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ABSTRACT KEYWORDS
The corrosive attack of materia that is caused or promoted by the life Bacteriacorrosion;
activity of bacteriais known as bacteria corrosion. For high sour natural Tubing;
gaswells, formation water may possibly contain sulfate-reducing bacteria Material selection;
(SRB), iron bacteria, sulfur bacteria, and so on, which lurk in formation Preventing corrosion;
water and rock. The most common microbiological corrosion in high sour High sour gaswell.

natural gaswellsis sulfate-reducing bacteria corrosion. Material selection
of tubing for preventing corrosion are very important factors of gas
production system life. In order to ensure the long-term development
of high sour gas well under existence of bacteria corrosion, this paper
mainly study the material selection of tubing for preventing corrosion in
high sour gas well under existence of bacteria corrosion. For material
selection, traditional method is using sulfur-resistant steels. This paper
proposes a new option: using corrosion-resistant alloy. By studying,
traditional sulfur-resistant steelsin high sour gas wells under existence of
bacteria corrosion may have severe corrosion. For high sour gas wells
under existence of bacteriacorrosion with high hydrogen sulfide and carbon
dioxide content, the new option(selecting corrosion-resistant aloy) is a
good measure. By taking CY-T gasfield asan example, thispaper optimizes
the material selection. By corrosion coupon test and galvanic corrosion
test, the experiment results show that there have serious galvanic corrosion
and electrochemical corrosion for the traditional sulfur-resistant steel.
Degspite the high cost, the new option(selecting corrosion-resistant alloy)
has long service life, and has no need for adding corrosion inhibitor. For
high-productivity and high sour gas wells under existence of bacteria
corrosion, the new option(sel ecting corrosion-resistant alloy) isan effective
and economic corrosion prevention measure. For on-the-spot application,
the study above has agood practicality, and can provide reference for the
similar high sour gas wells under existence of bacteria corrosion.
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INTRODUCTION

Natural gasiswidely used and isanimportant en-
ergy source. Corrosioningaswell production systems
isaseriousfactor infailures. In recent years, withthe
rapid development of gasindustry, natural gas produc-
tion engineering have d so been moreand moreimpor-
tant. Corrosion may cause economic lossesand bring
withit problems of safety and protection of resources?.
Some gaswellshave adverse working environments,
sotheir servicelivesand propertieswill serioudy affect
the production and the operating benefitsof gasfields.
For sour gasfields under existence of bacteriacorro-
sion, dangerous safety accidents and environmental
problemsmay be generated.

Figure listhetubing material corrosioninasour
gasreservoir under existenceof bacteriacorrosion. Un-
derstanding the mechanismsand rules of corros on of
gaswellsand making rationa corrosion prevention de-
sgnarecrucia. TABLE 1 shows application of tubing
andthecorrosiontothegasfiddin Chuanyu gasfid d?.

Figurel: Thetubingcorrosioninasour gasreservoir under
existenceof bacteriacorrosion

This paper mainly study the methods and proce-
dureof tubing Sizesoptimization, and materia selection
of tubing for preventing corrosonin high sour gaswell.

INTERACTION OF CORROSIVE COM PO-
NENTSAND THE EFFECT ON CORROSION

The produced fluid may includethefollowing cor-
rosive components: (1) acidic gas(H,S, CO,, and H");
(2) dissolved oxygen; (3) sdt (HCO3, SO4%, Cl, and
OH); and (4) bacteria (sulfate-reducing bacteria,
aerophilebacteria, and so on).

Theinteraction of some components may aggra-
vateor mitigatecorrosion.

TABLE 1: Application of tubingtothehigh sour gaswell in
Chuanyu gasfield

Tubing H,S CO, .
V,:]/g” Steel Concentration  Concentration S&:?S;?;n
: Grade (gm?) (gm?) P
Weight loss,
Cheng SM90S pitting,

34 KO80S 3.566 50.724 fracture,

and dropou
Zhan Weight loss,

6 9 NT80sS 0.005 101.87 fracture,

and dropout
C75 "
Cheng Pitting,

18 C95 3.59 51.199 weight loss
Weight loss,
pitting,

Chi18 KO95SS 0.058 15.057 deformation
fracture,
and dropout
Weight loss

) BGC90 o g

Tieshan  \rg0ss 15.16 16501 pitting,

12 fracture,
and dropout

Effect of coexisting hydrogen sulfideand carbon
dioxideon corrosion

Sulfide-containingwe| production practiceindicates
that when sulfide-res stant carbon stedl or low-alloy sted
isselected, electrochemical corrosion (metd thinning
and pitting corrasion, and so on) will be predominantin
comparison with corrosion dueto coexisting H,Sand
CO,, Electrochemica corrosionisnot fully dependent
on the contents and partia pressures of H,Sand CO,
duetotheinteraction of corrosivecomponentsandis
related to the specific dynamic corros on environment
of each gasreservoir. There may be differences be-
tween laboratory eva uation and the on-site Situation
and greater differencesbetween softwareprediction and
theon-sitesituation. Software prediction may overesti-
mate corrosion severity.

Theeffect of hydrogen sulfide on carbon dioxide
corrosion includestwo aspects. Hydrogen sulfide may
speed up carbon dioxide corrosion dueto cathodic re-
action and mitigate corrosion dueto FeS precipitation.
Thechangeisdirectly related to temperature and hy-
drogen sulfide content. In generd, at low temperature
(30°C), asmdl quantity of hydrogen sulfide (0.2%6) may
doubly speed up carbon dioxide corrosion, whilehigh
hydrogen sulfide content (such as 21.5%) may reduce
the corrosion rate. At high temperature, the corrosion
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rateislower than that of pure carbon dioxide when
hydrogen sulfide content is higher than 2.1%. When
temperatureishigher than 150°C, the corrosion rate
may not beaffected by hydrogen sulfide content. At the
sametime, low hydrogen sulfide concentration may ag-
gravate corrosi on becausehydrogen sulfidemay directly
attend the cathodic reaction, while high hydrogen sul-
fide concentration may mitigate corrosion because hy-
drogen sulfidemay react withiron to form FeSfilm. In
addition, hydrogen sulfide may grestly reducethe cor-
rosion resistance of thecorroson-resistant stedl, which
contains Cr, to cause seriouslocal corrosionand even
stresscorrosion cracking.

Effect of coexisting oxygen and car bon dioxideon
corrosion

Oxygen Corrosion. Ininjected water or other in-
jected workingfluids, oxygenlurkingisunavoidable. In
addition, underground water that isconnected with sur-
facewater may a so have oxygenthat lurksinit. Inan
oxygencontai ning sol ution, the oxygen depolarization
reaction will be generated on the el ectrode surface™.
Thereaction mechanismisvery complicated. Interme-
diate particlesor oxide may begeneraly formed. Dif-
ferent solutionshavedifferent reaction mechanisms. The
corrosion during which the cathodic processisan oxy-
gen reduction reactionisknown as oxygen absorption
corrosion. In comparison with ahydrogen reduction
reaction, an oxygen reduction reection can be conducted
under pogitivepotentia. Thecorrosion of most metals
inneutra or basic solution and thecorrosion of asmal
quantity of metal with pogitive potentia in oxygen-con-
taining weak acid are oxygen absorption corrosion or
oxygen depolarization corrosion.

The coexistence of oxygen and carbon dioxide may
aggravate corrosion. Oxygen may take acatalytic ef-
fect during carbon dioxide corrosion. Thehigher the
oxygen content, the higher the corrosion rate when pro-
tective film has not been generated on the steel sur-
facd4. When protectivefilm hasbeen generated on the
sted surface, oxygen content may havealow or amost
no effect on corrosion. However, inasolutionthat is
saturated with oxygen, the existence of carbon dioxide
may greatly increasethe corrosion rate. At thistime
carbon dioxidetakesacatalytic effect in corrosive so-
[ution.

BioTechnology — o

Effect of coexisting hydrogen sulfide, carbon di-
oxide, and chlorideon corrosion

For different typesof stedl, theeffectsof chlorion
aredifferent, and seriousloca corrosion (pitting corro-
sion and crevice corrosion, and so on) of steel may be
generated®. In accordance with the film formation
theory, dueto small diameter and strong penetrating
power, chlorionmost easily penetratesthevery small
pore, reaching the metal surface and interacting with
metd to form asol uble compound and changethestruc-
ture of oxidefilm and generate corrosion of meta. In
addition, chloride may a so generate stress corrosion
cracking of corrosion-resistant stedl.

MATERIAL SELECTION UNDER CORRO-

SIVE CONDITIONSOF HIGH SOUR GAS

WELL UNDER EXISTENCE OF BACTERIA
CORROSION

M aterial selection based on standards

Proper selection of thematerial of tubing, casing,
downhole accessories, Christmas tree, and surface
equipment isakey problem in corrosion prevention of
oil and gaswells. Improper selection of material may
not only cause waste, but it may al so generate unsafe
conditions

Environment-assi sted fracture should be predomi-
nantly consideredwhen the material isselectedin cor-
rosion preventiondesignthat isinlight of sour environ-
mentsof hydrogen sulfide. Thel SO 15156-2 standard
can be used for selecting the cracking-resi stant mate-
rial inasour environment. After sulfide-resistant car-
bon sted and low-dloy sted areselected, e ectrochemi-
cal corrosion should be emphatically considered. A
corrosioninhibitor may be used for preventing or miti-
gating el ectrochemical corrosion. Itsfeasibility isde-
pendent ontechnical feasihility, reliability, andrisk as-
sessment; medium- and long-term cumulativeinvest-
mentsand rate of return; and the cost of replacing tub-
ing duringwell servicing and thel oss assessment.

For aserious corrosiveenvironment (such ashigh
pressureand carbon dioxide; high pressure, carbon di-
oxide, and hydrogen sulfide), stainlesssted, or dloy
steel should beadopted inacorrosion-resisting design.
Stainlesssted or dloy sted isexpensiveand hasalong
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delivery time®. They dso havedownholeserviceenvi-
ronment restrictions. Thustest eval uation and technica
economical analysisarerequired. Thestrengthdesign
should bein accordancewith the SO 10400 standard
on the basis of 1SO 15156. When carbon steel and
low-alloy sted! are used under sour environment condi-
tions, corros on-resistant sted gradewithyied strength
lower than 95 ks (655 M Pa) should beselected asfar
aspossble. If thegsrengthisinsufficient, increasngwal
thicknessisproper in order to meet the requirement of
strength, but not increasing stedl grade.

Fitnessdesign method

Selection of themateria suitablefor somecorro-
sive environments cannot rely onthel SO 15156 stan-
dard. Sometimesthe material required isrestricted by
delivery or technical economical condition. NACE
Method A andA solutionisaserioussulfide stresscrack-
ing eval uation method. Practiceindicatesthat material
that is unqualified in accordance with the NACE
Method A and A solution has not been cracked during
long-term functioning. Therefore, when the source of
goodsisrestricted or technica economica evaluation
indicatesthat higher-gradematerial isunsuitable, the
selection of material on an evaluation based onfield
environment s mulationisadmissible. Under normal
conditions, corrosve componentsand temperatureare
objectively present; however, optimizing structure de-
sign may reduceworking stressand make materia se-
lection convenient or enhancereliability.

SO 15156-1 providesaprincipleof fitnessdesign
for determination of materid onthebasisof on-steem-
pirica data, but thefollowing requirementsshould be
met: (1) thefield experience provided should continue
for two yearsat least, and afull inspection after field
useisincluded and (2) environment severity should be
lower than that of thefield experience provided.

In sulfur-containing high-pressure deep wells, the
standard sulfide-res stant tubing and casingwith yield
strength of 125 ksi are used, and the fitness design
method (fit for service, fit for purpose) isadopted. Tubing
and casing with yield strength of 125 ks cannot meet
the requirements of aserious sulfide stress cracking
evauationtest in accordancewith NACE Method of A
andA solution.

However, the steel materia can be adopted, pro-

vided that the hydrogen sulfide content of sulfide-con-
taining oil and gaswelsand thedownholepH vaueare
lower thanthe sulfide stress cracking tolerances of this
sted materidl.

Figure2isatubing corrosionin sour gasreservoirs
under existence of bacteriacorrosion. Selecting corro-
sion-resistant material should beconsidered firstasa
corrosion prevention measureY. The application of
corroson-resstant materia ismainly related tothefol-
lowing:

a. Oil and gaswdl production environments

b. Materid performance, |aboratory test, evaluation
data, and on-sSite use experience

c. Whether corrosioninhibitor, cathodic protection,
and comprehensive protective measures are
adopted

d. Economicevauation

Figure2: Thetubing corrosion in sour gasreservoirsunder
existence of bacteriacorrosion

APPLICATION

In this paper, we take CY-T gas field as an ex-
ample, whichisatypica sulfidecontaininggasfiddun-
der existence of bacteriacorrosion. CY-T gasfieldis
located inthe Sichuan Basin, southwest China. Analyti-
cal Dataof Formation Water of CY-T gasfield is in
TABLE2.

Optimization on material selection of tubing for
preventing corrosion

Contents of H,S and CO,in CY-T gasfield are
very high, so taking effective anti-corrosion measures
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isvery necessary. For high-temperature, high-pressure,
highproductivity, and high sour gaswellsunder exist-
enceof bacteriacorrosonsmilar tothoseof CY-T gas
field, selecting high-all oy austenitic corrosion-resi stant
aloy stainlesssted or nickel-based corrosion-res stant
aloy stedl isthemain measure of serioushydrogen sul-
fideand carbon dioxide corrosion preventionto ensure
long-term, safe, and stable production and avoid well
servicing and workover asfar as possible to ensure
stablenaturd gassupply. Thistypeof corrosonres stant
alloy hasachrome content of 20% to 30% and nickel
content of 20% to 35%. High strengthisachieved by
coldworking. It hasthe highest resistanceto corrosion
and the highest mechanicd performanceinal stainless
deds.

TABLE 2 : Analytical Data of Formation Water of CY-T gas
field

Negative lon Total
Well mg/L :f; Wrate Deg:cee
2 2
Code . SO HCO: COs™ | 1y Mineralization
g/L
No.8 174008470 4180 O 47.2
No0.1045538 770 835 0 1548 CaCl, 53.38
No.6 32448 79 483 0 2574 CaCl, 75.05

Advantagesof corrosion-resistant alloy steel cor-
rosion control technology

For high-productivity wellsinthemain position, cor-
roson-resistant aloy stedl tubing should besdlectedin
order to ensure thelongterm safety and stabl e produc-
tion of thegaswell, ensure stablegassupply, avoid well
sarvicing asfar aspossible, and prolong theworkover-
free period of gaswellg¥. Using corrosion-resistant a-
loy stedl tubing hasthefollowing advantages:

a. Noneedfor corrosioninhibitor adding system

b. Rdaiveyhighgrengthandthintubingwall, which
make corrosion-resistant alloy steel tubing havea
relatively largeinsidediameter and high throughput
capacity in comparison with carbon steel tubing
under thesame outside diameter

Thetubinglife, whichisamost sameaswdll life
Highrdiability during servicetime

Higher quality than that of low-aloy stedl tubing
No need for corrosion monitoring

No need for corrosion inhibitor adding and trans-

Q@ "o ap

port

Corrogon-resigtant dloy sted smainly includemar-
tengtic stainlesssted, diphase martensite-ferrite sted,
austenitic stainlessstedl, and nickel-based aloy stedl.

RESUITSAND DISCUSSION

Based on such experiencesin development of high
sulfur content oil & gasfiddinforeign countries®, such
asLacq GasField of France, ThamamaGasFiedin
the Middle East and Bearbery Gas Field in Canada,
thisarticlewill mainly discusstwo options: corrosion-
proof plan of corrosion-resistant alloy tubing and cor-
rosion-proof plan of sulfur-resistant tubing.

(A) corrosion-proof plan of corrosion-resistant aloy
tubing:

Tubing of full well sectioniswith highnickd dloy
sted tubing (eg G3), and it has no need for adding cor-
rosioninhibitor. But itscost ishigh, whichis10to 15
timesthe cost of corrosion-resistant stedl.

(B) corrosion-proof plan of sulfur-resistant tubing: high
nickd dloy sted isused for tubingfor followingthe
packer and above the safety valve. The scheme
hastwo main problems: thefirstis sulfur-resistant
steelsunder the high H,S, CO, environment has
severe corrosion; the second isthe junction of a
high sulfur-resistant sted and high nickd aloy has
serious galvanic corrosion. experimental data of
gdvaniccorrosonfor high sulfur-resstant sedsand
high nickel alloy sted areshownin TABLE 3 and
TABLEA4.

TABLE 3 : Static corrosion coupon test data

average corrosion rate (mm/
Index 9 ( 2

Ternperature 3% NaCl+0.5% CHgCOOH 3% NaCl+satur ated
+ saturated H,S and CO, H,Sand CO,
120C 2.16 0.21
80°C 5.98 0.501
40C 1.18 0.66

TABLE 4 : Static galvanic corrosion test data

Index galvanic corrosion rate (mm/a)
temperature  C-276 825 G3 SM-2535
120°C 0.09 0.021 0.61 0.029
80°C 0.50 051 0.46 0.57
25C 0.95 093 0.66 0.29

Test medium: +3% sodium chloride, saturated hydrogen sul-
fide and carbon dioxide
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Experimentd dataabove show that: corrosionrate
of anti-sulfur steel (40°C) is0.66 ~ 1.18 mm/ a, which
1$8.9~15.6 timesto ministeria standards; corrosion
rate of anti-sulfur steel (80°C) is0.501~5.98mm/ 4,
whichis6.6 ~ 78.7 timesto ministerial standards. So
the corrosionisvery serious. Galvanic corroson(25 ~
80°C) of sulfur resistant steel and four kindsof aloyis
very serious, thecorrosionrateis0.29~0.95mm/ a

From the experimental dataabove, itisclear that
therehhave seriousgd vanic corrosion and € ectrochemi-
cal corrosionfor high sulfur-resistant tubing. Despite
thehigh cogt, thecorrosion-resistant dloy haslong ser-
vicelife. Thesarvicelifeof corrogon-resstant dloy tub-
ingissmilartotheproduction livesof severd gaswells.
Thecorros on-resistant aloy tubing can berepeatedly
used in multiplewellsand has no need for adding cor-
rosioninhibitor and replacing tubing, and soon. Thus
thetotal cost isreasonablefor corrosion-resistant dloy
tubing. For high-pressureand high-productivity oil and
gaswellsthat have strong corrosiveness, thismay be
an effective and economic corrosion prevention mea-
sure.

CONCLUSION

In order to satisfy the need of long term, safeand
reasonable production of sour natural gaswell under
existence of bacteriacorrosion, this paper introduces
themateria sdlection of tubingfor preventing corrosion
inhigh sour gaswell under existenceof bacteriacorro-
sion. Aiming at the actual situation of CY-T gasfield,
whichisatypica sulfide containing gasfield under ex-
istenceof bacteriacorrosion, thispaper optimizesthe
material selection of tubing for preventing corrosion.
Materia selection of tubing for preventing corrosion
mainly includestwo options: corrosion-proof plan of
corrosion-resistant aloy tubing and corros on-proof
plan of sulfur-resistant tubing. Despitethehigh cog, the
corroson-resistant dloy haslong servicelife. For high-
productivity wellsinthemain pogition, corrosion-ress-
tant alloy steel tubing should be selected in order to
ensurethelongterm safety and stable production of the
gaswdll, ensure stable gassupply, avoid well servicing
asfar aspossible, prolong theworkover-free period of
gaswells, and may be an effective and economic cor-
roson prevention measure. A pplication showsthat these

technol ogies above can better meet the requirements
of the scene, and can providereferencefor thesimilar
high sour gaswellsunder existence of bacteriacorro-
son.
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