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Abstract

In designing pipeline facilities for production and transportation of oil, hydrocarbon gases or non-hydrocarbon gases – CO2 
and H2, consideration is given to pipeline integrity, flow assurance, operation and health/safety issues. Erosion-corrosion of 
the inner pipeline wall and/or high-pressure losses is of great concern. For many years now, many oil and gas field operators 
have adopted the America Petroleum Institute recommended practice 14E (API RP 14E) equation to estimate the erosional 
velocity. Unfortunately, the C-factor (which is an empirical constant) in the API RP 14E equation has been generalized to all 
field conditions. In addition, there is no concrete scientific evidence behind the basis of its formulation, and various values 
have been adopted based on field and laboratory experiences. In this work, we present how oil and gas companies could 
formulate safer erosional velocity models for their sand free or ‘clean service’ pipelines, based on the velocities calculated 
for the equilibrium flow rate (that is, the intersection of vertical lift performance (VLP) and inflow performance relationship 
(IPR)). The developed erosional velocity models can be applied, and compared with in-house correlations, for erosional 
velocity predictions.  

Keywords: Erosion-Corrosion; Critical Velocity; C-Values; Operating Flow Rates; Pipeline Leaks and Failures

Abbreviations: API RP: American Petroleum Institute 
Recommended Practices; CO2: Carbon (IV) Oxide; H2: 
Hydrogen Gas; C-factor; C: Empirical Constant in the API 
RP 14E Equation; VLP: Vertical Lift Performance; IPR: 
Inflow Performance Relationship; Ve: Fluid Erosional 
Velocity; mρ : Gas/liquid Mixture Density, lb/ft3 ; mv : Gas/
liquid Mixture Velocity, ft/s; P: Operating Pressure, Psia; lS
: Specific Gravity of liquid at Standard Condition; gS : Specific 
Gravity of Gas at Standard Condition; R: Gas-Liquid Ratio at 
Standard Condition; T: Operating Temperature, oR; Z: Gas 
Compressibility Factor; NORSOK P: Norwegian Petroleum 
Industry Standard for Process; OFM: Oil Field Manager; PVT: 
Pressure-Volume-Temperature;

oQ : Oil flow Rate, STB/day; lq : Liquid Flow Rate, bbl/day 
; gq : Gas Flow Rate, scf/day; ,o maxQ : Absolute open Flow 
Potential (Maximum oil flow rate), STB/day; p : Average 
Reservoir Pressure, psi; wfp : Flowing Bottomhole Pressure, 
psi; n: Exponent in Fetkovich Correlation, Constant; mf
: Mixture Friction Factor, Constant; θ : Pipe Inclination, 
Degree; , d ID : Pipe (tubing) Internal Diameter (size), ft; 
inch; A : Tubing Cross-Sectional area, ft2; slU : Superficial 
Velocity of liquid, ft/s; sgU ; Superficial Velocity of gas, ft/s; 
THP : Tubing Head Pressure, psig; lλ , gλ : Fraction of liquid 
and Gas, Respectively; Constant.
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 Introduction

Erosion-corrosion is one of the primary contributing 
factors to pipeline failures and leaks; generally, the influencing 
variables are fluid related (flow velocity, corrosivity of liquid 
phase, flow regime, solid particle content), in addition to the 
pipe properties. Erosional velocity (that is, a velocity below 
which no erosion-corrosion is assumed to occur) greatly 
influences tubing sizing in the design stage; oversizing of 
tubing unnecessarily increases construction costs whilst 
underestimating the required size of tubular can lead to 
catastrophic erosion/corrosion failures [1]. To avoid erosion 
damage, the common oil industry practice for sizing process 
piping, flow lines, pipelines, and tubing is to limit the flow 
velocity to the maximum erosional velocity as given in 
Equation 1, the API RP 14E equation [2].

e
m

CV
ρ

  (1)

where eV  is fluid erosional velocity, ft/s; C (100 for continuous 
service, 125 for intermittent service for both solid-free 
flowing fluid, and reduced value if solid particles are present) 
is an empirical constant; mρ  is gas/liquid mixture density at 
flowing pressure and temperature, lb/ft3 (API RP 1984). The 
fluid mixture density mρ  is calculated using Equation 2. 
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Where P, operating pressure in psia; lS and gS , specific 
gravity at standard conditions of liquid and gas, respectively; 
R, gas/liquid ratio at standard conditions; T, operating 
temperature (oR); Z, gas compressibility factor.

Many published reports have shown that there is 
no concrete evidence behind the basis of the API RP 14E 
Equation (1) formulation; constant pressure drop limitation 
using the Bernoulli relationship, limitation on erosion 
rate due to liquid impingement, and limitation on velocity 
to avoid removing corrosion inhibitor layers may have 
been considered in its derivation [3-6]. Furthermore, the 
recommended values of these -factors were reported to be 
too conservative by Russell, et al. [7], and various values have 
been adopted based on field and laboratory experiences. 
For instance, C-factors in the range of 145-195 could be 
considered for wells at their initial stage of completion 
[8,9]. Castle and Teng [10] reported operational velocity 
up to three times the calculated value from the API RP 14E 
formula for various materials. Ericson [11] and Salama [12] 
have reported a C-value of 726 for gas condensate wells and 
C-values above 300 for water injection wells. Vandeginste 
and Piessens [13] obtained an erosional velocity of 4.3 m/s, 
which is higher than the 2.0 m/s widely used, for a CO2 
pipeline using the API-RP-14E. A similar equation, used to 
specify the maximum velocity to avoid noise and erosion 

according to API standard, is to set empirical constant, C, to 
122.

The NORSOK P-002 standard [14] developed by the 
Norwegian petroleum industry provides requirements 
for the design of single-phase gas, single-phase liquid, 
and multiphase gas/liquid lines. The standard states 
that, “Wellhead flow-lines, production manifolds, process 
headers and other lines made of steel and transporting two-
phase or multiphase flow, have a velocity limitation. When 
determining the maximum allowable velocity, factors such 
as piping geometry, well-stream composition, sand particle 
(or proppant) contamination and the material choice for the 
line shall be considered.” It then recommends Equation 3 to 
calculate the maximum velocity:

 0.5183 1/e mV ρ   (3)

Svedeman and Arnold [15] suggested, based on various 
laboratory studies, that, “no erosion occurs up to at least 
100 ft/s (possibly even up to 300 ft/s) for clean service 
(that is, sand-free non-corrosive fluids)”. Some authors 
have developed analytical and semi-analytical formulae 
to predict erosion due to liquid impact (Nokleberg and 
Sontvedt [16], Springer [17]). Unfortunately, some of these 
formulae are unnecessarily complex and some are applicable 
to a certain range of flow conditions especially for extremely 
high velocity gas streams which are rarely achievable in the 
petroleum industry. 

The applied C-factors in the API RP 14E equation has been 
generalized, even to conditions and applications where it was 
invalid. More also, the basis on the development of the API 
RP 14E equation is still not clear. This paper, an improvement 
to the work of Ukpong and Livinus [18], therefore presents 
procedures leading to the formulation of erosional velocity 
models, using data obtained from oil rim reservoirs in the 
Niger Delta region, Nigeria. Prior to the development of the 
erosional velocity equations, data on reservoirs’ properties, 
completion and production parameters were collected from 
an oil field manager (OFM) database of a petroleum producing 
company in the Niger Delta region, Nigeria. A production 
system simulator (through nodal analysis that considers 
the steady state relationship between pressure drop and 
flow rate) was then used to model the well performance of a 
vertical well in oil rim reservoirs under various ranges of the 
gathered reservoir, fluid and well properties. Summary of the 
steps taken for the simple well performance simulation are 
as follows: description of the fluid using black oil (or volatile 
oil models, see Whitson and Brulé [19], for an overview) 
and matching its pressure-volume-temperature (PVT) 
properties, input of system equipment data – mostly casing 
and tubing inside diameters and their roughness, modeling 
of the inflow into the well (inflow performance relationship 

https://medwinpublishers.com/PPEJ/
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- IPR) and flow up the tubing to the tubing head (vertical 
lift performance - VLP), matching of the IPR and VLP, and 
calculation of system sensitivity – mostly tubing head 
pressures, tubing sizes and water cuts. System sensitivity 
analyses were performed for tubing head pressures of 400 
psig, 1000 psig and 1500 psig; tubing sizes of 1 in., 2 in. 
and 3 in.; and water cut of 10 %, 20 % and 40%. Over 1000 
simulations were performed, including sensitivity analyses 
of tubing sizes, wellhead pressures and water cuts. The IPR 
was modeled using the Darcy inflow equation (Equation 4) 
for fluids above the bubble point pressure and the Fetkovich 
correlation [20], a modified Darcy inflow equation) for fluids 
below the bubble point pressure.

2

,
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wfo

o max
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Q p

       
   

 (4)

where oQ is oil flow rate; p , wfp  are average reservoir 
pressure and flowing bottomhole pressure, respectively; n, 

,o maxQ are exponent and the absolute open flow potential, 
respectively.

Momentum equation is the fundamental governing 
equation used to calculate the pressure drop along the tubing 
in a steady state condition, presented in Equation 5.
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where, P is the pressure in the tubing. mρ , mv , mf  are 
mixture density, mixture velocity and mixture friction factor, 
respectively. θ , d are tubing inclination and tubing internal 
diameter, respectively. The VLP was therefore modeled 
with a combination of different correlations (Griffith and 
Wallis [21], Hagedorn and Brown [22], and Duns and Ros 
[23]) depending on the flow patterns. Flow regimes were 
determined using Gould, et al. [24] flow map. 

The simulation results; stable operating rates of oil, water, 
and gas were recorded. Information of the operating point 
pressures, absolute open flow potentials, and productivity 

indexes were also recorded. The stable operating rate is 
obtained from the right intersection point between the 
IPR and the VLP. This is “the rate” (which might not be the 
maximum, minimum, or optimum but it is the rate) possible 
for the system modeled. Thus, the stable operating rates for 
the simulation runs, under the varying reservoir rock, fluid 
and well data gathered, were recorded.

Derivation of C-Factors in the API RP 14E 
Erosional Velocity Model 

The primary assumption considered for the development 
of the erosional velocity correlation is that; at stable operating 
production rate, no or insignificant erosion will occur. The 
simulation results (that is, the stable production rates) were 
then used to develop the erosional velocity models, similar 
in expression to the API RP 14E equation to obtain likely 
C-values, for oil rim reservoirs with respect to this work. The 
stable operating flow rates obtained from the simulation 
runs were first converted into superficial fluid flow velocity 
for liquid and gas, using Equation 6 and 7, respectively.

2
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where, slU , sgU  are superficial velocities of liquid and 
gas, respectively. lq , gq  are flow rates of liquid and gas 
respectively. A, ID are cross sectional area and internal 
diameter of the producing tubing, respectively.

Figure 1 shows a scatter plot of the simulated results, the 
operating stable production rates in terms of the relationship 
between the liquid velocity and the reciprocal of the square 
root of the liquid density, for conditions where production 
was possible. For the various reservoir, fluid and pipe 
properties investigated, the velocities range from 0.0314 to 
13.90 ft/s. Looking at the velocity distributions in Figure 1, 
there is no clear linear trend. 

Figure 1: Distributions of the liquid velocity against reciprocal of the square root of the liquid density.
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With further analyses of the simulation results, we 
observed a distinct linear trend between the velocities and 
the reciprocal of the square root of the density, when grouped 

into similar tubing head pressures and tubing sizes. Figure 2 
represents a scenario for tubing head pressure of 1000 psig 
and tubing size of 3-in. 

Figure 2: Plot of liquid velocity against reciprocal of the square root of the liquid density.

The empirical model, for erosion velocity calculation, 
was then created based on linear curve fitting using the least 
squares regression function in Microsoft EXCEL. Figures 3 

and 4 are plots, for cases of tubing head pressure of 1000 
psig and tubing size of 3 in., for liquid and gas, respectively.

Figure 3: Fitted plot of liquid velocity against reciprocal of the square root of the liquid density.

Figure 4: Fitted plot of gas velocity against reciprocal of the square root of the gas density.
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The results of the fitted data show that the R-squared 
value obtained is nearly close to unity for the liquid case 
and about 0.77 for the gas phase. The derived C-value is 
approximately 56 for the liquid phase and 284 for the gas 
phase, as can be seen in the equations in Figure 3 and 4, 
respectively. The C-value for the liquid phase is extremely 
low when compared to the empirical constant of 100 for 
clean services recommended by the America Petroleum 
Institute, the 14E (API RP 14E) equation. This could be as 
a result of the high gas-oil ratio of the fluids investigated, 
resulting in simulation results of high gas flow rates. The 
derived empirical constant, C-value, for the gas phase is 
however high, about 284. 

Considering the tubing head pressures and the tubing 
sizes investigated, Table 1 shows the derived C-values for 
the ‘superficial’ liquid and gas cases, respectively. For both 
cases, the C-value increases as the tubing size and wellhead 
pressure increases.

Tubing Head 
Pressures (THP), 

psig

Tubing 
Sizes 

(ID), ft

C-Values 
for Liquid 

Flow

C-Values 
for Gas 

Flow
400 0.0833 2.67 11.963
400 0.1667 25.372 110.21
400 0.25 68.669 298.44

1000 0.0833 1.432 7.47
1000 0.1667 22.174 123.35
1000 0.25 55.769 284
1500 0.0833 0.7718 5.384
1500 0.01667 19.643 187.91
1500 0.25 38.141 256.47

Table 1: Derived C-values for liquid and gas cases.

Performing a multiple linear regression, with the 

constant set to zero, Equation 8 and 9 present the C-values 
(as a function of the tubing head pressure and the internal 
pipe diameter) for the ‘superficial’ liquid flow and gas flow, 
respectively.

0.005 209.8lC THP ID    (8)

0.0177 878.86gC THP ID   (9)

Considering two-phase multiphase flow scenario, the 
oil and gas flow rates after being converted into fluid flow 
velocities, Equation 10 was then used to obtain the mixture 
velocity, mU , for the multiphase flow.

m sl sgU U U   (10)

The mixture density was roughly estimated using 
Equation 11. 

m l l g gρ λ ρ λ ρ   (11)

where mρ is the mixture density. lλ , gλ  are fractions of the 
liquid and gas, respectively, as described in Equation 12 and 
13.

 sl
l

m

U
U

λ   (12)

 sg
g

m

U
U

λ   (13)

Figure 5 shows the fitted plot of the mixture velocity 
against the reciprocal of the square root of the mixture 
density. The derived C-value for the multiphase flow is 
approximately 846. This value is greatly higher than both the 
derived C-values for the ‘superficial’ liquid and gas flows. This 
is due to the increased flow rate, and the estimated mixture 
density may not be a true value for the multiphase flow. The 
derived C-value for the multiphase flow is also far greater 
than both the America Petroleum Institute, the 14E (API RP 
14E), recommended value for clean service and the value of 
183 developed by the Norwegian petroleum industry [14].

Figure 5: Fitted plot of the mixture velocity against reciprocal of the square root of the mixture density.
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Looking at Figure 5, the best curve fitting might not be 
a linear relationship between the mixture velocity and the 
reciprocal of the square root of the mixture density. However, 
as the interest is to develop a generalized erosional velocity 
model, similar to the API 14E equation, the linear curve 

fitting relationship has been adopted. Other curve fitting 
models evaluated show that a second order polynomial 
equation best match the mixture velocity and the reciprocal 
of the square root of the mixture density (Figure 6).

Figure 6: Other curve fitted models for the mixture velocity and the reciprocal of the square root of the mixture density.

Tubing Head Pressures (THP), psig Tubing Sizes (ID), ft C-values for Multiphase Flow
400 0.0833 39.1
400 0.1667 380.41
400 0.25 1049.7

1000 0.0833 22.46
1000 0.1667 343.47
1000 0.25 848.54
1500 0.0833 14.344
1500 0.01667 419.55
1500 0.25 671.62

Table 2: Derived -values for the multiphase flow.

Table 2 presents the derived C-values for the multiphase 
flow. The C-value increases as the tubing size and wellhead 
pressure increases. Performing a multiple linear regression, 
with the constant set to zero, Equation 14 presents the 
C-value (as a function of the tubing head pressure and the 
internal pipe diameter) for multiphase flow in vertically 
producing pipes.

0.03076 3081.81mC THP ID    (14)

Therefore, the generalized erosional velocity model 
formulated for vertically producing multiphase flow wells 
can be expressed as:

0.03076 3081.81
e

m

THP IDV
ρ

 
  (15)

For a horizontal pipeline, the tubing head pressure in 

Equation 8, 9, 14 and 15 can be replaced with the upstream 
pressure of the pipeline under consideration. 

Comparison of Results with Published Data

Predicted results, especially the C-factors, obtained 
from the newly developed models (Equation 8, 9, and 14) 
were compared with published data available in open 
literature with sufficient relevant information on the fluid 
flow conditions. In 2017, Ariana, et al. [1] designed and 
constructed four unique side stream pilot test units with 
2 in. internal diameter for erosion/corrosion study. They 
investigated several flow rates in four fields. The average 
production and fluid data of one of the studied fields, Kangan 
Gas Field, is given in Table 3. The developed models in this 
work, Equation 9 for C-factor for the ‘superficial’ gas phase 
flow and Equation 12 for C-factor for the multiphase flow, 
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predict approximate C-factors of 147 and 394, respectively. 
It shows that flow rate (likewise; pressure, pipe internal 
diameter, and fluid density) is an important parameter in 
the estimation of C-factor. These values could therefore be 
used to set limits for erosional velocity, for this reviewed case 

dominated by gaseous phase. Where the dominant phase is 
liquid, Equation 8 is to be applied. The C-factor estimated by 
the ‘superficial’ dominated phase flow can be considered to 
be safer (and reasonably conservative) for erosional velocity 
calculations.

Internal 
Diameter, ft

Gas 
density, 
kg/m3

Liquid 
density, 
kg/m3

Gas 
Viscosity, cP

Liquid 
Viscosity, cP

Pressure, 
psi Temperature, oC slU , 

m/s
sgU , 

m/s

0.141 76.266 700.847 0.015 0.29 1324.62 54.74 0.093 29.02

Table 3: Average production and fluid data for kangan Gas Field.

The reported equivalent C-factors, considering Equation 
1 - API RP 14E, for the different fluid flow rates investigated 
by Ariana, et al. [1] showed that all values lie in the range 
of 147 and 394. Mansoori [9] presented a field trial on four 
wells, to determine higher values of C-factor for use in the API 
14E equation, on a real gas condensate field. The majority of 
wells were completed with 0.389 ft internal diameter tubing 
of N-80 grade material. Average mixture density of the four 
wells was 7.27 lb/ft3, average production rate equaled 63.62 
MMscf/day. Comparison of actual velocity and API erosion 
velocity, with other relevant information for the four selected 
wells, indicated that the re-calculated C-factors using the API 
14E but with the actual velocities are between 149 and 195. 
However, applying the newly developed models (Equation 
9 and 14) considering only the second terms on the right-
hand side of the equations as there is no information of the 
wellhead pressure, the estimated C-factor for the ‘superficial’ 
gas phase flow is 341 and that of the multiphase phase flow 
equals 1199. This means that even the subjected average 
production rate of 63.62 MMscf/day is conservative. The 
wells can withstand higher rates, even twice the subjected 
average production rates.

Panic, et al. [25] reported a velocity, just below the 
wellhead, of 121 ft/s (corresponded to a C-factor of 400) in 
a 0.583 ft outer diameter (OD) tubing and a velocity of 59 
ft/s (corresponded to a C-factor of 200) in a 0.802 ft OD 
tubing with no failure producing from a gas condensate 
reservoir with pressure of 4500 psi and temperature of 
110oC. Assuming that the values of the outer diameters are 
considered to be the internal diameters and the pressure of 
4500 psi represents the wellhead pressure, the predicted 
C-factors by applying the newly developed models (Equation 
9 and 14) are therefore 592 and 1658, respectively, for the 
0.583 ft internal diameter pipe. For the 0.802 ft internal 
diameter tubing, the calculated C-factors are 784 and 2333, 
respectively. These values are quite higher than the reported 
corresponding C-factors for the gas-condensate wells. This 
implies that the produced rates are quite conserved, for the 
tubing sizes. This deduction is supported by the report of 

Ericson [11] that, “operators in the North Sea have used a 
-value of 726 for gas condensate wells”. 

The Cannonball field, as reported by Healy, et al. [26], 
was brought on production in 2006 at a sustained rate in 
excess of 800 MMcf/day. The three gas wells - CAN01, CAN02 
and CAN03, with a production tubing size of 7.625 in., had 
gas rates of 320, 295 and 255 MMcf/day, respectively. The 
flowing tubing head pressures were 3143, 2995 and 3592 
psig, respectively. Gas gravity of 0.6137 was reported. 
Instead of using API RP 14E, a detailed erosion study was 
carried out using multiphase erosion prediction model 
and computational fluid dynamic (CFD) modeling for the 
technical assurance of an ultra-high rate of 400 MMcf/
day gas well completion design. As of 2008, there were no 
equipment, reliability nor sand issues. Applying the newly 
developed models (Equation 9 and 14), the predicted -factors 
for the gas well - CAN01 will be 613 and 1859, respectively. 
The C-factor from the ‘superficial’ gas flow, if used in the API 
RP 14E Equation (1) and a gas density of 0.6137 considered, 
will give a velocity that is one-third the reported gas rate of 
320 MMcf/day. The equivalent velocity using the C-factor 
(Equation 14) for the multiphase flow, and considering the 
gas gravity of 0.6137, is very close to the reported rate.

Conclusion

The most common oil industry practice for sizing process 
piping, flow lines, pipelines, and tubing, is to limit the flow 
velocity to the maximum erosional velocity given by the 
API RP 14E equation. However, published reports showed 
that the evidence behind the basis of its development is 
not concrete. In addition, various values of the C-factor in 
the API RP 14E equation have been adopted based on field 
and laboratory experiences. In this study, stable operating 
production rates generated from more than a thousand of 
well performance simulations, with data from vertical wells 
in oil rim reservoirs in the Niger Delta, has been used to 
develop approximate erosional velocity models using the 
least square regression method. For the various reservoir, 
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fluid and pipe properties investigated, fluid velocities range 
from a low value of 0.0314 to as high as 13.90 ft/s. Therefore, 
varying C-factors were obtained under the several simulated 
conditions under study. Based on the data analysed, linear 
trends were found for the C-factors and the tubing head 
pressures and the tubing sizes.

 The development of erosional velocity models that 
incorporate the approximate quantifiable effects of both 
tubing head pressure and tubing size resulting to a robust 
generalisable model for single-phase liquid and gas flows 
and liquid-gas multiphase flows in pipes were then made. 
Comparison of results with published data were carried 
out, and the outcome showed that some tubing sizes can 
withstand velocities far greater than the recommended 
velocity by the API 14E. It is worthy to state that detailed 
erosion study using multiphase erosion prediction model, 
and computational fluid dynamic (CFD) modeling, if 
necessary, needs to be performed for the technical assurance 
of any predicted flow rate as actual velocities are known to 
fluctuate in the pipeline.
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