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A Study on the Cathodic Protection of a Steel Strip
in the Water by the Double Insoluble Anodes
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Abstract

There are two ways on corrosion protection for the metal structures in the water. One
is the impressed current method and the other the galvanic anode method. The former
has been more used than the latter in the larger metal structures.

In case of protecting a steel strip in the water with the single insoluble anode by the
impressed current method, the polarization potential distribution, the influence of the
anode location affecting the potential distribution and the required minimum electric
power for corrosion protection etc. have been already investigated by Jeon ¢z al. But the
protection method using the double insoluble anodes has not been studied sufficiently
in the theoretical aspect.

The authors have investigated the polarization potential distribution and the influence
ot the anode location on the minimum eleciric power for corrosion protection in thcorc-

tical and experimental aspects  in case of protecting the metal  strip in the water with
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double insoluble anodes. And the results of this work are as follows;
1) The general formulas for the calculating of cathodic polarization potential on the
steel strip between two anodes is given as
E,=E, cosha(/—x)/coshal ,
=E, cosh{(+v/'mqp,/mt/vR )(U—%)}/coshi(v/myp,/mt/ R )

po _0.5% 3.3
[Vl (log35h)0.5774 (35h)0.5417

VR X108=(3.0192+0. 406)x+ (274. 67+ 84.98)
Where, when the anode height rate is 0.29~0.57, the accuracy of calculated potential

approaches approximately to the measured values.
2) The required voltage of power source for-the cathodic protection can be determined by
Vo=I1,(0.733+0.069 log(lh1)oX1074+1.7
Iy=4iyml X 10™*=i,m,L X 107*
3) The required power for:cathodic protection can be¢ determined by
P=V,I,=I1,2(0.733+0.069 log(lh))ex10~4+1.7],

4) The larger the specific resistance of water is, the greater becomes the effect of
anode location on the required minimum power for cathodic protection. But when %
range is 0.5714~0.6286, the required power is minimum with the specific resistance.
And considering the required minimum powers and accuracy of calculated potentials,
it is generally desirable that % value is about 0.57, which corresponds approximately
to the result of research by Jeon et al.
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Fig. 1.

@ Fresh water tank
® Test piece

® Pb-Ag insoluble electrode

Experimental equipment

@ Electric power source

® Reference electrode(SCE)
® Potentiometer.
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Table 1. Qualities of fresh water used for the experiments
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27 5.8 700 ’ 8 58.5 2210 1. 0024
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Fig. 2. Polarization potential on the strip

protected by cathodic protection
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Polarization Potential, E.(mV, SCE)

Polarization Potential, E.(mV, SCE)
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Fig. 4. Cathodic polarization potentials on a steel strip in the water
(Fig.1. Reference)
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Table 2. Cathodic polarization potentials (4/=140cm i,=312. 5mA/m?)

\\‘x(cm)[
h=H/l, } Eo/Ty () WR (Q -cm) O 10 20 30 35
S e o LGy
' !
; 230 130 100 95 90
0. 14285 5.3 | 80 '
i ‘\ ‘ C 230.000  222.999 222.999 222.998  222.997
—_— [ o
i ! I
[ M | 170 130 120 115 110
0.28571 | 113 69.8 [
| | C 170.000  169.999  169.998  169.998 169,997
1
—
M 140 130 125 120 115
0.571 9.3 62.5
| o c 140.000  139.999  139.998 139.998  139.997
| M | 135 130 125 120
0. 857 9.0 | 62 ;
J Lo 140.000  139.999  139.998 139.998 139997
|

* M: Measured potential(mV) C: Calculated potential(mV) from the Formula(3—20)
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Fig. 8. Relations of log35h and log(log35h) to p and k
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(5-3)%e] D, E% Table 49] Ml &3t} MY AR o2 pushd
D=162. 1666 E=15. 3484

Table 3 Relations of V, to lh and I,

T,(mA)
T 12.5 15 17.5 20 h
h=H(cm) ~—

5 3.83 4.3 4.78 5.18 0. 1428

10 3.93 4.35 4.83 5.23 0. 2857
20 4.0 4.42 4.90 5.32 0.571
40 4.03 4.5 5.02 £.46 1.143

Table 4. Relations of R,y to lh and I,

Ty(mA) mean R
12.5 15 17.5 20 H logClh
Ih=H(cm) ™~ @ gL/k]
5 170.4 173 176 174 173 0.699
10 178. 4 176 178.8 176 177.3 1.000
20 184 181 182 181 182 1.301
40 187 186 189 188 187 1.602
190 |-
185 [~
& wl
o
-]
8
=
175 p=
170 | 1 1
0.5 Lo L5

———_ig]ag th
Fig. 9. Relations of mean R,y to log(lh)
- B=D/p"=162 166/2210:0. 733X 1071 cecereecncnrcecacacnncens coseserane verens (5—4)
C=E/03;=15.3484/2210=0. 069 X 107 «eeceerererrercanaancaee sesescecrsencianes (5—5)
(5—4), 5—5)%& 56—3)Ro KA BEEKS £EHR Ru(Hoxe EEEETY B9 WK
EH(Q—cm))E
Rogy=(0.73340. 06910g(/h)) X pX 1072, (L) reerereresrmsearnssunsnasunanaane (5—6)



Aol REE Bhadel o ik Aol gidre] [LRpip 45 T (o)
(5=6) & (B=10.Rell ACAS e
Vo=1,(0.73340. 069log( llu)pxlo LT T, (V) e, G-7)
O=DAew SIS = P Ealifiel e %= §% 1<) Table Csp ru}.
Table Cell elsbd (5—-7).8¢] ITEILRS Bhie] ol Ik Bhifgs Lol BERsIel +1.0% I
Vil R zhevl.

5.2 Bigwel MEEHS BHR

Bifibe] dEIs] 3= A0y Pos (5—T7) .8 A
P=I Vo=1,3(0. 733+0. 068og 1) 0 < 1074+ 1. 71,y (mW) «reeeeverennne (5—8)

(5—=T)A¢]: ;“ 5- 8) Keil Al Lo ITEPFEGEHCE Y docl RSSO Sebd o e ot sl
SHIATS) MR w R A - b
]O ,___410)”/0[>\ IO 4/ mA .................................................................. <5_9)

5.3 RBMMEY

200Kl 4wl w) E=EClhe] 555 = pRADE foisty
Ey=Ey/coshl(y/myp Jmt {/R) treiveieesiiniiiiiiiniici o, (5—10)
A= x=1a ftrshed
v RX10%=(3. 0190, 406)/4 (274, 6484, 98) < ++-verrererrrireriiriinine (5—11)
=60 o=
F— - 0.5324, = .giﬁ%—_
(log35h)0-5114 (35 /)0 5417
G=10~G—1D RN A io=UDF b G=9).Xell A L &3 t}2e] (5-8).8e 4 P=,
Chy )% it
S ;f =09 PPl A h=f0)F Kb 7bR R LS A A AR o o)
Bole] A AR sich <) s Vorl LT ke sl Wkl MRS Wby

o]tk

.......................... (5_]2>

=G NI L- B UG TR 5 B - SR R S B
m=5cm, my=2cm, t=0.3cm, 1“330111, OSIIJ.DXIO’G(Q“CIH)E] A el A R B R
gedie] vheak k] 120mV o {sr s o) ek Sk

e By = — 770 — (——0301——1°OInV ............................................. (53—13)
ahebA B s Pel XS (5835t (59584 A
P=(1.68940.15910g(35/3000* X 10770, 081675 =+ oeveeereeeneeenierninnn. (5—14)

(B—=10) ~ (5—=13) K¢ #
= fan /7)0.5714 i i
1,=2223. 6coshB(log35/)0-51"¢ 6. 31(%2‘3)21)00853311) T (5—15)

B = 181. 86 e et a e ae e (5~16)

380.27/2+99.19

A BT A H b o Ihghgs 8 PU, o)) sal A h he) 9 8¢ WA Fnsh
7l Fig 1050 vk of gl <std &) LB o7 T 3% By BRBUE 2 @rmEst
Bhf s P, 0)“‘1 ";»j*“o sl Al @ vlA RS Aol Wbl 2e A= kel 2 ine)

2o G AL Ged 3 4 9ok zEd KRR RS BREHS —Bex B9 i
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(16) GRBEAS KB RYR H28
B ool whebAd RIAHEES EolE kb 0.5714~0.62869] WE A delch. ol AL UMES KN
B opmo = Bithd W) M. BiHAER  h=0.5625~0.6875"" % & —F vt 2= M
me = He FAMBES D MY ¥ F FHRMBEMd s Ake @Atz T THEE BE
BhgZ e M- MY Hike FlAsE $A

140=

130

h=0.5714(20cm)
10 f=

£ of
T 90
E
3
BN
It
d
80 =
0
: h=0.5714(20cm)
i
60 ™ | k=0.5713(20cm)
1
1
1
1
1
50 $= | -
1
)
\ 5 0=10000cm
40 L ]
1« h=0.5714(20cm)
I . £=5000-cm
o : h=0.6000(21cm)
¢ h=0.6000(21cm) -
0=250-cm
1 h=0. 6286(22cm
% 1 1 ik . 1 1 t 1
10 20 30 40 50 60 70 80 lh(em)
(0.2857) (0.5714) (0.8571) (1.1429)  (1.4286) (1.7143) (2.000) 2.2857) &
s .
Fig. 10. Relations p and & to P(p, h)
6. & ]

=49 FEdk Bl 8 Kh@Es BEEifd 23 LIk FiRdA hee Hwe a 4=k
D @WES 2E FEE BEes MY 3 7 BEld BAEENs JHekoz R 5
Az, 1 BEE BESIE kb 0.29~0.579] HealA Eoh
E,=E,cosha(l—x)/coshal
=Eycosh{(v/mep,/mt /v R)(({—%9}/coshl(v/mep,/mt /+/R)y (mV)
E,= —([(%'53‘35%30.5714 - (:;35 3;?)0.5411 s (mV)
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AR X (3001944040004 -+ (274, 61+ 84, 98), (\Ql,cm\)

2V BigiBh RN LA B S TN vh- AR o i g ol

3)

4)

vh, U] AR

o 48 <

Vo==Io(0. 73340, 069 10g[1/z WX 1074417, (V)
Ty=4imol X 1 O“:szLXlO“ (mA)
Brppckhi el TRy vh b e s oS o glvh,
P=1,1.=12(0. TSIH—O.06910g[1121)0x10"4+1.7[(,, (mW)
EO) LRl R B RS EEHE D)

ALbely
ER

G TR,

-l = 0,571

2 £ X M

G. L. Dalv; mityii, Vol 17, Noo8, p.372(1963)

H. H. Uhlig; Cmrm:mn and Currosion Control, John Wiley, p.195(1965).

BACME s i T B M e BRGNS LI EEE, p. 8T(1975).
DFEFE M AJEA, PP 133~154(1967).

I ERTNE At L

. R Pope; Uhlig's Corrosion Handbook, John Wiley, p. 942(1963).

(AR FEAN

Aok, Vol 40, No. &, 7o, p 18(1975)

.} ML Morgan; Corrosion, Vol 15, August, NACE, pp. 417~422(1954).

AL LA A A i, Vol 10, pp. 55~76(1975),
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;‘ji 2D, p.oan2

A. Jones; Shreir’s Corrosion—2, pp. 11—13~17(1976).
i (5 pp. 2046,
Wik ey poase,
IR ISR 1)-013-
PP AL o TR s F s, Vol 13, pp. 120(1978).
Shks G ;%’L& WAL, @ AdEk, p. 33301960},
M E(L5); Vol 13, pp. 123(1978).
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18) BREBEAR KB RXK F2E8

Bisk . REERRL RBX Fy

G-IDX 9 B-18)R¢& #MAdNA BHE=

VRX108 = S 196XU—2) e, U-1

tog { 7+ () -1
(U—Dskel —% io%t —5& hFNA B} 2o % E.o Wi & RAS RE Rkebz o4 o]
Rsk Foial hote) MRE Kb —& T R —@R& KT + doh AAA 2=l Ao
VRS 3t HBE Rebd L ¢ glonz xx o mEs $¥ss Aoz Yzse] LR e
Retsi .
Fig.5¢ of Eel st & ATFe 29 RX10°) BIFRE Rebe] ERT Aoloh o 2dolA
& h ASol 2%k YRX10°] WUV RAGC) B2 thed —tko] Ryrateh,
VW RXI0BZGEAD «oevervrniiniiiiiiii et e s ersssserteeseessnsees @
2852 @R £ AT 2o A8 VRXICS HEEE KA B ERES 2 REME B
gk {8 axtbol A VRX10° Y b= @—DRel =08 RASA Rehx Table 59 7o)
2}
(1) h=0.14285(H=5cm)¢] 7
P(vRX10% %)=(10a+114. 3—120)*+(20a+114. 30—132)?
+(30a-+114. 3—142)*+ (35a+114. 3~ 145)?
oP/oa=09 W 2625a=2317 .".a=0. 881
., ¢R1x108=0.881x+114.3 ............................................................ ®
(2) h=0.28571(H=10cm)e] A<
@9 59 #e FEifoz

WV RyX103=1. 178254177, 6 ++eeerveessiniemiiuininienniiraeeeieeeseraeseeaesesaes o ®
(3) £=0.5714(H=20cm)9] A%

1/R3X103=2.2174x+238.5 ............................................................... @
4) £=0.8571(H=30cm)<] 7%

1/R¢X103=2. 974x+319.6 .................................................................. @

@~®R q, b& #H}Y Table 59 2z o] & ERsHd Fig. 69 (1), (2)¢ 2.
Table 5. Relations of a and b to &

h 0.14 0.29 0.57 0. 857
{h(cm) 5 10 20 30

a 0. 881 1.1782 2.217 2.974

b 114.3 177.6 238.5 319.6

Fig.5ell &8t o&9] —#Rol Rzt
G=CRAA oo e ®
SEfA S e ®
©, @Rl Table 59 WiEE KA RIHRELE 9} d L o9} fE reEd & 9



AL R W 93 AR R L T (19)

B a==3. 01940, 406 crovrrri e ®)
B=274, B84, 98 teerr e !

IR DRl 6/, T'RE LA
VRX103=(3. 019/ +0. 406) 2+ (274, 6/ -84, 98) +++rvrvrvrvemveiiniiiieraians, 8

sk 1. BERRel SEEGC BBt Ha

Fig. 7% A %) Wef el A o9 kol o8 Ey% ol @as zeleh < =24l S ]
# hFe EOQ}' e Vel EEBER o)

a8 R % lﬂfoﬂxl JWERRE A g D EREL R R kS pE kTl e k=
0. 14285(H=5cm)¢] 72 % PCEy, i)7) i xl 71 S A = oP/op=09} GP/k=0¢] W T 5] o of
et
(1) h=0.14285(H=5cm) 2 =}
P(E, m:'oos aL+ 13002+ (260. 4k -+ p—195)2

312, 5k + p—245 V3418, TR p=—3835)2 it @
P/ap=0 ol
382491 1197, 9p==298180 oo roemree e e e e 3
TIG7.9 BH4p==025 «oorr oo ot 4)
@, AR BUHRRe s B k=0.6599, p=—34.1 o|mi
Ey=0. 6599 L84, T -vvmer e oeti e e e 5

Dk M3 Jimoa (D~1)e) A5
(2) h=0.28571(H=10cm)<l 7%

Eiam=0.49200— 22,5 «orieii et e 6
(3) h=0.571(H=20cm)<] # %

E¢,3=O. 4571'0__15. T TR 7
) h=1,143(H=40cm) <] 2%

Eoi=0.4087,—11.1 corermeenm i e 81

S~ Kol A hel] W kS pel B g0 Shd Table 64 L ofsr Abe] S,

Table. 6. Relations of p and k to 354

h(Hem) | 0.14285(3) ( 0. 28571(10) f 0.571(20) 1. 143¢40)
: ! —_—
k 0. 6599 0492 o 0. 4087
b I =341 —22.5 —15.3 —11.1
Jogh —0.84512 —0. 544075 —0.243364 | 0. 058046
log33h . 0.6987 1 1.30103 1. 60206
loglog3sh ~0.1554 G 0. 114287 0. 20468
logk | —0.180462 —0.3080349 | —0.3400838 I —0. 38933
log(—p) 4 1.5327544 1‘ 1. 3521825 \ 1. 1840914 f 1. 045323
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|EBHEAR KB WXH B2R

Table 6¢] M#%E W=t Fig.85 zol Hr2 vhgd B/ Ryd+

log( - =10g6——alog35h ...............................................................
logk=logg— PLOGLOGBE/ ++onvenrenrsaesnsnen co se e besrns e be nninnnnns

@ R @R a2 B, 2% g, r§ BRYHARKLZ R

log(—p)=log3. 36—0. 5417log35h=log—@§5'£—§”—“-,—

. i 38 e rvet e are e aesaasaesaecasearanara
, _p_W .................................................

logk=—0.2741—0.5774 log(log35k)
=—{0.274140. 5774log(log35h) } =—{logl. 88-+log(log35h)°- 574}
=—{logl. 88(log35/)°- 57"}

—logk=log1. 88(log35h)° "

‘—lk_ =1. 88(10335}1)0. 5774

S S UL S

T (log35h)° 5774

a3 ez ORXF} @Rl A

E —_0.53% ML
0 = (logssh)o.sut (35h)o.5417

misg 0. Mt X

Table A. The calenlated potentials and measured potentials(mV)

R A L R R R R

.............................................

[ Protected area: 0.042m?
Length of strip : 1.40m

xz(cm) ‘
i(mA/m?) h\ 0 10 20 30 35

0.14 134. 82 97.35 79. 28 73.9 74. 88
(150) (80) (70 (60) (55)
208. 3 0.29 109. 8 89. 14 79.4 77.11 77.95
(110) (90) 70) (60) (60)
0.57 04. 51 85. 08 80. 92 80. 19 80. 75
(90) (85) (75) (70) (70
1.143 84.4 80. 49 79.00 78. 87 79.16
- (80) (80) (75) (75) 75)
0.14 169. 8 122. 61 99. 85 93.1 94. 31
(200) (115) (90) (90) (70)

260. 4 0.29 137.5 111.62 99. 52 96.5 97.6
(145) (120) (110) (105) (90)
0.57 118. 32 106. 79 101. 31 100. 40 101.10
(115) (115) (110) (105) (100)
1.143 105. 05 100. 25 98.34 98.17 98. 53
(120) (115) (110) (105) (100)




e et Biel o3 Ah@EEe HENC 1d TR

21

0.14 206. 54 149. 11 121. 44 113.22 114.72
(245) (130) (100) (95) (90)
312.5 0.29 ‘ 165. 32 134.19 119. 66 116.1 117. 37
’ (175) (130) (120) (115) (110)
0.57 141.12 127.06 120. 83 112.75 120. 58
(125) (130) (125) (120) (115)
1. 143 126. 16 120. 40 118. 10 117.90 118. 33
(140) (135) (130) (125) (120
& 0.14 273.62 107.57 160. ¢0 150. 06 151.¢7
(335) (170) (130) (130) (120)

! :

416.7 0.29 ]‘ 220.74 17¢.20 150.78 155. 02 156.72
5 \ (245) (173) (150) (140) (130)
|
‘ 0.5 189. 74 170.79 162. 43 160. 9 162.09
| (185) (175) (170) (165) (160)
|
1,143 168. 39 160. 71 157. €3 157. 37 157. 94
| (160) (155) (155) (150) (150)

*( ): Measured potentiais
Calculated Potential = | ¢ Protected area: 0.042m?
Table B. Measured Potential X002 L Length of strip: 1.40m ]
~._ xlem)
i(inA/m?) S 0 10 20 30 35
h
|
0. 14 80. 8 121. 6 1 123.1 136. 1
; 0.29 €08 99.3 113. 4 128.3 129.8
208.3 |
! 0.57 105.0 100. 0 107.8 114.2 89.7
1. 143 105.5 100. 6 105. 3 105. 0 105.5
— l
0. 14 ! 89. 36 106. 6 110.9 103. 4 134.7
0.29 94. 8 Q2.9 90. 45 91.9 108. 4
260. 4
0. 57 102.8 62.8 92.0 05.2 101. 1
1. 143 87.9 86.9 89.3 93.4 98.5
0.14 84.3 113.8 121. 4 119.1 127. 4
0.29 4.4 103.2 99.6 100. 9 106. 6
312.5
0. 57 112. 89 97. 6 96. 6 99.7 104. 3
1. 143 90.1 88.8 90.7 94, 32 98. 58
0. 14 81.4 116.2 123.0 115.3 124.9
0. 29 90.0 102.2 105. 9 110.7 120.5
416.7
0. 57 96. 92 97.5 95.5 ¢7.5 105.2
1. 143 105.2 108. 2 101.6 104. 9 105. 2
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Table C. [Calculated voltage(Voc)/Measured voltage(Voy)) and the ratio

BRBEAR KB RE B2 8

Iy(mA)
\ 12.5 15 17.5 '
h ..
\ Voc/Vou % Voc/Vou % Voc/Vou % Voc/Vou %
th=H(cm)
0.14 5 g gg 100. 5 i §8 99.5 : ;g 98.7 ;;i 99.4
0.29 10 -g—-g;— 99.4 : 228 100. 1 ‘%% 99.3 —g 55— 100. 1
0.57 20 2 37 99.2 i ig’] 100.1 % 99.6 % 100, 1
1.143 40 2 ggl 100.0 : ;96 99.9 g (9)2 98.8 % 99.5
Mk V. Programming
PANAFACOM UMOS/D E004 FORTRAN Vo1/L0s —760101—
ISM STNO. SOURCE STATEMENT
CALCULATION OF FUNCTION
1 REAL Io
2 40 READ(7,10) RHO
3 10 FORMAT(Fs6.0)
4 WRITE(S, 100)
5 100 FORMAT(5X, 1HI 5X, 5H RHO, 7X, 5H BETA, 9X, 2HIO, 9X,
2HHI, 9X, 1HP)
6 IF(RHO~—0. 0)50, 50, 60
7 60 DO 30 J=1,80
8 H=1.0*FLOAT(])
9 H1=H/35.
10 BETA=181. 86(380. 27*H1-99. 19)
11 X=(EXP(BETA) +EXP(—BETA))/2.
12 Y=ALOG10(35. *H1)
13 10=225. 6*X*Y**0. 577446. 3168*Y**, 5774/(35. *H1)**0, 5417
14 P=(1.689-+-0. 159*ALOG10(35. *H1)*RHO*[0**2*1, 0E—074-0. 0816*I0
15 WRITE(S, 20)], RHO, BETA, Io,H1,P
16 20 FORMAT(5X, I2, 5(2X, F10. 4))
17 30 CONTINUE
18 GO TO 40
19 50 STOP
20 END



