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The Polarization Potentials, the Required Electric Power and
the Optimum Condition of the Steel Piping To Be Protected
by the Cathodic Protection Method
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Abstract

In the cathodic protection method, the arrangement of anodes should be made so that polari--
zation potentials lower than protection potential may be maintained uniformly if available om
the surface of the whole metal to bz protected. To do so, it is desirable to increase the number
of anodes. The number of anodes, however, is to be limited due to the cost of anodes and’
their installations. Espacially, the polarization potential distributions under the impressed current
mathod using saveral numbzr of large capacity anodes are less uniform than those of the galvanic
anodz method. Therefore, the polarization potential distributions and the required electric power
for corrosion prevention are more affected by the anode location in the impressed current method!
compared with the galvanic anode method.

In this paper, for the cathodic protection of a steel piping in water by the impressed current:
mathod installing two insoluble anodes, the author has interpreted theoretically and experimen-
tally the effect of the anode location on the polarization potential distributions and on the requi-
red electric power for corrosion prevention. The author also has obtained the empirical formulae,.
determining the optimum condition of cathodic protection.

The results of this research are as follows:

(1) In the range of specific resistance of water 960~4800 Q-cm, the cathodic polarization:
potentials on the steel pipe surface can be calculated by

E.=E'. cos ha(50 - —%O—x) Jcos h 50

= Ercosh{[2y AD7D= D=2 07 /Y & (50~}
+cos h(100y/ P .D/{D*~ (D—-21)*} /v R] (mV)
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- - B = (1. 7667/ {log (50k) 045423, — {146. 4624/ (50 /iy 5601}
" +0.0083433(p—1950) (mV) - ' ‘

vE R ><103—(1 3869%+0. 1306)-———x+629 7737h+156.1420 (Q'?-cm)

€2) The requlred voltage of power source for cathodic protection can be determined by
Vo=1,(1. 3531444 — 2. 3980884 log log I) x {0. 0723 +0. 0144 log (50%) }
xpxlO 1. 85 (V)
47rDlzn><10“ (mA)
'and,the:'.réqu‘ired electric ';;ovsiéh for cathodic ‘protection becomes:
P=VL.=L(1. 3531444+ 23980884 log.log IL) . -
x {0. 0723+O 01441og(50 2)} X px 10-% +1. 85L (mW)
{3) The higher the specific resistance of water is, the greater -is the effect of anode location
on the required electric power for cathodic protection,
{4) In the range of 960~4800 .Q cm, the higher the specific resistance of water, and the
smaller the protected area is, the greater is the height rate of anodes for the required
minimum power. \

Nomenclature
x =distance from drainage. point to measuring point (cm)
D =outside diameter of test pipe (cm)
i =thickness of test pipe (cm)
L1 =total length and a quarter of it of test. pipe (cm)
E, E, =polarization potential at drainage point under specific resxstance of water,
1950 ©-cm and arbitrary specific resistance of water . (mV)
£, Ei or E.=polarization potential at distance x and / . ‘ (mV)
VA =external current 2 (mA)
I. =current in test pipe at dlstance X . (mA)
i, or =average current density on test pipe . (mA/m?)
i;‘ =current density at distance x (mA/m?)
du =current density at center between anodes on test pipe (mA/m?)
R =surface resistance of test pipe (Q-cm)
Cw =surface resistivity of test pipe (Q-cm)
r =resistance of metallic pipe per unit length (Q/cm)
P =resistivity of test pipe = - . . (Q-cm)
a =attenuation constant (em~1)
Hh =distance from center line of test pipe to anode and its h: -ight (distance)
rate(H/!) (cm)
Vo =voltage of electric power source (V)
o =specific resistance of water (Q-cm)
R,y =total circuit resistance Q)
f =protected area coefficient
P =electric power for corrosion prev ntion (mW)
Piminy =min‘mum electric power for corrosion prevention (mW)
To(min) =minimum current density for corrosion prevention (mA/m?)
R, =resistivity of pipe coating of test pipe (Q-cm)
R, =leakage resistivity of test pip: (Q-cm)
] =radius of test pip: (cm)
r =imaginary effective distance of resistance under water ’ ) {com)
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Fig.1 ¥ Fig.2¢] 29 A} e MES KRB o= fman PR (x=0)ol 4] xcm Fojx 2
?4 ABRATY XEH 2Ddr(cm)o] RASE BHE dl(mA)z sy o BEREE dL/mDdx
(mA/cm?)e] 9 s}ej dls RBETREY Bume = P EE(= (BRWER) - (A RE)IE
(mV) St B{rRmse KEEy R(Q-cm)pjel & o8 o] Kyrso

) Anode @

L

s dx |

~— i=L/4—

2!

Fig. 1. Polarization potential on the pipe protected by cothodic protection
dl:/nDdx = —E,_/R 2-1)
Bz dol(cm) %9 RBMEY REEHS w(Q-cm) 2} 3y
dl:/dx= — E:/w (2-2)
o] H=

w=R/xD (23)

E x el glolA REMES 43 5= Bmy L(mA) & dx Mol 4 dE:(mV)9 BABILE 47
A SEE RBMEY WEHS p(Q-cm), o Bz ol%e &BEHS r(Q/cm)z} =

dE:= —I,P,dx/% (D'=(D-2¢)} (2-4)

r=p./g. {D*—(D-21)) (2+5)
<] HH, 7}y

dE:= —L.rdx (2+6)
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of Firdeh 2-6)XE x Z sk
A*E:/dx*= —rdl:/dx

(27

o] Ha (2:2)RF 2Rl A oy e @&k
@*Ex/dx’ = (r/w) E: = a*Ex (2-8)
%, v r/w=a (2+9)

SEEH RS WAHY Elel . AHE HEHo Y AE 2 (cm)Sh HHEBEIA EAA o
A¥ H(em)S] @#ehn 4454 FH47ol W#sle Uhligh} Sate'V 53 o] R7b Wil
get BEsA G3 ARGIEE Hahd —pdthn BESH ek EHelnE (28R —i
e Bhest R

E:=Acoshax+Bsinhax

(2+10)
PREELS TR E B, T PHADARSY shRBE(x=D0 SRTAE Eo=t sk
A -
(1) x=lo|A E:=E. dE:/dx=0 -
b4
(2) =004 E:=E,
A=E.coshal, B=—E:sinhal
E:=FE:cos h(/—x) (2-11)
o) Hek ()9 ik 1 Kl A
E:=F,/cosh al
o9, =EkA F RIS AREahR-e-
E:=E,cosha(l—x%)/coshal (2.12)

2 FmE .
=& BESARRERESY 3¢ Fig.2d4 ARGz AERY 4o &EBER e F#std
x=c0d ® dE:/dx=00]2} a1 x=0HEE) N A E:=E. ¢} 34

Anode
1l:_'/\
H=Ih} !

i B 1 E,
il

‘__ Cdx
X ——-
| {=L]{———

Fig. 2. Polarization potential on the pipe protected by cothodic protection
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=24 BB HRRERS SEEEIHR-S ,
E:=FE.(cosh ax—sinh ax) = E.e-** : (2-13)
2 FonEd .
RAE Bl e Hificl 2EF wIXE d5ko] A Hie] mEEe] o} nz BER
o KEH 2L BEHMH A AT B

22 MENHBH

BREES HTEEER Vo= FUINHHE L, 2BEERES Ra 2 BE—wbransme 29 B
DEEES ENE FOREY. AR MEBES HAT o Pt—-FefiY 29 mamfy oy
BES L& VYR Y. 2dee Pifmn L(mA)E 257 98 FEEE V.()=

Vo=LR,nx107*+1.85 (V) (2-14)
= Rrde ®ebA Bifgel BIEE S EH P(mW)=
P=Vlo=I'R,#x107+1.85L, (mW) - (2-15)
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31 MREKE(]) 3 ERAE

3:1-1 SREREGHE

FREE(D-S Y RIS &E
BRI MRE, BEEHEY FrEEE

() Xk #&

AEKIEE 240cmx120cmx 120cm & $RIEL 224 NEel A= 23] zelo] =] (ZRP)E 2
|, I FAetd BRE 40 Fid ZRBEAAS, HHRAKSY AFES 1.10m = HiEeld o

(2) A&k
FERBALEE M 2.72cm, 7 0.28cm, o] 2.10m Y FAAH HEME KS D3507—SGPY
& RSl HIS MBIt =9 Wl BHMTE 29 % AHWEM Zol7} 2m
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Fig.3. Schematic drawing of experimental equipment(] )

(I Water tank @ Test piece
® Pt-insoluble electrode @ Electric power source

( Reference electrode(SCE) @ Potentiometer

3:1-2 JEHess

(1) 3 fz 7 3 : VTVM (Vacuum Tube Voltmeter), KYORITSU K 142

@) T W% R EAEEESE

HHE A5V X1 AEREEABENE), V-A meter: SANWA, A-303TR-DJ

(3) FEERSRE - BE lom 3R BLEH(99.959%

(4) 25 4 T : A7k 2 "8 4K, CORNING Cat. No. 47610900
3-1-3 TERHK
PO B Hikel #5kE 41914 Table1sh 2ol FESI G om, Bk K-S 26~20°C O]

Table 1. Qualities of water used for the experiments

Water ' Total hardness |Total alkahmtyl Chloride Specific y Specific

temp pH ‘ pPpPm as ppm as | ppm as resistance gpr'1v1t

¢ J . GCo, | Gcos 1 cr Q-em | EBRAVIY
- | i 25 | |

2 ! I 2 ! 5 5

28 } 6.2 } 66 | (p=0) l' 106.5 | 1950 | 1.0015

3-1-4 E|EBJjU

TR kiE 1.10m RBEZ F2 A2 RBMES BEAZ S0 A5 3 M- M 6 B
W SPERUASEE 150 mA/m® 2. BEfsst o A1o] RER-S MEFRURIER HOESI T o 24 goxm
A RBIEE S WP, o] BiEdA Hel s v A TEA-E 71l Sol EERE
W BAmSE A h o] e REGEES HATA: —680 mV(SCE)o] 9},
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AEBERAA BHERE BT ABRREREY MEBLCT REHE 204 Fo SBEME
WESRA R, WEel Fd Folt BES ¥ oA ARMERE BHAKEBRB(-680mV(SCE))
E JBmE 7] 7A ¥ 184 7 o3

T A BEY (Be £ ABRMES 1/4 283 3/4 28 Lo ABME S ORZ
Eo|[H=¢h, ¢: (RERNES do))x1/4, h: 20| Z]E 12.5ecm(h=0.25), 18.75cm(k=0.375), 25
cm(k=0.5), 37.5cm(2=0.75) ¥ 50cm(k=1.0)% ®[H R4, = HNPEHoZYE Y HIINER
£ 17.08 mA.(7.=100 mA/m?), 21.35mA(i,=125mA/m?), 25.62mA ({-=150mA/m?), 29.89mA
(,=175mA/m?) ¥ 34.16 mA(5,=200mA/m*) 2 %% ¥l9 4 RAEMEXREY 4BEAE WESA
o}, oldl BPEMAEE PEe=YH 5cm REoE 3l
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(B (rE MMERE Wb A ABRREERTY SEEME WEFS .

3-2 WBER(L % XBHE
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HREE (e SEELfH] =L 9 WiEHRY 93-S AAENY AT Koo o A
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gagor, RBRozE AKX 2.72cm, 57 0.28cm, o] 60cm 9 FEAHKAEME (KS D 3507—
SGP)-¢ st on REBMES I REREL HREBE(1)A o] 34,

' y
/i /
:
]
: @
@ | ® ®
18 | z > ®
® el.” o @
(D Water ‘tank @ Test piece
® Pt-insoluble electrode @ Electric power source
® Reference electrode(SCE) ® Potentiometer

Fig. 4. Schematic drawing of experimental equipment([ )
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(D Water tank @ Test piece
@ Pt-insoluble electrode @ Electric power source
® Reference electrode(SCE) ® Potentiometer

Fig. 5. Schematic drawing of experimental equipment( i)
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4, SFERE AN HIE

4-1 SERIo) 3t RN BT

EREE (DA RBHS %ot D=2.72cm, t=0.28cm 8 L=200cmo], RFEM] WKL
°] 13.5x107'Q-cm £ o] nE Bfy ol E SBEHMTA KEEHN ¥ HEREE G& o=
FRE .

,:p,/% {D*—(D-2t)}

=(13.5/2.145) x10~¢% (L /cm) 4-1)
w=R/zD=R/8.5408 (-cm) 4-2)
a=y r/w=2y/PD/{D'=D-28)'}/VE

=7.331x10*/y R (cm™) 43

=g (2:12)RE » = #HHsE (2-6)R RASR
dE:/dx= —aE.sinha(l—x)/coshal= —I:+r
old mety Hg A& d&d.

L=

;’ E,sinha(l—x)/coshal

= (E./« rw)sinha(l—x)/cos h al (4-4)
PENIES 24 (100, x50l A L= LLolmz @HRe

-41-L,= (E.// 7@)tanh al (4-5)

o] Ht. (4-1), (4:2) 2 4:5)KNA

4E,

V rw=r/a=0.8584x10"* VR =—;"tanh al 4+ 6)
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o] i o] A9 EMELHE w2 (4-6)5elA]
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(1) Current density: 100mA/m: B0.25 0.375 0.5 975
Water temp: 27.8¢ Symbol x = O A
4 4.9 4.92 3.0
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Polarization Potential: E, (—mV)
>
<

90} g \
i \
o =2/ N
= . N
70 P Corrosion potential: —680mV (SCE) ‘ \; 1

10 20 30 40 50 40 30 20 10 0 10 20 30 40 o
Distance from the drainage point: x (cm)

ob-----

50 40 30 20 10

170 _(2) Current density: 125mA/m? . q

Water temp: 28.2¢ \ [~ % 0.25 0.375 0.5 0.75 A
1\ 'Symbol x =~ @ LI

160+ / | Vo(V) 5.6 565 57 59,
S 150 | ;
8 e
~ ,/ N l
9 140 TSR
= JVARE
pe il \\ \

2130 M bR
& /)N
,’//e : \ \\
§ /N A
£ 120 IR
£ 110} o ! AN\ T~ /
e - ~— —
/b’/ \\,\ ° N,
4 : \\\\-‘/ /
/
100} / NG
/ Corrosion Protent:al —680mV (SCE) )
' —Protection Potential: —770mV(SCE) \\
o0} —~ N

i i i i ! H 2 J A
50 40 30 20 10 ¢ 10 20 30 40 50 40 30 20 10 0 10 20 30 40 50
Distance from the drainage pomt x (cm)

Fig. 7. Cathodic polarization potentials(two anodes: (1/4) XL, (3/4) XL upper points)
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Polarization Potential:
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i 1 . PR L 1 L 1 x Y x 3 Iy i Y i e A 1
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Fig.7. Cathodic polarization potentials(two anodes; (1/4)xL, (3/4) XL upper points)
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Table 2. Cathodic polarization potentials(is=150 mA/m?)

h=H/L | Ev/l [Jixlosl x| o | 10 20 30 40 50
M* | 208 | 174 151 136 128 126
0.25 | 8 1568118.3x10°
C* | 208 | 207.9996 | 207.9994 | 207.9994 | 207.9991 | 207.990
M | 180 | 150 144 135 130 129
0.375 | 7.058 1109.9x10°
C | 180 | 179.99096| 179.9994 | 179.9992 | 179.9990 | 179.9989
M | 170 | 155 145 138 134 134
0.5 | 6.667 |106.8x10°
C | 170 | 169.9996 | 169.9994 | 169.9992 | 169.9990 | 169, 9989
M | 160 | 149 142 137 134 134
0.625 | 6.2745103.6x10°
C | 160 | 159.9996 | 159.9993 | 159.9992 | 159.9990 | 159.9989
M | 153 | 145 139 135 134 133
0.75 | 6.0 [101.3x10°
C | 153 | 152.9996 | 152.9994 | 152.9992 | 152.9990 | 152.9990
M | 144 | 139 135 133 132 132
1.0 | 5.647 | 98.3x10°
C | 144 | 143.9996| 143.9994 | 143.9992 | 143.9990 | 143.9990

* M: Measured polarization potentials (-mV)

2 e

4-2 EmEM RBX

C: Calculated polarization potentials (-mV)

REEHL —EE i} —~FE LTI @DRY E 9 Eol REUEE RASS k81, oA
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T
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Fig. 8. Relations of E./E: to R
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VEx10'=ax+b (4-9)
= EEde = Fig 99 4 figed a9k bE Rem ol F kol st FRSR Fig. 104 2
o] A9 Fiow HEVYER (4-9R

JEX10 = (ch+d)x+ (eh+f) (4-10)
oF JURT 2 oldh (4-10)R8] ¢ dye @ FE Fig.9olA Kk kel A a0 h CASH &
ANpEL L SeEsh Al EEIEHY SRR s 2ol At

VT %10 = (1.3869 2 +0. 1306) x

+629. 7737 hi+156.1420  (Q'*-cm) (4-1D
900 T T T T T
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_1.0 H=! ./
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1.6 7 T T T T T T 7 —1100
800} .

1000
1.4F
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* 47800
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5 H/ 600]
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400+ — /+ 4400
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Fig.9. Relations of R to x Fig.10. Relations of a and b to k
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FE vk} ol 1% LK WEE ehuc,
FEBASL I1=50em ) A4 koo WDR B @IDRE £8Y D19 el
Sl BAL A% e Rl 2ol uks o) UDRY @ % WIDRY 19 FRE 5010

£ E#ML (normalizing) A # o} = o},
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E. cos h{(2 P.D/{D
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VT2 x10°=(1.3869 2 +0. 1306) —§l~x+ 629.7737 h+156.1420 (QY*-cm) (4-11n
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BB (1ol A = £ HiRhe] 19500-and —Ed Afel el A AEEHAHRE KDL
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Fig. 13. Cothodic polarization potentials(one anode: center)
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= Higie) 960~480002-cm Q1 el A HryrEsol FEBAE 2H(E)e gubshAd Eigsyos mqpy
e ¢ U agme o —HRe

E=ap+p (4-14)
£ ERE S 9o a B WEMEE A4 BIfREos RES - Ro® Exrdg,
E=0.0083433-+209.87 (mV) (4-15)

IR BR(D)el A gt BREESS HERGR 3 (4-13) Kol A IR B WEHfS B8
BB HEEAY) s |
ES=E.+0.0083433(0—1950) (mV) (4-16)
B, E: p=19500-cm 9 49 shymio) SEBEM
= BRE 5 do
Eool B E/ 9 Wase piskiTable 3l FRY uke} o] p=1200~2700Q-cm of 4 5% LI,
A =470~3400Q-cm ol A = +10% 1iFge) BILE vol&d Fmslct,
A p=1200~2700Q -cm 2} RR(DAA %83 BRAS 192 gage = 3R e
A Ao 09 Gre By £=960~4800Q-cm Y FEA sHEEES) DEENY FHRe
RR(DANA 5SS HEEL KRR B Rty E/ 8 RANA BESHD g ooz Frd

E.=E/ cosh{(2y p'D/{D"‘(D“Zt)z}/«/ﬁ}(so—jgx)}

l
+cos h(100y 2.D/{D*= D-2t)}//R) (mV) (4-17)
E/=[1.7667/{log (50 1)} ¥5423i, — {146. 4624/ (50 h) - 5008}
+0.0083433(p—1950) (mV) (4-18)
,[ T T T T T T T | T T T L
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Fig.15. Cathodic polarization Potentials{two. anodes: (1/4)L, (3/4)L)



IRERT Sl ST AWER, MEHMEN 2 BEHMES 3 HE 1o
T MDA b~ 320. 28 mA (e =125 mA/m) & = 4 B9 Withe] =3 SEmELey
WasRme] WNAmEALANS 9 ABRReE HIES SETWAOME [k Table 40 FRs:
geh o fREY PIE Fig. 15 BRsta
Arlel A ST FEIHEY £6.9% LAY MED —3ao o

¥
30,
T

5. IEBEY HEEH
51 EREES MEBED BMEN BRBX

WIS PTREES NGRS 2MEREN 2 ey 29 mHy SRR
Sy JURE e ol BB KEACl M|insky EBIEHel MAd. 28 drdE
A HEEmAGel —EE At H3td FIEBEY BRRS kiolz

gsmel Brfel REte BHer HLWES HUAT o Pt-Felie 29 HEHAM HREE] 1.85
Vel LR FINEAE EE7) A% MEEE € 2EMERIERLS G Res FRdd

Ve=LR,zx107*+1.85 (V) (5-15
Ror={(V.—1.85)/L} x10° (Q) (5-2)

HE( Dol A REEGe] Folsh 205pEMe #t FEBMEL Table 33 goms o]

(5-2)Kell A RBFEMBENA 2 FHEE kb Tabledst o] Tt Fig. 160 Table:

49 fHpE [HRE Zol vk
Table 3. Relations of V, to 2 and I,

ﬁ ](mf\ﬂ\J 17. 08 21.35 25. 62 29. 89 34.16
2.5 4.8V 5.6 Ee 6.8 7.7
18.75 \ 4.9 5.65 6.35 7.0 8.0
o5 | 4.92 5.7 6.45 7.2 8.1
37.5 ‘ 5.0 5.9 6. 48 7.3 8.3
50 , 5.1 5.95 6.5 7.4 8.5

Table 4. Relations of R,u to k and I,

~ L(mA)

i 1708 21.35 25. 62 29,89 34.16 | Mean R,y log 501
12,5 172.7 175.6 173.6 165.6 171.2 171.7 } 1.096
18.75 179.2 177.7 175.6 172.2 180.0 1769 | 1273
25.0 179.7 180.3 179.5 178.9 182.9 180.2 E 1.397
37.5 184.4 189.6 180.7 182.3 188, 185.1 ‘ 1.574
50.0 190. 2 192.0 181.4 185.6 194.6 188.7 | 1.698

i

Fig. 16 ¢l ¢t R,u = log(50h)o] Hfst= =z
R,u={A+Blog(50h)}p=Ap+Bplog(50 k)
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Ry = C+D log (50k) / 1
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Fig.16. Relations of mean R,x to &

=C+Dlog(50k) (5-3)
o] v, C,DE Table 49 #fd ¢3std RPEFEELE REstd C=141.03987, D=28.047832
o Hc}t, ofef 28°Coll A Y EY el 1950Q-cmo] mz

A=C/p=141.03987/1950=0. 0723 (5-4)

B=D/p=28.047832/1950=0. 0144 (5-5)
ot ol & (5:3)Rel AAST ZbyhEBEAL

R,z=[0.0723+0.0144 log(50 /) Jo  (Q) (5+6)
©] 3 ol& 5:-DRl RAZNE FEBELS

Vo=1,{0.0723+0.0144 log (50 1) } e x 10-*+1.85 (V) (5-7)

o] Hd. AR ® HEIE A EWEE Mgk Table 5ol 2q v}l 2ol |EE(I)NA RES
oA} HIMERY 2HEANA £3% HMAY 2RE ehud,
=3 219 WHERANA FEEEY BAES FHEMEE Kk Table 6 3 2ol 94 £3% LA
L] FER —%TE & 5 dt
a8 2 Bhghe] FTES = BHL oh&F o] HRI o
P=V.L=1}{0.0723+0.0144 log (50 ) }px 10~ +1.85 L, (mW) (5-8)
HimERE EGHERTEY REBES FHSYOY o ERFES HPpamEse MEFes kst
o e o] EAT 5 otk
Lo=imDIx4x10-* (mA) ' (5+9)

5-2 MELKES FEREN BMRNA 0ixs BMHRER I

BH(1dA FET ERREY HEBEY BRAL #MEHe] —E3 MY R
g Aol d =l HEgERel BT A ZEKIEN B2 1 35S EZEs o s
=2hA ERY HEEREY REMEY At BR(1)AAY BEHFEEEY METERRRY A
IEWIHA HEMEHREE @ 0. 18zz HEEBERL
Vo=1£{0.0723+0.0144 log(50 A) }px 10~ +1.85 (V) (5-10)
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Table 5. Relations of V., to I,(p=19500 -cm, 11—0 ))

in T.P - N
- test plece » _,:’r%a‘;}?p~_(,,,l_l_,‘|. aux. T__me)f e\p () . B main T. P of exp. ( \)
1,(mA/m?®) | 125 \ 50 75 100 125 75 100 125 175
! |
I.(mA) ‘ 21.35 l 64.05 96.08 128.11 160.14 192.2  256.2 320.28 448.38
Vo (V) “ 5.8 : 10.5 12.8 15 17 19.5 22 25 28.5
prot. area{(m?) j 0.1708 ! 1. 28112 : 2.56224
ok >
)8}
- \\‘
0.6 ~..
e ..
3 i \'
[ o 4F ~.
| \'\
) 2f
S U TR T 7 R 1T NI DR 040 0.44
- Jou o [,

Fig.17. Relations of f to log log I,
ol Hth. drjelA FH(INY LREH 2 HWHRADS &, @) F ARl Hskdd Hintiiel
o EEHEEY FIEENGS e #54 Table 5 9 zte] Hdch aem® Table 59 #{1E (5
10) el FRASES Lol w8 fo 2AE fkenl Fig. 173 2ol f=aloglog L+ ¢ —f % &
iRE e, ol A% b P Re R ke

f=-—2.3980884 log log I, + 1. 3531444 (5-11)
v, (5-1D)RS (5-10)akel fUASH TLEEFY DS sl g el fiiEE
=1.(1.3531444 — 2. 3980884 log log I,,)
% {0.0723+0.0144 log(50 2)} x px 107°+1.85 (V) (5-12)

p=1950Q-cm § A ¢ FIENERS] TRMfiel =gk (5-12)3(¢] GRTINI iz Hifk Table 7= A
o] 3% WA et =3 p=1050, 1400 ¥ 1950Q-cm ¢ #% A%, EETTIIAGT 3R
fATel ol S PREEENES] rrmfieh GHITATS ZERE [k Table 8 3 el =49 LISl dhERW

uheba) RS RN (P) Y e (5-12) K3 (5-8)3d A
P=V.l,=1(1.3531444 — 2. 3980884 log log L)

x {0.0723+0.0144 log (50 1)} x px 107+ 1.85 L, (mW) (5-13)

L=4zDli,x 107 (mA) (5-14)
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6. BB I

BRI & Fol 4 BEiMEC] W BY BACE BAY BMHRE d& K &
she BTRRNS RREAS AERSC = Bt Busy] s ARwd s wiimEy
ERMEE sk ¥ FEIE BMENS BO2 ke S 572 $oh. SRS BaEa)
—70mVi i (SCE) ol . BAEM 7 —680mV (SCE)o] B2 244 0] Bighsy] AL Holx L
GRS RERMES hkBic] vt o] BR4riES ol of det,

Ei==-770—(-680)=-90 (mV) 6-1)
(4-17)Rell x=1-F AT
Ei=FE’/cos h(100+ pD/{D*— (D-26)}*/v/RE] (mV) (6-2)

ARNA FEEHL @ 11K 2= RAHA
~/ R %10*= (1. 3869 ~+0. 1306) -50
+629.7737 h+156.1420 (QY?-cm) (6-3)
ol §1 B/ & (418K 2¥ =
Eo' =[1.7667/{log (50 &) } ™ *582J4, — {146. 4624/ (50 ) "- 5649}
+0.0083433(p—1950) (mV) 6-4)
& EAET. BOEHOE BHT ¢ At BEY FIEE K37 ARAL (6 1)~ (6-4) %ol 4F
b9 b ERES ¥ GORAA LB KE e GIORAA Pk F oo KFEE R
2 whgel om0 B hY p kS R & B WESK HE ROTHLE B
e + gt BEY Boldol Feh o] 49 Vos LE kebd 2300l Ekd: BREEY B
gRe L Al 2o ol HES WRs WESEE & BMRES RASY BEHEAA &
ELIETER T3
o BEHENA A5t G1OR L G-1)RE A4 BOVBES Pam ROBBERBIE
ioimim SHS] AR,
P miny = (4 DI fo(miny X 107¢) {1, 3531444 — 2. 3980884
X log log (4 DI io(miny X 107*) } + {0. 0723 + 0. 0144 log (50 %) }
Xpx 1072 +1. 85 X4 2Dl fo(min X 107*  (mW) (6-5)
& R
o W BOVHEREEE 63X G-DRE 625kl AT
90=E.'/cos h(100y/ 7.0/ (D"~ (D—2571/(699. 12+ 162,671 (6-6)
€ 93 o G-ORF 6-ORAA E/ & Wkabd et 2ol doh

100y D/ {D*— (D—28)*} )
699. 122+ 162. 67

—100y 2.D/D*—(D—=2%)%}
699.12 2+ 162. 67

fotain = 25. 4712{exp(

+exp )} + (82.9017/ (50 ) 5}
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6-1 RE(I)e] HBAol et RBPRGES
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Fig. 18. Relations of P to A(T. P 2 72 cm D, X0.28cmt. Xx200cm L.)
6-2 RE(I)el REFRol e HEphsEs

e (el ER METTRERS] ERBAY AS, 6-1dAY e Fikem g p H AT
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\
5601 \ R

T
—

= 480 [=3000em
F=3000em

>

<

<
T

Volox 10'(mW)
i\

|

—_—p=

320} | |
| 1=2000cm
—_— 2 ;
240 | B
|
|
160} \ i
o ‘ 1=1000cm
8ol 1\ i
- | [=500cm o
_ e
0 1 i1 L I 1 1 1 1 1
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

—h

. Fig. 20. Relations of P to h(p=2000 Q-cm, T.P.:2.72cmD. x0.28 cmt. X4/cm L. )

0.28cm &} HFES 44 L=200m HELITelmg o Ao A MES g == b2 Eke
AE € 100m LITFE 8te ok gheh,

vk FER TRl HiShTel 2 kehel A BRI (810 R [hgaste o af of] = FTE
Pr BRI B HiE{Te] 1000~5000Q-cm 5= #F (B )9 #Eel 28 4= 10~20mA/m?

(e} o= BUHH el REHMRES H)oln 2 WIRHKIE (1000~5000Q2-cm) 2] sk sre] 4= 30
~60mA/m* S RFS Yt g} 21&"’*5(01]*1 = 10 HEIAC SZRFERER o527 94
A TREREES 44 ke Y 6~12459 2~4457F 2 125mA/m2 = Ffistdom e o R
SEORe ARAIEY MEAK MTHERED B9L 6~1247F 2, 283 RN AL o
4157 & HERIWEZLA @fel A x, WTHBEEED Fehas) 2o} Z214w Ho] =g

T A= MEGMEREE L 2mA/m* VN TFel ng HBMEs HEY 604 2159 HEH
FA7tA FERAZ 5 dowet A,
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7. ERHEAXD FHRRBR HB

BREErEal SlelA wPifEEY AEEMHTY ERRA oA L Pope' gt Jones' o] s
ABRMATE SBAEETS UBEH, REWEH, L8 HEH 9 HHoz vy ALE BK
2 Bfstn g2 e BEAY A=Y g BEAA g3 FHsn gon, oFd X

® Anode @
E Ex Ea E Ex EO
7 - ¥ 7 x E,
b ! o I! I —
L

Fig.21. Polarization potential on the pipe protected by Cathodic protection
< REEHRS =27 o b BEe 27 RETeZA BE 489 BREEST 1 4F
o FAGel 2Bl AA —EHARL BEL T d& Aol Rueha sy
ol #BEMNEREL Fig. 213 o] HRY 1/4 £Fst 3/4 A8l HBEs REsL pifghstd
L=412% 33 PEREEMHS #Re =09 4 Ei=E.olx x=[9 = E.=Ei, (dE:/dx):=09] ¥
oA T3 el KR

E:=E,cosha(l—x)/coshal (7-1)
Is=(Eo/+/ rw)sinha(l—x)/cos hal 7.2
Ei=E,/coshal (7-3)
7}L,= (E./ 7w)tan hal (7-4)
E,=%I,¢W cot h al (7-5)
L=1DL1i, (74

BREAR® D=3.4cm, t=0.32cm, L(=410)=2400cm, &9 MK 13.5x107°Q-cm, ¥9 K
ol 1950Q-cm 9] H-9- Ef7 Aol (cm)EY Y REEH R,(Qiém), BHEN R.(Q-cm)et
3 Bz deol(em)%9 FY MARBIER w(Q-cm)E

w=Rs+Rs (7-6)
o] Sl Eff Fol(cm)E HO HEIKHS '

N 13.5x 10~ _ o .
=3 (L7 = (1.38)] =4.3622x107° (Q/{:m)

of Hot. WEEH R & KHEMY HEERE =536 (Y £K)ol=td
s=(p/2m)In(r,/r1) =p(2-cm) =1950(Q -cm) _
of 3, FY BEKH R, & LB 50-m W EE =g By do](cm)E RIEEHL
R,=(5%x10")/(3.14% 3.4) =4683.4 (Q-cm)
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o=, whehA
w=R,+ R:=4683.4+1950=6633.4 (Q-cm)
o, H{7 Zo](cm)] MEHLRHE
a=yr/w=y (4.3622x10°°)/6633.4=2.564 X 10~ (cm™")

o]l

Vyw= 6633.4xX4.3622X10-°=0. 170106 (Q)
olnZ PifEHBEE I 125mA/m* g o o] FEd a4 (7-5)Re E, & skdhsl Table 63 3
.q,-

Table 6. Polarization potential at the drainage point calculated by the
already-accepted former formula.

Z(cm) %Ia(mA) al i cotha’ E.(mV) % Remark
50 6. 6725 0.00128 : 781.25 886. 74 —
100 13.345 0. 00256 ! 390. 63 386. 75 —
600 80.07 0.01538 6501 885. 46 s Ee=120~
2000 266.9 0.05128 ‘ 19.52 886. 23 —
10000 1334.5 0. 2564 3.99 905.75 -

o] it & E. 9o BlfEE Bl Feld] whzt 120~170(mV) 1= =) 8k<d Table 6 ¢] z&
FH L 5~T Y 2l H. 23 2R B9 FHEE A ARKXU(T-5)R)S BEEiEd B B
Rl MEEY HNEY A9 o] FEHBEREET 10~20mA/m’ DAY =)=k FHT
T 9ee & 5 Uk

wtebA (7. DR Eool WREE @Mt EMAME SHESt T Aol 98 EramEHol
ol gke WAME FES A HBEH [igk Table 9 ¢F 2ok o] [#% Table 91 ¢ slsl FHlfE
E/ & Gt fERRY B MIAURE RS BRESHSG AP #HRA 8 23 B
fie B Folzdie]l 1.0 At AY 2 BWNEMLHMGE A o, L7} o s
ERGTER g S \RE Hetd ERIE Z¥E A a8 R EFHERS L7 10
RER 2 4ol Reted |IE E/ & BAAA FIFS 5 gozzt 44=,

C.L. Wilson'Vell ¢ ets 2R kol HAS: BHHEE Bz ALY 3w K
gobn sk MIERRE bR o HlY REBMEE ketn otk old Y& [4EE o
24 [BEA Y REEEE et 3, F BERHY AN LE 242 $ o EHTHEE T 9
5 BERY A EREE e el e ok BIRO st n didid el ook

_/AM=(1+F)“‘/21 7-7)
(TR 4/du®] fhzh2 1=1/4/ 2 dolm of 9 By o]z /T8 Zoh

d/dx 9] Fel Frbehs AL REMERY RhE Fe AW P=VLdAs L9 fhe

X@o. 7oA L7t fohd o wh=A Pob /e SAL g ak K%Y SR H#isks o
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BRE REREY Wbl BB B Ao & ZRE Bolv Wik ofF & FASd A
o —FKstd.

2 K ¥ BRAES ERAESE 28 £8Y =& BiEY $ol& 9 =& g
WERE et BRHERA 7M1 BB omEBN, SBEMLA ¥ BEEEY FEAENA
E ES 9 9F B okvEt nE REY RFC Hdlq REEIEGE BREE 5 A

8.-& W

SHERTEURC] ©) 3 keSS ARy fhReel 4 RRTE LRI Fﬁ%[ﬂféﬁ@ﬁ 2 BoEbi et hel A
oA =39 RS 44 -

1) BES 2/ REMEBELR PiME A MEEEY 2BEEMS B9 HIEH 960~4800Q-cm
BEANA & Roz HEZ = Y.

Ex=E./cos ha(50~ %x)/cos h 50

=E/ cos h{(2v 7D/ (D"~ (D—Zt)z}/JﬁJ(so-éle)1

<+cos h(100/P:D/{D*— (D—-28)*}/v ] (mV)
EJ/=[1.7667/{log (50 k) } %5831, — {146. 4624/ (50k) 553}
+0.0083433(p—1950) (mV)

VT X 10'= (1. 3869h+0. 1306) -2

+629. 7737k +156.1420 (QY*-cm)
2) BEMA BHRKEEY FERES EEHNS & Ro ke 4 9t
Vo=1I,(1. 3531444 — 2. 3980884 log log I,)
x {0.0723+0.0144 log (50 )} x px10"3+1.85 (V)
P=V.I,=1*(1. 3531444 — 2. 3980884 log log I)
x {0.0723+0.0144 log (50 2)} X px 10~ +1.851, (mW)
I=47Dli,x10"* (mA)
3) BRS RREMEZT BB s X e 9T BY WiEHC 55 am, WigH d4& 3
foll e agA 2R g
4 RPBHCEBHT + e BEY 2oE L £9 Wikiio] 960~48000-cm 9 #HiE 4 9
AP @inel =zt Bnshe el Y =3 BPFfAERCl BTSSR WA Hie .
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Appexgdi:;_-
Table 1. (Calculated potential/Measured potential) and the ratio(%)
(Protected area; 0.1708 m?)
i"(m,ﬁz,) W[ 0 10 , 20 30 40- 50
0.2 %}7- (99. DL (101, 1) 91 = (100, BIS 82 2T (103.2) %78 278 (102.3)| 16,88 1888 (103.9)
0.375 125 (17 o) B35 (99.4) 9‘” (92.9)-84.15, 84 15 (96. 7)81“1 (08.9)|-2%.62_ 80 62 2262 (102.1)
100 | 05 968 (08.8) 5T (g5 ) 19-12— (9. 0)M (08.8)| 2288 (g9 g)( 8262 82 62 522 (100.8)
0.75 |75 (g9 D2 (99.6) 878'9“ (o7. ) 2482 (g5, 6)M (98. 4)M (99.5)
1.0 9" 49 (100.5)E232 (g9 5 BI (97.8) B84 (o1.2) L3 .58 (45
248.13 207. 57 179. 46 161. 49 152.12 150.36
0.25 o4 (99. 6)] =2L 206 ~(100.7)= 78 “Ha—(100. 8) 16 (98.4) 150 (101. 4)[= 148 (101.6)
217,59 192. 10 174.19 162,71 156.8 | 155. 88
0.375 1=, 12-(101.2)| 2510 (99,5 177 (9805 (09.29) 125 (99,9 12588 53 - (101.9)
N 200. 81 183.31 170.95 163.03 159. 0 158,47
175 0.5 | oL » (98.9)| =55 (98. 0| L7 173 (98.8) 755 (98. &)1 (99.3) 153 (100.3)
181. 54 171,96 165. 16 160. 82 158, 66 158. 45
0.75 =% (9. 1)L 173 994 (99.5) 25 (9s.6) T6a (7.9 e (98.4)
170, 23 164. 27 160. 04 157.34 156. 02 155. 91
1O [Tl 100.7)155E (98.9)/ 10004 (g7 162 7D e 9692570 (97.4)
Table 2. (Calculated potential/Measured potential) and the ratio(%)
Secondary experiment (1) protected area; 0.2135 m?
(1) proter+ed area; 0.1362 m?
X
exper-
(ma) iment !h (cm) 0 I 10 20 30 40 50
0.975112:5 I;fls (101, ) 19%:73 1°° 1057 (102.7) %z 43 (103. 8) 8783?9 (104.9) 84 22 (105.4) 83 22-(106.2)
100! (1)
0.75 |-2:8_(199,g) 91 36 (101.5) 88 20 (01, )| 819 107 )] 85 18 a0z 0 0 85 09 (103.7)
0.375- 1428 (107 1)/ 129.91 () o] 117.49 (103. 0y 209-58 (103.3) 12543 (105 3| 10470 L0479 (106.9)
125 | 1y 146 127 114 106 102
124.4 117. 66 112 88 109. 83 108.3 108 15
0.75 | =2 (99, 5)| 1] T52 > (96.4) (97.8) 35— (98.0)|175> (98. )08 Too > (99.2)
Table 3. Calculated polarization potential for the drainage point and the ratio of (E.//E.)
P Q-cm
470 { 800 J 1000 ’ 1200 | 1950 I 2700 | 2800 ' 3000 ’ 3200 ‘ 3400
0.95 | 1549 157.7] 1503 16101 167 167.3 | 173.5| 1743| 1760 177.7| 1793
: 92.8)] 04.2) (95:2) (962 (1000° | (1037 (log 2)| (105.2)] (106.2) (107.2)
0.5 124.35 127.1 | 128.7 | 130.4| 1367 | 143.7| 145.4] 147.1] 1487
: (90.9)(  (92.9) (94.2)] (35.0)| (100 04 s) (105.1) (106.4)| (107.6) (108.8)
o.75 | 11205 1148 116, 47 118,14 1244 130.6 | 131.4| 133.1] 1348 1364
: (90.0)) (92.2)] (93 6) (94.9)] 00) | (105.0)] (105.7)| (107.0) (108.3) (109.7)
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Table 4.

/\ﬁ;ﬂw

Calculated polarization potentxa]ﬁ and the ratio

BB 2 ﬁn’éi‘ﬁeﬂ et ol

Measured polarization potential

(i»=125mA/m?, protected area; 2.56224 m?)

e
p(Q-cm) \\;\\\\\\\ 0 300 600
159. 8 113.8 10 - 102 7
0.25 228 (103.1) 1380 (104. 8)
0.5 1222 (95.7) —1%%19— (96.1) —1%%69~(10" 0)
1050
116.8 1106.2 103.7
0.75 158 95.0) A%-2 (9.0 o (96.9)
109. 6 1 11030 “101.5
1.0 2L (97.9) | e (91.5) i (93.1)
162.7 115.9 104, 6
0.25 2T (98.6) | 183 102.6) 135-(101.6)
|
0.5 L1 (95.7) U21 (101.9) 72 (102.3)
1400
119.8 108.9 106.4
0.75 -8 (90.8) 989 (99.0) Dot (98.5)
112.5 105.7 104 2
o HE2 97.8) oL (95.2) - (93.9)
167.3 9.1 1075
0.25 oS (98.4) 5 (100.9) 212 (102. )
136.7 1160 111.1
. 0.5 1387 (97.6) 129 (100.0) LI (101.0)
o}
124. 4 113.1 110.5
0.75 22 (99.5) 2 (98.3) D22 (97.8)
7.1 110.1 108.5
1.0 b (97.6) —(94.9) 985 (94.3)
Calculated voltage o
Table 5. The calculated voltage and “Measured votiage x100(%)
Tr (o)
h \\\“\\~\\\1 1708 | 2135 25, 62 34.16
lh=H(cm) \: !
0.25 12.5 478 (99.6) | 5.52(98.6) | 6.25(99.2) | 6.98(102.6) | 7.72(100.3)
0.375 18.75 487 (99.4) | 5.62 (99.5) | 6.38(100.5) | 7.13(101.9) | 7 89 (98.6)
0.5 25 4.93(100.2) | 5.70(100.0) | 6.47(100.3) 6) | 801 (98.9)
0.75 37.5 5.01(100.4) | 5.80 (98.3) | 6.59(10L7) | 7.39(101.2) | 818 (98.6)
1.0 50 5.07 (90.4) | 588 (98.8) 6.68(102.8)- -|---7.49(101.2) |- 8.30 (97.6)
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Table 6 (Calculated Voltage/Measured Voltage) and the ratio(%)
Secondary experiment (1) protected area; 0.2135 m?

@'D) ” 7 5 0.1362 m?
h
experiment o (mA/mD) 0.375 0.5 0.75
to (M. m
5. 62 5.7 5.8
(1) 100 = (98.6) =5 (98.3) 29— (98.3)
125 48 (90.2) 43 (9s.2) 20 (98.0)
(I
175 GTOIG— (99.3) 6 14 514 402.3) L%— (99. 4)
Calculated voltage s s
Table 7. Measured voltage and the ratio(%)
(P=1950 ©-cm, h=0,5)
LamA) | 2135 [ 405 1 | w22 | usss
V"‘ 22 (v) ’ 292 (102.06) ! 1036 (98.67) ’ L517 (101.13) 1895 (or.0m ’ 213 (102.21)
Calculated voltage s o
Table 8. Measured voltage and the ratio(%)
(1.=320. 28 mA, protected area; 2.56224 m?)
= h
\ 0.25 0.5 0.75
2(Q-cm)
: 13, 60 14.18 14 51
1050 111 (96.45) Ti7(96.46) (96.73)
17.51 18 23 18. 74
1400 155 (96.2D) 18.28 96, 21) 165 (96.10)
1950 257 (08.63) 2“ 7“ 2474 98.96) B37 (97.58)
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Table 9. Calculated polarization potential and measured polarization potential
(fe=125 mA/m’, p=1950Q-cm,
T.P.:3.4cmD. 0.32cm¢, 2400cmL )

x(cm)|
Ny 0 150 300 600
o 170 | 169. 992 l 169. 985 169. 980
0.2 | C | 167.3 137.7 '| 119.1 107.5
ll M 170 | 138 '| 118 105
T | |
e 140 | 139.993 ; 139.988 | 139. 983
0.5 \ c. 136.7 § 124.0 { 116.0 ; 111,12
1 M 140 | 125 | 116 110
cr !l 125 l 124. 994 | 124. 989 | 124.985
0.75  Ce | 124. 4 | 17.5 \ 113.1 | 110.5
M \ 125 | 120 | 115 | 113
Cr o 120 | 119. 994 ‘l 119. 989 | 119. 986
Lo ¢ G | 117.1 \ 112.8 110.1 | 108.5
M 120 ‘ 17 | 116 . 115

% Cs: calculated polar. poten. by the already-accepted former formulae,
C.: calculated polar. poten. by the empirical fomulae.
M: measured polarization potential.
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