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ABSTRACT

Hadi Arabnejad Khanouki (Doctor of Philosophy in Mechanical Engineering)
Development of Erosion Equations for Solid Particle and Liquid Droplet Impact
Directed by Drs. Siamack Shirazi and Brenton McLaury
146 pp., Chapter 8: Recommendations

(475 words)

In the oil and gas industry, there are many particles that may cause erosion. These
particles are of various sizes, shapes and hardnesses. Liquid droplets are also another
source of concern, especially in high velocity gas streams. Currently, solid particle
erosion prediction models such as Computational Fluid Dynamics (CFD) based erosion
models and Sand Production Pipe Saver (SPPS) program developed by the
Erosion/Corrosion Research Center (E/CRC) rely on empirical erosion equations. These
equations do not account for the erodent particle and target material properties accurately.

In this work, different materials have been tested in direct impingement
configuration, and particle velocity has been measured with particle image velocimetry
(PIV). A new semi-mechanistic erosion equation has been developed by assuming that
erosion caused by particle impacts is due to two mechanisms, cutting and deformation.
Empirical constants have been obtained for the tested materials, and the model has been
verified with experimental data for different particles. In contrast to the angle functions
that are currently being used for all particles and impact velocities, angle dependence in

the new model changes with the particle shape and velocity and showed fair agreement



with experimental data.

The effect of particle hardness on the erosion of stainless steel has been studied
with fine particles at low impacting velocities with two experimental apparatuses,
submerged configuration with slurry mix and mist flow test with solid particles entrained
in the droplets. The testing particles are iron powder, calcite, barite, apatite, hematite,
magnetite, silica flour, alumina and silicon carbide. Droplet size and velocity for
air/water tests have been measured by PIV for air/water tests, and particle impact velocity
for both tests is estimated from CFD simulation with particle tracking scheme. It was
observed that erosion ratio increases with increasing particle hardness when the target
material is harder than the particle and does not change considerably after the point where
the particle is hard enough to keep its integrity during impact.

A new erosion equation has been developed to calculate erosion resulting from
liquid impacts for pipeline materials based on experimental data that was collected
previously at E/CRC and American Society for Testing and Materials (ASTM) G73
guideline. Based on the new erosion model, a procedure has been developed to predict
erosional velocity due to liquid droplet impact (with or without small particles entrained)
utilizing the entrainment fraction and droplet size calculated from two-phase flow
correlations and the impact velocity of the droplets within a pipe elbow or a tee that is
estimated using stagnation length model. The erosional velocities computed using this
model are compared with the erosional velocities computed using APl RP 14E. It is
shown that the trend of the erosional velocity calculated by the API guideline is
extremely conservative as compared to the new model predictions for erosion due to

liquid impacts and does not correlate with erosion due to small entrained particles.
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CHAPTER 1

INTRODUCTION

1.1 Overview

In the oil and gas industry, erosion/corrosion may be a major problem in
production and transportation facilities including but not limited to pipelines, valves,
chokes, production manifolds and process headers. Erosion is the physical removal of
material by solid particles or liquid droplets, and corrosion is another form of material
degradation that occurs through chemical reaction. So, production and transportation
facilities are designed so that the flow velocity is below the erosional velocity,
presumably a flow velocity at which it is safe to operate but beyond that erosion damage
may occur. This threshold velocity depends on many factors such as fluid properties,
operating condition, entrained particles and geometry type and size, and its prediction is
important from both economical and safety aspects. Furthermore, erosion/corrosion of
materials due to the impingement of solid particles or liquid droplets is also important in
power plant and aerospace industries.

Depending on the oil and gas production condition, solid particles may be present
in the flow. The particles that may cause erosion are of various sizes, shapes and
hardnesses, and the effects of these parameters are properly understood. In clean service
or corrosive flow, liquid droplets are another source of concern especially in high
velocity gas streams. Moreover, the liquid droplets that are entrained in the produced gas

from the reservoir may be corrosive or contain very small particles that are hardly



separable by physical means.

1.2 Research Goals
The main goals of this work are to predict erosion failure in production and
transportation facilities in oil and gas industry and their components due to the
impingement of different particles and liquid droplets. Being able to predict erosion
resulting from various particles and droplets, would lead to lower costs of erosion
inspection and maintenance and also, the risk of component failure would be reduced by

improving geometry and utilizing more appropriate materials.

1.3 Research Approach

A comprehensive approach to erosion modeling consists of flow modeling,
particle tracking and erosion equations. So, the first step is to model the flow either by
computational fluid dynamics (CFD) or use approximations for flow near the wall. Then,
particles are tracked as they move toward the wall, and the impact velocity and angle is
estimated. The final step is to apply the erosion equation for the estimated impact
velocity and angle and calculate the erosion ratio which is the ratio of target mass loss to
the mass of erodent particle. The erosion ratio equation plays a major role in this
calculation and depends on many parameters including but not limited to erodent particle
characteristics, target material properties and speed and angle of impact. Thus, in the
present work, erosion models are investigated including erosion resulting from sand,

other particles and liquid droplets.



The approach of this work is first to search the literature for erosion equations for
solid particles. Then, conduct erosion tests in a direct impingement configuration for
different materials and develop a mechanistic model for erosion prediction which
accounts for the speed and angle of impact, particle characteristics and target material
properties. Particle hardness will be also correlated to erosion based on the experimental
data obtained in a separate experimental facility. After completion and verification, this
model will be implemented in SPPS (Sand Production Pipe Saver program developed at
E/CRC) as well as commercial CFD software such as ANSYS Fluent to predict erosion
caused by different particles in the oil and gas industry.

For calculation of erosion due to liquid droplets, the literature is surveyed for
erosion models and experimental data. Experimental data that are obtained at E/CRC are
used to develop a new erosion ratio equation for liquid droplets. Multiphase flow
equations and models are implemented to determine impact conditions of droplets and
particles to be substituted in the erosion equations to predict erosion ratio, and a
calculation methodology is presented to calculate threshold erosional velocity or
penetration rate due to liquid droplet impingement with or without small particles at very

low solid concentrations.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

In order to prevent severe erosive/corrosive damage to different components in oil
and gas production and transportation facilities, extensive theoretical and empirical
studies have been carried out by the researchers from around the world. The emerging
guidelines and erosion/corrosion prediction tools may be classified into categories based
on the mechanism of degradation: erosion, corrosion or erosion/corrosion. Solid particles
that may be present in the liquid or gas produced from the reservoir can cause erosion
damage, and the transporting fluid may cause corrosion. The synergistic effect of these
two mechanisms is called erosion/corrosion. Liquid droplets can also cause erosion if
they have enough energy to degrade the target material mechanically. The main focus of

this work is on erosion caused by solid particle and liquid droplet impacts.

2.2 Solid Particle Impact Erosion

2.2.1 Background
The approach to predict erosion damage for a desired geometry and flow
condition has three major steps: flow modeling, particle tracking, and erosion calculation.

The flow solution and particle impact speed and angle may be approximated from



simplified models or obtained more accurately from Computational Fluid Dynamics
(CFD) simulations. Generally in a CFD simulation of particle erosion, an Eulerian-
Lagrangian model is employed. In other words, the fluid flow solution is obtained from
Navier-Stokes equations (Eulerian approach), and then particle traces are determined
using a Lagrangian particle tracking scheme. The CFD and particle tracking are done to
determine particle impact speed and angle that affect erosion of materials. The next step
IS to substitute the impact speed and angle in an appropriate erosion equation and find the
erosion. The erosion equation, which is a function of target material specifications,
particle properties and particle impact condition, is very important in this calculation
procedure.

The parameters that erosion depends on may be classified into three categories:
impact condition (impact speed and angle), erodent particle characteristics and target
material properties. The most important particle parameters are hardness, shape and size.
The effects of particle size and shape are now currently expressed as explicit sharpness
and size functions, but experimental data revealed that there are some inter-relations
between some of these parameters, and the angle function may depend on impact velocity
and shape of the particle. Properties of the eroding surface that are important in erosion
are ductility, hardness and density. Erosional behavior of ductile materials is different
than brittle materials. Figure 2.1 shows typical erosional behavior of ductile and brittle
materials as a function of particle impact angle. For ductile materials, erosion increases
with the impact angle up to a maximum point (approximately between 15-30 degrees)
and then coasts down to a certain value at 90 degree impact, but for brittle materials,

erosion increases with impact angle and the maximum erosion is obtained at normal



impact.

Ductile

Brittle

Erosion Ratio (ER)

30 60 90
Impact Angle, 6 (deg)
Figure 2.1 Typical erosion behavior of ductile and brittle materials
versus impact angle
Material hardness is another important parameter, and density of the material is
used when we need to convert removed mass to removed volume. So, the erosion ratio
(ER) which is the ratio of target mass loss to the mass of impinged particle is

_ Mass of Removed Material

= 2.1
Mass of Erodent f(v,6,Hv,p,D, F) (2.1)

here V and 6 are speed and angle of impact, Hv and p are target material hardness and

density, D and F are particle size and sharpness factor, respectively.

2.2.2 Literature Review
Solid particle erosion has been studied extensively in the literature for aerospace
industry applications and oil and gas production and slurry transport systems. In early

studies, most of the attention was paid to the material-related aspects of erosion



(Humphrey 1990). The researchers (Finnie 1960, Sheldon et al. 1966, Goodwin et al.
1969, Head et al. 1970, Sheldon 1970, Grant et al. 1973, Williams et al. 1974 and
Sundararajan et al. 1983) proposed equations generally in the form of

ER =K V™ f(6) (2.2)
where K is the erosion constant, V is the particle velocity and f(8) is the impact angle
function. The erosion constant, K, velocity exponent, n, and the angle function have been
determined from experimental data or theoretical analysis of material behavior under
particle impacts.

The particle impact velocity and angle in the erosion equation are unknown and
their value depends on the environment surrounding the particle. Laitone (1979), Chein et
al. (1988), Clark (1992) and Nguyen et al. (1999) proposed analytical quantification
methods to estimate the particle-wall collision information in particle-laden flows.

Assisted by the advancement of computational resources, Dosanjh et al. (1985)
and Schuh et al. (1989) accounted for the influence of turbulence in predicting motion of
the particle and used CFD simulations in their studies, but comprehensive CFD
simulations along with particle tracking have been done in more recent studies by
Edwards (2000), Niu et al. (2000, 2001), Chen (2004) and Zhang (2006).

Specific to oil and gas industry, there are some calculation guidelines and
methodologies proposed in the literature. American Petroleum Institute Recommended
Practice 14E (APl RP 14E) proposed a correlation for erosional velocity, V. (in ft/s) for

gas-liquid mixtures as follows,

C
\/ﬁ (2.3)

where c is an empirical constant and pp, is the gas/liquid mixture density in Ib/ft>. The



basis for development API correlation is not clear, but it should not be applied to sand
erosion conditions as it does not account for many parameters in erosion calculation such
as particle and wall properties and geometry specifications. Salama and Venkatesh (1983)
and Salama (2000) proposed alternate correlations to APl RP 14E in which they assumed
that the velocity of particles is similar to fluid velocity. Bourgoyne (1989) developed
another empirical correlation and Svedeman and Arnold (1993) calculated threshold
velocities from Bourgoyne’s correlation. These empirical correlations highly depend on
the experimental conditions and most of them do not account for the particle size, shape
and fluid physical properties.

Shirazi, et al. (1995a, 1995b) and McLaury, et al. (1995) presented a
comprehensive mechanistic model to predict erosion in elbows and tees in single and
multiphase flows using a stagnation length concept. The stagnation length was
determined from experiments or CFD simulations. The proposed method predicts a
representative particle impact velocity to be used in the erosion equation.

Currently, erosion prediction models including CFD-based erosion models or a
simplified version such as the Sand Production Pipe Saver (SPPS) program (Shirazi et al.
2000) which is developed at the Erosion/Corrosion Research Center (E/CRC) rely on
empirical erosion equations. These equations do not account for the particle size and
shape accurately, and they have been developed for each erodent particle and target
material separately. Zhang et al. (2007) implemented an empirical erosion equation
which had been obtained from gas testing into a CFD code to predict the erosion ratio
occurring on a flat specimen and bend for air and water flows. Also, Wong et al. (2013)

utilized an empirical erosion equation originally proposed by Chen et al. (2004) to predict



the erosion ratio in a pipe annular cavity via CFD simulation. In addition, many other
works are conducted to predict the erosion rate in various geometries by coupling the
CFD simulation and an erosion equation (Njobuenwu et al. 2012, Pereira et al. 2014,
Mansouri et al. 2014).

Mechanistic erosion equations that are available in the literature are developed
based on the calculation of the displaced volume by a single particle or energy dissipation
during particle impact. Finnie et al. (1978) developed an erosion equation for ductile
materials based on the material cutting volume by a single particle. Bitter (1963a, 1963b)
used an energy balance and proposed that erosion is proportional to the part of the
particle kinetic energy that is absorbed by the target material and caused plastic
deformation. Sheldon et al. (1972) developed an equation based on single particle
indentations for spherical and angular particles for normal impacts and at low velocity.
Two erosion models developed by Hutching (1981, 1993) are based on the deformed
volume by spherical particles at normal incidence and cutting action of a particle at
oblique impacts. Sundararajan (1991) proposed an erosion model by assuming that
deformation beyond the critical strain and energy dissipation of the particle, caused by
friction force between the particle and the eroding material, are responsible for the
erosion at normal and oblique impacts. Bingley et al. (2005) implemented the equations
of Hutching and Sundararajan for nine heat treated steels, and Harsha et al. (2008) used
Hutching’s equations for some ferrous and non-ferrous metals. In their work, the
constants in the erosion equations were calculated from experimental data, and a relation
was found between the empirical constants and the mechanical properties of the eroding

material including hardness. However, the effect of impact angle was not properly



investigated. A relation was found by Levin et al. (1999) between the mechanical
properties of some ductile alloys and the volumetric erosion obtained from experiments,
but the relation was developed for normal impact only. In a recent study, a mechanistic
erosion equation has been developed by Huang et al. (2008) using approximations for
removed material by a spherical particle. They calculated the volume removed by the
vertical and tangential components of particle velocity separately. Generally in these
equations, many assumptions have been made to find a closed form solution of the
problem and find the relation between the properties of target materials and erosion. They
compared the results mostly to experimental data for pure materials such as iron,
aluminum, and copper, not alloy metals that are being used in industry.

Feng et al. (1999) empirically studied the dependency of erosion of ductile and
brittle materials on impact velocity and particle size for different erodent particles but did
not report an equation to be used for erosion prediction. Oka et al. (2005a, 2005b)
developed empirical correlations of erosion for many particles and materials, but his
equation only has been validated at impact velocities more than 50 m/s which are rarely
applicable to the oil and gas industry. Experiments in a slurry pot tester for two ductile
materials and three erodent particles by Desale et al. (2006) implied that the material
removal mechanism is a function of particle shape and density, but no equation was
proposed.

There are also some studies in the literature on numerical modeling of erosion
using finite element (FE) methods (Molinari et al. 2002, EITobgy et al. 2005, Wang et al.
2008) or micro-scale dynamic models (MSDM) (Chen et al. 2003, Li et al. 20011), but

generally good agreement between the experimental data and numerical modeling results
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were not obtained. Currently, these studies are more useful to understand the behavior of
material during impact and characterize the mechanisms of erosion rather than

calculating erosion for a given condition.

2.3 Liquid Droplet Impact Erosion

2.3.1 Background

In the API correlation (Equation 2.2), ¢ = 100 for continuous service and ¢ = 125 for
intermittent service for solid-free fluids and when corrosion is not anticipated, but the
constant could rise to ¢ = 250 for other conditions. Some authors believe that the basis for
APl RP 14E may be due to liquid impact erosion (Salama and Venkatesh 1983).
However, there is no experimental or theoretical evidence supporting this idea. The
erosional velocity calculated from this equation seems to be very conservative as
compared to the experimental data from literature (Thiruvengadam et al. 1969, Baker et
al. 1966).

Salama and Venkatesh (1983) proposed an equation for sand erosion and
concluded that erosional velocity due to liquid droplet impingement in clean service is as
high as values corresponding to ¢ = 300 in the API RP 14E correlation, and this velocity
limitation is not allowed because of severe pressure drop in the pipe. Svedeman (1995)
concluded that flow velocity does not require being limited in sand-free and corrosion-
free service. Castle, et al. (1991) reported operational velocity up to three times the
calculated value from the API formula (3xAPI) for various materials. Some authors

developed analytical or empirical formulae to predict erosion due to liquid impact
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(Nokleberg et al. 1995, Springer 1976). These formulae are applicable to a certain range
of flow conditions especially for extremely high velocity gas streams which are rarely
achievable in the petroleum industry.

Some experimental studies related to liquid droplet erosion have been conducted
in other fields such as in aerospace engineering where rain erosion is a similar
phenomenon. Also in power plant industries, turbine blades and steam pipelines are
exposed to liquid droplet impingement erosion. The impingement velocity for these
applications is much higher than the operational velocities in the oil and gas industry not
only because of erosion risk but also due to pressure drop and other production
limitations. So, the threshold velocities of these studies could not be applied to the oil and
gas industry without further investigation. However, their methodology could be
implemented to develop models and calculation procedures to predict erosion failures of

production and transportation facilities in the oil and gas industry due to liquid impacts.
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CHAPTER 3

EXPERIMENTAL SETUP AND MEASUREMENTS
FOR SOLID PARTICLE EROSION

3.1 Introduction

Experimental setup and measurement are of great importance in the empirical
studies. The data provided by the experiments will be used later to derive models, and a
proper experimental and measuring system is required to study the effect of different
parameters. As mentioned in the previous chapter, erosion is influenced by many factors
including particle impact speed and angle, particle shape and hardness and target material
properties. Levy (1995) reviewed some of the experimental apparatuses used in solid
particle erosion studies. The slinger system which uses centrifugal force to accelerate the
particles in a vacuum chamber, and the particle velocity is controlled by the rotational
speed. The nozzle tester is the most common erosion test equipment and uses pressurized
gas to accelerate the particles in the nozzle tube. In this system, it is essential to
determine the particle velocity especially at high gas velocities where the slippage
between the particle and the carrier fluid is considerable. Before the advancement of
electronic velocity measurement systems, two co-rotating disks were placed in front of
the nozzle. The particles pass through the hole on the first disk and cause erosion on the
second disk periodically. The particle velocity was determined based on the rotational
speed of the disks and erosion mark on the second disk.

In this work, three different nozzle erosion test equipment are used to study the
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effect of different parameters on erosion, and particle velocity is measured by laser

velocity measurement system, namely particle image velocimeter (PIV).

3.2 Experimental Setup

3.2.1 Direct Impingement Tests in Gas

In order to develop erosion equations, direct impingement testing has been
performed on different materials to provide the experimental database. Figure 3.1 shows
a schematic of the test apparatus, and the configuration of the nozzle and specimen holder
is shown in Figure 3.2. Pressurized air that is supplied to the nozzle takes in particles
from the sand feeder at a constant particle flow rate. These particles are accelerated by
the gas flow to impact the target material and cause material loss of the coupon. These
tests have been performed at different impact velocities (9, 18 and 28 m/s) and angles
(15, 30, 45, 60, 75 and 90 degrees) to determine the speed and angle dependence of the
erosion equation for each material. A sample of the erosion testing experimental results is
shown in Figure 3.3. At each impact angle, the mass loss of the specimen is measured at
three intervals after blasting with a specific amount of sand which is 300 grams in most
of the cases considered here. More particles were required to get measurable mass losses
at low impact velocities. A linear trendline is fit through these three points which are
cumulative mass loss versus sand mass throughput. The slope of this line is the steady-
state erosion ratio which is dimensionless and plotted for all impact angles on the right of
Figure 3.3. In the right hand side of Figure 3.3, vertical axis is the erosion ratio and

corresponding impact angle is shown on the horizontal axis. Erosion equation is the
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dashed line that passes through these points. Most of the erosion tests have been repeated

at the same condition to confirm the repeatability of the experiments.

Sand feeder

Compressor

Specimen holder
Flow meter

Figure 3.1 Schematics of experimental test facility

from compressor

Figure 3.2 Configuration of nozzle and specimen holder
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Figure 3.3. Calculation of erosion ratio from experimental data

3.2.2 Liquid Submerged Tests

In order to characterize erosive behavior of various small particles entrained in
liquids, a submerged apparatus was designed and constructed. In this apparatus, particles
are suspended in the slurry tank by means of a stirrer. As sketched in Figure 3.4, the
slurry mixture is deducted from the bottom of the tank and pumped through a nozzle to
impact the specimen. It should be noted that the particle impact velocities are not the
same as the liquid velocities as significant drag is expected as particles interact with the
flowing submerged jet impacting a target. This is similar to what happens in the slurry
flow through an elbow.

Water with density of 1000 kg/m® and viscosity of 1 cP was used in these tests,
and the liquid velocity of the submerged jet was kept constant at 16.8 m/s. The
orientation angle between the nozzle and specimen (which is SS-316) was 90° and the
distance from nozzle to specimen was 0.5 inches (12.7 mm). Particle concentration in the

slurry mix flowing through the nozzle was assumed to be consistent with the particle
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concentration in the slurry tank as particles are so small (2 — 40 um) that they will be
easily transported by the liquid. A stirrer was also used to keep homogeneity of the slurry

mixture in the tank. Figure 3.5 shows a picture of the submerged experimental apparatus.

Specimen

Slurry Tank

Figure 3.4 Schematics of submerged experimental apparatus

Figure 3.5 Submerged experimental apparatus
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3.2.3 Air/Water Mist Flow Tests

The air/water mist flow testing apparatus is designed and constructed to replicate
the condition of gas-liquid mixture flow in pipe with low liquid loading where droplets
are entrained in the gas core. In these tests, particles are entrained in the liquid droplet,
and it is a form of gas testing with liquid droplets containing particles. This experimental
apparatus consists of a slurry mixer container, stirrer and nozzle (Figure 3.6). A picture of
the experimental setup is shown in Figure 3.7. In addition to what described before, the
recirculation pump circulates the slurry to prevent sedimentation of the particles in the
mist catching tube. Pressurized air is supplied to the nozzle to deduct the slurry mixture
from the container which leads to formation of droplets containing particles. The gas
velocity in the mist flow tests were 45.7 m/s. Table 3.1 shows flow parameters and

testing conditions of these loops.

Suction Inlet

Figure 3.6 Schematics of air/water mist experimental apparatus
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Mist Catching Tube

’

Recirculation
Pump

Figure 3.7 Air/water mist flow experimental apparatus

Table 3.1 Summary of testing conditions in two experimental apparatuses

Parameter submerged air/water mist
Jet velocity (m/s) 16.8 (liquid) 45.7 (gas)
Particle concentration (kg/kg) 1% 1%

Liquid flow rate (L/s) 0.715 0.013
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3.3 Velocity Measurements

3.3.1 Gas Velocity Measurement

In this work, the gas velocity has been measured by means of a Pitot tube and
manometer. The Pitot tube consists of a tube with a hole at the tip of the tube exposed
directly to the fluid flow to measure the stagnation pressure and another tube on the side
which measures the static pressure. The sensed stagnation pressure cannot itself be used
to determine the fluid flow velocity. However, the manometer measures the difference

between the pressures of these tubes which is dynamic pressure.

stagnation pressure = static pressure + dynamic pressure (3.1)
or
1 2
e =ps+pu (3.2)

where p; is the total or stagnation pressure, p; is the static pressure, p is the fluid density

and u is the fluid velocity. Solving for the fluid velocity yields the following equation.

u= 2(pc—ps) (3.3)
’ p

3.3.2 Particle Velocimetry Measurement

Particle impact velocity is an important parameter in the erosion test, and it needs
to be measured accurately. Two of the most accurate methods of measuring particle
velocity are laser Doppler velocimetry (LDV) and particle image velocimetry (PIV). The

LDV, also called laser Doppler anemometry (LDA), is the technique of measuring the
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velocity of a moving object from the Doppler shift of the light that it scatters. This
technique can be used to measure the velocity of fluid, particles or bubbles. In the case of
fluid velocity measurement, seeding particles/bubbles are required and it is assumed that
they are moving at the same velocity with the fluid. This non-invasive method is used
extensively in the literature for the measurement of turbulent flows, flows around solid
objects and in other environments (Johnson 1998), but there are some limitations in
measuring the velocity near the wall or when the particle is not a good light reflector.

In this work, the particle velocity is measured using PIV at different gas velocities
at the exit of the nozzle to correlate the particle velocity to the gas velocity. This
correlation is used to estimate the particle impact velocity in the erosion experiments. The
PIV system (TSI Inc.) utilizes a double-pulsed Nd:YAG laser, CCD camera, synchronizer
and processor. Figure 3.8 shows a schematic of the PIV system, and Figures 3.9 and 3.10
show the whole velocity measurement system and details of the location of measurement
box and the camera, respectively. The light sheet is provided by a double-pulsed laser to
illuminate the particles, and the camera is synchronized with the laser pulses. The camera
captures two consecutive images of the field. The images are then transferred to the
processor to correlate between the two images and track particle movement and finally
produce the measured flow/particle velocity field.

Samples of tracked particles and measured particle velocity distribution (for 150
pm sand) at different gas velocities are shown in Figures 3.11 to 3.22. The circle is size
proportional to the particle size and the arrow shows the direction of movement and its
size and color shows velocity magnitude.

The wide particle velocity distribution may be due to the particle size distribution
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or turbulent flow fluctuations. Figure 3.23 shows the particle size distribution detected
from PIV captured images. The calibration curve shows the average particle velocity
versus gas velocity (Figure 3.24). In direct impingement tests, there is always slippage
between the entrained particles and gas. So, gas velocity is measured by the Pitot tube

and the corresponding particle velocity is extracted from the calibration curve.

Light sheet

1 Flow Direction

Synchronizer Processor

Figure 3.8 Schematics of particle image velocimeter

Processor

Figure 3.9 Particle velocity measurement setup
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(Camera)

Figure 3.10 Details of the position of camera and velocity measurement box
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Figure 3.11 Tracked particle sample (for 150 um sand)

at gas velocity of 46 m/s (5 inches H,0)
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Figure 3.15 Tracked particle sample (for 150 um sand)
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Figure 3.17 Tracked particle sample (for 150 um sand)

at gas velocity of 92 m/s (20 inches H,0)
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Figure 3.18 Particle velocity distribution (for 150 pm sand)
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Figure 3.21 Tracked particle sample (for 150 um sand)

at gas velocity of 113 m/s (30 inches H,O)
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CHAPTER 4

SAND PARTICLE EROSION MODELING

4.1 Introduction

There are lots of studies in the literature conducted on erosion to develop an
erosion equation theoretically or empirically. The application of empirical correlations is
limited to the materials used in the experiments with specific particles and impact
conditions, and theoretical formulations may not be in agreement with experimental data
as they have been developed with many simplifying assumptions. The approach in this
study is to combine the mechanistic and empirical methods to come up with an erosion
equation that can capture the erosion mechanisms while providing agreement with

experimental data.

4.2 Experimental Materials

4.2.1 Erodent Particles

In this work, 150 um semi-rounded sand is used as the main erodent particle, but
the effect of particle size and shape is studied with other particles including 300 um sharp

sand and 150 pm glass beads. Figure 4.1 shows SEM micrographs of these particles.
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150 pm semi-rounded sand

' 300 sharp sand

Figure 4.1 SEM micrographs of three erodent particles

4.2.2 Erosion testing materials

Seven target materials were selected for testing including two carbon steels (1018
and 4130), stainless steel 2205, 13 chrome duplex, Inconel 625 and aluminum alloy 6061.
Some of these materials are very common in many industries including oil and gas, and
their mechanical properties are distributed over a wide range to demonstrate the
capability of the erosion equation. Table 4.1 shows the properties of these materials. The
hardness of these materials is reported as the annealing Vickers hardness (for some
materials it is converted from Brinell hardness) because it will be shown that work or

thermal hardening processes have negligible effect on the erosion characteristics.
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Table 4.1 Target materials properties

Material Density (kg/m®)  Hardness (VHN)
Carbon steel 1018 7870 131

Carbon steel 4130 7850 162

Stainless steel 316 8000 224

Stainless steel 2205 7820 305

13 chrome duplex 7720 268

Inconel 625 8440 252

Aluminum alloy 6061 2700 31

4.3 Mechanistic Modeling

Meng et al. (1995) divided wear into three categories: mechanical, chemical and
thermal action. Chemical reaction of the material is classified as corrosion, and removal
of the material due to melting occurs at relatively high impact velocities which are out the
scope of this context. The mechanical removal of the material may be due to two
mechanisms: cutting and deformation (Bitter 1963a, 1963b). When a particle impacts a
surface at grazing angles, shearing tension is applied to the material at the contact area,
and plastic deformation is caused when kinetic energy of the particle is sufficiently high.
This process is repeated for subsequent particle impacts until a piece of material is
removed from the surface. At normal impacts, the repeated collisions of many particles
cause plastic deformation on the surface if they exceed the elastic limit and form platelets
on the surface that may lead to material failure. The erosion scar and SEM micrographs
of eroded areas of the stainless steel 316 samples with 150 um sand particles with impact

angles of 30° and 90° are shown in Figure 4.2. The mechanism of erosion varies from

33



scouring erosion at grazing impact angles where long craters are formed to platelet
formation erosion at normal or near normal impact angles. So, the erosive damage by
solid particles is caused by two mechanisms namely cutting and deformation. Cutting
wear is the process of displacing a piece of material by a particle which will be removed
totally or partially by subsequent impacts. Deformation wear is the removal of the
material by repeated impact of the particle in the normal direction which results in
material plastic deformation, hardening, sub-surface cracking and finally a piece of
material will break off. The total wear is the summation of the two terms, cutting plus
deformation:
ER = ER; + ER)p (4.1)
The new model will consider both of the erosion mechanisms for ductile materials
based on these experimental observations. The volumetric loss of the material due to a
particle impact can be estimated from the volume of the material that is swept by a single
rigid particle as it cuts into a ductile surface. The forces that resist the motion of the
particle are shown in Figure 4.3. The equations of motion of the particle in horizontal and

vertical directions originally developed by Finnie et al. (1978) are as follows,
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() (b)

Figure 4.2 Erosion scar and SEM micrographs of SS-316 surface

eroded with 150 um sand at two impact angles: a) 30° and b) 90°

F,=P.A,=P.(nRy)

Figure 4.3 Force balance of the particle cutting into the surface

d?y

—~ 4+ PnRv= 4.2
mdt2 +PnRy=0 (4.2)

d’x PnRy

—— 4 =0 4.3
e K (43)

in which m is mass of the particle, P is the flow pressure for annealed material which is

assumed to be the Vickers hardness of the material, n is the ratio of contact area to the
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removed area and R is the particle size so that (according to the Hertz contact stress
(Andrews 1930))

A, =n.R.y (4.4)

It is assumed that contact area in the x-direction is a fraction of contact area in the

y-direction as a particle is arbitrary in shape and K depends on shape of the particle and

material deformation behavior. In contrast to the constant value that is assigned by Finnie

et al. (1978), the value of K will be determined from experimental data for each material.

Integration of Egs. (4.2) and (4.3) and using initial velocity and location of the particle

yields,
= ULn(e)sin(ﬁt) (4.5)
B
X = tU cos(6) — U Siﬂ(@)[t}[jﬁ— sin(Bt)] 4.6)
where
g= | ;R 4.7)

The swept volume is

m U? sin(0)[2K cos(0) — sin(0)] for 6 <tan—'K

2K?2P
Vol = | A,.dx = 4.8
ok jx x m U? cos(0)? 9 (48)
T for 6 =tan™"K

If the impact angle is greater than tan™ 'K, the particle will have a velocity
component in the x-direction when it leaves the surface and the first equation applies.
Otherwise, the x-component of velocity will be zero earlier and the second equation is

obtained.
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Bitter (1963a) proposed the following equation for deformation erosion,

1m (Usin8 — U,.,)?
VOlDZ— ( tsh)

2 £ 4.9)

in which U is the particle initial velocity, Ui, is the threshold velocity below which the
deformation erosion is negligible and ¢ is the deformation wear factor.
The final form of erosion equation with incorporated empirical factors is

kg C.Vol; +Volp
—~Z|=F, 4.10
BR [ g] Fopt—t (4.10)

where F; is the sharpness factor of the particle, p is the material density to convert
volumetric loss to mass loss and C is the cutting erosion coefficient that is multiplied by
the calculated displaced volume above as every impact is not as ideal as what is assumed
here and multiple particle impacts are required to remove a piece of material.
Experimental data implied that

Vol, « U?*1 (4.11)
This may be due to the efficiency of cutting during impact or the effect of velocity on the
material resistant forces, and the velocity exponent in cutting erosion need to be updated
according to the experimental data.

Many studies in the literature (Tilly 1973, Misra et al. 1981, Bahadur et al. 1990,
Liebhard et al. 1991) showed that the effect of particle size on erosion is not considerable
for particles larger than 100 um. This is observed in the derivation of the cutting erosion
equation (Eq. 4.8) which is not a function of particle size, although the particle size, R, is
considered in the equations of motion (Egs. 4.2, 4.3). But in the deformation erosion
equation (Eqg. 4.10) which is based on the kinetic energy of the particle, the value of

threshold velocity needs to be a function of particle size. The ratio of the kinetic energy
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of a particle with average size of R, to that of the reference particle with average size of

R; with the same velocity is

KE, _m2 _ (&f (4.12)
KE, m; \R; '

So, the ratio of the threshold velocity that the particle with size of R, may cause

deformation erosion to the corresponding value for the reference particle (Ry) is

(Utsn)- _ |KEx  |[(Rq 3
(Uesn)1 j; - /(R_z) (4.13)

Particle shape has an influence on two things: first, the dependency of erosion on the

impact angle and second, on particle erosion effectiveness. Rickerby and Macmillan
(1980) derived an equation for the volume of the crater caused by a spherical particle, but
their equation needs to be solved numerically. The experimental study by Hutchings
(1977) on the deformation caused by square plates did not result in an equation.
Explanation of erosion mechanisms of material removal by an angular particle is
presented by Papini et al. (2006) and Dhar et al. (2005). According to Figure 4.3 and Egs.
(4.2, 4.3), K is the ratio of the contact area in the y-direction to the contact area in the x-
direction. Simple geometrical relations for a sharp particle represented by a square
impacting the surface by one of its vertices and a rounded particle represented by a circle
imply that

K
_sphere 2.5 (4.14)

quuare
So, the value of K (which is 0.4 for most of the materials eroded with sand) needs
to be multiplied by the factor obtained above for round particles, and this increase in the

value of K will change the angle dependency in Eq. (4.8). Particle sharpness changes the
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erosion effectiveness through stress concentration and changes the contribution of
ploughing and microcutting contributions in erosion (Bahadur et al. 1990). Liebhard et al.
(1991) determined that angular particles can cause four times more erosion than spherical
particles. So, the sharpness factor (Fs) introduced above (Eq. 4.10) varies between 0.25

for fully rounded particles up to 1 for fully sharp particles.

4.4 Experimental Validation

The target materials introduced earlier have been tested at different impact
velocities and angles with 150 um sand (for which the sharpness factor is 0.5) to find the
empirical constants in the erosion equation. The empirical constants are provided in
Figures 4.4 and 4.6. The cutting erosion constant, C, is observed to be a function of
material annealing hardness for these materials, and it follows a trend for these metals.
This factor correlates with the square root of the target material hardness. So, the cutting
erosion will be proportional to the inverse square root of Vickers hardness. A similar
trend has been observed in another study in the literature. Finnie (1967) conducted
erosion experiments on some pure materials as well as some alloys with silicon carbide at
20 degrees and impact velocity of 250 ft/s (76 m/s). The results are shown in Figure 4.5.
The specimens in annealed form are represented by open circle markers, work hardened
represented by filled circle markers and square markers are data points of thermally
hardened materials. Vertical axis is the erosion resistance which is defined as one over
volumetric erosion in g/mm?®, and horizontal axis is the Vickers hardness of the target
material. It is observed that erosion resistance correlates mainly with annealed hardness

of the specimen, and work and thermal hardening processes have negligible effect. For

39



some pure materials, the erosion resistance is proportional to the annealing Vickers
hardness, and for some others including iron and three alloy steels 1213, 1045 and tool
steel, it is proportional to the square root of annealing Vickers hardness.

For deformation erosion and its empirical constant, finding the correlation is more
difficult. In Figure 4.6, the threshold velocity on the left axis and deformation wear
factor on the right axis are plotted versus target material hardness. Open markers
represents threshold velocity and filled markers are deformation wear factors for
aluminum, two carbon steels and four stainless steels. But an approximate correlation
may be found for each group of materials between the empirical constants and material
hardness, and we can estimate erosion behavior of other steels with these correlations.
The threshold velocity is decreasing with the material hardness for all of the samples. The
deformation wear factor increased with material hardness for aluminum and stainless

steel but showed dissimilar behavior for carbon steels.
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Figure 4.4 Cutting erosion empirical constants for tested materials
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Figure 4.6 Deformation erosion empirical constants for tested materials

Figures 4.7 shows a sample of prediction by the erosion equation for satinless

steel 316 and contribution of cutting and deformation in the total erosive wear.
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Figure 4.7 Contribution of cutting and deformation wear in the total wear

Figures 4.8 to 4.10 show experimental data for carbon steel 1018, stainless steel

2205 and aluminum alloy 6061 and corresponding values from the erosion equation. Fair

agreement is observed between the model predictions and experimental values.
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Figure 4.9 Erosion ratio of stainless steel 2205

at different impact velocities and angles
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Figure 4.10 Erosion ratio of aluminum alloy 6061

at different impact velocities and angles

In this erosion equation, the angle dependency of erosion varies with velocity. At

impact velocity lower than threshold velocity, the deformation erosion is negligible. By

increasing the particle impact velocity, the deformation erosion term become appreciable

especially at normal impact and changes the angle dependence of the erosion ratio. Figure

4.11 shows normalized erosion ratio with respect to the maximum value for each impact

velocity. It is observed that the angle function is not the same at all impact velocities, and

a feature of the new model is that it captures angle function variation with impact

velocity. This phenomenon is not important at impact velocities higher than the threshold

velocity (Oka et al. 1997).
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Figure 4.11 Normalized ER of Inconel 625 at different impact velocities and angles

In another comparison, model predictions are compared to experimental data of

stainless steel 316 (Vieira 2014) eroded with 300 um sand particles at different velocities

and impact angles (Figure 4.12). It is important to note that the model is developed with

experimental data for 150 um sand and only two parameters have been changed.

Threshold velocity is decreased from 5.8 to 2 m/s based on the concept that kinetic

energy of a 300 um particle is about § times

that of a 150 wm particle with the same

velocity, and the sharpness factor is also increased to 1 because 300 um sand particles are

very angular.
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Figure 4.12 Erosion ratio of stainless steel 316

at different impact velocities and angles

In order to study the effect of particle shape on the angle dependency of erosion,
the normalized erosion ratio of aluminum alloy 6061 eroded with 150 pum glass beads
(Nidasanametla 2012) is compared to the corresponding values from 150 pm sand
erosion tests (Figure 4.13). The markers are experimental data for 150 um sand and glass
beads, and the dashed, solid and dashed dot lines are model predictions for sand at high
velocity and glass beads at high and low impact velocities, respectively. The value of K is
increased from 0.4 for sand particles to 1 for glass beads based on Eq. (4.14). This shifts
the location of maximum erosion to higher impact angles, which is in agreement with

experimental data.
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Figure 4.13 Normalized erosion ratio of aluminum alloy 6061

eroded with sand and glass beads

So the final form of the erosion equation is

U%* sin(0)[2K cos(8) — sin(0)]

C,Fs 6 < tan~'(K)
2K?
ERc = U2*cos? () (4.15)
\Cifs———— 8 > tan~1(K)
Usin® — Upgp)?
ERp = CZFS( tsn) (4.16)

2

and the empirical constants for all tested materials are listed in Table 4.2. It should be
noted that the values of K and Ui, are listed for 150um sand, and they should be adjusted

for other particles.

47



Table 4.2 Empirical constants for the erosion equation

Material C: C, K U (M/s)
Carbon steel 1018 5.90E-08 4.25E-08 0.5 5.5
Carbon steel 4130 4.94E-08 3.02E-08 04 3.0
Stainless steel 316 458E-08 5.56E-08 0.4 5.8

Stainless steel 2205 3.92E-08 2.30E-08 0.4 2.3
13 chrome duplex 411E-08 3.09E-08 0.5 5.1
Inconel 625 458E-08 4.22E-08 0.4 5.5

Aluminum alloy 6061 3.96E-08 3.38E-08 0.4 7.3

4.5 Uncertainty Analysis and Error Propagation

4.5.1 Uncertainty in Velocity Measurement

The uncertainty in the velocity measurement originates from the gas velocity
measurement by Pitot tube and particle velocity measurement by PIV. According to the
error propagation rule (Taylor 1981), if g is any function of several variables x,, x,, x3,

..., Xy then

dx, 0x,

6q = \/(a—q6x1)2 + -4 (a—q6xn)2 (4.17)

where §q is the estimated error for the function g from independent random errors in

variables x, x5, x5, ..., x,. Recalling Eq. (3.3) on the relation of fluid velocity and the
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measured dynamic pressure

2Ap RT
V= |—= [20p—
P p

(4.18)

where Ap is the measured dynamic pressure in Pa, p is gas density in kg/m?, R is the ideal

gas constant, T is the gas temperature in K and p is the gas pressure in Pa. So, the relative

uncertainty in the Pitot tube measurement is

6
eV=7q= /e§p+e%+el§

1 oV 1uAp

and

‘2 =G5 ap " T 2 p

T AT T T 2T
10V lu,

ep=§%up— Zp

(4.19)

(4.20)

(4.21)

(4.22)

in which V is the average measured velocity and u,/x is the relative uncertainty in the

measuring parameter x. Among the uncertainties in these parameters, the uncertainty in

the dynamic pressure measurement is of great importance. Experimental measurement

revealed that for the hand-held Pitot tube the dynamic pressure is fluctuating at most 0.5

inches of water which corresponds to 20% relative error in measuring 2.5 inches of water

(0.5/2.5). The relative error decreases with increase in the dynamic pressure, but we are

considering the worst case for error analysis. All of the measurements where done inside

the building, so the temperature fluctuations should not exceed 5 K which corresponds to

1.7% (5/298) relative error. The variation in ambient pressure where the velocity is

measured is also estimated to be less than 2% (0.3 psi / 14.7 psi) and will not be
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considered here. So, the final uncertainty in the gas velocity measurement is

1 1 1
ey = \/Z (0.2)? +7(0.017)? +7(0.02) = 0.101 ~ 10% (4.23)

The uncertainty in particle velocity determination is of a different nature. Particles
move in the nozzle with different velocities as the injection point is not far from the
nozzle exit (about 6”), and the particles have not reached steady-state condition yet. The
particle velocity fluctuations may be also due to the random nature of particle movement
in turbulent gas flow in the pipe. PIV measurements are assumed to be accurate
compared to uncertainties in the gas velocity measurements because this method uses
high precision devices (laser, camera and synchronizer) to determine the particle velocity.
The results of PIV measurements for 150 um sand at different gas velocities are

summarized in Table 4.3.

Table 4.3 Particle velocity measurement results for 150 um sand

Dynamic Air Velocity Particle Average Particle Velocity Relative
pressure (in H,O) (m/s) Velocity (m/s) STD (m/s) Uncertainty (%)
5 45.9 15.8 4.1 26
10 64.9 20.4 5.9 29
15 79.5 22.7 51 22
20 91.8 30.1 8.7 29
25 102.7 334 9.1 27
30 112.5 35.1 7.9 22

The uncertainty values in Table 4.3 are higher than 10% which is the value

obtained for the gas velocity, but it should be noted that particle velocity variations are
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not errors in the measurements but are the nature of the erosion testing apparatus that
yields a distribution of particle velocities. In a testing condition where the average
velocity of particles is V, there are many particles (about 68% of the population based on
the normal distributions) that move with velocity between V — ¢ and V + o where o is
the particle velocity standard deviation. In other words, there are some particles that
move faster than the average and at the same time some particles move slower than the
average. Based on the experimental observation, the erosion is proportional to V241, If
we calculate the erosion caused by an individual particle in a particle stream at a specific
gas velocity and compare it with the erosion calculated from the average particle velocity,
we will find the effect of velocity uncertainty on the erosion ratio calculation. Table 4.4
shows the relative difference between the erosion caused by individual particles and

erosion from the representative average particle velocity.

Table 4.4 Effect of particle velocity uncertainty on erosion

Particle Average o 241 lzn“ p241 Relative error
Velocity (m/s) avg n L L (%)
15.8 768.6 929.4 -10
20.4 1425.7 1587.9 -12
22.7 1848.9 1965.1 -8
30.1 3570.2 3855.8 -12
334 4652.2 4980.7 -11
35.1 5108.5 5543.9 -11

The average relative error in Table 4.4 is 11% about half of the average relative

uncertainty in Table 4.3 (26%), but from the uncertainty estimation equation (Eq. 4.17) it
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The reason that we obtained 17% compared to 63% is probably the compensation effect
of faster and slower particles than the average. We will take into account both cases,
uncertainty in the gas velocity determination and uncertainty in the particle velocity

determination in the final erosion equation.

4.5.2 Uncertainty in Mass Loss Measurement
As described in detail in Chapter 3, the mass loss is measured by a digital scale,
and a line is fit through the cumulative mass loss points versus sand throughput. Table

4.5 shows the standard relative error in the coefficient of the regression line.

Table 4.5 Relative uncertainty in the erosion ratio determination from mass loss

Average standard relative error (%)

Material
9.2 (m/s) 18.4 (m/s) 27.6 (m/s)

Carbon steel 1018 6.8 7.3 2.4
Carbon steel 4130 11.5 4.5 6.1
Stainless steel 316 24.9 4.6 3.8
Stainless steel 2205 7.2 6.4 11.0
13 chrome duplex 8.7 3.9 4.8
Inconel 625 12.4 4.7 3.9
Aluminum alloy 6061 38.6 8.2 8.7

The average value for all materials and particle velocities is about 9%, which is
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consistent with the weight measurement scale uncertainty (£0.0002 g / 0.0020 g).

4.5.3 Error Propagation in Erosion Ratio Equation
The erosion equation is developed based on experimental data including particle
velocity and weight loss of the tested coupon. Based on Eq. (4.17) and applying error

propagation rules, the uncertainty in the empirical constants in the erosion equation is

%er = \/evz + eélass loss (4'25)

Table 4.6 shows the average relative uncertainty in the erosion ratio resulting
from uncertainty in the velocity measurement, either gas velocity or particle velocity, and
mass loss measurement. The uncertainty due to particle velocity determination is
evaluated in two ways. First, it is assumed that the uncertainty from particle velocity
(which is 26% on average) propagates according to Eq. (4.17) and for the second case,
the compensation effect of particles with lower velocity than the average and particles
with higher velocity than the average is considered. The results show that even 60% error
in the erosion ratio is not surprising but the most realistic estimate of max uncertainty

would be 26% because of the uncertainty in gas velocity and mass loss measurement.

Table 4.6 Quantification of relative uncertainty in the erosion ratio

Uncertainty in Erosion Ratio (%)

Parameter
due to gas velocity due to particle velocity
Velocity uncertainty 241 x 10 2.41 x 26 11
Mass loss uncertainty 9 9 9
Total uncertainty 25.7 63.3 14.2
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Figure 4.14 shows the experimental data and model prediction of erosion ratio for

stainless steel 316 and the error bars shows the corresponding 26% uncertainty.
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Figure 4.14 Erosion ratio of stainless steel 316

at different impact velocities and angles
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CHAPTER 5

EROSION BY SOLID PARTICLES OTHER THAN SAND

5.1 Introduction

In the previous chapter, we studied the erosion caused by sand particles but there
are some other solid particles that may cause erosion. The examples are some scale
products such as calcite, magnetite, hematite and barite and these particles may also
cause erosion. Calcite is one of the main scale products which is formed due to changes
in conditions of the fluid in the reservoir. Black powder which is mainly composed of
magnetite is another scale product which forms in the presence of water, oxygen,
hydrogen sulfide and carbon dioxide from corrosion of ferrous steel pipe, and hematite is
another corrosion scale of ferrous steel pipe. Barite is a scale product that forms when sea
water which is rich in sulfate ions comes in contact with the barium ion in the brine.
Moreover, some of these particles are being used as a densifying agent in particulate well
kill fluids.

Although significant work has been conducted on sand erosion, the erosion of
other particles has not been widely investigated. Levy et al. (1983) examined effects of
particle characteristics on erosion of AISI 1020 carbon steel. Particles examined were
calcium carbonate (calcite), silica flour, aluminum oxide, silicon carbide and steel. The
particles were sharp and the sizes ranged from 180 to 250 um, and two impact angles

were examined at an impact velocity of 80 m/s. Measured erosion ratios (mass of target
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material/mass of impacting particles) were much lower than sand when a soft erodent
such as calcite was used as the erodent. They concluded that particles with lower
hardness than sand may shatter when they impact the target at this high velocity, and this
may cause the particle fragments to be embedded into the steel target thereby protecting
the target material from subsequent impacts and reducing erosion rate. Additionally,
particles with higher hardness values than sand such as aluminum oxide and silicon
carbide did not cause higher erosion ratios than sand. But, Babu et al. (2011) indicated
that for harder target materials such as tungsten carbide, SiC particles caused more
erosion than sand. Wada et al. (1987) proposed a correlation that erosion rate of target
material depends on the ratio of the target material hardness to the impacting particle
hardness raised to an exponent. Shipway et al. (1996) also investigated the effects of
particle hardness on various target materials and concluded that increasing the ratio of the
erodent particles to the target material hardness increases the erosion rate and even
affects the velocity exponent on erosion rate. In general, characteristics of both target and
erodent particles including density and hardness may be important in addition to shape
and size of particles. High velocity of larger impacting particles may also cause
fragmentation of particles and cause impacting soft particles to embed inside the target
materials affecting erosion data.

Iron oxides, calcium carbonate, barite and silica represent some of the small solid
particles that are entrained in liquids and may impact oil and gas pipelines and equipment
at much lower velocities than those examined previously by other investigators.
Akbarzadeh et al. (2012) studied the erosive behavior of magnetite particles on different

materials at 90 and 130 m/s. There are limited data available about erosive behavior of
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small scale products at lower velocities, especially when they are entrained in the liquid.
As stated earlier, erosion is a function of different parameters including particle

size, shape and hardness and because of the different characteristics (exclusively

hardness) of the new particles, sand erosion models are not applicable to calculate erosion

resulting from these particles.

5.2 Experimental data

In this work, two experimental apparatuses have been used, (1) particles entrained
in submerged liquid jet in a slurry tank and (2) gas testing with liquid droplets containing
particles, and the tests have been conducted with nine erodent particles. The details of
experimental setup is described in Chapter 2. The small erodent particles that have been
selected have a wide range of properties (see Table 5.1). Iron powder is the softest
particle with a hardness of 65 kgf mm™ using the Vickers scale, and silicon carbide is the
hardest (3000 kgf mm™). The average size varies from 2 um (for magnetite) to 40 pm
(for apatite), and the density range is from 2650 to 7860 kg/m?® for silica flour and iron
powder, respectively. Scanning electron microscope (SEM) images of some of these
particles are shown in Figure 5.1. For some of these particles, the average size was
unknown, and SEM images have been processed to characterize the particle size
distribution. Figures 5.2 to 5.6 show the particle size distributions for iron powder,
calcite, barite, magnetite and silica flour, respectively. Density and size of particles affect
their impact velocity as they move in the liquid layers formed on the target wall by the jet

or droplet impacts. It is required to estimate the impact velocities to find a correlation
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between the particle hardness and induced erosion. CFD simulations and particle tracking

were used to estimate the average impact velocity for each case, but droplet velocity is

not the same as gas velocity in mist flow testing and was measured by particle image

velocimeter (PIV).

Table 5.1 Erodent particle properties

Particle Densigy Average Hardness
(kg/m?) size (Um) (VHN)
Iron powder (Fe) 7860 32 65
Calcite (CaCO3) 2710 6 145
Barite (BaSQOy) 4300 38 173
Apatite (Cas(POg)3) 3140 40 300
Hematite (Fe,O3) 5260 30 600
Magnetite (Fe3O,) 5170 2 680
Silica Flour (SiOy) 2650 24 1000
Alumina (Al,O3) 3950 20 2000
Silicon Carbide (SiC) 3210 20 3000

58



Figure 5.1 SEM images of erodent particles
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Figure 5.6 Silica flour particle size distribution

Figure 5.7 shows mass loss of the SS-316 specimens after 72 hours of testing in
both submerged and mist flow configurations. Markers are experimental data points and
solid and dashed-dot lines are the average of three experiments conducted at same
condition to show repeatability of the results. The particle throughput in the two
experimental apparatuses was different, so the mass loss values are converted to erosion
ratio (ratio of mass loss to the mass of particles throughput based on concentration and
liquid rate) and plotted in Figure 5.8. Squares are data points for submerged tests, and
diamonds represents mist flow data. Mass losses of the specimens in the submerged test
were higher than what was observed in the mist flow tests because the liquid flow rate
and particle impingement rate were higher, but the erosion ratio is relatively consistent in
the two experiments for most of the particles as it is normalized by the particles

throughput. It should be noted that particles that are impacting the target are impacting at
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different impact velocities due to differences in density and size as they slip through the
liquid protecting the target, and thereby their velocities are much smaller than the liquid

jet and gas velocities.
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Figure 5.7 SS-316 mass loss after 72 hours in submerged and mist flow tests
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Figure 5.8 Erosion ratio of the SS-316 specimens for different particles

In order to correlate erosion with particle properties, particle angularity and
impact velocity must be known. Powers (1953) classified particles into six categories
based on their roundness: very angular, angular, sub-angular, sub-rounded, rounded and
well-rounded as shown in Figure 5.9. Experimental results at the Erosion/Corrosion
Research Center (E/CRC) showed that well rounded particles (glass beads) cause four to
five times less erosion than very angular particles (sharp sand), and this phenomenon has
been observed by other researchers (Desale, et al. 2006; Bahadur, et al. 1990). So,
angularity numbers have been assigned to each category from 0.25 for well rounded up to
1.0 for very angular particles and the other categories take numbers in between. Table 5.2
shows angularity numbers assigned to each particle based on the visual observation under
SEM (Figure 5.1). The angularity factor that has been assigned to the particles in this

study ranges from 0.5 to 1. Angularity factors less than 0.5 are not applicable to these
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particles because none of these particles are rounded or well-rounded as observed in the
SEM micrographs. So, the possible error associated with this method will be confined in

the specified range.

1 0.85

Very Angular Subangular Subrounded Rounded Well
Angular Rounded

Figure 5.9 Classification of the particles according to their shape (Powers 1953)

Figure 5.10 shows surfaces of SS-316 specimens eroded by silica flour, iron
powder, barite and magnetite. The top image is in the center of the impacting area, and
the lower images show the eroded surfaces at 4 mm from the center. At the center,
particles impact the specimen normally and platelets are formed on the surface which
may lead to surface failure after repetitive impacts. At locations far from this point,
particles impact the specimen at grazing angles and craters are formed on the surface in
so called scouring erosion phenomenon. The SEM images did not show any fragments of
particles embedded as the impact velocities of these particles with the SS-316 material
are fairly low as shown below. This was confirmed by using Energy Dispersive X-ray
Spectroscopy (EDX) in the locations that were suspicious to have embedded particles

after the test. It is noted that craters created by silica sand are much deeper than others,
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and even tiny magnetite particles create craters that are similar to larger silica sand.

Iron powder

Figure 5.10 SEM micrographs of different locations on SS-316 specimens
eroded with different particles
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5.3 Data Analysis and CFD Simulation

It is well known that the major contributor to erosion is impact velocity of
particles. Thus, significant work was dedicated to estimate the representative impact
velocities of these particles. To estimate impact velocity of particles that were entrained
in the liquid droplets, the velocities of droplets were first measured by PIV. Then for
both submerged and mist flow tests, CFD simulations and particle tracking inside the
liquid droplet or jet were conducted to estimate the impact velocity of particles that
penetrate into the liquid layer formed by droplets or continuous jet impact.

ANSYS Fluent is used to study relative motion of the particles with respect to
liquid when it is spreading out on the wall. The simulation for submerged slurry jet
impact was done with the turbulent Reynolds stress model, and after obtaining the steady-
state flow solution, particles were injected at the nozzle exit and modeled as a discrete
phase (DPM) and traced until they leave the simulation domain. Figure 5.11-a and 5.11-b
show velocity contours and particle traces in the submerged configuration, respectively.
For droplets containing small particles, the simulation is more complex. Transient
multiphase flow with volume of fluid (VOF) model was used to simulate a droplet
moving with an initial velocity measured by PIV toward the wall. The initial particle
location, size and velocity were set through an injection file in Fluent and particles traced
until they leave the simulation domain. It is assumed that the droplet and particles that are
inside the droplet have the same initial velocity, and particles are distributed uniformly in
the droplet. For droplet impact, the simulation was done with a laminar fluid model with
uniform mesh over the 10 mm by 15 mm field and the cell size was 5x10™ m. A variable

time step was used to keep the Courant number below one. The resulting time step was
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approximately 1 ps.
Figure 5.11-c shows a sequence of a droplet with particles inside during impact.
The velocity of impacting particles was not constant, and the average value from

simulations for both cases is reported in Table 5-2.

Nozzle Nozzle

R2222

Particle
Traces

N

Specimen -7 )

Droplet Entrained
- Particles

Figure 5.11 CFD simulation and particle tracking results, a) velocity contours and
b) particle traces in submerged jet flow and c) sequences of droplet impact with

particles
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Table 5.2 Average particle impact velocity and angularity

Representative normal Average normal
component of impact  component of impact

Particle Angularity velocity in submerged velocity in mist flow
test (m/s) tests (m/s)
Iron powder (Fe) 0.50 3.76 6.86
Calcite (CaCOg) 0.75 1.67 2.66
Barite (BaSQOy,) 0.70 3.45 6.17
Apatite (Cas(POs)s) 0.75 3.16 5.36
Hematite (Fe,03) 0.75 2.99 3.70
Magnetite (Fe3O4) 0.75 1.62 2.10
Silica Flour (SiOy) 1.00 2.75 3.10
Alumina (Al,O3) 1.00 2.11 3.33
Silicon Carbide (SiC) 1.00 1.97 2.89

5.4 Effect of Particle Hardness on Erosion

Figure 5.12 shows test results for submerged and droplet testing obtained in this
study and Levy’s data in the literature that was gathered using an experimental facility,
procedure and velocities that were much different than the current study and were
obtained for much larger particles entrained in gas streams (Levy 1995). The vertical axis
is erosion ratio divided by the normal impact velocity squared to consider the effect of

particle size and density that affect deceleration of a particle when it enters the viscous
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layer near the wall and divided by the angularity factor obtained from visual observation
of the particles under SEM. Considering that these data were gathered with three
experimental facilities that were considerably different with particle impact velocities
ranging from 2 to 80 m/s, the normalized data appear to line up well as a function of

Vickers hardness of the particles.
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Figure 5.12 Correlation between normalized erosion and particle hardness

The dashed line in Figure 5.12 is passed through the data points for which the
hardness of the particle is less than the hardness of SS-316 (~ 220) and other particles
separately. The overall trend of experimental data shows that erosion increases with
particle hardness, but as observed in Figure 5.7 the hardness effect is remarkable when
the hardness of particle is less than the hardness of target material and erosion ratio does

not increase significantly when the particle hardness is higher than the material hardness
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and the particle keeps its integrity during impact. The erosivity of the particles depends
on their ability to concentrate force locally on the target (Levy et al. 1983, Shipway et al.
1996). When impacting particles are not as hard as the target material, they may deform
during impact, and their kinetic energy will not be effectively transferred to the target

material.
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CHAPTER 6

LIQUID DROPLET EROSION MODELING

6.1 Introduction

There are many high productivity gas wells around the globe that can produce
large volumes of gas and condensate but are being choked to prevent erosion and erosion-
corrosion. Pipe walls are subjected to erosion not only by sand particles but also by liquid
droplets, and many oil and gas operators believe that the threshold velocity for sand free
production should be based on liquid impact erosion.

In this study, experimental data and a corresponding method in the literature for
erosion caused by liquid impacts are utilized and their applicability to the oil and gas
industry has been examined. Experimental data that has been obtained for several oilfield
materials and the method developed in this study are used to develop a model to predict
the erosion ratio (ratio of volume loss of material to volume of water impinging) of these
materials for a desired condition. This model has been implemented into a method for
predicting droplet impact velocities to predict erosion caused by liquid impacts and
calculate thickness loss rate of oilfield elbow materials for different conditions.

Two cases that are susceptible to become eroded by liquid impacts are shown in
Figure 6.1. In the case when liquid droplets pass through an orifice or in choke flow,
liquid droplets may hit the wall and cause erosion. In another scenario, for two-phase

flow through an elbow, liquid droplets may hit the pipe wall and cause erosion.
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Figure 6.1 Two possible cases for liquid droplet impingement erosion

6.2 Experimental Data

In the literature, two major types of experimental methods to evaluate the material
integrity exposed to liquid droplet impacts have been utilized. In the first type, specimens
are mounted on a rotating disk or arm and cut through a liquid jet or liquid droplet stream
(see Figure 6.2-a). In the second type, a liquid jet or droplet stream is accelerated to hit a
fixed specimen as shown in Figure 6.2-b. Experimental results show that there is a

significant difference between the results provided by these two types experiment.

of
\Y
%
(@) (b)
Figure 6.2 Rotating arm and liquid jet erosion experiment schematics

Some of the experimental studies in the literature are as follows. Thiruvengadam

et al. (1970) used aluminum-1100 and SS-316 with diameter of 3/8" inch mounted on a
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rotating disk cutting through a 1/16™ inch jet of water. In Figure 6.3 the number of
impacts required to initiate erosion is shown on the horizontal axis, whereas the vertical
axis shows the corresponding impact velocity. The circle markers show experimental
values for SS-316, and the threshold velocity is estimated to be 150 ft/s. Triangle markers
show values for aluminum, and the corresponding threshold velocity is found to be 50

ft/s.
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Figure 6.3 Effect of impact velocity on liquid impact erosion inception

In another study, Baker et al. (1966) used a 12% Chromium Steel specimen
rotating on a disk, hitting water droplets. As shown in Figure 6.4, the maximum values of
erosion rate for different liquid droplet sizes are obtained versus different impact
velocities. The maximum erosion rate is for the maximum size of droplets, 1050 microns,
and the threshold velocity is found to be 120 m/s (390 ft/s).

Another recent example is the work conducted by Higashi et al. (2009). He used a

specimen mounted on a rotating disk cutting a jet flow. Wastage rate of the pipe is
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provided in Figure 6.5. The blue color shows that the wastage rate of the pipe is below 2
mm/year, and the orange color shows that this value is over 2 mm/y. Impingement speed
required to erode pipe over 2 mm/year is plotted for aluminum, brass and stainless steel.
So, the threshold velocity is 30 m/s for Aluminum, 40 m/s for brass and 45 m/s for
stainless steel. This observation is clearly not in agreement with the Baker et al. (1966)

study described above.
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Figure 6.4 Maximum erosion rate vs. impact velocity (Baker et al. 1966)
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Figure 6.5 Wastage speed of the pipe (Higashi et al. 2009)

Hattori (2010) measured the maximum depth of erosion for three materials: S15C
or carbon steel, stainless steel 304, and STPA24 which is an alloy steel used for pipes. He
used a fixed specimen configuration and accelerated the water jet toward the specimen.
The maximum depth of erosion was measured during exposure time for carbon steel. The
threshold velocity in which no measurable erosion would take place is 80 m/s for carbon
steel and 120 m/s for stainless steel 304.

The results of the experiments reviewed so far are summarized in Table 6.1. The
experiment could be a paddle wheel type with continuous jet or a droplet stream or a
nozzle jet type. Different materials have been used in these experiments but some of them
are similar. It can be seen that the results provided by these different types of experiments

vary significantly.
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Table 6.1 Experimental studies in the literature

Velocity
No. Reference Exp. Type Material Erosion
(m/s)  (ft/s)
1 Thiruvengadam j nggg}e& Aluminum 15 >0 Threshold
et. al. (1970) ,, Velocities
& Wheel $5-316 46 150
- Droplet
Baker et. al. J———— Threshold
2 (1966) @,_,, SR &V\F;ﬁgglle H.S.S. 120 390 Velocity
‘ Aluminum 30 98
o (A%, Stream & 2 mm/
3 H'gazsgggt' al. \(/‘ " Paddle Brass 40 131 y
(2009) - Wheel (78 mpy)
SS-304 45 147
_ S15C 80 260
4 Hattori (2010) /;] NCJ)gIe STPA 24 90 295 I/r;:gsé?gé(:
SS-304 120 393

A set of proprietary experiments were conducted at the University of Tulsa in

1994 by Professor Shadley (Shadley 1994). The “liquid jet and paddle wheel” erosion

apparatus used a design that conforms to the American Society for Testing and Materials

Standard G73-10 (ASTM 2010). The test specimens were mounted on a rotating paddle

wheel by means of special mounting brackets (Figure 6.2-a). The wheel turns at a

constant rotational speed, and a jet of fluid is directed transverse to the plane of rotation

so that the specimens impact the fluid jet. The angular velocity of the wheel dominates

the impact velocity. The specimens are slightly tilted so that the impact angle is 90°.

Figure 6.6 shows how this angle produces a normal impact of resultant velocity. Nine

materials were evaluated in this program. Mechanical properties and chemical
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composition of materials tested are shown in Table 6.2 and Table 6.3, respectively.

Specimen
Velocity )
Water Jet Spemmen\‘
Velocity
7 Specimen
Velocity
Normal Incidence Relative Velocity / \
Impact Velocity Component
Water Jet 30°

(a) (b)

Figure 6.6 (a) Specimen jet normal incidence, (b) 30° impact angle

Table 6.2 Mechanical properties of tested materials

Tensile strength, Yield strength, Hardness

Alloy UNS no. Ksi Ksi Brinell
9Cr-1Mo K90941 95 * 68 * 214 *
CS-1018 510180 99.5 90 210
13Cr-A $42000 105.1 61.4 200
13 Cr-H $42000 92.7 76.5 197
55-316 $31603 85 35 210
Sm25-Cr $31260 130 * 125 * 337 *
2205 duplex $31803 90 * 65 * 293 *
Inc 625 N06625 120 * 60 * 200 *
Inc 825 N08825 96 * 49 * 200 *

* approximate value
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Table 6.3 Chemical composition of tested materials in wt% (balance Fe)

Alloy (UNS no.) C Si Mn Cu Ni Cr Mo
9Cr-1Mo (K90941) 0.1 0.5 0.4 0.0 0.0 9.3 1.0
CS-1018 (G10180) 17.0 0.0 0.8 0.0 0.0 0.0 0.0

13 Cr-A (S42000)
13 Cr-H (S42000)

0.2 0.6 0.6 0.0 0.0 13.0 0.0

SS-316 (S31603) 0.0 0.3 1.0 0.0 12.0 17.0 2.5
Sm25-Cr (S31260) 0.0 0.7 1.0 0.5 6.5 25.0 3.0
2205 duplex (S31803) 0.0 1.0 2.0 0.0 5.5 22.0 3.0
Inc 625 (N06625) 0.1 0.5 0.5 0.0 58.0 215 9.0
Inc 825 (N08825) 0.0 0.5 1.0 2.2 42.0 215 3.0

Materials were cut into cylindrical specimens approximately 0.75 inches in
diameter and 0.25 inches thick. Actual dimensions varied somewhat depending on the
dimensions of the material from which the specimens were cut. Specimens were
mounted on a wheel as depicted in Figure 6.2, and electrically insulated from any other
conductive parts. The wheel was turned at a constant rotational speed by an A.C.
induction motor. A jet of the test fluid was directed transverse to the plane of rotation so
that as the wheel rotated, the specimens would impact the fluid jet, the higher the wheel
rotation speed, the higher the impact velocity. In some tests, the specimens were aligned
so that the impact angle would be 90°, i.e., normal incidence. This is shown in Figure
6.6-a. At the higher wheel rotation rate used (3510 rpm), the velocity of the specimen as
it impacted the test fluid jet was 167 ft/s (51 m/s). The velocity of the liquid jet was
selected to be a minimum of 34 ft/s (10 m/s). Figure 6.6-a shows how adding these two
velocity vectors gives a resultant impact velocity of 170 ft/s (52 m/s) at an angle of 11.5°.

To produce normal incidence, the specimen was tilted 11.5°. To achieve 30° impact, the
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specimen was rotated about another axis. Figure 6.6-b shows the 30° impact angle
produced by rotating the specimen. In this figure, the water jet is directed into the plane
of the figure. Two test solutions were used: 1) aerated 3% NaCl brine and 2) aerated tap
water. Two impact speeds were used: 1) 170.0 ft/s (high velocity) and 2) 84.6 ft/s (low
velocity). Two impact angles were used: 1) 90° (normal incidence) and 2) 30°. Four
specimens were tested in each test run except for 1018; the specimens tested in each test
run were mixed, i.e., not all specimens on the wheel at one time were the same material.
The 1018 specimens were all run together because they deteriorated much more rapidly
than the other materials. If a 1018 specimen were run with non-deteriorating materials, it
was feared the wheel could become too unbalanced during a test and destroy the
machine's bearings. High velocity tests were run nominally 72 hours. Low velocity tests
were run 144 hours to approximately achieve the same number of impacts as the high
velocity tests. Specimens of 1018 were only run 16 hours because they deteriorated so
rapidly. Adjustments were made in the graphed data to scale weight losses to 144 hour
test periods.

Weight loss for each test was recorded, and the results were averaged for the tests
where more than one specimen was tested. In order to facilitate direct comparison
between different tests, the weight losses that are shown Figure 6.7 are adjusted to a 144
hour test period by assuming that weight loss rates observed in the testing periods would
have continued to the 144th hour. The tests were repeated with high velocity brine and
water for all materials and with other fluids only for carbon steel 1018. The associated
standard error bars are provided in Figure 6.7. It can be concluded generally from the

chart that brine caused more weight loss than tap water, and 1018 carbon steel had the
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highest weight loss while Inconel 625 had the lowest.

In the high velocity brine test, the four materials of lowest chromium content were
ranked pretty much as one would expect. However, weight losses in the corrosion
resistant alloys were surprisingly high. In some specimens of these materials, chunks of
material appeared to be broken out of the specimens more in the manner of erosion than
of corrosion. The tests were proceeded with the high velocity tap water test assuming
that corrosion losses should be lower for this test, at least for the 1018 and low-chrome
materials. Figure 6.7 also compares the weight losses between brine tests and tap water
tests for the carbon steel and low-chrome materials. Weight losses for the tap water tests
were significantly lower than for brine tests, especially for the 1018 and 9Cr-IMo
materials. But, weight losses for the tap water tests for some of the corrosion resistant

alloys were higher than weight losses for the brine tests.
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Figure 6.7 Adjusted mass loss of the specimens to 144 hrs
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6.3 Erosion Modeling
The adjusted mass loss is not a good parameter to compare erosion/corrosion
conditions of the samples at different condition because it does not account for the
number of impacts of the fluid jet on the specimen, i.e. the total amount of the liquid that
impinged the surface. The volumetric erosion/corrosion ratio (ECR) is defined as the

ratio of volume loss of the target material to the volume of the impinged jet.

Volumetric loss
ECR

- Impinged liquid volume (6.1)

Figure 6.8 shows ECR of the samples tested with high velocity brine and tap
water versus their chromium contents. As one would expect, the ECR is higher for
materials with lower chromium content than corrosion resistance alloys especially when
brine is used as the jet fluid and the effect of jet fluid was significant. This observation
reinforces the hypothesis that the weight losses for the corrosion resistant materials were

primarily due to erosion and not corrosion.
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Figure 6.8 ECR versus chromium content of the samples for brine and tap water
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Figure 6.9 provides results for all nine materials for high velocity and low
velocity brine impacting at 90°. It appears that material degradation for 1018 carbon steel
and low-chrome specimens may be controlled by corrosion or a combination of erosion
and corrosion, whereas for corrosion resistant alloys, erosion is the mechanism of
degradation, and it became negligible when impact velocity was reduced. For the two
13Cr materials, the ECR was reduced by the decrease in impact velocity, and as shown in
Figure 6.8, the ECR value was less for water tests than brine. The reason for high ECR
values for brine in comparison to water is the effect of electrolyte conductivity on
corrosion rate. Oxygen corrosion rate increases by increasing salt concentration up to
about 5% because salt increases the conductivity of the solution. However, increasing salt
concentration more than 5% will reduce the corrosion rate because it will reduce the
solubility of oxygen in water. So, it might be hypothesized that there are significant
corrosion and erosion components in the high velocity tests. In liquid impact erosion, it is
believed that repeated impacts fatigue the metal and produce sub-surface cracks if the
impact velocity exceeds the threshold velocity. When cracks propagate and then intersect,
pieces of the fatigued material fall out.

A higher synergistic effect at higher flow velocities can be also explained by
faster removal of corrosion products from the surface. Iron oxide forms on the surface as
a result of oxygen corrosion. Liquid at higher velocities (i.e. with higher erosivity)
removes the corrosion products from the surface faster and creates an active carbon steel
surface without corrosion products that can be corroded faster in comparison to a carbon

steel surface covered with iron oxide.
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Figure 6.9 ECR versus chromium content of the samples for brine

For the tests at high velocity but with reduced impact angle to 30° (Figure 6.9),
ECR values for 1018 carbon steel and 9Cr-1Mo were of the order of losses observed for
the high velocity normal incidence test; but for materials of higher chromium content, the
30° test results were much lower than for the 90° tests. This reveals that materials are
more susceptible to erosion loss for normal incidence liquid impacts than for smaller
angles of incidence. This is an important finding in regard to application to injection
wells where liquid impacts the wall at gradual bends at a small angles of incidence.

For materials with high chromium content, weight loss is controlled by erosion.
The American Society for Testing and Materials Standard (ASTM) G73-10 proposed a
standard method to characterize erosion ratio in different conditions. According to this
standard, the maximum erosion ratio is defined as the ratio of material volume loss to the

volume of impinged liquid.
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Vloss )

Vwater

ER,; = R, = ( (6.2)

Also, the incubation period for the number of specific impacts that initiates
erosion can be obtained by multiplying the volumetric incubation period by the projected

area and then dividing by the volume of a single droplet or jet impinged.

N, = H, (g) (6.3)

where Hg is incubation period (volume of liquid impinged per unit area), A is projected

area and B is volume of a single impacting drop or jet.
. No
For jets, Hy, = nd:

Fordrops, H, = Zd%

In each series of experiments, two major parameters determine the erosion

resistance of a specified material, erosion resistance number (NER)

k

log(NER) = [z (log Qc; + log Seri)]/k —log Qex (6.4)

=1

and incubation resistance number (NOR)

k
log(NOR) = Z(logSOri —log tOi)] / k — log to, (6.5)
i=1

where, Qe IS maximum erosion rate for test material X, Q. IS maximum erosion rate for
reference material i, tox is nominal incubation period for test material X, to; is nominal
incubation period for reference material i, Sy is reference erosion resistance for reference
material | and S,y; is reference incubation resistance for reference material i.

The NER parameter shows resistivity of the materials against liquid impingement
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erosion based on the measured mass loss. If we assume that we have a reference material
where the erosion resistance number and incubation resistance are equal to 1, we can
calculate the erosion resistance number and incubation resistance number for each
material with respect to that reference from these correlations. This technique helps to
normalize the erosion resistance of a specific material with respect to a well-known
material and eliminate some of the effects of the experimental method. The normalized
erosion resistances of several materials that were tested are determined from average
values of erosion ratio in the test and are summarized in Table 6.4. The normalized
erosion resistance of SS-316 has been used as a reference. It is observed from the table
that erosion resistance of Inconel 625 to liquid impact is 5 times greater than the
reference material, but the erosion resistance of 1018 to liquid impact erosion-corrosion

is about 7 times less than SS-316.

Table 6.4 Normalized erosion resistance (NER) for several oilfield materials

Normalized Erosion Resistance

Designation (NER)
SS-316 1.00
9Cr-1M 0.25
1018 0.15
13Cr-a 0.90
13Cr-h 0.64
Sm25-Cr 3.43
2205 1.83
625 5.19
Sm825 0.96
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It is assumed that we have already passed the incubation period which leads to
more conservative results. But generally by obtaining the NER and NOR from

experimental data, we could now use

logR, = 4.8logV —logNER — 16.65 + 0.67 logd + 0.57 ] — 0.22K (6.6)

and

log Ny = —4.9logV + logNOR + 16.40 — 0.40 (6.7)

to calculate the maximum erosion ratio and incubation period for each material and
desired condition, where Ny is rationalized incubation period, R. is rationalized maximum
erosion rate, NER is“erosion resistance number” of material, NOR is “incubation
resistance number” of material,V is impact velocity in m/s, d is diameter of drops or jet,
in mm, Jis O for drops and 1 for jets and K is O for flat specimens at normal impact and 1
for curved or cylindrical specimens.

In order to assess the obtained model, some experimental values of erosion ratio
(using a paddle wheel type apparatus) for carbon steel from ASTM STP 474 are
compared to model predictions. The results are shown in Figure 6.10. Experimental
values represented by markers have been compared to the model predictions represented
by dashed lines for four different impact velocities. The vertical axis shows the erosion
ratio, and corresponding impact velocities are shown on the horizontal axis. As it can be
seen, both models agree well with data, and the red dashed line is slightly closer to the

experimental values.
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Figure 6.10 Erosion ratio vs. impact velocity

In another experiment from literature, Baker et al. (1966) measured erosion ratio
values for chromium steel for a range of droplet sizes (350 um to 1050 pm). The
specimens were mounted on a rotating disk and impacted with liquid droplets. The
ASTM G73-10 correlation predictions have also been compared to this experimental data
in Figure 6.11. The vertical axis shows volumetric erosion ratios, and the corresponding
impact velocities are shown on the horizontal axis. The model predictions closely match
experimental measurements for large droplets and overpredict the values for smaller

droplets at lower impact velocities.
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Figure 6.11 Erosion ratio vs. impact velocity (ASTM correlation and exp. data)

The ASTM correlation predictions are good for large droplets (> 1mm), but it
overpredicts the erosion ratios for small droplets, especially at lower velocities. Low
velocities (less than 100 m/s) are more applicable to the oil and gas industry. So, the
correlation has been modified to obtain better predictions at lower velocities and small

droplet sizes as shown by Eq. (6.8).

V(1o—5d1/3) d°

NER ’

ER;; = 10 a=057]—-022K—-17.1 (6.8)

In the new correlation, the velocity exponent has been changed from a constant
value of 4.8 to a function of droplet size, and the droplet exponent has been raised from
0.67 to 9 as droplet size is also affecting the velocity exponent. The predictions from the

modified correlation have been compared to experimental data discussed earlier from the
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literature (See Figure 6.10 and Figure 6.12). The ER values are now closer to the
experimental data for low velocity cases as compared to ASTM correlation predictions.
Since the source of data for model development is data gathered at E/CRC while
compared values are from experimental data in the literature, the observed deviation is

reasonable.
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Figure 6.12 Erosion ratio vs. impact velocity (modified correlation and exp. data)

Based on the ASTM standard and liquid jet impingement tests, a correlation is
proposed to calculate erosion ratio for liquid impact. But for 1018 carbon steel and 9Cr-
1Mo that are not considered corrosion resistant, corrosion is the dominant mechanism of
material degradation. In corrosive conditions, the effects of impact speed and angle are
not as significant as the effect of chemical composition and oxygen content of the fluid

jet. The weight losses of the samples in high velocity normal incidence tests were of the
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same order of weight loss as in the low velocity tests. For these materials, corrosion
models (based on material properties, oxygen concentration, temperature, Vviscosity,
density, and chemical composition of the fluid) and erosion-corrosion models (based on
synergistic effects of erosion and corrosion) should be applied to estimate the wear rate in

the pipe.

6.4 Application to Pipe Flow and Threshold Erosional Velocity Calculation

This erosion model can be applied to estimate the erosion rate at a given operating
condition or calculate the threshold erosional velocity for a given penetration rate.
Erosion rate is a function of impact velocity, droplet size and the amount of liquid
droplets or solid particles that impinge the wall in the time unit. So in both cases, whether
penetration rate is given and threshold velocity is desired or the other way, it is required
to estimate the liquid droplet/solid particle impact velocity, droplet size and entrainment
fraction. One way for extracting this information is the numerical simulation of
multiphase flow with liquid droplet/solid particle trajectories which requires expertise in
computational fluid dynamics (CFD) with a huge computational cost. The alternative is
to estimate the average value of entrainment fraction and droplet size from multiphase
flow correlations and droplet/particle impact velocity from a stagnation length concept
model which has been shown to be acceptable in erosion modeling (McLaury et al.
2000).

A calculation flowchart is provided in Figure 6.13 to apply the model to pipe flow

and to calculate thickness loss rate. Required inputs are superficial liquid and gas
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velocities, Vs and Vsg, diameter of the pipe, D and NER introduced earlier. Output is
thickness loss rate of the pipe. Entrainment fraction, fg, and droplet diameter can be
calculated from mechanistic models that are presented in the literature. The impact
velocity of the liquid droplets can be calculated from the SPPS (Sand Production Pipe
Saver) program in the same way that impact velocity of a sand particle in elbows and tees
is calculated. But, the model for elbows and tees is applied to droplets entrained in a gas
stream and flowing through stagnation layers before they have an opportunity to impact
the pipe wall. The "stagnation layers" reducing the speed of liquid droplets are the gas
and a possible liquid film that may form at the outer walls of an elbow for certain flow
conditions.

Volume loss of the material is obtained by multiplying erosion ratio (from Eg.
(6.8)) by the total volume of the droplets impinging the pipe wall in a given area that is
assumed to be the projected pipe area. Finally, thickness loss is equal to volumetric loss

divided by projected impact area, Ap.
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Figure 6.13 Calculation procedure of the penetration rate

due to liquid droplet/solid particle impact

Extensive theoretical and empirical studies have been carried out on the
estimation of entrainment fraction and droplet size in two-phase flow systems. For
horizontal flows, Pan and Hanratty (2002) proposed the following correlation to calculate

entrainment fraction in the pipe.

(6.9)

fe/fem —9x10-8 (DUG3 /prG> <Pcl_m#6m>1/(2_m)

1 _fE/fEm o d321+mgpL

Ishii and Mishima (1989) obtained this correlation,
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fz = tanh(7.25 x 107" We'?5Reg, *%°) (6.10)

in which

1
_ PGVsc°D (PL — 96)5 (6.11)
o Pc

We

to estimate entrainment fraction in vertical flows. The average droplet size can be

calculated from the Tatterson et al. (1977) correlation.

PV ds, (d32)_
( - > D = 0.0091 (6.12)

The impact velocity of the liquid droplets can be calculated from models for
calculating impact velocity of sand particles in elbows and tees. Studies in the literature
have shown that the liquid film along the outer wall of an elbow is sometimes less than
what forms in a straight pipe. The droplet impact velocity is obtained by applying the
following equation of the motion of a droplet with average size estimated above across
the stagnation length,

dv, d2
ded—; = 0.50;(V; = Vo) |V; — Va|Cp % (6.13)

where m is mass of droplet, Vq is droplet velocity, ps is fluid density, V; is fluid velocity,
Cp is drag coefficient and dg is droplet diameter.

The drag coefficient is calculated from the following correlation.

24 Vy — Vyld
Cp=2—+05 Rerzp—flf alda

6.14
- m (6.14)

Droplet velocity is unknown in Eq. (6.14) and will be approximated by a one-

dimensional particle tracking model. According to Shirazi et al. (1995b), a stagnation
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length of L is assumed to be a region near the wall through which the droplet needs to
penetrate to reach the wall. The stagnation length depends on flow geometry and is

estimated empirically as a function of pipe diameter.

L
= 1.35—1.32 Tan"1(1.63D72%¢) + p%247 L, =1.06in for Tee  (6.15)
0

L
= 1.00 — 1.27 Tan"*(1.01D~18%) + p%12% [, =1.18in for Elbow  (6.16)
0

In the stagnation zone, it assumed that the fluid velocity decrease linearly from Vq

to zero at wall as shown in Figure 6.14.

Vp=Vo[1- %] (6.17)
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Figure 6.14 Stagnation length for tee and elbow

After substituting for entrainment fraction, droplet size and impact velocity in the
erosion ratio equation for liquid impact, volumetric loss rate of the material is obtained
by multiplying the erosion ratio (from Eq. (6.8)) by the total volume of the droplets
impinging the pipe wall in a given area that is assumed to be the projected pipe area.
Finally, thickness loss is equal to volumetric loss divided by projected impact area, Ap.

For droplets containing small particles there is an extra step in calculating impact
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velocity. After the droplet impacts the wall, the particles need to penetrate through the
liquid layer formed on the wall to impact the wall. ANSYS Fluent is used to study
relative motion of the particles with respect to liquid when it is spreading out on the wall.
It is assumed that the droplet and particle have the same initial velocity, and particles are
distributed uniformly in the droplet. Figure 6.15-a shows a sequence of a droplet with
particles inside during impact. Although particle impact velocity can be estimated from
CFD simulation, it is not feasible to run simulations for each droplet size and velocity.
So, the stagnation length concept can be used again by assuming that the representative
particle is located at the center of the droplet and needs to penetrate through the liquid
stagnation length equal to the radius of the droplet to reach the wall. This simplification is
demonstrated in Figure 6.15-b. The next step is to substitute for wall material hardness,
particle sharpness factor and particle impact velocity to calculate erosion ratio for solid
particles. Finally, the penetration rate is equal to the erosion ratio multiplied by
impinging particle mass divided by the density of wall material and impact projected
area. Compared to liquid impingement erosion, the wall material density appears in the
solid particle erosion calculation because the erosion ratio equation for liquid is mostly
expressed in volumetric loss per volume of impinged liquid (e.g. m®m?®), but the unit of

the erosion ratio equation for solid particles is mass loss per mass of impinging particles

(e.g. kag/kg).
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Figure 6.15 Sequence of simulated droplet and particle impingement and

corresponding simplified model

The new calculation procedure can be applied in two ways: calculation of
penetration rate for a given flow condition or calculation of threshold erosional velocity
given allowable penetration rate. The second case will be described to compare the
current model predictions to erosional velocities calculated from the APl RP 14E
correlation.

Figure 6.16 shows threshold velocity calculations for erosion caused by droplets
with and without particles using the Sand Pipe Saver Program (SPPS) (Shirazi et al.
2000) developed at the E/CRC presented previously compared to predicted values by the
API RP 14E correlation. These calculations have been carried out for an elbow geometry
in a 4-inch (102 mm) pipe. Calculation for a tee joint and other pipe sizes can be easily
done using the stagnation length correlations. The erosional velocity is assumed to be the
velocity at which the erosion rate is 5 mpy (0.13 mm/yr). In these calculations, a sand

size of approximately 25 microns is used which represents impurities or background sand
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in the liquid with density of 2650 kg/m® and production rate of 10 Ib/day. The solid line is
the threshold boundary for droplets containing particles which yield 5 mpy (0.13 mm/yr).
It follows the trend of SPPS predictions represented by the dash-dot line which is based
on the semi-empirical particle tracking in single and multiphase flows with the same
particles and behaves very differently than the APl RP 14E correlation predictions (dash
line). The APl RP 14E does not account for solid particle behavior in liquid. In this
correlation, the only parameter that changes with the presence of solid particles in liquid
is the empirical constant C which is 100 for continuous service and 150 to 200 for solids-
free with suppressed corrosion. The threshold line for pure liquid droplet impact (dash-
double dot line) shows relatively high gas velocities. It is observed in the calculation that
as gas velocity increases, droplet size decreases. Small droplets can hardly pass through
the stagnation zone because of their small inertia followed by low impact velocity and
low induced erosion. So, increase in gas velocity increases droplet initial velocity but
decreases impact velocity. Here, it is assumed that droplet size is not reduced below 30
pMm to calculate conservative results to compare with other cases, so the actual erosion

may be even less than what is presented in Figure 6.16.
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Figure 6.16 Comparison of predicted threshold erosional velocity

In another comparison, variations of erosional velocity versus operating pressure
calculated from the APl RP 14E correlation and the method and correlation developed in
this work are plotted in Figure 6.17. A tolerable erosion-corrosion rate of 5 mpy (0.13
mm/yr) is assumed, and the operational flow conditions are back-calculated. For these
comparisons, superficial liquid velocity is assumed to be 0.09 m/s, and mean size of the
droplets is assumed to be 200 pum. The constant size of droplets will result in
conservative values for erosional velocity because in real conditions, droplet size
decreases with increase in gas velocity. Erosional velocity is shown on the vertical axis
and operating pressure on the horizontal axis. The model predicts that for higher gas
pressures that are normally encountered in gas producing wells, the droplets are slowed
as the gas density increases and reduces the droplet impact velocity. Thus, the threshold

velocity for liquid droplet impact erosion and erosion caused by solid particles inside the
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droplet should increase as the pressure is increased. However, the results indicate that
APl RP 14E does not follow the trend predicted by the present model. The erosional
velocity predicted by APl RP 14 E decreases with gas pressure because the mixture
density increases and erosional velocity is proportional to the inverse of the square root of

mixture density.
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Figure 6.17 Variation of erosional velocity versus operating pressure

The behavior of different materials in erosive conditions has been discussed, but
in corrosive conditions, the material behavior is different. Generally, corrosion is
accelerated by increasing the fluid velocity which intensifies the mass transport rate and
also corrosion product scale removal. Lu (2013) discussed that the dependence of
erosion/corrosion rate on impact velocity is

mm
y_r = const. VB (6.18)

in which V is the liquid impact velocity in m/s, and the g value depends on the relative
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contributions of corrosion and erosion to total loss, and it is 0.8 to 1 when corrosion is the
rate controlling process for liquid impacts and 5 to 8 for liquid droplet impingement in

high speed gas flow. The thickness loss rate for liquid impingement erosion is found to be

mm ERy; Vs, A VB d«
r = 4, ~ ER;; Vg, = Const.m

Ve, (6.18)

where ER|; is erosion ratio due to liquid impact, Vg is superficial liquid velocity, A is the
pipe cross-sectional area, A, is the projected impact area, V is liquid impact velocity, d is
the droplet diameter and NER is the normalized erosion resistance of the target material
that is obtained from experiments. For high speed liquid droplet impact, the ER; is a
function of impact velocity and droplet diameter, but at low impact velocities and
especially for low chromium alloys, corrosion rate is much higher than erosion rate. So,
the erosion/corrosion ratio (ECR) does not change significantly with impact velocity (see

Figure 6.9). The thickness loss rate may be estimated from

T~ ECR.V., = Const.V.
= Vg, = Const.V, (6.19)

The form of this correlation is consistent with the empirical correlation provided by Lotz
(1990). This model has been used to calculate the threshold velocity for an elbow
geometry (made of stainless steel 316 and carbon steel 1018) in a pipe flow system by
assuming a tolerable erosion-corrosion rate of 0.13 mm/yr (5 mpy) and back-calculating
the operational flow velocity. The results are compared to the API RP 14E correlation in
Figure 6.18. The threshold velocity due to erosion is a function of superficial gas and
liquid velocities which determine the rate of liquid impact and impact velocity
respectively, but in the corrosive condition and at superficial gas velocities more than 50

m/s the flow is annular and droplets are moving at similar speeds as the gas velocity. So,
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they can remove the corrosion scales from the surface, and the liquid flow rate
determines the wastage rate of the pipe. The corrosion line is based on the tests with tap
water as the ECR value for 1018 carbon steel with brine is so high that the calculated

threshold liquid rate is below the minimum value on this figure.
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Figure 6.18 Comparison of predicted threshold erosional velocity
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CHAPTER 7

SUMMARY AND CONCLUSIONS

A unified erosion equation has been developed based on some of the studies in the
literature to calculate the erosion of various metallic samples. The equation is composed
of two parts, cutting erosion that is related to cutting into the surface target material by
striking particles at grazing impact angles and deformation erosion which is caused by
platelet formation and surface failure as a result of multiple collisions of particles in the
normal direction. The distinction of erosion mechanisms for normal and tilted angle
impacts is supported by SEM images of the sample surface as a rough indented surface is
observed at locations where particles impact the surface normally and long craters are
found at locations where particles hit the target at grazing angles.

The model accounts for the particle shape and size and has been validated with
experimental data from direct impingement testing. The particle velocities in gas have
been measured using particle image velocimeter (PIV), and empirical constants have
been incorporated into the final erosion equation based on the experimental data. It was
concluded from experimental data that velocity exponent may be increased from 2 that is
obtained from the formulation to 2.41. Fair agreement has been observed between the
experimental data and model predictions for various samples at different impact
conditions. It was also found that most of the empirical constants follow a trend and can
be correlated to the mechanical properties of the materials indicating that the equations

are capturing the physics of the problem. Also the effects of particle size on the
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deformation erosion threshold velocity and particle sharpness on erosion were justified
physically. The new equation can be used in CFD simulations and particle tracking codes
to calculate erosion damage for different geometries and materials.

Erosive behavior of very fine particles (iron powder, calcite, barite, hematite,
magnetite, silica flour, alumina and silicon carbide) entrained in liquid has been studied
in two experimental configurations, submerged and mist flow. Particle concentration was
1% by mass and particles were scanned by SEM to characterize representative size
distribution, shape and angularity. PIV was used to measure the velocity of liquid
droplets containing particles, and CFD simulations were performed to estimate the impact
velocity of particles that are entrained by droplets in air/water mist flow or by the liquid
jet spreading over the wall in the submerged case.

Mass loss of a specimen is measured after 72 hours of nonstop testing and
converted to erosion ratio which is defined as the ratio of mass loss of the specimen to
mass of erodent throughput. The results indicate that the induced erosion (mass loss) of
the target specimen is not only a function of particle hardness, but other parameters such
as particle impact kinetic energy and angularity also contribute. So, the erosion ratio
values obtained from the two test configurations were divided by the estimated particle
impact velocity squared and particle angularity to find the erodent hardness dependency
of the erosion. The hardness effect was found to be remarkable when the hardness of the
particle is less than the hardness of target material, and erosion ratio was found to not
increase significantly when the particle hardness is higher than the material hardness and

the particle keeps its integrity during impact.
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A calculation guideline has been developed based on experimental results and
simplified particle tracking models in the literature to predict erosion rate and threshold
velocities due to the impingement of liquid droplets with or without small particles
entrained. For liquid droplet erosion, the original ASTM G73-10 erosion ratio equation
has been modified to predict better results especially for small droplets at low impact
velocities which are more applicable to oil and gas industry production and transportation
facilities. The erosion ratio of solid particles is calculated from the erosion equations
available in the literature developed based on direct impingement testing with gas.

Entrainment fraction and droplet size in gas-liquid flow in the pipe are estimated
with correlations in the literature. In order to estimate liquid droplet or solid particle
impact velocity, it is assumed that droplets enter a stagnation zone near the wall in which
the fluid velocity decreases linearly from the main stream velocity to zero. For solid
particles, CFD simulations showed that when a droplet spreads over the wall, particles
penetrate into the liquid film formed by the droplet impact and hit the wall. The
stagnation length concept is used again but this time inside the liquid droplet to estimate
impact velocity of a representative particle located initially at the center of the droplet.
By knowing impact condition, one can calculate the erosion ratio either for droplets or
entrained particles from erosion ratio equations. Penetration rate is calculated from the
amount of liquid droplets or solid particles that impinge the wall multiplied by the
erosion ratio. This procedure is implemented to predict threshold erosional velocity for a
sample case and results are compared to APl RP 14E and SPPS predicted values. It was
found that the API correlation under estimated the threshold velocity for liquid

impingement erosion and did not correlate with the limitation imposed by particles
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entrained in liquid droplets, but SPPS predictions that are calculated from another
mechanistic approach for multiphase flows showed similar trends with results obtained
from this guideline. The comparisons also have been made over a range of operating
pressures (from atmospheric pressure to 10000 psi). The APl RP 14E predictions do not
follow the trend of calculated values from the present model; it under-predicts the
threshold velocity especially for high pressures. The erosional velocity in the API
equation changes adversely with the fluid mixture density. In this formula, when pressure
increases the density of the mixture increases that leads to lower erosional velocities, but
in the present model and calculation procedure, as pressure increases, the density of the
gas increases so it can decelerate the droplets (with or without particles) that impact the

pipe wall so erosional velocity increases.
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CHAPTER 8

RECOMMENDATIONS

Erodent particle properties are very important in the calculation of erosion. So, it
is proposed to investigate the effect of particle size, shape and hardness on the erosion of
other materials than presented here and study the erosion angle dependency on particle
sharpness. The minimum impact angle in these tests was 15 degrees, and this was due to
the limitation in the experimental apparatus. So, it would be interesting to conduct some
experiments at lower impact angles and compare the results with the present study. One
of the main applications of the developed erosion equation would be implementation in
CFD codes (such as Fluent) and other erosion models, and it is recommended to use the
erosion equations in the simulation and compare the results to the experimental data for
different geometries and flow conditions.

A calculation guideline is proposed to estimate the erosion-corrosion caused by
liquid impacts and the application includes but is not limited to production, process, and
transportation facilities in petroleum, power plant and aerospace industries. Liquid impact
erosion-corrosion is of great importance from both economical and safety aspects and in
order to obtain more accurate results it is suggested to investigate the problem further and
study the synergistic effect of erosion-corrosion in different materials and using other

fluids (especially CO, which is very frequently found in the oil and gas industry).
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APPENDIX A

SAND EROSION DATA

Table A.1 Erosion data for carbon steel 1018 at particle velocity of 9.2 m/s

Specimen: Carbon Steel 1018

Gas Velocity: 29.2 m/s

Particle: Sand 150 um

Particle Velocity: 9.2 m/s

Imz)(?ecér,:ggle Specimen# | start(g) | 6009 1200g | 18009 | ER (g/9)
90 15 94.8489 | 94.8485 | 94.8482 | 94.8479 | 5.00E-07
75 15 94.8502 | 94.8497 | 94.8495 | 94.8489 | 6.67E-07
60 15 94.8519 | 94.8514 | 94.8509 | 94.8502 | 1.00E-06
45 15 94.8577 | 94.8567 | 94.8561 | 94.8553 | 1.17E-06
45 15 94.8542 | 94.8535 | 94.8527 | 94.8519 | 1.33E-06

start (Q) 3009 600 g 900 g
30 53 94.8327 | 94.8324 | 94.8321 | 94.8316 | 1.33E-06
30 53 94.8311 | 94.8307 | 94.8302 | 94.8297 | 1.67E-06
30 18 94.8573 | 94.8566 | 94.8557 | 94.8548 | 3.00E-06
15 20 95.0253 | 95.0241 | 95.0232 | 95.0224 | 2.83E-06
15 20 95.0224 | 95.0211 | 95.0204 | 95.0196 | 2.50E-06
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Table A.2 Erosion data for carbon steel 1018 at particle velocity of 18.4 m/s

Specimen: Carbon Steel 1018

Gas Velocity: 58.4 m/s

Particle: Sand 150 um

Particle Velocity: 18.4 m/s

Img)c?ec;r,:\en)gle Specimen # | start (g) | 300g 600 g 9009 | ER (0/9)
90 97 95.0004 | 94.9997 | 94.9989 | 94.9975 | 3.67E-06
90 22 94.9785 | 94.9780 | 94.9773 | 94.9761 | 3.17E-06
75 22 94.9767 | 94.9752 | 94.9740 | 94.9733 | 3.17E-06
75 22 94.9733 | 94.9712 | 94.9697 | 94.9682 | 5.00E-06
60 24 95.0322 | 95.0306 | 95.0281 | 95.0259 | 7.83E-06
60 24 95.0259 | 95.0236 | 95.0214 | 95.0181 | 9.17E-06
45 24 95.0175 | 95.0155 | 95.0126 | 95.0105 | 8.33E-06
45 24 95.0105 | 95.0082 | 95.0057 | 95.0034 | 8.00E-06
45 19 94.6094 | 94.6067 | 94.6032 | 94.6007 | 1.00E-05
30 19 94.6208 | 94.6176 | 94.6135 | 94.6094 | 1.37E-05
30 57 94.0408 | 94.0377 | 94.0335 | 94.0305 | 1.20E-05
15 19 94.6559 | 94.6529 | 94.6497 | 94.6464 | 1.08E-05
15 19 94.6464 | 94.6432 | 94.6401 | 94.6368 | 1.07E-05
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Table A.3 Erosion data for carbon steel 1018 at particle velocity of 27.6 m/s

Specimen: Carbon Steel 1018

Gas Velocity: 87.6 m/s

Particle: Sand 150 um

Particle Velocity: 27.6 m/s

Img)ggér,gggle Specimen # | start (g) 3009 600 g 900g | ER(0/g)
90 22 94.9679 | 94.9659 | 94.9632 | 94.9608 | 8.50E-06
90 22 94.9608 | 94.9577 | 94.9552 | 94.9527 | 8.33E-06
75 16 95.0473 | 95.0440 | 95.0400 | 95.0353 | 6.74E-07
75 97 95.0353 | 95.0320 | 95.0271 | 95.0225 | 2.89E-07
60 16 95.0654 | 95.0592 | 95.0528 | 95.0470 | 5.77E-07
60 17 94.9704 | 94.9644 | 94.9581 | 94.9525 | 6.74E-07
45 97 95.0223 | 95.0149 | 95.0077 | 95.0006 | 9.62E-08
45 57 94.0806 | 94.0737 | 94.0665 | 94.0585 | 7.70E-07
30 19 94.6860 | 94.6759 | 94.6658 | 94.6561 | 3.85E-07
30 18 94.9215 | 94.9120 | 94.9016 | 94.8923 | 1.06E-06
15 21 94.5256 | 94.5169 | 94.5086 | 94.5010 | 6.74E-07
15 20 95.0915 | 95.0832 | 95.0746 | 95.0667 | 6.74E-07
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Table A.4 Erosion data for carbon steel 4130 at particle velocity of 9.2 m/s

Specimen: Carbon Steel 4130

Gas Velocity: 29.2 m/s

Particle: Sand 150 um

Particle Velocity: 9.2 m/s

Im?(;:lec;r,:\:)gle Spe‘;ime” start (g) | 600g | 1200g | 1800g | ER (g/g)
90 29 | 46.3141 | 46.3134 | 46.3130 | 46.3128 | >00E-07
75 a4 | 457830 | 45.7828 | 45.7826 | 45.7822 | >-00E-07
60 34 | 46.4636 | 46.4628 | 46.4624 | 46.4622 | >00E07
45 05 | 48.0385 | 48.0374 | 48.0363 | 48.0354 | 1.67E-06
45 45 | 467798 | 46.7793 | 46.7783 | 46.7774 | 1.58E-06

start (Q) 300g 600 g 900 ¢
30 47 | 48.8089 | 48.8084 | 48.8076 | 48.8066 | 3.00E-06
30 47 | 48.8063 | 48.8060 | 48.8053 | 48.8041 | 3.17E-06
30 47 | 48.8089 | 48.8084 | 48.8076 | 48.8066 | 3.17E-06
15 36 | 48.0853 | 48.0843 | 48.0832 | 48.0824 | 3.00E-06
15 36 | 48.0824 | 48.0817 | 48.0809 | 48.0799 | 3.00E-06
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Table A.5 Erosion data for carbon steel 4130 at particle velocity of 18.4 m/s

Specimen: Carbon Steel 4130

Gas Velocity: 58.4 m/s

Particle: Sand 150 um

Particle Velocity: 18.4 m/s

Img)c?ec;r,:\en)gle Specimen # | start(g) | 300g 600 g 9009 | ER(g/9)
90 44 45.7869 | 45.7866 | 45.7859 | 45.7852 | 2.33E-06
90 44 45,7852 | 45.7848 | 45.7838 | 45.7828 | 3.33E-06
75 45 46.7859 | 46.7846 | 46.7837 | 46.7830 | 2.67E-06
75 45 46.7830 | 46.7821 | 46.7810 | 46.7798 | 3.83E-06
60 32 45.6674 | 45.6658 | 45.6647 | 45.6630 | 4.67E-06
60 32 45.6630 | 45.6616 | 45.6596 | 45.6583 | 5.50E-06
45 25 46.5378 | 46.5355 | 46.5331 | 46.5305 | 8.33E-06
45 25 46.5305 | 46.5278 | 46.5248 | 46.5211 | 1.12E-05
45 34 46.4231 | 46.4202 | 46.4178 | 46.4147 | 9.17E-06
30 33 46.5211 | 46.5183 | 46.5153 | 46.5123 | 1.00E-05
30 33 46.5123 | 46.5095 | 46.5065 | 46.5034 | 1.02E-05
30 34 46.4345 | 46.4309 | 46.4277 | 46.4231 | 1.30E-05
15 31 47.8859 | 47.8818 | 47.8775 | 47.8735 | 1.38E-05
15 31 47.8735 | 47.8699 | 47.8657 | 47.8615 | 1.40E-05
15 27 49.6516 | 49.6476 | 49.6431 | 49.6392 | 1.40E-05
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Table A.6 Erosion data for carbon steel 4130 at particle velocity of 27.6 m/s

Specimen: 4130 Carbon Steel

Gas Velocity: 87.6 m/s

Particle: Sand 150 um

Particle Velocity: 27.6 m/s

Impact Angle

Specimen

(degree) 4 start (g) 3009 600 g 9009 | ER (0/9)
90 36 48.0935 | 48.0926 | 48.0905 | 48.0881 | 7.50E-06
90 29 46.3270 | 46.3254 | 46.3219 | 46.3209 | 7.50E-06
75 33 46.5508 | 46.5471 | 46.5432 | 46.5401 | 1.17E-05
75 32 45.7133 | 45.7099 | 45.7063 | 45.7033 | 1.10E-05
60 29 46.3638 | 46.3589 | 46.3538 | 46.3478 | 1.85E-05
60 28 45.8265 | 45.8216 | 45.8162 | 45.8107 | 1.82E-05
45 29 46.3478 | 46.3411 | 46.3347 | 46.3277 | 2.23E-05
45 27 46.6716 | 46.6646 | 46.6581 | 46.6511 | 2.25E-05
30 30 46.8064 | 46.8014 | 46.7957 | 46.7872 | 2.37E-05
30 28 45.8104 | 45.8028 | 45.7952 | 45.7878 | 2.50E-05
15 26 48.6468 | 48.6373 | 48.6287 | 48.6213 | 2.67E-05
15 27 49.6980 | 49.6891 | 49.6800 | 49.6722 | 2.82E-05
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Table A.7 Erosion data for stainless steel 316 at particle velocity of 9.2 m/s

Specimen: Stainless Steel 316

Gas Velocity: 29.2 m/s

Particle: Sand 150 um

Particle Velocity: 9.2 m/s

Im?jé:;r?:)gle Specimen # | start (Q) 3009 600 g 12009 | ER (g/9)
90 29 45.59913 | 45.59897 | 45.5989 | 45.59883 | 2.22E-07
75 29 45.59977 | 45.59960 | 45.59933 | 45.59927 | 5.56E-07
60 28 45.67527 | 45.67497 | 45.67483 | 45.6748 | 3.33E-07
45 28 45.67617 | 45.67580 | 45.67543 | 45.67527 | 8.89E-07
30 28 45.67633 | 45.67623 | 45.67617 | 45.67587 | 6.11E-07
15 28 45.67813 | 45.67750 | 45.677 | 45.67633 | 1.94E-06
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Table A.8 Erosion data for stainless steel 316 at particle velocity of 18.4 m/s

Specimen: Stainless Steel 316

Gas Velocity: 58.4 m/s

Particle: Sand 150 um

Particle Velocity: 18.4 m/s

Img)c?ec;r,:\en)gle Specimen # | start(g) | 300g 600 g 9009 | ER(g/9)
90 11 44.0738 | 44.073 | 44.0720 | 44.0707 | 3.83E-06
90 11 44.0707 | 44.0695 | 44.0679 | 44.0668 | 4.50E-06
75 11 44.0664 | 44.0646 | 44.0631 | 44.0609 | 6.17E-06
75 11 44.0609 | 44.0593 | 44.0576 | 44.0557 | 6.00E-06
60 11 44.0557 | 44.0538 | 44.0513 | 44.0492 | 7.67E-06
60 11 44.0492 | 44.0469 | 44.0448 | 44.0427 | 7.00E-06
45 11 44.0426 | 44.0409 | 44.0381 | 44.0354 | 9.17E-06
45 11 44.0354 | 44.0334 | 44.0310 | 44.0281 | 8.83E-06
30 14 43.4089 | 43.4068 | 43.4029 | 43.3996 | 1.20E-05
30 14 43.3996 | 43.397 | 43.3932 | 43.3896 | 1.23E-05
15 3 44,1385 | 44.1346 | 44.1313 | 44.1275 | 1.18E-05
15 22 46.5415 | 46.5373 | 46.5335 | 46.5296 | 1.28E-05
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Table A.9 Erosion data for stainless steel 316 at particle velocity of 27.6 m/s

Specimen: Stainless Steel 316 Gas Velocity: 87.6 m/s
Particle: Sand 150 um Particle Velocity: 27.6 m/s
Impact Angle Specimen # | start(g) | 300g 600 g 900 g ER (g/9)
(degree)

90 12 43.1735 | 43.1703 | 43.1660 | 43.1617 | 1.43E-05
90 18 45.5355 | 45.5327 | 45.5288 | 45.5247 | 1.33E-05
90 15RF 45.2025 | 45.1965 | 45.1911 | 45.1874 | 1.52E-05
90 15LF 45.1664 | 45.1633 | 45.158 | 45.1535 | 1.63E-05
75 2 43.1617 | 43.1582 | 43.1538 | 43.1489 | 1.55E-05
75 18 45.5249 | 45.5213 | 455168 | 45.5125 | 1.47E-05
60 2 43.1489 | 43.1432 | 43.1375 | 43.1310 | 2.03E-05
60 18 455125 | 45.5079 | 45.5014 | 45.4962 | 1.95E-05
45 2 43.1310 | 43.1244 | 43.1173 | 43.11041 | 2.33E-05
45 18 454932 | 45.4894 | 45.4827 | 45.4748 | 2.43E-05
30 12 44.8763 | 44.8686 | 44.8610 | 44.8535 | 2.52E-05
30 12 44.8535 | 44.8462 | 44.8389 | 44.8315 | 2.45E-05
15 18 44.8535 | 44.8453 | 44.8369 | 44.8290 | 2.72E-05
15 13 47.152 | 47.1427 | 47.1332 | 47.1274 | 2.55E-05
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Table A.10 Erosion data for stainless steel 2205 at particle velocity of 9.2 m/s

Specimen: Stainless Steel 2205

Gas Velocity: 29.2 m/s

Particle: Sand 150 um

Particle Velocity: 9.2 m/s

Im?jé:;r/z\:)gle Specimen # | start (Q) 600 g 1200 g 18009 | ER (g/9)
90 47 452274 | 45.2271 | 45.2269 | 45.2264 | 5.83E-07
75 38 44,4951 | 44.4949 | 44.4945 | 44.4942 | 5.83E-07
60 38 44,4964 | 44.4959 | 44.4955 | 44.4951 | 6.67E-07
45 14 451123 | 45.1117 | 45.1112 | 45.1106 | 9.17E-07
45 47 45,2335 | 45.2327 | 45.2318 | 45.2309 | 1.50E-06
30 44 451164 | 45.1158 | 45.1149 | 45.1135 | 1.92E-06

start (Q) 3009 600 g 9009
30 39 451192 | 45.1183 | 45.1175 | 45.1168 | 2.50E-06
30 39 45.1168 | 45.1161 | 45.1156 | 45.1147 | 2.33E-06
15 46 45.0578 | 45.0570 | 45.0561 | 45.0556 | 2.33E-06
15 46 45.0556 | 45.0548 | 45.0536 | 45.0526 | 3.67E-06
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Table A.11 Erosion data for stainless steel 2205 at particle velocity of 18.4 m/s

Specimen: Stainless Steel 2205 Gas Velocity: 58.4 m/s
Particle: Sand 150 um Particle Velocity: 18.4 m/s
Impact Angle Specimen # | start(g) | 300g 600 g 9009 | ER(g/9)
(degree)
90 45 45.2030 | 45.2023 | 45.2014 | 45.2005 | 3.00E-06
90 37 45.0435 | 45.0426 | 45.0419 | 45.0407 | 3.17E-06
75 37 45.0374 | 45.0362 | 45.0342 | 45.0310 | 8.67E-06
60 43 44.6490 | 44.6481 | 44.6459 | 44.6445 | 6.00E-06
60 42 44,5196 | 445183 | 44.5167 | 44.5149 | 5.67E-06
45 14 45,1294 | 45.1277 | 45.1260 | 45.1242 | 5.83E-06
45 14 45,1242 | 45.1229 | 45.1213 | 45.1196 | 5.50E-06
30 42 44,5144 | 445119 | 44.5098 | 44.5068 | 8.50E-06
30 42 44.5068 | 44.5043 | 44.5022 | 44.4997 | 7.67E-06
30 45 45.1851 | 45.1825 | 45.1802 | 45.1768 | 9.50E-06
15 44 45.1318 | 45.1296 | 45.1275 | 45.1251 | 7.50E-06
15 44 45.1251 | 45.1208 | 45.1182 | 45.1161 | 7.83E-06
15 40 45.6541 | 45.6519 | 45.6488 | 45.6454 | 1.08E-05
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Table A.12 Erosion data for stainless steel 2205 at particle velocity of 27.6 m/s

Specimen: Stainless Steel 2205

Gas Velocity: 87.6 m/s

Particle: Sand 150 um

Particle Velocity: 27.6 m/s

Im?jé:;r/z\:)gle Specimen # | start(g) | 300g 600 g 900 g ER (g/9)
90 47 45.2438 | 45.2408 | 45.2410 | 45.2371 | 6.17E-06
90 46 45.0280 | 45.0278 | 45.0263 | 45.0256 | 3.67E-06
75 45 45.2106 | 45.2083 | 45.2051 | 45.2020 | 1.05E-05
75 44 45.1396 | 45.1371 | 45.1337 | 45.1311 | 1.00E-05
60 43 44.6836 | 44.6799 | 44.6761 | 44.6732 | 1.12E-05
60 42 44.5290 | 44.5262 | 44.5226 | 44.5195 | 1.12E-05
45 37 45.0553 | 45.0530 | 45.0461 | 45.0412 | 1.97E-05
45 38 44,5109 | 44.5064 | 44.5028 | 44.4970 | 1.57E-05
30 40 45.6761 | 45.6680 | 45.6609 | 45.6544 | 2.27E-05
30 41 44,2888 | 44.2811 | 44.2734 | 44.2672 | 2.32E-05
15 38 44,5326 | 44.5246 | 445175 | 445110 | 2.27E-05
15 39 45.1495 | 45.1426 | 45.1361 | 45.1293 | 2.22E-05
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Table A.13 Erosion data for 13 chrome duplex at particle velocity of 9.2 m/s

Specimen: 13 Chrome Duplex Gas Velocity: 29.2 m/s
Particle: Sand 150 um Particle Velocity: 9.2 m/s
'm?j‘g; rﬁg)g'e Spe‘;ime” start(g) | 600g | 1200g | 1800g | ER (g/g)
90 3 204.6260 | 204.6255 | 204.6252 | 204.6247 | 6.67E-07
75 3 204.6276 | 204.6273 | 204.6268 | 204.6260 | 1.08E-06
60 3 204.6295 | 204.6289 | 204.6285 | 204.6276 | 1.08E-06
45 3 204.6327 | 204.6320 | 204.6309 | 204.6295 | 2.08E-06
45 25 204.7585 | 204.7573 | 204.7563 | 204.7550 | 1.92E-06
start (9) 300 g 600 g 900 g
30 10 204.2932 | 204.2928 | 204.2918 | 204.2911 | 2.83E-06
30 10 204.2911 | 204.2906 | 204.2900 | 204.2894 | 2.00E-06
30 5 196.4602 | 196.4596 | 196.4588 | 196.4578 | 3.00E-06
15 6 203.7730 | 203.7721 | 203.7716 | 203.7711 | 1.67E-06
15 5 196.5289 | 196.5281 | 196.5273 | 196.5267 | 2.33E-06
15 5 196.4636 | 196.4631 | 196.4618 | 196.4602 | 4.83E-06
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Table A.14 Erosion data for 13 chrome duplex at particle velocity of 18.4 m/s

Specimen: 13 Chrome Duplex

Gas Velocity: 58.4 m/s

Particle: Sand 150 um

Particle Velocity: 18.4 m/s

Impact Angle

Specimen

(degree) 4 start (g) 3009 600 g 900g | ER (0/9)
90 12 204.4440 | 204.4438 | 204.4428 | 204.4419 | 3.17E-06
90 12 204.4419 | 204.4409 | 204.4400 | 204.4390 | 3.17E-06
75 12 204.4390 | 204.4384 | 204.4373 | 204.4357 | 4.50E-06
75 12 204.4356 | 204.4341 | 204.4330 | 204.4319 | 3.67E-06
60 6 203.7253 | 203.7238 | 203.7216 | 203.7198 | 6.67E-06
45 6 203.7184 | 203.7176 | 203.7158 | 203.7140 | 6.00E-06
45 6 203.7140 | 203.7129 | 203.7112 | 203.7093 | 6.00E-06
30 4 201.1053 | 201.1036 | 201.1003 | 201.0978 | 9.67E-06
30 4 201.0978 | 201.0959 | 201.0937 | 201.0914 | 7.50E-06
15 4 201.0912 | 201.0884 | 201.0858 | 201.0835 | 8.17E-06
15 4 201.0835 | 201.0811 | 201.0788 | 201.0762 | 8.17E-06
15 3 204.6239 | 204.6210 | 204.6186 | 204.6158 | 8.67E-06
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Table A.15 Erosion data for 13 chrome duplex at particle velocity of 27.6 m/s

Specimen: 13 Chrome Duplex

Gas Velocity: 87.6 m/s

Particle: Sand 150 um

Particle Velocity: 27.6 m/s

'm?jg;r?:)g'e Spe‘ime” start(g) | 300g | 600g | 900g |ER (g/g)
90 12 | 2044511 | 204.4488 | 204.4459 | 204.4442 | 7.67E-06
90 11 | 204.0450 | 204.0433 | 204.0412 | 204.0388 | 7.50E-06
90 11 | 204.0388 | 204.0372 | 204.0352 | 204.0327 | 7.50E-06
75 9O | 203.0771 | 203.0745 | 203.0720 | 203.0694 | 8.50E-06
75 9O | 203.0689 | 203.0661 | 203.0630 | 203.0595 | 1.10E-05
60 10 | 2043166 | 204.3126 | 204.3089 | 204.3049 | 1.28E-05
60 10 | 204.3049 | 204.3012 | 204.2976 | 204.2938 | 1.23E-05
45 88 | 203.0591 | 203.0549 | 203.0495 | 203.0443 | 1.77E-05
45 11 | 204.0621 | 204.0569 | 204.0523 | 204.0462 | 1.78E-05
30 7 | 204.7808 | 204.7752 | 204.7677 | 204.7610 | 2.37E-05
30 8 | 204.4381 | 204.4321 | 204.4255 | 204.4183 | 2.30E-05
15 1 | 204.2087 | 204.2227 | 204.2158 | 204.2105 | 2.03E-05
15 2 | 203.2864 | 203.2791 | 203.2728 | 203.2676 | 1.92E-05
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Table A.16 Erosion data for Inconel 625 at particle velocity of 9.2 m/s

Specimen: Inconel 625

Gas Velocity: 29.2 m/s

Particle: Sand 150 um

Particle Velocity: 9.2 m/s

Im?gg;rﬁggle Specimen # | start (g) | 600 g 1200g | 18009 | ER (0/g)
90 60 49.8835 | 49.8833 | 49.8828 | 49.8826 | 5.83E-07
75 60 49.8849 | 49.8847 | 49.8842 | 49.8835 | 1.00E-06
60 60 49.8870 | 49.8867 | 49.8859 | 49.8849 | 1.50E-06
45 59 45,7243 | 45.7238 | 45.7229 | 45.7220 | 1.50E-06
45 59 45,7220 | 45.7211 | 45.7202 | 45.7192 | 1.58E-06

start () | 300¢g 600 g 900 g
30 82 45,7316 | 45.7314 | 45.7307 | 45.7295 | 3.17E-06
30 82 45,7295 | 45.7294 | 45.7292 | 45.7283 | 1.83E-06
30 57 47.8312 | 47.8294 | 47.8284 | 47.8271 | 3.83E-06
15 63 47.6141 | 47.6129 | 47.6119 | 47.6105 | 4.00E-06
15 63 47.6105 | 47.6095 | 47.6086 | 47.6075 | 3.33E-06
15 49 48.1547 | 48.1525 | 48.1515 | 48.1496 | 4.83E-06
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Table A.17 Erosion data for Inconel 625 at particle velocity of 18.4 m/s

Specimen: Inconel 625

Gas Velocity: 58.4 m/s

Particle: Sand 150 um

Particle Velocity: 18.4 m/s

Im?gg;rﬁggle Specimen # | start (g) | 300g 600 g 9009 | ER (g/9)
90 58 49.6471 | 49.6469 | 49.6458 | 49.6447 | 3.67E-06
90 58 49.6447 | 49.6443 | 49.6434 | 49.6424 | 3.17E-06
75 53 49.0276 | 49.0268 | 49.0259 | 49.0253 | 2.50E-06
75 53 49.0253 | 49.0242 | 49.0230 | 49.0222 | 3.33E-06
60 53 49.6304 | 49.6296 | 49.6280 | 49.6264 | 5.33E-06
60 52 49.8965 | 49.8956 | 49.8945 | 49.8930 | 4.33E-06
45 63 47.6228 | 47.6219 | 47.6202 | 47.6183 | 6.00E-06
45 63 47.6183 | 47.6171 | 47.6153 | 47.6137 | 5.67E-06
45 50 48.6403 | 48.6388 | 48.6372 | 48.6355 | 5.50E-06
30 55 49.4313 | 49.4297 | 49.4278 | 49.4258 | 6.50E-06
30 55 49.4258 | 49.4240 | 49.4219 | 49.4195 | 7.50E-06
30 60 49.8733 | 49.8713 | 49.8695 | 49.8669 | 7.70E-07
30 50 48.6477 | 48.6456 | 48.6437 | 48.6410 | 7.67E-06
15 55 49.4195 | 49.4170 | 49.4142 | 49.4117 | 8.83E-06
15 54 47.3141 | 47.3114 | 47.3088 | 47.3062 | 8.67E-06
15 50 48.6559 | 48.6528 | 48.6501 | 48.6477 | 8.50E-06
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Table A.18 Erosion data for Inconel 625 at particle velocity of 27.6 m/s

Specimen: Inconel 625

Gas Velocity: 87.6 m/s

Particle: Sand 150 um

Particle Velocity: 27.6 m/s

Im?gg;rﬁggle Specimen # | start (Q) 3009 600 g 900 g ER (g/9)
90 53 49.0099 49.0072 | 49.0041 | 49.0009 | 1.05E-05
75 53 49.0223 49.0184 | 49.0145 | 49.0099 | 1.42E-05
60 56 47.2393 47.2349 | 47.2301 | 47.2244 | 1.75E-05
45 56 47.2586 47.2520 | 47.2455 | 47.2393 | 2.12E-05
30 56 47.2816 47.2742 | 47.2668 | 47.2586 | 2.60E-05
15 56 47.3058 47.2981 | 47.2899 | 47.2812 | 2.82E-05
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Table A.19 Erosion data for aluminum alloy 6061 at particle velocity of 9.2 m/s

Specimen: Aluminum Alloy 6061

Gas Velocity: 29.2 m/s

Particle: Sand 150 um

Particle Velocity: 9.2 m/s

Im?(?g;éggle Specimen #| start (g) 600 g 1200 ¢ 1800 g ER (g/9)
90 68 16.3975 | 16.3975 | 16.3975 | 16.3974 | 8.33E-08
75 68 16.3977 | 16.3977 | 16.3976 | 16.3975 | 1.67E-07
60 68 16.3978 | 16.3978 | 16.3978 | 16.3976 | 1.67E-07

start (Q) 3009 600 g 900 ¢
30 69 16.5861 | 16.5858 | 16.5855 | 16.5854 | 6.67E-07
30 69 16.5854 | 16.5852 | 16.5850 | 16.5849 | 5.00E-07
30 o7 16.6193 | 16.6189 | 16.6184 | 16.6182 | 1.17E-06
15 67 16.6681 | 16.6677 | 16.6668 | 16.6665 | 2.00E-06
15 67 16.6665 | 16.6658 | 16.6650 | 16.6642 | 2.67E-06
15 57 16.6212 | 16.6208 | 16.6201 | 16.6193 |2.50E-06
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Table A.20 Erosion data for aluminum alloy 6061 at particle velocity of 18.4 m/s

Specimen: Aluminum Alloy 6061

Gas Velocity: 58.4 m/s

Particle: Sand 150 um

Particle Velocity: 18.4 m/s

Impact Angle

(degree) Specimen #| start (Q) 3009 600 g 900 g ER (g/9)
90 64 16.4377 16.4373 16.4365 16.4359 | 2.33E-06
90 68 16.3998 16.3994 16.3987 16.3981 | 2.17E-06
90 78 16.5580 16.5575 16.5566 16.5558 | 2.83E-06
75 66 16.5729 16.5726 16.5723 16.5715 1.83E-06
75 66 16.5715 16.5713 16.5710 16.5704 1.50E-06
60 65 16.5202 16.5193 16.5186 16.5178 | 2.50E-06
60 62 16.9126 16.9118 16.9111 16.9101 | 2.83E-06
60 68 16.3110 16.3099 16.3081 16.3067 | 5.33E-06
45 64 16.4357 16.4344 16.4324 16.4297 7.83E-06
45 64 16.4297 16.4288 16.4274 | 16.4259 | 4.83E-06
45 65 16.5175 16.5159 16.5140 16.5119 | 6.67E-06
30 61 16.2569 16.2555 16.2532 16.2506 | 8.17E-06
30 61 16.2506 16.2489 16.2459 16.2437 | 8.67E-06
15 67 16.6839 16.6819 16.6788 16.6758 | 1.02E-05
15 67 16.6758 16.6739 16.6713 16.6684 | 9.17E-06
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Table A.21 Erosion data for aluminum alloy 6061 at particle velocity of 27.6 m/s

Specimen: Aluminum Alloy 6061 Gas Velocity: 87.6 m/s
Particle: Sand 150 um Particle Velocity: 27.6 m/s
Impact Angle Specimen #| start (g) | 300g 600 g 900 g ER (g/9)
(degree)
90 66 16.5695 | 16.5684 | 16.5664 | 16.5640 | 7.33E-06
90 66 16.5640 | 16.5628 | 16.5609 | 16.5582 | 7.67E-06
90 64 16.3845| 16.3819 | 16.3799 | 16.3778 | 6.83E-06
75 67 16.7052 | 16.7037 | 16.7018 | 16.6998 | 6.50E-06
75 66 16.5821 | 16.5805 | 16.5787 | 16.5774 | 5.17E-06
75 64 16.3923 | 16.3899 | 16.3875 | 16.3845 | 9.00E-06
60 64 16.4465 | 16.4437 16.4416 | 16.4379 | 9.67E-06
60 65 16.5611 | 16.5586 | 16.5560 | 16.5528 | 9.67E-06
60 64 16.4043 | 16.4001 | 16.3962 | 16.3923 | 1.30E-05
45 69 16.6009 | 16.5969 | 16.5917 | 16.5859 | 1.83E-05
45 67 16.7002 | 16.6963 | 16.6902 | 16.6843 | 2.00E-05
30 65 16.5525 | 16.5477 | 16.5418 | 16.5358 | 1.98E-05
30 65 16.5358 | 16.5309 | 16.5251 | 16.5196 | 1.88E-05
15 61 16.2838 | 16.2771 | 16.2698 | 16.2628 | 2.38E-05
15 69 16.6218 | 16.6147 | 16.6076 | 16.6010 | 2.28E-05
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APPENDIX B

EROSION DATA FOR OTHER SOLID PARTICLES

Table B.1 Erosion data for other solid particles in submerged configuration (particle concentration: 1% (kg/kg))

Test Spec. # Li(?r']/\slf ! Particle ‘I;ihnr;e V\S/ta(g) Vsto(Z) Loss (g) | ER (g/9)
submerged 61 16.8 Silicon Carbide 72 45.3887 | 45.0062 | 0.3825 2.07E-07
submerged 58 16.8 Silicon Carbide | 72 | 45.5166 | 45.1595 | 0.3571 | 1.93E-07
submerged 63 16.8 Silicon Carbide | 72 | 45.5844 | 452493 | 0.3351 | 1.81E-07
submerged 42 16.8 Alumina 72 | 457791 | 455514 | 0.2277 | 1.23E-07
submerged 24 16.8 Alumina 72 | 45.7677 | 455066 | 0.2611 | 1.41E-07
submerged 57 16.8 Alumina 72 | 457547 | 455166 | 0.2381 | 1.29E-07
submerged 2 16.8 Silica Flour 72 45.4643 | 44.6531 | 0.8112 4.38E-07
submerged 9-R 16.8 Silica Flour 72 47.1676 | 46.221 0.9466 5.11E-07
submerged 15 16.8 Silica Flour 72 | 454635 | 445647 | 0.8988 | 4.85E-07
submerged 6 16.8 Magnetite 72 | 48.9442 | 48.8238 | 0.1204 | 6.50E-08

139



16.8

submerged 11-R Magnetite 72 47.3183 | 47.2012 | 0.1171 6.32E-08
submerged 33 16.8 Magnetite 72 45.6473 | 45,5419 | 0.1054 5.69E-08
submerged 67 16.8 Hematite 72 | 456763 | 450515 | 0.6248 | 3.37E-07
submerged 71 16.8 Hematite 72 | 457439 | 453695 | 0.3744 | 2.02E-07
submerged 73 16.8 Hematite 72 | 457708 | 45.133 | 0.6378 | 3.44E-07
submerged 84 16.8 Hematite 72 | 45.4173 | 44.4735 | 0.9438 | 5.10E-07
submerged 81 16.8 Apatite 72 | 453925 | 44.2105 | 1.1820 | 6.38E-07
submerged 80 16.8 Apatite 72 | 453956 | 45.1278 | 0.2678 | 1.45E-07
submerged 85 16.8 Apatite 72 | 455043 | 452565 | 0.2478 | 1.34E-07
submerged 9 16.8 Barite 72 | 47.3157 | 47.1903 | 0.1254 | 6.77E-08
submerged 5-R 16.8 Barite 72 | 48.7833 | 48.6723 | 0.1110 | 5.99E-08
submerged 25 16.8 Barite 72 | 45.8261 | 45.6955 | 0.1306 | 7.05E-08
submerged 25 16.8 Barite 72 | 45.8261 | 45.6955 | 0.1306 | 7.05E-08
submerged 14 16.8 Calcite 72 | 45.7177 | 45.7054 | 0.0123 | 6.64E-09
submerged 21 16.8 Calcite 72 | 457167 | 45.7043 | 0.0124 | 6.69E-09
submerged 1 16.8 Calcite 72 | 458055 | 457798 | 0.0257 | 1.39E-08
submerged 10 16.8 Iron Powder 72 | 47.1893 | 47.1699 | 0.0194 | 1.05E-08
submerged |  6-R 16.8 Iron Powder 72 | 48.6423 | 48.6179 | 0.0244 | 1.32E-08
submerged 30 16.8 Iron Powder 72 | 45.6949 | 45.6709 | 0.0240 | 1.30E-08
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Table B.2 Erosion data for other solid particles in mist flow configuration (particle concentration: 1% (kg/kg))

Test Spec. # G?;X; I' %rfl/rlr??r:? Particle -I;er)e V‘?/t ?g) Vito(g) Loss (9) ER (9)
air/water 59 45 800 Silicon Carbide 72 454137 | 45.4093 0.0044 | 2.69E-07
air/water 56 45 800 Silicon Carbide 72 45.5766 | 45.5715 0.0051 | 3.12E-07
air/water 65 45 800 Silicon Carbide 72 45.5706 | 45.5647 0.0059 | 3.61E-07
air/water 34 45 800 Alumina 72 455421 | 45.5375 0.0046 | 2.81E-07
air/water 20 45 800 Alumina 72 454242 | 45.4179 0.0063 | 3.85E-07
air/water 55 45 800 Alumina 72 45.5863 | 45.5766 0.0097 | 5.93E-07
air/water 3 45 800 Silica Flour 72 48.1979 | 48.1833 0.0146 | 8.93E-07
air/water 7-L 45 800 Silica Flour 72 47.3366 | 47.3282 0.0084 | 5.14E-07
air/water 17 45 800 Silica Flour 72 45.6758 | 45.6719 0.0039 | 2.38E-07
air/water 10-2 45 800 Magnetite 72 47.1699 | 47.1676 0.0023 | 1.41E-07
air/water 35 45 800 Magnetite 72 45.4722 | 45.4717 0.0005 | 3.06E-08
air/water 45 45 800 Magnetite 72 45.8124 | 45.8085 0.0039 | 2.38E-07
air/water 69 45 800 Hematite 72 45.8531 | 45.8513 0.0018 | 1.10E-07
air/water 86 45 800 Hematite 72 45.2565 | 45.2543 0.0022 | 1.35E-07
air/water 86 45 800 Hematite 72 45.2543 | 45.2512 0.0031| 1.90E-07
air/water 79 45 800 Apatite 72 45.3999 | 45.3956 0.0043 | 2.63E-07
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air/water 82 45 800 Apatite 72 44,2105 | 44.2051 0.0054 | 3.30E-07
air/water 83 45 800 Apatite 72 45.4205 | 45.4173 0.0032 | 1.96E-07
air/water 7 45 800 Barite 72 47.3402 | 47.3375 0.0027 | 1.65E-07
air/water 27 45 800 Barite 72 45.7764 | 45.7754 0.001 | 6.11E-08
air/water 44 45 800 Barite 72 45.8088 | 45.8077 0.0011 | 6.73E-08
air/water 23 45 800 Calcite 72 45.7687 | 45.7672 0.0015 | 9.17E-08
air/water 37 45 800 Calcite 72 45.6314 | 45.6301 0.0013 | 7.95E-08
air/water 39 45 800 Calcite 72 45.1691 | 45.1677 0.0014 | 8.56E-08
air/water 8 45 800 Iron Powder 60 47.3371 | 47.3366 0.0005 | 3.67E-08
air/water 31 45 800 Iron Powder 72 455114 | 45,5112 0.0002 | 1.22E-08
air/water 47 45 800 Iron Powder 72 45.6689 | 45.6686 0.0003 | 1.83E-08
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APPENDIX C

LIQUID IMPACT EROSION DATA

Table C.1 Liquid impact erosion data with brine (high velocity)

# Material Impact vel. (ft/s) | rpm | Time (hr) | Start weight (g) | End weight (g) Loss (9)

1 Sm825 173.8 3510 71 11.32244 11.143695 0.178745
1 625 173.8 3510 71 12.358215 12.253387 0.104828
1 2205 173.8 3510 71 11.07646 11.030214 0.046246
1 Sm25-Cr 173.8 3510 71 10.418965 10.400229 0.018736
2 1018 173.8 3510 16 15.096604 14.582415 0.514189
2 1018 173.8 3510 16 14.788804 14.295345 0.493459
2 1018 173.8 3510 16 15.07943 14.579 0.50043

2 1018 173.8 3510 16 15.17995 14.680995 0.498955
3 316 173.8 3510 72 11.51495 11.514325 0.000625
3 2205 173.8 3510 72 10.59611 10.578245 0.017865
3 Sm25-Cr 173.8 3510 72 11.013405 11.009665 0.00374

3 13Cr-A 173.8 3510 72 12.98423 12.95477 0.02946

4 316 173.8 3510 72 11.18814 10.933445 0.254695
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4 Sm825 173.8 3510 72 12.2282 11.8924 0.3358

4 625 173.8 3510 72 12.619215 12.542455 0.07676
4 13Cr-A 173.8 3510 72 12.911585 12.43835 0.473235
5 Sm825 173.8 3510 72 10.317765 9.99769 0.320075
5 625 173.8 3510 72 11.58382 11.548695 0.035125
5 2205 173.8 3510 72 10.09267 9.920665 0.172005
5 Sm25-Cr 173.8 3510 72 11.09197 10.983735 0.108235
6 316 173.8 3510 44 15.402755 15.278675 0.12408
6 9Cr-1M 173.8 3510 44 16.585615 15.703835 0.88178
6 13Cr-H 173.8 3510 44 13.593535 13.261185 0.33235
6 9Cr-1M 173.8 3510 44 18.209055 17.313155 0.8959

7 316 173.8 3510 72 10.894955 10.603075 0.29188
7 625 173.8 3510 72 12.694465 12.693275 0.00119
7 2205 173.8 3510 72 14.960055 14.78058 0.179475
7 Sm25-Cr 173.8 3510 72 14.843875 1475773 0.086145
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Table C.2 Liquid impact erosion data with tap water (high velocity)

# Material Impact vel. (ft/s) rpm Time (hr) Start weight (g) End weight (g) Loss (9)
8 1018 173.8 3510 16 14.084425 13.928385 0.15604
8 1018 173.8 3510 16 14.44622 14.31093 0.13529
8 1018 173.8 3510 16 13.9626 13.798825 0.163775
8 1018 173.8 3510 16 13.85728 13.70532 0.15196
9 316 173.8 3510 72 14.816415 14.472285 0.34413
9 625 173.8 3510 72 13.43372 13.430575 0.003145
9 2205 173.8 3510 72 16.47961 16.311275 0.168335
9 Sm25-Cr 173.8 3510 72 14.09982 14.006315 0.093505
10A Sm825 173.8 3510 69 13.319785 13.241335 0.07845
10A 9Cr-1M 173.8 3510 69 17.77244 17.599755 0.172685
10A 13Cr-A 173.8 3510 69 13.252485 13.149465 0.10302
10A 13Cr-H 173.8 3510 69 13.298375 13.11224 0.186135
10B Sm825 173.8 3510 72 12.503675 12.285425 0.21825
10B 9Cr-1M 173.8 3510 72 13.792735 13.53403 0.258705
10B 13Cr-A 173.8 3510 72 13.513775 13.206925 0.30685
10B 13Cr-H 173.8 3510 72 12.99572 12.76823 0.22749
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Table C.3 Liquid impact erosion data with brine (low velocity)

Impact vel.

Start weight

# Material (ft/s) rpm Time (hr) @) End weight (g) Loss (9)
11-A 1018 87.1 1782 72 14.965355 13.206865 1.75849
11-A 1018 87.1 1782 72 14.68792 12.714295 1.973625
11-A 1018 87.1 1782 72 14.02146 12.249635 1.771825
11-A 1018 87.1 1782 72 14.149435 12.464185 1.68525

12 316 87.1 1782 144 14.767355 14.767305 SE-05

12 625 87.1 1782 144 12.954375 12.9543 7.5E-05
12 2205 87.1 1782 144 16.01646 16.016295 0.000165
12 Sm25-Cr 87.1 1782 144 14.294345 14.293985 0.00036
13 Sm825 87.1 1782 144 13.91797 13.917785 0.000185
13 9Cr-1M 87.1 1782 144 16.163815 14.526175 1.63764
13 13Cr-A 87.1 1782 144 13.236215 13.208375 0.02784
13 13Cr-H 87.1 1782 144 13.184425 13.032385 0.15204
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Table C.4 Liquid impact erosion data with brine (30 deg impact)

Impact vel.

Start weight

# Material (ft/s) rpm Time (hr) @) End weight (g) Loss (9)
14 1018 173.8 3510 16 18.995785 18.44623 0.549555
14 1018 173.8 3510 16 18.92052 18.451505 0.469015
14 1018 173.8 3510 16 18.92364 18.436435 0.487205
14 1018 173.8 3510 16 18.775125 18.303725 0.4714
15 316 173.8 3510 72 15.14194 15.141425 0.000515
15 13Cr-H 173.8 3510 72 13.28482 13.17635 0.10847
15 13Cr-A 173.8 3510 72 13.249035 13.228865 0.02017
15 | 9Cr-1M 173.8 3510 72 14.903955 14.177575 0.72638
16 | Sm25-Cr 173.8 3510 72 17.752385 17.751825 0.00056
16 Sm825 173.8 3510 72 14.37954 14.376535 0.003005
16 625 173.8 3510 72 15.994115 15.990775 0.00334
16 2205 173.8 3510 72 17.93925 17.937895 0.001355
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