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Abstract:

A povel method by combining amray clectrode technique with computational fluid dynamics
(CFD) simulation was proposcd to determine the correlation between the corrosion behaviour
in the elbow of pipeline and the hydrodynamics of fluid flow. It is demonstrated that the
" distribution of the measured corrosion rates is in good accordance with the distributions of
flow velocity and shear stress at the efbow. The corrosion rates at the inner wall of clbow
were higher than thosc at the outer wall of clbow. The maximum corrosion ratc appears at
innermost side while the minimum corrosion rate at outermost side of the elbow. . The flow
accelerated gorrosion (FAC) rate conforms 1o the experimental results in lab, which are
calculated b!( some other FAC rate prediction models. In this paper, a new prediction model
was proposed to calculate the FAC rate in the clbow, which combines the stecady-state mass
transfer model of electrochemical theory and one-dimensional galvanic corrosion model. The
simulations were performed using the AUTODESK. Simulation 201 3.

mputational fluid dynamics, elbow, fluid flow, velocity, flow accelerated

caused a large numbm' of failurcs in piping #nd cqmpmcnl s in all types of
ial stcam, and nuclear power plants and it is a predominant mode of failure of
secondary circuit and has also aflected carbon steel pipelines in the primary
water reactors (LWR) [1-2].
erated corrosion is distinct from crosion—corrosion and is primarily a
cess aided by chemical dissolution and mass transfer. In practice, there may be
some contribution from the mechanical factors that lead to removal of corroded scallops on
material to become loose and flow out with (he high velocity process fluid. This
might be er acceleraling the overall flow accelerated corrosion rate but would nol
become a factor for thinning by itsclf (L. without [irst the electrochemical dissolution
leading to flow accelerated corrosion and formation of loosely held scallops). The corrosion
ratc is first determined by the rate of transfer of ionic specics in between the surface and the
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fluid, If the corrosion reaction is rapid and the corrosion product has low solubility in bulk
fluid, the corrosion rate is governed by the concentration gradient as shown in ‘equation (1), -
where CR is the corrosion rate, k is the mass transfer coefficient, Cw is the concentration of
rate limiting species in the boundary layer at the metal wall, and Cg is the concentration of
rate limiting species in the bulk fluid. | %

CR =k (Cw - Cr) | | 6

Flow velocities associalex] with flow accelerated corrosion increase this cohcentration
gradient and thus increase the corrosion rate. No evidence of removal of the oxide [ilm purely
due to mechanical shear has been found on the {low accelerated corrosion damagéd surfaccs
of feed water piping [3]. . m‘l

Many researchers have proposcd some models to predict the flow accélerated corrosion
rate. However, these models were bascd on the mass transfer theory, and thejcalculated
results were in accordance with the laboratory experiments. For instance, in| 1980, [4]
predictod that model 2bout flow accelerated corrosion rate, which assumed that when the
dissoluble Fe;O4 met the condition of the equation of Swanton and Bases, then the flux of

dissolved Fe*' ciould be employed to express the FAC rate. This modcl cmphasized the FAC
process of electrochemical reactions and mass transfer. However, this model ot cxplain
the relationship between temperature and FAC rate. The proposed the MIT model [5] on the
on basis to considered that the structure of the corrosion product could influenck the FAC
rate, and this model could explain the relationship between temperature and FAC rate. But
some paramcters including the thickness of oxidation film|and porosity were difficult to
measured in the MIT madel. Therefore, the MIT model cannot be cxtended. Afterwards
researchers paid morc attention to the fluid mechanics factors of the local { i
influenced the FAC rate, and some software's of predicting the FAC rale were deve
such as CHECWORKS procedures of the clectric power research (EPPI). Hoever, [6]
applicd mathematics software MATLAB to predict the FAC rate; known as Fuzzy Rules,

In oil and gas transportation, clbow is an important part of most practical pipe
configurations. However, the flow pattern in a 90" clbow is subject to great 1n flow
direction and flow velocity [7], thus leading to significant difference in corrosion behaviour
at different locations of clbow. Due to the sudden change in flow pattem, the wall thinning by
FAC is exacerbated at elbow. Therefore, FAC at clbow is rather Serious among the damages
of pipelines [8]. Apparcnily, there should be correlation between the corrosion behaviour at
different locations of efbow and the flow patterns. Amray clectrode technique, a ion
of multi-electrodes system, can be used for determining the heterogencous ’elec'tT)chemiea]

corrosion differcnce at different locations of clbow. !

In this work, a novel model was developed to study the FAC ratc and hyd!rodynamxc
effects of fluid flow on the FAC in a 90° elbow by combining array electrodc technique with

computational fluid dynamics (CFD) simulation.. The Autodesk was used to simulate the
flow ficld of an elbow. Then the novel model will be nsed to investigate the distribution of
{he current density of oxygen-absorbed corrosion and the current density of galvanic
corrosion. The primary objectives of this work are to numerically simulate and cl‘mracterizc
the flow patterns within a pipeline elbow, to determine the correlation between the corrosion
behaviour at a pipcline clbow and the distributions of the current density of oxygen-absorbed

corrosion and the current density of galvanic corrosion and shear stress. !

2. Computational Fluid Dynamics (CFD) simulation ,
Professional fluid simulation software Fluent was employed to perform CFD simulation.
Pre-processing software Autodesk 2013 was used to establish geometric model. The straight




s;gﬁmmm of the catrance of elbow (0= 0°) was set as 1 m and the straight section
2 ‘downstrem} of the exit of elbow ((6 = 45°)) was sct as 0.5 m to ensure & full-developed and
stable flow;condition at elbow test section. The volume meshes were constructed with the
interval size of 0.004 m. A flow velocity of 2.5 m’s at the inlet and an atmospheric pressure
(1.01325 X! 10° Pa) at the outlet were set as the boundary conditions (scc table 1). The fluid
was assumed to be compressible and a k—¢ turbulent model (double equation model) was
used to numerically solve the simulation since the fluid flowed at a Reynolds number of
622313 (calculated according 10 the geometrical dimension of pipeline and flow velocity).
The Reynoﬁds number was much higher than 4000, indicating a turbulent flow. k, which
refers to trbulent kinctic energy, was set as | m/s’, and &, which refers to turbulent
dissipation tate, was set as | m?/s’. The turbulence intensity in this simulation was 10%, The
k—e turbulence cquation was sofVed by iterative method with a convergence criterion of

0.000001.
Table 1: Operating parameters i

Temperature Pressure Flow Material/ Electrical | Concentration
(°C) (MPa) velocity Fluid conductivity | of dissolved
(on's) (uSlem) | oxygen (ppm)
125 1.01325x10° | 2.5(622313) ‘Water 349 3¢l

A dimensi variable for the called the Reynolds number which is simply a ratio of the
fluid dynamic forces and the fluid viscous forces, is used to determine what flow pattern will
oceur. The! ion 2 shows the Reynolds number (R.), where v is the fluid velocity; D is the
diameter of the pipe, p is the viscosity and p is the density of water respectively. [
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Fig. 1: Fluid flow field and shear siress distribudion along the elbow by CFD simulation:

. . (2)
three-dimensional contour of velocity, (b) three-dimensional contour of shear 'stress. and (c)
variations of flow velocity in cross-section along the elbow.

Fig.2: Predicted

areas where corrosion expected eccur in the cibows




3. The corrosion modelling (Algorithms)

When the fiuid crosses the solid wall, the boundary layer is formed, causing larger
velocity gradient near the solid wall. Due to the existence of the fluid boundary layer, mass
teansfer process of dissolved oxygen from the bulk of the fluid to the solid wall will be
affected. In!the ideal steady diffusion process, the mass transfer is mainly realized by
convection. However, the mass transfer process can be divided into the conveclion outside
the boundary layer and the diffusion inside the boundary layer, when the boundary layer
comes into existence.

The Mass Itmnsfcr process of dissolved oxygen is also converted from forced convection to
concentration mass transfer, and this layer of the fluid is named as diffusion convection layer.
When the fluid velocity is below a certain value, the mass transfer process of dissolved
oxygen is controlled by the conceatration of mass transfer, and this layer of fluid is called
diffusion layer. Therefore, the mass flow structure is divided into three areas which are
convection layer, diffusion-convection layer, and diffusion layer.

In the convection layer the’ velocity equals to the main velocity, therefore, the
concentration of dissolved oxygen C; equals to the concentration of samrated dissolved
oxygen in the medium. In the diffusion-convection layer, mass transfer process includes
concentration mass and convection mass. The mass transfer cocfiicient is :

ety L e

This is imply that K is the mass transfer coefficient, | is the characteristic length of the solid
wall, »° is the main velocity of the fluid, p is the deasity of the fluid, u is the dynamic
viscosity of the fluid, and D is the diffusion coefficient. 1 |

In the diffusion layer, the velocity of the fluid is close to zero. This layer of fluid is
assumed to be motionless. Convection mass transfer has little influence in the area; mass
transfer is mainly achieved by concentration dilference. However, [9] proposed that
the diffusion coefficient of gas under the water is given by '

1

258 492 f

Dy ~(1235V5f1 — 0365) (1679 oA T152 | &

Where Vg, is the molar volume of the oxygen, My, is the density of the water, and T is
absolute t ture. !
: ical corrosion occurs in the duct, in which the cathodc reaction and
anodic reaction oceur on the surface (see figure 3). When the reaction achiev;m cquilibrium,
density equals the cathodic current density, and the total current density is
zero. The
the fluid is yery low. The corrosion reaction is mainly controlled by cathodic reaction, thus

the conceatration of dissolved oxygen, which diffuses from the bulk to the duct surface, can

be employed to express the corrosion rate.
The cal ion formula of corrosion current densily

The corrosion current density, Jooyr = 0FK;Cs (5)

This implics that F is the Faraday constant, o is the electrode number of transferring in
COrrosion fu'lcﬁon and C; is the concentration of dissolved oxygen arriving at the wall.

{
|

ensed water of pure steam pipeline, the concentration of disso oxygenin I\



When the electrochemical reaction coeflicients has small discrepancy with the mass
transfer coefficient of dissolved oxygen, the corrosion current density Lo, can be cxpressed

COTT  nFR 4Ky K3 80+K2Dubp

This implies that K is the clectrochemical reaction coefficient and &, is the thitkness of the

diffusion layer respectively.

! neFA
Where K, <nFK, ® cxp (— = 16
RT ’
and
| 1/3 ]
60 =3 (}1:) ° 53 (84
This is imply that R is the ideal gas constant, T is the absolute temperature, K, is|the reaction -
coctficient, @ is the balance number, Ae¢ is the activation encrgy, 85 is the thi of the

boundary layer and Cp is the concentration of ratc limiting species in the bulk fuid
respectively. :

However, according to the ecquations of the oxygen-absorbed dynamics cqntrolled by
dissolved oxygen mass transfer, the corrosion potential is expressed as 1

RT T
Ecorr"'n_;' ln(l—“f‘— | @
Where [ is equal to the limited current density, E,p is cqual to the corrosion potential,
Icorr is equal to the corrosion current density and Iy is equal to the Faraday current density.
‘The caleulation model of the flow accelerated corrosion rate is assumed
model, in which calculated results ‘were consistent with (he experimental resu
fluid flows through the elbow, fluid medium it causes centrifugal force. The
moves to the outward bend of the clbow. In the inward bend of (ke clbow. the ritude of
flow velocity comes (o maximum, and it makes the process of mass transfer stronger. This
imply that, in the outward bend of the elbow, due to the effect of centrifugal foree, velocity is
relatively slow, which makes the process of mass transfer weaker. According to ion (8).
the corrosion rate of the inward bend of the elbow is larger than any other places of the clbow
surface; but the fact shows that corrosion perforation in the outward bend of| the elbow
happens cariier than in the inward bend of the elbow [9]; the actual results and calculated
results are opposite. The inward bend of the elbow, which is #n oxygen-enriched acts as
the cathode of the galvanic corrosion system. The outward bend of the elbow is an oxygen-
poor area, which acts as the anode of the galvanic corrosion system. The galvamé corrosion
current can restrain the corrosion process of the inward bend of the clbow, and-accelerate the
corrosion rate of the outward bend of the elbow. . f
The layer was regarded as the ionic conductor of the galvanic corrosion system and the
duct becomes a natural clectronic conductor. The arbitrary cross-section of the clbow is
simplified to a three-dimensional model (sec fig. 4). The inward bend of the elbow is
considered as zero in the coordinate system and the outward bend of the clbow is the point b;
distance from point zero to point b equals to the arc Iength from point A to point B in the




reent damty which g?w througi the ionic conduction layer and goes into the
and {p is cqual to

COITOSION sysbem, the cumrent density system, the current density ﬂowmg into
ol current density flowing out of the unit ought to be equal, which i is expressed

- dx = (Trperax — i) (IF)

|
Y (14)

However, the ic corrosion potential is obtained by solving differential cquation as



®=A o cxp(L)+B o exp(—Ly)
But, the boundary condition of the galvanic corrosion can be expressed as

x=0,9= EZ:
x=b® 'ﬁ' B T
Also, |
fX _ EBory —ESorr Xp(=Lb)
exp(Lb) —exp(-Lb)
b
) s Ecorr.exp(bb)— Egbor,
exp(Lb)—exp(—Lb)

L B
L L' Rp

However, the coefficients X and Y were obtained by substituting equation (17) igto cquation

(16) as exprwsed above.

4. Calculation of corrosion rate based on prediction model

The prcdiﬁpn modcl is cmployed to calculate the flow accelerated corrosion rate of the

elbow at pipeline is categorized into the following steps, vis-g-viz:

< The computational fluid dynamics Autodcsk softwarc 2013 was applied to get the
veclocity distribution in the elbow and selected the cross-section of the clbow with the

. maximum velocity in accordance with the velocity distribution.

“*+ According to the vclocny of the outward and inward bend of the clbow, the corrosion
\ potential ES, . and EZ, were oblained by using eq.(5) or eq. (6) and eq.(9) at the

| point A and point B. (when K is greater than K;, the I, was calcula
| when K has little difference with K, the I, was calculated using eqg. ().

by ¢q. (5):

4 The galvanic corrosion current density iy was calculated by using cquations (18-21).

150 {b)




Fig.4: Variations of corrusion rate, flow velocity and shear stress along the clbow
surﬁadc:(a)apnowionofh,and(b)mnotaﬁonofu.

The wmpuuﬁorl of the corrosion rate

i
The istics of electrochemical reaction theories and mass transfer characteristics,
the corrosion 1 step is divided into the step of controlling electrochemical reactions and

the step of controlling mass transfer. It is important to know the kind of the comosion
controlled step before calculating the corrosion rate, clectrochemical reactions control or
mass transfer control. In this rescarch, the relationship between electrochemical reaction
coefficicnt and the mass transfer coefTicient to judge the clectrochemical reaction steps was
used. However, [from equation (3), the mass transfer coefficicnt was calculated, and mass
transfer cocfficients. The k; was calculated to be 3.55E-5, the electrochemical reaction
cocficient k, = 3.8 was obtained from equation (7) and o« = 0.4, ko = 1e-6, A€ = 0353V
was obtained cquation 11 respectively. {]
In Figure 3,!the corrosion rate increascs distinctly with incrcasing velocity [rom ﬂ1c§ :

the fluid boundary layer thinner, and meanwhile, it also leads to be
degradation of the convection-dispersion layer. The thickness of the diffusion layer becomes:
thinner and mass transfer resistance becomes smaller, which causes corrosion rate to increase.
results indicated that the inward bend of the elbow fails earli¢er than tie
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Fig.6: The distribution of the mass transfer coefficient of cross-section of g=45°

the elbow to the inward bend of the ¢lbow. When the flow velocity
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Fig.7: The distribution of the oxygen-absorbed corrosion current density of cross-section of
0 =45°

Calculation based on Computational Fluid Dynamics
The oomputationa! fluid dynamic software AUTO DESK was employed to jcalculate the
elbow system, which sets up a 3D modcl. The mesh type was T-grd, and k-e turbulent model
was used in lhc calculation process. Inlct boundary condition was sct as velocity-inlet, and
outlct boundary condition is sct as pressurc-outlet. SIMPLEC was adopted when calculating
pressure and velocity coupling, and standard discretization is used as pressure discretization.
M_omcnlum equahons, turbulent kinetic cnergy and turbulcm hnctlc mergy i

inward bend of the elbow is greater than that of the outward bend of the elbow,
\
Conclusions

A novel method to determine flow accelerated corrosion with
dynamics (CFD) simulation was proposed to determine the corrclation between the corrosion
behaviour in the elbow of pipclinc and thc hydrodynamics of the fluid{ flow. It is
demonstrated that corrosion rate in the inner wall of elbow was higher than that at the outer
wall of clbow, with the higher flow velocity and shear stress at the inner wall. maEximum
corrosion rate appears at innemmost side of the clbow, i.e., the location with tﬁe maximurn
flow velocily and shear stress, while the minimum corrosion rate appears at om«mnost side of
the clbow, the location with minimum flow velocity and shear stress. The distribution of the
measured corrosion rates is in good accordance with the distributions of flow : elocity and
shear stress in the clbow.

The new prediction model was employed to calculate the Flow Acoclcmwd Corrosion
corrosion rute of cross-scction of 8 = 45°. Mass transfer coefficient and oxygen-absorbed
corrosion current density I, increase with increasing velocity. f
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