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Abstract

Erosion by solid particles in oil/water slurries is a technologically important area. In
such conditions, it is necessary to distinguish between the effects of the sand, aqueous
environment, and the oil. Erosion-corrosion maps provide a means of identification
between erosion-corrosion regimes as a function of erosion and corrosion parameters.
However, there has been no work carried out to map the effects of parameters in
oil/water slurries. This paper investigates the effect of erosion-corrosion on carbon
steel in oil field production and maps the results. Distinctions between "synergistic"
and "additive" erosion-corrosion behaviour are superimposed on the maps in the

various environments.

1. Introduction

Erosion-corrosion is a major issue in oil exploration, Figs. 1-2. In particular, in the
exploration phase i.e. drilling in crude oil sand slurries, wear of the materials such as
drilling tools and pipes may occur. In such cases, the degradation may be caused by a
number of factors relating to the particles, pipe and drilling materials and the

environment [1-3].

Although there have been a significant number of researches into the role of the
aqueous environment in the synergy between erosion and corrosion of materials [4-
10], there have been very few studies to investigate such effects in crude oil
conditions. In particular, the separate effects of the sand slurry aqueous solution, the
oil environment and the interactions of the latter processes together have not been
considered. This is despite the application of such studies in oil exploration

conditions.

Advances in the study of erosion-corrosion in recent years have led to the
construction of erosion-corrosion mechanism maps [4-7]. This provides a means of

assessing the transitions between the regimes as a function of the main process



parameters. However, to date there have been no such maps developed for

application to erosion-corrosion in oil exploration conditions.

In this paper a study was conducted of the effects of erosion-corrosion of carbon steel
in a range of conditions, reservoir water with sand, oil with sand and the combination
of both conditions. Erosion-corrosion maps were constructed showing the extent of
wastage, the mechanism of degradation and the synergism/antagonism between the
processes as a function of impact angle and particle velocity. The advantages and

limitations of such maps together with the potential applications are addressed in this

paper.

2. Experimental details

2.1 Erosion-corrosion test methods

Erosion—corrosion tests were carried out using an impinging jet apparatus, as shown
in Fig. 3 [11] and is described elsewhere [4,11]. 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
specimen. The velocity was calibrated through knowledge of the geometry of the

outlet jet.

The slurry consisted of silica sand of size range 600 -710 um. The particle

concentration in the slurry solution was 20% by volume.

The test specimen was connected to an electrochemical cell, as shown elsewhere [10].
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. Erosion—corrosion tests were
performed at three applied potentials of -400 mV, 0 mV and 400 mV for 30 minutes
using a computer controlled ACM potentiostatic to fix the potential at the required

value.



The test material was carbon steel (X52) supplied by Kelvin Steel Glasgow with
chemical composition as percentage: 0.18, Mn 1.6, Si 0.55, Cr 0.25, Cu: 0.35, Ni: 0.3,
S: 0.008. Three environments were evaluated, i.e. reservoir water (4M NaHCO;

+NaCO; of pH 8.25), crude oil and 20% reservoir water with crude oil.

The chemical composition of crude oil in ppm (mass) was (Ca: 33.26, Na: 4.26, K:

1.07, H,S: 0.0007). The specific gravity was 0.77 and density was 767 gl™".

The dimensions of the specimens were 25mm % 10mm % 4 mm. The area exposed to
impingement jet was 0.19 cm?, 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 testing
using a Metter electronic balance. The tests were carried out at three impact angles i.e.
15°, 45° and 90° and three velocities i.e. 2.5,3.5and 4.5 ms!,

for 30 minutes. The reproducibility of the experiments was estimated to be + 5%

calculated between two 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 specimens was

evaluated using scanning electron microscopy (SEM).
3. Results
3.1 Potentiodynamic polarization results

Polarization curves, Fig. 4 (a), showed that following erosion-corrosion in the water
environment at 15°, there was a general increase in anodic current density with
increasing velocity from 2.5 to 4.5 ms™. Clear evidence of passivation was observed.
The value of zero current potential shifted in a negative direction with increasing
velocity. A similar pattern was observed for the carbon steel in the crude oil
environment, Fig. 4(b), with anodic current density increasing with velocity.
However, in this case, the current density was more than two orders of magnitude less
than in the previous case. In the combined crude oil/ reservoir water environment,

Fig. 4(c), similar behaviour was observed in terms of the passsivation trends;
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however, in this case, the anodic current densities were greater than those in the crude
oil environment, Fig. 4(b), by an order of magnitude but less than in the water and oil

environment, Fig. 4(c).

At higher impact angles, i.e. 45 °, Fig. 5(a-c), a generally similar variation with
impact velocity was observed. However, in this case the anodic current densities
were marginally higher than at the lower impact angles. At the highest impact angle
studied, i.e. 90°, Fig. 6(a-c), the values of the anodic current densities appeared

similar to those at 45°, Fig. 5(a-c).

It was interesting that there appeared to be a slight kink in the passivation curve at
potentials of approximately 500 mV, Figs. 4-6. This appeared to be particularly
prevalent in the aqueous environments, Fig. 4-6. Whether this could be attributed to a
change in the chemistry of the passivation process above such potentials will be

addressed further below.

It should be noted that the results above indicated that the cathodic current densities
increased as a function of velocity, and that this reaction was also reduced in the oil
water conditions. However it was interesting that the cathodic currents in oil, Figs.
4(b), 5(b), 6(b), were significantly higher than the anodic currents, and that this
difference was not pronounced in the water environments, Figs. 4-6.

3.2  Weight change data

The overall weight loss Kec was recorded at potentials of 0 and 400 mV, Figs. 7-13.

The weight change during erosion-corrosion can be given as follows;

Kec= Kcot+Keo + AKe + AKc (1)
where Ke= Keo+ AKe and (2)
Kc=Kco +AKc 3)



and Kec is total erosion-corrosion rate, Keo is the erosion rate in absence of
corrosion, Kco is the corrosion rate in the absence of erosion, AKe is the effect of
corrosion on the erosion rate and AKc is the effect of erosion on the corrosion rate.
The individual contributions are given in Tables 1-6 at the various impact angles. The
values of Kc were calculated from the Faradaic conversion of the corrosion current

density to mass loss [12].

The results Figs. 7-9, at 0 mV, that there was an increase in erosion-corrosion rate
with increasing velocity in all conditions studied. The value of K¢ was highest in the
reservoir water, Fig. 7 (where it exceed that of Ke), and at a minimum in the crude oil,
Fig. 8. In oil containing solutions, Figs. 8-9, the value of Kc was always less than

Ke.

At 400 mV, Figs. 10-12, a largely similar pattern of behaviour was observed, with the
lowest values of Kc observed in crude oil, Fig. 11. However, in the reservoir water,
Fig. 10(a-b), at the lower impact angle range, there was little differences between the
values of Ke and Kc, unlike the behaviour observed at the lower applied potentials,
Fig. 7(a-b). It was interesting that at normal impact, Fig. 10 (c), the situation where
Kc exceeded Ke again predominated. This indicates that applied potential and impact
angle effects were significant in changing the erosion-corrosion regimes in such

environments.

3.2 Microscopy analysis

Scanning electron micrographs, Fig. 13-14 indicated changes in surface morphology
in the various environments. The surface at 0 mV and at 45° after impact at 3.5 ms™'
in water was relatively smooth, Fig. 13( a). More evidence of film formation was
observed in oil, Fig. 13 (b) and in the oil/water environment, Fig. 13(c), and there was
evidence of passive film amid some dispersed oil deposits on the surface. At higher
impact velocities and potentials, i.e. 4.5 ms™ at 90° and 400 mV, the surface formed in
water, Fig. 14(a) was significantly rougher. A relatively smooth morphology, by
contrast was observed in oil, Fig. 14(b), with clear evidence, in the oil water system,

of an oxide film combined with oil deposits, Fig. 14(c).
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4. Discussion

4.1 Trends on the observed erosion-corrosion behaviour in the various slurry

environments

It is clear that the passivation rate in the presence of oil is reduced considerably
compared to water only systems, Figs. 6-12, and that as passivation is indicated in all
environments, the presence of the oil must have an effect on the passivation and re-
passivation kinetics. Such trends have also been observed in a recent study on steels
in similar conditions. The role of the adsorbed oil film is considered to increase the
transport of oxygen to the surface and therefore to increase the cathode kinetics as
oxygen has a higher solubility in oil than in water [2]. This increase in cathodic
current density is observed particularly in the oil containing environments Figs. 4-6,
as seen above. On the other hand, the anodic current density is reduced (attributed to
the lower solubility of Fe ions in oil), and therefore passivation is considered less
likely to occur and the values of K¢ are very low in such conditions. Hence, the oil

layer can have an important role in reducing erosion-corrosion in such environments.

In the water environments, Fig. 6-12, the effect of applied potential changes the
dominance of the erosion and corrosion regimes compared to that observed in the
other environments. For example, there is a consistent pattern in the water
environment only, Fig. 7 at 0 mV of Kc exceeding Ke, with this trend decreasing at
the higher potentials i.e. Fig. 10. This is attributed to the ability of the passive film to
withstand particle impacts at such potentials- at higher potentials, with a marginally
thicker film, the integrity of the film may be lower. In the environments containing
oil, Figs. 8-9, and Figs. 11-12, the value of Kc is always lower than Ke, indicating the
reduction in passive film formation in such cases. This means that although the values
of Kc are lower in crude oil conditions, Figs. 8-9, and Figs. 11-12, the conditions
where the passive film can withstand particle erosion may be less likely to be obtained
in crude oil conditions and that optimizing the oil content must be carried out to

ensure optimum erosion performance from the passive film in such conditions.



It is interesting that the current density increases when impact angle is increased from
15° to 45° but does not increase with further increases in impact angle from 45° to 90°,
Fig. 4-6 and that this pattern is also affected by changes in potential and the chemistry
of the environment. At low impact angles, the erosion of passive film material is
likely to increase up to a critical impact angle and to remain constant or marginally
decrease due to a decrease in cutting wear at higher impact angles and this is a

possible reason for this observation [13-14].

4.2 Erosion-corrosion maps

Erosion-corrosion mechanism maps, Figs. 15-16, have been constructed based on the
results at 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 regime transitions are as follows:

Ke/Kc <0.1 Passivation-dominated 4)
1> Ke/Kc >0.1 Passivation-erosion 5)
10>Ke/Kc >1 Erosion-passivation (6)
Ke/Kc >10 Erosion-dominated (7)

The maps indicate that not surprisingly the extent of passivation is at a maximum in
water, Fig. 15(a), where passivation -erosion dominated the majority of the area of the
map. Itis at a minimum in oil, Fig. 15(b), where erosion-dominated behaviour
prevails. In the oil/ water environment, the intermediate situation of erosion-
passivation occurs over the parameter space studied. It is interesting that increases in
velocity and impact angle increases the corrosion affected regimes, and this may be
due to enhanced mass transfer of oxygen to the surface at the higher velocities and the
reduction in erosion of the passive film at higher impact angles. Why the passive film
may be less vulnerable at higher impact angles is difficult to ascertain but may be due

to less likelihood of cutting wear at such impact angles [13-14].



At higher potentials, i.e. 400 mV, Fig. 16(a) similar observations to the above are
made for the steel in the water environment. However in this case, the effect of
increasing velocity is to initially increase the corrosion and then at higher velocities
reduce it, consistent with the increase of mechanical energy into the system. At such
potentials, the films appear, according to the map, to be more vulnerable to erosion
than those formed at lower applied potentials. For the oil and water conditions the

maps are identical to those observed at lower potentials, Fig. 16(b-c).

Erosion-corrosion wastage maps, Figs. 17-18, have been generated to demonstrate the
transition between wastage regimes, where low, medium and high regimes are less or
equal to 6 mg cm > h™', between 6 and 50 mg cm > h™', and greater or equal to 50 mg

cm 2hh

Clearly, the passive film has some effect in reducing the erosion-corrosion at low
impact angles and velocities, in water, as shown in Fig. 17(a). However, the effect of
the oil film is to considerably reduce the erosion-corrosion rate, Fig. 17(b). This
effect is less evident in the oil water slurry, Fig. 17(c) and for all conditions at higher
potentials, Fig. 18(a-c), indicating the there is a window of conditions where the

erosion-corrosion performance may be optimized in oil containing conditions.

Erosion-corrosion additive-synergism maps can be constructed, Figs. 19-20.
Here, regimes of erosion-corrosion can be defined depending whether the erosion-

corrosion is additive, synergistic or antagonistic as defined elsewhere [5-7, 15] and

below i.e.

Here :

AKe/AKc <0.1 Additive (8)
1>A Ke/AKc>0.1 Additive-synergistic 9)
AKe/AKc>1 Synergistic (10)

Additive behaviour defines the situation where the enhancement of corrosion due to

erosion is greater than the effect of corrosion on the erosion.



Where corrosion may enhance the erosion, the interaction is defined as synergistic
behaviour. Where it inhibits erosion i.e where the formation of surface film reduces

erosion, then the reverse occurs and the mechanism is defined as antagonistic.

Both synergistic and antagonistic behaviour are characteristics of erosion-corrosion
processes [5-7] and a method needs to be defined to illustrate such differences. Ifa
film forms on the surface in the exposure conditions which is effective in reducing
erosion, i.e. AKe/AKc> -1, then “synergistic” should be replaced by “antagonistic”

for the above and the inequalities are negative as illustrated elsewhere [5-7].

The results, Fig. 19 at 0 mV, indicate that the additive regime, where erosion is
enhancing corrosion ie. through removal and reformation of passive film is highest in
water, Fig. 19(a). In the oil and oil/water conditions, the antagonistic regime where
the film is reducing wear, is observed to much greater extent. Regimes of antagonism
and synergism sit in different envelopes of conditions in the oil and oil/water slurries,
Figs. 19(b-c), possibly indicating different mechanisms of protecting the surfaces in
such cases. At higher potentials, different regime transitions are observed, with the
level of additive behaviour now reduced in the water conditions, Fig. 20(a). The level
of antagonistic behaviour reduces in the oil conditions but increases in the oil/water
conditions, Figs. 20(b-c), indicating that the passivation chemistry may have a
significant effect on the ability of the surface to provide protection against erosion-

corrosion in such conditions.

Clearly, such maps may provide important insights into the change of mechanism of
erosion-corrosion in such conditions and recent work has been focused on the
development of such diagrams for micro-abrasion-corrosion of materials [16].

Further work will be to investigate the change of regime boundaries in a wider range
of conditions in addition to evaluating whether such observations may be observed for
other materials such as surface coatings [17] and different tribological conditions in

such environments.
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5. Conclusions

(1)

(i)

(iii)

Effects of velocity and impact angle have been evaluated for the
erosion-corrosion of carbon steel in a range of aqueous/crude oil
slurries.

The results indicate that oil containing environments may provide
resistance to erosion depending on the conditions

Erosion-corrosion maps have been constructed showing the change in
erosion-corrosion mechanisms, the levels of wastage and extent of

synergistic/antagonistic behavior based on the results.
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Fig. 1: Example of erosion-corrosion degradation of piping in downstream oil

production condition.

Fig. 2: Example of erosion-corrosion of a joint at upstream oil production.
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Figure (3) Schematic diagram of erosion-corrosion test rig.
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Fig (13): Scanning electron micrographs of eroded carbon steel test specimen at
V=3.5ms ', 0mV and impact angle 45°:(a)in water (b) in crude oil (c)in 20%

‘water/ crude oil.

R N

(@) (b)
Fig (14): Scanning electron micrographs of eroded carbon steel test specimen at V=4.5ms ',
400 mV and impact angle 90°:(a)in water (b) in crude oil (¢)in 20% water/ crude oil.

17



Passivation-Erosion
451 & & X 457 % X % 451
0 0 : : v
£ £ Erosion Domminated €
2 2 P
5 35 X X X 5 35 X X X .;’3.5
% Ke) o
() [}
> > >
25 X X 251 X X X 25
15° 45° X° 15° 45 o

(a)

Impact angle
(b)

('b) crude oil (¢ ) 20% water/ crude oil.

1

Erosion Dominated

457 451 X X X
7} TU)
€ S
>
35 %‘3.5 X % %
K] ke
) Q)
> >

259- % X 254 X X X

15° 45° Q0° 15° 45° «X°

(a)

Impact angle

(b)

(b) crude oil (c) 20% water/ crude oil.

18

X X X
Erosion-Passivation
X X X
X % X
15° 45 X°

Irpact angle
(c)

Fig (15): Erosion-Corrosion mechanism maps for carbon steel at 0 mV in( a ) water

002!
QKK
QKK
QEIKK
o

KKK

X XXRKY
0000000000
SRR

0000 00RRIRERK
R RS SRSRRIICEI AR
0 QKKK

X XXXXX
X XXRK

X RIARRRKLL
RS
X KRR

X2

%55
X2 X XXRRELKXK
KR X XK ERKKLERELKLL
X XXRX X X KGR GRS KE KKK KRREEKKKRKL
X XXRK X X X KK KKK GG EEKE KKK

AR KX XXXAAAREEIEREES
X XXX

XIAIALIL

X KRR EREELEERAK
R RRRRRRARE?

XXX XX
XXX
QK

oot utetuetetetutetetetotetotetotetotetorutoretoretoretotetetetetetetotetotetotes

o0 X
REIRNK
O oot e tetotorotatatetesotororatatetetote

(c)

Fig (16):Erosion-Corrosion mechanism maps for carbon steel at 400 mV in (a) water




Impa
ct
an;’:o
e
©)

15°

90°

45°

Imp
act
angl
e

19

15°

th)
(]
m
a
ps
f0
T
ca
rb
on
S
el at
40
0
m
v
iIl
W
ate
r(
b)

10
n
-C
o)

T
osio

n

W

a

S

E
rosi

1
(C)
20
%o
water/
cru
d

(§]

oil

45°
1

Impa
o ang
e
F.
i
2 (18)

C

Tu

de
(0)

(a)

15°

x
em
m :
£ = |
M |
X
x
8
X
5 ..W )
<
X o)
080 Q
0803
3333 mu
"0“‘0"0 Pw W [
833833 = e}
0‘0‘0000000000 w 5
0003000003003 [t}
0303333333 A o —_~
00333333333 5
333303033333 ]
mmmm«mmmmm“mw...««v. 100 - 2 :
03‘ 3%00“0 0300003 19 oo o009
000 33333 3000‘03
L 30003333000033 A 003030‘03
033333033333 [ts
uuuawawuw&m N —_ ““uw“mmmw.
unun«nonno&&o&&o&. 2 n““nnn»n%v%uow“nw
888”0%"»»“%“"“.“. | 3883888%&0%3
03030033000303 % “»“N“ﬁ“ﬂ“ﬂ“ﬂ“ﬁ“““ﬂ“ﬂﬁ““ﬁg
3338383088 | =
0030003008 003“000‘03000 00306000
330 % ‘03? ) 030300033030 3830003
QONNV‘Q“?O% = 033030003330%0000“0000000
3”“0"330% 000030‘0303000‘000‘0‘3“00303
000””"03% o] 33003038030380060‘3003303
"8883 0030‘000‘03330338330308033
< % 03““00 | 03030‘000‘030“000303330333300
080 KX 300““ 03330003030000‘0030033330000‘0000
5 5 2 i _ .%&m%n%%uﬁwn ..W“W..
mmmmmmwv. o = w«w&&&& ..uunv. %Wumv.
o 03033333 | 0033000303030‘000‘ 00300303000038300
533 X | 30003083333830 330333000038300
030003000303 0$0000“000‘0000 00006 030330‘00000030‘3
0““00 NN“““N“““““’“’?‘ | | o— 330300003000 o308 00300330‘000‘033‘
0030 00330380“0“33 3030‘000‘003“ KK 300330030‘000‘003
330 00030 0333 | 0033300003030‘000‘ [0} 000303030000‘00000_
‘33 30“0"“»”"“0"»0 3303083033333 90300003330333 |
o3 00000 ool 8 03030‘000‘0‘3‘000000‘ 30030303000030‘0X
0‘000 003000 NN%“N““N“““N““ 330300003000000003 00300303030‘0030?
‘“»n»uv zso: 0838838 , "»%“u“u%%%“n“uuwm« a n»uunnn»u%“»u%n%«%
033“0 333 333030& x 0000“000‘03033333 R 0000000‘000‘0033 |
0300000 00“00 000333: | o 03030‘000‘003‘0000000 & 003030‘0000003
33030 ““00 03300 0003030000300300000‘ plo%s 000000083003%
30033 n“3 0000, | 000030‘00000030‘000‘00 1= 03000300‘0030‘000‘
33030 ”M"“‘o ¢ +~ 08030838033833 30300303033830
00000000000330 x| | IS 0030‘000‘003“0333 = 0330330‘000330“
8%%%8 z“onn 3 u%nn»“nununw»nuo o“uw» nu»nnnnnu‘&“u»nwnuu» ,
30“33 0‘“’ £ , — 3303380333 33 00308003003803‘ |
. S 5 ! %«wmm&m.wmm “«“uuu«mm. <
M 308000 | m | o 00380308333030 30380333083 |
s J 3033 O 000000‘000‘003300‘ 330030‘00000030
R 00000 x K] = 3300‘000‘0030‘00 000330030000‘003
00000 X I | 00030‘000003330 X 00003030‘0333
0333 %% 175) 3‘300000‘033‘00 bos 03030080033
0‘003000 | ] | 3‘3“000‘00000‘30 & 0030000030300
0000000003 L S @® 3‘3“000‘00000‘3033 30333030‘00
0000003330 - . o 03033030000¢303330030330‘30‘ | [0
mmmmmm“mm.. w 5 W B _ 5 ..nuu%nu%%.ﬁ%m&» 2
‘88.88"’%»““? >3 (b O T zwuunn»%nn%nuwwunu%u“mw»u“m
883088888888 i} Iz = o 08888809%8&0&0%088 a
00030300033330330 10 © = <
3000033000003330330 0 | = 0000303030‘033030‘00X
00300033033 03033000 151 0303000030333‘33
330333803 303333 EJ 030303‘3000000003‘0 :
3000‘ 00000003 0000003030 A , 0000“00330000“00030 7
3030 0030000003003300030 0 — 0003000‘000330‘ [¢]
onouio 833388833383 o , o _‘m oowunu“n“n“wn““u“w |
N&NOMN“ 0““““%““0“‘03330 | | o= sw 033033300
3303 830333000“””«““““0 0 006003030 , T
303‘ 08000033033803088’0 | 1) A ) 80%03% T
3030 000000 003000003 5 > 300030 7 T
8080 880383088"8 0“80330 =y I 30%0 T
3003 33303333303 ”0%0“0““‘ | x 12 003,
000000 [ 00000003000003030300 S < o]
3300 o) 000303033038338“0““““0“‘03 | |
“‘0“ """‘“""““”‘.‘."”.’""““" | w
3003 80000800030800330003300 s A
mmmmm w.muau»%u»unnawuum%m" ¢ 3
s “mwmmmmm“m““%“w%nww“mw“ 50
303‘ I 0008000030”ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%ﬁﬁﬁﬂﬁ%ﬁﬁhﬁx 5
55 ] %ﬁ%ﬁuﬁﬁuuu“uun"wnm g —
58 w“w"“u&uﬁwu%«mw.&.. = ,
083 33030003833333 3333, Q
300030 e 0088338 o )
330033 “““Nbouooozoo303333033300 (o)) X
838388 ooouuou“uunuuu»uunu«o&o&&i& 3 = =] ‘
O“WNN““““NMQ““OO 0303300000308““““”““““ | ) |
30303300 L 00”“““"“”“”““08303‘33 % = 7
30000330030 03000303»“0033303 | w X
..uwnawa.... ..“..“un“wmmmmw o 2 £ |
00““““““”““““”“““00 00000000000000 = S |
‘0030033330 0000003303 Q 5 -
oonnun%n%u»m%oo o.wummmmmmmo o g % , -
w QO“Mmmmmmmmmmmm ,038, m o% nﬁ_v aw " 1
9 "‘0""0’
waummmm, w m.v w 0/0 x W
3
S I | © N > I ®
sw 0 B o [\l o))
£ | m 5 — | 2
T
1100 W ”ﬁ = Py \—.“./ /Mb\ OMNMQQ “ y” m
oA , S - — .““ww“v. |
z = = uu«mwv. ,
S S “muu"mwm"w. Sw - , -
19} 303000030‘30‘03
.20 ae .wﬁw.wmﬁwwmwv. i |
F g‘%ooo?‘? 0‘0006000 u_
000“000‘000000&‘000‘000 o] |
33333333 3830003 100
33030003330%0000“0000000
S .%wwmun%m&m%n%s 19 ,
030‘000‘003030338330308033
3030‘000‘030“0003033000333300 ._..._4
“nn““““un&wwﬁw&u&.&&u i
«uwmmm%mm%ﬁﬁw. w“m...
00030‘000‘003“000‘03 3003030 0‘00033
0033000303030‘000‘0 0003003030000303
o»“nnnu“nunun%ns’nn“"n o‘»nuunuun“unn»un"wnn‘ o
%ﬁwﬁ%«v 55 .“auw«wm& ,
0033300003030‘000‘0 0303080000‘0000
n»“%n»‘“"nunu»nu“nnnu&n Q oun»»%»nnnuw"un“uox
uﬁ%mu«wwm% 3 %ﬁ%«@m
.ﬁ%«mﬁﬁ%& 7 .“u"u“.&%m"
unaw.ww.“uwww» ..n“u“mm“m."%
000030‘00000030‘000‘03 0000030‘0030‘000‘
3003080080303383 I 0303003083830
"u«wm&w..«% g “u"un%%.nm
033030300‘000 3000 5 000030‘0000033 7
0303383033 303 8800300383 |
n&“ﬂ%&m&mﬂ .uuuw“wm
00380308333033 000333333
000000‘000‘0"333060 30‘000000330
é%mm%uv .“wu““..wm»v
3‘300000‘033‘3 xx 303383033 |
.&wwmm“wur %ﬁm.ww%
o&nu““»»n%n%“%nws»nn"unununw“n"u” g
.wuu%u%n%n%&w“““ 8
5 ..nnu%m&«m%mww 7
< ..“u“m"»uw.&w“mmw !
3033300 X o308
..“uuw““mmmm. | z
| s
~ |
833
33 ,
0% |
T
%



: Synergistic | Synergistic Synergistic
45 x—x X asl— % X X 45 X X x
- . i~ e B ‘T
@ Additive | || ' Additive-Antagonistic| ' F—— »
1S } 9 S Antagonistic 1S
> ! ' > I — > — -
B 35f------------- ?’ , X '§3.5 X X x (_g 3.5 o000 ios. X‘. x X
g :" I'.I E — g I
’ \ I —
25 WREEE555% X0 Rl Xooozeo 25 X X——————X 25 | Antagonistic x R R X=====]
‘i L [ Additive - Synergistic
Antagonistic : : E
15° 45° 20° 15° 45° 90° 15° 45° 90°
Impact angle Impact angle Impact angle
(a) (b) (c)
Fig (19): Erosion-corrosion additive-synergism maps for carbon steel at 0 mV in (a)
water (b) crude oil (c) 20% water/ crude oil.
- Synergistic == Antagonistic || Synergistic || Antagonistic
45 X X x 45 >|‘ X X 45 X X X
" o : -
£ £ £
= = - >
o o T bR 000 0ataa0atalat tatatatotatotots tatatatalyletptatatatalobobtotatatatatotetptatitatalatstotatats
s} P ———— X s Xeee===| &35 fr=mrrrmmmmm==== X x: X 03.5 X X x
§3.5 e = §3.5 8 ,
/| Additive > | Synergisticg
25f--------- B —— ><:: -------------- XAREIHR 25 Xmmmmmasses <X 3 25 s x X X
— -+ v —
) L. g L
Antagonistic ":“: Antagonlstlc ': Antagonistic I AntagonlStIC e
| - ] : I e
15° 45° 90° 15° 45° 90° 15° 45° 90°
Impact angle Impact angle Impact angle
(a) (b) (c)

water (b) crude oil (¢) 20% water/ crude oil.

20

Fig (20): Erosion-corrosion additive-synergism maps for carbon steel at 400 mV in (a)



Tables
Table 1: Volume loss as a function of impact velocity and impact angle for carbon
steel in water at 0 mV

(a) 15°
velocities
ms ' Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 2.6 1.8 0.9 -0.2 -5.5 1.4 4.4
3.5 1.7 4.4 -0.4 0.9 -0.4 0.4 6.0
4.5 3.8 5.9 0.8 1.1 0.8 0.7 9.7
(b) 45°
velocities
ms' Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 1.7 2.71 -0.8 1.5 -0.5 0.6 4.4
3.5 2 5.0 -1.2 0.2 -5.3 0.4 7
4.5 4.7 5.6 1.6 0.3 6.4 0.9 10
(c) 90°
velocities
ms’' Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 1.6 2.7 -0.03 0.5 -0.1 0.6 43
3.5 2.5 5 0.3 1 0.3 0.5 7.48
4.5 3.5 6 0.6 0.8 0.7 0.6 9.5
Table 2: Volume loss as a function of impact velocity and impact angle for carbon
steel in water at 400 mV
(a) 15°
velocities
ms! Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 2.4 2 0.7 -0.1 -10.6 1.24 4.41
3.5 3.5 4.5 1.5 0.5 3 0.8 8
4.5 5.3 5 2.3 0.1 19 1.0 10.3
(b) 45°
velocities
ms ' Ke Kc Ake Akc Ake/Akce Ke/Kc Kec
2.5 2.8 2.2 0.3 0.3 1.1 1.3 5
3.5 39 43 0.7 -0.5 -14 0.9 8.2
4.5 6.1 5.7 2.2 0.8 2.6 1.1 11.8
(c) 90°
velocities
ms' Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 1.5 2.5 -0.1 0.1 -1.2 0.6 4.0
3.5 2.1 5.8 -0.1 1.5 -0.1 0.4 7.9
4.5 43 6.7 1.4 1.0 1.4 0.6 11.0
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Tables 3: Volume loss as a function of impact velocity and impact angle for carbon

steel in crude oil at 0 mV

(a) 15°
velocities
ms’
Ke Kc Ake Akc Ake/Akc Ke/Kce Kec
2.5 34 0.0185 1.403 -0.0006 -2338 183 3.401
35 5.1 0.0259 2.774 0.0058 478 196 5.1
4.5 7.95 0.0428 4.357 0.0018 2421 186 8
(b) 45°
velocities
ms '
Ke Kc Ake Akc Ake/Akc Ke/Kc Kec
2.5 3.13E+00 0.0139 1.226 -0.0006 -2044 225 3.14
3.5 5 0.0181 2.6 -0.0011 -2347 275 5
4.5 7 0.0308 42 -0.0046 -917 241 7.5
(c) 90°
velocities
ms '
Ke Kc Ake Akc Ake/Akc Ke/Kc Kec
2.5 3.38E+00 0.02 1.7 0.0005 3360 169 34
3.5 5 0.0291 3.1 0.0069 453 178 5.21
4.5 7 0.0456 4.2 0.0104 404 162 7.45
4: Volume loss as a function of impact velocity and impact angle for carbon steel in crude oil
at 400 mV
(a) 15°
velocities
ms '
Ke Kc Ake Akc Ake/Akc Ke/Kc Kec
2.5 3.8 0.0214 1.8 0.0029 613 176 3.78
3.5 7 0.0258 4.7 0.00051 9348 270 7
4.5 8 0.0478 4.5 -0.0002 -22361 169 8.12
(b) 45°
velocities
ms '
Ke Kc Ake Akc Ake/Akc Ke/Kc Kec
2.5 3.6 0.014 1.645 -0.0013 -1266 283 3.56
3.5 6 0.0202 3.77 0.0005 7559 356 6.2
4.5 8 0.04 5.21 0.0008 6512 210 8.45
(c) 90°
velocities
ms' Ke Kc Ake Akc Ake/Akc Ke/Kc Kec
2.5 4 0.0265 2.274 0.007 324.79 154.094 4.11
3.5 6 0.0321 4417 0.0078 566 201 6.5
4.5 8 0.0518 4.97 0.0101 492 157 8.23
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Table 5: Volume loss as a function of impact velocity and impact angle for carbon
steel in 20 % water/crude oil at 0 mV.

(a) 15°
velocities
ms'
Ke Kc Ake Akc Ake/Akc Ke/Kce Kec
2.5 2.1 0.8 0.1 -0.08 -1 2.6 2.8
3.5 5.1 0.9 2.8 -0.03 -93.7 5.7 6
4.5 7.3 1.5 3.7 0.2 18 49 8.8
(b) 45°
velocities
ms'
Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 2.8 0.8 0.9 -0.04 -23.5 3.7 3.6
3.5 5.2 1 2.8 0.1 28 5.2 6.2
4.5 7.5 1.4 43 0.2 21.7 5.4 8.9
(c) 90°
velocities
ms'
Ke Kc Ake Akc Ake/Akc Ke/Kce Kec
2.5 2.1 0.8 0.43 -0.02 -21.5 2.7 291
3.5 5.3 1 33 0.2 16.4 5.4 6.3
4.5 7.1 1.6 3.9 0.3 13.1 4.5 8.72
Table 6: Volume loss as a function of impact velocity and impact angle for carbon
steel in 20% water/crude oil at 400 mV
(a) 15°
velocities
ms’'
Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 1.9 0.7 -0.1 -0.1 1 2.7 2.6
3.5 6.0 1.2 3.7 0.2 18.6 5 7.2
4.5 7.6 1.9 4.01 -0.1 -40 4 9.5
(b) 45°
velocities
ms'
Ke Kc Ake Akc Ake/Akc Ke/Kce Kec
2.5 2.1 0.9 0.2 0.2 1 2. 3
3.5 5.4 1.3 3 0.5 6.5 4.2 6.7
4.5 7.4 1.7 4.2 -0.1 -52.6 4.4 9.12
(c) 90°
velocities
ms!
Ke Kc Ake Akc Ake/Ake Ke/Kc Kec
2.5 2.4 0.8 0.7 0.02 35 3 32
35 5.8 1.2 3.8 04 10.42 4.8 7
4.5 8 1.9 4.8 -0.11 -43.5 4.2 9.87
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