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EXECUTIVE SUMMARY

The current recommended practice (API RP 14E) for sizing two-phase flow lines in
offshore production piping is to limit the flow velocity to a value less than the fluid erosional
velocity. A simple erosional velocity criterion based on a single empirical constant and the
two-phase mixture density is provided as guidance to determine the velocity above which
erosion may occur. This criterion is for clean service (non-corrosive and sand-free) and it is
noted that the limits should be reduced if sand or corrosive conditions are present.
However, no guidelines are provided for these corrections. It is widely accepted in the
industry that this simple criterion is inadequate. The objective of this project is to upgrade
this practice for more realistic conditions. This report presents the results of Phase I of this
multiphase project. The initial phase reviewed the open literature and based on this review,
a proposed format for an improved criteria was presented with specific details to be added in
subsequent phases of this project.

Phase II of this project involved collecting and analyzing data obtained from API
member companies. The data showed that pipe wear is a function of many different
parameters and that one simple erosional velocity criterion (such as the present API RP 14E)
cannot possibly predict wear in all cases. Depending upon the multiphase flow stream
contents and operating parameters, different erosional velocity criterion will be required for
the different wear mechanism. The primary wear categories that require different multiphase
erosional velocity criterion are: "clean" service, erosion only (solids with no corrosion),
corrosive muitiphase service, and combined erosion and corrosion.

viii



1.0 INTRODUCTION

There continues to be a significant amount of controversy regarding the API specification
related to velocity limits [1] for horizontal two-phase flow lines for offshore production piping.
This controversy will surely continue in the future due to the many variables involved in erosion
and corrosion in production piping. Many investigators [2, 3, 4] have reviewed the velocity limits
specified by API RP 14E and concluded that the limits are too conservative. The intention of this
work is to review field data and determine if changes to the erosional velocity limits are
appropriate. Any recommended changes need to providé a reasonable, safe, operating limit that
does not cause excessive piping system operational or installation costs or excessive risk of failure.

Presently, the design guidelines recommend limiting the fluid velocity in two-phase flow
lines to an erosional velocity (Ve (ft/sec)) defined by [1):

V. = G
T | (Eq. 1)
C = 100 for continuous service,

125 for intermittent service
mixture density (Ibmy/ft3)

p

The recommendations also require reducing the erosional velocity below the above calculated
velocity if corrosion or solids (sand) are present. Guidelines on the amount of reduction to the
calculated erosional velocity are not given.

The relatively simple calculation provides a good general velocity limit, but such a simple
limit cannot possibly be applicable to the wide variety of conditions encountered in field
operations. For this reason, the erosional velocity will be conservative in some applications and
allow excessive wear in others. The intent of this work is, therefore, to develop some insight into
where the limits should be adjusted upward or downward and what the important parameters are.

In the first phase of this project, the general oil and gas production literature was reviewed.
One conclusion from this review was that no measurable erosive damage was documented for
clean service. While there has been significant wear problems, all are accompanied by corrosive
conditions and/or sand production. The primary location of these problems has been in fittings
with elbows experiencing twice as much damage as tees, long radius bends, and straight runs
downstream of chokes. To determine if there is a physical basis for these observations, we
reviewed the fundamental erosion research literature.



The gas-liquid droplet erosion literature indicated that erosive wear due to droplet impact is
proportional to the difference between the droplet velocity and a threshold velocity raised to a
power. The significance of the threshold is that no erosive damage due to liquid impact occurs at
velocities below the threshold. This threshold is about 400 feet per second. Since this is an order
of magnitude above practical operating velocities, this confirms the assertion that no erosive
damage has been experienced in the field for clean service.

The solid particle erosion literature indicates that solid particle erosion is proportional to the
kinetic energy of individual particles. Erosive wear can occur at all velocities, so that for solid
particle impacts a small acceptable wear rate is defined. With this wear limit, the kinetic energy
models can be solved for velocity, so that an "erosional velocity” is proportional to the square root
of the mass of the particles. However, this "erosional velocity" is based on the particle velocity.
In order to develop a relationship for flow velocity, the literature on wear in pneumatic conveyor
systems was reviewed.

The pneumatic conveyor literature identified elbows as the primary area of concern and
presented models for wear rates in elbows as a function of density ratio of the solid particles to
conveyor gas. The erosional velocity from these models is in the form of an empirical constant
divided by a root of the density ratio. This root varied between 2 and 3 for practical velocities and
particle loadings.

The erosion/corrosion literature indicates that in the absence of solid particles, wear rate
increases with flow velocity. Corrosion in the presence of solid particle impacts follows the same
general models as solid impact erosion, except that the target properties are those of the brittle
corrosion products and not the base metal.

The conclusions from the Phase I work are:
(1)  No erosional velocity limit is required for non-corrosive sand-free service.

(2)  Erosional velocity (V) for sand producing service is a function of an empirical
constant (K) and the density ratio (Z) of sand density to gas density:

V. =K
Nz (Eq. 2)

(3)  The values of K and n are functions of corrosive conditions, fitting geometry and
material properties of the fittings.



In this phase of the project, field data was requested from several companies with the intent
of using this data to check the results of the Phase I work and to attempt to define the values of K
and n in the erosional velocity equation for some fitting geometries and flow streams. The
following section reviews the field data that was obtained and also reviews some other wear data
from the open literature.

2.0 FIELD DATA SURVEY
2.1 Data Gathering

At the start of this project, many people indicated a willingness to provide
erosion/corrosion data from their field operations. To start gathering data, API sent out a letter and
a form requesting erosion/corrosion data to about 100 people on the API RP 14E committee. From
these requests only two responses were received. Several phone calls were made to API member
companies 1o solicit data with only limited success. Based on the phone conversations, it appears
erosion/corrosion data exists at many companies but not in a form that is useful for determining the
mechanism of pipe wear. The periodic inspection of piping is done and logged to monitor pipe
wear, but the data on fluid flow is not recorded along with the wear data. The people contacted
said it would take a substantial amount of time and effort to match the wear data with the
production data and funds and manpower were not available to do this. This same theme was
repeated by several companies.

The data sent in by one company was in a different form from the rest of the field data
received in that it did not report wear rates, but indicated problems encountered. For this reason,
the field data is broken into two groups for presentation in the next two sections.

2.2 Summary of Field Data
2.2.1 Data Set 1

Operational data from two different gas fields was reported along with the piping problems
encountered. Detailed data on measured wear rates in fittings was not available, but piping failures
and the associated replacement items were reported. From this data, a general indication of
whether the well was operating in an erosive or corrosive environment could be seen. The two
fields had significantly different operating conditions. One field had relatively low flow rates and
reported no piping problems over the 3 to 6 year reporting period. The other field operated at
much higher flow rates and reported several piping failures due to erosion or corrosion.



The piping material for both fields was A-106-B with pipe diameters ranging from 1.5" to
6". Table 2.1 presents the well operating conditions and indicates if the piping experienced erosion
or corrosion problems. The reported problems were either failures downstream of a choke,
threadolet "washout,” or valve wear problems. Figure 2.1 shows a plot of the actual operating
velocity plotted against the erosional velocity (calculated from API RP 14E with C = 100) with
reported piping problems plotted as solid symbols. The points above the diagonal line indicate
operation above the erosional velocity and these points generally have piping problems reported.
In addition to the problem points above the diagonal line, there are several points below the line
that experienced piping problems. Of the nine points significantly below the diagonal line, two
points (the 2 with the lowest operating velocities) had much higher water production (on a
BBL/MMSCF basis) than the other wells, and the other seven points had relatively high (0.2 to
1.0%) CO; content.

Figure 2.2 shows the same data plotted as CO} partial pressure versus the operating "C"
value (the value of "C" was calculated from the erosional velocity equation based on actual
operating velocity and mixture density). This plot clearly shows the trend of increasing frequency
of problems with increasing "C" value or partial pressure (not all of the data points had a reported
value of CO2 so some of the data in Figure 2.1 is not shown in Figure 2.2). The one point
showing no piping problems at a high CO2 content was unique compared to the rest of the field in
that its production pressure was 1650 psi versus about 1250 to 450 psi for the rest of the data.
This point also was the smallest line size at 1.5" pipe compared to 3", 4", or 6" for the rest of the
data points in the plot.

Figure 2.3 shows the CO2 content plotted with the water production with the trend
indicating little water needs to be present for CO7 related piping problems to occur. Figures 2.4
and 2.5 both show water production plotted with operating velocity at different plotting scales.
These plots again indicated that the pipe failures corresponded to higher velocity wells that
produced relatively little water. The effect of temperature on the erosion and corrosion problem is
shown in Figure 2.6. This plot shows that, as expected, the higher frequency of piping problems
occur at elevated flow rates and temperatures. Figure 2.7 shows increased incidence of piping
problems at higher gas/liquid ratio (liquid includes water and condensate) and higher operating
velocities.

Figure 2.8 shows the data plotted as superficial gas velocity against superficial liquid
velocity. This plotting format is used to determine the two-phase flow regime as mapped in Figure
2.9. The velocity data in Figure 2.8 are in the same units (m/sec) as Figure 2.9, so a direct
comparison can be made. Figure 2.9 shows that above a superficial gas velocity of
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about 20 m/sec (and liquid velocity below 1.0 m/sec), the flow is in the annular or annular mist
flow region. The data in this same region in Figure 2.8 shows a concentration of data points with
wear problems. For the most part, the data points with wear problems are in the annular-mist
region or close to the boundary in the wave flow region,

The two data points indicating wear problems at the lowest gas velocity have sand reported
in the fluid. This may be the cause of the accelerated wear at a relatively low velocity. With the
exception of these two points, Figure 2.8 clearly shows a correlation of flow regime with wear
problems.

2.2.2 Data Set 2

In addition to the above data, three other companies responded to the request for
erosion/corrosion data. The-data is for a variety of pipe sizes, flow rates, corrosive conditions,
and fitting types. A summary of the data is presented in Table 2.2. The wear rates reported varied
from O to 3012 Mills Per Year (MPY) with the majority being less than or about 100 MPY. About
1/3 of the wear rates shown are below the "acceptable” wear rate of 5 MPY while all but two of the
reported flow rates were below the erosional velocity limit set in API RP 14E (using C = 100).

The two highest wear rates shown in Table 2.2 (3012 and 1106 MPY) were the only points
that reported the presence of H2S. They also both contained CO? and the wear was reported for
elbows. That is all that was common between the two high wear rate points. The pressures for
these two points were the highest (4000 psig) and the lowest (40 psig); the pipe sizes were 4" and
10"; one operated at 95% below the erosional velocity and one 20% above it; one had a gas/liquid
ratio of 35 while the other had a ratio of 10; and one had sand production and the other did not.
From these two points, it is obvious that limiting the erosional velocity (based on the fluid mixture
density only) is not an effective method of wear preventon when many different wear mechanisms
are involved.

The next highest wear rate point reported was the failure of a 2" x 6" expansion section
downstream of a choke with a wear rate of 450 MPY. The velocity was significantly less than the
erosional velocity (based on the 6" pipe diameter), but the fluid velocities are obviously higher in

_the region of the expansion. For this point, CO2 was present in the gas, very little liquid was
present with a gas/liquid ratio of 553,000, and the pressure was one of the highest reported at 1100
psig. The rest of the points summarized in Table 2.2 had considerably lower wear rates than the
above discussed points.
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Since it is difficult to determine if any trends are apparent in the wear data in a tabie format,
several plots from the data in Table 2.2 were made. Figure 2.10 shows the wear rate plotted
against the operating velocity. The data show considerable scatter, but there is a trend of higher
wear with higher operating velocity. Average flow velocities below 15 ft/sec have wear rates
below 30 MPY (with the exception of one point showing very high wear) with the wear rate well
in excess of 30 MPY at operating velocities above 15 ft/sec. Figure 2.11 shows the erosional
velocity limit (from API RP 14E with C = 100) plotted against the average operating velocity.
The plot shows most of the flow lines are operating well below the erosional velocity limit. While
the erosional velocity limit may be considered conservative for some applications, these two plots
show that it is far from conservative when corrosion is involved. Figure 2.12 summarizes this by
plotting wear rate against the ratio of the actual operating velocity to the erosional velocity. Only
two points are above the erosional velocity (that is, the ratio is greater than one) and many of the
points show excessive wear.

The effect of the presence of water in a flow line on the wear rate is shown in Figure 2.13.
The data show considerable scatter with no clearly defined trend. Figure 2.14 shows wear as a
function of gas/liquid ratio. Here again, no firm trend is apparent due to the scatter in the data.
Figures 2.15 and 2.16 show the wear rate plotted against gas and liquid superficial velocities.

Figure 2.17 shows the data plotted as superficial gas velocity against superficial liquid
velocity. The velocity units are in m/sec so a direct comparison can be made with the flow regime
boundary map given in Figure 2.9. Since most of these points are below the erosional velocity
limit, they are below the boundary line (in Figure 2.9) for transition into annular mist flow (the
boundary to annular mist flow is at about 20 m/sec for gas superficial velocity, and the minimum
mixture density for this data (1.9 1bm/ft3) gives an erosional velocity of about 20 m/sec (72
ft/sec)). The majority of the data points with reported wear greater than 10 MPY are in the slug
flow regime and most are close the the annular mist flow boundary.

One high wear point (solid square symbols) falls in the stratified flow regime (point
furthest to the left in Figure 2.17). This poiht was for wear (47 MPY) in a tee and had sand in the
flow stream. The high wear point in the wave flow region (with the lowest liquid superficial
velocity) was an expansion from 2-inch to 6-inch pipe with very little liquid flow. The gas
superficial velocity plotted for this point is based on the 6-inch bipc, but the local velocity at the
expansion is obviously much higher. This means the flow was probably annular mist flow and
that caused the high wear rate (450 MPY) reported for this point.
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3.0 ADDITIONAL EROSION/CORROSION DATA
3.1 Erosion/Corrosion Study of Solids Free Gas Wells

Duncan [7] reported the results of wear measurements made over a ten year period in gas
wells in Bahrain. The gas contained 6 mole percent CO; and 0.06 mole percent H7S. Very severe
wear (in excess of 100 MPY) was reported when the carbon steel piping was initally operated at a
velocity of 44 ft/sec. During the first eight months of well operation, the pipe downstream of the
choke in a well operating at 38 ft/sec suffered local wear rates from 44 10 177 MPY. These severe
wear rates were seen again when the permanent manifold lines were installed at the wells. After
two years of operation, the maximum corrosion rates at 45° elbows and tees was 91 MPY in a line
operating at 59 fi/sec and 43 MPY in a line operating at 46 ft/sec. These wear rates were seen even
though the permanent manifolds were continuously injected with an amine inhibitor at the well
head. Significantly reduced wear was observed in the larger piping manifold (6") downstream
(that operated at 16 to 23 ft/sec) of the above described lines with wear of only 4 MPY.

When flow rates in the two lines was reduced to 31 and 39 ft/sec, the corrosion rates (over
the next 2 years) at bends and tees was 28 MPY for the lower velocity line and 55 MPY for the
higher velocity line. Figure 3.1 summarizes the wear rates experienced in several wells. From this
figure, it can be seen that a threshold for accelerated wear occurs at about 29 ft/sec (9 mysec) for the
inhibited piping. Very little data is available on uninhibited piping, but, as expected, accelerated
wear occurs at lower operating velocities compared to inhibited piping. Figure 3.1 also shows that
straight sections wear at about 1/2 to 1/4 the rate of tees and elbows.

Duncan reported that wear rates were generally less than 8 MPY for inhibited systems
operated at velocites up to 20 fi/sec. Wear in the straight sections was even lower than this. At
velocities of 30 to 40 fi/sec, the wear rates very rapidly became unacceptably high. Duncan felt the
critical velocity was due to either the inhibitor film or corrosion products were no longer able to
provide protection to the pipe surface, or a flow transition from annular to mist flow occurred.
Since very little sand was present in the wells, the wear rates reported were primarily caused by
corrosion. Duncan reported there were no problems with H;S stress corrosion cracking in the
carbon steel pipe or fittings where hardness was kept within NACE Specifications.

3.2 Erosion in Blow-Out Prevention Systems

Bourgoyne [8] did a detailed study of fitting erosion in blow-out prevention systems used
in offshore drilling. He measured fitting erosion rates caused by sand flow in dry gas, wet gas,
and liquid flows. A number of different fitting geometries were evaluated.
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Bourgoyne found the erosion rate of sand in mud was one to two orders of magnitude lower than
sand in air. Small quantities of water added to the air/sand mixture increased the erosion rate by 10
to 25%. Longer radius elbows showed less wear in the gas/sand mixtures, but the opposite was
found in the liquid/sand mixtures.

Based on the experimental erosion data, Bourgoyne developed an equation to predict the
wall loss rate in the fitting as a function of the specific erosion factor, Fe, density of the abrasive,
Pa, density of pipe, ps, gas or liquid superficial velocity, Vsg or Vi, pipe cross-sectional area, A,
volume fraction of gas or liquid Ag or A, and the abrasive flow rate, qy:

Vv 2
For dry gas or mist flow _dhy _ Fcp_aﬂa _ S8
dt Ps A 100%
g (Eq. 3)
For liquid flow — d_:;TW_ = Fe Pa % (__Y.SL)Z

The values for the specific erosion factor were tabulated for various elbow geometries,
tees, flexible hose, and a vortice elbow. Bourgoyne's table is reproduced in Figure 3.2.
Bourgoyne's specific erosion factor is the ratio of the mass of pipe material removed to the mass of
abrasive through the fitting. The velocity dependence of the specific erosion factor is shown in
Figure 3.3. The data in this plot is for erosion of an elbow (with a radius to diameter ratio of 1.5)
by sand in air. The slope of 2 for the line drawn in the figure represents a wear dependence with
velocity squared.

3.3 Laboratory Study of Fitting Erosion

Weiner and Tolle [9] ran erosion tests similar to the above described test by Bourgoyne.
The tests were run to measure erosion rates in fittings due to sand flowing in air. Tests were
conducted at velocities of 50, 70, and 100 ft/sec with sand flow at 3 lbmymin. This high sand flow
rate caused accelerated erosion of fittings (an elbow would wear through in one day) so a number
of tests could be performed in a short time. A variety of fitting geometries were tested including
short and long radius elbows and plugged tees.

Weiner and Tolle found the wear rate in the fittings was proportional to the amount of sand
through the fitting (that is, the data can be correlated with a "specific wear factor”) and that the
wear increased with flow velocity. Figure 3.4 shows their results from a test of "water elbows"
(short radius elbows with radius 1o diameter ratio of 0.7) with a sand flow rate of 3.1 Ibm/min and
at three different velocities. Weiner and Tolle also ran three tests to determine the
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Recommended Values of Specific Erosion Factor
Cant Sieel o ASTM 1146, Grade WBC and Seamiem Steel i ASTM A234, Orade WPB

Fitting Type

r/d

Maierial

Specific Erosion Factors ( §/kg)

Dry Gas Fiow Mist Flow | Liquid Flow
Ell 1.8 Cast Steel 2.2 2.8 0.001
Seamless Sieel 0.89 1.1
2.0 Cast Steel 2.0 2.4 0.001
Seamiess Steel 0.79 0.93
2.5 Cast Steel 1.7 2.0 0.001
Seamless Steel 0.69 0.77
3.0 Cast Steel 1.5 1.65 0.0014
Seamiess Steei 0.60 0.66
3.5 Cast Sieel 1.2 1.32 0.0076
Seamnless Steel 0.52 0.55
4.0 Cast Steel 0.9 1.0 0.01
Seamiess Sieel 0.45 0.49
4.5 Cast Siee] 0.7 0.77 0.01
Seamiess Steel 0.40 0. .44
5.0 Cast Steei 0.5 0.55 0.01
Seamless Sieel 0.35 0.38
[Mexible Hose 6.0 Rubber 1.00 1.22 0.02
8.0 0.40 0.45
10.0 0.37 0.39
12.0 0.33 0.38
15.0 0.29 0.31
20.0 0.25 0.28
Plugged Tee — Cast Steel 0.026 0.064 0.0046
Seamiess Steel 0.012 0.040 0.01
Vortice Ell 3.0 Cast Steel 0.0078" 0.0028

* Amumas Failure in Pips Wall Dowwsstream of Bend.

Figure 3.2 Specific Erosion Factors Given by Bourgoyne {8]
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Figure 3.3 Wear Data on an Elbow Presented by Bourgoyne (8]
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effect of sand flow rate on the fitting wear rate. The test results are shown in Figure 3.5. The
three curve fit lines were for sand flow rates of 3.10, 2.87, and 2.44 Ibm/min (all with a flow
velocity of 70 ft/sec). The material loss for the 3.10 and 2.87 1bm/min sand rates were almost
identical. The wear from the 2.44 lbm/min sand flow rate test was about half the other two. This
result is difficult to interpret based on the limited test data. The trend seen here is different from
what others have reported, that is, wear rate is independent of loading rate until interparticle
interactions become important at higher particle concentrations (and then wear rate falls off).

Weiner and Tolle also ran a test to determine the effect of particle size on fitting wear. The
test was run at a gas velocity of 70 fi/sec with two sizes of sand (16/20 and 40/60 mesh) with
different sand flow rates. The larger diameter sand particles showed slightly less wear on a
specific wear basis. Here again, the test was not conclusive since only one test was run for
comparison.

The results of a comparison between different fitting geometries showed higher wear in
shorter radius elbows compared to longer radius elbows, and still less wear measured in plugged
tees. While a large number of tests were performed in the testing program, still more data is
required before the effects of particle size, particle loading, fitting temperature, and fitting material
can be determined.

4.0 CONCLUSIONS

At the start of this project, it was hoped that enough field data would be available to
determine the empirical constants (K and n) in Equation 1 for at least a few different flow
conditions and fitting types. As previously discussed, the quantity and quality of data initially
anticipated was not available. Based on the available data, it became apparent that a single
erosional velocity equation would not be sufficient to cover the variety of conditions encountered in
the field. This is seen in the scatter in the data plotted as wear versus operating velocity. If a
limiting wear rate could be correlated with this single parameter (erosional velocity (which is a
function of density)), all the data would be separated into data showing excessive wear above the
line and the data without wear problems below it. The data shows this is far from what actually
happens because of the variety of factors that influence pipe wear.

In an attempt to limit the number of variables that must be considered, the following
discussion is broken down into several categones. The first category is "clean" two-phase flow
service. Because this type of flow does not involve solids or corrosion, a different form of the
erosional velocity equation would be expected. The second category is erosive multiphase flows
that include solids. Since corrosion is not important in this classification, the erosional velocity
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equation will primarily be of function of flow velocity and particle loading. The next category of
service is corrosive flow streams without solids. The erosional velocity limits for this class of
flows would contain terms related to corrosion such as CO2 concentration, temperature, inhibitors,
and two-phase flow parameters. The last category of flow is combined erosion and corrosion.
Unlike the previous categories, no simplifications in an erosional velocity formulation would be
available here since this must include all the parameters important for erosion and corrosion. The
following sections discuss each of the different methods of pipe wear.

4.1 Clean Service

No field data was obtained on erosion in two-phase flow lines that are free from corrosion
and solids. While the occurrence of this type of flow is fairly limited, it would be applicable to a
clean gas stream. For these "clean systems,” a higher allowable erosion velocity is probably
justified. Based on extensive survey of the liquid droplet erosion data, Deffenbaugh and
Buckingham [10] suggested no velocity limit is necessary since erosion is not a problem until
velocities are so high that practical pressure drop limitations are the limiting factor. Salama and
Venkatesh [2] suggested setting the "C" value in the erosional velocity equation to 300. This
recommendation is based on the high erosion thresholds reported for the onset of erosion due to
liquid impacts.

It is felt that increasing the "C" value in the erosion velocity equation from 100 to the range
of 200 to 300 is reasonable for clean services. The additional reswraint of limiting the flow velocity
to below 100 ft/sec is recommended to ensure the flow stays below the initiation point of liquid
impact erosion. Since no field data or experimental data for flow in piping was available, the
above recommendation should be applied cautiously until data is available to substantiate it.

4.2 Erosion

While the erosion work done by Bourgoyne {8] was for high velocities and fairly high sand
loading rates, it does provide carefully controlied experimental erosion data in pipe fittings. The
experimental data shows the erosion in a fitting is directly proportional to the quantity of sand
through the fitting and is independent of sand concentration (at high sand concentrations,
interparticle interactions would start to reduce the specific wear factors). Based on Bourgoyne's
work, an acceptable erosional velocity equation for erosion of pipe by sand can be developed.

Equations 3 and 4 above can be solved for the superficial velocity to obtain an equation for
erosional velocity. To simplify the equation the following assumptions are made:

dhy
dt = acceptable wall erosion rate is 4.02 x 10-12 m/sec (5 MPY)
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Ps = pipe material density is steel, $.G. = 7.85
Pa abrasive density is that of sand, S.G. = 2.65
Agork; = forlow concentration, volume fraction is approximately equal to 1.

It

The equation resulting from the above assumptions is:

Vo=Ka/-O-
QaFe (Eq. 5)

The information required to soive for the erosional velocity, Ve (m/sec) is the pipe
cross-sectional area, A (m?), the volume flow of solids, g, (m3/sec), and the specific erosion factor
for a given fitting from Figure 3.2, F, (Kg/Kg). The constant K in the above equation is equal 1o
0.000345. The above equation is for erosion only (no corrosion) in pipe fitting with fairly dilute
sand in either gas of liquid flows. The assumption that 5 MPY of erosion is an acceptable erosion
rate is included in the above equation.

While it would be nice to eliminate the need to know the sand production rate to predict
erosion in piping, the nature of erosion is such that each particle passing through a fitting removes
some material. Therefore, a prediction of erosion must include the quantity of sand flowing
through the fiting.

Equation 5 above can be used to calculate a limiting or erosional velocity in sand producing
wells. The calculated velocity is based on several assumptions and a limited data set. The
following is a list of the assumptions and limitations that need to be considered prior to applying
the above equation.

. Fitting wear is for erosion only. No corrosive effects were considered.

. Erosion data was taken only in 2" diameter pipe fittings so scaling effects 1o larger
fittings are not available.

. The data was taken at very high velocity for application to production environments
(the data was intended for diverter systems) and at very high erosion rates.

. Pressure effects were not included in the experimental data since all the data was
taken at atmospheric pressure.

. The working fluids for the experiments were air for the gas testing and mud for the
liquid testing.
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. The abrasive in testing was #2 Blasting sand for all tests.

. The fitting temperature during testing was not regulated and is not incorporated into
the wear equation. At the high wear rates experienced in testing, the fitting became
l!rcd hot".

. The data presented in Figure 3.3 seems to have a steeper slope than the line

showing a slope of 2. The data for this fitting supports a slope closer to 3 (and,
therefore, a dependence of wear rate with velocity cubed). If this is indeed the case
for other fittings, the fitting erosion would fall off more steeply at lower velocities
than predicted by the assumption of a slope of 2. The equation should, therefore,
be conservative.

The above outlined limitations to the data indicate more testing would be useful in
determining the applicability of Equation 5 for predicting an acceptable erosional velocity. Some of
the issues that need to be addressed include: scaling effects with diameter, reduced velocities,
pressure and real gas effects, pipe material, fitting installation effects (fully developed flow
upstream of fitting versus flow from one fitting into another), temperature influence, and effect of
abrasive size and geometry.

In order to independently test the erosional velocity equation developed above, it will be
compared with the erosion work reported by Weiner and Tolle [$]. While identical tests were not
performed in both test programs, the following describes comparable tests:

Bourgoyne Weiner and
Tests Tolle Tests

Abrasive Material Sand Sand
Abrasive Size (mm) 0.6 0.3
Fitting Material A216-WBC Malleable Iron
Elbow Radius to Diameter Ratio 1.5-3.0 0.7-1.5
Fluid Dry Air Dry Air
Fluid Pressure Atmospheric Atmospheric
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Figure 4.1 shows the Specific Wear plotted versus velocity for the above described tests.
The specific wear values were calculated from Equation 5 above and from the data of Weiner and
Tolle. The Specific Wear shown in Figure 4.1 is the ratio of the mass of material removed from
the fitting to the mass of sand through the fitting. This should not be confused with the Specific
Wear Factors, Fe, given in Figure 3.4 that relate wear to fitting geometry. While it is difficult to
compare the data plotted in the figure because of the difference in fitting material (Weiner and Tolle
did not specify the materials other than "field elbow" and "water elbow,” they are assumed to be
cast iron or malleable iron fittings), fitting geometry, and abrasive size, the following conclusions
can be drawn:

. The magnitude of the specific wear factors shows general agreement.

. Weiner and Tolle's data shows a higher wear factor at 100 ft/sec. The reason is not
obvious but may be attributed to the abrasive size, the fitting material, differences in
fitting installation, or differences in the fittings internal flow path.

. Bourgoyne's data has less velocity dependence than Weiner and Tolle's data. This
may be because the line shown for Weiner and Tolle is for a short radius elbow
(r/d = 0.7). Another possible reason for the different slope is, as described above,
Bourgoyne's curve fit of the data (see Figure 3.3) seems to have a slope that is 100
flat to fit the data.

Even with the differences in the reported wear rates and test conditions, the plot in Figure
4.1 shows reasonable agreement between the specific wear factors. Based on this confirmation,
Equation 5 can be used as a guide line to predict an erosional velocity where no other field
operational experience exists. Before the equation is blindly applied to predicting erosion in
piping, the following limitations in the data of Weiner and Tolle must be understood:

. All of the data was taken in 2" pipe.

. The wear rates were extremely high for applicaton to the production environment.

. No corrosion was present.

. The data was for sand in dry air.

. The tests were all run at atmospheric pressure.

. The temperature of the fitting was not considered (the tests were performed at

roughly room temperature, gas temperature was 120°F).
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. The lowest gas velocity tested was 50 ft/sec so extrapolation below this value is
suspect.

The equation for erosional velocity developed here is based on the form of the wear
equation being based on the velocity squared (Equation 5 has a square root term). Weiner and
Tolle did not try to correlate their wear data based on the operating velocity, but a quick calculation
based on the data in Figure 3.4 clearly shows that wear is proportional to velocity cubed. As noted
above, Bourgoyne's data also seem to fit a wear is proportional to velocity cubed as well. While
not enough data is presented by Bourgoyne to. check this assumption, future work should
investigate if a velocity squared or cubed term provides a better fit to the data.

4.3 Corrosion

The majority of the field data discussed in Section 2 included CO; or H3S in the product
stream and are, therefore, considered corrosive. The data generally show that at velocities in
excess of the erosional velocity (see Figure 2.1) wear is a problem. In addition, at velocities
significantly below the erosional velocity, wear can be a problem due to accelerated corrosion (see
Figures 2.10 and 2.11). Due to the wide variety of flow conditions and limited details on the flow
stream contents, it is impossible to extract any recommendation for acceptable operating conditions
in corrosive streams.

The above discussion confirms the recommendations in API RP 14E in that it states the
erosional velocity should be reduced when corrosion is present. The API recommendation does
not stipulate how to reduce the velocity and the field data reviewed here does not help in selecting
any guidelines. Further work is needed in this area to determine the parameters of importance in
controlling the corrosion rate. The field data does indicate that simply reducing the operating
velocity does not arrest the corrosion for many different applications. The effects of temperature,
PH, concentration of corrosion inducers, pipe material, water content, oil or condensate content,
chloride concentration in the water, and velocity all interact and need to be investigated to provide
guidelines for reducing corrosion to acceptable levels.

The data plotted in Figures 2.8 and 2.17 show that the present API erosional velocity
criterion is probably of the correct from since it limits the operating velocity to below the onset of
annular mist flow. Duncan [7] felt the transition to the annular mist flow regime was the cause of
his accelerated wear problems due to either the inhibitor film or corrosion products were no longer
able to provide protection to the pipe surface. Intuitively this makes sense since impact frequency
is an important parameter in removing brittle material. With flow in the stratified or stratified-wave
flow regimes, there would be no fluid impacts with the pipe walls. In the slug and annular mist
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regimes, the impact severity and frequency increases dramatically. The data in Figures 2.8 and
2.17 clearly show this. Another way the flow regime can effect wear is that in annular mist flow,
the pipe walls are repeatedly exposed to alternating gas phase and liquid phase.

4.4 Erosion and Corrosion

For flow streams that are corrosive and contain solids (sand), wear rates are usually very
high due to the combined erosion and corrosion. The field data outlined in Table 2.2 shows only
three entries with sand production reported. One reported a trace amount of sand and CO7 with no
H3S and had a wear rate of 5.6 MPY. The second report of sand production did not indicate if
corrosion was a problem but still showed significant wear at 46 MPY. The third report of sand
production was in addition to both CO2 and H3S and an extremely high wear rate (1106 MPY) was
reported. The two lower wear points had operating velocities below the erosional velocity, and the
highest wear point had an operating velocity slightly above the erosional velocity limit.

As with wear due to corrosion only, wear in pipe lines with combined erosion and
corrosion is a function of many different parameters in addition to flow velocity. Based on the
limited field data, no recommendation for limiting the wear in the piping can be made and no
determination of the most important parameters for developing an operational limit can be made.

5.0 RECOMMENDATIONS AND FUTURE WORK

5.1 Recommendations

Based on the data reviewed during Phases I and II of this project, it is apparent the present
form of the API erosional velocity equation is too simple to cover the wide range of conditions
encountered in field piping. For this reason, it is recommended that the sizing criterion for
multiphase flow lines be divided into four different groups based on the different wear mechanism.
The reason for this is that each different wear mechanism will have a different set of controlling
parameters that needs to be evaluated to lirnit pipe wear. The four different wear categories are:

(1) Clean Service (no solids or corrosion),

(2) Erosive Service (solids (sand) present in flow stream with no corrosion),
(3 Corrosive Service (corrosion without solids),

(4 Erosive and Corrosive Service (both solids and corrosive media present).

Recommended erosional velocity criteria for each of these categories cannot be made at this
time. More work is required in the areas of Corrosive Service and Erosive and Corrosive Service.
The required work is briefly outlined in the next section. While no recommendations for the form
of the erosion velocity criteria in corrosive service is presently being made, it appears the present
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format used in API RP 14E is a good start since it eliminates operation in the annular-mist regime.
More work is required to verify this criteria limits wear in corrosive systems to an acceptable level.
The velocity limit in corrosive service as it effects corrosion inhibitors also needs to be addressed.
No recommendations for erosional velocity criteria in Erosive and Corrosive Service are presently
being made. It is anticipated the operating criteria for this condition, will need to address the
erosion of corrosion products by solids, and the acceleration of corrosion by increased surface
exposure caused by erosion. The following outline presents the suggested sizing criteria.

2.5 Sizing Criteria for Gas/Liquid Two-Phase Lines

a) Velocity Limits. Flow lines, production manifolds, process headers and other lines
transporting gas and liquid in two-phase flow should be sized primarily on the basis
of flow velocity. The limiting velocity is determined based on the fluid properties
(corrosive or non-corrosive service) and if solids (sand) are present.

1 Clean Service. Sand-free and corrosion-free service does not require any
erosional velocity limitations. Pressure drop limitations will generally limit
the velocity to below the threshold for erosion initiation. The velocity
should be kept below 100 ft/sec to ensure the erosional threshold is not
exceeded.

2) Erosive Service. The flow velocity above which erosional damage may
exceed an acceptable limit can be determined from the following equation:

Ve=K; 7%5:
where:
Ve = fluid erosional velocity [ft/sec]
Ks = constant from the following table
d = pipe inside diameter [in]
Qs = solids (sand) flow rate [ft3/day]
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Ks Factors for Erosive Service (Adapted from Bourgoyne [8])

Fitting Radius to Ks Factor
Type Diameter Ratio Material Dry Gas Flow | Mist Flow | Liguid Flow
Elbow 1.5 ASTM 216-WBC |0.95 0.84 44.51
ASTM A234-WPB 1.49 1.34
2.0 ASTM 216-WBC |1.00 0.91 44.51
ASTM A234-WPB 1.58 1.46
2.5 ASTM 216-WBC 11.08 1.00 44.51
ASTM A234-WPB 1.69 1.60
3.0 ASTM 216-WBC 11.15 1.10 37.62
ASTM A234-WPB 1.82 1.73
3.5 ASTM 216-WBC ]1.28 1.23 16.14
ASTM A234-WPB 1.95 1.90
4.0 ASTM 216-WBC_|1.48 1.41 14.07
ASTM A234-WPB 2.10 201
4.5 ASTM 216-WBC |1.68 1.60 14.07
ASTM A234-WFB 2.23 2.12
5.0 ASTM 216-WBC |1.99 1.90 14.07
ASTM A234-WPB 2.38 2.28
| Plugged Tee - ASTM 216-WBC [8.73 5.56 20.75
ASTM A234-WPB 12.85 7.04 14.07
Vortice Elbow ASTM 216-WBC |15.94 26.60
3 Corrosive Service. To be determined.
4) Erosive and Corrosive Service. To be determined.

5.2

In general, the data reviewed here shows that the present API RP 14E erosional velocity
criteria does provide fairly reasonable pipe sizing guidelines. This can be seen in Figure 2.1 where
the majority of data points that operate above the erosional velocity have pipe wear related
problems. Other points on the same figure show when corrosion or solids are involved, wear can
be a problem even below the erosional velocity. In addition, under other conditions, flow lines can

Future Work
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be operated above the erosional velocity without problems. This one figure clearly shows that
several parameters, such as solids production or COz concentration, need to be considered in
setting operating guidelines.

There are many arcas that could benefit from more work in predicting wear rates in
multiphase flow lines. No "hard data" has been found for two-phase flow in non-corrosive service
without solids in elbows, tees, and other fittings. A simple test at high velocity with "clean” fluids
is needed to document no erosional velocity limit is needed in clean service. For multiphase flow
with solids and no corrosion, the work of Bourgoyne [8] allows some estimate of fitting wear as
outlined in Section 4.2. However, the data available in the open literature indicated that the root for
sand flow may be higher than squared and as high as a cubed root. More data is needed to confirm
the exact from of this equation. Other researchers [11] are presently working on erosive flow
streams so future work in this project should be focused in other areas.

Wear in two-phase corrosive flow streams without solids is another area where laboratory
quality data is required to develop a new criterion for limiting wear. Because there are so many
variables involved in this type of flow stream, future work should focus on defining a velocity
limit (or two-phase flow regime boundary) for a corrosion preduct film that is representative of
"typical” field corrosion. Once the velocity criterion is defined for the "typical” corrosion product,
a method that allows comparison of corrosion product parameters (adhesion, hardness, growth
rate, . . .) with other types of corrosion products should be developed. Since corrosion inhibitors
are typically used where corrosion is a problem, the effect of velocity on the corrosion inhibitor
effectiveness should be determined. Another area requiring further work is erosion by solids in
corrosive multiphase flow media. This type of flow problem is obviously very complicated and
requires looking at many different flows, solids, and corrosive agent properties. Any experimental
investigation of erosive/corrosive fluid streams would require focusing on trying to define a "worst
case” boundary. This would mean selecting one corrosive fluid to work with while varying the
liquid/gas/solid parameters to see how they effect the wear rates of a corrosive film.
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