HOCTeHHBIX rHO6Kkux HKT CT-80 ¢ BHEMTHNUM was subjected to a full body tensile test. The tensile
auaMetrpom 60,3 MM (TOJIIMHA CTCHOK 5,7 MM/5,2 MM), test fracture is shown in Fig. 11. The absence of
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MOCTABJIEHHAS JPYTUM NpousBoguTeniem ruokux HKT,
KOTOPBIN 6a3UPYETCA B TOM XK€ I0KHOU yacTu Texaca, 4yTo u
MIPOU3BOJUTENb THOKUX TPYO, ONMHMCAHHBIX B IIEPBOM CJIY4aE.
ITocse 18-4HEBHOI'O XPaHEHU A, TN POUCIBITAHUN U MOPCKOI
TPAHCIIOPTUPOBKU HEU3BECTHON MPOJOIKUTEIBHOCTU OBLIO
OOHAPYKEHO MPOCAYUBAHUE HA PACCTOIHHUY TPUMEPHO 1400 M
OT Kpasi THOKOU TPYOBI TOJNIIHUHON 5,2 MM. [Ipr 3TOM 6BLIO
MPOU3BEJIEHO BCETO ABE ONEPALINH 11O 6YPEHMUIO. [I7151 TPOBEACHUS
IIEPBOM OIEPATTHH, JUTUBIIEHCSI TPUMEPHO 36 4aCOB,
UCIOIB30BAICA 2%-1 6ypoBor pacTsop KCl u N2, mocne

4ero 6ypHUJIbHAS KOJIOHHA ObLIA IPOMBITA M TPOJYTA A30TOM.
He y1a;10Ch yCTaHOBUTB, ObLIIA JIM BOAA, UCIIOIb3yeMas IS
MIPOMBIBKH, IPECHOM MJIN JJOOBITON U3 O€EPETrOBON CKBA’KHUHBL.
Bropas onepanus 6ypeHus ObLIa IPOBEJIEHA CITYCTS HEJIENIO
IOCJIE IIEPBOM C UCHOIb30BAHUEM 4%-T'0O A3PUPOBAHHOI'O
a30ToM 6ypoBoro pactsopa KCL. OTeepcTre 661710 OOHAPYKEHO
nocie 8 4acoB 6ypeHust. BiociencTBUU ObLIO BBISBJICHO U
THIATEIBHO OOCIENOBAHO EIE HECKOIBKO OTBEPCTHUI JIIS TOTO,
4TOOBI YCTAHOBUTb OCHOBHYIO IPUYNUHY MOBPEXKICHUI.

Ha pucyHke 12 n300pa’keHBI 1BA PA3HBIX OTBEPCTHUS,
KOTOPBIE ObLIN OOHAPYKEHBI HA BHEMTHEI ITOBEPXHOCTHU
JIAaHHOU KOJIOHHBL. OTBEPCTHE HA (POTOrPA(DUHU CJIEBA MBI
0603Ha4YNM Kak Ne 1, a2 oTBepcTHEe HA (pOoTOrpapuu Cripasa —
Kak Ne 2. B 060X C/1y4asX UMEIU MECTO KOPOTKHE
MOIEPEYHbIE TPEIIWHDIL, [IPU 3TOM OTBepCcTUE Ne 2 MMeIo
Y-06pa3Hble KOHIBI, XAPAKTEPHBIE JJI4 INIACTUYECKUX
YCTAJIOCTHBIX TPEIIMH, B TO BpEMs KaK OTBEpCTHE N2 1 TaKuxX
MPU3HAKOB HE NPOABJIANO0. Ha MOBEPXHOCTH BOKPYT OTBEPCTHUA
Ne 1 MOXXHO HAOIIO/IATh YYACTKU C KOPKOW YEPHOI'O I1BETA
Ha (POHE MPEUMYIIECTBEHHO KPACHOBATO-KOPUYHEBON
KOPKH, B TO BpEMA KaK OTBEPCTHE Ne 2 HE TPOABJIAIIO
HENOCPENCTBEHHBIX IPU3HAKOB IEATEIBHOCTU 49POOHBIX MIIN
AHA9POOHBIX OAKTEPUIL.

Bonee mujamensroe oocaedosanue omeepcmus Ne 1.
BHyTpeHHAA ToBepXHOCTb THOKOM HKT nociie Tpasienns
OBHAPYKMJIA U30JIUPOBAHHOE CKOIJIEHUE A3BHH (PUCYHOK 13),
HanOOJIee KPYIHAA U3 KOTOPBIX ACCOLIUMUPOBATIACH C
orBepcTuem Ne 1. Ha 3TOM pUCYHKE TAKXKE NIPEACTABIEHO
MOIEPEYHOE CEUYCHUE SI3BUHBI ITTYyOUMHOM 4,1 MM, 4TO
cocTasnsgeT ~80% oT 0OIIe TOMMHUHBI CTEHKU. YCTAJIOCTHAS
TPEIMIUHA B KOHEYHOM CYETE PACIIPOCTPAHUIACH YEPES
OCTABHIYIOCA YACTh CTEHKU X O6PA30BaJId IIPOTEKAIOIIEE
OTBEPCTHE.

CXOXXHUH MEXAHNU3M ObLJI OOHAPYKEH U B OTBEPCTUU Ne 2.
Hanmume muka KUCaI0pojd Ha S3HEPTOJUCIIEPCUOHHBIX
CIIEKTPOrPAMMAX IIPOAYKTOB KOPPO3UU B OOOUX OTBEPCTUAX
CBUJIETEIHLCTBOBAJIO O TOM, YTO KOPPO3H A ObL/Id BbI3BAHA
B IIEPBYIO OYEPE/Ib A3POOHBIMHU XKETE300KUCISIONUMU
GAKTEPUSIMU B COUYECTAHUU C HEOOIIBIIOHN BOJOPOSHOMN
XPYHKOCTBIO, ECJIM TAKOBAA BOOOIE UMEIA MECTO, OCTABIIENCA
YACTH CTEHKH JJO 0OPA30BAHMS OTBEPCTUH. BBIJIO YCTAHOBJIEHO,
YTO HCTOYHUKOM aI'DECCHUBHBIX OAKTEPHUU CTAIa BOAA,
UCIIONIBb3yeMas JUIS TUAPABINYECKON OIIPECCOBKH HA 3aBOJIE 110
MIPOU3BO/ICTBY KOJITIOOUHTA. BoAa /111 THPOUCHIBITAHUH MOTITIA
OBITh 3arPsA3HEHA (DITIOUAMU, COACPKAIUMUCS B KOJIOHHAX
ru6xnx HKT KJIHEHTOB, IPUBE3EHHBIX B CEPBUCHBII LIEHTP
IPEATPUATUI-TPOU3BOAUTENS. [IPOU3BOUTENID FTHOKUX
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Pucynox 13 — Buympennuii maxpocHumor
omeepcmus Ne 1 nocae mpaenienus C ueasro
yoanenua nPpooyKmos Kopposuu (morwuna
cmenxu 5,2 .M.M)y

Figure 13 — Internal Macrograph of Pinhole #1 after
Pickling to Remove Corrosion Products (5.2 mm WT)

shear lip (shear lip is observed in ductile fractures),
jagged and sharp edges of the fracture surface is a
clear indication of a brittle type failure. Hydrogen
embrittlement was suspected from the production
of hydrogen sulphide (H,S) by SRB mentioned in the
discussion of MIC mechanisms above.

It was concluded that the pinhole failures were
the result of MIC with its characteristic rapid rate
of pit growth enabling penetration of the thin CT
wall in a relatively short time. The origin of the MIC
bacteria involved could, however, not be determined
with certainty. Possible sources included the water
used during the hydro-testing following CT repair
welding or the seawater used to either produce the
foam wash fluid and/or possibly the use of sea water
for flushing CT strings during offshore well workover
operations.

Case Study 2: This failure involved a 60.3 mm OD,
CT-80 tapered (5.7 mm/5.2 mm WT) coiled tubing
string obtained from a different CT manufacturer
who was situated in the same southern Texas
location as the CT manufacturer involved in the
first case study above. Following an 18-day storage
period after hydro-testing and an ocean going
shipping period of unknown duration, a pinhole
leak was detected at approximately 1400 m in the
5.2 mm wall, after only two (2) drilling jobs.

A 2% KCland N, drilling mud was used for the first
drilling job that lasted approximately 36 hours
after which the CT drill string was flushed and
purged with nitrogen. The source of the water
used for flushing, whether fresh or produced from
the onshore well, was not confirmed. The second
drilling job, following the first after approximately
one week, used a nitrified 4% KCIl mud with the
pinhole being observed following 8 hours of
drilling. Several other pinholes were subsequently
discovered and examined in detail to determine the
root cause(s) of these failures.
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HKT 6e30T1araTeIbHO NPHUHS MEPHI IO HEJIONYIIEHHIO Figure 12 shows two different pinholes that
3arPA3HEHUS UMEIOIIENCA BOJBI /151 TUIPOUCTBITAHUN were found on the external surfaces of this string
WHOPOJHBIMH (PIIOUAMH, IOCTYIAIOMIUMU B OOOPYIOBAHHUE that we shall identify as pinhole #1 on the left
JULS1 OIIPECCOBKU. OOCIEOBAHUE TOBPEK/CHUS, and pinhole #2 on the right of this figure. Both
BBI3BAHHOT'O MBK, OB17I0 IPOBE/ICHO HECKOJIBKO JIET HA34/], were short transverse cracks with pinhole #2
U HA CET'OJHAIIHUN JJEHb ABTOPY HEU3BECTHO O IIOBTOPHBIX exhibiting signs of the characteristic “Y” ends of
cnydyasix MBK rubkux TpyO, CBSI3aHHBIX C IIPOBEJICHUEM a ductile fatigue crack whereas these signs were
T'UPOUCHBITAHUN HA 3aBOJAX MJIM CEPBUCHBIX LIEHTPAX not apparent in pinhole #1. Patches of black
npoussoguTesed rnokux HKT. colored scale interspersed within a predominantly
reddish-brown scale can be seen surrounding
pinhole #1 whereas pinhole #2 did not
immediately betray the possible presence of either
aerobic or anaerobic bacteria activity.

Closer Examination of Pinbole #1: The internal

CMAM4YEHNE NOCJNIEACTBNN U MOHUTOPUHT

MBK MPU SKCMNYATALUNU TMBKUX HKT
HecMOTps HA TO, 4TO GaAKTEPUH, yIacTByIomue B MBK,

JIyYIIAM OOPa30M PA3MHOXKAIOTCSI B YMEPEHHOM U TEIIOM

KJIMMATE C TEMIIEPATYPOM OKPYKAIOLIEr'O BO3JyXad B IIPEAEIAX CT surface after pickling showed an isolated
25-35 °C, cy1ecTBYIOT 3a(PUKCUPOBAHHBIE Cl1ydau MBK B cluster of pits (Fig. 13), the largest of which was
TPyb6aX, TPAHCIOPTUPYIOMIUX HOJOTPETYIO CBIPYIO HEPTD, HA associated with pinhole #1. This figure also shows
Ansacke. Takoxke UMEIOTCS MyOIMKAIIUY HA TEMY OOPa30BaAHUSA a cross section through the pit that measured

OUOIJIEHKU HA METAJUTMYECKUX ITOBEPXHOCTAX B BOJAX
AHTAPKTUKHA [5]. DTO O3HAYACT, YTO CKOPEE JIOKAJIbHA, A
HE OKPY’KAIOIIasA TEMIIEPATYPA ONPEIEIAET BO3MOXHOCTD
passutuga MBK nipu BezieHUH HE(PTAHOT'O IPOMBICJIA B TAKUX
peruoHax, kak Poccus nnu Kanazga. Tem He MEHEe aBTOpY
HEU3BECTHBI KAKUE-TNOO CIy4yau nposasienus MBK npu corrosion products for both pinholes indicated
JIOKASIHBLX TEMIIEPATYPAX HUXKE HYJIA. that the corrosion was primarily due to aerobic
OIBIT NOKA3BIBACT, YTO MEPHI IIO CMATYCHUIO ITOCICACTBUN iron-oxidizing bacteria with little, if any, hydrogen
MBEK B xononHax ru6kux HKT BrIio4aror B cebsg Mmeponpustus, — embrittlement of the remaining ligament prior
CXOXXKHME C MEPAMU, IPUMEH SIEMBIMU JIJ15I IPENOTBPALICHU S to formation of the pinholes. The source of the

4.1 mm deep or “80% of the wall thickness. A
fatigue crack ultimately propagated through the
remaining ligament to form a leaking pinhole.

A similar mechanism was found for pinhole #2.
The presence of an EDS oxygen peak found in the

KOPPO3HH IIPU XPAHEHHH, 4 UMEHHO: IPOMBIBKY U MIPOCYIIKY offending bacteria was ultimately traced to the
TPYO /151 1POPHUIAKTUKN OOPA30BAHUS JIYK CTOSIYEN BOJIBL, water used for hydro-static pressure testing at the
(OPMUPYIOMNXCI B HUKHUX TOYKAX BUTKOB THOKHUX HKT tubing mill. The hydro-test water could have been
Ha 6apadaHe. [IOCKOIBKY, KaK IIPABUJIO, CJIOKHO ITIOJTHOCTHIO contaminated by fluids contained in customers’
BBICYIIUTb BHYTPEHHIOIO YaCTh KOJMOHH JIMHHBIX HKT, 1 Tak used CT strings brought to the manufacturer’s

WJIM UHA4Ye Oy1yT OOPA30BBIBATHCS JIYKU KOHJICHCHUPOBAHHOM service center at the mill site. The CT manufacturer

BOJIBL, B IIPOI'PAMMBI OOPBOBI C KOPPOIUEL IPU XPAHEHUH
HEOOXOJMMO BKJIIOYATb KAK MHTMOUTOPSHL, TAK U OUOIIH/IBL

took immediate action to ensure foreign fluids
entering their pressure testing facilities do not

CyIecTByeT MaCCa KOMITAHUH, TPOU3BOJANIUX XUMUYECKHE contaminate their existing hydro-test water. The

UHrU6UTOPHL. OHA U3 TAKUX KOMIIAHUI OTMEYCHA B [6]. MIC failure investigation occurred several years
IIpu NpOBEAEHUH TUPOUCTIBITAHUI HA OOBEKTE UJIU TAXKE ago and to date, the author is unaware of any

B CEPBHUCHOM IIEHTPE, WU IIPOMBIBAHUY KOJIOHH THOKNX HKT re-occurrence involving hydro-testing at any CT

OCJIE KAITUTATBbHOT'O PEMOHTA CKBAKHUH, WU IIPU OATOTOBKE manufacturer’s mill site or service centre.
KOJIOHH K XPaHEHUIO HEOOXOAMO IIPOBOJUTH AHAJIN3 IPOO
BO/IbI N3 MOPCKHUX M OEPETOBBIX HCTOYHUKOB. KOMITJIEKTHI
JUIs1 0T60pa Npod Ha npeaMeT MBK nMeroTCs B IPOJaKe.
HexoTopsle TO3BOAIOT IPOBOJUTD AaHAJIN3 HA

CaAMOM OO'BEKTE, B APYI'UX CIIy4asiX IPOOBI HEOOXOAUMO

MITIGATING AND MONITORING FOR

MIC IN COILED TUBING OPERATIONS
Although bacteria involved in MIC thrive

best in temperate and warmer climates with

OTIIPABJISATH B IAOOPATOPUH, KAK B JIBYX IIPUMEPAX,
NPUBENECHHBIX B [7] U [8]. Takke CaeqyeT OTMETUTD,
YTO XOTSI METO/I CEPUHHOT'O PA3BEICHUS U SIBJISCTCS

ambient temperatures in the range of 25C-35C,
documented cases exist for MIC in Alaskan
pipelines carrying heated crudes. Publications also

HanOOJIEE PACIIPOCTPAHEHHBIM CLIOCOOOM ONPEAETIEHUA exist on biofilm formation on metal surfaces in
OAKTEPUAJIBHOT'O 3ATPSA3HEHMS, B IIPOJAKE UMEIOTCA U IPYTUE the waters of Antarctica (Ref. 5). This implies that
KOMIUIEKTBI 1711 OTOOPA IPOO B MOJEBBIX YCIOBUAX, KOTOPBIE the local temperature rather than the ambient
YIO6HBI B UCIIOJIb30BAHUU U TPEOYIOT MEHBIIE BDEMEHHN temperature determines if MIC can occur in

JUIA TIOJIYYE€HM A PE3YALTATOB. [Tybmkanua HaroHaabsHOM oilfield activities in regions such as Russia or
ACCOLMAIIMU MHYKEHEPOB-CIIELUATHUCTOB IO KOPPO3NH, Canada. However, the author is not aware of any
YKa3aHHaA B [9], IPEACTABIIAET PE3YILTATHI UCCJIENOBAHUA MIC occurrences when the local temperature is in
10 OLIEHKE IIPEUMYIIECTB U OTPAHNYEHNN HEKOTOPBIX sub-zero range.
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TAKUX KOMIIJIEKTOB /151 OTOOPA IPOO B IOJIEBLIX YCIOBUSAX B
CPaBHEHUHU C METOLOM CEPUNHOIO PA3BEACHUS.

IIpu NpUOOPETEHUU HOBBIX KOJIOHH PEKOMEH/IYETCS
YTOYHHUTD Y IpoussoguTend ruokux HKT nadopmanuio
O HAJIMYUU HAJICKAIUX MEP 110 MOHUTOPUHI'Y KA4eCTBa
BOZbI /11 TUJPOUCIIBITAHUM, IIOCKOJIBKY OHA, KAK IIPABUJIO,
HAXOAUTCA B 3aMKHYTBIX CUCTEMAX U, CJIEAOBATEIBHO,
MOABEPKEHA 3AIPSA3HEHUIO B PE3YJIBTATE BHEAPEHUA BOJbI
U3 UTHOPOJHBIX UICTOYHUKOB. TaK1€ KDACHOPEYUBBIE
CBUJIETEILCTBA, KAK U30/IMPOBAHHBIE CKOIIEHU A A3BUH HA
HEIIOBPEXKIECHHOMU B L1€JIOM IIOBEPXHOCTU BOKPYT 3TUX A3BUH,
WJIA HAJTN4YUe OyTOPKOB, U300PAXKEHHBIX HA PUCYHKAX 4 U 7,
JOJIKHBI COIPOBOXAATHCA HE3AMEAJIUTEIbHBIM U TIATE/IbHBIM
06CIEJOBAHHUEM TOBPEXKJEHHBIX YYACTKOB, TAK KaK
A3BUHBI MBK pacTyT € JOBOJIBHO BBICOKOI CKOPOCTBIO. Tak
K4aK ITIOYTH BCE TEXHUYECKUE CILIABBI TOABEPKEHBI MBK
(MCKJIIOYEHNE COCTABIIAET JIMIIb TUTAH, TAK KAK OH OOpa3yeT
BBICOKOYCTONYHMBYIO IIACCUBHYIO IVIEHKY), UCIIOJIb30BAHUE
ru6kux HKT 13 KOppO3NOHHO-CTOUKHUX CIITIABOB HE SABIAETCS
pelnieHueM npobieMel. TeM He MEHEE KOJIOHHBI THOKHUX
HKT 13 KOppO3HMOHHO-CTONUKHUX CIIJIABOB HEKOTOPBIX
COCTABOB IIPEJIAraI0T MHOXECTBO MHBIX IPEUMYILECTB IIPU
UCIIO/Ib30BAHUU BO MHOI'MX JPYI'UX KOPPO3HOHHBIX CPEAAX,
HE TOBOP# YK€ 00 UX MOBBIINIECHHON MAJIOIIUKJIOBOMI
YCTAJIOCTHOU NPOYHOCTU. JJ1s ITIONYyIEHU A JOTIOTHUTEIBHOMN
nH(popmanuu 0 MBK, B 4aCTHOCTH, NOAXOJaX K MOHUTOPUHT'Y
MBK u cTpaTeruax npo@UIaKTUKA UIH CMATYEHUSA
nocnencTsuit MBK, unTaresnb MOXXET OOpATUTHCS K
IPEBOCXOHOMY YYEOHUKY aBTOPCTBA I-pa Bpenas! JINTTI U
Ixenrconal/ln [10]. ©
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technologies

If experience dictates, mitigating against MIC
attack in CT strings would include similar measures
used to prevent storage corrosion, namely flushing
and drying to prevent puddles of stagnant water
accumulating at low points of CT wraps on the
storage reel. Since it is usually difficult to completely
dry the insides of a long CT strings and puddles
of condensed water may still accumulate, storage
corrosion inhibitor programs should include the
addition of biocides. Many sources of chemical
inhibition products are available, just one of these is
given in Ref. 6.

When conducting hydro-testing on location
or even at a service center, or flushing CT strings
following well workovers or preparing strings
for storage, analyzing water samples from either
onshore or offshore sources should be conducted.
MIC sampling kits are commercially available, some
enabling on-site evaluation and others requiring
samples to be shipped to laboratories such as
those of Refs. 7 and 8 as just two examples. It is
also worth noting that although the Serial Dilution
Technique is the most common methodology used
to determine bacterial contamination, there are
several other bacteria field test kits commercially
available that are simple to use and require less
time to obtain results. The National Association
of Corrosion Engineers (NACE) publication given
in Ref. 9, presents the findings of an investigation
that was conducted to assess the advantages and
limitations of some of these field kits compared to
the conventional Serial Dilution Technique.

When purchasing newly milled strings, it
would be advisable to confirm with the CT
manufacturer(s) that adequate measures are in place
to monitor the quality of their hydro-test water
since these are generally closed loop systems and
therefore susceptible to contamination from the
introduction of foreign water sources. Telltale signs
such as isolated cells of pits in a generally unaffected
surface surrounding these pits or the presence of
tubercles such as those illustrated in Figs. 4 and
7,should be immediately investigated in greater
detail considering that MIC pits grow at a relatively
fast rate. Since nearly all engineering alloys are
susceptible to MIC except titanium (because it forms
a highly resistant passive film), using coiled tubing
manufactured from corrosion resistant alloys (CRA),
would not provide a mitigating solution. However
CRA-CT strings of specific alloy designs, offer many
other advantages for use in many other corrosive
environments not to mention their increased low
cycle fatigue strength. For additional reading on
MIC, specifically approaches for monitoring of MIC
and strategies to prevent or mitigate MIC, the reader
is referred to an excellent text book by Dr. Brenda
Little and Jason Lee, Ref. 10. ©
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