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Abstract

Materials suitablefor utilisation of deep and acidic geothermal resources have not been critically defined.
Experimental and theoretical assessment work involving volcanic and acidic well fluids has advanced the
understanding of thefluid chemistries and corrosion mechanisms, and practical performance of a range of
engineering alloys exposed to these fluids: For example, carbon and low alloy steels have limited
resistance, suitable high alloy materials are costly and intermediate alloy materials have not beenfully
evaluated. In thispaper thermodynamic models are used to calculate the chemistry of the well inflowfrom
measured surface chemistry and enthalpy. This information, together with wellbore simulation, allows the
calculation of chemical conditions throughout the wellbore. Estimates of corrosion chemistry are
incorporated into available models of corrosion based on the current materials performance knowledge
base. These models assist in development of materials selection guidelinesfor deep and acidic geothermal
wellfluids and identify deficiencies in the current knowledge base. A materials testing program aimed at
resolving these knowledge deficiencies and exploring engineering solutions to the materials selection
problems is described.

10 INTRODUCTION

Deep drilling of geothermal fields can provide (Lichti and Sanada, 1997):

¢ the ability to increase capacity of existing geothermal systems and to do this without the need for
resolving new environmentaland resource ownershipissues (eg Italy and Japan)

o opportunities for extended utilisation of plant having significant residual life after depletion of shallow
reserves through drawdown (eg Ohaaki, New Zealand and Larderello, Italy)

Both deep and shallow geothermal wells which approach intrusive magmatic bodies are being drilled in
many countries (Sanadaet al., 1997). The corrosivity of deep two-phase production fluids is expected to be
greater than that of conventional, shallower reserves because of an increase in temperature and acidity
(Lichtietal., 1997a, Lichti and Sanada, 1997).

Acid wells have been encountered in many shallow geothennal reserves, but production from acidic
geothermal wells is not commonplace. The ability to safely and cost effectively produce such wells will
depend on the well chemistry and the selected corrosion control method. However, the feasibility of fluid
utilisation has been asserted and the factors affecting the cost and risks have been defined (Lichti and
Sanada, 1997). The chemistries of some acid wells encountered in Japan and the Philippines have been
summarised (Sanada et al., 1997). In some instancesthe acidity encountered is believed to reflect the deep
reservoir fluid chemistry, while in other cases the acidity is developed from meteoric water inflow, or a
mixture of the two (Lichti and Sanada, 1997).

It has been argued that the main areas where corrosion control methods will be required in deep and acidic
two-phase production fluids are the wellbore and wellhead equipment where the water phase is handled
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(Lichtiand Sanada. 1997). The steam separated from more acidic two phase well fluids has been described
as being no more corrosive than steam separated from conventional neutral pH fluids (Sato. 1997). although
separated steam samples taken from some acid wells in the Philippines have shown unusually high levels of
chloride suggesting the presence of HCl gas (Maturgo. 1996).

Production from dry steam fields which produce HCI acid gas is successfully achieved in many fields: eg
Geysers (Truesdell et al. 1993). Mesico (Arriaga and Puente. 1993) and Italy (Bracaloni et al. 1995). De-
superheating of steam containing acid gases gives rise to acidc condensate and above ground corrosion
control methods have been developed (Viviani et al.. 1995. Hirtz et al.. 1990. Bell. 1989). Avoidance of
downhole corrosion has been achieved by variations in production practices such as closing some
production levels (Truesdell. 1991). It has been proposed that injection practices which achieve de-
superheating and neutralising of acid condensate in the reservoir. or in the well bore. may also be successful
in controlling acid gas production (Bracaloni et al.. 1995).

Volcanic fumarole and hot spring environments reflect the chemistry of shallow magma-ambient
conditions. Materials exposures in these environments permit predictions of alloy types which might be
suitable for the development of deep and acid wells (Kurata et al. 1994. 1993. Lichti et al. 1997a, 1997b,
Cherng and Wang, 1983)

The successful utilisation of more acidic well fluids will depend on the selection of cost effective corrosion
control methods. The IEA Deep Geothermal Materials Subtask has included a survey of both materials
performance knowledge and acid well fluid chemistries (Sanada et al. 1997). Efforts are under way to add
the materials experience of geothermal developersto the survey. Materials experience in acidic fluids has a
long history, and successes with moderate pH fluids have been recorded (eg Moeller and Cron. 1997).
However. this experience has not been extended to the more acidc fluids having pH less than 3 (due to
HCI) or to acid well fluids where the acidity is due to either SO, or a mix of HCl and SO, (Lichti et al,
1997a).

In this paper we consider the corrosion chemistries that are developed downhole in an acid well at
Mahanagdong in the Philippines and compare these chemistries with those of acidic fluids previously tested
in Japan and New Zealand. The aim of the work is to determine if the materials selection and corrosion
control guidelines developed for HC1 derived acid fluids. and those currently being developed for volcanic
environments. can be applied to the SO.. or mixed HCI plus SO, acid fluids encountered in an actual well.

20 MATERIALS TESTING RESULTS AND AVAILABLE GUIDELINES

The materials testing results and model corrosion mechanisms on which materials selection guidelines can
be based are available for a range of aggressive geothermal fluids (see Table 1).

The resultant database of materials knowledge has some significant deficiencies. One such deficiency is in
fluids where the acidity is from mixed acids and the temperature of the environment is above 100°C. Tests
conducted in natural volcanic environments at atmospheric pressures and temperatures at or below 100°C
provide a guide to material types which might be suitable, but do not provide adequate data for cost
effective materials selection at higher temperatures and pressures. Conducting experimental work in acid
well fluids under pressure is limited by the ability of the chosen wellbore casing and wellhead equipment
materials to safely withstand the production environments for a period of time sufficient to obtain reliable
kinetic results. As most geothermal wells are cased with carbon steels this deficiency is difficult to address.
An alternative to in-situ testing is to evaluate materials and corrosion control methods in laboratory
pressure vessels which aim to simulate the corrosive conditions (Inman et al., 1993).
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Table 1 Corrosion Results Matrix for Non-Aerated Aggressive Aqueous Geothermal Environments.

Environment | Conditions Results Mechanisms | Models Reference
Hot Pool T =100°C, Intermediate Alloy | Passive Potential-pH | Lichti etal..
Non-Aerated, Materials Required, | Films. Pitting | Alloy 1997a
pH=3 Content.
(PRE) Pitting
Resistance
Equivalent
Hot pool T=100°C, High Alloy Acid Potential-pH | Lichti et al..
Non-Aerated, Materials Required. | Dissolution 1997a
pH=1
Acid Well, T =100-200°C, | Intermediate Alloy | Erosion Potential-pH | Sanadaet al..
Flowing Non-Aerated, Materials Required. | Corrosion 1995
Conditions pH=21t03 Alloy Type
(HCI present) Required Depends
on pH.
Autoclave, T =100-300°C, | Alloy Type Acid Potential-pH | Sanadaet al..
Acidified Tap | Non-Aerated, | Required Depends | Dissolution 1995
Water pH= 1to5 on pH.
(HCl added)
High T =223-315°C | High Alloy Acid Potential-pH. | Moellerand
Chloride. Non-Aerated Materials, Chloride Alloy Cron. 1997.
Neutral pH pH=5.8 Titanium Alloys Attack, Content. Fry etal..
C1= 300,000 and Cement Erosionand | Chloride- 1989.
mg/kg Linings Used Pitting Sulfide SCC | Cramer et al..
Corrosion 1983

Corrosion control methods and mechanistic models. developed for natural volcanic and simulated
laboratory environments can only be applied to actual well fluids if the corrosion Chemistries of the tested
and considered environments are comparable. This requires a thorough understanding of the relevant
damage mechanisms and the factors controlling them. The procedure promoted for achieving the required
definition of the corrosion chemistry and for conducting these comparisons im olves:
¢ measurement of produced fluid chemistries
s calculation of the in-plant chemical conditions
« comparison of in-plant conditions with materials lest environments where corrosion performance data
and models of corrosion are available
e simulation of the in-plant corrosion chemistries of these produced fluids in laboratorv tests where the
available materials performance data is inadequate
revision of developed models. or development of new models. describing the corrosion processes
» summary of the model implications in materials selectionand corrosion control guidelines
o testing of preferred materials and corrosion control methods in-plant

Ideally. the corrosion chemistries of the desired plant will be identified first so that tests conducted in
environments which accurately simulate the expected environments. In practice this is difficult to achieve.
particularly if fluid velocity is a significant parameter (Sanada et al.. 1995. Ikeuchi et al.. 1997).

This paper address the first three bullet pints noted above for an acidic geothermal well at Mahanagdong
in the Philippines.

3.0 PHILIPPINE GEOCHEMISTRY PROGRESS
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Geochemistry of acid well fluids from geothermal wells in the Philippines has been the subject of a number
of recent publications (Maturgo, 1996, Salonga, 1996, Dulce et al., 1996, Rosell and Ramos, 1997,
Parrialla et al, 1997, Salonga and Auman, 1997). Downhole pH and sulfur chemistry as a function of
boiling point temperatures weredetermined for a number of wells from different fields (Maturgo, 1996,
Salonga, 1996)and these could be linked to the sulfide minerology of rocks recovered from the acid C1-SO,
wells (Dulce et al., 1996). The produced fluids are characterised as being one of three types (Maturgo,
1996):

s low Cl, high SO, with Na+K>Cl

e high Cl, high SO, with CI>Na+K

e high Cl, high SO, with Na+K>Cl

Equilibrium boiling models of these fluids suggest downhole conditions can be of two types as defined by

Salonga, 1996:

e acid SO,-Cl! fluids dominated by SO, from shallow-formed acid SO,-C1 fluids

e acid NaCl¢+SO,) brine having high dissolved SO, and HSO, (from dissociation of H,SO,) which under
reservoir conditions, give neutral pH and, upon boiling, complete dissociationto SO, gives more acid
pH.

It has been argued that neutral-pH NaCl brines result from long term equilibrium reactions of the acid
NaCl(+S0, brine with reservoir rocks and from the associated mineral deposition (Salonga, 1996). Acid
alteration of rocks with remnants of acid fluids capable of causing severe corrosion of casings in acid wells
was reported in the Cawayan sector of the Bacman field (Rosell and Ramos, 1997).

More recent geochemical modelling of wells at Mahanagdong and Alto Peak (Parrialla et al., 1997)
reaflirmed the models which demonstrate pH decrease on boiling of near neutral pA acid NaCl(+SO,)
brine reservoir fluids which are controlledby the S chemistry. These authors also asserted that the acidity of
the wellhead fluids derived from acid NaCl(+SO,) brine [high CI, high SO4] appears to be dependent on
the presence or absence of magmatic HCl1 in the reservoir. If present, excess acidity from HCI would
control the pH and this would remain unaltered in the boiling fluid models.

40 MODELLING OF WELLBORE CORROSION CHEMISTRY

During production the chemical composition of fluids in the wellbore is governed by the temperature,
pressure and saturation of the two phase fluid.

These physical conditions are routinely calculated using a wellbore simulator. In this work we have
calculated the physical conditions in the wellbore using the GWELL (Aunzo et al., 1991) to estimate
pressure, temperature and saturation as functions of a depth at a representative flow rate. Also calculated
are the liquid and vapour velocities within the wellbore.

If we assume that all chemical species within the wellbore fluid are in equilibriumthen the chemistry of the
fluid is specified by the total concentration of a set of basis species (see Bethke, 1996 for a discussion of
basis species).

Litchner, 1996, has developed conservation equations in terms of total concentration of a basis species and
refers to these as generalised concentrations. Using these ideas the conservation of the basis species within
the wellbore can be expressed by the equations

o, &,

a &

Jj =12« NoPrimary 4))

where
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7, =(Cj + ZS].,.C,-)SL +(ESJ,.C,.)Sg @

gas

‘FJ is a generalised concentration of primary species j , S ji Is the staciometric matrix. 2. representsa
sec

sum over all secondary species, 2. representsa sum over all gaseous species, .5, and S ¢ areliquid and
gas

gas saturations respectively and NoPrimary is the number of primary species in the wellbore. Qj is a
generalised flux defined by

2, =J,+X8;J; +gXasSj,-J,. 3

sec

where

J; = pS¥,C;
J, =p,S8V,C, —i liquid phase
=p,SV,C, —i gasphase

where p,, p, are liquid and gas densities, ¥, and Vg liquid and gas velocities, C ; Is the molality of

primary species j , C; the molality of aqueous secondary species i or the concentration M/(kg of steam))
of a gas species.

If we assume chemical concentrations in the wellbore are at a steady state then equation (1) becomes

a0

24
Py 0 or &; =const.

The value of the constant is determined from the chemistry of the produced fluid. Stated simply, the flux of
any primary species is constant throughout the wellbore. For example, if the total flux of HCOs™ out the top
of the well is 1 mole/sec then it has this value throughout the well (assuming a single feed point and no
deposition in the well)., Note that the total flux of HCOs5™ includes the flux of the HCOs™ ion itself, plus the
flux of any secondary or gaseous species containing that ion. If gas and liquid velocities are identical then

the chemical composition of the fluid can be calculated by setting
Vel

C; =N, /Flow/ (1 - Dryness) C)

where N ; is the measured total flow of primary species j from the well, Flow is the flow rate of the well

and Dryness is the mass fraction of steam in the two phase mixture. The equilibrium speciation of the two
phase mixture is then calculated using the methods of White (1994).
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When gas and liquid velocities are not equal tlus prescription leads to a chemical flux that is incorrect and
C,; must be adjusted by

C, = N,/ Flow /(1 - Dryness) - S_g,og'(V‘g -V, )/ (1-Dryness)>. S,C, /(pV,)
gas

Here the C; are gas phase concentrationscalculated by the equilibriumcode. This reduces the problem of

determining the wellbore chemistry to solving equation (3) so that the generalised flux of each primary
species is constant throughout the wellbore and all species are in equilibrium.

If the well contains only single phase liquid the solution is obtained by setting the total concentration of
each primary species to the amount measured in the produced fluid. Actual concentrations of primary and
secondary species are then obtained by solvingfor equilibrium (eg. Spycher and Reed, 1990, White, 1994).

For a two-phase fluid the situation is generally more complex as the phases may be flowing with different
velocities. In this case an iterative technique that uses equation (5) to adjust concentrationsis used, where
iterations are continued until the species fluxes are correct.

4.1 Example

As an example of this process we have taken the published chemistry of PNOC well MG-9D located in the
Mahanagdong geothermal field in the Philippines (Parrilla et al., 1997). The data for well MG-9D is
reproduced in Table 2.

H SP pH Na [K Jca Mg [re | e |so, [sIo,
kJ/ke MPa(a) 25°C mg/kg

1287 | 0.480 3.1 3117 1950 182 [25 1282 l6175 [3.1 [508 1910
H Sp CO, |HS |NH; |He |H, | Ar [ N, | CH,
kJ/kg Mpa(a) mmoles/100moles steam

1287 10.480 400 [243 [024 |[na ]0.088 [0051 | 12667 [ 0.954

Using the data from Table 2, the wellbore geometry shown in Table 3 and assuming a flow rate of 120kg/s
from the well we have calculated the chemistry over the length of the wellbore. Some of the important
results are shown in Figure 1.

Table 3 Wellbore Geometry for Mahanagdong Well MG-9D (Salonga, 1998). (The wellbore model
assumed a straight well of 1683.4 mVD (Vertical Depth) with the casing diameter changes at the stated
values of VD, rather than MD (Measured Depth)).

Well Depth Casing Size and Depth Reservoir Temperature
1940.4 mMD 207 109 mMD CHF 289°C
1683.4mVD 133/8” 689.8 mMD 1663.9mVD

9518 1433.5mMD / 1279.2mVD

75/8 1934.4mMD / 1678.2mVD
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5.6 POTENTIAL-pHR MODELS FOR STATIC CONDITIONS

The calculated wellbore chemistry was used to model the potential for formation of passivating films on
carbon steel bore casing material using potential-pH Pourbaix diagrams. Figures 2 to 5 were prepared for
the conditions defined in Table 4 and for the Fe-S-H,O system at 300, 250, 200 and 150°C and show
corrosion product stability as a function of temperature of the produced fluid and water chemistry. The
Pourbaix diagrams for these environments can be compared with those prepared previously for volcanic hot
pools (Figure 6), HC1 type acid wells (Figure 7) and for HC! laboratory test fluids (Figure 8) for which a
database of materials results is available.

The diagrams were prepared using thermodynamic data from Cobble et al., 1982 and considering the
stability of the following crystalline (c) and aqueous (aq) species; Fe(c), Fe™(aq), Fe"™(aq), Fe,0s(c),
Fe;04(c), Fe(OH)*(aq) Fe(OH),(aq) Fe(OH)s (aq), S(¢). FeS(c), FeSy(c), HoS(aq), HS(c), HSO4 (c), SO4”
(@g). The models presented in Figures 2 to 8 are for static conditions where long term equilibrium is
acheved. Areas depicting expected corrosion potential range in Figures 2 to 5 were selected based on
measured values in volcanic hot pools, Figure 6 (Lichti et al., 1997a). Verification of these in pressure
vessel trials or on-site corrosiontests is required.

) ¢ 0 0
-200 200 -200 -200
-400 -40 -400 400
-600 -60¢ -600 -600
E -800 E -8x E 00 3 800
% i o 3
& 1000 8 -tox & 1000 £ 1000
-1200 -120¢ -1200 -1200
-1400 -1d0C 1400 -1400
1660 -160¢ <1600 -1600
-180 1808 -1800 -1800 - .
18q 200 250 7 8 9 1 0 : 11072 s10"2
Temperature" C tal aqueous Sulphur P H; (Bars)
mM/keg

Figure 1Resultsof Wellbore Chemistry Modelling. The Solid Circles Represent Values Obtained for Liquid
at 300" C.

Table 4 Physical and Chemical Conditions of Wellbore SimulationUsed for the Preparation of Potential-pH
Pourbaix Diagrams for Mahanagdong MG-9D
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Well CasingDia | Temp | Total Sin | Total Fe | p(H>) pH Figure

Depth water in water Number

mVD °C mol/kg mol/kg bar(a)

0 20" 0.5080m | 150 5.6x10° | 5.0x10° | 1.4x10° 287 |5

712 9 5/8" 200 5.5x10° | 4.0x10> 1.5x10° 329 |4
0.2445m

1404 7 5/8" 250 5.5x10° | 4.0x10° | 1.1x107 379 |3
0.1937m

- Reservoir 300 8.0x10° {3.5x10° | 4.4x10™ 423 12

6.0 DISCUSSION

6.1 Comparison of Theoretical models and Prediction of Corrosion Kinetics

The potential-pH Pourbaix diagrams developed for Mahanagdong well MG-9D (Figures 2 to 5) show the
following:

Reservoir conditions at 300°C may promote formation of iron sulfides (Figure 2) which have been
shown under lower temperature conditions to provide protection to the underlying steel and low,
acceptable corrosion rates of carbon and low alloy steels. The estimated pH and corrosion potential
ranges are well within the stability areas for the formation of protective iron sulfide corrosion products
(see forexample Lichti et al., 1997¢).

The models predict that at 250°C the concentration of S species in the water phase is decreased by
boiling and resultant phase separation. The effect on phase stability of the iron sulfide corrosion
products (Figure 3) is not dramaticin comparisonwith the diagram for 300°C (Figure 2). However, the
pH of the water is decreased which moves the apparent equilibrium position for exposed iron towards
and into the Fe™ region of the diagram where the risk of free corrosion is increased.

Further decreases in temperature as the two phase fluid moves up the well again give little change in the
stability areas of the iron sulfides (Figures 4 and 5) however the continuing decrease in pH moves the
estimated corrosion potential area below the lower pH limit for FeS (Figure 5) and into the region of
Fe'™ where free corrosion is predicted.

Sulfur stability is predicted at low pH values at the lower temperatures (Figures 4 and 5). The kinetics of
S formation have not been investigated. If S is formed the corrosion rates would be expected to increase
further (Schaschl, 1980).

Comparison of the diagrams prepared for Mahanagdong with those reported previously by Lichti et al,,
1997a, for White Island hot pools at 100°C (Figure 6), flowing acid wells in Japan (Figure 7) and simulated
acidic test environments in Japan (Figure 8) suggests that:

Under static or low flow fluid conditions, carbon steel in MG-9D carbon steel may experience similar
corrosion processes as in the pH 3.8 Black Pot hot pool (compare Figure 5 with Figure 6). In this hot
pool, carbon steels formed passive films but pitting corrosion was observed and corrosion rates were as
high as 1.5 mm/year (see Figure 9).

Under flowing well conditions at pH 3 (Figure 6) in Japan, (Sanada et at., 1995) corrosion rates of
carbon steels were up to 7 times greater then in static laboratory pressure vessel trials characterised by
the diagram of Figure 7. This suggests that under flowing conditions the iron-based welibore materials
(Figures2 to 5) may be susceptibleto corrosion if turbulence is significant.

Figure 9 illustrates results of a previous comparison of kinetic results obtained from laboratory trials
with kinetic results from White Island hot pools at 100°C. The simulated fluidsused in the taboratory
trials (Pourbaix diagram of Figure 8) gave comparable or lower corrosion rates to those obtained in the
hot pools (Pourbaix diagram of Figure 6). The laboratory trials give good alloy performance ranking at
100°C but comparable high temperature data is not available for actual wells.

206



Iron-Sulfur-Water
- T=3000C

Line {a} HafH*:

—N—30~+0T]
-

o
T

t— Estimated
[ Corrosien
 Potential

¢ Range

MIP v Wm=pe
1
)

_2' TR S T TR E SH-TRU SRV |

Total S = 8.0x16°3 molfkg
Total Fe = 3.5x10"3 molfkg

pMHy) = 4.410°1 atm
pHlreservoir) = 4.23

¢ . z 4 6 8 1o iz

Figure 2 Potential-pH Pourbaix Diagram for
Single Phase Reservoir Entry Fluid Conditions at

300°C for Mahanagdong Well MG-9D.

[ lron-Sulfur-Water
:— T=25600C

Figure 3 Potential-pH Pourbaix Diagram for
Produced Wellbore Water Phase Conditions at

250°C for Mahanagdong Well MG-9D.

P
a Total 5 = 5.5x103 moljkg
,l, 1 Total Fe = 4.0x10-3 mol/kg
it Line (a} HptH*:
! plHa) =1.1x1074 atm
a
1 ;_.‘ pHiwater} = 3.79
v 0 [ (a -i =
o L[ HS04 ' 304
| 2 1
t F6203
s
v r
s _1| Estimated
s | Corrosion
H [ Potential Fe P
I Range Hy8 HS
: 4 ] vl 1 1 ll 1 ]
) 2 4 3 8 10 12

207

s Iron-Sulfur-Water

- T=2000C

F Total S = 5.5x10°3 molfkg
Total Fe = 4.0x1073 moljkg
Line {a) Hy/H*:

pHs) = 1.5x10°5 atm
pHwater) = 3.29

—_—D = » @~ OY
-
1

o

v

(2]

1

t F8203

S

; 1 ; Estimated

s [ Corresion Fe

E [ Potential
E_Range HpS!HS

-2 [ N S I | ..: | I T T 1
8] 2 4 6 8 10 1z 14
\ PH

Figure 4 Potential-pH Pourbaix Diagram for
Produced Wellbore Water Phese Conditions at
200°C for Mahanagdong Well MG-9D. Note S
stability area extendsto pH = 0.84.

Iron-Suliur-Water
T=1500C
Total § = 5.6x10"3 moljkg
Total Fe = 5.0x10°3 molfkg
Line (a) HpH*:
- PiH2) =1.4x10°6 atm
4 pH[water} = 2.87

—WemsoE~0Y
-
T

Estimated

MIMN W& Wm=pe
o

~ Corrosion Fe
Potential Fe{0 5
- Range [
[ HzSIHS
_2' P L L 1 L
0 2 4 6 8 10 12 la
pH

Figure 5 Potential-pH Pourbaix Diagram for
Produced Wellbore Water Phase Conditions at
150°C for Mahanagdong Well MG-9D. Note S
stability area extends to pH = 2.65.



—W @ ~0 T

1T V& W~r=pne

Figure 6 Potential-pHPourbaix Diagram for White

2
r Iron-Sulfur-Water
T=100°C
L Black Pot Diagram
- on= Total S = 6.8x1073 molfkg
f H804 S04 oo e - 2.1x10-T molikg
Pool #13a [
- Total 8 =0.119 molfkg
5N Total Fe = 1.3x10°Z malfkg
TR HoiH* line
0 r 0 JlalplHa) = 106 atm
' ¥ Fe S ... Fe203
b T H STy -
[ Pool BlackPot ;
aF :
P #13a HpS | HS™ S
r ; Ft:[OH]3

Island Hot Pools at 100°C (Lichti et al., 1997a).
Potentials indicated based on measured values.

—Q e @D

MIM v V~=0«

LI N o e

: Iron-Sulfur-Water
: T=1000C
: Onikobe Diagram
_ Total § = 3.5x10°1 moltkg

S04 Total Fe = 3x1073 moljkg
HatH* line

(a)p(Hz} = 184 atm
¥ =pH range tested
estimated potential

Figure 7 Potential-pH Pourbaix Diagram for
Onikobe Acid Well no 105 separated water, T =
100°C (Lichti et al., 1997a).

208

: X
\ =pHvalues tested
| Fett estimated potentials

Tap Water Solid Species
Iron-Chloride-Water

Total €I = 1.4x10°3 moitkg

1 Fe+++
5 T =100°C
t
e 1
nor
t L
i
a L
-fal
v 0
O
[}
t
s
v
5
S
H
E

Figure 8 Potential-pHPourbaix Diagram for
Simulated Acid Well Fluid for Fe-Cl-H,O having
Cl = 1.4x10” mol/kg, T = 100°C (Lichtiet al.,

1997a)
1000%
P White Island
Pooldlgn Black Pot
6.6 and 1 hour results 39 day results
| pH=1 pH=38
Rt ¥ _
12Cr ® J55/SS400 = 304
*1Cr0.26Mo = 316L
4225Cr-1,0M09 Z361-6Ni
13Cr O6Crd6Mo D 26Cr&NI
10 ©8Cr-1Mo © 25Cr-TNI T
- 225Cr-1.0Mo) . 12¢r1.0Mo & 8251800
> »13Cri23Cr x C276
'E —430 oTi
E | 0 630/ 690 + 45TM # L80
- 1§ 7 ?O
3 . 5400
SWA
§ i J55 A9AW
c NSO} asThe
S o1
E iCr
6Crl  La3cr
8 23Cr-
= ger SAY
0.01 -1
304
b &%
0.001 ¢ b - . . A°
1 2 3 4 5 38
pH

Figure 9 Corrosion Data for Simulated Acidic
Fluids at 1060°C with data for White Island Hot
Pools added for comparison. (Lichti et al., 1997a).



6.2 Influence of Well Flow and Turbulence

The influence of flow rate on corrosion in HCI acidified solutions has been partially evaluated (Sanada et
al.. 1995)in laboratory and field trials. Recent modelling of the fluid flow conditions in geothermal wells
at Kakkonda. Japan. has suggested a tendency to high wall shear stress under conditions of slug flow
(Ikeuchiet al., 1997). Well turbulence effects as demonstrated by these authors have not been considered in
the wellbore simulations done in this work.

The relation between well turbulence and corrosion rate must be further evaluated. Data for fluids having
HCI acidity is well defined (Sanada et al 1995) and indicates dramatic increases in corrosion under
turbulent flow conditions. Additional trials are required to elucidate the corrosion properties of both static
and flowing fluids having SO, acidity and HC! + SO, acidity, particularly at temperatures above 100°C (see
Table 1).

6.3 HCl, SO, and HCI +S0, Acidity

Determining the presence or absence of HCI acidity is a significant problem in defining the type of acid
fluids present in a well producing two phase fluid. Models of the type developed here and by others depend
on the as analysed chemistry of separated steam and water samples. Waters having C1 > Na + K may
indeed have some HCI acidity but this is difficult to verify. The presence of HCl gas in steam samples can
be inferred from an analysis of chloride in the formed steam condensate. Significant levels of chloride are
seldom seen in steam samples separated from two phase fluids unless the separation is less than desired. If
chloride is seen. it 1s often attributed to steam phase solids transport or water droplet carryover. HCI acidity
has. however. been asserted for some reservoir conditions and is readily identified in volcanic fumarole
environments.

Chloride was not reported in the separated steam analysis results presented by Parrilla et al., 1997. for well
MG-9D. but an earlier publication by Maturgo. 1996 indicated Chloride was present at 14 mmol/100 mol
steam. This is at the low end of results provided by Maturgo, 1996, for a number of samples collected from
acid wells in the Philippines (11 to 105 mmol/100 mol steam). HCI gas is, however, readily soluble in
water and it is difficult to argue that gaseous HC1 was present in the two phase fluid.

If the argument against HCI gas being present in the steam is set aside and the chloride is assumed to arise
from the presence of HCI gas then the model can be altered to add HCI to the well fluid. Addition of 10and
100 mmol/100 mol steam to the wellbore chemistry model results in the water phase at 150°C having pH’s
of 2.6 and 1.8respectively. Inclusion of HCI results in a low pH throughout the wellbore where the acidity
is controlled primarily by the HCI and not the sulfur chemistry. This aspect is to be further modelled after
resolution of the meaning of the reported chloride in the steam phase.

Corrosion kinetics observed for metallic specimensexposed in a hot pool at pH = 1 (see Figure 9) on White
Island, New Zealand (Lichti et al., 1997a), suggest mixed acidity attributable to HCl + SQ4 gives higher
rates of corrosion than solutions acidified only with HCI (Sanada et al., 1995). The White Island results
are. however, limited to readily corroded materials and high alloy materials have yet to be tested in the
mixed acid. pH 1 hot pool. Tests on White Island are also limited to naturally formed, atmospheric
pressure hot pools at @ maximum temperature of 100°C. Higher temperature work with HCI + SO, acidity
has not been done.

6.4 Corrosion Control Options and Future Testing
Process and plant options for acid wells will depend on materials performance. The above models indicate

that the primary areas where SO, acidity is encountered will be in the upper sections of the wells and at the
wellhead where the pH is lowest and the influence of turbulence may be significant. Two approachesto the
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selection of process and plant for these locationsare available (Lichti and Sanada, 1997):

e to use more resistant alloys for bore casing and wellhead equipment together with small sized separation
or heat exchange plant close to the wellhead and immediate treatment and reinjection of the spent fluid

e downhole corrosion control by either dilution or inhibition of the acidic fluids to permit the use of
carbon steels, or less expensive stainless steels, and ideally the beneficial effects of this corrosion control
would continue to be effective as the heat energy is extracted from the produced fluid and reinjection is
acheved.

Lichti and Sanada, 1997, proposed a series of tests aimed at finding methods for controlling casing

corrosion problems in liquid dominated acidc systems. It was suggested that the preferred casing material

would be carbon and low alloy steels unless acidity could be predicted whle dnlling. This requires:

o development of monitoring methods for candidate alloy materials tests downhole

o laboratory trials to determine if pH control and application of inhibitors are suitable techniques for the
control of corrosion of carbon and low alloy stainless steels in the pH range 2 to 4 at temperatures up to
200°C

¢ downhole field testing of alternative casing materials, pH control options and candidate inhibitors.

7.0 CONCLUSIONS

Production of geothermal fluids having neutral to moderately acidic pH has historically been achieved using
low carbon steels. Attempts at production of acid SO,-Ci jluids and acid NaCl(+S0O, brines having pH
less than 4 have not been successful in the Philippines due to corrosion of the bore casing steels and
wellhead equipment. Models of the wellbore chemistry using a boiling fluid approach had previously
demonstratedthat at reservoir condtions the fluids can be near neutral pH, but on boiling there is a change
in the S chemistry and a decrease in bore water pH which limits the useful life of carbon steels due to
corrosion.

Application of a wellbore simulator has further optimised the chemistry models to give a measure of
produced water chemical conditions throughout the wellbore. This chemistry was used to prepare potential-
pH Pourbaix.diagrams for the Fe-S-H,O system at a range of temperatures throughout the producing well.
The chemistry and developed diagrams suggest that corrosivity of the fluids will increase and the sensitivity
to erosion corrosionwill increase because of the decrease in pH.

The current progress with the wellbore simulation and corrosion process modelling provides guidelines for
planning of corrosion experiments designed to determine the feasibility and optimal conditions for using
pH adjustmentand inhibitors for the control of corrosion in deep and acidic, two-phase geothermal wells.
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