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ABSTRACT 
 

Twin screw multiphase pumps are increasingly popular in the oil and gas production 
industry. They are used to boost the wellhead pressure in order to increase production in 
the early stages, prolong the overall production length, therefore resulting in greater 
recovery and to enable longer transport distances of hydrocarbons. The technology has 
been proven to be quite effective in onshore production facilities. The pumps are 
required to transport a multiphase fluid containing corrosion enhancing elements such as 
formation water, carbon dioxide and Hydrogen sulphide, as well as erosion inducing hard 
particles and are therefore subjected to wear. The maintenance required due to this wear 
is easily accomplished in production areas with good infrastructures. Due to the worlds 
increasing energy demands and due to the fact that many onshore production sites are 
nearing depletion, the oil and gas production industry seeks to extend production in 
remote areas and in deepwater/ultradeepwater offshore sites. If multiphase twin screw 
pumps are to be used for these applications, they have to be able to run independently 
for long time frames since any kind of maintenance work in these locations is associated 
with high costs and a considerable logistical effort. As such, the pump materials that are 
subjected to wear have to be chosen very carefully. Since every hydrocarbon reservoir is 
different in its phase composition there is no one-for-all solution. The materials have to 
be optimised for every well and the multiphase composition of that well has to be 
carefully monitored during the production cycle since it underlies a change as production 
progresses. This dissertation presents a compilation of the information on 
erosioncorrosion wear currently documented in literature as it is relevant to the wear 
phenomena found on the multiphase pumps. The wear characteristics of the multiphase 
pumps are documented and classified. As a result of the investigation of current 
literature, no sufficient information on the erosion and/or corrosion mechanism in small 
clearances, as they are typically for the space between rotating and stationary pump 
components is available. Also, no attempt has been made to experimentally simulate the 
effects of operational parameters on erosioncorrosion in such geometries. The purpose 
of this work was, therefore, to establish such an experimental setup and identify relevant 
parameters to be tested and to be compared to available results of operational 
experience. A new erosioncorrosion test cell is presented that is able to replicate the 
electrochemical and mechanical attack that the screws are subjected to. This test cell 
enables materials testing and selection in a laboratory environment. The effect of the 
multiphase fluid and operational parameters on erosion, corrosion and erosioncorrosion 
will be discussed. In detail these are the effect of oil, water and sand fraction, 
temperature, clearance depth, rotational speed and formation water concentration. The 
fluid dynamics, as they are found in the clearance between screw and liner will be 
described regarding velocity and direction of flow as well as phase distribution and/or 
separation. Information on the influence of the fluid velocity on the boundary diffusion 
layer derived via rotating cylinder electrode experimentation will be supplied. As an 
example of application, a series of materials with different chemical compositions and a 
set of Tungsten carbide (WC) platings will be subjected to identical erosioncorrosion 
parameters and the resulting wear characteristics will be discussed. As a summarizing 
result it is demonstrated that the wear mechanisms observed in actual pump operation 
are reproduced and partially quantified by the developed test setup. The required further 
fields of work and respective experimental procedures are identified in order to establish 
a satisfying operational lifetime prediction procedure for multiphase pump components. 
This should also include further, advanced efforts in the numerical modelling of the 
erosioncorrosion mechanisms in small clearances between moving and stationary pump 
components. 
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1 INTRODUCTION 
 
 
1 – 1 Current state of the international 
energy consumption and oil 
production 
 
In their International Energy Outlook Survey 
(IEO2005), the Energy Information 
Administration (EIA) of the United States 
(U.S.) Government “… projects strong 
growth for worldwide energy demand over 
the next 23 - year projection period from 
2002 to 2025.”4. As shown in figure 1, the 
energy demand is projected to rise by 57% 
from 412 quadrillion British Thermal Units 
(BTU) to 645 quadrillion BTU5 in 2025. 
Nearly two thirds of this increase in energy 
demand is attributed to emerging economies 
such as China or India (figure 2). The 
projection shows that in 2020 the emerging 
market economies energy demands will 
surpass those of the mature markets. This is 
attributed to the fact, that in mature market 
economies energy consumption patterns, 
which are directly related to the industrial 
growth, are already securely established. As 
an example, the National Bureau of 
Statistics of China reports a growth of the 
Gross Domestic Product (GDP) of 10.1% for 
the year 20046 were as a GDP growth of 
1.4% was reported for Germany by the 
Federal Statistical Office of Germany for the same year7.  In the year 2006, fossil 
fuels are still the main energy carrier for the worlds industries. Although 
environmentally conscious countries are investing a considerable amount of money 
into the development of technologies that could be used to exploit regenerative or 
renewable energy sources such as solar or wind power, the EIA projection shows a 
decreasing percentage of renewable energy as part of the total energy consumption 
(figure 3). As figure 3 illustrates, renewable Energy contributed 7.8% of the total 
world marketed energy consumption in 2002. This figure is projected to be down to 
2% in 2025.8 In the same timeframe the worlds dependence on fossil fuels is 
projected to, in fact, rise from it making up for 80,45% of the world marketed energy 

                                                 
4 Energy Information Administration (EIA), International Energy Annual 2002, DOE/EIA-0219(2002), Washington D.C., USA,  
  March 2004, web site www.eia.doe.gov 
5 British thermal unit: a unit of energy equal to 252 cal (1055 J); quantity of energy required to raise the temperature of one   
  pound of water one degree Fahrenheit: abbrev. BTU  
6 National Bureau of Statistics of China, press release, author unknown, 2005 http://www.stats.gov.cn/english/ 
7 Statistisches Bundesamt, „Wirtschaftliche Belebung im Jahr 2004“, Pressestelle, press release, 13.01.2005, web site  
   http://www.destatis.de/presse/deutsch/pm2005/p0190121.htm 
8 U.S. Department of the Interior U.S. Geological Survey, “U.S. Geological Survey World Petroleum Assessment 2000 –  
   Description and Results”, Reston, VA, USA, 2000 
 

Fig. 1: World marketed energy 
consumption 1970-20254 

Fig. 2: World marketed energy 
consumption by region 1970-
20254 



INTRODUCTION  2 

  

consumption in 2002 to 87,1% in 2025. It is noted here by the author, that the figures 
given, although quoted from a reliable source, are based on assumptions and values 
derived through historical data. They do not 
take into account technological advances or 
unforeseeably occurrences such as natural 
disasters, political unrest or war. As such, the 
figures are certainly subject to change, 
especially given the length of the projected 
timeframe.  Although the values themselves 
might not be absolutely accurate, it is 
reasonable to assume that the trend they 
project is true: The worlds economies 
whether emerging, transitional or mature will 
continue to highly depend on fossil fuels as 
main source of energy, most of all on coal, 
crude oil and natural gas. The focus of the 
following will be on the oil and gas production 
industry since the results of this work will be beneficiary mainly to that branch of 
production. 
There is a discrepancy between what the economies are expected to consume and 
how the oil and gas production industry can actually satisfy that need. It is difficult to 
estimate the worlds total remaining oil supply. The numbers reported in literature 
differ extensively, influenced not only by the different statistical parameters used in 
the calculations but also by political agendas and marketing strategies. One number 
reported by the U.S. Department of the Interior U.S. Geological Survey is 3,003 
Billion Barrels.8 The EIA estimates peak production between the year 2030 (worst 
case) and the year 2070 (best case) depending on the economic growth factors of 
the worlds economies.  
Needless to say, no matter how high or low the estimated remaining oil and gas 
reserves are, their supply is finite. One fact that makes this all the more obvious is, 
that more and more onshore hydrocarbon reservoirs are near depletion. This is one 
of the reasons the oil & gas industry has taken an increased interest in extending the 
level of production in remote areas and in deepwater (DW) / ultra-deepwater (UDW) 
offshore applications.  
 
 
1 – 2 Remote Area and 
deep water production: A 
new challenge to 
production machinery and 
materials 
  
By definition of the U.S. 
Department of the Interior 
Minerals Management 
Service  
Office of Public Affairs, “deepwater” denotes a water depth between 1000 ft (~305 m) 
and 5000 ft (~1524 m)9. Any depth beyond 5000 ft is considered to be “ultra-
deepwater”.10  
                                                 
9 FMC Technologies Subsea Systems, Houston, TX, USA 

Fig. 3:  World marketed energy 
use by fuel type 1970-20254 

Fig. 4: Shell Mensa Gulf of Mexico block MC 6871 
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Deepwater/ultra-deepwater production in the Gulf of Mexico (GOM), for example, 
was first started with the Placid Oil Company’s Green Canyon Block 29 project in 
1988 at 1462 ft (446 m). Production has since then expanded to a water depth of 
5318 ft (1621 m) with Shell’s Mensa project in 1997. The Shell Mensa project 
involved the development of the Mensa natural gas field located in the Gulf of Mexico 
140 miles (225 km) southeast of New Orleans in water depths of about 5,300 ft 
(1,610 m). The initial development included three subsea electro-hydraulic-controlled 
subsea trees individually connected via 6" flowlines to a subsea manifold located 
approximately 5 miles (~9 km) away. An additional subsea tree was installed five 
years after the initial development in 2002. A single 12" pipeline transports the gas 63 
miles (102 km) from the manifold to the West Delta 143 shallow-water platform.10 
In 2004 a record was set when Shell’s Coulomb/Na Kika (subsea) project started 
production at a water depth of 7591 ft (2314 m). The Na Kika production facility now 
supports six subsea tieback projects.  
In 2003 a new world drilling record was set, when the Transocean drillship Discoverer 
Deep Seas spudded a well on November 16 at 10011 ft (3051,2 m). This exploration 
well for oil and gas was drilled in Alaminos Canyon Block 951 on ChevronTexaco’s 
Toledo prospect. Deepwater production accounted for approximately 61 percent of 
the Gulf’s oil production in 2002.11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Illustrated in figure 5 are the most common topside drilling and production platforms. 
They can be divided into two types, fixed platforms which are connected to the 
bottom of the ocean (FP, CT) via a permanent structure and semi-submersible 
floating platforms which are tethered to the bottom by a series of cables and lines (all 
others).11 A third form of oil and gas production is a subsea system. Although topside 
production platforms are able to operate at UDW depths of up to 10000 ft (~3048 m), 
the costs associated with the construction, maintenance and later decommissioning 
                                                                                                                                                         
    http://www.fmctechnologies.com/Subsea/Projects/NorthAmerica/ShellMensa.aspx 
10 U.S. Department of the Interior Minerals Management Service Office of Public Affairs, “Deepwater Gulf of Mexico 2004:  
    America’s Expanding Frontier”, OCS Report MMS 2004-021, Washington D.C., USA, 2004 
11 http://www.naturalgas.org/naturalgas/extraction_offshore.asp 
 

Fig. 5: Offshore drilling and production platforms 
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are so extensive, that it is not economically feasible to use them except in the case of 
very large reservoirs. A more cost efficient way of production in DW and UDW can be 
achieved by using subsea systems. The 
problem with the subsea systems 
currently in operation is that they enable 
hydrocarbon transport solely by using the 
existing reservoir pressure. This not only 
limits the distance the hydrocarbon can 
be transported, it leads to an ever 
decreasing production efficiency as the 
reservoir pressure drops and also forces 
early shutdown of production when the 
down hole pressure is not high enough 
anymore to enable transport. As such, the 
oil and gas production industry is forcing 
the improvement of this technology. The 
solution to the problem is implementing 
pumps into the subsea installations to boost the reservoir/wellhead pressure. This will 
not only allow for longer operational time, i.e. greater field recovery of a reservoir 
then it would normally be possible, it also allows for a greater payoff in the initial 
stages of operation. As illustrated in figure 6, when booster pumps are installed 
downstream of production wells, the effect will be as if the wellhead pressures 
themselves were increased. The flow from the well will increase until a new balance 
between the production from the wells and the system resistance is achieved. The 
effect is a net increase in oil production.12 
Production in remote areas (RA) is not much unlike operating at UDW depths of 8000 
ft (2439 m). In the context of oil and gas production, a remote area is characterised 
not only by a non existing infrastructure but also by severe climatic conditions that do 
not allow for a permanent human residence. Examples for such areas would be 
certain parts of Siberia or the Arctic basin, where 25% of the worlds remaining 
undiscovered hydrocarbon resources are believed to be.13 In UDW or RA any 
production system has to function as a stand-alone, remotely monitored unit. 
Maintenance windows are dictated by the forces of nature. The materials for all the 
components have to be optimised to allow for long production periods because any 
kind of maintenance is not only expensive but also accompanied with an extensive 
logistical effort. 

                                                 
12 Elde, Jan, “Advantages of Multiphase Boosting”, Business Briefing: Exploration & Production: The Oil & Gas Review, p. 2,  
   2005 
13 Energy Information Administration, Office of Integrated Analysis and Forecasting, U. S. Department of Energy, “Analysis of Oil   
   and Gas Production in the Artic National Wildlife Refuge”, Washington D.C., USA, 2004 
 

Fig. 6: Benefits of multiphase pump   
boosting12 
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1 – 3 Multiphase Pumps (MPP) 
 
Every hydrocarbon reservoir is different in 
its composition. The elements that can be 
encountered are gas (natural gas, Carbon 
Dioxide, Hydrogen Sulfide), liquids 
(hydrocarbons with different viscosities, 
formation water) and solids (sand, stones). 
These phases can be present in all 
possible combinations and volume 
fractions. In order to transport these 
different phases, multiphase pumps have 
to be used. There are different types of 
MPP currently used by the oil and gas 
industries. Figure 7 shows the different 
pump types that can be used as 
multiphase pumps, the twin screw 
multiphase pump however, is by far the 
most popular in use (s. figure 8).14 For the 
sake of completeness, the other pump 
types will only be discussed briefly. In 
short, rotodynamic pumps are based on 
bladed impellors which rotate within the 
fluid to impart a tangential acceleration to 
the fluid and a consequent increase in the 
energy of the fluid.   The purpose of the 
pump is to convert this energy into 
pressure energy of the fluid to be used in 
the associated piping system. As defined 
by the Hydraulic Institute, positive 
displacement pumps (PDP) can be 
classified into rotary and reciprocating 
pumps. Rotary pumps are defined as: 
vane, piston, flexible member lobe, gear 
circumferential piston or screw pumps. In 
all of the rotary designs, the chamber is 
created progressively through rotation of 
the drive shaft. There may be one or more 
chambers opened per revolution 
depending on the design. The chambers 
are sealed off from suction by close 
clearance between the rotor and the liner or 
by close clearance between intermeshing 
rotors. Rotation of the shaft moves the chamber along the liner or housing towards 
discharge.  The chamber is displaced to discharge by rotation.15  

                                                 
14 Scott, S. L., “Multiphase Pump Survey”, presentation made at the 4th  Annual Texas A&M Multiphase Pump User Roundtable,  
   Houston, TX, USA, May 2002 
15 Nelik, Lev, “Centrifugal and Rotary Pumps: Fundamentals with Applications”,  CRC Press, Boca Raton, FL, USA 1999, 
 

Fig. 9: Multiphase pump twin screw 

Fig. 7: Types of Multiphase Pumps 

Fig. 8: Worldwide usage of 
multiphase pumps14 
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The twin screw transport mechanism is realised by two interlocking screws rotating in 
a liner. The moving compartments transport the multiphase fluid either from the 
outside of the screws to the middle (figure 10) or from the middle to the outside 
(figure 9) depending of the direction of the rotation. Twin screw multiphase pumps 
are particularly adept at handling high gas volume fractions (GVF) and fluctuating 
inlet conditions. The pumps can handle gas volume fractions of up to 95% and with 
recirculation systems close to 100%. An example for the use of a multiphase twin 
screw pump in high gas volume fraction production is the Rütenbrock field Rb 10z 
operated by the Wintershall AG. The field is located in Rütenbrock, Germany and has 
a GVF of 99.9%. The pump in use is a Bornemann 800kW MPC268 twin screw pump 
with a recirculation system. 
As mentioned above, the transported medium consists of different phases. Some 
elements of theses phases, such as the Chloride ion rich formation water, Carbon 

dioxide and Hydrogen Sulphide greatly enhance corrosive wear, while others 
contribute to erosive wear (sand and stones). The main cause of failure of the pumps 
is the increasing clearance (fig. 10 Δdfailure) between the rotating screw and the liner 
due to erosive and corrosive wear during pressure induced backflow of the 
multiphase fluid between the chambers. A secondary effect is an area reduction of 
the flank of the screw facing the liner (fig. 10 Δsbeginning – Δsfailure) due to a rounding of 
the edge of the flank (s. fig. 10) which leads to an increasing loss of sealing capability 
between the chambers. Due to the affected area difference between the hull of the 
liner and the edge of the screw, the main wear occurs on the screw flanks, ultimately 
leading to their replacement. Since the composition of every reservoir is different and 
underlies a constant change as production commences, it is not possible to select a 
one-for-all steel that is perfect for every application.  The materials used for pump 
components that are exposed to erosioncorrosion wear have to be optimized for 
every single reservoir. Even if they are optimized for a particular reservoir, the 
composition of the multiphase fluids has to be monitored very closely during 
production and a change of the material selection may become necessary during the 
next maintenance cycle as the phase composition changes. As mentioned above, 
maintenance in RA and DW/UDW production is not only cost intensive, but also 
demands an extensive logistical effort. As such, the thorough testing and consequent 

Fig. 10: Erosioncorrosion wear on the screw of a twin screw multiphase pump 
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selection of materials for the use as pump components is essential for a cost 
effective production. 
 
 
1 – 4 Scientific goal of the dissertation: 
 
The goal of this dissertation is to: 
 
 

• Document the relevant information and data relating to the erosioncorrosion 
wear for this application currently recorded in literature, 

 
 

• Analyse and document the erosioncorrosion wear as it is found on the flanks 
of the screw of multiphase twin screw pumps, 

 
 

• Present a new laboratory test cell that will enable the testing of materials as 
possible pump components in a laboratory setting, 

 
 

• Present and discuss how multiphase fluid parameters influence and effect 
erosioncorrosion wear on different materials, 

 
 

• Analyse the flow conditions as they are found in the clearance space between 
the rotating screw and the liner, 

 
 

• Identify material parameters relevant to the erosioncorrosion process in 
multiphase pumps, 
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2 THEORETICAL BACKGROUND AND COMPILATION OF 
DATA FROM LITERATURE 
 
 
2 – 1 Erosioncorrosion: Definition and wear mechanism 
 
When analysing the combined wear of erosion and corrosion in a complex system of 
rotating and fixed parts as they are found in a rotary screw pump, a multitude of 
factors, often influencing each other, have to be considered. The complexity of the 
system consisting of influencing factors such as fluid velocity, temperature, pH 
values, multiphase compositions, erosion particle loads, particle shape and hardness, 
angle of impact etc. can quickly generate experimental tensors of far more then three 
dimensions.  
The definition of erosioncorrosion varies in literature, one of the signs that this field of 
study is yet immature. Erosioncorrosion or hydro-abrasion as it sometimes referred 
to, is in fact a classic corrosion category. Erosioncorrosion is more than just 
mechanical erosion from impact of hard particles on the surface. Some uniform 
corrosion is required since erosioncorrosion is defined as an increase in the rate of 
deterioration of the metal from the relative movement of the corrosive fluid (and 
erosion particles) and the metal surface. Erosioncorrosion arises from a combination 
of chemical attack and the physical abrasion as a consequence of the fluid motion.  
Fluids that contain suspended solids are often times responsible for erosioncorrosion. 
Virtually all alloys or metals are susceptible to some type of erosioncorrosion16.   
Materials that rely on passive layers are especially sensitive to erosion-corrosion.  
Once the passive layer has been removed, the bare metal surface is exposed to the 
corrosive environment.  If the passive layer cannot be regenerated quickly enough, 
significant damage can be seen.  Erosioncorrosion has been studied as part of a 
wear effect that is encountered with multiphase transport. Numerous papers have 
been published discussing erosioncorrosion in pipelines used in the oil and gas 
production industry.  
 
There is, however, no relevant data available pertaining to the erosioncorrosion 
process as it is found in the clearance between the rotating screw and the liner 
resulting in the wear as described above.  
 
In the following, the characteristics of erosion and corrosion will be discussed 
separately and conclusions will be drawn as to the effect when both wear 
mechanisms occur simultaneously. 
The erosion process has been classified according to the material characteristics (i.e. 
ductile or brittle). It should be said at this point, that all of the forms of material 
degradation that are described below can be found on the screws of multiphase 
pumps.  
In a paper published in 1993, Meng et. al.17 examines 98 different formulas used to 
calculate the wear as a result of erosion. He concluded, that 70 of these formulas 
were useless “… because they simply do not deliver conclusive results”17. The other 
28 formulas had as many as 8 constant factors that were derived empirically in a 
                                                 
16 Cheresource, Online Chemical Engineering Information, web site, http://www.cheresources.com/corrosion.shtml 
17 Meng, H.S., und Ludema, K.C., „Wear Life Equations for Mechanical Designers: State of the Art“, Keynote address, 1993  
    International Wear of Materials Conference (San Francisco), 1993 
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laboratory setting. The wear prediction of the theoretical calculations differed 
extensively from the results of experimentation. Meng’s results, i.e. the inability to 
mathematically predict erosion rates are mentioned here in order to illustrate the 
complexity of the erosion process. As commented by Finnie18, “further investigation 
(of the erosion process) usually lead to more questions than answers”. In order to 
conduct material testing in a laboratory environment, it is necessary to model the test 
cell as closely to the field application as possible. Any results derived through the 
experimentation are then only valid for that specific application. 
All information given on the erosion, corrosion and erosioncorrosion mechanism 
given below are taken from Levy19, unless otherwise noted. The parameters 
governing erosion, corrosion and erosioncorrosion wear are: 
 

• Characteristics of the material: 
- Mechanical properties (hardness, ductility)  
- Chemical composition (total) 
- Microstructure characterized by: 

 Number of components 
 Type of component 
 Grain size 

 
• Design of the component part subjected to wear 
 
 
• Physical and chemical properties of the erosion particles (EP)20 

- Size 
- Shape 
- Hardness 
- Volume-/ weight percentage 

 
• Process parameters 

- Fluid velocity 
- Angle of attack 
- Temperature 
- Pressure 
- Chemical composition of the fluid (Cl-, HS-, CO3

-, pH etc.) 
 
 
 
During the 1960s and 1970s, erosion wear was 
considered to be solely due to a chipping or 
machining of the material by the erosion particles 
(see fig. 11). As such, the extent of the wear was a 
result of the physical parameters as described above. 
If the parameters were known, it was believed to be 
possible to describe them analytically and predict the 
wear with the help of mathematical models. 

                                                 
18 Finnie I., “Some reflections on the past and the future”, Wear 186-187 (1995), p. 1-10 
19 Levy A.V., “Solid Particle Erosion and Erosion-Corrosion of Materials”, ASM International, Materials Park, OH 44073-0002,  
   USA 1997 
20 Klein, O., ”Untersuchung von Verschleißerscheinungen an Multiphasenpumpen für die Gas- und Ölförderung im Offshore  
   Einsatz“, Diploma thesis, Helmut Schmidt University, Hamburg, Germany, 2002 

Fig. 11: Material loss due 
to chipping/machining on 
the surface by erosion 
particles
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When Scanning Electron Microscopes were made available to the scientific 
community it was discovered, that the chipping mechanism was not solely 
responsible for the material loss. Levy et al.19, 21 discovered two fundamentally 
different wear mechanisms occurring in ductile or brittle materials, respectively. As 
later presented in this dissertation, it was shown, that all three wear mechanisms can 
be identified during the erosioncorrosion as it takes place in the clearance between 
the screw and the liner in multiphase pumps. In ductile materials, the material loss is 
accomplished in a sequential, reoccurring three phase mechanism. When an erosion 
particle impacts on the material surface it creates a crater and extrudes some of the 
material to the side of the crater (figure 12 and 13). As shown in figure 13, the impact 
angle and direction dictates where the material is extruded. As more particles strike 
the surface, the extruded material is forged into a mushroom like structure (see figure 
14 and 15). Levy calls these structures platelets and therefore this characteristic form 
of material degradation is usually referred to as platelet mechanism. The continuing 
assault of the erosion particles on the material surface also leads to a secondary 
effect. The zone underneath the surface is work hardened (see figure 17). This work 
hardened zone acts as an anvil for all subsequent impacts of the erosion particles. At 
this stage particles create fractures in the platelets leading to their removal from the 
material surface. The platelet mechanism is found on all ductile materials. The 
erosion rate steadily rises until the work hardened zone is fully developed and then 
settles on a plateau (see figure 18). If the material was work hardened before the 
erosion process begins, the steady state erosion is reached right from the start. The 
angle of impact of the erosion particles dictates the rate of material loss when the 
steady state is reached. With ductile materials, the highest wear rate occurs at low 
impact angles (λ = 25° - 40°) since at these angles the most material is extruded from 
the surface. 
 

 
 
 
 

 
 

 
 

 

 
 

 
 
 
 

                                                 
21 Finnie, I. und Kabil, Y., “Erosion of Materials by Solid Particles”, J. Mater., Vol. 2, 1967, 682-700 
 

Fig. 12: Extrusion on 
the material surface20 

Fig. 13: SEM picture 
of extruded material19 

Fig. 14: Platelet 
formation20 

Fig. 15: SEM picture 
of platelet19 

Fig. 17: Work 
hardened Zone19 

Fig. 16: Fracture 
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Steel C Mg P S Fe 
1075 0,7 - 0,8 0,4 – 0,7 0,04 max 0,05 max bal. 

 
Fig. 18: Incremental erosion rate of 1075 steel with different microstructures to steady 
state erosion (solid particle impingement test; erosion rate calculated (mass of 
impacting particles [g] / weight loss [mg])19 
 
Although brittle materials exhibit a similar initial stage during which the erosion rate 
steadily rises until steady state erosion wear is reached, the mechanism itself is 
completely different. On impact, the kinetic energy of the particle is transferred to the 
material by creating a deformation on the material surface in the form of a crater as 
well as creating fractures from the outer edge of the crater to the base material in a 
radial direction (figure 19). Underneath the plastic deformation, an elastically 
deformed zone absorbs part of the kinetic energy. When the particle rebounds off the 
surface, the elastically deformed zone expands to its original form. This expansion 
results in an elongation of the original fractures as well as in the creation of new 
horizontal fractures underneath the crater (figure 20 and 21). Levy compares this 
wear mechanism to working with an ice pick on a block of ice. As more and more 
particles strike the surface, the network of fractures begins to expand. The material 
loss begins when the network of fractures is dense enough and parts of the material 
are ripped out of the surface. In SEM investigation the surface resembles a mosaic 
structure (figure 22). Brittle materials have the highest erosion rates at high impact 
angles (λ = 90°). At that angle the maximum amount of kinetic energy can be 
transferred to the material surface. 
 

 
 

Fig. 19: Initial impact of erosion particle19              Fig. 20: Post impact19 
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Fig. 21: Fracture creation19   Fig. 22: SEM picture of erosion wear  
on the surface of a brittle material19 

 
 
As shown by others22,23 rapid changes of fluid velocities and fluctuations of pressure 
can be found in pumps, as such the possibility of material loss due to cavitation 
cannot be dismissed.  When the local ambient pressure at a point in the liquid falls 
below the liquid's vapor pressure, the liquid can undergo a phase change, creating 
largely empty voids termed cavitation bubbles. Other possibilities to generate 
cavitation bubbles involve the local deposition of energy. The process of cavitation is 
dependent on the local temperatures and pressures. When a vapor cavity or bubble 
is formed it travels along with the fluid. As it reached an area where the pressure lies 
below the threshold pressure it collapses or implodes. The process of bubble creation 
and subsequent implosion generates a vibration stress on the material surface 
leading to fracture, fatigue and material loss.  
 
 
2 – 2 Erosioncorrosion: Anodic and cathodic reaction mechanism 
 
The wear process of a combined electrochemical and mechanical attack on a 
material is known as erosioncorrosion. It is widely noted in literature, that when both 
forms of attack are present at the same time, the resulting wear (C) is much higher 
than the sum of the wear (A + B) if each were acting alone. 
 

A + B << C 
 
The wear of passivity layers due to erosion in the erosioncorrosion process has been 
well documented by others. It can basically be defined and calculated by means of 
the application of the laws of mechanics. The kinetic energy transferred from the 
erosion particles carried in the fluid is transferred onto the material leading to a 
cracking and chipping of the passivity layer and finally to its removal as explained 
above. The amount of energy transferred to the material is a function of the angle of 
attack, the shape and the speed of the particle as well as the hardness of both the 

                                                 
22 Marscher, W D, ASM International, ASM Handbook, Vol. 18: Friction, Lubrication, and Wear Technology (USA), 1992, pp.  
    593-601, 1992 
23 Halat, J A; Ellis, G O; NBS The Role of Cavitation in Mech. Failures p 48-53 (SEE N74-26800 16-12); United States; 1974 
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particle and the passivity layer. The shielding effects of certain compounds contained 
in the multiphase fluid, such as oil fractions or inhibitors, are noted here but, in order 
to simplify the theoretical strain of thought, will be disregarded for now. They will be 
discussed in a different chapter. The damage to the layer or material is a function of 
the material characteristics (ductile or brittle) and the kinetic energy transferred. If 
these parameters are known, the wear can be calculated. It can be assumed, that at 
the point of impact, the same kinetic energy is transferred to the component whether 
or not there is corrosive activity present. If there is electrochemical activity, then the 
energy would be transferred to the passivity layer. The nature of the passivity layer is 
still a subject of discussion. Some believe that the passivity layer is, in most cases, 
more brittle then the base material. If this train of thought is followed, more damage is 
done by impacting erosion particles, and more material can be removed in the same 
amount of time or, in other words, with the same amount of energy transferred. 
Others believe that the passivity layer is of a more viscous nature then the base 
material. If this were the case it would certainly be highly influenced by the fluid 
velocity, especially in the presence of erosion particles. In either case the presence of 
a passivity layer is the deciding factor in the greatly increased wear (C) of the 
combined attack. Following this course of reasoning, it is feasible to assume, that 
corrosion is the governing factor in erosioncorrosion processes albeit erosion is 
mainly responsible for the removal of the material. (Note: this is only the case < 
300°C as shown by Wellman et al.24) 
 
If this is the case, then it is necessary to focus on the mechanism of corrosion and its 
parameters when investigating wear phenomena in an erosioncorrosion environment. 
The parameters influencing the process of corrosion are well known, if corrosion is 
defined according to DIN 5090025 however, the statement in the last sentence is not 
entirely correct. DIN 50900 states: 
 
„Korrosion ist die Reaktion eines metallischen Werkstoffes mit seiner Umwelt, die 
den Werkstoff messbar verändert und die Funktion eines metallischen Bauteils oder 
eines ganzen Systems beeinträchtigen kann.“ 
 
„Corrosion is a reaction of a metallic material with its environment which changes the 
material in a measurable level to a degree, as to impair the function of the metallic 
component or the whole system.” 
 
Most of the common erosion relevant parameters known to influence the corrosion 
process or, by definition, the electrochemical reaction, do so only in a secondary 
fashion. Primarily they influence the transport of reactants to and from the metal 
surface.  
 
As such, the process of diffusion is the key element to understanding and predicting 
corrosion or erosioncorrosion in non stagnant solutions. Before engaging in the 
discussion of diffusion kinetics, however, the basic thermodynamic boundary 
conditions for formation/dissolution of passive layers should be considered. Such 
calculations have been carried out for H2S-corrosion of Fe assuming indefinite 
diffusion rates for HS- into an assumed diffusion layer at anodic sites. The results 
show the dependence of corrosion rates on pH2, ptotal, pH2S in the case of a cathodic 

                                                 
24 Wellman R. G., Nicholls J. R., „High Temperature Erosion-Oxidation Mechanisms, Maps and Models” School of Industrial and  
   Manufacturing Science Cranfield University, Bedford,MK 43 OAL, UK. 
25 DIN 50900 
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H+ reduction reaction dependent on H+-diffusion, pH, Cl- and ptotal.26 The following will 
describe this mechanism in more detail. 
 
 
Hydrogen evolution at the cathode 
 
The following is based mainly on results published by Kaesche27. The mechanism of 
the reaction of the Hydrogen ion with an electron at the cathode is commonly 
described by: 
 

2H+ + 2 e-  → H2 
 
This process will be referred to as Hydrogen evolution for this point forward. 
Kaesche27 states that before this reaction can occur, several partial reactions have to 
take place. The first reaction is the transport of the Hydrogen ion to the metal surface 
of the cathode. The position of the Hydrogen ion closest to the surface shall be 
designated by a star. 
 
      H+  →  (H+)* 
 
This ion will then, in a second phase be combined with an electron and exists as 
atomic Hydrogen absorbed in the fluid. 
 

(H+)* +  e-  →  Hab 
 

This reaction is called the passage reaction (germ. Durchtrittsreaktion). The name 
refers to the passage of electrically charged particles through the electrical double 
layer which exists at the phase boundary between the metal and the solution. 
Whether or not this refers to Hydrogen ions passing through the layer or an electron 
tunnelling to the Hydrogen ion is not of importance at this time. In a third phase, two 
absorbed Hydrogen atoms combine to form a Hydrogen molecule.  
 

Hab + Hab  →  (H2)ab 
 
The second Hydrogen atom is either the result of another electrochemical reaction 
(Volmer-Tafel-Mechanism) or already present in the fluid as an absorbed atom 
(Volmer-Heyrovsky-Mechanism) as shown in figure 23. 
 
 

 
Fig. 23: a. Volmer-Tafel-Mechanism27   b. Volmer-Heyrovsky-Mechanism27 

                                                 
26 Hoffmeister H., „Modeling of H2S corrosion by coupling of phase and polarization behavior” Houston, TX, USA, NACE 2005 
Paper 05476 
27 Kaesche, H., „Korrosion der Metalle“, 3. Auflage, Springer Verlag, 1990, Berlin, Germany 
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Aside from the Hydrogen evolution due to Hydrogen ions in the solution, other 
reactants can be of influence especially in the presence of carbon dioxide. When 
dissolved in water, the CO2 is hydrated to form carbonic acid, 
 

CO2 + H2O  ↔  H2CO3 
 

which can then dissociate in two steps. 
 

H2CO3  ↔  H+ + HCO3
-  

 
HCO3

-  ↔  H+ + CO3
2- 

 

In the presence of CO2 the corrosion rate is much higher then it would be found in a 
solution of a strong acid with the same pH value (Kaesche27 et al.). Many scientists 
(Nesic, Nordsveen28 et al.) believe that this is due to a higher availability of Hydrogen 
ions. In a strong, fully dissociated acid, the corrosion rate is limited by the maximum 
flux rate or mass transfer limit of Hydrogen ions from the bulk of the solution to the 
metal surface. The presence of CO2 can increase the corrosion rate in two different 
ways. Disassociation of the carbonic acid, as illustrated above, will lead to an 
additional source of ions which will subsequently be reduced either through the 
Volmer-Tafel-Mechanism or the Volmer-Heyrovsky-Mechanism. The second factor is 
an additional amount of available Hydrogen ions due to the direct reduction of 
carbonic acid described by the following reaction equations. 
 

2H2CO3 + 2e-  →  H2 + 2HCO3
- 

 
2HCO3

- + 2e-  →  H2 + 2CO3
2- 

 
A further source of Hydrogen ions is the water molecule H2O. Hydrogen evolution is 
possible either as a product of the dissociation of the molecule 
 

H2O  ↔  H+ + OH- 
 

or as a result of its direct reduction. 
 

2 H2O + 2e-  ↔  H2 + 2 OH- 

 
The direct reduction of the water molecule becomes important at partial Carbon 
Dioxide pressures (pCO2) far below 1 bar and at pH values above 5. (Nesic28, 
Delahay29). 
 
 
These different mechanisms of Hydrogen evolution have been presented here in 
detail for the sake of completeness. Their presence and effect are recognized by the 
author. In this work, however, the Hydrogen ion will be viewed as the sole reactant at 

                                                 
28 Nesic, Nordsveen, Nyborg, Strangeland, „A Mechanistic Model for CO2 Corrosion with Protective Iron Carbonate Films”,  
   NACE paper 01040, Houston, TX, USA, 2001 
 
29 P. Delahay, J. Postlethwaite, S. Olsen, Corrosion Journal, Vol. 52, (1996): p. 280 
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the cathode surface. Since the goal of this work is not the investigation of the 
reaction layer, but rather to clarify the erosioncorrosion process taking place in the 
clearance between rotating and fixed metal components, this was deemed sufficient 
enough for the investigations discussed in this dissertation.  
 
 
Electrochemical reactions at the anode 
 
The dominant anodic reaction at the anode in the presence of CO2 is the oxidation of 
Iron. 
 

Fe  →  Fe2+ + 2e- 
 
In the presence of CO2, as solubility limits are reached, the Iron and the bicarbonate 
ion will combine to form a solid Iron carbonate film at the anode,  
 

Fe2+ + CO3
2-  →  FeCO3 

 
This layer can also be formed in the in the presence of hydrogen carbonate, i.e. after 
dissociation of the first Hydrogen of carbonic acid, indecently resulting in a lower pH 
value. 
 

Fe2+ + HCO3
- + H2O  →  FeCO3 + H3O+ 

 
Iron carbonate (FeCO3) is also referred to as passivity layer. The mechanism and 
steps of this reaction have been studied extensively in the past and numerous 
models of multistage reactions have been presented and reviewed (Drazic30, Lorenz, 
Heusler31 et al.). The subject is still controversial and a unified theory has yet to be 
found. The thickness and porosity of the protective films influences the corrosion rate 
since they hinder the diffusion of species to and from the metal surface. Although 
both the thickness and the porosity have an effect on the rate of corrosion, Nesic28 
suggests, that the porosity is a much more dominant factor. This observation by 
Nesic28 is interesting with respect to the mechanisms of erosioncorrosion. The 
continuous attack of the erosion particles on the passivity layer effectively contributes 
to a greater porosity. The dependency of the thickness and porosity of the passivity 
layer on parameters such as the pH value, the temperature et al. has also not been 
sufficiently investigated. Their thickness is usually in the range between 20μm and 
100μm in the case of CO2 corrosion. To date, empirically data has to be employed 
when these values are needed in corrosion models28.  
Corrosion can also take place in the absence of CO2. A steel surface covered with a 
thin oxide layer suffers continuous corrosion. The steel below the more or less 
porous oxide becomes corroded and FeOH+, HFeO2

- or solved Fe(OH)2 are formed. 
Which Iron corrosion product is formed will depend on the pH value of the water in 
the pores of the oxide layer. The corrosion products move to the water-oxide front, 
oxidize and precipitate to form magnetite octahedrons. That process is conditioned at 
the water-oxide front by pressure, temperature, oxygen content, redox potential, pH 
and water-flow velocity. With strong turbulence the diffusion boundary layer will be 
thin, resulting in HFeO, Fe(OH)2 or FeOH+ being rapidly carried away. Under these 
                                                 
30 D. M. Drazic, “Iron and its Electrochemistry in an Active State”, Aspects of Electrochemistry, Vol. 19, p.79, Plenum Press,  
   1989 
31 W. Lorenz and K. Heusler, “Anodic Dissolution of Iron Group Metals Corrosion Mechanisms”, ed. F. Mansfeld, Marcel Dekker,  
   New York, 1987 
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conditions the corrosion rate depends strongly on the Reynolds and Schmidt 
numbers. More information on the influence of the boundary diffusion layer will be 
presented in the following chapters. The following anodic reactions are to be 
considered30,32,33,34,35. 
 

Fe + H20 → FeOH+ + H+ + 2 e-  
 

3 FeOH+ + H20 → Fe3O4 + 5 H+ + 2 e- 
 
 
In recent years, Oilfield production environments have been characterized by 
increasing presence of H2S and related corrosion considerations. Even though H2S is 
probably the most significant concern in current day corrosion and cracking damage, 
the role of H2S in corrosion of steels has received much less attention when 
compared to the widely studied CO2 corrosion. However, H2S related corrosion and 
cracking has remained one of the biggest concerns for operators involved in 
production because of the significance of H2S related damage.36 
Relationships between CO2 and H2S have been documented by Ikeda34, Videm35 et. 
Al.36. 

1. At very low levels of H2S (< 0.01 psi), CO2 is the dominant corrosive species, 
and at temperatures above 60° C, corrosion and any passivity is a function of 
FeCO3 formation related phenomenon and the presence of H2S has no 
realistic significance.  

2. In CO2 dominated systems, presence of even small amounts of H2S (ratio of 
pCO2/pH2S > 200), can lead to the formation of an Iron Sulfide scale called 
mackinawite at temperatures below 120 °C. However, this particular form of 
scaling, which is produced on the metal surface directly as a function of a 
reaction between Fe++ and S-- is influenced by pH and temperature. This 
surface reaction can lead to the formation of a thin surface film that can 
mitigate corrosion. The stability and formation of such films called mackinawite 
(FeS) is the subject of much research.  

3. In H2S dominated systems (ratio of pCO2/pH2S < 200), there is a preferential 
formation of a meta-stable Sulfide film in preference to the FeCO3 scale; 
hence, there is protection available due to the presence of the Sulfide film in 
the range of temperatures 60 to 240 °C. Here, initially it is the mackinawite 
form of H2S that is formed as a surface adsorption phenomenon. At higher 
concentrations and temperatures, mackinawite becomes the more stable 
pyrhotite (Fe1-xS, x = 0-0,17). However, at temperatures below 60 °C or above 
240 °C, presence of H2S exacerbates corrosion in steels since the presence of 
H2S prevents the formation of a stable FeCO3 scale. Further, it has been 
observed that FeS film itself becomes unstable and porous and does not 
provide protection. Also, the scale factor applicable for CO2 corrosion with no 
H2S becomes inapplicable. Even though there is agreement amongst different 
scientists that there is a beneficial effect of adding small amounts of H2S at 

                                                 
32 Vetter K. J., Electrochemical Kinetics, Academic Press, London, England, 789pp.  + Annexes, 1967 
33 Huijbregts W. M. M., “Deposition and erosion-corrosion rippling in boiler tubes”, Kema Scientific & Technical Reports 3 (2): 
33-41 (1985), ISSN 0167-8590; ISBN 90-353-0025-4 
34 Ikeda A. et al., "Influence of environmental factors on corrosion in CO2 wells", Advances in CO2 Corrosion, Vol. 2, pp. 1-22, 
NACE 1985 
35 Videm K. and Kvarekval J., "Corrosion of carbon steel in CO2 saturated aqueous solutions containing small amounts of H2S", 
Corrosion/94, Paper 12 
36 Author unknown, numerous sources on internet one example: http://www.corrosionsource.com/software/pdhlp_p2.htm#GOR 
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about 60 °C, Ikeda et al.34 and Videm et al.35 present divergent results at 
higher concentrations and higher temperatures.  

It is to be noted that the role of H2S in CO2 corrosion is a complex issue governed by 
film stability of FeS and FeCO3 at varying temperatures and is an area of further 
active research. 
In the presence of an aqueous H2S phase Sulfide Stress Cracking (SSC) (also 
known as Hydrogen Sulfide cracking, Sulfide cracking, Sulfide corrosion cracking, 
Sulfide stress-corrosion cracking) can occur. These various names are due to a lack 
of agreement on the failure mechanisms in the scientific community. It is identified as 
“a type of spontaneous brittle failure in steels and other high-strength alloys when 
they are in contact with moist Hydrogen Sulfide and other Sufidic environments. 
Some researchers consider Sulfide - stress cracking a type of stress-corrosion 
cracking, while others consider it a type of Hydrogen embrittlement.”37 
 
“H2S adsorption on the surface is widely recognized as promoting Hydrogen  
absorption in Fe alloys, The cathodic rate depends not only upon the electrochemical 
potential, temperature and pH, but also on the concentration of weak acids that 
donate H+, such as H2S, CO2 (via carbonic acid [H2Co3]) and acidic acid. On low 
alloyed steels, the corrosion product is Iron Sulfide (FeS), where FeS refers to one of 
the many crystalline forms of FeSx with x = 1 to 2. For Ni-containing corrosion 
resistant alloys, however, Chromium oxide – Nickel Sulfide (Cr2O3-NiS) tend to 
dominate, with FeS precipitating in the bulk solution. For Ni-containing corrosion 
resistant alloys, the film composition observed in the cross section is typically 
layered, often NiS-rich adjacent to the solution and CrO-rich adjacent to the metal. 
This cross-sectional difference is consistant with a H2S diffusion gradient from the 
solution to the metal. In oxidant-free solutions, solution corrosiveness toward 
corrosion resisting alloys can be defined in relation to increasing concentrations of 
H+, H2S, and Cl- as well as temperature. A dominant relationship affecting corrosion 
is the synergistic action between Cl- and H2S. The action of H2S can be attributed to 
both increased acidization and acceleration of active corrosion by even trace 
concentrations of H2S.”38  
The scale formation and growth has been a subject for further investigation. Many 
believe, that the precipitation of the passivity layer on a metal surface is related to the 
super saturation of a corrosion product in the vicinity of the electrochemical reaction 
and that the amount of the super saturation dictates the scale growth. Little effort has 
been taken to directly link the scale growth, and the resulting rise of the ohmic 
resistance to the anodic and cathodic polarisation curves. In a recent publication a 
model of this correlation was presented by Hoffmeister39. In this model Hoffmeister 
presented “a first approach to a deterministic H2S-corrosion model for the calculation 
of precipitation of FeS2 together with respective changes of pH at the anodic sites of 
the assumed corrosion system for pure Fe. The model is based on coupling the 
calculated anodic polarisation curves to the precipitated equilibrium masses of Fe3O4 
and FeS2 which in a “closed loop” time stepwise procedure are calculated from solute 
concentrations.” In recent publications, this model was extended to include the 
effects of different Cl- concentrations40. 
                                                 
37 http://www.glossary.oilfield.slb.com/Display.cfm?Term=sulfide%20stress%20cracking 
38 Rhodes P.R., “Environment-Assisted Cracking of Corrosion Resistant Alloys in Oil and Gas Production Environments: A  
    Review”, Corrosion Vol. 57, No. 11,  Houston, TX, USA, 2001 
39 Hoffmeister H., “Modeling of H2S Corrosion by Coupling of Phase and Polarization Behavior”, NACE paper 05476, Houston,  
    TX, USA, 2005 
40 Hoffmeister H., “Modeling of the Effect of Chloride content on H2S Corrosion by Coupling of Phase and Polarization  
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2 – 3 Erosioncorrosion: Layers influencing corrosion in non stagnant, ion 
rich fluidic solutions 
 
Since the multiphase fluid from the hydrocarbon reservoir in question is oxygen free 
and in the presence of pCO2 ≥ 1 bar has a pH value of 4, Hydrogen corrosion is 
considered to be the main reason of the electrochemical wear. As defined in the 
compendium of the International Union of Pure and Applied Chemistry41, ion or 
particle movement through a fluidic medium can be classified into three basic 
mechanisms. 
 

1. Diffusion is defined by the spreading or scattering of a gaseous or liquid 
material. Molecular diffusion is the net transport of molecules which results 
from their molecular motions alone in the absence of turbulent mixing; it 
occurs when the concentration gradient of a particular gas or liquid in a 
mixture differs from its equilibrium value. 

2. Migration is the movement of a particle in an electric field due to 
electromagnetic forces. 

3. Convection is the movement of a particle in a fluid due to local density 
gradients. 

 
 
2 – 4 Hydrodynamic boundary layer 
 
When a fluid flows over a solid surface, the flow can be characterized as either 
turbulent or laminar. The Reynolds number is typically used to investigate whether or 
not a flow is laminar or turbulent. The Reynolds number  
 

μ
υρ sL

=Re  

 
is the ratio of inertial forces (vsρ) to viscous forces (μ/L) and is used for determining 
whether a flow will be laminar or turbulent. Laminar flow occurs at low Reynolds 
numbers, where viscous forces are dominant, and is characterized by smooth, 
constant fluid motion, while turbulent flow, on the other hand, occurs at high 
Reynolds numbers and is dominated by inertial forces, producing random eddies, 
vortices and other flow fluctuations which will be discussed below. The transition 
between laminar and turbulent flow is often indicated by a critical Reynolds number 
(Recrit), which depends on the exact flow configuration and must be determined 
experimentally. Within a certain range around this point there is a region of gradual 
transition where the flow is neither fully laminar nor fully turbulent, and predictions of 
fluid behavior can be difficult42. In most cases where the flow has an effect on 
corrosion, the flow is turbulent. For the following, initial considerations a single phase, 
aqueous solution will be considered. Three layers exist in a turbulent flow regime. 

                                                                                                                                                         
    Behavior”, NACE paper 07501, Nashville, TN, USA, 2007 
41 International Union of Pure and Applied Chemistry, website http://www.iupac.org/index_to.html 
42 Author unknown, internet publishing, “Nuclear Power Fundamentals: Fluid Flow”, Integrated Publishing, website  
   http://www.tpub.com/content/doe/h1012v3/css/h1012v3_19.htm 
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The mean velocity in a fully developed turbulent core can be considered constant. 
According to the laws of hydrodynamic mechanics, all velocity and turbulent 
components are reduced to zero at the surface.  Between the fully developed 
turbulent layer and the wall, a third layer, the so called laminar or viscous sublayer, 
exists. The turbulent energy of the bulk flow is steadily reduced to zero and 
transferred to the bulk flow, leaving only the viscous stresses of laminar flow to act on 
the wall as illustrated in figure 24. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 24: The basic structure of the turbulent boundary layer and the associated 
energy flow within the boundary layer (Townsend43, Revie44) 
 
The formulas commonly used to calculate the hydrodynamic boundary thickness are 
the result of a linear approximation, much like the linear approximation of the 
concentration profile by Nernst. The true concentration and velocity gradient are 
shown in the figure 25. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 25: Boundary layer thickness (δd=diffusion boundary layer thickness δv= 
hydrodynamic boundary layer thickness) for concentration (c) and velocity (U) profiles 
in a turbulent fluid (Schlichting45, Revie43) 
 
The nature of the turbulent boundary layer dictates that this is where the processes 
that control corrosion and film formation will occur. All movement of the corroding 
species to and of corrosion products from the wall and all chemical reactions with the 
metal surface must occur in this region. Any disturbance in the turbulent boundary 

                                                 
43 Townsend A., “The Structure of Turbulent Flow”, Cambridge University Press, UK 1956, pp. 232-237 
44 Revie R. W. (ed.), “Uhlig’s Corrosion Handbook, Second Edition”, Wiley Interscience, 2000 
45 H. Schlichting, “Boundary-Layer Theory, McGraw-Hill, New York, 1979, p.28 
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layer, particularly within the viscous region, must be a primary factor affecting the 
corrosion process43. 
The author recognizes, that the formation of vortices, eddies and turbulent 
bursts not only have an effect on the corrosion but also contribute to material 
wear due to dynamic forces acting on the material surface. These processes 
have been well studied by Praturi and Brodkey46, Often47, Kline48 et al.. The different 
stages of the Praturi and Brodkey model, as one example are illustrated in figure 26. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 26: Progression of flow illustrating the formation of shear layer vortices and  
evolution into turbulent bursts39 
 
 
The dynamic system of turbulent bursts leads to shear forces on the material surface 
as well as vertical forces which can cause dynamic ruptures of the material surface 
(surface fatigue). High local velocity gradients can lead to pressure drops below the 
vapour pressure of the liquid resulting in cavitation. The phenomena of turbulent 
bursts will not be considered in detail in the investigations presented in this work. 
When keeping in mind the goal of this research, introduction of these parameters 
would over complexify the subject. 
 
According to present literature, the flow parameters that effectively describe the 
interaction between the fluid and the metal surface are the wall shear factor (Τw) and 
the mass transfer coefficient (k). The wall shear stress is a direct measure of the 
viscous energy loss within the turbulent boundary layer. It is defined as the 
isothermal pressure loss in a moving fluid within an incremental length due to fluid 
friction as a result of contact with a stationary wall43. Its mathematical expression is 
the sum of the Reynolds and viscous stresses: 
 

     yxuu
dy
dU

−=Τ ν  

At the wall (y=0) the Reynolds stresses uxuy are reduced to zero so the shear forces 
can be expressed as: 
                                                 
46 Praturi A. K., Brodkey R. S., Journal Fluid Mechanics, 89(2), p. 251, 1978 
47 Often G. R., Kline S. J., Journal Fluid Mechanics, 70, p. 209, 1975 
48 Kline S. J., Reynolds W. C., Journal Fluid Mechanics, 30, p. 741, 1967 
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where 
U = mean velocity [m/s] 
y = direction ┴ to surface [m] 
ux, uy = local velocity [m/s] in the x and y direction 
 
The mass transfer coefficient (kd) is a definition of reactants moving to and from the 
metal surface. The process of mass transfer takes place in the diffusion layer 
described above. Its mathematical definition is the proportionality between the mass 
flux density (as described by Nernst) and the concentration gradient. 
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where: 
Nj,y = mass flux density of species j in the y direction [mol/m2s] 
Dj = diffusion coefficient for species j [m2/s] 
Cj = concentration of species j [mol/l] 
δ = diffusion boundary layer thickness [m] 
ρ = fluid density [g/m3] 
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The wall shear stress factor and the mass transfer coefficient are linked as such that 
changes in the flow resulting in the change of one of the parameters also result in 
changing the other. Their connection is mathematically described by the Chilton 
Colburn analogy. 
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or as more precisely described by Efird43  
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2 – 5 The diffusion boundary layer: 
 
The following is based on the results published by Kaesche27 et al.49. The diffusion or 
concentration boundary layer is a thin liquid boundary layer at the surface of an 
electrode that is immobile. The true concentration profile according to current 
literature and the Nernst concentration profile are illustrated in figure 27. This is part 
of a rather simplified and not strictly correct model originally proposed by the early 
electrochemist Nernst, and is often called the "nernstian hypothesis" that works well 
in most cases.  
 

 
Fig. 27: True concentration profile and Nernst concentration29 
 
The electrolyte solution is divided into three distinct parts: the bulk solution and the 
two diffusion layers at the surfaces of the electrodes. The bulk solution is assumed to 
be so well stirred that the concentration of all species is uniform throughout. In this 
region, mass transport occurs only through convection. While in the diffusion layers 
mass transport occurs only through diffusion. Charge transport occurs through 
electro migration everywhere. The thickness of the diffusion layer can vary typically 
between the order of 0.01 centimetres in a stagnant solution and the order of 0.0001 
centimetres in very well-stirred solution. While the concept of the diffusion layer is 
related to the concept of the hydrodynamic boundary layer, the two are not identical 
and neither is their thickness. As explained above, the diffusion boundary layer is part 
of the hydrodynamic boundary layer. The structure of the diffusion layer can be 
assumed to be relatively simple in the presence of a large excess of supporting 
electrolyte, which is usually the case in electro analytical applications and in 
electrode kinetics research. Under these conditions, practically all the electrical 
current is carried by the ions of the supporting electrolyte, and the transport number 
of the reactant and the product is practically zero. When the current is initially turned 
on, the ions of the supporting electrolyte will migrate in the diffusion layer to/from the 
electrode (depending on their charge). However, since they do not take part in any 
electrode reaction, their concentration will increase/decrease at the electrode surface 

                                                 
49 www.corrosion-doctors.org 
 



THEORETICAL BACKGROUND  24 

  

compared to that of their concentrations in the bulk solution. The concentration 
saturation/depletion of the reactants in the specific geometry of the pump clearances 
will be discussed in more detail in a later chapter. The concentration gradient will 
start the diffusion of ions in a direction opposite to their migration. After steady-state 
is reached, the diffusion will completely cancel the migration, and the net flux of these 
ions will be zero. They do not contribute to the mass transport in the diffusion layer; 
however, they are responsible for all the charge transport, that is, the resistance of 
the diffusion layer depends on the conductivity of the supporting electrolyte. On the 
other hand, the reactant and the product will diffuse to/from the electrode surface, 
and they will carry all the mass. The situation remains the same even if either the 
reactant or the product is an electrically neutral molecule. It is usually assumed that 
the concentration of all species changes linearly between the electrode surface and 
the edge of the diffusion layer. The situation is much more complex in the absence of 
supporting electrolyte. Then both the electromigrational and the diffusional flux of the 
reactant and product must be considered. 
The corrosion rate is therefore solely depended on the number of reactants available 
for the electrochemical reaction resulting in the corrosion current. As such, the 
corrosion current can be used to calculate the concentration boundary layers 
thickness. 
Assuming that an ion rich, oxygen free solution is well stirred and that the 
concentrations of Hydrogen ions is constant in the solution except in the boundary 
diffusion layer itself, then the Hydrogen ion can only move to the cathode by means 
of diffusion. Using the simplified Nernst model of a linear concentration profile within 
the diffusion boundary layer, the thickness can be calculated using the following 
formula, 
 

.const
dx

dcH =+  

 
 

limi
AcnFD

k
D bulkH

d

+−==δ  

 
where DH+ is the diffusion coefficient, kd the heterogeneous diffusion rate constant or 
mass transfer coefficient, F the Faraday constant, cbulk the bulk concentration, ilim the 
limiting current, n the charge number of the cell reaction and A the geometric area of 
the electrode. 
 
An example of how the flow affects the thickness of the diffusion boundary layer is 
illustrated in the figure 28. It is a result of a series of tests performed by Nesic et al.50. 
 
 
 
 
 
 
 
                                                 
50 S. Nesic, B. F. M. Pots, J. Postlethwaite, N. Thevenot, “Superposition of Diffusion and Chemical Reaction Controlled Limiting  
    Currents – Application to Corrosion ”The Journal of Corrosion Science and Engineering, Volume 1, Paper 3, online edition  
   1995, www.jcse.org 
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Fig. 28: Potentiodynamic sweep conducted in a CO2 solution at pH 4, t=22 °C, 3%  
NaCl, using a rotating cylinder electrode d=1 cm, sweep rate 0.1 mV/s45 
 
The figure shows the corrosion current densities as a result of a potentiodynamic 
sweep performed on a St52 low carbon steel test sample using a rotating cylinder 
electrode (RCE) at different rotations per minute (rpm). On the cathodic side, it is 
clearly visible, that the corrosion current densities are strongly dependent on the fluid 
velocity. The corrosion current density rises as a result of increasing rpm. This is a 
direct result of the thickness reduction of the diffusion boundary layer. As the 
thickness is reduced, more reactants can travel through the layer to and from the 
metal surface. Once the thickness of the diffusion boundary layer is identical to the 
thickness of the reaction layer, a further increase of the corrosion current densities is 
no longer possible. 
 
 
2 – 6 The reaction  layer: 
 
“In the discussion of electron transfer reactions so far there has been no mention of 
the nature of the electrode/electrolyte interface. It is clear that any interface will 
disrupt the electrolyte solution since the interactions between the solid and the 
electrolyte will be considerably different to those in solution. For electrodes which are 
under potentiostatic control there will also be the additional influence of the charge 
held at the electrode. These different factors result in strong interactions occurring 
between the ions/molecules in solution and the electrode surface. This gives rise to a 
region called the electrical double layer. Many models have been put forward to 
explain the behaviour observed when electrochemical measurements are performed 
in electrolyte solutions. Below two of the models are introduced which have been 
used to explain the effects occurring in this region.  
The model which gave rise to the term 'electrical double layer' was first put forward in 
the 1850's by Helmholtz. In this model he assumed that no electron transfer reactions 
occur at the electrode and the solution is composed only of electrolyte. The 
interactions between the ions in solution and the electrode surface were assumed to 
be electrostatic in nature and resulted from the fact that the electrode holds a charge 
density (qm) which arises from either an excess or deficiency of electrons at the 
electrode surface. In order for the interface to remain neutral the charge held on the 
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electrode is balanced by the redistribution of ions close to the electrode surface. 
Helmholtz's view of this region is shown in figure 29. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 29: Electrical double layer (Helmholz)50 
 
The attracted ions are assumed to approach the electrode surface and form a layer 
balancing the electrode charge, the distance of approach is assumed to be limited to 
the radius of the ion and a single sphere of solvation around each ion. The overall 
result is two layers of charge (the double layer) and a potential drop which is confined 
to only this region (termed the outer Helmholtz Plane, OHP) in solution. When 
impedance analyses are performed on electrochemical systems the response due to 
the electrolyte redistribution is modelled in terms of capacitative elements. The model 
of Helmholtz while providing a basis for rationalising the behaviour of this region does 
not account for many factors such as, diffusion/mixing in solution, the possibility of 
absorption on to the surface and the interaction between solvent dipole moments and 
the electrode. A later model put forward by Stern begins to address some of these 
limitations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 30:  Electrical double layer according to Stern50 
 
The ions are assumed to be able to move in solution and so the electrostatic 
interactions are in competition with Brownian motion. The result is still a region close 
to the electrode surface (100x10-10 m) containing an excess of one type of ion but 
now the potential drop occurs over the region called the diffuse layer (not to be 
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confused with the diffusion layer). Many modifications and improvements have been 
made to these early models with the latest approaches using numerical modelling to 
follow the redistribution effects as the electrode potential is varied.”51 
 
 
2 – 7 The influence of multiphase fluids on corrosion: 
 
The mechanisms explained above apply to a single phase, ion rich, aqueous 
solution. In the oil and gas industry, the transport of such a single phase is almost 
never the case. The hydrocarbons retrieved from a reservoir are usually 
accompanied by other phases such as gas, water or solids. Since these phases 
travel at different velocities and have a tendency to interact with one another. There 
are different types of flow constellations also called flow regimes that can develop 
during the transport. It is important to know the distribution of the phases in order to 
reliably predict corrosion wear. Corrosion can only take place if a water phase is 
present and able to form a film on the steel surface (water wetting). If a hydrocarbon 
phase is present, the significant aspect of the flow regime with respect to corrosion is 
the separation of the hydrocarbon and water liquid phases, or the level of turbulence 
required to eliminate the water phase as a separate entity contacting the wall (water 
entrainment)43. Extensive studies have been conducted aiming at investigating the 
effect of the chemical properties of the hydrocarbons on the ability to entrain water 
with different flow parameters (Efird, Smith, Blevins et al.52). Illustrated in figures 31-
33 are the possible flow regimes according to Revie43 that will develop depending on 
the phase velocities and the multiphase composition. They are shown for pipeline 
flow, but it can be assumed that identifying phase distribution in multiphase pumps is 
also essential in predicting wear due to corrosion. 
  

 
Fig. 31: Flow regimes and a typical flow regime map for two phase gas/water flow in  
horizontal pipes53, 43 
 

                                                 
51 Author unknown, University of Cambridge, website  
    http://www.cheng.cam.ac.uk/research/groups/electrochem/JAVA/electrochemistry/ELEC/l9html/dl.html 
52 K. D. Efird, J. L. Smith, S. E. Blevins, N. D. Davies, “The Crude Oil Effect on Steel Corrosion Wettability Preference and Brine  
    Chemistry” New Orleans, LA, USA: NACE 2004 paper 04366, 2004 
53 A. H. Lee, J. Y. Sun, W. P. Jepson, “Study of Flow Regime Transitions of Oil-Water-Gas Mixtures in Horizontal Pipelines”,  
    Proceedings 3rd International Offshore and Polar Engineering Conference, Vol. II, 1993, pp. 159-164, publ. International  
    Society of Offshore and Polar Engineering Conference (ISOPE), Golden, CO, USA, 1993 
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Fig. 32: Flow regime for two phase oil/water flow in horizontal pipes54, 43 
 
 
 
 

 
 
Fig. 33: Flow regimes and typical flow regime map for three phase gas/oil/water flow 
in horizontal pipes43 

                                                 
54 Maholtra A., “A study of Oil/Water Flow Characteristics in Horizontal Pipes”, MS Thesis, Ohio University, Athens, OH, USA  
   1996 
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Fig. 34: Multiphase composition triangle55 
 
 
Figure 34 illustrates the possible flow regimes encountered in a pipeline in the form of 
a triphase diagram for a water, gas and oil multiphase composition. 
 
 
2 – 8 Erosion/Corrosion wear characteristic and parameter Influence on 
different materials: 
 
The following is a compilation of information published by other authors. Some of the 
results differ from the information obtained through the own experimentations of this 
author. They will be discussed in a different chapter. 
 
 
Influence of the materials characteristics on erosion 
 
The wear rate of different metal alloys is strongly influenced by the ductility of the 
material. Materials with a higher ductility usually have lower wear rates in erosive 
environments.  Toughness and hardness affect the wear resistance in a limited way. 
There is, however, a level of ductility beyond which no further increase in wear 
resistance can be achieved. Since a rise in ductility usually is accompanied with a 
loss of hardness, the ductility cannot be freely varied, especially in the case of 
components exposed to high levels of stress.19,20 It should be noted at this point that 
the microstructures of the materials have a decisive influence on the 
erosion/erosioncorrosion wear rates. This influence will be discussed at a later point. 
 
 
 

                                                 
55 A.W. Jamieson, „ The Need for an in-line oil-in-water monitor”, Shell U.K. Exploration and Production, USA, Aberdeen,  
   webpage: http://www.iceweb.com.au/Analyzer/oil-in-water.htm 
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Erosion wear of protective coatings   
 
“Thermal spray coatings are being used on structural steels in energy conversion and 
utilization systems to prevent surface degradation by corrosion, erosion, or 
combinations of theses mechanisms.”19 
In the application of layer additions, i.e. hardfacings or coatings, hard carbides are 
embedded in a metallic matrix usually consisting of alloys containing Chromium, 
Nickel and/or Cobalt. The morphology of the carbides contained in the metallic matrix 
has only little effect on the wear rate. The deciding factor for the durability of the WC 
platings is not the hardness and ductility of the plating itself, but the hardness and 
ductility of the metallic matrix. Generally speaking, initially the wear rate rises with the 
weight percent content of carbides contained in the metallic matrix. So a coating 
containing 30 wt.% carbides can have 25% higher wear rates then single phase 
alloys due to the highly localized zones where plastic deformation is possible. The 
carbides located underneath these zones act as anvils, greatly increasing the 
damage to the surface. Alloys containing more then 80% carbides (Cermets), 
however, have a greatly reduced wear compared to single phase materials. The 
matrix containing the carbides acts as a skeleton. Wear is only possible by breaking 
carbides out of this matrix.19, 20 So far, no connection between the hardness of the 
coating and its erosion resistance has been established.56,57,58 The hardness gradient 
between the erosion particles and the plating does seem to have an influence on the 
wear rate of materials.59,60 Platings with a fine, dense carbide structure usually exhibit 
a better erosion/corrosion resistance. Among the different plating 
methods/procedures, the High Velocity Oxy Fuel (HVOF) has been proven to be the 
most effective in view of the erosioncorrosion wear resistance by some.55  
An example of a test series is given in figure 35. In this test series “…six cylindrical 
specimens are attached to a rotating disk. The specimens are electrically isolated 
from the disc and from each other. The disc is inserted into a tank which is filled with 
a slurry of substitute seawater and silica sand. A conductor from each specimen is 
connected through a Hg-cup to external instruments. These connections make 
electrochemical measurements possible. During the experiments the slurry is 
continuously saturated with air. A cooling coil in the tank makes temperature control 
possible.” 61 For the test parameters see figure 35. The total loss from 
erosioncorrosion in this test series was determined by weight loss measurement.58 
 
 

                                                 
56 Levy A.V., Wang B.Q., “Erosion of Hard Material Coating Sytems”, Wear, Vol. 121 (No. 3), 1988, 325-346 
57 Levy A.V., “The Erosion-Corrosion Behavior of Protective Coatings, Surface Coating Technology, Vol. 36, 1988, p. 387-406 
58 Shui Z.R., Wang B.Q., Levy A.V, “Erosion of Protective Coatings”, Surface Coating Technology, Vol 43/44, 1990, p. 875-887 
59 Scattergood R.O., Srinivasan S., “Erosion of brittle materials”, Proceedings Conference for Tribological Mechanisms and  
    Wear Problem on Materials, Materials Week 1987, ASM International, 1987, p.1-10 
60 Srinivasan S., Scattergood R.O., “Effect of Erodent Hardness on Erosion of Brittle Materials”, Wear, Vol. 128, 1988, p. 139- 
    152 
61 Berget, J., “Influence of powder and spray parameters on erosion and corrosion properties of HVOF sprayed WC-Co-Cr  
    coatings”, PhD. Thesis, Norwegian University of Science and Technology, Dept. of Machine design and Material Technology,  
    Trondheim, Norway, 1998 
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Coating composition according to WC size sprayed and powder delivered58 

 
Powder Composition (wt.%) WC size (μm) Powder Size (μm) 

1 85WC-10Co-5Cr 2,5 15-45 
2 85WC-6,5Co-8,5Cr 2,5 15-45 
3 85WC-6,5Co-8,5Cr 2,5 36-45 
4 85WC-6,5Co-8,5Cr 1 36,45 
5 85WC-12Ni-3Cr 2,5 15-45 
6 85WC-8Co-3Ni-3Cr-1Mo 2,5 15-45 
7 85WC-9Co-5Cr-1Mo 2,5 15-45 
8 73WC-7Ni-20Cr ~ 1 15-45 
9 90 (powder 8) – 10 (C-276) ~ 1 15-45 

10 85WC-15 (C-276) 1 20-45 
 
Alloy C-276 (UNS N10276): 

C Mn P S Si Cr Ni Mo Co Fe W V 

 .01 max 1.00 
max .04 max  .03 max .08 max 14.5 -

16.5  rem  15.0 - 
17.0 2.5 max  4.0 - 7.0  3.0 - 4.5 .35 

max 

 
 
 
As noted by others62,63,, the low flame temperature and the short flight distance of the 
plating powder minimize the oxidation of the alloy elements. The results of a test 
series described in following were conducted on a test cell described in [52]. The 
following results were documented in literature concerning the 
erosion/erosioncorrosion wear of WC-platings64,65,66,67,68: 
                                                 
62 Rogne T., Gerget J., “Corrosion, erosion-corrosion and wear resistance of HVOF sprayed WC type coatings with a corrosion  
   resistant binder”, Corrosion 99, paper no. 48, 1999 
63 S. Simard, Arsenault B., Legoux J. G., “Erosion/corrosion of HVOF sprayed coatings”, Corrosion 99, paper No. 295, 1999 
64 Rogne T., Solem T., “Effect of composition and corrosion properties of the metallic matrix on the erosion-corrosion behavior of  
   HVOF sprayed WC-coatings”, Corrosion 98, paper 495, 1998 
65 Wojcik P. T., Orazem M. E., „Experimental study of the erosion-corrosion of Copper and Copper-Nickel alloys using a  
   submerged impinging jet“, Corrosion 97, paper no. 435, 1997 
66 Heath G. R., Kammer P. A., “The temperature erosion/corrosion behavior of industrial thermally sprayed coatings”, Thermal  
   Spray: Practical Solution for Engineering Problems, 9th National Thermal Spraying Conference, pp. 29-37, 1996 
67 Kim D. -Y.,. Han M. –S, Youn J. –G., „Characterisation of erosion resistant Cr3C2-NiCr Plasma sprayed Coatings”, Thermal  
   Spray: Practical Solution for Engineering Problems, 9th National Thermal Spraying Conference, pp. 123-128, 1996 
68 Neville A., Xu H., Reyes M., “Corrosion and erosion-corrosion behavior of a Co-based alloy and a Ni-containing austenitic  

Fig. 35: Wear of different WC-platings: room temperature, v = 22,9 
m/s, 0,25 wt. % quartz sand, substitute seawater NACE D1141 
standard58 
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• Platings with Tungsten carbides contained in a cobalt based matrix are 

assumed to have a better wear resistance to erosion/erosioncorrosion then 
Nickel based matrices due to the better binding capability of cobalt. 

• Tungsten carbide platings with high Chromium contents in the matrix are 
assumed to suffer the least wear in erosion/erosioncorrosion environments. 

• Plating sprayed with powders containing fine Tungsten carbides are assumed 
to be better suited for the use in erosion/erosioncorrosion environments then 
those sprayed with large Tungsten carbides. 

• All elements of the matrix should be alloyed before spraying. 
 
In other sources19 a test series conducted by Levy was reported about, examining a 
series of compositions and microstructures from almost every method of applying a 
coating to a metal substrate in order to gain an understanding of how and why 
coatings behave over a wide range of compositions. The wear resistance of the 
coatings were investigated using the nozzle test machine69,70 using two different 
erodents: Circulating Fluidized-Bed Combustor (CFBC) bed material no. 2 (consisting 
primarily of SiO2 and CaO) and 250 μm SiO2-fused quartz. The test specimens were 
subjected to the erosion particles at 30° and 90° angles for 5 hours with an air stream 
velocity of 20 m/s or for 8 hours for an air stream velocity of 20 m/s respectively. 
Tests were performed at room temperature as well as at 450°C.  
 
The coating parameters were as follows: 
 

   Eroded by CFBC No.2 Eroded by SiO2 
Coating 

designation 
Coating process Coating 

material 
Coating 

thickness(a) 
[mm] 

Surface 
hardness 
(HV100) 

Coating 
thickness(a) 

[mm] 

Surface 
hardness 
(HV100) 

405 +420 Wire bonding and wire 
thermal spray 

420 SS 0,57 442 0,44 425 

JK420 Hypersonic spray 420 SS 0,21 455 0,07 439 
JK112 Hypersonic spray WC + 12% Co 0,34 948 0,18 944 
Metco 74-SF Plasma spray WC + 12% Co 0,10 780 0,06 739 
Metco 76F-NS 
(No.1) 

Plasma spray WC + 18% Co 0,15 997 0,10 992 

Metco 76F-NS 
(No.2) 

Plasma spray WC + 18% Co … … 0,17 1335 

SMI-28 Thermal spray WC + CrNiCo 1,0 1011 0,50 936 
Metco 465-NS Plasma spray Fe-Cr-Al-

Mo(b) 
… … 0,37 408 

Metco 468-NS Plasma spray Ni-Cr-Al-Co(b) 0,82 360 0,44 354 
(a) The coating thickness were measured after polishing (b) 27,5% Cr, 6% Al, 2% Mo, balance Fe. (c) 26,5% Cr, 7% Al, 3,5% 
Co, 1,0% Y2O3, balance Ni 

 
 
Levy concluded that there is a pattern to the erosioncorrosion behaviour of the 
investigated coatings. “This pattern of behaviour of the coatings related more to their 
grain size and defect structure than to their composition or hardness. The finer the 
grain size and the more dense the coating, the lower was the erosion rate. When the 
deposition process resulted in cracks in the coating, the larger and more profuse the 
cracks were, the higher was the erosion rate.”(…)”Very fine grains resulted in small 
chips in the coatings and a resultant loss was low. Larger grains and segments of 
coatings between the pores56 formed larger chip when impacted, with larger loss 
rates.”19 

                                                                                                                                                         
   cast iron”, Corrosion 2000, paper no. 00628, 2000 
69 Levy A.V., “The Solid Particle Erosion Behaviour of Steel as a Function of Microstructure”, Wear, Vol. 68 (No.3), 1981, p. 269- 
   287 
70 Levy A.V., Yan J., Patterson J., “Elevated Temperature Erosion of Steels”, Wear, Vol. 108 (No.. 1), 1986, p. 43-60 
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It should be noted here by the author, that the field of surface hardening such as by 
layer addition, i.e. hardfacing (Fusion HF or Thermal Spray) and coatings 
(Electrochemical Plating, CVD, PVD etc.), or by substrate treatment (Carburizing, 
Nitriding, Boriding etc.) is one that has been very extensively studied over the past 
decades. The purpose of the short information presented above is to show that there 
is a possibility to use surface hardening in an erosioncorrosion environment. 
Hardfacings and other surface hardening processes have been very successfully 
used in other applications, whether or not it is feasible to apply them for the use in 
high erosioncorrosion wear areas as they are found in the clearance between the 
rotating screw and the fixed liner will be discussed in another chapter. 
 
To summarize the findings above, relevant to the investigation at hand: 
 

• No materials treated either by layer addition or substrate treatment have ever 
been examined in order to investigate their wear resistance in the special 
erosioncorrosion wear system as it is found in the clearance between rotating 
and fixed pump components. 

• The influence of the carbide percentage or type (WC, TiC, Cr23O6 etc.) in 
hardfacings or coatings on the general erosioncorrosion wear resistance has 
not been sufficiently investigated especially for the problem at hand. 

• There are no definite statements regarding the influence of the carbide grain 
sizes and porosity of the coating on the erosioncorrosion wear resistance.  

• There are no definite answers as to how the matrix composition (i.e. wt.% Cr, 
Ni, Co) influences the erosioncorrosion process in general. 

• The effect of CO2, H2S or Cl- on the erosioncorrosion wear has not been 
addressed at all in the literature consulted. 

 
 
In order to do justice to the extensive research done in this field the following should 
be noted: 
 

1. Of the incredibly extensive literature on the subject, only a fraction was 
reviewed. The search queries were tightly limited in order to find information 
pertaining to the subject discussed in this dissertation. As such, the 
information presented above cannot possibly predicate to cover the complete 
scope of the available literature. 

 
2. The microstructure of layer additions, be it by hardfacing or coating, is highly 

dependent on the process parameters during deposition. These parameters 
are seldom supplied by the manufacturer as it is the “know-how” by which 
these companies make their profit and gain an advantage over competitors. 
These parameters, however, are essential for the basis for any scientific 
investigation. 

 
3. As opposed to coating, hardfacing is, in view of the material science a very 

rough and imprecise material treatment. The temperature differences during 
the deposition process lead to inhomogeneous material microstructures and 
as such to a potentially electrochemically active surface. In reference to (2.) 
the process parameters have a strong influence on this but also the skill of the 
worker applying the layer or programming the machine/robot.  
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The wear characteristics of several WC platings were investigated in the course of 
this dissertation and greater inside was ascertained as to the wear mechanism under 
the special MPP erosion/erosioncorrosion effects. The results will be presented in a 
different chapter.  
 
 
Erosion of Abrasion-Resistant and Heat-Resistant Alloys19,71 
 
A universal connection between steel characteristics (hardness, durability, etc.) and 
wear resistance is not recorded in the current literature. Steels with higher Chromium 
content usually exhibited a better wear resistance57. Figs. 36 and 37 show the results 
of a test series conducted with the solid particle impingement test of various materials 
with different hardness and chemical composition. In regard of the data shown in 
figures 36 and 37, in this test series, Ninham selected alloys that had particularly 
large variations in such properties as hardness and strength between their annealed 
and treated conditions. The results of his investigation clarified the role of those 
properties that had been used as criteria for selection of materials for all kinds of 
wear service including erosive wear. As a result of this experimental series Ninham 
concluded, that for the group of wrought, heat-resistant alloys (Haynes 188, Hastelloy 
C-276 and Cabot 718), the differences in elongation from 9 to 67% and in hardness 
from 229 to 476 HV had essentially no effect on any of the erosion rates measured.70 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
71 Ninham, A., “The effect of mechanical properties on Erosion”, Wear, Vol 121 (No.3) 1988, p. 307-324 
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Fig. 36: Erosion rate of steels with 
different Chromium content19 

Fig. 37: Erosion rate [10-5cm3g-1] of steels with a 
different hardness, microstructure and chem.. 
composition; room temperature, α = 60°, v = 60 
m/s, 135 μm quartz erodent, solid particle 
impingement test 
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Material definition, composition and characteristics (figure 37) according to [19] 
Haynes 6b (wrought)  
Stellite No. 6   
(Co30Cr-4W-1,1C) 

6B and No. 6 have similar compositions, but very different 
microstructures. 6B has large discrete carbides and an elongation of 
11%; No. 6 has cast microstructure and 1% elongation 

Tristelle Alloys (TS 1-3) 
(Fe-26Cr-5Ni-3Mo) 

Series of Iron base wear resistant alloys containing up to 3%C: 
Oxyacetylen deposits TS-1 may be compared to Stellite No.6: similar 
carbide volume, microstructure and elongation 

Ferralium 255 (30% cold reduced) 
(Fe-26Cr-5Ni-3Mo) 

High-strength duplex stainless steel that has high strain-hardening 
coefficient 

Haynes 188 (annealed and 30% cold reduced) 
(Co-22Ni-22Cr-14W) 

Cold reduction reduces elongation from 50% to 10% 

Hastelloy C-276 (annealed and 30% cold reduced) 
(Ni-16Cr-16Mo-5Fe-4W) 

Cold reduction reduces elongation from 65% to 15% 

Cabot 718 (annealed and aged) 
(Ni-19Cr-19Fe-3Mo-5(Nb-Ta) 

Aging doubles yield strength and reduces elongation from 30% to 12% 

Berylco 25 (annealed and aged) 
(Cu-1,85Be) 

Aging doubles yield strength and reduces elongation from 38% to 4% 

 
 
As recorded by the American Society for Metals (ASM)72, erosion tests are 
conducted to evaluate materials as well as to study the effects of other variables on 
erosion. Basic studies of single impacts have been conducted with ‘liquid gun’ 
devices, in which a small quantity of liquid is ejected through a stationary specimen73, 
or by projecting a solid target against a stationary liquid or galantine body74. 
However, for multiple-impact studies and for evaluation the resistance of materials, 
the usual approach is to attach the specimen(s) to the periphery of a rotating disc or 
arm, such that in the circular path they repeatedly pass through and impact against 
liquid jets, sprays or simulated rain drops75,76,77,78,79. The velocity of the specimen 
then determines the impact velocity. Figure 38 provides an overview of relative 
erosion resistance of alloys, based primarily on a series of results (from both 
impingement and cavitation test) examined in [79]80. Some items from recent 
publications have been added;81,82,83,84 most of these were cavitation tests. The ASM 
concedes, that due the inconstancy inherent in erosion testing, this can only be used 
as a rough guide.71 Note by the author: There was no inconsistency in the 
erosioncorrosion test results presented in this work. ASTM test methods will be 
compared to the test methods described below and critically discussed at a later 
point. 
 

                                                 
72 ASM Handbook, Vol. 18, Friction, Lubrication and Wear Technology, ASM International, 2004, p. 229 
73 Brunton, J. H., “Deformation of Solids by Impact of Liqids at High Speed” STP 307, ASTM, 1962, p. 83-98 
74 Field J. E., Dear J. P., Ogren J. E., “The Effect of Target Compliance on Liquid Drop Impact”, J. Appl. Phys., Vol. 65 (No. 2),  
   1989, p. 533-540 
75 Elliott, D. E., Marriott J. B., Smith A., “Comparison of Erosion Resistance of Standart Steam Turbinbe Blade and Shield #  
    Materials on Four Test Rigs, STP 474, ASTM, 1970, p 127-161 
76 Baker D. W. C. et al., “The Erosion Resistance of Steam Turbine Blade and Shield Materials”, Proceedings of the second  
   Meersburg Conference on Rain Erosion and Allied Phenomena, 1967, Royal Aircraft Establishment, England, p 449-515  
77 “Standart Practise for Liquid Impingment Erosion Testing”, G73, Annual Book of ASTM Standards, ASTM 
78 Heymann F. J., “Conclusions from the ASTM Interlaboratory Test Program with Liquid Impact Erosion Facilities”;  
   Proceedings of the fifth International Conference on Erosion by Liquid and Solid Impact (ELSI-V), Cavendish Laboratory,  
   University of Cambridge, England, 1979 p 20-1 to 20-10 
79 Thiruvengadam A. et al., “Experimental and Analytical Investigations on Liquid Impact Erosion, STP 474, ASTM, 1970, p.  
   249-287  
80 Heymann F.J., “Toward Quantitative Prediction of Liquid Impact Erosion”, STP 474, ASTM, 1970, p. 212-248 
81 Akhtar A. et al., “ Cavitation Erosion of Stainless Steel, Nickel and Cobalb Alloy Weld Overlay Materials, Proceedings of the  
   Conference on Coatings and Bimetallics for Aggressive Environments, American Society for Metals, 1985, p. 125-142 
82 Simoneau et al., “Cavitation Erosion and Deformation Mechanism of Ni and Co Austenitic Stainless Steels”, Proceedings of  
    the Seventh International Conference on Erosion by Liquid and Solid Impact (ELSI-VII) mCavendish Laboratory, University of  
   Cambridge, England, 1987 p. 32-1 to 32-8 
83 March P. A., “Evaluating the Relative Resistance of Materials to Cavitation Erosdin: A comparison of Vavitating Jet Results  
   and Vibratory Results, Proceedings of the ASME Cavitation and Multiphase Flow Forum, FED-Vol. 50, American Society of  
   Mechanical Engineers, 1987, p. 79-83 
84 Johnson M. et al., “The Resistance of Nickel and Iron Aluminides to Cavitation Erosion and Abrasive Wear, Wear, Vol 140,  
   1990, p. 279-289 
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Fig. 38: Normalized erosion resistance of various metals and alloys relative to type 
316 austenitic stainless steel of 170 HV (erosion resistance number according to 
ASTM G73). Data deducted from many sources in literature including both 
impingement and cavitation tests75-84  
 
 
Erosion/Erosioncorrosion of Ceramics 
 
The greatly reduced wear of ceramics in erosive environments compared to steels is 
well documented in literature. Little Information, however, can be found concerning 
the wear rate of ceramics under a combined mechanical and electrochemical attack. 
In the presence of strong acids such as 1,5 % HF + 5% HCl used in the oil and gas 
industry to clean pipelines, sinter elements such as MgO, Y2O3, SiO2 are subject to 
corrosive wear. Two different corrosion wear mechanisms of ceramics have been 
recorded in literature. Either the electrochemical attack is a general attack of the 
whole surface such as in the case of SiC or PSZ-ZrO2 or it is centred on a single 
phase. In the latter case the corrosion of a single phase leads to an increase of the 
porosity and therefore a decrease of erosion resistance.   The true wear mechanism 
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of ceramic materials has, to date, not been sufficiently examined. In the few 
publications available SiC based ceramics layers proved to be most promising 
regarding their erosion/erosioncorrosion wear resistance. Due to the geometry and 
design of the screws of multiphase pumps, the application of ceramics as screw 
materials is questionable, if not impossible20,85,86,87. There is, however, a wide 
application of SiC for the use as mechanical seals in multiphase twin screw pumps. 
 
 
2 – 9 Test methods according to the American Society for Testing and 
Materials (ASTM): 
 
In their own words, “ASTM International is one of the largest voluntary standards 
development organizations in the world-a trusted source for technical standards for 
materials, products, systems, and services. Known for their high technical quality and 
market relevancy, ASTM International standards have an important role in the 
information infrastructure that guides design, manufacturing and trade in the global 
economy.”88 The Annual book of ASTM Standards Section Three89 lists test methods 
and analytical procedures for the testing of metals. The following will describe the test 
methods proposed by the ASTM for the testing of materials in an erosion/slurry 
environment. All of the text and all of the graphics of the following description of the 
test methods are taken/quoted from [88] unless otherwise noted.  
 
 
ASTM G32-03: Standard Test Method for Cavitation Erosion using Vibratory 
Apparatus: 
 
This test method produces 
cavitation damage on the face of 
a specimen vibrated at high 
frequency while immersed in a 
liquid. The vibration induces the 
formation and collapse of 
cavities in the liquid, and the 
collapsing cavities produce the 
damage to and erosion (material 
loss) of the specimen. Although 
the mechanism for generating 
fluid cavitation in this method 
differs from that occurring in 
flowing systems and hydraulic 
machines (see 5.1), the nature 
of the material damage 
mechanism is believed to be 
basically similar. The method 
therefore offers a small-scale, relatively simple and controllable test that can be used 
                                                 
85 Rogne T., Bjordal M., Solem T., ”The importance of corrosion on the erosion-corrosion performance of thermal spray ceramic- 
   metallic coatings”, Thermal Spray: Practical Solution for Engineering Problems, 9th National Thermal Spraying 
86 Fang Q., Xu H., Sidky P. S., Kocking M.G., „Erosion of ceramic materials by a sand / water slurry jet“, Wear 224, pp. 183-193,  
   1999 
87 Fang Q., Sidky P. S., Hocking M. G., „The Effect of corrosion and erosion on ceramic materials”, Corrosion Science, Vol. 39,  
   No. 3, pp. 511-527, 1997 
88 http://www.astm.org/cgi-bin/SoftCart.exe/ABOUT/aboutASTM.html?L+mystore+yqqf4872+1147921807 
89 Anual Book of ASTM Standards Section Three: Metals Test Methods and Analytical Procedures, ASTM International, 2004 

Fig. 39: Test cell for G32 
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Fig. 40: Test cell for G65 

to compare the cavitation erosion resistance of different materials, to study in detail 
the nature and progress of damage in a given material, or by varying some of the test 
conditions to study the effect of test variables on the damage produced. The test cell 
is illustrated in figure 3990. 
 
 

ASTM G65-00: G65-04 Standard Test Method for Measuring Abrasion Using the Dry 
Sand/Rubber Wheel Apparatus: 
 
This test method covers laboratory procedures 
for determining the resistance of metallic 
materials to scratching abrasion by means of the 
dry sand/rubber wheel test. It is the intent of this 
test method to produce data that will reproducibly 
rank materials in their resistance to scratching 
abrasion under a specified set of conditions. 
Abrasion test results are reported as volume loss 
in cubic millimetres for the particular test 
procedure specified. Materials of higher abrasion 
resistance will have a lower volume loss. The test 
cell is illustrated in figure 4091. 
  
 
ASTM G73-98: G73-04 Standard Practice for Liquid Impingement Erosion Testing 
 
This practice covers tests in which 
solid specimens are eroded or 
otherwise damaged by repeated 
discrete impacts of liquid drops or 
jets. Among the collateral forms of 
damage considered are degradation 
of optical properties of window 
materials, and penetration, 
separation, or destruction of 
coatings. The objective of the tests 
may be to determine the resistance 
to erosion or other damage of the 
materials or coatings under test, or 
to investigate the damage 
mechanisms and the effect of test 
variables. Because of the specialized nature of these tests and the desire in many 
cases to simulate to some degree the expected service environment, the 
promulgation of a method is not deemed practicable. The ASTM practice gives 
guidance in setting up a test, and specifies test and analysis procedures and 
reporting requirements that can be followed even with quite widely differing materials, 
test facilities, and test conditions. It also provides a standardized scale of erosion 
resistance numbers applicable to metals and other structural materials.  

                                                 
90 http://www.isaf.tu-clausthal.de/leistung/verschleiss/kavitation.pdf 
91http://midas.npl.co.uk/midas/content/mn030.html 

Fig. 41: Test cell for G73 
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ASTM G75-01: Standard Test Method for Determination of Slurry Abrasivity (Miller 
Number) and Slurry Abrasion Response of Materials (SAR Number): 
 
This test method covers a single laboratory procedure that can be used to develop 
data from which either the relative 
abrasivity of any slurry (Miller Number) or 
the response of different materials to the 
abrasivity of different slurries (SAR 
Number), can be determined. The test 
data obtained by this procedure are used 
to calculate either a number related to the 
rate of mass loss of duplicate standard-
shaped 27% Chromium Iron wear blocks 
when run for a period of time in the slurry 
of interest (Miller Number), or to calculate 
a number related to the rate of mass loss 
(converted to volume loss) of duplicate 
standard-shaped specimens of any 
material of interest when run for a period of 
time in any slurry of interest (SAR Number). 
The test cell is illustrated in figure 4292. 
 
 
ASTM G76-04: Standard Test Method for Conducting Erosion Tests by Solid Particle 
Impingement Using Gas Jets: 
 
This test method covers the determination of material loss by gas-entrained solid 
particle impingement erosion with jetnozzle type erosion equipment. This test method 
may be used in the laboratory to measure the solid particle erosion of different 
materials and has been used as a screening test for ranking solid particle erosion 
rates of materials in simulated service environments93,94. Actual erosion service 
involves particle sizes, velocities, attack angles, environments, and so forth, that will 
vary over a wide range95,96,97. Hence, any single laboratory test may not be sufficient 
to evaluate expected service performance. This test method describes one well 
characterized procedure for solid particle impingement erosion measurement for 
which interlaboratory test results are available. The test cell is illustrated in figure 
4398. 

                                                 
92 http://www.isaf.tu-clausthal.de/leistung/verschleiss/miller1.jpg 
93 Young J.P., Ruff A.W, Journal of Engineering Materials and Technology, Transactions of ASME, Vol. 99, 1977, pp. 121-125 
94 Hansen J.S., Erosion: Prevention and Useful Applications, Adler W.F. ed., ASTM STP 664, 1979, pp. 148-162 
95 Finnie I., Levy A., McFadden D.H., Erosion: Prevention and Useful Applications, Adler W.F. ed. ASTM STP 664, 1979, pp. 36- 
    58 
96 Wood F.W., Journal of Testing and Evaluation, 14, 1986 
97 Preece C.M., ed., Erosion: Treatise on Material Science and Technology, Vol. 16, Academic Press, New York, NY, USA,  
   1979 
98 http://www.conformaclad.com/index.php3?pageid=ErosionResistance(TAPPI).htm 

Fig. 42: Test cell for ASTM G75 
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ASTM G105-02: Standard Test Method for Conducting Wet Sand/Rubber Wheel 
Abrasion Tests 
 
This test method covers laboratory procedures for determining the resistance of 
metallic materials to scratching abrasion by means of the wet sand/rubber wheel test. 
It is the intent of this procedure to provide data that will reproducibly rank materials in 
their resistance to scratching abrasion under a specified set of conditions. The test 
cell is illustrated in figure 40. The test setup is similar to the test cell shown in the 
discussion of ASTM G35. 
 
 

ASTM G133-02: Standard Test Method for Linearly Reciprocating Ball-on-Flat Sliding 
Wear: 
 
This test method covers 
laboratory procedures for 
determining the sliding wear 
of ceramics, metals, and 
other candidate wear-
resistant materials using a 
linear, reciprocating ball-on-
flat plane geometry. The 
direction of the relative 
motion between sliding 
surfaces reverses in a 
periodic fashion such that the 
sliding occurs back and forth 
and in a straight line. The 
principal quantities of interest 
are the wear volumes of the 

contacting ball and flat 
specimen materials; however, the coefficient of kinetic friction may also be measured 
using the method described. This test method encompasses both unlubricated and 

Fig. 44: Test cell for G133 

Fig. 43: Test cell for ASTM G76  
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lubricated testing procedures. The scope of this test method does not include testing 
in corrosive or chemically aggressive environments. 
 
 
ASTM G134-95: Standard Test Method for Erosion of Solid Materials by a Cavitating 
Liquid Jet: 
 
This test method covers a test that 
can be used to compare the 
cavitation erosion resistance of solid 
materials. A submerged cavitating 
jet, issuing from a nozzle, impinges 
on a test specimen placed in its path 
so that cavities collapse on it, 
thereby causing erosion. The test is 
carried out under specified 
conditions in a specified liquid, 
usually water. This test method can 
also be used to compare the 
cavitation erosion capability of 
various liquids. This test method 
provides an alternative to Test 
Method G32. In that method, 
cavitation is induced by vibrating a 

submerged specimen at high 
frequency (20 kHz) with a specified  
amplitude. In the present method, 
cavitation is generated in a flowing system so that both the jet velocity and the 
downstream pressure (which causes the bubble collapse) can be varied 
independently. 
 
 
Critical review of the erosion(-corrosion) test methods standards of the ASTM 
 
The above listed, standardized test methods developed by the ASTM are to be seen 
as a guideline to the testing of materials. The ASTM makes no claim that these test 
methods can be used for the testing of materials for every application, but rather 
states, that the test methods must be adjusted to the investigated problem at hand. 
As shown by others, the specific wear characteristics as they are found on the 
screws of multiphase pumps used in and erosioncorrosion environment cannot be 
replicated with any of these test methods; the application is simply too specific. 
Furthermore, although some of these test cells do emulate an erosioncorrosion 
environment, none of them actually enable a corrosion current measurement. To 
summarize: 

• The specific wear found on screw of the MPP cannot be replicated with any of 
the erosion/erosioncorrosion test cells suggested by the ASTM. 

• No corrosion measurement is possible with any of the ASTM test cells. 
• No combined erosioncorrosion/cavitation erosion tests can be run with any of 

the ASTM test cells. 

1. Body 5. Nozzle holder nut 9. Seals 
2. Window flange 6. Nozzle 10. Microhead meter 
3. Perspex window 7. Specimen holder 11. Jet interrupter 
4. Nozzle holder 8. Specimen 12. Renewable insert 

Fig. 45: Test cell for G134 
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2 – 10 Summary of Literature: 
 
As shown above, there has been substantial research done investigating the effects 
of erosion, corrosion and erosioncorrosion. This research, however, is concentrated 
either on general electrochemical/thermodynamic processes or on wear phenomena 
as they are found in pipelines. Although this information is valuable as it pertains, to a 
certain degree, to the problem at hand, there is no documentation available dealing 
with the precise wear as it is found in the clearances between rotating and fixed parts 
of a multiphase pumps. The explicit need to gain a better understanding of these 
wear phenomena was explained in chapter 1. In summary of this chapter, the 
available literature does not provide: 
 

• Documentation on a suitable test cell for the testing of materials for the usage 
described above. 

• Sufficient information on erosioncorrosion wear with respect to: 
o Effects of multiphase composition (gas/Fluid(s)/sand volume fractions) 
o Effects of the microstructure of materials on the wear resistance 
o Effects of the Environment parameters (pH, temperature, pressure etc.)  

 
As a consequence, the following steps had to be taken: 
 

• Create a test cell with the capability to measure both the corrosion currents 
between a rotating and a fixed components as well as erosion wear of the test 
specimens. 

• Identify the specific flow patterns between the rotating and fixed components 
of the test cell in order to correlate data gained through experiments to 
different pump type. 

• Reproduce the specific wear found in multiphase pumps used to boost media 
enhancing erosioncorrosion. 

• Extend the presently available information on material behaviour in multiphase 
pumps by conducting parametric test series investigating the effect of the 

o Clearance space between rotating and fixed components 
o Rotational velocity of the moving component 
o Chemical composition of the boosted media 
o Sand load (sand volume fraction) in the media 
o Operating temperature 
o Oil/Water ratio 

• Provide aspects of further required investigations for establishing consistent 
lifetime prediction procedures for multiphase pump components. 
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3 EXPERIMENTAL SETUP 
 
After the initial stage of identifying the specific wear characteristics as they are found 
on the screws of multiphase twin screw pumps was accomplished, as documented 
by this author in [20], a suitable test cell had to be found that would enable the 
reproduction of this specific wear in a laboratory environment. There are currently 
roughly 23 wear test cells documented in literature. Most of these test cells were 
designed to investigate either erosion or corrosion as explained above. Of the few 
test cells that enabled an examination of the combined electrochemical and 
mechanical wear, i.e. erosioncorrosion, the most promising test cell was deemed to 
be the rotational gap tribometer (Rotationsspalttribometer). The results of the 
research on using this technology for the purposed of investigating the wear 
resistance of possible screw materials as reported above were published in a 
dissertation by S. Schmidt in 199999. Schmidt showed, that it was not possible to 
achieve the desired results. In particular, no erosioncorrosion wear was measured 
and the specific wear found on worn screws of multiphase pumps could not be 
reproduced. As such a new erosioncorrosion test cell (ECTC) had to be designed.  
The new test cell presented in the following enables the investigation of 
erosioncorrosion as it is found in the clearance between a rotating and a fixed pump 
component. In order to highlight the investigation on either erosion, corrosion or flow 
phenomena in the clearance space, some modifications were made to the base 
design. It is important to point out at this point however, that all versions of the ECTC 
enable the investigation of the combined attack. The new ECTC was first introduced 
by this author in 20051. Parts of the following are excerpts from that publication. 
 
 
3 – 1 Principle mechanism of the new test cell 
 
It is noted here by the author that the wear of the screw 
of a multiphase twin screw pump occurs in two different 
locations, on the flank of the screw facing the liner and 
on the flank of the screw facing the other interlocking 
screw. The main cause of failure of the multiphase 
pumps, however, is due to the wear occurring on the 
flank facing the liner, or, in other words, due to an 
increase of clearance space between the screw and 
the liner leading to an increased backflow between the 
chambers of the screw and therefore to an efficiency 
reduction of the pump. As such, the following will be 
centered on the simulation of this clearance.  The 
movement of erosion particles through the clearance 
between the rotating screw and the fixed liner is 
illustrated in figure 46. In order to simulate the erosioncorrosion wear, it was 
necessary to reproduce this erosion system, i. e. a fixed specimen and a rotating 
specimen with a set clearance between the two through which the erosion particles 
would travel. The setup that could satisfy these conditions is illustrated in figure 47. 
The two main components of the cell are the rotator with a fixed specimen I 

                                                 
99 Schmidt, S. „Verschleiß von Schraubenspindelpumpen beim Betrieb mit abrasiven Fluiden“,  Dissertation, Erlangen,  
    Germany, 1999 

Fig. 46: Movement of 
EP in clearance 
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simulating the rotating screw and the cylindrically shaped fluid container with a fixed 
specimen II set in the bottom simulating the liner. The lower part of the rotator is 
hollow and equipped with a three sets of holes (above the specimen holder) enabling 
the rotator to act as a pump.  
If a reference coordinate system is locked on the rotor and the rotor is set in motion, 
it would seem as if the water is moving and the rotor is standing still. As such, the 
fluid in the hollow part of the rotor as well as in the holes is adjacent to moving fluid. 
According to the Bernoulli Equation  
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(ν = velocity [m/s], ρ = density [kg/m3], p= pressure [bar],  
z = height [m], ½ location 1 or 2) 
 

this will lead to a low pressure zone in the flowing fluid 
directly next to the rotor, i.e. to a suction effect. The fluid 
will travel through the clearance between the two 
specimens picking up speed as the area decreases (law 
of mass preservation). 
                                                         

.constAm == ρν  
 

(m = mass [kg], ρ = density [kg/m3],  
v = velocity [m/s], A = area [m2]) 

 
 

There are two directions into which the erosion particles will 
be accelerated. The first is a tangential acceleration due to 
the rotational velocity of the rotor. The second direction is due 
to the pressure difference between the periphery of the test 
disc and its center. These vector velocities and their effect on 
multiphase fluids will be discussed in more detail in a later 
chapter. The resulting flow path of the erosion particles 
through the clearance in the erosioncorrosion test cell is 
illustrated in figure 48. When comparing figures 46 and 48, it 
can be seen, that the erosion particles show a similar movement through the 
clearance in both the actual twin screw pump and the laboratory test cell. Initial 
results of erosioncorrosion experiments confirmed, that the wear in the ECTC is 
identical to that on the screws of multiphase pumps. This information will be 
presented in a different chapter since this chapter is dedicated to the experimental 
setup itself. 
 
 
3 – 2 The erosioncorrosion test cell 1 for the main investigation of 
corrosion 
 
The fluid container of the ECTC 1 (s. figure 49) has a glass body in order to analyze 
the flow patterns from a horizontal position. Corrosion currents can be measured of 

Fig.47: Principle 
mechanism of the 
ECTC 

Fig. 48: Movement of 
EP through the 
clearance of the 
ECTC 



EXPERIMENTAL SETUP  45 
 

  

specimen I, attached to the rotor with a Teflon receptor 
(marked as a.) as well as of specimen II set in the bottom of 
the fluid container (market as b.). The rotator is driven by an 
80W electric motor enabling rotational speeds of up to 1400 
rpm depending on the multiphase fluid composition/viscosity. 
The vertical position can be adjusted by means of a 
computer controlled stepmotor with a step height of 6,75 
microns, which is (theoretically) the smallest clearance 
depth. The corrosion current is recorded via a computer 
controlled Meinsberg PS6 potentiostat. The erosioncorrosion 
wear can be recorded by weighing the test disc before and 
after a test run. The corrosion wear can be calculated using 
the Faraday equation: 

zF
tIMm Δ

=  

(M= molar mass [g/mol], z = valance of the metal dissolved anodically [], F= Faraday 
[C/mol] constant, t = time [s], m = mass [kg])  

 
The test discs used in experiments conducted with the ECTC 1 have a diameter of 
Ø80 mm and therefore an anodic/cathodic area of 50,26 cm2. The fluid container can 
be sealed off from the surrounding environment in order to prevent gas exchange. 
Two connection points can be used to attach other containers in order to establish an 
electrolyte bridge. 
 
 
3 – 3 The erosioncorrosion test cell 2 for the main investigation of 
erosion 
 
The setup for the erosioncorrosion test cell 2 is 
illustrated in figure 50100. The principle working 
mechanism of this test cell is the same as the 
ECTC1. The main difference is, that the corrosion 
current cannot be measured directly between the 
rotating and the fixed test sample. A counter 
electrode is therefore introduced into the system. 
It too is subjected to erosioncorrosion wear since 
the erosion particles graze the metal surface when 
the fluid is in motion. This wear, however, is far 
less then the wear occurring in the clearance 
between the rotator and the fixed bottom sample. 
In the experiments conducted with this setup, a 
Duplex Steel (1.4462) material was chosen as 
counter electrode. This material is commonly used 
in the pipelines connected to the multiphase 
pumps. As such it is part of the corrosion system 
influencing the material wear of the screw 
material. The ECTC2 is connected to a 750 W electric motor with a belt transmission. 
                                                 
100 R. Klatt, „Untersuchung des Einflusses der Sandfraktion auf das Verscheißverhalten unterschiedlicher Werkstoffe in  
    Multiphasengemischen“, Diploma Thesis, Helmut Schmidt University, Hamburg, Germany, 2005 
 

Fig, 49: ECTC 1 

Fig. 50: Schematic of the 
ECTC 260 
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The motor allows for rotational speed of 240 to 2440 per minute. The clearance 
between the rotating and the fixed electrode has to be adjusted manually and 
therefore has a tolerance of about +/- 0,5 mm. Although this level of tolerance is 
considered to be quite high, the results obtained were surprisingly consistent, 
reproducible and stable as will be shown in a later chapter. In order to ensure the 
highest degree of safety for the operator, experiments were usually conducted with a 
clearance depth of 2 mm. It is noted here, that this clearance is considerably wider 
then it is found in multiphase screw pumps. A classification, however, between 
different materials tested with the same erosioncorrosion parameters is valid and 
independent of the clearance depth since the wear phenomena found on the test 
samples were identical with those found on the worn multiphase pump screws. The 
diameter of the test disc used in the ECTC 2 was Ø100 mm, i.e. and anodic/cathodic 
area of 78,54 cm2. 
The ECTC 2 is a lot more rugged in its design. In order to achieve reliable data on 
erosion/erosioncorrosion wear, the experimentation time had to be a lot longer then 
when operating with the ECTC 1. Usually there were six, three hour long experiments 
performed for every material tested with the same erosioncorrosion parameters. The 
fluid had to be exchanged after every three hour interval since the erosion particles 
were worn down over time and corrosion products could falsify results. At that time of 
the fluid exchange, the test samples were cleaned, weighed and the progressional 
wear was recorded as well as the mean value of the last corrosion currents 
measured between the working and the counter electrode. The total material loss 
after the 18 hour experimental time represented the loss due to corrosion alone, 
which could be calculated using the Faraday equation above, as well as the loss due 
to the combined effect of erosioncorrosion. 
 
 
3 – 4 The erosioncorrosion test cell 3 for optical investigations  
 
There is absolutely no information given in the current 
literature about what actually happens in the clearance 
between the rotating screw and the fixed liner. The flow 
regime in this small region is decisive in evaluating and 
predicting erosioncorrosion wear. Since a reproduction 
of this flow regime was achieved through the 
development of the erosioncorrosion test cell, it was 
deemed necessary to investigate these phenomena. 
As such a third version of the ECTC was developed 
which is illustrated in figure 51. The base of the 
structure is the ECTC 1. The main difference of this 
version compared to the other two is that the fluid 
container is raised by an Aluminium support and a 
camera was placed underneath to obtain video 
footage. Optionally, a mirror replaced the camera at a 
45° angle that allowed for photographic documentation 
from the front of the experimentation setup. The 
photographic data proved to be much higher in 
resolution and was used for most of the discussion of 
the results. The dimensions of the fluid container were kept, but it was equipped with 
an acrylic, see-through bottom. A rectangular inlay of the X22 CrNi 17 2 Nickel-
Chromium steel was set into the acrylic bottom. This setup allowed for optical 

Fig. 51: ECTC 3 
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investigations as well as functioning as a counter electrode for corrosion current 
measurements (see figure 52). The red rectangular area marked in figure 52 is the 
area where the optical data was recorded. In order to differentiate between the 
different phases the oil phase was dyed black with commercial oil based paint. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3 – 5 The erosioncorrosion test cell 1 used as rotating cylinder electrode 
 
Rotating cylinder electrodes (RCE) are used to investigate the 
influence of the fluid velocity on the boundary diffusion layer. 
The RCE has become increasingly popular in the last decade 
and numerous papers have been published by Silverman et 
al.101,102,103. A fluid in motion can influence the mechanism of 
corrosion and therefore the corrosion rate itself, especially when 
mass transport of the reactants to the surface and the corrosion 
products from the surface to the bulk of the solution is the 
governing factor. As mentioned by Silverman, there are a 
number of systems that have been proposed as test cells in order 
to investigate the influence of the mass transport on the corrosion 
rate. According to Silverman, the rotating cylinder electrode is 
favoured by the scientific community due to the following decisive 
advantages: 
   

• Defined hydrodynamics that are turbulent even at low rotation rates 
• Reasonably well-defined empirical correlations that relate such quantities as 

mass-transfer coefficient (Sherwood number), fluid rate (Reynolds number) 
and fluid physical properties (Schmidt number) 

• A uniform current and potential distribution 
• Fluid characteristics independent of position on electrode surface 
• Reasonably easy assembly, disassembly and use 
• Corrosion rate estimate by mass loss or electrochemical means 

                                                 
101 D. C. Silverman, "Rotating Cylinder Electrode For Velocity Sensitivity Testing", Corrosion, Vol. 40, No. 5, p. 220 (1984) 
102 D. C. Silverman, "Rotating Cylinder Electrode - An Approach for Predicting Velocity Sensitive Corrosion", in Flow-Induced  
     Corrosion: Fundamental Studies and Industrial Experience (K. J. Kennelley, R. H. Hausler, and D. C. Silverman, ed.), p. 20-   
     1,  NACE, Houston, Texas, 1991. 
103 D. C. Silverman, "The Rotating Cylinder Electrode for Examining Velocity-Sensitive Corrosion - A Review", Corrosion, Vol.60,  
     No.11, p. 1003, 2004.  

Fig. 52: Acrylic bottom of 
ECTC 3 with metal inlay 

Fig. 53: RCE 
with receptor 
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• An ability to use results from the rotating cylinder to predict fluid effects in 
some other geometries 

 
For further information on the applications of the Rotating Cylinder Electrode, the 
reader is directed to [104-106]104,105,106. The use of RCE to investigate corrosion 
phenomena has been common practise in the last forty years and numerous 
publications are available [107-109]107,108,109. In order to investigate the influence of 
the boundary diffusion layer on the corrosion process in the clearance between the 
fixed liner and the rotating screw of multiphase twin screw pumps, the ECTC 1 was 
refitted. The Teflon holder used to hold the test discs and attach them to the rotator, 
was replaced with the device shown in figure 53. It consists of a Teflon receptor 
enabling the connection of the RCE to the rotator, the RCE itself and a Teflon screw 
used to fix the RCE to the receptor. A Platinum counter electrode in the form of a ring 
was integrated into the wall of the fluid container and modifications were made to the 
lid that would allow room for the reference electrode. The RCE used had a diameter 
of 38mm and a length of 40mm, i.e. a total electrode surface of 47,75 cm2. 
 
 
3 – 6 Setup modification for the investigation of the fluid velocity in the 
clearance between the fixed and rotating electrode 
 
Although this work is centred on the optimization of 
materials for the use as screw materials in multiphase 
twin screw pumps, it was necessary to gather more 
information on the physical parameters such as fluid 
velocity and direction of flow, encountered in the 
clearance space. After the first goal, the replication of 
the wear of screw pumps in a laboratory environment 
was achieved, the relationship between the conditions 
in the clearance of the ECTC and those in the actual 
pump clearance had to be established. In order to 
investigate the velocities and direction of flow, the 
ECTC was once again modified. The base for this 
experimentation setup was the ECTC 3. Six holes (Ø 
2mm) were drilled into the acrylic bottom plate of the 
fluid container and small capillary like tubes (outer Ø 
2mm, inner Ø 1mm) were attached, as shown in figures 
54 and 55. These tubes were used as pressure sensors 
since the water level in each capillary during operation 
reflected the pressure in the clearance at that position 
and the pressures themselves were in direct relation to 
the velocities in the clearance space. The mathematical 
correlation between the pressure data derived through 
this setup and the velocity will be discussed below. 
                                                 
104 D. R. Gabe, Journal of Applied Electrochemistry 4, 1974, p.91 
105 D. R. Gabe, F. C. Walsh, Journal of Applied Electrochemistry 13, 1983, p.3 
106 D. R. Gabe, G. D. Wilcox, J. Gonzalez-Garcia, F. C. Walsh,  Journal of Applied Electrochemistry 28, 1998, p.759 
107 Atkins, Thomas, “Water Tunnel with Moving Walls” M. S. Thesis, UCRL-16188, University of California Radiation Laboratory,  
     Berkeley, CA, USA, June,1965 
108 Hsueh, Limin, “Mass Transfer and Polarization at a Rotating Disk Electrode”, M. S. Thesis, UCRL-16607, University of  
     California Radiation Laboratory, Berkeley, CA, USA, January, 1966 
109 McDonald, M. E. “Numerical Calculation for the Steady LaminarFlow past a Circular Cylinder”, M. S. Thesis, UCRL-16960,  
     University of California Radiation Laboratory, Berkeley, CA, USA, September, 1966 

Fig. 54: Location of drill 
holes in bottom plate 

Fig. 55: Capillary tubes 
attached to bottom plate 
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Although this is actually an experimental result it was decided to include these results 
at this point since it helps to understand the physical processes taking place in the 
clearance space. 
 
 
The vector velocity field and total velocities in the clearance at different 
rotational speeds 
 
One of the prerequisites for the modelling process of the erosioncorrosion wear 
mechanism is the analysis of the flow pattern in the clearance of both the actual 
pump as well as in the ECTC. The following discusses the results of experiments 
conducted on modified version of the ECTC 3 described above with a set of pressure 
sensors integrated in the flow path of the fluid in the clearance space. It will be shown 
how the ascertained pressure sensory data can be used to calculate the radial 
component of the fluid velocity vectors. Numerical calculations will be used to 
calculate the tangential component of the vector resulting in the total speed and 
direction of the flow in the clearance space. As a conclusion for the modeling of 
multiphase pump components, the two dimensional vector velocity field of the fluid 
flow in the clearance between a rotating and a fixed disc at different rotational speeds 
will be presented in charts displaying both the total velocity and direction of flow. 
 
 
Numerical calculation of the tangential flow in the clearance 
 
A fluid in a small clearance between a 
rotating and a fixed disc will follow the 
rotational direction of the rotating disc due 
to friction forces. The laws of fluid dynamics 
dictate, that the fluid will have the same 
rotational velocity as the solid object that it 
is next to, i.e. the fluid located next to the 
fixed disc will be at rest while the fluid next 
to the rotating disc will rotate with the same 
velocity of the rotating disc (s. figure 56).  
The linear velocity gradient of a fluid 
between a fixed and a moving plate is a result of shear forces acting on the “layers” 
of fluid and was first postulated by Sir Isaac Newton. This author believes that this 
model can also be applied to a rotating and a fixed disc. 
In order to clarify coordinate positions, a standardized model 
of a Cartesian and polar coordinate system will be introduced 
at this time as shown in the figure 57.  All coordinates in a 
three dimensional room can therefore be describes as vectors 
with the components x, y and z or as the cylindrical 
components ρ (radius), θ (angle) and z (height). In the 
following text, the term stationary flow will be used to describe 
a state that does not allow an exchange of fluid mass between 
the clearance space and the surrounding media. The term of 
instationary flow will refer to a fluid exchange between the 
surrounding system and the clearance space, i. e. fluid 
entering the clearance and exiting through the center outlet 
hole of the rotator.  

Fig. 56: Tangential flow in clearance 

Fig. 57: Polar 
coordinate system 
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If a laminar flow is assumed and the area of the fixed and rotating disc is extended to 
infinity, the velocity profile of the fluid between these fixed points (0 at z=0, ω at z=s) 
and is linear, governed only by the rotational velocity ω as well as the radius x or ρ 
respectively. 
 
Given the total clearance of the space s between the discs being 
 

sz =   
   
  

 
       then the velocity at  

2
sz =    

   
  

(s. figure 56) is a characteristic average speed for the fluid in 
the clearance on concentric circles around the z-axis. The 
tangential speed (see figure 58) of each point of θ (0 to 2π) 
in this system will be identical for a consistent ω and ρ. The 
tangential speed of the fluid can therefore be calculated by 
using the equation 
 
     
        
  
 

(n = rotations per minute [1/min]) 
    
for stationary flow as it is the case when the exit holes on the side of the ECTC are 
closed and fluid is not able to pass through the clearance in a radial direction. 
The mathematical model developed by Baune110 shows, that as soon as the disc 
electrodes  exhibits a definitive length, as opposed to the theoretical model proposed 
above which was assumed to be extended to infinity, there will be a zone of 
turbulence in the immediate transitional area between the outer rotating disc 
perimeter and the surrounding fluid. This author is aware, that there may be other 
effects of dynamic fluid behaviour such as cavitation or turbulence taking place in the 
clearance that have not been included in this section, it was decided, however, that 
the in depth investigation of these phenomena is not necessary at this early stage. 
Material wear due to cavitation will be discussed in detail in a later chapter, since it 
was later discovered that it is of importance in the degradation of Tungsten carbide 
platings. Since little is known about the flow of the multiphase fluid though the 
clearance space, it is important to start with a basic, simple analysis and then add 
more complex parameters at a later stage. Next to the most important factor of the 
replication of identical wear mechanisms, which will be  explained and discussed in a 
later chapter, is the investigation of the vector components of the fluid in the 
clearance. This is one of the main tasks in proving the valid modelling of the ECTC. If 

                                                 
110 M. Baune, “Coupling of Chemical and Hydrodynamic Instabilities at the Electrochemical Dissolution of Metals”, Dissertation,  
      University of Bremen, Bremen, 2002 
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Fig. 58: Definition of 
radial and tangential 
flow 
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these correspond to velocities found in the rotary screw pump clearances, that task is 
sufficiently accomplished.  
 
 
Investigation of the radial velocity 
 
Pressure sensory experiment was chosen since pressure stands in direct relation to 
the velocity of a flowing medium. The total pressure is comprised of the static 
pressure and the dynamic pressure:   

 

.
2

2

constpgh =++ ρρν  

 
(v=velocity [m/s], ρ=density [kg/m3], g=gravity [9.81m/s2], h=height [m]) 

 
The pressure measured in the following experiments is the static pressure. If different 
static pressures are measured in identical geometries and process parameters, then 
the difference in pressure can only be due to a change in fluid velocity. Applied to the 
experimental setup this means, that the measured difference in the height of the 
formation water column in the capillaries is proportional to the pressure difference 
Δp. This difference Δp between the stationary and the instationary system is a direct 
result of a change of the total velocity due to the radial vector component.  
 
 
       
  
 
 
 
             
  
 

       (v=velocity [m/s], ρ=density [kg/m3] g=gravity [9.81m/s2], h=height [m]) 
 
The direction of the tangential component is governed by the direction of the rotation 
of the electrode. Visual experiments have confirmed that the radial component of the 
velocity is directed from the edge of the electrode to the centre.  
 
By employing the law of Pythagoras, the radial component can be calculated (see 
figure 59). 
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Fig. 59: Total velocity 
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As shown above, the tangential component of the flow lines can easily be calculated 
for any given point P (ρ, θ) and will be indifferent to any radial movement in an 
instationary system. As explained above, six holes 2mm in diameter (see figures 54 
a. 55 ), were drilled into the bottom plate of version 3 of the ECTC and flexible 
capillaries were attached in order to investigate the radial component. These 
capillaries were arranged parallel to each other next to the fluid container. The height 
of the water columns in the capillaries was recorded and Δp was calculated using the 
formulas above. Experiments in both stationary and instationary rotation systems 
were performed. The six sensors were designated as sensors zero through five, 
sensor zero being the one 5 mm of the centre of the plate (see figure 54). Pressure 
experiments were performed at a clearance depth of 0,5 mm in the range of 0 – 800 
rpm in stationary as well as instationary flow conditions. The state of stationary, i. e. 
pure rotational flow within the clearance was achieved by closing the exit holes on 
the side of the rotator, preventing fluid exchange between the fluid in the clearance 
and the bulk of the solution. Sensor data was recorded as soon as the system had 
stabilized after a velocity change. Experiments were initially repeated three times to 
eliminate random effects, but since every repetition delivered the same data, the 
setup was deemed error free and the repetition abandoned. All pressure experiments 
were performed at room temperature, using synthetic formation water. The “quiver” 
function of the Mathlab® program was used to create the vector velocity charts. A 
second chart was added to displaying the total speed in a two dimensional graph. 
Although the pressure sensors were only located along of the y axis of the disc, their 
values can be considered constant for the ρ value of the sensor for every θ position. 
That being the case, a vector was added every thirty degrees. The vector set for a 
given ρ was shifted fifteen degrees counter clockwise for every other sensor. 
The result of these experiments is shown in the following four pages (Fig. 60-67). 
They will be discussed below.  
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Fig. 60: Vector velocity field and total velocities at 100 rpm 
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Fig. 61: Vector velocity field and total velocities at 200 rpm 
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Fig. 62: Vector velocity field and total velocities at 300 rpm 
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Fig. 63: Vector velocity field and total velocities at 400 rpm 
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Fig. 64: Vector velocity field and total velocities at 500 rpm 
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Fig. 65: Vector velocity field and total velocities at 600 rpm 
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Fig. 66: Vector velocity field and total velocities at 700 rpm 
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Fig. 67: Vector velocity field and total velocities at 800 rpm 
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Fig. 68 a-f:  Optical investigation of the flow pattern in the clearance at 400 rpm,  
3 mm clearance depth, 0,05 weight % sand, Δt between fig. 0,047s 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 68a              Fig. 68b 
 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 68c              Fig. 68d 
 
 

 
 
 
 
 

 
Fig. 68e             Fig. 68f 
 
 
The time between each picture taken of the erosion particles travelling through the 
clearance in figures 68 a-f was 0,047s. 
 
The direction of flow and the total velocities are shown in figures 60 to 67. The first 
observation is, that the flow at 100 rpm is dictated purely by the rotational forces. The 
suction effect has not developed and there is no fluid exchange between the 
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clearance and the surrounding media. The maximum velocity was measured on 
sensor 5, at the outer edge of the rotating disc. The speed distribution is linear due to 
the fact that these velocities were calculated and are only governed by ρ. At 200 rpm 
(fig. 56), the fluid starts to travel in a slight spiral form through the clearance exiting 
through the centre outlet. This spiral movement was already observed and recorded 
in other earlier optical investigations (fig. 68 a-f), it had, however, up until this point 
not been quantified. As the total speed consistently increases between 200 and 800, 
the spiral form solidifies and the angle of movement increases. There is a gradual 
transition of the angle of flow from the outer edge of the disk (sensor 5) to its center 
(sensor 0). This is due to the fact, that the flow on the edge of the disk is governed 
mostly by the tangential component of the velocity vector and it is governed almost 
solely by the radial component in the centre. The maximum speed of 2.5 m/s was 
recorded on sensor 5 at 800 rpm. As will be reported in a later chapter this is also the 
region (0.04 – 0.05 m from centre) where the highest wear occurs in erosioncorrosion 
experiments. An overall conclusion that can be drawn from these experiments is that 
there are concentric zones located around the centre that exhibit the same flow 
parameters.  
The results discussed above were published by this author in [2]. The basis of the 
writing and charts/figures above was taken from that paper. It was reformatted and 
occasionally reworded. 
 
 
3 – 7  Materials used in the experiments 
 
Steels: 
 

• The base material was a forged Chromium Nickel steel X22 Cr Ni 17 2 
(1.4057). The steel is often used as screw material in multiphase twin screw 
pumps. Experiments were also conducted with different heat treated 
derivatives of this steel. The steel has a hardness of 293 HV1 in the “as 
delivered” state (heat treatment information as supplied by the manufacturer: 
annealed: 1050°C, quenched: air, annealed: 650°C/2h). 

• The wear of duplex stainless steel (1.4462 UNS S31803) was investigated 
and the steel was also used as counter electrode in some of the experiments 
as noted in the according chapters. It was chosen as counter electrode 
material because the multiphase pumps are attached to pipeline systems 
which are sometimes made of duplex steels and therefore are part of the 
corrosion system. Duplex steels have a ferrite / austenite ratio of 50%/50%. 

• The wear of superduplex stainless steel (1.4501) was investigated. 
• The wear of 10 different Tungsten plated (WC) 1.4057 test samples was 

investigated in detail. More information on the characteristics of each WC 
plating will be given in chapter 5.  

 
 
Chemical composition of steels 
 

Mat. %C %Cr %Mo %Ni %Mn %Si %Cu %W %Ti %N %Fe 
1.4057 0,22 17 0,5 2 1,5 0,8 7 / 0,5 / bal. 
1.4462 0,03 21-23 2,2-3,5 4,5-6,5 / / / / / 0,08-0,2 bal. 
1.4501 0,03 24-26 3-4 6-8 / / 0,5-1 0,5-1 / 0,2-0,3  
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Fluid Composition: 
 
The fluid composition was modeled from the formation water of the Asgard field, 
Norway. Components: 

  
SrCl2 0,127

l
g  

BaCl2 0,144
l
g  

KCl 1,048
l
g  

CaCl 0,942
l
g  

NaHCO3 1,446
l
g  

NaCl 30,145
l
g  

 
The pH value was lowered to 4,0 with acetic acid. Commercial Diesel fuel was used 
where noted. 
 
Erosion particles: 
 
Commercial quartz sand with a grain size of 0,7 – 1,2 mm was used.  
 
 
Other equipment used: 
 

 Analog scale (Satorius) 
 Digital scale (Satorius 620S) 
 Heating rod (Maintal LT 250) 
 Control unit  for heating rod (MGW Lauda Relaisbox R3) 
 Control unit  for heating rod (Winkler WL 10) 
 Multimeter (DMM 2300) 
 PC with program Remote to control the potentiostats and record corrosion 

currents 
 Potentiostat, analog (Wenking TG 97) 
 Potentiostat, digital (Meinsberg PS 5.1) 
 pH- Analyzer (WTW 340i) 
 Polishing machine (Roto Force) 
 Table drilling machine (Optimum B20 Pro) 
 Ultrasonic bath (Bandelin Sonorex RK 510S) 
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3 – 8  Conducted test series 
 
The results of the experimentation conducted in the course of this dissertation are 
structured in four blocks, preceded by the results of the investigation of the wear 
phenomena as they are found on worn multiphase pump screws. 
 
 
Block A: Electrochemical parametrical investigations 
 
Test series No. 1: Investigation of the fluid flux and electrochemical as well as 

kinetic processes in a clearance between a rotating and a fixed 
electrode 
 

 

Test series No. 2: Investigation of the influence of the depth of the clearance with 
two specimens of identical chemical composition 
 

Test series No. 3: Investigation of the influence of the rotational speed and 
formation water concentration on the corrosion current 
(ECTC1) with two specimens of identical chemical composition 
 

 
Block B: Multiphase parametrical investigations 
 
Test series No. 4: Investigation of the influence of water/oil cut on the corrosion 

current at different rotational speeds 
 

Test series No. 5: Results of a combined optical and electrochemical 
investigation of the distribution of the multiphase fluid in the 
clearance at different rotational velocities and oil/water cuts 
 

 
Block C: Parametrical erosioncorrosion investigations 
 
Test series No. 6: Investigation of the influence of rotational velocity on erosion 

 
Test series No. 7: Investigation of the influence of different sand loads on erosion 

and corrosion at different temperatures 
 

 
Block D: Material investigation of erosioncorrosion 
 
Test series No. 8: Investigation of the effect of heat treatments on 

erosioncorrosion resistance 
 

Test series No. 9: Investigation of the erosioncorrosion wear characteristics of 
Tungsten carbide plated test samples 
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4 RESULTS AND DISCUSSION 
 
 
4 – 1 Investigation of the wear characteristics of the screws and the test 
samples 
 
For the initial test series, the wear of the forged Chromium Nickel steel X22 CrNi 17 2 
(1.4057), a material often used as screw material in twin screw multiphase pumps, 
was investigated. The results of the tests conducted with the ECTC2 showed, that 
the worn test discs had the same wear characteristics as the worn screws of the 
same material which had been in operation under high sand loads according to the 
information supplied by the pump manufacturer.  
Macro/micro and SEM investigations showed that all the wear mechanisms 
(machining, ductile and bridle) described above contribute to the material loss. 
 

 

 
Fig. 69: Wear on screw        Fig. 70: Wear on test disc (VMZ2:  

1.4057, 24h (cont.), 10,5 wt% sand  
(Ø 0,7-1,2mm), 480 rpm, CO2, 1mm 
CD 

 

 
 
Fig. 71: SEM investigation of a worn           Fig. 72: SEM Investigation of test 
screw                     disc 
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Both the screw and the test disc displayed 
severe scratch marks due to the 
machining by the erosion particles (red 
arrow). Sand particles were sometimes 
still embedded in the material surface. 
Platelet formations are clearly visible on 
the right hand side of figure 71 and 72 
(blue ellipse) as well as signs of the 
fracture mechanism on the left side (white 
rectangle).  
Since material wear due to cavitation is 
difficult to identify, a 24 h test was 
conducted using only distilled water and 
without the addition of erosion particles. 
The clearance was set to 1 mm and the 
rotation rate to 480 rpm. The test samples 
were polished to a 1 μm finish in order to 
aid the identification process in the following SEM investigation. As shown in figure 
73, clear signs of cavitation damage could be identified on the fixed specimen. The 
rotating test disc of the ECTC2 made out of V2A steel was not investigated for 
cavitation damage, but since cavitation damage could be identified on the fixed test 
disc, it is reasonable to assume that both discs were affected by cavitation. This fact 
was recognized and accepted as being part of the normal wear taking place in the 
clearance. As it turned out, cavitation would play a major role in the wear mechanism 
of different Tungsten carbide plated test discs and would have to be re-examined. 
The results of the re-examination will be discussed in a later chapter.  
 
 
Block A: Electrochemical parametrical investigations 
 
4 – 2 Test series No.1: Investigation of the fluid flux and electrochemical 
as well as kinetic processes in a clearance between a rotating and a 
fixed electrode 
 
The electrochemical processes occurring in a clearance between two moving metal 
components have, to date, never been a subject of an investigation. It is essential for 
the development of a realistic lifetime assessment protocol for components subjected 
to this wear, however, to understand these processes. The fluid flow through the 
clearance space between a fixed liner and a rotating screw of twin screw multiphase 
pumps and the experimental setup (figure 74) built to examine these processes have 
been previously discussed. At this time further discussion of the electrochemical and 
the kinetic forces as well as the fluid chemistry is necessary. It is essential to point 
out at this time that these proceedings are dynamic, influenced by numerous 
parameters creating a highly complex system, as will be discussed below.  
 

Fig. 73: Cavitation damage of 1.4057 
on fixed test sample 
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Fig. 74: Fluid flow through clearance of the ECTC 
 
To start, a highly simplified theoretical experiment is introduced. In a given system, 
two metallic materials of different chemical composition are connected is such a way 

Fig. 75: Schematic for theoretical experiment 
 
as to allow conductivity. Their geometry is such, that there is a clearance space (d) 
between the even sheets. An oxygen free electrolyte enters the clearance space on 
one side, travels a given distance (l) and exits on the other. The fluid travels in a 
laminar flow, in a straight line with a constant velocity (v) (see figure 75). The bulk 
concentration on the entry side is constant as is the pressure and temperature.  
 
Since the materials are of different chemical composition anodic/cathodic reactions 
will occur. A constant corrosion current ilim is assumed for this theoretical model. Two 
boundary diffusion layers will develop at the electrodes surfaces. As the fluid travels 
further along the clearance the concentration of the reactants will change. As 
illustrated in figure 76, the concentration of the Hydrogen ions will decrease and the 
concentrations of the Iron ions will increase. If the length of the clearance is extended 
to infinity, the Iron ion concentration will increases further and Chloride ions as well 
as other anions such as HCO3

- and HS- will travel to the anodic surface for charge 
neutrality. This results in the reaction of positive metal ions with water to form 
corrosion products and H+ ions. The resulting lower pH value further accelerates the 
process. In essence, this is exactly the same process as it is found in the case of 
pitting/crevice corrosion. Although the electrolyte continuously travels through the 
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clearance supplying fresh reactants, the concentration of H+ at the cathode is 
completely depleted if the distance travelled is long enough.  
 
 

 
Fig. 76: Concentration changes of the reactants in the clearance  
 
A simple mathematical calculation was conducted in order to further clarify the 
increase/decrease of the species concentration. Although the model does not contain 
the influence of the polarization resistance of scale growth or the interaction between 
the species resulting from the anodic reaction, in this case Fe2+, and other reactants, 
it effectively shows the influence of clearance depth and the anodic currents 
densities. According to Faraday,  
 

M
FzmQ **

=  

 
with the definition of the molar mass (M) 

 

n
mM =  

 
under the assumption that the corrosion current is constant 

 
consti =  
 

tiQ *=⇒  
 

the mass can be calculated. 
 

Fz
Mitm

*
**

=  

 
An iteration method in 700 (variable) time steps was used to calculate the increasing 
mass over time. Since the concentration gradient of Fe2+ is of interest, the results of 
the iteration were used to calculate the increase of Iron ions over time in a certain 
volume at the anodic surface. The base area of this volume (V) at the electrode 
surface was kept constant at 1 mm2, the height (d) of the rectangular volume was 
varied, as it represents the clearance depth. As such, the concentration can be 
calculated using the following equations. 
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Combined with the equations above the concentration can be calculated using the 
density of water as ρ1. 

 

x
Fe

constFe
x dAFz

iMt ρρ +=
+

+
+ ***

**

2

2
1  

 
 
 

Q = charge [As] 
m = mass [kg] 
F = Faraday constant (96485,34 C/mol) 
M = molar mass [g/mol] 
z = valency 
n = quantity of species [mol] 
i = current (density) [A] 
t =  time [s] 
ρ = density/concentration [mol/mm3] 
V = volume [mm3] 
A = area [1 mm2] 
d = clearance depth [mm] 
 
 
 
  
 The results of some of the calculations are illustrated in figures 77 to 80. 
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Fe2+ concentration over time depending on diffusion layer thickness (legend [mm]): time step 0,1s, 
corrosion current 0,0001 mA/mm^2, 
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Fig. 77: Fe2+ concentration over time with different clearance depths (0,0001 
mA/mm2) 
 

Fe2+ concentration at an area of 1 mm^2 with different diffusion layer thicknesses (ledgend [mm]) 
and at different velocities: corrosion current density 0,0001 mA/mm^2, distance traveled 0,1m
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Fig. 78: Fe2+ concentration with clearance depths at different fluid velocities (ilim = 
0,001 mA/mm2) 
 
As illustrated above, with a corrosion current density of 0,001 mA/mm2 (fig. 78) 100% 
saturation of Fe2+ in a given volume at the anodic electrode is only reached in the 
timeframe of 70s if the clearance depth is very small  (0,001-0,005mm). In the 
greatest clearance depth (1mm) a concentration of only ~40% is reached. As shown 

Fe2+ concentration at an area of 1 mm2 with different clearance depths (legend [mm]) and at different 
velocities: corrosion current density 0,0001 mA/mm2, distance traveled 0,1m

Fe2+ concentration over time depending on the clearance depths (legend [mm]) and at different velocities: 
corrosion current density 0,06 mA/mm2, time step 0,1s
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in figure 78 the Fe2+ concentration rapidly decreases with a rising fluid velocity so that 
all clearance depths larger then 0,03mm are completely depleted at ~0,04 m/s. If the 
corrosion current densities for the same model are raised from 0,001 mA/mm2 to 0,06 
mA/mm2 the saturation is quite different. The results of this calculation are illustrated 
in figures 79 and 80. 
 

Fe2+ concentration over time depending on diffusion layer thickness (legend [mm]): time step 0,1s, 
corrosion current 0,06 mA/mm^2, 
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Fig. 79: Fe2+ concentration over time with clearance depths (0,06 mA/mm2) 

Fe2+ concentration at an area of 1 mm^2 with different diffusion layer thicknesses (ledgend [mm]) 
and at different velocities: corrosion current density 0,06 mA/mm^2, distance traveled 0,1m
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Fig. 80: Fe2+ concentration with clearance depths at different fluid velocities (0,001 
mA/mm2) 
 

Fe2+ concentration at an area of 1 mm2 with different clearance depths (legend [mm]) and at different 
velocities: corrosion current density 0,06 mA/mm2, distance traveled 0,1m

Fe2+ concentration over time depending on the clearance depths (legend [mm]) and at different velocities: 
corrosion current density 0,06 mA/mm2, time step 0,1s
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As illustrated above, with a corrosion current density of 0,06 mA/mm2 (fig. 79) 100% 
saturation of Fe2+ in a given volume at the anodic electrode is reached after 30s for 
all clearance depths. As shown in figure 80 the Fe2+ concentration decreases with a 
rising fluid velocity but 0% is not reached in this time frame. The Fe2+ concentrations 
above would be high enough to precipitate as Fe(OH)2 at the anode as scaling 
product (passivity layer). 
 
This mathematical model builds the basis for further concentration studies and helps 
to enhance the understanding of the processes as they occur in this geometric 
system. Future studies conducted with the model will include other factors such as 
polarisation resistance due to scale formation as well as interaction between other 
reactants. 
 
Getting back to the very simplified theoretical model above, it is obvious, that the 
kinetics are highly influenced by physical and chemical parameters.  
 

• The velocity (v) along the distance travelled (L) influences the thickness of the 
boundary diffusion layer (δ) depending on the Reynolds number (Re) and the 
Schmidt number (Sc) as described by the general function: 

 
mnm vScLfk −−−= ~*Re*)(*δ  

  
 (factors k, m, n are to be taken from literature) 
 
• The bulk concentration affects the concentration of the reactants along the 

clearance 
• The bulk chemical composition affects the electrochemical reactions taken 

place in the clearance 
• The chemical composition of the two materials effect the electrochemical 

reactions 
• The distance between the two materials influences the concentration at a 

given point x along the clearance since it limits the amount of fluid that can 
pass through the clearance 

• The distance between the two materials also influences the electrochemical 
reaction since, especially in the case of very small clearances, the two 
boundary diffusion layers can influence each other. 

• The length l travelled along the clearance can dictate the pH value and 
concentration of the reactants. 

 
In reality there are far more parameters influencing the wear process in the 
clearances, for example in the case of the clearance between rotating and fixed 
pump components of twin screw multiphase pumps used in the oil and gas 
production industry. 
 
The geometry of the real system is different to the one used in the theoretical 
experiment discussed above. In the pump one component is rotating while the other 
one is fixed. This results in different diffusion layer thicknesses at the cathode and 
the anode. The flow in the clearance will usually not be laminar. Turbulent flow will 
results in other local wear phenomena such as cavitation. This, along with eddies 
created at the electrode surface, will cause an uneven boundary layer thicknesses 
and different resulting electrochemical kinetics. The multiphase fluid usually carries 
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erosion particles originating from the sediments of the hydrocarbon reservoir. These 
particles will not only lead to erosioncorrosion at the electrode surface, but also to 
disturbances of the boundary diffusion layer. Oil phases can, depending on the 
viscosity and their ability to wet surfaces, create layers on the electrode surface 
acting as an inhibitor and thereby preventing corrosion. How these layers effect 
erosioncorrosion is unknown at this time. It is possible, that they may result in a 
reduction of the erosion rate due to better lubrication. The multiphase fluid phase 
composition will never remain constant, but rather underlies a constant change as 
production progresses. Often times the multiphase fluid includes gas phases of CO2 
and H2S highly influencing the electrochemical reactions. Temperature variation at 
production sites can be as high as Δ50°C/a, depending on the season. The downhole 
pressure steadily decreases as production progresses. High pressure can lead to 
atomic Hydrogen diffusion into the material at the cathode. The formation of liquid or 
gas slugs highly influences corrosion or erosioncorrosion due to dynamic strain to the 
components. 
 
The multitude of parameters creates a highly complex system often leading to more 
questions then answers. The investigation of these would be an entire work of its 
own. The connection between the electrochemical activity in these clearance spaces 
and the process of a crevice/pitting corrosion like phenomenon has never before 
been reported on. This could be the basis for a future work. 
 
In a preliminary series of experiments, the influence of some of the parameters used 
in the theoretical experiment reported about above was investigated with the 
erosioncorrosion test cell 1. Chromium plated Chromium Nickel steel was used as 
fixed test sample and Chromium Nickel steel 1.4057 was used as rotating sample. 
This material combination is the same as it is sometimes found in twin screw 
multiphase pumps where the liner is Chromium plated in order to reduce wear. 
Investigated was the influence of: 
 

1. the clearance depth,  
2. the pH value, 
3. the formation water concentration due to dilution with aqua dest. 
4. and the erosion particle load. 

 
 
Validation of the Erosioncorrosion test cell: 
 
Before any test series was conducted, the valid corrosion measurement capabilities 
of the ECTC 1 had to be verified. Further more it had to be confirmed, that no 
unwanted corrosion electrochemical phenomena such as possible crevice corrosion 
between the Teflon holder and the test disc were taking place. A simple test was run 
with the 1.4057 as rotating specimen (RE/CE) and the Chromium plating (WE) as 
fixed test sample. The clearance was set to 0,5 mm. The test was conducted at room 
temperature with an alternating rotational velocity between 0 and 300 rpm. The fixed 
Chromium plated test sample was connected to the potentiostat as working 
electrode. The result of this test is illustrated in figure 81. 
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Currosion current densities between a chromium plated Cr-Ni steel and a 1.4057 test sample at 0 
and 300 rpm: RT FW CD 0,5 mm
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Fig. 81: Corrosion current density between a Chromium plated (fixed/WE) sample 
and the 1.4057 Cr-Ni steel (rotating RE/CE) at room temperature, with FW, 0 and 
300 rpm and a clearance depth of 0,5mm 
 
The figure shows, that the corrosion current densities are solely influenced by the 
rotational velocity. The corrosion current densities settled on a constant level when 
the velocity was 0 rpm. When the velocity was changed to 300 rpm, the corrosion 
current densities peaked and then settled on a (higher) plateau. The reason for the 
greater electrochemical activity at higher velocities will be discussed below. Since the 
plateaus were stable, it can be assumed, that no other corrosion activity was 
influencing the measurement of the galvanic corrosion between the two test samples. 
 
 
Investigation of the effect of the clearance depth on the corrosion currents between a 
Chromium plating and a Chromium Nickel steel: 
 
In this test series, the influence of the clearance depth on the corrosion current 
between a Chromium plating and the Chromium Nickel steel 1.4057 was 
investigated. The experiments were conducted at elevated room temperature (~28-
30°C), with FW (type Asgard) as fluid phase, CO2 saturation due to continuous 
bubbling, with clearance depths between 0,5 mm – 5 mm  and at rotational velocities 
between 0 – 500 rpm. The Chromium plating was connected to the potentiostat as 
working electrode and the 1.4057 steel was used as counter/reference electrode. 
The results of the series are illustrated in figure 82. 
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Corrosion current between Cr (WE) and 1.4057 (CE/RE): 0-500 rpm, CD 0,5-5mm, RT, CO2, FW
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Fig. 82: Corrosion current between a Cr – plating and 1.4057 steel with different 
clearance depths 
 
The first observation when reviewing the chart is that the corrosion currents increase 
when the clearance depth is also increased, this effect, however, is most visible 
when the clearance depth is increased from 0,5 mm to 1mm. A further increase of 
the clearance depth has only little effect.  
 
Since the rotational velocity seems to have an effect on the boundary diffusion 
layers, a separate test series was conducted to further investigate this phenomenon. 
 
This test series was conducted with the rotating cylinder electrode (RCE) setup 
described in 3 – 5. The RCE provides constant rotational velocities on the cylinder 
surface and thus, the opportunity to identify the effects of flow rates on the mass 
transfer coefficient and the diffusion boundary layer thickness. It is therefore possible 
to compare the results to the flow pattern as it is found in the clearance space of 
multiphase pumps between rotating and fixed components in order to explain the 
corrosion currents measured between materials of different chemical composition but 
also between materials with identical chemical compositions as will be shown in a 
later chapter. In order to identify suitable potentials for the investigation of the 
influence of the fluid velocity on the corrosion currents, a potential scan with a sweep 
rate of 0,2 mV/s at different rotational velocities was conducted with the Chromium 
Nickel steel 1.4057. The experiment was conducted with synthetic formation water, at 
room temperature, at a pH value of 4,0 with CO2 saturation (and constant supply 
during experimentation) in an oxygen free environment. The RCE dimensions were: 
Ø 35mm, height h = 36mm, affected area A =  0,00396m2. 
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Potential scan of X22 CrNi 17 12 with RCE cylinder 36mm x 35mm, 0,2 mV/s steprate, 0-500 rpm, RT, 
SFW, CO2, Ag/AgCl RE,
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Fig. 83: Potential scan of 1.4057 AD at different velocities of the RCE 
 

Corrosion current density measured with 
RCE: 1.4057, Ag/AgCl, 35x36 mm, 0-150 rpm, SFW, CO2, RT, no-ox, 0-0.3m/s
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Fig. 84: Corrosion current densities measured using the RCE at rotational speeds of 
0-150 rpm at constant dynamic potentials 
 
 
As described in an earlier chapter, the corrosion currents measured are influenced by 
the rotational velocity. The thickness of the boundary diffusion layer (BDL) dictates 
how fast the electrochemical reaction at the material surface can take place as it 
impairs the transport of reactants from the bulk of the solution to the surface and 
corrosion products from the surface to the bulk.  On the cathodic side at -700mV (see 
figure 83), the corrosion current rises as a result of increasing rpm. This is a direct 
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result of the thickness reduction of the diffusion boundary layer. As the thickness is 
reduced, more reactants can travel through the layer to and from the metal surface.  
 
In order to calculate the thickness of the layer δ and the mass transfer coefficient 
(MTC) kd a potentiostatic test was performed at -700mV and the corrosion currents 
were recorded as illustrated in figure 84. Although this author is aware that there are 
numerous reactants taking part in the electrochemical reaction (see chapter 2) the 
hydrodynamic boundary layer thickness was calculated using only the Hydrogen 
diffusion coefficient (DH+ ~ 10-4 cm2/s)23 as it is the prevalent species at the given 
experimental conditions. The thickness was calculated using the equation below (see 
chapter 2). 
 

limi
AcnFD

k
D bulkH

d

+−==δ  

 
 

RCE - 38x35 1.4057 AZ no-ox 0-0,3 m/s boundary diffusion layer thickness and mass transfer 
coefficient: potentiostatic cathodic -700mV const. at different rotational velocities
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Fig. 85: Boundary diffusion layer thickness and mass transfer coefficient 
 
As shown in figure 85 the thickness of the boundary diffusion layer is reduced by 
more than half when the velocity is raised from 0 to 0,3 m/s (blue line, left axis). 
Accordingly, the mass transfer coefficient more than doubles from 0,0075 to 0,016 
cm/s.  
It is therefore demonstrated, that a velocity induced change of the of the boundary 
diffusion layer leads to a change of the cathodic polarization curve with the 
consequences discussed by the tafel equations as follows.  
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Fig. 86: Anodic and cathodic polarization curve shift due to change of the mass 
transfer coefficient /boundary diffusion layer thickness 
 
If a cathodically controlled electrochemical process is assumed, i. e. the process of 
Hydrogen ion diffusion is the deciding factor and the anodic polarisation remains 
unchanged, then a change of the cathodic polarization leads to a different corrosion 
current (i1 < i2) as shown in figure 86. The effect of a fluid velocity on the corrosion 
current can therefore be explained. The observed corrosion currents are therefore 
not only influenced by galvanic coupling of Chromium and the 1.4057 steel, but, in 
addition, by different boundary layers and mass transfer coefficients at the moving 
and stationary electrode. The effect of variations of clearance spacing as observed in 
figure 82 could thus be explained by a theoretical experiment as follows: 
Assuming cathodic H2 reactions on both electrodes, the diffusion boundary layer of 
the stationary electrode would increase with increasing clearance space up to a point 
where virtually not flow on the surface is found. The respective cathodic polarization 
curve would be represented by 1 in figure 86, the polarization curve of the moving 
electrode by 2. 
In this theoretical experiment, the clearance is further drastically increased, for 
example to 1m, then the fluid at the fixed electrode would be virtually at rest, no 
longer affected by the rotation of the cathode. The rotating electrodes boundary 
diffusion layer would develop depending on the rotational velocity, no matter how 
great the clearance is. If, however, the boundary diffusion layer thickness is 
considered to be the cause for the different corrosion currents measured, then a 
decrease of the currents with increasing clearance depths would be expected since 
the boundary diffusion layer at the fixed anodic electrode would increase in 
thickness. Since the opposite is the case, this argumentation cannot be entirely 
correct. This author believes, however, that the boundary diffusion layers do have an 
effect on the phenomena described in this chapter. 
The key to understanding these processes is the fact, that a decrease of over 50% of 
the corrosion currents is recorded when the clearance depth is decreased from 1 mm 
to 0,5 mm. At the beginning of this chapter, the change of the concentration of 
reactants travelling through the clearance was described. It is possible that the 
decrease of the corrosion currents is related to this phenomenon, since with the 
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decrease of the clearance space of 50% results also in a decrease of fluid mass flux 
of 50%, i.e. also results in a reduction of reactants of 50%. This desaturation is 
believed to be the main cause of the corrosion current drop. This is further evident 
since the corrosion current at 1, 2, and 5 mm clearance depth all lie in a fairly tight 
band (see. fig. 87).  
 

 
 
Fig. 87: Reduction of the corrosion current possibly due to desaturation of the 
reactant in during the passage through the clearance 
 
In order to shown that a change of the reactant concentration can lead to an increase 
of the corrosion activity with increasing clearance space a mathematical calculation 
was performed. In this mathematical model the following assumptions were made: 
 

1. The anodic and cathodic Nernst potentials as well as the gradient of the tafel 
slopes of Iron remain unaffected by a change of the clearance space. 

2. The gradients of the anodic and cathodic tafel slopes of Chromium remain 
unaffected by an increase of the clearance space. (Although an increase leads 
to a greater concentration of reactants and therefore greater polarization at the 
boundary diffusion layer which would normally increase the gradient, the 
boundary diffusion layer thickness is increased at the same time due to 
decreasing velocities at the stationary electrode, cancelling this effect.)  

3. The anodic and cathodic Nernst potential of Chromium is affected due to a 
concentration change according to the Nernst equation: 
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a
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R = universal gas constant 
T = temperature 
E0 = formal electrode potential 
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a = chemical activities on the reduced and oxidized size 
z = valency 
 
The galvanic (anodic) Chromium current, which was the one measured in the test 
series above was calculated for a given anodic and cathodic Nernst potential by: 
 

1. Addition of the cathodic and anodic tafel slopes for Iron and Chromium 
respectively. 

2. Calculating the point of intersection of the summation curves and therefore 
determining the corresponding corrosion potential. 

3. Subtraction of the cathodic current of Chromium at the corrosion potential from 
the anodic current. 

 
The anodic Nernst potentials were investigated between -0,79 and -0,59 V and the 
cathodic potentials between -0,43 and -0,13 both in increments of 0,01 V resulting in 
an array of curves as illustrated in figure 88. 
 

 
 
Fig. 88: Array of anodic, cathodic and summation curve (red array: an. and c. tafel 
slopes Cr; blue lines: an. and c. tafel slopes Fe; pink array: summation curves) 
The resulting galvanic currents are illustrated in figure 89. 
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Fig. 89: Galvanic currents in the corrosion system between Chromium and Iron 
 
When the clearance space is decreased a reduction of H3O+ and an increase of Cr++ 
ions will be the result. As a consequence, according to Nernst, the anodic Nernst 
potential will be shifted to a more positive value and the cathodic Nernst potential to a 
more negative value due to a higher pH value (Pourbaix). The resulting changes to 
the anodic and cathodic Nernst potential value due to a decrease in clearance space 
are indicated by the arrows in figure 89.  
The data shown in figure 89 shows, that such a shift can lead to lower galvanic 
currents as the clearance space is decreased. Since the exact values of the 
concentration changes in the clearance are unknown at this time, no exact values 
can be compared. The calculations in combination with the results of the 
experimental work prove that this model is valid and can be used as a basis for future 
studies. 
 
As described in the introduction of this chapter, the analysis of the events occurring 
in the clearance space is very difficult since they are influenced by many factors. It is 
very probable, that the boundary diffusion layers influence each other with 
decreasing clearance and that they are influenced by turbulent bursts and eddies. 
This, however, is very difficult to prove with the current setup and not the main 
subject of this publication. 
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Investigation of the effect of the pH value on the corrosion currents between a 
Chromium plating and a Chromium Nickel steel: 
 
In this test series, the influence of pH value on the corrosion current between a 
Chromium plating and the Chromium Nickel steel 1.4057 was investigated. The 
experiments were conducted at elevated room temperature (~28-30°C), with FW 
(type Asgard) as fluid phase at pH values between pH 4 and pH 12 with a clearance 
depth of 0,5 mm and at rotational velocities between 0 – 500 rpm. The pH value of 
the starting solution was set with acetic acid and was raised by sodium hydroxide 
titration. The Chromium plating was connected to the potentiostat as working 
electrode and the 1.4057 was connected as counter/reference electrode. The results 
of the series are illustrated in figures 90 and 91. 
 
 

Corrosion current between Cr (WE) and 1.4057 (CE/RE): 0-500 rpm, CD 0,5mm, RT, CO2, 
FW at pH 4 and pH 7
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Fig. 90: Corrosion current between a Cr – plating and 1.4057 steel at pH 4 and  
pH 7  
 
 
The first result when analysing the data illustrated in figures 90 and 91 is that the 
Chromium plated test sample remains anodic in the full range between pH 4 and pH 
12 and that the anodic current rise with increasing velocities. The rise of the currents 
is due to a decrease of the boundary layer thickness. This phenomenon was already 
discussed above. When the pH value is raised from pH 4 to pH 6 by sodium 
hydroxide titration (fig. 91), the corrosion currents increase and reach a maximum at 
pH6. In the range between pH 6 and pH 12 the corrosion currents decrease and 
reach a minimum at about pH 11. Aside from the maximum at pH6 the corrosion 
current at higher pH values (>7) are generally lower then at lower values. At acidic 
pH values, the electrochemical reactions are cathodic dominated due to a higher 
availability of Hydrogen ions.  
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Corrosion current between Cr (WE) and 1.4057 (CE/RE): 300rpm, CD 0,5 mm, RT (elevated), 
FW, pH 4-12 (addition of NaOH)
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Fig. 91: Corrosion current between a Cr – plating and 1.4057 steel at pH 4 – 12  
 
When reviewing the data shown in figure 91 which illustrates the corrosion currents 
between the Chromium plating and the 1.4057 at different pH values and at constant 
speed, it is clear that the influence on the corrosion current is purely of a chemical 
nature. Since the rotational velocity is kept constant, it can be assumed, that the 
developing boundary diffusion layers and the flow characteristics in the clearance 
remain identical (if the diffusion values of the reactants are neglected).  
The influence of the pH value on the corrosion mechanism of different materials has 
been the subject of numerous publications. The resulting corrosion products of an 
electrochemical reaction, for example, at different potentials and pH values can be 
ascertained by consulting Pourbaix diagrams (figures 92 a. 93).  
 

  
 
Fig. 92: Pourbaix diagram Fe       Fig. 93: Pourbaix diagram for Cr 
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Due to the complex geometry of the system, however, it is difficult to apply these 
sources to the problem at hand. In recent publications by Hoffmeister, for example, 
an attempt was made to model the crevice corrosion behaviour by coupling the 
phase and polarization behaviour of Nickel111 and Chromium112 at various pH values 
and different Chloride and Oxygen levels. In these publications he describes the 
decreasing pH levels in crevices over time depending of the reactant concentration in 
the bulk of the solution and the growth of a corrosion product layer. These 
publications seem to be the most promising in adapting them to the electrochemical 
system as it is found in clearance spaces of pumps or in the ECTC. Kim113 et al. 
studied the effect of pH, flow velocity and temperature on galvanic corrosion using 
the rotating cylinder electrode. In his publication he reaches the conclusion that the 
galvanic corrosion current density increased with the flow velocity and temperature 
but decreased with increasing pH values in deaerated, alkaline-chloride solutions, 
just like it was found to be the case in this test series. Similar results were reported 
about in [42], albeit their publication centred on the investigated of the galvanic 
corrosion of Iron. The effect of temperature and flow velocity will be the subject of 
discussion in a later chapter of this dissertation.  
Although in this test series the pH value of the bulk of the solution can be measured, 
little is know about the pH value in the clearance itself as the concentration of the 
reactants is depleted while travelling from the periphery of the disc to its center. The 
results of the test series, i.e. the corrosion currents rising with higher pH values until 
a peak is reached at pH6 and then dropping again until a pH value of 12 is reached 
cannot be explained at this time. An obvious shift of the gradient of the 
anodic/cathodic tafel slope of both materials must lead to the result discussed above. 
Due to the complexity of the system and the duality to pitting/crevice corrosion 
discussed above, this should be a field of study for further investigations at a later 
time and published in a different work. Since the goal of this dissertation is the 
erosioncorrosion testing of materials for the use as screws in multiphase pumps the 
question of why this particular material combination reacts the way that it does will be 
left unanswered at this time. 
 
 
Investigation of the effect of the formation water concentration on the corrosion 
currents between a Chromium plating and a Chromium Nickel steel: 
 
In order to investigate the corrosion behaviour of the materials potential scans were 
conducted with the Chromium plating and the Chromium Nickel steel 1.4057 at a 
scan rate of 0,2 mV/s. An Ag/AgCl reference and a Platinum counter electrode was 
used. In the potential scans conducted with the FW pH4, CO2 was continuously 
bubbled through the solution. The experiments were conducted at elevated room 
temperature (~28-30°C). The results of these scans are illustrated in figure 94 and 
95. Figure 94 shows, that Chromium has about the same corrosion potential of about 
0 mV in 66% and 100% FW (pH 4) concentration (aqua dest. bal.). At 33% FW 
concentration the corrosion potential drops to ~ -150mV. When the pH value was 
raised to 7 with sodium hydroxide, the corrosion potential further drops to ~ -350mV. 
No passivity zones could be identified. For the potential scans conducted with the 
                                                 
111 Hoffmeister, Hans, „ Modelling of Crevice Corrosion of Pure Nickel by Coupling of Phase and Polarization Behaviour at  
      Various pH, Chloride, and Oxygen Levels”, Corrosion Vol. 61, No. 9, pp 880-888, Nace International, Houston, TX, USA,  
      2005 
112 Hoffmeister, Hans, „Modelling Crevice Corrosion of Pure Chromium by Coupling of Phase and Polarization Behaviour“,  
      Corrosion Vol.  60, No. 4, pp. 369-377, Nace International, Houston, TX, USA, 2004 
113 Kim, J.-G., Choi, Y.-S., Lee, H.-D., Chung, W.-S., “Effects of Flow Velocity, pH and Temperature on Galvanic Corrosion in  
     Alkaline-Chloride Solutions”, Corrosion Vol. 59 No.2, pp 121-129, Nace international, Houston, TX, USA, 2003  
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Chromium Nickel steel the same parameters were used as with the Chromium 
plating. 1.4057 was far less influenced by the concentration change of the FW. The 
corrosion potentials for all three solutions were ~ 0mV. Again, no passivity zones 
could be recorded. 
 
 
 

Potential sweep of Cr plating with different formation water concentrations: 
sweep rate 0,2 mV/s, RT (and CO2)
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Fig. 94: Potential sweep of the Chromium Plating with different formation water 
concentrations under stagnant conditions at pH4 (unless otherwise noted) 
 
 
 

Potential sweep of 1.4057 66% FW H2O dest. bal: sweep rate 0,2 mV/s, RT CO2
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Fig. 95: Potential sweep of 1.4057 with different formation water concentrations 
under stagnant conditions 
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In a second step of this test series, the influence of the formation water concentration 
on the corrosion current between a Chromium plating and the Chromium Nickel steel 
1.4057 was investigated. The experiments were conducted at elevated room 
temperature (~28-30°C), with FW (type Asgard) as fluid phase with three different 
concentrations (33%, 66%, 100%, Aqua dest. bal.), CO2 saturation due to continuous 
bubbling, with a clearance depth of 0,5 mm and at rotational velocities between 0 – 
500 rpm. The Chromium plating was used as working electrode and the 1.4057 steel 
was used as counter/reference electrode. The results of the series are illustrated in 
figure 96. 
 

Corrosion current between Cr (WE) and 1.4057 (CE/RE): 0-500 rpm, CD 0,5mm, RT, CO2, 0-100% FW
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Fig. 96: Corrosion current between a Cr – plating and 1.4057 steel with different 
formation water concentrations 
 
The first observation is that the corrosion currents at formation water concentrations 
of 66 and 100% are nearly identical and that the Chromium plating is anodic. At 33% 
formation water, the Chromium plating is cathodic. This observation is somewhat 
supported by the corrosion potentials and currents recorded in the potential sweep of 
the Chromium plated test sample at different formation water concentrations since it 
showed, that the corrosion potentials are nearly the same at both 66% and 100% 
formation water and less noble compared to the corrosion currents recorded for the 
1.4057 test sample. When comparing the corrosion potential of the Chromium plated 
test sample with the corrosion potential of the 1.4057 in the 33% formation water 
solution, however, this effect would be expected to be even more profound since the 
Chromium plated sample became even less noble and the difference between the 
corrosion potentials were even greater. It would be expected that the Chromium 
plated test sample remained anodic and that the corrosion current would be higher, 
the exact opposite, however, is the case. When the corrosion potentials are 
subtracted (ΔEC: Cr-1.4057) from one another, as illustrated in figure 97 it can be 
seen, that it follows an almost linear path and that the Chromium becomes cathodic 
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with rising formation water concentration, again the opposite reaction compared to 
the data illustrated above. 
Results of investigations of the effect of reactant concentrations at the electrode 
surface have been published in the field of energy storage devices. No relevant data 
on the effect of chloride ion concentration pertaining to the galvanic corrosion system 
discussed in this chapter was found in literature.  
 

Delta corrosion potential between Chromium plated sample and 1.4057 as a result of a potential 
scan at room temperature conducted in 33%, 66% and 100% formation water with CO2 saturation at 

a sweep rate of 0,2 mV/s
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Fig. 97: Δ corrosion potential between a Cr – plating and 1.4057 steel with different 
formation water concentrations 
 
Considering the statements above about the difficulty to simulate and examine the 
conditions as they are encountered in a clearance space it becomes questionable if 
the results obtained with potential scan are applicable to this geometry. The 
comparison above would indicate that they are not. There are several problems 
encountered when applying the data of the potential scans to the corrosion 
environment in the clearance of the ECTC. 
 

1. The scan is dynamic, i.e. the potentials are held only for a certain amount of 
time, in this case 0,2 mV/s. This results in a falsification of the recorded 
corrosion currents since the equilibrium conditions cannot be reached in that 
timeframe. This is a well known fact and always considered when performing 
potential scans as they are usually employed to get a general idea of the 
corrosion performance of a material. 

 
2. The scan is performed in a static solution, the corrosion measurements in the 

ECTC are not. It could be argued, that the scan be repeated in a stirred 
solution, only it would not be possible to decide how well the solution should 
be stirred since the vector velocity field in the clearance changes from the 
periphery to the center as was shown in an earlier chapter. 
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3. As mentioned above, the turbulent flow in the clearance and the resulting 
eddies and vortexes influence the boundary diffusion layer. This cannot be 
simulated during a potential scan. The influence of the velocity on the 
boundary diffusion layer was further analysed with the rotating cylinder 
electrode and the results reported on above. 

 
4. The close proximity of the two boundary diffusion layers can lead to 

interaction. This too cannot be simulated during a potential scan. 
 
Once again, it must be pointed out that the complexity of the system leads to 
problems in its simulation. The results of the potential scans cannot and will not be 
used in the attempt to analyse the results of this test series. They are included in this 
chapter to show that an attempt was made to find a correlation between the corrosion 
system of the ECTC and the potential sweep testing method; there is not. 
   
When consulting figure 96 it is obvious, that a decrease of formation water 
concentration from 100% to 66% leads to little change in the corrosion current. At 
66% formation water concentration there are still enough reactants present in the 
bulk of the solution for the electrochemical process in the clearance even if a 
desaturation from the periphery of the test sample to the center is assumed. As the 
concentration is further reduced to 33% not enough reactants are supplied by the 
bulk of the solution which obviously influences the electrochemical chemical reaction. 
It is well known, that the Chloride ion concentration influences the gradient of the 
anodic and cathodic tafel-slope. In this case, the tafel-slopes of both the Chromium 
and the Chromium Nickel steel were influenced in such a way, that the Chromium 
became cathodic. 
 
 
Investigation of the effect of Erosion particles load on the corrosion currents between 
a Chromium plating and a Chromium Nickel steel: 
 
In this test series, the influence of the erosion particle load on the corrosion current 
between a Chromium plating and the Chromium Nickel steel 1.4057 was 
investigated. The experiments were conducted at elevated room temperature (~28-
30°C), with FW (type Asgard) as fluid phase, CO2 saturation due to continuous 
bubbling, with a clearance depth of 0,5 mm and at rotational velocities between 0 – 
500 rpm. The grain size of the quartz sand used was 0,05 – 0,1 mm. The Chromium 
plating was connected to the potentiostat as working electrode and the 1.4057 was 
connected as counter/reference electrode. The results of the series are illustrated in 
figure 98. 
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Corrosion current between Cr (WE) and 1.4057 (CE/RE): 0-500 rpm, CD 0,5 mm, RT, CO2, FW, 
0,0036% and 0,0143% sand (f)
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Fig. 98: Corrosion current between a Chromium plating and 1.4057 steel with 
different sand loads 
 
It should be noted, that at rotational speeds below 100 it is not possible to evenly 
distribute the sand in the fluid chamber. The majority of the sand fraction rests on the 
bottom. Furthermore, as explained elsewhere, the suction effect of the ECTC has not 
fully developed at these low rotational velocities, hence no fluid (and therefore also 
no erosion particles) from the bulk of the solution is entering or travelling through the 
clearance space. This explains why the corrosion currents below 100 rpm are 
essentially the same. 
At a sand load of 0,0036% the Chromium plating is anodic in the whole range of 
velocities investigated. This is to be expected since the corrosion potential of the 
Chromium plating is lower than the corrosion potential of the 1.4057 steel in purely 
corrosion environments (see figure 94 a. 95). It can be concluded, that at these low 
sand loads there is no essential influence on the corrosion currents due to erosion. 
No audible evidence of an erosion process was recorded. 
At a slightly higher sand load of 0,0142%, however, the corrosion currents and 
therefore the wear to the materials was profoundly influenced. Audible evidence of 
erosioncorrosion was evident due to cracking noises at velocities up to 400 rpm. 
After the suction effect of the ECTC started (>100rpm) the first erosion particles 
entered the clearance. At this point they started to cause erosioncorrosion wear. The 
corrosion current dropped below 0 mA and the Chromium plating switched to being 
cathodic. Up until 200 rpm the kinetic energy of the erosion particles was not great 
enough to cause substantial wear (although cracking noise was audible). The highest 
currents were recorded at 300 and 400 rpm, which also coincided with the audible 
noise. At 500 rpm, the cracking noise ceased to exist and the corrosion currents were 
once again positive, i.e. the Chromium plating was anodic. From the audio data and 
the recorded corrosion currents it is evident, that erosioncorrosion is favourable to 
the Chromium plating. The passivity layer of the 1.4057 steel is cracked and worn off 
due to the impact of the erosion particles which leads to a continued repassivation. 
The harder Cr2O3 layer of the Chromium plating can better withstand the erosion 
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particle assault (1.4057: 270-290 HV1 Cr: 1027 HV 0,3). At 500 rpm the velocity of 
the erosion particles is high enough to prevent the bridge formations necessary for 
the particles to create cracking noises (since their grain size is << then the clearance 
depth). The erosioncorrosion wear is greatly reduced and the Chromium plating is 
once more anodic. 
 
 
4 – 3 Test series No. 2: Investigation of the influence of the depth of the 
clearance with test specimens (1.4057) of identical chemical composition 
 
This experiment was conducted in order to investigate the influence of the boundary 
layer distribution on the corrosion current with identical materials, in this case 1.4057, 
in a purely corrosive environment.  
A series of tests were run to examine the influence of the clearance depth on the 
corrosion current densities between materials of identical chemical composition. As 
illustrated in figure 99 the experiments were conducted in 100% formation water with 
rotation speeds between 150 and 400 rpm and clearance depths ranging from 0.5 
mm to 10 mm. The rpm was set and the clearance was increased in predetermined 
steps after a steady corrosion current was reached. 
As a result, in the clearance depth region of 0-2 mm relevant to the investigation of 
effects on the rotary screw pumps the net current is negligible. 
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At clearance depths greater then 2 mm, net currents were measured with the fixed 
specimen II acting as anode at speeds greater then 150 rpm. The anodic current 
measured on the rotating specimen I at 150 rpm is possibly due to an 
underdeveloped suction effect by the pump, but since this region is of no interest to 
the investigation the phenomenon will not be further investigated.  

Fig. 99: Corrosion current densities (mean values): X22 Cr Ni 17 2,  
150-400 rpm, 0.5-10 mm clearance depth in FW 
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In order to demonstrate the effect of erosion on the corrosion current in a corrosive 
environment together with sand the corresponding currents were added to the chart. 
They shift to anodic behavior of the rotating specimen at 0,5 mm clearance depth 
and 150 and 300 rpm respectively. The results above were published by this author 
in [1]. Although the base of the text is from that publication, minor changes were 
made to the wording. 
 
 
4 – 4 Test series No. 3: Investigation of the influence of the rotational 
speed and formation water concentration on the corrosion current with 
two specimens of identical chemical composition (ECTC1) 
 
As mentioned in chapter 4 – 3, the net current of the fixed and rotating disc made out 
of identical material in negligible at clearance depths < 2mm in a purely corrosive 
environment. It was already mentioned above and shown in figure 99, that is not so 
the case in the presence of erosion particles. A series of tests were performed to 
investigate this phenomenon. In order to gain a better understanding of the influence 
of corrosion, the formation water concentration was varied. 
 
 
Specimen preparation: 
 
The affected circular area of the 17Cr-2Ni forged steel specimens (Ø80mm, 
50,27cm2) polished to a 9 micron finish. They were then cleaned with deionized water 
and degreased in ethanol in an ultrasonic bath for 10 min. 
 
Figure 100 shows the corrosion current recorded in five experiments with different 
formation water concentrations. All experiments were conducted in the full range 
between 0 - 1400 rpm at steps of 50 rpm until 400 rpm, 100 rpm until 1000 rpm and 
200 rpm until 1400 rpm. Clearance depth was set at 0.5mm, 2.1 wt.% sand with a 
0,1mm grit was added. 
First and foremost it can be seen, that the rotating specimen was mostly anodic (50% 
FW being the only exception) although both specimens are of the same material, 
which is an unexpected phenomena. This is most probably due to the differences in 
boundary diffusion layer distribution and the flow pattern guiding the erosion 
particles. In an earlier chapter, an investigation of the influence of the fluid velocity on 
the boundary diffusion layer was conducted using a rotating cylinder electrode (RCE) 
in order to clarify these phenomena. Judging from the corrosion currents it is further 
obvious that there seem to be two distinct ranges of erosive corrosive interaction. 
Range A (0 – 500 rpm) is characterized by up to eight times higher corrosion currents 
then range B (500 - 1400 rpm). Obviously above 500 rpm both specimens seem to 
be more equally affected by the erosion particles and yet the rotating specimen still 
acts as anode even if the corrosion currents have decreased substantially.  
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Corrosion current: X22CrNi17 2 (Working & Counter Elektrode);  0-100% 
Formationwater,  2.15wt.% Sand (f) 0-1400 U/min, 0,5mm CD
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Fig. 100: Corrosion current (mean values): X22 Cr Ni 17 2, 0-100% FW, 2.1 wt. %  
sand, 0-1400 rpm. (AD = aqua dest.) 0,5 mm clearance depth; (rotating = WE, fixed = 
RE/CE) 
 
 
As expected, the mean value of the corrosion currents in range A rises with an 
increase of formation water concentration due to the higher amount of ions available 
for electron transport. The fact that there corrosion currents are measured even in 
pure distilled water is attributed to foreign material contained in the industrial quartz 
sand polluting the fluid. 
The results discussed above were published by this author in [1]. The basis of the 
writing and charts/figures above were taken from that publication. It was reformatted 
and occasionally reworded.  
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Block B: Multiphase parametrical investigations 
 
4 – 5 Test series No. 4: Investigation of the influence of the water/oil cut 
on the corrosion current at different rotational speeds (ECTC1) with 
identical test samples (1.4057-1.4057) and with different test samples 
(1.4057-Cr) 
 
A series of tests were conducted in 
order to investigate at what volume 
percentage of formation water in oil the 
first corrosion currents appear. As 
shown in figure 101 the experiments 
were performed with a clearance depth 
of 0,5 mm without sand. CO2 was 
continuously bubbled through the 
solution. 
The tests were carried out at 12 
constant water cuts between 0 and 39.1 
% water in oil and increasing rotation 
speeds of 0-500 rpm in steps of 100 
rpm. 
Figure 101 (combination 1.4057-1.4057) 
shows three regions of interest. The first 
region (A) is that of corrosion inactivity 
due to the high volume percentage of oil 
acting as an inhibitor. The small amount 
of formation water is unable to 
effectively enable the electron transfer 
between the two specimens. The 
second area (B) is that of very low 
corrosion activity due to the high rotation 
speed. At speeds above 400 rpm the 
intermixture of the two phases is 
effective enough for the oil to act as an 
inhibitor. The third area (C) is that of 
corrosion activity. It extends from above 
16 vol. % formation water and below 
400 rpm and marks the critical 
multiphase conditions of water in oil to 
enable corrosion.    
Corrosion takes place when there is 
wetting of the steel surface by water. 
Cai, Nesic, Waard114,115,116 et al. have 
done research on the capability of crude 
                                                 
114 J. Cai and S. Nesic, “Modeling of Water Wetting in Oil-Water Pipe Flow”, Corrosion 2004, paper no. 4663, (Houston, Texas  
     NACE International, 2004) 
115 K. D. Erfird, J. L. Smith, S. E. Blevins, N. D. Davies, „The Crude Oil Effect on Steel Corrosion, Wettability Preference and  
     Brine Chemistry“, Corrosion 2004, paper no. 4366, (Houston, Texas NACE International, 2004) 
116 C. de Waard, L. M. Smith, B. D. Craig, “The Influence of Crude Oils on Well Tubing Corrosion Rates”, Corrosion 2003, paper  
     no. 3629, (Houston, Texas NACE International, 2003) 
 

Fig. 101: Influence of FW vol. % in oil  
on corrosion current, X22 Cr Ni17 2, 0-
500 rpm, 0-39.1 vol. % FW, clearance 
depth 0.5 mm 

Fig. 102: Influence of FW vol. % in oil  
on corrosion current, 1.4057-
Chromium, 0-500 rpm, 0-39.1 vol. % 
FW, clearance depth 0.5 mm 
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oil to entrain water depending on the water cut and the fluid velocity. They have 
presented two models both of which describing a critical velocity and water cut 
depending line beyond which the oil is no longer able to entrain the water. They have 
shown that there is a relationship between the water wettability of steel and the 
stability of a water-in-oil emulsion. The work of Efird110 shows that crude oils of 
different chemical compositions have different tendencies to entrain water in oil. It is 
reasonable to assume, that this will lead to different critical water cut lines. As an 
important parameter the corrosion break rate (CBR) was introduced for critical 
conditions for corrosion. 
Although both Nesic and Waard based their model on pipeline flow the basic concept 
corresponds well with the experimental results shown here. At low rotational speeds 
a distinctive separation between the two phases is visible. With increasing rotational 
speeds the water begins to mix with the oil creating a third water/oil layer. At low 
water cuts, the oil is able to entrain the water preventing water wetting of the steel 
surface no matter how high the rotational speed is (see figure 101 range A). With 
increasing water cuts the oil phase, depending on its chemical composition, is only 
able to entrain the water at higher rotation speeds (figure 101 range B) up to a critical 
water cut after which there will always be corrosion activity (figure 101 range C).  
Therefore, it seems obvious that the results of figure 101 also represent this 
mechanism however under the specific conditions of multiphase flow in small 
clearances. 
The liners of multiphase twin screw pumps are sometimes chrome-plated in order to 
reduce wear to the liner. This material combination, i.e. 1.4057 (screw material) and 
1.4057 chrome-plated (liner material) was investigated in the same manner as 
explained above. The results of this test series is illustrated in figure 102. The fixed 
Chromium plated test sample acted as anode in this case which is not surprising 
since the Chromium Nickel steel is nobler than the Chromium plating. Although the 
three ranges (A-C) observed during the first test series were identified during this 
experimentation as well, the extent was not as profound. Corrosion currents were 
measured after the first addition of formation water (4,76% FW in Diesel) as opposed 
to the first series, where the electrochemical activity was first observed at 16,6 % 
formation water in Diesel fuel. 
The results discussed above were published by this author in [1]. The basis of the 
writing and charts/figures above was taken from that paper. It was reformatted and 
occasionally reworded.  
 
 
The effect of H2S on the corrosion of a 1.4057 steel in galvanic coupling with a 
Chromium plated 1.4057 sample with different oil/FW fractions 
 
Liners of multiphase twin screw pumps are often reinforced by using a Chromium 
plating in order to reduce wear. This electrochemical active system was investigated 
in a test series in the presence of H2S at different oil/FW cuts. 
In order to gain an understanding on how H2S affects corrosion in this environment a 
preliminary test was conducted. The test was performed with the ECTC1 at room 
temperature, at a constant rotational speed of 200 rpm and 0,5 mm crevice depth. 
The fixed Chromium plated 1.4057 steel was the working electrode and the rotating 
1.4057 Chromium Nickel steel sample was the counter/reference electrode. H2S 
saturated FW was added to 2 litres of non-saturated FW in increments of 100 ml. The 
results of this test are shown in figure 103. 
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Effect of H2S on the corrosion current between Cr (fixed & WE) - 1.4057 (rotating & CE/RE): 
FW + additions of H2S saturated FW, 200 rpm, RT, 1mm CD
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Fig. 103: The effect of H2S on the corrosion current between a galvanic coupled 1.4057 Chromium steel and a 1.4057 Chromium 
plated steel 
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After the first addition of H2S (50% H2S – Ar bal.) saturated FW, the Chromium plated 
sample turned from being anodic to cathodic. This is because the 1.4057 Chromium 
Nickel steel is prone to crevice and pitting corrosion which is enhanced by H2S.  
Even in combination with a non noble material such as Chromium, the 1.4057 is 
prone to be anodic in the presence of H2S; in combination with a (more noble) duplex 
stainless steel pipeline system this effect would be all the more profound.  
Although the corrosion current has a definite trend toward the anodic side, every time 
an addition of H2S saturated FW is made, the current drops. Since H2S was not 
continuously supplied by bubbling it through the multiphase fluid, i.e. saturating it, it is 
“used up” during the electrochemical activity. As such, although the theoretical 
percentage of H2S enriched FW rises due to additions, it does, in fact drop since it is 
continuously reacting chemically with the metal surfaces and the concentration 
decreases. Another reason for the reduced corrosion current is the build up of an Iron 
sulphide layer as a product of the electrochemical reaction. This layer reduces the 
conductivity at the electrode surface and therefore reduces the electrochemical 
activity. After the last addition of H2S saturated FW the current gradually reaches the 
level it was at before the first addition of H2S saturated FW and the Chromium plating 
is once again anodic. 
 
In order to investigate the effect of H2S on the corrosion current at different rotational 
speed and with different multiphase oil/FW fluid compositions a second test series 
was run. The test samples were the same as in the test series discussed above, i.e. 
a rotating 1.4057 
Chromium Nickel and 
a fixed Chromium 
plated sample. The 
test series was 
performed using the 
ECTC1, at room 
temperature with a 
clearance of 0,5 mm 
between the samples. 
Commercial Diesel 
fuel was used as oil 
phase and H2S (pH2S: 
0,5 bar; 50% H2S – Ar 
bal.) saturated FW 
was added, leading to 
a range of 0 – 33 
vol.% of FW in oil. 
Investigated was the 
effect of the rotational 
velocity in the range 
between 0 and 500 
rpm. H2S (pH2S: 0,5 
bar; 50% H2S – Ar 
bal.) was continuously 
bubbled through the 
solution to insure 
saturation. The results 
of the test series are 

Fig. 104: Corrosion currents between a Chromium plating 
and a Chromium Nickel steel at different multiphase fluid 
compositions and at different rotational velocities 
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illustrated in figure 104. 
The first corrosion currents were measured at 9,1 %FW and 0 rpm. The two distinct 
regions of no activity due to a low water cut (A) and no activity due to total 
entrainment of the formation water in oil at high rotational velocities (B) can be 
identified in this test series as well. A region of high electrochemical activity (C) was 
identified as well although the total currents are slightly lower. Region C, however, is 
far more condensed than the one reported about above (1.4057 – 1.4057). At 300 
rpm the corrosion currents drop profoundly due to entrainment of the water phase. 
This state of entrainment was normally reached at 400 rpm. It can be speculated, that 
the H2S changed the physical properties of the diesel fuel (viscosity, surface tension), 
since the chemical composition of the commercial fuel, however, is unknown, and the 
manufacturer probably included inhibitors as chemical additives, no definite 
conclusion can be drawn at this time. Something that would indicate this, however, is 
the fact, that at 0 rpm a thin oil film was identified covering all components of the test 
cell. This was not found in other experiments performed with the same setup in the 
presence of diesel fuel. A better mixture or entrainment of the water phase was also 
observed at higher rotational speeds. The presence of the oil film is also the reason 
for the low corrosion activity at 0 rpm. When no H2S is introduced into the system, 
high corrosion activity is usually recorded due to the separation of the phases as was 
reported about above. 
 
 
4 – 6 Test series No. 5: Results of a combined optical and 
electrochemical investigation of the distribution of the multiphase fluid in 
the clearance at different rotational velocities and oil/water cuts 
 
The purpose of this test series was: 
 

• To investigate whether or not, depending on the multiphase composition, 
corrosion becomes a deciding factor on the wear of multiphase pumps used in 
the oil and gas production industry 

• To gain a basic understanding of the phase distribution pattern of oil and water 
in the clearance between the rotating screw and the liner 

 
In order for any galvanic electrochemical reactions to take place, an electrolyte has to 
be present as explained in chapter 2. The electrolyte has to form a bridge between 
the two metals in order to enable ion transfer. If this is the case, scientists speak of 
water wetting. 
 
The results of the water/oil ratios on the corrosion current were discussed in chapter 
4 – 5. Three regions were identified. In the case of a 1.4057 – 1.4057 galvanic 
coupling, the first region was characterised by almost no level of electrochemical 
activity due to low formation water levels (< 16,6%) in the multiphase fluid. The 
second region was again characterized by low electrochemical activity even at higher 
formation water/oil ratios but this time this was due to an effective entrainment of 
formation water in the oil at high rotational speeds (>400 rpm). Corrosion currents 
were measured in the third region since the oil was not able to effectively entrain the 
formation water at rotational speeds below 400 rpm and formation water level above 
16,6%. 
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The explanations for corrosion activity or inactivity given above and stated in 4 – 5 
were hypothetical at the time. Experiments were still needed to investigate the 
phenomena in more detail. The setup for this optical investigation was described in 
chapter 3 – 4 (ECTC 3). The goal of the series of experiments performed was to gain 
a better understanding of the flow characteristic of multiphase fluids with different 
compositions in the clearance between the rotating disc and, in this case, the acrylic 
bottom plate. A metal inlay in the bottom plate, which had the same chemical 
composition as the test disc fixed to the rotator (1.4057) was used a counter 
electrode in order to record corrosion current along with the optical data. Commercial 
Diesel fuel was used as oil phase and formation water as water phase. The Diesel 
fuel was dyed black in order to enhance the contrast between the two phases. Similar 
to the experiments reported about in chapter 4 – 5, the experiments were performed 
with 9,1 – 33,3 wt. % formation water in Diesel oil at rotational speeds between 0 and 
500 rpm. The results for more then 23% formation water content in Diesel oil are not 
displayed here since they do not differ extensively from that point forward. After the 
values at 500 rpm were recorded, the rotational speed was reduced to zero and 
subsequent phase separation was observed. In the analysis of the optical data, the 
water cut (water wetting) was analysed via computer software. The pictures were 
reduced to greyscale resolution and the histogram was evaluated with the help of a 
trigger value. A histogram is a chart displaying how often a certain colour or in this 
case grey scale (value between 1 and 256) appears in a given picture. Values are 
attributed to the colour/grey scale and the histogram is a representation of the 
frequency of appearance of the values in the form of a chart. The trigger was chosen 
by human optical examination, which basically means that this author examined the 
pictures and chose at which point the texture was too dark (i.e. oil dominant) to allow 
for ion exchange. The value of the transitional region was chosen as a trigger. As 
such, all values above this trigger (i.e. darker areas) were oil covered and all areas 
below this value (lighter areas) were water wetted. 
 
 
9,1 wt.% formation water in Diesel fuel 
 
Due to the higher density, the formation water is located at the bottom of the fluid 
container in the clearance space. At 100 rpm some of the Diesel oil was sucked into 
the clearance and formed a stationary ring. Since there is still formation water 
present acting as an electrolyte bridge between the rotating disc and the metal inlay 
corrosion current were measured. At 200 rpm and above the electrochemical activity 
was reduced to almost zero. Although the pictures show lighter areas where 
formation water is present, the oil is obviously able to entrain the water to prevent 
corrosion. When the velocity is reduced to zero, the two phases separate in the 
clearance and corrosion current are once again measured. 
 
13 wt.% formation water in Diesel fuel 
 
The observations made with 13 wt.% formation water were similar to those at 9.1 
wt.%. The main difference is that the fixed metal inlay was anodic at first and that the 
corrosion activity ceases at rotational speeds above 300 rpm. Why the metal inlay 
was anodic at first cannot be answered with certainty at this time. It can be 
speculated that do to oil wetting there was a large area difference between the two 
electrodes. The influence of certain inhibitors contained in the commercial Diesel fuel 
might be another explanation.  
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16,6 wt.% formation water in Diesel fuel 
 
Again, the observation made at 9,1 and 13 wt.% are similar at 16,6 wt.% corrosion 
activity stops at rotation speeds above 300 rpm. The metal inlay was once again 
anodic. An interesting observation during this experimentation was, that although the 
position of the concentric oil rings was stationary at 100 and 200 rpm, their mass was 
not. Little portions of oil in the form of a bubble would leave the inner edge of the ring 
to exit the clearance through the centre hole. In return, oil would enter the clearance 
from the bulk of the solution to join the concentric oil ring on the outer edge. 
 
20 and 23 wt.% formation water in Diesel fuel 
 
The concentric oil ring is reduced in its width and its location moves closer to the 
centre exit hole. It is not visible anymore at 200 rpm with 23 wt.% formation water. As 
the formation water concentration rises, the phase distributions become increasingly 
hard to discern from one another. It seems that there is either more formation water 
or more oil present. Even with total entrainment at 23 wt.% at 500 rpm, the 
multiphase fluid is much lighter in its colour when compared to the entrainment at 9,1 
wt.% 500 rpm. The corrosion current rise by a factor of fifteen at rotation rates 
between 0 and 400 rpm. 
 
This documentation validates the statements made earlier about the capability of 
corrosion inhibition due to water entrainment in oil. The experimental result is 
identical to the one documented in chapter 4 – 5. This series of experimentation gave 
an important inside into the phase distribution of multiphase fluids in this system. This 
knowledge is essential in predicting corrosion in multiphase pumps. Another 
important application of this data and the data discussed in 4 – 5 is for the pump 
operation itself.  When operating with a water cut of up to 16,6% formation water, in 
this particular system, wear due to corrosion would not be expected since the oil 
fraction is high enough to act as an inhibitor and effectively prevents the ion 
exchange needed for electrochemical wear. At higher water cuts corrosion is 
efficiently prevented at speeds above 400 rpm even with formation water cuts as high 
as 40%. At that rotational speed, the oil is still able to entrain the water effectively 
enough. A problem does arise when operating with more then 16,6 wt% formation 
water below 400 rpm. Since the conditions at 0 rpm, i.e. stand still and operating with 
water cuts higher than 17% the pumps will be subject to corrosion wear even when at 
rest, something to keep in mind when working with redundant pump setups. 
Diesel and synthetic formation water is a somewhat fictional system but the 
conclusions that there are critical water cuts to be observed and that there is 
electrochemical wear starting at a certain water cut even at 0 rpm, is universal. Given 
the specific composition of the multiphase fluid that the pumps will be subjected to, 
these tests can be conducted in order to supply the operator with information on how 
to lengthen the lifetime of multiphase twin screw pumps. 
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Fig. 105: 9,1% formation water content     0,5mm clearance depth     0-500 rpm 
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Fig. 106: 13,04% formation water content     0,5mm clearance depth     0-500 rpm 
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Fig. 107: 16,6% formation water content  0,5mm clearance depth 0-500 rpm 

         
 

100 rpm 200 rpm  300 rpm 400 rpm 500 rpm 0 rpm 0 rpm 0 rpm 

-0,00015

-0,0001

-0,00005

0

0,00005

0,0001

7800 8800 9800 10800 11800 12800

[s]

[m
A

]

0

5

10

15

20

25

30

35

40

45

Korrosionsstrom
Geschindigkeiten
Waterwetting

 

4cm

                100        200       300        400        500 0   0                                                                                                                                                                                 0 



RESULTS AND DISCUSSION  99 

  

 
Fig. 108: 20% formation water content   0,5mm clearance depth 0-500 rpm 
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Fig. 109: 23,07% formation water content   0,5mm clearance depth  0-500 rpm 
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When comparing the results of the test series reported about in 4 – 5  and 4 – 6  (see 
figure 110) , it can be seen, that there is some correlation at higher formation water 
content levels, however at lower formation water concentration, the different  
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Fig. 110: Critical rpm for corrosion activity with different formation water fractions 
 
chemical composition of the oil phase (dyed black) leads to corrosion activities. Since 
the chemical composition of the commercial oil based paint used to dye the Diesel oil 
black and the chemical composition of the Diesel oil are not known, no speculation 
can be made on the effect of introduced compounds. It is shown here, however, that 
the chemical composition of the multiphase has an effect on the electrochemical 
reactions taking place.   
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Block C: Parametrical erosioncorrosion investigations 
 
4 – 7 Test series No. 6: Investigation of the influence of the rotational 
velocity on erosion (ECTC2) 
 
The purpose of this test series was to investigate the erosioncorrosion resistance of 
the steel Chromium Nickel steel 1.4057 under the following conditions: 
 

• At various rpm  
 
This series was also conducted in order to investigate the synergy effect of erosion 
and corrosion with the galvanic coupling of the Chromium Nickel steel 1.4057 with a 
Duplex steel 1.4462.  This coupling of the steels was chosen because the multiphase 
pump is connected to a pipeline network which is usually constructed out of the 
Duplex steel. 
 
All experiments were conducted with a 10 wt.% sand load, at room temperature, with 
synthetic formation water and CO2 saturation. CO2 was continuously introduced into 
the system at the rate of 1 bl./s. The clearance depth was set to 1 mm and the pH 
value was set to 4.0 with acetic acid. The more noble Duplex electrode had a surface 
area of 132,6 cm2. The anode/cathode ratio was 1.7/1. 
 
 

Wear of 1.4057 at different rotational speeds: 
10 wt.%sand, CO2, FW, RT, 1mm CD
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Fig. 111: Wear rate of 1.4057 Chromium Nickel steels at different rotational velocities 
 
Figure 111 shows, that all wear functions are almost linear, confirming the 
reproducibility of the experiments. The highest wear is recorded at 530 and 1770 
rpm, the lowest and the highest rotational speeds investigated in this series. It was 
observed, that at 530 rpm the fluid is unable to effectively distribute the erosion 
particles in the fluid chamber. Most of the erosion particles rest at the bottom of the 
fluid container. The rotating disk is immersed in a slurry, functioning as a grinder, 
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therefore producing very high wear rates. This state of operation is comparable to a 
multiphase pump running at low rotational speeds. It is the normal practice to reduce 
the speed of pumps when working with multiphase fluids containing high sand 
volume fractions.  
 

Wear of the test disc (1.4057): 10 wt.% sand, RT, FW, CO2, 1mm CD
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Fig. 112: Wear rate of 1.4057 at different rotational velocities  
 
When consulting figure 112 it does indeed seem to be a feasible option to reduce 
wear, since the material loss is reduced when the rotational speeds of 890, 1180 and 
1480 rpm are compared to the material loss at 1770 rpm. Since the wear rate at 530 
rpm is equally high as the wear rate at 1770 rpm, however, this would also suggest, 
that there is a critical velocity below which, a further reduction of speed results in 
more harm then good. At 1770 rpm, the kinetic energy of the particles, in combination 
with a reduced boundary diffusion layer and the longer distances traveled by the 
particles within a given time are the deciding factors of the wear. 
 

Wear p. year due to corrosion at different rotational velocities: 
10 wt.% sand, FW, RT, CO2
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Fig. 113: Mean corrosion current (per 3h interval) at different rotational velocities 
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Figure 113 illustrates the mean current densities as measured at different rpm. As 
explained above, at 530 rpm the fluid velocity is not high enough to effectively 
distribute the erosion particles in the fluid chamber. Although this is more so the case 
with 890 rpm, there is little change in the corrosion current. A change in the corrosion 
current can only be the result of a change of the boundary layer thickness in 
combination or a reduction of the thickness of the passivity layer. Since, judging from 
the wear, the harshest erosive conditions are at 530 rpm, it is reasonable to assume 
that this is where the highest reduction of the passivity layer takes place. Apparently, 
since the erosive wear is reduced at 890 rpm and yet the corrosion current density 
remains almost the same, this means that the boundary diffusion layer is the 
governing factor. This is further evident in the rising corrosion currents at higher rpm. 
Since the experimental setup provides a galvanic coupling between the Duplex 
cathode and the rotating Chromium- Nickel steel anode, the effect of fluid velocity 
has to be considered for the diffusion layers of both electrodes. A study of the 
influence of boundary diffusion layers was presented earlier. 
 

Wear of the test disc (1.4057): 10 wt.% sand, RT, FW, CO2, 1mm CD
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Fig. 114: Wear of test sample 1.4057 due to corrosion alone and due to the 
combined effect of erosioncorrosion 
  
The results discussed above were published by this author in [3]. The basis of the 
writing and charts/figures above was taken from that paper. It was reformatted and 
occasionally reworded.  
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4 – 8 Test series No. 7: Investigation of the influence of different sand 
loads on erosion and corrosion at different temperatures (ECTC2) 
 
The purpose of this test series was to investigate the erosioncorrosion resistance of 
the steel Chromium Nickel steel 1.4057 under the following conditions: 
 

• At various sand loads  
 
All experiments were conducted at 1180 rpm, at room temperature (RT), with 
formation water, CO2 saturation and with sand loads between 0,1 and 15 wt.%.  
 

Wear of 1.4057 with different sand loads over 18h: 
RT, 1770 rpm, FW, CO2, 1mm CD
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Fig. 115: Wear of 1.4057 with different sand loads 
 
Figure 115 shows, that all wear functions are almost linear, confirming, once again, 
the reproducibility of the experiments. The experiments with different sand loads 
delivered expected results. At constant speed, a rise of the sand volume fraction is 
consistent with a rising wear of the material. Up until 3 wt.% sand load the annual 
wear rate is almost insignificant (see figure 116).  
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Fig. 116: Wear of 1.4057 with different sand loads 
 
 
 

 
At 5 wt. % the wear more then doubles 
when compared with 3 wt.%. It increases 
by the same amount at 10 wt.% and 
once again doubles at 15%.  
The total wear rate increases 
exponentially. Although the material wear 
up until 3 wt.% remains relatively 
constant, the radial extension of the area 
of wear rises from 0, at 0.1 wt.%, to 10 
mm at 3 wt.% and then settles on that 
value for increasing sand loads (see 
figures 117 a. 118). Although when 
compared with the total wear rate, the 
wear rate due to corrosion alone is 
considerably less (figure 116), it has 
been widely reported in literature, that 
corrosion greatly enhances the total wear 
in an erosive environment. When this 
data is applied to the wear of screw 
pumps, it would indicate a considerable 

efficiency reduction of the pump in a period of one year when operating with sand 
loads higher then 3 wt.% in this environment.  
 
 

Fig. 117: Wear area on test sample 
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Wear area from the edge of the disk to center at different sand volume fractions(RT, 
FW+CO2, 1180 rpm)
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Fig. 118: Wear area on disc from the edge to the center at different sand loads 
 
 
Additional experiments were conducted at 1770 rpm, 80°C, in formation water and 
CO2 saturation. Figure 119 shows the wear rate of the X 22 CrNi 17 2 steel at 80°C 
with 5, 10 and 15 wt.% sand loads respectively. When comparing the wear of the 
steel at elevated temperatures to that of room temperature (figure 120) an increase 
of over 50% can be identified. Since it is unlikely that the process of erosion is greatly 
influenced by the elevated temperature of this magnitude, this can only be an effect 
of greater electrochemical activity. Due to the higher temperature, corrosion currents 
could not be measured accurately because vapors created electrical bridges 
providing unreliable current measurements. 
 

Wear of X22 CrNi 17 2 over a period of 18h eith different sand fractions 
(80°C, SFW CO2,1770rpm, 1mm CW)
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Fig. 119: Wear of 1.4057 with different sand loads and at 80°C 
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Wear of X22 CrNi 17 2 over a period of 18h at different temperatures (1770 
rpm, SFW, CO2, 10 wt% sand, 1mm CW)
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Fig. 120: Wear of 1.4057 at room temperature and at 80°C 
 
A further series of tests was run in order to investigate the influence of different sand 
loads at 80°C. The purpose of this test series was to investigate how an environment 
with a higher corrosion activity would affect the erosioncorrosion process. The test 
were performed on two test samples, the 1.4057 in “as delivered” (AD) state and the 
1.4057 heat treated (HT) (annealed at 1050°C for 25 minutes and quenched with 
pressured air). The results of the test series are illustrated below. 
 

 
Fig. 121: Wear of 1.4057 AD and HT with different sand loads at 80°C 
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Figure 121 illustrates, that the AD and HT have almost the same wear rates at low 
sand loads (<6 wt.%). The HT version of the 1.4057 even exhibits higher wear rates 
than the AD at sand loads below 2 wt.%. Since at these low sand loads corrosion is 
the prevailing wear factor, the HT seems to be less resistant to corrosion at higher 
temperatures than the AD.  
 

Mean corrosion currents of 1.4057 AD and HT: 80°C, FW, CO2, CD 2mm, 0,5-15 wt% 
sand
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Fig. 122: Mean corrosion currents of 1.4057 AD and HT with different sand loads 
 
When consulting the corrosion current this seems to be true. The chart illustrated in 
figure 122, however, may contain a high degree of inaccuracy do electrolyte bridges 
between the rotator and the machine body formed by vapours due to the high 
temperatures. 
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Block D: Material investigation of erosioncorrosion 
 
4 – 9 Test series No. 8: Results of a test series conducted on different 
steels/heat treatments as an example of application 
 
The purpose of this test series was to: 
 

• Identify the potential wear resistance improvements of the Chromium- Nickel 
steel 1.4057 by heat treatment. 

• Identify the wear resistance of Duplex Stainless steel and Superduplex 
Stainless steel. 

 
A test series was conducted to investigate the wear rate of different materials. The 
Chromium Nickel steel 1.4057 was the basis for the experimentation as it was the 
material commonly used for screws in multiphase pumps. Since the steel contains 
0,22 % Carbon, heat treatments were considered as a simple and economic option to 
raise the hardness and change the material characteristics. Aside from the 1.4057 in 
the “as delivered” and heat treated state, the wear rate of a Duplex and a 
Superduplex steel were also investigated. These steels are characterised by a high 
Chromium contend and therefore have a high resistance against corrosion wear. 
Duplex steels are often used as pipeline material. 
 
 
Materials used in test series: 
 

Sample No. Material Annealed (25 min) Quenched Annealed (2h) 
1 1.4057    
2 1.4057 1050°C Air  
3 1.4057 1050°C water  
4 1.4057 1050°C water 450°C 
5 1.4057 1050°C water 550°C 
6 1.4057 1050°C water 650°C 
7 Superduplex    
8 Duplex    
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Wear of different material in an 18h period
 (RT,  1770 rpm, 10 wt% sand, FW, CO2, CD 2mm)
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Fig. 123: Wear of different materials: Duplex, Superduplex and 1.4057 with different 
heat treatments (see legend) 
 
The result of the test series are illustrated in figure 123. The wear rate of the 1.4057 
(red line “AD”) was the basis for this investigation. All 1.4057 steels that were heat 
treated and quenched with water have a higher wear rate than the base material and 
therefore constitute a decrease in the lifetime of the screw if used as screw material. 
The 1.4057 that was heat treated and quenched with air, however has a considerably 
lesser wear then the base material, as does the Duplex and Superduplex steel.  

Wear rate of different materials in relation to 1.4057 AD
(RT, 1770 rpm, 10 wt% sand, FW, CO2, CD 2mm)
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Fig. 124: Wear rate of different materials in relation to 1.4057 AD 



RESULTS AND DISCUSSION  112 

  

 
The Duplex steel has a 51,85% higher durability than the 1.4057 which constitutes 
the lowest wear rate in the test series. The normal operational time until failure for the 
1.4057 AD is 8000 hours. If the Duplex steel was to be used in this erosioncorrosion 
system, it would have an operational time of about 12160 hours. 
Hardness testing of the materials was conducted in order to possibly establish a 
connection between the hardness and the wear rate. 
 

Correlation between hardness and wear of different materials
(RT, 1770 rpm, 10 wt% sand, FW, CO2, CD 2mm)
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Fig. 125: Correlation between hardness and wear 
 
When considering that the Duplex and Superduplex stainless steels had the lowest 
wear after the 18h test period, a general relation between the hardness and the wear 
resistance is not possible, since they are among the softest materials tested (figure 
125). A different wear mechanism or material characteristic seems to be the deciding 
factor for the better wear resistance of these materials. The heat treated 1.4057 
samples, however, show an almost linear correlation between the hardness and the 
recorded wear. The higher the annealing temperature after quenching, the softer the 
material and the higher the wear. This is attributed to the microstructure of the 
materials.  



RESULTS AND DISCUSSION  113 

  

Wear per year of different materials due to erosioncorrosion and corrosion
 (RT,  1770 rpm, 10 wt% sand, FW, CO2, CD 2mm)
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Fig. 126: Wear per year of different materials due to erosioncorrosion and corrosion 
 
This is further reflected by the higher corrosion currents (figure 126). There seems to 
be a limit to a hardness induced lowered wear rate of the 1.4057 HT. The hardest 
version (A: 1050°C, Q: water) of the 1.4057 HT is also among the test samples with 
the highest wear. The metallurgic investigation revealed that this version was 
characterized by a uniform martensitic microstructure with occasional carbide 
precipitation (figure 127). 
 

 
Fig. 127: Microstructure sample 3                 Fig. 128: Microstructure s. 2 
(A: 1050°C, Q: water, 718,2 HV1)       (A: 1050°C, Q: air, 705,5 HV1) 1:1000
            1:1000 
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The microstructure (MS) of sample 2 is characterized by a martensitic structure with 
numerous Chromium carbide precipitations along the grain boundaries. The heat 
treated versions of the 1.4057 which were annealed after quenching show a rising 
degree of Chromium carbide precipitations with a rising annealing temperature, at 
least in the case of sample 4 and 5. In sample 6 (annealing temperature 650°C) 
(figures 129-131) no carbide precipitation can be identified.  
 

 
Fig. 129: MS sample 4; 1:1000            Fig. 130: MS sample 5; 1:500   
(A: 1050°C, Q: water, A:450°C, 568,2 HV1)          (A: 1050°C, Q: water, A:550°C, 370,5 HV1)
  
 
 
 

 
Fig. 131: MS sample 6 1:1000 
(A: 1050°C, Q: water, A:650°C, 308,3 HV1)  
 
The Duplex and Superduplex test samples were investigated with a SEM in order to 
gain a better understanding of the erosioncorrosion wear mechanism of these 
materials and in order to clarify why they had the lowest wear rates of the test series. 
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Fig. 132: Imbedded sand grain in duplex         Fig. 133: Horizontal fracture in duplex 
 
 

 
Fig. 134: Imbedded sand grain in SD               Fig. 135: Imbedded sand grain and  
                                                                        horizontal fractures in SD 
 
The Duplex and the Superduplex had the same wear characteristics. Horizontal 
fractures could be identified in the cross section (figures 132-135) of both the 
samples as well as a wear mechanism not yet recorded in literature. The wear 
mechanism is similar to the classic wear mechanism found in ductile materials as 
explained in chapter 2 – 1. It occurs in three subsequent steps. 
 
Phase 1: 
An erosion particle strikes the surface, extruding material. This is the same phase as 
it occurs with ductile materials with the exception, that the sand grains do not 
rebound off the surface but many of them are stuck at the end of the scratch they 
created.  
 

 
    Fig. 136: Extrusion of material 
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Phase 2: 
Subsequent impacts of other particle forge the extruded material over the imbedded 
sand grain, enveloping it. This in fact raises the hardness of the surface creating a 
microstructure not unlike the one found in platings. Similar to the Tungsten carbides 
in WC platings, the sand grains are imbedded in the soft metal layer acting as a 
matrix.  
 

 
    Fig. 137: Imbedded Erosion Particle 
 
 
Phase 3: 
As the surface is attacked by erosion particles, horizontal fractures are created. As 
the network of fractures gets more and more dense, material is chipped off. 
 
 
4 – 10 Test series No. 9: Investigation of the erosioncorrosion wear 
characteristics of Tungsten carbide plated test samples 
 
The results of this test series were published by Soppa117. The work was conducted 
under this author’s personal supervision and guidance.  
A series of ten different hard facing platings (WC) were examined and classified 
according to the wear resistance using the ECTC 2. Tungsten platings are commonly 
used to strengthen the screw surface of multiphase twin screw pumps when 
operations with high erosion particles loads are expected. A failure investigation 
conducted by the Institute for Failure Analysis and Failure Prevention on a worn, WC 
plated screw of a MPP showed, that the plating itself might not lead to a prolonged 
lifetime of a screw. As such, an investigation was conducted in order to determine the 
wear mechanisms of WC platings in an erosive, corrosive environment. It should be 
noted here, that platings A2 and A6 contained Chromium carbides as well as 
Tungsten carbides as hard particles in the matrix. The total volume content and size 
could not be investigated due to limited information by the supplier. The coatings 
were investigated in the “as supplied” state. The platings were sprayed via HVOF 
treatment onto the 1.4057 steel, their chemical composition is shown in Table 3. 
 
  

                                                 
117 Soppa, Andreas, „Untersuchung  von WC- Hartplatierungen bezüglich des Verschleißverhalten unter erosionskorrosiver 
Belastung in Multiphasegemischen“, Diplomarbeit, Helmut Schmidt Universität, Hamburg, Germany, 2006 
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WC plating compositions: 
 

ISSV 
designation 

Manufacturer 
designation 

W content Matrix composition WC 
size 

[μm2] 

Thickness 
[mm] 

Porosity 
[%] 

A1 PST-A 82.88 wt% W 73%Co  
27% Cr 

13,8 1,54 8 

A2 PST-B 73,16 wt% W 71,13% Cr, 28,87% Ni 27,8 1,54 4,67 
A3 SDG-2019 83,48 wt% W 61,74% Co, 26,51% Cr, 

11,74% Ni 
51,3 1,8 3 

A4 PST-C 82,35 wt%W 70%Co  
30%Cr 

13,6 1,8 2,67 

A5 PST-D 88,37 wt% W 61,9% Co, 29,5% Cr, 8,6% 
Ni 

72,2 1,92 4 

A6 PST-E 71,42 wt% W 1%Co, 77,5%Cr, 21,5%Ni 50,8 2,48 
 

3,67 

A7 GV-50H 86,45 wt% W 70,7% Co, 29,3% Cr 14,7 1,76 6,37 
A8 PST-F 84,86 wt% W 54,69% Co, 36,2% Cr, 

9,11% 
63,8 1,52 3 

 
 
The WC platings were subjected to the standardized test cycle of 6 x 3h. Test were 
conducted under the following conditions: room temperature, 10 wt.% sand load, 
formation water, CO2, 1770 rpm. The samples were cleaned with deionised water 
and degreased with ethanol before experimentation and between intervals. The 
results of the experiments are illustrated on the next page. 
 
The wear results of the base material, the Chromium Nickel steel 1.4057 (AD and 
HT) was included in the chart in order to classify the platings (thick red and green 
line). The first noteworthy observation was that five of the eight platings (A3, A4, A6, 
A7, and A8) did indeed show a better wear resistance than the base material in this 
specific erosioncorrosion environment. Of these five platings, however, a blistering of 
the plating was recorded in during the experimentation cycle. In optical (macro/micro) 
examinations no cracks could be detected on the blisters at that time. It looked like 
the plating had separated from the base material and that pockets had developed 
underneath it. Test sample A4 showed the first signs of blistering after 15h (see 
figure 137) the other two samples after 18h. Of the other three tested platings, one 
(A1) had a higher wear rate than the HT 1.4057, and the two others (A2, A5) actually 
had higher wear rates then the base material (AD 1.4057) itself. In order to 
investigate this phenomenon further, the decision was made to continue the 3h 
experimentation cycle beyond the 18h with the test disc that showed the earliest and 
most severe signs of blistering (A4). 
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Wear of WC platings: 1770 rpm, 10 wt% sand, FW, RT, CO2
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Fig. 138: A4 after 15 hours                                   Fig. 139: A4 after 18 hours 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                          
                  Fig. 140: A4 after 30h; failure of the WC layer due to fracture 
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The test disc was visually examined after each 3h interval. The area with blisters 
expanded from the centre outward from every experimentation cycle to the next (see 
figures 138-140). 
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Fig. 141: Blister area expansion until failure of plating after 30h due to cracking of the 
blister surface 
 
The first signs of cracking were found after a total experimentation time of 30 hours 
(see figures 142 -143). 
 

 
 
Fig. 142: Fractures on blister surface               Fig. 143: Horizontal cracks between  
       base material and plating as well as in  
       base material itself 
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Any fractures in a WC plating indicate the failure of the whole plating. When fractures 
occur, the layer starts to chip off and the underlying base material is washed out. 
Material loss then rises extensively. Blistering of the 4 WC platings at such an early 
time was a horrific result. It was still uncertain at the time though, what actually 
caused the blistering of the material. The A4 sample was cut apart and the cross-
section of a blister was embedded for further examination. In optical investigations a 
brown substance could be identified in the horizontal fractures. The fractures ran, not 
just between the base material and the plating, which could have indicated 
insufficient binding quality of the plating, but also through the plating and the base 
material itself (figures 144-147). An EDX analysis conducted with an SEM revealed 
that the material located in the fractures was a product of corrosion. It was still 
uncertain at that time whether or not the blistering was due to corrosion (cathodic or 
anodic behaviour of the test sample) or due to a mechanical attack.   

 
Fig. 144: Fracture in base material 1:1000  Fig. 145: Fracture in WC plating 1:1000 

 

 
Fig. 146: Fracture between WC plating        Fig. 147: Fracture between base  
and base material  1:1000         material and WC plating as well as in WC  
            plating 1:500 
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Degradation investigation of possible mechanical attack 
 
WC platings are very sensitive to a continuous vibrating stress such it is found when 
cavitation occurs. Since cavitation was identified on a 1.4057 in an earlier stage of 
the investigations (see chapter 4 – 1) the cavitation experiments described in 4 – 1 
were repeated only this time at 1770 rpm (as apposed to 430 rpm earlier). A test disc 
made of 1.4057 AD polished to a 1 μm finish was used and the clearance depth was 
set to 2 mm (as apposed to 1 mm earlier). The cavitation wear recorded in 4 – 1 was 
a result of a continues 24h test. Since the goal of this second cavitation test series 
was to document the progressive wear, the test sample was examined after each 3 
hour interval. The first signs of cavitation wear were identified after the second three 
hour interval (figure 148).  
 

 
Fig. 148: Cavitation wear on 1.4057 test sample (1:1000) 
 
 
Investigation of the blister-formation due to electrochemical activity: 
 
The blister-formation could also be attributed to either the embrittlement of the plating 
due to Hydrogen absorption or the actual formation of Hydrogen cavities within the 
layer when the plating is acting as a cathode, or due to anodic corrosion products as 
a result of formation water transition through pores of the layer. The fact that 
corrosion products were found in the fractures was non-conclusive. The formation 
water could have reached the blisters through failures in the material due to fractures 
and crevice corrosion would have been the consequence. The first step in the 
investigation was a measurement of the rest potential. 
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Rest potential WC platings
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         Fig. 149: Rest potential of WC platings A1-A8 
 
The test disc A4 that showed the earliest and most severe signs of blistering, had the 
highest rest potential making it the most noble of the platings. As such, it was 
decided to submit the plating to a negative current in a galvanostatic test series in 
order to force Hydrogen evolution. After the sample showed no blistering while being 
exposed to -0,5 mA for a total of 92h, the current was raised to -1 mA for another 
72h. No blistering or any other signs of material degradation were recorded at the 
end of this test series either. It was therefore concluded, that Hydrogen evolution 
could not have contributed to the blister generation. In order to investigate the 
reaction of the plating to an anodic current, it was exposed to a series of tests 
illustrated in figure 150. 
 
 

Exposure time 
[h] 

Corrosion current density 
[mA/cm2] 

Rotational 
velocity [1/min] 

48 0,0119 0 
48 0,0119 100 
48 0,0119 300 
48 0,0238 0 
48 0,0238 100 
48 0,0476 100 
48 0,0952 100 

 
Fig. 150: Anodic test series for test sample A4 
 
The velocity was varied in order to reduce the diffusion boundary layer so that more 
reactants were available for the electrochemical reaction. After the first test series at 
0,0119 mA/cm2 micrographic investigation revealed the first signs of electrochemical 
activity in the form of pitting corrosion as illustrated in figure 151. 
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Fig 151: Pitting corrosion on sample A4 PST-C (82,35 wt% WC; M: 70%Co 30%Cr) 
after 144h anodic exposure to 0,0119 mA/cm2 1:200 
 
After a further exposure of 48h at 0,0238 mA/cm2 micrographic revealed cracks in the 
surface of the Tungsten carbide plating as shown in figure 152. 
 

 
Fig. 152: Cracks on the surface of sample A4 PST-C (82,35 wt% WC; M: 70%Co 
30%Cr) after 144h anodic exposure to 0,0119 mA/cm2 1:100 
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After 48h at 0,0238 mA/cm2 and 48h at 0,0476 mA/cm2 a crack progression was 
recorded as shown in figure 151. 
 

 
Fig. 153: Cracks in Tungsten carbide plating after a total of 288h at different anodic 
loads and rotational speeds 1:100 
 
After a total of 332h anodic exposure the first blisters were recorded as shown in 
figure 154. 
 

 
 

Fig. 154: Blisters on the surface of sample A4 PST-C (82,35 wt% WC; M: 70%Co 
30%Cr) after 332h anodic exposure at different anodic loads and rotational speeds 
 
It was clear at this point, that the blistering of the platings was mainly due to anodic 
corrosive activity. Since cracks were the first signs of material degradation recorded, 
it is feasible to assume, that the cracks along with the inherent porosity of the 
Tungsten carbide plating lead to a diffusion of formation water to the boundary 

80mm
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between the base material and the plating. The micrographic investigation of the 
cross section of the blisters revealed strong pitting corrosion in the base material 
underneath the blister as shown in figure 155. 
 

 
Fig. 155: Cross section of the blister of sample A4 PST-C (82,35 wt% WC; M: 70%Co 
30%Cr) 1:100 
 
Since the crack underneath the blister was only along the border between the base 
material and the plating and not, as recorded earlier also in the base material and in 
the plating itself, it can be speculated, that the other types of crack progressions are 
due to the erosioncorrosion environment an the higher rotational velocity that the first 
test samples were subjected to. Since cavitation was recorded in a different test 
series as reported above, a cavitation assisted material wear is likely. 
As a conclusion regarding the wear resistance of Tungsten carbide platings, based 
on the results of the test series performed, the following wear mechanism is 
presented: 
 

1. The porosity inherent to the production process of material coatings leads to 
the diffusion of electrolyte from the bulk of the solution into the plating and /or 
to the border between the base material and the plating. Crevice corrosion 
starts (preferably at the border since the matrix of the plating is usually more 
noble then the base material) and corrosion products lead to tension and 
eventually horizontal cracks in the material. 

 
2. The impact of erosion particles lead to a dynamic strain in areas of horizontal 

cracks forcing a mechanical cracks progression and further enhancing the 
crevice corrosion. 

 
 
3. Cavitation along the material surface further enhances the dynamic strain and 

therefore crack progression in the material(s) eventually leads to blister 
formations. 
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In order to find a connection between the wear/blistering and the chemical and 
physical characteristics of the plating these were charted against the recorded wear. 
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Fig. 156: Matrix composition and total wear of test samples 
 
As figure 156 shows, no correlation can be found between the total wear and the 
matrix composition of the test samples. As an example, although samples A1, A4 and 
A7 have similar matrix compositions, A4 and A7 had the lowest recorded wear of the 
group, where as A1 had an almost 3 times higher wear than both of them. A4 had 
blister formations after 15h but A1 and A7 had no formations after 18h. A6 and A2 
were the samples with the highest Chromium content in the test series but A2 had an 
almost four times higher wear rate as A6. A6 showed blistering after 18h, A2 had no 
blister formations. 
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Fig.157: Mean carbide size of test samples compared to total wear 
 
When comparing the mean carbide size to the total wear as illustrated in figure 157, a 
correlation does seem to be recognizable. Those samples with the smallest carbides 
also had the lowest wear (A4, A7). With a rising carbide size, the wear also rises. A1 
and A2, however, are not conforming to this tendency. Although they have small 
carbides they performed among the worst in the test series. A possible explanation of 
the bad performance of A2 might be, that the plating had Chromium carbides as well 
as Tungsten carbides embedded in the matrix, A6, however, does so as well and 
performed among the best in the series. It could be argued, that higher Chromium 
content in the matrix material of A6 lead to a better performance of this plating, there 
is, however, too little data available from this test series to confirm this observation. 



RESULTS AND DISCUSSION  129  

  

0

1

2

3

4

5

6

7

8

9

A4 PST-C
(82,35

w t%WC; M:
70%Co
30%Cr)

A7 GV-50H
(86,45

w t%WC; M:
70,7% Co,
29,3% Cr)

A6 PST-E
(71,42

w t%WC; M:
1%Co,

77,5%Cr,
21,5%Ni)

A3 SDG-
2019 (83,48
w t%WC, M:
61,74% Co,
26,51% Cr,
11,74% Ni)

A8 PST-F
(84,86

w t%WC; M:
54,69% Co,
36,2% Cr,
9,11%)

A1 PST-A:
(82.88 w t%

WC; M:
73%Co
27% Cr)

A5 PST-D
(88,37

w t%WC, M:
61,9% Co,
29,5% Cr,
8,6% Ni)

A2 PST-B
(73,16

w t%WC, M:
71,13% Cr,
28,87% Ni)

po
ro

si
ty

 [[
%

]

0

50

100

150

200

250

w
ea

r [
m

g]

porosity wear

Fig. 158: Porosity of the test samples compared to the total wear 
 
When comparing the wear to the porosity of the hard platings (see figure 158), no 
obvious correlation is identifiable. Although sample A7 had the second highest 
porosity of all samples, it performed among the best. A6 and A5 have almost the 
same porosity and performed among the best and the worst respectively. 
 
As it is not the main purpose of this dissertation to scrutinize hard platings but rather 
to consider them as a possible option to reduce the wear of multiphase twin screw 
pumps, these phenomena were not further investigated. 
 
In summary of the findings of the investigation of hard platings for the reduction of 
wear on multiphase pump screws, the following can be stated: 
 

1. In an erosioncorrosion dominated environment the combined mechanical 
attack due to the impact of erosion particles on the material surface and 
cavitation near the material surface as well as (anodic) electrochemical 
reactions due to the diffusion of electrolyte through the pores into the plating 
leads to horizontal cracks. These cracks are found in the base material, the 
border between the base material and the plating as well as in the plating 
itself. 

2. No correlation between matrix composition and the wear rate could be found 
3. No correlation between the porosity and the wear rate could be established 
4. Some correlation between the carbide size and the wear rate could be found, 

there were, however, exceptions. 
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5 SUMMARY AND CONCLUSION 
 
In the course of this dissertation, the wear phenomena as they are found on the 
screws of multiphase twin screw pumps were analyzed and identified. The current 
literature relevant to the erosioncorrosion wear process was reviewed and it was 
ascertained, that no information directly relating to the erosioncorrosion wear 
occurring in the clearance between rotating and fixed pump components was 
documented to date. It was established, that the wear on the screw pumps is a 
mixture of different wear mechanisms characterized by micro chipping, platelet 
formations and fracture processes.  
A critical review was given discussing the different erosion / erosioncorrosion test 
methods as proposed by the ASTM. The conclusion was drawn, that the ASTM test 
methods were not applicable for the testing of screw materials mainly due to the fact, 
that they were unable to reproduce the exact wear and that they did not allow for the 
measuring of corrosion currents during the experimentation. 
The layers influencing the electrochemical reactions at the electrode were presented 
and their effect on the corrosion current was discussed. 
A newly developed erosioncorrosion test cell was introduced that allows the 
investigation of the wear resistance of different materials in a controlled laboratory 
environment. The advantages of the new erosioncorrosion test cell were presented, 
these are mainly: 
 

1. The exact reproduction of the wear as it is found on the rotary screw pumps. 
2. Replication of the geometry as it is found in the pump between a rotating and 

fixed components. 
3. Corrosion current measurements between these components. 
4. Optical investigation of the flow patterns in this clearance. 
5. A dual use as a rotating cylinder electrode (RCE) is possible.  

 
In a series of tests the influence of geometry and multiphase compositions was 
investigated. It was shown, that with a clearance depth between 0 and 2 mm the net 
current between two materials of the same chemical composition, in this case 1.4057 
Chromium Nickel steel is negligible in a one phase formation water environment. It 
was shown, that the fluid velocity in the clearance is between 0 and 2,5 m/s 
depending on the rotational velocity of the rotator. The highest fluid speed was 
measured at the periphery of the disc at 800 rpm. Pressure sensory experimentation 
revealed the direction of flow in the clearance. In a different test, the effect of the 
formation water concentration at different rotational velocities in the presence of 
erosion particles was investigated. It was discovered, that two regions exist: a region 
of corrosion activity (up to 500 rpm) and a region of inactivity (>800 rpm). The net 
corrosion current between the test samples rose with an increase of formation water 
concentration. In the experimental series investigation the influence of the oil/water 
cut in a two phase system at different velocities on the corrosion current between two 
different or identical samples revealed that there are three distinct region. Two 
regions of corrosion inactivity either do to a low water cut or due to high velocity 
leading to an entrainment of the formation water in oil (even at higher formation water 
concentrations). A third region of electrochemical activity was identified at higher 
formation water cuts in oil and at low speed (<400 rpm). Conclusions for the 
operation of pumps, especially in the case of redundant pump setups were drawn. 
The influence of the fluid velocity on the diffusion layer and the mass transfer 
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coefficient were investigated using a rotating cylinder electrode. The diffusion layer 
thickness reduction was presented. A combined electrochemical and optical 
investigation gave insight into the multiphase behaviour in the clearance space. The 
entrainment level was analysed by processing optical data with a PC. The results of 
this investigation correlated with the corrosion currents measured during the optical 
investigation. In a further test series the effect of the velocity on the erosioncorrosion 
wear of a 1.4057 in a high erosion environment was analysed. It was shown, that at 
very low speeds and at very high speeds that the wear was the most severe. At low 
speeds, that rotator is unable to distribute the erosion particles evenly in the fluid 
container and is therefore rotating in a slurry which rests at the bottom. At high 
speeds, the higher kinetic energy contributes to the greater wear. Conclusions for the 
operations of pumps were drawn. A different test series revealed that the wear rises 
exponentially with a rising erosion particle load. The effect of higher temperature and 
a resulting higher wear rate was discussed and results presented. A heat treatment 
of the 1.4057 Chromium Nickel was conducted in order to investigate whether or not 
this low cost treatment would lead to reduction of the wear. As a result, one heat 
treatment was discovered to in fact greatly reduce the material loss. In a different test 
series, however, it was shown, that the heat treated Chromium Nickel steel only 
showed a higher wear resistance with a rising erosion particle load. Different steels 
were subjected to the, by then, standardized test series (time: 6x3h, room 
temperature, 10 wt% sand, formation water, CO2 saturation, 1770 rpm) and it was 
discovered, that the Duplex stainless steel had the highest wear resistance of the 
steels tested. The wear resistance of eight hard platings containing either Tungsten 
carbide or Chromium carbide as hard particles were investigated as another 
alternative to reduce the wear on the multiphase pump screws. The results of the 
investigation showed, that some of the platings had a higher wear rate then the base 
material itself and five of the eight platings developed blisters during the course of the 
18h test series. The blistering proved to be a result of electrochemical activity due to 
diffusion of formation water into the layer through layer defects (porosity). Although 
the test results of this series were in conflict with the test results the manufacturer 
had using ASTM standards, they reflected exactly the field experience of the 
manufacturer. In a last series, the influence of H2S on the corrosion current between 
a Chromium plating and a Chromium Nickel steel was investigated. It was shown, 
that H2S affects the physical properties of the oil phase leading to a higher wetability 
and in fact reducing the corrosion currents in some situations. 
 
This dissertation has lead to the development of a standardized test method for the 
testing of materials for the use as screws in multiphase pumps in the oil and gas 
production industry. In over 6000h of experimentation time, the erosioncorrosion test 
cell has proven to be accurate and reliable. The effect of parameters on the wear of 
materials was discussed, but, as was stated in the introduction, in order to reach the 
highest degree of optimization, a modelling of the precise conditions encountered in 
a certain hydrocarbon production site is necessary. Further testing and an alteration 
of the material choice might become necessary as production commences and the 
multiphase fluid composition changes. This demands close communication between 
the production company and the testing facility. 
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