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Abstract 

 

Slurry transport is a key material handling technology in a number of 

industries. Reliability of slurry transport pipelines is a major ongoing 

problem for operating companies due to unexpected piping failures, even 

when conservative maintenance strategies are employed. To date, no 

accurate model has been developed to predict wear rates in slurry 

transport pipelines, although previous studies have shown that important 

variables include flow rate, slurry density, and particle size distribution.  

 

This work investigates erosion wear mechanisms causing inner pipe wall 

wear due to sand slurry flow in a horizontal section of pipe under steady 

state conditions. A corresponding lumped-parameter erosion wear model 

is presented based on simplification of the physics of oilsands slurry flow. 

An apparatus was designed and developed to measure the forces acting 

on the pipe inner wall to monitor forces related to erosion in a laboratory-

scale sand slurry loop, and preliminary results are presented with 

recommendations for future work. 
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1 Introduction 

 

The importance and contribution of oilsands to the Canadian economy 

especially in the province of Alberta is substantial. Investments made in 

the oilsands industry impact other industry sectors, and it is projected that 

42,000 full time positions between the year 2000 and 2020 will be created 

due to oilsands activity [1]. It is also estimated that $91 billion were 

invested in the oilsands industry from the years 1999 to 2009 [1].  

 

Pipeline transport of ore and tailings is a key process step in surface-

based oilsands operations. Oilsands hydrotransport pipelines have 

ongoing reliability challenges, where reliability of a system or component 

is defined as “the ability of an item (product, system, etc.) to operate under 

designated operating conditions for a designated period of time or number 

of cycles” [2]. Premature failures of pipelines result in lower production 

rates, increased downtime, and can put personnel and the environment at 

risk. One of the main problems that significantly affect and reduce 

hydrotransport pipeline reliability is inner wall wear due to oilsands slurry 

flow. 

  

1.1. Oilsands 

 

Oilsands are a mixture of bitumen, silica sand, water and clay.  Oilsands 

are abundant in northern Alberta mainly in the Fort McMurray area and 

contain between 1% and 20% bitumen depending on the ore body quality 

[3]. Alberta oilsands are one of the world’s largest oil reserves with proven 

reserves of 170.4 billion barrels of crude bitumen [1]. Bitumen found in the 

oilsands matrix is highly viscous, with viscosity at around 106 mPa.s at 10 

°C [4]. Alberta oilsands have great economic potential especially since 
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estimates today show that Alberta ranks second to Saudi Arabia in proven 

oil reserves [1]. 

 

Oilsands reserves can be divided into two categories: shallow reserves 

and deep reserves. Shallow oilsands reserves comprise only 20% of the 

total oilsands reserves, and they are present approximately 100m below 

the earth surface [5]. Oilsands deposits much deeper than 100m below 

earth surface are considered deep oilsands deposits (too deep for 

economical surface mining) [5]. 

 

One technique for extracting bitumen from surface deposits employs 

shovels and trucks to mine the oilsands deposit [6]. Large scale shovels 

such as the P&H 4100 series especially designed to mine large quantities 

about 115 tons of oilsands per load are used to load large off-road haul 

trucks with up to 400 tonne, which carry ore from the mining point to a 

crusher, where the oilsands are blended, crushed, and mixed with treated 

water [7].  

 

1.2. Oil Sands Hydrotransport 

 

Oilsands mining operations in Alberta are considered Canada’s largest 

mining operations and a typical oilsands mining operation has around 90 

km of slurry pipelines [7]. About 6000 to 10,000 tonnes of oilsands are 

mined per hour at Syncrude’s Aurora mine [7]. Large off-road haul trucks 

transport the mined oilsands for crushing, after which the oilsand is mixed 

with hot water and aerated in order to help bitumen escape the oilsands 

matrix [7]. The resulting slurry is then transported via large pipelines over 

700mm in diameter to the extraction plant [7]. At Syncrude’s Aurora mine, 

the hydrotransport pipeline length is approximately 5 km [4] 
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During the transportation of oilsands-water slurry from the mine to the 

extraction plant via hydrotransport pipelines, preliminary conditioning of 

the slurry takes place and a fraction of bitumen escapes the oilsands 

matrix [7].  Transported oilsands slurries are fairly concentrated (above 

35% solids by volume) with the sand particle size diameter ranging from 

0.18 mm to 0.3 mm transported at velocities above the deposition velocity, 

which is between 3 m/s and 5.5 m/s  for typical process conditions [4]. 

 

 In the extraction facility, the oilsands slurry enters a primary separation 

vessel (PSV) where bitumen froth floats to the top and sand settles to the 

bottom of the vessel [8]. In the middle of the PSV, a mixture of water, fine 

sand, and bitumen exists as middlings, which goes through an additional 

separation step [8]. The bitumen froth extracted then goes through 

deaeration and froth treatment with diluents added to aid in removing 

water and solids. The bitumen goes through diluent recovery to remove 

hydrocarbon solvent used in froth treatment. Dry bitumen product is then 

upgraded to a light, synthetic crude oil suitable for downstream refining. 

 

1.3. Oilsands Hydrotransport Pipeline Reliability 

 

Wear of a component reduces its reliability and eventually leads to failure. 

The expected component lifetime should be estimated and maintenance 

tasks should be scheduled such that the probability of unexpected failures 

is reduced, when the consequences of unexpected failures would be 

significant and thus warrant attention. 

 

To date, conservative maintenance strategies are employed by operating 

oil companies in order to reduce downtime due to unexpected pipeline 

failure. Lack of understanding of the specific wear mechanisms causing 

wear (thereby affecting slurry pipeline reliability) is another reason for 
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employing a conservative maintenance strategy [9]. Failure mechanisms 

in oilsands slurry lines are complex, and not simply due to abrasive wear 

[10]. As a result, hydrotransport pipeline operating costs are increased 

substantially due to premature retirement of pipeline sections. Despite the 

conservative maintenance strategies employed, unexpected pipeline 

failures still occur [9]. Condition-based maintenance techniques are not 

used directly to monitor pipeline wear and assess pipeline integrity [11]. 

Instead, the condition of hydrotransport pipelines is reviewed mainly 

based on experience. Condition-based maintenance decisions can ensure 

that system reliability is maintained at a high level, and employing flow 

monitoring and pipeline wear monitoring techniques help engineers to 

better schedule maintenance activities. Preventative and condition based 

maintenance strategies not only decrease maintenance costs but also 

ensure high pipeline reliability, provided that the condition is monitored 

appropriately and maintenance actions are done before failure occurs. 

 

For this reason a model to predict pipeline wear rates based on operating 

conditions would be highly beneficial for an operating company. A wear 

model would reduce the requirement for pipeline inspections, allow 

improved maintenance planning, and lead to utilizing the piping system 

more effectively, and as a result reduce maintenance costs. 

 

1.4. Problem Definition  

 

Proper scheduling of maintenance activities, an important function of a 

successful maintenance program, reduces operating costs and increases 

work efficiency [12]. In order to properly schedule pipeline maintenance 

tasks such as pipe replacement or rotation, knowledge of the expected 

condition and wear profile of the pipeline is needed especially at high wear 

rate locations. Ideally, maintenance is done just before the end of 
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component life. The lack of pipeline wear knowledge results in excessively 

conservative scheduling of maintenance tasks, because to prevent failures 

a short expected life is used when the component life has uncertainty. 

Scheduling maintenance tasks conservatively results in increased 

operating costs and lowers pipe utilization. On the other hand, delaying of 

critical maintenance tasks increases the occurrence of unexpected 

failures.  

 

Maintenance activities such as pipe rotation and replacement are 

performed early before failure is expected based on previous operating 

experience; however, oilsands hydrotransport pipelines operating 

conditions are highly variable. As mining companies increase oilsands 

flow rates pumped via hydrotransport pipelines, pipeline wear rates vary 

correspondingly. As a result, equipment maintenance schedule must be 

updated continually to reflect new operating conditions.  

 

Unfortunately, there is no accurate way to predict the wear profile in 

hydrotransport pipeline. Wear prediction in a hydrotransport pipeline is 

generally performed using a linear correlation based on the number of 

operating hours and maximum expected wear in the pipe based on 

previous experience [7]. Damage wear rates are found to differ depending 

on their location in the pipeline [4]. For example, pipe bends experience 

between 2 to 5 times higher damage rates than a straight pipe located 

away from a bend [4]. Also, the nature of the damage is different 

depending on operating conditions and ore quality [4].  

 

Reactive maintenance for critical components is more expensive than 

preventive maintenance due to increased response time and increased 

labor costs. Therefore, it is important for a maintenance engineer to 

develop a model to predict the useful lifetime of critical components such 

as a hydrotransport pipeline in the case of oilsands mining industry. On 
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the other hand, wear mechanisms acting in a hydrotransport pipeline are 

very complex since erosion, corrosion, and erosion/corrosion all take 

place. 

 

Existing ASTM type wear tests have been used to rank materials 

resistance to wear due to slurry flow. The disadvantages of using the 

existing ASTM wear ranking tests are that they simulate different wear 

processes than those experienced by the pipe wall due to slurry flow. 

Moreover, the contribution of corrosion and the combined erosion-

corrosion are included in the total wear rate experienced by the wear 

specimen. The existing tests are not suitable for erosion wear prediction. 

On the other hand, some of these tests can be modified to simulate 

erosion wear mechanisms due to slurry flow.   

 

1.5. Solution Objectives  

 

At Syncrude’s Aurora mine, hydrotransport pipelines are 737 mm in 

diameter and transport about 10,000 tonnes of oilsands per hour in each 

line [4]. Replication of site operating conditions using the same oilsands 

slurry mixture in a 737 mm diameter pipeline under controlled laboratory 

conditions is not possible due to cost and space limitations. Moreover, 

oilsands slurry mixture particle size distribution and bitumen content is 

highly variable depending on the ore body quality and mining location. 

This variability is exacerbated by the presence of oversized particles (also 

known as lumps).  

 

Due to the complexity of wear experienced by oilsands hydrotransport 

pipelines, the scope of this study is limited to studying the effects of 

erosion wear due to sand slurry flow in a straight section of pipe under 

steady-state operating conditions and neglecting corrosion and erosion-



 

7 

 

corrosion effects. Early simplification of the problem definition is necessary 

to be able to validate the results obtained. Once the results are validated 

for a simplified case, an oilsand erosion model can be developed and 

tested in future studies with more realistic conditions. This study is a first 

step towards developing a realistic oilsands hydrotransport wear model 

that will include the contribution of corrosion and erosion/corrosion wear 

mechanisms.  

 

One objective of this thesis work is to introduce a simplified erosion wear 

parametric model based on the physics of sand slurry flow in a straight 

section of pipe at steady-state conditions. In this parametric 

representation, the erosion wear contribution of impact and abrasion wear 

mechanisms is differentiated around the pipe circumference. Another 

objective of this work is to develop an apparatus to measure the forces 

experienced by pipe inner wall during fully suspended heterogeneous 

slurry flow.  

 

1.6. Solution Methodology  

 

This work employs a sand slurry physics-based flow model for slurry flow 

at steady state conditions in a straight section of pipe, modified for 

describing wear. A parametric erosion wear model was then formulated to 

help improve the understanding of the relationship between flow 

conditions and erosion wear rates. Forces on the wall due to particle 

interactions were noted to be important for understanding the damage 

mechanism. A measurement device was developed based on a floating 

element to measure the forces on the wall of a pipe. Laboratory scale 

tests were conducted using the apparatus developed to measure forces 

experienced by inner pipe wall due to fully suspended sand slurry flow in a 

section of a two-inch pipe loop at Syncrude’s research facility.  
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The intent was to use a measurement technique to measure forces during 

slurry flow with sliding bed, although testing was not done under these 

conditions due to limitations on the range of operation of the loop. 

 

Measuring forces experienced by the pipe wall during slurry flow is one 

step toward the specification of the parameters of the presented 

parametric erosion wear model, to understand better the nature of forces 

causing damage in a slurry pipe. 

 

1.7. Thesis Outline 

 

In Chapter 2, a review of the literature and an understanding of the state 

of the art in the area of slurry pipeline wear prediction are presented in 

addition to the limitations of the current understandings and studies. 

Chapter 3 describes a parametric wear model developed for sands slurry 

pipeline wear and the experimental system that was designed to 

characterize part of the wear model. Chapter 4 includes a description of 

the test plan and results with interpretations. Finally, Chapter 5 concludes 

the findings of this thesis work and gives some recommendations for 

future work.
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2 Literature Review 

 

Two types of slurry flow can exist in a straight section of pipe: 

homogeneous slurry and heterogeneous slurry. Homogeneous slurry flow 

exists when the solid particles are small and almost always flocculated 

with strong colloidal forces between the solid particles [13].   

Heterogeneous slurry flow occurs when the solid particles are large and 

sink to the bottom of a container filled with the carrier fluid due to the 

particles’ own weight [13].  

 

Several flow regimes can exist in a horizontal section of pipe with 

heterogeneous slurry flow depending on the slurry concentration, particle 

size distribution, volume flow rate, carrier fluid density, and volume 

concentration of fines in the flow [14]. The two-layer model is a semi 

mechanistic model used to predict pressure drop of heterogeneous slurry 

flow in a horizontal section of pipe at steady-state conditions [13].  

 

2.1. Heterogeneous Slurry Flow  

 

Heterogeneous slurries are defined as settling slurries, as they have a 

tendency to settle to the bottom of the pipe under no flow condition [15]. 

Homogenous or non settling slurries can be treated as pseudo fluids or 

non-Newtonian fluids. Some non-Newtonian flow models have been 

developed, such as the Bingham model, which calculate wall shear stress 

for particular slurry properties and mixture velocities [14]. Solid particles in 

heterogeneous slurries are not equally distributed within the slurry flow 

and a continuum model cannot be produced to describe the slurry as a 

pseudo-fluid with rheological characteristics such as viscosity and yield 

stress [13]. 
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Depending on the mixture flow velocity, several flow regimes can exist in 

heterogeneous slurry flow as shown in Figure 1. Deposition velocity can 

be defined as the velocity above which accumulation of particles along the 

bottom of the pipe is prevented [13]. No flow or plugged pipe condition can 

occur if the mixture flow velocity is below the deposition velocity [13]. As 

the mixture velocity is increased, the flow regime changes from flow with a 

stationary bed to flow with a moving bed and then to fully suspended flow 

regime [13]. In a moving bed flow regime, the slurry velocity is higher than 

the deposition velocity. The velocity is high enough to cause the bed layer 

in the bottom of the pipe to move and slide against the pipe wall; but the 

velocity is not high enough to suspend all of the solid particles present in 

the flow [13]. As the velocity of the slurry flow increases, more slurry 

particles become suspended by carrier fluid turbulence. In all of the flow 

regimes mentioned, an asymmetric concentration and particle velocity 

profile exists in the pipe flow [13]. As the slurry bulk velocity is increased 

even further, all particles become fully suspended by carrier fluid 

turbulence and as a result a homogeneous flow regime develops [13]. In a 

homogeneous flow regime, a symmetric particle concentration and 

velocity profile exists [13]. 

 
Figure 1. Concentration profile and particle distribution at different 

heterogeneous slurry flow regimes [13] 
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As the mixture velocity is increased, the pressure drop in a straight section 

of pipe also increases. Since heterogeneous slurries are found in many 

industrial applications, a big interest has arisen to be able to predict 

pressure drops in heterogeneous slurry pipelines [13]. 

 

2.2. Heterogeneous Slurry Flow Pressure Drop Predictions 

Using Two-Layer Model 

 

The first attempt to produce a mechanistic flow model to predict pressure 

drop of heterogeneous slurry flows was presented as early as 1955 by 

D.M. Newitt [16]. Gillies et al. also added improvements to the earlier 

version of the mechanistic heterogeneous slurry model developed by K.C. 

Wilson in 1970 and 1972 [16]. In the earlier version of Wilson’s model, the 

model consisted of two layers in which the top layer consisted of the 

carrier fluid only and the bottom layer was made up of particles sliding 

against the pipe wall [16]. 

 

 In general, a fraction of the particles in the slurry contributes to the 

contact load due to particles sliding against the pipe wall, and the other 

fraction is carried by fluid turbulence and only contributes to kinematic 

friction. K.C. Wilson used this model to predict the deposition velocities of 

slurries [16]. A nomographic chart was produced by K.C. Wilson in 1979 

which was used to predict the settling velocity of heterogeneous slurries 

[13]. This chart was considered to be accurate at slurry flow temperatures 

below 30C [16].  

 

Additional improvements to the two-layer model were made by Gillies and 

Shook [17]. In the improved two-layer model, the carrier fluid consists of 

the liquid medium plus fine particles such as clays of diameter size smaller 

than 74 microns, because these particles are non-settling in water [17]. 
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Particles of diameters over 74 microns in size are considered coarse 

because they contribute to friction losses through mechanisms that are not 

fluid-like. In the improved two-layer model, the total in situ concentration 

by volume (Cr) is equal to the total solid particle volume fraction divided by 

the total volume of the pipe [17]. The viscosity of the fluid, which is made 

of the carrier fluid (water and fines), can be easily measured using a 

viscometer.  

 

According to the improved two-layer model, friction losses due to slurry 

flow in a straight section of pipe are caused by kinematic friction and 

Coulombic friction [10]. Kinematic friction is friction between the carrier 

fluid and the pipe wall plus an additional friction component due 

suspended solid particles [17]. Kinematic friction also includes a term to 

account for the near wall tempering effect known as near wall lift [17]. The 

near wall effect reduces the friction between solid particles above a certain 

size due to the presence of a thin viscous sub-layer developed near the 

pipe wall [17]. The tempering effect of the near wall lift is increased with 

increasing particle diameter and increasing carrier fluid velocity [10]. 

 

Coulombic friction results from the particles unsuspended by carrier fluid 

turbulence and supported by the inner pipe wall [10]. These particles are 

the heavier solid particles in the mixture, and a fraction of the particles 

immersed weight is directly supported by the pipe wall [10]. 

 

In the top layer, particles are fully suspended by mixing turbulence and as 

a result kinematic friction exists only [17]. In the bottom layer, a fraction of 

the particles is fully suspended by turbulence and the remaining fraction of 

particles is supported through contact by pipe wall [17]. As a result, both 

kinematic and Coulombic friction exist in the bottom layer. An idealized 

concentration and velocity profile used to develop the two-layer model is 

shown in Figure 2. 
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Figure 2. Two-layer model concentration and velocity profiles [17] 

 

Flow rate, energy balance and concentration equations have been 

formulated based on the two-layer model and which can be solved 

simultaneously to predict the pressure loss due to slurry flow in a 

horizontal straight section of pipe [16]. 

 

The following equations have been formulated for steady state 

heterogeneous flow in a pipe of constant diameter based on the improved 

two-layer model: 

 

 

Figure 3. Two-layer model schematic [17] 

S1 (Top-layer wetted perimeter) 

S2 (bottom-layer wetted perimeter) 

S12 (Interfacial perimeter) 

A1 (Top-layer area) 

V1 (Top-layer velocity) 

A2 (Bottom-layer area) 

V2 (Top-layer velocity) 
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The top layer force balance equation is  

0
1

121211
1

A

SS

dz

dh
g

dz

dP k ; (1) 

 

The bottom layer force balance equation is 

0
2

22121222

2
A

dSSS

dz

dh
g

dz

dP Ck
 ; (2) 

 

The mixture flow rate equation is  

AV = A1V1 + A2V2 ;   (3) 

 

The solids flow rate equation is 

CvdAV = V1A1V1 + C2A2V2 ;      (4) 

 

The total solids concentration equation is 

 CrA = C1A1 +C2A2;   (5) 

 

The contact load solid concentration equation is 

 CcA = (C2-C1)A2;   (6) 

 

where, 

Cr  is the resident solids concentration 

  Cc is the contact solids concentration 

Cvd is the delivered solids concentration 

k2 is the bottom layer kinematic stress term 

k1 is the top layer kinematic stress term 

12 is the interfacial stress term between the top layer and the 

bottom layer 
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22 dSC is the Coulombic friction term and can be evaluated by 

integrating the normal stress along S2 

 

The assumptions in this formulation are the following [16, 17]: 

 Steady state slurry flow conditions such as pressure, 

temperature, particle size distribution and flow rate 

 Suspending medium is a Newtonian fluid 

 Particles are evenly shaped with narrow size distribution 

 Horizontal pipe flow in which local slip between particles and 

fluid does not occur 

 Coulombic friction is not affected by near wall lift  

 Constant pipe diameter 

 Turbulent flow 

 Constant friction factor used for calculating Coulombic 

friction. 

 

The above equations can be solved by specifying the bulk slurry velocity, 

pipe cross-sectional area, and in-situ concentration. A value of the bottom 

layer concentration can be determined from the concentration profile. The 

concentration at different horizontal positions in the pipe can be measured 

using a nuclear densitometer. Assuming that the concentration is constant 

at each horizontal position within the pipe, a concentration profile can be 

constructed and the insitu concentration calculated [18]. The contact load 

concentration can be determined from the in-situ concentration by 

knowing the terminal velocity of the sand and velocity profile using a 

proposed equation developed by Gillies, Shook and, Xu [19].  

 

The two-layer model equations provided are too complicated to solve by 

hand; but, a computer program can be used to solve these equations 

iteratively. At high solids concentrations, particle-particle interactions 

become even more significant and pressure drop in the pipe increases 
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substantially. Damage mechanisms such as bed sliding abrasion and 

random particle impact with pipe inner wall will still exist in the pipe. On 

the other hand, the contribution of each of the wear mechanisms to the 

pipe erosion wear will be affected. The significance of Coulombic friction 

increases, because more unsuspended particles will exist in the flow. 

Coulombic friction may hinder the affect of kinematic friction in the bottom 

layer of flow due to increased thickness of the moving bed. 

 

2.3. Wear Mechanisms affecting Slurry Pipelines 

 

Wear in slurry pipelines is a complex and complicated process as it is 

extremely difficult to isolate the wear processes occurring in a slurry 

pipeline. The main cause of wear in slurry applications is due to erosion by 

solids. Metal loss due to corrosion plays a minor role, especially in a fresh 

water slurry application [10].  

 

On the other hand, the combined corrosion-erosion synergy is also 

important and can be more critical than the individual wear contribution 

due to erosion or corrosion, since slurry particles erode the inner pipe wall 

exposing new pipe material to corrosion [10]. The corrosion process is 

accelerated due to the presence of the fresh surface. It is important to be 

able to quantify the individual contribution of erosion, corrosion, and 

corrosion-erosion to the overall wear rate in the slurry pipe [10]. It is 

difficult to isolate the contribution of corrosion from the overall wear in the 

slurry pipe due to the presence of erosion wear, which is usually more 

dominant and severe [10].  

 

Fewer experiments have been conducted for understanding erosion in 

slurry pipe flow compared to heterogeneous slurry pressure drop 

predictions in pipe due to the slow nature of the erosion process and the 
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cost of collecting wear data [20]. As a result, some companies have 

started to collect erosion or wear data; however, the accuracy of the data 

collected is to be questioned depending on the method used in collecting 

the data, the frequency of data collection, and the recording of flow 

conditions as the measurements are taken [20]. 

 

For dense slurries, the particle-particle interaction is significant and affects 

the slurry flow profile. The first mechanism affecting dense slurry flow pipe 

erosion is referred to as sliding erosion and the second mechanism is 

particle impact erosion. Particles randomly impact on the pipe wall due to 

turbulence and due to particle-particle interaction, causing cutting [20]. 

Particle impact erosion is caused by impact of solid particles at angles 

with the walls of the pipe. Erosion of the pipe starts to occur if the impact 

energy transferred to the wall is above a critical value [21]. For mild steel, 

two forms of impact erosion occur: deformation and cutting [10]. The 

dominance of one erosion mechanism over the other is dependent on the 

angle of impact. 

 

Erosion of the material is an accumulative process where cutting and 

deformation occurs over a period of time. The length of this period of time 

is dependent on the shape of the particle, pipe material characteristics, 

density of particles, concentration of particles, hardness of the particles, 

size of particles, mean angle of impact, and the mean velocity of impacting 

particles [10]. In a straight section of pipe, turbulence causes the slurry 

particles to move out of the flow streamlines and randomly impact on the 

pipe inner wall. This flow process occurs more often if the geometry of the 

pipe is not straight such as in the case of an elbow. Wear caused by 

particle impact erosion is in general discontinuous and looks like frost [10]. 

 

Another cause of erosion is sliding abrasion, which occurs mainly at the 

bottom of the pipe due to the normal weight of the particles [20]. Abrasion 
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occurs due to bed immersed weight and as a result part of the pipe erodes 

when the bed slides over the pipe. 

 

Unsuspended particles supported by the pipe inner wall at the bottom 

section of the pipe cause sliding erosion of the pipe wall. Heavier solid 

particles that cannot be fully suspended by carrier fluid turbulence create a 

moving bed in the bottom of the pipe. The weight of the particles in the 

bed flow is carried directly by the pipe material. As the particles move or 

slide along the bottom of the pipe, erosion of pipe material occurs due to 

particle-wall interaction. This erosion mechanism is dominant in slurry 

pipelines especially at high coarse particle concentrations. This 

phenomenon only occurs in the lower portion of the pipe circumference. 

Wear caused by this phenomenon is continuous and looks like sand 

dunes [10]. 

 

Solid particles exiting the flow stream in straight horizontal pipe slurry flow 

randomly impact on the pipe wall at angles, causing cutting or fatigue of 

the pipe material due to impact at high velocities, or the repetitive impact 

of particles at the same location, respectively [10]. Fatigue occurs in brittle 

material, while cutting occurs in ductile material [10]. Impact erosion is 

highest at impact angles around 30 degrees for mild steel [20]. Erosion 

measurements can be made using several techniques, mainly weight loss 

measurement and thickness measurement. Weight loss measurement can 

be done using a very accurate balance while thickness measurement can 

be done using calibrated UT devices or nuclear devices (for better 

resolution) or even profilometers or micrometers [20]. 

 

Factors affecting slurry erosion in horizontal flow include [20]:  

1. velocity 

2. concentration 

3. viscosity 



 

19 

 

4. particle size and shape 

5. pipe material microstructure and characteristics  

 

According to experimental evidence, particles larger than the viscous 

sublayer thickness experience a repelling force away from the pipe wall 

when the velocity is high [22], which results in lower pipe friction [19]. The 

effect of the near wall lift force is related to the size and shape of the near 

wall velocity profile [22]. Near wall lift causes the particles to elevate away 

from the pipe inner walls, and it also prevents or reduces the impact 

energy transferred by particles hitting the pipe inner wall [17]. In some 

cases of heterogeneous slurry flow with particle size larger than the 

viscous sublayer thickness and at higher flow velocities, the pressure drop 

was found to be lower than water flow at the same flow conditions [22]. 

However, this effect becomes negligible as the particle concentration 

increases and also as the velocity of the flow is lowered [17]. 

 

2.4. Wear Profile in Oilsands Hydrotransport Pipelines 

 

Pipeline wear measurement collected from Syncrude Aurora’s Oil sand 

hydrotransport and coarse tailings pipeline between February 2005 and 

September 2006 were presented by Schaan et al. in [4]. Pipe wear 

measurements were taken at 600 locations on oilsands and coarse 

tailings pipeline of diameters equal to 0.737m by ultrasonic B-scan device 

at several locations around the pipe circumference, as part of Syncrude’s 

Aurora mine monitoring program. The results for wear measured are for a 

straight horizontal section HT-B transporting oilsands at bulk flow velocity 

of 4.5 m/s, density of 1550 kg/m3 and temperature of 40C. The uneven 

wear profile along pipe circumference collected from Syncrude wear 

monitoring data was presented in the paper. Wear rate in mm/1000hr 

measured around the circumference of the pipe was plotted against the 
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circumferential pipe position in cm. The transported oilsands had a 

bitumen content between 11 and 12% and average fines content between 

21 and 26%.  

 

 

Figure 4. Wear profile in a straight oilsands hydrotransport pipeline 
section [4] 
 

 

The wear profile presented in a straight section of pipe was highest at the 

bottom of the pipe, with wear rate just above 1.5 mm/1000 hrs as shown in 

Figure 4 [4]. The wear rate general trend was decreasing from the top of 

the pipe (0 degrees), reaching a minimum at 110 and 310 degrees and 

then increasing to reach a maximum close to the bottom of the pipe (200 

degrees). Several factors affect the oilsands hydrotransport pipeline wear 

profile in a straight horizontal section of pipe such as particle size 

distribution, concentration, flow velocity, and suspending medium 

properties. The slurry bed concentration was seen as a key parameter in 

oilsands pipeline wear [4]. As a result, more wear occurred close to the 

bottom of the pipe due to the bottom bed friction with the pipe as expected 

by Schaan, Cook and Sanders [4]. Since the severe wear is at the bottom 

of the pipe, it is customary to rotate the hydrotransport pipe in service in 

order to maximize its useful life.  
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In some cases, the transition point on the pipe inner wall between the top 

layer and bottom layer of the oilsands hydrotransport slurry flow is the 

most severe wear location. The likely reason is that this location is subject 

to all the erosion wear mechanisms present in oilsands hydrotransport 

flow in addition to corrosion and combined erosion/corrosion wear 

mechanisms.  

 

2.5. Wear Profile in Sand Slurry Pipelines 

 

A test loop was constructed by Roco and Addie to test erosion wear 

modeling techniques in a controlled laboratory environment [21]. Sand 

slurry was tested at average slurry concentrations of 10% by volume in a 

200 mm diameter loop with sand particle diameter of 0.25 mm. The sand 

erosion wear rate profile was compared to the predicted rate along the 

pipe circumference. The model is based on computer simulations to 

predict the velocity and concentration profile of the slurry flow inside the 

pipe and around the pipe circumference.  

 

The maximum experimental wear in the constructed pipe loop occurred at 

the bottom of the pipe (0 degrees). The region of maximum actual wear 

also occurred around the maximum point of wear in the bottom section of 

the pipe between 270 degrees and 90 degrees. There is a discrepancy 

between the predicted and experimental wear rates in the upper section of 

the pipe especially between 90 and 270 degrees. The discrepancy may be 

due to underestimating the concentration of particles in the upper half of 

the pipe. There is also a small discrepancy between the actual location of 

the maximum wear and the predicted maximum wear location. Since the 

insitu concentration of sand slurry tested is only at 10% volume and 

average slurry velocity is high (around 7.92 m/s), random impact of 
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particles with the pipe wall is likely more dominant along the 

circumference of the pipe except at the very bottom of the pipe where 

sliding abrasion of solid particles with the pipe wall can exist. 

 

Another study was performed by Gupta et al. [23] on the uneven erosion 

wear rate of a heterogeneous sand slurry in a brass slurry test loop. The 

uneven wear was measured along pipe circumference at fixed positions. 

The slurry average velocity was varied from 1.95 to 2.75 m/s. A wide size 

distribution of sand particles obtained from copper mine tailings stream 

were used (47% below 0.075 mm) in average in situ concentrations of 

17.23 % up to 34.5% by weight [23]. A correlation for predicting erosion 

rate for brass was then found as a function of the slurry overall velocity, 

particle weighted mean diameter, and the slurry concentration by weight 

as shown in Equation 7 below.   

 

502.0273.01.2810*21.0 wWM CdVW  , (7) 

where  

W  = wear in mm per year 

 V = flow velocity in m/s 

 WMd = weighted mean particle diameter 

 wC = concentration of solid particles by weight 

 

Although a correlation for predicting pipeline wear was developed, the 

effect of each wear mechanism on pipeline wear was not isolated. This 

equation can only be used to predict erosion wear rates in brass under the 

tested conditions. Moreover, the above correlation does not provide 

insight to the wear mechanisms contributing to erosion.   

 

The maximum experimental wear in the constructed pipe loop occurred at 

the bottom of the pipe. The average slurry velocities are low at 1.95 m/s 

and 2.75 m/s; and the tested average concentrations are relatively high 
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between 17.23% and 34.5% by weight [23]. As a result, sliding abrasion 

wear between the unsuspended solid particles and the pipe wall may be 

dominant in the lower region of the pipe circumference. While random 

impact of sand particles with the pipe wall is dominant in the upper region 

of the pipe, it can be easily seen in the results that the erosion wear 

contribution of sliding abrasion at the bottom of the pipe is more significant 

than that of random particle impact at the top of the pipe. This is probably 

due to the higher concentration of particles in the lower region which slide 

against the pipe wall at lower velocities and hence can cause more 

erosion damage. 

 

2.6. Erosion Wear Material Ranking Tests  

 

Erosion occurs when there is motion of fluid against the wearing material. 

Since some fluids corrode material, corrosion contributes as well to the 

erosion of the material and increases wear rate at the start of the wear 

process [24]. There are several standard erosion tests used to rank the 

erosion resistance of the target material against several flow types such 

as solid particle erosion, falling sand erosion, gas jet erosion, slurry 

erosion, cavitation, and fluid impingement tests [24]. 

  

In solid particle erosion test, solid particles are shot at target material such 

as in sandblasting of pipe, and the repeated impacts of the solid particles 

against the target material causes material loss and results in erosion [24]. 

In falling sand, sand particles are sent free falling down a chute and hit a 

target material, causing erosion to occur [24]. In addition, several setups 

have been designed to test the target material resistance to cavitation 

erosion due to presence of air bubbles in the fluid [24]. Impingement tests 

are designed to test the resistance of the target material to erosion due to 

fluid flow at high velocities in bends and vessels [24]. Erosion tests 
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described in this paragraph cannot be used to simulate erosion wear 

caused by slurry flow in a straight section of pipe at steady state 

conditions. Some of these tests, such as solid particle erosion test and 

falling sand test, do not simulate erosion wear due to sliding abrasion or 

random impact of particles with the pipe inner wall during slurry flow in a 

straight section of pipe at steady state conditions. The other tests, such as 

fluid impingement test and cavitation test, are designed to simulate 

erosion wear by a single phase fluid. The flow physics in these tests are 

different than those experienced by slurry pipelines.  

 

On the other hand, slurry erosion tests may be used or modified to 

simulate erosion wear mechanisms occurring due to slurry flow of interest. 

Slurry erosion tests are divided into several categories [24]:  

 

1. Miller test 

2. Wet Sand/Rubber Wheel Abrasion test 

3. Wet Sand Carbide Wheel Abrasion test  

4. Propeller test 

5. Slurry Pot test 

6. Ball Cratering Test  

7. Orifice Enlargement test 

8. Erosion/Corrosion test 

 

The Miller test is the most common material erosion resistance ranking 

test which simulates abrasion wear due to slurry flow in a reciprocating 

pump [24]. A flat coupon of the tested material is placed on a reciprocating 

arm which moves back and forth rubbing against a flat rubber surface 

submerged in the intended sand slurry with known concentration and 

particle size distribution [24]. The number of revolutions per minute of the 

reciprocating arm can be increased to accelerate erosion wear in the test 

coupon. This test is limited because it was designed to simulate abrasion 
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wear in a reciprocating pump due to the reciprocating movement of the 

test specimen against the rubber surface.  

 

The wet sand/rubber wheel abrasion test (ASTM G-105) is used to 

simulate abrasion wear due to slurry flow. The test setup consists of a 

rubber wheel turning at a constant speed and constantly rubbing against a 

test specimen of the target material submerged in sand slurry with known 

concentration and particle size distribution [24]. The test specimen is 

forced against the rubber wheel by applying a known force using dead 

weights [24]. In this test, the amount of force applied to keep the test 

specimen in contact with the rubber wheel can be varied along the speed 

of rotation of the rubber wheel. The wet sand carbide wheel abrasion test 

is identical to the wet sand rubber wheel test except that the rubber wheel 

is replaced with a carbide wheel. The limitation of both of these tests is 

that the slurry corrodes the target material. As a result, the contribution of 

corrosion to total wear of the specimen needs to be isolated from erosion 

wear due to the rubbing of the wheel with the test specimen. Another 

limitation of this test is that sand particles in the slurry need to be 

suspended in order to keep the slurry concentration consistent. In order to 

limit corrosion wear from occurring, corrosion inhibition must be employed 

by adding a corrosion inhibitor to the slurry or by protecting the test 

specimen with cathodic protection. On the other hand, dry sand rubber 

wheel abrasion test (ASTM G65) can be utilized. ASTM G65 uses the 

same setup but with dry sand allowed to fall freely between the rubber 

wheel and the test specimen [24]. Repeatability can be quite good, making 

this a popular wear testing protocol. 

 

The ball cratering test is an abrasion test similar to the wet sand rubber 

wheel test except that a rotating steel ball forces the sand slurry against 

the test specimen instead of a rubber wheel [24]. The limitations of this 
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test are also due to corrosion and inconsistency of the slurry concentration 

during testing [24].  

 

The propeller test as the name signifies consists of a propeller submerged 

either partially or fully in slurry with known characteristics such as 

concentration and particle size concentration [24]. This test is designed to 

simulate wear in rotating pumps and as a result should not be utilized in 

simulating wear due to slurry flow in a straight section of pipe.  

 

The slurry pot test (ASTM G119) is designed to simulate wear due to 

erosion/corrosion [24]. Slurry pot test consists of a rotating propeller 

placed inside the pot which forces the slurry against electrically isolated 

test specimens placed on the inner wall of the pot [24].  Similarly, the 

corrosion/erosion test is designed to simulate wear due to 

erosion/corrosion in slurry for extended test duration approximately 30 

days [24].  Both of these tests cannot be used to simulate erosion wear 

mechanisms due to the test setup design. 

 

The orifice enlargement test is a simple test in which slurry is circulated in 

a pipe loop and the erosion wear rate of an orifice plate made of the target 

material is observed over time [24]. This test is a qualitative and 

comparative test in which several target materials can be tested and their 

resistance to erosion caused by a specific slurry of interest [24]. Since the 

physics of slurry flow across an orifice are different from slurry flow in a 

straight section of pipe, this test cannot be used to simulate abrasion 

erosion or random impact of particles in a straight section of pipe with 

slurry flow.  
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2.7. Modeling and Simulation 

 

Many engineering problems too complicated to be solved analytically, and 

as a result modeling and simulation are needed to reduce the complexity 

of engineering problems. Modeling gives engineers the means to 

represent various systems, the interactions between several components 

or elements within a system and the ability to simulate these interactions 

over a specified period of time [25]. Modeling and simulation also help 

engineers to better understand the interactions between different elements 

in a system [25]. 

 

There are two means of modeling physical systems: continuous and 

lumped parameter.  In a continuous system model, differential equations 

representing the continuous system are derived [25]. The differential 

equations are then approximated by algebraic equations in order to be 

able to arrive at a solution. As a result, the accuracy of the solution 

depends on the level of approximation made in the solution stage. On the 

other hand, in a lumped parameter model, the physical system is 

simplified [25]. As a result, a set of algebraic or differential equations can 

be formulated and then solved directly. The accuracy of the solution 

significantly depends on the model developed and the level of 

simplification made to the actual system physics [25]. If the system 

physics are oversimplified, the solution is inaccurate no matter what 

solution methodology is used [25]. 

 

In a lumped parameter model, the physical system is modeled using 

elements of known properties. Each element has a node variable flowing 

through it and a loop variable acting across the element. The node 

variable and the loop variable are related to each other by a 

predetermined constitutive relationship [25]. Finite-element analysis can 

be used to simulate wear and erosion processes. Such simulations can be 
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used to simulate wear mechanisms occurring due to the different wear 

and erosion mechanisms [24].  

 

2.8. Wear Modeling in Slurry Pipeline 

 

Some empirical models have been published in the literature to predict 

erosion wear due to slurry flow in many applications and at different 

concentrations.  

 

Pipe wear estimation in oil and gas wells is an issue in many producing 

wells in order to avoid premature failure of pipe due to erosion in sand 

producing wells. Conservative flow production velocities reduce 

profitability and increase production costs. It is beneficial to develop a 

wear prediction model which can be used to regulate flow velocities to 

optimum levels without sacrificing production pipe reliability. An empirical 

model for predicting the erosion wear rate in sand producing gas/liquid 

well production pipelines at very low sand concentrations was presented 

by Salama [26]. The model was tested against measured wear rates 

presented by others for particle sizes of 0.150, 0.200, 0.250 and 0.300 

mm. This empirical correlation was achieved after many tests were 

conducted, and the resulting equation is as follows: 

 

2

2

**

***1

DmSm

dVW
ER m  ,  (8) 

 

where 

ER  = erosion rate (mm/yr) 

W  = sand production rate (kg/day) 

 mV = mixture velocity in (m/s) 

 d = particle size (mm) 
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D = pipe inside diameter (mm) 

Sm = geometry factor (equals 5.5 for pipe bends) 

 

After conducting many experiments, it was concluded that erosion rate is 

dependant on several factors [26]: 

 

1. Flow Properties (Flow rate, composition, density, viscosity) 

2. Sand Characteristics (concentration, impact velocity, impact angle, 

number of particles hitting the surface, shape/sharpness, hardness, 

size distribution, density), 

3. Component Geometry (Bend, straight pipe) 

4. Material Properties  (hardness, microstructure) 

 

As we can see from the above model, the relationship between the 

erosion rate and the operation variables is a power relationship. The 

limitation for the above equation is due to the empirical nature of the 

equation. This equation is only applicable for very low concentrations of 

sand flow in oil/gas producing wells within the tested experiment range. 

Moreover, this relationship does not provide insight to the wear 

mechanisms causing erosion such as random impact and frictional 

erosion. 

 

On the other hand, some researchers have used an energy approach with 

the aid of computer simulations to help predict wear rates in sand slurry 

pipelines. The development and increased power of computers have 

encouraged scientists to simulate pipe flows of particles at lower 

concentrations.  

 

 Erosion wear mechanisms were divided by Rocco and Addie into three 

main categories: directional impact, random collisions and Coulombic 

friction [21]. An energy approach was used to calculate the erosion wear 
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based on the solids velocity and the concentration distribution close to the 

pipe inner walls. In each wear mechanism, the particle-wall interaction 

was verified using small devices or small lab tests. A test loop was also 

constructed to test the model under controlled laboratory conditions. Finite 

element and finite volume methods were used to simulate the two phase 

flow in a pipeline or pump numerically in order to calculate the velocities 

and concentration in the vicinity of the pipe inner wall [21].  

 

The experiments were carried out for particles of sizes smaller than 0.5 

mm and at concentration of 10% by volume. Although low concentrations 

of sand were used, some useful equations were derived: 

 

Wear rate due to random impact is described by 

)](['
0, DSDStgskk Vs , (9) 

 

and wear rate due to friction is   

)](['
0, SLSLtgsfrfr Vs  (10) 

 

where, 

DS  is the dispersive stress  

ODS  is the incipient dispersive stress 

 SL   is the stress due to non suspended particles  

OSL  is the incipient stress due to non suspended particles 

tgsV ,   is the tangential solid velocity 

 is the proportionality wear constant 

 

The significance of that work comes from the mechanistic approach used 

to arrive at a wear predictive model for each of the wear mechanism 

contributing to erosion in a pipeline. Similarly, computational fluid 

dynamics (CFD) simulations were used to predict wear in a straight pipe 
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section and an elbow section by Wood and Jones [27]. A test loop was 

constructed of stainless steel to validate the wear prediction model (sand 

particle diameter = 1mm and flow concentration of 10% by volume and 

mean velocity of 3 m/s). Erosion prediction in slurry pipeline components 

is very difficult due to the complexity of slurry flow and the inhomogeneity 

of the pipe material.  

 

Erosion models are still not mature and there is room for a lot of 

improvement in order to arrive at better models [28]. In order to be able to 

predict erosion wear rates in a slurry loop, particle trajectories should be 

modeled appropriately. A CFD program was developed to compute 

particle trajectories and particle velocity near pipe inner wall [27]. By 

knowing the particle trajectories, the number of particle impacts can then 

be calculated [27]. 

 

The experimental loop consisted of a closed loop 78 mm pipe, slurry 

pump, pipe, elbow, and stirring tank. Flow was circulated within the loop 

and it was assumed that particle digestion and breakage influence the 

aggressiveness and the eroding efficiency of the sand. As a result, the 

sand was changed every run in order to ensure it properly represents 

actual flow conditions and its abrasiveness is not compromised [27]. 

 

Wear measurement on the slurry loop used was done with a micrometer 

and also with an ultrasonic testing device (UT). It was found that the 

estimates used with the micrometer were in better agreement with the 

predicted wear estimates than those measured using UT. While non 

destructive UT measurements were made during the tests were running, 

destructive testing of the pipe or bend was required for micrometer 

measurements to be performed. Contrary to the understanding that 

maximum wear in a slurry pipeline occurs at the bottom of the pipe only, 

this paper showed that maximum wear can also be located at the top and 
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at the interface between the two layers (two-layer model), depending on 

the flow characteristics [28]. 

 

Particle flow pattern can be determined using Electrical Resistance 

Tomography (ERT) technology. This technique was used by Wood, Jones, 

Ganeshalingam, and Miles and electrodes were used to determine regions 

of equal concentration utilizing the induction characteristic of a 

nonconductive bead slurry flow [28]. Concentration profiles for flows close 

to and above deposition velocities (0.5m/s, 1m/s and 2m/s) were 

constructed [28].  

 

Cutting wear occurs at low angle impingement of particles with the pipe 

wall as in the case for impact of particles in the lower layer of the slurry 

flow and it is more common in ductile materials such as mild commercial 

carbon steels [28]. On the other hand, deformation erosion due to solid 

particles occurs at high impact angles and it is more common in brittle 

materials such as ceramics. An equation used to predict wear rates which 

combines both cutting and deformation wear effects was used. The results 

from CFD simulation gave the near wall velocities, impact angles of 

particles, and the concentration profiles at different locations around the 

pipe circumference. Erosion prediction was made based on Hashish and 

Bitter combined erosion models based on cutting and deformation erosion 

[28]. 

 

Micro cutting was found to be the dominant wear mechanism in slurry flow 

in straight ducts as expected by Wood et al. [28]. It was also found that 

CFD wear predictions were inline with the micrometer measurements but 

not with the UT measurements. UT measurements were not accurate due 

to the scatter in the data. Again, the main relevant finding for the current 

work is that cutting is the main wear erosion in slurry flow through a pipe.  
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2.9. Measurement of Pipe Stress in Single Phase Flow  

 

The amount of energy imparted by the flow on the pipe wall is directly 

proportional to the wall shear stress value, as presented by Roco and 

Addie [21]:  

 

)*( wVE   (11) 

where 

V is the tangential local velocity component, and 

w  is the pipe wall shear stress value. 

 

Therefore, wall shear stress measurement is needed for quantifying the 

contribution of wear mechanisms on the inner pipe wall. Most of the 

literature available on wall shear stress measurement applies to single 

phase flow with a few articles on non-Newtonian slurries such as paste 

and powder.  

 

There are several factors to be considered when a measurement 

technique is to be chosen for measuring wall shear stress [29]. These 

factors include [29]: 

 

1. the contribution of wall effects on the measurement technique 

2. the Effect of high mean shear on the measurement 

3. ensuring the flow is fully developed 

4. strict resolution requirement for near wall measurement 

5. the effect of pressure gradient across the measurement 

apparatus. 
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Several techniques have been developed for measuring wall shear stress 

in single phase flows [30]: 

 

1. time resolved methods such as floating element sensor  

2. methods for finding the time averaged wall shear stress such as 

oil film interferometry and preston tube methods 

3. mean profile based methods such as Von Karmen integral, 

Clausor plot, and mean wall gradient methods 

 

Oil film Interferometry was not used, because this method requires access 

to the oil film which impossible in pipe slurry flow. The continuum 

approach is utilized in the remaining shear stress measurement 

techniques mentioned above. This approach can not be applied in 

heterogeneous slurry flow because of the distinct behavior of slurries 

which include discontinuities in the flow due to the presence of solid 

particles.  

 

2.10. Floating element sensor 

 

A floating element sensor is the simplest sensor used in measuring wall 

stress due to its simple working principle [30]. The sensor has a floating 

surface which moves due to the friction force between the moving fluid 

and the surface. The floating surface is held with a set of springs in 

parallel forming a parallelogram linkage. The friction force is quantified by 

measuring the amount of force required to keep the floating element in 

position or by calculating the force required to bend the cantilever 

supports holding the floating element.  

 

The friction force can also be inferred from strain gauge measurements on 

the springs holding the floating element [30]. By calibrating the strain 
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gauge, a relationship between friction force versus strain can be 

established and used in subsequent experiments to calculate the amount 

of stress imparted on the floating element due to the slurry flow. The main 

advantage of the floating element sensor is that there are no assumptions 

about the fluid properties and surface characteristics. The floating element 

utilizes direct measurements of the instantaneous average stress 

experienced over the area of the element [30]. 

 

There are several disadvantages for the floating element sensor which 

sprout from sensor’s mechanical nature [30]: 

 

1. the floating element has to be large enough necessary for the 

ensuring an accurate measurement of the friction force; 

2. the gap between the floating element and the flow pipe creates 

disturbances in the flow; 

3. the floating element has to be perfectly aligned with the inner pipe 

wall for accurate wall stress measurements; 

4. there are other factors that may contribute to errors in this 

measurement technique which are temperature changes, heat 

transfer, pressure gradient forces, leaks, and fluctuation of the 

normal forces; and 

5. the floating element surface area should not be too large because 

the pressure gradient acting on the element will greatly affect its 

accuracy. 

 

The floating element sensor must also be easily accessible for 

inspection and recalibration if required. Despite the difficulties 

encountered with using a floating element sensor for wall shear stress 

measurement, no previous knowledge of the flow is needed, which can 

be considered an advantage. The development of micro electro-



 

36 

 

mechanical systems floating element sensors will likely increase the 

accuracy and frequency of this measurement technique [30]. 
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3 Sand Slurry Erosion Wear Model Development 

 

3.1. Oilsands Flow Modeling and Simulation 

 

A simple lumped-parameter model of the physics of flow of oilsands slurry 

in a straight pipeline section was formulated by Lipsett based on the 

improved two-layer model [7]. This oilsands slurry flow model assumes 

horizontal pipeline oilsands flow at steady-state conditions with no 

transient conditions occurring during the flow [7]. The flow processes were 

assumed to occur sequentially and independently [7].   

 

The oilsands flow was divided into two layers: a top layer and a bottom 

layer based on the improved two-layer model. The oilsands slurry flow 

model is represented graphically as shown below in Figure 5. 

 

 

Figure 5. Physical system model of oilsands slurry pipeline section 

[7] 

 

In the upper layer, three flow processes occur. The first flow process is 

upper layer friction represented by flow component R4 followed by top 

layer mixing represented by flow component R5. Finally, top layer bitumen 

conditioning flow process is represented by flow component R6.  
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In the bottom bed layer, three flow processes also occur. There is bottom 

layer friction, followed by bottom layer particle digestion, and finally bottom 

layer mixing represented by flow components R1, R2, and R3 respectively. 

As larger lumps of oilsands present in the bottom layer break apart during 

transportation, smaller particles such as clays are released in the flow 

which move to the top layer due to carrier fluid turbulence. A fraction of the 

bitumen present in the bottom bed layer gets liberated from the oilsands 

matrix during transportation. The liberated bitumen moves due to carrier 

fluid turbulence to the upper layer. Both of these flow processes are 

represented by flow component R7 in the heterogeneous oilsands flow 

model.  

 

There exists a slight pressure difference between the top layer and the 

bottom layer which was taken care of in the model by Ph and Pl upstream 

and downstream of the horizontal pipe section respectively. The pressure 

difference is due to the difference in concentration and velocity profile of 

the upper layer and the bottom layer as indicated by the two-layer model.  

 

3.2. Sand Slurry Erosion Wear Model  

 

In order to arrive at a solution to the oilsands pipelines wear problem, it is 

important to understand the erosion wear mechanisms affecting oilsands 

slurry pipelines. As a first step in investigating erosion wear mechanism 

affecting oilsands hydrotransport pipeline reliability and integrity, it is 

beneficial to simplify the problem and gain a solid understanding of the 

wear mechanisms that occur. It is also important to quantify the 

contribution of each of the wear mechanisms to the overall erosion wear. 
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It was decided to simplify the physics of the flow and reduce the number of 

flow processes by eliminating the bitumen conditioning and particle 

digestion flow processes from the physical flow model. Replacing oilsands 

with sand and studying wear mechanisms affecting sand slurry pipelines is 

a good starting point. The difference between erosion wear mechanisms 

affecting sand slurry pipelines and oilsands hydrotransport pipelines is 

primarily due to the presence of bitumen and oversized particles in 

hydrotransport pipelines.  

 

Erosion wear mechanisms acting on a straight section of sand slurry 

pipeline are similar to erosion wear mechanisms acting in an oilsands 

slurry pipeline, which are mainly due to random impact of sand particles 

with the pipe inner wall, friction between the suspended slurry flow with 

the pipe wall, and sliding of the slurry bed against the pipe inner wall. 

Random impact of sand particles with the pipe inner wall is caused by 

carrier fluid turbulence. In oilsands hydrotransport pipelines, the 

contributions of bitumen conditioning and particle digestion flow processes 

to overall wear complicate the problem, because it is difficult to account for 

the individual contribution to wear rate caused by each of these flow 

processes. 

 

In the simplified sand slurry flow model the resistance coefficient 

representing the top-layer conditioning (R6) is excluded, because sand 

slurry flow does not contain bitumen [9]. Similarly, the friction resistance 

coefficient representing shifting of bitumen droplets and clay particles from 

the bottom layer to the top layer (R7) can be removed [9]. At the beginning 

of the flow model development, it was assumed that the sand particle size 

distribution remains constant during the test period and as a result 

resistance coefficient representing the pressure drop due to particle size 

digestion (R2) can be safely neglected [9]. This assumption can be 
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validated after each wear test by measuring particle size distribution of a 

sample of sand tested [9].   

 

The simplified sand slurry flow model in a straight section of pipe can be 

represented as shown in Figure 6 [9]. 

 

 

Figure 6. Simplified physical model of sand slurry pipeline section [9] 

 

 

Dense sand slurry flow is naturally divided into two layers: a top layer and 

a bottom layer. Solid particles are fully suspended in the top-layer due to 

carrier fluid turbulence. As a result, top layer pressure drop can be mainly 

attributed to top layer kinematic friction with the inner pipe wall and top 

layer mixing [17]. 

 

 On the other hand, a fraction of the bottom-layer solid particles are fully 

suspended by bottom layer carrier fluid turbulence and the remaining 

fraction of solid particles is simply supported by the pipe inner wall [17]. 

The fraction of particles supported by the pipe inner wall forms a moving 

bed in the bottom layer of the sand slurry flow. As a result, bottom layer 

pressure drop can be mainly attributed to kinematic friction, mixing of 

bottom layer, and Coulombic friction [17]. In order to differentiate the  
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contribution of kinematic friction from the contribution of Coulombic friction 

in the bottom layer, resistance coefficient R1 is split into two 

subcomponent coefficients R11 and R12 as shown in Figure 7. R11 

represents kinematic friction flow process and R12 represents Coulombic 

friction flow process in the bottom layer [9].  

 

 

Figure 7. Simplified physical model of sand slurry pipeline section  
 

From the sand slurry flow model, it is easy to realize that the slurry flow 

kinetic energy is lost due to two main flow processes. The first flow 

resistance is caused by friction of slurry mixture against the pipe wall [9]. A 

fraction of the energy consumed by slurry friction with the inner pipe wall 

in both top and bottom layers is transformed into heat, some of which 

causes the temperature of the slurry and the pipe to rise, with remaining 

heat dissipated. The remaining fraction of the energy contributes to pipe 

wall damage [9].  

 

The second flow resistance is due to the mixing of the slurry. Slurry mixing 

is required to keep a fraction of particles suspended which lowers pipe 

erosion wear rates. A fraction of the mixing energy is lost due to upper and 

bottom layer mixing which keeps sand particles suspended [9]. The 
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remaining fraction of the mixing energy causes a number of particles to 

exit the flow streamlines and impact the pipe inner wall at low angles [27]. 

A fraction of the energy transmitted through impact causes pipe inner wall 

wear [9].  

 

The energy that contributes to pipe inner wear erosion damage can be 

represented in the flow model by introducing coefficients that relate 

velocity to wear [9]. The modified physical model becomes a wear model, 

provided that the contribution of each of the wear mechanism is 

represented [9].  

 

As a result, wear coefficients representing the contribution of each of the 

erosion wear mechanisms to the total system erosion wear rates can be 

used to formulate a sand slurry erosion wear model as shown in Figure 8 

[9]. 

 

 

Figure 8.  Simplified wear damage model of sand slurry pipeline 

section [9] 

 

In the above wear model, α1 is the wear coefficient due to bottom layer 

kinematic friction. Likewise, α12 is the wear coefficient due to bottom layer 

Coulombic friction. Similarly, α3 is the wear coefficient due to particle 
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impact with pipe inner wall in the lower layer; α4 is the wear coefficient due 

to top layer kinematic friction in the top layer; and α5 is the wear coefficient 

due particle impact with pipe inner wall in the upper layer.  

 

On the other hand, β3 is the energy fraction causing particles to exit flow 

streamlines and impact pipe inner wall in the lower layer. Likewise, β5 is 

the energy fraction causing particles to exit flow streamlines and impact 

pipe inner wall in the upper layer. 

 

Roco et al. presented a general equation which can be used to determine 

the wear contribution of each of the wear components [21]. The general 

form of the erosion wear prediction equation is given by: 

 

)(*'
ot EEs    (12) 

  

Equation 12 can be expanded further as: 

 

  )](*[*'
oVs    (13) 

 

and can be also expressed as: 

 

 )(*'
dEs     (14) 

where 

's is the wear rate by the corresponding wear mechanism in units 

of (mm/hr); 

dE is the rate of energy transfer to the pipe wall contributing to 

damage in units of (energy per unit area/time); 

tE is the total rate of energy transfer to the pipe wall in units of 

(energy per unit area/time); 
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oE is the threshold energy rate for incipient wear above which 

damage starts to accumulate (energy per unit area/time); 

is the stress caused by the wear component on the pipe wall in 

units (force/area); 

o is the threshold stress for incipient wear caused by the wear 

component on the pipe wall in units of (force/area); 

V is the local tangential velocity component for each wear 

mechanism in units of (displacement/time);and 

is the wear coefficient of each wear component in units of 

((thickness/(energy per unit area)). 

 

At the top layer of the slurry pipeline flow, two wear components contribute 

to the erosive wear of the pipe. The first component is friction between the 

slurry mixture, composed of the solid particles and the suspending 

medium, and the pipe wall. The second component contributing to the 

pipe wear is the random impact of particles with the pipe wall due mainly 

to particle-particle interaction and also due to turbulence causing the 

particles to exit the flow stream line and hit the pipe internal wall.  

 

By knowing the local velocity corresponding to each wear component and 

the shear stress, more complex wear prediction equations can be 

developed to better predict the erosion wear rate due to each wear 

mechanism. Meanwhile, Equation 13 can be used as preliminary wear 

prediction equation, and this equation indicates the need for wall stress 

measurement in order to relate wear rate to the wear processes causing 

damage separate from the flow processes.  

 

As a result, there is a need to develop a device to be used to measure 

stress experienced by the pipe wall during slurry tests to determine the 

pipe wall stress and the threshold stress for incipient wear. The wall force 

measurement together with the pipe wall thickness removed during fully 
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suspended heterogeneous slurry flow in a straight section of pipe can be 

used to find the corresponding wear coefficient. This measurement 

technique can be later used to measure forces during slurry flow with 

sliding bed.  

 

3.3. Model Validation Issues 

 

In order to validate the proposed model it is necessary to evaluate the 

parameters R, α, β, and dE
 for each of the erosion wear mechanisms. It is 

also required to isolate each of the wear mechanisms in order to calculate 

the corresponding parameters of interest. Isolation of the kinematic friction 

and random impact of particles from the Coulombic friction can be 

achieved in a fully suspended heterogeneous slurry flow by increasing the 

flow velocity. In a fully suspended flow condition, a symmetric 

concentration and velocity profile exists in the pipe where Coulombic 

friction flow process can be eliminated. The resulting flow consists of one 

layer of fully suspended slurry flow. The kinematic friction and random 

impact of particles can be lumped together in order to validate the flow 

model shown in Figure 9. 

 

 

Figure 9. Simplified physical model of sand slurry pipeline section 

for fully suspended flow 

 

The resistance coefficient R1345 corresponding to the kinematic friction and 

random impact of particles due to slurry mixing in the fully suspended 

slurry flow can be determined for a variety of flow conditions by measuring 

q0 
R1345 

ΔP1345 
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the pressure drop across a laboratory test section in a slurry loop. By 

controlling the slurry flow rate, the in situ particle concentration, density of 

particles, carrier fluid viscosity, and particle size distribution, a variety of 

near wall particle velocities and concentrations around the pipe 

circumference can be achieved. A set of R1345 values can be determined 

for a range of flow conditions. At this stage, it is important to prevent 

damage accumulation from occurring in the pipe by covering the pipe with 

an abrasive resisting overlay. Care must be taken in choosing the right 

overlay material which has the same roughness as the pipe itself. This will 

ensure that no energy is lost due to pipe wall erosion wear damage 

process. 

 

Erosion damage in a fully suspended heterogeneous slurry flow condition 

causes additional pressure drop in the piping system above a threshold 

point which can be represented as shown in Figure 10 [31]. 

 

 

Figure 10. Parametric representation of sand slurry flow and erosion 

damage for fully suspended flow 

 

The damage caused is a function of the pressure drop and the flow rate 

which is also a function of velocity and concentration [31]. The threshold 

energy for incipient pipe wear can be estimated for a variety of flow 

conditions by coating the pipe wall with a thin layer of paint. As the paint 

layer starts to get damaged, the threshold point for incipient wear can be 

determined. Another potential method to determine the threshold energy 

for incipient wear is by recording acoustic emissions in the vicinity of the 

pipe [32]. The acoustic emission method needs to be tested in a slurry 

application and the unique signature frequency at which damage occurs 

q0 R1345 Rd1345 

ΔPd1345 ΔP1345 
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should be identified. The amplitude of the damage signature frequency 

may correlate well with the threshold stress for incipient wear.  

 
The total energy dissipated in the system can be expressed as: 
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where 

totalU  is the total energy dissipated in the system,
 

damageU  is the energy fraction contributing to damage in the system,
 

1345tP is the total pressure drop in the system in Pa,
 

1345P  is the pressure drop in the system due to slurry flow in Pa,
 

1345dP  is the additional pressure drop in the system due to erosion 

damage in Pa,
 

1345tR  is the resistance coefficient representing total pressure drop in 

the system, 
 

1345R  is the resistance coefficient representing pressure drop in the 

system due to slurry flow, and
 

1345dR  is the resistance coefficient representing erosion damage  

 

The energy contributing to damage can therefore be expressed as: 
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The damage mechanism is related to damage of the pipe wall by a wear 

coefficient; and the damage rate can be expressed as: 
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By measuring the total pressure drop in the pipe section, velocity, and 

concentration at the same flow conditions used to find R1345 values, Rt1345 

values can be determined. The total energy in the system and the 

threshold energy for incipient wear can then be computed using Equation 

16.  

 

Also, by measuring the pipe erosion damage rate using an ultrasonic 

thickness measurement device, and the local stress experienced by the 

pipe wall, and the threshold stress for incipient wear, the erosion wear 

coefficient α1345 can be determined using Equation 21.  

 

Once the threshold for incipient wear, α1345 values, R1345 values, and Rt1345 

values for a wide range of flow conditions are determined, the contribution 

of kinematic friction to erosion pipe wear in the bottom layer of 

heterogeneous sand slurry flow can be determined. Similarly, erosion 

damage in heterogeneous slurry flow due to Coulombic friction causes 

additional pressure drop in the piping system which can be represented as 

shown in Figure 11. Since kinematic friction, Coulombic friction, and 

random impact of particle due to bottom slurry mixing do not occur 

sequentially, isolation of Coulombic friction contribution to pipe erosion 

damage is difficult.  
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Figure 11. Parametric representation of sand slurry flow and erosion 
damage due to sliding bed 

 

In order to determine α12, an ASTM G65 rubber wheel test can be used or 

any other similar wear test that can emulate process conditions. Other test 

options include the oscillating table test [21] and the wet sand rubber 

wheel test [24]. The ASTM G65 test [24] is an industry standard wear test 

since it yields fairly repeatable results, and the wear mechanism 

resembles the sliding abrasion wear due to particles suspended by pipe 

wall despite being a dry test in air. The apparatus is illustrated in Figure 

12. It is critical to mention here that the solid particle distribution used in 

the test must resemble the pipe flow conditions. Otherwise, the calculated 

wear coefficient does not resemble the true resistance of the pipe material 

to the slurry flow.  

   

 

 

 

Figure 12. A simplified schematic illustration of the ASTM G65 test. 
 

ql R12 Rd12 

ΔPd12 ΔP12 

Once-through flow 

of abrasive solids” 
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By knowing the suspended arm weight, the sliding friction shear stress 

can be calculated by multiplying the normal force by a dynamic friction 

factor (usually assumed to be 0.5 for sand particles). The velocity of the 

flowing sand particles can be assumed to be equal to the velocity at the tip 

of the rubber wheel. Therefore, the wear coefficient for sliding wear in the 

bottom layer can be calculated for the slurry/material combination since 

the wear rate experienced by the specimen can be measured directly. As 

previously mentioned, the threshold conditions for incipient pipe wear can 

be estimated by coating the wear sample with a sacrificial thin layer of 

paint or possibly by acoustic emission monitoring. Once determined, a 

curve of the wear coefficients calculated at different particle velocities can 

be constructed and used to predict wear in the bottom layer of the pipe 

due to particle sliding abrasion.  

 

To predict wear due to sliding bed abrasion, wall stress measurements 

need to be performed around the circumference of pipe. The contribution 

of kinematic friction to damage around the circumference of the pipe by 

knowing α1345 values, R1345 values, and Rt1345 values obtained in the fully 

suspended flow tests. The velocity and concentration profile across the 

pipe wall should be also developed in order to isolate the contribution of 

kinematic friction to pipe wall damage. To understand local wall effects, 

additional flow monitoring and visualization techniques are required to 

measure the near wall velocity and concentrations of suspended particles 

and sliding bed. Advanced flow visualization techniques may include a 

high speed camera or an in-flow borescope. 

 

 The threshold stress for incipient wear due to Coulombic friction wear 

mechanism can be determined by measuring the stress required to start 

wear in the small scale lab tests. Once the stress, threshold stress for 

incipient wear, particle sliding velocity, and wear coefficient are 

determined, a model for erosion due to Coulombic forces can be validated 
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and used for predicting erosion wear rates around the circumference of 

the pipe during heterogeneous slurry flow.  

 

3.4. Experimental System and Testing Methodology  

 

Wall shear stress measurements are required to find the parameters of 

the sand slurry erosion wear model for fully suspended heterogeneous 

slurry flow in a straight section of pipe.  These measurements are also 

required to predict the contribution of each of the wear mechanisms 

involved. 

 

A floating-element sensor assembly was designed and constructed as a 

spool section in order to measure the force exerted by the slurry on the 

pipe inner wall during fully suspended heterogeneous slurry pipe flow. As 

discussed earlier in the literature review section, a floating element sensor 

is a simple apparatus to measure the friction force between the moving 

slurry and the pipe wall. The measured friction force can be later 

converted to wall stress.  

 

The sensor has a floating wear sample which moves due to friction 

between the moving slurry and the top surface of the floating wear 

sample. The floating element assembly is shown in Figure 13, Figure 14 

and Figure 15. 
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Figure 13. Overview of the floating element sensor assembly 

 

3.5. Floating Element Components Description 

 

The floating element assembly consists of the following components as 

illustrated in Figure 14: 

 

1. Wear Sample 

2. Wear Sample Holder 

3. Cantilever Element 

4. Base Plate 

5. Cantilever Support 

6. Base Ring 

7. Outer Shell Top 

8. Outer Shell 

9. Splash Guard 

10.  Bottom Lid 

11. Pipe  

12. Pipe Attachments 

Flush Water Port 

Custom Flanges 

Pipe Attachment 

Alignment Pins 
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13. Alignment Pins 

14. Custom Flanges 

15. Guard 

 

 

 

Figure 14. Cross section view of the floating element sensor 

assembly 

 

 The wear sample (101.6 mm L x 25.4 mm W) labeled component #1 and 

located at the top of the floating element assembly is in direct contact with 

the slurry flow. In the testing stage, the construction material of component 

#1 can be varied as desired. Different construction materials such as 

abrasion resistant steel can be tested and compared to the reference 

material. The current construction material is SA-106 grade B chosen 

identical to pipe material in order to maintain the same friction factor 

between the sample and the flowing slurry.  
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Figure 15. Photo of the floating element assembly 

 

Component #1 was bonded to the wear sample holder using a very strong 

epoxy adhesive designed to withstand wet and severe environments. The 

reason for gluing these two components together is to avoid distorting the 

wear sample during the machining process. Component #1 was machined 

out of the same pipe used in the assembly using Electrical Discharge 

Machining (EDM), an advanced machining technique which uses 

electricity for precise machining. It was utilized in the construction of the 

wear sample to machine the wear sample out of the same pipe used in the 

assembly. As a result, component #1 has the same microstructure as the 

rest of the pipe. This technique eliminates alignment issues of the wear 

sample with the pipe inner wall since the wear sample is taken from the 

pipe used in the assembly and hence they have the same inner radius 

variation. A photograph of the floating element wear sample alignment is 

shown in Figure 16. 

 



 

55 

 

 

Figure 16. Alignment of wear sample with pipe wall 

 

The gap size between the floating wear sample and the pipe wall was 

chosen primarily to prevent plugging of the gap with flowing sand particles. 

Plugging of the gap with sand will prevent the cantilever supports from 

deflection due to the flow and results in error in the output measurements. 

In addition, the gap size has to be big enough to allow for sufficient 

deflection of the cantilever supports at a variety of slurry flow conditions. 

Coulombic stress calculations were performed based on the two-layer 

model for the worst case flow condition. The in situ concentration of the 

flow was assumed to be 35% by volume and the particle mean diameter 

was assumed to be 500 μm. It was also assumed that the angle between 

the bottom-top layer transition and the centerline of the pipe is 60 degrees 

and the friction factor between the sliding sand particles and the pipe wall 

is equal to 0.5. The calculated Coulombic force was 0.3 N. Kinematic 

stress calculations were performed for fully suspended flow at solid 

particle in situ concentration of 35% by volume and at 6 m/s flow velocity 

and the corresponding kinematic friction was calculated to be 

approximately 0.3 N, close to the calculated Coulombic force case. 

 



 

56 

 

 A safety factor of 2 was applied to the calculated force value and the 

corresponding deflection was 0.75 mm based on Equation 22 for 

calculating the maximum deflection of a cantilever beam. As a result, the 

gap size was chosen as 0.75 mm between the floating wear sample, 

which prevents plugging of the gap with sand particles and allows for 

testing under various slurry flow conditions. 

 

EI

FL
Deflection

3

3

max                (22) 

where 

 F is the shear force (N), 

 E is the Young’s modulus for Aluminum = 70,000 MPa, and 

I is the second moment of inertia for the cantilever support = 

(depth*thickness3)/12 = 0.25 mm4 

 

Component #2, the wear sample holder, provides support to the wear 

sample. Holes drilled at the bottom side of the wear sample holder provide 

connection with the cantilever element. A guard attached to component #2 

was designed to keep component #1 and #2 within the floating element 

assembly in case of cantilever element failure.  

 

Two cantilever elements, labeled components #3, were bolted to the 

bottom of the wear sample holder. The presence of the gap between the 

pipe and the wear sample allows the cantilever elements to deflect due to 

the slurry friction. Two full Wheatstone bridges were bonded on the 

cantilever elements lower ends to measure the strain induced by the 

friction and axial forces. The strain gauges were carefully positioned away 

from any stress concentrations locations to ensure linearity of output 

readings. The cantilever element is slotted at both ends which allows for 

movement of the element slightly vertically up or down for alignment 

purposes.  
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Similarly, the cantilever supports were tagged components #5. These two 

components provide support to the cantilever elements. Component #5 is 

slotted to allow for room to move the cantilever element sideways 

horizontally left or right slightly for alignment. The base plate, marked 

component #4, is also slotted to allow for movement of the wear sample 

horizontally inwards or outwards slightly for alignment purposes. A photo 

of the wear sample holder assembly is shown in Figure 17.  

 

 

Figure 17. Photo of wear sample holder assembly 

 

 Full Wheatstone bridge strain gauge combinations were used in order to 

compensate for temperature changes during the test and to increase the 

sensitivity of the measurement. A relationship between the amount of 

friction force and the measured strain was established by calibrating the 

floating strain gauges in a controlled environment prior to installation.  

 

The base ring or component #6 was included in the assembly to be able to 

take the bottom lid off without having to disassemble the rest of the 

components. This option allows for easier internal inspection of the 

Component #1 

Component #2 

Component #4 

Component #3 

Component #5 
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assembly without having to realign the critical components such as the 

wear sample with the pipe inner wall. The electrical wires from the strain 

gauges were passed through a 3/8” NPT connection drilled into the side of 

the base ring. The electrical connection was sealed with epoxy to prevent 

leakage of water through this connection.  

 

The outer shell, labeled component #8, was designed to withstand the 

pressure inside the assembly. The design pressure of the assembly was 

chosen as 207 psi as it is the maximum pressure the laboratory piping 

system may experience during testing. The chosen shell thickness was 

6.35 mm bigger than the minimum required shell thickness of 0.62 mm 

giving a safety factor of 5 and a corrosion allowance of 3.175 mm. Sample 

calculations of the minimum required shell thickness are included in 

Appendix. Two 3/8” NPT connections were drilled on the sides of 

component #8 for flush water connection. Flush water is needed to ensure 

that no sand particles get trapped in the gap between the wear sample 

and the pipe by maintaining a small positive differential pressure between 

the flush water and the slurry flow. The force-strain relationship can be 

corrected for the additional stresses and strains caused by the introduction 

of flushing water in the assembly.   

 

On the inside of the outer shell, two splash guards marked as component 

#9 were attached to cover the flush water connections. The reason for 

installing splash guards was to prevent water from impinging directly on 

the cantilever elements. A photograph of the process connection of the 

flush water supply is shown in Figure 18. 
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Figure 18.  Flush water supply connection to the floating element 

assembly 

 

 

The bottom lid, tagged component #10, can be easily removed without the 

need to remove the assembly from the pipe or any other components 

within the assembly. This allows for easy internal inspection of the 

assembly components and for cleaning. A 3/8” NPT connection was drilled 

at the bottom side of component #10 for draining the system.  

 

Two clear pipe sections have been designed and constructed at the 

University of Alberta to view the slurry flow as it moves with in the pipe. 

The first section is 1016 mm in length approximately 20 times the pipe 

inner diameter. This clear section was placed upstream of the floating 

element assembly in order to view the effect that the floating element has 

on the upstream flow. The second section length was chosen to be 508 

mm, approximately 10 times the pipe inner diameter. This section was 

On/Off Ball Valve Regulator Needle Valve 
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placed downstream of the floating element assembly in order to view the 

effect that the floating element has on the downstream flow.  

 

The flanges on the floating element pipe were specially designed to 

reduce the disturbance in the flow due to the presence of a gasket 

protruding into the flow, as is the case of weld neck and slip on flanges 

used in the oil and gas industry. The mating flanges on the clear section 

were also designed to match the flanges on either ends of the floating 

element. A slip-on flange with an o-ring elastomer gasket design on both 

inlet and outlet flanges was chosen to reduce flow disturbance, as shown 

in Figure 19.  

 

 

 

Figure 19.  A cross-sectional view of the clear section and floating 

element pipe assembly 

 

The clear section slip-on flange is removable, which allows for the 

replacement of the clear section if it gets scratched due to sand slurry 

flow. In order to prevent leakage between the clear section slip on flange 

Clear Section O-ring 

Grooves Mating Flanges O-

ring Groove 
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and PVC pipe, two o-rings were placed in between the pipe and the slip 

on flange. Similarly, an o-ring was placed between the floating element 

assembly slip on flange and the clear section slip on flange in order to 

prevent leakage between the faces of the flanges. All o-rings were 

designed to withstand a pressure of 375 psi, and the o-ring grooves were 

machined based on o-ring manufacturer specifications as shown in 

Appendix. Long threaded studs connecting the two slip on flanges on each 

clear section were used to prevent the flanges and the clear PVC pipe 

from separating as shown in Figure 20.  

 

 

Figure 20. Photo of clear section 
 

Since the maximum operating pressure inside the floating element 

chamber was estimated to be around 50 psi, a special anaerobic RTV 

sealant was used to seal between the floating element assembly pipe and 

shell.  

 

The construction material for the internal components was chosen to be 

aluminum because of its light weight and resistance to corrosion. On the 

other hand, the two custom pipe flanges, the pipe, and the wear sample 

were constructed out of carbon steel. 
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Two full Wheatstone bridges installed on the cantilever supports of the 

floating element sensor provide strain measurements as shown in Figure 

21.  

 

Figure 21. Illustration of the strain gauge setup of the floating 

element sensor 

 

The stress-strain relationships in the x, y and z a direction for isotropic 

material can be calculated as follows based on Hooke’s Law: 
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where 

 x is strain in the x direction, 

 y  is strain in the y direction, 

 z is strain in the z direction, 

 x is normal stress in the x direction, 

Friction Force 
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 y is normal stress in the y direction, 

 z is normal stress in the z direction, 

 is Poisson’s ratio = 0.3 for aluminum , 

E is the modulus of elasticity of the cantilever element material, 

and eTemperatur is the strain due to the difference in coefficient of 

expansion between the strain gauge and the cantilever element 

material. 

 

It is assumed that shear force due to flow friction (Fy) and axial force due 

to solid particle impact and turbulence (Fx) act on the surface of the wear 

element. 

 

The axial bridge, shown in Figure 22 and Figure 23, measures the strain 

experienced by the cantilever support due to axial force while eliminating 

the strain contribution of the shear. 

 

Figure 22. Side view of axial bridge strain gauge configuration  
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Figure 23. Front view of axial bridge strain gauge configuration  

 

 

Axial bridge stresses at gauge is calculated as 
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where 

 1x is the normal stress for gauge 1 in the x direction, 

 yF is the shear force in the y direction, 

 xF is the axial force in the x direction, 

 I is the moment of inertia, 

 A is the cross sectional area of the cantilever element, 

 1d is the distance between the shear force and strain gauge 1, and 

 y is equal to half of the cantilever element thickness. 
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Other stresses are calculated similarly:  
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Strain gauges 1 and 4 only measure strain in the x direction, and strain 

gauge 2 and 3 only measure strain in the z direction: 
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Simplifying yields the following relationships: 
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where 3.0  for aluminum. 

 

The Wheatstone bridge output is 

)
6.2

(
4

..
.

AE

FFG

E

E x

i

O ,    (38) 

 



 

66 

 

where 

 oE is the bridge output voltage, 

 iE is the bridge excitation voltage, and 

 ..FG stands for the gauge factor. 

 

As seen from above equation, this bridge configuration only measures 

axial force in the x direction.  

 

The second bridge measures the strain experienced by the cantilever 

support due to the slurry friction force and eliminates the contribution of 

the axial forces due to pipe internal pressure. In a full bridge configuration 

shown in Figure 24, temperature compensation is performed automatically 

and sensitivity of the bridge output is maximized.  

 

 

Figure 24. Friction bridge strain gauge configuration  

 

Stresses at gauges 1, 2, 3 and 4 are: 
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Strain gauge 1, 2, 3 and 4 only measure strain in the x direction. 
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By assuming d1 = d2 = d, we write 
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As seen from above equation, this bridge configuration only measures 

force due to shear in the y direction.  
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3.6. Hydrostatic Test  

 

In order to ensure safe operation of the floating element assembly and the 

clear PVC pipe sections during pipe loop testing, it was decided to 

hydrostatically test the system. Hydrostatic testing of vessels and piping is 

a common way to test the integrity of the equipment before it is put online 

in order to detect faults in the material which may cause the equipment to 

fail or even explode during operation. The floating element assembly was 

filled with water and hydrostatically tested using nitrogen to 210 psig. The 

hydrostatic test pressure was chosen to be twice the operating maximum 

pressure which was approximated to be around 105 psig. The integrity of 

the assembly was examined during the hydrostatic test to ensure that the 

assembly is not going to fail during experimentation. The integrity of the 

assembly was verified since all components remained in good condition 

after the test. The clear PVC sections were also tested to the same 

pressures by following the same hydrostatic test procedure explained 

above.  

 

3.7. Calibration 

 

A custom built strain gauge conditioner identical to Vishay model 2100 

was used to balance the axial and shear strain gauge bridges installed on 

the floating element cantilever supports. Bridge balancing is needed due 

to slight variations in the resistances of the strain gauges installed on both 

of the axial and friction Wheatstone full bridges. A four-wire full bridge 

method for connecting wires was used. The strain gauge conditioner 

contains two channels with separate circuits. Each channel was used to 

balance one of the strain gauge bridges. Each channel on the strain 
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gauge conditioner contains a variable resistor which is placed in parallel 

with one of the strain gauges. The variable resistor resistance can be 

varied until the bridge output is balanced. Moreover, each channel on the 

strain gauge conditioner contains an output voltage variable amplifier with 

a gain range between 0 and 2100. The output voltage of each of the strain 

gauge bridges was measured using a volt meter. 

 

 

Since the floating element sensor deflects in response to axial and friction 

forces, some cross channel interference occurs between the axial bridge 

and the friction bridge outputs. In order to account for this interference in 

the results, a combination of axial and shear forces were applied to 

calibrate the floating element sensor. 

 

Hydrostatic testing was done on the floating element assembly to ensure 

that it would not leak under the maximum pressure for the pipe loop 

system. Then, the floating element was calibrated using known weights 

applied in both shear and axial loading at the center of the floating wear 

sample as shown in Figure 25. A magnet was placed in the center of the 

wear sample top surface to ensure that force direction remained constant 

as the forces are varied. First, the bridge output was balanced, and then a 

set of weights of known masses were placed on top of the magnet for 

axial loading. To apply shear loads, additional weights were placed on a 

weight holder connected to the side of the magnet by a string parallel to 

the wear sample holder and passing through a pulley.  
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Figure 25. Diagram showing forces applied to wear sample surface 

during calibration 

 

 A table of the forces applied is shown in Table 1.  

 

 

Table 1.  Floating element sensor calibration results  

 

The initial gain setting of the axial Wheatstone full bridge was 1020, while 

the friction Wheatstone full bridge setting was set to 500. 

 

The calibration matrix (C) was obtained from the output voltage matrix 

(XOUTPUT) and the input force matrix (XINPUT) using Equation 52: 

 

INPUTOUTPUT XCX *   (52) 
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072.0036.0

0117.0879.0
C   

 

The Moore-Penrose pseudo inverse of the calibration matrix C’ was used 

obtained which produces a matrix of the same dimensions as A. The 

pseudo inverse is commonly used in calibration since this method 

removes any singular values and treats these numbers as zeros.  

 

 
772.147055.6

974.1218.1'C  

 

A repeatability test was also conducted and 2% deviation in the axial 

direction and 0.2% deviation in the shear direction were obtained from five 

sets of data taken at the same axial and shear force of 1.962N.  

 

The floating element was now ready for installation and testing in a flow 

loop. 
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4 Floating Element Output Measurements and 

Interpretations   

 

4.1. Preliminary Test Setup  

 

Syncrude Canada Ltd. has a 76.2 mm slurry test loop at its Edmonton 

Research Centre. This slurry loop was mainly used for slurry pump wear 

testing in the past and it is currently being utilized for other slurry flow 

tests. Due to delays in the commissioning of the University of Alberta pipe 

loop, it was decided to conduct preliminary testing of the floating element 

assembly on Syncrude’s 76.2 mm nominal diameter pipe loop. The piping 

was constructed out of commercially available SA-106 Gr. B seamless 

carbon steel pipe, commonly used in industrial applications for pipe this 

size. Figure 26 shows Syncrude’s slurry loop process diagram. 
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Figure 26. Syncrude slurry loop process diagram (not to scale) 
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The Syncrude slurry test loop consists of the following major components: 

 

1) 3/2 AH Warman gland sealed belt driven centrifugal pump  

(Maximum rated rpm = 3170 rpm) 

2) 40 HP Hyundai heavy duty AC motor equipped with variable 

frequency drive 

3) 3” Sa-106 Gr. B schedule 40 process pipe c/w 3” 150# ANSI 

flanges 

4) Coriolis Krohne flow meter 

5) Venturi flow meter 

6) Sand hopper with 2” outlet valve 

7) Water inlet column 

8) 3” 150# control ball valve located in the main pipe run 

9) Pressure and temperature transducers 

10) PLC control panel 

11) National Instruments data acquisition system. 

 

A photo of the main pumping system is shown in Figure 27: 
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Figure 27. Photo of Syncrude research slurry loop main components  

 

4.2. Commissioning  

 

In order to accommodate the 50.8 mm pipe of the floating element 

assembly, piping modifications were made to the existing 76.2 mm 

nominal diameter slurry loop. Since the floating element assembly nominal 

pipe diameter is 50.8 mm, two transition spools were designed to 

accommodate the change in pipe diameter. The two transition pipe spools 

were fabricated out of SA-106 Gr. B pipe identical to the rest of the loop 

pipe construction material. These transition pipe spools were installed 

upstream and downstream of the clear PVC sections as shown in Figure 

28.  
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Figure 28. Photo of floating element assembly and clear section at 

Syncrude Research  

 

Once the transition spools were fabricated, a section of the 76.2 mm pipe 

loop was removed and replaced with the floating element assembly along 

with the clear sections and the transition spools. The 76.2 mm x 50.8 mm 

transition spool was installed first and the 1016 mm long clear section was 

installed followed by the floating element assembly. The 508 mm long 

clear section was installed downstream of the floating element assembly 

followed by the 50.8 mm x 76.2 mm transition spool. Gaskets were placed 

in between of the flanged connections in order to prevent any leaks 

between the flange faces. 

 

As all flanged connections were tightened, the piping system was filled 

with water from the inlet water column by opening the water inlet column 

valve. All small leaks were fixed by tightening the flange bolts. Once all 

connections were fastened tightly, the piping system vent valve was 

opened to remove air from the piping system and allow water to fill up the 

piping system faster. After the piping system was deaerated, the pump 

was started at low rpm with the pipe vents closed to circulate the water in 

the piping system. Water was also allowed to flow from the inlet water 

column. The piping vent was opened intermittently to permit any remaining 

air trapped in the piping system to escape.  

 

Downstream 
Clear Section 

Floating Element 
Assembly 

Upstream Clear 
Section 

2” x 3” transition pipe Spool 
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Once the system was tested again for leaks and checked for any 

problems, the electrical wires coming out of the floating element sensor 

strain gauges were connected to the strain gauge conditioner input. 

Channel 1 on the strain gauge conditioner was used for axial bridge and 

channel 2 was used for the shear strain gauge conditioner. After balancing 

both bridge outputs, tests with water flow were conducted. 

 

Before the introduction of sand into the piping system, the flush water 

valve was opened in order to prevent sand from entering through the gap 

between the floating element and the pipe. The optimal flush water supply 

rate was calculated to be around 1.3 liters/min based on the sand settling 

velocity. Since the gap width around the element is non-uniform, a safety 

factor was included in the calculations in order to minimize the amount of 

sand entering through the gap with minimal disturbance to the bulk slurry 

flow. Consequently, flush water tests were conducted and all data was 

recorded. 

 

After finishing with water testing, sand was added to the sand hopper. The 

isolation valve between the sand hopper and the piping system was 

opened to allow for the sand to be sucked into the pipe loop. The sand 

was then mixed from water introduced in the sand hopper due to the 

opening of the isolation valve. Finally, slurry tests were conducted. 

 

The mean particle size diameter was calculated and found to be 0.27 mm 

based on the sand supplier data sheet. The particle size distribution of the 

sand used can be found in the Appendix. The gap size of 0.75 mm is three 

times greater than the sand mean particle diameter and as a result there 

is little chance of sand plugging the gap between the wear sample and the 

pipe. 

  

Sand Hopper 

Water Inlet 

Column 
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The system was commissioned successfully and with minimal problems. 

After testing with slurry bulk flow was completed, the slurry mixture was 

drained and the system was flushed several times with water to clean the 

piping system. 

 

4.3. Preliminary Test Procedure 

 

During first round of preliminary testing, the inlet water column was filled 

with water and pumped through the test loop. Air pockets present in the 

pipe loop were removed by constantly venting the system before data 

logging. The vent is located at the top of the pipe upstream of the pump 

suction flange. Once the air pockets in the piping system were eliminated, 

the vent was closed and the pump was turned off. Both the axial and 

shear bridge outputs were balanced using the strain gauge conditioner 

with no flow in the piping system. Once bridge balancing was completed 

for each test, the pump was turned on and data acquisition was started.  

 

4.3.1.  Test #1 

 

Test #1 was conducted with water flow and no flush water supply. The 

volume flow rate of water was varied by changing the rpm of the pump 

motor.  The motor is equipped with a variable frequency drive that can be 

controlled from the control panel located next to the motor. The water bulk 

flow rate was increased from 0 USGPM to 250 USGPM and then 

decreased back down to 0 USGPM with known increments. At each flow 

rate set point, the flow was allowed to stabilize (for approximately 5 

seconds) before moving to the next rpm set point while continuously 

logging data. It was determined that the flow has stabilized when the 

change in flow rate was less than +/- 0.5 USGPM. The output voltages 
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produced by the shear and axial full Wheatstone bridges were recorded 

for the total duration of the test, in addition to the volume flow rate, 

density, temperature, pump rpm, and pump discharge pressure. 

 

4.3.2.  Test #2 

 

Test #2 was a repeatability test to assess the variation in measured data. 

The measured flow rate was varied from 0 to 136 USGPM and then back 

to 0 USGPM again. This process was repeated one more time while 

continuously recording the shear and axial full Wheatstone bridges, 

volume flow rate, density, temperature, pump rpm, and pump discharge 

pressure.  

 

4.3.3.  Test #3 

 

During second round of preliminary testing, fully suspended 

heterogeneous sand slurry was pumped through the test loop at average 

flow rates between 110 and 220 USGPM. At the start of the test, the 

floating element assembly was removed from the piping system and 

inspected to ensure no sand was present in the chamber of the assembly. 

The assembly was cleaned and reinstalled, and both axial and shear 

bridge outputs were balanced at 0 USGPM bulk flow. Due to limited 

inventory of silica sand at Syncrude research facility, recycled sand 

previously used in G65 wear tests was used during test #3.  The sand 

mean particle diameter was calculated by plotting the cumulative percent 

retained versus aperture opening size in mm and it was included in 

Appendix. The resulting calculated d50 of sand used was equal to 0.270 

mm based on product data sheet supplied by the sand supplier (The 

product data sheet represents average properties of the sand). 
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The flushing water needle valve was set to 2 turns during test #3. This 

valve position was determined to be the optimum set point to reduce the 

amount of sand passing through the gap between the floating element and 

the pipe wall.  

 

The average slurry density was estimated by recording the volume of sand 

added to the piping system and by measuring the effective volume of the 

slurry loop. The slurry volume flow rate was monitored by a Venturi flow 

meter since the Coriolis flow meter was not designed to measure flow 

densities above 1130 kg/m3. Slurry pump discharge pressure, flow 

temperature, pump rpm, friction and axial bridge outputs were recorded 

during test duration. The volume flow rate of the fully suspended sand 

slurry was varied between 108 and 210 USGPM with known increments. 

The slurry flow was then decreased to 108 USGPM at the end of the test, 

and then the pump was shut off.  

 

Preventing sand particles from entering the floating element chamber is 

important to ensure its operation for extended periods of time. The sand 

settling velocity was calculated based on the particle mean diameter using 

dimensionless Archimedes number to eliminate the need for iteration to 

calculate the drag coefficient required at high Reynolds number.  

Archimedes number can be calculated as follows: 

 

23

)(34

l

g
lsl

dp
Ar      (53) 

where, 

 dp  = 0.3x10-3 m 

l
= 992 kg/m3 [33] 

s
= 2650 kg/m3 
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g  = 9.81 m/s2 

 = 0.653 mPa.s for flush water at 40C [33] 

 

Ar = 1362 

 

For sand particles, a relationship was developed by Saskatchewan 

Research Council for calculating the sand particle drag coefficient (Cd) as 

follows: 

 

1)#(
1

bAra
d

C       (54) 

 

where, 

 
1

a = 80.9 for 24 < Ar < 2760  

 
1

b = -0.475 for 24 < Ar < 2760   

 

d
C = 2.62 

 

An equation for calculating terminal velocity (V∞) in a liquid was developed 

and as a result calculation of the terminal velocity is possible on the drag 

coefficient is calculated as follows: 

 

5.0

50
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C

gd
V     (55) 

= 0.05 m/s 

 

Area of the gap around the element = 1905 * 10-7 m2 

 

Required flow rate = V∞ * Area of gap   (56) 

= 95*10-7 m3/sec = 10 gph 
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 The terminal velocity was calculated for an assumed sand particle 

diameter of 300 µm since a sieve analysis was not performed on the test 

sand used at the time of test #3. The calculated sand terminal velocity was 

0.05 m/sec and the required flush water supply flow rate was 10 gph (0.65 

liters/min).  

 

Due to small variation in the gap width around the floating element sensor 

and in flush water supply pressure, back pressure, and flow rate, the set 

point for flush supply flow rate was chosen as 20 gph ( 1.3 liters/min) 

giving a safety factor of 2. Flush water flow rate curves were constructed 

based on a flush water supply pressure of 33 psi and using a calculated 

needle valve flow coefficient as shown in Figure 29. Sample calculations 

of the needle valve flow coefficient can be found in Appendix. According to 

the needle valve flow curves the needle valve optimal setting is at 2 turns 

assuming a back pressure between 5 and 10 psi with a flush water supply 

pressure of 33 psi.  

 

 

Figure 29. Needle valve flow curves for corresponding back pressure 

in psig 
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Test conditions were summarized in Table 2. 

 

Test # Description Flow rate 

USGPM 

Density 

Kg/m3 

d50 

mm 

Velocity 

m/s 

1 Water Flow 0 to 250 1014 N/A 0 to 7.3 

2 Repeatability 0 to 136  1014 N/A 0 to 4.0 

3 Slurry Flow 110 to 220 1350 0.27 3.2 to 6.4 

Table 2. Tests Summary  
 

The measured bulk flow rate can be easily converted to velocity by 

multiplying the flow rate with the internal area of the pipe. The internal 

area of the 50.8 mm pipe used is 0.002165 m2. 

4.4. Preliminary Testing Results  

 

4.4.1.  Observations and Summary of Results 

 

During test #1, the temperature of water flow remained relatively constant 

and increased slightly from 21.4 to 21.6 °C due to circulation of the flow 

within the pipe loop from discharge back to suction through a heat 

exchanger. The heat exchanger cooling water supply was closed since 

cooling of the flow was not necessary for this test. As a result of the 

constant water flow temperature, water density measured by the Coriolis 

flow meter also remained constant at around 1014 kg/m3 on average. 

 

The water flow rate in the piping system was indirectly controlled via the 

variable frequency drive that controls the pump speed. Since the flow rate 

was controlled via the pump impeller rotational speed, transient flow 

conditions occurred in the pipe loop as the pump speed was varied. At 

constant pump speed, the flow in the loop stabilizes quickly; and, as a 

result, steady-state conditions exist in the pipe loop after a relatively small 
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time (less than 5 seconds) of keeping the pump rpm constant. The flow 

rate of the water flowing through the pipe loop followed the same trend as 

the rpm. 

 

The water friction force was plotted for the duration of test #1 using the 

calibration matrix and the axial and friction output voltage as shown in 

Figure 30. As expected, the measured water friction force increases with 

increasing flow rate while the density and temperature of the fluid remain 

constant. During transient flow conditions the measured friction force 

responded quickly showing clearly the change in the force magnitude.  

 

As the flow rate was increased from 0 to 250 USGPM, the measured 

friction force magnitude increased from 0 N to a maximum of about 0.43 

N. The flow rate was then decreased to 0 USGPM, and the final zero point 

was plotted on the graph. As seen from the graph, the maximum variability 

in the friction force measurement at constant flow rate is 0.06 N. 

 

 

Figure 30. Plot of measured water friction force versus bulk velocity 
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Similarly, the axial force acting on the floating element wear sample was 

measured and plotted on Figure 31 for the duration of test #1 using the 

calibration matrix and the axial and friction output voltage. The axial force 

increased with increasing system flow rate as the pump speed was 

increased due to increasing magnitude of flow turbulence.  The measured 

axial force responded quickly to transient conditions during pump speed 

variation. The axial force acting on the floating element was compressive 

force and increased from 0 N up to 10N as the flow rate was increased 

from 0 to 250 USGPM. Water flow rate was decreased gradually to 0 

USGPM and the final zero point was also recorded and plotted on the 

graph. As seen from the graph in Figure 31, the maximum variability in the 

axial force measurement at constant flow rate is 1.5 N. 

 

Figure 31. Plot of measured water axial force versus bulk velocity 

 

The difference between the starting zero point and the final zero point is 

due to a small drift in both of the axial and friction bridge sensor output. 

The observed drift in the axial bridge was approximately 2.5 N while the 

drift in the friction bridge was about 0.05 N at the end of the test. The drift 
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in the data was reproducible and the bridge output was balanced after the 

test to remove the drift in the signal output.  

 

During test #3, sand was added to the sand hopper located upstream of 

the pump suction. The sand was mixed with water in the sand hopper, and 

sand particles were introduced into the piping system. By adding 150 kg of 

sand to the piping system, the density of the slurry sand mixture increased 

to 1350 kg/m3. No additional sand was added during the data acquisition 

period and the slurry density remained constant during the test duration.  

 

Unfortunately, as the mixture density was increased above 1130 kg/m3, 

the KROHNE Coriolis flow meter stopped measuring density and flow 

rates because it was not designed to handle high slurry densities with the 

current configuration. Instead of the Coriolis flow meter, slurry density was 

calculated based on the mass of sand added to the flow loop and the 

volume of water in the loop. Sample calculations of the density 

calculations are found in Appendix. The slurry flow rates were measured 

using an existing Venturi flow meter. The temperature of the slurry bulk 

flow increased slightly from 26.8 °C at the start of the test to 28.2 °C at the 

end.  
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Figure 32. Plot of measured slurry friction force versus bulk velocity 

 

Similar to test #1, the friction force was measured for the duration of test 

#3 as shown in Figure 32. It was found that the friction increases with 

increasing flow rate as expected. During transient flow conditions the 

measured friction force responded quickly showing clearly the change in 

the force magnitude. In order to avoid plugging of the slurry loop pipe 

during the testing period, the velocity of the pipe in the 3 inch section was 

always kept above the sand deposition velocity. The sand deposition 

velocity was estimated to be 1.5 m/s based on previous experience. As a 

result, it was decided to keep the slurry flow rate in the piping system 

above 110 USGPM at all times during operation. At this flow rate, the flow 

velocity in the 2” test section is 3.2 m/s, and bed flow conditions were not 

observed in this test.  

 

The measured friction force magnitude started at 1.6 N at 110 USGPM 

water flow and increased to a maximum of 2.25 N at 220 USGPM. The 

flow rate was then decreased back to 110 USGPM, and the final zero 

point was plotted on the graph. The maximum variability in the friction 
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force measurement at constant flow rate is 0.1 N. The difference between 

the starting zero point and the final zero point is due to a small drift in both 

of the axial and friction bridge sensor output. There was a substantial 

increase in the measured slurry friction force compared to water flow in 

the same range of flow rates. 

 

A problem encountered during this test was the fouling of the floating 

element assembly internal body with sand particles. Since the gap size is 

three times larger than the sand mean particle diameter some sand gets 

through the gap and settles to the bottom of the assembly over time during 

slurry testing. In order to ensure that fouling does not affect the axial and 

shear bridge output during slurry test, the pump was turned off to allow 

sand to settle to the bottom of the pipe and floating element assembly was 

removed from the pipe loop and cleaned before logging data. The amount 

of sand removed from the piping system during this process was 

considered minimal and as a result it does not affect the slurry density 

(less than 3 kg of sand). 

 

 

Figure 33. Plot of measured slurry axial force versus bulk velocity 
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Similarly, the axial force acting on the floating element wear sample due to 

slurry flow was measured and plotted on Figure 33. The compressive axial 

force increased with increasing system pressure as the pump speed was 

increased as expected similar to the water flow case. The increase in the 

axial force measured was more substantial compared to the water flow 

due to the increase in the mixing forces in the slurry flow and the number 

of impacts of sand particles with the pipe wall. The axial final zero point 

was also plotted on the same plot. The difference between the starting 

zero point and the final zero point is due to a small drift in both of the axial 

and friction bridge sensor output. The maximum variability in the slurry 

axial force measurement at constant flow rate is 5 N as shown in Figure 

33. The axial force measured responded quickly to transient conditions 

during pump speed variation since the pump can be considered as a 

pressure source in the piping system.  

 

Data points were connected to produce a plot of the pump discharge 

pressure versus bulk flow rate for water during test #1 as shown in Figure 

34. The pump discharge pressure was increased during slurry testing as 

compared to water flow testing. The reason is that slurry density is much 

higher than the water density and as a result the pressure drop across the 

piping system is higher as predicted by the two-layer model. As a result, a 

higher pump discharge pressure is produced at the same water flow rates 

provided the motor does not run out of available power.  

 



 

90 

 

 

Figure 34. Measured discharge pressure versus velocity 

 

4.4.2. Comparison with Theoretical Results 

 

Theoretical Kinematic stress due to water flow in the pipeline is given by 

Equation 57 below: 

25.0 Vf fwwkw  (57) 

where   

w is the density of water = 1014 kg/m3, 

fwf is the water fanning friction factor, and 

wV is the average water flow velocity. 

 

Knowing the water density, velocity and the corresponding fanning friction 

factor, the kinematic stress at the pipe wall was calculated. Sample 

calculations of the water kinematic stress are included in Appendix. The 

theoretical friction force was then computed by multiplying the theoretical 

stress calculated by the area of the floating element wear sample in 

contact with the flow. The theoretical friction force and the measured 

friction force were plotted on the same graph in Figure 35. 
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Figure 35. Theoretical and measured water friction force versus flow 
rate 

 

The difference between the theoretical and measured water friction force 

can be attributed to several factors. First of all, the flow rate and density 

measurements made by the Coriolis flow meter might have been slightly 

off. Additional velocity and density measurements should be made in 

order to calculate the error in the Coriolis flow meter measurements. 

Moreover, the presence of the gap between the floating element wear 

sample and the pipe might have contributed to some discrepancy in the 

measurement. The error due to the presence of the gap was not 

quantified. The viscosity of water in the theoretical calculations was 

approximated to be 0.001 Pa.s for water at 20 °C. 

 

Similarly, the theoretical kinematic stress due to slurry flow in the pipeline 

was calculated by using Equation 58 below [17]: 

 

22 5.05.0 VfVf fssfwwkw  (58) 
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where, 

w is the density of water = 1014 kg/m3 at the average testing temperature 

fwf is the water fanning friction factor 

s is the density of sand particles = 2650 kg/m3 

fsf is the friction factor computed using the two-layer model 

V is the slurry flow velocity in the bottom layer of the flow 

 

According to the two-layer model, the kinematic stress experienced by the 

flow is increased due to the presence of slurry solid particles in the 

mixture. The additional contribution to the kinematic stress can be 

computed by calculating a modified friction factor fsf  as shown in the 

Appendix. The mean diameter of sand particle size distribution used was 

0.27 mm. Sample calculations of the theoretical kinematic stress due to 

slurry flow are given in Appendix. The slurry flow theoretical friction force 

was then calculated by multiplying the surface area of the floating element 

wear sample in contact with the flow with the computed theoretical 

kinematic stress. A plot showing the slurry flow theoretical and measured 

friction force is shown in Figure 36.  

 

Figure 36. Theoretical and measured slurry friction force versus flow 

rate 
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The measured slurry friction force is high for the measured flow conditions 

compared to the friction force calculated from the kinematic stress based 

on the two-layer model. The presence of the gap between the floating 

element wear sample and the pipe has contributed to unaccounted 

discrepancy in the measurement. Fouling of the assembly and the flow of 

flush water through the gap have contributed to error in the measurements 

which was not quantified. These predicted sources of error are considered 

to be the main sources of error in the measurements made. 

 

Due to Coriolis flow meter malfunctioning at higher slurry densities, flow 

rate was measured using a backup Venturi flow meter. The flow rate 

measurement of the Venturi meter was known to be slightly in error, 

according to the operators. The Venturi flow rate measurement was 

corrected for slurry flow but the measurement accuracy is questionable. 

First of all, the slurry flow rate was measured using a Venturi flow meter 

which is calibrated to measure water flows. Second, this meter was known 

to be giving slightly erroneous measurements compared to the Coriolis 

output for the same water flow rate. The measured slurry friction force was 

10 times higher than the theoretical friction force. Since the area of the 

element is constant, the measured kinematic stress acting on the floating 

element is 10 times higher than the theoretical kinematic stress.  The 

required flow rate has to be 2.23 times the measured flow rate in the pipe 

loop to produce the same stress level experience by the floating element 

sensor. This is not possible since the error in the flow measurement can 

not possibly be this high. The decrease in water viscosity due to test 

temperature increase during testing is small and as a result its affect on 

the kinematic stress value is also considered negligible. It was assumed 

that the errors in the fsf  and fwf are negligible relative to the error in the 

flow rate measurement and thus can be safely neglected. Also, it was 

assumed that the error in the solids density and carrier fluid density is 
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negligible. Additional velocity and concentration profile measurements 

should be made during future testing in order to verify the floating element 

friction measurements.  

 

On the other hand, it is important to mention that the floating element 

sensor measures both axial and shear forces at the same time. As a 

result, cross channel interference occurs between the axial and shear 

bridges. Errors in the axial bridge measurement get transferred due to 

cross-channel interference to the shear bridge output. Consequently, the 

design of the floating element should be modified to conduct the axial and 

shear force measurements separately.  

 

Cross channel interference error can be attributed to the pressure drop 

across the floating element sensor which applies an axial load. The axial 

load applied causes errors in the axial and friction force measurement 

because the element was calibrated using a combination of axial and 

shear loads. The pressure drop across the floating element wear sample 

during slurry flow is estimated to be 600 Pa using the two layer model 

equation at 220 USGPM flow rate. This pressure drop causes an 

additional axial force equal to 1.8 N knowing that the surface area of the 

floating wear sample is 0.003 m2. By inspection of calibration Table 1, the 

voltage difference due to the pressure drop is 0.019 V in the axial bridge 

and 0.027 V in the friction bridge which causes a maximum relative error 

in the bridge output equal to 3% in the axial bridge output and 15% in 

friction bridge output.  

 

 Post test calibration of the floating element sensor was conducted to 

make certain that the element was not damaged during testing. Initial 

visual inspection of the assembly indicated there was no visible damage 

done on the element since all the components were in good condition. The 

post calibration shear force results agreed with the pretest shear 
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calibration results as shown in Table 3. No axial force post test calibration 

was performed since it was in good condition.  

 

 

Table 3. Floating element sensor shear bridge post test calibration results 

 

4.4.3.  Repeatability Results 

 

During test #2, the friction force measured was repeatable with a standard 

deviation in the measured data equal to 4% as shown in Figure 37. The 

axial force output was less repeatable compared to the friction force with a 

calculated standard deviation equal to 5% as shown in Figure 38.  

 

 

Figure 37. Friction force versus time during repeatability test #2 

 

The high stiffness of the floating element in the axial direction causes 

lower repeatability in the measured axial bridge output relative to the 
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friction bridge output repeatability. It is important to note that the axial 

bridge does not respond as quickly as the friction bridge which can lead to 

low repeatability especially when conducting such a test with changing 

pump rpm relatively fast.  

 

 

 

 

Figure 38. Axial force versus time during repeatability test #2 

 

4.4.4.  Signal Processing 

 

The floating element sensor deflects due to the action of the axial and 

friction forces acting on it. The strain measured at the bottom of the 

cantilever elements is converted to force magnitude using the force-

voltage relationship obtained after calibration of the element. Both the 

axial and friction forces acting subject the sensor to fluctuations due to 

small variations in the force magnitude and directions. As a result, the 

floating element sensor measurements are affected by these excitations. It 

is important to check whether the magnitude of excitations experienced is 

close to the natural frequencies of the moving components inside 

assembly. If the magnitude of the excitations close to the lowest natural 
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frequency of the element is high, then oscillations can distort the signal 

and negatively affect the measurements. Since the element stiffness is 

high in the axial direction, its axial natural frequency is well above the 

frequency of axial fluctuations. As a result, resonance in the axial direction 

is not a concern. The natural frequency of the system can be calculated as 

shown in Equation 59 assuming the wear sample holder assembly can be 

represented by an undamped spring-mass system in the axial direction.   

 

m

k
fn

2

1
   (59) 

where 

 nf is the natural frequency of the system (Hz), 

 k is the stiffness (N/m), and 

 m is the mass (kg). 

 

On the other hand, the natural frequency of the element in the shear 

direction is potentially a concern because of the system flexibility in that 

direction and the large mass of the floating element itself. Consequently, 

the natural frequency of the moving components inside the assembly in 

the shear direction has to be determined in order to check for resonance.  

If the power of the signal at the natural frequency is relatively low, one can 

safely state that the output data is clean and not distorted. Alternatively, if 

the power of the signal is dominant at the natural frequency, then the 

design of the floating element sensor has to be modified in order to shift 

the natural frequency of the element outside of the measured range.   

 

The natural frequency of the moving components of the floating element 

assembly was found by using a shaker table setup located in the 

Mechanical Engineering Building. The shaker table setup, as shown in 

Figure 39, consists of an articulating drum which vibrates a shaker table 

placed on a lubricated surface. The drum was rotated horizontally since 
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the natural frequency in the friction direction is of interest. The frequency 

of vibrations was varied until the first natural frequency of the element was 

found to be 38 Hz. Amplitude was controlled to avoid damaging the 

element. The power spectral density of the signal was utilized to find the 

magnitude of the fluctuation at the resonance frequency in the shear 

direction. 

 

 

 

Figure 39. A photo of the frequency test setup 

 

Both axial and shear bridge output signal were acquired at a data 

acquisition rate of 500 samples per second. A power spectral density 

(PSD) analysis of the friction bridge signal was developed in Matlab using 

Welch averaged spectral estimation method with several windowing 

functions such as Hanning, Blackman and Chebychev. The input signal 

was divided into segment sizes of 64 samples for all three window 

functions. A small sample size produces more averages resulting in 

smaller variances in the power spectral density plot.  A default value of 

50% overlap between segments in all three cases was also used. Figure 

Shaker Table 

Wear Sample Holder 

Assembly 

Vibrating Drum 
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40 shows that each approach produced a slightly different plot for the 

signal at 190 USGPM. All plots appeared identical up to frequency of 20 

Hz. After 20 Hz, the PSD plot using Chebychev window showed the power 

spectrum without exhibiting apparent spectral leakage, and as a result it 

was chosen as the window of choice. Similar results were achieved for 

slurry and water flows at different flow rates. 

 

 

Figure 40. Friction bridge power spectral density for slurry flow at 

190 USGPM at t = 40 to 46 sec 

 

As shown in Figure 41, the peak of the power spectral density plot occurs 

at 5 Hz for the axial signal during water and slurry testing at 207 and 190 

USGPM respectively. The power spectral density plot drops sharply after 

10 Hz and reaches a minimum at 30 Hz as the plot flattens out. As a 

result, the signal dominant measurement fluctuations occur at around 5 

Hz, which is well below the first natural frequency of the floating element in 

the axial directions as expected. Small amplitude fluctuations in the signal 
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occurring above 30 Hz are likely due to mechanical force fluctuations from 

turbulence or low angle impact of particles, or may be an artifact of the 

low-pass filtering. 

 

 

Figure 41. Sample axial bridge power spectral density plot for both 

slurry and water flows at 190 USGPM and 207 USGPM respectively 

 

 

Similarly, the peak of the power spectral density plot occurs at 5 Hz for the 

friction signal during water and slurry testing as shown in Figure 42. The 

power spectral density plot drops sharply after 10 Hz and reaches a 

minimum at 30 Hz as the plot flattens out. Another small peak occurs at 

around 39 Hz due to the natural frequency of the floating element sensor. 

As a result, the amplitude of these fluctuations is amplified due to 

resonance resulting in another peak in the power spectral density. 

Fortunately, the magnitude of the latter peak due to resonance is very 

small compared to the dominant peak of fluctuation in the signal occurring 

at 5 Hz.  
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Consequently, it is safe to state that the signal measurements made in the 

friction direction are not distorted due to the natural frequency of the 

element. As a result, the signal dominant measurement fluctuations occur 

at around 5 Hz which is far away from the natural frequency of the floating 

element in the friction direction. Small amplitude fluctuations in the signal 

occurring above 30 Hz are likely due to mechanical force fluctuations from 

turbulence or low angle impact of particles. 

 

 

Figure 42. Sample friction bridge power spectral density plot for both 

slurry and water flows at 190 USGPM and 207 USGPM respectively 

 

 

4.5. Future Design Modifications 

 

The 50.8 mm slurry wear test loop at the University of Alberta is currently 

being commissioned. The loop has been designed with a removable 

horizontal section to accommodate the floating element assembly and the 

clear sections. Once this loop is successfully commissioned, the floating 

element assembly can be installed incorporating some design 
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modifications to improve performance. Additional slurry testing can be 

performed just above sand deposition velocity and at higher slurry mixture 

concentrations (up to 35% by volume) with on-line wear measurements. 

 

There are many ways to utilize the floating element sensor in future slurry 

wear testing. The construction material of the floating wear sample can be 

easily changed by making additional wear samples to replace the current 

SA-106 Gr. B wear sample.  Soft materials such as polymers, harder 

materials such as titanium, and more advanced composite materials can 

replace the current construction of the floating element wear sample. The 

measured friction and axial force will be affected by the nature of the wear 

sample material, because each material has a unique friction factor. 

Moreover, the stress contribution due to random impact of particles 

against the floating wear sample will change depending on value of the 

coefficient of restitution between the impacting sand particles and the 

wear sample material. The contribution of random impact stress will be 

magnified or reduced relative to the base reference material depending on 

the wear sample material. The difference in the impact energy transferred 

to the floating wear sample can be used to identify the contribution of 

random impact of particles in the overall stress measurement.  As a result, 

erosion wear due to random particle impact can be quantified and isolated 

from the other wear mechanisms.  

 

The construction of the floating element assembly with flanges on both 

ends allows for rotation of the assembly to measure axial and friction 

forces at various locations around the pipe circumference. The measured 

axial and friction forces will change according to the circumferential 

location of the floating element sensor for the same slurry and flow 

conditions. This is due to the concentration and velocity profile across the 

pipe cross section unless the slurry is homogeneous. As a result, the 
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floating element sensor can be used to determine the contribution of each 

of the slurry erosion wear mechanisms around the pipe circumference. 

One of the challenges with the floating element design is to prevent or 

minimize the amount of sand that gets inside the main assembly. A good 

operational practice before and after each test is to drain sand trapped 

inside the floating element assembly by opening the drain valve while the 

slurry pump is off. Changing the drain size from 3/8” NPT to 1/2” NPT is 

recommended since sand particles can plug the drain valve. The drain 

connections downstream of the floating element assembly should also 

match the size of the drain outlet in order to prevent plugging with sand. It 

is also important to increase the size of the flush water inlet connections 

from 1/4” to 3/8” in order to allow for higher flush flow rates.  

 

An area of improvement is to use an epoxy material to cover the strain 

gauges. The epoxy protective layer is more resistant to high temperatures 

than the wax currently used to protect the strain gauges. Wax starts to 

melt at flush water temperatures above 46 °C, limiting the flush water 

supply options. Additionally, wax can get distorted due to sand 

impingement. On the other hand, one of the disadvantages of using epoxy 

to the change in sensitivity of the strain measurement due to the added 

stiffness caused by using epoxy protective layer on the cantilever 

supports. Other options for a permanent but flexible protective covering 

should be considered. 

 

4.6. Considerations for Monitoring Wear 

 

Additional flow and particle monitoring equipment can be employed to 

isolate the contribution of the wear mechanisms from each other. 

Additional equipment for estimating the velocity of particles before and 

after impacts, and the rate at which impacts occur may include a high-
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speed camera at the clear section of the slurry loop. By using this 

technology to estimate change in velocity of particles after impacts, the 

momentum transfer to the pipe inner wall can be estimated, as well as the 

magnitude of energy transferred by random impact of particles. Other flow 

visualization techniques, such as introducing a boroscope into the flow, 

may give additional insight into the bulk slurry flow and particle flows near 

the wall. Moreover, acoustic emissions in the vicinity of the pipe wall can 

be recorded using a high-frequency microphone to capture the intensity of 

energy transferred to the pipe wall due to random impact of sand particles. 

Acoustic emission average power and event counts may correlate well 

with impact damage rate, and so this should be tested. 

 

Online pipe thickness measurements can be conducted using an 

ultrasonic thickness measurement probe, which is current industrial 

practice. The duration of each test will vary depending on the floating wear 

sample material chosen and the sand particles erosive characteristics 

such as sharpness and hardness. The chosen ultrasonic thickness probe 

must have high accuracy and it must also be calibrated using a precisely 

machined pipe before actual pipe wear measurements to give absolute 

measurements as opposed to relative trends. 

 

4.7. Considerations for Scale-up to Larger Piping Systems 

 

The amount of erosion thickness removed from the pipe is proportional to 

the energy transferred to the wall multiplied by the wear coefficient for 

each erosion wear mechanism [21]. The same approach used to predict 

erosion wear in a laboratory scale pipe loop can be applied to industrial 

scale pipeline. An industrial scale floating element assembly can be 

designed to be installed on larger diameter pipe; however, maintenance 

and operation of industrial scale floating element assembly is likely to be 
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expensive and impractical for long-term service. First of all, sand trapped 

in the assembly needs to be flushed and drained continuously before and 

after each measurement to ensure proper operation.  Moreover, the 

durability of the strain gauge inside water and sand mixture is untested 

which may cause additional downtime.  

 

For industrial scale implementation of the concepts presented in this work, 

a different and more practical approach must be taken to achieve better 

results. For example, strain gauges installed on the outside of the pipe 

wall can be used instead of the floating element assembly. Speckle 

interferometry technology for measuring pipe strain utilizing a reflected 

laser beam projected on the pipe wall should also be investigated. This 

will allow for measurement of stresses experienced by the pipe wall 

without interruptions to the operation of the pipeline. In order to measure 

deformation on the pipe wall, the strain gauges must also be arranged 

such that the axial hoop and friction shear strain can be measured 

separately. It is important to measure each axial and shear strain 

separately in order to prevent cross-channel interference if possible. 

Multiple strain gauge bridges can be utilized in order to reduce noise in the 

signal due to pipe vibration and to resolve the principle stresses at 

different locations to help to differentiate between loading due to impact 

stresses and abrasion versus normal process head loss. Additional 

measurements are needed to complete this work including differential 

pressure across the target pipe section, circumferential thickness profile of 

the pipe, and bulk flow rate. Temperature measurements should also be 

taken unless a temperature compensated method is utilized.  

 

Once the stresses in large magnitude pipe are determined, similar 

relationships can be established for industrial scale applications and 

calibration of the strain gauges is needed. Moreover, strain gauges can be 
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installed on elbows and high wear locations within the pipeline in order to 

compare results obtained with results obtained from straight pipe sections. 

 

Industrial scale implementation of the floating element assembly is 

impractical due to operational and maintenance issues. Different strain 

gauge configurations must be investigated and utilized instead of the 

floating element sensor on larger diameter pipes. Estimation of erosion 

wear coefficients for industrial scale pipe is required. The erosion wear 

model needs to be updated to account for digestion of oversized particles 

and bitumen conditioning flow processes which occurs in oilsands 

hydrotransport pipelines. As a result, tweaking of wear coefficients may be 

required. Operating pipe data also needs to be recorded. Monitoring of 

acoustic emissions in the vicinity of the pipeline should also be performed 

to track wear on-line. Acoustic emissions spectrum analysis can be used 

to determine damage signature frequencies from which pipe 

circumferential wear rates can be determined. Acoustic emissions will 

have to be recorded from multiple locations have to be done along the 

pipeline for data comparison. Separate monitoring for elbows, valves and 

pump discharge pipe spools is required since the flow conditions are 

altered during flow through these components. Recording of acoustic 

emissions needs to be performed periodically by operators along with 

other periodic preventative maintenance tasks. This will eliminate the need 

for a permanent acoustic emissions setup with dedicated instrumentation 

to transmit data wirelessly, a remote powering station, and a modification 

of the setup when the monitored pipe section needs to be replaced. 
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5 Conclusions and Recommendations for Future Work   

 

5.1. Conclusions  

 

A parametric model of erosion wear in a horizontal section of pipe under 

steady-state conditions for sand slurry flow has been presented. The 

model is established on a parametric lumped parameter representation of 

the physics of oilsands slurry flow in a straight section of pipe, based on 

the improved two-layer model. This erosion wear model can be 

augmented in future to embody erosion wear in oilsands straight 

horizontal section of pipe under steady-state conditions by including the 

contribution of bitumen and particle digestion to the total erosion wear. 

This model can also be further developed to include the effect of corrosion 

and corrosion-erosion wear mechanisms on the pipe wall.  

 

In the lumped parameter erosion wear model presented, wear coefficients 

due to kinematic friction and random particle impact caused by slurry 

mixing in top and bottom flow layers can be lumped together to form one 

wear component in each top and bottom layer.  

 

A floating element assembly was designed and tested to measure forces 

experienced by the pipe wall during slurry testing inside a straight pipe 

section. Two clear sections were also constructed out of PVC and they 

were installed upstream and downstream of the floating element assembly 

to observe the flow during testing. The floating element was calibrated and 

hydrostatically tested before commissioning and conducting tests with 

water and slurry flows. The results of the measured forces did not fully 

agree with theoretical results. The main sources of error were to fouling of 

the assembly, flush water flow, the presence of the gap. 
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The natural frequency of the floating element moving components was 

determined to be 38 Hz from a shaker table test, but it was determined 

that the main fluctuation of the floating element moving components 

occurs due to bulk flow at around 5 Hz, far away from the measured 

natural frequency. 

 

The two main contributions in this thesis work are a formulation for a 

parametric model of slurry flow and modifying it for erosion wear for sand 

slurry in a straight section of pipe, and a prototype floating-element sensor 

for measuring forces on the wall of a slurry pipe.  The wear model started 

from the physics of oilsands flow and developed a lumped parameter. The 

wear model can be applied for fully suspended heterogeneous slurry flow 

and heterogeneous slurry flow with a moving bed in a straight section of 

pipe. The parameters of the model have yet to be estimated, and so 

validation of a model remains future work. Measuring forces experienced 

by inner pipe wall during slurry flow is an important step towards 

determining the parameters of the model. Measuring wall forces also 

helps in better understanding the nature of the forces acting on the pipe. 

As a result, this work included design and development of a floating 

element assembly to measure the forces experienced by pipe wall, 

calibration of the sensor and testing of the unit in a slurry pipe flow loop, 

and analysis of the results from the floating element assembly bridge 

output, including the signal processing and the natural frequency 

determination test.  

 

5.2. Recommendations for Future Work  

 

In the oilsands flow model presented, bitumen conditioning occurs in the 

bottom layer and liberated bitumen from the oilsands matrix moves to the 



 

109 

 

top layer. Similarly, digested sand particles also transferred to the top 

layer. Since the system is in equilibrium, a mass balance must exist 

between the top layer and the bottom layer. In order for a mass balance to 

exist between the top layer and the bottom layer, counter flow (sand and 

water) from the top layer to the bottom layer may occur. Another possibility 

is that the size or concentration of the top layer increases due to the 

addition of bitumen and sand particles. This hypothesis must be tested in 

future work to improve the proposed oilsands flow model. The flow model 

should be extended to include flow representation of each species to 

replace current generic flow components.  

 

Another recommended improvement to the oilsands flow model is the 

addition of separation flow component to represent a separation process 

downstream of flow component R2 due to bitumen conditioning and larger 

particles digestion. A mixing element should also be included to represent 

flow mixing downstream of flow component R5 and R7 between top layer 

mixing and liberated bitumen and digested particles from the bottom layer.  

 

In the lumped parameter model, it should be investigated whether energy 

contributing to inner wall damage also create heat and cause an increase 

to the pipe wall temperature during this process. This hypothesis should 

also be investigated in future work and the lumped parameter erosion 

model revised if necessary. 

 

Local velocity of the top layer can be obtained using an electrical resistivity 

probe as used by Gillies et al. [19]. Other advanced methods for 

measuring the velocity in the top layer of the pipe flow close to the wall 

should be explored and evaluated such as CiDRA SLURRYtrac to 

construct the velocity profile of slurry flow using sonar technology. 

Similarly, velocity of the bottom layer can be obtained.  
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In order to be able to predict wear due to Coulombic stress, the stress at 

the bottom of the pipe due to sliding of particles suspended by pipe wall 

has to be measured or estimated. The Coulombic stress is constant at the 

bottom of the pipe since the average concentration of particles suspended 

by pipe wall is assumed to be constant. This assumption has to be tested 

and validated. If valid, the equations obtained from Saskatchewan 

Research Council two-layer model can be used to estimate the Coulombic 

stress at the bottom of the pipe. 

 

Future work should also investigate wear in the transition region between 

the top and the bottom layer. It can be assumed to be caused by the 

dominant wear mechanisms in both bottom and top layers of the slurry 

flow. For example, if slurry friction and mixing flow processes in top layer 

contribute more to overall wear rate than bottom layer friction and mixing, 

then top layer friction and mixing contribution is added to bottom layer bed 

sliding abrasion at the location of the transition region. 

 

The floating element design should be modified to mitigate plugging with 

particulate material, and operating practice should include checks for 

fouling and a method to clear fouled material. The geometry of the wear 

sample can be modified to reduce the amount of sand that gets through 

the gap. Having tapered ends on the sides of the floating wear sample 

perpendicular to the slurry flow direction can reduce the rate of sand that 

gets through. Figure 43 shows an illustration of how the shape of the wear 

sample can be modified. Additionally, the affect of reducing the gap width 

on the measured data should be investigated. One of the concerns 

regarding changing the gap width is the possibility of sand getting stuck in 

the gap and preventing the floating element from moving. One advantage 

of decreasing the gap width is increasing the flush velocity at the gap. 

Another disadvantage of reducing the gap width is the reduced range of 

measurements in the shear direction.   
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Figure 43. Recommended floating wear sample geometry 

 

Currently, both of the axial and shear force measurements are performed 

simultaneously with the present design. The design was optimized to 

measure shear force while the axial force measurement was added later. 

One of the disadvantages of the current configurations is the cross 

channel interference between the axial and shear strain gauge bridges. In 

order to prevent cross-channel interference and optimize the axial force 

measurement, it is recommended that the floating element assembly be 

redesigned to measure the axial and shear forces separately. An 

additional floating element should be constructed to measure the axial 

forces acting on the element due to slurry flow turbulence and impacts of 

particles. The axial floating element can be designed with springs in the 

axial direction to increase its flexibility in that direction. The current 

assembly is only flexible in the friction direction and very stiff in the axial 

direction, which introduces some errors in the data collected due to 

reduced axial sensitivity.  

 

Other methods to improve the design of the floating element include 

adding a Teflon insert around the gap of the element. The presence of the 

Teflon insert will eliminate the need for flush water but it will affect the 
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sensitivity of the measurement. Also, decreasing the length of the floating 

element sample will reduce the pressure drop across the element and 

thus increase the measurement accuracy, at the expense of measurement 

sensitivity. An optimal element length can be found where the pressure 

drop across the element is minimized while sensitivity is acceptable. 

 

Pressure drop across the floating element is one of the sources 

contributing to error in the measurement [30]. In order to reduce the 

pressure drop across the floating element wear sample, its length can be 

reduced. Reducing the wear sample length reduces the bridge output 

sensitivity due to the reduced magnitude of forces acting.  

 

It is also recommended that a band-stop digital filter be designed to 

reduce the amplitude of frequencies close to the first natural frequency (37 

to 40 Hz).  

 

A lumped-parameter corrosion wear model has to be developed to 

account for corrosion wear mechanisms affecting slurry pipelines. Similar 

to the proposed erosion wear model, the corrosion wear model has to be 

tested and validated. It should be noted that it is extremely difficult to 

isolate the contribution of corrosion since erosion-corrosion occurs 

simultaneously with corrosion during heterogeneous slurry flow. Similarly, 

a lumped parameter erosion-corrosion wear model needs to be developed 

for characterizing the erosion-corrosion wear mechanisms affecting slurry 

pipelines. The combined erosion-corrosion wear model may be somehow 

a combination of the erosion and corrosion lumped parameter wear 

models. The validity of the combined erosion-corrosion wear model has to 

be tested. Once validated, a complete lumped parameter wear model for 

slurry pipelines can be developed by combining all three individual wear 

models and tested in laboratory scale pipe loops. 
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Some considerations have been presented for measuring forces on large 

pipe walls, where a floating element is impractical. 

 

 

A number of studies remain to be done to validate a parametric wear 

model for fully suspended heterogeneous slurry flow and slurry flow with 

moving bed in pipe, starting with studies at a reduced scale and then scale 

to larger systems. If an accurate wear model is developed, it would have a 

positive impact on estimating slurry pipeline run time length and reliability.  
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APPENDIX 
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Kinematic Stress Sample Calculations 
 

The kinematic stress is 

22 5.05.0 VfVf ssffK  

 

where 

 

ff  is the carrier fluid fanning friction factor,  

sf  is the solid particle friction factor (introduced by SRC), 

f is the carrier fluid density in kg/m3 = 1014 kg/m3, 

s  is the solid particle density in kg/m3 = 2650 kg/m3, and 

V is the flow velocity approximately equal to bulk velocity in fully 

suspended heterogeneous flow. 

 

2

9.010 }
Re

74.5

7.3
{log

0625.0

D

K

ff  

where 

 

K is the roughness of the pipe wall  = 0.05 * 10-3 m, 

D is the pipe internal diameter = 0.0525 m, 

Re is the pipeline Reynolds number = 
f

fDV
, and 

 f is the carrier fluid viscosity = 10-3 Pa.s for water at 20 °C. 

  

The solid particle friction factor is  

)]1.0exp(15.0[00033.0 25.1 df s  

 

where 
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 = d/L = [(Cmax/C)1/3-1]-1, 

Cmax is the solid concentration in a settled bed which is around 0.58 

to 0.63 typically used for sand, 

C is the volume concentration of sand in the flow = 0.214, and 

d is the dimensionless particle diameter given as: 

 
f

f
f

f
Vd

d
2  

where 

 

d  is the particle diameter = 0.27 * 10-3 m 
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V∞ for 300 micron mean sand diameter  
 

d50 = 0.3x10-3 m 

 (Efunda.com for water at 40 °C  close to flush water 

temperature) 

 

 

Flush water temperature around 40 °C 

 [33] 

2

3

3

)(4

l

lsl gdp
Ar  

 1362Ar     

 

From ChE 614 course notes,  

a1 = 80.9 

b1 = -0.475 

 

Using Ar#, the drag coefficient for sand of this diameter can be found 

based on the following equation: 

 

Cd = 2.62 

 

 

= 0.05 m/s 

 

Area of the gap around the element = 1905 * 10-7 m2 
 

Required flow rate = V∞ * Area of gap 
= 95*10-7 m3/sec = 10 gph 
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Since the gap around the element is non uniform and plus the water 

supply pressure and backpressure are not constant during test duration. It 

is important to apply a safety factor of 2. 

 

Therefore, flush water supply flow rate should be around 20 gph. 
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 Water friction force in 2” pipe sample calculations 
 

 

VD
Re  

 

Where, 

  

 Re = Reynolds number 

 ρ = density 

μ = dynamic viscosity 

D = pipe diameter 

V = flow velocity 

 

Relative roughness = k/D 
 

Where, 

 

 k = pipe wall roughness 

 D = pipe diameter 

 

 

2
4

2V

D

L
fPf  

 

Where, 

 

 f = water friction factor taken from friction chart  

 L = pipe length 

 Pf = pressure loss of turbulent flow in a straight section of pipe due 

to friction  
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For flow in a 2” pipe at 3 m/s we have Re = 2.5 * 105  
 

k = 0.045 mm 

ρ = 992 kg/m3 

D = 0.055 m 

μ = 0.653 * 10-3 Pa.sec 

 

f found from chart is approximately 0.0048 

 

As a result, Pf = 1558.3 Pa per 1 meter of pipe or 158.3 Pa for the length 

of the wear sample (0.102 m) 

 

Friction force applied on the floating element due to friction is equal to the 

surface area of the floating wear sample = (Perimeter * Length) of the floating 

wear sample* Pf 

 

            = (ΠD*L)*158.3Pa 

             

            = (3.14*0.055m*4*25.4*10-3*1/6) 

     

            = 0.5 N 
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Pipe Loop Density Calculations 

 

Pipe dia 
[in] Dia [m] 

Length 
[m] 

Volume 
[l]    

2.067 0.0525018 2 4.33    

3.068 0.0779272 49.5 236.09    

4.026 0.1022604 3 24.64    

Total     265.06    

       
15.5kg average per pail of sand  
10 pails of sand were added to the 
loop     

kg sand 
litres 
sand litres water SG total vol 

vol% 
sand 

mass% 
sand 

0 0.0 265.1 1.00 265.06 0.0% 0.0% 

10 3.8 261.3 1.02 265.06 1.4% 3.7% 

20 7.5 257.5 1.05 265.06 2.8% 7.2% 

30 11.3 253.7 1.07 265.06 4.3% 10.6% 

40 15.1 250.0 1.09 265.06 5.7% 13.8% 

50 18.9 246.2 1.12 265.06 7.1% 16.9% 

60 22.6 242.4 1.14 265.06 8.5% 19.8% 

70 26.4 238.6 1.16 265.06 10.0% 22.7% 

80 30.2 234.9 1.19 265.06 11.4% 25.4% 

85 32.1 233.0 1.20 265.06 12.1% 26.7% 

90 34.0 231.1 1.21 265.06 12.8% 28.0% 

100 37.7 227.3 1.23 265.06 14.2% 30.6% 

110 41.5 223.5 1.26 265.06 15.7% 33.0% 

120 45.3 219.8 1.28 265.06 17.1% 35.3% 

130 49.1 216.0 1.31 265.06 18.5% 37.6% 

140 52.8 212.2 1.33 265.06 19.9% 39.7% 

150 56.6 208.5 1.35 
265.0

6 
21.4
% 41.8% 

160 60.4 204.7 1.38 265.06 22.8% 43.9% 

170 64.2 200.9 1.40 265.06 24.2% 45.8% 

180 67.9 197.1 1.42 265.06 25.6% 47.7% 

190 71.7 193.4 1.45 265.06 27.1% 49.6% 

200 75.5 189.6 1.47 265.06 28.5% 51.3% 
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Calculation of K factor for needle valve at various valve 

positions 

 

2

sup )(

Flow

PP
k

reBackpressuply  

 

 

Valve 
turns 

Supply 
Pressure 

[psig] 

Back 
Pressure 

[psig] 
Flow 
[lpm] 

k 
factor 

0.25 33 0 0.61 89.3 

0.5 33 0 1.08 28.2 

0.75 33 0 1.25 21.2 

1 33 0 1.41 16.6 

2 33 0 1.64 12.3 
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U.S. Silica Sand Product Data-Sheet and Particle Size 

Distribution 
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 Particle Size Distribution 
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Pressure retaining components minimum required 
thickness 
 

The longitudinal stress on a shell component was calculated using the 

following equations [34]: 

 

PSE

PR
t i

4.02
 

 

 

where 

P  is the design pressure, 

iR  is the inside radius of the shell component, 

S is the allowable stress level below yield point, and 

 E is the joint efficiency. 

 

For the outer shell, iR = 88.9 mm  

 S = 15, 000 psi assumed 

  E  = 1 assumed for full penetration weld 

  P  = 207 psi 

 

t = 0.611 mm required due to longitudinal stress 

 

 The circumferential stress on a shell component was calculated using the 

following equations [34]: 

 

PSE

PR
t i

6.0
 

 

where 

P  is the design pressure, 
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iR  is the inside radius of the shell component, 

S  is the allowable stress level below yield point, and 

E  is the joint efficiency. 

 

For the outer shell, iR  = 88.9 mm  

 S  = 15, 000 psi assumed 

 E  = 1 assumed for full penetration weld 

 P  = 207 psi 

 

t = 0.615 mm required due to circumferential stress 

 

The shell thickness chosen for outer shell component is 6.35 mm which 

gives us a safety factor of 5 with 3.175 mm corrosion allowance. 
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O-ring Seal Specifications 
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