
Inhibitor tests achieve 97%
corrosion-protection level
Part 2: Research opens up possibilities for design
of high-velocity, multi phase pipe line systems

Fig. 1. Schematic of high-pressure multi phase flow loop.

with both a synthetic brine/oil mix-
ture, as well as a de-ionizedwater/oil
mixture.
Synthetic brine/oil tests. As

shown in Table 1, the initial experi-
mental design was to include gas
velocities of7, 15, and 25 m/sec. and
test temperatures of 95° and 130°C
in the matrix, using a synthetic
brine/oil mixture. These values were

".C'

Fig. 2. Test section in the high-pressure multiphase flow. loop.

multiphase study. For the multi-
phase flowloop study, tests were run

effective option for transporting wet,
corrosive multiphase hydrocarbon
fluids at high velocities.

Laboratory tests suggest that
inhibitor injection can help
operators ofmulti phase, high-

velocity pipe lines achieve corrosion-
protection levels of97% or better.
The tests were to determine

design parameters for a new wet gas
line to be installed in theN orth Sea.
The goal was to develop material
selection guidelines that would opti-
mize throughput while maintaining
integrity. Tothese ends, imidazoline
and polyamidoamine-based inhibitor
fluids were specially developed for
high-shear applications.

'Ib simulate the pipe line'sworking
conditions, tests were carried out in
two high-pressure flowloops,one sin-
gle-phase and the other multiphase.
As described in Part 1, the single-

phase flow loop was used to study
high liquid velocity and its effects.
Both inhibitors were injected in these
tests. Here, corrosion-protection lev-
els better than 97%were achieved by
injecting 200 ppm ofeither inhibitor.
Tests were next carried out in a

multiphase flow loop to study high
gas velocities, and their flow regime
effects (Figs. 1 and 2). These tests
confinned the single-phase test find-
ings that corrosion-protection levels
greater than 96% can be achieved
with inhibitor injection.

Overall, the experiments sug-
gested that carbon steel line pipe and
corrosion inhibition can be used
together to offer a viable and cost-
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age, the experiment was repeated.
Some later experiments were per-
formed using two inductance ER
probes to improve response time.
Each test was not terminated until a
steady state corrosion rate had been
recorded for at least an hour.

Although the multiphase flow
loop was constructed of316L stai~-
less steel, the multiphase pump d1d
produce a small amount of ferrous
iron, Fe++. Iron concentrations
ranged from 20 ppm (in the baseline
experiments) to 50 ppm (in the
inhibitor experiments).

Since the Fe++saturation level in
the solution is expected at much
higher value (greater than 130 ppm
Fe++),this small iron amount did not
appear to interfere with the experi-.
ments. In fact, pH was found to be
stable at approximately 4.8. An
excess amount of iron in the solution
would readily raise pH to above 5.0.

Baseline corrosion rate increased
with decreasing gas velocity. The
increase was marginal when gas
velocity was decreased from 23 to 15
mlsec. (from 45 to 67 mpy). However,
a nearly two-fold increase was
observed when gas velocity was fur-
ther reduced to 7.5 mlsec. (from 67 to
105 mpy). The pronounced effectwas
attributed to change in flow regime
from annular to slug, which resulted
in a more severe flowing condition.

Only inhibitor B was evaluated in
the multiphase study. Its effect was
dramatic, immediately reducing cor-
rosion rate upon injection. The same
effectwas observed in the single-phase
flowloop study. The first inhibitor test
was carried out at gas velocity of 23
mlsec. in the annular flowregime.

Addition of 50 ppm of inhibitor B
decreased corrosion rate rapidly, from
45 to 19mpy within an hour. Corrosion
rate was further decreased and stabi-
lizedat 14mpy as time progressed.Cal-
culated corrosionprotection at 50 ppm
was equivalent to 69%.The lowcorro-
sion protection at this concentration
did not favor goodcorrosionprotection
at lowervelocities,where flow-acceler-
ated corrosionwas more severe.There-
fore, no further inhibitor testing was
performed at 50-ppm concentration.

As inhibitor concentration was
increased to 100 ppm, the corrosion
rate at 23 m/sec.gas velocitydecreased
quickly to 3 mpy after an hour. Corro-
sionrate decreased further to less than
2 mpy, the measurement system's
detection threshold. This level was

changed to annular at gas velocitiesof
15 m/sec. and higher. Since slug flow
generated the highest flow turbu-
lence, measured corrosion rate was
the highest at 7.5 m/sec. gas velocity.

It also was noted that corrosion
rate was higher at 15 m/sec. gas
velocity (67 mpy) than at 23 mlsec.
(45 mpy). This phenomenon was not
unusual, and has been observed in
other studies. It can be explained by
a combination of two effects.

In annular flow, increasing gas
velocity can result in more liquid
entrainment in the gas phase, and
more spreading of the remaining liq-
uid around the pipe. Both effects lead
to thinning of the liquid film created
by the inhibitors. Consequently, aver-
age velocity in the boundary layer in
the remaining liquid film can be lower,
resulting in a lower corrosion rate.

Corrosion-rate measurements
were taken using both types of ER
probes. An inductance-type probe is
more sensitive than the conventional
type. Therefore, data were taken
every 5 min. from the former, and
every 15 min. from the latter.

Corrosionrates obtained from both
probes were comparable, typically
within 10-15 mpy in difference. If the
difference was larger than this aver-

Test parameters
Partial pressure of carbon dioxide
Temperatures
Gas velocities
GOR (gas-to-Iiquid ratio)
Liquid 1
Liquid 2
Liquid 3
Oil
Inhibitor
Concentration

Table 1. The test matrix used in the multiphase studies

Condition

0.8 MPa
95. and 130.C
7.5,15, and 25 m/sec.
1,780 sm3/sm3 .
90% synthetic brine and 10% 011
100% de-ionized water
90% de-ionized water and 10% oil
hydrotreated, light-paraffinic distillate, 2 cP @40.C
A and B
50, 100, 150, 200 ppm

chosen to simulate expected field
conditions. However, slight varia-
tions were made during the tests, to
adjust for difficulties encountered.

One difficulty was experienced
with the new multiphase pump when
tile temperature was raised to 90°C.
'The test temperature was too high
for the pump rotor. The high temper-
ature caused significant thermal
expansion of the rubber in the stator.

As a consequence, the stator
became too tight for the rotor to fit.
The rubber began to be stripped from
the stator after a period of 24 hours.
This led to high levels of vibration
and contamination in the system,
especially at higher gas velocities.

Further, pump efficiencydecreased
with time, and eventually the pump
failed. The baseline tests were com-
pleted before the pump failure. After
a new stator was installed, tests were
repeated to confirm the earlier results.

The new pump assembly limited
the test temperature to 95°C, in
order to achieve the high gas velocity
of 23 mlsec. These test results are
summarized in Table 2.

It was noted that flow regime
depended heavily on gas velocity.The
predominant flow regime was slug
flow at gas velocity of 7.5 mlsec. Flow

Table 2. Baseline and inhibited corrosion rates, at 9~oC and O.So MP.a
CO2, in multiphase flow containing 90% synthetic brme and 10 Yo oil as
liquid phase

Baseline Inhibitor Corrosion Corrosion Final
Gas velocity, corrosion dosage, rate after rate after corrosion Percent

m/sec. rate, mpy JmID 1 hr, mpy 2hr, mpy rate, mpy protection

7.5 105 50 skipped" skipped" skipped" N/A
7.5 105 100 23 17 .16 85

7.5 105 150 16 12 11 90
7.5 105 200 10 10 10 91

15 67 50 skipped" skipped" skipped" N/A
15 67 100 6 3 <2 97

15 67 150 skipped' skipped' skipped' NlA
23 45 50 19 14 14 69

23 45 100 3 <2 <2 96

23 45 150 skipped' skipped' skipped' N/A
• The test was unnecessary judging from the low corrosion protection at 23-m/sec. gas velocity and 50-ppm inhibitor.
• The test was unnecessary because corrosion was successfully inhibited at the lower velocity.
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Table 4. Baseline and inhibited corrosion rates .at 95°C and 0.8 MPa .
CO2; in multi phase flow containing 90% de-ionIzed water, and 10% 011

as liquid phase
Baseline Corrosion Corrosion

Gas velocity, corrosion rate, mpy Protection rate, mpy Protection
m/sec. rate, mpy @100ppm @100ppm @150ppm @150ppm

7.5 120 6 95% 6 95%
15 76 3 96% <2 >97%

.----------.--. -.~:-----:-. --=-=a=t=es:-:a:t~9:;5;'OC~a:n:;d~0~.8;;M~p~a~l
Table 3. Baseline and mhlbltte~ ~or,:~~~ns~nth~tic brine and 10% oil as
CO2, in multiphase flow con alnmg 0

liquid phase

Tests in Table 2 were conducted using
synthetic brine, whereas de-ionized
water was used in the Table 4 tests.
The percent protection looks slightly
better in Table 4 than in Table 2. The
slight difference was attributed to
the high baseline corrosion rates, in
which de-ionized water was used.

The inhibitor proved effective
under all test conditions. Even in the
most severe slug flow condition (at
7.5 m/sec. gas velocity), corrosion
rate could be reduced to 6 mpy at
100 ppm of inhibitor.

However, further increasing the
dosage did not significantly reduce
corrosion rate. With respect to annu-
lar flow (at 15 m/sec. gas velocity),
'the corrosion rate was reduced to less
than 2 mpy at 150 ppm inhibitor.

As previously noted, inhibitor B's
performance at 50 ppm was marginal
at 130°C. The corrosion protection
was in the 80% range, regardless of
gas velocity or flow regime.

However, increasing inhibitor con-
centration to 100 ppm boosted per-
formance significantly. Corrosion rate
at 7,5-m/sec. gas velocity decreased
from 125 to 8 mpy, equivalent to 94%
protection. Corrosion rates at 15 and
25-m/sec. gas velocities also decreased
to 10 and 8 mpy, respectively.

Further increasing inhibitor con-
centration to 150 ppm only slightly
improved efficiency at 7.5-m/sec. gas
velocity. It did, however, considerably
reduce the corrosion rate at 15 and
25-m/sec. velocities to less than 2 mpy.

Overall effectiveness was 95% for
the 7.5-m/sec. gas velocity in slug flow,
and greater than 96% for higher veloc-
ities in annular flow. Since over 95%

124
80
N/A
60

Corrosion
rate at

130.C, mpy

Corrosion
rate at

95"C. mpy

120
78
72

N/A'

Gas velocity,
m/sec.
7.5
15
18
25

brine) were used again. Tests were
carried out at both 95° and 130°C.
Baseline corrosion rates are given
in Table 3. The iron content for these
tests was approximately 30 ppm.

The undersized rotor did cause
some problems in experiments at
95°C. Since the rotor's diameter was
smaller, the -seal between the rotor
and the stator was not perfectly tight.
This led to significant gas slippage
through the pump. As a consequence,
the highest gas velocity of 25 m/sec.
could not be achieved. Maximum gas
velocity for experiments at 95°C had
to be limited to 18 m/sec ..

Gas slippage, however, was not a
problem for the experiments at
130°C. The seal was good, and gas
velocity of25 m/sec. was attained. As
shown in Table 4, increasing the tem-
perature from 95° to 130°C did not
change baseline corrosion rate sub-
stantially. The pH values for these
runs were approximately 4.0.

Inhibitor B was added at various
concentrations to study its effec-
tiveness. The results from the 95°
and 130°C experiments are listed in
Tables 4 and 5, respectively.

The experiment with 50 ppm
inhibitor B at 130°C was carried out
first. It was found that 50 ppm was
insufficient to provide adequate corro-
sion protection. This result also agreed
with previous tests at 95°C using the
synthetic brine. Because of the low cor-
rosion protection at 50 ppm from these
previous experiments, it was decided to
bypass the 50-ppm tests at 95°C and
to jump directly to 100 ppm.

The results shown in Table 4 are
comparable with those in Table 2.

Ii

equivalent to 96% corrosion protection.
It was deemed unnecessary to

conduct further inhibitor evaluation
at higher concentrations, suc~ as 150
and 200 ppm, since corrOSIOn was
successfully inhibited at 100 ppm.

The results obtained at 15-m/sec.
gas velocity were similar to those
recorded at 23 m/sec. This was likely
due to the fact that both were in the
annular flow regime.

Addition of 100 ppm inhibitor B
decreased corrosion rate from 67 to 6
mpy within an hour. Corrosion rate
continued to decrease with time to
below 2 mpy. Ultimately, a corrosion-
protection level ofbetter than 97%w?s
obtained. For the same reason as In
the high gas velocity study (23 m/sec.),
further inhibitor tests at 150 and 200
ppm were deemed unnecessary.

As the gas velocity was further
decreased to 7.5 m/sec., flow regime
changed to slug, with a frequency of
4 to 6 slugs per min. It is well known
that slug flow gives the highest cor-
rosion rate, due to the high level of
turbulence and localized shear forces
at the front of each slug. As a conse-
quence, pitting corrosion is quite typ-
ical for corrosion in slug flow. Pres-
ence of slug also increased baseline
corrosion rate to 105 mpy.

Injection of 100 ppm of inhibitor B
reduced corrosion rate from 105 to 23
mpy after an hour. Corrosion rate con-
tinued to decrease and eventually sta-
bilized at 16 mpy. This amounted to
85% corrosion protection.

As the concentration was further
increased to 150 ppm, corrosion rate
fell to a final rate of 11mpy, equivalent
to 90%protection. No further decrease
in corrosionrate was noted upon raising
the inhibitor concentration to 200 ppm.
De-ionized water/oil tests.

Since corrosion protection provided
by inhibitor B was acceptable, it was
decided to change the water compo-
sition from synthetic brine to de-ion-
ized water.

The goal here was to simulate the
condition where water would be
mainly coming from condensation. The
lack of buffering ions in the de-ionized
.water made the fluid more corrosive.

In these tests, the pump was assem-
bled with an undersized rotor to elim-
inate the rubber interior abrasion
problems experienced during the high-
temperature operations. The change
allowed tests to be conducted at 130°C.

The same flow conditions used in
the previous tests (with synthetic
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Gas Baseline Corrosion Corrosion Corrosion Corrosion

corrosion rate, *Percent rate, *Percent rate, *Percent rate, *Percent
velocity, protection mpy protection
m/sec. rate, mpy mpy. protection mpy protection mpy

Inhibitor, 0 50 100 150 200
ppm

94' 95 5 96
7.5 125 18 86 8 6

15 80 11 86 10 88 <2 >97 N/A N/A
25 60 12 80 8 87 <2 >96 N/A N/A

Table 5: Baseline and inhibited corrosion rates at 130°C and 0.8 MPa CO2, in multi phase flow containing 90%
de' nized water and 10% oil as liquid phase

• Percent protection = percentage of corrosion protection.

UNIT GLOSSARY
mlsec meter per second
ppm part per million
Pa Pascal
cP centipoise
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ppb part per billion
mpy mils per year
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observed in the single-phase flowloop.
The two specially-formulated cor-

rosion inhibitors evaluated were
effective over the range offlow con-
ditions considered. A protective film
formed almost instantaneously, as
indicated by the immediate decrease
in corrosion rate upon inhibitor injec-
tion. Effective protection was demon-
strated at a corrosion inhibitor con-
centration of around 100 ppm.

This study indicates that corrosion
inhibitors can satisfactorily mitigate
corrosion in pipe lines carrying wet,
corrosive multi phase hydrocarbon
product at high velocities. The results
support the premise that inhibitor
and carbon steel are a viable combi-
nation for pipe lines designed for a
high production throughput. The
combination can reduce front-end
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corrosion protection was achieved at
150ppm inhibitor, little improvement
was seen upon further increasing the
dosage to 200 ppm.

It should be pointed out that the
reported corrosion rates were those
measured using conventional probes,
and give only an indication ofgeneral
or uniform corrosion. In slug flow,and
in the presence of high chloride con-
centrations, pitting is the main cor-
rosion mechanism. Therefore, local-
ized corrosion rates are likely to be
higher than those reported here.

Conclusions. Flow loop experi-
ments were carried out under single-
phase and multiphase conditions at
a partial pressure of 0.7-0.8 MPa
carbon dioxide, and temperatures
of 93° and 130°C.
The highest liquid velocity consid-

ered in the single-phase flowloopwas
14 m/sec. Gas velocity in the multi-
phase flow loop was up to 25 m/sec.
With the gas/oil ratio maintained at
1,780 sm3/sm3. Two flow regimes,
annular and slug, were established in
the multi phase flow loop under the
conditions of interest.
Baseline corrosion rates were

measured to determine corrosion
severity. Two corrosion inhibitors,
specially formulated for high-shear
applications, were injected into the
test loops. They were evaluated at
concentrations in the range of50-200
ppm to assess their performance
under varying flow conditions.

Measured baseline corrosion rates
were higher in the single-phase flow
loop than ~n the multi phase flow
loop.The difference was attributed to
the probe's geometrical location in
the single-phase loop.A baseline cor-
rosion rate of around 1,500 mpy was
measured in the high-velocity sec-
tion of this test assembly.

In comparison, the highest corro-
sion rate measured in the multiphase
loopwas 125mpy,more than an order
of magnitude lower than that
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