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CALCULATION OF MASS TRANSFER IN MULTHWASE FLOW
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ABSTRACT

This paper summarizes the results of mass transfer mechanisms under disturbed liquid-gas flow in
10 cm diameter pipe using electrochemical limiting current density and potentiostatic noise technique.
The solution used is potassium ferro/ferricyanide dissolve in 1.3 N sodium hydroxide system. Mass

transfer coefficients in full pipe flow and slug flow are obtained. The relationship between mass transfer
coefficient with full pipe flow velocities and with slug flow Froude numbers are studied. The impact of
bubbles in slugs on the mass transfer coefficient is revealed, The impact of flow disturbance, including
weld beads and pits, are discussed for both fhll pipe flow and slug flow.

Keywords: full pipe flow, slug flow, disturbed flow, mass transfer, limiting current method,
polarization, corrosion.

INTRODUCTION

Slug flow exists in the pipelines at high production rate of oil and gas. High velocity slugs are very
turbulent and the corrosion rate is increased greatly in this flow regime. This is due to pulses of gas
bubbles entrained in the mixing zone being forced towards the bottom of the pipe. There they impact and
can collapse, causing localized corrosion.
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Further, severe corrosion is found in the vicinity of flow disturbances such as weld beads, pits,
and pipe connections. Thk is thought to be due to the enhanced turbulence and mass transfer rate around
such obstacles. No information exists at the present time regarding the mass transfer mechanisms under
disturbed flow conditions.

It has been found that the corrosion rate is strongly related to the mass transfer rate of corrosive
ions in the multiphase mixture from the bulk to the pipe wall. It is suggested that the mass transfer
coefficient is the main parameter in the corrosion modeling (Zhang et al., 1997). However, the mass
transfer coetlcients in large diameter pipe flow and in multiphase flow are not known. It would be very
helpful to measure mass transfer coefficients for multiphase flow systems of interest in oil and gas
production.

Mass transfer measurements using limiting current method provide a convenient and accurate
means to determine the local mass transfer coefficient. Small insulated electrodes embedded in flow pipe
wall could provide local mass transfer coefficients. Due to their fast response, instantaneous fluctuating
values, which directly reveal the local turbulence could be obtained by potentiostatic current noise
measurement.

Reiss (1962) described in detail, the technique of making measurements of mass transfer using a

diflhsion controlled electrolytic reaction, and the use of this tectilque to measure velocity fluctuations at
the wall. Measurements of mass transfer coefficient and intensity were carried out in 2.54 cm diameter
pipe using the potassium ferro-ferricyanide electrochemical system. The electrodes were made from three
sizes of nickel wire (1.636 mm, 0.664 mm, 0.397 mm in diameter respectively).

Shaw andHanratty(1964) measured local time average mass transfer coefficients with embedded
test electrode. Their experiment differed from that of Reiss in that the test electrodes, instead of being
surrounded by inert surface, are surrounded by active electrode surface. Test electrodes of four different
diameter were used, They found the very large magnitude of the fluctuations in the mass transfer rate
(mass transfer intensity is as much as 0.47), the relative sizes of the longitudinal and circumferential
scales, and the low frequency scales of mass transfer fluctuations.

Sirkar and Hanratty (1970) obtained the root-mean-square fluctuating mass transfer coefficient
for a Schmidt number of about 2300 in a 7.62 cm diameter pipe, They used order-of-magnitude analysis
and concluded that flow fluctuations in the direction of mean flow have little effect on the mass transfer
fluctuations. The local value of mass transfer coefficient they obtained is more accurate compared with
Shaw & Hanratty.

Mizushina (1971) discussed the method of diffhsion-controlled electrochemical reaction and its
applications in the study of transport phenomena, including mass transfer measurements, shear stress
measurements and fluid velocity measurements. He also provides a review emphasizing the application of
limiting current measurements on microelectrodes for local and instantaneous shear stress and velocity
determinations, as described by Hanratty (1966).
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Selman and Tobias (1978) compiled over a hundred mass transport correlations pertaining to
different transport, flow, and agitation configurations. The theory and practice of limiting-current
technique for the measurement of mass-transport coefficients were described.

Landau (198 1) used limiting current technique to determine the mass transport rates of laminar
and turbulent flows. He also discussed the consideration of current distribution, selection and placement
of the electrodes, modes of current application and the electrochemical system selected.

Campbell and Hanratty (1983) studied the structure of the velocity field close to a wall by
measuring the transverse component of the fluctuating velocity gradient simultaneously at multiple
locations on the wail. Velocity fluctuations of all frequencies appear to have the same transverse scale.
Measurement were held in 8 inches pipe system. It is found that frequency spectra and intensities are
universal properties and not strongly rdTected by the particular design of the experimental flow system.

Mass transfer coefficient is calculated from the average limiting current using the following
equation:

K= I~/(n FACJ (1)

where K = mass transfer coefficient
1~= limiting current
n = number of moles reacted
F= Faraday’s constant
A = surface area of the electrode
cb = bulk concentration of the potassium ferrocyanide

Mass transfer deviation is calculated from the potential static noise curve using the following
equation:

DevK = [.Z(k - Avg~2/N]l’2 (2)

where Dev~ = mass transfer deviation
k = instantaneous mass transfer coefficient
Avg~ = mean value of the instantaneous mass transfer coefficients
N= total number of the instantaneous mass transfer coefficients

EXPERIMENTAL SETUP

The overall layout of the system is shown in Figure 1. The flow loop is a 10 m long 10 cm in
diameter Plexiglass pipe. A 1 m3 stainless steel tank is filled with 1,3 N sodium hydroxide and 0.01 M
potassium ferricyanidelferrocyanide. Nitrogen is stored in a pressured gas tank and is added into the
system through a pressurized regulator and a needle valve.
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The test section is a 10 cm diameter Plexiglas pipe with electrodes and disturbance block. The
orientation of the electrodes in the direction of flow are as follows: the reference electrode, disturbance
block, working electrode and counter electrode. The overall layout of it is shown in Figure 2. The
disturbance block simulates the disturbance inside a pipe line, such as weld bead and pits. The weld bead
is a small hump. The pit is a small cylinder hole. The counter electrode is a ring electrode mounted flush
with the pipe wall. The working and reference electrodes are hastalloy pins inserted in the Plexiglass
block, laying out equal-distantly in a line at the bottom of the pipe. The distance between two consecutive
electrodes is 4.5 mm and the surface area of it is 7.85x 10-7 square meter. The dimensions of the weld
beads and the pits are described in Table 1 and 2.

The data were taken by Gamry soflware CMS 100 installed in a Pentium computer. Two types
of results were collected. The first was the DC polarization curve, from which the anodic limiting
current was determined. The other was electrochemical current noise curve that was measured by setting
the potential value at which the limiting current was reached.

Table 1, The Dimension of the Weld Bead Test Section

Test Section 1 mm Weld Bead 2 mm Weld Bead
Height (mm) 1 2

Table 2. The Dimension of the Pit Test Section

Test Section Pit #1 Pit #2 Pit #3 Pit #4 Pit #5 Pit #6
Diameter (mm) 2 4 2 4 2 4
Depth (mm) 2 2 4 4 6 6

EXPERIMENTAL TEST MATRIX

Full pipe flow and slug flow experiments were conducted for the ferrolferncyanide system. In
order to study the effect of disturbance resource, nine test sections were studied at three different
velocities. Table 3 showed the Experiments carried out.

Table 3. Experimental Test Matrix

Flow Velocity (for fill pipe flow, m/s) 0.5, 1, 2

Froude Number (for slug flow) 4, 6, 9

Test Section 2 Weld Bead, 6 Pit, 1 Smooth Section

Electrode 1,2, 3,4, 5
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RESULTS AND DISCUSSION

Full Pipe F1OWResults

The results of smooth test section, pit #1 and 2 mm weld bead section are shown in Figure 3.
When the flow velocity is 0.5 mls, the average mass transfer coefficients in these three test sections are
0.83 x10-4 m/s, 0,96x 10-4 rds and 1,00x 10-4rds respectively, As the flow velocity increases to 2.0 m/s,
the mass transfer coefficients increase to 1.72 x10-4m/s, 2.43 x10-4 rds and 3.12 x10-4mls respectively. It is
seen that the mass transfer coefficients increase with increase of full pipe flow velocity in disturbed and
undisturbed flow. At the same i-low velocity, such as Imls, the mass transfer coefficients of the Pit #1
section and 2 mm weld bead are 1.51 x10-4 m/s and 1.79x 10-4 rids, both being higher than the mass
transfer coefficient of smooth section which is 1.17X 10“4mls. Thk is due to the enhanced turbulence
causing by the disturbance inside the pipe. As the flow velocity increases, the mass transfer coefficients in
disturbed flow increase faster than those in undisturbed flow.

In Figure 4, the mass transfer coefficients for 1 mm weld bead and 2 mm weld bead test section
are compared. For 1 mm weld bead, the mass transfer coefficient at the first electrode, which is the
nearest one to the weld bead, is 2.59x 104 mls, It increases to 3.68x 10“4mfs at the second electrode. Then
it decreases to 3.15 x10-4 m/s at the thkd electrode and slightly increase to 3.31x 10_”nds at the fitlh
electrode. For 2 mm weld bead, the mass transfer coefficient at the first electrode is 1.99x 104 m/s, lower
than 1 mm weld bead. It increases to 3.44 x 104 m/s and 3.49 x10-4 nds at the second and third electrode,
slightly higher than 1 mm weld bead at third electrode. Then it decreases to 2.86x 10-4nds at the fifth
electrode. This can be explained by the flow structures affected by the weld bead. The weld bead acts as a
bump causing more to the downstream and forms a relatively quiescent area next to the weld bead. In this
quiescent area, the flow velocity is relatively low and so on the mass transfer coefficient. The higher the
weld bead, the longer it takes for the flow to redevelop. The maximum mass transfer coefficient appears
at the point where the turbulent eddy hits the bottom of the pipe after flowing over the weld bead. For 1

mm weld bead, this occurs near the second electrode, whereas for 2 mm weld bead, thk occurs
downstream the third electrode, where they reach the highest mass transfer coefficient.

Mass transfer coefficients in Pit #1 and Pit #6 are compared in Figure 5 For Pit #1, it is seen that
the mass transfer coefficient at the first electrode, which is located at the bottom of the pit, is O.005x 10-4

rids, much lower than the values of other electrodes. Pit #1 is the smallest pit in our experiments, and the
turbulent flow can not reach the bottom of the pit. Therefore, the liquid inside the pit is stagnant, causing
the mass transfer coefficient to decrease to extremely low value. The K value greatly increases to
1.33 x 10-4mls at the second electrode and then slightly increases to 1,47x 10-4mls at the fifth one, For Pit
#6, the mass transfer coefficient at the first electrode is 0.89x 10-4mls, much higher than Pit #1. This is
due to the large size of Pit #6, because flow is more turbulent in the large pit than in the small one. The
mass transfer coeillcient increases to 1.82x 10-4 mls at the second electrode and slightly decreases to
1.76x 10-4m/s at the fifth one. These results show that the larger pit causes more turbulent down stream,
than the smaller one and results in higher mass transfer coefficient.
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Figure 6 shows the mass transfer deviations of 2 mm weld bead at different fill pipe flow velocity.
At velocity of 2.0 m/s, the mass transfer deviation for the first electrode is 1.24 x10-5 rots. It increases to
1.7 1x 10-5m/s at the second electrode and decreases to 1,03x 10-5rds at the fifth electrode. It has the
similar trend as mass transfer coefficient in Figure 4. The value of mass transfer deviation is about
3Y0-4% of the vahre of mass transfer coefficient. The other test sections have the similar resuks.

Slug Flow Results

Figures 7 to 11 reveal very unique instantaneous fluctuations in slug flow. These are plots of
electrochemical noise. In Figure 7, smooth section, at Froude number 6, it is seen that at time instants of
0.3, 0.75 & 1.0 s, the instantaneous fluctuation is 2.4x 10-3mls, 10 times higher than the average value.

In Figure 8, smooth section, Froude number 9, there are peaks of 2 different magnitudes. At 0.65

s, the peaks are 10 times higher than the mean. At 0.8, 1.2 & 1.5 s, several huge peaks appear, which are
100 times higher than the mean.

These are related to the pulses of gas bubbles reaching the electrode surface. When the slug
approaches close to the electrode, the bubbles are forced down towards the surface of the pipe wall, and
do impact, causing mass transfer coefficient to increase such values.

At these higher Froude numbers, the impact of bubbles on the pipe surface causes the mass
transfer coefficient to increase dramatically by about 100 times. These unique mechanisms can explain the
occurrence of severe localized corrosion in slug !dow.

Figures 9-11 are the results of Pit #1. Figure 9 is shown for Froude number 4. The results are
similar to those shown before. For example, at time instants of 0.4, 0.7, 0.9 & 1.75 s, peaks about 10
times the average occur, which indicate that the instantaneous mass transfer coefficient at this time is
about 2.4x 10-3m/s. Figure 10 shows that for Froude number 6, in addition several peaks which are 10
times greater than the average, two peaks 100 times the average appear and the value is 2.OX10“2m/s. In
Figure 11, at Froude number 9, most peaks are indicate that the instantaneous mass transfer coefficients
at this time are about 2.3x 10-2m/s, 90-100 times higher than the average.

The results of weld beads are similar to the results of pits.

For smooth section, no peak appears at Froude number 4, while at Froude number 6, peaks are
only 10 times the average, and at Froude number 9, a few peaks are 100 times high. For disturbed
sections, peaks of 10 times the average appear at Froude number 4, at Froude number 9, most peaks are
100 times high. It shows that disturbed flow is more turbulent than undisturbed flow.

CONCLUSION

The limiting current density technique has been demonstrated in multiphase flows for measuring
mass transfer mechanisms using potassium ferro/ferricyanide dissolved in 1.3N sodium hydroxide.
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In fill pipe flow, mass transfer coefficient increases with fill pipe velocity. For the same flow
velocity, mass transfer coefficient in disturbed flow is higher than that in undisturbed flow, For weld bead,
the minimum mass transfer coefficient is reached at the first electrode, which is next to the weld bead, due
to decrease in turbulence, The maximum mass transfer rate locates at the end of this quiescent zone,
between the second and the third electrode. The higher the weld bead dimensions, the longer the
quiescent zone, For pit, the minimum mass transfer coefficient appears at the bottom of the pit. Other
downstream locations experience high values of mass transfer rate. Larger pit creates more turbulent than
smaller ones.

In slug flow, average mass transfer coefficients increase with Froude number. At a Froude number
of 6, instantaneous increases in mass transfer coefficient, about 10 times the average value, are seen.
These are due to the turbulence of gas bubbles in the mixing zone. At a higher Froude number of 9, there
are still peaks 10 times the average, but now peaks 100 times the average are seen. These are caused by
the actual impact of pulses of bubbles on the electrode surface. It is found that instantaneous averages in
slug flow can be 1-2 orders of magnitude higher in the mixing zone compared to stratified or fill pipe
flow, resulting in highly increased corrosion rate. For the same Froude number, disturbed flow is more
turbulent than undisturbed flow, while the size of disturbance does not cause much effect on it.
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