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ABSTRACT

This paper presents the results of extensive research in multiphase flow-enhanced corrosion in 10-cm
diameter, high pressure pipes at elevated temperature under conditions representative of flow lines in
the field. Mixture of oil and ASTM substitute seawater has been used in the liquid phase and carbon
dioxide has been used in the gas phase. Detailed experimental data have been collected on th~
multiphase flow characteristics, including, flow regimes and their transitions, velocities and holdups,
and their effect on the turbulence resulting in the highly enhanced corrosion in these lines. Pressure
drop and mass transfer measurements have been made to quantify these effects. Corrosion rates have
been measured to determine the effect of multiphase flow on corrosion and predictive models have
been developed for the oil and gas industry.

The most severe flow regime from a corrosion point of view is slug flow. Results show that slug flow
involves the entrainment of large amounts of gas into the liquid. This is released into a turbulent
mixing zone in the form of pulses of bubbles. These bubbles do impact and collapse on the bottom of
the pipe, causing a cavitation-type localized corrosion/erosion damage. This removes corrosion
product and inhibitor films from the surface that could otherwise have protected the pipe from further
corrosion. Instantaneous peaks in wall shear stress and current density of the order of 100-1000 times
the average have been seen. These are consistent with bubble collapse mechanisms. The results in slug
flow have been modeled using a dimensionless Froude number and it has been shown that the slug
characteristics and corrosion rates are strong functions of the Froude number. Results are presented for
carbon dioxide partial pressures up to 0.79 MPa and temperature up to 1000C.

INTRODUCTION

Multiphase flow is now a common occurrence in offshore oil and gas production. Full well stream
system and long-distance multiphase flowlines are already in operation in many parts of the world and
now being routinely considered during design of future systems. Internal corrosion problems in these
lines and the technical challenges involved in their corrosion inhibition are also well known. Proper
understanding of the underlying mechanisms governing corrosion in multiphase flow is crucial to the
implementation of effective inhibition programs necessary for safe and profitable operation of existing
lines and the development of new fields.



As the well g~s depleted, enh~ced oil re;o~~ ~:~ph~d~ai:;~:: t~;e~~~~ti:t~n c~~o:e:~~~~r~
and seawater mto the reservOIr, are use . 1 . If hH the carbon dioxide and brine then flow with the oil and gas and the resu tmg mu ip ~se
~~:~;:~an cause severe internal corrosion of the pipelines. Many wells operate ~t w~~r:s as ~g.h
as 98 %. The carbon dioxide dissolves in the seawater and forms .we~ carbomc aCi. s aCi is
corrosive and leads to higher corrosion rates in ~arbon steel pipehnes. M~y researchers have
investigated the mechanism of carbon dioxide corrOSion. Some of the ~orkers mclude de Waard and
Milliams (1975), Ikeda et al. (1985), Ogundele and White (1986), Videm and Dugstad (1989), de
Waard, Lotz and Milliams (1991), de Waard and Lotz (1993), .and de ~aard, Lotz, and D~gs~d
(1995). Currently, most oil and gas companies use their own modified verSiOns of the carbon diOXide
corrosion models developed by the de Waard group.

The strategy to combat corrosion problems is to use carbon st~el ~ip~s .but reduce. an?,. if possible,
prevent the rate of material losses through the use of corroSiOn inhibitors. The ~n~b~tors act by
bonding to the metal surface and forming a protecti:re film. The ~~rformance of the ~nh~b~tordepends
on the metal surface, inhibitor composition, and flUid flow conditiOns. Some of ~e inhi?it~r~ are. n~t
effective because of the multiphase flow conditions in the pipelines. While selectmg an inhibitor, it is
essential to know its effectiveness in the specific service environment. A detailed knowledge of the
metal surface conditions, operating temperature and pressure, fluid properties, the solution pH, and the
multiphase flow conditions are essential.

Multiphase Flow

Multiphase flow involves the simultaneous flow of more than one phase within a pipe. This includes
two-phase oil/gas and oil/water flows and three-phase oil/water/gas flows.

Several flow patterns exist in multiphase flows. It must be noted that the flow is seldom homogeneous
and, in most cases, different velocity and phase fractions exist at any given location within the pipe.
This is fundamentally different from single-phase flow. Also, in most cases, the flow is turbulent.

Three Phase Oil/Water/Gas Flows

Figure I shows a schematic of three-phase oil/water/gas flow patterns (Lee and Jepson, 1993). At low
gas and liquid velocities, a stratified layer of liquid flows under the gas, the interface between the two
layers is smooth. An increase in the gas velocity leads to the formation of regular two-dimensional
waves at the gas-liquid interface. These regime is smooth and wavy-stratified flow. With further
increase in gas velocity, the two-dimensional waves grow in height and begin to roll over, acquiring a
three-dimensional character. This is called the rolling wave. At higher liquid velocity, there is a
transition from stratified to an intermittent flow pattern. The waves on the liquid layer grow to bridge
the pipe and block the gas. This results in the flow of intermittent pockets of gas separated by lumps of
liquid. At low gas velocities, plug flow occurs. The plug flows over the liquid film intermittently
between elongated gas bubbles, with very little turbulence.

At higher gas velocities, the front of the plug begins to overrun the liquid film and assimilates it in the
process. This regime is called slug flow and is the most important flow regime from a corrosion
~e~oint. With further increase in gas velocity, large three-dimensional roll waves appear on the
liqUid film between slugs. The slugs are highly aerated and this regime is called pseudo-slug flow. On
further increase in the gas velocity, blow-through occurs, with the gas flows in the central core of the
pipe, with a thin layer of liquid flowing in the annulus around it. This regime is called annular flow. A
flow ~egime map depicts the type of flow pattern present in a pipeline at a particular liquid and gas
velOCity.
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. t th b ttom of the pipe in all the flowIt is to be noted that a separate water layer IS always present a eo. .
regimes. This layer exists even at water cuts as low as 10% and measurable corrOSiOn can occur ill

multiphase flow.

Flow Regime Map

Figure 2 shows a flow regime transition map for three-phase oillwa~er/gas ~o~ in a 30-cm (12-inch)
diameter pipe at a pressure of 0.79 MPa (100 psig) with 50% water m.the liqmd phase (Laws, 1999).
The oil viscosity is 2 cpo Carbon dioxide is used in the gas phase. It IS seen that slug flow o~cur.s at
liquid velocities greater than 0.2 mls and no slug/annular flow transition is se~n. Also, most pl~elines
will experience some slight changes in i~clination .. ~clination has ~ dramatIc. eff~ct on. multlphase
flow regimes. Figure 3 shows a flow regIme transItiOn map for a 2 ~p".'ard m~lme~ pIpe (Maley,
1997). It is seen that within the range of v~loc~tie~ normally seen om .m?ustnal pl~es, the most
dominant flow regime is slug flow. In fact, an mclmatiOn of even +0.5 elimmates straTIfied flow and
slug flow predominates. This is important from a corrosion point of view, since slug flow results in
dramatic increases in corrosion rates.

Slug Flow

Slug flow exists in pipelines carrying oil and gas when high production of oil and gas is required. Slug
flow is characterized by the appearance of intermittent liquid slugs that propagate through the pipe. An
idealized slug unit is shown in Figure 4 and consists of four zones (Jepson, 1986). Ahead of the slug is
a slow moving liquid film, with gas flowing above it. Waves are formed on this film and grow to
bridge the pipe. They are then accelerated to the gas velocity and form the slug. The front of the slug
overruns the slow moving film ahead of it and assimilates it into a mixing zone behind the front,
creating a highly turbulent region. This highly turbulent mixing zone entrains gas, which is passed
back into the slug body. Here the turbulence is reduced, and eventually the liquid velocity is reduced
to a point where it is no longer able to sustain the bridging of the pipe. This is the tail of the slug.
Liquid is shed from the tail of the slug to a trailing film. This liquid in turn mixes with more incoming
liquid to form a film on which the next slug will propagate. The intensity of turbulence within the slug
can be determined using a dimensionless Froude number (Kouba and Jepson, 1987) in the stratified
liquid film ahead of the slug:

(1)

where, Froude number in the liquid film ahead of the slug
translational velocity of the slug
velocity of the liquid film ahead of the slug
effective height of the liquid film ahead of the slug
(Calculated as area of liquid film divided by the width of the gas-
liquid interface)

Effect of Slug Flow on Corrosion

Extensive research has been carried out at the Institute on slug flow characteristics and their effects on
corrosion rate. Zhou and Jepson (1994) demonstrated that corrosion rate increases with Froude number
due to increase in void fraction entrained within the slug and associated increased turbulent intensity
and ~all shear. Gopal et al. (1995) described the mechanisms governing the enhanced corrosion in
muItlphase slug flow using video images of moving slugs .. As the front rolls over and assimilates the
~low moving liq~id film ahea~, it accelerates and entrains large amounts of gas in the process. The gas
IS then released mto the slug m the form of pulses of bubbles within a highly turbulent mixing vortex
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that is created just behind the slug front as shown in Figure 5. The pulse ~s caught in the .wake of the
mixing vortex and is forced towards the bottom. of t~e pipe. ~e bubbles I~pact on ~e pIpe wall and
collapse, causing a cavitation-type effect, whIch .IS the pn~a~ mechamsm .causmg the severely
enhanced corrosion in multiphase slug flow. DetaIls of the mIxmg zone ar~ gIven. by Gopal (1997,
1998 a and b). Bhongale (1996) investigated the effect of slug flow on COrr?SIOnat ~Ifferen~ pressures,
temperatures and water cuts. He developed a predictive model for corrOSIOnrate m multIphase slug
flow. The model has been extended to include the effects of slug frequency (Jepson et al., 1997) ~d
liquid viscosity and gas density (Jepson et al., 1998). The effect of multi phase slug flow on corrOSIOn
in inclined pipes was also studied by Gopal et al. (1998). They found that slug fr~quenc!, and Fr?ude
number were higher in inclined pipes at the same flow rates when compared wIth honzontal pIpes,
resulting in higher corrosion rates. Gopal and Rajappa (1999) studied carbon dioxide corrosion of steel
pipes in slug flow under scale fonning conditions. They found that the corrosion rate reduced to
negligible values under full pipe flow but substantial corrosion was still observed in slug flow. Clear
evidence of damage to corrosion product layers was observed.

EXPERIMENTAL SETUP

The experiments will be performed in an 18-m long, 10-cm diameter, high pressure, high temperature,
inclinable flow loop shown in Figure 6. The entire system is manufactured from 316 stainless steel. A
brine/oil solution is stored within a 1.4 m3 mixing tank. The liquid is moved through the system by a 3
- 15 kW variable speed centrifugal pump. The flow is then controlled within a range of zero to 100
m3/hr with the variable speed pump in conjunction with a recycle stream. The recycle stream and
return stream also serve to agitate the liquid in the mixing tank. Flow rate is metered with a GH-Flow
Automation TMTR510 Frequency Analyzer coupled with an in-line turbine meter. A feed line at 2
MPa pressure supplies carbon dioxide gas from a 20,000 kg storage tank. After passing through a
pressure regulator, the gas flow rate is metered with an HEDLAND variable area flow meter where the
pressure and temperature are also measured. The gas then passes through a check valve and is mixed
with the liquid. The multiphase flow then enters the test loop. The pipe inclination can be set at any
angle from 0° to 90°. Both upward and downward flows are studied simultaneously.

The test section is shown in Figure 7. Electrical resistance (ER) probes are inserted flush with the pipe
wall to determine corrosion rates. The flow regime and Froude number is determined using a patented
(US Patent 5,708,211, 1998) nonvisual technique, combined with a patented ultrasonic technique (US
Patent 5,719,329, 1998). In addition, the system pressure, pH and temperature are also noted.

Test Matrix

The experimental fluids and conditions are listed in Table I.

Table 3.1 TEST MATRIX

PARAMETER CONDITIONS
Temperature, C 40,60 and 80

CO2 partial pressure, MFa 0.27,0.45 and 0.79 MFa
Water cut 40 and 80 %

Froude number 6,9 and 12
Aqueous phase ASTM substitute seawater

Oils Simulated light crude (J.l.: 2 cP at 40 C)
Simulated moderatelyviscous crude (lJ.: 100 cP)
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RESULTS
Figure 8 shows the effect of Froude number on the void fraction at the bottom of the ~ipe at different
conditions of temperature and carbon dioxide partial pres~u~e for 40% ~ater cut. It 1Sseen that the
amount of gas entrained increases with Froude number. Th1S1Sdue to the ~ncr~ased turb.ulence. As the
temperature increases, the viscosity of the liquid mixture decreases resultmg m even. h1gher.levels of
turbulence. For example at a temperature of 80 C and pressure of 0.79 MPa, the vOld fractiOn at the
bottom increases from 0.'05 to 0.07 and then to 0.11 as the Froude number is increased from 6 to 9 and
then to 12. The variation of pressure drop and turbulence across the slug is clearly seen from ~igure 9.
At 40% water cut and a temperature of 40 C, at a pressure of 0.45 MPa, the pressure drop mcreases
from 2.32 to 3.65 kPa as the Froude number is raised from 6 to 12. It is also seen from Figure 9, that
the pressure drop increases with pressure at the same Froude number. For example, at Froude numb~r
9, the pressure drop increases from 2.31 kPa to 2.70 kP~ 3?d then to. 3.46 kPa, as the ~ressure. 1S
increased from 0.27 to 0.45 and then to 0.79 MPa. Th1s 1S due to mcreased gas dens1ty, wh1ch
increases the turbulence and shear associated with gas entrainment at the higher pressures.

The effects of the slug characteristics on corrosion rate can be seen from Figure 10, which shows the
variation of corrosion rate as a function of temperature at different pressures and Froude numbers. The
corrosion rate increases with temperature due to two reasons. There is a kinetic effect of temperature
and the increased turbulence effect discussed above. Comparison with full pipe oil/water flows at the
same temperature and pressure shows that there is a significant effect of slug flow (Kanwar, 1994). No
maximum is observed in the corrosion rate. Figure 11 shows a comparison of corrosion rates using
different oils and gases. It is seen from Figure 11, that at a water cut of 40%, at a temperature of 80 C
and pressure of 0.79 MPa (100% carbon dioxide), for a Froude number of 12, the corrosion rate with a
2 cp oil was 33.5 mm/yr. Under the same conditions, but the carbon dioxide partial pressure kept
constant at 0.27 MPa (with total pressure at 0.79 MPa) the corrosion rate is 11.7 mm/yr. This shows
that there is significant effect of slug flow turbulence on the corrosion even at low carbon dioxide
partial pressures. The corrosion rates with a 2 cP oil increase rapidly with temperature, due to the
significantly higher turbulence.

Rajappa (1999) has performed corrosion experiments in slug flow under scaling conditions. He found
that under full pipe oil/water flows, the corrosion rate decreases to negligible values with increasing
iron content in the system. However, significant corrosion still existed in slug flow. This is seen from
Figure 12, which shows the variation of corrosion rate with temperature. The corrosion rate is found to
be 12.1 mm/year at 60 C while it increases to 14.2 mm/year at 80 C. The same trend is observed at
Froude numbers 6 and 12. At 60 C and Froude number 6, other conditions remaining constant, the
corrosion rate is 11.2 mm/year and increases to 13.0 nun/year at 80 C. Also, at 60 C and Froude
number 12, the corrosion rate is 13.2 mm/year and increases to 15.4 mm/year at 80 C. Pitting occurs
on the surface of the film as a result of bubble impact on the pipe bottom. These bubbles impact on the
bottom and could possibly collapse, resulting in a large force sufficient to cause pitting on the
corrosion film. Figure 13 shows bubble impact on the corrosion film and a pit formation under slug
flow conditions at 0.27 MPa, 80 DC, 80 % water cut at Froude numbers 12. Currently, research is
underway at the Center in collaboration with the University of Central Florida to characterize the
microstructural damage and porosity of these films and the impact of the multiphase slug flow on the
inhibitor films that may form on these surfaces. Figure 14 shows instantaneous mass transport values
in slug flow at a Froude number of 9 (Jiang and Gopal, 1998). It can be seen that peaks 10-100 the
average value are observed at regular intervals. These correspond to the pulses of bubbles within the
mixing zone of the slug. The bubbles impact on the surface resulting in such enormous increases in
mass transfer and the associated corrosion rates.
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CONCLUSIONS

Results of multiphase flow-enhanced sweet corrosion in high pressure, three p~ase oil/water/gas slug
flow at elevated temperatures are presented. Multiphase flow regimes are descnbed and the effects of
pipe geometry and inclination on the regimes are shown.

The most severe flow regime from a corrosion point of view is slug flow. This regime involves
entrainment of large amounts of gas within the liquid, which are released into .a turbul~nt mixing zone
in the form of pulses of bubbles. Their effect on the turbulence results m the hIghly enhan~ed
corrosion in these lines. Pressure drop and mass transfer measurements have been made to quantIfy
these effects. Corrosion rates have been measured to determine the effect of multiphase flow on
corrosion and the effect of the slug characteristics on corrosion have been described.

Results show that gas bubbles do impact and collapse on the bottom of the pipe, causing a cavitation-
type localized corrosion/erosion damage. This removes corrosion product films from the surface that
could otherwise have protected the pipe from further corrosion. Instantaneous peaks in wall shear
stress and current density of the order of 100-1000 times the average have been seen. These are
consistent with bubble collapse mechanisms. The results in slug flow have been modeled using a
dimensionless Froude number and it has been shown that the slug characteristics and corrosion rates
are strong functions of the Froude number.
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Flgure 13: Corrosion rum found on the surface of a coupon exposed to slug now
0.27 MPa, 80 C, Froude number 12 and 80% water cut
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