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ABSTRACT

Flow visualization experiments have been conducted in 7.5 cm and 10 cm 1.D. three phase oil-water-gas
pipes. The mechanisms that lead to increased corrosion rates in three-phase slug flow have been determined.
The results show the existence of pulses of bubbles that have been formed in the mixing zone of the slug.
These can impact on the lower pipe wall producing a cavitation-type effect leading to high rates of localized
wall shear stress and associated high corrosion rates. This mechanism is sufficient to remove corrosion
products and certain corrosion inhibitor films. The corrosion rate is strongly dependent on the flow
composition and the Froude Number.
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INTRODUCTION

. Long ~tance multiphase pipelines are becoming a significant mode of transportation for the oil and
gas mdustry. It IS more economical to combine the flow from several wells in a remote site, such as Alaska



or subse~ into a ~argedi.ameter multiphase pipeline through which the mixture is transported to a platform
or centr gathenng station. The mixture is then separated for future processing here.

. .. In mature .wells with enhanced oil recovery techniques, the amount of water produced increases
SIgnifIcantly. The mc~ased water. cu~, combined with high carbon dioxide partial pressures, in the ease df "...._....
sweet wells, lead to highly corrOSIvemtemal environments. ::t ~'/'_

In these multiphas~pipes, s:veral flow regimes can exist. These include stratified, slug, and annufu; "
flows. Most often, production rates mvolved in oil and gas result in slug flow conditions. The characteristics
of ~lug flow increase corrosion/erosion effects resulting in rates much greater than those in other flow
regImes.

Ellison and Wenl (1981) proposed three mechanisms for corrosion, convective mass transfer, phase
tr~sport, and erosion-corrosion. Erosion-corrosion often occurs at high velocity, turbulent flow, or when
solids are present. The turbulent nature of the flow can enhance the mass transfer process while contributing
to the removal of corrosion products from the pipe wall.

Sun and Jepson2 (1992) and Zhou and Jepson3 (1993) have demonstrated that there exist regions of
high wall shear stresses and turbulence within the slug. Zhou and Jepson4 (1994) found that the presence of
gas at the bottom of the pipe in regions within the slug had significant effects on the corrosion rates. The
result is a significant increase in corrosion rates. These results are also supported by Green et al. S (1990).

The flow characteristics in slugs have been studied by several workers, e.g., Dukler and Hubbard6

(1975). A slug is initiated from stratified flow. Waves grow on the gas liquid interface and bridge the pipe
to form a slug. This is accelerated to the velocity near that of the gas. The front of the slug rolls over the
liquid film ahead of the slug and a highly turbulent mixing zone is created in which the liquid is assimilated
into the slug. The mixing zone also entrains large amounts of gas. This is shown schematically in Figure 1.
As the slug front rolls over the liquid :filmlarge amounts of gas and liquid are entrained into the mixing zone
where a vortex is created (Dukler and Hubbard6, 1975). Some of the entrained gas is returned to the gas
pocket ahead of the slug, while most of it is passed into the slug body.

Jepson7 (1987) showed that slugs were propagating hydraulic jumps. He observed that the gas was
entrained into the slugs in the form of pulses of bubbles. Zhou and Jepson4 (1994) discussed possible
mechanisms contributing to enhanced corrosion in slugs and found that the entrained pulses of gas bubbles
were shot towards the bottom of the pipe. They found a strong correlation between corrosion rate and the
amount of gas at the bottom of the pipe. Vuppu and Jepson8 (1993) found impact craters in inhibitor fIlms
that could have been a result of the collapse of gas bubbles.

This work presents a video analysis of the nature of the flow within the mixing zon: of the slu~. It
demonstrates the generation of pulses of bubbles and their existence at the bottom of the ~Ipe. A pOSSIble
relationship between the pulses of bubbles and wall shear stress is presented that could explam the enhanced
corrosion rates observed in slug flow.
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EXPERIMENTAL SETUP
The test facility is the similar to that described by Zhou and Jepson3•4 (1993, 1994). It is sh~wn

schematically in Figure 2. The oil-water mixture is pumped from a 1.2 ~3 stainless steel stor~ge tank 1Oto
a 7.5 cm ID PVC pipe, where the liquid flowrate is measured by an onfice plate. The flow IS allowed to
expand into a 10 cm ID, 10 m Plexiglass pipeline. Carbon dioxide gas is introduced at t.he entr~c~ of the
Plexiglass pipe, and slugs are created here. The multiphase mixture flows through the PleXlglass pl~lme and
discharges into the liquid storage tank. The gas is separated by specially designed de-entrainment mternals
and is vented to the atmosphere, and the liquid is recirculated into the system.

Measuretrents of slug flow characteristics are made in the test section. The details of the test section
are described in Figure 3. The wall shear stress is measured at position E, using flush mounted hot film
sensors. The signals from the probe are passed to a TSI anemometry system for processing and stored on a
Pc. The descriptions of other treasuretrents are given by Zhou and Jepson4 (1994). Additional video analysis
were conducted in a 7.5 cm J.D., 10 m long, Plexiglass pipeline, that was virtually identical to the 10 cm I.D.
system.

All experiments were conducted at 40C and 0.137 Mpa carbon dioxide partial pressure.

Figure 4 shows a schematic of the flow visualization system used for the video analysis. The flow is
observed from two different Super-VHS catreras. The signals from the cameras are passed to an audio-visual
digital effects mixer, where they are combined into a single image. This is then sent to an industrial model
S-VHS VCR are viewed on TV. Further image analysis could be performed by digitizing the images and
transferring them to a SGI™ graphics workstation.

The fluids used in this study are ASTM D1141-52 seawater, a light condensate oil and carbon dioxide
for corrosion studies. Deionized water is used to obtain high-resolution video images for close examination
of the mechanisms in the mixing zone of the slug. The oil chosen is commonly used for simulating
gas/condensate type flows. The density and viscosity of the oil at 40C is 825 kg/m3 and 2 cp respectively.

Oil-water mixtures in the liquid phase ranging from 0% to 100% oil were studied. Slug flow was
studied at velocities ranging from 3 to 4.5 and 6 mls respectively. These were analyzed on the basis of Froude
numbers (Sun and Jepson (1992), Zhou and Jepson (1994» of 6, 9, and 12.

RESULTS
Figure.s5 .through.9 show video images of the first 20 cm of a moving slug at a gas velocity of about

2.5 mis, and liqUld velOCItyof 0.4 mls. The images are obtained at intervals of 0.017 s.

Figures 5 and 6 sho~ a video image of the slug front viewed at an angle of 20° to the flow axis. It can
be ~een tha~ the slug. front 1~a propagating hydraulic jump associated with large amounts of aeration. A
rolling mo.non ass.oclated Wlth the slug front is also seen. This is associated with a mixing vortex that is
generated Just behmd the front of the slug

The generation of pulses of gas bubbles can be seen from Figure 5. This is the mechanism of gas
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en~~nt into the mixing region of the slug. A region of gas-free liquid exists just after the mixing vortex.'
This IS ~n by the darker ~eas in Fig~e 5 and 6. As the frothy mixture ahead of the vortex touches the top
of the pIpe, the slug length IS suddenly mcreased and the vortex moves towards the new front This frees the
liquid at ~e end of the vortex and it moves towards the body of the slug. As the movement starts, a pulse
?f bubbles IS released to the right of this region. This pulse of gas bubbles is also mixed with the vortex, and
IS shot towards the bottom of the pipe. The bubbles impact on the pipe wall and can collapse, causing a
cavitation-type effect, that can tear apart inhibitor films causing a degradation in performance.

Figures 7, 8 and 9 show video images of the mixing zone behind the slug front. The evidence of
further pulses of bubbles can be clearly seen. Again, the liquid can be distinguished from the darker spots
between the frothy pulses of gas. It is seen that there are large amounts of gas entrainment, and that the gas
exists in frothy structures that are distributed across the entire depth of the pipe.

Figures 7 and 8 clearly show the existence of gas bubbles on the pipe wall. This proves that the pulses
of gas bubbles are shot towards the bottom and can impact on the pipe wall causing a cavitation-type effect.
Figures 7, 8 and 9 also illustrate the rolling motion associated with the slug front and the mixing zone. This
can cause significant amounts of scouring and shear on the pipe wall.

The combination of scouring and shear due to the rolling motion, and the bubble impact on the pipe
wall, results in corrosion/erosion effects unique to slug flow.

Figure 10 shows a SEM micrograph of a bubble impact point on the pipe wall under slug flow
condition. The detailed description and analysis of the results are given by Vuppu and Jepson (1993). Figure
10clearly shows the evidence of bubble impact and collapse on the corrosion film. It can be seen that there
is a comparatively uniform protective inhibitor film around the impact crater. However, within the crater itself
it seen that the film has been ripped away from the wall and the corrosion deposits have flaked off. This can
cause severe degradation of inhibitor perfonnance under slug flow conditions. This type of mechanism is not
seen in other flow regimes.

Kouba and Jepson9 (1989) showed that the characteristics of slugs were determined by the
ditrensionless Froude number in the liquid film ahead of the slug. The Froude number for the film was defined
as follows:

(1)

where, Vt =
vLF =
hEFF =

translational velocity of the slug
velocity of the liquid film ahead of the slug . .
effective height of the liquid film, calculated from the area of the hqwd
film divided by the width of the gas/liquid interface.

Figures 11 and 12 show the mixing zone at Froude numbers of 6 a.nd ~2 res~ctively. It is ~een in
Figure 11 that there is some turbulence in the slug at Froude number 6. There ISstill conSIderable entrainment
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~ 'of gas. However, fewer gas bubbles reach the bottom of the pipe. Zhou and Jepso~4 (19~4) indicate th~t
relatively small amounts of gas are passed into the slug body. Figure 11 supports therr studIes. However, It
is seen from Figure 12 that at Froude number 12, the turbulence levels increase dramatically, and the amount
of gas entrained increases substantially. High resolution video of the slug indicates that the frequency of the
generation of pulses of bubbles increases with Froude number.

Figure 13 shows a video image of ultrasonic signals obtained at Froude number 12. It clearly shows
the high levels of turbulence associated with the mixing zone. At this Froude number, the gas bubbles do
impact on the pipe wall It appears that the ultrasonic signals indicate this mechanism as a function of Froude
number in the slug.

Figure 14 through 16 show instantaneous fluctuations in shear stress at a distance of 20 cm into the
mixing zone of the slug for a 60% oil-40 % saltwater mixture, at Froude numbers of 6,9, and 12 respectively.
It is seen that there is a significant increase in instantaneous shear stress values. At Froude number 6, the
values range from 30 to 70 N/m2• These increase to about 80 to 120 N/m2 at Froude number of 9. The
maximum shear stress values at Froude number 12 are as high as 160 N/m2

•

Figures 14, 15, and 16 also show the existence of definite peaks at regular frequency in the shear
stress fluctuations. It is seen that both the intensity and frequency of the peaks increase with Froude number.
There is some turbulent fluctuation in the values at Froude number 6. The levels of turbulence increase
dramatically as the Froude number increases to 12. These results support the observations noted from the
video images before.

Zhou and Jepson3 (1993) also reported a dramatic rise in shear stress values across the slug front and
into the mixing zone with an increase in oil percentage in the liquid from 20% to 60%. Zhou and Jepson4

(1994) also discussed the effect of increasing void fraction at the bottom of the pipe on the corrosion rate.
This is shown in Figure 17. A virtually linear relationship can be seen. Figure 18 shows the corrosion rate as
a function of oil concentration for different Froude numbers. This was shown earlier by Zhou and Jepson4

(1994). It can be seen that there are significant amounts of corrosion even for high oil cuts at higher Froude
numbers.

The existence of the mixing vortex, the generation of pulses of gas bubbles, and the assOCiated high
~evels of turbulence, scouring, and shear are mechanisms that are unique to slug flow. The result can be
mcreased corrosion rates as seen in Figure 18.

CONCLUSIONS

. Video ~~is ha.s been conducted to examine the effects of flow parameters in the mixing zone on
corrOSIOn/erOSIOnm horIZontal slug flow. A multiphase mixture of an oil similar to that in gas condensate
systems, and saltwater at compositions of 20%, 40%, 60%, and 80% were studied using carbon dioxide as
the gas. The experiments were carried out at 0.137 MPa and 40C in 10 cm and 7.5 cm LD. pipes.

The analysis clearly shows the existence of pulses of entrained gas bubbles in the mixing zone behind
the front of ~he slug ..At. high Froude numbers these pulses of bubbles impact on the pipe wall and can
collapse causmg a cavltatlOn-type effect, leading to highly increased corrosion rates seen in slug flow. The
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mixing zone is also associated with a high degree of turbulence and wall shear.

Shear stress data obtained at high frequencies indicate the presence of large instantaneous peaks that
seem to relate to the pulses of bubbles being generated. It is these instantaneous peaks that are more
indicative of corrosion mechanisms in slug flow. '
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Figure 2: Layout of the experimental sy~em
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Figure 5: Video image of slug front, t = 0 s

Figure 6: Video image of slug front, t = 0.017 s
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Figure 7: Video image of mixing zone, t = 0.051 s

Figure 8: Video image of mixing zone, t = 0.068 s
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Figure 9: Video image of mixing zone, t = 0.085 s

Figure 10: Circular bubble impact points in the corrosion deposit
observed for slug flow conditions. Compare the area
inside and outside the bubble impact region
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Figure 11: Video image of mixing zone, Fronde number = 6

Figure 12: Video image of mixing zone, Froude number = 12
!
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"gure 13: Video image of ultrasonic signal response to
mixing zone of slug
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