Corrosion Experiments In Dry
Superheated Steam From IDDP-1

Kolbrún Ragna Ragnarsdóttir

Faculty
Faculty of
of Industrial
Industrial Engineering,
Engineering,
Mechanical
Mechanical Engineering
Engineering and
and Computer
Computer Science
Science
University
University of
of Iceland
Iceland
2013
2013

CORROSION EXPERIMENTS IN DRY
SUPERHEATED STEAM FROM IDDP-1

Kolbrún Ragna Ragnarsdóttir

60 ECTS ECTS thesis submitted in partial fulﬁllment of a
Magister Scientiarum degree in Mechanical Engineering

Advisors
Sigrún Nanna Karlsdóttir
Fjóla Jónsdóttir
Faculty Representative
Ragnheiður I. Þórarinsdóttir

Faculty of Industrial Engineering, Mechanical Engineering and
Computer Science
School of Engineering and Natural Sciences
University of Iceland
Reykjavik, January 2013

Corrosion Experiments In Dry Superheated Steam From IDDP-1
Corrosion Experiments In IDDP-1
60 ECTS ECTS thesis submitted in partial fulﬁllment of a M.Sc. degree in Mechanical Engineering
Copyright © 2013 Kolbrún Ragna Ragnarsdóttir
All rights reserved

Faculty of Industrial Engineering, Mechanical Engineering and Computer Science
School of Engineering and Natural Sciences
University of Iceland
Hjarðarhagi 6
107, Reykjavik, Reykjavik
Iceland
Telephone: 525 4700

Bibliographic information:
Kolbrún Ragna Ragnarsdóttir, 2013, Corrosion Experiments In Dry Superheated
Steam From IDDP-1, M.Sc. thesis, Faculty of Industrial Engineering, Mechanical
Engineering and Computer Science, University of Iceland.

Printing: Háskólaprent, Fálkagata 2, 107 Reykjavík
Reykjavik, Iceland, January 2013

To Árni and Gabríel

Abstract
e IDDP-1 well in Kra a is the rst of its kind in the world because of the high temperature
(450∘ C) and pressure (120 bar) of the dry superheated steam containing H S, CO , HCl and
HF gases. When the steam condenses it becomes highly corrosive. e studies in this thesis
were performed to increase the knowledge of corrosion resistance and lifetime of diﬀerent
materials in the steam from the IDDP-1 well to be able to utilize it for power production.
e results showed that the nickel 625 and titanium grade 7 alloys gave the best performance
in the IDDP-1 steam. Of the stainless steel materials 254SMO gave the best results and can
probably be used in the steam at temperature of 350∘ C and low pressure. Low carbon steel
can be used in the IDDP-1 steam at 350∘ C at low velocity if there is no risk of condensation
taking place. e stainless steel Sanicro 28 showed poor performance in the steam as well as
the well-known austenitic stainless steels 304L and 316L which showed SCC in the constantdeformation test at both strain levels and should not be used in the IDDP-1 steam. Ceramic
lined carbon steel pipes are probably not suitable for the high temperature and pressure from
the IDDP-1 well. Erosion corrosion occurred to a high degree in a carbon steel pipe for high
velocity ow (90-100 m/s) and to some extent at the lower velocity (40-50 m/s). Erosion
eﬀects were evident in the stainless steel pipes as well but to little extent. Results showed
that a direct use of a heat exchanger without prior removal of particles from the steam is
possible regarding corrosion and depositions in the pipes. All the specimens tested in the dry
superheated steam are corroding to some extent which indicates that some substance in the
steam is causing the corrosion and should be subject for future research.

v

Útdráttur
Háhita djúpborholan IDDP-1 í Krö u er fyrsti sinnar tegundar í heiminum vegna hás hitastigs
(450∘ C) og þrýstings (120 bar) þurru y rhituðu gufunar sem inniheldur H S, CO , HCl
og HF gös. Þegar gufan þéttist verður hún mjög tærandi. Rannsókninar í þessari ritgerð
voru framkvæmdar til þess að auka þekkingu á tæringarþoli og líftíma mismunandi málma í
gufunni frá IDDP-1 holunni til þess að hægt sé að nýta hana til orkuframleiðslu. Niðurstöður
sýndu að nikkel melmið 625 og títaníum gerð 7 gáfu bestu niðurstöður úr IDDP-1 gufunni.
Af ryðfríu stálunum gaf 254SMO bestu niðurstöðurnar og er líklega hægt að nota í gufunni
við 350∘ hitastig og lágan þrýsting. Niðurstöðurnar benda til þess að svart stál sé nothæft í
IDDP-1 gufunni við 350∘ C og lágan hraða ef það er engin hætta á að þétting eigi sér stað.
Ryðfría stálið Sanicro 28 sýndi slæma frammistöðu í gufunni. Vel þekktu austenitic ryðfríu
stálin 304L og 316L sýndu spennutæringu í fastri-a ögunar pró nu á báðum spennu stigum
og ættu því ekki að vera notuð í IDDP-1 gufunni. Keramik fóðruð svört stál rör henta líklegast
ekki fyrir háa hitann og þrýstinginn úr IDDP-1 holunni. Mikil slittæring átti sér stað í svarta
stálrörinu með háum hraða (90-100 m/s) og að einhverju leyti með lægri hraða (45-50 m/s).
Slit áhrif voru til staðar í ryðfría stálinu en að litlu leyti. Niðurstöður sýndu að mögulegt er
að nota varmaskipti beint án þess að skola burt agnir úr gufunni þegar horft er til tæringar og
útfellinga í pípunum. Öll sýnin sem prófuð voru í þurru y rhituðu gufunni eru að tærast að
einhverju leyti sem gefur til kynna að eitthvað efni í gufunni er að valda þessari tæringu sem
er efni til frekari rannsókna.
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1. Introduction
Geothermal energy is a renewable source of high temperature resources that are found in
volcanic regions in the upper parts of the earths crust, approximately 1-3 km from earth
surface. e high volcanic activity in Iceland is a result of its unique location on the MidAtlantic Ridge which is a divergent tectonic plate boundary. Because of tectonic activity and
fracturing in the crust, water from the surface is able to travel below the earths surface and
come in contact with magma and become very hot. A typical Icelandic geothermal well is
drilled down to 1500 - 3000 meters to gather the hot uid and ash into steam. e steam is
used to produce electricity. Most geothermal wells in Iceland have a maximum temperature
around 250-280∘ C.
Geothermal wells within the same high temperature geothermal area can be quit diﬀerent,
some experiencing corrosion problems while others do not. e main factors that aﬀect corrosion, hydrogen embrittlement (HE) and sulphide stress cracking (SSC) are; acidity (pH) and
chloride concentration of the liquid; the concentration of dissolved non-condensable gases in
geothermal steam; and temperature of the geothermal well.
e Icelandic Deep Drilling Project (IDDP) was formed as a geothermal exploration and technology development program to investigate the roots of the geothermal system in Iceland. e
goal was to drill down to 4-5 km in order to nd 400-600∘ C supercritical uid. is makes
it possible to increase the power output of the well signi cantly compared to what is possible by todays typical sub-critical mixture of steam and water production wells (Friðleifsson,
Albertsson, & Elders, 2010). For generating electric power the uid in the IDDP has two
advantages over a conventional well. High enthalpy which generates higher power output per
unit mass and high pressure which keeps the density of the uid high, thus contributing to a
high mass- ow rate (Albertson & Bjarnason, 2003).
e IDDP-1 well in Kra a is the rst of its kind in the world. e well was drilled in 2008
and 2009. However, the drilling was stopped when the rig hit magma at about 2100 m depth.
e steam produced by the well is a superheated steam and is considered a good candidate for
power production (K. Einarsson et al., 2010). e ow test from the IDDP-1 well showed
it is the hottest producing geothermal well in the world. Usually when uid is superheated
the corrosion should be limited but when the superheated steam is condensed it will become
corrosive. is makes the uid unsuitable for direct use with turbine. Wet scrubbing testing
was done in 2011 to see if undesirable chemicals could be washed out from the steam, so it
can be used safely with a turbine. e testing was successful and further testing was planned
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but in July 2012 the wellhead started to leak. When safety measurements were set in motion
it became clear that neither of the two safety valves on the wellhead were operable. In light of
this the well was killed by dumping cold water down it, the casing was damage in the process
and the well is not operable at the moment.
Before the IDDP-1 well was killed a series of pilot tests were performed to explore how the
steam could be utilized. is included corrosion tests for diﬀerent materials which were exposed to the superheated acid steam in order to determine which materials best withstand
the environment from the IDDP-1 well. ese corrosion experiments were connected to the
wellhead which was under superheated owing conditions. ese experiments are crucial for
further deep drilling projects and future utilization of the reservoir in Kra a. e following
studies were made:
• Test the eﬀects of erosion corrosion in materials by connecting pipes of diﬀerent materials in series to the wellhead and allow the dry superheated steam to ow through.
is test will herein be called erosion corrosion experiment.
• Test if the superheated steam can be utilized by direct use to a heat exchanger without
prior removal of HCl, silica and sulfur particles from the steam. e test was designed
to simulate condensation and corrosive conditions in the heat exchanger when the superheated steam cools down and condenses. is was done by connecting 5.5 m long
pipes of diﬀerent materials in parallel and let the steam ow through and condense.
is test will herein be called heat exchanger experiment.
• Test corrosion resistance of diﬀerent materials in the dry superheated steam by evaluating mechanical properties such as hydrogen embrittlement, stress corrosion cracking
and corrosion rate. Specimens were placed on a specimen holder and put in a 500 mm
pipe that was in use. is test will herein be called corrosion coupon experiment in dry
superheated ow.
e contribution of this thesis is testing and analysis of samples from various types of materials
in the superheated dry steam from the IDDP-1 well in Kra a. Various studies have been made
in wells in the Kra a area in the last 3 decades. e extremely high temperatures and unique
chemical properties of the steam from the IDDP-1 well make this study unique in its eld.
e contributions of this thesis are analysis of the following:
• What triggers erosion and erosion corrosion of materials in the IDDP-1 steam.
• How erosion and erosion corrosion aﬀects various types of materials in the steam.
• How the materials performed when the steam condensed.
• How silica deposits aﬀects the corrosion rate of the materials.
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• How the materials performed in the dry superheated steam without condensation, both
stressed and unstressed samples.
• How diﬀerent corrosion mechanisms formed in the materials in the steam.
In Chapter 2 the Icelandic Deep Drilling Project well IDDP-1 is introduced. is includes
an overview of the Kra a area and how drilling proceeded for the IDDP-1 well. Chapter 3
introduces diﬀerent types of corrosion. Methods and equipment for the corrosion analysis is
detailed as well. e decisions for the material selection of the experiments in this thesis are
covered in Chapter 4. Chapters 5, 6 and 7 detail experimental setup, results and discussion
of the erosion corrosion, heat exchanger and corrosion coupon experiments, respectively. e
thesis is concluded in Chapter 8 with discussion and summary of the experimental results.
Moreover, future work is proposed for better success for utilization of superheated steam.
e work carried out for this thesis was also a part of a corrosion study done for Landsvirkjun
by the Innovation Center Iceland (ICI), Ásbjörn Einarsson verkfræðiþjónusta and Verkís.
e examination and analysis of the materials and deposits described in this thesis is done by
myself.
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2. The Icelandic Deep Drilling
Project (IDDP-1)
In this chapter the Kra a area in which the IDDP-1 well lies will be discussed. e IDDP-1
well and wellhead design are presented as well as the chemical properties of the dry superheated
steam from the well is presented as well.

2.1. The Kraﬂa geothermal system
Kra a is a high temperature geothermal system located in the North-Eastern part of Iceland.
In the Kra a area there is an active volcano with a caldera and a magma chamber at 5-8 km
depth (P. Einarsson, 1978). e heat in the system originates in the magma chamber. e area
is placed over the Mid-Atlantic Ridge which makes it highly volatile. e combination of a
magma chamber and its placement on the ridge make the area suitable for energy production
by utilizing the high temperature geothermal energy.
e area has been studied for over 35 year and has been divided into sub- elds: Leirbotnar,
Suðurhlíðar, Hvíthólar, Vesturhlíðar, Leirhnúkur, Vestursvæði and Sandabotnar (Ármannsson
et al., 2012). e geothermal system is dependent on the volcano activity of the area. e
chemical properties of the reservoir can change after a volcanic eruption. e composition of
the geothermal uids depends on its origin (recharge), volcanic activity, water-rock interaction, boiling in the reservoir and the input of magmatic gases (Ármannsson et al., 2012). e
chemical composition is complicated and it may be noted that of the 22 wells which have been
sampled no two uids have the same chemical composition (Ármannsson, Gudmundsson, &
Steingrímsson, 1987). e volcano activity is episodic and historically occurs every 250-1000
years lasting 10-20 years each time. e last eruption period in the area was in 1975-1984
with 21 magmatic and tectonic events as well as 9 eruptions (Björnsson, 1985). Figure 2.1
shows the Kra a geothermal system.
Due to how recently the volcano erupted makes the area an ideal location for utilization of
geothermal energy. e IDDP-1 well was drilled in the sub- eld Leirbotnar. All the elds
in Kra a contain diluted waters close to neutral pH (Ármannsson et al., 2012). If the pH
level goes below the neutral level (pH of 7) the uid becomes acidic and more corrosive as a
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Figure 2.1: e Kra a area, showing the magma chamber and chemical compositions at diﬀerent
depths. e pink lines show the wells that have been drilled in the Kra a area.
Source: (Ármannsson et al., 2012)

result of the increased amount of hydrogen ions (Karlsdóttir, 2012). e sub- eld Leirbotnar
is divided into an upper and lower zone, from 1000 to 1400 depth (Ármannsson, 2010). e
upper zone is mainly liquid dominated with a temperature of 190-220∘ C, sulphate is the
major anion in the uid in this zone. Hydrogen sul de (H S) is one of the main reasons for
corrosion in steel and alloy materials in geothermal systems (Karlsdóttir, 2012). e lower
zone is a two-phase system which has a temperature about 300°C (on the boiling point curve),
chloride is the main anion in the uid in this zone. It has been suggested that there may be
a brine pool from which hydrogen chloride (HCl) is boiled. When HCl saturates with water
it form hydrochloric acid which is highly corrosive (Hjartarson et al., 2012). e chloride
(Cl) anion can increase uniform corrosion and cause local breakdown of passive lms on the
metal surface and cause localized corrosion such as pitting or crevice. e presence of acidic
uids in the Kra a geothermal system has caused problems for utilizing the deeper parts of
the system.

2.2. The IDDP-1 well design
e Icelandic Deep Drilling Project initially intended to drill 3 wells which were to be located
in Kra a, Hengill and Reykjanes. ese speci c geographical locations were selected because
they lie on an active volcanic systems on the Mid-Atlantic Ridge through Iceland. Initially
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a well was drilled in Reykjanes but that well was abandoned because it collapsed during a
ow test and became blocked. After that incident the project was moved to Kra a to attempt
drilling into the supercritical conditions in Kra a reservoir.
Drilling for the IDDP-1 in Kra a started in summer of 2008, the rst 800 m were drilled
and cased. Drilling proceeded in Mars 2009 and the plan was to drill down to 4.5 km depth.
Drilling was problematic the whole time but around 2100 m depth a quenched rhyolitic glass
(obsidian) returned to the surface from the drill. It was clear that the rig had drilled into to
magma (Friðleifsson et al., 2010). e drilling was stopped but luckily the well had been
cased at a depth of 1949 m due to earlier drilling problems. e nal depth of the well is
2072 m with the production casing down to 1949 m depth (Ingason & Albertsson, 2010),
see Figure 2.2. TN-95 was used in the anchor casing, which is a type of carbon steel that
contains 0.45% Mo and 1% Cr.
e uid in the reservoir is supercritical, as it travels up the well the uid becomes superheated
due to pressure drop. e wellhead had to be specially designed to withstand great temperature
and pressure. KJ-36 and other wells in Kra a showed damages in the slotted liner due to HCl
dew-point corrosion. Because of this the corrosion resistance of the IDDP-1 wellhead is
improved by cladding the wellhead with weld overlay of stainless steel or 16Mo3 steel. e
wellhead is designed for a maximum temperature of 470∘ C, pressure of 18 MPa owing and
a pressure of 22 MPa shut-in (orhallsson, Palsson, Hólmgeirsson, Ingason, & Matthíasson,
2010). e uid sampling program was initially designed so that measurements tools may
be descended into the well but it was scaled down so that all the equipment would be on the
surface instead, where costs are lower and problems that may come up can more easily handled
(Friðleifsson et al., 2010). A special high pressure steam-liquid separator was designed for the
IDDP-1 project to obtain ow samples from the wellhead (Ingason & Albertsson, 2010). See
schematic diagram of the IDDP-1 wellhead in Figure 2.3.
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Figure 2.2: e well design of
the IDDP-1 in Kra a.

Figure 2.3: e wellhead design of the IDDP-1 in Kra a,
during the ow tests.

Source: (Ingason & Albertsson, 2010)

Source: (Ingason & Albertsson, 2010)

2.3. Discharge testing period
e drilling started in summer of 2008 and was nished in March 2009. e well was discharged March 23rd 2010 and ow tested several times. When the steam was a two-phase
ow samples were gathered from the well uid and used to characterize the chemical composition of the uid. Soon it became clear that the well was powerful and the hottest geothermal
well in the world (Hauksson et al., 2012).
e stress history of a geothermal well is important, from when it is being drilled to when
it becomes operational. e stress history of the lining can be used to evaluate known stress
cases that may occur in the life cycle of the well which can be used to prevent them. e life
cycle of the well can indicate how often the well can be cooled down before damaging the
lining. Studies have indicated that there is more risk of damaging the lining when the well is
being cooled down rather than when it is being heated up (Karlsdóttir et al., 2010). When
the well is being ow tested it can result in corrosion of the casing or because solid deposition
in the aquifer or the wellbore (Albertson & Bjarnason, 2003).
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At rst, the steam was saturated. Actions were taken to get the steam into superheated state
and the well was discharged again in May 11th 2010. It took 3 weeks to reach the goal of 20∘
C superheat (Þorbjörnsson, 2010; Mannvit, 2010). After the steam reached superheated state
a hole appeared in a valve used for sampling. e valve and the bends were sent to the ICI
for analysis. e analysis showed indication of erosion corrosion in the bend. is prompted
a decision to further test erosion corrosion in diﬀerent materials in the superheated steam
from the well and a preliminary coupon corrosion test. e preliminary coupon corrosion
test specimens were placed in the superheated steam output with the same temperature and
pressure as from the well (350∘ C and 40 bars). e specimens were placed in the steam
June 19th 2010 and removed August 10th 2010. Due to the preliminary coupon results it
was decided to do further pilot studies to explore the possibility of utilizing the steam. is
involved wet scrubbing experiments and diﬀerent corrosion experiments further described in
the following chapters.
e well was discharged in September 2011 to start the scrubbing experiments. e superheated steam in the IDDP-1 well contains HCl and HF acid gases that are highly corrosive
when condensed. erefore the scrubbing tests were performed to see if the particles could
be cleaned from the steam. Several scrubbing experiments were made. First 10 experiments
were performed by scrubbing with alkaline brine from the separator, 4 experiments by scrubbing with condensate and alkali, 5 experiments by scrubbing with ground water and alkali
and a 14 days experiment with separator water. e result was that the acid gas in the steam
could eﬀectively be scrubbed from the steam with brine, condensate or could ground water
and that the silica particles in the steam could eﬀectively be washed away with wet scrubbing
(Hauksson et al., 2012).
In early 2012 the experiments for the erosion corrosion, heat exchanger and corrosion coupon
test were done. e analysis of the specimens from these experiments are reported here and
the corresponding results.

2.4. Chemistry of the IDDP-1 steam
e wells in the Kra a area are similar. ey all come from the same heat source. To estimate
the chemistry of the IDDP-1 well before it was drilled, results from the nearby wells were
researched. e KG-12 well was the rst dry steam well in Kra a. It was drilled in 1978.
e steam contained substantial amount of hydrogen chloride. When the hydrogen chloride
condenses it turnes into hydrogen chloride acid which caused severe corrosion and erosion
corrosion in metals used for power production, such as turbine blades. e magma activity
in Kra a in 1975-1984 has been associated with excess gas in the geothermal system and
deposition of iron sulphides, iron silicates, iron oxides and silica (Armannsson, Gislason, &
Hauksson, 1982; Ármannsson, Benjamínsson, & Jeﬀrey, 1989). A more recent research from
1992 in the nearby wells KG-10 and KG-25 and nearby shallow well KW-2 suggested that
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sul de originates at shallower in ows (Ármannsson & Gíslason, 1992). Research from wells
KJ-35, KJ-38 and KJ-39 suggested that acid uids are present in those areas. e KJ-39 well
showed that magma may be encountered at 2.5 km depth in the Suðurhlíðar area, a much
shallower depth than previously envisioned. At the time of drilling, research of the area showed
that magma could be found at shallower depth and that acid uids are probably spread over
the whole area (Ármannsson et al., 2012). See Figure 2.1 for cross section view of the Kra a
area, showing the chemistry at diﬀerent depths.
e IDDP-1 well produces dry superheated steam that is local in origin, i.e. originates from
the magma chamber in the area. e acid steam is able to transport from the reservoir to the
well without condensation. e condensed superheated steam contains HCl and HF acid,
solid sulfur and silica particles. is makes the steam unsuitable for direct utilization without
scrubbing (Hauksson, 2010). When the uid is in a superheated state there should be no
danger of corrosion. However, when the uid condenses it becomes aggressive as the HCl
and H S acids will be formed (Mannvit, 2010).
e steam samples conducted by Halldór Ármannsson suggested that the pH levels of the
condensate are between 3.0 and 3.5, which are considered low and makes the uid acid.
Chloride is the major anion in the steam, probably originated in the magma chamber. It comes
into contact with liquid water and forms hydrochloric acid (Ármannsson et al., 2012). e
concentration of the chloride in the condensed samples ranges from 20-166 mg/kg. When
HCl condenses it can become aggresive and cause localized corrosion in metals and increase
the risk of stress corrosion cracking (SCC). First the chloride ion breaks the protective lm on
the steel surface. After breaking the lm the hydrogen ion has direct access to the metal and
the actual corrosion occurs (Hirtz, Buck, & Kunzman, 1991). Fluoride concentrations were
between 2.5 and 8.8 mg/kg which is high for a geothermal steam. e HCl and HF gases
aﬀect the pH level of the steam.
e condensate contained 94 mg/l of suspended matter which was analyzed as being elemental sulfur (S) and silica particles (SiO ). e concentration of silica was 38.5 mg/kg in 2012.
e silica concentration in the condensate increased with discharge time and increasing temperature. It has been reported that the solubility of silica in superheated steam at 450∘ C and
140 bar can be as high as 100 mg/kg (Hauksson et al., 2012). Moreover, Figure 2.4 shows that
the solubility is dependent on temperature and pressure. e silica is most likely transported
in gaseous state. Concentration of other minerals in the condensate steam are prominently
cations such as Fe, Cr, Ni and Mn. e minerals are probably a result of corrosion in the well
(carbon steel casing, liner) or from the reservoir system that travels with the steam. Compared
to other deep wells in the Kra a area the gas contents of the uid was generally low (about
0.1 %). e CO /H S ratio was very low (Ármannsson et al., 2012).
Other samples taken during the wet scrubbing pilot study from the steam in IDDP-1, reported
by Hauksson, which indicated that concentration of chloride had been measured up to 93
mg/kg and uoride up to 5.0 mg/kg in the condensate, therefore giving a pH level of 2.62
which makes the steam acid. e concentration of dissolved silica was 2 mg/kg and iron
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Figure 2.4: Silica in steam vs. boiler pressure and temperature.
Source: (Nalco, 1997)

was 8.4 mg/kg in the condensate (Hauksson et al., 2012). e measured concentration of
dissolved silica in the condensate steam is lower than would be expected at the wellhead when
compared to the value given in Figure 2.4. It should be noted that the dissolved silica can
recede from the steam before it enters the testing system. is partially explains the low
concentration of dissolved silica in the steam.
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3. Theory and methods
In this chapter corrosion monitoring methods and theories will be discussed. ey will be
divided into corrosion theories based on electrochemistry and methods used for estimating
and monitoring corrosion.

3.1. Corrosion theory
Most corrosion reactions are electrochemical which involves at least one anodic reaction and
one cathodic reaction. For this reaction to occur the cathodes and anodes need electrical
contact. In uid solutions the anodic reaction is the dissolution of a metal:

𝑀→𝑀 +𝑒
e cathodic reaction is most often the reduction of oxygen but in some cases can also be the
reduction of hydrogen ions, hydrogen sulphide ions or other types of metal ions:

𝑀 +𝑒 →𝑀
1/2𝑂 + 𝐻 𝑂 + 2𝑒 → 2𝑂𝐻
2𝐻 + 2𝑒 → 𝐻
2𝐻 𝑆 + 2𝑒 → 2𝐻𝑆 + 𝐻
Which cathodic reactions take place depends on factors such as the pH level and the presence of dissolved oxygen or hydrogen and other compounds. Environmental factors such as
pH, temperature, salinity, ow rate and reactant concentration have important eﬀect on the
corrosion mechanism (Jones, 1996). In geothermal uids the main corrosive agents are dissolved hydrogen sul de (H S) and carbon dioxide (CO ) gases and chloride (Cl) (Karlsdóttir,
2012). In high temperature geothermal uid free oxygen is not present but during down time
(shutdown and startup) oxygen can become present and accelerate the corrosion in the metal.
e physical characteristic and the chemical composition of geothermal uids aﬀect whether
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corrosion occurs and to what extent. e H S and CO gases react to the metal surface and
form corrosion products such as iron sul de and iron oxide. e following reactions are examples of corrosion products forming on the metal surface in wet H S environment (K. Lichti
et al., 2010b):

3𝐹𝑒 + 4𝐻 𝑂 → 𝐹𝑒 𝑂 + 8𝐻 + 5𝑒
3𝐹𝑒

+ 4𝐻 𝑂 → 𝐹𝑒 𝑂 + 8𝐻 + 2𝑒

𝐹𝑒 + 𝐻 𝑆 → 𝐹𝑒𝑆 + 2𝐻 + 2𝑒

3.1.1. Uniform corrosion
Uniform corrosion is the most common type of corrosion. It corrodes the whole metal surface
at the same rate when exposed to corrosive environments (Jones, 1996). With time the metal
becomes thinner as it disintegrates and with time it will fail. However, the metal component
can be replaced before failure because there is no sudden failures, unlike for example SCC.
Uniform corrosion generally increases when acidity increases (decrease in pH) (Karlsdóttir,
2012). Carbon dioxide (CO ) and hydrogen sul de (H S) gases promote uniform corrosion in geothermal systems. In some cases, this can apply to chloride (Cl) as well (KAYA &
HOŞHAN, 2005). Uniform corrosion is estimated by measuring the corrosion rate of the
metal by average penetration per year [mm/yr] or weight loss per unit area (Jones, 1996),
according to the ASTM G1 standard.

3.1.2. Pitting corrosion
Pitting corrosion is a form of localized corrosion on the metal surface which results in pits
or holes on the surface of the metal. e pits can have many forms such as deep, shallow,
undercut or narrow corrosion pits. Metals that form passive lms can be especially susceptible
to pitting by local breakdown of the lm (Jones, 1996). e pits are often very small and can
be diﬃcult to detect on the surface. ey can also be covered under corrosion products or
scale materials. ey can be isolated or close together so that they look like a rough surface
(Fontana & Greene, 1978). e extent of pitting can be diﬃcult to evaluate, due to number
of pits with diﬀerent depths and sizes. Moreover, velocity can aﬀect the extent of damages
from pitting corrosion and it has been shown that the attacks are more severe in stagnant
conditions than in high-velocity ow (Karlsdóttir, 2012).
Pitting corrosion forms in a low oxygen environment when the anode and cathode are separated, the anode is situated in the pit and the cathode usually on the surrounding surface. As
a result, chloride concentration in the pits increases and accelerates the pitting growth (Jones,
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1996). Chloride and chloride containing ions are the most common cause for pitting corrosion (Fontana & Greene, 1978). If there is much localized damage from the pitting corrosion
it can promote sudden failures with only a small percent of weight loss of the metal surface
(Smith & Hashemi, 2006). is makes this type of corrosion highly destructive for metals.

3.1.3. Crevice corrosion
Crevice corrosion is another form of localized corrosion which is similar to pitting corrosion.
is form of localized corrosion occurs within crevices underneath shielded surfaces where
small volumes of stagnate solution can form in corrosive environments, for example underneath deposits or scale materials (Smith & Hashemi, 2006). e deposit prevents further
entry of oxygen within the crevice, resulting in excess production of positive charges. Corrosion products (such as Fe, Cr or Ni) accumulate in the stagnate solution in the crevice and
form acid chloride solution and is therefore able to break down the passive lm and increases
the corrosion rate in the crevice (Jones, 1996). Hydrogen and chloride ions accelerate the
dissolution rate in the metal and can be present in the crevice (Karlsdóttir, 2012).

3.1.4. Erosion corrosion
Erosion corrosion can occur with most metals. is type of corrosion is generally caused by
rapidly streaming liquid. e damage it can cause to the metal is dependent on how much
turbulence is in the ow. Gas ow with particles can also cause erosion. Sand and other dirt
from the ow can damage the protective lm and prevent it from forming again because of
the turbulence in the ow. Pits start to form, often in the same direction as the ow or in
a horseshoe shape (Jones, 1996). Increased velocity can result in increased erosion corrosion
(Fontana & Greene, 1978). Erosion corrosion attacks in geothermal environments are formed
in areas where the ow changes direction due to an obstacle such as elbows and tees in piping
systems, pumps, valves, heat exchanger tubing, condensers and turbine blades (Karlsdóttir,
2012).

3.1.5. Stress corrosion cracking (SCC)
Stress corrosion cracking (SCC) occurs by the combined eﬀect of tensile stress and a corrosive
environment acting on the metal and is characterized by brittle fracture (Jones, 1996). During
SCC the metal is usually not or little attacked by other forms of corrosion, while the ne
transgranular or intergranular SCC is forming in the metal. e stress on the metals that
promote SCC can be applied or residual. Residual stress can be caused by thermal stress,
stress caused by poor mechanical design, phase transformation during heat treatment or cold
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working (Smith & Hashemi, 2006). e cracks caused by SCC grow in a perpendicular to
the tensile stress until the metal fractures. e likelihood of SCC occurring is to eliminate
either the stress or the corrosion. Tensile stress is the main prerequisite for SCC, however
temperature and environment are also important factors. e chloride and oxygen content in
the uid increases the susceptibility of the metal to SCC. Increased temperature is known to
accelerate SCC in metals (Karlsdóttir, 2012).

3.1.6. Hydrogen embrittlement (HE)
Hydrogen embrittlement (HE) is the eﬀect of hydrogen damage to metals that can result
in cracking, blistering, hydride formation and reduced ductility (Smith & Hashemi, 2006).
e hydrogen penetrates into the metal surface and causes HE. e hydrogen ion normally
does not diﬀuse into the metal. However, during corrosion of metals in geothermal steam
when H S is present the S prevents the recombination of the hydrogen ion (H ) to H . is
promotes the hydrogen uptake on the metal surface by freeing the hydrogen ions and then
the ion penetrates into the metal and can result in HE (Fontana & Greene, 1978; Kane &
Cayard, 1998).

3.1.7. Hydrogen induced cracking (HIC)
Hydrogen induced cracking (HIC) is one form of HE. HIC forms when hydrogen sul de
(H S) chemically reacts to the metal surface and forms hydrogen ions (H ). e freed ions
then penetrate into the metal surface through void or decay in the surface of the metal and
form molecular hydrogen H that can create high pressure in the void which causes the material to crack (or blister) (Kane & Cayard, 1998; Kim, Koh, Yang, & Kim, 2008; Kittel,
Smanio, Fregonese, Garnier, & Lefebvre, 2010). is increases the risk of cracks growing
in the inner surface and making the material brittle. For HIC to occur, it does not require
external stress like in SCC but when the stress is applied it can increase the HIC eﬀect on the
metal. e cracks made by the reaction generally grow parallel to the surface of the material.
e susceptibility of metals to HIC is primarily dependent on the microstructure, impurity
content of the material, metallurgical processing and heat treatments (Kane & Cayard, 1998;
Sojka et al., 2008).

3.1.8. Sulphide stress cracking (SSC)
Sul de stress cracking (SSC) is one form of HE. For SSC to occur in metals there has to be
a combined eﬀect of tensile stress and corrosion occurring in the metals by H S (Berkowitz
& Heubaum, 1984; Ramírez et al., 2008). e SSC is dependent on the interaction between
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the metal lattice and the H generated from the corrosion of the metal by H S (Kane &
Cayard, 1998). Similar to SCC, the SSC is a catastrophic failure that results in brittle fracture.
Unlike SCC, the severity of SSC decreases as temperature and pH level increase, and as H S
concentration, yield strength, and stress decrease (Karlsdóttir, 2012). Moreover, it has been
shown that oxygen has little or no eﬀect on the SSC mechanism (Conover, Ellis, & Curzon,
1980). For SSC to occur, it is dependent on the strength of the steel, stress concentration,
levels of the stress, chemical composition of the steel, microstructure of the steel, and hydrogen
concentration in the steel (Lopez, Bharadwaj, Albarran, & Martinez, 1999).

3.2. Methods and equipment
In this section methods and equipment used for evaluating corrosion and measuring mechanical properties for the analysis in this thesis is described.

3.2.1. Corrosion rate units and calculation
To estimate uniform corrosion of specimens the specimen is exposed to the environment that
is being tested for a period of time. en, the weight loss of the specimen is measured and
from that the corrosion rate, 𝐶𝑅 [mm/yr], may be calculated from

𝐶𝑅 =

8.76 ⋅ 10 ⋅ 𝑊
𝜌⋅𝐴⋅𝑡

where 𝑊 [g] is the weight loss of the specimen, 𝜌 [g/cm ] is the density of the material, 𝐴
[cm ] is the surface area of the specimen and 𝑡 [hour] is the time of the corrosion test trial
run (Jones, 1996). is formula limits the measurements to a speci c unit. In this case the
constant (8.76 ⋅ 10 ) in the formula gives the unit of [mm/yr], according to the ASTM G1
standard. e surface area 𝐴 is calculated by the following equation:

𝐴 = 2(𝑙 ⋅ ℎ) + 2(𝑙 ⋅ 𝑤) + 2(𝑤 ⋅ ℎ) − ℎ𝑜𝑙𝑒

ℎ𝑜𝑙𝑒 = 2 ⋅ 𝑟 ⋅ 𝜋
where 𝑙 is length [cm], ℎ is height [cm], 𝑤 is width [cm] and 𝑟 is radius [cm]. When preparing the specimens it is best to have them as thin as possible with large surface and in similar
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shape to get a more accurate results, i.e. large area and low weight. e length of the test
depends on the expected corrosion rate. Lower the corrosion rate requires longer exposure
time, usually ranging from weeks to months. e weight loss measurements are calculated
from the diﬀerence between the initial weight of the specimen before it was exposed to the
corrosive environment and the nal weight of the specimen after it had been exposed to the
corrosive environment and chemically cleaned. e specimen are chemically cleaned according to the ASTM G4-01 standard. e corrosion rate measurement only give information
about uniform corrosion over the hole surface area of the specimen from the environment
that it is tested in. ey will not give information about localized corrosion that can exist in
the inner surface of the specimens.

3.2.2. Mechanical testing
e tensile test is used to evaluate yield strength, ultimate tensile strength (UTS) and percent
elongation at fracture after they have been subjected to the environment that is being tested.
From these measurements it can be evaluated if the specimen has been a subject to HE. Extensive loss in ductility in specimens indicates HE eﬀect which is is evaluated by comparing
the results from the tensile test of a base specimen to the specimen that has been a subject to
the corrosive environment (Smith & Hashemi, 2006). e base sample comes straight from
the manufacturer and is therefore not contaminated by the environment. e specimens are
generally cut or mechanized into tensile testing specimens according standards.

3.2.3. Constant-deformation test (U-bend)
One way to evaluate resistance against stress corrosion cracking is using U-bend specimens.
ey are prepared according to the ASTM G30-97 standard. is involves the stressing of a
specimen by bending it to a U shape. Usually a sheet or bar specimen is plastically deformed
over mandrel (usually 180∘ bend) and the ends are constrained by a bolt through the ends.
is type of deformation is the most common test made to evaluate SCC even though stress
distribution within the specimen is not well known (Jones, 1996). e applied strain (% true
strain) is estimated from the bend radius and thickness of the specimen. e total strain on
the outside of the bend, 𝜀, may be calculated from

𝜀=

𝑇
when 𝑇 << 𝑅
2𝑅

where 𝑇 [mm] is the specimen thickness and 𝑅 is the radius of the bend curve. e specimens
can be examined with the SEM without chemical cleaning. ey can also be examined with
the optical microscope but require to be chemically cleaned according to the ASTM G4-01
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standard before examination.

3.2.4. Scanning electron microscope (SEM)
e scanning electron microscopy (SEM) is commonly used to evaluate the microstucture of
materials. A beam of electrons is red on a sample which creates various signals that can be
detected and used to analyze the surface of the sample. e analysis provides amongst other
things information about the texture of the surface and an image showing the structure of
the surface. e image shows high depth of focus ranging from millimeters to nanometers.
Specimens are put on a plate in a high vacuum specimen chamber. e specimens have to
be conductive and be able to withstand the vacuum for the chamber to be fully operable.
When working on the SEM the examiner has to have the ability to manipulate the controls,
for example by quantifying depth of focus, functioning the condenser lens and focusing the
working distance (Goldstein et al., 2003).
Sample preparation for the SEM is very important to get the best diagnostic from the SEM.
ere are many ways to prepare a sample for the SEM but in this thesis there will only be
discussed the way by casting it in conducting polymer. A selected cross-section is cut from
the specimen and cased in conductive polymer or Bakelite conduction molding powder by
compressing and heating it in the casing material. en the specimen is ground down and
polished through a series of diﬀerent coarse SiC papers. After the cross-section specimen
has been prepared it is easier to diagnose the surface of the specimen and properties such as
thickness and properties of the corrosion- and scaling lm.

3.2.5. X-ray energy dispersive spectroscope (XEDS)
e X-ray energy dispersive spectroscope (XEDS) is an analytic technique that gathers localized chemical analysis from the sample surface and is used along with the SEM. e chemical
analysis is gathered from the X-ray spectrum by the focused beam of electrons from the sample
surface. All elements from the atomic number 4 (Be) to 92 (U) can be detected in principle
with the XEDS from the surface of the sample (Goldstein et al., 2003). It is able to project
analysis from small or large areas and can also gather information from multiple areas on the
same image.
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corrosion experiments
Material selection in deep drilling wells is important due to the harsh geothermal environment. It is important to have information on how the materials perform in very high temperature geothermal acidic environment. Proper material selection can decrease costs and
increase safety of the project. ere is little information available on how materials perform
under these circumstances.
e material selection for the experiments described in this thesis is partially based on corrosion tests in KG-12 well in Kra a and preliminary coupon tests in the IDDP-1 steam from
2010 (A. Einarsson, 1980; Eliasson & Einarsson, 1982; Þorbjörnsson, 2010). Moreover, specialists from AB Sandvik Steel were consulted for the selection of stainless steel samples. e
deciding factors in material selection are usually based on pH levels, chloride concentration
and amount of non-condensable gases in the steam.
Superheated steam from the well shows temperature up to 450∘ C at about 140 bars at the
wellhead. If the temperatures and pressure is not reduced the materials used in the IDDP-1
well must withhold these conditions. is section describes the main materials that were selected for the experiments. e details show how the materials have performed historically and
are used for comparison later in this thesis. Table 4.1 summarizes the chemical composition
for the main materials used in the experiments studied in this thesis.
Table 4.1: Summary of the chemical composition of the main materials used in the experiments.
Material
K 55
TN 95
P265GH
254SMO
Sanicro 28
2707HD
SAF 2507
Alloy 625
Alloy 825
SM 2550
TI gr. 2
TI gr. 7

C (max)
0.2
0.02
0.02
0.03
0.03
0.1
0.05
0.03
0.08
0.08

Si (max)
0.4
0.8
0.6
0.5
0.8
0.5
0.5
1.00
-

Mn (max)
0.8-1.4
1.0
2.0
1.5
1.2
0.5
1.0
1.00
-

P (max)
0.03
0.025
0.03
0.025
0.035
0.035
0.015
-

Chemical composition - main components (%)
S (max)
Cr
Ni
Mo
0.03
1
0.45
0.015
0.3max
0.3max 0.08max
0.01
20
18
6.1
0.015
27
31
3.5
0.01
27
6.5
4.8
0.015
25
7
4
0.015
20-23
58min
8-10
0.03
19.5-23.5
38-46
2.5-3.5
23-26
47-52
6-9
-

Other (max)
N=0.2;Cu=0.7
Cu=1
N=0.4;Co=1.0
N=0.3
Nb+Ta=3.15-4.15
Cu=1.5-3
Cu=1.2
O=0.12
Pd=0.12-0.25
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Fe
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
Bal.
5max
22min
0.2max
0.2max

Ti
0.4max
0.6-1.2
Bal.
Bal.
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4.1. Carbon steel
e most common construction materials in geothermal power plants are carbon steel due to
their availability, low cost and fabrication ability (Karlsdóttir, 2012). Carbon steels are mostly
aﬀected by uniform corrosion in geothermal systems. is is why the carbon steel pipes are
usually thick-walled to account for thinning because of uniform corrosion. Generally, low
carbon steel are not sensitive to SCC but it can occur when it becomes a subject to combined
eﬀect from residual and high stress intensities and H S in geothermal systems. Moreover, low
carbon steel can be a subject to hydrogen embrittlement (HE) in severe corrosive environments
due to HCl and H S gases and low pH levels (Karlsdóttir, 2012).
K-55 is a low carbon API grade steel commonly used in the gas and oil industry. It not a high
strength steel and thus is not considered to be sensitive to sul de stress corrosion cracking
(SSC). It is a carbon steel and thus not resistant against uniform or localized corrosion. e
results from the KJ-39 well show that K-55 is not corrosion resistant enough in superheated
environments containing H S and CO gases and chloride (Karlsdóttir et al., 2010).
TN-95 carbon steel was used in the anchor casing for the IDDP-1 well. e main additives in
the chemical composition are 1% Cr and 0.45% Mo (where % is in weight percentage). e
manufacturer Teneris recommends the TN-95 steel for acidic environments where there is
danger of sul de stress corrosion (SSC), due to its tempered martensitic structure (Karlsdóttir
et al., 2010).
P265GH is a low carbon steel that is commonly used in the oil and gas industry for boilers
and pressure vessel. e main additives are 0.3% Cr, 0.3% Ni, 0.08% Mo (where % is in
weight percentage). e steel has a minimum yield strength of 185 - 265 MPa and good
weldability. P265GH steel is ideally suited for elevated temperature service (Ltd, 2010).

4.2. Stainless steel
Stainless steel is an excellent corrosion resistant material. is is due to its high chromium
content, 11,5% or higher. Stainless steel is especially resistant to uniform corrosion because
of the protective passive chromium oxide layer that forms on the surface that protects the steel
from corroding further in corrosive environments. However, if the layer or lm breaks the
stainless steel can become a subject to localized corrosion. If the stainless steel is in a chloride
solution it can increase the eﬀect of localized corrosion by breaking the passive lm and allow
further corrosion damages to the inner surface of the steel. 304L and 316L stainless steels
are the most common used austenite steels used in geothermal environments but they will
not be discussed further in this section because in KG-12 they did not perform well in the
high temperature steam with HCl gases. In geothermal environments stainless steel along with
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carbon and low alloy steel are the most commonly used metals (Sanada, 1995; Sanada, Kurata,
& Nanjo, 2000). e stainless steel is more expensive and thus it is used in smaller quantities
than carbon. By increasing the amount of Mo and Cr in the austenitic stainless steel it can
increase the resistance against localized corrosion (Fontana & Greene, 1978). Moreover, if the
Ni content is above 42% those materials are considered immune to cracking (K. A. Lichti,
Johnson, McIlhone, & Wilson, 1995).
254SMO is a highly alloyed austenitic stainless steel designed for maximum resistance to pitting and crevice corrosion. It has higher strength than conventional austenitic stainless steels.
e main additives are 20% Cr, 18% Ni and 6.1% Mo (where % is in weight percentage).
254SMO has high resistance to general corrosion and SCC as well as has high ductility and
impact strength. Inter-metallic phases are precipitated within the temperature range of 6001000∘ (Sandvik, 2012a). In both Italy and Iceland the 254SMO alloy has shown good performance in corrosion tests in geothermal environments (A. Einarsson, 1980; Corsi, 1986).
e steel is however expensive and is therefore not commonly used.
Sanicro 28 is a highly alloyed austenitic stainless steel designed for highly corrosive conditions.
e main additives are 27% Cr, 31% Ni and 3.5% Mo (where % is in weight percentage).
Sanicro 28 has high resistance to corrosion in strong acid environments as well as good resistance in various environments against SCC. It also has high ductility and impact strength
and high resistance to pitting and crevice corrosion. Due to embrittlement caused by precipitation of inter-metallic phases, Sanicro 28 should not be exposed to temperatures above
600∘ (Sandvik, 2012d). e Sanicro 28 steel is cold worked and therefore can be a subject to
hydrogen embrittlement (HE). Moreover, the steel can become highly annealed after it has
been cold worked and therefore can be less susceptible to HE.
SAF 2707HD is a highly alloyed duplex (austenitic-ferritic) stainless steel designed for service
in highly corrosive conditions such as aggressive environment containing acidic and chloride.
e main additives are 27% Cr, 6.5% Ni and 4.8% Mo (where % is in weight percentage).
e manufacturer (Sandvik) reports that SAF 2707HD has excellent resistance against localized corrosion and SCC in environments containing chloride. ey also reported that the
duplex steel is very resistant to erosion and that it has high mechanical strength. e steel
has high resistance against uniform corrosion in acid environments as well. However, the
material is not recommended in temperatures above 250∘ C for prolong periods due to microstructure changes that can decrease the fracture toughness and make the material brittle
(Sandvik, 2012c). is indicates that the SAF 2707HD may not be suitable for long term
use in IDDP-1 well in Kra a.
SAF 2507 is a super duplex (austenitic-ferritic) stainless steel designed for service in highly
corrosive conditions and is very similar to the duplex steel SAF 2707HD. e main additives
are 25% Cr, 7% Ni and 4% Mo (where % is in weight percentage). e super duplex steel is
more resistant against chloride compared to other duplex steels. e manufacturer (Sandvik)
reports that the super duplex SAF 2507 steel has excellent resistance to localized corrosion and
that it is very resistant to SCC in chloride containing environments. It has high resistance
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to uniform corrosion and erosion and high mechanical strength. However, the material is
not recommended in temperatures above 250∘ C for prolong periods due to microstructure
changes (Sandvik, 2012b). is indicates that the SAF 2507 may not be suited for long term
use in IDDP-1 well in Kra a.

4.3. Nickel alloys
Nickel is an excellent corrosion resistance material and is very resistant to high temperature
oxidation due to its high nickel, chromium and cobalt content (Smith & Hashemi, 2006).
Nickel alloys have good formability because of its FCC crystal structure but are relatively
expensive. Nickel alloys have shown good corrosion resistant in acid environment in the oiland gas industry (Brownlee, Flesner, Riggs, & Miglin, 2005).
Inconel 625 is a nickel-chromium alloy of high strength, excellent formability and outstanding
corrosion resistance. e main additives are 20 - 23% Cr, 58% Ni, 8 - 10% Mo, 3.15 - 4.15%
(Nb+Ta) and 5% Fe (where % is in weight percentage). High nickel containing alloys such as
625 is commonly used where there is a risk of severe corrosion problems. e alloy can service
in temperatures ranging up to 1200∘ C. e 625 alloy has excellent corrosion resistance to
localized corrosion and has excellent resistance against SCC in chloride solution. e high
chromium content in the alloy gives resistance to oxidizing and reduction. e material has
been designed in a way that the welding is corrosion resistant in corrosive environments (Co.,
n.d.). It has been reported that Ni-Cr-Mo based nickel alloys show good performance in high
temperature geothermal uid (Sanada, 1995; Sanada et al., 2000). From a high temperature
fumarole test in Japan, the nickel and titanium alloys containing more than 8% Mo (such
as alloy 625) gave the best performance when compared to other materials (Kurata, Sanada,
Nanjo, Ikeuchi, & Lichti, 1995).
Incoloy 825 is a nickel-iron-chromium alloy of exceptional resistance to many corrosive environments. e main additives are 19.5 - 23.5% Cr, 38 - 46% Ni, 2.5 - 3.5% Mo and
22% Fe (where % is in weight percentage). Like the alloy 625 it has high nickel content and
therefore has good corrosion resistannce to localized corrosion. e alloy 825 has also shown
good resistance against SCC in chloride solution. e high chromium content in the alloy
gives resistance to oxidizing and non-oxidizing hot acid conditions. Brittle phases may form
in alloy 825 at temperatures above 550∘ C so it is not normally used at higher temperatures.
But for pressure valves the temperature can range up to 525∘ C (Metals, 2008).
SM 2550 is an austenitic nickel-based material that is designed for severe corrosive conditions
in geothermal wells that contain high concentrations of CO , H S and chlorides. e SM
2550 nickel alloy can possibly show good performance in high temperature acid geothermal
wells. e main additives are 23 - 26% Cr, 47 - 52% Ni and 6 - 9% Mo (where % is in weight
percentage). e manufacturer Sumitomo Metals use the SM 2550 for tubing and liner in
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corrosive environments with high concentration of CO and H gases and Cl (Nippon Steel
and Sumitomo Metal, 2012). For the KJ-39 well in Kra a, the manufacturer recommended
SM 2550 for the high temperature (350 ∘ C) and high concentration of H S, CO gases and
chloride in the steam and reported that it could be used in steel linings (Karlsdóttir et al.,
2010).

4.4. Titanium alloys
Titanium alloys are light metals but are also very strong. Titanium is very corrosion resistant
to many chemical environments such as solutions of chlorine (Cl), especially in lower temperature geothermal brine environments (Pye, Holligan, Cron, & Love, 1989; omas, 2003).
Titanium alloys form a passive lm on the surface and that makes it very resistance against
uniform corrosion, SCC and erosion corrosion. However, titanium alloys is susceptible to
crevice corrosion. Titanium alloys are more resistant against localized corrosion then pure
titanium (Karlsdóttir, 2012). Titanium and its alloys are relatively expensive and therefore
not commonly used. e reason for this high cost is because it is diﬃcult to extract in the
pure state from its compounds. At high temperature titanium combines with oxygen, nitrogen, hydrogen, carbon and iron, and so special techniques must be used to cast and work the
metal (Smith & Hashemi, 2006).
Titanium grade 2 has excellent cold formability and weldability with a moderate strength.
It is commercialized as a one of pure titanium grades, it has 99% Ti and is therefore not as
resistant to localized corrosion as the titanium grade 7. e titanium grade 2 has excellent
corrosion resistance and also excellent resistance to high oxidization (Alloys, n.d.).
Titanium grade 7 alloy is the most corrosion resistant titanium alloy, it has outstanding resistance to uniform and localized corrosion in a wide range of oxidizing and reducing acid
environments including chlorides. e main additive in the chemical composition is 0.12 0.25% Pd which increases the corrosion resistance. e titanium grade 7 alloy has equivalent
physical and mechanical properties to grade 2, which are excellent weldability and reasonable
ductility with a moderate strength (Alloys, n.d.). Titanium is not generally recommended
for use in steam at higher temperatures than about 320-400°C due to reduced strength with
increasing temperature. e possibility of hydrogen embrittlement also exists at pH < 3 and
a temperature above 80°C (Karlsdóttir, Einarsson, Möller, & Ragnarsdóttir, 2012).
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e erosion corrosion experiment is one of three tests done in the IDDP-1 well in Kra a.
Results from a ow test in IDDP-1 that was done in 2010 showed erosion corrosion eﬀects in
carbon steel pipelines during the ow test of the well. During this ow test the steam changed
from two phase saturated ow to one phase ow of superheated steam. When the superheated
steam condenses it becomes acidized (pH levels become very low), droplets should be washed
away from the steam and erosion should not be a problem. Usually the steam is wet and
contains droplets and erosion becomes a problem in high velocity ow. Wall thickness was
monitored during the test and the results are shown in Figure 5.1 (Mannvit, 2010).

Figure 5.1: Shows the wear of bends in exhaust pipeline in the ow test of the IDDP-1 in 2010.
Source: (Mannvit, 2010)

As shown in the diagram in Figure 5.1 when the steam is still a two phase ow erosion can
occur because the steam is wet and contains droplets while the well was being heated up in
the discharging period. e steam then becomes superheated and dry and the erosion eﬀect
increases due to increasing eﬀects of HCl and HF at higher temperature. e erosion corrosion
experiment was setup in February 2011 to study further the eﬀect erosion has on pipe material
in the superheated steam in the IDDP-1 well.
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5.1. Experimental setup
e erosion corrosion test setup included straight steel pipes and bends of diﬀerent material
connected to gather in a loop as shown in Figure 5.2 and described in Table 5.1. e schematic
design of the erosion corrosion experiment is in Appendix B in Figure B.1. With this test it
was intended to evaluate the materials' performance in the dry IDDP-1 steam environment,
therefore it was crucial that the erosion test was directly connected to the wellhead to access
the IDDP-1 steam and its particles directly. e pressure of the superheated steam at the
wellhead was 140 bar but the pressure was dropped and entered the system at a 13-14 bar
with the temperature of 320-350∘ C. e system was not insulated but still managed to keep
the steam superheated and was not considered a problem at that time. is can be seen in
Figure 5.2, the steam coming form the test unit outlet is transparent which indicates that the
steam is superheated. e velocity of the steam for most pipes in the test unit was 90-100 m/s,
there was one low carbon steel pipe (straight part with a bend) that had diﬀerent diameter and
therefore resulting in lower velocity of the ow (40-50 m/s). To compare the erosion corrosion
eﬀect at diﬀerent velocities in the same material see Table 5.1. e schematic design of the
pipe diameters is in Appendix B in Figure B.2. e ones with the smaller diameter have the
velocity of 90-100 m/s and the others with the larger diameter have the velocity of 40-50 m/s
for comparison. In general erosion will be reduced if the velocity of the steam in the pipeline
is slowed down.

Figure 5.2: b) shows the erosion corrosion test unit assembly and a) when the test is in use. e
white arrow shows the transparent steam from the output from the test unit.
Originally it was intended to test the ow in the pipeline for one month but after two weeks
a hole had formed in pipe 4.a. It was then replaced with another pipe 4.b from the same low
carbon material. Due to silica scaling that caused clogging at the inlet pipe (pipe 0) of the
system, pipe 4.b was only in the ow stream for a week. at gives the overall test time for the
erosion corrosion testing 3 week, less than originally was planned. e test unit was brought
to Innovation Center of Iceland (ICI) for analysis of the eroded pipes. In Figure 5.3 assembly
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of the pipeline is shown for the erosion corrosion test after the pipes had been taken apart for
examination.
Pipe 0
Vapour into

Pipe 1 (254 SMO)

Hole in the pipe

Pipe 6 (SiSiC)

.a (P2

Pipe 2 (2707HD)

)
65GH

Pipe 5 (SiSiC)

Pipe 4

Pipe 7 (SiSiC)

Pipe 8 (SiSiC)
Pipe 9 (P265GH)

Pipe 3 (SANCRO 28)

Figure 5.3: Pipeline for the erosion corrosion experiment after they were taken apart.

5.2. Results
Each pipe was visually inspected followed up with a detailed inspection in laboratory with
scanning electron microscope examination and analysis. All the laboratory investigations for
the erosion corrosion experiment were done at the Innovation Center of Iceland (ICI).

5.2.1. Wall thickness measurements
Wall thickness measurements are necessary to estimate the eﬀect of erosion corrosion on each
material. Original wall thickness of the pipes (before the experiment) were given by Verkís,
see Table 5.1. ickness measurement were done for all the pipe in this experiments but
measurements of the SiSiC ceramic cased pipes 5-8 and low carbon steel pipe 4.b are not
included, because after the pipes had been dismantled and cut in parts it came clear that the
ceramic casing had been broken and fractured. During the test period scaling material got
stuck to the SiSiC coating which made it diﬃcult to evaluate the thickness because of the
similarity of the SiSiC and the silica (SiO ) scale. e low carbon pipe 4.b with a diﬀerent
radius of the bend (the bend had been bended in a systematic way that led to man made curves
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in the bend) was placed in the test unit solely for the reason to be able to keep the test trial run
going. at is the reason pipe 4.b will not be included in the result for the erosion corrosion
experiment.
Table 5.1: Material selection for the erosion corrosion experiment.
Type
Pipe no. Material Wall thickness Inner diameter Testing time [weeks]
Stainless
1
254SMO 2.77 ± 0.277
27.86
3
steel
2
2707HD 2.77 ± 0.277
27.86
3
3
Sanicro 28 3.38 ± 0.338
26.64
3
Carbon
4.a
P265GH
3.25 ± 0.2
27.2
2
steel
9
P265GH
5.1 ± 0.5
40.3
3
e wall thickness measurements are divided into two phases, rst with Ultrasonic Testing
(UT) equipment and then with a caliper. e result are shown in Table 5.2. Each point for
the inlet and outlet is an average of four diﬀerent points around the pipe. For the bend, each
point is an average of three point because the UT equipment was not able to measure the
bend in the most narrow part of it.
Table 5.2: ickness measurements, ultrasonic thickness gauge (UTG 1) was used.
ickness measurements (UT).
Type
Pipe no. Material Wall thickness Inlet Bend Outlet
Stainless
1
254SMO 2.77 ± 0.277 2.80 2.73
2.72
steel
2
2707HD 2.77 ± 0.277 2.84 2.76
3.07
3
Sanicro 28 3.38 ± 0.338 3.40 3.31
3.45
Carbon
4.a
P265GH
3.25 ± 0.2
2.98 3.11
3.16
steel
9
P265GH
5.1 ± 0.5
4.76 4.30
5.05
At rst glance there seems to be inconsistency between the ideal and actual wall thickness but
when the con dence limits from the manufacturer is added and subtracted the outcome is
much more realistic. e numbers in bold in Table 5.2 deviate from the con dence limits. e
stainless steel is doing better than the carbon steel. 254SMO and Sanicro 28 are both within
the con dence limit and 2707HD is the only stainless steel that is over the con dence limit
at the outlet. e low carbon steel pipes 4.a and 9 both showed marks below the con dence
limit. Pipe 4.a had the shortest testing time in the superheated steam ow because of the hole
that formed in the bend, see Figure 5.4. Only the inlet for pipe 4.a was below the con dence
limit, resulting in 0.07 variance. Pipe 9 showed that the bend was the only place where the
wall thickness goes below the con dence limit, resulting in a 0.3 variance. is is comparable
with what is happening in pipe 4.a and given enough time a hole would probably develop in
the same place in pipe 9. is also indicates that decreasing the velocity of the steam ow in
pipe 9 slows down the corrosion rate in the bend.
e second phase of the wall thickness measurements were done after the pipes had been cut in
parts, cross-sectioned and opened for visual inspection and examination. A vernier caliper was
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Figure 5.4: Pipe 4.a where the hole had formed at the critical point in the bend.
used to measure each pipe, each point is an average of four measured points. After the visual
examination an additional point was added because by wiping the nger across the section
in each bend where the hole was in pipe 4.a there was a dent in the scaling. is point will
be called henceforth the critical point, see Table 5.3. It seems that erosion corrosion has an
a maximum eﬀect where the critical point is which is perhaps not surprising since it is where
the ow comes from the straight part and hits the wider part of the bend and caused erosion
corrosion. e wall thickness for the outlet of the 254SMO pipe could not be measured
because of a welding that was in the way, which is not considered a problem because with
the UT equipment the outlet was within the con dence limit. Table 5.2 and 5.3 seem to be
comparable in their results and it seem that using a UT is a good way to roughly estimate wall
thickness before the pipes are cut open.
Table 5.3: ickness measurements, vernier caliper was used.
ickness measurements (vernier caliper)
Type
Pipe no. Material Wall thickness Inlet Bend Outlet Critical point
Stainless
1
254SMO 2.77 ± 0.277 2.70 2.62
2.31
steel
2
2707HD 2.77 ± 0.277 2.84 2.89
2.98
2.47
3
Sanicro 28 3.38 ± 0.338 3.35 3.47
3.55
3.25
Carbon
4.a
P265GH
3.25 ± 0.2
3.20 3.24
3.21
0
steel
9
P265GH
5.1 ± 0.5
5.13 4.62
5.24
4.35
With the vernier caliper the wall thickness seems to only vary from the con dence limits at
the critical point, see the numbers in bold in Table 5.3 where the numbers deviate from the
con dence limits. Sanicro 28 is the only material that is not below the con dence limits,
the wall thickness is decreasing but not as rapidly as the others. It is possible that the dry
steam condenses underneath the scale due to the insulating eﬀect and corrodes the material
which will be explained in further detail in Section 5.2.3. e thickness measurements for
the carbon steel con rm that by reducing the velocity the eﬀect of erosion corrosion can be
decreased.
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5.2.2. Visual inspection
Pipe 0 is the inlet pipe for the experiment. e silica scaling in the pipe was powdery with
a large clot in the middle where the pipe was most narrow. e clot may have prevented
normal ow for the superheated steam from the wellhead. is was the only place in the test
unit where the pipeline was complete clogged, see Figure 5.5. Pipe 0 is not included in the
measurements because it was not a test subject, it was only a connector (the pipe was used to
cap down the pressure from the wellhead for the erosion corrosion experiment).

Figure 5.5: Pipe 0 with a silica clot in the middle.
ickness measurements for scaling was done for each pipe in the test unit, see Table 5.4.
In Table 5.4 bend/middle means that for pipes with bend these are measurements for scaling
in the bend and for pipes with no bend these are measurement for the middle part of the
pipe. Silica (SiO ) scales are usually white colored but can often appear gray or black due to
small amounts of iron sulphide (FeS), a corrosion product found inside geothermal pipelines
(orhallsson, 2005). After the pipes were cut in cross-section and opened it came clear
that scaling had an eﬀect on the velocity of the ow by formation of silica clots or thick
layers of scaling. To better understand why and where the scaling was forming the scaling
thickness measurements were necessary. e scaling thickness measurements for the ceramic
cased pipes will be included even though they were not in the wall thickness measurements.
e measurements show how the scaling is aﬀected by the ceramic.
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Table 5.4: ickness measurements for silica scaling on the pipes in the test unit. Showing measurements at the inlet, outlet and bend or middle part of the pipes. e measurements include
the silica clot forming in the bend or after the bend.
ickness measurements (scale)
Type
Pipe no.
Material
Inlet Bend/middle Outlet Clot
Stainless
1
254SMO
4.00
3.09
4.65
steel
2
2707HD
3.43
1.66
3.57 15.41
3
Sanicro 28
3.02
1.13
4.04 12.02
Carbon
4.a
P265GH
2.71
0.84
2.97 16.80
steel
5
P265GH/SiSiC 2.99
1.66
3.05
6 (bend) P265GH/SiSiC 2.48
2.95
6.53
7
P265GH/SiSiC 2.38
1.72
2.84
8 (bend) P265GH/SiSiC 2.74
2.50
6.63
9
P265GH
2.00
1.38
2.38
Pipe 1, 254SMO

e material in pipe 1 is 254SMO which is a highly alloyed austenitic stainless steel. ere
was no visual corrosion in the interior of pipe 1. Pipe 1 is the only pipe in the test unit where
the bend is before the straight part, this may be one of the reasons why scaling clogged pipe
0. It may have been better to have pipe 1 like the other pipes in the system and begin with
the straight part to better insure a normal ow from the wellhead, the bend may have aﬀected
the ow like a bottleneck.

Figure 5.6: Pipe 1 at the outlet, showing the uniform scale
Scaling in the pipe was substantial; thick uniform scale was visible before and after crosssectioning, see Figure 5.6. is type of thick uniform scaling can have an aﬀect on the velocity
of the ow. As the diameter of the inside of the pipe decreases the velocity of the ow increases.
At the inlet of pipe 1 scaling was even with a little bit of clotting. e bend had indications of
scale, the narrow part of the bend contained almost no scaling. However, the wider part had
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formed a hard shell of scaling, see Figure 5.7. By wiping a nger of the inside of the wider
part a dent could be felt in the scale. is is the part where the ow of steam hits the pipe
on the inside of the bend and is also where the critical point is located. In the straight part
of the pipe (straight after the bend), the layer of scaling has increased and has formed a thick
uniform layer of scaling with clotting, Figure 5.8.

Figure 5.7: e bend in pipe 1, showing where the pipe was cut in cross-section at its critical point
for the SEM analysis and how the bends are de ned as narrow and wider parts of the bend. e
arrow indicates the direction of the ow through the pipe.
Overall, the scaling adhered to the pipe very well and formed a wholesome shell but the shell
can be removed with tools. A vernier caliper was used to measure the thickness of the scaling,
from max to min. Table 5.4 shows that at the inlet and outlet of pipe 1 the scaling is more
than in the bend and the straight part, as the outlet approaches the scaling becomes thicker.

Figure 5.8: e straight part of pipe 1, showing how the thick uniform scale is adherent to the pipe.
e arrow indicates the direction of the ow through the pipe.
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Pipe 2, 2707HD

e material in pipe 2 is 2707HD which is a highly alloyed duplex stainless steel. ere was
no visual corrosion in the interior of pipe 2. In the straight part (inlet) of pipe 2 scaling is
equally distributed and forms a rather uniform thick layer that aked oﬀ when the pipe was
cut in cross-section and opened. At the output of the straight part the scale layer is thicker
and adherent to the pipe and forms a wholesome shell that can be removed with tools, see
Figure 5.9.

Figure 5.9: e straight part of pipe 2, showing thick layers of silica akes. e arrow indicates
the direction of the ow through the pipe.
At the input of the bend there is a thick layer of scaling comparable to the straight part. In
the wider part of the bend a hard shell of scaling has formed with a clot at the output. Like
in pipe 1, we could feel a dent in the scaling by wiping a nger at the inside of the wider part,
indicating that the scaling layer is thinner at the critical point due to erosion. In the bend
the scaling is heterogeneous, light gray at the input and dark at the output, see Figure 5.10.
is is probably due to corrosion products from other parts of the system (well or reservoir).
e narrow part of the bend contained little scaling but in the outlet a clot had formed which
could have changed the velocity in the pipe, see Figure 5.11.
e inlet and outlet measurement for the scaling in Table 5.4 are almost the same. is shows
that the scaling was forming rather equal throughout pipe 2, except in the bend where the
scaling decreased almost by half most likely due to erosion eﬀect.

Pipe 3, Sanicro 28

e material in pipe 3 is Sanicro 28 which is a highly alloyed austenitic stainless steel. ere
was no visual corrosion in the interior of pipe 3. e scaling in pipe 3 behaves like the other
two stainless steel pipes, the diﬀerence between them is how the scale adheres to the interior
of the pipes. In the straight part (inlet) of pipe 3 the scaling is uniform and forms a thick layer
that can easily be removed, see Figure 5.12. Some of the scale fell oﬀ during the cutting of
the pipe, because of this Figure 5.12 does not give an accurate picture of how much scaling
was originally in the pipe.
e bend had indications of scale. e wider part of the bend had formed a hard shell of
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Figure 5.10: e bend in pipe 2, showing how the scaling is heterogeneous and where the clot is
starting to form at the outlet of the bend. e arrow indicates the direction of the ow through
the pipe.

Figure 5.11: e outlet for pipe 2 after the bend, showing the clot formation and how much it has
changed the volume for the ow to go through.
scaling and like in pipe 1 (254SMO) and pipe 2 (2707HD) we could feel a dent in the scaling
at the critical point of the bend. e scale in the bend is heterogeneous like in pipe 2, light gray
at the input and dark at the output, see Figure 5.13. e narrow part of the bend contained
almost no scaling except at the outlet where a silica clot is starting to form. Clot formation
has increased at the outlet of pipe 3 and most likely changed the velocity of the steam ow,
similar to pipe 2, as can be seen in Figure 5.11.
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Figure 5.12: e straight part of pipe 3, showing thick layers of silica akes and how lose they were.
e arrow indicates the direction of the ow through the pipe.

Figure 5.13: e bend in pipe 3, showing the heterogeneous of the scaling and where the clot is
starting to form at the outlet of the bend. e arrow indicates the direction of the ow through
the pipe.
Table 5.4 shows the scale thickness varies from the inlet to outlet the scaling increases except for
the bend where the scaling decreased by more than half compared to the other measurements.

Pipe 4.a, P265GH (90-100 m/s)

e material in pipe 4.a is P265GH low carbon steel. Pipe 4.a failed after only 2 weeks of
testing and formed a hole in the bend at the critical point where the ow of the steam hits
the inside of the wall in the wider part of the bend, causing erosion and erosion corrosion.
is is the same point (critical point) as the other pipes in the test unit show the diminished
scale and wall thickness in the bends. e straight part (inlet) of pipe 4.a is covered with thick
uniform scale layer. e scale layer has strike marks by particles from the steam. e scaling is
extremely adherent to the interior of the pipe and hard to remove. At the inlet of the straight
part the scaling is yellow and at the outlet of the straight part the scaling has become white, see
Figure 5.14. e visual inspection of the interior of pipe 4.a after the scale had been removed,
revealed uniform and pitting corrosion. e corrosion materials seemed to be mainly rust.
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Figure 5.14: e straight part of pipe 4.a, showing how extremely adherent the scaling is to the
interior of the pipe. e arrow indicates the direction of the ow through the pipe.
e bend was full of scaling material, the narrow part was completely clogged with a 16.8
mm scale clot. is clot is directly above the critical point where the hole had formed. is
clot formation has probably increased the velocity of the ow and therefore damaged the pipe
due to increased erosion and erosion corrosion, accelerating the hole formation in pipe 4.a.
e wider part of the bend has a very thin shell of scaling which was heterogeneous, gray at
the inlet and black at the outlet, see Figure 5.15. is color change is probably due to some
amounts of iron sulphide and other corrosion products from the formation of the hole at the
critical point. e inlet and outlet measurement for the scaling in Table 5.4 are almost the
same, this shows that the scaling was forming rather equal throughout pipe 4.a, except in the
bend where the scaling in the wider part decreased to almost nothing due to erosion.

Figure 5.15: e bend in pipe 4.a, showing where the hole had formed after 2 weeks of testing and
the clot that had formed above the hole. e arrow indicates the direction of the ow through
the pipe.

Pipe 5-8, SiSiC ceramic cased carbon steel

e material in pipes 5-8 is P265GH carbon steel with a SiSiC ceramic casing. Pipe 5 and 7
are straight pipes and 6 and 7 are bends. To maintain the same velocity (90-100 m/s) of the
ow as in pipes 1-4, the inner diameter of the ceramic casing is similar to the inner diameter
of the pipes. Pipes 5-8 were cut in parts where it best suited each pipe or bend to examine the
interior of the ceramic casing (scaling formation or dependability of the casing) and if there
was evident of corrosion underneath it. In some parts there were visual cracks in the ceramic
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casing and that the bonding of the casing to the pipe was not as good as hoped for, see Figure
5.16.

Figure 5.16: SiSiC ceramic cased carbon steel pipes. a) shows the lack of adherence of the casing to
the carbon steel pipe at the inlet of pipe 5. b) shows the outlet of bend 6 and how cracks in the
casing formed.
After the pipes or bends had been cut in parts, it was evident that the casing had been broken in
half in some of the parts. In some cases the fracture was not clean and had corrosion products
on them, this indicates that the cracks may have formed during testing due to vibration or
thermal stress in the pipes when it was heating up. Because of these cracks in the casing the
steam was able to go thought the cracks and condense, therefore causing pitting corrosion or
uniform corrosion in the steel, see Figure 5.17.

Figure 5.17: SiSiC ceramic cased carbon steel pipes. a) shows the middle part of pipe 5 where the
casing had fractured and how corrosion products have settled on the surface of the fracture. a-b)
show pitting and uniform corrosion.
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Scaling is visible throughout the ceramic casing in the pipes and bends. e scaling is rather
uniform in the straight pipes but the scale is not as thick in the middle part of the straight
pipes, see Table 5.4. In the bends there has formed a clot at the narrow part of the bend which
possibly changed the velocity of the ow at that location, see Figure 5.18. e overall scale
forms a rather thick layer that adheres well to the ceramic casing and is hard to remove. e
behavior of the scale in the ceramic cased pipes is similar to other pipes in the test unit with
the same velocity, see Table 5.4 for scale measurements.

Figure 5.18: SiSiC ceramic cased carbon steel bend 8 at the outlet, showing where a fracture in the
casing has formed and how the scale is thicker in the narrow part of the bend.

Pipe 9, P265GH (40-50 m/s)

e material in pipe 9 is P265GH low carbon steel. Pipe 9 has a larger inner diameter giving
velocity of 40-50 m/s. e other pipes in the test unit had smaller diameter giving the velocity
of (90-100 m/s) to compare the eﬀect of velocity ow on erosion corrosion. Visual inspection
of the interior of pipe 9 revealed quite a lot of uniform and pitting corrosion, see Figure 5.19.
In the straight part (inlet) of pipe 9, the scale has formed in layers of akes or shell that are
rather stuck to the interior of the pipe but can easily be cropped oﬀ and expose the corroded
surface underneath. Corrosion products have formed in the holes and cracks in the scale that
separate the akes, see Figure 5.19. is may indicate that non-uniform sealing layer of scale
in pipe 9 has formed because of the lower velocity of the steam in the pipe, this kind of scaling
was not detected in other pipes in the test unit. e velocity of the steam probably aﬀects how
the scale adheres and forms to the interior of the pipe and allows more corrosion in the pipe.
e scale akes have a white bottom layer and a black top layer which indicates corrosion in
the test unit started slow and then accelerated in the end and giving the scale akes the black
top layer due to corrosion products from the steam ow.
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Figure 5.19: e straight part of pipe 9. a) showing the non-uniform scale. b-c) are a close up
view of pipe 9, showing uniform and pitting corrosion.

Figure 5.20: e bend in pipe 9, showing the uniform corrosion and how the non-uniform scale
akes have formed cracks or hole between them and exposing the metal to further corrosion. e
arrow indicates the direction of the ow through the pipe.
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At the bend the corrosion is evident. At the narrow part of the bend the scale did not adhere to
the interior of the pipe and exposed the pipe to uniform and pitting corrosion because it did
not have the protective eﬀect that the scaling can provide. At the wider part of the bend the
corrosion eﬀect and scaling behaved similar to what was seen in the straight part of pipe 9, but
the scaling adheres very strongly to the interior of the pipe, see Figure 5.20. Like in the other
pipes in the test unit we could feel a dent in the scaling at the critical point. is indicates that
even by decreasing the velocity of the ow to 40-50 m/s erosion and erosion corrosion would
be occurring but at a slower rate. See Table 5.4 for comparison measurements between the
carbon steel pipes with diﬀerent ow velocities. One of the reasons that may indicate slower
rate of erosion and erosion corrosion besides the larger diameter is that the scale was not able
to adhere to the narrow part of the bend and therefore did not increase the velocity of the
ow in the bend for pipe 9, like it did in pipe 4.a, due to the formation of the extensive clot
above the critical point.

5.2.3. Scanning electron microscope examination and
analysis
Scanning electron microscope (SEM) and X-ray energy dispersive spectroscope (XEDS) were
used for the chemical composition and microstructural examination and analyses for the test
unit. SEM was used to further examine erosion corrosion eﬀect on the inner surface of the
material and its resulting surface features such as scale material and corrosion products. All
the pipes were analyzed except for low carbon steel pipe 4.b and the ceramic cased pipes
since it was hard to separate the steel material from the ceramic casing. e specimens were
cut in cross-sections from the straight part and bends at the critical point, compressed into
conductive polymer called Bakelite and then polished for the SEM/XEDS analysis.

Pipe 1, 254SMO

By microstructural analysis of the cross-section on the inner surface of the bend in pipe 1
(254SMO) V-shaped holes were evident, see Figure 5.21. ese V-shaped holes are a formation due to erosion corrosion. Repeated particle impact from the ow on the surface brakes
the oxidized lm and can embedded particles into the material. e erosion can also make
holes that are lled afterwards with scale materials or corrosion product from the pipe itself or
from other places in the system (reservoir or casing). e surface of the material can become
brittle due to repeated particles impacts and thus enhancing the erosion corrosion (Rajahram,
Harvey, Walker, Wang, & Wood, 2012).
e chemical composition analysis was done in various places on the inner surface of pipe
1, as shown in Figure 5.21. It shows how much damage the erosion corrosion has done
to the material and what kind of scale has formed above the V-shaped hole. e chemical
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Table 5.5: Chemical composition for the bend in pipe 1 (254SMO), showing the chemical composition in various places from Figure 5.21 and the elements aﬀect the inner surface of the material.
All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cl Ca Cr
Fe
Ni Mo
1: bulk
3.6
20.2 52.0 17.3 6.9
2: hole
13.3 35.6 20.0 0.8 0.5
5.4 20.6 3.8
3: inner scale 53.0 24.5 14.7 0.8 0.5 0.4 0.9
4.5
0.8
4: outer scale 7.6 48.1 32.3 3.0 0.4 3.2
5.3

Figure 5.21: Cross-section view of the bend in pipe 1 (254SMO), using the SEM. a) shows where
the chemical compositions were made and how a V-shaped holes are forming.
composition in Table 5.5 is used to compare the bulk material to the corrosion products
(Fe,O and Cr) and silica (SiO ) material that lls the V-shaped holes. e inner (dark gray)
and outer (light gray) scale are mainly silica scale with a small amount of corrosion products.
e diﬀerence between the scale layers is that the inner layer contains small amounts of iron
sulphides, a corrosion products that gives the scale layer a dark gray color. e low chromium
(Cr) content in the scale indicates that the corrosion products (Fe, C and S) are possibly from
other parts of the system (carbon steel casing, liner) or from the reservoir. If the stainless steel
pipe was corroding actively there would be more chromium detected in the scale, thus the
corrosion products can not be solely from the 254SMO pipe. Some of the V-shaped holes
were lled with silica and there was not any evidence of corrosion occurring in the hole, see
Figure 5.21 b).
In the straight part of pipe 1, V-shaped holes were present as in the bend but not as many.
Like in the bend there was evidence of V-shaped holes that had almost no corrosion product
in them and were lled with scale material, see Figure 5.22 a). e chemical composition in
Table 5.6 for this hole shows that the hole is lled with scaling material (Ca, O, Si), mainly
silica (SiO ) and small amounts of calcite (CaCO ) which are common scaling materials in
geothermal systems (orhallsson, 2005). ere are very small amounts of corrosion products
(Fe and S) in the hole but there were some traces of uorine (F). e uorine (F) ion comes
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Table 5.6: Chemical composition for the straight part in pipe 1 (254SMO), showing the chemical
composition in various places from Figure 5.22 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
1: bulk
2: hole
3: sacle

C
4.6
24.0
28.9

O

F

Na

Mg

42.0
43.0

3.9

0.8
1.3

0.2

Si
0.3
26.4
22.4

S

Cl

K

Ca

0.5
1.2

0.2
0.4

0.4

0.5

Cr
19.6

Fe
51.0
0.6
0.5

Ni
17.7

Mo
6.7

Figure 5.22: Cross-section view of the straight part in pipe 1 (254SMO), using the SEM. a) shows
where the chemical compositions were made for the V-shaped hole and b) the thin scaling layer.
from the hydro uoric acid (HF) that is soluble from the steam, it can be corrosive to the
material. Table 5.6 shows that the thin layer has almost the same chemical composition as the
hole in the straight part but has no traces of uorine (F). e amount of carbon in the hole
and scale is probably from other parts of the system (carbon steel casing, liner) or from the
reservoir system. ere were almost no pits visible in the straight part except with very high
magni cation. roughout the straight part the scale on the surface was very thin, as can be
seen in Figure 5.22 b).

Pipe 2, 2707HD

For pipe 2 (2707HD), many V-shaped holes were visible in the bend but not in the straight
part, see Figure 5.23. e chemical composition given in Table 5.7 for the V-shaped hole
gave that the hole is mainly sulfur (S) and iron (Fe) and other corrosion products (O, Cr, Ni).
ere were also detected small amounts of scale material (Ca, O, Si) in the hole. e scale
above the V-shaped hole is mainly silica (SiO ) with a small amount of corrosion products
(Na, Cl, Fe).
Microstructural analysis on the inner surface showed cracks and narrow pits are growing both
in the bend and the straight part of pipe 2 which can only be seen with high magni cation,
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see Figure 5.23 b-d) and 5.24 b). ese narrow pits have sulfur (S) in them, and the scale on
top of the pit is mostly silica (SiO ) which can be seen in Table 5.7 and Figure 5.23 b).
Table 5.7: Chemical composition for the bend in pipe 2 (2707HD), showing the chemical composition in various places from Figure 5.23 and the elements aﬀect the inner surface of the material.
All results in weight%, giving the total of 100%.
Location C
O
Na
Si
S
Cl Ca Cr Mn Fe
Ni Mo
1: bulk
3.0
27.8 1.2 59.4 7.3 1.3
2: hole
4.5 14.6
0.8 32.9
0.3 1.0
45.2 0.8
3: scale
2.8 54.7 0.36 39.6
0.3
2.2
4: pit
4.3 32.3
5.1
2.6
3.4
51.1 1.2

Figure 5.23: Cross-section view of the bend in pipe 2 (2707HD), using the SEM. a-b) shows
where the chemical compositions were made. e white arrows show where the V-shaped holes
are formulating.
Figure 5.24 a) shows a large wide corrosion pit forming on the surface. e chemical composition from Table 5.8 for the wide pit gave that the main elements detected in the pit are
corrosion products (O, S, Fe, Ni) and very small amounts of scale material (Ca, Si, O). e
elements are most likely forming a chromium oxide (Cr O ) and a small amount of corrosion
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products like iron sul des and iron oxides. e chromium oxide generally forms as a passive
oxide layer on stainless steel in corrosive environments but in this case the protective layer is
not performing very well. When looking at the result in Table 5.8 it is noticeable that sulfur
(S) content is greater in the pit then in the scale. e high carbon (C) content in the inner
and outer scale is most likely corrosion product from other parts of the system (carbon steel
casing, liner, reservoir system) or from the polymer when the sample was compressed and
polished. Small shallow corrosion pits were detected in the straight part but mainly cracks,
see Figure 5.24 b).
Table 5.8: Chemical composition for the straight part in pipe 2 (2707HD), showing the chemical
composition in various places from Figure 5.24 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S Ca Cr Mn Fe
Ni Mo
1: bulk
5.0
0.3
25.4 0.8 58.0 5.9 4.5
2: pit
9.2 38.2 0.8 2.4 0.5
45.7 3.2
3: inner scale 19.7 48.0 0.5 1.3 0.5
28.3 1.8
4: outer scale 72.0 15.6 0.6 0.7 0.5
8.3 2.3

Figure 5.24: Cross-section view of the straight part in pipe 2 (2707HD), using the SEM. a) shows
where the chemical compositions were made for the large wide pit.

Pipe 3, Sanicro 28

For pipe 3 (Sanicro 28), V-shaped holes were visible in the bend but not in the straight part,
like in pipe 2 (2707HD), see Figure 5.25. Like in pipe 1 (254SMO), the V-shaped holes were
mainly lled with scale material, some of the holes had both scaling and corrosion products
and others had only silica scaling materials in them.
Corrosion pits were visible in both the straight part and in the bend for pipe 3, see Figure 5.26.
e chemical composition from Table 5.9 for the shallow corrosion pit gave that the main
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Figure 5.25: Cross-section view of the bend in pipe 3 (Sanicro 28), using the SEM. Showing how
the V-shaped holes that formed in the bend, which are indicated with white arrows.
elements detected in the pit are corrosion products (O, Na, S, Cl, Cr, Fe and Ni) and some
amounts of scale material (Ca, Si, O). is indicates that the pit is mainly contains corrosive
residues such as iron oxides, iron sul des and some amount of chromium oxide (Cr O ). Na
and Cl were detected, probably in a form of sodium chloride (NaCl) which are salt crystals
from the well that can be corrosive for the material. is is similar to what was detected in
preliminary corrosion coupon test in the IDDP-1 well in 2010 (Þorbjörnsson, 2010).
Table 5.9: Chemical composition for the bend in pipe 3 (Sanicro 28), showing the chemical composition in various places from Figure 5.26 and the elements aﬀect the inner surface of the material.
All results in weight%, giving the total of 100%.
Location
1: bulk
2: pit
3: scale

C
2.8
3.2

O
1.2
32.3
53.6

Na
0.6

Si
0.5
3.6
40.9

S

Cl

Ca

2.7

0.5
0.4

1.3

Cr
26.2
1.2

Mn
1.6

Fe
33.6
52.6
4.6

Ni
30.3
2.1

Mo
3.9

e elements in the scale layer in the bend in pipe 3 (Sanicro 28) is mainly silica (SiO ) with
small amounts of calcite (CaCO ) and chlorine (Cl). e corrosion products (O, S, Fe) in the
scaling are mostly forming next to the surface of the material and then decreases. e scale
material in the straight part in pipe 3 is similar to the scale in the bend except it has traces of
uorine (F) and sulfur (S) like in pipe 1 (254 SMO).
In the microstructural analysis on the inner surface of pipe 3 many crack and narrow pits were
detected in the straight part but not in the bend. Figure 5.27 shows that the crack and narrow
pits are small and can only be seen with high magni cations. e chemical composition in
Table 5.10 for the narrow corrosion pit gave that the hole is mainly lled with corrosion
products (O, Na, S, Cl, Cr, Fe and Ni), very small amount of scale materials (O, Si and Ca)
and chloride. is is similar to what was happening in the corrosion pit in the bend. e high
carbon (C) content in the inner and outer scale is most likely corrosion product from other
parts of the system (carbon steel casing, liner, reservoir system) or from the polymer when the
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Figure 5.26: Cross-section view of the bend in pipe 3 (Sanicro 28), using the SEM. Showing where
the chemical compositions were made on the small shallow corrosion pit.
sample was compressed and polished. e amount of sulfur (S) increases down the crack and
narrow corrosion pits for both crack formations in Figure 5.27. is is the same result as in
the other stainless steel materials.
Table 5.10: Chemical composition for the straight part in pipe 3 (Sanicro 28), showing the chemical
composition in various places from Figure 5.27 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
C
O
Na
Si
S
Cl Ca Cr Mn Fe
Ni
1: bulk
2.8
1.1
1.1
27.7 1.7 34.2 31.3
2: pit
37.3 21.5 0.64 1.0 4.2 0.8 0.3 18.5
7.6
8.2

Pipe 4.a, P265GH (90-100 m/s)

Microstructural analysis on the inner surface in pipe 4.a showed aggressive uniform corrosion,
pitting and erosion corrosion damages throughout the pipe, see Figures 5.29 and 5.30. e
scale in pipe 4.a was very thick and had formed two layer structures, a silica rich outer layer
and a corrosive inner layer, see Figure 5.28. e outer scale layer is mainly silica (SiO ) and has
small amounts of chloride (Cl). e inner scale or corrosion layer mainly consists of corrosion
product (C, O, S, Fe) which could indicate that iron carbonate (FeCO ), iron sul des and
iron oxides corrosion products are forming on the surface on the low carbon steel pipe 4.a,
which is consistent with the ndings of Banas et al. who reported that FeCO and FeS are
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Figure 5.27: Cross-section view of the straight part in pipe 3 (Sanicro 28), using the SEM. a)
shows where the chemical compositions were made for the narrow corrosion pit.
present on the surfaces of low carbon steel materials in geothermal environments with water
vapor dissolved H S and CO gases (Banaś, Lelek-Borkowska, Mazurkiewicz, & Solarski,
2007). e ndings of Lichti indicated that magnetite (Fe O ) and iron sul des such as
pyrrhotite (Fe S) or troilite (FeS) are present on the surface of low carbon steel materials
in geothermal environments with vapor dissolved H S and HCl gases (K. A. Lichti, 2007).
Even though the scale is very thick and fairly dense the superheated steam seems to be able
to go through and condense and thus able to further corrode the surface of the material. It is
possible that a uid lm was able to form between the scale and the pipe because the pipes in
the test unit were not insulated and corroded the inner surface of the material. is two layer
structure indicates that a thin corrosion layer has formed on the inner surface in pipe 4.a and
then formed a thick layer of silica scale with small amounts of corrosion residue from the ow
of the system on top on the corrosion layer.

Figure 5.28: Cross-section view of the bend in pipe 4 (P265GH), using the SEM. Showing how
the scale is forming into two layers. a) at high magni cation and b) at low magni cation.
For a better understanding on what was happening at the critical point in the bend in pipe
4.a, two specimen were gathered from the bend for the SEM microstructural and chemical
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composition analysis; one specimen from the critical point in the bend where the hole formed
and the other at the outlet of the bend, see Figure 5.29. e elements detected in Table 5.11
show that at the outer part of the bend the corrosive layer is probably mainly iron oxides and
iron carbonate (FeCO ), with small amounts of iron sul des and silica (SiO ) scale. is is
compatible with what is happening in other part of pipe 4.a. e critical point in the bend
shows that similar elements are detected as in the outlet of the bend, but had small amount
of chloride (Cl) in the layer.
e outer scale layer in the bend at the outlet probably has increasing iron carbonate (FeCO ),
iron sul des and silica (SiO ) scale. is is compatible with the results from the visual inspection, that corrosion product from the demolition at the critical point are attaching in the scale
and giving it the dark gray color.
Table 5.11: Chemical composition for the bend in pipe 4.a (P265GH), showing the chemical
composition in various places from Figure 5.29 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cl Ca
Fe
1: bulk
2.8
97.2
2: inner scale 7.3 30.4 0.8 0.6
60.9
3: outer scale 28.3 28.6 6.1 6.1
31.0
4: scale
22.4 33.3 0.6 0.6 0.4 0.3 42.5

Figure 5.29: Cross-section view of the bend in pipe 4.a (P265GH), using the SEM. a) shows where
the chemical compositions were made for scale analysis at the outlet of the bend. b) shows where
the chemical compositions were made for critical point in the bend.
e scale layer in the straight part is not as dense as in the bend which gives the corrosive
superheated steam more access to the steel surface, see Figure 5.30 how a corrosion pit and
uniform corrosion is growing at the inner surface. e chemical compositions in the scale is
similar to the outer parts of pipe 4.a. Table 5.12 shows that the outer scale is rich with silica
(SiO ) and the inner scale or the uniform corrosion layer is mainly corrosion products such

50

5.2. Results
as iron oxides and iron sul des. e pit however shows similar chemical compositions as the
corrosion layer at the critical point in the bend.
Table 5.12: Chemical composition for the straight part in pipe 4.a (P265GH), showing the chemical composition in various places from Figure 5.30 and the elements aﬀect the inner surface of
the material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cl
Fe
1: bulk
3.9
96.1
2: pit
6.8 28.8 0.6 0.7 0.4 62.6
3: inner scale 4.6 24.2 0.8 7.4
63.0
4: outer scale 5.8 58.8 35.4

Figure 5.30: Cross-section view of the straight part in pipe 4.a (P265GH), using the SEM. Shows
where the chemical compositions were made for the uniform and pitting corrosion.

Pipe 9, P265GH (40-50 m/s)

Microstructural analysis on the inner surface in pipe 9 (P265GH) showed uniform and pitting
corrosion throughout the pipe, see Figure 5.31. Large and wide corrosion pits were found
both in the bend and the straight part of pipe 9, see Figure 5.31 a). e pits in the bend were
mainly lled with corrosion products (F,O and S) with small amounts of silica material (O,
Si and Ca) and chloride (Cl). e pits in the straight part were very similar but did not have
Cl in them.
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Figure 5.31: Cross-section view of the straight part in pipe 9 (P265GH), using the SEM. Showing
the uniform and pitting corrosion forming in the inner surface.
e scale is not as dense as in pipe 4.a and forms a diﬀerent kind of scale structure, see Figures
5.32 and 5.33. e scale has broken oﬀ in some places, this indicates some eﬀect of erosion.
is is compatible with the visual inspection where gaps formed in the scale and allowed
corrosion products to form due to lower density of the scale material. e corrosion in pipe
9 (velocity 40-50 m/s) was less then in pipe 4.a (velocity 90-100 m/s). is indicates that
even though the scale in pipe 9 was less dense than in pipe 4.a (thicker and more dense scale
usually form a more protective layer), the high velocity of the ow in pipe 4.a caused more
erosion corrosion damages to the pipe than the low velocity in pipe 9.
e microstructure of the scale on the bend in pipe 9 can be seen in Figure 5.32. e scale
mainly consists of corrosion products (Fe, O, S and C) such as iron oxides, magnetite (Fe O ),
iron carbonate (FeCO ) and iron sul des and small amounts of silica and chloride. e inner
scale layer (corrosion layer) has much more corrosion products than the outer layer that mainly
consist of silica scale. See chemical composition for the scale on the bend in Table 5.13.
Table 5.13: Chemical composition for the bend in pipe 9 (P265GH), showing the chemical composition in various places from Figure 5.32. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cl Ca
Fe
1: entire scale 9.5 47.3 20.6 4.4
0.6 17.6
2: inner scale 5.9 41.5 18.1 2.3 0.3 0.3 31.7
3: outer scale 16.9 53.5 26.2 1.1 0.2
2.0
e scale on the straight part of pipe 9 is very similar to the one in the bend but has additional forms of scale layer, see Figure 5.33. e scale consist of inner scale layer (corrosion
layer), intermediate layer with corrosion products (Fe, C, S) and silica, and then an outer
layer that mainly consists of silica with small amounts of corrosion residue. See the chemical
composition for the scale on the straight part of pipe 9 in Table 5.14.
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Figure 5.32: Cross-section view of the bend in pipe 9 (P265GH), using the SEM. Showing where
the chemical compositions were made for the scale.
Table 5.14: Chemical composition for the straight part in pipe 9 (P265GH), showing the chemical
composition in various places from Figure 5.32. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cl Ca Mn Fe Cu
1: bulk
2.3
0.8 96.9
2: inner scale
3.9 33.6 3.4 2.4 0.4 0.7
54.9 0.8
3: intermediate scale 5.9 53.2 19.3 1.4
0.5
19.6
4: intermediate scale 8.1 23.4 16.5
52.1
5: outer scale
55.5 41.0 1.3 0.3 0.8
1.2
Comparison of materials from the scanning electron microscope
examination and analysis

To compare the results from the scanning electron microscope examination and analysis, a
summary for all the pipes in the test unit at a similar magni cation were put together. One
for the bends only, see Figure 5.34 and another for the straight parts only, see Figure 5.35.
is gives a more accurate idea which materials show the best resistance to the dry superheated
steam form the wellhead.
Table 5.15 shows a performance summary from the SEM for all the pipes that were analyzed in
the test unit, estimated from erosion corrosion (V-shaped hole), crack, pitting corrosion and
uniform corrosion in the inner surface of the material. e stainless steel materials performed
much better than the low carbon steel because the stainless steel is much more corrosion

53

5. Erosion corrosion experiment

Figure 5.33: Cross-section view of the straight part in pipe 9 (P265GH), using the SEM. Showing
where the chemical compositions were made for the scale.
resistant than the low carbon steel. is indicates that the damages seen in earlier ow test
of the IDDP-1 well were not only due to erosion but erosion corrosion. 254SMO (pipe 1)
showed the best performance because there was almost exclusively erosion corrosion (V-shaped
holes) visible on the inner surface of the material, no cracks, pitting or uniform corrosion.
e other two stainless steel material (2707HD and Sanicro 28) showed similar performance
results. ey both had cracks and pits but erosion corrosion was not evident in the straight
parts of these pipes as it was for 254SMO (pipe 1). is con rms that erosion and erosion
corrosion is more likely to form in the bend where the ow hits the wall rather than in the
straight part of the pipe. Cracks were more evident in the duplex stainless steel 2707HD
(pipe 2) than in the austenitic stainless steel Sanicro 28 (pipe 3) and therefore Sanicro 28
showed better performance. e manufacturer suggests that due to embrittlement caused by
precipitation of inter-metallic phases, 2707HD should not be exposed to temperatures above
250∘ for a long period of time (Sandvik, 2012c). is may be the one of the reasons for the
cracking in the material and may not be the best option in material choice for superheated
environments like in Kra a IDDP-1.
Table 5.15: Performance summary from the SEM for all the pipes that were analyzed in the test
unit.
Pipe no.
1
2
3
4.a
9
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Material
254SMO
2707HD
Sanicro 28
P265GH
P265GH

Erosion
Bend Straight
X
X
X
X
X
X
X
X

Cracks
Bend Straight
X
X
X
-

Pitting
Bend Straight
X
X
X
X
X
X
X
X

Uniform
Bend Straight
X
X
X
X
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Figure 5.34: Summary cross-section view of all bends examined and analyzed with the SEM from
the erosion corrosion experiment.
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Figure 5.35: Summary cross-section view of all straight parts examined and analyzed with the
SEM from the erosion corrosion experiment.
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e wall thickness measurements indicate that erosion is mainly forming in the bend (especially at the critical point) where the steam hits the inside of the wider part of the bend wall and
causes erosion and erosion corrosion. e erosion and erosion corrosion aﬀected all the pipe
bends in the test unit and showed decrease in wall thickness at the critical point. Sanicro 28
was the only pipe that the measurements for the critical point did not go below the con dence
limit, however it showed that the wall thickness was decreasing but possibly at a slower rate
than the other pipes in the test unit. is can also be a result from inaccuracy from the thickness measurements. Moreover, because the highly alloyed austenitic stainless steel Sanicro 28
has more nickel content than the other stainless steels tested it is more corrosion resistant and
the manufacturer indicates that the steel is designed for highly corrosive conditions such as in
strong acid environments (Sandvik, 2012d). When the wall thickness measurements for the
low carbon steel pipes with diﬀerent velocity were compared they indicated that by reducing
the velocity the eﬀect of erosion and erosion corrosion can be decreased.
For all the pipes in the test unit a rather thick scale has formed. is can be a result of when
the temperature and pressure was dropped before the superheated steam entered the test unit,
the steam became supersaturated with silica. Solubility of silica in steam is dependent on
temperature and pressure, as the pressure decreases the solubility of silica in the steam drops
rapidly causing silica deposition in the steam (Hauksson, 2011). e only place in the test
unit that was completely clogged with silica scale was the connector that was used to drop the
pressure before the steam entered the test unit. All the high velocity pipes had an silica clot in
the narrow part of the bend except for 254SMO. is may be because the pipe 254SMO was
the rst in the test or because it the pipe was laid out diﬀerently than the others (starting with
the bend and then the straight part). ese clot formations in the bends have an aﬀect on
the velocity of the ow. As the diameter of the inside of the pipe decreases due to silica scale
building in the bend the velocity of the ow increases, thus increasing the eﬀect of erosion
and erosion corrosion. is was con rmed by the thickness measurements for the scale in
the bend which showed all the pipes were aﬀected by erosion in the bend. By increasing the
velocity of the ow the eﬀect of erosion and erosion corrosion increases which is supported by
the wall thickness measurement. is indicates that the silica clot formation in the test unit
increased the velocity of the ow and therefore contributed to the formation of the hole in the
hight velocity low carbon steel pipe (4.a) after only 14 days of test trial run. In the stainless
steel pipes it is likely that the silica scale was able to protect the pipes to some extent after the
initial erosion and erosion corrosion damage.
e scale in the low carbon pipe at a high velocity adhered better to the steel than in the
stainless steel pipes. is may be because of corrosion products such as rust on the surface
which makes the scale attach better to the steel. is is probably one of the reasons the
narrow part of the bend in the high velocity pipe 4.a was full of silica materials and which
made the narrow part completely clogged and enhanched the erosion corrosion in the bend
which resulted in the hole formation. e visual inspection showed that both of the low
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carbon steel pipes had uniform and pitting corrosion. In the low velocity pipe the silica scale
was not uniform but with cracks and holes in it, thus allowing more corrosion to occur in the
pipe such as pitting and uniform corrosion. is may indicate that the velocity of the steam
aﬀects how the scaling adheres to the pipe since this kind of scale behavior was not detected
in the other pipes in the test unit with higher velocity.
Scaling in the SiSiC cased carbon steel pipes was similar to the other pipes, uniform scale in
the straight part and clotting in the narrow part of the bends. In some places the ceramic
casing was broken. Some of the fractures had corrosion products on them, indicating that the
cracks may have formed during the test trial run probably due to vibration or thermal stress
in the pipes when it was heating up. is allowed the steam to go through the cracks and
condense, therefore causing pitting and uniform corrosion in the steel. ere results indicated
that ceramic cased carbon steel pipes are probably not suitable for the high temperature and
pressure in the IDDP-1 well in Kra a.
e chemical composition analysis of the scale showed that in the stainless steel pipes the scale
mainly consists of silica (SiO ) with small amounts of corrosion products such as (S, Fe, C)
and small amounts of chloride (Cl) and in some cases uorine (F) that are soluble corrosive
elements from the steam. In some places there was detection of small amounts of chromium
(Cr) and nickel (Ni) in the scale, this indicates corrosion of the stainless steel materials. e
low chromium (Cr) content in the scale for the stainless steel pipes indicates that the corrosion
products (Fe, C and S) are probably mostly from other parts of the system (carbon steel casing,
liner) or from the reservoir. If the stainless steel pipes were corroding actively there would most
likely be more chromium detected in the scale, thus the corrosion products can not be solely
from the stainless steel pipes. e scale of the low carbon steel pipes are a mixture of silica and
corrosion products (such as iron sul des and iron oxides). e scale seems to have divided
into a two layer structure, the inner layer is mainly corrosion products and the outer layer is
mainly silica. Small amount of chloride (Cl) was detected in the scale or corrosion pits.
V-shaped holes were found in all the bends in the test unit that were examined and analyzed
with the SEM. However, they were not visible in the straight parts of the 2707HD and the
Sanicro 28 stainless steel pipes. is indicates that erosion corrosion is more likely to form
in the bend where the ow hits the wall rather than in the straight part of the pipe which is
similar to what was seen in the scale. e 254SMO was the only stainless steel pipe that had
V-shaped holes in the straight part which may be because that the 254SMO was the rst in
the test unit and therefore took on the rst initial hits from the particles in the steam from the
wellhead. Some of the corrosion particles from the dry superheated steam may have adhered
to the scale on the 254SMO pipe making it thicker and stronger than the scale in the other
stainless steel pipes. us the scale on the 254SMO pipe was probably like a lter for the
corrosion particles from the well or reservoir and therefore to some extent protected the other
stainless steel pipes 2707HD and Sanicro 28.
e 254SMO stainless steel pipe had no cracking or pitting corrosion which are both evident
in 2707HD and Sanicro 28. Even though the superheated dry steam in the test should not
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condense, the scale on the steel pipes could possibly act like an insulation and allow HCl and
H S gases from the dry steam to come through the scale and condense. e condensation of
the steam causes the steam to become acid and highly corrosive. us the formation of cracks
and pitting in the pipes is probably due to the insulation eﬀect from the scale. ere was
no evidence of crack or pitting corrosion in the 254SMO possibly because it is designed for
maximum resistance to localized corrosion and can withstand high temperature. e duplex
stainless steel 2070HD is corrosion resistant in acid steam but should not be exposed to temperatures above 250 ∘ for a long period of time (Sandvik, 2012c). is is probably the reason
for the crack formation in the steel. Experts at Sandvik, the manufacturer, recommended
Sanicro 28 as the most promising candidate for environment with high temperature with
dissolved H S and CO gases and HCl (Sandvik, 2012d). However, the Sanicro 28 pipe is
cold-worked and can therefore possibly be more susceptible to hydrogen embrittlement (HF),
thus increasing the possibility of material damages.
e erosion experiment gave valuable information in how the eﬀect of scaling and velocity has
on diﬀerent materials in high temperature dry steam with HCl, HF, H S and CO dissolved
gases. e experiment did not have as high temperature and pressure as was initially intended.
However, it showed how the tested materials perform at temperature of 350∘ C in a dry
superheated steam with concentration of HCl and HF gases in the IDDP-1 well in Kra a.
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e heat exchanger experiment is one of three test made to evaluate how to utilize the superheated acid steam from the IDDP-1 well in Kra a. Several ideas to utilize the steam were made
by Mannvit, such as direct use, wet scrubbing, wet scrubbing with heat recovery and binary
system (Mannvit, 2010). e one that was tested and investigated in this thesis is a direct use
of the steam for the evaporator (heat exchanging) in a binary system without prior removal of
hydrogen chloride (HCl), silica (SiO ) and sulfur (S) particles from the superheated steam.
One of the problems for such system is the rate of silica scale due to temperature and pressure in the system which solubility of silica is dependent on. When the superheated steam
condenses it becomes more aggressive as the HCl and H S gases are forming which can be
a problem. e heat exchanger experiment was designed to simulate the condensation and
corrosive conditions that would form in the pipes of a heat exchanger when superheated steam
cools down below saturation temperature and condenses.

6.1. Experimental setup
Eight diﬀerent types of materials were selected for the heat exchanger test unit, all the pipes
were 5.5 m long. e schematic design of the heat exchanger experiment is in Appendix B
in Figure B.3. Seven highly corrosion resistant materials and one low carbon steel (P265GH)
for comparison, with a thick wall thickness to be able to visually examine how the corrosion
distributes in the pipe and from that be able to see where the steam is condensing. e
highly corrosion resistant material that was used for this test unit, were three types of highly
alloyed stainless steel (254SMO, 2707HD and Sanicro 28), two nickel alloys (Inconle 625
and Incoloy 825) and two titanium alloys (grade 2 and 7), see Table 6.1. e material selection
for the test unit was done by Innovation Center Iceland (Sigrún N. Karlsdóttir, Ingólfur Ö.
Þorbjörnsson) and Ásbjörn Einarsson verkfræðiþjónusta. It was based on a corrosion tests
that was made in Kra a well KG-12 and preliminary tests from 2010 in the IDDP-1 steam
(A. Einarsson, 1980; Eliasson & Einarsson, 1982; Þorbjörnsson, 2010) as well as from testing
results from a sour high temperature well KJ-39 (Karlsdóttir et al., 2010).
e design and installation of the heat exchanger experiment was done by Verkís. See Figure
B.4 in Appendix B for a simpli ed schematic design. e test was located in a container nearby
the wellhead where the steam from the wellhead enters the test unit. Each pipe has a shutoﬀ
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valve and therefore individual pipes can be turned oﬀ and on without aﬀecting the other pipes
in the test unit. When the test unit was rst tested the wellhead pressure had risen to 140 bar
and had to be reduced before entering the unit because the design conditions for the test unit
were 80 bar and 380∘ C. After the pressure had been reduced, the inlet temperature of the
superheated steam for each pipe was 330-350∘ C and the pressure 52-60 bar. e steam then
cools down and saturates in the pipes. is corresponds to a superheat of 60-100∘ C.
In the beginning, bimetal steam traps were located on the outlet of each pipe to control the
temperature of the steam in the pipes. is is done to maintain acceptable saturation of the
steam due to temperature variation in the ow, to get a more accurate results from the test
unit. e outlet temperature for the pipes was 270∘ C but varied when the steam traps became
clogged with silica, as explained later in this section. e temperature in the middle of the
pipe was similar to the outlet which gives a fairly accurate estimate that the condensation of
the steam had started early in the pipes. After the steam trap, the pressure and temperature of
the steam drop rapidly and changes into a two phase ow and leaves the system. Temperature
measurements and monitoring for the test unit was done by staﬀ on site and Verkís.
Problems occurred during the rst test trial run in January 2012 for the heat exchanger experiment when silica scale clogged the steam traps. is was xed by replacing them with ori ce
plates made from stainless steel 2507 and 254SMO. e test trial runs remained problematic
and discontinuous due to rapid clogging of silica and erosion in the ori ces which resulted in
frequent cleaning and replacement of the ori ces. is caused a lot of down time during the
cleaning process. e rst trial run was from January 4th to January 6th and because the test
was not operative continuously the testing time for each pipe varied according to the down
time. e pipes were not dried during repair and down time after the rst test trial run and
therefore extended the actual running time for the test unit. e second trial run lasted for 6
days with pauses due to cleaning and was proceeded in phases to simplify the procedure, rst
with 2707HD, 254SMO and titanium grade 7 and then Alloy 625, Alloy 825, Sanicro 28,
P265GH and titanium grade 2. In the third and nal trial run the test was operative for 24
days with pauses due to cleaning from March 28th to April 30th. Table 6.1 shows the estimated total running time in hours for each pipe in the second and third trial run (Karlsdóttir
et al., 2012). Testing was stopped for the low carbon steel pipe after only three days in the
second trial run due to clogging (silica and rust) in the pipe. e stainless steel pipe 2707HD
testing was stopped after 10 days in the third trial run due to a suspicion of a leak. However,
the leak was not found when the pipe was tested at the ICI, see further discussion in Section
6.2.2.
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Table 6.1: Estimated total running time in hours for each pipe both in the second and third test
period.
Second period
ird period
Type
Pipe no. Material Testing time [hr.] Testing time [hr.]
Carbon steel
1
P265GH
24
0
Stainless steel
2
Sanicro 28
26
185
5
254SMO
63
181
6
2707HD
139
41
Nickel alloy
3
Alloy 625
23
215
4
Alloy 825
8.5
259
Titanium alloy
7
Grade 2
119
252
8
Grade 7
3
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Each pipe was visually inspected followed up with a detailed inspection in laboratory with
scanning electron microscope examination and analysis. All the laboratory investigations for
the heat exchanger experiment were done at the Innovation Center of Iceland (ICI).

6.2.1. Visual inspection
e visual inspection for the heat exchanger test unit is divided in to two phases, one where the
pipes were cut in cross-section throughout the pipes and opened and the other phase where
the pipes were put in an acid solution to dissolve scale material and corrosive products from
the surface. e visual inspection on the pipes after they had been open were done to see
where in each pipe the steam condensed and further corroded the inner surface of the pipe.
e pipes were very long (5.5 m) and therefore divided into sections, inlet, middle 1 (next to
the inlet, m1), middle 2 (next to the outlet, m2) and outlet, see Figure 6.1.
Almost no silica scale was visible in the pipes, mainly deposit and corrosion products except
for in pipe 2 (Sanicro 28) and pipe 6 (Alloy 825), see Figure 6.2 and 6.4. e lack of scale
in the test unit may be because of when the temperature and pressure of the steam decreases
the solubility of the silica (SiO ) in the steam drops causing silica deposition in the steam
(Hauksson, 2011). en it is possible that the acid condensate of the ow was able to remove
the silica deposits from the pipe walls and clog the ori ces at the outlet of the pipes. However,
a deposit has formed in all the pipes to some extent in a form of dirt, corrosion products or
scale. is may be due to when the pipes were not in use which allowed remaining particles
from the acid steam to either corrode or form deposits on the bottom of the pipe.
e low carbon steel pipe 1 was used to estimate where the steam started to condense in
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Figure 6.1: e low carbon steel pipe 1 (P265GH), showing how the pipes were divided in to
sections, before and after chemical cleaning.
each pipe, this was evaluated from the corrosion rate in each section in the pipe 1. From
Figure 6.1 it can be seen that the acid steam starts to condense early in the pipe or the onset
of middle 1 and keeps on corroding the pipe in the middle 2, then it begins to decrease at
the outlet. Pipe 1 (P265GH) was heavily corroded and covered with corrosion product, in
a form of uniform and pitting corrosion through out the pipe. is shows the importance
of preventing low carbon steel to come into contact with any form of condensation from the
superheated steam containing hydrogen chloride (HCl). All the pipes in the test unit were
chemically cleaned according to the ASTM G4-01 standard. After the low carbon steel pipe
1 had been chemically cleaned the pitting and uniform corrosion became more evident. e
corrosion seems to be most at the inlet bottom and then decreases, with least corrosion at the
outlet, see Figure 6.1.
Figure 6.2 shows the stainless steel pipes from the test unit, before and after chemical cleaning.
Sanicro 28 (pipe 2) had light blue silica scale spots when it was visually inspected. After the
chemical cleaning for Sanicro 28 there was no indication of pitting corrosion under the light
blue spots. However, there were markings in the interior of the steel possibly indicating the
direction of the ow in the pipe due to the ow of the acid condensation in the pipe. 254SMO
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Figure 6.2: e stainless steel pipes in the test unit, before and after chemical cleaning.

Figure 6.3: e nickel alloy 625 (pipe 3), before and after the chemical cleaning. Showing the
bright blue substance on the pipe.
(pipe 5) had blue scale scattered in diﬀerent direction and similar to Sanicro 28 there were no
visible corrosion under the scale after the chemical cleaning.
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2707HD (pipe 6) was tested for the shortest amount of time of the stainless steel materials
in the test trial runs because the pipe seemed to leaking. Like the other stainless steel materials there was no pitting corrosion or cracks visible with visual inspection after the chemical
cleaning. Pressure test was done at the ICI on the outlet section of 2707HD pipe where the
leak was supposed to be, however the leak was not located. Staﬀ on site indicated that the
leak occurred underneath a clamp that was used to hold a temperature sensor near the ori ce
at the outlet. is leak was investigated further which led to examination of the 316 stainless
steel pipe which is located after the ori ce plates at the end of the pipe. However, even though
there were cracks and pits evident in the 316 pipe they did not go through the pipe, so it was
con rmed that the leak was not from there. According to the staﬀ on site it is possible that
they had mistaken the leak in the pipe for deposits and water from the ange on the end.
In the visual inspection for the nickel alloy 625 (pipe 3) it seemed to have small amounts
or spots of dirt but when scratched, a bright blue substance became evident underneath,
see Figure 6.3. e chemical composition for this bright blue substance was analyzed and is
discussed in Section 6.2.2. Like for the stainless steel materials, there was no corrosion evident
in the material for the alloy 625 after the chemical cleaning, see Figure 6.3.

Figure 6.4: e nickel alloy 825 (pipe 4), before and after the chemical cleaning. Few of the
corrosion pits are indicated with a white arrow.
e nickel alloy 825 (pipe 4) had very small amount of silica formation and from the visual
inspection the scale seemed to have adhered to the pipe in the same direction as the ow
distributes. After chemical cleaning, the alloy 825 corrosion pits became evident, the pits
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seem to have distributed randomly on the inner surface of the pipe material, see Figure 6.4.
e nickel alloy 825 was the only pipe in the test unit except for the low carbon steel pipe 1
which showed pitting corrosion on the inner surface of the pipe.

Figure 6.5: e titanium grade 2 (pipe 7) and 7 (pipe 8) pipes after the test trial runs for the heat
exchanger experiment.
e titanium metals grade 2 (pipe 7) and 7 (pipe 8) showed no evidence of corrosion when
they were visually inspected, see Figure 6.5. e deposit or scale in the titanium grade 2 shows
the direction of the ow in the pipe which is similar to what was seen in the nickel alloy 825
before cleaning and Sanicro 28 after cleaning. e titanium pipes were not chemically cleaned
because the ASTM G4-01 standard did not recommend it. e standard reports that in many
cases the corrosion products on reactive metals such as titanium is a hard and tightly bonded
oxide that de es removal by chemical cleaning.

6.2.2. Scanning electron microscope examination and
analysis
Scanning electron microscope (SEM) and X-ray energy dispersive spectroscope (XEDS) were
used for the chemical composition and microstructural examination and analyses for the heat
exchanger experiment. A sample for each of the pipes in the test unit was taken from the
bottom part of the pipe. For most of the pipes the sample was from the middle part 2 of each
pipe. Some pipes needed further inspection and therefore additional parts were examined.
e low carbon steel, stainless steel pipe 254SMO and nickel alloy 825 were also examined
at the inlet. e duplex stainless steel pipe 2707HD was examined at all the parts (inlet, m1,
m2 and outlet) to be able to con rm if the supposed leak in the pipe was possible.

67

6. Heat exchanger experiment
Carbon steel

e low carbon steel pipe in the heat exchanger test unit was used to be able to see the worst
case scenario in material when the HCl containing steam condensed. e inlet and middle
part 2 of the low carbon steel pipe 1 (P265GH) was examined with the SEM, because these
were the parts in the pipe that needed further investigation due to the extensive corrosion on
these parts detected by the visual inspection. Microstructural analysis of the cross-section on
the inner surface of pipe 1 (P265GH) showed obvious uniform and pitting corrosion, the
corrosion scale is thick or as much as 1 mm as can be seen in Figure 6.6.
After the chemical cleaning of the pipe, visual inspection indicated that the corrosion was
most evident at the inlet. is was con rmed with microstructural analysis from the SEM,
see Figure 6.6 b). e corrosion scale at the inlet is most likely mainly rust in a form of iron
oxide (Fe O ) or magnetite (Fe O ) with smaller amounts of corrosion products, possibly
iron carbonate (FeCO ) and iron sul des such as pyrrhotite (Fe S) or troilite (FeS). is is
consistent to the ndings of Banas and Lichti (Banaś et al., 2007; K. A. Lichti, 2007). Small
amounts silica (SiO ) scale and chloride (Cl) was detected as well. e thick corrosion layers
seem to have formed an inner and outer corrosion layer. e inner layer has more amounts of
iron (Fe) and oxides (O). e outer layer is much richer with sulfur (S), more than in the inner
part of the scale. e rust on the surface can perform as a protective layer when it has reaches
a certain thickness of the corrosion layer and therefore prevents further entry of oxygen and
slows down the corrosion rate. However, for this to be able to occur the iron sul de and iron
oxide lms require near neutral pH and some exposure time (days or weeks) to be able to
form a layer that blocks the metal surface (K. A. Lichti, 2007). According to Lichti this kind
of protective corrosion layer can not be achieved in the low carbon steel due to the low pH
levels in the steam.
Table 6.2: Chemical composition for the low carbon steel pipe 1 (P265GH), showing the chemical
composition in various places from Figure 6.6 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Ca Cr Mn Fe
Ni
1: bulk
3.0
0.4
0.7 95.9
2: pit
7.1 21.7 1.5 1.0 0.8 0.6 0.5 65.6 1.1
3: inner scale 1.8 28.3 0.5 0.7
68.9
4: outer scale 6.3 17.1 0.7 15.0 0.7
59.5 0.7
5: outer scale 6.3 17.2 0.3 27.0
49.2
e structure of the corrosion scale for the middle part 2 of pipe 1(P265GH) was similar to
the corrosion scale at the inlet, see Figure 6.6 a). e chemical composition in Table 6.2 for
the middle part 2 indicates that like in the inlet the corrosion scale is mainly rust (Fe O ). e
main elements detected in the corrosion scale are corrosion products (Fe, O and S) and small
amounts of scale material (O, Si and Ca). e outer corrosion scale is much richer in sul de
(S) than the inner scale which is not surprising since studies has shown that iron oxides and
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Figure 6.6: Cross-section view of the middle part 2 and inlet of the low carbon steel (P265GH)
pipe, using the SEM. a) shows where the chemical compositions were made for the scale.
iron sul des corrosion products can be dominant on low carbon steel surface in geothermal
environments; water vapor H S and HCl gases (K. A. Lichti, 2007). e increased sulfur may
be an eﬀect from the corrosion from the steam despite the low pH conditions (pH 2.6 - 3.5)
that was measured from a condensed water from the IDDP-1 well (Hauksson et al., 2012).
When the pH value is low the iron ion becomes stable and will not react to the sulfur ion and
therefore does not form iron sul de. is indicates that the pH level in the HCl condensed
steam must be higher.
e concentration of sulfur compounds in the steam is a problem, it can be corrosive and cause
deposits. ere was no pure elemental sulfur detected in the pipe but a combined mixture
of sulfur with other components in the steam, these particles are possibly being transported
from the well with the steam. e scrubbing tests showed that sulfur in a gaseous form can
only be scrubbed from the steam with alkaline water. However, if the steam is not scrubbed
and condenses it can causes sulfane (HS H) dissolution and formation of solid sulfur (S) in
the condensate (Hauksson et al., 2012).

Stainless steel

e microstructural analysis on the inner surface of the highly alloyed austenitic stainless steel
Sanicro 28 (pipe 2) showed many thin cracks and small corrosion pits forming underneath
a thin scale, see Figure 6.7 and 6.8. e chemical composition in Table 6.3 shows the main
elements detected in the scale are corrosion products (O, S, Cr, Fe and Ni). e scale is most
likely rich with chromium oxide (Cr O ) that usually forms a passive lm on the stainless
steel in corrosive environments. e scale is however not completely protective because of
the crack and pit formation underneath it which may be because the scale is broken in some
places or has cracks in it, therefore allowing corrosive particles from the condensate steam to
go through and corrode the material. e high carbon (C) content in the scale is most likely
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corrosion product from other parts of the system (carbon steel casing, liner, reservoir system)
or from the polymer when the sample was compressed and polished.
Table 6.3: Chemical composition for the highly alloyed austenitic stainless steel Sanicro 28 (pipe
2), showing the chemical composition in various places from Figure 6.7 and the elements aﬀect
the inner surface of the material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cr Mn Fe
Ni
1: bulk
2.3
2.5 0.5 1.1 26.8 1.7 32.4 32.8
2: pit
15.4 37.6 0.4 3.9 37.8
3.3 1.7
3: scale
14.8 39.4 0.4 3.6 37.7
3.1 1.0

Figure 6.7: Cross-section view of the middle part 2 of the highly alloyed austenitic stainless steel
Sanicro 28, using the SEM. a) shows where the chemical compositions were made.
e corrosion pit that has transformed into a crack in Figure 6.7 a) behaves very similar to the
one in Figure 6.8 a) which has a wider scale formation and is richer with sul des and silica on
top of it. e chemical composition for the corrosion pit is given in Table 6.4, it shows that
the high chromium (Cr) content indicates that a chromium oxide (Cr O ) lm has formed
in the pit and that the sulfur content increases in the crack. e sul de content is rather high
which indicates the role of the H S in formation of the corrosion pit. e scale is a mixture
of silica (SiO ) and corrosion products (S, Fe, Ni and O), probably in a formation as iron
sul de and iron oxides. Due to the nickel and chromium content in the scale it indicates that
Sanicro 28 is corroding to some extent. However, the fact that the nickel content is very low
in the scale indicates that the corrosion products are not solely from the Sanicro 28 steel but
can also be from other parts of the system (carbon steel casing, liner) or from the reservoir
system. is increasing sulfur (S) content in the scale is similar to what was happening in the
low carbon steel pipe 1 (P265GH), however there was no chloride (Cl) detected in the scale
on Sanicro 28 pipe. In most geothermal uids, sulfate (SO4) has little eﬀect on corrosion.
In some ow containing low amounts of chloride, the sulfate can be an aggressive anion but
despite that it rarely causes the same severe localized attack as chloride (Karlsdóttir, 2012).
is indicates the importance of sul de as a corrosive product on steel in a HCl containing
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condensed steam despite the low pH conditions (pH 2.6 - 3.5) due to the formation of solid
sulfur in the condensate and the increase of sulfur in pits and cracks.
Table 6.4: Chemical composition for the highly alloyed austenitic stainless steel Sanicro 28 (pipe
2), showing the chemical composition in various places from Figure 6.8 and the elements aﬀect
the inner surface of the material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cr Mn Fe
Ni
1: bulk
1.8
1.6 0.5 0.9 27.4 1.5 32.8 33.5
2: pit
9.4 40.6 2.3 9.3 26.0
9.7 2.8
3: crack
6.2 37.3 0.5 9.4 42.0
2.7 1.9
4: scale
13.8 37.2 8.8 17.6 0.5
18.7 3.4

Figure 6.8: Cross-section view of the middle part 2 of the highly alloyed austenitic stainless steel
Sanicro 28, using the SEM.
Microstructural analysis was done for both inlet and middle part 2 for 254SMO (pipe 5).
It showed large thin cracks and narrow corrosion pits, see Figure 6.9 and 6.10, more at the
middle part 2 than at the inlet. In some places in the middle part 2 a thin scale or lm
layer has formed, the layer is similar at the inlet, only thinner, see Figure 6.9 and 6.10 b).
e chemical composition analysis from Table 6.5 shows that the thin scale layer is rich with
chromium oxide (Cr O ) which has formed with sul de particles and smaller amounts of
other corrosion product (Fe, C) which is similar to what was detected in the other stainless
steel materials. On the other hand the scale has some amount of scale material in a form of
calcite (CaCO ), this type of scale has not previously been detected in this amount in the test
unit. Where the scale is less dense the amount of chromium oxide protective lm decreases and
amount of sul de increases severely along with corrosion product such as iron oxide (FeO),
iron sul de (FeS), iron carbonate (FeCO ), pyrrhotite (Fe S) and nickel (Ni). e amount
of chromium (Cr) detected in the scale indicates that the 254SMO pipe is corroding to some
extent, however they can also be partly from the other part of the system (carbon steel casing,
liner) or from the reservoir system.
e crack and pits have similar elements detected in them but they have more of chromium
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and less sulfur than in the scale above them. is is probably because a passive lm is trying
to form on the metal to prevent further corrosion but the sul de is breaking the lm due
to high temperature and pressure in the condensed HCl containing steam which causes the
stress corrosion cracking (SCC) in the inner surface of 254SMO pipe, see Figure 6.9 and
6.10. e manufacturer notes that the 254SMO steel has very high resistance to chloride
stress corrosion cracking, there were however no Cl detected in the pipe and so the massive
cracking can be from a combined eﬀect of chloride ion and sul de ion in the condensate. In
some uid containing low amounts of chloride ion, the sul de ion can become an aggressive
ion but does not cause as much damage to the steel as when the uid contains larger amounts
of chloride ion (Conover et al., 1980). e large thin cracks in the 254SMO pipe seem to be
growing in a intergranular stress corrosion cracking (SCC) manner, this is not how SCC forms
usually in an austenitic stainless steel which is transgranular (Karlsdóttir, 2012). is change
in formation can probably be linked to the high temperature and pressure of the condensate
acid steam in the test unit and the thermal stress forming when the pipe was being cooled
down and heated up between the test trial runs.
Table 6.5: Chemical composition for the highly alloyed austenitic stainless steel 254SMO (pipe 5),
showing the chemical composition in various places from Figure 6.9 and the elements aﬀect the
inner surface of the material. All results in weight%, giving the total of 100%.
Location C
O
Si
S
Ca Cr Mn Fe
Ni Mo
1: bulk
4.6 1.5 0.5
19.9 0.7 48.7 19.1 5.1
2: pit
3.4 38.2 0.6 7.0 3.3 39.5
6.7 1.3
3: scale
4.7 39.7 0.5 11.0 6.4 32.2
4.1 1.3
4: scale
7.8 27.4 1.1 27.5
13.6
15.5 7.1
5: crack 6.8 18.6
4.0 0.4 41.7
21.1 7.4

Figure 6.9: Cross-section view of the middle part 2 of the highly alloyed austenitic stainless steel
254SMO, using the SEM. Shows where the chemical compositions were made and how the cracks
are forming in a intergranular stress corrosion cracking (SCC) manner.
Both in the inlet and middle part 2 of the 254SMO pipe the large cracks and narrow corrosion
pits were also forming under a clump of sulfur (S) and iron (Fe) deposits or particles, see Figure
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6.10 a). e chemical composition analysis from Table 6.6 shows that these particles are most
likely in a form of iron sul de (FeS), since there is no chromium (Cr) detected in the clump
it is not likely a corrosion product from the pipe it self. e iron in iron sul de is most likely
from other parts of the system (carbon steel casing, liner) or from the reservoir system. Iron
sul de becomes a stable product and precipitates when iron ion is soluble in a condensate.
Iron sul de exists in the majority of the pipes in the test unit which indicates that the pH
level of the condensate is probably greater than 2.6 because iron sul de is not expected to be
stable at such a low pH level (K. A. Lichti, 2007). If the pH level of the condensate was this
low these iron sul de particles would not form because they would form into ions and would
just dissolve because ions can not form a bond with sulfur or oxygen.
Table 6.6: Chemical composition for the highly alloyed austenitic stainless steel 254SMO (pipe 5),
showing the chemical composition in various places from Figure 6.10 and the elements aﬀect the
inner surface of the material. All results in weight%, giving the total of 100%.
Location C
O
Si
S
Ca Cr
Fe
Ni Mo
1: bulk
3.8 1.4 0.6
20.6 49.6 19.1 5.0
2: crack 4.0 26.6 1.2 4.6 0.6 47.1 12.0 3.9
3: crack 3.5 32.5 1.0 4.9 0.6 47.5 8.4
1.7
4: scale
7.0
48.1
44.8

Figure 6.10: Cross-section view of inlet of the highly alloyed austenitic stainless steel 254SMO,
using the SEM. a) shows where the chemical compositions were made for the cracks and iron rich
deposit.
e microstructural analysis on the inner surface of the duplex stainless steel 2707HD (pipe 6)
showed small corrosion pits and cracks with thin scale or lm layer on the surface throughout
the pipe, see Figure 6.11. e chemical composition analysis from Table 6.7 shows that the
main elements in the scale are chromium oxide with small amounts of corrosion products (Fe
and S). is indicates that a protective lm is forming on the surface but is not completely
protective due to cracks or gaps in the scale, therefore allowing the corrosive condensate of the
HCl steam to corrode the surface by forming pits and crack in the inner surface of 2707HD.
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is is similar to the other stainless steel materials in the condensate of the HCl containing
steam.
e 2707HD is the pipe where a leak was supposed to have formed in the test trial run which
was described earlier in this chapter. All the parts in the 2707HD pipe were examined in the
SEM, the microstructural analysis showed no extensive pitting or cracking. In fact they were
minimal therefore the leak is not thought to be able to have formed in the pipe, see Figure
6.11.
Table 6.7: Chemical composition for the duplex stainless steel 2707HD (pipe 6), showing the
chemical composition in various places from Figure 6.11 and the elements aﬀect the inner surface
of the material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Cr Mn Fe
Ni Mo
1: bulk
4.3
1.4 0.4
26.1 1.2 56.0 5.8 4.8
2: scale
21.1 35.3 0.9 1.8 36.6
4.0

Figure 6.11: Cross-section view of inlet, middle part 1-2 and outlet of the high-alloy duplex stainless
steel 2707HD, using the SEM. Shows where the chemical compositions were made. e white
arrows show where the small cracks or corrosion pits are formulating.
In some places in the 2707HD pipe deposits rich with iron (Fe) and sulfur (S) had formed
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with small cracks and pits underneath, see Figure 6.12. e chemical composition analysis
from Table 6.8 shows that the small pit is mostly corrosion products (Cr, O, Fe, S, Ni) with
small amount of chloride (Cl). e small pit is rich with chromium oxide (Cr O ) that tries
to form a passive lm but the chloride ion in the pit is breaking down the passive lm and
further corroding the metal surface. e outer scale layer is mainly silica with small amount
of corrosion products (S, Fe and Na) and uorine (F). e uorine probably comes from the
hydrogen uoride (HF) dissolved gas from the condensate steam and is corrosive for the metal.
ere was no detection of chloride (Cl) in the scale, the chloride is not always detectable in
corrosion products though it still may have contributed to the corrosion. e high carbon (C)
content in the scale is most likely corrosion product from other parts of the system (carbon
steel casing, liner, reservoir system) or from the polymer when the sample was compressed
and polished. e outer scale is a thin layer of silica (SiO ).
Table 6.8: Chemical composition for the duplex stainless steel 2707HD (pipe 6), showing the
chemical composition in various places from Figure 6.12 and the elements aﬀect the inner surface
of the material. All results in weight%, giving the total of 100%.
Location
1: bulk
2: pit
3: scale
4: scale

C
3.0
5.0
41.8
35.6

O
1.8
31.5
8.3
37.8

F

Na

0.8

0.4
0.4

Si
0.4
0.8
0.2
19.6

S

Cl

Ca

8.4
24.5
2.2

0.2

0.5
0.2
1.1

Cr
26.6
36.5
0.4

Mn
1.0

Fe
55.8
15.6
24.4
2.5

Ni
6.3
1.5

Mo
5.3

Figure 6.12: Cross-section view of the middle part 2 of the high-alloy duplex stainless steel
2707HD, using the SEM. Shows where the chemical compositions were made for the scale and
small pit.
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Nickel alloy

e microstructural analysis on the inner surface of the high grade nickel alloy 625 (pipe 3)
showed no detection of cracks or corrosion pits in the surface, see Figure 6.13. Like in the
stainless steel materials a chromium oxide (Cr O ) rich thin scale layer was on the surface.
e chemical composition analysis from Table 6.9 shows that the main elements in the scale
are chromium oxide with some amount of corrosion products (S, Fe, Ni and Ti) and small
amounts of scale material (O, Si and Ca).
In some places in the alloy 625 pipe deposits were detected with high sulfur (S) and iron (Fe)
content which is similar to what has been detected in other materials in the heat exchanger
test unit. However, it does not aﬀect the material the same way as there are no cracks or pits
underneath, see Figure 6.13 b). e chemical composition analysis from Table 6.9 shows
that the deposit scale is mainly iron sul de (FeS) and with some detection of other corrosion
products (Ni and C) which indicates that the 625 pipe is corroding in small amount in the
condensate steam even if there are no cracks or pitting corrosion detected.
Table 6.9: Chemical composition for the high grade nickel alloy 625 (pipe 3), showing the chemical
composition in various places from Figure 6.13 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
1: bulk
2: scale
3: inner scale
4: outer scale

C
4.2
22.2
20.2
6.2

O
1.1
32.1
33.3
3.5

Na

Si

S

Ca

0.8

0.5
1.3

8.2
15.6
45.5

1.5
2.1

Ti
0.4
0.4

Cr
19.9
29.5
3.5

Fe
3.0
2.9
16.6
43.0

Ni
59.9
2.8
6.6
1.8

Nb
4.6

Mo
7.1

Figure 6.13: Cross-section view of the middle part 2 of the high grade nickel alloy 625, using the
SEM. Shows where the chemical compositions were made.
As was indicated in Section 6.2.1 a bright blue substance was detected on the surface of 625
(pipe 3) and no corrosion was detected underneath them, see Figure 6.3. e bright blue
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substance was removed from the pipes surface and chemically analyzed, see Figure 6.14 and
Table 6.10. e main elements detected were sulfur (Si), iron (Fe), nickel (Ni), oxygen (O)
and silica (SiO ), indicating that the blue substance is a mixture of silica and corrosion product
from the pipe it self. is con rms what had already been concluded; that the 625 pipe is
corroding to some extent because of the high amount of nickel in the bright blue corrosion
deposits.
Table 6.10: Chemical composition for the bright blue substance on the high grade nickel alloy 625
(pipe 3), showing the chemical composition in various places from Figure 6.14. All results in
weight%, giving the total of 100%.
Location
O
Si
S
Fe
Ni
1: blue substance 58.1
18.6 10.6 12.7
2: blue substance 49.0 12.9 26.4 2.9
8.9
3: blue substance 19.9 12.9 32.5 6.8 27.9

Figure 6.14: Showing SEM image of the bright blue substance that was removed from the 625
pipe surface and where the chemical compositions were made.
e microstructural analysis on the inner surface of the low grade nickel alloy 825 (pipe 4)
showed small corrosion pits and cracks with a thin scale or lm layer on the surface, see Figure
6.15. e chemical composition analysis from Table 6.11 shows that the main elements in
the scale are chromium oxide with some detection of other corrosion products (S, Ti, Fe, Ni,
O and C) and small amount of scale materials (Si, Ca and O). Some of the pits in the pipe
had uoride (F) or chloride (Cl) in them, these elements accelerate the corrosion rate in the
metal by breaking down the passive lm and further corrode surface in the HCl condensate
steam.
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In some places both at the inlet and middle part 2 of the 825 pipe there was detection of
a clump or a scale of deposits rich with iron (Fe) and sulfur (S) either on top of the rich
chromium oxide scale or straight on top of the metal surface, see Figure 6.15 a) and b). e
scale structure is similar to to what was detected in other pipes in the test unit.
Table 6.11: Chemical composition for the low grade nickel alloy 825 (pipe 4), showing the chemical
composition in various places from Figure 6.15 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Ca Ti
Cr
Fe
Ni Mo
1: bulk
3.6 1.3
1.1 21.8 29.0 40.6 2.6
2: inner scale 8.1 33.6 1.3 3.0 0.6 2.4 46.9 2.6
1.5
3: outer scale 4.8
50.3
0.5 44.4

Figure 6.15: Cross-section view of the middle part 2 of the low grade nickel alloy 825, using the
SEM. Shows where the chemical compositions were made. e white arrows show where the
small cracks or corrosion pits are formulating.
In the inlet pipe for the 825 material a large corrosion crevice/crack was found, see 6.16. It
seems that a corrosion pit started to form underneath an iron sul de (FeS) rich deposit and
that the deposit formed a shield and created a stagnant conditions beneath it, thus initiating
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crevice corrosion. e deposit lls the crevice and a crack or a narrow corrosion pit has grown
from it. e chemical composition analysis from Table 6.12 shows that the crevice is rich with
FeS and has some detection of other corrosion products (C, O, Cr and Ni) and very small
amount of scale materials (Si, O and Ca). e crack or narrow corrosion pit has residue from
the FeS rich deposit and has more of chromium oxides in it. e high carbon (C) content in
the crack and crevice is most likely corrosion product from other parts of the system (carbon
steel casing, liner, reservoir system) or from the polymer when the sample was compressed
and polished.
Table 6.12: Chemical composition for the low grade nickel alloy 825 (pipe 4), showing the chemical
composition in various places from Figure 6.16 and the elements aﬀect the inner surface of the
material. All results in weight%, giving the total of 100%.
Location
C
O
Si
S
Ca Ti
Cr
Fe
Ni Mo
1: bulk
4.9
0.6
1.0 22.2 28.5 39.9 2.8
2: scale
9.4
5.8
44.2 0.4
39.4 0.9
3: crevice 41.3 10.3 0.3 21.3
3.9 22.0 1.0
4: crack
23.7 24.1 1.0 8.0 0.8
20.9 17.8 3.6

Figure 6.16: Cross-section view of inlet of the low grade nickel alloy 825, using the SEM. Shows
where the chemical compositions were made for the large corrosion cervice/crack.

Titanium alloy

e microstructural analysis on the inner surface of the titanium grade 2 (pipe 7), showed
cracks and narrow corrosion pits, see 6.17. e chemical composition analysis from Table
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6.13 shows that the main elements in the pits are silica (SiO ) and small amounts of corrosion
products (S, Na and Ti) and other scale materials (Ca). Some amount of uoride (F) was also
detected in the pit. Hydrogen uoride (HF) is known to be corrosive for titanium alloys
(Schiﬀ, Grosgogeat, Lissac, & Dalard, 2002).
Table 6.13: Chemical composition for the titanium grade 2 (pipe 7), showing the chemical composition in various places from Figure 6.17 and the elements aﬀect the inner surface of the material.
All results in weight%, giving the total of 100%.
Location
C
O
F Na Mg
Si
S Ca
Ti
1: bulk
100.0
2: pit
14.7 39.9 3.0 0.4 0.3 32.3 0.3 1.1
8.1

Figure 6.17: Cross-section view of the middle part 2 of titanium grade 2, using the SEM. Shows
where the chemical compositions were made. e white arrows show where the cracks and narrow
corrosion pits are formulating.
In the middle part deposits rich with iron sul de (FeS) was detected in some places. Underneath the deposits a crevice corrosion is forming which is similar to what was detected in the
nickel alloy 825 (pipe 4), see Figure 6.18. is is not unexpected since titanium alloys are susceptible to crevice corrosion in high temperature HCl environment (Karlsdóttir, 2012). e
chemical composition analysis from Table 6.14 shows that the outer surface of the titanium
grade 2 pipe seems to have started to corrode (in very small quantities) and small amounts of
silica and sulfur (S) are detected on it. e crevice is mainly carbon (C) which is most likely
corrosion product from other parts of the system (carbon steel casing, liner, reservoir system) or from the polymer when the sample was compressed and polished. ere are however
mainly corrosion products (O, Al, S, Ti, Fe and K) in the crevice and some scale materials.
e corrosion products such as aluminium (Al) and iron (Fe) are probably corrosion products
from other parts of the system (carbon steel casing, liner) or from the reservoir system.
e microstructural analysis on the inner surface of the titanium grade 7 (pipe 8) showed a
thin scale or a lm with very small corrosion pits underneath it, see Figure 6.19 and 6.20 a).
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Table 6.14: Chemical composition for the titanium grade 2 (pipe 7), showing the chemical composition in various places from Figure 6.18 and the elements aﬀect the inner surface of the material.
All results in weight%, giving the total of 100%.
Location
C
O
Al Si
S
K Ca
Ti
Fe
1: bulk
1.2
98.8
2: outer surface 1.8
1.0 0.3
96.8
3: crevice
61.7 17.5 0.6 1.4 6.6 0.3 0.3 1.1 10.6
4: scale
6.9
49.3
43.8

Figure 6.18: Cross-section view of the middle part 2 of titanium grade 2, using the SEM. Shows
where the chemical compositions were made and where the rich FeS deposited on the surface
forming a crevice underneath.
e chemical composition analysis from Table 6.15 shows that the scale is mainly silica (SiO )
with small amounts of corrosion products (Na, K, Ti and Mo). e sodium (Na) detected
in the scale is probably salt from the environment that deposits on the surface of the metal.
e elements detected in the pit are similar to the scale. However, there are some traces of
corrosion products such as sulfur (S), iron (Fe) and chromium (Cr) in the pit, probably from
other parts of the system. is indicated that the titanium grade 7 pipe is corroding but at a
very slow rate. Some of the pits in the pipe had uoride (F) detected in them similar to what
was seen in the titanium grade 2 pipe. is indicates that the uoride attacks the titanium
alloys more than the stainless steel pipes in the test unit.
In some places in the titanium grade 7 pipe deposits were detected but with no corrosion pits
or crevice underneath them. e deposits are a mixture of iron oxides (FeO) and iron sul de
(FeS), see Figure 6.20 b).

81

6. Heat exchanger experiment

Figure 6.19: Cross-section view of the middle part 2 of titanium grade 7, using the SEM. e
white arrows show where the small pits are formulating.
Table 6.15: Chemical composition for the titanium grade 7 (pipe 8), showing the chemical composition in various places from Figure 6.20 and the elements aﬀect the inner surface of the material.
All results in weight%, giving the total of 100%.
Location
C
O
Na
Si
S
K
Ti
Cr Fe Mo
1: bulk
2.6
97.4
2: pit
21.1 37.5 0.7 25.7 0.7 0.3 13.2 0.5 0.4
3: scale
34.0 36.9 0.6 23.0
0.4 4.5
0.7

Figure 6.20: Cross-section view of the middle part 2 of titanium grade 7, using the SEM. a) shows
where the chemical compositions were made.

6.3. Discussion
e small quantity of silica in the heat exchanger test unit and the fact that only the ori ces
were clogging with silica was surprising. When the temperature and pressure of the steam
decreases the solubility of the silica (SiO ) in the steam drops which causes silica deposition
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in the steam (Hauksson, 2011). To maintain the solubility of the silica in the steam the
pressure and temperature must be kept high. e high temperature and pressure in the heat
exchanger test unit is probably one of the reasons why little deposit silica was found on the
pipe walls. e pressure drop over the steam traps and ori ces most likely caused the clogging
in the ori ces at the outlet of the pipes.
Pure elemental sulfur was not detected in the heat exchanger test unit, however deposits rich
in sulfur and iron were detected. is can be a problem for further utilization of the superheated steam but could possibly be solved with scrubbing. ese particles are probably
being transported from the well with the steam into the system. Iron sul de becomes a stable
product and precipitates when iron ion is soluble in a condensate. Iron sul de exists in the
majority of the pipes in the test unit which indicates that the pH level of the condensate is
probably higher than 2.6, because iron sul de is not expected to be stable at such a low pH
level (K. A. Lichti, 2007). If the pH level of the condensate was this low, the iron sul de
particles should not form because they would form into ions and dissolve because iron ions
can not form a bond with sulfur or oxygen. e wet scrubbing tests showed that the sulfur
in gaseous form can only be scrubbed from the steam with alkaline water (Hauksson et al.,
2012). However, if the steam is not scrubbed and condenses it can causes sulphane (HS H)
dissolution and formation of solid sulfur (S) in the condensate (Hauksson et al., 2012). e
heat exchanger experiments showed that it is possible that the condensate can carry out both
the silica and sulfur deposits by solving the ow control problems without increasing the silica
deposition.
Chloride was not detected in the deposits in the test unit but in some of the corrosion pits.
However, this does not mean that the surface of the pipe is not aﬀected by the acid condensate
of the HCl containing steam. Chloride is the major anion in the steam and highly corrosive
in condensate. is indicates that when sulfur and chloride is combined it can accelerate
corrosion in metals as can be seen from the cracks and corrosion pits underneath deposits that
were found in almost all the pipes in the test unit.
e low carbon steel (P265GH) pipe was used to show worst case scenario corrosion in metals in acid condensate formed from HCl containing dry steam. e low carbon steel pipe
showed high corrosion rates, with corrosion scale thickness as much as 1 mm. is indicates
that low carbon steel should not be used in the IDDP-1 well where there is a possibility of
condensation.
Cracks and small or narrow corrosion pits were detected in all the stainless steel pipes in the
test unit, underneath a thin scale rich in chromium oxide (Cr O ) that forms a passive lm
on stainless steel in corrosive environments. is indicates that the lm is not completely
protective, possibly due to cracks and gaps in the scale and therefore allowing corrosive elements from the acid condensate steam to corrode the surface by forming pits and cracks. e
hyper-duplex stainless steel 2707HD showed the best result of the stainless steel pipes in the
heat exchanger test unit. However, the manufacturer does not recommend the 2707HD steel
in long term use in high temperatures over 250∘ C due to the possibility of microstructural
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changes (Sandvik, 2012c). e test period for the trial runs was short so it is diﬃcult to estimate the long term cracking or corrosion rate for conditions in heat exchanger. e highly
alloyed austenitic stainless steel Sanicro 28 showed more severe pitting and cracking than the
2707HD stainless steel and thus is probably not to be recommend for use under these conditions. e cracking in the highly alloyed austenitic stainless steel 254SMO was surprising.
Large cracks were detected in the inner surface that is possibly due to intergranular stress corrosion cracking (SCC). is form of SCC is unusual in austenitic stainless steel which usually
grows in a transgranular manner (Karlsdóttir, 2012). is change in formation can probably
be linked to the high temperature and pressure of the steam containing chloride and sulfur in
the test unit and the thermal stress forming when the pipe was being cooled down and heated
up between the test trial runs. Litchi indicated that by changing the production conditions,
such as shut downs, can lead to unexpected pitting and SCC failure (K. A. Lichti, 2007).
Oxygen is normally absent except at shutdown and startup. Irregularities in the operation
such as that the pipes were not dried between trial run and xing of the ori ce increased the
probability of localized corrosion and SCC of the stainless steel alloys.
e high grade nickel alloy 625 showed the best performance of all the materials in the heat
exchanger experiment. Like in the stainless steel materials, a chromium oxide rich thin scale or
lm formed on the surface but had no indication of cracks or corrosion pits underneath. e
bright blue substance that was detected in the pipe was chemically analyzed as a mixture of
silica and corrosion products from the pipe it self due to the high amount of nickel. However,
this may need further investigation. Results from the scrubbing experiment for the IDDP-1
steam showed that small cracks or narrow pits were detected in the surface of the 625 pipe
used for the spraying chamber. e total testing time was 23 days which is a short time for
crack formation (Hauksson et al., 2012). us the nickel alloy can not be completely trusted
for the use in heat exchanger. e lower grade nickel alloy 825 showed small corrosion pits
and cracks underneath a thin scale or lm layer rich with chromium oxide. is is similar to
what was detected in the stainless steel pipes. A large crack was found underneath a deposit
rich in iron sul des in the nickel alloy 825 which indicates that the 825 alloy is susceptible to
localized corrosion, crevice corrosion in the condensate at high temperature.
e titanium grade 2 showed cracks and narrow corrosion pits. Like in the nickel alloy 825
a crevice corrosion was forming underneath a deposit rich with iron sul de. e corrosion
forming in the inner surface is not surprising since pure titanium is more susceptible to localized corrosion than titanium alloys (Karlsdóttir, 2012). For both the titanium materials in the
test unit uoride (F) was detected which can be highly corrosive for titanium materials. is
indicates that the small amount of HF gases in the steam has an eﬀect on the material and it
aﬀects the titanium more than other types of material. e titanium grade 7 alloy had a thin
lm or scale on the surface rich with silica and very small corrosion pits underneath it. is
con rms the corrosion resistance eﬀect from the palladium (Pd) additive in the chemical composition for the grade 7 alloy in a HCl condensate. Titanium is not generally recommended
for use in steam at higher temperatures than about 320-400∘ C due to reduced strength with
increasing temperature (Karlsdóttir et al., 2012). is could make the use of titanium grade
7 alloy in the IDDP-1 dependent on the temperature where the alloy is in service.
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Some irregularities were during the test due to clogging of steam traps and ori ces, the pipes
were not dried during the downtime and that there were diﬀerent test times for the materials.
Despite this it can be concluded from the results that the idea of a heat exchanger in a direct
use of the IDDP-1 condensate steam is a possibility, regarding corrosion and deposits in the
pipes.
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7. Corrosion coupon experiment in
dry superheated steam ﬂow
e corrosion coupon experiment was conducted to evaluate how diﬀerent materials would
perform in the dry superheated steam in the ow from the IDDP-1 wellhead. e material
selection was based on corrosion test that were made in Kra a well KG-12 in 1980 and preliminary tests from 2010 in the IDDP-1 steam (A. Einarsson, 1980; Eliasson & Einarsson,
1982; Þorbjörnsson, 2010). e dry steam in the KG-12 well contains hydrogen chloride
(HCl) like in the IDDP-1 well but has lower temperature. Initially, in the KG-12 tests there
were problems with condensation due to blending with wet steam from other wells. After the
problems were solved the corrosion of KG-12 well components were no longer an issue. e
preliminary coupon test in 2010 showed inconclusive results because of irregularities in the
operation of the test chamber. e corrosion rate was not completely comparable to the results
in KG-12. It was hypothesized that the samples were exposed to wet steam due to downtime,
causing higher corrosion rate than expected for dry steam (Mannvit, 2010). erefore it was
decided to conduct further experiments under more controlled environment.

7.1. Experimental setup
A high pressure chamber for the corrosion experiment was designed and installed by Verkís.
e schematic design of the high pressure chamber is in Appendix B in Figure B.5. e
chamber was designed for maximum 80 bar pressure and temperature of 380∘ C (Hauksson
et al., 2012) because the chamber was initially designed to access the steam directly from
the well like it was in the preliminary corrosion coupon test in 2010. Due to high pressure
(140 bar) from the wellhead when the test started in late February 2012 the high pressure
chamber was moved to the container where the wet scrubbing testing was being performed.
e pressure dropped to about 13 bar with a temperature of about 350∘ C, even though the
pressure decreased substantially the steam still remained superheated. After a 14 day testing
trial run the chamber was opened for inspection and heavy scaling was evident in the chamber.
e silica scale completely covered the walls in the chamber and the test specimens on the
specimen holder, see Figure 7.1.
Because of this, the location of the corrosion coupon experiment had to be changed again,
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Figure 7.1: e test chamber, showing how a heavy silica scale has formed on the specimens after
14 days of testing.
this time it was moved to a 500 mm steam pipe that was already in use. e pressure and
temperature (about 13 bar and 350∘ C) were similar to the chamber but with diﬀerent velocity
of the steam, which was 5-20 m/s and a superheat of about 160∘ C (Karlsdóttir et al., 2012).
e test was run for 99 days without stopping.
e material selection for the specimen holder was done by Innovation Center Iceland (Sigrún
N. Karlsdóttir, Ingólfur Ö. Þorbjörnsson) and Ásbjörn Einarsson verkfræðiþjónusta. e ICI
provided the diﬀerent materials and assembled the specimen holder for the test unit, see Table
7.1. which materials were used in what experiment.
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Table 7.1: Material selection for the corrosion experiment. Shows the amount of specimens selected.
Corrosion experiment specimens
Type
Material
Coupon U-bend
Long
Carbon steel S235 (St. 37)
2
2
P265GH
2
2
K55
2
2
TN 95
2
2
Stainless steel
304L
2
2
316L
2
2
904L
2
2
254SMO
2
2
2
SAF 2205
2
2
SAF 2507
2
2
2
2304
2
2
2707HD
2
2
13Cr
2
2
Sanicro 28
2
2
Nickel alloy
SM 2550
2
2
Alloy 825
2
2
Alloy 625
2
2
Titanium
Grade 7
2
2
Grade 2
2
2

7.2. Results
e corrosion coupon experiment included U-bend specimens to evaluate stress corrosion
cracking (SCC), long specimens that were tensile tested to evaluate hydrogen embrittlement
(HE) in the steel and coupon specimens that were chemically cleaned and weighted to evaluate corrosion rate for each material. All of the long specimens were also examined with the
scanning electron microscope. All the laboratory investigations for the corrosion experiment
were done at the Innovation Center of Iceland (ICI).

7.2.1. Visual inspection
e specimen holder was collected from the 500 mm steam pipe and brought to the ICI for
examination and testing. Heavy scale had formed on the specimens in the pipe, see Figure 7.2.
e silica scale was light and powdery and was easy to remove from the specimens, diﬀerent
to the scale in the erosion corrosion experiment. Scale usually forms a protective layer but
can be in a form like a deposit and enchance crevice corrosion, therefore it is diﬃcult to
estimate the eﬀect the low dense scale has on corrosion rates of the specimens. e heavy
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scaling in the pipe indicates that the pressure drop accelerated the scale formation from the
supersaturated steam. Because of the low velocity of the ow the silica scale settled more easily
on the specimen holder.

Figure 7.2: e specimen holder, showing how a heavy silica scale has formed on the specimens
after 99 days of testing trial run in the 500 mm steam pipe.
After the specimens had been lightly brushed and air blown there was no evident of corrosion
in the visual inspection. erefore, further examination with the SEM was needed. From
the visual inspection it seems that some of the specimens were moving because of the ow,
there were hard silica formations around some of the ceramic stoppers that were installed to
separate the specimens on the specimen holder.

7.2.2. Scanning electron microscope examination and
analysis
Scanning electron microscope (SEM) and X-ray energy dispersive spectroscope (XEDS) were
used for the chemical composition and microstructural examination and analyses for all the
long test specimens in the corrosion coupon experiment. e results from the chemical composition for most of the long specimens will not be included in this section. All of the samples
were examined after they had been cut from the long specimen and compressed into conductive polymer and then polished with sandpaper.
Results from the SEM examination can be seen for all specimens in Figure 7.4 and 7.5. ere
was detection of crack and narrow corrosion pits, pitting, uniform and crevice corrosion to
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some extent in every specimen, see the summary results in Table 7.3 for better analysis. All
of the specimens were covered with heavy silica scale, the scale was however not very dense
but nevertheless seems to have protected the specimens to some extent during the test trial
run. e results from the SEM shows that the specimens are corroded and therefore the HCl
containing steam must have damaged the materials in the early stages of the test trial run or
that the corrosive particles from the steam were able to get through the scale and corrode the
metal but at a lower rate.
Figure 7.4 shows relatively large corrosion pits and uniform corrosion that were evident in
material specimens P265GH, K55 and TN 95 carbon steel and also in 13Cr stainless steel.
ese are similar result to the corrosion test in KJ-39 well in Kra a (Karlsdóttir et al., 2010)
which indicates that 13Cr should not be used in H enviroment. In the stainless steel material
13Cr there was also some detection of cracking which is not surprising since the manufacturer
indicates that pH levels, chlorides, temperature and H S can limit its use (Group, n.d.). is
indicates that even though 13Cr material is a stainless stee, the 13% chromium content in
the material in not enough to prevent or reduce cracks, uniform and pitting corrosion in the
corrosive environment in the Kra a area. Extremely narrow corrosion pits have formed in the
stainless steel types 254SMO, SAF 2507 and 2707HD. ese narrow pits have indications of
crack formation growing from them which makes it hard to establish if they are narrow pits
or cracks. In the inner surface of 2707HD material small corrosion pits were also detected.
Figure 7.4 and 7.5 show cracks, narrow corrosion pits and small pits that were evident in
material specimens Sanicro 28 stainless steel and nickel alloys 825 and 625. Lots of cracks
and narrow corrosion pits were in the Sanicro 28 and alloy 825, much more than in the alloy
625 where the cracks were smaller and thinner. In the alloy 825 some of the cracks seem
to be rapidly growing from the bottom of the pits. e nickel alloy SM 2550 has cracks or
narrow corrosion pits and also some corrosion pits. In the titanium grade 7 specimen narrow
corrosion pits that could be interpreted as cracks were detected, as well as some small corrosion
pits. e titanium grade 2 is similar but thin cracks were evident in the inner surface of the
material. ese kind of cracks were not detected in the grade 7. is is not surprising since
the titanium grade 7 is the most corrosion resistant titanium alloy.
An example of the scale material for the long specimens is given in Table 7.2 and Figure 7.3.
e deposit and scale is very similar but the scale has more corrosion products in it, such
as nickel (Ni), sulfur (S) and small amounts of chloride (Cl). Some of the specimens had
only a thin scale, while others had deposits where crevice corrosion was occurring. Overall
it seems that chloride (Cl) was in small amounts in the scale material on specimens and in
some cases in the pits, the Cl ion comes from supersaturated steam containing hydrogen
chlorides (HCl). is Cl ion content in the scale probably explains the uniform corrosion in
the low carbon steel materials and the local breakdown of metals that form passive lms and
therefore reducing corrosion resistance of the material. After the lm has been broken by the
Cl the hydrogen (H) ion has direct access to the metal and actual corrosion can occur, such
as pitting and crevice corrosion (Hjartarson et al., 2012). Sulfur (S) content was also found
in various amounts in the scale or pits which can accelerate the corrosion process, especially
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combined with the HCl. In some of the pits or cracks sodium chloride (NaCl) was detected
which is probably in the form of salt crystals from the environment in the well and when
combined with the acid steam this can accelerate corrosion. ese kind of crystals were also
detected in the preliminary coupon test in 2010 in Kra a IDDP-1 well and gave similar results
(Þorbjörnsson, 2010).
Table 7.2: Chemical composition for the scale and deposit on Sanicro 28, showing the chemical
composition in various places from Figure 7.3. All results in weight%, giving the total of 100%.
Location
1: bulk
2: pit/crevice
3: deposit
4: scale

C
3.7
67.7
19.4
15.3

O

Si

S

Cl

K

Ca

16.9
35.0
31.9

1.2
8.3
11.0

0.5
1.8
4.4

1.0
1.0

0.6

0.6

Cr
26.9
9.2
25.8
22.6

Mn
1.3

Fe
33.2
2.4
6.0
5.4

Ni
32.4
2.1
0.8
6.6

Zn

Mo
2.5

1.5
1.3

Figure 7.3: Cross-section view of the inner surface of Sanicro 28 long specimen, using the SEM.
e summary results for the SEM analysis for the corrosion coupon experiment are given
in Table 7.3. It shows that the stainless steel materials 2707HD, 254SMO and SAF 2507
and the titanium grade 7 alloy are the most promising from this test since they had none
or small indication of cracking. Pitting corrosion was in all of the materials to some extent
but uniform corrosion mostly in the low carbon steel and also in the stainless steel material
13Cr. It should to be noted that the manufacturer does not recommend the hyper-duplex
stainless steel 2707HD in temperature above 250∘ C since the microstructure can change in
the material (Sandvik, 2012c) and therefore would not be recommended for long term use in
high temperatures like in the IDDP-1 well in Kra a.
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Table 7.3: Summary results for the corrosion coupon experiment from the microstructural examination by using the SEM.
Types of corrosion
Type
Material
Cracks Pitting Uniform
Carbon steel
P265GH
X
X
K55
X
X
TN 95
X
X
Stainless steel 254SMO probably
X
SAF 2507 probably
X
2707HD
X
13Cr
X
X
X
Sanicro 28
X
X
Nickel alloy
SM 2550
X
X
Alloy 825
X
X
Alloy 625
X
X
Titanium
Grade 7
probably
X
Grade 2
X
X
-
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Figure 7.4: Cross-section view of the long specimens in the corrosion experiment, using the SEM.
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Figure 7.5: Cross-section view of the long specimens in the corrosion experiment, using the SEM.
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7.2.3. Corrosion rate analysis
Corrosion rate measurements were done to evaluate the corrosion rate in mm per year for the
selected materials, results are shown in a diagram in Figure 7.7. e corrosion rate calculations
are in more details in Appendix A in Table A.1. All the specimens were included in the
diagram except for the titanium alloy because according to the ASTM standard G-01 titanium
is diﬃcult to chemically clean due to a formation of a hard and tightly bonded oxide that in
some cases increases mass gain. Two specimens for each material were tested to get an average
corrosion rate. e specimens were weight before and after chemical cleaning. e specimens
were all chemically cleaned according to the ASTM standard G4-01, to remove all the scale
material, corrosion products, deposits or anything unwanted from the surface. e chemical
cleaning process can be seen in Figure 7.6, from stage one when the specimen has been lightly
cleaned by a soft brush, silica scale and deposits are still evident on the surface. At stage two,
the specimen has been thoroughly brushed with a brittle brush, removing any undesired scale
from the surface. And then at the nal stage three the specimen has been chemically cleaned
with an acid solution. e specimens were then measured with a vernier caliper to get the
surface area measurements but because of the irregular shape of some of the specimens it was
hard to get an accurate area value, thus some incongruity can be in the results for some of the
specimens.

Figure 7.6: Specimen 254SMO, showing the chemical cleaning process. Specimen on the left shows
cleaning at stage one, in the middle shows stage two and on the right shows stage three.
All of the specimens except for the stainless steel 13Cr in the 2012 test were below an acceptable corrosion rate limits, which is generally considered to be 0.1 mm/yr (K. Lichti et al.,
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Figure 7.7: A diagram showing the corrosion rate per year for the coupon specimens.
2010a), see diagram in Figure 7.7. It is interesting to note that almost all the materials in the
preliminary coupon test in 2010 have considerable higher corrosion rates than in the 2012
test for the same material, except for 13Cr specimen which in 2010 rated 0.25 mm/yr and in
2012 rated 0.41 mm/yr. ere is no obvious explanation for the diﬀerence in the measured
corrosion rate for the 13Cr material.
e low corrosion rate in the corrosion coupon experiment in 2012 indicates that the heavy
scaling material on the specimens had formed a protective layer that reduced the corrosion
rate. e scale material may have prevented further entry of corrosive species because it covers
the entire surface of the material. is indicates that the scale materials plays an important
role by protecting the materials in the dry superheated steam from further corrosion and slow
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down the corrosion rate. Another possibility is that in the 2010 preliminary coupon test
irregularities in the operation may have accelerated the corrosion rate for the carbon steel
materials (low corrosion resistance) and therefore giving them an inaccurate corrosion rate.
Because of the low corrosion rate it is hard to evaluate which tested material shows the best
resistance against corrosion. However, the nickel alloy SM 2550 shows the lowest corrosion
rate followed by the highly alloyed austenitic stainless steel Sanicro 28. After that, the stainless
steel material 2304, SAF 2205 and then the duplex steels SAF 2507 and 2707HD and so on.
It seems that within each material type (stainless steel or nickel) the amount of chromium
(Cr) content in the materials could be a deciding factor in the corrosion rate for the materials
in the dry superheated steam from the IDDP-1 well.

7.2.4. Mechanical properties analysis
A tensile test was made to evaluate resistance against hydrogen embrittlement (HE) in the
tested materials, by measuring the % elongation after fracture, tensile and yield strength. In
the KJ-39 well HE eﬀect was detected in the specimens from the conductor and possibly in the
initial tested specimens from the KJ-39 well. is is the reason the tensile test was conducted,
i.e. due to the potential of HE in the material. Vélvík cut the long specimens into tensile
testing specimens according to ISO/DIS 11960 and EN10 002 Part 1:1990 standards. e
specimens were tested in a tensile test machine, type MTS with a 100K calibrated power cell.
Table 7.4: Summary results for the tensile testing. e table shows the minimum value according
to manufacturer or API standards.
Material
K55
TN 95
254SMO
SAF 2507
2707HD
13Cr
Sanicro 28
SM 2550
Alloy 825
Alloy 625
Grade 2

Yield strength S . [MPa]
Minimum
IDDP1
value
Base
2012
379-551
379
469
655-759
691
667
>310
339
377
>530
641
805
>700
1016
552-655
592
601
>760
837
960
861-1000
979
991
440
380
591
490
453
438
275 - 410
331

Tensile strength S [MPa]
Minimum
IDDP1
value
Base
2012
>655
687
747
>724
797
787
655-850
767
747
730-930
889
1066
920-1100
1305
>655
747
754
>792
930
1063
>896
1011
1062
770
798
782
905
994
959
344
511

solution annealed seamless tubes with wall thicknesses up to 4 mm.
cold worked pipe (Sanicro 28-110).
SM2550-125: heat treatment- solution (1060°C x 3 ,om W.Q.) followed by cold drawing.
Tube annealed.
Cold-Rolled and 1925°F (1050°C) Mill-Annealed (Sheet) (Haynes 625).
e test stopped due to failure in the system and the test was repeated with the same specimen.

98

Elongation at fracture A [%]
Minimum
IDDP1
value
Base
2012
19
30
22
20
26
35
56
61
20
41
34
25
31
15
26
20
11
19
15
13
13
15
35
42
43
49
55
50
20
35

7.2. Results
e results from the tensile test can be seen in Table 7.4 where they are compared to the given
value from manufacturer and the base specimens that had also been tested. e base specimen
come straight from the manufacturer and has not been exposed to the HCl containing steam
from the IDDP-1 well. e elongation at fracture is then measured for the specimen according
to the EN 10 002-1:2001 standard.

Figure 7.8: A diagram showing elongation at fracture from the tensile test for the long specimens.
e diagram in Figure 7.8 shows the summary results for the elongation at fracture A in
percentage, decrease in elongation at fractures below an acceptable level can indicate hydrogen
embrittlement (HE). When the minimum value from the manufacturer is compared to the
IDDP-1 2012 measurements it indicates that there is not clearly any evidence of HE in the
specimens after they have been subjected to the HCl supersaturated dry steam for 99 days of
test trial run. e elongation at fracture for the IDDP-1 test in 2012 for all the test specimens
are always above the minimum value from the manufacturer, therefore it is not possible to
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declare that any of the specimens have been a subject to HE. e only possible subject to
HE is K55 since the measured elongation is near the minimum value and is also much lower
than the base measurements. However, this is not conclusive results since the measured value
is still above the minimum. is is unusual since usually K55 carbon steel is a low strength
ferritic steel and thus not generally susceptibility to sul de stress cracking (SSC) or HE. When
the specimens were visual inspected there was no indication of brittle failure. e diagram in
Figure 7.8 also shows measurements from the preliminary coupon corrosion test for IDDP-1
in 2010. e test in 2010 show similar results, that there was no evidence indicating HE or
SSC in the test specimens. However, some of the specimens in the 2012 test show decrease
in elongation at fracture when compared to the specimens in the 2010 test (K55, 13Cr and
SM 2550).

7.2.5. U-bend stress analysis
A U-bend stress analysis are used to evaluate resistance against stress corrosion cracking (SCC)
in diﬀerent types of material in the IDDP-1 steam. Eight diﬀerent types of material were
tested, one low carbon steel and seven stainless steel, see Table 7.1. Two strain conditions were
set up for all types of specimens, at 12.5% and 20% true strain. e specimen preparation
was done according to the ASTM G30-97 standard.
Figure 7.9 shows the results for the 12.5% strain specimens and Figure 7.10 shows the results
for the 20% strain specimens, from the SEM examination. ere were no indications of
cracking in the low carbon steel (S235) specimen for both the 12.5% and 20% true strain
which is not surprising since low carbon steel is generally not sensitive to SCC. Typical SCC
cracking grows perpendicular when stress is applied, these kind of cracks were detected in the
304L and 316L stainless steel specimens at both strain levels. is indicates that 304L and
316L are both very susceptibility to SCC in the HCl containing steam.
e 904L and 254SMO specimens had no indication of a typical SCC. However, there seems
to have formed a crack or a network of cracks in the inner surface of the specimen, that are
growing in a parallel manner which is an unusual growth. e cracks appears to be shaped in
the form of a hemisphere, consistent with the shape of an indented crater caused by a rounded
particle impact (Rajahram et al., 2012). Rajahram reported that the ring cracks may form on
a brittle surface due to repeated particles impact (Rajahram et al., 2012). ese ring cracks
were detected in both strain levels for the 904L and 254SMO specimens. Due to the fact
that they are both austenitic stainless steel and should not be particularly sensitive to HE,
makes the nding of Rajahram an unlikely reason for this crack formation in this case. e
ring crack formation needs further inspection in HCl containing superheated steam to better
understand the reasons for this formation.
For the duplex stainless steel specimens SAF 2205 and 2304, typical SCC is detected in the
20% true stain level, see Figure 7.10. However, in these materials there are indications of

100

7.2. Results
ring cracks at both strain levels. e super duplex stainless steel SAF 2507 had no typical
SCC cracks but did have some indication of ring cracks in the 12.5% true stain level. is is
not surprising since the manufacturer suggest the SAF 2507 steel has excellent resistance to
stress corrosion cracking (SCC) in chloride bearing environments (Sandvik, 2012b). Narrow
corrosion pits were detected in 2304 and SAF 2507 which is not relevant to the U-bend stress
analysis, see Figure 7.10. e summary results for all the specimens in the U-bend stress
analysis test can be seen in Table 7.5.
Table 7.5: Summary of results from the inspection of cracks in U-bend specimens.
12.5% true strain
20% true strain
Type
Material Crack (SCC) Ring crack Crack (SCC) Ring crack
Carbon steel
St. 37
Stainless steel
304L
X
X
X
316L
X
X
904L
X
X
254SMO
X
X
SAF 2205
X
X
X
SAF 2507
X
2304
X
X
X
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Figure 7.9: Crack formation in the U-bend specimens at 12.5% true strain.
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Figure 7.10: Crack formation in U-bend specimens at 20% true strain.
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7.3. Discussion
Heavy silica scaling had formed on the specimens in the 500 mm pipe. is layer of scale
completely covered the specimens holder and thus aﬀected the results of the corrosion rate
measurements. Scaling can form as an protective layer but it can also behave like a deposit
and enhance crevice corrosion like it did in the Sanicro 28 specimen. Due to this it is diﬃcult
to estimate the aﬀect the scale has on the specimens.
e results from the corrosion rate analysis show that all the specimens tested except for the
stainless steel 13Cr were below acceptable corrosion rate limits for materials in the dry steam
environment, which is de ned as 0.1 mm/yr (K. Lichti et al., 2010a). is indicates that the
low average corrosion rate in the coupon test may be because of the combined eﬀect of the
heavy silica scaling that formed as a protective layer against uniform corrosion by preventing,
to some extent, further entry of oxygen to the surface and the high superheat in the steam
that prevents any condensation. e corrosion rate from the corrosion coupon experiment is
much lower than previous tests in KG-12 and preliminary coupon test in IDDP-1 steam in
2010 (Karlsdóttir et al., 2012). e previous test in steam from IDDP-1 had problems with
condensation and irregularities in the test operation which is probably the reason for the high
corrosion rate. However, due to the heavy silica scaling on the specimens in the corrosion
coupon experiment in 2012, it is hard to evaluate to what extent the aﬀect uniform corrosion
in dry superheated steam would have on the materials if the scaling was not present.
e results from the SEM examination and analysis showed detection of cracks, localized or
uniform corrosion to some extent underneath the silica scale in every long specimens tested
in the corrosion coupon experiment. e corrosion in the inner surface of the materials has
most likely started during the early days of the test trial run before the silica scale completely
covered the specimens. Another possibility is that the corrosive elements from the steam were
able to go through the scale and corrode the material but at a lower rate. Chloride (Cl) was
detected in small amount in most of the scale material on the long specimens. e Cl content
in the scale probably explains the uniform corrosion in the low carbon steel materials and the
local breakdown of passive lms on the metals where it forms and therefore reducing corrosion
resistance of the material. e results from the SEM showed the most promising materials
from this test were the stainless steel specimens 2707HD, 254SMO and SAF 2507 and the
titanium grade 7 alloy. However, the manufacturer does not recommend the hyper-duplex
stainless steel 2707HD in temperature above 250∘ C in long term use (Sandvik, 2012c). It
is interesting to note that the most corrosion resistant materials such as nickel alloy 625 and
titanium grade 7 alloy showed some form of corrosion occurring in the inner surface. It can
be estimated from this that by increasing the temperature to 450 ∘ C (wellhead temperature),
the corrosion damages would increase.
e stainless steel 13Cr has shown bad results for both the SEM and corrosion rate analysis.
ese are similar results to the preliminary corrosion coupon test in IDDP-1 well in 2010 and
corrosion test in KJ-39 (Þorbjörnsson, 2010; Karlsdóttir et al., 2010). e SEM analysis of
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13Cr showed cracking, uniform and pitting corrosion which indicates that 13Cr should not
be used in H S environment.
e results from the mechanical properties analysis showed no evidence of HE in the specimens after they had been subjected to HCl supersaturated dry steam for 99 days of test trial
run. e preliminary corrosion coupon test in 2010 showed similar results. is may be due
to low formation rate of hydrogen (H) in the steam, as indicated by the low corrosion rate
measurements.
e results from the U-bend stress analysis showed that austenitic stainless steel 304L and
316L, which are the most commonly used austenitic stainless steel, formed typical perpendicular SCC at both true strain levels. is indicates that 304L and 316L should not be used
in the IDDP-1 steam in Kra a. e super duplex stainless steel SAF 2507 showed the best
performance in the U-bend stress test, followed by the austenitic stainless steels 904L and
254SMO which showed no detection of typical SCC. However, there seems to have formed
a crack or a network of cracks that are parallel to the inner surface in these materials. e
ring crack formation needs further inspection in HCl containing superheated steam to better
understand the reasons for this formation. Even though SAF 2507 showed best performance
in the test, the manufacturer does not recommend the long term use of the material in temperature above 250∘ C in long term use (Sandvik, 2012b).
e SEM examination and analysis for the unstressed and stressed specimens showed that
most of the materials that were tested showed some extent of corrosion in the surface of the
material. is indicates that despite the low corrosion rate and silica scale on the materials,
the dry superheated steam from the IDDP-1 well is able to make the materials a subject to
cracking and localized corrosion. When the dry superheated steam is not condensed, there
should be little danger of corrosion. e samples are clearly corroding and it is likely that
some substance in the uid or corrosion mechanism is causing the corrosion. is can be a
subject to further studies. For the carbon steel, both unstressed and stressed specimens, there
was no indication of cracking in any form.
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e dry superheated steam from the wellhead has high temperature (450∘ C) and pressure
(140 bar). e steam is supersaturated with silica and when the temperature and pressure is
dropped it causes silica deposition from the steam. From all the experiments in this thesis silica
deposition caused problems to some extent. For all the test units temperature was decreased to
about 350∘ C and pressure to 13 bars, except for the heat exchanger experiment the pressure
was decreased to 52 - 60 bars. In the erosion and corrosion coupon experiments the silica
deposition from the steam was extensive but in some places formed as an protective layer
against further corrosion. However, in the heat exchanger experiment the acid condensate
steam was able to remove the silica deposition from the pipe walls and out of the test unit.
is indicates that by selecting appropriate inlet pressure from the wellhead may decrease silica
problems in the system. Moreover, the scrubbing test made for the IDDP-1 well showed that
silica particles can be eﬀectively washed from the steam with wet scrubbing (Hauksson et al.,
2012).
e results from the erosion corrosion experiment showed that all the test subjects were affected by erosion and erosion corrosion, especially in the bend at the critical point where it
showed decrease in wall thickness. It was also concluded from the low carbon steel pipes with
diﬀerent velocity, that by reducing the velocity of the ow the eﬀect of erosion and erosion
corrosion can be decreased. It is also suggested that the velocity aﬀects how the scale forms on
the interior of the pipe. Like in the low velocity pipe the scale was not uniform and therefore
allowed corrosive species from the steam to further damage the steel with uniform and localized corrosion through cracks and holes in the scale. is indicates that there is a sensitive
balance in the selection of appropriate ow rate for the IDDP-1 steam such that it does not
promote erosion and decreases silica deposition on the steel.
e scale in the erosion corrosion experiment formed a thick layer on the steels in the test unit.
e stainless steel pipes 2707HD and Sanicro 28 showed cracking and pitting corrosion from
the SEM analysis. Due to the fact that the superheated steam was dry there should be no form
of condensation, however the pipes were not insulated and the scale on the pipes probably
acted like an insulation over the steel. e HCl and sul de gases from the steam were able to
come through the scale and condense, therefore corroding the materials. It would probably
have been better to insulate the test unit with standard insulating materials (rock ber, plastic
sheets and steel casing) and therefore decrease the thermal expansion from the environment
and probably minimizing the insulation eﬀect from the scale on the pipe materials. e corrosion test in the KJ-39 well in Kra a showed similar ndings of cracks and pitting formation
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in the stainless steel material (Karlsdóttir et al., 2010). e steam in KJ-39 well was a two
phase ow (steam and liquid) and the steam was probably condensed at some point during
the corrosion experiment, due to this further testing on the corrosion mechanism is needed.
It might be interesting not to use a cold-drawn Sanicro 28 pipe in the future testing.
e ceramic cased carbon steel pipes showed extensive cracking in the casing probably due
to thermal stress between the ceramic and the steel. is indicates that ceramic cased carbon
steel should probably not be used in the IDDP-1 well in Kra a.
From the heat exchanger experiment it was concluded that it is possible that the acid condensate from the ow is able to remove both silica and pure sulfur deposition from the steam
without causing damages to the pipe materials. However, the temperature and pressure of
the inlet steam has to be carefully selected to not increase the silica deposition. Moreover, the
scrubbing test made for the IDDP-1 well showed that sulfur in gaseous form can be scrubbed
from the steam with alkaline water (Hauksson et al., 2012). Deposits rich with sulfur and iron
were detected which this is strange since the pH levels of the condensate steam was reported
very low. is needs further investigation.
e unstressed and stressed carbon steel specimens tested in the dry superheated steam showed
no indication of cracking. However, when carbon steel was tested in condensate acid steam it
showed high corrosion rate with corrosion scale thickness as much as 1 mm. From this it can
be concluded that carbon steel can be used in the IDDP-1 steam at 350∘ C at a low pressure
if there is no condensation taking place near the steel.
In the heat exchanger experiment the 2707HD duplex steel showed the best performance from
the SEM analysis of all the stainless steels tested. In both the erosion and corrosion coupon
experiments the 2707HD cracks and/or corrosion pits were detected. e manufacture does
not recommend the 2707HD duplex steel in temperature above 250∘ C in long term use due
to possible microstructural changes (Sandvik, 2012c). is makes the steel not reliable for
service in the superheated steam in IDDP-1 well in Kra a. e austenitic stainless steel Sanicro 28 showed cracking and corrosion pits in all of the test units for the IDDP-1 well, erosion
corrosion, heat exchanger and corrosion coupon experiment. is indicates that Sanicro 28 is
probably not very useful for service for the conditions from the IDDP-1 well. e austenitic
stainless steel 254SMO showed best performance in the erosion corrosion experiment and
was one of the most promising materials from the corrosion coupon experiment (little to no
cracks and corrosion pits). However, in the heat exchanger experiment the 254SMO steel
showed relatively severe cracking possibly due to intergranular SCC from irregularities in the
test. is makes the 254SMO the most promising stainless steel material for the IDDP-1
steam in Kra a at 350∘ C and low pressure function. It would be interesting to further study
stainless steel materials with higher corrosion resistance that could increase the service range
of stainless steel in higher temperature in the IDDP-1 well. e corrosion resistance to localized corrosion can be increased by higher Mo and Cr content in the steel (Fontana & Greene,
1978). Moreover, the susceptibility of stainless steel to SCC can possibly be decreased by
increasing the nickel content, especially in chloride solutions (Karlsdóttir, 2012). e most
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commonly used stainless steel materials in geothermal system are 304L and 316L. e results
from the U-bend stress analysis showed that due to SCC at both strain levels they should not
be used in the IDDP-1 steam in Kra a.
e nickel alloy 625 and titanium grade 7 alloy are the most corrosion resistant materials
that were tested, they showed the best performance in the steam from the IDDP-1 well. It is
interesting to note that they both showed little or no corrosion in the heat exchanger experiment but in the corrosion coupon experiment that lasted for 99 days, very small corrosion pits
and possibly cracks were detected in the titanium grade 7 alloy while in the nickel alloy 625
narrow corrosion pits and cracks were detected. Similar corrosion results for the nickel alloy
625 was seen in the spraying chamber om the wet scrubbing experiment done for the IDDP-1
steam (Hauksson et al., 2012). is indicates that the nickel alloy 625 may corrode more with
time, it can be used for service in the IDDP-1 steam. More corrosion resistant nickel alloys
should be considered instead to better withstand the acid chloride environment produced by
the IDDP-1 well in Kra a. e titanium grade 7 alloy also showed good performance but
titanium is not generally recommended for use in steam at temperatures higher than 320400∘ C due to reduced strength with increasing temperature. e possibility of hydrogen
embrittlement also exists at pH levels under 3 and temperature above 80∘ C (Karlsdóttir et
al., 2012). e results indicated that the pH levels for the steam may be above 3 pH even
though measured value was below 3 pH (K. A. Lichti, 2007; Hauksson et al., 2012). Moreover, the results from the tensile test showed no clear evidence of HE in all of the specimens
tested, except 13Cr. More specimens should be tested to verify and compare to the bulk titanium sample. e heat restrictions limits the use of the grade 7 alloy but it could possibly be
used in service in the IDDP-1 steam if the pH levels do not decrease below 3 pH.
Even though the corrosion rate analysis showed that almost all the specimens tested were
below acceptable corrosion rate limits, the SEM analysis shows they are clearly corroding
to some extent, despite the protective layer from the silica scale and the superheated steam
that should prevent condensation. e uid from the IDDP-1 well is producing corrosive
substances that are probably causing this corrosion. is can possibly be a combined eﬀect
from the sulfur and chloride (sulfur ampli es the corrosive eﬀect from the chloride) that is able
to corrode the specimens even though they are in dry superheated steam where there should
be no condensation occurring. Fluoride was detected in some of the scale (in titanium), the
small amounts and HF gases from the steam may also play a part in the corrosion seen on the
samples. Moreover, the corrosive mechanism from the steam is not clear and therefore may
be a subject for further studies.
e tests show that the feasibility of direct use of a heat exchanger for the IDDP-1 steam
is plausible regarding corrosion and deposits in the pipes. It would be interesting to set up
another heat exchanger and corrosion coupon experiment to test the materials with best performance from all the categories (stainless steel, nickel alloy and titanium) for a longer period
of time to examine further the corrosion eﬀect from the steam, especially cracking in the material. It would also be interesting to add materials to the test that are more corrosion resistant
from the stainless steel and nickel alloy categories, even if the cost for those materials is higher.
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Moreover, it would interesting to test these materials against the wellhead temperature (450 ∘
C) directly. For future work, it will be better if the tests would be under more control, such as
ow control, multiple shutdowns, silica problems to eliminate irregularities from the results.
However, this may not possible for the IDDP-1 well due to the fact that in August 2012 a
valve started to leak and when safety measurements were set in motion it became clear that
neither of the two safety valves on the wellhead were operable. e safety valves had been
damaged. Extreme measurements were taken and the well was killed by pumping water into
it. is damaged the casing and the well it is not operable at the moment (Mannvit, 2012).
Other well drilling sites are being considered for further IDDP wells. e members of the
IDDP are considering to drill wells IDDP-2 and IDDP-3 at Hengill and Reykjaness down
to approximately 4 km depth. ese systems are both located in the Mid-Atlantic Ridge like
the IDDP-1 well in Kra a (Friðleifsson et al., 2010). It has been decided that the IDDP-2
well will be situated at Reykjanes geothermal area and hopes are that the drilling will start in
2015 -2016. e results gathered from the experiments in the IDDP-1 well in Kra a should
improve the success rate for utilizing superheated steam for future wells. However, due to
the unique characteristics of the steam from the IDDP-1 well corrosion studies and ow tests
would need to be conducted for each drill site. If this will be successful the IDDP well will
be the rst and most powerful operating well in the world.
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A. Data Table For Corrosion Rate
Table A.1: Corrosion rate measurements.
Material

No.

S235 (St. 37)
S235 (St. 37)
P265GH
P265GH
K55
K55
TN 95
TN 95
304L
304L
316L
316L
904L
904L
254SMO
254SMO
SAF 2205
SAF 2205
SAF 2507
SAF 2507
2304
2304
2707HD
2707HD
13Cr
13Cr
Sanicro 28
Sanicro 28
SM 2550
SM 2550
Alloy 825
Alloy 825
Alloy 625
Alloy 625
Grade 7
Grade 7
Grade 2
Grade 2

1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

Original measurements
Weight
Length
Wide
ickness
[g]
[mm]
[mm]
[mm]
28.0902
50.67
25.75
3.00
28.1095
50.74
26.19
2.95
107.8168
49.81
29.63
11.23
111.3127
50.30
29.98
11.24
88.7739
50.91
27.52
9.27
87.9144
50.47
25.25
9.28
120.9551
54.10
27.15
11.48
113.5316
51.64
26.57
11.55
28.1527
50.96
25.24
3.06
28.1425
50.85
25.55
3.00
28.2145
48.84
25.41
3.02
27.7184
49.25
25.54
3.04
28.2311
50.49
25.68
2.96
27.9621
50.48
25.47
2.96
28.5682
50.84
25.41
3.01
28.6582
50.28
25.45
3.01
27.5613
50.29
25.59
2.96
27.6911
50.40
25.66
2.96
27.5517
49.86
25.68
2.98
27.9935
50.29
25.54
2.99
27.7033
50.39
25.56
2.99
27.5176
49.87
25.64
2.98
30.2102
51.54
23.83
3.37
29.226
50.85
24.07
3.38
46.9638
50.7
19.6
6.47
47.6318
49.98
20.52
6.56
82.0332
50.25
29.87
7.60
82.174
50.70
29.80
7.58
111.7069
54.90
25.73
10.70
108.3986
55.66
25.35
10.62
30.9914
49.99
24.01
3.63
33.0304
51.30
24.60
3.49
41.7702
50.14
28.52
3.44
40.5304
49.62
28.35
3.38
6.1219
50.12
18.14
1.53
6.2766
50.82
18.02
1.40
16.9637
50.37
24.65
2.91
17.9781
43.16
24.36
2.89

Weight loss
[g]
0.0347
0.0309
0.077
0.0717
0.0589
0.0564
0.0662
0.0664
0.00892
0.017
0.01493
0.01392
0.00775
0.00704
0.00649
0.01011
0.00427
0.00244
0.00532
0.00273
0.0003
0.0021
0.00447
0.00346
2.16371
2.17645
0.0036
0.0023
0.0226
0.02848
0.00905
0.00399
-

Density
[g/cm ]
7.85
7.85
7.85
7.85
8.82
8.82
7.85
7.85
7.75
7.75
7.8
7.8
8.05
8.05
8
8
7.8
7.8
7.8
7.8
7.8
7.8
7.8
7.8
7.3
7.3
8
8
8.8
8.8
8.14
8.14
8.44
8.44
4.51
4.51
4.51
4.51

Corrosion rate calculations
Surface area
Time
Corrosion rate
[cm ]
[hour]
[mm/yr]
27.845
2376
0.005852897
28.281
2376
0.005131552
44.524
2376
0.008122341
45.372
2376
0.007422047
39.727
2376
0.006197608
36.706
2376
0.006422953
45.196
2376
0.006879326
42.673
2376
0.007308122
27.553
2376
0.001540124
27.733
2376
0.002916131
26.470
2376
0.002666064
26.869
2376
0.0024488
27.606
2376
0.001285777
27.376
2376
0.001177804
27.592
2376
0.001084006
27.316
2376
0.001705685
27.395
2376
0.000736743
27.533
2376
0.000418893
27.275
2376
0.000921956
27.388
2376
0.000471166
27.466
2376
5.16286E-05
27.239
2376
0.000364418
24.859
2376
0.000849927
24.919
2376
0.000656312
26.136
2376
0.418115108
26.926
2376
0.408234755
39.362
2376
39.586
2376
0.000419114
42.671
2376
0.000225824
42.591
2376
26.542
2376
0.003856586
27.702
2376
0.004656505
31.176
2376
0.001268055
30.570
2376
0.000570154
17.437
2376
17.408
2376
26.363
2376
22.095
2376
-
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Average CR
[mm/yr]
0.005492
0.007772
0.00631
0.007094
0.002228
0.002557
0.001232
0.001395
0.000578
0.000697
0.000208
0.000753
0.413175
0.000419114
0.000225824
0,004257
0.000919
-

B. Schematic Designs For IDDP-1
Tests
is appendix contains documents from Verkís which show various schematic designs for the
corrosion experiments in the IDDP-1 steam.
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B. Schematic Designs For IDDP-1 Tests

Figure B.1: Schematic design of the erosion corrosion experiment.
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Figure B.2: Schematic design of the pipe diameters for the erosion corrosion experiment.

119

B. Schematic Designs For IDDP-1 Tests

Figure B.3: Schematic design of the heat exchanger experiment.
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Figure B.4: Two dimensional schematic drawing of the test unit for the heat exchanger experiment.
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B. Schematic Designs For IDDP-1 Tests

Figure B.5: Schematic design of the high pressure chamber for the corrosion coupon experiments.
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