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Abstract

This work aims to study the effect of particle sizes on carbon steel in
01l/20% water environments containing particle sized 600-710um and
150-300 pm (ALO,) have been investigated by erosion test rig. The results
were used to constructed erosion—corrosion mechanism, synergism and
wastage maps, as a function of impact angle and velocity. In addition, the
results indicate that the corrosion rate (kc) was increased with an increase
in potentials from negative potential to positive applied potential. There was
little enhancement of increased erosion contribution (ke) with an increase
in potentials due to corrosion enhanced erosion. On the other hand, the
total volume loss erosion-corrosion (kec) was increased with an increase in
the impact velocities and particle size from 150-300pm to 600-710 ym in
01l/20% water test environment. However, the value of corrosion contribution
was increased with decrease in particle size from 600-710ym to150-300 pm.
In addition, the volume loss of erosion contribution (ke) was high in the oil/
water environment containing particle sized 600-710uym compared with
particle sized 150-300zm.
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1-Introduction

Erosion—corrosion in oil production depends on a range of factors present
in downhole oil wells, such as sand concentration, reservoir pressure,
temperature, and H2S and CO2 concentration, which cause mechanical
damage to the electrical submersible pump, leading to economic losses
due to maintenance, leaks and exchanging of parts[1-2]. Sand production
from reservoirs with oil can be controlled by designing a Gravel Pack that
prevents sand from being produced with the oil from upstream to downstream
[5]. The effect of sand on material is dependant on the shape of the sand
particles; sharp particles caused more damage than round particles. Erosion
by solid particle impacts on a brittle substrate is caused by the formation and
intersection of cracking. The types of crack that form on the erodent surface
are dependent on the erosive particle shape and size. Lawn and Wilshaw
[6], and Swan and Hagan [7] have reported that the impact of large round
particles, greater than 200 pm in size, causes cracking, while small particles
cause plastic deformation of the surface of the specimen. The effect of particle
size on the erosion rate of materials generally increases with an increase in
erodent particle size. The effect of particle hardness becomes clearer when
the high hard particle impacts on the surface of the specimen, such as erosion
of mild steel by alumina particles [8]. In this paper, the effects of impact
angle and velocity were assessed for carbon steel in a range of crude oil/
water slurries. Erosion-corrosion maps were generated based on the results
showing the variation in wastage and regime of degradation as a function of
these variables.

2. Experimental details

Erosion-corrosion test methods

The erosion—corrosion tests were carried out using an impinging jet
apparatus is described elsewhere [9]. This consisted of a jet of particles in
an aqueous flow enabling the effect of erosion variables to be evaluated
independently of each other. The impact angle of the specimen could be varied
by rotating the stationary specimen. The velocity was calibrated through
knowledge of the geometry of the outlet jet. The slurry was composed of
aluminum oxide (Al,O,) 150-300 ym and 600-710xm, as shown in Figs.1 (a)
and (b), in solution of Na,CO, + NaHCO, and crude oil pH value was 8.25 at
room temperature.
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(2) Aluminum oxide(Al,0O,)

Fig. 1: Optical microscopy of aluminum oxide used in the erosion-corrosion test rig :(a) 600-

710pm (b) 150-300zm.

The test specimen was connected to an electrochemical cell as shown in
Figs.2. The reference electrode was Saturated Calomel. Potentiodynamic
polarization curves were measured through sweeping the potential in a
positive direction from —800 to 800 mV at a sweep rate of 200 mV min’!
during the test.

Fig. 2: Electrochemical connection in the slurry erosion test.

Erosion—corrosion tests were conducted at three applied potentials namely,
-400 mV, 0 mV and 400mV (SCE) for 30 minutes using a computer controlled
ACM potentiostatic. The test material was carbon steel supplied by Kelvin
Steel Glasgow with chemical composition as percentage: C: 0.18, Mn 1.6,
Si 0.55, Cr 0.25, Cu: 0.35, Ni: 0.3, S: 0.008. The chemical composition of
crude oil in ppm (mass) was (Ca: 33.26, Na: 4.26, K: 1.07, H2S: 0.0007). The
specific gravity was 0.7674 and density was 767 g I''. The dimensions of the
specimens were 25mm x 10mm x 4 mm. The area exposed to impingement
jet was 0.19cm?, whilst the remaining area was covered by a coating in order
to ensure that all corrosion measurements related to the erosion-corrosion
process only. Mass change measurements were made of the samples post
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testing using a Metter electronic balance. The tests were carried out at three
impact velocities i.e. 2.5, 3.5 and 4.5 m s7!, for 30 minutes. The reproducibility
of the experiments was estimated to be + 5% calculated between two-three
consecutive experiments. At the end of the test, the samples were cleaned
with distilled water to remove any deposited material. Following exposure,
the morphology of the eroded.

3. Results

Polarization curves

The polarization curves of the samples were investigated using a computer
AC Gill potentiostat in crude oil/20%water. The corrosion testing was
conducted under Potentiodynamic conditions, where samples were polarized
at potentials 15°, 45° and 90°, to observe the effect of corrosion attacks on
material. Figures 3-5(a-b) show the polarization curves for the carbon steel in
crude oil / 20% water environments at various impact velocities and impact
angles. There was a clear difference between the effects of impact angles
on the carbon steel. The polarization curve tended to shift to higher current
densities with higher velocities. However, it was found that with the large
particle size 600-710 uym there was a lower current density than at small
particle size 150-300 ym.

Polarization curves in Fig.3(a) show that following erosion-corrosion in
the oil/water environment containing particle size 600-710 pym at impact
angle of 15°, there was a general increase in current density with increasing
velocity from 2.5 to 4.5 ms™. Clear evidence of passivation was observed at
low velocity 2.5ms™. Fig. 3(b) shows that following erosion-corrosion in the
oil/water environment containing particle size 150-300 ym at impact angle
of 15°, there was a general increase in current density with decreasing in
particle size. A similar pattern was observed for the carbon steel in the oil/
water environments at impact angles 45° and 90°, shown in Fig. 4-5(a-b),
with current density increasing with impact angle.

In addition, the value of current density of carbon steel in oil/water
containing small particle was greater than the value of corrosion with large
particle 600-710 ym .In general the value of current was increased with
increasing in velocity for carbon steel with particle sizes 600-710 ym and
150-300 ym. Because, an increase in the velocity indicates removal of the
passive film and the value of corrosion is increased [2].
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Fig. 3: Polarization curves for carbon steel at various impact velocities in oil /20% water,

at impact angle 15° and particle size (a) 600 —710zm (b) 150-300zm
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Fig. 4: Polarization curves for carbon steel at various impact velocities in oil /20% water,

at impact angle 45° and particle size (a) 600 —710xm (b) 150-300xm
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Fig. 5: Polarization curves for carbon steel at various impact velocities in oil /20 % water,

at impact angle 90° and particle size (a) 600 —710zm (b) 150-300zm
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Volume loss

The mass loss has been constructed as a function of impact velocity, impact
angles and potentials. The erosion contribution ke can be expressed from the
calculation of the corrosion contribution kc and the total erosion corrosion
contribution kec [1-4]:

Kec = ke + kc (1)

Kec is the interaction between the mechanical and electrochemical damage
processes, erosion and corrosion can enhance each other.

Ke= keo +Ake (2)
Kc= kco +Akc 3)

Where keo is the pure erosion, kco is the pure corrosion, Akc is the corrosion-
enhanced erosion (corrosion due to erosion), and ke is the erosion-enhanced corrosion
(erosion due to corrosion). Tables 1-6 show the results of the calculations of volume
loss for ke, kc and kec for carbon steel in 0il/20% water at difference particle sizes,
impact velocities with various impact angles at various applied potentials.

Fig.6 (a-c) shows mass loss as a function of impact velocity and impact angles
for carbon steel in the crude oil /20% water environment containing particle size
600-710pum at potential of - 400mV. Generally, there was an increase in the erosion
corrosion contribution (Kec) with increasing in impact velocity and that consistent
with the above polarization curves results and pervious investigators [1-3]. On
the other hand, the erosion contribution was increased with an increase in impact
velocity and impact angle. It is interesting that the corrosion rate (kc) was slowly
increased with an increase in impact velocity compared with erosion contribution
(ke) (Figures 6. a-c).

Fig. 7 (a-c)shows the total volume loss rate (kec) for carbon steel in oil/water
environment containing particle size 600-710um increased with an increase
potential, and the total volume loss reached a peak at an impact velocity of 4.5 m
s and an impact angle of 45° about 8.94mg cm ~ h™!. Moreover, the total mass
loss gradually increased with a reduction in the impact angle from 90° to 15° and an
increase in impact velocities at applied potential 0OmV.In addition, the percentage
of corrosion contribution was greater than the percentage of corrosion contribution
compared with at negative potential -400mV, which could be due to an increase in
the current density at this applied potential (0 mV).
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Fig.8(a-c) shows that volume loss due to corrosion contribution (kc) for carbon
steel in oil/water environment containing particle size 600-710xm. reached a peak
value with an applied potential of 400 mV, which means and confirm that the current
density was increased with an increase in potential, then there was an increase in the
corrosion contribution [1- 3].

Figure.9-11 (a-c) shows volume loss as a function of impact velocity and impact
angles for carbon steel in the 20% water with crude oil environment containing
particle size 150-300um at applied potentials of -400 mV, 0mV and 400mV. It can be
noted that the values of corrosion contribution K¢ increased compared with erosion
contribution ke in the environment containing particle size 60-710ym , and the peak
value was about 4.55 mg cm 2 h™! at impact angle 45° and velocity 4.5 m s'.

The peak value of erosion contribution (ke) in the combined environments
was about 2.53 mg cm 2 h™" at 45° and velocity 4.5 m s~ at cathodic potential(-
400mV). However, the values of erosion contribution were smaller than the values
of corrosion contribution, as shown in tables 1-6 might due to passive film on the
surface of specimen.
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Tables.1: Volume loss as function of velocities for carbon steel in o0il /20% water at - 400mV

and particle size 600 —=710xm (a) 15° (b) 45°(c) 90°

(a)
Velocities
ms™! Ke Kc Kec Ke/Kc Ake/Akc
2.5 2.31 0.8 3.11 2.9 -2.75
3.5 4.16 0.84 5 4.95 -26.5
4.5 6.45 1.35 7.8 4.7 -57
(b)
Velocities
ms™ Ke Kc Kec Ke/Kc(mg | Ake/Akc
2.5 2.16 0.84 3 2.5 1.18
3.5 5.2 0.9 6.1 5.7 18.6
4.5 6.66 1.34 8 4.97 24.71
(©
Velocities
-l Ke Kc Kec Ke/Ke(mg | Ake/Ake
2.5 2.18 0.9 3.08 2.42 2.08
3.5 5 1.1 6.1 4.54 9.21
4.5 6.75 1.45 8.2 4.65 14.2
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Tables.2: Volume loss as function of velocities for carbon steel in oil /20% water , at OmV
and particle size 600 —=710xm (a) 15° (b) 45° (c¢) 90°

(@)
Velocities
ms™! Ke Kc Kec Ke/Kc Ake/Akc
2.5 2.06 0.78 2.84 2.64 -1
3.5 5.11 0.89 6 5.74 -93.6
4.5 7.28 1.5 8.78 4.85 18.4
(b)
Velocities
ms™ Ke Kc Kec Ke/Kc Ake/Akc
2.5 2.84 0.76 3.6 3.73 -23.5
3.5 5.2 1 6.2 5.2 28
4.5 7.54 1.4 8.94 5.38 21.7
©)
Velocities
e 1 Ke Kc Kec Ke/Kc Ake/Akc
2.5 2.13 0.78 2.91 2.73 -21.5
3.5 5.32 0.98 6.3 5.42 16.35
4.5 7.12 1.6 8.72 4.45 13.0

Tables.3: Volume loss as function of velocities for carbon steel in 0il /20% water , at
400mV and particle size 600 —=710xm (a) 15° (b) 45° (¢) 90°

(a)
Velocities
ms™! Ke Kc Kec Ke/Kc Ake/Akc
2.5 1.89 0.71 2.6 2.66 1
3.5 6.01 1.2 7.21 5.0 18.55
4.5 7.61 1.9 9.51 4.0 -40.1
(b)
Velocities
ms”! Ke K¢ Kec Ke/Kc Ake/Akc
2.5 2.1 0.9 3 2.3 1.3
35 5.4 1.3 6.7 4.15 6.5
4.5 7.42 1.7 9.12 4,36 -52.75
(€)
Velocities
ms! Ke K¢ Kec Ke/Kc | Ake/Akc
2.5 2.4 0.8 3.2 3 35
35 5.8 1.2 7 4.83 1041
4.5 7.98 1.89 9.87 4,22 -43.4
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Tables.4: Volume loss as function of velocities for carbon steel in o0il /20% water, at

-400mYV and particle size 150 —-300xm , (a) 15° (b) 45° (c¢) 90°.

(a)
Velocities
ms™! Ke Kc Kec Ke/Kc Ake/Akc
2.5 1.1 1.11E+00 2.3 1.07 3.5
3.5 1.5 2.46E+00 4 0.62 0.49
4.5 2.53 3.37E+00 5.9 0.75 0.573
(b)
Velocities
ms™! Ke Kc Kec Ke/Kc Ake/Akc
2.5 1.2 1.21E+00 2.5 1.06 0.91
3.5 1.26 2.95E+00 421 0.42 0.19
4.5 2.4 3.60E+00 6 0.66 0.29
(©)
Velocities
ms™ Ke Kc Kec Ke/Kc Ake/Akc
2.5 1.3 1.03E+00 2.43 1.35 2.76
3.5 1.72 2.26E+00 3.98 0.764 0.65
4.5 1.98 3.52E+00 5.5 0.56 0.42

Tables.5: Volume loss as function of velocities for carbon steel in oil /20% water, at 0 mV,

and particle size 150 -300xm , (a) 15° (b) 45° (c) 90°.

(@)
Velocities
ms™! Ke Kc Kec Ke/Kc Ake/Akc
2.5 1.1 1.51E+00 2.6 0.72 0.9
3.5 1.33 2.97E+00 4.3 0.45 0.27
4.5 2.4 4.00E+00 6.4 0.6 0.37
(b)
Velocities
ms™ Ke Kc Kec Ke/Kc Ake/Akc
2.5 0.95 1.75E+00 2.7 0.541 0.21
3.5 1.46 3.00E+00 4.46 0.48 0.29
4.5 2.05 4.45E+00 6.5 0.460 0.107
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(©)
Velocities
ms™! Ke Kc Kec Ke/Kc Ake/Akc
2.5 0.85 1.65E+00 2.5 0.514 0.53
3.5 1.15 2.85E+00 4 0.40 0.187
4.5 1.9 4.30E+00 6.2 0.441 0.3

Tables.6: Volume loss as function of velocities for carbon steel in oil /20% water, at 400mYV,
and particle size150 —-300xm , (a) 15° (b) 45° (c) 90°.

(a)
Velocities
0 Ke Kc Kec Ke/Kc | Ake/Akc
3 0.98 1.77E+00 2.75 0.55 0.48
3.5 1.73 3.02E+00 4.75 0.57 0.47
4.5 2.42 4.23E+00 6.65 0.57 0.46
(b)
Velocities
ms Ke Kc Kec Ke/Kc | Ake/Akc
2.5 1.55 1.85E+00 3.4 0.836 0.725
3.5 1.48 3.32E+00 4.8 0.445 0.258
4.5 2.23 4.55E+00 6.78 0.490 0.191
(©)
Velocities
ms! Ke Kc Kec Ke/Kc Ake/Akc
2.5 0.81 1.83E+00 2.65 0.44 0.39
3.5 1.54 2.94E+00 4.51 0.53 0.38
4.5 2.08 4.42E+00 6.5 0.47 0.44

4. Discussion

The effect of impact angles, impact velocities and different particle sizes
on the erosion-corrosion of carbon steel in three environments.

In the oil/water environment containing small particle size 150-300um, the
current densities increased with an increase in impact velocity (Figures 3-5(b)).
This implies that an increase in velocity increases the corrosion rate of the
carbon steel, which is consistent with the findings of Stack et al. [1-3].

This could be due to surface roughening and an increase in exposure area,
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leading to higher localized dissolution rates on the surface of the specimen. On
the other hand, in the crude oil/water environment containing large particle size
600-710pm a similar pattern was observed, with an increase in velocity resulting
in a small increase in the overall current densities (Figures 3-5(a)). However,
the magnitude of such increases was not as high as in the oil/water environment
containing small particle size 150-300¢m. The magnitude of the corrosion
contribution recorded (kc) (Figures 6-11(a-c)) for carbon steel in the oil/water
environment containing particle size 150-300ym and150-300pm indicates that
they are not surprisingly in cathodic conditions, i.e. at an applied potentials—400
mV it is at a minimum compared with those recorded at higher applied potential
values(OmV and 400mV). However, there is a general increase in total mass loss
(kec) with an increase in potential for carbon steel in oil /water environments
containing particle size 150-300um and600-710um, perhaps indicating that
corrosion played the main role in the degradation process [13].The total erosion—
corrosion mass losses (Figures 9-11(a-c)) are much lower for carbon steel in oil /
water containing particle size 150-300um compared with t for carbon steel in oil
/water containing particle size 600-710xm, which could be due to a decrease in
the value of erosion contribution (ke).

Erosion—corrosion maps

The corrosion process can be dissolution, passivation, or transpassivation [1-4].
The erosion—corrosion mechanism map results (Figures 12-14), based on tables 1-6 at
three impact velocities, three impact angles with particle sizes 150-300xm and 600-
710um show that at an applied potentials, i.e. -400. The erosion-dissolution regime
dominated in oil/ water containing large particle 600-710pm (Figs.12 (a)). The erosion-
passivation regime dominated in oil/ water containing small particle 150-300xm and
except at intermediate impact velocity 3.5 m s—1 (Figs.12(b)). However, the degree of
corrosion appears to be higher for the carbon steel in oil/water containing small particle
150-300pm compared to in environments containing large particle 600-710pxm, which
is consistent with the mass loss results. The maps indicate, not surprisingly, that the
amount of passivation is at a maximum in oil/ water containing small particle 150-
300um (Figures 13-14(b)), where passivation-erosion dominates the majority of the
area of the map with an increase in potentials. This could be due to an increase in
the passive film due to corrosion product on the surface of the specimen, resulting in
passivation—erosion. It is not presence in crude oil/water environment containing large
particles sized 600-710pm (Figures 13-14(a)) and erosion —passivation dominates.
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However, in the combined environment containing small particles sized 150-300xm
(Figures 13-14(b)) the passivation- erosion regime dominates in anodic conditions,
which may be due to the impact of particles on the passive film not too great to remove
it. Erosion-corrosion additive-synergism maps can be defined depending on whether
the erosion-corrosion is additive, synergistic or antagonistic. Additive behaviour
is defined as a situation, where the enhancement of corrosion due to erosion (Akc)
[1- 2]. Where corrosion may enhance the erosion AKe, this interaction is defined as
synergistic behaviour [1, 2 and 3]. On the other hand, where it inhibits erosion, i.e.
where the passive film reduces erosion, then the reverse occurs and the mechanism is
defined as antagonistic (-AKe) ([1- 4]. Both synergistic and antagonistic behaviours are
characteristics of erosion-corrosion processes [2, 3]. If the passive film forms on the
surface in the exposure conditions and is effective in reducing erosion, i.e. AKe/AKc>
-1, then synergistic should be replaced by antagonistic [1-4].
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Fig.12: Erosion-corrosion mechanism maps for carbon steel in 0il /20% water environments
at - 400 mV (a) 600-710xm (b) 150-300xm
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Fig.13: Erosion-corrosion mechanism maps for carbon steel in 0il /20% water environments
at 0 mV (a) 600-710xm (b) 150-300zm
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Fig.14: Erosion-corrosion mechanism maps for carbon steel in o0il /20% water

environments at 400 mV (a) 600-710xm (b) 150-300xm

For the carbon steel in the oil /20%water environments containing large
particles sized 600-710um the synergistic regime dominated where the particles
increases wear is observed Fig.15-17(a). On the other hand, the small particles
sized 150-300pum the level of synergistic behavior is decreased Fig.15 (b)
compared with large particles sized 600-710xm Fig.15-17(a), while the level of
additive- synergistic regime occupied the entire maps which indicated to increase
the value of corrosion contribution of carbon steel due to changing in the effect
of particle size from 600-710pym to 150-300xm. Erosion-corrosion wastage
maps (see Figures 18-20 (a-b)) have been constructed based on the results at
-400, 0 and 400 mV, where erosion-corrosion regime transitions are presented
as a function of velocity and impact angle, and the various contributions are
calculated as outlined in tables 1-6. The wastage maps due to erosion-corrosion
were constructed according to the following boundary conditions [1-4]:

Kec <6 Low wastage regime (mg cm ~2hh 4
6 <Kec < 50 Medium wastage regime (mg cm > h™)) 5
Kec> 50 High wastage regime (mg cm > h™)) 6

Figs. 18-20 (a) show erosion-corrosion wastage maps for carbon steel in
20% water with crude oil containing particle sizes 600-710um. As can be seen,
the rate of the medium wastage regime is greater than the low wastage regime,
while the low wastage regime dominated with the particle sizes 150-300xm
due to the total erosion-corrosion (Kec) having decreased Figs.18-20(b). In
addition, there is no evidence of the presence of medium wastage effect on the
specimen at low potential of -400mV Fig. 18 (b). Fig.20 (a) shows erosion-
corrosion wastage maps for particle sizes 600-710xm at 400mV. The percentage
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of the medium wastage regime increases with an increase in applied potential.
In 0il/20% water containing particle sizes 150-300ym at 0 mV and 400mV
Fig.19-20 (b), It is interesting to see that the medium wastage regime on the
map and it occupied an area at high impact velocity of 4.5 m s™'. The presence
of medium wastage regime could be due to an increase in potentials, which
indicate an increase in current density and an increase in impact velocity, both
of which indicate an increase in the corrosion product removed by the impact
particle at high impact velocity. Moreover, it can be seen that the main cause of
the medium wastage was the presence of water in the crude oil. The performance
maps of the effect of particle sizes have been constructed as function of impact
angles and impact velocities at three applied potentials (-400 mV, OmV and
400mV). Figs.21-23 show the low wastage regime shifted to the intermediate
impact velocity of 3.5 m s™'with increase in the applied potential from -400mV
to 0 and 400mV and the medium wastage occupied the area at high impact
velocity 4.5 m s™" for both a small and large particle sizes Figs22-23.
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Fig.15: Erosion-corrosion additive-synergism maps for carbon steel at -400 mV in oil /20 %
water with particle size (a) 600-710zm (b) 150-300 zm
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Fig.16: Erosion-corrosion additive-synergism maps for carbon steel at 0 mV in oil /20 %
water with particle size (a) 600-710zm (b) 150-300 zm
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Fig.17: Erosion-corrosion additive-synergism maps for carbon steel at 400 mV in oil /20 %

water with particle sizes (a) 600-710xm (b) 150-300 zm
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Fig.18: Erosion-corrosion wastage maps for carbon steel in oil /20% water at -400 mV with
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Fig.19: Erosion-corrosion wastage maps for carbon steel in o0il /20% water at 0 mV with

particle sizes (a) 600-710xm (b) 150-300 zm
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Fig.20: Erosion-corrosion wastage maps for carbon steel in oil /20% water at 400 mV with
particle sizes (a) 600-710xm (b) 150-300 zm
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S. Conclusion

The corrosion current density was increased with an increase in applied
potential and decrease in particle sized from 600-710xm to 150-300zm.

The effects of impact angles and electrochemical potentials on the erosion—
corrosion of carbon steel have been assessed at an impact velocities, potential
and impact angle in oil/water environments containing particle sized 600-
710pm and 150-300pm. Erosion-corrosion mechanism, wastage and additive-
synergism maps have been constructed based on the results. There was no
evidence of the presence of a high wastage effect at two particles sized.
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