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Abstract
The current practice for eliminating erosional problems in piping
systems is to limit the flow velocity (Ve) to that established by the
recommended practice API RP 14E based on an empirical constant
(C-factor) and the fluid mixture density (Pm) as follows:
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storage of any part of this paper for commercial purposes without the written consent of the
Offshore Technology Conference is prohibited. Permission to reproduce in print is restricted to
an abstract of not more than 300 words; illustrations may not be copied. The abstract must
contain conspicuous acknowledgment of where and by whom the paper was presented.

IntrOduction
Erosion is defined as the removal of material from a solid sUitace
by the repeated application of mechanical forces. These forces are
induced by solid particles, liquid droplets, or cavitation. Liquid
impingement erosion occurs when liquid drops or liquid jet
repeatedly impact the solid sUitace. Erosion may be attributed to
n..'tnoval ofthe metal, the inhibited film, and/or protective corrosion
scales. In order to avoid erosion damage, the current oil industry
practice f()f sizing process piping, flow lines, pipelines, and tubing
is to limit lhe now velocity to the maximum erosional velocity as
calculated by the following API RP 14 E equation (API, 1981,
1991 )

equation for predicting erosion in pipe bends for fluids containing
sand is demonstrated by a comparison with several multi-phase
flow loop tests that cover a broad range of liquid-gas ratios and
sand concentrations.

(I)v•

The API criterion is specified for clean service (non-corrosive and
sand-free) and it is noted that the C-factor should be reduced if
sand or corrosive conditions are present. The validity of the
equation has been challenged on the basis that the API RP 14E
limits on the C-factor can be very conservative for clean service
and is not applicable for conditions when cOITosion or sand are
present. Extensive effort has been devoted to develop an altemative
approach for establishing erosional velocity limits for sand laden
fluids. Unfortunately, none ofthese proposals have been adopted
as a standard practice because of their complexity, This paper will
review the results of these studies and proposes an altemative
equation that is as simple as the API 14 E equation. This altema­
tive Equation has the following fonn:

v• (2)

v•

where:

V.
C

Pm

(3)

fluid erosional velocity, ftlsec
empirical constant;
100 for continuous service and 125
for intennittent service. Consideration
should be given to reducing these
values if solids production (sand) is
anticipated. In the latest API RP 14E
(1991) higher C-values of 150 to 200
may be used when corrosion is con­
trolled by inhibition or by employing
cOITosion resistant alloys.
gas/liquid mixture density at flowing
pressure and temperature, Ib/fP

The value of the S-factor depends on the pipe geometIy, i.e. bend,
tee, contraction, expansion, etc. Using the units for mixture flow
v~locity (Ve). in mis, fluid mixture density (All ) in kglmJ

, pipe
diameter (D) In rum and sand production (W) in kg/day, the value
of the S-factor is 0.05 for pipe bends. The accuracy of the proposed

The OIiginal API cliterion is specified for clean service (noncorro­
sive and sand-free), and il is noled thal the C-factor should be
reduced if sand or cOITosive conditions are present. However no
guidelin~s are I~rovided for these reductions. It has been argued by
several mvestIgators that the API RP 14E relation is extremely
conservative under these conditions and this led to the changes in
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the 199 I edition. However, tlie recent changes imply tliat a C- 
factor of 100 is acceptable for corrosive systems and a C-factor ot' 
150 to 200 is acceptable for i~diibited systems. 

In tliis paper, tlie hasis for tlie API RP 14E equation \\;ill be 
investigated and the cul~ent industry practice in ~ t s  aly>lication will 
be esaniined. The paper will then focus on examining the validity 
of the API 14E equation for sand laden tluids and present several 
models that are being advanced by the industry to predict sand 
erosion in piping systems. A iiew simplified model will be 
proposed and its accuracy will be esaniined using a large number 
of two-phase (liquid-gas) flow loop esperiments. 

Basis of the API RP 14E Erosional Velocity Equation 
The basis and tlie source of this API RP 14E equation have been 
the subject of speculation in several papers and repol-ts. Several 
suggestions were offered for the basis of this equation. These 
suggestions are summarized in Table 1 

Salama and Vellkatesh (1 983) suggested that tlie fomi of tlie API 
equation is the same as  equations predicting pressure drop, erosion 
rate due to liquid impingenient, or shear stress 011 the con-osion 
inhihitor. Salama and Ve~lkatesh derived a C-factor of 80 to 100 
for typical limits on pressure drop for high capacity wells, a C- 
factor of 300 for limiting el-osion due to liqiiid impingement, and 
a C-factor of 35,000 for preventing tlie stripping of con*)sion 
i~diibitor layers. 

Heidersbach (I 985) suggested that the cquat~on was adol~tcd fium 
petroleum refinely practice where flow \vlocities are kept lo\\; to 
niiiiiiiiize pumping requirenient, which is expensive at high tlo\v 
velocities. 

Rybicki (1987) suggested that the N'I fomi of tlie equat~on can be 
derived b-on1 the foIlo\vi~ig water lianuiier equation (Engel. 1955): 

Where: 
P is the water pressure due to impact 
a is a shape factor for the liqiiid 
C is tlie speed of sound in the liquid which equals to (W 
P)"? 
p is the density of the liquid 
K is the bulk modulus of the liquid 

C;il>w~i (1 989) suggested tliat the value of the C-factor in tlie AI'I 
equation is the sane as tlie value required to avoid excessive noise 
in a ~~il>iiig bystem. For l > i l ~ ~ g  ysteni, excessive noise is eliminated 
ifthe piling velocity head is less than 1.3 psi. Tliis is achieved by 
limiting the flow vclocity to tliat corresponding to :I C-factor of 
1 10. 

DeiXenbaugli and Buckingham (1 989) proposed that the AI'I 14E 
equation was adopted based on the average of a siniilar fonnula 
that was uwd by several coml>aues with constants varying between 
80 to 170. The selection of a constant of 100 was based on the 
consensus of tlie conuiiittee, rather than 011 any available data. 

Smart (I 990) suggested tliat tlie API formula has no theoretical 
justification, and it is an empirical fonnula tliat was apparently 
derived from esl>erience in steam powel- plants for use in niulti- 
phase steam condensate piping system and attributed it to Keeth 
( 1946). Idowever, Keeth's paper does not provide any infomiation 
on  velocity limitations, it only discusses corrosion erosion prob- 
lems iii boiler feed pumps and tlie application of steels containing 
CI.. 

Smart ( I  990, 199 I )  stated that the API IJE conuiiittee inte~ided for 
the equatio~i to be applied to uni~lhibited oil and gas production in 
carbon steel piping and, therefore, tlie velocity limits usiiig a C- 
factor of 100 is intended for corrosive service. I t  is not clear liow 
tliis :irgnment can be correct since unacceptable con*)sion rates 
mav rea~lt in ~ninliibited oil and gas production at velocities iii~~cli 
Io\\,cr tIi:11i tlic AP1 1<P 14E limiting velocity 

C'okel- ( 19%)) stated the index based on velocity head can ind~cate 
wlietlier erosion-con-osio~i may become significant at a particular 
velocity and can be used to detemiine the range of misture 
densities and velocities helow which erosion-corrosion sliould not 
occur. Tliis index is p ,  V2,, 5 10,000 (units of Nsec and Ib/A ) 
Coker attributed this indes to Coulson and Richardson (I 977). 

hi esanuniiig Coker's reference of Coulson and Richardson ( 1977), 
the tbllowing statement was found on Page 9 1 ,  "T\vo-phase 
svstems are olten accompanied hy erosion, and many empirical 
relationships have been suggested to avoid this condition. An 
indication of the velccity at \vliicli erosion becomes significant ma!; 
lic obtained fi-om: 

The above equation can be re-written as fbllows. \+here p,,, IS tlie 11icai density of the two-phase mixtul.e (kg/m3) and 
V,,, tlie mean velocity of the two-phase 11iixtu1-e (111/s) " I11 units of 

2 P 
(-) Ihlft' and Itlsec, the co1ist:lnt heconies 10,000 and the above 
a fl .. (' [/ = .- - ( 5 )  cquntio~i becomes the same as the API Rl' 14E equation. Llilfoi-tu- 

Ji; JE; nntel\, Coulson :~nd Richardson (1977) did not provide an\ 
~-cli.~.cncc ti)r their equ:~tion, :lnd in a private communicatio~~ with 
lliclinrdson, lie could not identi@ tlie sc)lu.ce. Altliougli Coulson and 
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hchardson (1 977) did not make any reference to corrosion when 
presenting the above equation, it is not clear why Coker (1 990) 
added the word corrosion and attributed it to Coulson and Richard- 
son. 

Patton (1 993) suggested that the equation was developed by the 
United States Navy during World War 11, and used a C-value of 
160 for solids-free fluids in carbon steel piping. He also suggested 
that the equation was, subsequently, incorporated in API RP 14 E 
and a C value of 100 was adopted. Patton did not provide any 
reference to the Navy's work. 

Both Salama and Venkatesh (1 983), and Heidershach (1 985) 
suggested that the API equation was based on lilllits on pressure 
drop in pipes. As an extension to h s  argument to two-phase flo\vs, 
i t  is possible to write the following equation to predict pressure 
drop in two phase horizontal pipes: 

Where: 
6PI6L is the pressure drop per unit length in psilfi 
D is pipe diameter in inches 
V, is tlie mixture Velocity in Wsec 
p,, is the mixture density in Ih/fi3 

The coniparison between predictions made by Equation 2 for 
several two phase flows and those made using Beggs and Brill 
(1 973) correlation is shown in Figure 1. Beggs and Brill correla- 
tion was used because it was identified as tlie most accurate over 
a wide range of conditions (Behnia, 1 99 1 ). 

All of the above explanations attempted to rationalize tlie validity 
of the form of tlie API 14E equation. Several authors attenil>ted to 
rationalize the validity of the C-factor limit. However, none of tlie 
references succeeded in providing evidence supporting tlie use of 
a C-factor of I00 or 150 to avoid erosion. 

Application of the API RP 14E Erosional Velocity 
Equation 
Although the source and validity of the API 14 E erosional velocity 
equation is being questioned by many, its use within tlie oil 
industry is wide spread. However, many companies are using 
higher values for the C-factor than suggested in tlie API RP 14E 
document. Deffenbaugh and Buckingliani (1989) reported that 
Mohil does not limit flow velocities, and Arco uses a C-factor of 
200 for continuous service and C-factor of 250 for intennittent 
service when corrosion is controlled and if sand can be avoided. 
Deffenbaugh and Buckingham (1 989) presented data developed by 
Arco on velocity efiect of inhibited systems (witli and without 
solids) on carbon steel and 3 16 stainless steel for pipes, elbows, 
and chokes. The results showed that for straight pipe section, no 

erosio~llco~~osion was obselved for C-factors up to 500. For other 
components, no erosio~llcorrosion was reported for C-factors up to 
300. even witli sand. 

FIeiidel-sbach (I 985) repo~ted tliat Phillips does not use RP 14E to 
deteniiine ~>~~oduct io~i  rates. Ericlisen (1988) reported that one 
No~ih Sea operator produced from a condensate well at a velocity 
of286 Wst1: (C-factor of 726) for 1050 days ((4 2.9 years) until a 
failure occurred in tlie AISI 4 140 carbon steel tubing at the flow 
coupluig upstream of tlie SCSSV. The failure of the coupling was 
attributed to liquid inllingen~ent caused by the fluids exiting the 2- 
inch do\vllhole safety valve into the 3.9-inch tubing. The flow 
coupling was replaced by L80- 13 Cr material and no failure was 
repolted, hut the velocity was also reduced. Erichsen (1 988) also 
reported that another North Sea operator has used a C-factor of 
300 as uppa limit for Cii~llfaks subsea water injectors. Tlie tubing 
for these injectors are L80- 13 Cr. One shotlld not, however, be 
surprised if corrosion failure occurs in this systeln at tlie Joints 
because of tlie si~s~c]~tihility of I3 Cr to crevice con-osion and 
pitting. 

Results by Caniacli (1 988) sliowed no erosion damage for N-80 
s t e l  alter repeated uupact by liquid slug at a velocity of 100 fUsec, 
which co~~esl>onds a C-factor of 800. When erosion damage was 
observed, i t  was attributed to tlie presence of niicroscopic solid 
l,a~ticles in the liqilid. Tluee month tests conducted at a velocity 
corresponding to a C-factor between 220 and 260 in a seawater 
flow I c x ~ ,  containing fiberglass pipes and pipe bends of CuNi and 
stainless steel (Saetre, 199 I ). The tests were concluded witllout 
ally erosion da~iiage in tlie liberglass, CuNi, 01- stainless steel. 

Si~igle (distilled water) and two-phase (water and nitrogen) tlow 
I c K ) ~  test resdts on sundated hlhdu~oints  (Salama, 1996) showed 
that, providing co~rosion can be suppressed, a C-factor of 400 can 
he L I S L ' ~  \vi t l ioi~t  any concern for erosion. Tlie results show that 
11iere is no diiyerence between erosiodcorrosion rate for a C-factor 
of 40 and that of 400. Tlie results also show that at a C-factor of 
400, carbon steel showed no signs of erosion when corrosion was 
suplwessed by cathodic protection. High corrosion rates were, 
lio\vever, observed when the steel joints were not cathodically 
protected. This high con-osion rate was unexpected because tlie 
osygen le\,cl was vely low. However, esperimental results 
(Salmiia, 1993) have conli~~iicd that con-osion rates in a deaerated 
system can he high when the pH value is low, which was tlie 
situation ill this case. 

Since corrosio~i rates can be i~fluenced by flow velocity, C-factor 
values higher or lower than 100 are possible depending on tlie 
operating condition. Even for systems that rely on inhibitol-s to 
sul~lwessconosion, tlie use of a C-factor of 150 to 200 as sug- 
gested by API RP 14E cmi he risky unless the inhihitor is evaluated 
using a Ilow loop testing at tlie o1,erating C-factor. In many cases, 
inhibitors that provide good protection under stationa~y conditions 
lose I1ieir elTitiveness at higher vclocitles even at C-factors lower 
than 100 (Cireving. 199 1 ). However, there are inhibitors tliat 
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maintain their effectiveness even at a C-factor of 400 (Cireving, 
199 1). Therefore, estreme care n~ust he takcn in selecting illhihi- 
tors for systems operating at high C-factors. 

Sand Erosion 
Unlike erosion in sand-free systems where erosion rate is rclatcd 
to two parameters, i.e. misture density and flow velocity, erosion 
due to sand is ultluenced by several factors including fluid charac- 
teristics (flow rate, composition, density, viscosity), sand character- 
istics (concentration, impact velocity, impact angle, number of 
particles hitting the surface, shapelshaqlness, hardness, size 
distribution, density), component geometly (hend, Tee, chokc, 
joint), and material properties (hardness, microstn~cture). There 
exists an extensive data base that can he used to characterize 
erosion rate of different materials. These data arc generally 
presented using the following equation: 

where: 
E, is erosion ratio measuued as tlie ratio hctwecli [lie 11i:lss 
of metal loss and the mass of sa~id Iiitting tlic target 
~naterial. 

A and n are esperimentally detemi~ned constants tliat 
depe~ld on the material prope~t~es.  For ductile ~liate~-~als 
the value of n is in Ule range of 2 to 3. For brittle mater~al 
n can be as high as 6. 

V, is Uie impact velocity of the sand lla~ticlc on thc mctal 
sluface. Tlus velocity dellelids on the flow co~iditions, tlic 
geometry of tht: component, and sand propaties (density 
and size). 

F(a) is a function whose value varics betwcc~i 0 :111d I 
d e p d n g  on the impact angle. The function clepends on 
the target matel-in1 ductilehrittle behavior. The value of 
F(a) is masimum for ductile materials such as stccl at 
impact angles of 20 to 40", and fbr brittle materi:~ls sucli 
as ceramics at 90". 

The dilficdty in calculating erosion rates is in predicting tlic I?rol>cr 
values of particle impact angle, a, mid velocity, V, , \vliosc valucs 
depend on: fluid density, fluid viscosity, sand pa~ticle clianictcr, 
sand density, pipe diameter, and pipe gconiet~y (Elho\v, I'ec, 
Choke, etc.). Also, the amount of sand hitting the target is intlu- 
e n d  by the flow conditions, sand concentration and the gcomct~y 
of the component, therefore, i t  may not he the same as thc total 
amount of sand in the flow. One can account for these factors 
tluoudl the use of computational fluid dynamic (CFD) a~ialyses and 
particle tracking simulation models. 

There are six models that have been developed within the inclust~y 
for predicting sand erosion ill pipilip systems. These niodcls arc 

hasd on \vorli done by Sa1:1ma and Venkatech of Conoco (I 983), 
Svcndcman and Arnold of SouUlWest Research (1 994), Morud and 
Kvcmvold of DNV (1994), Shirazi, et al, of Tulsa University 
( 1  993, 1994) alcl Birchenough, et al, of AEA (1993) and Lockett, 
et al, of AEA (1997). All models are limited to erosion predictions 
in silnjlle pipe geometries such as pipe hends and tees. 

Salama and Venkatech's model (1 983) is a closed for111 equation 
\vhose predictions are accurate for mainly gas systems. The model 
was vcrificd llsing sand erosion data in air flow. This model 
suggests the following equation for erosion prediction in steel with 
yield strength of 50 to 80 ksi: 

l S I i  is erosion rate in ml)y 
W is sand Ilo\\l rate in Ihlclay. 
V is Iluicl tlo\\g vclocity il l  tt/sec. 
1) is pilx intcnial diameter in inches. 
S, is :I geomctly del'cndant constant. 

S:II:II~:I and Vclikalech ( 1983) suggested the following values for 
S, 

S, = 0 038 (for short radius bends) 

S, = 0 0 19 (for ells and tees) 

Svcnclcman and Aniold ( 1993) using con-elations derivcd hy 
Rourgo!.ne ( 1 980) reconimended tlie same equation prol~osed hy 
Sa1:nn:l and Vcnkatecli ( 1983). hut proposed different values for 
S,. 'flicir values I'or gas systenis are as follows: 

S, = 0.0 17 (for long radius elbow and ells) 
S, = 6 s 1 (Y4 (for plugged tees) 

AEA dcvclopecl hvo mtxlels The first niodel was based ent~rely on 
c\lw ~~iicot:rl con-clat~o~is and ~t has the fbllow~~ig fomi 

W11cl-c 
C, and Cz :~rc const:~nts whose values del~e~ids on niaterl- 
als (stccl, I3 Cr :uid duples ) and flo\v paltern (hubble, 
cI111111, :llllllllar) 

.The dilliculty with this AEA niodel is tliat under certain flow 
conclitiras the values of C,  or C, become zero. For a constant sn~id 
~xo~lxluction rate (kglday), the AEA model suggests that the erosion 
rate is i~idcl,e~ident of the flow velocity in cases when the value of 
C ,  is zero, a~icl inversely l~rol>o~-tional to the velocity in the cases 
\\!hen C 2  is zero (note that M in the above equation refers to sand 
concentration). Recognizing these objections, AEA developed 
:rnotIicr crosio~i niodel tliat is available in a spread sheet fowl and 
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has the followii~g form: 

ER = F (a Vln + be -'I$ 

Where: 
a, b and c are h c t i o n s  of the gas velocity. 
F is a function of several non-dimensional groups that 
relates values from experiments to the values mder the 
process conditions. 

The models developed by Tulsa University and DNV are similar 
in their attempts to incorporate flow conditions in the erosion 
prcxllction model. The Tulsa model relies on empirical formulas to 
account for particle tracking while the DNV model allows actual 
calculations, though simplified, of the trajectories of the sand 
particles. While all other models predict a single value that 
corresponds to tlle mminurn erosion rate, the DNV model predicts 
erosion rate distribution along a pipe bend based on calculations of 
impact velocity and angle at all locations. 

The models developed by Salama and Ve~lkatesh, Tulsa Univessity 
and DNV incorporate the standard erosion equation: 

ulcreaxs. hl addition, they did not account for the sand particle size 
which is known to have an effect on erosion rate for particles less 
thnn 400 nlicrons. Above 400 microns, the effect of sand particles 
becomes negligible. Note that for the same amount of sand, the 
nmlbm if'paticles decreases as the size of the particles increases. 

The new equation being proposed in this paper is based on 
ulodifyiug Equation 9 by ii~corporating the effect of fluid mixture 
density and particle diameter as follows: 

The accuracy of Equation 13 is demonstrated by comparing its 
predictions with measured erosion rates in pipe bends from 
flowloop esl,eriments conducted under different flow conditions, 
liquid-gas ratios, sand size, pipe size, and by different investiga- 
tors. Tile res~~l ts  of this co~l~l)arisoi~ are presented in Table 2 and 
shown in Figure 2. The value of S,,, as well as the value of other 
constants that will be derived later by refo~matting Equation 4, are 
given in Table 2. 

Eqiiation 13 can be re-written to predict erosion rate (mmlyr) in 
temls of sand production rate (kglday) as follows: 

lVl ;d  
E R =  -- 

However, the values of the coilstants are different. While the value hYm L) ?p,, 
of n in Salama and Venkatesh's model is 2, the value is 1.73 ill the 
Tulsa University's model and 2.6 in the DNV's model. The value 
used in Tulsa's model appears to be low. 

1-or oil and gas ~)roduction, typical sand size is 250 micron and in 
Although each model claims to be verified based on esperimental general csosion rate in the order of 0.1 nlndyr (4 mpy) is consid- 
data, their predictions for the same case call vary by two orders of ad tolaable. Therefore, the erosional velocity limit can be given 
magnitude. Resolution of these differences is critical because while iu the following fonll: 
one model shows that certain operating conditions are acceptable, 
another model shows them unacceptable, which makes it necessary I,,' = ,$ . D &  - 
to reduce production rate. 0 (15) 

Proposed Sand Erosion Model 
Extensive effort has been devoted to develop an approach for 
establishing velocity limits for sand laden fluids. LJ~lfo~tunately. 
none of these proposals have been adopted as a standard practice 
because d their complesity. There is a need for a reliable, yet 
simple, equation, as simple as the API RP 14 E equation, to 
establish erosion rate or erosional critical velocity fbr fluids 
containing sand. Although the equation proposed by Salama and 
Valkatesh (1 983) is simple, it is not very accurate when applied to 
two-phase (gas-liquid) flow systems. When proposing their 
equation @quation 9). tllq suggested that the fluid propelties have 
an effect on erosion rate, but they selected the constant of the 
equation based on calibration with sand erosion in air. Not 
surprising that their equation becomes increasingly conservative as 
the liquid-gas ratio increases, i.e., as the mixture density (p,,,) 

Sonletiu~es, operators establish operating conditions based on a 
wtain tolerable sand ancentration. The above equation (Equation 
13) c;ni he rcwsitten in ternls of sand concentration as follows: 

Tyl'ically, a tolerable sand concentration of 5 ppm is specified and 
a sand size of 250 micron is considered. Considering a tolerable 
erosion rare of 0. I mudyear (4 mpy), the critical erosional misti~re 
velocity 1'01. elbows is: V, = 1 1.7 rills. 
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Proposed Erosional Velocity Limits 
The accuracy of the form of Equation 1 3 is clearly demonstrated as 
shown in Figure 2. The value of the constant S, and the other 
related constants for the different pipe geometries call be derived 
based on experimental results as given in Table 3 or by detailed 
CFD analysis for the required geometry. Based on the estensive 
experin~ental data base presented iin Table 3, i t  is reconmend that 
the value of the constants should be limited to those ~dent~fied for 
elbows. The constants are validated based on tests conducted by 
four independent laboratories. The constants based on the work by 
Bourgoyne appears to be high and therefore cannot be used without 
M e r  validation. In the proposed equation, the effect of pipe bend 
was not considered because test results did not show a major 
difl'erence between erosion in 1 1 12 and 5 D elbows. For plugged 
tee, both CFD analysis and limited experimental work suggest that 
the erosion rate is lower than that for elbows. But the efiect 
decreases as the liquid to gas ratio increases. This obse~vat~on is 
also illustrated by Bourgoyne's work. 

Using Equation 15 as the basis, the following is the reconunnended 
equation for establishing erosional velocity limits for oil and gas 
production: 

Conclusions and Recommendations 
I .  For solid-free, ~loncorrosive fluids, providing l~ressul-c 

drop is not a concern, the masimum flolv rate can be 
established using the following for111 of API RP 14E 
equ a t' ion' 

V is the maximum fluid velocity limit in Wsec 
p,, is the gas-liquid misture density at flowing pressure 
and temperature in Ib/fI3. 

2 .  For sand-free, corrosive fluids, inhibitors esist that are 
effective at flow velocities co~~esponding to C-factors 
higher than 300. However, i t  is vely irnl>o~tant that the 
effectiveness of the illhibitor be evalu~~ted in a tlowlool) 
at these high velocities. For multi-phase pipelines, the 
effectiveness of the co~~os ion  control program del>ends 
on the proper transport of the inhibitors in the pipeline. 

4. At 11igl1 flow rates, the presence of sand enhances the 
c o ~ ~ o s i o ~ l  of steel in both uninhibited and inhibited 
solutions due to erosive wear of protected corrosion 
~xoduct and/or depolarization of anodicallyIcathodicaIly 
controlled corrosion process by plastic deformation of the 
metal sul-face. At low flow rates where sand settling 
occurs, sand has no effect on co~~os ion  rates in uni~lhib- 
ited solutions, but it can have a profound effect on the 
rates in i~dlibited solutions. 
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Nomenclature 
(units are as stated here, unless noted otherwise in the text of the 
paper) 

Erosion M e a s u r c ~ ~ ~ c n t s  
E,- el.osion ratio in kgkg, which is the ratio between the 

mass of ~netal loss and the mass of sand hitting the 
target material 

E,= erosion paralleter ul nmlkg, which is the ratio between 
the ~'enetration ul the metal ald the mass of sand hitting 
the target material 

ER= crosion rate in nuldyear, which is the rate of penetra- 
ti011 in the metal by erosion 

Sand 
\ I r -  sand tlo\v rate in kg/day 
'1 /= sa~ld C O I I C Z I I ~ I - ~ I ~ O I ~  1>1>111 (by weight), which is the ratio 

ol'mnss of sand to Illass of fluid 
ti- s:uld size in miwon (typical value 250 micron). [Note: 

The effect of d on ER becomes negligible above 400 
micron. Therefore, ford> 400, the linnit of 400 is used.] 

p,= sand density in kg/m-' (typical value 2650 kg/ln3) 

Fluids 
I ',= liquid superficial velocity in ~n/sec 
I.',= gas sul~e~licial velocity in ndsec 
P',,,= fluid misture Velocity in ndsec 

= v, + v, 
I ;- erosional velocitv limit, nl/s 
p,= liquid density ill kg/ln3 
p,= gas density in kg/m3 
p,,, = fluid misture density in kg/m3 

= (PIVI + ppV,')/ V", 

3 .  For sand-laden fluids, the n~a?clln~un flow rate 11m1t can bc 
established using the following equation Pipe Geometry 

D= pil>e inte~ilal diameter in 11m 
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OTC 8898 AN ALTERNATIVE TO API 14E EROSIONAL VELOCITY LIMITS FOR SAND LADEN FLUIDS 7 

Constants 
C= the C-factor is an empirical constant specified by AP1 

14RP 14E to predict the erosional velocity limit, V, (in 
A/sec) 

S= the S-factor is a geometry dependent constant, specitied 
in this paper for typical operating conditions (tolerable 
erosion rate of 0. l mm/yr (4 mpy) and sand size of 250 
micron) to predict the erosional velocity limit, V, (in 
rnlsec) 

S,= a geometry dependent constant, specified in this paper 
and used to predict E, in terms of flow parameters. 

S,,,= a geometry dependent constant, specified in this paper 
and used to predict ER given sand rate (W) and other 
flow parameters. 

St= a geometry dependent constant, specified in this paper 
and used to predict ER given sand coilcentratioil (M) 
and other flow parameters. 

Note that the parameters S, S,, $,, 8 are all related. As ail 
example: S,, equals 365/S, to convert E, to ER. 
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TABLE I-SPECULATIONS REGARDING THE ORIGIN OF 
API RP 14 E EROSIONAL VELOCITY EQUATION 

Reference Suggested Basis 

Salama and Venkatesh (1 983) Pressure drop, liquid impingement, and stripping of inhibi- 
tors. 

Heidersbach (1 985) Pumping requirement 

Rybicki (1 987) Water Hammer 

Gipson (1 989) Avoid excessive noise 

Deffenbaugh and Buckingham (1989) Average of similar formula used by different companies 

Smart (1 990) Experience in multiphase steam condensate piping. 

Coker (1 990) Avoid erosion-corrosion (Referenci~g Coulson and Richard- 

Coulson and Richardson (1 977) 

Smart (1 991) 

Patton (1 993) 

Avoid erosion 

Uninhibited oil and gas production of carbon steel. 

Application by the U.S. Navy during WW II for solid-free 
carbon steel piping 
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TABLE 2-MEASURED AND PREDICTED EROSION RATES 
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TABLE 2--Continued 
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 

dPldL, psim ( k g g s  8 Brill) 1 
I 

TABLES--VALUES OF SAND EROSION CONSTANTS 

Fig. 1 -A  comparison between predictions made using the 
proposed equation and those made using Beggs and Brill 
Correlations 

S 

0.05 

2.2 

3.2 

14 

Geometry 

Elbow (1.5 and 5D) 
[reference for test data: this paper, Tolle, Weiner 
and Bourgoyne] (39 tests) 

Seamless and cast Ell (1.5 to 3.25 D) 
[reference for test data: Bourgoyne) (40 tests) 

Plugged Tee (gas-liquid) 
[reference for test data: Bourgoyne] (2 tests) 

Plugged Tee (gas flow) 
[reference for test data: Bourgoyne] (4 tests) 

S, 

5.5 

33 

68 

1,379 

S, 

2000 

12,000 

25,000 

500,000 

S, 

2 x l o 7  

1.2 x l O 8  

2.5 x108 

5.1 x l  09 
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Measured Erosion, mmlkg 

Fig. 2-A comparison between measured and predicted sand 
erosion in pipe bends. 
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