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Construction of ThreeD m ensional Finite ElementM odel

for Complicated Cathodic Protection System
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(1 Institite of Material Science and Engineering 2 College of Chan istry and Chan ical Engineering
3. Deparment of Mathanatics Ocean University of China, Q ingdao 266100, Shandong China)

Abstract When condensers with cathon steel watetbox and titanium tube stucture were protected by SACP in
an ocean beach power plant while seawater were used to be cooling waler carbon steel was underprtected and
Titanium was overprotected because their protective potential are less than —0. 85V (vs SCE) and more than
—0. 75V (vs SCE) separately In order to optin ize the SACP design potential distribution of womaterials must
be obtained during the SACP process In the lab cambon steel waterbox and Titanim tube model (Q235-Ti
model) were setup A series of electrochem ical techniques( steady polarization galvanosiatic charge technique)
were used to obtain reasonable boundary condition and surface fom of wo materials during the SACP process

The experinents were carried out to validate 3D potential distribution under one anode SACP condition by finite
elementmethod (FEM )- The calculation resulis were consistent w ith measuring resulis The resulis can be used
to provide a theoretical foundation to design an optinal cathodic protection
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1 Ttroduction use of sacrificial anodes has also been studied to pro-

Seawater is used to be cooling water in beach vide cathodic protection for condenser in seawater

power plant Condensers as the main part of cooling Catbon steel was abvays underpmlection and ti-

. . um was overprotection in ¢ ic sction be~
system, were consisted with catbon steel watetbox and tanium was overprotection in cathodic protection be
cause their protective potential are less than —0 85V

(vs SCE) and more than —0. 75V (vs SCE) re-

spectively  Hydrogen embrittlanent for titanium oc-

titanim tube Catbon steel and titanim campose
galvanic couple so galvanic corrosion always hap-

pened and caused vast econanic loss to power plant

. . . curs easily under overpmtection
Cathodic pwotection (CP) is one of the most Y P

widely used methods of protecting metallic stucture Inorder 1o avoid above phenanena it is very

. . ~ necessary to design reasonable SACP system to obtain
against corrosionr It can prevent or reduce the corro : -

. . _ the reasonable current density and potential distribu-
sion of anymetal or alloy exposed to an aggressive en

. . . . . . tions across the protected surface M athematicalmod-
vionment Basically this technique is accanplished P

by inpress current cathodic protection ( ICCP) or el of polential distrbution was build to suggest opti-

sacrificial anode cathodic protection ( SACP) ™1 The mums SACP system incliding the optinum anode lo”

cation and mpressing current of anodes Numerical
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method is versatile in handling problem of canplex
structure n canplex environment .

0235-Timodel was designed according to con-
denser structure in a beach power plant The area ra-
tio of Q235 1o Tiwas 551 i Q235-Timodel and
the size of Q235 waterbox was 200 mm X200 mm X
400 mm and Ti wbe was 400 mm long

Finite element method ( FEM ) was applied to
calculate 3D potential distribution of the Q235-Ti

model in this paper

2 Mathematical M odel

When the electiolyle can be considered to be
han ogeneous the calculation of potential distribution
on a cathodically protected stucture in seawater first
requires the solution of Laplace s equation for the dis-

. o 513
tribution of potential in the bulk of seawater " ];

AN E=0 (1)

In owder to obtam a complete solution to this
equation the potential is required to satisfy certain
conditions specified for the anode and cathode sur-
face Since the sacrificial anodes can be assumed to
operale ata conslant value the surface condition per-
taining to the anodes can be stated simply i the
fom-

E = Fue (2)

The canplexity of physical chemical and bio-
logical phenamena occurring on the cathode surface
(catbon steel and titanium tube) does not pemit a
sinple relationship of current density and potential
especially m canplex stmcture consisted of different
metals For(Q235 such a relation is govemed alnost
entirely by the properties of calcareous deposits
cathod ic

For titanium, multilayer titanium ox~

fomed on the steel surface during
. [1]
protection
ides are fomed easily in cathodic polarization and
configuration of surface does not change evidentially
The current density on cathode surface can be
expressed mathematically as following when i fixed
mitial

pressure temperature velocity of medum;

surface condition and seawater chem ical property

o =
- —(C) __}L LD
- K

1 on 29

Where ¥ is the conductivity of seawater E is the

potential of cathode surface measured by a reference
electrode adjacent to the surface n is nomal vactor
in the direction of current flow-

If the polarization is at steady condition the re-
lation of i and E on metal/electmlyte interface can be
expressed as follow ing

1
iy (ETE) (4)

P

Where R, is called polarization resistance and E,
is the open circuit potential of the protected metal
So the equation as following is obtained by two

equations above

i TR (ETE) (5)

To obtain mathematicalmodel The Laplace s e-
quation need be solved with boundary conditions re-
flecting the relationship between the potential and the
current density and how this relation changes with
tine atsame tine it is necessary to retrieve polariza~
tion data canpatble with actual state of the structure

In Q235Timodel Q235 steel and titanim have
different cathodic polarization characteristics the re-
lationship between the potential and the current densi-
ty and how this relation changes with tine are differ-

ent Two different equations must be used in bounda-

ry cond ition

1

—| o (EE) (6)
1

—ed| o (B (7

Where I'l represents surface of Q235 steel and
I'2 represents Titanim, E., Eg are the open circuit
potential of the Q235 steel and Titanim respectively
R, Ry are the polarization resistance of Q235 steel

and Titanium respectively

3 Experinental Results

In orer to achieve mathematical models of
SACP. the critical aspect of solving the Laplace s
equation is appropriate boundary condition by polari-
zation curve which is a non-linear relationship be-
tween  the. wo main yariables polarization potential

and polarization resistance

Q235 and Ti specimens with exposed surface ar-
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ea of I an’ were embedded in araldite The speci-
mens were given a mefallographic polishing prior to
each experinent followed by washing with distilled
water and acelone Polarization measurements were
carried out using a three electrode configuration sat
urated calamel electrode (SCE) was used as refer
ence electrode a platinum electrode as counter one

In the paper potential values canpare to SCE. HDV -
7 potentiostat was used in steady polarization experi-
ments Electiochem istty measurements were per-

fomed using M6e ( ZAHNER,
chem istry woikstation Cathodic polarization for the

Gemany ) electro-

two metals was carried out in different potential scale
according to practical potential n CP.

1)Boundary  condition about
0235 Y ere follow ing

In the experiments

experinents

the changes in corosion cur-
rent density with tine fran weak polarization were ob-

tained after potentiostatic polarization at —0. 800V,

—0.850 v, —0.900V i seawater Potentiodynam ic
measurements were perfomed at a potential scanning
mte of ImV + s - The caleulated R, were list in Ta-

2)Boundary condition experinents about Tiwere
follow ng

Titanium is prone to passivation In seawaler
Multilayer titaniun oxides were fomed easily and in-
temediate resistance was steadym]- The open circuit
potential moved towands less negative values continu-
ously Galvanostatic charge technique was used to
measure electrochem ical parameter of Ti after polar
ized at —0. 65V, —0. 70V and —0. 75V respective-
ly The date fitting process for galvanostatic charge
curve was progranmed by MATLABE canputer lan-
guage based on linear regression The calculated R,
were list in Table 2

The design protection current densities for Q235

and Tiwere 90mA /m” and 55mA /m’ respectively Al

Tab 1 Variation of R, with polarization tine for Q235 in seawater after polarized
at different potential calculated by dynam ic polarization curves
Polarization Potential —0. 800V
Tine/h 13 25 37 39 42. 5 44. 5 48. 5
R, /K . an’ 19. 608 15. 891 10. 331 9. 759 9. 894 9. 811 6. 015
Polarization Potential —0. 850V
tine /h 6 115 24 30. 5 35 47. 5 54. 5 59. 5
Rp/kQ . an’ 6. 973 9. 122 9. 795 14. 979 18 226 20. 901 21 6 22. 105
Polarization Potential —0. 900V
tine /h 5 12 24 48 60 144 192 280 384
R, /K e an’ 2. 260 2. 935 2. 609 6. 245 10. 422 15. 858 17. 478 20. 982 18 890
Tab 2 Variation of the R, with polarization for Ti in seawater tine after polarized
at different potential calculated by the galvanostatic charge curves
Polarization Potential —0. 650V
tine /h 3 18 29 55 78 102 119 135 142
R,/ K+ an’ 136 6.5 43 4.7 9.6 4.5 3.7 83 5.7
Polarization Potential —0. 700V
tine /h 13 19 21 37 44 61 85 97 110 120 133
R, /K e an’ 14. 5 13.5 7.6 2.6 32 2.8 3.8 35 2.4 3.6 2.6
Polarization Potential —0. 750V
tine /h 7 19 ) 43 60) 69 86 91 110
R, /K e an’ 14. 3 14. 4 10. 5 .7 6. 2 5.9 10. 8 5.9 51
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Zn-In sacrificial anode was used for CP system- Fig 1
depicts location of the sacrificial anode i Q235-Ti

model

Fig 1 The sketch of sacrificial anode in Q235-Timodel
(O denote AlZn"In sacrificial anode )

The side which atiached the sacrificial anode was
defined as the aside And the rest sides in anticlock-
wise were defined asb ¢, d Fig 2 shows potential
distrbutions by measurmg m @ b ¢ d sides in

0235-Timodel n tms
In Q235Timodel cathode potential and current
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provided by anode mapidly decrease with tine at the
beginning of polarization A fter about 100 h  the cur
rent density decreases slowly and reaches apparent
steadystate value at approxinate 240 h
4 Mathenatic Model Analysis and
Calculated Result
The boundary of the Q235-Ti model was dis
cretized into tetrahedron unit as shown in Fig 3 Ap-
propriate function was applied for discrete structure
surface and its environment Through analysis of each
the FEM was

used to obtan the numerical solution of mathematical

unit and synthesis in the whole area

model

E
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Fig 3 The sketch of tetrahedron
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Fig 2 The'distribution’ of poten tiat in'waterbox with oné anode' ("an » V)
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In the numerical procedure for caleulating poten—
tial distrbutions the R, can be either a constant or a
variable of & IfR, is a constant which is a good ap-
proximation in many activation controlled polariza-
tions the constant is R, assigned to all elanents on
the mnterfaces The potential distrbution is obtained
by solving Equation (1) only once However R, in
many corrosion systems is not a constant but is a
function of - In this case the potential distribution
was obtained by iteration of R, After a period of pro-
tection in QZ35-Timodel new R, values were select-
ed for ndividual elaments on the surfaces based on
the new potentials at the metal surfaces This proce-
dure is repeated autamatically by canputer until the
potential closely match the previous iteration and at
this point the solution has converged

Fig 4 shows the calculated Q235 surface poten-
tial distribution by mathematical model on Q235-Ti
model in SACP system in seawater Side b is symme-

Wra, .
302 > % g 10
20 13 i 4

. ~79 0
(€)1994-2057 EisgAdademic

2
J

try of an equivalence relation to side d Potential dis~
trbution of side b is same as side d Potential distri-
bution of underside of Q235 watetbox was depicted in
Fig 4e
Fig 5 shows the Ti-tube potential distribution

Application of the mathematical model were used to
calculate the potential distribution of Q235-Timodel
with one anode and wo anodes in dilution seawater
whose conductivity is the 1 /10 of that of seawater by
diluting with deioned water the results of potential

distrbution in mathematical model were consist with
potential distrbution by measurement
5 Conclusions

FEM fomulation was successfully used to calcu-
lated potential distrbution in cathodic protection in

canplex constmction based upon Laplace 's equa-

tion:

bord

. B et g«
ournal Electronic Publishing HQU!%_qngrprlghls reserved.

Fig 4 Potential distrbution for Q235 surface by calculation( an- mV)

http://www.cnk
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Fig 9 Potential distrbution for Ti-tube

M athematical model of 3D for waterbox model
was constructed Mathematical model is feasble and
available by canparing measured data and calculated
data

The use of modeling to sinulate the detailed be-
havior of a SACP system reduces the uncertainty of
the system "s perfomance

FEM can be applied to calculate 3D potential
distribution of the Q235-Ti model under different
SACP conditions such as anode numbers anode posi-
tion etc Canputermodeling may also be used to pre-
dict potential in maccessible part For exanples po-
tentials distribution for condenser i beach power

plant can be predicted based on mathematical model

R eferences
[1] Chen Shaowei HarttW H. Steel cathodic polarization
characteristic in sea water and a new apprach for ca-
thodic protection system design[ J]- Corrosion Science
and Protection Technology 1996, 8(1)., 17-25.

2]

John W Fu A finite element analysis of corrosion cells
[J]- Corrosion 1982, 38, 295-296.

[3] Raymand SM A- Mathematicalmodel for a galvanic an-
ode cathodic protection system [ J]- Corrosion 1982

38, 171-185.

Luiz G W wbel Panayiotis M iltiadow Genetic algorithms
for inverse cathodic protection problems[ J]- Engineer

(28) .

[1]

ing Analysis with Boundary Elanents 2004
267-277.

Ramanan V'S MuthukumarM, Gnanasekaran S et al
G reenfimg tion ~for the Iap lace requation iin b3 7layarmier
dium boundary element integrals and their application to

cathodic protection [ J]- Engineering Analysis with

/mV

E

-840

-820

-800

-780

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

20 30 40
L /cm

a) measured data b) calculated data

Boundary Elements 1999, 23, 777-786.
John W Fu Siukee Chan A finite element menthod for

modeling localized corrosion cells [ J]-  Corrosion

1984, 40, 540-545.

Amaya K. Aoki S Effection boundary elementm ethod
in corosion analysis [ J]- Engineering Analysis with
Boundary Element 2003, (27), 507-519.

Cao Shengshan (2111 ), W ang Q ingzhang(F JKH ).
Zhang M anping (5K 2 °F ). Numerical modeling for off-
shore platform cathodic protection-iocal system [ J]-
Chin JOceanol Linnol 1995 13, 247252

Rolf G kasper Martin G April Electigalvanic finite ele-
ment analysis of partially protected marine stuctures
[J]- National A ssociation of Corrsion Engineer 1983,
39, 181-188

Schwenkw. Currentdistribution during the electrochem i-

cal corrosion protection of pipes [ J]- Corrosion Sci-

ence 1983, 23, 871-886.

Nisancionglu K- Predicting the tme dependence of po~

larization on cathodically protected steel in seawater

[J]- Corrosion 1987, 43, 100-110.

Fu JW. Chow J S K. Cathodic protection designs u-

sing an integral equation numericalmethod [ J]- Mate~

rials Perfomance 1982, 21, 8-12.

Raymond SMunn A mathenaticalmodel for a galvan-

ic anode cathodic protection system [ J]- Materials Per

fomance 1982, 21(8), 29-36.

Fu JW, Chan S K- Finite elenent detem ination of
galvanic cormsion during chemical cleaning of steam
generator [ J]- Materials Perforance 1986, 25, 33-
40.

HarttW H, KunjapurM M,

Influence of temperature

and; exposuie tin ey upon, calcareous deposits| J]:. Gorros

sion 1987, 43, 674-669.
Pewlav Gartlaind Roe D Strammen O ffshore cathodic



. 366 . W F 2007 4¢

[17]

[18]

[19]

protection design  mspection and computer modeling [J]- Chin JOceanol Linnol 1996, 14, 277281

[J]- Material Perfomance 1993, 11, 453-460. [20] Ch Barchiche Deslouis G Festy D, etal Chamcter
Brenda ] little Patricia A W anger Interrelationship ization of calcareous deposits in artificial seawater by
between marine befouling and cathodic protection[ J]- impedance techniques 3-deposite of CaCO; in the pres-
Material Perforance 1993, 9, 369-379. ence of Mg (Il ) [ J]- Electochinical Acta 2003,
Pretice G HolserR A, Jfarozic V; etal Cathodic pro- 48, 1645-1654.

tection modeling of galvanically coupled heat exchang- [21] Creus J IdrissiH, Mazille H Cormsion behavior of
ers [ J]- Corosion 1990, 46, 75-84. AT coating elaborated by cathodic arc PVD process
WEN Guomou (i E i ), ZHENG Fu-yang (K 4l onto mild steel substrate thin solid films[ J]- Thin Sol-
# ). Impedance chamcteristics of calcareous deposit id Filns 1999, 346, 150-154.

S AR FR=AFIRTEETAR

% 3 1 2 s o 2 3 3
ITEFT, o & IEBL X0, TR
(PEWERS LRI TR, 2 T8k, S HE &, 1A H15 266100)

FEE., i) ARAR KMV BIK FERRAN 7K 2 0Bk U V5 5 1 S B (R4 ek A2 o, SR 4 P A3 B
&F —0 85V (vs SCE), HALd E BRI SAS L, Ak AY B AL+ —0. 75V (vs SCE), B3 501 5
Tk A ot UM 5007 - R AT BEL AR B R AR 477, 555 755 1 9 % A A A 2o 2 o o 37 53 A - A SO B
ST RRAN K 2 B R AR S T A R AR AR ot R P R 75 % Al AR rhL 7 WA T 52 4 W 4
R0 R S AR TG (FEM Y S0 — A5tk FEL AR P AR (PR 25 5 30 = 4 o o7 49 A - 0% SR A i 2%
A — B AL SRR AR SRR T BRI

SEERA]. BRI BIRRA ARG WA



	Construction of Three-Dimensional Finite Element Model for Complicated Cathodic Protection System
	Recommended Citation

	tmp.1678199043.pdf.yI9Lc

