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Abstract: Erosion-corrosion is an ineluctable flow assurance problem confronted in hydrocarbon
transportation and production systems. In this work, the effect of sand fines velocity on the erosion-
corrosion behavior of AISI 1018 carbon steel long radius 90° elbows was experimentally and
numerically investigated for liquid-solid flow conditions. Experiments were effectuated for sand
fines of mean diameter 50 um circulated in a flow loop with three different velocities (0.5, 1 and 2
m/s). To elucidate the erosion-corrosion mechanism and degradation rate, the material loss analysis,
multilayer paint modeling (MPM) and microscopic imaging technique were employed, with
computational fluid dynamics (CFD) and discrete phase modeling (DPM) also capacitating to
evaluate the erosion distribution. It was perceived that increasing slurry velocity significantly
changes the particle-wall impaction mechanism, leading to an increase in material degradation in
the elbow bottom section up to 2 times in comparison to the low transport velocity. The erosion
scars and pits development at the elbows internal surface was found to govern the wear mechanism
in the carbon steel and made downstream section susceptible to erosion and corrosion. The material
removal mechanisms were ascertained to change from cutting to pitting and plastic deformation
with an increase of sand fines transportation velocity from 0.5 m/s to 2 m/s.

Keywords: sand fines erosion; elbow; CFD-DPM,; erosion-corrosion

1. Introduction

In the hydrocarbon industry, sand fines are continually churned out together with production
fluids. An approach to deal with sand elimination, sand screens or gravel packs is deployed at the
entrance of main production lines to control and minimize the production of sands. For example, the
standard sand screen in hydrocarbon and mineral processing industries cannot restrain fines particles
(less than 62.5 um) from being entrained with the fluid phase [1]. These sand fines can progress
through sand screens and will aggregate in severe erosion induced damages to pipe systems. Erosion
may cause significant damage to piping systems in the hydrocarbon production industry and bring
about equipment malfunction and necessary replacement of the production equipment. In order to
alleviate the erosion of pipelines, the massive cost is directed annually. If erosion induced damage is
not detected, it might lead to malfunction of equipment, flow changing devices and affects the
operating safety of the whole process [2].
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Erosion-corrosion is the cumulative degradation due to corrosion and erosion and is caused by
one or more than two-phase flow under high transportation velocities in pipelines. Corrosion is the
process of chemical or electrochemical degradation of the metal. However, erosive wear is completely
mechanical. The cumulative effect of erosion and corrosion that in sync in fluid media is perceived
as erosion-corrosion [3,4]. Erosion-corrosion can be circumvented by assuring that working
conditions do not concede either erosion or corrosion. Based on statistical results from 2010 to 2015
for oil pipeline failure causes of the US, Europe, the UK and PetroChina which includes 432 oil
pipeline failures, the top cause for oil pipeline failures is erosion/or corrosion [5].

In hydrocarbon production, when erodent has to be transported elbow pipe configurations are
inclined to erosive wear because of the high transport velocity rate required to keep the particle
motion [6,7]. In this sense, flow changing devices such as elbows are more likely to wear during the
abrasive particle conveying and considered an incapacitate part of multiphase transportation
pipelines [8]. The piping components are commonly manufactured with carbon steel due to its cost-
effectiveness and good thermal properties even with less corrosion resistance [9,10].

Zhang et al. [11] evaluated the effects of erosion in austenitic stainless steel tubing for different
impact angles under slurry flow. By visualizing the surface morphology, they concluded that erosive
wear mechanisms depends on impact angles and varied significantly with change of impact angles,
the craters were shallow and longer at low impact angles and deep wide and more circular at high
impact angles. Lin et al. [12] decoupled the relation between the erosion of stainless steel and erodent
sizes using a direct impingement test. Erosion test reveals that erosion ratio rises with the increase of
erodent size but 75 um sand erodent disintegrates more material. It is also observed that even the 75
pum sand erodent is smaller and generate decisive erosion on the material surface because of 75 um
sand sharpness is higher than sand erodent with a bigger size. Kumar et al [1] studied sand fines
erosion behavior in carbon steel elbows for air-sand flow conditions both experimentally and
numerically and found maximum erosion location at the exit of the elbow.

Alam [13] investigated the solid particle erosion of five types of steel using a direct impact test.
It was reported that the erosive wear of the specimen increases with erodent concentration. Higher
erodent concentration turns out in severe particles-wall impactions and disintegrates more material
from the target surface. Liu et al. [14] performed erosion-corrosion testing using a carbon steel 90°
elbow to assess the effect flow velocity in the corrosive medium for single phase flow conditions.
Zeng et al. [15] designed a 90-degree elbow to study erosion-corrosion of carbon steel; however, it
was noticed that the technique adopted to mount carbon steel specimen into the test elbow geometry
could cause flow disturbances and influence hydrodynamics.

In CFD approach numerical models have been implemented to predict the penetration rate in
different geometrical configurations and compared with experimental measurements to validate the
results. Chen et al. [16] adopted discrete element model (DEM) and CFD techniques to quantify the
erosion rate of different elbow configuration with 150 um sand particles and found the location
maximum erosion induced damage closest to exit for all elbows configurations. Mansouri et al. [17]
study the importance of turbulence models and found that some models had over predicted erosion
density for particle size less than 250 um, gave sufficient accuracy for particle size greater than 250
pum diameter. Although CFD was a widely adopted method for predicting elbow erosion, one of the
inhibitions of this approach is that CFD does not account for corrosion damage.

Mechanistic understanding of the erosion-corrosion mechanism due to sand fines is significantly
limited at this point, ascribed to the credence that particle less than 62.5 pm, called fines, cause no
significant erosion. A thorough search of the relevant literature yielded limited research on the
influence of sand fines transport speed on the erosion-corrosion mechanism of the 90-degree carbon
steel long radius elbow configurations. Another inhibition found in the available erosion-corrosion
literature on the elbow configurations is that there is no corroboration for the fount of erosion-
corrosion due to the low transportation velocities.

It has been confirmed from a review of the literature that the available studies focusing on the
influence of sand fines on the erosion-corrosion of 90-degree carbon steel elbow are very limited.
Furthermore, though it was reported in the direct impact test measurements that smaller particles
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significantly erode metals as well as it also have a profound effect on the mechanistic behavior of the
target material. The available studies of elbow configurations confine to a particle size greater than
150 pum to simulate the liquid-solid erosion process that does not stipulate the influence of sand fines
on erosion-corrosion rate and extent of erosion-corrosion. Therefore, the present study is intended to
bridge the above gapes found in the literature by presenting a comprehensive study on erosion-
corrosion of 90° elbows configuration of 1018 CS due to sand fines in liquid-solid flow conditions.

The study of the 90-degree elbow in erosion-corrosion research is significant since it is the
common configuration that is the most influential on erosion failure under industrial operating
conditions [18,19]. The flow field developed along the curvature of the elbow escalates particles in
the direction of the wall leads to deviation in particle trajectories before impact and due to fluid flow
and particles impact the target area with different impact angles enhance the erosion in the larger
angle elbow [20]. In the present research, the influence of sand fines velocity on carbon steel 90-degree
long radius elbow erosion-corrosion mechanism in liquid-solid flow conditions for 0.5, 1 and 2 m/s
flow velocities were studied using material loss analysis, microscopic imaging and multilayer paint
modeling approach. Moreover, the computational fluid dynamics (CFD) with discrete phase
modeling (DPM) such as erosion rate distribution and particle tracking inside elbow computational
domain were systematically studied to understand the erosion-corrosion phenomena.

2. Experimental Methods and Materials

The specimens selected in the erosion-corrosion evaluation were AISI 1018 CS elbows with a
50.8 mm internal diameter, bend angle 90-degree and a pipe thickness of 3.5 mm. All as received
elbows were axially cut into the two-section bottom half (BH) and the upper half (UH) as illustrated
in Figure 1. Erosion-corrosion experiment was performed for water-sand flow containing sand fines
with an average size of 50 + 2 um measured using a laser scattering particle size distribution (Malvern
Mastersizer 2000, Worcestershire, UK). Table 1 lists the chemical compositions of the test elbow of
AISI 1018 carbon steel, which is the most common material of piping components, was selected as a
study material. The microstructure and wear surface morphology of the elbow samples were
examined with a scanning electron microscope (SEM; Phenom ProX, PhenomWorld, Eindhoven, The
Netherlands). For the SEM analysis, square samples of 10 mm size were cut from the test elbow inlet
and outlet by wire electrical discharge machining (WEDM) process after the erosion-corrosion test.
The elbow specimen was cut in two sections BH and UH from the as-received samples, ground and
polished with variable speed pneumatic angle grinding and polishing machine to reduce the level of
surface roughness of internal surface before the test. Two different sand particles were utilized in this
study, 450 um mean size for validation case and 50 um for all cases of erosion-corrosion. Figure 2
shows scanning electron microscope (SEM) images of the erosive sand and carbon steel material
employed. The multilayer paint modeling (MPM) was adopted to understand erosion distribution
analysis at the internal surface of elbow samples. To extract the location of particle impaction, red
paint color coat of uniform thickness coated at an internal surface followed by silver color as
illustrated in Figure 3.
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Figure 1. Ninety-Degree elbow specimen. (a) As received1018 CS (b, c) fine polished axially cut

section.

90-Degree elbow Axial cutting by Red paint coated Paint thickness s":j: :Jea(;nt
pipe as-received WEDM surface measurement :
internal surface

Figure 3. Multilayer paint modeling (MPM) sample preparation stages.

Multiphase Flow Loop Apparatus and Medium

An experimental flow loop setup selected to perform the slurry erosion experiment of the 90°
elbow configuration is schematically outlined in Figure 4. The setup was locally fabricated and
configured to perform the erosion-corrosion tests in multiphase flow conditions consisted of a slurry
tank with a stirrer, a flow meter and a slurry pump with a variable speed controller. Sand fines with
a chemical composition (Table 2) of 2 wt. % concentration and the average size of 50 um (Figure 2)
were mixed with tap water to make a sand-water slurry. The erosion-corrosion medium was re-
circulated at 0.5, 1 and 2 m/s velocities for 60 h in a closed flow loop. The resulting erosion-corrosion
patterns were visualized using an SEM. Each specimen weight loss was tested before and after a test
to quantify the erosion-corrosion rate. The eroded weight was measured to quantify the erosion rate
in kg/s-m2. The test section design employed in the experimental study is shown in Figure 4. The
experimental test section blocks were fabricated using a thermoplastic material, with a concavity of
elbow configuration machined inside to place specimens for evaluation of erosion-corrosion
performance in multiphase flow conditions. A detail description of the test section has been provided
in a previous study [21,22]. Experiments were performed for a duration of 1 h for multilayer paint
modeling and 60 h for erosion-corrosion test cases so that a measurable weight loss was acquired.
Although the experimental setup has an air inlet at station 5, in this study, only the liquid-solid flow
will be addressed.
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Sharry Tank Sharry Magnetic Air Flow Air Test Base Stand
with stirrer Pump Flow Meter Meter Compressor Section
Specimen

Figure 4. The experimental setup used for the present investigation.

Table 1. Elbow material (wt. %).

1018 CS
Si Cr Cu P C S Ni Mn Fe
026 021 025 0.045 02 0.035 03 052 98.18

Table 2. Silica Sand (wt. %).

SiOz2 AlOs Fe:0s Na2O MgO CaO
98.08 1.17 0.28 003 022 022

3. Numerical Simulation

For liquid-solid flow, the performance of the flow loop setup described and the measurements
reported with it was validated using multilayer Paint modeling (MPM) and CFD-DPM simulation.
The ANSYS FLUENT code was employed for current research of erosive wear quantification. CFD
tools offer the advancement of computational capabilities in providing better accuracy of solving flow
physics in complex geometries.

3.1. Carrier and Dispersed Phase Model

The governing partial differential equations FLUENT uses to solve the carrier and dispersed
phase model are represented generically as Equations (1) and (2):

op =

E+V-pV=O (1)
o = - = . —
E(pV)+V~p(VV) =-VP+V-(1)+pg+S) . ()

In Equation (2) p is the water density, V is the water instantaneous velocity, 7 is the stress
tensor, P is the pressure pg is the body force due to gravity, Su is the momentum due to the sand
phase. The dispersed phase model is represented by the second law of motion the governing equation
can be expressed, respectively, as:
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P a :FD+FP+FVM+FG. 3)

In Equation (3) myp is the particle mass, Fp is the drag force, Fr pressure force, Fvm mass force due
to particles and the Fc buoyancy force.

3.2. Erosion Model and Erodent Particle Rebound Equation

In this study, the erosion model defined by Oka and Yoshida [23] is adopted to understand the
erosion mechanism of elbow geometric configuration under slurry flow which is a most accurate
model for the erosion prediction of elbow geometries [19,20] and is defined as:

k Vp ko 4
ER =1x10° x p, kF(O)(H.,) 1(71’,) Z(d—ff)“. @)

In Equation (4) pw is the wall material density, O particle incidence angle, Hv is the wall material
Vickers hardness, Vr erodent incidence speed, V' is the reference erodent speed, dp is the erodent size
and d’ is the reference erodent size. During the simulations, collisions between particles and wall
erosion were modeled using the Grant and Tabakoff model [24]. Where e: and e are restitution
coefficients to represent a change in normal and tangential coordinates as outlined in Equations (5)
and (6):

u
_"p2
e == (5)
pl
v
_ P2
o= (6)
pl

In these equations, u and v is the velocity component in normal and tangential direction before
and after the collision, as shown in Figure 5. The particle rebound model is represented as follow:

¢, =0.993~1.76 +1.56a:> —0.49a> )

¢, =0.988-1.66¢+2.11a% 067>, )

where « is the erodent incidence angle.

Elbow Wall X

Figure 5. Sand and Elbow wall impact.

3.3. Turbulence Model

For the present research, the k—¢ turbulence model was implemented to extract the flow profile
since the fluid flow at a Reynolds number between 2.85 x 10‘and 2.28 x 105(calculated based on the
dimension of pipeline and flow parameters). This indicates a turbulent flow since the Reynolds
number was much higher than 4000. Zhang and Liu [25] identified the certainty by comparison of
various turbulence correlations and found that the k-epsilon correlation accurately predicts the flow
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field in elbows geometry. The k-e model pertains to two important parameters: turbulent kinetic
energy (k) and the turbulence dissipation rate (¢). Equation (9) represents the mean kinetic energy.

a(%)]C) T 2 ' Al ' ' 1 1l 1l 1 L} 1 1 L}
7+dw(pkU):dlv —-p'u'+2uu ¢ —pEui oy —Z,Ltel-j i +(=pu; uj 'Eij)’ 9)

where Ej is the mean rate of deformation tensor. For high viscosity, generally, turbulence flow
has fewer occurrences. Such an aspect influence impact velocity and particle impact angle.

3.4. CFD Modeling

The geometry consists of a carbon steel 50.8 mm internal diameter 90-degree elbow
configuration with an added upstream length of 1000 mm and 500 mm is added downstream for
horizontal-horizontal orientation. Figure 6 showed the geometry of the computational domain. For
numerical simulation, the flow domain was solved and generated using hexahedral mesh (Figure 7)
with 524,000 elements and size of 0.003 m, which gives a provision of stable and minimization of
numerical diffusion error in the numerical simulations. To capture flow pattern more accurately near
the wall gradual refinement technique adopted near the vicinity of the walls. To initiate the numerical
simulation, the boundary condition must be set as a slurry inlet, pressure outlet and elbow wall. For
present simulation flow velocity was specified by 0.5 m/s, 1 m/s and 2 m/s normal to the boundary
and zero-gauge pressure at the outlet. The simulation solver chosen for the present study was
pressure based steady-state with the convergence criterion of 1 x 10-¢ and the SIMPLE algorithm to
discretize the carrier phase and disperse phase. For CFD-DPM simulation the mesh statistics and
refinement with mesh independence study and validation with the previous experimental study
were performed and discussed in the next section.

90° elbow

.’M/

Z

Figure 6. Computational geometry.

3.5. Mesh Independence

Three mesh resolutions were analyzed for this study to adjudge mesh independence. All three
meshes were hexahedral and generated with the ANSYS pre-built meshing module. For the k-epsilon
turbulence model refinement of the grid is important to assure that y+ value less than 1 in the first
element is not outside the laminar layer and away from the wall, parameters for the mesh is listed in
Table 3.
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Figure 7. Computational mesh.

Table 3. Mesh independence statistics.

8 of 19

Mesh Study
Mesh 1 2 3
No of cells 356912 524000 876313
No of the node on 1 1 1
k
Erosion
0.093
rate(Maximum) 0.053 0.092

(nm/s)

k

The validation of predicted erosion distribution was conducted by comparing the maximum

erosion rate measurements along the curvature with the experimental findings of Zeng et al. [15]. The

flow conditions are shown in Table 4. Figure 8 shows the erosion rate along the elbow curvature
obtained using three different meshes by CFD-DPM and the experimental result by Zeng et al. [15].
In can be observed that, for this geometry, no matter which type of mesh is used, most of the erosion
is predicted to occur close to the outlet location in the bend. The erosion rate was quantified from
three grid sizes, producing significant differences from coarse mesh to fine mesh as presented in

Figure 9. As the difference in the quantified erosion rate from mesh 2 and mesh 3 was less than 2%,
the mesh 2 was in good agreement for minimizing run-time and memory use. Based on the study,

the numerical simulations of the current study were performed considering the mesh 2.

(2) (b) (<)

7.178e-007
6.461e-007
5.743e-007
5.025e-007
4.307e-007
3.589e-007

4.166e-007
3.749e-007
3.332e-007
2.916e-007
2.499e-007
2.083e-007

7.321e-007
6.588e-007
5.857e-007
5.125e-007
4.393e-007
3.660e-007

1.666.007 2.871e-007 2.928e-007
1.250e-007 2.1540-007 2.198e-007 i
8.331e-008 1.436e-007 1.464e-007
4.166e-008 7.178e-008 7.321e-008
0.000e+000 0.000e+000 0.000e+000

[kg s-1 m"~-2] [kg s*-1 m*~-2] [kg s°-1 m~-2]
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Figure 8. Predicted computational fluid dynamics (CFD) Erosion Using Three Different Meshes (a)
Mesh 1 (b) Mesh 2 and (c) Mesh 3.

Table 4. Flow conditions for validation case.

Experimental parameters from Zeng et al. [15]

Target surface material Carbon Steel
Erodent Particle Sand
Erodent Diameter 450 um
Erodent Density 2650 kg/m3
Shape Semi-round
Sand Concentration 1.2 wt.%
Erodent Mass Flow Rate 0.235 kg/s
Material Density 7800 kg/m3
Carrier Fluid Water
Flow Velocity 4 m/s
8.1E-07 4
7 9E-07 A BExpby Zeng ®Mesh3 ®Mesh2 ®Mesh1
¥ 63e-07 |
£
= 5.4E-07 A
]
£ 45E-07 -
@
E 3.6E-07 -
[
9 27E-07 A1
g
i 1.8E-07 -
9E-08 -
0 4
12 23 34 45 56 69 80
Degrees

Figure 9. Comparison of numerical and experimental erosion rates along the elbow outer wall for the
three different mesh sizes.

4. Results and Discussion

4.1. Validation

The performance of the flow loop setup described in Section 2 and the measurements reported
with it was validated using multilayer Paint modeling (MPM) and CFD-DPM simulation. The
operating conditions of the experiment and simulation case were set similar to Zeng et al. [15]
experiments with a slurry velocity of 4 m/s with sand concentration 1.2% (wt/wt) and the obtained
results were compared to identify the erosion zone. Figure 10a and b present the comparison between
the extracted erosion patterns obtain through CFD-DPM and MPM. These patterns suggest that the

erosive zone location obtains using MPM and CFD-DPM matches closely with each other as shown
in Figure 10.
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(a) (b)

Erosive

Figure 10. Erosion zone at the elbow internal wall for a slurry velocity of 4 m/s: (a) discrete phase
modeling (DPM) simulation (b) Multilayer paint modeling.

According to Zeng et al. [15] study the maximum erosion location found within 60-degree and
90-degree adjacent to elbow exit. The results obtained from the validation study identified erosive
zone within 62-degree and 90-degree adjacent to the outlet. Thus, the adopted CFD model and
experimental setup employed for liquid-solid study can be used to obtain erosion induced damage
and location. Since the DPM erosion pattern matches closely with the multilayer paint modeling, it
can be inferred that the CFD model is validated and further study by varying flow velocity can be
carried out.

4.2. Influence of the Slurry Speed on the Erosion Profile and Erosion Rate

Figures 11-13 present the comparison of extracted DPM erosion contour with MPM experiments
of 90-degree elbow, for the slurry velocity of 0.5 m/s, 1 m/s and 2 m/s with 2 wt.% sand fines
concentration in water. In slurry flow, the erosion distribution depends on carrier phase velocity,
erodent size and a path followed by erodent particles towards the wall surface.

The erosion distribution detailed in Figure 14 was plotted between inlet X = 0 and outlet X =0.1
m to understand the erosion behavior in the AISI 1018 carbon steel 90-degree elbows for different
slurry velocities and the erosion rate of the elbow with the maximum erosive region. Figure 14 depicts
for slurry transported at 0.5 m/s erosion peak occurs between location X = 0.06 and X = 0.1 m. The
large erosive zone generated in the bottom elbow section for all flow velocities due to the increase of
particle-wall interaction at high speed under gravitational force in the horizontal-horizontal
orientation.
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0.1 .08 .06 0.04 o0z o

1.308e-008
1.177a-008
1.046e-008
9.153e-009
7.845e-009
6.538e-009

5.230e-009
E 3.8923e-009

2.615a-009
1.308e-009

0.000e+000
[kg 571 mA-2]

Figure 11. Comparison of erosion pattern for 90° elbow, between prediction and MPM experiments
at 0.5 m/s. (a) bottom section (CFD) (b) upper section (CFD) (c) bottom section (MPM) (d) upper
section (MPM).

0.1 0.08 006 0.04 0.02 o

5.228e-009
46T 2e-009
3.115e-009
1.55Te-009

0U000e+000
[g s™1 m*-2]

Figure 12. Comparison of erosion pattern for 90-degree elbow, between prediction and MPM
experiments at 1 m/s. (a) bottom section (CFD) (b) upper section (CFD) (c) bottom section (MPM) (d)
upper section (MPM).



Metals 2020, 10, 626 12 of 19

0.1 0.08 0.06 0.04 0.02 o

2.354e-008
2.118e-008
1.883e-008
1.648:-008
1.412e-008
1.177e-008
2.416e-009
7.062e-009
4.7 08e-009
2.354e-009

.00+ 000
[kg ™1 m*-2]

i

Figure 13. Comparison of erosion pattern for 90-degree elbow, between prediction and MPM
experiments at 2 m/s. (a) bottom section (CFD) (b) upper section (CFD) (c) bottom section (MPM) (d)
upper section (MPM).

Figures 11-13 display that the increase of flow velocity escalates the maximum erosion rate and
erosion region. Also, the increase in flow velocity causes numerous particles-wall impacts with high
kinetic energy and leads to maximum erosion zone on the elbow bottom wall surface. The MPM
result demonstrates the (bottom half and upper half) patterns of paint removal for three sets of
experiments with slurry velocities of 0.5 m/s,1 m/s and 2 m/s. All experiments and simulations were
carried out in the horizontal orientation with 50 um (mean size) sand fines. The maximum eroded
region was where the elbow experiences the severe erosive wear; the downstream area about 60-90°
at the bottom half section for flow velocity of 0.5 m/s. In contrast, the maximum eroded region for
flow velocities of 1 m/s and 2 m/s was between axial angles of 30-90°. The erosive wear here incurs
due to the cumulative impaction of sand fines as well as sliding due to gravitational effects present
in the horizontal orientation.

The maximum erosion rate of 90-degree elbow was 2.35 x 108 kg/s-m? located in the bottom
section for 2 m/s flow velocity. The simulation results show that the maximum erosive zone at all
flow velocities are located bottom wall and the reduction in erosion rate was observed for 1 m/s and
0.5 m/s transport velocity with a maximum erosion rate of 1.557 x 10-¢ kg/s-m? and 1.308 x 10-8kg/s-
m?2located in the bottom wall. Figure 14a, it can be seen that for 90-degree elbow with flow velocity
2 m/s when 0.08 < X < 0.1 the high erosive zone leads to a considerable increase in erosion rate and
for 0 < X <0.08, the medium erosive zone is created at the bottom wall.

Figure 14b clearly depicts at transport velocity of 1 m/s at 0.06 < X < 0.1 high erosive wear
disintegrate bottom wall of the bend and for 0 < X < 0.06, the less erosive wear induced at the wall of
the bend, in Figure 14c, for a slurry velocity of 2 m/s at 0.06 < X < 0.1 the high erosive wear with
considerable high erosion rate is seen at the bottom wall, which is the most likely to cause wear and
tear and cause bend wear failure. From this simulation study, it is clear that the flow velocity is
primarily suspected of altering the erosion pattern. This can be observed in Figure 14. By comparing
elbow erosion rate results show that the slurry velocity of 2 m/s is approximately 1.8 times more
erosive compared to 0.5 m/s and 1.51 times in comparison to 1 m/s flow velocity. Refer Figures 14b
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and 14c, the erosion rate is maximum between location X = 0.06 m and X = 0.1 m under the slurry
velocity of 1 m/s and 2 m/s at downstream. Although a slight divergence trend of erosion distribution
was seen in Figure 14a, slurry velocity 0.5 m/s had associated maximum erosion between X = 0.08 m
and X = 0.1 m adjacent to the outlet of 90-degree elbow. However, the simulation results and MPM
experiment also show that the slurry velocity has no decisive effect on the peak erosive zones.
Moreover, the erosion zone observed with an MPM in the bottom and on the elbow extrados is
associated with the sand fines trajectories.
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Figure 14. DPM Erosion rate distribution for different flow velocity in 90° carbon steel elbow (a) 0.5
m/s (b) 1 m/s (c) 2 m/s.

To further understand the particle-wall interaction at downstream, the path of sand particle
transported through 90-degree elbows was extracted. Based on the path followed by a sand particle
in Figure 15, some conclusions were drawn: the zone of peak erosion generated downstream was the
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result of a re-directed particle path towards the elbow exit section. Cumulative mechanisms of sliding
wear and the redirected particle at the bottom half (BH) section caused the maximum erosion
downstream near the outlet of the elbow, consistent with findings reported by other authors [2,26].
The slurry flow in the elbow aggravates the flow turbulence and thus increases the mass transfer and
enhances the degradation rates. This corresponds to the pattern observed in the DPM and MPM since
the kinetic energy pertains to dispersed phase mass and transport velocity of the dispersed phase.
This simulation result trend is identical to the MPM observations in terms of the overall particle
impaction location. However, the MPM results clearly show the trace of particle impaction at the
inner wall of the elbow pipe. In comparison, the CFD-DPM contours do not accurately predict
impaction location at the inner wall.

Another observation from the DPM and MPM study reveals that for the identical flow, as slurry
velocity escalates from 0.5 m/s to 2 m/s, sand fines on the bottom section redirects towards the upper
section outer wall. As a result, the outer wall of elbow inferred maximum particle wall impaction due
to entrained sand fines that are mostly concentrated adjacent to the outlet regardless of the transport
velocity changes. This anomaly stipulates that the elbow displays perceptible local erosive wear
characteristics. The 90-degree elbow configuration experienced high erosive wear as the flow velocity
increased and induces more serious damage [27,28]. The high erosion zone identified by the CFD-
DPM method matched closely with visual inception from flow loop experiments.

Figure 15. Particle trajectories at 2 m/s flow speed in the bottom half elbow section.

4.3. Identification of the Erosion-Corrosion Regions Using SEM

To qualitatively study the influence of sand fines transportation velocity on erosion-corrosion,
the SEM images of the inlet and outlet section of 90-degree elbow internal walls were analyzed using
a Phenom ProX and the sample images of the upstream and downstream section after the 60 h test
are shown in Figures 16-18. For SEM, the specimens were cleaned with ethanol, dried with a heat
gun, to remove sand fines deposits after the erosion-corrosion test. Figures 16-18 show the resulted
images containing normal pits, erosion scars and corrosion attack on the elbow internal surface for
different flow velocities at inlet and outlet after SEM analysis. It can be seen from Figures 16-18 as
the slurry velocity increases, the erosion-corrosion of 90-degree carbon steel elbow become more
severe at the outlet with larger erosion-corrosion damage seen toward downstream for a slurry
transport speed of 2 m/s as collated to lower flow velocities.

Microscopic images demonstrate that the erosion-corrosion pattern at the inlet and outlet
sections of the elbow is not identical. Multiple impacts of sand fines at the bottom wall of the elbow
generate scratches and ensue plastic deformation in the downstream section. Furthermore, plastic
deformation resulted in work-hardened layer formation and makes the elbow inner wall highly
vulnerable to corrosion [29]. Moreover, the wide traces of corrosion attack, pitting and cutting action
were identified downstream when the elbow was impacted with high slurry velocity. It must be
noted, the number of pits increased as the slurry velocity increased. However, the damage originating
from the low sand fines velocity seem did not propagate through the substrate and did not lead to
severe damage. SEM analysis also confirmed the change in the pit's development mechanism with
an increase of sand fines transport velocity. The results clearly indicate at 1 m/s transport velocity the
pits perforation sites were elongated in the flow direction (Figure 17b) which is the sign of low angle
particle impaction at escalated speed. With an increase in velocity to 2 m/s both elongated and circular
pits propagation (Figure 18b) clearly visible after the test which may indicate low and high angle
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particle impaction. A closer descry at the worn surface manifests that in addition to the pitting, the
elbow outlet section at 2 m/s flow velocity is composed of contiguous impact craters which are
evidence of plastic deformation due to the sand fines impactions.

Figure 16. Microscopic images of 90-degree elbow BH section after the test at 0.5 m/s flow velocity (a)
inlet (b) outlet.

Figure 17. Microscopic images of 90-degree elbow BH section after the test at 1 m/s flow velocity (a)
inlet (b) outlet.

Figure 18. Microscopic images of 90-degree elbow BH section after the test at 2 m/s flow velocity (a)
inlet (b) outlet.

4.4, Mass Loss

After the erosion-corrosion with different flow velocities, the mass loss after 60 h test time in the
BH and the UH section of the elbow is shown in Figure 19, respectively. In general, for high particle
velocities, the kinetic energy and impact force of the particles are greater and result in more severe
the erosion [30] but it can be seen from Figure 19 the mass loss of the BH and the UH section of the
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90-degree elbow significantly increases with the escalation of slurry velocity at the same time and
resulting in greater mass loss. The mass-loss rates differed for the BH and UH section of the elbow
between 68 and 135 mg for the BH, between 5 and 11 mg for a UH section at a slurry speed of 0.5, 1
and 2 m/s as outlined in Figure 19. The mass loss of the elbow escalates with increasing flow velocity
due to the increase of particle-wall interaction under turbulent conditions because the erosion of the
bend by the particles is mainly concentrated in the flow fields. The slurry transportation velocity
through the 90-degree elbow strongly influences the severity of the material loss rate. The
experimental results obtained by mass loss analysis show a linear increase with flow velocity with a
maximum mass loss was observed when the elbow specimen was subjected to a transport velocity of
2 m/s. Itis inferred that eroded mass increased at high slurry transport velocity. This can be ascribed
to an escalation of kinetic energy, resultantly increasing the material disintegration rate from the
elbow wall.

A substantial increase in mass loss rate up to 2 times can be observed in a 90-degree elbow
configuration when slurry flow changed from 0.5 m/s to 2 m/s. However, it was elucidated that the
mass-loss rate increased approximately 1.4 times with an increase in slurry recirculation from 0.5 m/s
to 1 m/s as shown in Table 5. The result of the eroded mass trend in elbow configuration is
reconcilable with the measured results in the literature [14]. The peak erosion-corrosion rate
manifested in the bottom half (BH) section due to horizontal-horizontal elbow configuration.
Moreover, the elbow upper half (UH) section experiences minimal weight loss compared to the
bottom half (BH) elbow section. Hence it can be concluded that the bottom half (BH) of the elbow
section, sand fines slide around the elbow internal wall. Consequently, these particles cause erosion
and impact the bottom half (BH) of the elbow with high velocities and angles due to the presence of
gravitational force in horizontal-horizontal orientation.

160 A
140 - = Bottom Half (BH) m Upper Half (UH)
120 A
100 A

80 A

60 -

Mass Loss (mg)

40 -

20 -

0 A
0.5 1 2

Flow Velocity (m/s)

Figure 19. Mass loss in 90-degree AISI 1018 carbon steel BH and UH elbows section after exposure of
flow for 60 h.

For a confrontation with the DPM simulation result, the quantified erosion-corrosion rate at
different slurry velocities, specified as kg/s-m?, is outlined in Figure 20. The CFD-DPM results concur
qualitatively with the MPM erosion pattern; however, quantitatively the mass loss rate calculated by
the Oka erosion model was less compared to the mass loss rate obtained through the experiment.
Another point to mention is that the CFD-DPM model takes no account of the corrosion interaction
during the erosion simulation which may underpredict the erosion rate. Moreover, the quantitative
agreement was quite reasonable. Another observation from the MPM study reveals that for the
identical flow, as slurry velocity changes from 0.5 m/s to 2 m/s, sand fines on the bottom section
redirects towards the upper section outer wall. Consequently, the outer wall of the elbow inferred
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maximum particle wall impaction due to entrained particles that were mostly concentrated near the
outlet. The erosion-corrosion damage increase with the escalation in slurry transport velocity with
maximum particle impaction adjacent to the outlet, which is consistent with the observations found
in the literature [2,14,15].

4E-08 -
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3.5E-08 A
= CFD-DPM Rate

3E-08 A
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1.5E-08 -
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Erosion Rate (Kg s*-1m*-2)
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0

1 2
Flow Velocity (m/s)

Figure 20. Comparison of predicted erosion rate with the experimental rate of 90-degree elbow for
different flow velocities.

Table 5. rates of tested 90-degree elbows 1018 CS for liquid-solid flow.

Method Vi(m/s) Mean Particle size(um) Particle concentration (Wt. %) Mass loss rate(kg/m?s)

Exp 0.5 50 2 1.79 x 108
Exp 1 50 2 248 x 108
Exp 2 50 2 3.56 x 108
CFD 0.5 50 2 1.30 x 108
CFD 1 50 2 1.56 x 108
CFD 2 50 2 2.30x 108

5. Conclusions

The erosion-corrosion characteristics of a 90-degree long radius AISI 1018 carbon steel elbow
were analyzed by multilayer paint modeling, mass loss analysis, SEM and CFD-DPM coupling
methods. The influence of sand fines transport velocity on the erosion-corrosion rate was investigated
by a closed-loop flow experiment. Meanwhile, the simulation results of DPM erosion were collated
with the experimental erosion-corrosion rate. The conclusions drawn from the current research can
be outlined as follows:

Changes in the sand fines transport velocity alter erosion distribution and escalate particle-wall
interaction and transform particle impact angles from low to high, therefore, enhance the erosion
rate. In addition, the transport velocity has not significantly influenced the location of the peak
erosion zone; however, it enhances the degradation rate with transport velocity escalation.

1. The eroded pattern of 90-degree elbows indicates that the erosion-corrosion mechanism alters
with flow field conditions. The pitting and cutting action increased at high transport velocity,
showing an ascent in kinetic energy of the dispersed phase. The results also indicate the signs of
low and high angle particle impaction at 2 m/s flow velocity which may contribute to the
development of elongated and circular pits on elbow internal surface.

2. In liquid-solid flow, the erosion-corrosion rate weighs more in the bottom half section as
compared to the top of the 90-degree elbow. The experimental analysis indicates that slurry
transport at 2 m/s through 90-degree elbow aggravates material disintegration up to 2 times in
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comparison to the low transport velocity. The weight loss analysis and CFD-DPM contours show

particle wall impaction was maximum in the bottom section towards downstream adjacent to

elbow outlet.

3. The highest erosive wear originated from a combination of the cutting and pitting adjacent to the
elbow outlet. Sand fines tended to redirect the path at the downstream; facilitating erosion scars
and pits development in the region. A closer descry at the worn surface manifests that in addition
to the pitting, the contiguous impact craters materialized which are evidence of plastic
deformation due to the sand fines impactions. The cumulative effect of pitting and cutting
escalates erosion-corrosion in the flow direction.

The present study provides meaningful data on sand fines erosion that aid in the development
of new submicron models and computational strategies to ameliorate the prediction of sand fines
erosion. In addition, the errors in the predicted erosion CFD-DPM results indicate scantiness in
modeling the flow field and particle-turbulence interactions of submicron particles that require
further scrutiny. Furthermore, the sand fines erosion working mechanism for different levels of
particle loading in carrier fluid is not well studied and entails further investigation.
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