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ABSTRACT

A mechanistic model has been developed to predict corrosion rates in multiphase (water/oil/CO,) flow
conditions. The model takes into account electrochemistry, reaction kinetics, and, mass transport effects.
This paper describes the equations used to determine pH and bulk concentrations of various ions, which are
then used to calculate the mass transfer rates to the corrosion surface. The result includes the determination
of the mass transfer coefficients of various ionic species and corrosion rates. Details of relations used for
determination of mass transfer coefficients for multiphase flows, and rates of electrochemical reaction
kinetics are discussed and predicted results are compared with experimental observations. Agreement
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beiween model results and €xper imental data is gOUu

Introduction
Many oil and gas flow lines commonly encounter carbon dioxide and sea water due to the enhanced oil
recovery techniques. Carbon dioxide gas dissolves in water to form a weak carbonic acid that is corrosive

to many production equipment materials. The degree of corrosion is enhanced by the multiphase flow of
oil/saltwater/gas mixtures under conditions of high wall shear. This corrosive media can cause severe
damage to pipelines. The prediction of corrosion in carbon dioxide environments typical of oil and gas
production has attracted much attention over many years and extensive research has been done to investigate
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corrosion mechanisms of carbon steel due to carbon dioxide, but adequate models still do not exit.

Most models are based on experiments carried out in stirred beakers, rotating cylinder electrodes and small
diameter pipes. Correction factors applied to these predicted corrosion rates cannot be relied on in other
environments and the need for basing models on experimental results from large diameter flow loops 18
imperative. Study of sweet corrosion in multiphase flow requires the prediction of the effects of oil/water
composition, flow regimes, and flow characteristics such as, phase distribution and holdup, at different

pressures and temperatures on corrosion rates. Such an approach 1s described in this paper.

Several models for prediction of corrosion rates have been presented over the years. DeWaard and Milliams
(1975) studied the mechanisms of carbon dioxide corrosion of carbon steel under various conditions of pH,

temperature, and pressure. They proposed the following mechanism for the corrosion process:

Formation of carbonic acid:

co, +H,0 = H, (O, 1)
Cathodic reaction:

HCO, + e = HCO; (2)

HCO;y + H = H)(O, 3

2H = H, 4)

Schmidt (1983) suggested that direct reduction of carbonic acid on the metal surface was also possible. The
cathodic reduction still involved hydrogen ion reduction. Wieckowski (1983) suggested that both H,CO,
and HCO; reactions took place on the metal surface.

Nesic et al. (1995) proposed a model for carbon dioxide corrosion, based on modeling of individual
electrochemical reactions occurring in water-carbon dioxide systems. In their model they began with
Equation (1) to describe the formation of carbonic acid in an aqueous solution, and included Equation (2)
as the first dissociation step of carbonic acid. They also suggested a second dissociation step for carbonic
acid to produce hydrogen ions as follows:

Iy - = I £ 2-
ol = H + (0

o
-

H + ¢ = H (6)
Equation (6) is dominant for pH < 4. At an intermediate pH (4<pH<6), which is the range of primary
interest, in addition to the reduction of hydrogen ions, the direct reduction of carbonic acid also becomes

important. This reaction is given by:

HCO, + ¢ = H + HCO; )
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Dayalan et al. (1995) proposed a mechanistic model for the carbon dioxide corrosion of steel in pipe flow.
They suggested that the overall corrosion process can be divided into four steps. The first step is the

dissolution of carbon dioxide in the aqueous solution to form the various reactive species which take in the
earmeian raactinon The cecnnd stan is the transnortation of thege reactants to the metal surface. The third
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step involves the electrochemical reactions (anodic and cathodic) taking place at the surface. The final step
is the transportation of the corrosion products to the bulk of the solution.

The model described in this paper, follows the same principal steps as described by Dayalan et al. (1995).
However, a detailed description of pH calculations using ionic activities, and calculation of mass transfer
coefficients in single phase and two-phase oil/water flows are given. The number of reaction s corrosion
process are also simplified following Herce et al. (1995).

Herce et al. (1995) also showed that the combined effects of CO, partial pressure, ionic strength,
temperature, and initial bicarbonate ion concentration, i.e. solution chemistry, may be described by a single
variable pH. The combined the effects of fluid flow with pH to define hydrogen ion flux which they related
to corrosion rate under a variety of conditions.

Empirical Correlations

DeWaard, Lotz, and Dugstad (1995) have shown that in the temperature range of 10-80 C, analysis
of the temperature dependence of CO, solubility and H,CO; dissociation constants shown that the
temperature dependence of the pH can be approximated by:

pHop, = 3.82+0.00384 - 0.5 log(pCO)) 3)

They further correlated corrosion rate as a function of actual pH, thereby suggesting a linear
correlation between corrosion rate and H' concentration at high mass transport rates. However, at lower
flow rates, the overall dependence on pH will be less.

It is assumed that the dissolution reaction of iron into the solution does not significantly affect the
bulk pH.

Electroneutrality

The composition of ASTM D1152 substitute sea water used in the experiments at the Corrosion
Ceniter are shown in Table i. Seawater primariity contains more than 95.95% Totai Dissoived Solids (TDS).
These are largely contributed by 11 major constituents including, NaCl, Na,SO,, NaHCO,, NaF, Kcl, KBr,
MgCl,, CaCl,, SrCl,, and, H,BO,. In solution, these compounds dissociate into their constituent ions. and
their concentrations along with HCO;, CO,*, H', and OH", cannot be varied independently, due to
electroneutrality requirements. This may be written as follows:

A+[HY] = [HCO;] + [OH| + 2{CO*} 9)
where,
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A= [Na*] + 2[Mg?] + 2[Ca®"] + [K*] +2[SP*] - [C}] - 2[SO 7] - [HCO;] - [Br] -[(BO),] - [F]

The concentration of CO,> has been found to not significantly affect the overall corrosion reaction,

therefore, the concentration of CO;> ions can be neglected in pH calculations. Equation (9) then becomes:

RN § & o — TITLN =7 FE T 12Y
AT ] T HIVU [ VU (iv)

The association of all the ionic components of sea salt except H' ions, is neglected for the purposes
of pH calculations. Their activity coefficients can be taken as y; = 1. Equation (10) can be expressed in
terms of activity coefficients as follows:

):§ _ . oR
A+ ¥ = + yE (11)
) HCO, OH

Thea amulihrinm tharmadvnamie eanctant for the disenciation of H.CO). hv Eauation {2) ic oivan hy-
10e equuidrium thermodynamic constant 1or te dissociation of 1,00 Dy Bquation (£) 1s given by:
a B
X " HCO,
1 (12)
co, a

Carbon Dioxide solubility

It is assumed that the entire CQO, in solution dissolves to form H,CO;. The dissolution of carbon
dioxide in solution is given by Henry’s law as follows:

acoy = feo: Kn (13)

where,

ey = activity of CO, in liquid phase

feo = fugacity of C02 in the gas phase = yco, $Peoz Pr

ey = fugacity of CO, in the gas phase

Yooz = mole fraction of CO, in the gas phase

Py = total pressure of the system

Ky = Henry’s law constant

he 1gaci y coefficient of carbon dioxide is nearly 1 for pressures less than 25 bars, which is the

Dissociation of water
Concentration of free H" and OH ions are related by the ionic product of water as:
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HO = OH + H' (14)

y o (15)

Activity of Hydrogen

The activity of water under standard conditions is equal to 1. Also, for dilute aqueous solutions the
activity coefficient of water can be taken as unity. Equation (12) can then be written in terms of ay., aco;,
the ionization constants and activity coefficients as:

Equation (16) can be solved for ay., if all the ionization constants can be estimated as functions of
temperature and pressure.

Equilibrium Constants

Pitzer (1991) suggested that the chemistry of carbon dioxide is controlled by the following
equilibria:

Co,(g = CO;(ag) Ky 17)
CO; (aq) +H,0 = H,(O; Kii2c0s (18)
H,CO, = H +HCO; Kycos (19)

Combining Equations (16) and (17)
CO; (aq) +H20 = H+ + HCOJ- K’HCOJ- (20)

He proposed the fo
PKuycos. = 632081/T - 1263405 + 19.568InT 21)
And for Henry’s law:

log (K,) = 108.3865 + 0.01985076 T - 6919.53/T - 40.45154 log (T)
+ 669365/ T (22)

He related the total alkalinity in seawater by taking into account the equilibria:
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H,0 = H +OH Koo (23)
B(OH), +H,0 = B(OH); +H' Kyom, (24)

The dissociation constant of water is given by Wagman et al. (1982) as:

log(Ky,o) = -283.971 + 13323/ - 0.65069842 T + 102.24447 log(T)
- 1119669/ T (25)
The dissociation constant Koy suggested by Pitzer (1991) is:
In(Kp o) = (-8966.9 - 2890.51 87 - 77.942 8+ 1.726 7 - 0.0993 8%) /T
+ (148.0248 + 137.194 82 + 1.62247 S)
+ (-24.4344 - 25.085 87 - 0.247 8) In (T) + 0.053105 $* T (26)

where, S = Salinity = 1.80655 Cl1%
C1% = chlorinity = S;/ 1.81638
St = Total salt content g/kg seawater

Activity Coefficients

The Debye Huckel equation was modified by Davies for the mean activity coefficient as:

172

logy, = —Az‘/z_/[ s -o.s,.l 27

1 £ g
\ £ J

where ionic strength on the molality scale
ionic charge

1.82e6(eT)>2

= dielectric constant

= Temperature, K

I

I

H
z
A
€
T

Ionic strength is determined as:

g o= X zim (28)
2, 17
where, m; = molality of ion j with charge z

In using the Davies equation in a solution containing several electrolytes 9as is the case here) all the
ions in the solution contribute to n. However, z in Equation (27) refers to the ionic charge of the particular
electrolyte for which vy, is being calculated. Moreover, the Davies Equation for log y. is obtained by

a2 Y AN

replacement of z, | z. | in Equation (26) by z%.

Dielectric Constant for Water
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Pitzer has suggested the following correlation for evaluating the dielectric constant for water. This
is dependent on pressure and temperature:

€ = €upo+Clinf (B+P) /(B + 100)] (29)

The temperature dependence is given by:

€woe = Usexp (U,T +U,T) (30)
C = U+Uy/ U+ D) @31)
B = U,+U/T+U,/T (32)
where, T = temperature, K
Calculation Procedure

Initially, the activity coefficients of H-, HCOjy, and OH ion are assumed equal to unity and the ionic
concentrations calculated. These ionic concentrations are then used to calculate the ionic strength of the
solution which in turn is used to calculated the activity coefficeints for the ions. Equation (16) is then solved
iteratively for the activity of hydrogen ion (and hence the pH) for various temperatures and pressures.

Mass Transfer CoefTicients

Mass transfer plays an important role in the corrosion process. Due to electrochemical reactions
taking place on the metal surface, the concentrations of various species at the metal surface are different
from those in the bulk. As a result of this concentration gradient in the fluid, there is a movement of the
species from the bulk to the pipe wall and vice -versa. In order to calculate the mass transfer flux of the
species it is necessary to compute the mass transfer coefficients of the species. The empirical Chilton-
Colburn equation for turbulent transfer [20] predicts that :

1/2
g . [fReDSc 33)
mt 8 d
where, K,: = mass transfer coefficient of the species
Re = Reynold’s number of the fluid =dup/p
S¢ = Schmidt number =v/D = p/(pD)

= diffusivity of the species in the fluid

= mnndv frictinn factnr
IILUUUJ AL IWLKLVUEL AW LATR

= diameter of the pipe

e |

The semi-empirical Vieth et al. Expression () for fully developed turbulent mass transfer predicts that:
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1/8
. - 4. 586( ]fR D (Sc) 34)
mr 8 d

where, K.. = mass transfer coefficient of the species

Re = Reynold’s number of the fluid =dup/p

Sc = Schmidt number =v/D=p/(pD)

D = diffusivity of the species in the fluid

f = moody friction factor

d = diameter of the pipe

Vmax = maximum velocity in the pipe
Vavg = average velocity in the pipe

The semianalytical Deissler Expressions for turbulent transfer predicts that :

0.0789 (I) “ ReD Sc'*
£ - (35)
- d
Another Deissler Expression for turbulent transfer predicts that :
.o 0.25
0.115(-) ReDS
(p ReDde (36)
K =
me d

The Chilton-Colburn equation can be generalized for the rough pipes by using an appropriate friction factor.
The Moody friction factor can be calculated using the correlation :

~ e/dy -1l
£ = -Lstog, o0+ 0 37)
3.7
where, e =  roughness of thepipe
d = diameter of the pipe
Re =  Reynold’s number
The diffusion coefficients of the ions is calculated using the followung correlation:
ART
D, = — 38
Ralierys (38)

i
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where, Di = Diffusion coefficient
ionic conductivity
universal gas constant
= temperature ( K)

= charge of the 1on

A
R
T
Z

Rates of Electrochemical Reactions:

After the various reactive reach the metal surface, various electron transfer reactions take place between the
metal surface and the species. The model assumes that the following reactions take place
at the metal surface,

Cathodic reaction:

2H" +2¢ - H, (39)

Anodic reaction:
Fe ~ F&’* + 2e (40)

The current densities due the above electrochemical reactions are given by the Butler-Volmer equation, and
can be written as:

N * 2(1 —a’F(Ecorr - EF:")
b =2F K . [Fe"] expl 5 ] (41)

-2¢F(E, - E,) "
., =2FK . JH" o
oz TH 1 expl RT ] (42)

K.n' And K ** Are the rate constants for the cathodic and anodic reactions,respectively. The values of
the rate constants can be obtained from the literature.

TR + A d T 2+ pem ~lermes Te; 4l o xr ...........
lﬂﬂ equmunum pUlGI.ll.ld.lb E’H AU Cpe alrc glVCI Uy tne INEmist cquauuua
+g9 2
, RT /B ],
E_.=E*’ . (43)
" T aF H ]
RT
— '] 2+
En" =E Feit * ﬁlane ], (44)
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where, E°%" And E%*" are the standard potentials for the cathodic and anodic reactions.

The sum of the currents due to the cathodic reactions should be equal to the sum of the currents due to the
anodic reactions, which in turn is equal to the corrosion current.

iE' - iFt" - iccrr (45)

For iron
corrosion rate (mm/year) = i com (amp/em?) x (1.16 x 10%)

Under steady state conditions it is assumed that the sum of the mass transfer rates of the reactants are equal
to the sum of the eiectrochemical reaciion rates. Hence we can write,

2FK_, ..((Fe®] - [Fe’]) =i, .. (46)

2FK_ . ((H ‘]‘ - [H “]) =i, (47)

the subscripts s and b indict the surface and bulk, respectively.

Results and Discussion

Extensive results on corrosion and multiphase flow have been generated at the NSF, /UCRC
Corrosion in Multiphase Systems Center at Ohio University (Zhou and Jepson, 1993, Jepson and Menezes,
1994, Bhongale et al., 1996). Corrosion and flow data have been measured in 10 cm diameter pipes, at
temperatures ranging from 30 C to 90 C, carbon dioxide partial pressures from 0.13 MPa (5 psig) to 0.79
MPa (100 psig), using oil/saltwater mixtures in the liquid phase and carbon dioxide as the gas. Oil/saltwater
mixtures ranging from 20% to 100% saltwater have been investigated. ASTM substitute seawater has been
for the aqueous phase Qils of viscosities 2 and 100 cP have been studied. The results from the model are

i a P, SUpRY T, [R5 PRIy Yy pU. RN S 1Y Thha avevnries nmtnl anteres nmd e anolieace aed

DOmpd.reu Wll.[l Lnt: cxpcummluu Udld VULALLICU ubmg (Y1l& 4 bl' Ull 111 U.ip';l 111IC1Ial dClUp alild fmi€asurciment
procedures have discussed extensively in previous papers (eg Bhongale et al., 1996).

PH Results

Figure 1 shows the predicted values of pH for various conditions of pressure and temperature for

saltwater solutlons. Predicted values of pH for some of these conditions are compared with experimental
results in Figure 2.

It is seen from Figure 1 that the pH of the solution decreases from about 5 to 4.2 with increase in
carbon dioxide partial pressure from 0.13 MPa to 0.79 MPa. At each pressure, the pH of the solution
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increases with increasing temperature. For example, at 0.13 MPa, the pH increases from 5 to about 5.4 as
the temperature is increased from 40 C to 90 C. Both results are expected since the dissolution of carbon
dioxide in the aqueous solutions increases with pressure, but decreases with temperature.

Comparison with experimental data shows reasonable agreement at all temperatures and pressures.
Treomdle mee 2h Lo Lmmin cmmdbim ol dle ek dle o T A e e el s e 2ol oL o 2% 2, 1 X a1 at . AW
ruiuicy, It itdd> DCCH 1OUCCU Uldl LG Pri UOcs [IUL VAT appicilavly wWIICI O11 15 duded o 501Ull01l. Nence
the results from the pH calculations are used for oil/water flows as well.

Mass Transfer Coefficients

Selman and Tobias () have summarized several correlations for mass transfer coefficient calculations
in turbulent single phase pipe flow. Most of these are applicable over a wide range of Reynolds and Schmidt
numbers. However, it is found that the calculated mass transfer coefficients, while in the same order of
magnitude, vary widely. Results using three different correlations, the Chilton and Colburn (1957), Deissler
et al. (1955), and Vieth et al. (1963), are shown in Tables 2, 3, and 4. The resulting corrosion rate predicted

from the model is compared with experimental results at 40 C, and are shown in Figures 3, 4, and 5.

It is seen from Tables 2, 3, and 4, that the mass transfer coefficients in all cases increase with
velocity as is expected. However, the actual values are very different. At a velocity of 1.0 m/s, for a pressure
of 0.136 MPa, the mass transfer coefficient for Hydrogen ion is 1.6e-4 m/s using the Chilton Colbum
expression, 2.7e-4 using the Deissler expression, and 8.83e-4 using the expression from Vieth et al. The
corresponding corrosion rates are seen to be 0.35, 0.58, and, 1.91 mm/yr respectively. Comparison with the
experimental corrosion rates in Figures 3,4 and 5 shows that it is only the Vieth expression that results in
predicted corrosion rates being reasonable.

Simulations of flow in pipes and in the vicinity of disturbances (Gopal and Jepson, 1995) have shown that
the corrosion rate is directly proportional to the turbulent kinetic energy of flow. Nesic and Potlethwaithe
(1991) have also found similar results and have expressed the opinion that it is the turbulence
characteristics, rather than wall shear stress, calculated from average velocity, that influences the corrosion
process. Hence, it is felt that a mass transfer correlation that includes the effect of turbulence explicitly will
yield a better estimate of the mass transfer coefficient compared to other types of correlations. Such a
correlation is being developed at the Corrosion Center. Among the correlations used in this study, the Vieth
et al. expression includes a provision for including the turbulence effects through the ratio of V., / V.
Hence, this gives a better result in this case.

It is seen that the corrosion rates in all cases increase proportionately to the calculated mass transfer
coefTicient. For example from Table 2, at a pressure of 0.45 MPa, as the velocity is increased from 0.18 m/s
to 1.0 m/s, the mass transfer coefficient for H' ion increases from 2.1e-4 to 8.8e-4, an increase of about 4
times. The predicted corrosion rate increases proportionately from 0.92 to 3.87. The results at all the other
velocities are similar. Hence, in the velocity range studied so far, the corrosion rate is mass transfer

controlled.

Oil/Saltwater Flow

No model exists at the present time, for the calculation of mass transfer coefficients in oil/water flows. The
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correct expression for the Reynolds and Schmidt numbers to be used in correlations is unknown. Extensive
experiments at the Corrosion Center in oil/water flows have shown that several flow regimes can exist in
oil/water flows. The results confirm earlier work by Oglesby et al. (1978). At all velocities, for oil
percentages up to 60% oil in the liquid, there is a water layer present at the bottom of the pipe in horizontal
flow. This layer can flow at an in situ ve]ocity which is greater than the oil velocity. A model to predict

Jee i ~ee mame ke ke Jryspngps Py JuppN e o an Py g JRUSIIY & 1§ Pt [RUREIIIL S (R 1 00T
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Two different mass transfer coefficients were defined for oil/water flows. Both involved approximations
with respect to the water velocity, and the density and viscosity to be used in the Reynolds and Schmidt
number definitions.

In both methods, the water velocity was estimated as follows; From fluid flow results at the Corrosion
Center, the variation of the water holdup with height along the vertical diameter was determined. The height
of the water layer was approxxmatea as the W/D at which in situ water holdup was 75%. Previous work at
the Corrosion Center (Neogi et al., 1994) using such approximations, have yielded good results for three
phase oil/water/gas stratified flows. Knowing the water film height, the area occupied by the water layer

was used to calculate the water velocity as follows:

Vswe Ap = Vw e Aw (48)
where, Viw = superficial water velocity = q,, / Ap
A, = cross sectional area of pipe
Aw = area occupied by the water layer
\' = water velocity

In the first method, mixture density and mixture viscosity (averaged on a volumetric basis) were used in
the definition of Reynolds and Schmidt numbers, while in the second method, only the saltwater density

viscosity were nnnr“ In both methods. the nine diameter was nnnﬂ in ﬂ\n rlnﬁnihr\ne for both
ml“ ¥ 1IoWUO1 J ALl (PLV 5 Y lllvl.ll\luu, y P W AGLLLIAW/ LWL ALLLALLINSE WIS LAL

dimensionless numbers.
20% oil

Tables 5 and 6 show the results of the mass transfer coefficients defined in the two different ways for 20%
oil. From Table 5 and 6, it is seen that the mass transfer coefficient for H' ion at a velocity of 1.0 m/s at a
pressure of 0.27 MPa, is 1.4e-3 and 1.76e-3 m/s respectively. The corresponding predicted corrosion rates

o ( NO ard T 72 waee foie
alC U . vr alld l fo I YT,

The results from Tables 5 and 6 are plotted in Figures 6 and 7 respectively. It is seen that the variation in
corrosion rates are proportional to the difference in physical properties calculated in the two methods.
Agreement between experiment and model is reasonable in both cases. For example, as the velocity is
increased from 0.56 m/s to 1.0 m/s at a pressure of 0.27 MPa, the corrosion rate predicted from the first
method increases from 2.48 mm/yr to 6.09 mm/yr, while the corresponding rates from the second method
are 3.11 and 7.73 m/s. The experimental corrosion rate for the same velocities are 4.9 and 5.4 mm/yr.

It is seen that the model overpredicts corrosion rates at the higher pressures. For example, at a pressure of
0.79 MPa, as the velocity is increased from 0.56 to 1.0 m/s, the corrosion rate from the first method
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increases from 7.21 mm/yr to 17.68 mm/yr, while the corresponding rates from the second method are 9.02
and 2246 m/s. The experimental rates are 10.75 and 11.6 mm/yr respectively. This overprediction is due
to the effect of corrosion product layers at the higher pressures. This effect is not included in the current
model.

£007 1
QU0 Ol}

Tables 7 and 8 describe the variation of mass transfer coefficients for Fe** and H" ions calculated by the two
methods, along with the predicted and experimental corrosion rates for 60% oil/saltwater flows. The
comparison of model results with experimental data is shown in Figures 8 and 9.

Comparison of the mass transfer coefficient values using the two methods from Table 7 and 8 reveal
substantial differences in values. For example, the mass transfer coefficient for H' ion, at a velocity of 1.0
m/s from the first method is 7.1e-4 m/s, while using the second method, this increases to 1.26e-3. The
results for all the other velocities at other pressures are similar. The comparison with experimenal corrosion
rates reveals that the use of actual saltwater properties results in much better agreement with experimental
values. For example, at a carbon dioxide pressure of 0.79 MPa, increasing the velocity from 0.28 m/s to 1
m/s, increases the corrosion rate from 10.8 mm/yr to 15.75 mm/yr. The corresponding rates predicted are

10.07 and 16.04 mm/yr.

The agreement between experimental and model values for 60% oil using saltwater properties can be
expected, since the water velocity is seen to be controiling in this case. Hence, using the saitwater aione for
determining the mass transfer coefficient gives a better estimate of the mass transfer coefficient. In the case
of 20% oil, with a 2 cP oil, the variation in physical properties are not significant for the two methods to
give substantially different values. However, it is expected that as the oil and water properties diverge, the
second method, that using the properties of saltwater alone, with the in sifu water velocity, in the definition
of the dimensionless numbers, will give the more accurate results.

Conclusions

A mechanistic model is presented for the prediction of sweet corrosion rate in two phase oil/saltwate-fiewaes.:
The model incorporates the chemistry of the salt, thermodynamics of carbon dioxide dissolutten and:
dissociation, two phase mass transfer, and, electrochemical kinetics on the metal surface. Good agreement
with experimental results is seen.

The calculation of pH includes the activity coefficients of the Hydrogen ion, and this related to the
concentration of other neutral ions in the solution. Agreement between the experimentally measured pH
values and the model predictions are good.

Mass transfer coefficient predictions in turbulent pipe flow are compared using three different correlations

and it is shown that the effect of turbulence on the mass transfer needs to be included in any correlation.

Using the pH caiculated for saliwater solutions, and a selected co 1 '
calculated for two phase oil salt water flows using a new method. Th sztu water velocity is used, along

with the pipe diameter and saltwater density and viscosity for the calculation of mass transfer coefficients.
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It is shown that this definition for two phase oil/saltwater flows results in very good agreement of predicted
corrosion rate with experimental data.

For the range of velocities studied, the corrosion rate is mass transfer controlled for two phase oil/water

RaNT FT
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-1 Composition of ASTM grade D1141-5
Substitute Ocean Water JII

Component salt Composition
NaCl 58.49
MgCl,.6H,0 26.46
Na,SO, 9.75
CaCli, 27
KCl1 1.645
NaHCO, 0477
KBr 0.238
H,BO, 0.071
SrCl,.6H,0 0.095
NaF _ ] 0.007




P U KmtFe KmtH [H] ) CR(pred.) CR(exp.)
(ViPa) (m/s) | (m/s) (m/s) (mol/m°) (mm/yr) (mm/yr)
0.136 1.0 1.6062E-04 | 8.8382E-04 | 9.652E-03 | 1.91 0.88

1.3 2.0340E-04 | 1.1192E-03 2.42 1.23

1.8 2.7357E-04 | 1.5053E-03 3.25 1.78
0.27 0.18 3.8214E-05 | 2.1027E-04 | 1.957E-02 | 0.92 2.9

0.28 5.4289E-05 | 2.9873E-04 1.31 3.0

1.0 1.6062E-04 | 8.8382E-04 3.87 4,25
0.45 0.18 3.8214E:65 2.1027E-04 | 3.267E-02 | 1.54 3.4

0.28 S5.4289E-05 | 2.9873E-04 2,18 5.6

1.0 1.6062E-04 | 8.8382E-04 6.46 8.6
0.79 0.18 3.8214E-05 | 2.1027E-04 | 5.682E-02 | 2.67 5.6

1.0 1.6062E-04 | 8.8382E-04 11.24 11.4

Table 2 : Using Vieth et al. Expression for fully developed turbulent mass transfer to predict
corrosion rates for brine
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P U KmtFe KmtH [H'] CR(pred.) CR(exp.)
(MPa) (m/s) | (m/s) (m/s) (mol/m’) | (mm/yr) (mm/yr)
0.136 1.0 2.9420E-05 | 1.6189E-04 | 9.652E-03 | 0.35 0.88

1.3 3.7389E-05 | 2.0574E-04 0.44 1.23

1.8 5.0585E-05 | _;.7835E-04 0.60 1.78
0.27 1.0 2.9420E-05 | 1.6189E-04 | 1.957E-02 | 0.71 4.25
0.45 1.0 2.9420E-05 | 1.6189E-04 | 3.267E-02 | 1.18 8.6
0.79 1.0 2.9420E-05 | 1.6189E-04 | 5.682E-02 | 2.06 11.4

Table 3 : Using Chilton and Colburn Expression for fully developed turbulent mass transfer

to predict corrosion rates for brine
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P U KmtFe KmtH [H'] CR(pred.) CR(exp.)
(MPa) (m/s) [ (m/s) (m/s) (mol/m’) (mm/yr) (mm/yr)
0.136 1.0 3.9661E-05 | 2,7009E-04 | 9.652E-03 | 0.58 0.88

1.3 5.0979E-05 | 3.4716E-04 0.75 1.23

1.8 6.9774E-05 | 4.7515E-04 1.03 1.75
0.27 1.0 3.9661E-05 | 2.7009E-04 | 1.957E-02 | 1.18 4.25
0.45 1.0 3.9661E-05 | 2.7009E-04 | 3.267E-02 | 1.98 8.6
0.79 1.0 3.9661E-05 | 2.7009E-04 | 5.682E-02 | 3.44 11.4

Table 4 ; Using Deissler Expression in for fully developed turbulent mass transfer to predict
corrosion rates for brine
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P Total KmtFe KmtH [H'] CR(pred.) | CR(exp.)
(MPa) Mixture (m/s) (m/s) (mol/m’) (mm/yr) (mm/yr)
Velocity
(m/s)
0.27 0.28 7.1249E-05 3.9205E-04 | 1.957E-02 | 1.72 4
0.56 1.0298E-04 5.6666E-04 2.48 4.9
1.0 2.5270E-04 1.3905E-03 6.09 5.4
0.45 0.28 7.1249E-05 3.9205E-04 | 3.267E-02 |2.87 6.25
0.56 1.0298E-04 5.6666E-04 4.14 7.4
1.0 2.5270E-04 1.3905E-03 10.16 7.9
0.79 0.28 7.1249E-05 3.9205E-04 | S.682E-02 | 4.99 9.2
0.56 1.0298E-04 5.6666E-04 7.21 10.75
1.0 2.5270E-04 1.3905E-03 17.68 11.6
Table 5: Using Vieth et al, Expression for fully developed turbulent mass transfer to predict
corrosion rates for 20%LVT-80%Saltwater (75% insitu water, Re~D .., mixture properties)




P Total KmtFe KmtH [H'] CR(pred.) | CR(exp.)
(MPa) Mixture (m/s) (m/s) (mol/m’) (mm/yr) (mm/yr)
Velocity
(m/s)
0.27 0.28 8.7970E-05 4.8406E-04 | 1.957E-02 2.12 4
0.56 1.2892E-04 7.0941E-04 3.11 4.9
1.0 3.2116E-04 1.7672E-03 T.73 5.4
0.45 0.28 8.7970E-05 4.8406E-04 | 3.267E-02 3.54 6.25
0.56 1.2892E-04 7.0941E-04 5.19 7.4
1.0 3.2116E-04 1.7672E-03 12.91 7.9
0.79 0.28 8.7970E-05 4.8406E-04 | 5.682E-02 6.16 9.2
0.56 1.2892E-04 7.0941E-04 9.02 10.75
1.0 3.2116E-04 1.7672E-03 22.46 11.6

Table 6 : Usjgg Vieth et al. Exnression for fullv develoned turhulent

predict corrosion rates for 20%LVT-80%Saltwater (75% insitu water, Re~D
properties)
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P Total KmtFe KmtH [H] CR(pred.) | CR(exp.)
(MPa) Mixture (m/s) (m/s) (mol/m’) (mm/yr) (mm/yr)
Velocity
(m/s)
0.27 0.28 8.3699E-05 4.6056E-04 | 1.957E-02 2.02 4.3
0.56 7.6510E-05 4,2100E-04 1.84 5.4
1.0 1.2904E-04 7.1006E-04 3.11 3.75
0.45 0.28 8.3699E-05 4,6056E-04 | 3.267E-02 | 3.37 6.4
0.56 7.6510E-05 4.2100E-04 3.08 7.9
1.0 1.2904E-04 7.1006E-04 5.19 8.4
0.79 0.28 8.3699E-05 4.6056E-04 | 5.682E-02 5.86 10.8
0.56 7.6510E-05 4.2100E-04 5.35 14.3
1.0 1.2904E-04 7.1006E-04 9.03 15.75

Table 7: Using Vieth et al. Expression for fully developed turbulent mass transfer to predict
corrosion rates for 60%LVT-40%Saltwater (75% insitu water, Re~D, ., mixture properties)
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P Total KmtFe KmtH [HY] CR(pred.) | CR(exp.)
(MPa) Mixture (m/s) (m/s) (mol/m°) (mm/yr) (mm/yr)
Velocity
(m/s)
0.27 0.28 1.4397E-04 7.9222E-04 | 1.957E-02 | 3.47 4.3
0.56 1.3102E-04 7.2096E-04 3.16 54
1.0 2.2929E-04 1.2617E-03 5.52 5.75
0.45 0.28 1.4397E-04 7.9222E-04 | 3.267E-02 | 5.79 6.4
0.56 1.3102E-04 7.2096E-04 5.27 7.9
1.0 2.2929E-04 1.2617E-03 9.22 8.4
0.79 0.28 1.4397E-04 7.9222E-04 | 5.682E-02 | 10.07 10.8
0.56 1.3102E-04 7.2096E-04 9.17 14.3
1.0 2.2929E-04 1.2617E-03 16.04 15.75

Table 8 : Using Vieth et al. Expression for fully developed turbulent mass transfer to predict
corrosion rates for 60%LVT-40%Saltwater (75% insitu water, Re~D . , saltwater properties)
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Figure 1: Predicted pH vs Temperature and Pressure
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Figure 2:Comparison of Experimental and Model pH values
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Fig 3: Predicted vs Experimental Corrosion Rates by Using Chilton and Colburn Expression for Mass Transfer
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Figure 4: Predicted vs Experimental Corrosion Rates by Using Vieth et al. Expression for Mass Transfer
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Fig 6: Predicted vs Experimental Corrosion Rates by Table 5
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Fig8.7 Predicted vs Experimental Corrosion Rates by Table 6
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Fig 8 : Predicted vs Experimental Corrosion Rates by Table 7
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Fig 9 : Predicted vs Experimental Corrosion Rates by Table 8



