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Abstract

Sucker rod couplings and tubings in a non-vertical oil well are
subjected to severe wear as they interact during the cyclic pumping
operation. This wear can become excessive in sand environments.
Worn couplings and rods can be relatively easily replaced during
shutdowns, but tubing is very costly to replace. Therefore, it is
important to minimize the wear of these components by choosing 2

suitable coupling/tubing sliding combination.

A wear testing apparatus was designed in the laboratory to evaluate
the wear of couplings and tubing under simulated operating
conditions. With this apparatus it was found that the ceramic coated
coupling (TiO,) wore the least and caused the least damage to the
tubing in the water environment condition. On the other hand, this
coupling showed the worst performance in the presence of sand.
When examining the overall performance of the couplings and
tubing in the different environmental conditions, the NiW coated
coupling yielded tie best performance. The influence of the
operating variables on the wear ~f couplings and tubing was studied.
Side load, sliding duration, surface roughness and sand ficw rate had
direct influences on the wear of the couplings and tubing. Surface
hardness of the tubing increased due to work hardening and the
transfer of harder particles from the coating on the coupling which

enhanced the wear resistance of the tubing.
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Chapter 1

Introduction

1.1 _ Nature Of The Problem

Sucker rod strings are devices used to activate pumps located
at the bottom of oil wells. The individual rods are connected
together by threaded couplings. The couplings, being of a larger
diameter than the rods, make contact with the tubing wall causing
wear of both the coupling and the tubing during the pumping cycle.
Usually, this is no problem unless buckling occurs during the down-
stroke, however, this can lead to accelerated wear of the coupling
and tubing. In non-vertical wells, (Figure 1.1) the contact is more
severe and rapid wear takes place. As a result, the wear of
downhole components is a significant problem. Wear can become
excessive in the presence of sand. In particularly severe situations,
oil field components can wear out in a matter of a few weeks
necessitating replacement of components and a general "workover”
for the well. Couplings are more easily replaced during shutdowns
but it is important to minimize wear of tubing since tubing is very

expensive to replace.

The sucker rod coupling and tubing wear problem was recently
addressed [1, 2, 3). These papers describe work in North America to

help minimize the problem of coupling-tubing wear to lengthen the



time between shutdowns and reduce the downtime. There are no

known studies of coupling-tubing wear in the presence of sand.

® =
Rod String
g > Coupling
Tubing
Horizontaql

Devioted

Figure 1.1. Well Production Configurations

Oil companies employ a number of devices to reduce down-
hole wear problems. Some of these include the use of continuous
sucker rods without couplings (particularly useful in slant wells or
deviated wells), injected moulded plastic centralizers placed along

the rod to separate the rod from the tubing, plastic coated couplings,

2



hard metal-coated couplings, and roller couplings. [Each of these
devices works to a degree, but none has so far been able to

eliminate wear completely.

The work described in this thesis was designed to evaluate the
performance of various types of couplings versus tubing, the
influence of different variables on the wear of couplings/tubing, to
show and identify the controlling wear mechanisms, and the
influence of sand on wear. Wear tests were performed in two
environments; 1) water and 2) water and sand. In each of these
environments, actual field components were utilized with the testing

variables closely controlled.

L2 Thesis Outli

The first part of the thesis consists of a general review of
coupling/tubing research. In Chapter 2, a general description of
sucker rod strings is provided followed by a review of the types of
environments to which couplings/tubing are exposed. In Chapter 3,
studies of different types of wear are described. The effects of
different variables on the wear rate are addressed as well. Chapter
4 describes the experimental procedure, the statistical analyses used

in the present study and the uncertainties in individual variables.

The second part of the thesis deals with some experiments

conducted on couplings/tubing. This thesis examines (Chapter 5)

3



the wear of couplings and tubing (weight and thickness loss), work
hardening effect, microhardness, wear rates, apparent coefficient of
friction and surface roughness. All of the above are compared using
different side loads and different environments. Different materials
were tested to determine which material caused the least wear in
the coupling/tubing. Relative costs of the coatings are shown.

Chapter 6 outlines the conclusions of the experimental research.

e
h¥
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Chapier 2

Coupling/Tubing Operation

Prior to examining the performance of different couplings, the
conditions and constraints of the coupling/tubing operation must be
understood. This chapter begins with a brief description of the
coupling/tubing operation followed by an explanation of the sucker-
rod pumping system and the effects that well fluid properties have

on the service life of components.

2 ker r rin

Sucker rod strings are made up of 25 foot (7.62 m) steel rods
connected by threaded couplings. Sucker rod tubings and couplings
are manufactured according to standards set by the American
Petroleum Institute (API, 1982) which defines the dimensional
geometry and classifies them into various alloy types. The sucker
rod is manufactured from bar stock with diameters ranging from
172 in (12.7 mm) to 1-1/8 in (28.6 mm). The rod end is forged and
machined to create a roll-threaded pin, shcuider, wrench square and

upset bead at each end (Figure 2.1).



Rod Body

Upset Bead
Wrench Square

Shoulder

Pin

Figure 2.1. Sucker Rod End

The coupling which connects the pins of adjacent rods is
usually made out of AISI 8630 from a cold extruded cylinder. The
cylinder is bored through and machined with an inside rolled thread
(Figure 2.2). The coupling has an outer diameter of 1-3/4 in (44
mm) and is 4 inches long (100 mm) according to API dimensions.
The tubing has an outer diameter of 2-7/8 in (73 mm) electrical

resistance welded (ERW) tubing.

Figure 2.2. Sucker Rod Coupling

6



23 Coupling/Tubing Envi I

The properties of oil well fluids have a large influence on the
service life of coupling/tubing. When the water component of the
puraped fluids is cormrosive, a mechanism known as corrosive wear
can greatly reduce the service life. Furthermore, the wear is more
severe in an environment where sand and fluid are combined. It is
this latter environmental combination which is discassed in detail in

this thesis.



Chapter 3

Wear

Wear is the progressive loss of material from the surface of a
body due to the relative motion of two bodies in contact [4). In
recent years due to many attempts to control and understand the
wear process, a broader definition was adopted. Wear is defined as |
"the gradual damage which may result when two materials in
contact move relative to each other” [5]. This definition can be
further subdivided into two categories;

I.  Material may be displaced or changed in shape or in
mechanical property with little or no material loss.
II.  An observed net change of mass from at least one of the

interaction components and loose wear debris.

These distinctions are important. If there is no apparent change in
volume or mass it might be concluded that no wear has taken place.
However, wear might have occurred as a result of material

displacement from one part of a body to another without any

material loss.



3.2 Types of Wear

In the oil industry the wear of the coupling/tubing is primarily
caused by impacting and sliding motions. The environment plays an
important role in this process. The environment can contain sand,
water, gas, slurry, corrosive media and these may act as carriers for
particle asperities. These particles that have broken off, slide and
plow into the surface material. Such wear debris (broken asperities

due to cyclic loading system) is the dominant cause of the wear.

In order to study and to gain a better understanding of wear, it
is essential to recognize that several distinct and independent
mechanisms may be involved. Wear may be characterized by the
appearance of the worn surface or based upon the mechanisms and
conditions which prevail during material removal [6]. Such
classifications as mild wear and severe wear are based upon the.
observation of worn surfaces. However, other terminologies such as
adhesive wear, abrasive wear and delamination wear are based
upon the mechanism of material removal or the conditions which
exist during the wear process. The following types of wear have

been classified.



3.2.1 Adhesive Wear

Adhesive wear occurs as a result of the relative sliding
between two surfaces under a normal contact load. As a normal
load is applied, the local pressure on the asperities becomes
extremely high. The yield point stress is exceeded and the
asperities deform plastically. This process continues until the real

contact area has increased enough to support the applied load.

Continued sliding causes the junctions to be sheared and new
junctions to be formed. Some of the ruptured junctions transfer

from one surface to the other [7], others are discarded as debris.

The transfer of material from one surface to another by
adhesion has been studied by several investigators. For example,
Kerridge and Lancaster [8] used a radioactive pin of 60:40 brass
rubbing against a ring of tool steel. The transfer of material was
demonstrated by placing a photographic film in contact with the tool
steel after rubbing. An autoradiograph of the transferred brass
from the wear track was subsequently obtained. Another example
of the transfer of material was conducted by Bellow et. al. [1]. In
their study, a scanning electron micrograph was used to show nickel
platelets deposit from coated couplings on to the softer oilfield

tubing.
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3.2.2 Abrasive Wear

Abrasive wear occurs in one of two ways. First, the wear is
caused by the ploughing out of softer materiz;l by a harder surface.
This is known as two-body abrasive wear. In the second case,
abrasion is caused by loose hard particles sliding between rubbing
surfaces. This is known as three-body abrasive wear [9]. The
mechanism of abrasive wear has been shown to be microcutting of
small chips by the harder particles acting as cutting tools [10].
These particles slide and deform the surface and the subsurface by
plowing. The subsurface deformation is due to the process of
subsurface void and crack formation similar to delamination which

is more fully described below.

Surface hardness is an important parameter in abrasive wear.
Kruschov [11] showed there was a linear relationship between
resistance to wear with hardness, for a range of annealed pure
metals. It was also found that prior work-hardening of the pure
metals had no effect on the wear rate. The conclusion reached was
that during abrasion, a metal surface work-hardens to a maximum

value which determines the abrasion resistance of the material.

3.2.3 Delamination Wear

Delamination wear takes place by deformation of the surface
layer, nucleation of cracks at the subsurface and the propagation of

these cracks parallel to the surface along the sliding direction. The
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wear particles generated by this wear mechanism differ in shape
from those generated by the deformation and fracture of asperities
and by plowing. The wear particles generated by the removal of the
surface asperities are small whereas those associated with plowing

tend to be long by one order of magnitude [12].

The delamination theory of wear [13] describes the following
sequence of events which lead to loose wear sheet formation:
a) When two sliding surfaces come in contact, normal and
tangeniial loads are transmitted through the contact regions by
adhesive and plowing actions. The asperities of the softer surface
are easily deformed and some are fractured by the repeated loading.
A relatively smooth surface is formed while these asperities are
deformed or are being removed.
b) Once the surface becomes smooth, the contact is not just
asperity to asperity contact, but rather an asperity to plane contact.
Each point along the sofier surface experiences cyclic loading. The
surface traction exerted by the harder asperitics on the softer
surface induces plastic deformation which accumulates with
repeated loading.
¢) As the subsurface deformation continues, voids and cracks are
nucleated below the surface.
d) Upon further deformation and with repeated loadings, cracks
propagate, joining the neighboring ones. Cracks tend to propagate
parallel to the surface governed by material properties and the state
of loading.

12



e) When these subsurface cracks reach a critical length they
become unstable and propagate to the surface generating thin wear
sheets. The thickness of these sheets depends upon the material
properties and the magnitude of the normal and tangential loads at
the surface, since they control the magnitude and the depth of the

maximum tensile stress behind the moving asperities.

3.2.4 Surface Fatigue Wear

When two sliding surfaces make contact via asperities, it
follows that wear can occur by adhesion or abrasion. It is possible
however, that these asperities can make contact without adhering or
abrading and can pass each other leaving one or both asperities
plastically deformed. After a critical number of such contacts, an
asperity would fail due to fatigue, producing a wear debris. Archard
and Hirst [14) have suggested that the metal transferred by
adhesion is finally removed by a fatigue process. It is difficult to
prove directly that asperity fatigue is a major cause of wear under

any given set of conditions [15].

Surface fatigue is usually associated with surfaces in rolling
contact. This type of wear is caused by surface and subsurface
cracks and fatigue crack propagation [6, 16]. Lancaster [4] defined
fatigue wear as "the detachment of particles as a result of cyclic
stress variations usually associated with rolling, but localized fatigue
on an asperity scale is becoming increasingly recognized as a factor

in sliding wear also".
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3.2.5 Corrosive Wear

Corrosive wear is a process in which a chemical reaction with
the environment is the rate-determining factor. When rubbing
takes place in a corrosive environment which may be either gaseous
or liquid, surface reactions take place and reaction products are
found on one or both surfaces. These reaction products are
commonly poorly adherent to the surfaces and further rubbing
causes their removal [15). This process is then repeated. Corrosive
wear requires both corrosion and rubbing. The reaction products
depend upon the exact composition of the environment. For
instance, small quantities of water vapor in air cause the reaction
product to be the hydroxide rather than the oxide. The most
common liquid environment is water and here small amounts of
dissolved gases, commonly oxygen or carbon dioxide, influence
corrosion. Corrosion is also influenced by the relative
electropotential of rubbing metals. High contact stresses can cause
enhanced corrosion locally leading to pitting. The pitting may lead
to surface cracking and this combined with surface rubbing may
result in catastrophic wear. The presence of a lubricant usually
protects the surfaces from the corrosive environment. However, it is
not uncommon for corrosive clements to be dissolved in lubricants
like water in oil. Lubricants can be degraded in time and can

become progressively more corrosive.
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3.3 ___Factors Affectin.'_Wear

Wear in sliding contact depends upon parameters such as the
material properties, the load, the temperature surface topography,
lubrication, and speed [17]. The following sections will describe
those factors which can cause considerable variation in the wear

rates of rubbing surfaces.

33.1 Load

Teer and Arnell [15] suggested that an increase in load causes
an increase in the frictional force, and hence, a rise in temperature.
An increase in load can also cause a tramsition from mild wear to
severe wear. This point was supported by Bellow et al. [1]. This
work showed a change in wear mode of couplings and tubings i.e. a
change from mild wear to severe wear, while increasing the contact
pressure from 370 kPa to 1380 kPa. It was also suggested that the
wear rate/weight loss of the standard coupling increased in a non-
linear fashion with an increasing load. The wear rate was measured
as g/10°m. The load increase caused an increase in the hardness of
the surfaces in contact [1]. Ko et al. [2] showed that the
coupling/tubing wear rates tend to increase with high normal loads

and faster sliding speeds.
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3.3.2 Speed/Temperature

In general, the effect of speed is to cause an increase in the
temperature of the sliding interface and facilitating oxide formation.
If the increase in the temperature is high enough the hardness of
the metal will decrease so that an increase in the wear rate should

be expected.

The general effect of increasing surface velocity is a reduction
in the rate of wear. This was shown in a detailed study of wear of
60/40 brass on steel over a speed range of 0.01-500 cm/s using a
pin-ring machine [18]. These experiments showed that the size of
the transferred material decreased as the speed increased. Since
time was not available for junction growth, it caused a progressive
fall in the rate of wear. The other effect of speed was to cause a
progressive rise in temperature with a concomitant fall in the chear
strength of the brass. This resulted in an increase in junction size.
A progressive ris¢ in temperature with increased speed increased
the amount of brass which was deposited. When this overcame the

effect of the frequency of transfer, wear rate increasesd.

Ko et al. [2] showed that the coupling/tubing wear rates tended
to increase with higher normal contact load and faster sliding speed.
However, at the slowest stroke rate tested (5 strokes/min;
stroke=0.9m), wear rates were much less sensitive to normal contact
load. The high sliding rate might also have increased the vibration

level of the test apparatus. These conditions are prone to promote
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the dispersion of wear debris and the breakdown of surface oxide
leading to metallic contact and transfer, and hence more severe

wear damage.

3.3.3 Surface Roughness

Surface roughness is "the geometrical detail of a solid surface,
relating particularly to variations in height” [19]. This definition
wounld refer and include any change in the actual surface level from

the ideal datum level.

Since wear is a process of fatigue occurring at the material
surface, the initial surface roughness may be considered a factor
which may influence the rate of wear and friction. The wear of
different surface finishes in the range 0.lpm - 4.8um were observed
by Jahnmir and Suh [20]. The results of the experiments indicated
that under very light loads, rough surfaces tend to wear less initially
than smooth surfaces while the opposite appears to be true under
high load. However, the results observed appear to be limited to the
first 100 m of sliding. During this sliding distance, the geometry of
the asperities was changed by plastic flow and the surface became

relatively smooth.

In another study on cam wear conducted by C. Alamsyah et al.
[21], initial surface profiles did not play a predominant role in the
run-in wear of the cams. Rather, the wear occurred in the initial

minutes of testing, apparently at wear initiation sites provided by
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the microstructure and initial finigh.

In a discussion on Argon's paper [22], S. Jahnmir said that the
effect of surface roughness is present only at the initial stages of
wear. Once the original roughness of the surface is removed by the
wear process, the steady-state wear does not depend on the initial
surface roughness. The behavior at low loads was controlled by the
gradual removal of the asperities, so the total wear of the surface
which had the roughest surface, was larger than the total wear of
the smoothest surface. The steady-state wear rate of both surfaces
was the same. When the load was increased, asperities of the
smooth surface could not support the Ioad and thus were broken up
very quickly in the sliding process, starting the steady-state
delamination wear processes immediately. However, for rough
surfaces, it took some time before the rough, hard asperities could
be removed and the delamination process could start. In all cases,
the steady-state wear rate did not depend upon the initial surface
roughness [23, 24]. It is important to note that these observations
were obtained for metal-metal contact. The same observations are

not necessarily true for metal-polymer contact [25].

3.3.4 Sliding Distance

The sliding wear of metals with typical machined surfaces is
dependent upon the history of sliding, the environment, the applied
load and the surface roughness as well as on the microstructure and

the basic properties of metal. To a first approximation, the wear
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volume of a typical metal may be plotted as a function of the sliding
distance. The sliding wear rate is a linear function of sliding
distance except for the first 500 run-in cycles (30m) [26]). Initially,
very high wear rates are observed as the original surface asperities
are removed. When the surface is lubricated or when the load is
low, the surface becomes smooth and no wear is observed. As
distance increases, the subsurface is subjected to changes which lead
to the delamination process [12]. This wear mechanism causes the
wear rate to increase rapidly and the cycle starts again. The wear
rate decreases with increasing distance. On the other hand, the wear

(loss of material) increases with distance [1, 2].

3.3.5 Material Hardness

The removal of material from metallic surfaces by any wear
mechanism occurs by deformation and fracture of wear particles
from the wearing material. Therefore, the wear rate must depend
on such mechanical properties as hardness, ductility, plastic flow
stress etc.. The hardness of a material is a measure of its resistance

to plastic flow.

As a general rule, the adhesion, delamination and abrasion
rates are inversely proportional to the hardness [6]. Poggie et al.
[26] and Czichos et al. [27] also showed that the wear rate decreased
as the hardness increased. The experimental results of the Bellow et
al. [1] study indicated that the hard-metal coated coupling had

greater resistance to wear than the standard coupling. On the other
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hand, Jahnmir et al. [28] observed that increasing hardness by
introducing many inclusions or hard second phase particles may
increase the delamination rate because the hard particles act as void

nucleation sites.

By examining abrasive wear as a function of the hardness ratio
(hardness ratio between abrading species and abraded material),
Peterson & Ramalington [29] suggested that the hardness ratio of the
order of 0.4 is desirable to obtain negligible wear. Therefore, in
order to provide wear protection in sliding against a material that
possesses Vickers hardness between 600 and 800 counterface

hardnesses in the Vickers range of 1500 to 2000 are sufficient.

The effect of ductility on wear has not been studied
extensively. It may be expected that an‘ increase in ductility
decreases the wear rate [6]. However, this would not be the case if
increasing ductility causes the hardness of the material to decrease,

thereby may increase the wear rate.

The relation between wear and material hardness is more
complicated in three body abrasion than in two body abrasion.
When material hardness changes, the ratio of cutting wear to plastic
deformation wear changes [30]. Rabinowicz et al. [31] and Misra [32]
conducted three body abrasion tests and showed that the wear
resistance of metals increased with increasing hardness almost
linearly and the relation obtained by them was similar to that in two

body abrasion.
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3.3.6 Lubrication

Most lubricants are introduced into a sliding system with the
aim of 1) separating the two surfaces, 2) reducing the friction force,
and 3) reducing the degree of surface adhesion. Sometimes,
however, lubricants will oe used to reduce the interfacial
temperature. All of the above usually lead to a reduction in the

wear rate [33].

Metallic films can serve as a lubricant. They can cause smooth
sliding and they can also protect the underlying metal surfaces. In
addition, these films are worn off the surface by successive sliding
over the same track in a manner similar to that of a lubricant film,
except that the metallic films are worn away at a higher rate than
long-chain paraffins or fatty acid films. The difference between
metallic and lubricant films is, that on rough surfaces, a lubricant
film needs to be only one or two molecules thick in order to be
effective as a boundary lubricant. However, a metallic film must be

of the order 10~ mm [34] in order to be effective.

3.3.7 Environment

Moisture in the environment can have a large effect on the
fracture mechanisms of steel with or without oxygen present [35].
Dahlberg [36] reported that moist air increased the crack

propagation rate about 10 times over dry air for 4340 steel.
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Wear behavior in aqueous environments parallels that of many
other types of conjoint chemical-mechanical interacting systems
such as corrosion fatigue or stress corrosion cracking. For some
metals, this environment can be most detrimental in corrosion
fatigue and causes wear damage. For example, Appledorn et al. [37]
showed that by making the environment more corrosive, wear was
increased. Most metals are covered by an oxide film and even after
cleaning by machining or grinding acquire a film of oxide of between
5 and 50 molecular layers in five minutes or less {15]. When an
oxide film covering an asperity is removed by rubbing, the clean
metallic surface will be immediately covered by a monomolecular
layer. This should be taken into account in the wear of metals under
atmospheric conditions. The properties of the oxide film are also
important. For instance, the hard brittle oxide formed on aluminium
provides poor protection against heavy wear. Barwell [48] showed
that the wear of two steel surfaces in a vacuum of 104 mmHg was
lower than their wear when air was allowed into the apparatus. The
explanation of these results is that a thin tough and tenacious oxide
film was formed on the steel at 104 mmHg whereas when air was
admitted, the oxide film formed was thicker but less protective.
Corrosion products (eg. oxide film) prevent the junction growth
which occurs in vacuo and thas lower the coefficient of friction and
reduce wear unless the corrosion itself is so severe that it wears the
surface.  Corrosion products can act as lubricants, lower the
coefficient of friction and reduce wear unless the corrosion itself is

so severe that it wears the surface.
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3.4 Wear Modes

Two broad types of wear are identified when relatively soft
metals are sliding against a smooth harder counterface. These wear

types are described as mild and severe.
341 Mild Wear

Lancaster [39] identified mild wear with low wear rates,
minimal plastic deformation, surface film deformation protecting
against metal to metal surface and oxide wear debris. In fact, this
wear process involves three stages: 1) transfer of metal fragments
to the counterface, 2) oxidation of these fragments, and 3)
removal of this oxide by attrition. The rate determining stage is the
rate of oxidation. Bowden and Tabor [34] described the mild wear
debris as a fine powder. The transition between mild to severe
wear is associated with the merging, by subsurfaces deformation, of
local asperities [40]. Metal oxide is removed in the mild regime

while large metal particles are removed in the severe region.
3.4.2 Severe Wear

- Severe wear is characterized by high wear rates, extensive
plastic deformation and transfer to the harder counterface [39]. This
wear mode is typically found at high loads and low speeds. Initially,
relatively small fragments are transferred to the harder counterface.

These fragments then increase in size and successive preferential
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transfer until a critical size is formed and then they are detached as
flake-like debris.

Archard's model [40] for oxidation time describes a wear
particle 10-5 mm in diameter coming off the surface at 727°C. The
time for complete oxidation is 0.001 s. For a particle of 10-4 mm in
diameter, the time is still only 0.1 s. Bellow et al. [1] indicated that
the mild and severe wear modes were dependent on the nature of

the rubbing surfaces and the amount of side load present.

It is known that the wear rate of coupling/tubing increases as
normal contact load, sliding speed [2] and distance [1] increases. It is
also known that wear rates are lower in a water/oil emulsion
environment than in an aerated water environment [2], and that the
wear of hard metal coupling on the J55 tubing is considerably lower
than that of standard coupling [1]. However, it is not known why the
hard metal coupling wore less than the standard coupling [1]. The
effect on the wear of coupling/tubing in the presence of sand and the

controlling wear mechanisms are unknown.
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Chapter 4

Experimental Procedure

4.1 Introduction

Wear is an interdisciplinary subject and its complex
mechanisms are not easily clarified. The progressive nature of wear
destroys the evidence of its initial stages as cumulative action
develops toward surface fatigue. Test results from field studies can
be inconclusive due to difficulties in controlling the test variables

and they are also costly.

A specific wear testing apparatus was designed in the
laboratory to evaluate coupling and tubing wear.  Different
controlled variables were examined. All tests were carried out using

actual oil field components.

4.2 Test Apparatus

Since there are not standard testing machines for evaluating
the wear of oil field components, a special wear apparatus was
developed to simulate downhole operations using actual oil field

components.
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The test apparatus was activated by a hydraulic piston that
drove four specimen carriages, each holding one coupling specimen
back and forth along four stationary tubing test sections. Each test
section was sloped to allow fluid to flow down all tubings (Figure
4.1 - 4.2). The wear of actual downhole components is accelerated
by corrosion, therefore, the test apparatus was designed to
incorporate fluid flow to wet the contact surfaces continuously.
Water was used to represent the above environment, rather than
salty water or other fluid combinations because each well contains
water with different salinity. The water flow rate was set at 0.5 /m

using fresh non-recirculated tap water at 18°C, pH 7.8-7.9.

Figure 4.1. Side View of Wear Testing Apparatus
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Figure 4.2. Top View of Wear Testing Apparatus

In order to simulate the third body abrasive environment, a
special sand dispenser (Figure 4.3) was developed and used to meter
out minute quantities of sand into the water stream. Ottawa 50-70
testing sand was used. This bas a grit size of 50-70. The sand flow
rate was set at 165 g/day and was steady. Other flow rates were
applied to the standard coupling to compare the effects of different

sand rates.
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Figure 4.3. Sand Dispenser

The stroke length was set at 0.41 m. The stroke rate was 44
strokes/min. and the speed was constant while conducting all tests.
The stroke length used in the field ranges from 1 ft to 5 ft (0.3 m -
1.5 m) and can change depending on the amount of fluid pumped.
The stroke rate applied in the field ranges from 5 (slow) to 25 (fast)
strokes/min. Hence, speed is from 1.5 m/min. to 37.5 m/min. The
speed used in the lab represents the average speed used in the field.
The stroke length used in the lab was comparable to the short stroke
lengths used in the field.
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Calibrated bolt-spring assemblies (Figure 4.4) applied normal
contact loads (side load) between the coupling specimens and
longitudinally-split tubing specimens as the carriage (Figure 4.5)
reciprocated along linear motion bearing rails. Three different loads,
133.5 N, 445 N-and 890 N, were applied. Ko et al. [2] used loads
ranging from 223 N to 890 N. Bellow et al. [1] used loads ranging
from 445 N to 1335 N. These magnitudes of loads were chosen after
consulting with the above investigators and workers in the oil
producing industry and are comparable to the actual loads found in

rod strings in the field.

Figure 4.4. Bolt-Spring Assembly - Applied Side Load

29



Figure 4.5. Coupling Carriage

The test length was measured by distance travelled along
300,000 m in a period of 11.5 days. This period is comparable to
the time to failure observed in actual oil wells which vary from a
few days (high contact load and corrosive environment) to 3-4

weeks (low contact load and aon-corrosive condition).
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4.3 Material Tested
4.3.1 Tubing

All experiments used new J55 tubings with an outer diameter
of 73 mm and were 400 mm long. All tubings were cut in half
longitudinally along the welding seam. The tubing was then honed
in order to obtain an initial uniform surface roughmess. The J55
tubing had an initial hardness of 180 HV 785g (Vickers' hardness
number and the applied load). The J55 tubing consists of 0.06-0.1%
C. 1.1-1.3% Mn, 0.033-0.047 % Co and 0.015-0.125 % Ti.

4.3.2 Coupling

Standard

One of the test couplings used in this study is the common
coupling supplied with sucker rods. For the purpose of this study, it
will be called the standard coupling. This coupling had an outer
diameter of 46 mm and was 100 mm long. It was made from cold
extruded tube out of AISI 8630 (typical density is 7.85 glec). The
surface hardness was 190 HV 785g.

Three types of coated couplings were used in the present
study. The coated couplings were supplied by "Eutectic Castolin™.
Their description, chemical composition and physical properties
were supplied by the manufacturer. Standard couplings were used

as the base and were coated with the following powders:
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NiCr Coated Coupling

Metaceram 23045 is a trade name for a nickel based spray and
fuse powder. The ground coating is designed to combat severe
friction, abrasion, heat and corrosion. 23045 produces ome of the
hardest metallic coatings available with the exception of powders

containing tungsten carbide. For purposes of this study, this coating

will be referred to as NiCr.

Chemical composition: Ni 73.603%; Cr 14.52%; Si 3.92%; Fe 3.81%; B
3.45%; C 0.697%.

Physical properties:  -melting temperature: 1895°F (1035°C)
-maximum operating temperature: 1400°F
(760°C)
-typical hardness: Rc 58
-thickness limit: 0.060 in (1.5 mm)
-density: 8.0 g/cc approx.
-typical porosity (fused): less than 1%

-bonding mechanism: metallurgical®

NiW Coated Coupling
Metaceram 23075 is a trade name for a nickel spray and fuse

powder containing tungsten carbide particles. The Metaceram alloy

* metallurgical i.e. thermal spray technology.

Thermal spraying is an overlaying process in which energy is used to atomize
the coating material (usually metallic) to produce a spray of small droplets
which is allowed to impinge on and adhere to a prepared substrate.
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when ground finished provides optimum resistance to fine particle

abrasion and erosion.

Chemical composition: Ni 44.91%; W 32.8%; Cr 7.8-9.0%; Co 4.4-5.2%;
C 2.39-2.65%; Si 2.1-2.7%; Fe 1.65-2.48%; B 1.65-2.1%; Nb 0.06%; Ta
0.06% and Ti 0.04%. For purposes of this study this coating will be

referred to as NiW.

Physical properties:  -melting temperature: 1895°F (1035°C)

-maximum operating temperature: 1000°F
(538°C)

-typical matrix hardness: Rc 58
-typical WC hardness: Rc 75
-thickness limit: 0.025 in (0.6 mm)
-density: 10.8g/cc approx.
-typical porosity (fused): less than 1%

-bonding mechanism: metallurgical

TiOz Coated Coupling

Metaceram 25040 is a trade name for a ceramic powder
(Titania, TiO2) which can be deposited on metal substrates by flame
spraying. A nickel based bond coat is required and provides a bond
strength of 5000-6000 psi (34475-41370 kPa). Grinding or lapping
produces an excellent finish which is highly resistant to frictional
wear. In addition, the coating is c¢xtremely hard and dense which
provides for good wear resistance to abrasive particles and hard

surfaces.
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Chemical composition: TiO, 99.787%; Si0O, 0.11%:; Al,O; 0.06%:; CaO
0.03%; Fe,0; 0.003%; and MgO 0.002%. For purposes of this study

the coating will be referred to as TiO, .

Physical properties: -melting temperature: 3400°F (1871°C)
-maximum operating temperature: 1000°F
(538°C)
-typical hardness: Rc 57
-thickness limit: 0.020 in (0.5 mm)
-typical density: 5.6 glcc
-typical porosity (fused): 3-5%

-bonding mechanism: mechanical®
4.4 Data Collection

Prior to a test, the couplings and tubings were weighed, their
hardness was measured with an ultrasonic hardness tester which
used a 7.7 N (785g) load on a 136° angle diamond indenter.  The
tubings were measured for thickness along the longitudinal center

line and their surface roughness was recorded.

During the test, the axial force as measured by strain gauges
attached to the push rod was plotted on a chari recorder. The

coefficient of friction during the test was determined using these

* mechanical i.c. brazing

Brazing is an adhesion process in which the  materials being joined are
heated but not melted; the brazing filler metal melts and flows at temperatures
above 800°F(427°C).
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plots. The test was set up to stop at intervals of 10, 100, 200 and
300 km. At each intermediate distance, the specimen surfaces were
cleaned dry and all of the following measurements were taken; fifty
hardness readings were taken along the wear path of both coupling
and tubing, and ten readings of surface roughness were taken along
a selected length of the tubing. Weight loss of the coupling was
determined by measuring the weight at each stage of the test.
Weight loss of the tubing could not be accurately measured since the
wear path surface was corroded and the wear was a combination of
corrosion and sliding contact between the two surfaces. Therefore,
tubing wear was determined by measuring the wall thickness at 10
equally spaced locations along the center line of the wear path. The
tests were repeated three times for concurrency in results. While
conducting the tests, the water (and sand when applied) flow rate
was kept constant. A series of tests were conducted by varying the

side loads while keeping the other variables constant.

Surface topography of cross section specimens cut
perpendicular to the wear path were examined with a microscope.
The tubing wear path was inspected using a scanning electron

microscope (SEM) and Energy-Dispersive X-Ray (EDXA).

\5  Statistical Conditioni { Dat

Based on previous findings as noted in Section 3.4, and based
on the fact that more than one test was conducted in the present

study, using the same controlled variables, variations in measures
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were expected. Since numerous hardness readings were taken (50
per each intermediate distance), and because of the expected

variations in data, an arithmetic average was utilized.

Environmental factors are crucial in the determination of wear
and concurrent tests suggested that environmental variations
(temperature, humidity) may be responsible [42). Often a data point
appeared questionable when compared with the rest of the data. A
decision had to be made whether the deviation of the data point was
due to a mistake (resulting from errors in measuring or recording)

and whether it could be rejected or retained.

A statistical procedure known as Chauvenet's criterion provides
a consistent means for making the decision to reject or retain such a
point.  Application of Chauvenet's criterion requires a comparison
between DR and DRo. DR is the deviation ratio and is computed for
cach data point. DRo is the standard deviation ratio and it depends
upon the number of measurements. Values for DRo are listed by
Dally et al. [41].

The deviation ratio DR for a point is defined as :

4.1)
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where: x; - data point value

X - average data point value of the sample
G — standard deviation of the sample

The data point is rejected when

DR >DRo (4.2)

and retained when

DR <DRo (4.3)

If the statistical test of equation (4.2) indicates that a single
data point in a set of readings should be rejected, then the data
point should be removed from the set and the mean x and the
standard deviation G should be recalculated. Chauvenet's criterion

can be applied only once on each set of data points.

All the measurements and the data from the tests were
examined using this criterion. A complete sample of statistical
analysis of the experimental data for the tests using tubing versus
standard coupling with 133.5 N side load is shown in Appendix 1:
Tables A.1.1-A.1.5 .

The statistical analysis included the following:

a) The mean value of the sample,
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b) The standard deviation Gy of the sample.
¢) The standard deviation of the mean (SDOM) O3 and

cx
Oz = ——
* N (4.4)

where: n is the sample size.

This determines the standard error of the mean value which

was used in the applicable graphs and is presented in Appendix 2.

d) The percentage error is calculated from the standard deviation of

the mean and presented as:
%error = %%/ X (4.5)
Thus the final mean value of the sample is expressed as:

X final = X * %error (4.6)

e) In all the statistical analyses, Chauvenet's criterion was used as

the statistical conditioning of the experimental data.
4.6 Scatter of Experimental Data

Scatter in laboratory wear data is most often apparent when the

results of different investigators working on similar materials are
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compared and test conditioning and material properties are the
accepted explanation for the scatter data [42]). Varying experimental
conditions clearly play an important role in the scatter of wear rates,
but even when identical experiments have been conducted and
repeated by the same investigators, scatter was still found [43].
Under these circumstances, most investigators choose to quote the

mean value of their measured wear rates [42].

L7 _ Uncertai in_ Variabl

The uncertainties of all measured variables depend upon the
sensitivity of the applicable equipment used to take the
measurement.  All the following uncertainties were carried out using
the minimum value for each variable family (eg. the weight of
couplings and tubings ranged from 625g to 3200g respectively,
hence 625g was used for uncertainty purposes). All calculations

were carried out using the following formula:
uncertainty of variable =3Y/Y 4.7)
where: dY- sensitivity of the applicable apparatus used to
measure the variable.

Y- minimum velue measured ie. load, weight etc,

and are presented in Table 4.1 .
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Table 4.1. Variable Uncertainties

SAFA N ivall Units “Uncertainty
0.1 625 9 1.60E-04
0.01 2.98 mm 3.36E-03
0.2 4 u in 5.00E-02
1 101 hv 9.90E-03
0.1 30 Ib 3.33E-03
0.2%" 10 Ib 2.00E-02
1 44 stroke/m 2.30E-02
10 410 mm 2.40E-02
0.02 0.5 I/m 4.00E-02
0.5 15 Q/day 3.30E-02

the sensitivity of an x-y recorder depends upon the design
the input amplifiers which includes deadband error and
typically is 0.2% [41).
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Chapter §

Results and Discussion

5.1 Introduction

Comparison of results of four different couplings sliding on
stationary tubings are presented. Wear of the tubing and couplings
was the prime area of investigation. The following discussion covers
the effect of varying side load and environmental conditions. Other
observations such as changes in sorface hardness, roughness, wear
rates, wear modes and wear mechanisms are discussed. Since the
definition of wear is the progressive loss of material from a surface

body, weight loss is discussed first.

52 W [ Coupli 1 Tubi

5.2.1 Coupling Weight Loss

Water Tnvironment

As expected, coupling weight loss increased as the applied side
load increased. The results shown in Figures 5.1 - 5.3 demonstrate

an increase in the coupling weight loss trend while distance
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increased under constant load. The siancard coupling had the worst
performance under all side loads. The coated couplings showed
minimal wear and at 890 N side load (Figure 5.3) the weight loss of
the TiO2 coated coupling was 4.3% of that of the standard coupling.
The weight loss of NiW and NiCr coated couplings was 5.3% and 7.1%
(respectively) of that of the standard coupling. The weight loss rate
of the standard coupling during the first 10 km was much higher
than that obtained for the rest of the test. This can be seen clearly
in Figure 5.3. Changes in the weight loss rate may have been due to
the work hardening of the material surface. Surface hardness
increased noticeably after 10 km and then remained more or less
constant. This also explains why the weight loss rate from 10 km to
300 km was quite constant. A similar standard coupling weight loss

trend was found in Bellow's study [1].

Water and Sand Environment

Grooving wear can be defined as wear due to penetration of
hard particles or surface asperitics of a harder counterbody into a
softer surface i.e. tubing in sliding contact. It is often observed in
grooving wear on different materials that wear loss increases
significantly with increasing size of abrasive particles [44].
Therefore, adding sand to the water was expected to cause more

wear and might change the wear mechanism.
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The weight loss oi the couplings was much greater with sand
than without sand. However, the performance of the couplings was

not quite the same compared to a sand free condition.

The performance of the TiO2 coated coupling was better than
the standard as long as the coating was intact. But once the coating
wore off, the performance of TiO; coated coupling was the same as a

standard coupling as this will be explained further on.

Figure 5.7 shows the TiO; coated coupling under a load of 133.5
N after 10 km with most of the coating worn off. The performance
of the TiO2 coated coupling worsened at higher loads causing
vibrations in the apparatus and between the coupling and the
tubing. At a 445 N load (Figure 5.5) the weight loss was noticeably
higher than observed with the other couplings.

Figure 5.7. Wear of TiO; Coated Coupling at 133.5 N
Side Load After 10km
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The ceramic coating of the TiO; coated coupling was hard and
brittle and did not withstand the sand. It chipped off the surface.
The debris of the coating became a hard third body abrasive particle
which caused accelerated damage to the coupling and tubing (Figure
5.8). Another reason why the coating chipped off the surface may
be due to the under layer bonding material being unable to

withstand the loading condition and environment.

Figure 5.8. Wear of TiO2 Coated Coupling And Tubing at 445
N Side Load After 300 km - Water & Sand
Environment

The NiCr and NiW coated couplings showed better performance
and wore less than the standard and TiO, coated couplings. Since
the coating on the NiCr coated coupling wore off at the end of the
tests using 445 N (Figure 5.9), and the base material was a standard
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coupling, the next tests were run using 890 N with only a NiW

coated coupling.

Figure 5.9. Wear of NiCr coated Coated Coupling at 445 N Side
Load After 300 kin - Water & Sand Environment

The NiW coated coupling yielded the best performance i.e. the
least weight loss during all tests in the presence of sand. As shown
in Figure 5.6, the weight loss of the NiW coated coupling was 10% of
that of the standard coupling. Although the coating was worn it was
not completely worn through to the base metal by the end of the
test (300 km).
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5.2.2 Tubing Thickness Loss

Water Environment

Tubing wear was indicated by thickness loss (decrease. see
Section 4.4). As shown in Figures 5.10 - 5.12, the TiOz coated
coupling caused the least wear in a tubing. The surface of the tubing
was smooth (see Section 5.3) and on some arcas along the sliding

path there was no indication of wear,

An example of the effect of work hardening on the wear rate is
shown in Figure 5.12 where the wear rate of the tubing in contact
with the standard coupling was high, up to 10 km. Subsequently,

minimum wear rate was observed until the end of the test.

Water and Sand Environment

Figures 5.13 - 5.15 show the thickness loss of tubings under
different environmental conditions. As expected, the wear rate was

found to be higher when sand was added to the water.

For a side load of 133.5 N, the standard coupling caused the
greatest wear of the J55 tubing compared with the coated coupling
under the same load. However, at a side load of 445 N (Figure 5.14),
TiO; coated coupling wore more than the rest of the couplings due

to a hard third body abrasive in the form of ceramic chips.
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Figure 5.15 shows the thickness loss of the tubings in contact with
standard and NiW coated couplings. The latter combination yielded

less wear of both tubing and coated couplings.

While demonstrating the performance of the tubing in Figures
5.10 and 5.15, the average thickness loss was used as the indication
of the wear rate. The values of thickness loss did not indicate the
critical points along the tubing's wear path. The critical points refer
to the points along the wear path where the thickness loss of the
tubing was greater than the average value. The range of thickness

loss ditiered from the average by 25%.

5.3 Analysis of Tubing Surface Rousl

‘Water Environment

As indicated in section 4.3.1, the tubings were initially honed in
order to get a uniform surface finish prior to the start of all tests. At
133.5 N, the tubing surface roughness tended to decrease i.e. the
surface became smoother as time and distance increased. The
smoothing action was basically rubbing off the higher asperities.
This mechanism is called "truncating” [45] or "censoring” the height
distribution over a period of time. In this type of wear the bottom
of the profile remains the same while the upper is progressively
removed (Figure 5.16).
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Figure 5.16. Surface Truncation at Different Levels.

Jahnmir's observation (Section 3.3.3) stated that at lower loads
between two surfaces of different roughnesses, the total wear of the
rougher surface is greater than the one with the smoother surface.
This is in agreement with the results shown in Figures 5.17-5.19.
The least material loss was found in the tubing when in contact with
a TiOz coated coupling (Figures 5.10-5.12). It also had the smoothest
surface. At the highest load (Figure 5.19), the surface roughness of
the tubing womn by a TiO, coated coupling decreased with increasing
distance travelled. It should be noted that the other couplings did
not cause the same wear of the tubings. For those, the surface
roughness changed in a sinuous fashion. This may have been due to
different wear modes for each different coupling/tubing

combination.

Transverse surface topography of tubings for all couplings
under 890 N side loads are presented in Figure 5.20. As can be
seen, the surface topography of the tubing using a TiO; coated
coupling (Figure 5.20d) was more leveled than the rest of the
tubings (Figure 5.20a-c).
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Water and Sand Environment

The tubing surface roughness results obtained when using a

TiO2 coated coupling (Figure 5.21) were smoother in water
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environment than in water and sand environment. Since the broken
coating damaged the surface of both the coupling and the tubing,

these results were to be expected.

Figure 5.21 shows the decreasing surface roughness trend for
all tubing using different couplings (compared to initial value).
When the sliding system was loaded with 445 N (Figure 5.22) the
tubing surface roughness using standard coupling and TiO2 coated
coupling was higher than the initial value. Using sand under the
445 N side load caused the sand to anchor, or become embedded, in
the tubing and the standard coupling. Note that the hardness of the
tubing and the standard coupling is similar. Whereas in the tests
using NiW and NiCr coated couplings, the sand grains were
embedded only in the tubing since it was hard to penetrate the
coating. Figure 5.23 illustrates the surface roughness of the tubing
using standard and NiW coated couplings. The sand did not appear
to have influenced the surface roughness. This appears to be the
case because the high contact load did not allow sand to flow
between both surfaces as was the case with much lower loads. If
sand got trapped between the surfaces, it got crushed and washed
away. Adding sand to the water had a significant effect on surface
roughness only in the case where the 445 N load was used. When
1335 N and 890 N were used there was no significant change in the
surface roughness of the tubing. At 133.5 N the sand rolled down
the tubing without causing severe damage and at 890 N, not emough
sand got trapped between the surface or got crushed and washed

away.
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In general, as the value of surface roughness increased, the wear of
all tubings and couplings increased. The wear surfaces at the end of
the test were found to be similar to those of couplings/tubings taken
from the field. This suggests that the testing apparatus provided a
reasonable duplication of the type of wear process occurring in an

otl well.

5.4 Analysis of Coupling/Tubing Microhard

5.4.1 Coupling Microhardness

Water Tnvironment

Figures 5.24-5.26 show little change in hardness of the coated
coupling under all side loads. The hardness of the standard coupling
increased with distance travelled which indicated the effect of work
hardening. On the other hand, the hardness of the NiW coated

coupling decreased with distance travelled.

Figure 5.27 shows that the coating of the NiW coated coupling
did not wear off. A closer look, however, at the coupling surface
(Figure 5.28) revealed air pockets (voids) along the wear path which
indicates porosity in the coating. The density of the worn coated
surface at 10 km was lower than that found at the beginning of the
test. The reduction in the density of the coating is believed to be the
cause of the reduction in overall hardness of the surface of the

coupling.
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Figure 5.28. Porosity In The Coating -NiW Coated Coupling
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Water and Sand Environment

Figure 5.29 shows the similarity in hardness between a
standard coupling and a TiO, coated coupling after 10 km and 133.5
N. Since the coating wore off during the first 10 km, the T:iO, coated
coupling behaved almost the same as the standard coupling at 445 N
(Figure 5.30). The hardness of the NiCr coated coupling was
constantly reduced due to changes in the surface coating. The
coated coupling surface was examined with a microscope at each
intermediate distance and the surface coating was found to be less
dense. By the end of the test (445 N, 300 km), the coating wore off
completely and the hardness was found to be similar to the standard
and the TiO; coated coupling. Figure 5.31 shows the hardness of the
standard and NiW coated couplings. Work hardening can be
explained from the stress-strain diagram for steel and can be seen
in the case of the standard coupling. Basically, metallic powders can
also be work hardenecd providing the coating wore minimally as can
be seen in the tests using water only. Once sand was introduced to
the coated coupling, the coating wore more than without sand and
the density decreased which in turn caused an overall decrease in
surface hardness. In the case of the TiO, coated couplings and since
the ceramic coating is brittle, work hardening should not take place.
However, it would appear to have done so (Figure 5.24). The surface
of the TiO, coated coupling was examined with a micrcscope at each
intermediate distance and it was observed that the coating density
increased while wearing off. This is contrary to what was observed

with the metallic powders.
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The TiO, is applied by a brazing process which is used to join
similar or dissimilar metals by using a metal or alloy of a lower
melting point than either of the components to be joined. The
melted alloy wets the surfaces between the parts to be joined. For
the purpose of the study, the alloy will be refered to as the bonding
coat. As previously mentioned, the density of the TiO, increased at
each intermediate distance as the surface coating got closer to the
bonding coat. This explains the reason for the so called ‘work
hardening’ even though it does not occur in a brittle material such as
ceramic. Again, the density of the coating affected the level of

surface hardness.

5.4.2 Tubing Microhardness

Water Environment

Because the J55 tubing was all from the same heat of steel, the
initial surface hardness of all tubings were similar (approximately
180 HV 785G). The test results show (Figure 5.32-5.34) that the
higher the applied side load the harder the surfaces of the tubing
becomes due to the work hardening. The hardness of the tubings
during the tests increased to double its original value while using

the Ni coated couplings (NiCr and NiW coated couplings).
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Scanning electron micrographs showed a transfer of nickel and
tungsten in the shape of platelets or smeered nickel onto the surface
of the tubing. The use of EDXA spot analysis showed that the
particles were nickel and tungsten. Figures 5.32-5.34 show
hardness variations (increasing) which confirmed that work
hardening of the surface was occurring. The hardness of the surface
of the tubing with the standard coupling increased but not as high as
with NiCr/NiW coated couplings. This suggested that the hardness
increase was not only due to work hardening, but also due to a

transfer of harder materials from the coated couplings.

The hardness of the surfaces influenced the wear and the wear
resistance of the tubings. During the first 10 km, the wear
(thickness loss) of the tubing was high. With distance travelled, the
tubing surface became harder. This increased the wear resistance
and resulted in a reduction in the amount of wear. This can be seen

clearly in the test using the standard coupling (Figure 5.12).

In measurements of J55 tubing specimens, Ko et al. [2] showed
that for higher normal loads the hardness of the worn surfaces at
the end of the test was about four times its original value. This
shows that work hardening took place in the process and supports

the results of the present study and the results of Bellow et al. [1].

Ko et al. [2] suggested that the work hardening effect may
make the surface more susceptible to brittle fracture by the long

cyclic loading. Subsequently, it would be susceptible to severe
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damage. @ When looking at the hardness values obtained at
intermediate distances (Figure 5.32-5.34) there is a lack of
consistency. For example, the tubing surface microhardness using
NiCr coating couplings under a 445 N side load (Figure 5.33) was
increased from 186 HV 785g (initial) to 291 HV 785g at 10 km, then
was reduced to 269 HV 785g at 200 km and finally decreased to
245 HV 785g at the end of the test (300 km). Work hardening was
in effect, but as the surface became harder and hence more brittle,
the cyclic loading broke off the top layer and exposed a softer
subsurface. The subsurface may even be equal to the original
hardness value. The cycle of surface work hardening begins again.
The measurements could have been taken at any given time during

this cycle and work hardening would have been found.

Water and Sand Environment

When sand was added to the water at the rate of 165 g/day, it
was present between the wear surfaces and prevented the effective
transfer of metal particles. This diminished the beneficial effects of
the coated coupling as previously shown and as predicted by Bellow
et al. [1]. Nevertheless, work hardening was still in effect as shown
in Figures 5.35-537. The value of hardness was higher in these tests
than in those in which sand was not present. The sand caused
grooving wear. Grooving wear is similar to ‘indentation wear since
in both mechanisms the abrasive penetrates the metal surface. The

metal surface is displaced and severely cold worked.
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The indentation process itself produces work hardening {[34].
In general, there were more grooves in the wear path of the tubing
surfaces in the presence of sand than occurred in the presence of
water alone. The indentations were deeper and resulted in higher

hardness values.

5.5 Fricti

Friction between two metal surfaces in contact sliding is
generated by adhesion, plowing by wear particles and :perity
deformation. In the work published by Kim and Suh [46] the
plowing component of friction contributed more to the frictional
force than adhesion in the absence of a lubricant. This suggests that
mechanical interactions at the sliding interface are the primary
causes of friction between two surfaces with asperities. If the
mechanical interaction can be reduced, then the frictional force will

be significantly reduced.

5.5.1 Running-In

Figure 5.38 illustrates the apparent coefficient of friction
versus distance travelled using a NiCr coated coupling. However,
this behavior was typical for all couplings in a water environment.
The points in Figure 5.38 indicated by the arrows show running-in.

These running-in values occurred at the beginning of each stage
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(during the first 100 cycles) in the test. Running-in is characterized
by more intensive wear of sliding surfaces and by higher heat
generation. These ar: accompanied by changes in both surface
geometry and in the physical and mechanical properties of the
materials surface layers [17]. One data point (Figure 5.38 at 100
km) did not describe running-in, it was assumed that the coupling
seaied itself back into its original tracks. In the process of running-
in, the asperities are destroyed and new asperities differing from
the original in shape and size are formed. After the initial run-in, a
stable surface roughness develops. The stable surface roughness of
a solid depends upon the strength of bonds due to contact molecular

interactions, elastic properties of the solid and load.

running-in
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Figure 5.38. Running-In Friction of NiCr Coated Coupling Under
445 N Side Load - Water Environment
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5.8.2 Frictional Force

Frictional force was defined as the force required to slide the
coupling along the tubing as a function of the side load and the wear
mode. It is not difficult to monitor the friction force with most
sliding test geometries. It is generally advisable to measure friction
even when the primary goal is to obtain wear data. The reason for
this is that the measvrement of friction may assist in interpreting
wear data at different stages. One needs to be cautious however.
Friction and wear data often conslate poorly [5.25]. In addition, one
can have friction without wear. Figures 5.39-5.40 showed, as
expected, an increase in frictional force as the side load increased for

all couplings and under both environmental conditions.

5.5.3 Apparent Coefficient of Friction

The second law of friction states that the friction force F is

proportional to the normal load W, that is

FaWw

therefore.
F=pWw, (5.1)

where p is a constant known as the 'coefficient of friction'. It must
be stressed that u is a constant for a given pair of sliding materials
under a given set of ambient conditions and varies for different

materials and under different conditions.
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In the theory mentioned above, p is constant. In the proposed
wear study however, the mechanism is different. p changes during
the test (Figure 5.38) and is affected by the load, speed, wear modes
etc. In short, equation 5.1 does not assume significant wear of
material as occured in the present study. Therefore, the c.o.f. in this
study will be called the ‘apparent coefficient of friction'. When using
two different environmental conditions, the results are not expected
to be the same. Hirn [47] distinguished between lubricated and non-
lubricated solids. He observed that the effect of velocity, surface

area, and load differed in the two cases.

Water Environment

The results presented in Figure 5.41 show that with inéreasing
load the general trend of the apparent coefficient of friction
decreased. This behavior is similar to that of a journal bearing or to
the tilted-pad bearings [48] which is illustrated in Figure 5.43. While
the load increases, the amgle o decreases, the trailing edge rises a
little and the friction decreases. It should be noted that the use of a
bearing system in this context is only to explain the behavior of the
apparent coefficient of friction. The apparent coefficient of friction
during individual tests consistently decreased when using loads
under 445 N (see Figure 5.38 for example). Suh [12] explained this
behavior as when a slider slides against a specimen (slider is harder
than the stationary specimen), the asperities of the hard surface are
gradually removed creating a mirror finish. 1In this case, the

frictional force decreases because of the decrease in the plowing of
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the surfaces by the wear particles and the reduction of surface
asperities. Wear particles cannot plow since they cannot penetrate
and anchor into the hard surface. Under 445 N and 890 N side loads,
the apparent coefficient of friction decreased during the test using
the TiO, coated coupling and was found to fluctuate for the
remainder of the couplings. It is suggested that this was due to

differences in surface roughness.

leading edge l trailing edge

push rod

coupling
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Figure 543 Test Sliding Condition for Tilted Pad Bearing

Water and Sand Environment

The standard coupling did not behave in the sand-water
environment as it did in the water only environment. As the load
increased, the apparent coefficient of friction increased. This may be
due to the fact that the sand did not let the angle decrease but
served as a barrier between the two surfaces as the load increased.

At a low load,133.5 N, the sand rolled down (washed 3cwn with the
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water) the tubing and served as a bearing for the coupling. In other
words, the sand facilitated the sliding action of the coupling. At
higher loads (445 N - 890 N), the sand grains became embedded in
the tubing and in the standard coupling and resisted the sliding
motion of the coupling. Hence, the value of the apparent coefficient
of friction increased. The coated coupling showed the same behavior
as it did in the water environment. This may be because of the hard
coating effect on the sand. The coating crushed the sand and
therefore, the sand did not have a major effect on the angle. The
value of the apparent coefficient of friction during individual tests
was inconsistent during the test with a sand-water environment and

fluctuated as a function of surface roughness and abrasive particles.

2.6 Wear Rate

Water Environment

In general, the wear rate® of the couplings was rzduced as the
applied side load increased. This was a result of work hardening of
the surfacc. Figure 4.44 illustrates the wear rate of ali couplings at
the end of a test. The wear rate of the coated couplings decreased
with an increasing side load. The standard coupling showed a
different behavior. For loads up toc 445 N the wear rate decreased
and then increased at 890 N. This may have been due to a charige in

the wear mode ie. up to 445 N side icad the coupling experienced

* Note that when describing the wear rate in the present study, it is a function
of the load and the distance travelied.
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mild wear and at a side load of 890 N the wear mode was severe.
Figure 5.45 shows the wear rate of couplings as a function of distance
travelled at the highest side load, 890 N. The wear rate of the
standard coupling at 10 km was much higher(8.01x10-%8 c¢c/Nm)
compared to 100 km - 300 km(5.48x10-% cc/Nm). The reason for this
was that the higher the contact area (from 100 km - 300 km) the

lower the contact pressure. Hence, the lower the wear rate.

Water and Sand Environment

The performance of the NiW coated coupling (Figure 5.46-5.47)
was better than that of the standard coupling. The wear rate of the
standard coupling was 63 times (at 10 km) and 15 times (at 300 km)
higher than the wear rate of the NiW coated couplings at the same
distances using an 890 N side load. The difference in the wear rate
of the standard coupling in the early stage of the test i.e. 10 km as
compared to the end of the test i.e. 300 km (Figure 5.47) was due to

the workhardening of the surface of the coupling.

57 Wear Ra 1 Friction Relationshi

As mentioned in Section 5.5.2, friction and wear data often
correlate poorly. From Figures 5.48a-d a general observation can be
made. This observation suggests that the coated coupling wear rate

decreased as the apparent coefficient of friction decreased. For the
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standard coupling there is a tramsition point for the wear rate at 445
N. This may be due to changes in the wear mode. Simultaneously,
the apparent coefficient of friction kept decreasing. The apparent
coefficient of friction ¢l all couplings (example: Figure 5.38) and the
wear rate (Figure 5.45) decreased as a function of distance travelled
due to work hardening. This leads to a conclusion that a harder
surface does indeed reduce the wear rate. In a way, the apparent
coefficient of friction also influences the wear rate. In cases of mild
wear and as long as the wear mode does not change, the wear rate
decreases as the apparent coefficient of friction decreases for all
couplings. At higher loads, this conclusion applies only for the NiW
coated coupling. For the rest of the couplings, the results and

conclusions are inconclusive due to changes in wear modes.
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5.8 Wear Modes

Both mild and severe modes were observed in the present
study. Both were dependent on the nature of the surfaces in contact,

the amount of side load and the type of environment.

Mild wear was observed in all tests using 133.5 N side load and
water environment. Mild wear was also observed at all loads and
with a water environment using the TiO, coated coupling. When mild
wear occurred at low loads (133.5 N) the contact resistance between
the two surfaces (the coupling and tubing) was high, the wear debris
was fine and consisted mainly of metal oxide and the rubbed

surfaces became polished.

Figure 5.49. Transverse Surface of Tubing Using Standard
Coupling Under 890 N Side Load After 300 km
(x 240 , 2% Nital etchant)

At a side load of 445 N, during the first 1000 m, the tubing

underwent severe wear with the NiCr and NiW coated couplings.
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With the standard coupling, severe wear of the tubing was
observed only during the first 10,000 m. For the remainder of the
distance, up to 300,000 m, mild wear was observed. At a 890 N side
load, severe wear of the tubing was observed for all distances with
the standard coupling (Figure 5.49). In severe wear at high loads
(445 N - 890 N), the contact resistance was low and the wear debris
included coarse metallic particles and the rubbed surfaces were
rough. During the first 10,000 m with the NiCr and NiW coated
couplings, mild wear occurred, followed by a short duration of severe
wear, followed by a return to mild wear. Mild wear occurred over

the duration 10,000 m to 300,000 m.

In the sand-water environment at all loads, the wear of the
tubing was continuously severe using standard and TiO, coated
couplings. Mild wear of the tubing was observed under the same
environment with NiCr and NiW coated couplings under a side load of

133.5 N, whereas severe wear was observed at side loads of 445 N
and 890 N.

5.9 Analvsis of Diff w Mechani Using S .
Electron Micrographs

The description of wear may be based upon the appearance of
the worn surface. The wear of the sliding surfaces was controlled by
one or more wear mechanisms. In order to gain a better
understanding of what wear mechanism was involved in the process,

the wear surfaces were inspected using a SEM technique. Various
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tubing specimens were selected and micrographs of the worn
surfaces were recorded. The results of these investigations were

observed and are reported below.

Adhesion is characterized by the transfer of material from one
surface to another. Plate 1 (Figures 1-8) shows the adhesive wear
observed for different tubings using different couplings and side
loads. Figure 1-3 shows smeared Nickel (bright areas) from the NiCr
coated couplings under differeat side loads. In Figures 4-5, ceramic
particles were released from the TiO, coated coupling as loose wear
debris and they became embedded in the surface of the tubing. This
explains one of the ways in which the third body abrasion caused
wear in the coupling. Figure 6 shows a sand particle embedded in
the tubing using a standard coupling. The sand source was from the
sand-water environment. Figure 7 shows Co and W particles from
the NiW coated coupling under a 445 N side load. In Figure 8,
adhesion of nickel from the NiW coated coupling was found along
with the abraded surface. This is an example of two mechanisms

controlling the wear of the tubing under an 890 N side load.

Abrasive wear was seen in the form of gouging and surface
cracks. This was the major wear mechanism with the water-sand
environment. Plate 2 (Figures 9-16) shows the abrasive wear
observed for different tubings. Abrasive wear appeared along with
other mechanisms such as fatigune and adhesion. Figure 9 shows a

combination of abrasion and fatigue in the form of a cracked surface
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Fig. 1. TUBING vs. NiCr COUPLING Fig. 2. TUBING vs. NiCr COUPLING

1335 N, =x 210 445 N, x 160
water only water only

Fig. 3. TUBING vs. NiCr COUPLING Fig. 4. TUBING vs. TiO2 COUPLING
890 N, x 700 445 N, x 600
water oanly water only

e

Fig. 5. TUBING vs. TiO2 COUPLING Fig. 6. TUBING vs. STD. COUPLING
445 N , x 2700 133.5 N, x 3500
water & sand water & sand
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Fig. 7. TUBING vs. NiW COUPLING Fig. 8. TUBING vs. Ni\W COUPLING
445N, x 7900 890N, x30
water only water only

of tubing in a water-sand environment using a standard coupling.
Figure 10 shows abrasive wear in the tubing using a NiCr coated
coupling at a 890 N side load. In this test, adhesive wear was also
observed as transfer of Nickel from the NiCr coated coupling (see
Figure 3). Figure 11 shows partial abrasion of the contact surface
along with the wear debris being removed. The back scattered
image cof the abraded wear surface shown in Figure 12 reveals that
the gouges occurred parallel to the sliding motion due to the surface
contact of the tubing with a harder asperity of the NiW coated
coupling. The abrasive wear track was also found in the tubing using
the TiO. coated coupling (Figure 13) and in the water-sand
environment. This mainly was caused by the third body abrasive
sand particles. Figure 14 shows a rough surface due to ploughing by
a NiCr counterface in a water-sand environment. Figure 15 shows

the abrasive wear of the tubing using the NiW coated coupling in the
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Plate 2: Abrasive Wear of Tubing

Fig. 9. TUBING vs. STD. COUPLING Fig. 10. TUBING vs. NiCr COUPLING
133.5N, x3500 890N, x20
water & sand water only

Fig.-11. TUBING vs. STD. COUPLING
45N, x20 445N, x30
water only waler only

Fig 13. TUBING vs. TiO2 COUPLING Fig.14. TUBING vs. NiCr COUPLING
445N, x 20 445N, x 3500
water & sand water & sand
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Plate 2: Abrasive Wear of Tubing (continued)

Fig. 15. TUBING vs. NiW COUPLING Fig. 16. TUBING vs. NiW COUPLING
890 N, x 540 890 N, x 1000
water & sand water & sand

water-sand environment. A closer view of the same location is
shown in Figure 16 which shows tha: the abrasion was accompanied
by surface cracks which occurred from the hard surface and the
loading system (890 N).

Other wear mechanisms, such as fatigue, corrosion and
delamination were observed and some are shown in Plate 3 (Figures
17-22). Fatigue failure of the surface of the tubing leading to cracks
was observed in combination with corrosion that led to pits that
were caused by the water environment. Figures 17-19 show a
combination of corrosion and fatigue in the form of cracks, pits and
oxidized surfaces. A typical oxidation morphology is shown in Figure
20 which was typical of all of the oxidated surfaces. Figure 21 shows
surface fatigue cracks in the tubing surface caused by a NiW coated

coupling under a side load of 445 N. The cracks occurred due to the
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Plate 3: Other Wear Mechanisms of Tubing

Llail 20KV 2. Ci% <

Fig. 17. TUBING vs. STD. COUPLING  Fig. 18. TUBING vs. STD. COUPLING

1335N, x120 890N, x2000
water only water & sand

800N, x240 X16000
water & sand

Fig. 21. TUBING vs. NiW COUPLING Fig. 22. TUBING vs. TiO2 COUPLING
445N, x520 445N, x 1000
water only water & sand
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brittle surface of the tubing once it became harder and cracked
under cyclic loading. Figure 22 shows thin laminated sheets of

material forming a junction before being sheared off.

Abrasion was the main wear mechanism in most of the tests,
particularly in tests using a water-sand environment. Adhesion was
the other main wear mechanism observed. This wear mechanism
was observed only in the tests with water. S.E.M. analysis did not
reveal any material transfer to the tubing in a sand-water
environment. This confirms the prediction made by Bellow et al. [1]
and shown in Section 5.4.2 that the sand prevented the effective

transfer of metal particles.

510 The Effect of Sand Rates on The Wear of
Coupline/Tubi

All the previous tests discussed used a controlled sand rate i.e.
165 g/day. The investigation performed involved the use of
saturated sand slurries. In the oil field, however, sand rate can vary.
Therefore, a brief study was performed to see if there was any
relationship between the amount of sand and the degree of wear.
The study presents the wear of tubing using standard couplings
under 133.5 N side load. This type of coupling is the most common
coupling used in the field. The tests included four differc.t sand
rates as follows: O, 15, 165, and 180 g/day.
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In Figure 5.50, the coupling weight loss was directly influenced
by an increase in th: sand rate i.e. the higher the sand rate the
higher the weight loss of the standard coupling. The tubing behaved
in the same manner as shown in Figure 5.51 where the wear of the

tubing was measured in the form of average wall thickness loss.

The surface roughness of the tubing result did not correlate
well with the degree of sand contamination as seen in Figure 5.52.
The surface roughness decreased as a function of the distance
travelled. This was observed for all sand rates evaluated. Figures
5.53-5.54 show the effects of different sand rates on the work
hardening of the surface of the standard coupling. At each sand rate
the hardness of the coupling and the tubing increased with distance
travelled. It was also seen that the higher the sand rate, the greater
the hardness of the coupling and tubing. When higher sand rates
were used, the grooves were found to be deeper i.e. indentations

were deeper and hence, greater hardness occurred.

From the apparent coefficient of friction (Figure 5.55), there
did not appear to be any correlation with the degree of sand
contaminates. On the other hand, the wear rate of the standard
coupling at different sand rates showed a consistent reduction as the
sliding distance increased. The wear rate was proportional to the
sand rate i.e. the higher the sand rate the higher the wear rate
(Figure 5.56). The relationship between the coupling surface
hardness and the wear rate was evident i.c. as the surface hardress

increased, the wear rate decreased.
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A summary of the correlation between the sand rate and the

degree of wear as found in this brief study is presented in Table 5.1.

Table 5.1. Sand Rate and the Degree of Wear Relationsnip

ot teiction| v

Iﬁwﬁ‘ﬁﬁﬁ

uance‘ X X X X

Eoorratation o} X x

511 The Advant f Coating Material

The use of hardmetal and ceramic coatings to improve wear
resistance is increasing and will continue to expand because they
offer certain economic and technical advantages over the use of
uncoated couplings. The main advantage for the surface is to
optimize wear and corrosion resistance, while the base material is
optimized for strength purposes. Another advantage is to achieve a
hard coating while retaining the ductility of the base material.
Coating reduces the costs of making the coupling enmtirely out of Ni,
Cr, W and Ti. Coatings are also economically advantageous since
wear and corrosion resistance alloys are usually more expensive than
low alloy structural steels. Furthermore, replacing the coating during
rework or repair is usually less expensive than replacing the part.
The question now is, how much it is going to cost to coat the

standard couplings. Table 5.2 addresses this question. As shown,
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variation in the prices of coated couplings depends upon the type of
powder used and the number of couplings to be coated. The prices
presented in Table 5.2 were suggested Dy "Eutectic-Castolin".  The
cost of coating the standard couplings needs to be added to the cost

of the base material (Table 5.3).

Table 5.2. The Cost of Coating Couplings

33.00 99.23 118.30

45.00 45.00 45.00

of “pow 4.95 19.85 13.01

labor/coupling 2 15.00 15.00 11.25

% 19.95 34.85 24.26
: For 500 or more coated couplings

giail| 2475 74.42 88.73

lab 22.50 22.50 22.50

3.71 14.89 9.76

7.50 7.50 5.63

11.21 22.39 15.39

Coupling is 4°(100 mm) long and 1-3/4"(44 mm) diameter
Coating thickness is 0.020°(0.508 mm)
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Table 5.3. The Cost of Standard Coupling

S ehoaonesin

i
mer}:

T \‘\\.»\?,;:5 o L P2,
500 :(frequiantly)”

9.00

6.75

DHIA
it O gy
ouplin

ated# F102 coated.
: ~$ Zeeoupiln

’-.c- P ek \.Z 2

il e7s 17.96 29.14 22 14
water environment (test results)”
Conpling: welght. 1) 11.50 0.80 0.60 0.50
mﬁ“wzmm&smﬁm 0.69 0.81 0.59 0.15
water & sand environment (test results)
- 6.90 .
i ratios b mf:%xﬁfw:
P 1.00 | 266 | 432 | 3.28
water environment
Couplingawelghtatoss(@)ses 1.00 0.070 0.052 0.043
Tablngithicknessitees(mm)s 1.00 - 1.174 0.855 0.217
water & sand environment
koS gy 1.00 - 0.092 -
TablngthicknossAosS(mm)y. 1.00 - 0.971 -

890 N side lvad

of the standard coupling.

* Wear of coupling and tubing was taken at the end of the test i.e. 300 km and under

*All prices and performances of the coated couplings were compared to those

For example, the price of NiW coated coupling was 4.32 times higher than the
price of the standard coupling but, the performance of the NiW coated coupling
was better than that of the standard coupling by 19.23 times (or as presented
in the table, while the weight loss of the standard coupling was 1 unit, the

weight loss of the NiW coated coupling was 0.052 unit) in water environment
and by 10.87 times in water & sand environment.
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Table 5.4 shows the comparison of coupling cost versus
pci'formancc. Although coating the coupling adds to the cost, the
performance of the coated couplings justifies the expense. For
example, as shown in Table 5.4, the cost of TiO2 coaied coupling is
3.28 times more expensive than the standard coupling, but its
performance is better by 23 times in a water environment. Whereas
in a water and sand environment, the TiO2 coated coupling
performed poorly. When considering both environments, the NiW
coated coupling had the best overall performance. Even though the
price of the NiW coated coupling is 4.32 times more expensive than
the cost of the standard coupling its performance is better by 19.23
times in a water environment and by 10.87 times in a water and

sand environment.

Two of the coated couplings contained Ni but the study did not
attempt to determine the merits of Ni versus W versus Cr etc.. These
were commercially available coatings on sucker rod couplings and
because of this, it limited the analysis to these compositions. More or
less, Ni, Cr or W may have an influence which could not be

determined within the scope of the study.
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Chapter 6
Conclusions and Recommendations

Wear may result whenever there is relative .sliding of two
materials in contact. The rate at which material is removed due to
wear will depend upon the loading conditions and the environment.
The purpose of the present study was to investigate the
performnance of the standard coupling, hardmetal and ceramic coated
couplings and oil field tubing. The wear of the couplings and tubing
was examined in both a water environment and in a water and sand

environment (sand rate - 165 g/day).

The purpose of the present study was to obtain a reliable
correlation between various variables and the wear behavior of
couplings/tubing while evaluating the performance of tubing in
contact with different types of couplings. Another purpose of the
present study was to assist in gaining a better understanding of the
controlling and participating wear mechanisms.

1. The TiO2 coated coupling wore the least and caused the least
damage to the tubing in the water environment condition. However,
it showed the worst performance in the water and sand

environment due (o the breakdown of the coating material

{ceramic).
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2. Overall, the performance of the NiW coated coupling was the
best in both environments and under different side loads. The NiW
did not wear completely as did the NiCr and the TiO2 coatings. In

addition, it protected the base material (the standard coupling).

3. The operating variables had an expected influence on the wear
of the couplings and tubing. In general, the following features were
observed:

a). Higher side load caused an increase in wear of couplings

and tubing.

b). Increasing sliding duration (distance) increased the wear of

the couplings/tubing.

c). Increasing side load caused an increase in the tubing

surface hardness which in turn reduced the wear rate.

d). Work hardening of the surface of the tubing occurred
during the tests.

e). Surface hardness increased due to work hardening, and to
the transfer of harder particles which enhanced the wear

resistance of the tubing.

f). Surface roughness influenced the wear of couplings/tubing.
Higher surface roughness increased the wear of all tubings and

couplings.
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g). The apparent coefficient of friction had an influence on the
wear of couplings/tubing only in mild wear and as long as the
wear mode did not change. The wear rate decrcased as the
apparent coefficient of friction decreased for all couplings. The
same conclusion applies for the NiW coated coupling at higher
loads (890 N). For the rest of the couplings, the results were

inconclusive due to changes in the wear modes.

h). Mild wear was observed in all the wear tests using a 133.5
N side load and in a water environment. Mild wear was also
observed in the test using the TiO, coated coupling under all
loads in a water environment and in the tests using NiCr and
NiW coated couplings under 133.5 N in a2 water and sand
environment. Mild and severe wear alternated in the tests
using NiCr and NiW coated couplings under 445 and 890 N side
loads and under 445 N using a standard coupling all in water
environments. Severe wear was observed during the tests
using a standard coupling under a 890 N side load in a water
environment and in all tests using standard. and TiO; coated
couplings in water and sand environments. Severe wear was
also observed in the tests using 445 and 890 N with NiCr and

NiW coated couplings in water and sand environments.

i). Introducing sand to the environment prevented the
effective transfer of metal particles from the coated couplings
onto the tubing. Where there was excessive grooving due to

sand particles, the hardness of the tubing increased significantly.
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j). As expected, introducing sand to the environment caused

an increase in the wear of all coupling/tubing combinations.

4. Abrasion was the dominating wear mechanism in most of the
wear tests, particularly in the tests using a sand-water environment.
Adhesion, corrosion, fatigue and delamination were alse observed on
the S.EM.

5. Increasing the sand flow rate increased the wcar of couplings

and tubing.

6.2 Recommendations

The present study examined the effectiveness of commercially
available coupling coatings in withstanding wear in well conditions.
Future research should focus on investigating and determining the
optimum amounts of Ni, Cr, W, and/or Ti that should be utilized in
the composition of the coating of the coupling in order to produce

the best results i.e.wear resistance.
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APPENDIX_1: _Statistical Analysi

Complete sample of statistical analysis on all tests results
using standard coupling/J55 tubing under 133.5 N side load in
water environment.

Table A.1.1.

Coupling Weight |

Pweight Loss at 10:Km .=+
Ww.L.[g) Dev.Ratio MEAN= 0.10
0.1 0.00 STDEV= 0.00
0.1 0.00 SDOM= 0.00
0.1 0.00 % ERFROR= 0.00
From Chauvenet's Criterion
DRo for this case with n=3, is 1.38
i DR>DRo data point is rejected
* No data point is rejected
W.L.=0.10+0.0% [g]
Walght Loss at100 Kim "
w.L. ig] Dev.Ratio MEAN= 0.73
0.7 -0.50 STDEV= 0.06
0.8 1.17 SDOM= 0.03
0.7 -0.50 % ERROR= 4.11

* No data point is rejected

W.L.=0.73:4.11% [g]

W.L.[9] Dev.Ratio MEAN= 1.47
1.4 -0.58 STDEV= 0.12
1.6 1.08 SDOM= 0.07
1.4 -0.58 % ERROR= 4.76
* No data point Is rejected
W.L.=1.47+4.76% [Q]
Ww.L. [9} Dev.Ratio MEAN= 2.47
2.4 -0.58 STDEV= 0.12
2.4 -0.58 SDOM= 0.07
2.6 1.08 % ERROR= 2.83

* No dsta point is rejected

W.L=2.472.83% [9] |




Table A.1.2. Tubing Average Thickness Loss
TH. L. [nm] |Dev Ratio MEAN= 2.00E-02
0.02 0.00 STDEV= 3.29E-10
0.02 0.00 SDOM= 1.90E-10
0.02 0.00 % ERAOR= 0.00
From Chauvenet's Critarion
DRo for this case with n=3, is 1.38
If DR>DRo data point is rejected
* No data point Is rejected
I
TH.L.=2E-02+0% [mm]
Ehickness Loss &t 00 Km
TH. L. [mm] |Dev Ratio MEAN= 3.67E-02
0.03 «1.16 STDEV= 5.77E-03
0.04 0.57 SDOM= 3.33E-03
0.04 0.57 % ERADR= 9.09
* No data point is rejected
| |
TH.L.=3.87E-02+9.09% [mm]
TH. L. [mm] [Dev Ratio MEAN= 6.33E-02
0.06 -0.57 STDEV= 5.77E-03
0.06 -0.57 SDOM= 3.33E-03
0.07 1.16 % ERROR= 5.26
* No data point Is rejected
| [
TH.L.»6.33E-02+5.26% [mm]
TH. L. [mm] jDev Ratio MEAN= 9.67E-02
0.10 0.57 STDEV= 5.77E-03
0.09 -1.16 SDOM= 3.33E-03
0.10 0.57 % ERROR:= 3.45
* No data point Is rejected
| 1
TH.L.=9.67E-02+3.45% [mm]
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Table A.1.3 (a).

, ace Roudl - Initial

Roughiness ‘{uin]*. | -Dev. Ratic
140 -0.42
155 0.48 MEAN= 147
160 0.78 STDEV= 16.74
175 1.67 SDOM= 3.06
185 0.48 % ERAOR= 2.08
140 =0.42
120 -1.61 From Chauvenet's Criterion
185 2.27 DRo for this case with n=30, is 2.38
180 1.97 i{ DR>DRo data point is rejected
160 0.78 | |
160 0.78 * No data point is rejected
140 -0.42 {
140 -0.42 5.R.=14742.08% [uin] or
150 0.18 {
150 0.18 S$.R.=3.675+2.08% [um]
150 0.18
140 -0.42
130 -1.02
135 -0.72 ** three tests, each contains
160 0.78 ten readings
150 0.18
145 =0.12
140 -0.42
145 =0.12
1585 0.48
110 -2.21
120 -1.61
130 -1.02
140 «0.42
150 0.18

108




Table A.1.5 (b). Tubing Surface Houghness - 10 Km

FRoughness {ain]™|::Dev. Ratio_
82 0.32 MEAN= 70
100 0.97 STDEV= 22.90
105 1.15 SDOM= 4.25
B85 0.43 % ERROR= 6.07
62 -0.40
80 0.25 From Chauvenet's Criterion
90 0.61 DRo for this case with n=30Q, is 2.38
75 0.07 if DR>DRo data point is rejected
120 1.69 { |
B0 0.25 * One data point is rejected
60 -0.47
60 -0.47 $.R.=70£6.07% [pin] or
100 0.97 |
70 -0.11 S$.R.x1.75:8.07% [um]
75 0.07
80 0.25
60 -0.47
70 «0.11 ** three tests, each contains
60 -0.47 ten readings
35 -1.37
20 -1.91
65 -0.29
90 0.61
55 -0.65
53 -0.72
58 -0.54
18 -1.98
62 -0.40
70 -0.11
160 3.13 Rejected
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Table A.1.3 (c). Tubing Surface Roughness - 100 Km
895 1.48 MEAN= 48
90 1.31 STDEV= 26.12
80 0.98 SDOM= 4.85
80 0.88 % ERAOR= 10.10
30 -0.71
55 0.13 From Chauvenet's Criterion
105 1.82 DRo for this case with n=30, is 2.38
100 1.65 it DR>DRo data point is rejected
62 0.37 | ]
35 -0.54 * One data point is rejected
50 -0.03 {
36 «0.51 S.R.=48£10.10% [uin] or
50 -0.03
20 -1.04 S$.R.=1.2:10.10% [um]
50 +0.03
35 «0.54
20 -1.04
20 -1.04 ** three tests, each contains
20 -1.04 ten readings
50 -0.03
20 -1.04
60 0.30
21 -1.01
38 -0.44
45 -0.20
27 «0.81
27 -0.81
32 -0.64
44 -0.24
130 2.66 Rejected
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Table A.1.3 (d).

Tubing Surface Houghness - 200 Km

[:Roughness fuin]* | -Dev. Ratio
50 0.40 MEAN= 35
105 2.26 STDEV= 25.11
25 -0.44 SDOM= 4.66
100 2.09 % ERAOR= 13.31
70 1.08
70 1.08 From Chauvenet's Criterion
40 0.07 DRo for this case with n=30, is 2.38
55 0.57 If DR>DRo data point is rejected
20 -0.61 | |
24 =0.47 * One data point Is rejected
28 -0.34 I
32 -0.20 S.R.=35+13.31% [uin} or
26 =0.40
18 -0.67 S.R.=0.875+:13.31% fum
15 -0.78
14 -0.81
40 0.07
25 -0.44 ** three tests, each coniains
15 -0.78 ten readings
20 -0.61
18 -0.67
42 0.13
13 -0.84
15 -0.78
15 -0.78
21 -0.57
24 -0.47
18 -0.78
60 0.74
125 2.94 Rejected
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Table A.1.3 (e). Tubing Surface Roughness - 300 Km
ss fiin]** | Dev. Ratio
42 0.51 MEAN= 25
70 1.71 STDEV= 13.60
28 -0.09 SDOM= 2.57
40 0.43 % ERAOR= 10.28
32 0.08
40 0.43 From Chauvenet's Criterion
20 -0.43 DRo for this case with n=30, Is 2.38
30 0.00 if DR>DRo data point is rejected
15 -0.64 | {
12 -0.77 * Two data points are rejectsd
28 -0.09 ]
<] -0.90 S.R.=25+10.28% {uin] or
14 -0.69 |
44 0.60 S.R.=0.625+10.28% fum
3s 0.34
12 -0.77
18 -0.51
25 -0.21 ** three taests, each contains
12 -0.77 ten readings
21 -0.39
19 -0.47
12 -0.77
18 -0.51
19 -0.47
23 -0.30
18 -0.51
20 -0.43
12 -0.77
90 2.57 Rejected
110 3.43 Rejected
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Table A.1.4 (a). Coupling Microhardness - Initial
SANHN #1:-1Dev. Ratio #1] “VHN #2 “[Dev. Rutic #2| VHN#3  |Dev. Ratio #3
226 .10 | 248 T37 122 2.17
172 -0.60 Z2ab T.41 220 0.91
228 0.97 220 0.51 730 -1.60
222 0.57 154 0.00 216 0.78
192 0.03 180 -0.35 224 1.03
154 0.09 154 0.09 208 0.53
Z04 0.47 156 <1.10 210 0.59
I— 218 0.54 1092 U.03 76 0.47
I 216 0.78 240 1.54 228 1.03
106 0.15 176 ~0.47 192 0.03
106 0.15 243 .66 250 1T.85 |
152 0.03 182 0.03 224 1.03
150 -0.03 168 0.73 172 0.60 |
202 0.34 123 <2.14 235 T
158 0.35 PO 0.57 180 -0.35
202 0.34 210 0.50 236 .41
210 0.50 228 1.03 152 -1.23
194 0.09 150 -1.29 168 <0.73
R E:J:) 0.22 156 “1.10 172 -0.60
200 0.28 176 -0.47 212 0.66
212 0.66 196 6.15 T84 -0.22
242 7.60 200 0.28 139 -1.64
218 0.64 200 0.28 135 -1.64
1092 0.03 186 -0.16 200 0.28
147 -1.38 210 0.59 254 107
210 0.55 220 0.51 220 0.51
136 -1.73 186 -0.16 216 0.78
164 -0.85 750 -0.03 208 0.53
166 -0.79 232 1.28 176 -0.47
144 -1.48 176 -0.47 192 0.03
166 -0.79 168 -0.73 200 0.28
166 -0.79 194 0.09 254 1.7
172 -0.60 196 0.15 139 -1.64
86 -0.79 730 -1.52 139 -1.64
176 <0.47 126 -2.04 184 0.22
192 0.03 180 -0.35 224 1.03
204 0.41 164 -0.85 210 .55
202 0.34 150 -1.29 250 1.85
158 =1.10 242 7.50 172 =0.60
142 -1.54 Z14 0.72 T80 -0.35
168 <0.10 133 -1.82 52 -1.23
144 . =1.48 160 -0.08 172 -0.60
2.41 172 =0.560 212 0.66
212 0.66 200 0.28 168 -0.73
242 T.60 192 0.03 236 T.47
210 0.50 752 -1.23 236 743
188 <D.10 168 -0.73 122 217
— 188 0.0 172 -0.60 224 1.03
378 ~0.41 166 -0.70 140 -7.60 |
154 0.09 176 0.47 220 0.591
I WEAN= 191.70 From Chauvenels Gritenon
BSTDEV= . Do for this case with N=150, 18 2.80 |
TOONE 2.60 T DR>DHo daia point is reeﬁa —
T %RBoE || 1.36 mf‘%ﬁai’a—po 3
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Table A.1.4 (b).

Coupling Microhardness - 10 K

B pev. Ratic-#1] VHN #2 7{Dev. ‘Ratio #21 - VHN #3 " Dsv. 'Ralio #3
-2.16 202 -0.80 285 Q.77
-0.93 192 -0.99 256 U.22
R 174 -1.33 250 G.11
-0.35 200 ~-0.84 285 Q.77
-2.37 250 0.67 260 0.30
=2.05 2580 0.67 250 0.11
-0.16 214 =-0.57 295 0.6
-().16 265 0.30 265 0.39
-1.63 290 0.86 eo8 0.26
=1.52 214 -0.57 270 0.49
0.86 279 0.58 25 0.58
2.38 285 Q.77 280 U.67
1.19 280 " 0.67 2l 0.58
1.24 224 -U.38 275 0.58
=1.74 ~ 265 0.3b 270 0.49
-1.48 275 0.58 258 0.22
«2.01 220 -.40 248 Q.07
0.30 158 -1.63 285 0.77
2.00 200 -0.84 260 0.30
-1.44 230 =0.27 188 -1.06
-1.78 305 1.15 265 0.39
-2.01 248 0.0/ 258 0.26
«1.18 252 Q.15 250 0.11
1.15 242 =0.04 270 0.49
-1.06 206 -0.72 - 218 =-0.50
=1.03 290 Q.86 200 0.6/
Q.67 284 Q.75 260 0.30
=-2.40 293 0.96 280 0.67
1.71 290 0.86 270 0.49
u.58 186 -1.10 265 0.39
U.49 " 230 -0.27 250 .11
=0.243 224 =0.38 285 Q.77
-0.84 290 0.86 256 0.22
Q.07 285 0.56 260 0.30
2.6 250 0.50 280 0.67
-2.44 280 0.67 285 Q.77
0.58 218 =0.50 260 0.30
1.92 ~ 315 1.34 258 0.26
-2.52 0.30 275 0.58
-2.23 236 -0.16 256 0.22
u.6/ 275 U.o8 285 0.77
-2.06 270 0.49 188" -1.06
-0.01 238 «0.12 258 0.20
W77 204 Q.76 270 0.49
0.39 279 0.58 218 -0.50
-1.18 240 -0.08 250 0.11
0.22 280 Q.67 205 0.39
300 1.05 240 0.03 260 0.30
240 -0.08 290 U.B6 248 Q.07
180 -1.21 260 0.30 270 045
MEAN= 244.29 From Chauvenet's Criterion
STDEV= 52.03 DRo for this case with n=150, is 2.89
SDOM= 4.32 ## DR>DRo data point is rejected
% ERROR= 1.77 *No data point is rejected

MICROHARDNESS=244.29:1.77% (VHN)
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Table A.1.4 (c). Coupling Migrohardness - 100 Km

o

EOVHN ] LSVHN #2 Dev. Ratio #2] _ VHN #3  [Dav. Ratlo #3
310 i 204 -1.08 280 — 0.95 |
280 0.95 232 -0.34 T80 1.72
205 7.35 244 <0.07 206 -1.03
265 1,35 298 ~0.17 202 1.4
315 7.58 265 0.55 280 0.55
220 -0.65 256 U.31 280 0.55
Z80 0.55 230 -0.30 254 0.25
320 2.02 240 -0.12 P34 -0.49
Z34 -0.28 218 -0.71 230 -0.30
738 -2.85 245 0.04 260 0.41
198 -1.30 258 0.36 232 -0.3% |
253 0.25 260 0.41 226 -0.40
204 -1.08 265 0.55 265 0.55
265 0.55 246 0.04 262 0.47
238 -0.17 270 “0.68 258 0.36

265 0.55 268 0.63 224 -0.55
190 -1.4% 250 0.15 220 -0.65
275 Q.81 188 -1.51 295 1.35
216 -0.76 222 ~<0.60 232 -0.33
275 0.51 204 -1.08 220 -0.65
335 2.40 254 0.25 180 1.72
Z244 -0.01 250 0.15 202 -1.14
256 ~ 0.1 226 <0.40 280 0.95
94 -1.35 250 0.5 226 -0.40
246 0.04 232 -0.33 260 0.47
285 7.08 212 -0.87 226 -0.40
260 0.41 256 0.31 Z60 0.47
228 -0.44 236 -0.23 224 -0.55
275 0.51 240 -0.12 295 1.35 |
192 -1.40 206 -1.03 220 -0.65 |
204 -1.08 285 1.08 2ae -0.39
305 1.62 250 0.5 220 -0.65
265 0.55 2ed -0.55 258 0.36 |
270 0.68 240 <0.12 265 0.55
254 0.25 256 0.51 202 0.33
320 2.02 242 -0.07 230 =0.39 |
345 2.69 252 0.20 254 0.25
7285 1.08 202 -1.14 280 0.85
310 1.75 230 -0.39 206 -1.03
385 2.42 224 -0.55 280 0.05
310 1.75 210 -0.92 285 T.08
345 2.6D 222 -0.60 210 -0.02
242 =0.07 220 -0.65 268 0.63 |
Z54 0.25 184 -1.62 | 260 0.41
230 <0.3%9 170 -1.09 225 -0.52
224 -0.55 150 -1.46 235 -0.25
182 -1.67 184 -1.62 260 0.41
162 -2.20 256 U.531 X
182 -1.67 240 -0.12 255 0.20

186 | -1.30 | 238 -0.17 262 0.47

MEAN= 244.51 From Chauvenet's Criterion
STDEV= 37.42 DRo for this case with n=150, is 2.89
SOOM= 3.06 i OR>DRo data point is rejected
% ERROR= 1.25 *No data point is rejected
MICROHARDNESS=244.51:1.25% (VHN)
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Table A.1.4 (d).

Coupling Microhard - 200 K

- VHN:#1 " "|Dev. ‘Rafio #1}  VHN #2.::{Dev.’Ratic'#2] . 'VEN #3 {Dev. Ratflo #3
370 T.06 230 <0.25 FK:] -0.28
355 1.7 242 ~0.22 260 0.05
320 T.71 245 -0.15 258 0.06

[ 335 1.37 252 -0.05 280 0.43
405 2.56 275 —0.35 194 -1.048
345 1.54 242 -0.22 194 -1.03
147 -1.83 212 -0.73 246 -0.15
242 -0.22 245 ~0.15 250 -0.08
242 -0.22 184 <1.20 270 0.26
252 <0.05 210 -0.76 260 0.05
242 -0.22 180 1.27 208 -0.80
420 2.81 270 -0.76 270 0.26
280 0.43 200 -0.53 258 0.06
275 0.35 212 -0.73 245 0.17
kL) 1.37 254 ~0.01 248 <0.11
220 -0.50 246 ~0.15 252 -0.05
365 1.88 252 -0.05 238 -0.28
420 2.81 188 -1.14 221 0.57

[ 300 .77 256 0.02 238 -0.28
243 -0.18 202 -0.90 248 -0.11
148 -1.85 224 <0.52 258 0.06
330 1.28 188 -1.14 246 -0.15
325 1.20 182 -1.24 Z18 -0.64 |
330 1.28 210 -0.76 232 <0.30
200 0.60 230 <0.42 235 -0.34
118 -2.90 188 -1.14 230 <0.42
54 1.72 255 0.69 250 -0.08
350 T.62 265 0.18 280 0.43
764 -1.54 238 -0.28 280 0.43
340 1.45 254 <0.01 250 -0.08
182 -1.24 270 0.26 — 265 0.18
205 0.69 226 -0.49 275 0.35
340 T.45 247 -0.22 268 0.23

[~ 285 0.52 252 —-0.05 Z18 -0.63
246 -0.15 280 0.43 228 -0.45
154 «1.03 242 <0.22 224 -0.52

. 222 -0.56 270 0.26
3435 1.37 194 -1.03 282 0.46
142 -1.02 244 -0.18 265 0.18
350 1.62 T80 -1.27 248 <0.11
420 2.81 224 <0.52 238 -0.28
-0. 254 ~0.01 260 0.09
320 T31 234 -0.35 250 -0.08
285 0.52 265 0.18 270 0.26
240 <0 25 196 -1.00 260 0.00
110 -2.46 220 -0.45 230 -0.42
232 -0.39 234 -0.35 224 -0.52
-0.45 228 <0.45 224 -0.52
455 34 R 236 <0.32 247 -0.13
435 307 R | 256 0.02 275 0.35
MEAN= 252.14 From Chauvenet's Criterion
STOEV= 54,72 DRo for this case with n=150, is 2.80
SOOMe=: 4.50 If DR>DRo data point is rejected
% ERROR= 1.78 ‘Two data points are rejected
MICROHARDNESS=252.1721.78% (VHN)
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Table A.1.4 {e). Coupling Microhardness - 300 Km
o AHN#T - §Dev. Ratia #1] = VHN #2° 1Dev.:Hatio #2] . "'VHN #3 ' |Dev.‘Rallo #3
KELS 2.40 220 -0.24 224 -0.16
a55 2.45 214 -0.36 210 -0.44
310 7.56 150 -0.84 236 0.08
335 2.00 232 0.00 270 -0.44
250 0.36 212 -0.40 216 “0.82 |
345 2.26 224 016 212 -0.40
325 1.86 Z244 0.24 1598 -0.68
Z18 -0.28 230 =0.04 T84 -0.96
250 136 254 0.44 214 -0.36
325 1.86 2002 -0.20 210 -0.44
247 0.20 236 0.08 188 -0.88
248 0.28 ZaB 0.12 230 -0.04
305 1.4% 224 -0.16 108 -0.68
345 2.6 242 0.20 172 -1,20
a0 745 220 -0.24 224 -0.16
340 2.96 Z36 0.08 174 1.18
325 1.86 220 -0.24 220 <0.24
285 1.06 216 -U.32 | 228 -0.08
162 <1.40 -0.88 236 0.08
Z14 -0.36 200 -0.64 226 0.12
200 -0.52 226 -0.12 236 0.08
172 -1.20 234 0.04 238 0.12
180 -0.84 232 0.00 220 -0.24
345 2.26 270 0.76 210 -0.44
234 0.04 184 -0.596 216 -0.32
162 -1.40 200 -0.64 184 -0.06
Z244 0.24 232 0.00 242 0.20
172 -1.20 153 -0.76 251 0.38
128 -2.08 228 -0.16 218 -0.28
310 1.56 230 -0.04 212 -0.40
198 -0.68 230 -0.04 236 0.08
228 -0.08 245 0.28 244 0.23
320 1.76 206 -0.52 230 -0.04
370 2.76 210 -0.44 220 -0.24
158 -1.48 170 -1.24 L] -0.16
310 7.56 135 -1.54 228 -0.08
218 -0.28 202 <0.60 242 0.20
355 2.45 202 =0.60 248 0.32
340 2.16 220 <0.20 210 -0.44
224 -0.16 178 -1.08 208 -0.48
285 T.06 Z28 -0.08 202 -0.60
238 0.92 178 -1.08 200 <0.64
315 1.66 216 -0.32 225 -0.14
760 -1.44 152 =1.60 220 ~0.24 |
204 -0.56 192 -0.80 240 0.18
220 <0.24 194 -0.76 212 -0.40
182 -1.00 102 -0.80 202 -U.60
140 -1.84 236 0.08 248 U.32 |
0.86 200 -0.64 230 -0.04
300 316 R 218 0,28 2371 -0.02
MEAN= 230.95 From Chauvenet's Criterion
STDEV= 48.42 DRo for this case with n=150, is 2.89
SDOM= 3.97 It DR>DRo data point is rejected
% ERAOR= 1.72 *One data point Is rejected
MICROHARDNESS=230.95:1.72% (VHN)
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Table A.1.5 (a).

Tubing Microhard - Initial

s

 WHNH Do Rafio #3] VHNH2 4 Dev. Ratlo: #2] - oVHN #37 1 Dav. Ralic #3
' T .2.48 198 — 0.73 198 0.78
141 -1.67 202 0.80 148 -1.38
143 -1.55 216 1.45 176 <0.20
173 =011 172 -0.37 186 0.2
164 <0.59 186 0.22 188 0.91
133 -1.80 200 0.82 168 -0.53
[~ 178 =U.11 150 0.39 176 <0.20
104 0.56 214 7.41 106 0.65
T80 -0.03 — 188 0.31 186 0.22
160 -0.87 184 0.14 166 <0.62 |
182 0.06 214 7.41 212 T.32
| <0.87 | 0.31 158 0.73
127 -2.20 T80 -D.03 172 -0.47 |
-2.43 — 184 0.14 T892 0.48
158 -0.06 T80 0.03 192 0.48
144 -1.55 216 1.45 1892 0.48
T80 -0.03 204 0.98 184 D.14
378 -0.11 150 0.39 168 D.73
176 -0.20 220 1.66 176 <0.20
[~ 132 -2.05 200 0.82 206 1.07
172 -0.37 T84 0.14 170 -0.45
107 -3.11 180 -0.03 T84 0.4
102 0.48 186 0.22 204 0.98
152 -1.27 204 0.58 200 0.82
128 2. 20 192 0.48 270 7.24
168 -0.53 208 T.35 85 0.31 |
160 -0.87 154 0.56 202 0.50
162 -0.79 204 0.8 148 -1.38
160 -0.87 | 188 0.31 186 0.22
154 0.56 200 6.B2 168 | -0.
160 -0.87 168 0.53 156 0.65
187 0.14 T84 0.14 166 -0.62
16> -0.79 212 .92 158 0.73 |
I— 1t | -3.02 | 384 0.14 152 0.48
714 -2.81 150 0.39 192 0.48
160 -0.87 194 0.56 198 0.73 |
144 -1.55 186 0.22 178 -0.20
136 -1.88 200 0.82 202 0.90
178 -0.20 156 0.65 188 0.a1
Z40 2.50 212 1.32 204 0.08
738 -71.80 T80 -0.03 770 -0.45
42 -1.68 [ 178 -0.11 T84 0.14
-0.17 ~ 188 0.31 210 7.24
176 -0.20 Z208 7.15 200 0.82
164 -0.70 188 0.31 198 0.73
156 -1.04 106 0.65 176 -0.20
178 -0.11 774 -0.28 188 0.31
202 0.90 168 -0.55 76 -0.20
-0.20 214 T.41 186 0.22
104 0.56 186 0.22 212 1.32
[MEAN= 180.67_ From_Chauvenet's Criterion_
STDEV= 23,70 DRo for this case with n=150, is 2.89
| SDOMes 1.94 it DR>DRo data point is rejected
% ERROR= 1.07 *No_data point is rejected
MICROHARDNESS=180.6711.07% (VHN)
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Table A.1.5 (b). Tubing Microhardness - 10 Km

‘#3 UVHN $22Dav, ‘Retio: #2] "VHN #3 - Dev. Ralic 43
214 0.1 .
180 -1.02 794 -0.54
. 208 -0.06 218 0.28
248 7.31 194 -0.54 208 ~0.06
246 T.25 208 -0.06 248 137
224 0.49 216 0.21 224 0.49
252 1.45 224 0.45 204 -0.20
210 0.01 150 -0.68 158 <0.41
[ 206 “0.13 194 -0.54 208 -0.06
|I— 248 7.31 188 -0.75 175 <1.16
224 0.40 186 ~0.82 208 -0.06
I 236 0.50 206 0.3 228 0.53
218 0.28 210 0.01 88 -0.75
247 1.3 222 0.42 200 <0.34
290 2.70 202 <0.27 188 0.75
0.57 200 <0.34 242 T.43
226 0.56 218 0.25 248 1.31
210 0.01 154 <0.54 254 T.52
208 -0.06 204 -0.20 254 T52
224 0.45 206 -0.13 228 0.63
230 0.59 180 0.68 | 232 | .
156 -1.85 236 0.00 218 0.28
98 -0.41 184 -0.B9 218 0.28
214 0.14 196 <0.47 210 0.01
758 <0.41 170 <1.37 200 -0.34
210 0.01 210 0.01 200 -0.34
202 -0.e7 166 -1.51 194 <0.54
— 206 -0.13 196 0.47 208 -0.08
242 1.1 88 -0.75 224 0.40
202 -0.27 100 -0.68 108 -0.41
188 -0.75 190 -0.68 376 -1.16
220 0.35 200 -0.13 228 0.63
210 .01 260 .73 200 -0.34
188 -0.75 210 0.01 248 T.31
188 -0.75 232 0.76 254 1.52
170 =1.37 214 0.14 200 -0.34
176 -1.16 196 -0.47 210 0.01
210 0.01 212 0.08 | 218 0.28
121 -3.05 218 0.28 232 0.76
118 -3.16 170 -1.37 254 1.52
162 -1.64 188 -0.75 228 0.63 |
135 -2.57 204 <0.20 248 1.3
106 0.47 218 0.28 218 0.28
210 0.01 158 -1.78 248 131
111 -3.40 226 0.56 204 -0.20
145 -2.23 214 0.14 208 -0.06 |
202 0.27 210 0.01 188 -0.75
0.42 224 0.40 242 11
204 -0.20 198 -0.47 242 .11
— 186 -0.82 150 -0.68 305 327 R |
MEAN= 209.15 From Chauvenet's Criterion
STDEV= 28.10 DHo for this case with n=150, is 2.80
SOOM= 2.30 i DR>DRo data point is rejecied
9% ERAOR= 1.10 *One data point Is rejectsd
MICROHARDNESS=209.15:1.16% (VHN)
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Table A.1.5 (c).

Tubing Microhard . 100 K

CAN 12 Dov. Ralio #31 WHN-#2 /{Dev. Hatio #2] :VEN #3 | Dev.'Ralic 43

' [ 0.47 200 -0.25 150 -0.49
220 0.23 198 <0.35 200 -0.25
260 1.70 188 -0.54 202 -0.20
248 0.90 194 -0.40 210 0.0
104 -0.40 200 <0.25 188 -0.54
3715 2.52 202 <0.20 200 -0.25
260 7.9 1594 -0.40 194 -0.40
258 T4 180 -0.73 208 -0.06
175 -0.85 206 0.1 216 0.13
1717 -2.40 200 -0.25 Z218 0.18
185 -0.61 226 0.37 220 0.37
234 0.57 204 “0.16 216 0.73
T20 -2.18 224 0.33 222 0.28
186 =0.59 172 -0.03 198 -0.30

[ 183 -0.66 210 <0.01 206 0.1
200 -0.25 238 0.65 224 0.3 |
158 -1.37 216 0.13 214 0.08
260 AL 200 <0.25 202 -0.20
162 “1.17 202 -0.20 216 0.13
220 0.23 186 -0.59 244 0.81
107 -2.64 150 -0.49 220 v.a7 |
159 -0.28 204 0.33 218 0.18 |
179 -0.76 | 208 -0.0% 220 0.23
744 -1.60 242 0.76 210 <0.01
175 -0.85 204 0.16 194 <0.40
280 1.67 184 -D.40 220 0.57 |
375 2.52 776 -0.83 206 <0.11
158 -1.26 T80 <0.73 230 0.237
280 1.67 102 -0.45 214 0.08
170 -0.97 756 <0.35 242 0.76
160 -1.22 758 <0.30 214 0.08
168 -1.02 792 -0.45 224 0.33
220 0.23 200 -0.25 200 -0.25
164 -1.12 176 -0.83 216 0.13
265 T.51 226 0.37 240 U.71
170 .57 176 -0.83 218 G. T8
158 -1.26 216 0.13 218 0..8

[ 2B5 1.70 180 -0.73 212 0.04
175 -0.85 200 -0.25 236 0.61
104 -0.40 154 <0.40 236 0.61
285 1.70 156 -0.45 214 0.08
214 0.08 188 -0.54 202 -0.20
254 1.05 206 =0.11 224 0.33
240 0.71 1) <0.58 198 -0.30
117 -2.40 150 -0.43 226 0.37

[ 133 ~1.87 170 -0.97 236 0.61
345 328 R 214 0.08 200 0.52

— 345 3.00 B 210 =0.01 242 0.76
300 432 R 210 -0.01 204 -0.16
— 355 — 348 R 190 -0.40 238 0.66

[MEAN= 206.49 From Chauvenet's Criterion

STDEV= 34.03 DRo for this case with n=150, is 2.89

SOOM= 2.82 It DR>DRo data point is rejected

% ERROR= 1.37 *“Four data points a's rejected

MICROHARDNESS=206.49:1.37% (VAN)
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Table A.1.5 (d). Tubing Microhardness - 200 Km

N REbo “40av. Ratio-#2] * 'VHN:#3 - -|Dev. Ralic #3
355 T e.04 772 -0.98 214 -0.29 |
0.07 750 -0.60 236 0.07
194 -0.62 214 -0.20 204 -0.13
275 V.72 202 -0.40 212 -0.32
250 0.06 168 -0.55 200 -0.52
~ 360 2.12 210 -0.36 218 -0.22
240 0.14 ~ 208 -0.16 216 -0.26
300 1.13 230 -0.00 218 -0.28
200 2.78 275 0.72 240 0.14
365 2.20 154 <0.62 236 0.07
360 2.2 ~230 ~0.03 244 0.20
184 -0.79 154 -0.62 214 -0.29
335 .1 212 -0.32 224 -0.13
732 0.07 210 -0.36 202 -0.495
190 <0.6%9 200 -0.5¢ 220 0.30
250 0.30 208 ~0.39 228 -0.13
258 0.44 2436 0.07 220 -0.10
~365 2.00 246 0.24 198 -0.55
355 2.04 ~232 0.07 254 0.97
130 -1.68 Z70 -0.36 220 =0.09
[ 218 -0.2¢ 228 -0.06 258 0.11
— 370 | ] 182 0.82 | 236 0.07
148 -1.48 184 <0.70 204 ~0.46
335 1.7 196 -0.59 232 0.01
224 0.13 188 -0.72 L ¥ 0.7
335 1.73 220 -0.19 242 0.17
114 -1.94 00 -0.68 204 -0.45
152 -1.51 Z10 <0.36 238 0.13
265 0.55 Z200 -0.52 2356 0.07
335 T.71 188 ~0.72 p¥d 0.01
174 -0.95 192 -0.65 226 -0.00
120 -1.84 152 0.65 | 198 -0.55
254 0.37 212 <0.32 224 0.13 |
61 176 -0.92 220 <0.19
158 -1.27 200 -0.52 2204 0.13 |
325 7.53 206 -0.42 244 0.20
166 -7.08 216 =0.26 240 0.14
-1.05 234 0.04 216 -0.26
160 -0.85 204 -0.45 200 -0.52
265 0.55 206 0.42 224 -0.13
240 0.14 220 -0.19 214 -0.29
202 -0.49 200 -0.52 236 0.07
T40 -1.57 200 -0.42 212 -0.32
405 2.06 196 -0.509 210 -0.22
Je2 =1.81 226 -0.04 236 0.07
135 -1.50 224 0.3 214 -0.20
— 265 0.55 218 -0.22 224 -0.13
I~ 455 204 -0.46 220 -0.10
415 303 R | 208 -0.30 220 -0.10
410 Z204 R 202 ~0.40 198 -D.55
[MEAN= 227.51 From Chauvenet's Criterion
[STDEV= 54.24 DRo for this case with n=150, is 2.89
SOOM= 4.47 If DR>DRo data point is rejected
% ERAOR= 1.96 “Three data points are rejected
MICROHARDNESS=227.51:1.96% (VHN)
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Table A.1.5 (e).

Tubing Microhard - 300 K

oomiN-# Doy, Ralio #1] - VHN #2117 Dov.'-?Mo"*tz}.'?i-?'éu'NHNi’#a =1 Dav. Ralo:#3
315 7.03 206 ~0.51 156 -0.73
280 7.15 200 -0.64 232 U.07
330 2.27 200 <0.64 208 -0.46
B2 -1.04 224 <0.10 210 -0.42
[ 280 T35 206 <0.51 212 -0.37
—— 158 -1.58 216 -0.28 270 0.52
236 0.16 204 -0.55 224 <0.10
208 -0.45 210 <0.42 230 0.03
285 7.6 212 0.37 214 -0.39
265 0.81 210 <0.42 242 0.30
296 0.16 224 <0.10 240 0.25
320 2.04 218 <0.24 244 0.34
188 -1.36 198 -0.60 245 0.39
184 -1.00 Z18 -0.24 240 0.25
236 0.16 204 <0.55 204 -D.55
255 7.48 194 0.78 k] 0.21
232 0.07 224 <0.10 202 ~0.60 |
115 -2.54 234 012 280 715
T35 -2.00 256 0.61 180 -1.00
—350 2.71 232 0.07 244 0.34
256 0.61 212 <0.37 240 0.25
212 -0.a7 216 -0.28 285 1.26
205 7.48 200 -0.64 242 0.30
194 -0.78 200 <0.64 236 0.16
315 1.93 210 <0.42 244 0.34
250 048 238 0.21 796 -0.73
740 -1.08 210 <0.42 208 <0.46
242 V.30 | o058 0.56 212 ~0.37
330 2.7 247 0.30 224 <0.10
265 0.81 260 0.70 274 -0.33
220 -0.1% 258 0.66 Z40 0.25
109 <2.68 2ab 0.16 246 0.39
04 -0.78 224 =0.10 204 <0.55 |
102 -2.83 265 0.51 202 -0.60
182 -1.04 224 -0.10 T80 -1.09
) 215 222 -0.15 240 0.25
Z2aB 0.21 220 -0.10 247 0.30
157 <0.71 T80 -1.00 244 ~0.34
275 7.04 200 -0.64 | 246 0.16
154 -1.67 214 -U.33 285 1,28
104 <0.78 224 <0.10 244 0.4
345 2.60 792 -0.82 280 1.15
<1 2.15 210 <0.42 238 0.21
200 1.37 180 -1.05 240 0.25
122 ~2.39 210 V.42 244 ~0.34
132 -2.16 228 <0.02 242 0.30
180 -1.09 234 0.12 230 0.05 |
1.59 250 0.48 270 0.52
315 1.93 212 <0.37 210 -0.42
275 1.04 194 -0.78 232 0.07
{MEAN= 228.68 From Chauvenet’s Criterion _
EITEV: 44.72 DRo for this case with n=150, is 2.89
SDOM= 3.65 I{ DR>DRo data point is rejected
% ERFOR= 1.60 *No data point is rejected
MICROHARDNESS=228.6821.60% (VHN)
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APPENDIX 2: Summary of Results

Table A.2.1.Coupling Weight Loss [g] vs Distance Travelled at
Various Side Loads Wator Eo

->1-Initial}:10000:}:300000]}:200000{ 300000

standard 0 0.10 0.73 1.47 2.47
coupling 0 0.30 1.10 2.10 3.00
' 0 5.60 7.40 9.30 11.50
NiCr coated 0 0 0.27 0.57 0.80
coupling 0 0 0.30 0.50 0.80

0 0 0.10 0.50 0.80

NiW coated 0 0.10 0.16 0.37 0.60
coupling 0 0.10 0.20 0.40 0.70
0 0.10 0.30 0.40 0.60

0 0.17 0.34 0.50 0.63

0 0.10 0.40 0.65 0.75

0 0.10 0.10 0.40 0.50

Table A.2.2. Coupling Weight Loss fg] vs Distance Travelled at
Various Side Loads-Water & Sand Envi

Iglutanu{ml-:. Anitial {:10000:]:100000{200000{:300000
standard 0 1.60 10.90 20.60 31.40
coupling 0 2.50 28.20 43.60 57.90
0 13.90 44.50 58.20 75.10
NiCr coated 0 0.40 3.90 6.00 9.70
coupling 0 1.00 8.30 16.00 23.80
NiW coated 0 0.70 3.70 6.40 10.30
coupling 0 0.40 3.00 5.80 7.10
0 0.30 3.40 5.30 6.90
TiO2 coated 0 2.80 12.90 18.90 28.20
coupling 0 13.80 76.30 | 106.10 | 142.40
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Table A.2.3.Tubing Average Thickness Loss [mm] vs Distance
iDistance[m}=>}| :initial ]:10000:]:100000}200000{:300000:

standard #$33.5" 0 0.02 0.04 0.06 0.10
-coupling 0 0.02 0.06 0.10 0.14
0 0.63 0.64 0.64 0.69
NiCr coated 0 0.01 0.02 0.04 0.06
coupling 0 0.06 0.13 0.17 0.23
0 0.17 0.43 0.67 0.81
NiW coated 0 0.01 0.03 0.04 0.05
coupling 0 0.05 0.12 0.16 0.18
0 0.12 0.37 0.49 0.59
TiO2 coated 0 0.02 0.05 0.06 0.09
coupling 0 0.02 0.05 0.09 0.11
0 0.04 0.08 0.12 0.15

Table A.2.4.Tubing Average Thickness Loss fmm] vs Distance

*$00000 1200000300000

mi->|Anitial:

standard
coupling

0.08 0.36 0.57 0.76
0.18 0.94 1.20 1.46
0.67 1.42 1.72 2.06
0.C1 0.20 0.33 0.46
0.14 0.76 1.08 1.40

NiCr coated
coupling

0.06 | 0.32 | 0.51 0.71
0.11 0.76 1.25 1.48
0.30 | 1.25 1.75_| 2.00
0.04 | 029 | 0.38 | 052
0.40 | 1.43 1.82 | 2.21

NiW coated

TiO2 coated |
coupling :

' Jolo]elojo]! (o]o|o|c]e
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Table A.2.5.Tubing Surface Houghness [um] vs Distance Travelled
Various Side Loads-Water Envi |

Dhtnn:l[m]-:- ~initlali 1000017100000 200000]:300000

standard 3.675 1.750 1.200 0.875 0.625
coupling 3.675 2.328 1.698 2.300 1.038

; 3.675 6.113 6.075 4.888 3.550

NiCr coated 3.675 1.107 0.538 0.533 0.438
coupling | 3.675 1.975 2.050 0.975 0.500

: 3.675 3.725 6.700 6.325 4.575

NiW coated | 3.675 1.600 0.695 0.625 0.575
coupling 3.675 2.838 2.650 1.950 1.838
3.675 5.243 5.225 3.588 5.413

TIO2 coated | 3.675 0.750 0.350 0.300 0.225
coupling 3.675 0.675 0.425 0.400 0.325

3.675 0.248 0.483 0.225 0.253

Table A.2.6.Tubing Surface Roughness [um] vs Distance Travelled

at Varioys Side Loads-Water & Sand Environment

240000 }:100000]:200000:{ 300000

standard 2.570 2.500 2.020 1.920
coupling 7.340 5.030 5.340 4.530
6.580 4.660 4.510 5.580

NiCr coated 0.210 0.240 0.260 0.470
coupling 2.750 2.380 2.000 2.050
NiW coated 0.540 0.390 0.500 0.350
.coupling 2.420 4.180 2.310 2.030
3.790 3.650 3.550 3.400

TiO2 coated 1.790 1.250 1.060 1.620
coupling 5.630 3.830 2.989 ; 2.710
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Table A.2.7. Coupling Microhardness [VHN] vs Distance Travelled
Various Side Loads-Water Envi |

Iﬁmnec[m}» “Inltla);}:10000:1:100000:/:200000:/300000

4Hdcn.

standard
coupling

191.10 | 244.29 | 244.51 | 252.17 | 230.95
187.00 | 318.20 | 323.00 | 282.00 | 284.00
187.00 | 282.50 | 287.00 | 297.40 | 296.28
639.00 | 642.00 | 664.00 | 667.00 | 649.00
641.00 | 693.00 | 675.00 | 675.00 | 665.00
648.00 | 624.00 | 626.00 | 636.50 | 621.00
694.10 | 668.20 | 6€0.40 { 645.00 | 590.00
700.80 | 656.60 | 654.60 | 641.00 | 527.40
690.00 | 660.20 | 694.00 | 650.80 | 554.00
615.00 | 675.00 | 707.00 | 739.00 | 723.00
616.00 | 661.00 | 677.00 | 668.00 | 656.00
616.00 | 620.00 | 622.00 | 643.00 | 662.00

NiCr coated
coupling

NiW coated
coupling

TiO2 coated
coupling

Table A.2.8. Coupling Microhardness [VHN] vs Distance Travelled
_ { Various Side Loads.Water & Sand Envi

7200000]300000]

Slilanttial Lo

standard
coupling

189.68 | 289.08 | 267.56 | 308.36 | 286.84
190.44 | 306.64 | 253.40 | 290.48 | 286.52
187.20 | 325.24 | 286.56 | 323.04 | 315.76
634.60 | 595.80 | 615.00 | 595.00 | 567.60
639.00 | 622.20 | 593.20 | 418.28 | 236.92

NiCr coated
coupling

669.60 | 643.80 | 629.00 | 576.00 | 546.40
692.20 | 632.71 | 622.60 | 630.60 | 627.40
684.00 | 633.40 | 627.80 | 562.04 | 559.20
615.00 | 336.88 | 256.56 | 266.16 | 320.76
615.00 | 257.20 | 266.28 | 277.84 | 281.92

NiW coated
coupling

TiO2 coated
coupling
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Table A.2.9. Tubing Microhardness [VHN] vs Distance Travelled at
Various Side Loads-Water Epvironment

. - -
- . -
-

- initial | 1000011000001 200000} 300000

standard 180.67 | 209.15 | 206.49 | 227.51 | 228.68
coupling 184.30 | 213.40 | 277.00 | 268.00 | 276.00
178.00 | 283.50 | 291.00 | 288.40 ) 286.30

NiCr coated 191.00 | 203.00 | 215.00 | 210.00 | 212.00
eoupling 186.00 | 291.00 | 269.00 | 274.00 | 245.00
186.20 | 285.50 | 311.90 | 362.70 )| 342.70

NiW coated 187.30 | 232.50 | 245.00 | 240.80 | 245.00
coupling 190.00 | 332.00 | 288.00 |} 252.00 | 234.00
189.44 | 316.50 | 303.00 | 318.00 | 299.00

TiO2 coated 189.00 | 211.00 | 211.00 | 202.00 | 205.00
coupling 192.00 | 224.00 | 213.00 | 204.00 | 210.00
188.60 | 228.00 | 208.30 | 204.10 | 193.00

Table A.2.10. Tubing Microhardness [VHN] vs Distance Travelled at

Various Side Loads-Water & Sand Environment

giﬁﬁwml““ Amtiat ;10000100000 2000001300000
'Side Load{N]
standard 180.92 | 298.32 | 279.36 | 280.32 | 277.28
coupling 184.24 | 270.08 | 278.56 | 294.44 | 265.12
179.44 | 276.52 | 290.08 | 292.04 | 292.96
NiCr coated 182.68 | 221.76 | 227.76 | 229.80 | 235.40
coupling 180.08 | 342.52 | 325.92 | 287.92 | 249.52
NiW coated 181.96 | 250.32 | 219.20 | 224.08 | 230.72
coupling 183.36 | 340.20 | 201.16 | 332.44 | 332.00
1 180.16 | 277.24 | 344.36 | 355.00 | 305.52
TiO2 coated 177.80 | 306.08 | 297.80 | 272.92 | 268.12
coupling 180,95 | 235.36 | 271.24 | 275.04 | 280.04

127




Table A.2.11.Erictional Force [N] as a Function of

Side lLoad-Water Environment

i Mean il

standard 77.43

coupling 226.95

382.70

NiCr coated 76.10

coupling 146.85

356.00

NiW coated 73.43

coupling 226.95

400.50

TiO2 coated 76.10

coupling 213.60

445.00

Table A.2.12.Frictional Force [N] as a Function of

- - -
- »
-

Side Load-Water & Sand Environment

standard 57.40
coupling 200.25
453.90

NiCr coated 74.76
coupling 146.85

NiW coated 73.42
coupling 173.55
409.40

TiO2 coated 77.43
coupling 106.80




Table A.2.13.Apparent Coefficient of Friction at Various

Side Loads-Water Environment
“Range: o i Mean
. :Side ‘Load[N]:

standard FiSO138:5:000] 0.52 - 0.64 0.58
coupling 0.47 - 0.63 0.51
0.37 - 048 0.43
NiCr coated 0.37 - 0.74 0.57
coupling 0.24 - 0.42 0.33
0.38 - 0.45 0.40
NiW coated 0.40 - 0.70 0.55
_ coupling 0.43 - 0.56 0.51
0.41 - 0.49 0.45
TiO2 coated 0.50 - 0.71 0.57
coupling 0.41 - 0.60 0.48
0.33 - 0.63 0.50

Table A.2.14.Apparent Coefficient of Friction at Various

Side | is-Water & Sand Envi |

standard

coupling

NiCr coated

coupling

NiW coated

coupling

TiO2 coated

SETARANGE:
0.33 - 0.59 0.43
0.33 - 0.57 0.45
0.40 - 0.67 0.51
0.46 - 0.68 0.56
0.16 - 0.50 0.33
0.49 - 0.66 Q.55
0.32 - 0.50 0.39
0.35 - 0.59 0.46
0.41 - 0.76 0.58
0.10 - 0.53 0.24

coupling
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Table A.2.15.Coupling Wear Rates [cc/Nml-Water Environment

Dithnu[m]—:i + 40000100000 {:200000 1300000
standard 9.53E-08 | 6.96E-09 | 7.00E-09 | 7.85E-09
coupling 8.58E-09 | 3.14E-09 | 3.00E-09 | 2.86E-09

8.01E-08 { 1.06E-08 | 6.65E-09 | 5.48E-08
NiCr coated 0 2.53E-09 | 2.67E-09 | 2.50E-09
coupling 0 8.43E-10 | 7.02E-10 § 7.49E-10
0 1.40E-10 | 3.51E-10 § 3.75E-10
NiW coated 6.94E-09 | 1.11E-09 | 1.28E-09 { 1.39E-09
coupling 2.08BE-09 | 4.16E-10 | 4.16E-10 ] 4.86E-10
1.04E-09 | 3.12E-10 | 2.08E-10 | 2.08E-10
TiO2 coated 2.27E-08 | 4.55E-09 | 3.34E-09 | 2.81E-09
coupling 4.01E-09 | 1.61E-09 | 1.30E-09 !} 1.00E-09
¢ 2.01E-09 | 2.01E-10 | 4.01E-10 | 3.34E-10
Table A.2.16.Coupling Wear Rates [cc/Nm]-Water & Sand
Environment
ﬂooooM #100000:1:200000:1:300000
standard > 1.52E-07 | 1.04E-07 | 9.82E-08 | 9.97E-08
coupling 7.15E-08 | 8.06E-08 | 6.23E-08 | 5.52E-08
1.99E-07 | 6.36E-08 | 4.16E-08 | 3.58E-08
NiCr coated 3.75E-08 | 3.652-08 | 2.81E-08 | 3.03E-08
coupling 2.81E-08 | 2.33E-08 | 2.25E-08 | 2.23E-08
NiW coated 4.86E-08 | 2.57E-08 | 2.22E-08 | 2.38E-08
coupling 4 8.32E-09 | 6.24E-09 | 6.03E-09 { 4.92E-09
3.12E-09 | 3.54E-09 | 2.76E-09 | 2.39E-09
TiO2 coated 3.75E-07 | 1.73E-07 | 1.26E-07 | 1.26E-07
coupling §E 8.5 5.54E-07 | 3.06E-07 | 2.13E-07 | 1.90E-07
Eﬁf&%ﬂo ﬁé’* | - - - -
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Table A.2.17. Summary of Results of Different Variables at

Different Sand Rates Using Standard Coupling/

2490000 1200000} 300000 -

coupling weight loss [g]

0.00 0.10 0.73 1.47 2.47
0.00 0.50 3.60 7.20 11.10
0.00 1.60 10.90 20.60 31.40
0.00 2.00 18.40 33.40 45.10

tubing thickness loss [mm
0.00 0.02 0.04 0.06 0.10
0.00 0.04 0.11 0.23 0.28
0.00 0.08 0.36 0.57 0.76
0.00 0.09 0.50 0.73 0.94

tubing surface roughness [um]j

] 3.68 1.75 1.20 0.88 0.63
3.68 1.03 0.55 0.45 0.50
3.68 2.57 2.50 2.02 1.92
3.68 1.14 0.95 0.77 1.04

coupling microhardness [VHN]

_l

191.10 244.29 244.51 252.17 230.95
196.76 257.50 263.04 262.40 257.80
189.68 289.08 267.56 308.36 286.84
186.70 317.30 280.50 258.90 272.50

tubing microhardness [VHN
7] _180.67 | 209.15 | 206.49 | 227.51 | 228.68
185.60 | 250.00 | 259.40 | 269.20 ! 274.30
180.92 | 298.32 | 279.36 | 280.32 | 277.28
184.00 | 285.00 | 294.00 | 328.60 | 317.40

coupling wear rate [cc/Nm;
0 9.53E-09 | 6.96E-09 | 7.00E-12 | 7.85E-09

0 4.77E-08 | 3.43E-08 | 3.43E-08 | 3.53E-08
0 1.52E-07 | 1.04E-07 | 9.82E-08 | 9.97E-08
0 1.91E-07 | 1.75E-07 | 1.59E-07 | 1.43E-07

nt of friction (mean value)
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