CATHODIC PRGTEGTION'
THEORY AND EXPERIMENTATION

By
ATHA WINFIELD McMURTREY, JR.
i

Bachelor of Science in Electrical Engineering
University of Oklahoma:
Norman, Oklahoma
1945

Master df,Electrical Engineering
University of Oklahoma

Norman Oklshoma
1948

Submitted to the faculty of the Graduate School
of the Oklahoma Agricultural and Mechanleal
College in partial fulfillment of the require-
ments for the degree of
DOCTOR OF PHILOSOPHY



(;,:«,f\’?' "‘Qm

%m@ﬁz ﬁﬁ”"?@%

Lyg f‘ﬁ,{yf
R o
oy ‘;; v Oy
9% 4

CATHOPIC PROTECTION: THEORY AND EXPERIMENTATION

Thesis Approved:

Chairman of the\Ad;iégéyfégm@igtée
AT L Lo
A
Q. /Ya_e:&:,

Dean of the Graduate School

e
Do
£rs
e

11



ACKNOWLEDGEMENT

It 1s' a pleasure to'express-my“appreciation to the Chalrmsan
and Members of the Advisory Committee for thelir guidance -of my
graduate program, helpful advice, and constructivé eriticism.
ThQ personal attention and ald which the Advisory Committee
extended to me wasvinvaluable. _

I also wish to express my gratitude to Dr. Scott P. Ewing,
Research Laborétory of the Carter 0il Company, for his expert
counsel and encouragement.

And to my wife, Jeannine, who spent many tedious hours
tYpimg notes, rough copy, and finally the‘finished manuscript,

I offer my sincere thanks.

iii



TABLE OF CONTENTS

Chapter
INTRODUCTION . . . .

I. ELECTROCHEMICAL CORROSION . ., ., . . . .
Electrolysis and Natural Corrosion

The Status of Corrosion Engineering
* Research Today . . .

[ ° o ° L] ]

II. CATHODIC PROTECTION AGAINST CORROSION - .

Analytieal Expression of Cathodic
Protection . . s o s .

Effect of the Resistivity of the
Earth . . v ¢« ¢ 2 o o o« o o o o

III. MEASUREMENT OF POTENTIAL, CURRENT, AND
RESISTIVITY o R o o o 0 o B o £ o 2 o L d -

Measurement of Potential . . . . .
Measurement of Current . . . . . .
Measurement of Resistivity . . . .

Iv. METHODS OF CALCUIATING GROUND-RESISTANCE
OF ELECTRODES . . . . . & & o o o« s o

The Classical Method . . . . .
A Supplementary, or Alternative,

Method -@f Caleculating the Ground-

‘Resigtance of Electrodes, Based
upon Gauss' Theorem o s e e o e e

V. CURRENT-POTENTIAL CURVES . . . . . . . .

VI. ELECTRICAL METHODS OF PERFORMING BASIC
EXFERIMENTAL RESEARCH STUDIES . . . .

Explanation of .the Two Types of
Experiments . . .
Methods of Performing the Two Types
of xperiments o » o . o o o
VII. SUMMARY AND CONCIUSIONS . . . « « « o .

BIBLI OGRA PHY ° ° o ° o ° e o o ° ° ° ° ° ° ° . ° » . .

iv

Page -

14
20
23

23
39

48

48
57
62

65
66
T1
84

100

100
106
120



Table

20

3.
4.

LIST OF TABLES

Page

The Potential Series of the Metals . . . . . . 8
Resistivities of Electrolytes . . . . . . . . 14
Resistivities of the Barth . . o « « o o . . . Ul
Resistivities of Metals . . - -« o o - « « « « 4}



10.
11.

12.

20.
21.

LIST OF ILLUSTRATIONS

Page

An Electrolytic Cell . . . . ¢« ¢« ¢« o « » » « » 10
An Fleotrolytic Gell . . « ¢ o ¢ ¢ o « o o o« +» 1®
AReversible Gell . . . . . ac o ¢ ¢« ¢« o o s « 15
Iecal Corroslon . . . ¢« ¢ ¢« o o ¢ o o s o = o IT
Equivalent Circuit of the lLocal Cell . . . . . 26
Simplified Equivalent Cirecuit . . . . . . . . 27
Equivalent Circuit with Protection Applied . . 28

Local Cell Equivalent Circuit, including Earth
BERIREIVERY 00 vce v w b 00 @ @ bpoan o & 39

Equivalent Circuit including Earth Resistivity,
with Protection Applied . . . « . . « « « &

A Potential Measuring Circuit . . . . . . . . 49

A Potential Measuring Circulit, with Protection
App lied © (-] L] L] o L] L o o L] 2 L] - L] L o Ll . 52

>

Compensated-Bridge Potential Measuring
c 11‘ cuit -] o L] o o o L o L] o o o L] e - Ld L] ° 55

Current Measuring Circuit . . . . . . . . . 58
Corrosion Locator Circuit . . . . . . . . . 59
Corrosion Locator Circuit . . . . . . . . « 59
Corrosion Locator Circuit . . . . . . . . . 61
Hemispherical Ground Electrode . . . . . . . 67
Spherical Ground Electrode . . . . . . . . . 69
Hollow Cylindrical Ground Electrode . . . . 70O

Current Ground Electrode . . . . . . . . « . T3

- N

Spherical Ground Electrode . . . . .« « « - « 15

vi



Figure Page

28. Two Spherical Ground Electrodes . . . . . . . T8
23. Two Spherical Ground Electrodes . . . . . . . T9
24, Current-Potential Curves . . . . . . . . . . . 85
25, Current-Potential Curves . . . . . . . . . . . 86
26. Current-Potential Curves, Semi-Logarithmic . . 90
2T Current-Potential Curves, Semi-Logarithmic . . 91
28. Potential-Time Curves . . . . . . - - « » - - 104
29. An Experimental Potential Circuit . . . . . . 106
30. Potentlal-Time Curves . . « « o o « « « « « o 107
31, An Electronic Regulator . . . « . « « . « « . 108
3. Modification of the Electronic Regulator . . . 110
33. A Constant-Current Regulator . . . . . . . . . 1l1
3%, Current-Time Curves . . . . « « « « » « « o o 113
35 Test~-Cell Difference of Potentlial versus

SUFTRRE o ¢ ¢ 3l em ow b G e s o w ow e e AdD
36. A Constant Difference of Potemntial Cirecuit . . 116
3T+ Regulated Potential Difference and Current,

versus Elapsed Time . . . . « « ¢ « « » o « 118

vii



INTRODUCTION

SCOPE OF THE RESEARCH:

Cathodic Protection 1s a relatively new field of engin-
eering endeavor. Only in the past fifteen years has it been
subjected to extensive study, application, and research.
Cathodlic Protection is of an electrical character from its
conception to its application. Electrical measurements of
potential and current are the means used to determine when
and where protection should be applied. Electrical measure-
ments are the means by which the success of the protection
i1s judged. Between the initial and the final measurements
is the installation of Cathodic Protection, which is itself
the controlled application of electrical voltage and current.

The object of this dissertation is to present a unified
analysis of Cathodic Protection beginning with the fundamen-
tal theory and ending with experimental results and new
methods of research experimentation. By representing Cath-
odic Protection in equivalent circuit form, the writer has
found it possible to derive each of the two known fundamen-
tal theorles from a more general expression obtained by cir-
culit analysis. After this verification of equivalent-circult
representation, a new extension to the fundamental theory 1is
made which includes the important effect of the resistivity
of the earth; this effect has not been considered in either
of the two known theories. Reliable methods of measuring

potential and current are presented in detail; the methods



are applicable to many types of buried structures. A method
more general than the classical method of calculating elec-
trode resistance-~to-ground is given with a comparison of the
two methods.

Experimental results are usually presented with no more
than a qualitative reference to the fundamental theory. This
tends toward the inference that Cathodic Protection 1s en-
tirely empirical. The experimental results presented herein
are correlated with the fundamental theory in what 1s be-
lieved to be the first analytical expression of such results
in the exact mathematical form of known functions. The pre-
vious theory was expressed in equationé containing terms
written in general functional notation because the particular
functions could not be expressed in terms of known functlons
which would apply to experimental results in general. The
author has developed a single empirical equation in literal
terms which can be easily fitted to any particular set of
experimental data of characteristic form. Of most importance,
the characteristic form is the only known quantitative method
of determining the proper magnitude of current for protection
of a buried structure either proposed or already in existence.
A complete numerical example of fitting the literal empirical
equation to a set of experimental results is given in Chapter
V. This powerful analytical correlation of theory and experi-
mentation 1s believed to be both original and unique.

The final chapter of the thesis proper 1is devoted to
methods of conducting fundamental research studies in experi-

mentation. Two types of basic experimentation have been



reegmmended‘previouslyﬂfor”universal'adoption;*but'teidatewwm~wm
no sucecessful methods of performing-the two types of experi- -
ments have been published. Im,Chapter~VI are*fhree*methnds-
of performing one type of experiment, two of which are origi-
nal andwnnewadaﬁted“frcmﬁanother”snurce;:and”twa‘methﬁﬁs~of~-
Pérforming“the”seconﬂ'typewof“experiment;'one of”which”isv
@figinal»and the other adapted. All;of thelmethOQS“embody
the use'gf elect;onic circuitg° Te%t results of the perform-
ance of the electronic circuits are given in graphical form
which indicates the reliablility of the circults. |
Successful Gathodic‘Protection,‘baséd on sound knowledge -
of the principles of both theory énd experimentation, saves

many dollars for each dollar spent.



CHAPTER I

ELECTROCHEMICAL CORROSION

Corrosion has been compactly defined as destruction of
a metal by chemical or electrochemical reaction with its en-
vironmentl. This form of metallic disintegration is thus
distinguished from erosion, which is destruction of a metal
by mechanical means. Much corrosion is largely an electro-
chemical phenomenon characterized by the flow of an electric
current, particularly in regard to corrosion of ferrous me-
tallic structures buried in the earth.

Historically, the earliest attempt at prevention of
corrosion preceded a sound quantitative theory of corrosion
itself. In 1824, Sir Humphry Davy, renowned British scien-
tist of the early nineteenth century, reported2 the use of
zinc in the protection of copper-sheathed ship hulls immersed
in sea water. Only a few years later, in 1833, Michael Fara-
day, the greatest of the experimental researchers in electrici-
ty and magnetism, was led to the conclusion that electricity
might be atomic in nature, based on results of his studies
in electrolysis. The results showed that passage of a definite
quantity of electricity through an electrolyte caused the de-
position out of the solution of a definite quantity of the

o

5. =, Uhlig, Editor, The Corrosion Handbook (New York,
1948), p. 3.
2

Philosophical Transactions of the Royal Society of
London, GCX1V ELondon, 182%), p. 151.



material composing the electrolyte. Faraday's experiments

in electrolysis further led him to belleve that a finite,
small, indivisible quantity of electricity existed. However,
it was more than a half-century later, in 1894, that the
smallest quantity of electricity, the electron, was identified
and measured by Sir J. J. Thomson. The experiments of Faraday
vwere performed many years before the atomic structure of matter
was accepted as scilentific fact, which in turn preceded in-
vestigations into the structure of the atom itself—both of
which led eventually to our present-day belief that all matter
is electrical in nature. Acceptance of the atomie theory of
matter came when the development of chemistry culminated in
the Periodic Table of the Elements, by Mendeleef in 1870.
Probably because chemistry then dealt primarily with reactlions
between atoms rather than with the internal structure of the
atom, the belief that the atom was the smallest individual
particle of matter was held until Thomson's measurement of

the ratio of charge-to-mass of the electron.

The portions of Faraday's volumes of publications,
"Experimental Researches in Electricity", that are devoted to
electrolysis repeatedly emphasized the connection between the
chemical action and the passage of an electric current. The
basic mathematical equation relating the metal dissolved at
an anode, or deposited at a cathode, with the electric current
flow through zan electrolyte between anode and cathode was

formulated in 1837 as Faraday's law:

we
(1-1) M= ~98.500n



where M 1s the mass of matter in grams, W is the atomic weight
of the substance, n is the valence (number of electrons that
may be gained or lost by an atom), and Q is the quantity of
electricity in coulombs. This equation can be written

Wit
-2 M = ~g¢,500m

if the current I, in amperes, is constant in time, and t is
the time 1n seconds. Though I 1s usually considered to be a
"direct" current, it is more proper to consider it as a uni-
directional current: one whose direction of flow is constant
but whose magnitude may vary with time. An exact method of

accounting for time-variation is to write Faraday's Iaw'as

b
W
(1-3) M= W[ I &%

where I = f(t), a function of time. Faraday's Law was the

result of electrolysis experimentation utilizing an external
source of electric current, but 1t is equally applicable to
the usual cases of corrosion in which the current is main-
tained by attack of the metal itself.

The flow of an electric current in the corrosion process
suggests differences of potential. The potential of a metal
i1s usually explained with the aid of half-cells. Thus, the
normel electrode potentlial of a metal is the potential differ-
ence of a half-cell composed of the metal in a solution con-
taining normal ionic concentration of ions of the metal.

Some standard of reference must be chosen for comparison of
the normal electrode potentials of the various metals. The
arbitrary zero of reference in general use 1is hydrogen, so

that the normal electrode potentials can be expressed on the



Hydrogen Scale. The particular electrode potential is then
numerically equal to the voltage measured between 1) the metal
immersed in a solution of salt of the metal containing normal
activity of ions, and 2) black platinum, saturated with hydro-
gen, in acid with normal activity of hydrogen ions (the two
solutions in electrical contact). This can be shown schemati-

cally as the voltage of a cell composed of two half-cellsS.

Solution of Acid with Black platinum
salt of the normal acti- saturated with
(1-a) Metal | metal contain- | vity of hydro-| hydrogen at 1
ing normal act-| gen ions. atmosphere
ivity of ionms. pressure.

Table I lists the normal electrode potentials of some
of the more important metalsu, For each metal listed, the
potential is the voltage of a half-cell composed of the metal
immersed in a solution of ions of the metal containing normal
ionic activity.

The location of the potential difference within the half-
cell is of interest. It is usually regarded as a difference
of potential situated at the interface of the metal and the
solution. Therefore, in a cell composed of two half-cells,
the voltage of the cell would be the algebraic difference of
the potential drops of the two half-cells at the interfaces
of the two metals and their solutions. However, if the two
metals forming the electrodes of the cells are joined to-
gether externally to the cell, then a potential difference

39. R. Evans, Metallic Corrosion, Passivity., and Protection,
(London, 1946), p. XXIII. :

Youe values are from Standard Handbsek for Blectrisal
Engineers, (New York, 1941), p. 1917.



TABLE I

THE POTENTIAL SERIES OF THE METALS

METAL
Gold
Platipum -
Silver
~Mereury
‘Gopper
“Hydrogen- -
s
Tin
‘Nickel
. Cobalt

"Irpnm(ferrousﬁ

Cadmiam-
B p—
Zinc
A Tumiwom-
“Magnesium
Sodium

"Patassium

VALENCE

T T O I I L T T IV

POTENTIAL, (VOLTS)
10795
+0.793
+é»347
0.0
0132
0146
-0.20
=0.23
031
“0.42
-0.47
~0.77
510337%,
1.8
-2.715-

- =2.925



willl be situated at the interface of the two dissimilar metals5.
This 1s the contact potential difference, which is equal to
the difference of the work functions, in electron-volts, of
the two dissimilar metals. The work function of a metal is
the work of removing electrons from the atoms of the metal,
and is the same work function considered in the thermionic
emission of electrons from metals. The voltage of a cell
can, then, be regarded as the contact potential difference

of the two metal electrodes modified by corrections for the
actual potential differences existing at the interfaces.

It is interesting that there are two alternative explanations
for the potential difference of a cell. Though the contact
potential viewpoint is apparently quite correct, the concept
of the potential drop at the interface of metal and solution
seems to be more widely accepted.

The positive and negative signs assigned to the potentials
of the metals in Table I are in accordance with the directim
of flow of the conventional current in the circuit gxfgrnal
to the cell. Instead of two distinct half-cells——valuable
in the explanation of the reference standard of potentials of
the metals——the usual cell is composed of two metal electrales
immersed in a single electrolyte, as in Figure I. For a spe-
cific example, Ml can be taken as copper, M, as zinc, and the
electrolyte as sulfuric acid. The cell is then as shown in

5Irving Tlangmuir, YThe Relation Between Contact Poten-
tials and Electrochemical Action", Transactions of the Electro-
chemical Society, XXIX (1916), pp. 125-183.
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Figure 2. The copper and zinc electrodes are joined external-
ly through a switch by a copper wire. If the switch S 1is

M M

1 2

— -

.l Electrolyte L.| .

B, 4

Figure 1. An Electrolytic Cell.

electron flow i (conventional current)
< e
3N _
+Cul | -Zn

! L el
e G 1, PN |

'}

Figure 2. An Electrolytic Cell.

closed, the conventional current, i, flows from positive to
negative in the external circuit. This flow is opposite to
the externa; flow of electrons from the zinc to the copper
because of the difference in work functions of the two metals.
In the électrolyte, there is no flow of electron current:

the current flow is a flow of ions, a characteristic of elec-
trelytes. The current flow in the electrolyte of Figure 2

1s the rssult of the motion of two types of ilons: negatively-



11

charged ions, or anions, which flow to the anode (zinc); and
positively-charged ions, or cations, which move to the cathale
(copper). Since negative ilons are moving to the negative
electrode and positive ions are moving to the positive elect-
rode, the fundamental notion of like electrical charges re-
pelling and unlike charges attracting is seemingly violated.
This apparent discrepancy can be dispelled by tracing the con-
tinuity of current flow in the entire closed circuilt. Because
of the difference in work functions of the zinc and copper,
electrons will be given up by the zinc to the copper in a
flow as indicated in the extermal circuit. These electrons
on arrival at the copper electrode will combine with the posi-
tive hydrogen ions flowing in the electrolyte to the copper
electrode. At the same time, the negatively-charged lons
flowing in the electrolyte to the zinc will yield their excess
electrons to the zinc and thus replace the electrons lost by
the zinc to the copper in the external circuit. The gontinulty
of current flow i1s thus established and confirmed.

This cell exhibits a potential difference, as predlcted
by values 1n Table I, and there is a current flow. Therefore,
electrical energy is being generated by the cell as a source.
This energy is derived from the zinc electrode, with the re-
sult that the zinc is consumed in the process as indicated by
Faraday's law. The anode corrodes and the cathode remains 1n-
tact in the cell. The flow of lonic current in the electrolyte
and the removal of matter from the anode are bound together
as cause and effect. The electron current flow in the external

circult leaves this circuit intact, as this current 1s a



12

drift @f”freeweleetrvnsmfrom“&tom~to*atam*in“the“externai
condue%@rw&qdwqoes“nntwalterwthewswbstancemof“the“cﬂnducter:~"v
7 Thepotential @ifference of ‘the cell as measured with
the:externaiwctrcuit”bpen”is~somevhat”different*fram”the~“

va lue measured while & current flows in the cell. Prior-to
closing-the switeh im- the circuit of Pigure 2, there is a
tendency for-the positively-charged metallic zinc ions to go-
1nt9:hoiutionc"WThIS'1§"amtendeqcy”aﬂ”&ny“mgt31Wparﬁly“im_~
mersed 1n an electrolyte. The trénsfer of the positive lons -
to the solution leéves a surplus-of free electrons -on the

zinc plateu~?Amcumnlation”of“themnegativewchargeMWM”the“plate"“~
builds uﬁ;a~force of attraction for the positive lems which
holds them close to the plate.  Therefore, a positive space~ -
charge exists,.in the solution, whose electrostatic fofce of
repulsion prevents more positive ions from entering the solu-
tion. The potential gradient 1srrelativély«highrin the regian o
immediately surrounding the zimc, because of the proximity of
positivewand~neg&tive-ch&rges-——another indication that the -
potential difference~1s~concentrated in-the-regien‘of-thew"
metal-solution interface. Closure of the switch completes

the electrical circuit, the‘positive 1ohs are set ;nte motion,
and the electrostatic fleld is weakenedx1wThe~positive~zinq

ions combine with the negative sou ions to form zlnec S&lfgbe,
4nS0,, which instantly dissoives in the solution. The pbsi-
tive ion that actually reaches the copper 1is thevhydrogen-ion
from the solutidn° As these positive hydrogen ions accumulate -
on the copper, they form a sheath about the copper electrode -

which both shields 1t electrically from the solution and also
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reduces its effective area presented to positive ions moving
through the solutlon.

Electrolytes conform to the empirical law for resistances,

, 5L
(1-4) R = )" n |
if the potential gradient does not exceed 300 to 400 volts per
centimeter. Ohm's Law relating current, voltage, and resist-

ance,'also holds for electrolytes, within the same limltations

(1-5) E = IR

established for equationm (1-4). Because of the accumulation

of positive ions at the cathode, and the consequent reduction
of the effective cathodic surface ares, the ohmlc resistance

of the cathode increases. As the positive ion sheath becomes
more nearly complete, it replaces the copper electrode as the
cathode, and the net potential difference of the cell is there-
by decreased. The change in the potential difference of the
céll is called polarization, and the amount of the change 1is
the polarization electromotive force (voltage). So, with a
current flow in the cell, both the (IR) ohmic resistance volt-
age drop and the polarization emf-——g back emf within the
cell—tend to decrease the terminal voltage. The opem-circult.
potential of a cell is dependent almost entirely upon the
materials of which the eleétrodes are composed;‘it is indepeﬁ-
dent of the kind of electrolyte and of the size and position
of the electrodes, but varles somewhat with the ionlc concen-
tration of the cell and only slightly with temperature. The
internal ohmic resistance of the cell varies with the sizé

and positlion of the electrodes and with the concentration of
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the ele@tro&yter
) Thewépeeificwresistaneeg orwresistivity;*of an electro- -
lyte 1s~vemWWhighwcwmparedﬂwith"mcst“me%a&s;‘and'itlvar;eS‘;~

6

with themiontcwcameegtrat;cnv““Typi%al*values~ of regigtivities

for some common electrolytes are given in Table II.

PABLE II
'RESISTIVITIES OF ELECTROLYTES

Electrelyte ' - “Reststivity,ohm-cm at 20 C

H,0 (distilled) | 5x10° -

NaCl (saturated) - by

CuS0, (saturated) 29.0°

KC1l (normal) | 9.8

H 80, (normal) 4.8

KOH (normal) 5.2

ASN03 (nqrmal) | »14.3

;ELECTROIXSIS AND NATURAL CORROSION

The two common types lof électrochemiéal corrosion, 1)
electrqusis and 2) natural corrosion, will be compared in
order to distinguish the basic meanings of the two terms.

The application of an external direct-current source,
| such as a generator or battery, to a simple cell can cause
elther electrode of the cell to be the anode or cathode, de-
‘pending only upon ?he relative polarity of the external

source. The cilrcult is shown in Figure 3.

6. 7. Creamer, Elements of Electrical Engineering (New

York, 1948), p. 105.
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Mljand M2 may be of the same metal, or they may be dis-
: . len g
similar metals. Either may be made anodic simply‘bé reversing

External Source

W O

Figure 3. A Reversible Cell.
the polarity of the external source, as 1is apparent from
Figure 3. This 1s the type of corrosion commonly called
Electrolysis, or Corrosion from_Straj‘Gurrgqts. gt is associ-
ated with direct-current generating and d§g¥;2g:;£;z§jsystems
whiech utilize the earth ég all or a part Qf the return con-
ductor. The Stray Currents in returning to the genéerator may
enter and leave such underground structures as water pipes
and gas mains. Where the Stray Currents leave the structure
to flow into the earth, by analogy to a.simple cell, is an
anodic area, and is subject to corrosion. This type of cor-
rosion is primarily caused by the external source of current.
There 1s some difference of opinion regarding corrqsion from
aiternating current as compgred with direct curren£.7 Alter-
nating-current corrosion is directly related to frequency. If

the frequency is quite low, a few cycles per second or less,

7Evans, p. 40.
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the direct—qurrént~@onditionjis approached which 1s the severe °
lim;tingwcase;- The ‘ordinary commercial pewerffrequenciqs,
fifty @rwsiityfcycles per second;'arewbelieve&“to-resmlt in
enly l-per-cent of the corrosion caused by an equivalent direct
currentg~"But~atwthE“reiatiﬁely“high radio frequenclies, 1t is
also known that -the ground terminai;-such~38‘a water pipe, of
8 radio recelving set exhiblts comsiderable corrosion; the
reason-is~unkhawqo, The' most -obvious procedure for reducing
cerrogien~fr@mmstray”curr6nts is'the wrapping of the buried
sﬁrueturgwin‘an“insulating«materialo Though this 1is obvious,
i1t is not perfect. No wrappingjis completely free from minute,
pin-holewimperfections;' Where the corrosive stray currents
are distributed in space along a bare pipe, these same currents
are concentrated in the imperfections of a wrapped pipe. This
is actually a worse condition than results from no wrapping
af all. By Faraday’'s Law, about 20 pounds of iron or steel
.are‘dissolved by one ampere in one year. If the current is
confined to the small area of a pin-hole, the pipe is pitted
completely through to its immer surface in a very shért time,
resulting in failure of the pipe. Wrapping is not a panaces
f@rAthe'ills of corrosion; more correctly, wrapping only mékes
more practical the electrical methodlpf Cathodle pﬁoteetion,
which 1is the subject of this thesis é; be treated fully in
later chapters. =Some cooperation i1s necessary between the
electrical generating companles who cause the stray currents -
and the water and gas companies whose pipelines suffer from-
the currents, as 1s often found betweeh power and telephone

eompaniés in the matter of interference between transmission
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lines.

The simple cell shown in Figure 2 may be construed to
represent a form of Natural Corrosiom. _There’iS”nO“external‘
source of current, but a flow of current exists in theuelosed
circult as a result of the dissimilarity-of the two metal
electrodes. The anodic electrode, in ﬁhis example the zinc,
corrodes where current leaves it to flow into the electrolyte.
Instead of two distinct electrodes, as in Figure 2, minute
local cells may exist on a single piece of metal in the earth
as & result of the non-homogenous structure of the metal it-
self. One such cell is shown in Figure k. The‘earth is the

.electrolyte, the metal 1tself'1s the metallie connecting

An /;;ﬂ;r 'j\\$§V¢2A '
()B\\\‘: t\ ‘\‘l“ka\kk‘\,‘l‘.l‘l"e

' 'Figure . Local Corrosion.

v

link between anode and cathode to close the clrcuit, and

corrosion occurs on the portion of the metal where current
‘leaves it to enter the earth. Even if the metal were per-
fectly homogeneous, a local cell could exist because of non-
homogeneity of the electrolyte comnecting two portions of

the same metal. Another cause of a local cell formation is
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tpe therm@eauple'effectj g difference of potential may exist
betwéen'tw0~p@ints'in~the»sams'metai because of aidifferenee
in temperature of the two poimts: Still another cause of
local cells“ié*stress“differeﬂﬂeswwithinwthewsame”metal,
which is a plezoelectric phenomens simllar to the action of
crystals used 1n electroniec osclllators. Local cells may be
formed as the result of potentials induced in the metal by -
changes 1n the magnetic field of the earth, or by magnetic
storms. Thﬁs, there are many different melns of ereatihg
the local eéllsa - However the cell may be caused, once 1t
éxists-there=is~an“accompanying eleetrié current flow and
the 1nevitable corrosion. Regardless of the mode of ereation
of the cell, the cell has four common parts: the corroding
anode, the cathode, the electrolyte, and the metallic éene
ductor cemnecting the anode to the cathode. The eell_is 8
closed electric eircuit; ,
Natural Correosion, eraorroSi@n from formation of natural

local cells, can exist whether or not an external source of
electrical energy is involved. It is found im isolated areas
gy far from citles whi@h have ground-return d.c. dlstributl@a '
gystems or d.c. electric street railways. It 1s of particular
e@gee?n to the petroleum industry, which lays buried pipelines
in many places quite remote from stray-current sources. The.

author has frequently separated thé metal e@nnectien between
the casing apd surface flow lime at we11=headsy£££§réd§ of
miles frow any external source of d.c. stray currents, and
bas measured through a low-resistance ammeter eurrents of 35

to 40 amperes flowing down to the well-casing. The egrreap@mQS»
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ing measured potential difference between casing-and flow line - ----

at the pelint @fhseparation gashonly‘Qerw tenths of one volt.
The ohmic resistances of both the metal and earth\paths of
current flow are very low. Such large destructive currents
cause ‘failure of casing in a very few years or even months.
’Krapping of well-casing is impossible; Cathodlec Protectlon is
the only solution to elimination or reduction of casing cor-
rosion, and this 1is alse true in regard:to the large oii
storage tank bqttans which are alﬁays in contact ﬁith the
-earth.,'Theimetai rods iﬁ reinforeed concrete are subject to
"qorrosien froﬁ’localvcell action. The oxides that form on
‘the sufface of the,réds ihcrease the, volume occupled by the -
rods which in turn in@rqugs internal stresses of the concrete
te the point of failure. Wrapping of these reds would aid
‘not at all singe loéél eells'are the corrosion source; only
Cathodic Protection can preﬁent such corrosion. -
It-1is quite possible that é nev source of corrosion emfs
has been discovered by research on pipeline pressure surges
recently conducted by the Engineering Experiment Station,
Oklahoma A and M Gollege.8 Generaiéd”potential differences
due entirely tbvthe flow of fluid within the pipe were detected
and measured. In addition, measurable fluctuations of the
generated potentials wére attributed direetly to the fluid
pressuré surges that result from pum,ping° Potentlal gradlents

o the eordsr of several millivolts per inch were recorded,

'ﬁ8Jo R. Norton, "A Theoretical Study of The Electro-

kinetic Tfrvansdu@ergi (unpublished M.3. thesis, Oklahoma A and
M College, 1951). :
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which are-high compared with thqse-méasured on empty pipe and
casing,~‘Theﬁvery“existence“of’these*flow'emfs”implies~that
gorrosion ecurrents will flow as the résult of fluid flow, &and
S0 may be expected in eitherwpipeiipes or well-casing. - Though -
the study which discovered the flow emfs was not concerned
with ceorrosion, it 1s agaiﬁ mentioned that corrosion 1s caused
by the emfs without regafd“te the mode of creation of the emfs. -

The éonditioné in the fleld, whereEnatural corrosion is
found, are often quite different framfthose'inta laboratory,
where eonditiops may be contfolled to a certaln extent. It
1s obvious that buried metal structures in the field cannot
be eXxamined or observed physically by an investigator. It is
for this reason that electrical measurements must be utilized
and. relied upon as the means of detection and measurement of
corrosion acti?ity underground. ~Coﬁresion engineering, much
of which consists of electrical measurements, 1s not an exact
science. Its development depends upon application of engineer-

ing principles based on the laws of physieal science.

THE STATUS OF GORROSION ENGINEERING RESEABGH TODAY

The enormous coétvtf corrosion to industry, estimated
at over five billion dollars yearly, has- attracted the attention
of_many_s§1e3t1f1¢ and technical groups in the United States.
The accepted electrochemical theory of corresion was proposedg
in 1903 by Dr. Willis,R. Whitney, Vice-President and Director

of Research for the General Electric Company for many years.

9"The Corrosion of Iron " Journal of the Amerlcan Chemgpa

Soclety, XXV (1903), pp. 394-406. |
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Since that time, the investigation of corrosion has cut across
the boundaries of many flelds of scilence and engineering. At
present, the Americaﬁ socleties which have sections or commlttees
devoted to corrosion are: The American Chemical Soclety, The
American Gas ASsqc;ation, The American Petroleum Institute,
The American inétitute of Electrical Englneers, The American
Institute of.Mining and Metallurgical Englneers, The American
Society of Mechénical Engineers, ThefAmericgniSéﬁiety for 8
Metals, The Amerilcan Soqiety for Testing Materials, The Ameri- .
can Waper'Warks Association, and The Electrochemical Soclety.
The NationaijAssociatién of Corrosion Engineers, founded in
1944, publishes a monthly journal which, like the Associatien,
is devoted entirely to corrosion engineering and research.

A stimulus to fesearch in corrosien, and to an apprecla-
tion and understanding of cor;oéion problems, 1s the estimate
that 20 per cent of the five billion dollar annual loss can
be saved by reseazfeh°

- There seems to be a vold between the electrochemical
theory and the many different attempts to prevent corrosion.
The vast number of applications of protection against corrosion
has greatly exeéeded the basic knowledge. At preseant, it 1s
not precisely possible to predict accurately the quantitative
degree of protection required for a proposed application.
Nor is it exaetly possible to state accurately the quantitative
degree of protection actually furnished to a given application.
Besause electriecal poten%ial and current are so much an integral
part of the corrosion mechanism, it would be useful to the

engineer to base both the corrosion and the protection pro-
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cesses on familiar principles. Equivalent electrical circuits
have long been used in the analysis of transformers and 1in-
duction motors, and equivalent circuits have been adopted
wldely in the last decade as analogue representations of
hydraulic, mechanical, and thermal systems. Representation
of both the corrosion and the protection processes by eQuiva-
lent ecircuits will aid in uni?ying the understanding of both,
as well as providing a means of'quantitative description and
analysis.

Refinements and new developments in the methods of
electrical measurements are constantly sought for use in
corrosion research. Basic facsimlle experiments utilizing
'small specimens have been recommended as a means of providing
knowledge of & fundamental nature. Since these experiments
are of an electrical charéeter, electrical regulating-cirecuits
should be developed as a first necessity in order to make the |
experiments possible. These facsimlle experiments can be
conducted in any gilven soil environment in order to determine
the criteria for protection, in terms of critieal potential,
current-density, or both, for the particular loecality.

Each of these topics will be considered in subsequent

chapters of this thesis.



CHAPTER IT
'GATHODIC PROTECTION AGAINST CORROSION

~ ANALYTICAL EXPRESSION OF CATHODIC PROTECTION
- The most extensive enginéering_meéns of diminishing
~electrochemlcal corrosion underground 1s the baslc electrical.
) method called Cathodiec Protectienor The protectlion 1s achleved
when the undergrdﬁnd structure is caused.te~béd§mé cathodie
with Pespect'to the surrounding earth. Since corrosion—oecurs
at the\boints of the stfueture.where'currént flows from the
metal to the earth, thus comstituting anedic polnts, 1t ecan
be seen that a sufficliently large current supplled by»an ex-
ternal d.c. source, which 1s connected to force the current
through the earth and into the stru@ture, could be applied to
negate the_free corrosion current. This qualitative descrip-
tion of cathodic protectlion will not serve as an accurate
méans of determining the magnlitude of the protective current
relative to the free corrosion current.

}’ Cathodic protection can be regkless}y applied without any
'.hmdwledgg of principles. This 1s the method of.solvinQ;dk
aifficglt problem iﬁ'a difficult manner by means of brute farce.
In contrast to this poor procedure 1s the method of science:

' te learn éni apply principles if they are known, and to origin-
at¢ and develop principles if they are unkmown. A great’step
forward in the development of cathodic pr@teetion.was the
origiﬁél'theory of ecathodic protection in which 1t 1s shown
"that eomplete protection is attalined 1f the loecal céll cathode

23
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petgntial is,nedueed}byfpolarization from the applied current
to a value equal to the local cell anode potential.l By a
different line of reasoning, a second theory of cathodic pro-
tection2 has been postulated whieh shows that complete protec -
~ tion may be achieved i1f the local cathode potential is reduced
by the ohmic resistance voltage drop of the applied current

at the surface of the protected metalmto a value equal to the
local anode potential. There seemed to be a éreat deal of
difference between the two theories, so the authors of the
fi?st thegry:published another‘exposition3 in which they imply
' thﬁt the the&ry of Ewing.1s only a part of their own polariza-
ﬁipn thgoryo No representation of cathodic protesction in
electrieg; ciréuit form is to be found in any of the three
articles qited, ‘The writer proposes: 1) to represent cathodic
protection in @ircui¢ form, 2) to derive a general expression ,
as the solution of a eircult representation from which the re-
sults of both Mears and Brown, and Ewing can be obtained, am
3) to extend the general theory by including the effect of
resistivity of the earth, an important effect which has not
been considered in the previous theories; the‘effeet of the
resistivity of the earth is shown quite clearly in the circuit

~ g, B, Mears ana R. H. Brown, "A Theory of Cathodic Pro-

. tection," Transactions of the Electrochemical Society, LXXIV
(1938), pp. 519-531.

"S. P. Ewing, “Determination of Current Required for
Cathodic Protection,” Proceedings ofAThe_Ameriean Gas,Associa-
tion, 1940, pp. 613-622. SEE. E

R, B, Mears and R. H. Brown, "Cathodic¢c Protection,"”
Transaetlens of The Electrochemical Sogiety, IXXXI (19#2),
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representation. The value of representing cathedic proteection,
in circuit form lies in 1ts familiarity to the electrical
enginee? who 18 accustomed to explanatlions of various phenomena
by means of circult theory and analysis. Without a sound Knov-
ledge of principles, the results of experiﬁentatiam are 1n-
comprehensible. With the ald of principles new types of ex-
perimentat{on can be”devised, and the results interpreted.
The circult representation of cathodic protection 1s refégred
te'hérqinuinbterms of equivalent circults. The equivalent
circults that are shown are exaetly equivalent to the cathodic
protection system; the only difference 1s that the distributed
resistances of the earth are shown in the equivalent eircult
in lumped form as resistors. Though the resistance of the
earth 1s distributed, it is also both finitevand?deferminate,
and 1t can be found from direct measurement by a method pre-
sented 1n the next chapter. ’ | -

| .If‘may seem, as a preliminary'eaﬁélusiqn;'that'avprotective
current equal in magnitude and opposite in direction to the
free corrosion current would result in zero current flow to
or from the metal and, hence, no corrosion of the metal would
occur. That the preceding statemént is misleading and often
Verronequs méy be shown with the ald of an equivalent électfieal
clrcult to represent the local cell of éorrosian.

- The local cell is represented as the series connection

“of twb half-cells, one for the potential difference at the
anode-earth interface, and one for -the cathode-earth lnterface
differenoe of,potgntiai:“The equivalent circuit is shown in
Figure 5. The potentials E, and E_ of the cathodic and anodic
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halffceils;~respectively? are shown with polarities in series-

opposition. This connection of the half-cells is necessary

E?: i, R. | R ' |

R‘m? | , | $Re'5

| — MWV

‘Figure 5. Equlvalent Circult of the Local Cell.

because of the negative algebraic sign of the anodic potential
on the Hydrogen Potential Scale, Table I. The resistors Rc
and R are the ohmic contact resistances of the cathodic and

anodic surfaces at the metal-earth lnterfaces, respectlvely;

R and R are the resistances of the metalllic current path

between the cathode and anode and of the earth current path
between the tﬁo electrodes, respectively. As a first approxi-
mation, both Rm and R, may be neglected; R is very small com-
pared with the electrolytic reslistances, and the earth 1tself
1s a very large parallel path for current flow compared with
the surfage areas of the cathode and anode. The simplifiled
apprroximate equivalent clrcuit, omlitting both Bm andMRe, is
given in Figure 6. -

The two currents, iG and ia’ shown 1n Figure 6, are the
currents flowing from the cathode and from the anode, res-
'pectively. The directlions of current flow are éonventional,

considering again the algebraic sign of the anodlc potential
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Eat> The cathodic current ic is shown flowing from the cathode
to the metal which joins the cathode to the anode, and the

anodic current is shown flowing fmom the anode to the earthen

E, . Re
T €A v .
all —— AW
l | WA
| . o L4 4
,';a’ 457 R,

Figure 6. Simplified Equivalent Circult.
current. path joining the anode to the cathode.  Since the
complete path for current flow i1s closed, it is obvious from
inspection of this simple series circuit that the anode current
is equal to the cathode current, or stated analytically,

(2-1) 1 =1 =1

where if is the free corrosion current of the local cell.
Application of Kirchhoff's law of voltage summatlion around

the closed circuit yields the equation

(2-2) E, -E = iR + 1R

By use of the relationship between currents givén by equation
(2-1), the voltage equation becomes
(2-3) E, - By = if(Rc +Ry)
or, in the equivalent form of Ohm's law it is
- E, - By
f RG + Ra

(2-4) 1
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Now, 1f a protective current is forced iaté thefbpri§d3
structure from an external d.c. source connected between the
structure and an auxiliary ground anode, thgn'the equivalent
circuit must be altered to“inciudewthe external scurcq@i‘Thet~.
' new equivalent circuit containing the external ecurrent source:

is given in Figure 7. E b is the external applied voltage,

b
: eic : | Ec | Ric
' 1 F —ANWWA
. k‘a
' E Ra ,

bb}ffl}i‘? 'W9

Figure 7. Equivalent Cireuit with Pretection Apy&iei.
Rs is the resistance of the auxiliary ‘anode to greund 1p is
the proteetive current, and A 1is the auxiliary anode. '

A voltagé'summation equation can be written around the

loop of the two pérallel branches as

v(2f5) Ec - Ea = icRe”+ iaRa

whieh 1is identical to equation (2-2). Kirchhoff's law flor
the summation of currents at a junction gives the relation
(%“6) . ic = ip + ia_;

Substitution of‘equafion (2-6) into (2-5), in order to eli-

minate ie’ results in the new equation:

(2-7) Er,:.y‘= Ea = (ip.+ ia).Rc.+ iaga

giipRc * ia»(Re\+ Ra)

from which, by Pearrangement of termq,
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(2-8) E -E R
——l B = 1 _,...9..__.._ + 1
Bc + Ry P 3c + Ra ' &

For complete protection, the local anode current 1, must be
reduced to zero. "Imposing the condition 13 = 0 upon equa-

tion (2-8), .

(2-9) E, - EaA oy R,
Rc +_Ra P Rc,+ Ra

The left side of equation (2-9) 1s recognized, from equation
(2-4), as the free corrosion current of the local cell.
Therefore, the preceding expression can be written as
(2-10) R,
1o =1, c
| | R, + Ry
whidh relates the free ecorrosion current to the protective

current. Rearranging this equation,

(2-11) R, + R, | : Ry )
1. =1 ' ' a 1 l + ——
A Re

’ Thus, only i1f the anode resistance Ra is very small compared
to the cathode resistance R, does equation (2-11) reduce to

(2~12) | 1p =1, (1 + 0) =1,

which states that the protective current i_ is equal in mag¥-

p

‘nltude to the free corrosion current 1 The currents"_if

f.
and ip flow in opposite directions, as has been indicated in
| Figure 7. 1In general, then, equation (2-11) shows that the

protective current i may be equal to the free corrosion

P
current, as given in equation (2-12), but if the anode resis-

tance Ra 1s appreciable then 1 1s always greater than 1,

_ p
and may be much greater by its dependence upon the ratio of
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R, to R, ) o

- The measurable electrical quantity usually regarded as
the doininant; factor in electrochemical corrosion is ‘-'the ‘poten-
tial of the buried structure. The~potentiaI“6f”an‘electrode
is dependent upon the temperature of the electrode; 1its pdr-
ticular constituent materials, and ‘the composition of the
electrolyte with which it 1s in contact, as has been mentioned:
in Chapter I, but the potential 1s also dependent upon the
surface density of the current flowing to or from the elec-
trode.u "In general, the electrode potential can be expressed
as | '

(2-13)  E = F (T, M, C, J)

in which the electrode potential E is a function of 1ts tem-
perature T, its materials of comstruction M, the'eléctroiyte
composition C, and the current density J on the surface of

the electrode. For a given buried structure, the quantities

C and M do not vary and T varies only slightly, so these can
be taken as essentially constant in value. Under these condl -
tions, the potential of the given electrode is a funetion of
the surface current density; or

(2-14) E=f (J)

The surface curremnt demnsity J may be caused entirely by the
free corrosion current, or 1t may be altered by eontrolled
application of an external protective current. The epenacircuit

potentials of moat metal electrode materials are known, some

%A Hickling, "Studies in Electrode Polarization", Trans-

actions of the Farada; Society XVIIT (1942), p. 27
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of which have been givem inm Table I. With a current flow to
or from the electrode, the closed-circuit potential differs -
from the open-circult potemtial by the (IR) ohmic resistance
voltage drop-and by -the polarization of the electrode caused
by the current flow. Polariiatién”itself was not mentloned

in the preceding development of the conditions for cathodilc
protection. However, from the fact that current flows through-
the anodic and cathodic half-cells in both the freely corroding-
local cell and the cathodically-protected local cell, the
potentiaIS'Eé and E are closed-circuit potentials——the actual
pptentials“of“the\anode'and‘cqthpde; respeétivelyg“whiie“therq
1s a flow of curr;mé. 'fhe'potentialg Ea and~Ec, then, are mnot
true open-circult potentials, regarding open-circult potentials
as the values corresponding to no current flow.

It will be recalled from the discussion of polarization
in Chapter I that this phenomenon is entirely caused by current
flow. When there 1is no current flowing to or'fr@n'a‘buried‘
metal surface, the potential of the metal 1s a comstant fixed
~ value such as the values listed in Table I for various metals.
Only when there 1s a current flow do the potentlals change @
deviate from the constant fixed values. The current 1n an
electrolyte isla]flow of both positive and negétive ions,
actually a flow of the matter or mass of which the metal
electrodes are composed, as distinguished from the ordimary
current flow in 8 metallic conductor which 1s a drift of free
electrons from atom to atom of the conductor. As positive
lons are deposited on the cathode surface, these lons form a

sheath about the cathode which tends to become a more complete
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shield around the cathode as the magnitude of the current flow
is inereased. As the"shield'becomes'mcrefcbmpleté;ﬁths“poten-
tial of”thE'cathc@a“becames*more“thE“poten@ial of the ion-
sheath than the potential of the metal of which the cathode
is composed. Inﬂany’electrolyte‘qoﬁtainingwmoisture; such as
the earth, the positive ion 1s the hydrogen-ion, which is lower
on the Hydrogen Potential Scale than any of the cathodlec metals
(see Table I). Therefore, the cathode potential is reduced
in the“anodicﬁ(more"neg&tive)~direction;!but"againvenly“when~
there is an lon current flow. The reductlon in the cathode -
potential is called polarization, and the magnitude of the )
potenpial“redqcti0n iswea11ed the polarization enf. Thus, the -
magnitude of ‘the change or deviation in the ‘comstant fixed -
reference value of potential is.thg~pobarization'emfa The
equations containing polarization terms will be correlated
wlth ‘experimental electrical measurements in Chapter V in a
quantitative manner which was previously unknawn

The changes in the open-circult potentials of the anode
and cathode caused by flow of current, which are the polariza-
tion voltages, depend upon the direction of current f;ow;at‘
the two electrode surfaces. The direction of the protective
current flow has been indicated in Figure 7 to add to the
cathodie eﬁrrent flow and to oppose the anodie current. Re~- -

versal of the direction of prbteetive current flow is of no

value since this would decrease the cathodic current, lnerease -

the enodic current, and the externally applied current would
be destrugtive rether than protective. The externally applied

current, therefore, will always be»canéidered to flow as a
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protective current. With this customary-current flow direection
now established, it 1s*pessib1e~tefrelatefthe*epenﬁcircuit
potentials to the closed-circult potentials.

Denoting the cathodlc polarization voltage as
(2-15)  AE -z, (3.),

since this“is"the“devi&tion*frem“the*fixed*refereneefvglue,

O

where Jc is the cathodic surface current density

(2-16) 1
,Je = S‘e'

and Se is the surfdce ares of the cathode.  Then the anodle

polarization voltage 1s expresseq as

(2-17) AE = £, () | |
in which Ja is the anodlie¢ surface current density
(2-18) 1q
, 7 =

a Sa

and 3  1s the surface"area of the anode.  The current densities -
Je anvaa are apparent values rather than actugl valﬁqs~be-
cause the surface areas Sc and Sa are of necessity obtailned
from geometrical consideration when possible, whereas the
surface areas are not smooth under a microscople examlnation.
The actual are@s, then, are in general greater than the ap-
parent areas, resulting in higher appafent current dens;tieé:
than the actual densities. | |

With the various curremts flowing in the directions shown
in Figure 7, it is possible to write® :

SThe right members of equations (2-19) and (2-20) are
equivalent to the polarization functions of Mears and Brown,
loc. clt.
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(2-19) E,=~E, ~AE, =E_ - fe(Jc)
and '
.(?-go?> | E, = E +43Ea,e E, + fa(Ja)

because the cathodic current flow decreases the opem-clrcult
cathode potential Eco by the amount of the polarization veltage

AE_, but the anode current flows from that electrode and the
change in potential é&Ea is in the oppesite directionﬁ“in“;ts
effect upon the‘opembcifcui@ﬁanede”p@tential an. The quanti-
ties in equatiens (2-19) amdv(2—2@) should be examined with

due regard_t@ the algebraic sigﬁs of the various component ‘
terms. Withrrespect to the Hydrogen Scale of potential mea-
surement, cathedie peteﬁtiels are lnherently positive and
anodic potentials are negative. Primarily, the pelariz&tien
" voltages are chesé; as functions of the electrode current den--
sities, rather than selecting the actual potentials E'rand E
as the functions, because this cholce of notation in equatiens'
(2-19) and (2 -20) indicates that the actual electrode potentials;‘
differ from the constant reference potentials,E@® and an
only when current fl@ws;',Fﬁnthefmore, the cholce of algebralc
silgns Indicates in whieh.direction the actual petentielsAdeviate
from the reference values, since the pelerizatien voltages are
inherently positive.

Substitutien of equations (2 -19) and (2- 2@) into- equation

(2-5) yields an expression in terms of open-clrcult potentials,

polarization voltages, and current densities:

6 U. R. Evans, Metallic Corrosion Passivit and Protee-

tion, (London, 19467, p. 19.




35

(2-21) E,-E =E -E " (AEé +A_Ea)
= Eo ~Bao - fc(Je) * fa(Ja)

= icRc.+ iaR&w

Equating the latter two forms of (2-21), eliminating E_ and E_,

(2-22) E - Eo=1R, + fc(Jc) + 1R+ £ (J.)

and the protective current iﬁ can-be ‘Introduced by use of
equation“(2~6),”eiiminatingv1@, giving

(2-23) E,-E, = (1p +1 ) R, + £ (J) + LR+ fa(Ja)

= ipR@ + fG(Jc) +1, (Re + Ra) + fa(Ja)
Agaln, for complete protection, the anodle current must be
reduced to zero; also, the anodlc polarization voltage
function fa(Ja) must be zero, since the anodic current 1s

zero. Inserting these conditions in equation (2-23), 1t be-

comes

(2-24) Eeo = Bgo = ipR@ + fe(Jc)
or, equivalently,

(2-25) E =By~ f,(9,) - 1R

Equation (2-25) is a quantitative statement to the effeet!tﬁét;ﬁ )
for complete protection to be achieved, the open-eircuit' - h
‘eathode potential Ee@ must ﬁe reduced by both cecathodie polafi—
zatlion fc(Je) and by ohmic resistance drop (ipRe) to the opem-
circult anode potential ana This statement also is indica-
tive of a very importgnt basic consequénce of applying "ca-
thédiclprote@tion"g the potentlal of theﬁ”eathodieilly-pro-
tected” structurewis"&etually foreced tQ begamevanedié in order -
to achieve cathedic profeetien. The Etrueture-iskeathodic

bec%use current 1s foreed to flow from the éarth'to the
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structure;”in“the“cenventienal”sense;-but‘aS'the~catheaic
protectian“current“iS“incréased;-the“pntentiaquthhe“strueturq
becomes  Increasingly amodic. When the potential of the _ |
structure-becomes sufficiently anodic, as indleated by equa=:
tion (é‘25);Mcompiete“ggzggglg“proteétian“IswrealizedQ An
understanding -of the electrode potentlal phenomenon presented
here iswfmndamental"to“ccmprehension“of‘the“essential”prin-
ciple of~eath@dieWprotéétian,'theugh“thé”téxtboak“explamations'
tend to'presentﬂand'tO”dismiss‘the”entire~s&bject‘with“the  cee
qualitative statement that an external d.c. source is connected . -
to the structure inm such a way’that-eurrentmis‘fcrced“thfough'
the earth to the structure. It is obvious that eath@die-pro-f
tection is actually more scientifically precise than such a
qualitative statement implies, and further that it 1s subjeet -
"te explanaﬁion~pyﬁqnantitative'methods of electrical circult
‘ analysis. | R _
-BEquation (2-25) 1is thelganeﬁai'statement of complete
cathodic protection including the effects of both polariza-
tion and ohmic resistance, as obtained by the author. It is.
the origin of two less genéral}relations emphasizing polariza-
tion and ohmie resistan@e;\individually,'as the predominant
factor. In case polarization of the cathode is impossible or
is negligible, e@uation (2-25) reduces to

(2-26) E o = Eoo - 158,

P .
(2-26) states7 that, for complete protéetion, the open-cirecuit

TThis 1s the theory of Ewing.
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Gathedg~potential Eco'must“be‘reducedfbyﬁthe“ehmie”resfstaneef%=
veltagé”drpr(ibRc)toma“value~equal to the open-c¢ircuit anode
potential Eae° “If; on the other hand, polarization of the
cathodeoccurs and the ohmic resistance Ré'@f the cathode
surface is ‘negligible, equation (2-25) becomes

(2-27) B _=E - £,(J,)

which shows -that; for complete protection in the ‘absence of
ohm;c eath@ﬁe'resistance,rthe cathode potential must be re-
duced by“pplarization“to a value equal to the anode open-
eilrcult potential ano Iﬁ\other words, the cathede must be
polarized to the anodé open-clreult petential.8 Both of these
equations, (2- 26) and (2 -27), are to be interpreted physically

a8 indicationms that it is the cathode potential which is altered - -

by the application of cathodie protection, and that, in both
cases, the cathodic potentlal 1s forced in the anocdic direction.
It cannot be'overemphaSized“that'the”cathodiempetenfial must
be made sufficiently anodie, according to the conditions of
equatioﬁs (2-26) and (2-27), in order to achleve complete
eathodic”proteetiaﬁ;~' ) o | B _

The paradox of forcing the potential of a structure in
the anodic directionm in order to cause the same structure to
become cathodic 1s, like the apparent diserepancy regarding -
the direction of chargE“motIon“in”the’electrolyte discussed
in Chapter i, the result of the commonly accepted usage of
the words anode and cathode. The algebralc signs of ancdic

and cathodic potentials, referred to the Hydrogen Scale, are

8This is the theory of Mears and Brown.
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based up@n'the'direetian‘of'flow of the conventlonal eurrent
in thewcircuit“externa¥“tc“the~electroiytie“eell,'and“thé~"
conventiomal cur_f‘i?ent""'iS"‘ regarded as a flow of posltive charge.
Then the-éenveati@nal current of positive charge must appear
to_fIQW“ffomwanede to cathode, from negative to positive,
within the cell. Whether current is regarded convéntionally
as a flow of positi&e*eharge“or is conslidered as a flow of
negativeheharge‘or“b@thwtypesvof charge are assumed to flow
simultaneously,'thE'(t) gharge within the electrolyte will
appear~t0~floW“tovard,theLelectrnde“with“the same~(i) sign.

The confusion of the positive and negative signs~ié increased, -

perhaps, by the older usage in chemistry texts of a posltive

sign with anodic potentials and a megative sign with cathodls -
potentials. In thIS‘usage,'the positive charge wlthin theA” 
electrolyte appears to move toward the negative eleetrede,

and vice versa, with the result that in the circult external
to the cell the positive charge appears to flow from the nega-
tive electrode, and viece versa. The different use 6f the

(%) polarity signs by the chemist is probably the result of
the ehemist's primary interest in the phenomena of the elec-

trolytic cell itself, whereas the engineer may be primarily
concerned with the phenomena of the circult external to the
cell. The differemce 1s apparently one of relative viewpoint,
and is only the expression of{gn alternative eoncept of the
& 2 ge@@ral physical action: motion of charge. The convem-
tienel sngineering positive and negative signs for cathodie

and anodle potentlals, respectively, bave been used comsistently

hereln} these polarity signs are the standard notation of the
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current”periodical literature.

EFFECT OF THE RESISTIVITY OF THE FARTH- -
- If the~1®cal%ancde'and-cqthodemofwthe“cpff@sien cell
are so videly separated that the resistance of the earth to
current flow cannot be neglected, the egquivalent elircult must
be altereﬁr”'For“the”freeiy“earroding“eeil;'ﬁhefeffeet“of*the
resistivity of the earth is represented by an additlienal re-
sistance 1n the circult of Figure 8.

i, -"IEE | R,
| | — %A% A
~ 3
fa T fa | o
|-= ’\NV‘ - |
Figure 8. :

Local Cell Equivalent Circult, including Earth Resistivity.

The additional resistance kyo is the effect of the reslstivity
of the earth, wh'ere_)o is the resistivity of the earth a.nd k
1s a proportionality factors° Solution of this circult gives

the current and voltage equations

(2-28) 1&';--*’1G = if, the free cerf@sien éurrent,
and _
(2-29) EG - E, =1, (13& +R, + k)o)

Or, the free corrosion current is

'gk corresponds to the indeterminate ratio of length to
cross-sectional area; see equation (1-4).
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(2-30) E, - B
i

R + R + kTQ

T
Application @fvtl external protective’ current to the- corrosion
cell can ‘be-represented by expanding the equivalent eircuit

of Figurewa“pc“rncludg~thEMexternal d.c. gcurce;zmﬂhauxiliary»
anode . Thewtwe'reaistannéS”ETD andfcyb’ are the two com-
ponent parts of t_“‘e’arthen resistance k)o , 80 that

(2-31) ‘k)O = a)o + e)o = (a + c))o

or
(2-32) k=a+c
where a and ¢ are proportionsglity factors for the anode and

eathede; respectively. Figure 9 shows the new circuit.

i, 5 K op
' 1! MWW MWV

! M—— MWW 14

E, R, ap i,
B A Ry

Figure 9.

Equivalent Circult including Earth Resistivity,
with Protection Applied.
For the closed loop of the two parallel eireults, the voltage

summation equation is

(2-33) Eo =By =1, (R + ¢y ) + 1, (Ra * 370 )
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The cu:frbewb"*equiiﬁibrium equation forthe entire 'equivient
c¢lrcuit is

(2-34) ” 1, .f__ip_;c-_ 1, N

Eliminsttion of the ‘current term 1, between equatibhs (2-33)
(2-35) By - By = (15 + 1,)(Ry + cp) + 1, (R, + ap)
(R + ef) +1, (R, +R c tapt c)O)
(R +cf) + 1 (R + R, +kf)

8

from which is obtained

(2-36) E -E " R_+c¢ .
. _ c a - ip (&3 + ia
Ra + Rc + kf Ra + R_e« + kf

Now the term on the left side of (2-36)‘ is recognized as the

free corrosion current of (2-30), and the result is

(2-37) R, + P
if = 1 -+ -ia
p 4+ R + k)@

Imposing the condition for complete cathodic protectien that

the anodic current 13 becomes zero,

(2-38) R+
. PRetep

't P R, +R T Ep

,This is the equation rela'bing the free corrosion eurrent :I.f

to the applied protective current i_ when complete cathodic

P
protection 1is achleved. This equation can be rewritten as
(2-39) ' R, + R, + kf
1p = 1f »
Rc + cp 5
R, +R, +ap +c s, ta
‘aif ' f P=1f(l+a"f)

4 c)o _Rc‘_f'c)o

Inspection of equation (2~39) reveals that the applied pro-
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tect;veweurrent”mﬁ~can“nevax”hE“1esa“thanwthswfreswe@rvasfmnm

current 1f, thnmghwiﬁ'may”be equal'towif. 'Furthermare;'ib'
is in general greater than i. by an amount depending upon the ---
ratlo of total resistance in the cethodic current path to-
totalwresistance“in“the“agcdie“current pathw"'The-term~ftptal
resistan@e"-includES'electredEMsurface~resistance~p1us“theﬂre-
sistanee“of‘the*earth“in“thé'electrcde"curreht~path;<
’Pelarization'eanwbe“includedbin"thg equations by employim -
the method of “a previous section. By-introducing the polari-
zation -equations (2-19) and (2-20) into equation (2-35),
there results | ' |
(2-40) (E,, -AE )-(E,  +AE )= 1 (R, + cp)+
(Ry + R, + kP ) '
or, by rearranging the terms, and;alsog:g@ni*fé%ls)rand (2-17),
(2-41) Eeo ~ Ego = 1p~(Re * efi)v+ fe(Jé)'+
| 1, (R, + R+ kTD) + :a(Ja)
Now, when complete protection 1s realized the anodic current
1 is zero; also, sinece i is zero, there 1s no polarization

of the anode, hence f (J ) = 0. So,

(2-42) E,, - B = (R + 079) + L (J )
or, 1n s slightly different form,
(2-33) E =B, -f (J ) - 1 (R, + c79)

Equation (2-43) is to be 1nterpretei physically as a statement
that the cathodic potential E must be polarized and furtherr

reduced by ‘the ohmie voltage- drap to a value equal to the- epenrh

sireult anodle potential an. The open-circult cathode poten— -
tial Ecc must be shifted in the anodlc direction, i.e., the

cathodic potential must become more negative. The aut@erls
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usage offthe“termswcathndicwand“anodic;“&ﬁd”thﬁ“?@iéPitiesf“
assoclated with each, are-in accordance with the notation em-
ployed~in~the~eurrent Iiterature.

lo'ef'the;resiativityuof a few

~ Typical approximate values
types of soll are-given in Table III. It will7be“nbticed
that, sin@e*thé“earth“iswan electrolyte, the resistivity is
extreme&y~1argewccmpared“with“thewresistivities*cf'theﬂeommen»

metals. Resistivities @f'a*fvemetals;are“givenll

in Table: IV.
,?he metaiiresistivities~are~frdm“on96mi1lionth“to one—billioﬁth
ﬁhe values- of the-earth resistivities. - Im addition to the -
Variatien~ofwthe~resistivity“of“the-earthfwithmthe”particularm
type of soil, there is enormous variation of soil resistivity
with moisture content and temperature12° InvthevranéeQOf
temperature variation from a feW“degrees~éboVe~freeiingrto

summer ‘soll temperatures, the variation of soil resistivity

may be-of the order of 100 to 1. *Eepending”upon*the~mnisturew~»m

content of the same soil 1n different seasoms of the year,
the soil resistivity may vary more than 100 to 1.

As will be noticed from inspection of equation‘(2-38),
the presence of the k7o term in the denominator shows that -
both the free corrosion current and the applied protective - ..
eurrentwaréf;f'smaller~magmitude;dbecauée;@f the effeet of -~ -

- the resistivity of the earth, than each current,was’previeusly

IOW o Greamer Elements of Electgieal Engineering (Hew
York, 19%8), . 88,

1p1d., p. 323.

12B° McCollum and K. H. Logan, Electrolxsis Testing

_ {Washington, poeo, 1927), p. 56.



Element

‘Dry River Sand

Steel (soft)

by

T&BﬁEvIII

_RESISTIVITIES OF THE EARTH

Besistivity, ohm-centimeters
Very Largé

Dry Earth 108 or greater
Fresh Water 10” to 1@6
Wet Sand 102 to 10"
Wet Clay 102 to 10"
Moist Earth 103 to 10°
Sea Water 102
TABﬂE IV
RESISTIVITIES OF METALS
| ‘Material Resistivity, ohm»centimeters 20°G
Aluninum- 2.92 x 1070
Graphite 720 x 1070
Gopper (annealed standard) 1.72 x 1076
German Silver 33.8 x 1076
Gold 2.44 x 107°
Iron (pure) 10.0 x 10~6
‘Irom (hard cast) (75 to 100) x 1076
Silvér (pure) 1.64 x 1076
Steell(hard) 45.0 x 107°
| 11.8 x 1076
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in equation (2-10). thysically it 1s reasonable that high -
soll resistiwitywresults'in“highfresistanee>tOWfree“cprrési@n
current, and, therefore;”bﬁth"ﬁhe“freewaorrﬂsion*qurrent*and~--
the appl;ed'pre?ective'eurrenx‘will be lower. VThis is an
important effect to be comsidered which has not even beem - -
mentienedwinithu*eited”works'of MearS'and"irown;'&ﬂd“EWiﬁgwm
In fa@t “the resistivity ‘of the' earth,; which can be- @htained
by direet measurement is a s;mple method of-determining the- -
corrosive areas along a structure of extensive size such-as

a plpeline. vThe‘wriﬁer~haé observed that in low, molst areas- -
where the soll resistivity is relatively small, corrosion is
more severe. In the high, arid areas where the soll resis-
tivity 1s relatively great, e@rrosion is lesslseverewfwActﬂaln»~
measurement of the soll resistivity along the pipeline right-
of -way will indicate thé places where corrosion 1s the werst,
if leaks havevnot already been noticed, and these are the
places whege eathod;e protection is necessary. ‘The ad@itienal
theory in this chapter, contributed by the suthor, on the
effect of the resistivity'of the earth 1s a useful means of
explanation for the differing results dbtainedﬂby investigators -
who measure similar structure potentials but find different
amounts of corrosion in different solls.

It is usually fallacious to believe that the metal dis-
solved by the anodic eurrent ia 1s deposited on the cathode
when the corrosion occurs with the earth as the eleetrdiytew
‘@rdinarily, hydrogen is evolved at the cathode, and the dis-

solved metal from the anode remains in the earth. ,This is
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similar-to the action of “the zine-copper cell in Figure 2,
Chapterl;;'mThejresrstance;Re, which ‘has ‘been defined as the -

ohmic resistancewef'the~eatho&e~3urface;-iS‘QGmpesedmprimgr;;yfﬂ,‘

wefm&‘fiimwmfjhydrugen”icnswth&thormsmﬁs-a“result”ofﬁcurreﬁﬁa
flow from the electrolyte to the cathode. - It has beenfnatEdV
by the:writer many times that an applied prbtective current
diminishes in magnitude as the elapsed time of application
-increases. As the film becomes more complete, cathodic pol-
arization and ochmlc resistance both bedpme greater. Cathedic
polarization decreases thef#oltage¢available for-forcing;a .
corroSion“cuPrentwto'flow; and“increased'cathodic‘resistaneew»w
also decreases the current flow in the manner shown by Ohm's --
‘Law. Because of the protective nature of the cathode film,
it 1is better to apply an overly large protective current - -
initially so as to form the film as quickly as possible. Thean-
the current can be decreased later in order~t9veffegtma leng-
time economy in operatingvexpggaeo The formatlon of the film
results in the current negeégg;y forlproteetion being less
after a perliod of application than It was at the beginning.
'Several causes of the formation of local cells on a
buriled structure were glven in Chgpferll, among which is_the
variable nature of the eonst;tuents of'both the structure and
the earth, The local cells thus formed are of differing mag-
nitudes in physical size énd in electrical potential differ-
ence. There are a number of local cells, each with a local
gathode and local ancde, present upon & buried struéture,;:As-
the anodic areas grow in size, so do the cathodle areas‘grdw-

larger because of the evolution of hydrogen at these areas



4T

and thé-rgsultingffilmvw”Wltimate%y;wanweduflibriwm;eandﬁtion~
isirgaltzedWinmwhieh”everyVhiffbrentﬁpartwcf“thewsurfacewiaw |
either anodtec or-cathodic, an&”thé“styuctmf@”is:thqn~sim1lgr
to a large local cell. \Thawaim'of“eathadic?prwteatian”iu~t0‘
trangforMMthe“struwturveramwth@wstatus'@f‘a£eell with an
anode andwamc&thbda“to”tne“status”af-@athmdewin a cqllqum-
posed 9fwthz~g$ructwr@'anq”the“auxilary~anqdewm"That'cathwdie” ‘
ﬁroteetﬁ@m“autuaily“dwes transform e structure with local
cells into a structure which is 1tself a cathode will be
shovn in Chapter V. |



CHAPTER III

MEASUREMENT OF POTENTIAL, CURRENT, AND RESISTIVITY

‘ MEASUREMENT OF POTENTIAL i
In Chapter II, it was meltinned that polarization changes

pothuthe”potential and“the resistance of an'electﬁodea‘~Thesewu” C

two simultsneous effects may be visualized if it is recalled -
that a eurrént;flow-in’an eleefrolyte~is'a*flew*of‘ions; and
that the lons form“a shegth on and about the electrode  sur-
face. As the ion sheath becomes more nearly complete; the—- -
potential of the -electrode becomes more nearly that of the
" lon sheath rather than that of the eleetrode*m.aterial° Als@,
the effective area of the electrode 1s reduced by thsfioﬁ
sheath; so that'ﬁh@“@hmie“resrstance“is'Increased; '
vExpefimental_data must be utilized 1ln order to determilne
the actual magnitude of the potential of a buried-fe?ro@s'
: strﬁctureou The potentials listed in Table I, The Potenfi&l-
Series of the Metals, cannot be relied upon te furnish aceur-
ate vélues for & structure in the earthl because the Series
is referred to a fixed set of standard conditiens not obtaln-
able in the field. However, the potential of a buried struc-
ture can be measured with the circult arrangement useq by the
author shown in Figure 10. Electrical contact with‘the strue-

ture may be mede with a sharpened iron or steel rod. The

Ir. 1, LaQue and B. B. Kmapp, "Planning and Interpreting

Gorrvsion Tests"”, a paper presented to the Division of Petro-
leum Chemistry, American Chemical Soclety, September 11-15,
1944, New York, New York.

48
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a

potential différénce between the structure snd the reference
half-cell, representeﬂ“schematically“aSTji“j

(3-a) ' structure I earth | solution | electrode
is equal to the reading of the potentiometer when there is

no galvanometer deflection. Obviously, the measured potemtial
1s dependent upon the reference ha1f-ee11‘used. The use of
the term "half-cell" is apparent?from inspection of (3-a),

in which the entire cell 1s eompbsed“of 1) the reference half-
cell, and 2) the half-cell formed by the structure and the

:,
o Potentiometer |

Surfa@g of the earth

— N

—

Strueture |

, Figure 10. A Potential Measuring Circult. v
eartho» The reference half=¢ell contains s metal electrode

in contact with & specified solution. A reference half-cell
found by the author to be very reliable in the reproduciblility
of its réadings is the calomel half-cell, frequently called

- the calomel @Zﬂ.@cfbrode o The calomel refer’gnce electreeje '(half“-‘
2

eell) consists® of pure mercury in contact with a paste of

L °p, K. Harris, Electricel Measurements (New York, 1952),
po 920 . ' N
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mercury;and~mepeurousvchloridew(@aiomel), and a solution of
saturated potassium chloride (EKC1).

On, the Hydrogen Scale;, the-potemtial of the saturated-
calomel eleetrode3”is about +0.2801 volts. A potential mea-
surement of the type shown'ianigurE'lo; sometimes called the
potential of“the~stru@ture'with“respect“t@”the gfound, is a
true open@cireuitwpotential'in'thewsénse“that“there”iS“no‘exﬁ’
ternal source of current to complicate the measurement with
polarization“of the structure surface from the applied -eurrent.
A rather arbitrary value of potential, -0.85 volts with respeect -
to the saturated copper<copper sulphate reference electrode; -
has long been in ﬁse as-a“ruleéof*thumh'@riterion in the de-~- -
termination of a'Suita@}e value of potential indlcative of
Ut

protection™, The value of -0.85 volts is equivalent to a

value of about =Q°78 volté'with respect torthe_saturated calo~

49 That 1is, the saturated calomel

mel reference electrode
electrode 1is about 0.07 volts megative to the copper-copper
sulphate eieetrode, or the potential of the latter electrode

1s about +0.3501 volts on the Hydrogen Scale.

A connection between the rule-of-thumb potential ériterion
and the author's comments at the close of Chapter II eoncerning
themimportanee of the resistivity of the earth is this: The
writer has noticed that in the low, wet, most eorrosi§e areas

that the measured potential is often already more anodic

31pid. p. 192.

'S. P, Ewing, "Potential Measurements for Determining
Cathedic Protection Requirements," Corrosion, VII (1951),
p. 411, 416,
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(negative) than the -0.85 volts, or -0.78 volts, criterion
forrprotéction. ‘Therefore, the structure should be adequately
protected without cathodic protection; but, as has been men- |
t;oned,uthese-are the most corrosive areas where the potential
is found to be most anodic (negative). In the higher, dry,
areas the poténtial is often measured to be less énodie, or
more positiVe, than the rule-of-thumb criterion indicates for
protection; but, again; these are the least corrosive areas
though the arbitrary potential criterion would indicate the
installation of cathodic protection as & necgssity in these
areas. A potentlal criterion 1s believed to be a possibility;
but not a single fixed value indicative of adequate prqtection
A in any and all soll environments.  The fallability of the
single fixed potentlial criterion will be illustrated by ex-
perimental results in Chapter V.

If an externsl direc¢t-current source and an auxiliary
anode are provided for the purpose of cathodic protection,
the cir@uit arrangement becomes that pictured in Figure 11.
The protective currents, 1, forced through the earth and into
the structure are not confined to any particular path or paths
in the earth iﬁself, hence these currents enter the structure
from many different directions. As indicated in Figure 11,
some of the many currents introduce (IR) voltage drops in the
earth between the structure and the reference electrode. The
potential now measured by the potentiometer as exlisting between
the structure and the reference electrode ineludes a resultant
(IR) voltage drop in the earth itself. If the structure is

small in size'then the protective current 1s of small magnitude.
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Figure 11. |
A Potential Measuring Circult, with Protection Applied.

In this case, the (IR)ﬂdrép in the earth ig almost completely
negligible, and thé measuring,circuit of Figure 11 wili indi-
cate the true poteatial of the structure even thoﬁgh there 1is
a current flow in théiearth, Particularly is this‘true if
the structure is a sectlion of only one pipe-line, a small
specimen, a short surface flow line, et cetera, in view of
the fact that the physical size of the struecture has a direct
bearing on the magnitude of the applied current. If'the~>
structure is of great size, such as a network of surface flow

lines, the jumction of several pipelines, or a well-casing
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several thousand feet long, the magnitude of the applied cur-
rent may be large enough-to produce en appreciable (IR) drop
in the earth between the reference electrode and thé'stfucturewh~

One method that %a&'proved'useful, after a considerable
amount of manual-praetiee;-in'ebtainihg true open-circult
potential readings on large extensive structures, as well as
smell ones, is to disconnect the source at the switch and
quigkly tq balance the potentiometer5o This method was shqwn:
in the cited-reference5 to compare favorably in accuracy to
the use of compensated-bridge methods of potential measurement. -
reported~by~others§° The“Writer”pePfdrmed the<experimental-“
work described in the reference6 jointly with its author.

The use of the term "true open-circuit potential” should

be noted at this time. In Ghapter II, the condition developed

for complete cathodic protection in equation (2-25) indicated - - .

that the open-circult cathode potential must be reduced by

both cathodiec polérization and ohmic resistance potential

drop to a value equal to the openwéireuit anode potential.

Bqth of these potential drops are considered to occur on or

at the surface of the metallic structure; this (IR) drop

should not be confused with the (IR) drop in the earth itself -
which occurs external to the metal surface. It 1s the (IR)
drop in the earth which sometimes obscures accurate measure- -
ment of both the true structure potential and the changes im

thiis potential caused by the applied current. By disconnectling

51p1d. p. 418.
Ibid. pp. M$7=M18°
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the switch 1ln Flgure 11, the -current is reduced to-zero; there--
fore, the (IR) drop in the earth is zero. The potential mea--
surement—1if ‘made quickly+~indicat63“the“effect~of‘poiarizab
tion on the - structure potential, sinee~several“minuteS“are' 
required for depolarization. A judicious setting of the poten-— -
tlometer, for least effort in balancing the reading, 1s the
resultwef~Sﬂme“experi@mcm'with“thiS'methedo

An original compensated-bridge cirecuit which the writer
alded in developing, under the direction of the auther of
the previoﬁsly'eited refereneeé, is shown in Flgure 12.

The>bridge;proper is'eomposed-of the one~mezohm resistor,
which provides two of the arms, and of the earth itself which
provides the other two arms. A baslc difference between this
bridge and the usual bridge composed entirely of passive cir-
cult eleméﬁms 1s that sources of voltage—active network ele-
ments—are present in the two half-cell electrodes and in the
ad justment cirguit directly on the left of the one megohm
resistor@ |

In order to balance the bridge cireuit, 1t is necessary
to place Electrode 1 as far from the buried structure as‘is
necessary to.inéludé 88 much of the effect of‘the structure
as is desirable. Also, Electrede 2 should be set in closer
proximity to the auxiliary anode so that suffieiemt»diff@renee
of potentlal exists between the two electrodes for the balancing
of the bridge. _Th@ proper placement of the two electrodes
should be such that Electrode 1 is far enough away from the
buried structurs to imciude the effect of,the33£rue§ure, and

that Electrode 2 is located between Electrode 1 and the
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Figure i2. A4 Compensated-Bridge Potential Measuring Circuit.
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auxiliary anode but near encugh to the anode to ensure that
voltage between the two electrodes ls great enough for a bal-
ance of the bridge. | v

A true open-circult potential measurement of the struc-
ture 1s obtained by opening both the -auxlliary anode clrcuit
and switch Sl, and then adjusting the two voltage-dividers
until there 1s no deflection of the VIVM. This canubewsegnw .
to_bé the equivalent of the previous potential measurement
methed, with the circuit @? the'tw0~voltageédivideFSMyeplaeingw
the p@tenti@meter, The potentiasl is indicated by voltmeter - - -
V. Vwith.tge~aaxiliary'anode>circuit_elosed, so that a pro-
tective euﬁ%ent is forced onto the structure, the (IR) drop
in the"eartﬁiis co@pensated»by closing both SWitGheS“sl'&nd'-
52,_and then%gdjusting the movable contact on the megohm re-
sistor untilv%he deflection of the VTVM is unchanged when the
switch in the anode circuit is depressed. ~The (IR)udrop~in‘
the earth between the structure and the nearest electrode i1s

then equal to the voltage between the movable contact and the

structure appearing in the cireuit containing the two voltagesv~»

dividers. Now, the two voltage-dividers are adjusted for a
zero deflection on the VIVM, and the true poténtial is agein
indicated by V. The potential indicated by voltﬁéteﬁ~Vwis,v
in‘b@th cases; the potentlial of the structure with respect
to the mear elec;trodeo _

Ebb is of the erder of 6 to 12 volts d.c.; E ; and E,
are small dry cells. R is . a variable rheostat used to aéjust
the magnitude of the applied protective current. VIVM 1is a

high input-impedance vacuum-tube voltmeter serving as the
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bridge balance detector; 1t is not necessary that the volﬁ-
meter V be a vacuum-tube instrument. o

This compensated-bridge 1s subject to several limitations.
First, it cannot be used for measurements on small structures - .-
beeause"the;bridge itself may occupy & linear distance on the - -
surface of the e;rth up to fifty feqt;'inﬂother werds, this
bridge,is‘not“entirely'@ontained'withinjthe-eonfinesvof an
instrument’easen As has been previously menfi@ned, this
bridge 1s for use with very 1arge;'extensive struétur33v‘ This
Lbridge is not automatic: each time the magnitude of the applled-
current is changed, the bridge must be balanced &géin'by the -
operétorf A stable balance of the bridge is sometihes aifrfi-
cult to attain. Thils circult was developed especially for

potential measurements on deep wells several thousand feet long.

MEASUREMENT OF CURRENT

~ ~The current flow in a horizdntal structﬁre, such as a
pipéline, @an‘be determined with the aid of the measurement
arrangement developed by the author shown in Figure 13. Both
the magnitude and polarity of the voltage drop in the pipé be---
tween the two sygglwprobes ecan be determined from the potentio-
meter reading‘aévﬁalance, Since no current flows through the
potentiometer‘when it is balanced, this is an accurate measure-
- ment of the overall voltage drop. The resistance of the pilpe
can be calculated from geometricsl considerations, and the
current can be found from Ohmfs Law. The interpretation of
the potentiometer readimg‘depeﬁds somewhat upon the distance

between the probes.



56

ovPe’t;el,}l;‘:ﬂl::Lcmxeﬂl:er.::>

= <

Buried Pipeline

Figure 13. A Current Measuring Cireult.
If the- distance is relatively short, of the magnitude-of a
few feet, then the polarity as shown by the potentiometer
is a relilable indication of the direction of eurreat flow in
the pipe. OCarrying the analysis further,xify;everal such
measuﬁements~&re‘thained*'each”separated“by“&*shért5distanee,
then a change of pol&rity will indicate whare current 1is being
vexchanged between the pipe and the earth. For example, in
Figure 14 (a) a change inipolarity indicated by sueeessi%e
measurements shows that arn area where current 1ls being d;s-;wn
charged from the pipe to the earth must be 1ocated between S
thg t?o points of»measurement Thus, an anodic area can ‘be-
deﬁected and located. It is apparent now why the- distance
b@tween the probes themselves should not be«great° such an
an@dic area might be contaiﬁ@d in the spln @ﬂ»the probes,‘and,
W@uld be @bscur@d regardless of thevpolarity indicatedj: Thewu
si tuation as pletured in Figure 14 {b) 1s the reverse- ef (a)

These two su@cessive measurements indicate an area where.
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Figure 14. A Corrosion Locator Gircult.
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Figure 15. A Corrosion Locator Cireuit.
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durren%413“en¢eriqgfthy“p@pu;a?hWS”locating”a”cathodic”area:~ 

_ Thewditadvantagewofwthiswtype%®f~me&surem9n$wlieswin~th@w~
phys1c&iwdifficultyWinhyren¢~in-making“CDntact”withwthewPipve~«~rL
- each time-the probes are moved. ‘Along a pipeline-of any length,
the number -of “times-the probes are moved would be large, as
necessitated~by“aecuracy;'

If this dlsadvantage were-not preéent,~it would be-possibile . .
to detect'anodic”and“c&thodic”areas’even“though'there”is“no’“
revgrsa@ of polar;tyrbetween’success;ve~points of measurement. - -
* This method of detection is illustratedeith-thewaid~of Figu@emﬂ‘_.
15. For example, 1f the current at the right end of the sec~ -
tion of pipe 1s larger than the current, flowing 1in the-same.-
direction, at the left end, then the implication is that '
current is being discharged to the earth in the section be-
tween the two points of measurement. If the-current at the - .-

left end is larger than the current at the right end, then -

current 1s flowing from the earth to the pipe (a cathodic area) - -

vin the section between the two successive points of measure-
ments . Because of the presence of the earth between the po-
tentiomefer and th@ pilpe, 1t 1is simply impossible to devise-
a meaps for making a continuous sliding contact between the
probes and the pipe. For each successive measurement, the
probes must be remoVed‘from the first position, and then
placed in thQ'second position again in contact with the ex-
terngal surface of the pipe

' For the horlzontal pipeline, the measurements were of
necessity made on the external surface of the structure.

However, consideration of a vertical structure, such as an
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oil-well casing, lndlicates that ‘measurements made: 'vn""‘_l;he”“e*x; -
ternal surface are virtually impossible. - The altermative-for
the vertical ""s:'trug‘turew 1s to make~ the potential- mea-'surerﬁents-
on the inside of -the surface area. .In““Figure'“"’lG,‘ the elec- -
trical probes are attached mechanically to a rigid body that

can be -~~m_ove‘-d" up or- down by means of the cable fé;st-ene'd- at the

topeu_ _A E»lectrical connections are made from the two: probes—— . . ..

themselves insulated from the body——to insulated conductors
' locateq-inside the:supporting'cable, The calculation of the -
cﬁrrent flow, and the interpretapion<of the'indieatedwpol&ri-
ties, 1s now the same as for the horizontal structure. Mea—

surements made on the horlzontal and vertical structures are

wholly ‘analogous, only the mode of “obtalning-the same infor-

mation in the~same~éeneral manner-is different. Since the

probes are not 1n contact with the earth, it is possible

Tnsulated A N
ponductors ’

Lable —p

éigid : =y
Supporting T
Body ~—» :

v : Probes|¢— Casing

AR

+

Figure 16. A Corrosion Locator Circult.
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to make a‘aontinuous-sliding contact-with“theminternal‘surb~
face of.the pipe. Any liquid present inside the plpe does

not present the 1mpossible barrier to motion of the probes,

as contrasted with~the“3911dity‘of“themearthfpreventing>mot{on
of the probes on the external surface of the pipe. The*depth»~~
of vertical pipe is, at m@st,Eseveralwthousand“feet;’thusrreh-
quiringi&'flexiblefc&bleg~containing*1nsulated;eenductors,

of the -same length as theWpipEJWETommake~a continuous-sliding~v
contact with the- internal surface of a horizontal pipe, a

methqd~of‘proje@ting*tHE“cable'through'the~pipeMiS'necessary“

first;'then“the“c&bleEeouId“pull"the*probeswthrough the pipe. - .

Unfortunately, the distance between points of entry om the
horizontal line may be several miles, thereby requiring‘a~w
cable of unreasonable length and welght.  For the vertical
line, the weight of}the body, to vhich the probes are attached,
is sufficient to move the body downward under the force of
gravity; A continuous recording of 1) voltage drop between
the probes, 2) the polarity of this voltage drop, and 3) the
mean dlstance to the probes, could be utilized teo great.ad-
vantage 1n locating cathodic and anodiec areas. Recordings

made both before and after the application of cathodic pro-

tection could be compared in order. to determine the effective- -

ness of the applied protective current 1ln ellminating, or at

least reducing, the corrosion of the anodic areas.

A MEASUREMENT OF RESISTIVITY
The resistivity of the earth should be measured by alter-

nating-current means, otherwise errors caused by polarization
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will be imtroduced through the usasge-of ‘direct-current methods
in aecerdancewwithwthe“pclarization”thEWFy“presentedWin5Ghap-
ter*IIywwOnewcﬁmmereial“instrumenﬁ“iS’used~almast“universally-
for théwmeasurement”mfwgruunﬂﬁr@sistivity?”“the”Megger,fwhich~w
'ig manufactured by the James G. Biddle Gompany'éf Philadelphis,
Pennaylvania; ) A )
 The-Megger i3 a true ohmmeter in the sense that the
instrument“iswcapablefof"mﬁasuringwresistaneemwithﬂut“requiringw
a definitely"knewn“potentialwor“a”calibrating&adqu@men$*e&ehT 
time a~-different resistance iz measured. 'Contalned wlthin
the instrument case of the Megger-ls & hand-crank d.c. gener—- -
ator, awcurreﬁtwreverser;“é”pvtentia1“rectifieP;“and aWdirectr
réad1ngwscale“m@untedwonwawcurrent'cdil &nd“a“patenfial'ceil.

External to the instrument case are four steel pins used asg -

ground -electrodes and connected to four terminalson-the ecase. - --

Direct current generated by the heand-crank generator is - passed

dﬁtern&ting“currentMwhrchwis”passed'threugh"the*outermost»two
of the four steelmpinS”ananged“inma stralght line  on the
surfaeewof”themearthw”"An"alternating”veItage”drvp“i: thus“
produeed“in“the“earthWbetween”the~outérmest“tWO“pins, The - -
two instde pins-are potemtisl electrodes spaced spart by a
specifled ‘distance. ‘The alternating voltage drop produced

in théwearth”between”the“two”potentia1“pins~iswc@nnecte@winw~4
series with the potentigl rectlfier which converts this a.c.
voltage to-d:c. voltage; -and the d.c: voltage 1is applied to
the po@entiai“e@ilgmeheW@arrent“eoiiwisf§n“seri§&vwitpwth®~~-

hand-erank d.c. generator. The scale of the instrument in-
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A

dicateswthemquvtientfof*the'put@ﬂtial coil voltagerdivided- -

directly im-resistlivity units rather than resistance units;
this is-possible because of the specified spacing of the two
steelapin'f'"potemtia:lweitéctrbﬂeso

A -slightly-different Megger from~that which-has been -

explained may -be used to measure directly the resistance-to- -

ground-of &-gromnd-electrode. With this second type of Megger; . -

the ground”eiéctrudewreplaces“@ne-of“thewﬁwomautermﬁst_steelnww
pins used with the first type:  The resistance of the current
path 1n-the earth is then the resistance-to-ground of the -
ground-electrode. This type of Megger is callbrated to in-
dicate directly in resistance units (obms), rather than in

the resistivity units (ohm-centimeters) of ﬁhg first type of
Megger . The mechanism of the Megger 1s essentially the same

in both types of the lnstrument.
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METHODS ' OF CAICUI@TTNG GROUND-RESISTANCE OF ELECTRODES

The effect of the resistivity of " the earth has been ex-
plained~inﬁthewauther*S“emtension“towthe“thevry“of“eatho&ic
protectipp;wchapterwII;“andwa”msans”Uf“direbtmme&S@mémentmaf;
ground resiztivity has been presented in“the'preceding“chapter:
It i; thewpurposewofwthiawuhapter“towemaminﬁmurifieally*themuww
classical -theoretical , or mathematical, method of calculating

e1?°tr‘@emgrﬁund*resistanée;“and~fufther“towd??eiOPWEWmvreww;

gener&lfmethoﬁwof’caleula%%en“which'can”be‘&pplied“towelectrcﬂeqfww~

configurations“that“cannétwbEWénalyze&“bywthewei&ssie&l‘methad.
It will be-recalled from-Chapter II that the auxiliary asnode - -
resistancewtc*grnund“iq'oné'of“the‘edmpwnent”rawistnrs“of'thew.

equivalent eircuits which represént cathodlc protection.

already in exlstence instead of instigating cathodie protection
simultaneously with t@e-esﬁqblishmentiof"the structure. The
chmic ﬁesistanees of the eathédic and anodic areas are deter-
mined by the resistivity of the surrounding earth, and tq

some extent by the polérizatisn of the areas. After a struc-
ture has been bullt, 1little ean be done to altér the resis-
tivity of the surréundings. However, when cathodic protection
is applied, an auxiliary anode muét be installed to propaéatéwm»
the proteetive currémt'ﬁO'the structure. Any ohmic ground-
resistance associated with the auxiliary anode will result in
an undesirable“éleﬁ) power loss. -?pis losSWnof only adds un- -

necessarily to the cost of the protection but also this loss

65
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is Qissipa?eéwasﬁhe&t“in“the&surpeunding'earth;'"Theweffewtf‘
of the“héat“Is%to”evaporate”theﬂmcisturewinﬂthe~sbii;fwhi@h“
1ncreéseswthewresistivitywand“gr@amd%resistancey'aﬁﬂ“this*then~'
Increases the loss for g glven value of ‘current; altogether; -
this ls-a-deleterious cumulative effect which should be min-
imized. | o
S@;“itwis“necessarywtamkn@wwquantitati%ély“thewgr@um&w“'
resistaﬁ@e of“an“auxiiigry”annde; and~alsowthE”factchfupoﬁ-
which'thewresistanee"depeﬂds;“in'order“to“deérease*this“re~%~~
sistan@eweffevtiveiy“at“theﬂtime*wf‘the“installation;of'the
auxiliary anode. “Pwo methods are given inthis Chapter for

the caleulationof ground-resistance.

THE CLASSICAL METHOD -

~ The- classieal ‘method of calculating the- greundwresistaneeu
of electrodes of various-sh&pe&«h&swbeenwgifvenwbyﬂ'MB° i
Bwightl; This method 1s based upon the fundamental equation
(4-1) R P
previously written as equation (1-4), Chapter I. Though tﬁe
mathematical*difficulties«involvedjin'%hgwuse*ef (4-1) mgy‘
beGCme”cemplex;“the“brbad”generaiity'of“the*clasaiqal“mﬁwhed~
arises from the application of only (ki-1). :The@retiealiy,
theh, themground%resistance“ef”an‘eleetrode*ef'any*arbitrary‘
shape, size, or form can be determined by caleculatlon.

It is simple, from the mathematical standpoint, to con-.

1“Oa1@ulati@n of Resistances to Ground," Electrical
Engineering, IV (1936), pp. 1319-1328. T
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_siderifirst“themcalcuiatibn”af tha”grbund—pesistanéeﬂof»a
hemigpherical”electrode“whose'flqt surface is coincident“with
thewaurfaeeief“thevearth; jThisthpe*ef=e1e?trede'ig‘shawqr‘
pi¢terially“in”Figure‘17. Current leaving the electrode to
enter the earth will flow radially with g uniform distribution.
The radius of the electrode itself is r. At some variable -
radial distance x from the center of the hemisphere, the-elé-
mental resistancé'of the current path in the earth is

(4-2) |

"dR = ""‘;i"x;-—é—’ (A = '2ux2 L = dx)
, 2 ‘
| nx

vhere f is the resistivity of the earth. The total resiatance .
1s found from summation of the elemental resistance by inte-

grafion:

(#-3)
: / / an

where d is any particular fixed distance fr@m the center of

vSurface of the Earth Groqnd Electrode

Figure 17. A Hemispherical Ground Electrode.
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the hgmispharewthat“iswgreaterﬂthanfthewrgdius“r.>w?erform1ng
the integration” indicated in (4-3), \ |

(-4 | T
NEETE S SIS

Since @ 1s always greater than r, R 1s always poslitive as

_giveﬁ by:(h-#)———which“is'thswonly'piaasible physical meaning
of R. It is common to speak of the ground-resistance of an

electrode, though it is obvious from(4-4) that Rwis‘thé re~
'sistance”@f'the*gr@und itself'between*rﬂqnd'diin~thewﬁorm“e€ -
. a hemispherical shells The‘greund-resistanee*asSOQiated~with
‘this electrode depends upon the particnlar value of 4. As d

beeomes-larger'compared-w;th r, the effect of the_—§—~term~on

t

R becomes less. The limiting condition 1s for 4 to become

infinite; then

(4-5) | 19 1 / 1 as d
B = 2rr‘[2?E”‘ a |
Pv . E"
*2mr

which is the maximum possible}value'of R. If 4 1s 100 times .

!
- as great as r,

4-6 ' - .
(-6) oL P | .99P
' 27T r 100r = omr
.and the magnitude aof R! relative to R is
(4-7)

9P
R! 2r -
S| = ——%;~— = ,99, or 99 per cent
21Irr

3
So, the greater part of the ground resigtance is located in !
the vicinity of the electrode.

Conslderation of the analysis:of the hemispherical elec-
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' trode provides both f&miliarity with the meth@d and an- insightv‘  

'_1nto the extension'ﬁf the method to other electrodes of varieda
shape - | B

Galculation of the ground-resistance of 8 sphere is quitewm~

similar to the procedure for the hemisphere,' The'spheve- ﬂn-' ’

. mersed 1n the earth ig shown 1n Figure 18, At a dlstance x
‘from the ‘center of the sphere, and external to the sphere,'
the spherical crossésectional area~through-which current floﬁsv
'v_isﬁ". | E | |
(3-8) = A= llrrx

and the elemental resistance is

(459) | -dx
Iﬁtegr&ting (A~9) to find”the tbtdl“r63istaICeqfromfthe'sur?
" face ofithe sphere out to any giVenzrgdial diéﬁancé d'larger

than v,

Figure 18. A Spherical Ground Electrode.
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(4-10) de _ _ﬁ__[:_l—__]d
HIT x° T { x | »
R

Comparison of (4-10) with (4-4) shows that the ground-resis-
tance_of yhe sphere‘is one-half that of therhemispher@;_'Thig
can be interpreted physically by noting that the elemental re-
sistance”for~thewsphere*consists‘of two like elemental resis-
tances for the hemisphere in parallel. _

The~grounifresistgnce-of a hollow, right circular cylinder -
~Will be caleulated next. This is the geometrical shape of a
length of ordinary pipe, as shown in Figure 19. For sn axial
length L, the'cylindriCal area of the current path is
(4-11) dA = 2TTxL
and the'élemental resist&ﬁce is

(4-12)

aR =‘r)217xL

Figure 19. A Hollow Cylindrical Ground Electrode.
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The total resistance of “the ground out to a radial distance

d ia
«d

-~ (4-13) |
_8x
R=7°§'ﬁ'§'1."’ L llMI

r
- 21rL [;ﬂ 4.~ 1a. {] - 2TTL o~
This caleculation has~neglectedMthefpassibility of ‘current -

d

flow from the ends of the hollow cylinder because “the cross-
sectional srea of the ends, being -hollow; 1is extremely“small
compared  with the curved surface area. As the length L is

" increased, the resistance R decreaseS“rn“inversz“propnrtionj
physically, the unit lengths of L-are in parallel for a radial
current flow. Equation“(h=13)"may“be'ccmpare&”with:(héﬁ) and
(4-19) fer'both of which the resistance spproaches a limiting

- value as the-radial distance*d'appreached“infinity; In (k-13),
as d approaches infinity, the ground-resistance also approaches
infinity.

A SUPPLEMENTARY, OR ALTERNATIVE, METHOD OF CALCUIATING THE
GROUND-RESISTANCE OF ELECTRODES, BASED UPON GAUSS' THEOREM -
o Awsecondjmethodwaf“ca1cu1atingwgroundaresistanceg~as~
developed“bywthewauthcr“from'thEWprinciples of'the~geﬁer&1wm'--
electromagnetie‘field-theory;“will“be“presented*ncw~and will
be shown to be applicable to a comfigunation“impeséibie to
analyze by the»classiqa}ﬂmeﬁhmd._ )
Gauss* Theorem states that the net eleetric flux péne%r&éw~v
ting a”supface“which“c@mpletelywenaleaes“a“bwdyvaf‘ele@tricw‘
charge ‘1s equal to the met-positive charge contained within

the closed surface. There are several alternative mathematical
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expressions of this Theorems

(4-15) f‘ﬁeds ﬁ“de fideV

This 1s the vector integral form in which D 1s the electric
flux density, TS is the vector elemental surface-area -in the
direction of the positive outward normal to the surface S,

ﬁ?is the“vaetcrmpartial'derivative opesrator
§-16)

and deis~theweiamentaiwvo&umewnf'thewvoiumajv~ecmpietely“
enclosed by the surface S, The integrai'onjthe'left side of -
(4=15) is a surface integral, and the circle indicates that

. the integration isl@ver'the closed surface S. The integral

| on the right side of (hé15)*1s a volume -integral, for the -
volume V completely e@ntained'within~themelosed-surface S.

Another form of this same theorem is

(4-17) f; . f
| | 5 °3 = [Pav=aq
o y |

in which the integral on the right side contains P, the charge
density (charge per unit volume).

Stated in terms of ‘scalar quantities rather than vectors,
Gauss! Theorem is
(4-18) f; s =Y =4¢ 7 __
- Where D is tg; component of D in the direction of the positive
outward normal to the surface 8, Y is the electric flux
presing outward through S5, and Q is the net positlve charge
enclosed by 5.

Now, the current flowing from any shape of electrode

completely buried in the earth is equal to the summation of
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the current flowing mormally outward through an “&Maii"tréry :
surface & which-completely encloses the electrode: - Such-a
configuration is shown in Figaure 20, in which the shape-of
both the-electrode and glosed surface are entirely arbitrary
80 lang‘“a*s""S""'"e'le'te ly encloses the electrode. Stated mathe-~
matically, |
(4-19) 1 .07 - 7 as
where J 1s the vgetor‘ current density, and Jn s the scalar
component of the current density in the d‘iréc;tiren of the posi-
tive outward- nol to the closed surface S.

The current - density T is related to the electric field
intensity E in a conducting medium by the mierf;oseapie form
of Ohm's law, |
(4-20) PT-E
since the current is entirely a @onductio;} current. .Théugh

media may be clazssified broadly as conductors or dielectrics,

- Closed Surface S =y

Electrode —y

Figure 20. A Current Ground Electrode.
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there 1s no sharp dlviston of the two classes. Any medium-- v
has some -of the properties of both classes, and these properties
are the resistivity YO and the dlelectric constant & . 1
In particular, the earth has both of these properties. By
Gauss! Theorem, o

(4-21) fnﬂ ds = Q

and frem-the general Electromagnetic Fleld Equations,

(4-22) D= BE |

which implies that a component of E'in any direction is-equal
to the permittivity gt'timea the component of E in the same

direction. Therefore,

(4-23) D = £ E_

and from (4-20), equating cemponents only,
+=c Jd =

(4-24) PI, = E,

where Jn and En. are components in the positive outward direc-

tion. Substituting (4-23) inte (4-21),

(4-25) &eEndS = Q
and then substituting (4-24) into (4-25),
(4-26) S)OJ ds = Q

=8ffJ as = E)OI

according to equation (4-19). The basic relation for dielectric
eircults 1is

(4-27) Q=0V | )
where C 1s the eapaéitance, and the basic relation for electric
glrcults 1s Ohm'’s law:

(4-28) V = IR

Substituting (4-27) for Q, and (4-28) for I, into (4-26),

(4-29) oV = 8}9 —
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or, alternatively,

(4-30) R =€-§-

Equation (4-30) relates the electrical resistance R of the-
medium-to the electrostatic capacltance of the medium. ~ This
equation can be used to determine R where 1t 1s more-advantageous:
to caleulate ¢ directly rather than to céleulate R directly
from equation (4-1).

As an example of this method, and fer comparison with
the classical method, the ground-resistance of a spherical
electrode will be found from the capacitance of the~e1ectrode;ﬁ‘
For the sphere, Flgure 21, up@Mﬁéhieh 1s distributed a posli-
tive charge Q, the electric field intensity E at a radial
distance x external to the sphere is

(4-31) 5 __@
‘ hire x@ A . ,

~and the direction of E 1s positive outward from the center of

the sphere in the direction of x. The potential difference

" between the surface of the charged sphere and a concentric

Figure 21. A Spherical Ground Electrode.
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sphgpe 9fjra@1us a is, by“definipien-af‘yotential differenee
in terms of the electric field in’bensity,
(4-32) d

VeV, -7V, E dx = 91
hTrs::

zme_ ] zme B’"'?E,
From eqnatiun”(4-27), the -capacitance C found from (4-32) is
(4-33) c - [grra__ |
Now, the- resistance R can be found by applylng the baslec rela-
tion (4-30) to (4-33)3 :

tesh R‘ef - ﬁfe

[+ -3
=‘ﬁfﬁ‘[%*%]

The result of (4-34) 1s identically the same as the result

| of (4=1@)"whieh was calculated accecording to the classiecal
method emphasizing only the varlation of resistance with the
length and cross-sectional area of the current path.

As s second example, the ground-resistance of the hollow
cylindrical electrede, shown previously 1ln Figure 22, will be
calculated. For a charge Q, uﬁiformly distribufed over the
surface @fkthe eylinder, the symmetry of the figure shows that
the electric flux lines are pointed outward in the radial direc-
tiom. By Gauss'! Theorpm;’fhe electric flux passing outward |
through the coneentri@ é&iindrica1 surface of radius x, which
completely encloses fﬁe electrode, 1is

(4-35) Y = D S = 277xID, = Q



17

or, in a slightly different form,

(4-36) b -
n 21rxL

Substituting equation (4-23) into (4-36) gives

(4-37) E = Q
n 2mTEexL _ v
The potential difference between the surface of the electrode

and the surface of a concentric cylinder of radius 4 is

| VeV -Vy= [ Eexe [ "_‘Q’——anexn
' |

e [21] -eTmt

The capacitance, from (4-27), is

(4-39)  , _ 2mwEL .
1a -

Applying the general relation between R and C given by (4-30),

the ground-resistance is

(4-40) EP _EP P 4
. R="=smErn ~ 2TTL n =
EEs

A slight modifying assumption has been made throughout in
étaining the résﬁlt of (4-40)—the ends have been neglected,
so that all of the charge resides on the curved surfacé. This
assumptionlis analogéus to the one made coneerning thevflow
of current from the ends when ca}culating"the“resista§3e~by
the classical method. The result of (4-40) is identical to
the result of (4-13) obtained earliér, | | |

- A pointed comparison of the two methods can bewmgéegby
consideration of the\hémispherical eleetﬁode. The ground-

resistance of this electrode was relatively simple to calcu-
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late by the c¢lassical method. It would be quite diffieult,

if not impossible, to calculate the resistance by the second
method: primarily because of the non-uniformity of the charge.
- distribution as the comnsequence of the lack of geometric aym¥
metry, and'alse'because~of'the'd1ffieulties“preaentedwby~theﬁ-.
location of the electrode in two different media, the egrﬁh~
and the air. The advantage offered by the ciassicalﬁmethod

is obvious.

However, anotherfeumpariS@m can ‘be made which will illus~-
trate the superiority of the second method for this particular
case. Instead of a single ground electrode,”donsider twé
ground -eleectrodes, one of which discharges current to the -
earth and the other recelves the current from the earth,' Thié
afrangement is shown in Pigure 22. Both of the eleetrodes aréw-
spheres, though 6f unequal radii, and the eénteps are sgparated
.a distance d. The solution of this problem by the first method
is éémpli@ated by the lack of a single elemental resistance:

dR which includes the effeét of both spheres simultaneously.

Figure 22. Two Spherical Ground Electrodes.
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By the~seeend(method,'the~resistancewis-detgrmined from the
cgpacitance;'whieh“can‘be calculated. | |

| The spheres-are redrawn in Figure 23, one carrying-a
charge-(*)Q~aqd the other a charge (-)Q. The potentiel differ-
ence between the surfaces of the two spheres can be found -by
applying the basic definition of potential difference in the -
electrostatic field: ‘themdifference~of“pgtential*btheeﬂwwm

two points in the electrostatic fleld is the lime imtegral

of thewelqetric-fieid”intgnsity”between'thewtwo'points; - The:
value of the line integral-must be :independent of the parti-
cular path chosen, since the electrostatic fleld is conserva-
tive. The surface of each of the two spheres 1s an equipoten-
tial surface; therefore, the difference of potential calculated
along any line joining the two surfaces has the same value.
At a peinf at & distance x from the center of the larger

sphere and lying on the line joilning the centers of the spheres,

the electric field intensity caused by the (+)Q charge is

(3-31) g Q__
y1re x

Figure 23. Two Spherical Ground Electrodes.
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and 1s directed-toward the center-of the smaller sphere. - The-
electric field intensity at the same point caused by the (-)Q
charge is, similarly,

(4-42) B -9

2 yme (ax)? ,
but the minus sign indlcates that this intensity 1s also dir-

ected toward the center of the smaller sphere. So, the total
intensity~at the point x is the vector sum of E. and E

: 1 2’
(4-43) E - Q Q.

b a

BTTE 2 4TTE (a-x)2

and is__also directed t.oward the center of the smaller sphere.~

Then, the difference of potentlal between the surfaces of the

spheres is
v d-r
(=44) o [, 17,
- 5 ax
4ITE (d-x)
1':|d'r1
d-x :
T2
o= 1 1 1
= 1Te dﬂj ddﬂdl o dqé
= g—— + 1 — 1 — _..._..]_-._
b e rl T, d-rl d-r2

A close approximation to this result can be effected if the
distance d is large compared with the two radil ry and LY
in which case (4-44) simplifies to

(4-45) Q N -
T 4TTE rl“_ r, d

From equation (4-27), the capacitance is

(4-46) C o 2 . LITE

' v [%‘ + _lh_._E{]
rl B d

Use of the basic relation (4-30) gives for the resistance:




(4-47) R ) Y 0 A i S N
=TC Y __4rme T r, T, d

[:l.+ 1 _2

rq r2 d

The solution of this type -of problem by the classical method
is not readily feasible, if at all possible, because of thew~uﬁ-
numerous path3’in”different-directions for current-fIOW”frDm
the larger sphere to the smaller. Use of the classical methed
demands the choice of & cross-sectiocnal area (see equatian
(4-1)) such that the-surfacé of A is everwwherewperpendicular
to the direction of current flow. What is implied but never -
mentioned 1n any usé of the classical method is that 1t is
always necessary to assume that current flows infinitely far
along the lines of geometric symmetry of the electrode. Only
simple‘geometric figures exhibiting symmetry can be analyzed
in a striet sense by the classical method. Further, onrly a
single electrode can be analyzed by the classical method.
The fallacy of.fhe classical method is that current propagated
from a single electrode cannot possibly flow infinitely far
along the 1ines of geometric symmetry but mﬁst eventually re-
turn to thg'aource of current. The classical method gives
good results 1f the ground-electrode and‘current source are
widely separated because, as has been shown in equation (4-7)
for the hemispherigal electrode, nearly all of the resistance-
to-ground ;s concentrated in the‘immediate vieinlty of the
eleetrodeg but 1t has also been shown for a cylindrical elec?
trode that the ground-reslstance becomes infinltely great at
an infinite distance from the electrode. For the electrode

configuration of two spheres, shown in Flgure 25, 1f the two
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spheres -are c¢lose together then the current flow from one sphere
to another ls not along the lines of geometric symmetry—
_excepting the line joining the centers of the sphere—but the-
lines of current flow begin to curve immedlately outside eitherv
electrode and are not straighx‘radial lines extending"to-in-
finity. - The concept of*ground~resistance'of“tvo electrodes:
close together 1s even"ﬁeaningiess from the point of view of
the classical method, because actually both electrodes must

be considered if they are close together. The 1ackvof_ge®me»mw
tric symmetry of the current flow lines makes it impossible- .-
to apply the classical method to such a configuration as the
two spheres unless they are assﬁmed to be separated infinitely
far apart, in which case the ground-resistance of the two spheres

is simply the ordinary arithmetic sum of the two individual

. ground-reslistances.

Each of the caleculstions of ground-resistance, for the
varlous electrodes which have beg@{gﬁnsidered, qhows that the
resistance is concentrated in the immediata vieinity of the
electrode. Therefore, at the time of installation of the
electrode, the ground-bed surrounding the electrode should be
constructed of a low-resistivity substance. A ground-bed of
coke 1s commonly used. Thorough wetting of th§ ground-bed
after the grbund-elegtrode has been encased will tend to im-
prove the contact between the bed and electrpdé:( The addition
of common salt to the backfill soll 1is effectivé in reducing
ground reslstance. 7 ; » _

The wealness inherent in mafhematieal calculations of

resistance-to~ground 1is the neceasity of consldering electrode
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configurations with a high degree of geometric symmetry so
that the calculations can actually be completed rather than
only indicated. But this is true also of many applications:
of mathematics to practical problems.  The resistance-to-
ground of any ground-electrode can be measured directly with
& Megger, as explained in the last section of the preceding
chapter. The value of the mathematical calculations is in
indicating which kind of ground-electrode may be expected to
have a low resistance-to-ground, then the resiataace‘can be
verified byLdirect measurement on the particular electrode

selected.



CHAPTER V

CURRENT—POTENTIAL CURVES )

The‘petential of an'unprotected'bnried'structure is de-
pendent“upen‘the particular envirunment; 'Some'v&riatien“in
the potential is to be expected 1n dissimilar locatiens which
differ greatly in the type of soll, moisture eontent, ambiems
temperature of the soill, et cetera. Though*this apparent
overall, open—circuit potential of a particular structure M‘
cannot be estimated accurately from the Potential Series, it
1s a simple matter to determine this_potential by a dire@t
measurement° The method previously presented”in Figure 10‘
Chapter III, will suffice for this potential measurementv_

C1f protective current is applied to a buried metal

strueture, the potential of the structure should deviate from
the open~circuit potential by the polarization enf eaused by
the current flow, according to the thecry presented in Chapter
ﬂIIQ The applled . eurrent immediately causes the structure
p@tential to change, because of cathodic polarization, in the
direction of more negative (alodic) valueso‘ In Figures 24 -
and 25 are shown numerical currentnpetential data obtained o
by the author from electrical measurements perfermed on six .
shallow (1500 feet) well—casings., The method of obtaining
the measured potential was by interrupting the source of pro-
teective current and quickly*balancing a potentieneter connected
as shown in Figure 11, Ghapter III which method has been :
previously explained and compared with the eompensated bridge

84
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Figure 24. Current-Potential Curves.



MEASURED STR UCTUB E POTENTIAL IN VOLTS,

86

Percent of total applied current.

0 1'0 20 3'0 'l‘o- 50 60 70 80 90 100

=
™
lo

i

100%, or total, applied current = 10 amperes.

Figure 25. Current-Potential Curves.



method-ianhapterjIII. -The”wells“from“which~the electrical
measurgmentswwere"oﬁtaine&'are In the 3t. Elmo Fileld of Illinois.
The potentials‘werewmeasuredwwith”respect to a saturated cal-
omel reference half-cell, and it will be"remembered:frommchap-
ter III that a buried structure which exhibits a potential

of -0.78 volt with respect to this half-cell should be adequ-
ately protected according to the rule-of-thumb criterion ex-
plained in Chapter III.

The nearly identical specimens were buried in different
localities, and the potentials with no current applied'illu-
strateithe:eﬁfect of the varilous locations. The applied
current (oﬁéeurrent—density)'was varied from zero to a maximum . _-
value considered to be greatly 1n excess of the value required
for protection:‘.The“magnitude of the maximum current is the
same for each'specimen,'lo'ampéres, so~the current scale is
given as the percent of maximum in order that the abséiqsa
be generally nondimensional and emphasize the shape of the
curve.rather than the magnitude of the currentf " Only the -
potential axes of the two figureﬁ are different; the current |
axes are the same. Differggtypntential scales have been used -
so that the variation of potential of each particular specimen
can be clearly shown. 1 _

As expected from the polarization theory presented in
Chapter~II, the potentials all change toward the anodic diree-
tion,“thoughlnot by the same amount at each locatlon. -The -
potential of specimen 1 changed much less than any-of the other
five, and the potential did not quite reach the f0.78 volt

value called for by the arbitrary standard—but the current-
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density was thought to pe‘Yery'much'greater‘than'necesqary";‘
at the“maximumf““The“potentiaiwof"2~chmmgedwmuch*m?re~than 1l
fer the same applied “current. The potential vartation of 3
© is similar-to-that of 2, but it is still more-anodic (negative).
Specimens 4 gnd 5 were in the same loecation, and the curves
of these two are only slightly-different.- Spéeimen-65waa~in
é different“locatiﬁn,'and the curve for it differs from the
others~aﬁd‘i§wmprem§nodicj(negatiﬁe)"thanwany of“the*ethér§r 
4The openhcircuitWpotentials——thﬁtmis, with'né“applied*eurrent——~
-9fﬂ3,4;5;'and“6 are all'mcrs”négative'than“the~arbitrary”va1ue
ef--0.78“v01t“with“respect”t@’a calomel electrode, which has
been explained in Chapter III to be'rigidly'observediby meny
- as anvabsolute*prntectiGn~eriteri®n;'“Therefvre;“by“thiS“doubt;
fulvstandard, all feﬁr'of these-épecimens should be suffieiemtly 
pr@ﬁeetedrwifh@ut the applicatioﬁ of & protective current.
‘However, all six specimems-were in the ground for some years
‘before the poteantial-current measurements were made. Upon
examination, 3, 4, 5, and 6 were all found to be pitted by
c@rrosion, thoagh‘the -0.78 volt criterion %ndiga£§s~adequ&te-
protection fop these four. The epen-eireuit potentials of 1
and 2 vere both‘lesé”than“~®;78wvolt;_and'they“werefalso“pittedw,
From the-evidenee; the -0.78 volt criterion cannot be accepted-
és a fixed~standard indicative of proteeti@n»fer.aﬁy\and all
ferrous specimens. HOWever;*the“numerical data for a parti-
cular‘specinen'may be valuable 1in determining an adequate poten-
tial and current for any one specimen. |

If the~sam¢-numerical currentbﬁotential data for the six -

- specimens are plotted on semi-logarithmic paper with paténtial
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on the “linesr-scale and eurrent on the logarithmic-scale;,
certain similarities in all the data are more prominent. For
relatively small values of current, the pvtenti&l is approxi=
mately &a stralght line with an almbstWhorizontal“slwyﬁ“until

a point iS“reached“b@jnnd“whichwthq“points lie on“ané”abeut
a*line of steepgr*glepeo These data are shown in Figures'Eﬁ“
and 27. The potential scale 1s large; as it“wa3'0n~thé;efdinary
coordinate paper, %n“orderwtO“showwthe d&ta‘ig“great detail.

) The‘shapg“of'the various“eurves are*all“typica1 of a “
most important discovery by Dr. Scott Pc,Ewingl° In the re-
ferenee:citedl, Dr. Eving showed that current-potential curves
of buried ferrous structures were all of-s particular shape: J
the first portion of the-curve is a neariy‘horizental'line'n
at the value of the structure open<circult potential, and the
' sécond part of the curve 1ls another straight line of steeper
negative slope (in semi-logsritimic coordinates). Also, the
poin€ of intersection of the twé straight-line portions of a
single current-potential curve was shown by experimentasl re-

sults in the reference WOrkl to be the minimum value o{ qurrent

vrequired for_pretectien, This is a very powerfulnquantitativeri~«4

means for determining the proper magnitude of protective eurrént
for any type of buried structure. The numerical data for a
single current-potential eurve can be obtained by diregt mea -
surement, as hasvbeen explained, and a curve can be fitted to

ths numerical data by any of the conventional methods of curve-

ls, p. Ewin , "Determination of Current Required for

Gathodic Protect on," Proceedings of The American Gas Associa-
tion, 1940, p. 61i3.
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fittingfsuoh'as the standard statistical Mgphod>of_leest~8quares@
The writer's-experience with such curve=fitting has indicated
that thewcurve'so”fitted“iswusefulwonly“fqr“the“one“set-of'datgm
fof a'single“particular“curve”because”of*thewinérdinateiy large -

aumber*ofjterms”required“to“represent the”peculiar shapeof a -

's1ngle*current=potential“curve"in“semi*leg&rtthmic“comrdinatesfv

Further, theﬂﬁethnd'of“ﬁeast'Squareswfaiis to emphasize the-most -

'1mp0rtant“single»point'on‘the“curvefv“the”bre&kpoint. - It would

~ be valusble to fit a single empirical equation to the eurrent- -

":potentiai curVe»which*would”apply to &ll such curves, regard- -

less of'the height of the horizontal segment and the location
éf‘the‘breakpoint, and which would emphasize the breakpoint.

Such an equation would make 1t possible to correlate all ex- -

perimental results with the analytical theory of Chapter II.

v

’-fIt will‘be"recalled“that“much”of the analytical theory of Chap-
',teg IIfwas'of'necessityfexpressed*in geﬁeral functional nota-
vvtion,.such as the f (J ) and £,_(J, ) in equations (2-19) and
_(2é20), for the very simple reason that the exact functions

3were:gnknown. The theory of Chapter II and the experimental

reéults of thils chapter will be correlated by means of a single
-genefal empirical equation which the writer has developéd.:

No such correlation has ever been made previcusly between theory‘
and experimentation.

Assuming-that the potential-current curve 1is composéd~of
two straight-line séyments, then the two lines will intersect -
in a single point. All six of the semi-logarithmic expefiment&l
curves are drawn 1in thIS“mannérx' A curve composed of two-

straight-line segments which are non-collinear cannot be
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represented by a power series with an infinite numberof terms
nor by -an-slgebraic polynomial with & finite number of terms,
since functions'Sﬁjdefingdﬁhaveﬂcﬁntinugus*Tirsp“dérivativesfp‘
There 1s 'no derivative at the breakpoint, or- intersection, of -
the two stralght-lline segments. It 1s possible to represent

the curve by a Fourler Series om a specified interval, but a -
large number -of terms are required and the terms arEMdependent .
upon the-specified interval; a change in position of the brea-k-

point results 1n~a'nGWNSeriesw

which has been used in an-entirely different form ‘as anvapproxi—
mate representation of attenustion-<frequency characteristies- -
in servomechanism analysis. It was ‘in the study of servo-
mechanism analysis that fhe'writer concelved the idea of the-
new equation~aS“aﬁ”exact”expression“for“thE”type of eurve now
under consideration. Theﬂdependentwvariable, whichwis'hereww-m
potential, 1s regarded as a function of a complex variable in
such a -way that the function 1tself is always real. I1f the
value of the function 1s plotted as the ordinate on semi-log-
arithmic paper versus the real independent varlable a8 absclssa,
the real part of the function is considéred to represent the
function over the first part of the entire interval, and the -
imaginary part of the function represenﬁs thevfﬁﬁction'over;

the second part of the entire interval. This type of analyti-

2.

cal expression 1is known as the ‘"asympotic-approximation™® when -

used to represent a continuous smooth curve. However, the

" 2g, Chestnut and B. W. Mayer Servomechanisms‘ané Regula-
lating System Design, (New York, ig
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type of curve considered here 1s not & smooth-continuous curve-
but 1s~exaet1y”the”§&meﬂshape~aS‘the“”asympetie approximation”
curve, ‘and so can be representgd'exactly by an expression for
the approximate curve.
The- analytiaal expression developed by the auther is

vwritten-as
(5-1) Eg=- | -E, + jm log kI , (3= V1 )
in vhich E 1s the opem-circuit measured potential of the
specimenw(with"nO“eurrent“applied),'I”iswthe“appiied“current,
k 1s anﬁarbitrary“cmnstant,“mWis”proportional'to‘the sldpe of
the 1nciined”segmentﬂon“semiblogarithmic”paper,:gné/Eé“is'the»
actual“specimen”potential'(with'current”applied}a~ In (5-1),
it should be recognized that Ed is inherently negative by our
means of measuremént, m 1s positive though the inclined seg-
-ment always has & negative slope, and both I and k are posi-
tive. The independent variable is the current I.

‘ The horizontal segment of the curve is represented by
the real part of “the complex quantity,

(5-2) E = - | =, | - =

&)

The ineclined ségment.of the curve 1s represented by the imagin-

it
S

ary part of the complex quantity,
(5-3) E = -

s
The breakpoint in the curve occurs where the real part 1s

jm log kI I- = -m log kI

equal to the imaginary part:
(5-4) - E = m log kI
From equation (5 2), 1t can be seen that E E is the hori-

zontal part of the curve. If equation (5- 3) is expanded
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(5-5) E -m log kI = -m (log I + log k)

]

(_m . ..10.8. -,.I - m, . 108,,%..k_ SN
- (~m) X+C, (x = log'I), (€ = ~mlog k)

then equation (5-5) 1s recognized as & straight -1ine-on semi-
logaritimic paper since log"I“is'the’&bscissagfgem)-is the -
slope,=anq”C“iswanwarbitﬁgrywcenstant, The particular base
of logarithms used—excepting zero, unity, and negativé*num--
bers—is optional, though the base 10 has been used for con-
- venience in plotting. 7

A correlation between experiméntal~data'and~the@theory~w
of Chapter II can now be effected. Equation (2-19) of that
chapter is rewritten for reference as equation (5-6):
(5-6) E, =B - £ (J,)
The cathodlic equation of Chapter II equation (2-19), is used
now becaqge_phe protected strueture is the cathode inia cell
composed of: 1) the structure as cathode, 2) the earth as
electyolytegband 3) the auxiliary anode as anode. The sub-
seripts of this chapter have~beeg~appropriately-attaehed with
Es the specimén potential with current applied, Eo the open-
circult meésured_pbtentiai of the specimen with no eurrent‘
applied, both ofﬁﬁhich terms have been previously defined in
connection with equation (5-1) of this chapter, and the term
fs(Js) written in general functional notétion-is the polariza-
tion emf. Now, by comparison of (5-6) with equations (5-1),
(5-2), (5-3), (5-4), and (5-5), it is immediately discernible
that
(5-7) E =&
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. » : , ,
an ldemtity, for the-horizontal portion of the curve; and
(5-8) - fs(Js) = -m lo% kI
or, in positive terms, ’
(5-9) fs(Js) = m log kI
for the'sgcend portion of the~curve,'whieh is inelined gt a
negative slope. Equation (5-9) can be further written, by
- the use of the methods of/Chapter II, since‘fs(Js)fa l&Es, as

(5-10) | s
ZSEg =’ 193 kI = fa(Js) = I S

or, in -equivalent exponential form as

AE
(5-11) v l i\‘b‘_ :vs
I = -E— 10  m-

where Z&Es is, again, the polarization emf. - The very imper-
tant result of (5-10) is that the pelar1thian~va1tageffsgq;)=
lﬁEs, previously written'in'general“functionalfnetatibﬁhié o
now completely deseribed in analytical terms of a partiecular
function: the polarization emf is a logarithmic function @f
the applied current, and the eonstaﬁts m and k can be easilj'

fitted to any curve of simiiar shape.  Regardless -of the par-

ticular value of E or the location of the breakpoint for any

curve of similar shape, the two constants m énd k absolutely
determine the curve.: For example, using the experimental data-
of curve 2, Figure éﬁs E, = -0.760 Volt, the breakpoint is
at (.05) (10) = 0.5 ampere, and

m = 08‘36 and 076 - 083§V -eéi 60 oG'i 6 u0‘i 6 . 0.127
log 20 - log 5  log =5 log 4 .6 o
all of which are determined directly from curve 2, and the

value of k is caleulated now frem equation (5-4):
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- (-é;76o) = .127 log 0.5k"
0.760 = .127 logk < .127 log 0.5
= 127 log k-4 (.127) (-.3)
= .127 log-'k - .038
¢,76o2+ .038 = 0.798 = .127 log k

.798
;og k = 7%27-—'s 6.28

k- 10628 | |
Now, the equatlon of curve 2 can be written quite compactly,

from equation (5-1), as

'E = - | 0.760 + j0.12T log 106°28I

which :s a simply determined, easily readable expression in
analytical form for the extfemely nonlinear curve 2. A numerif
cal cheeck of the above empirical equation of curve 2 is pro-
vided by selecting a particular value of current from .curve
2 and calculating the potential from the equatien. Selecﬁing
the current at 20 per cent of maximum or (0.20) (io) = 2.0
amperes, the calculated potential is as féllews: since the
2.0 ampere polnt selected is to the.right of the breakpoint,
equation (5-3) 1is used.
E, = -m ieg kI

= -0.127 log (106-2%) (2)

= -0.127 (6.28) -0.127 (.3)

= -0.798 - ,038 ”

= -0.836 volt
which 1s precisely-the potential value on curve 2 corresponding
to a‘current of 2 smperes. This value is as aeeurate, analyti-

cally, as the actual value read from curve 2.
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The equations of the other experimental current-potential
curves can be emplrically derived in a similar mannerﬂ

No such powerful correlation between the theory of cathodic
protection and the experimental results, as has been presented
- 1n full detail in this Chapter} has ever before been made.
The polarization terms in the equations of Mears! and Browns
‘theory, footnote references 1 and 3 in Chapter II, ére in
genefal functional notation because the particular functions
were unknown; Eﬁing's theory did not contaln polarization
terms. Mears'and Brown have used linear functions, but these
are obviously poof approximations of the nonlinear character-
istic curves. M

Actual experimental curves may depart slightly from the
ideal form, as shown by the curves of Figures 26 and 27, but
the breakpoint can be used as a baslc guantitative value of
currentwwhich can»be modified by an appropriate safety factor.
This method of determining the value of protective current is
seemingly opposed to the critical-potential criterion, since
the breakpoint method is based upon the value of current at
which the potential variation begins, while the gritical-
potential method consists of varying the potential until 1t
assumes an arbi%rary value. However, over a lengthy period
of time, the value of current determined by the breakpolint
method will causé the potentlial to change in the same direction
as the potential variation of the eritical-potential methbd.
The single critical potential criterion has been shown in
this Chapter to be umreliable, and it 1s scarcely logical

anyway. The breakpoint method of the current-potential semi-
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log eurves~is;acfual1y”thew@mly“truejquantitative~ériterien,
but it has previously been -emtirely experimental.

Any particular potemtial eriterion for-a single environ-
ment ceuld be'teéted“as tc'reliabiiity”by“maintainingﬁthe~ w-
potential of a small specimen, burled in the environment, at
- the selected value. ~Similarly, the value of protective current,
as determined from either 1) a current-potential curve of & |
small specimen buried 1in & given environment orfé)vany arbi-
“trary postulated value, could be tested7by'maintaining"the_
7:paf%icu1ar current at its fixed value. Of primary importance,
then, are methods of perférming'the potential and current
criterlia experiments. ;@nigihal methods will be presented in
the following chapter. o



CHAPTER VI
(

ELECTRICAL METHODS OF PERFORMING BASIC
EXPERIMENTAL RESEARCH STUDIES

EXPIANATION OF THE TWO TYPES OF BASIC EXPERIMENTS

In lieu of exact analytical~methods-for-the“predictleﬁm‘
of proteectlon requirements for varled environments, twoe types -
of basle experiments have been offlcially recommended by the
Minimum Current Requirements Committee of the Natlonal Associa-
tion of Corrosion Engineers. It 1s belleved that a large
number of experimental studies, conducted in a wide varlety
of envliromments, will add to the fundamental knowledge of both
corrosion and protection phenomena. These experiments should
also yield quantitative data for the predetermination of eriti-~
cal potentlials and current-densities requiﬁed for protection
of structures, both exlsting and proposed, located in any of
the varlous environments. |

An exact desceription of methods of performing the two
types of experiments has never been published. It was believed
that Individual 1nvestigators would devise a number of methods.
The following methods and explanatiom of the-two types of ex-
periments are_thb\writer 8 solution to the problem of methods.
The experiments can be performed qulte simply 1f the proper
elesctrical circuits can be developed for use. HNo satisfactory
¢ilrcults have been published for use in these experiments.
In this chapter, orlgilnal methods will be developed for the

experimentation.
100
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The first of:the two experiments 1s a eonstan$—eurrent
type. For a number of specimens buried in one partiecular
place, 1t 1is desired to set the magnitude of the protective
eurrent (or eurrent-density)'applied_t@*each-speeimenqat a
chosen fixed value which will remain éésenﬁ&élly constant
throughout the period of the experimeﬁt;r-Though the individﬁal
current applied to:each specimen 1s constant, the several
currents should differ from one another by increments of suffi-
clent size to ensure that a wide current range is covered.
‘Equal current inerements would ordinarily be chosen fqr uni-
formity in the Interpretation of the results. For exémple,
wifh_a set of five specimens eaeh of which has an exposed sur-
face area of one square foot, the individual ecurrents might |
be fixed at 1, 2, 3, 4, and 5»mill;am§eres, respectively.

For the same set of specimens, the currents may instead be

set at 0.5, 2.0, 3.5, 5.0, 6.5 milliamperes, or possibly at

1, 4, 7, 10, 13 milliamperes, et cetera. Local conditions
dictate the choice of current range to a large extent, invelv-
ing the consideration of seoil fesistivi@y, molsture centent;
and other pertinent factors. The results of this type of ex-
perimentation should indicate the critieal value of applied
current (current-density) for protection of structures located
in the same environment in which the experiment 1s econducted. -

The second type of experiment is a constant polarization
emf study. It kas been shown previously that the initial
overall potential of an unprotected structure is ch&mged~inn
the anodic (negative) direection by applicatien of proteetive»~
current, and that the change in petential (_AEG_) is the
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cathedic'polarizationﬁemf Assuming that the initial open-—
circuit“potential Eé of the unprotected structure is apprexi-
mately cqnstant,"it can be:seen from-the equation,
(6-1) _Ec =Ey, = AE, = E - £.(7,)
vhich was developed in Chapter II as equation (2&19)3-t@@t
the potential E  of the cathodically-protected structure can
be set at & constant chosen value by setting the polarization-
emf ISEQ at a constant value. As shown by equation (6-1),
l&E 1s a functlon of the cathodic eurrent-density-Jc, and
Jc 1s dependent upon the applied protective current. Then,
the actual potential E varies with the strength of the applied
current. This EQ versue-Ip variation has already been shown,
in Chapter V, in graphical form for a typical group of speci-
mens not all buried in the same location. With a group of
specimens buried in the same locallty, the measurable p@ten—~~
tial Ec of each specimen is to be set at & fixed predetermined
value by adjusting the individual curéents to the specimens.
The fixed potentials of the several specimens should differ
by appreciable increments, usually of equal magnitude, in‘order
that a broad range of potentlial may be examined. Fixed potén-ﬂ
tials for a group of five specimens could be selected as -0.60,
-0,70, -0.80, -0.90, and -1.00 volts, respectively, measured
with respect to the sgturated calomel electrode, so that the
arbitrary critical potential, -0.T78 volts, would“bemadequately
bracketed on both sides. The cholce of fixed potentials may
be -0.70, -0.75, -0.80, ~0.85, and -0.90 volts, respectively,

et cetera. The particular potential range selected will be
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determined to some extent by th¢~cond1tions of the particular
environment. Each specimen-potential should remain essentially
constant over the entire peried of the experiment. Results
of the p@tentiél studies should yield the ecritical potential
of proteetion for a structure located in the speceific environ-
ment of thefexperiment; |
Steél%?ipé‘spe@imens are quite satisfactory for use in
the two types of ekperiments because the ends can be sealed
to eliminate the sharp corners and edges which make a uniform
current-density a virtual impossibllity. Equal protedtion of
every unit area of the.eathodic surface demands & uniform -
current-density, and,,though}this 1s rather an ldeal condi-
'tion, it should be attalned as nearly as pessible. Only one
pltted hole 1s necessary to render a sectlon of commercisl
pipeline undesirable for use, and & pipeline 1s only as strong
as its weakest section. _ )
) - Th;'iesulps of & polarization emf experiment in which
the author participated’ are indleative of the difficulties
encountered in such a study. In Figure 28 are shown graphic~
- ally the measured potentials, with respect to a saturated
calomel cell, of three steel pipe speclmens over a period of
approximately three months. The potentlals weée measured
by“means of the circult shown schematically in Figure 29. A
potentiometer connected between the reference e1e@trede and}

a particular specimen will read the approximate true open-

Iscott P. Ewing, "Potential Measurements for Determining
Cathodic Protectlon Requirements," Gorrosion, VII (1951),
PP 2‘10“'1}220 ) ‘ ) -
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Percentage of total elapsed time.
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Eg)SPECIMEN POTENTIAL IN VOLTS.

Figure 28. Potential-Time Curves.
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eircuit potentiasl of the specimen'if‘the>switehfs is opened
and the»pntentiameter“is'quickly“ba]aneed—ea“matter“Gftmznual
dexterity. Adjustments of currents to-individu&l“speéﬁmens
are made by moving the clips attached to the wire resistor R.
The currents to each specimen can“be'detenmined‘by~measuring«vr
the voltage drop, with a potentiometer, across the precision
resistors r (one ohm) in~series with~éaeh-specimen.

As-‘Figure 28 -shows, there is comsiderable variation inm
the measured potentials of the specimens between the times
of making the measurements. In Figure 30, ﬁbtential-measure- 
}ments of three similar specimens located in & fresh—wateﬁ'
pond at a depth of 12 inches; whereas the first three~speci;
mens were placed 1ln sandy loam at a depth of 12 inches, show
the same~unavoid§b;e-variapions in potegtial,with elapsed
time. To correct these potentlial variations manually, a human
operator would have to be capable of supplylng continuous
ad justments to the position of the e¢lips. Continuous manual
adjustments are not readily feasible over any considerable
period of time; for this reason, it is highly desirable to
develop autamatié econtrol circuits as a replacement for manual
operations. The desired potentlals at which specimens 1, 2,
end 3 of Figure 28 were to be maintained constant are -1.00,
-0.85, -0.80 volts, respectively. Speclmens 1, 2, and 3 of
Flgure 30 were to be held at the constant potential values of
~1.00, -0.85, -0.70 volts, respectively. The current’applied
to each specimen was varied manually only after each potential
measurement and in the direction to increase or decrease the

measured potentisl toward the constant specified value pre-
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Epb
1]
.I I/ -
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. . {’P > r r Elegtrode
Surface of|the Earth - *
- ] .
Auxiliary | B P L
Anode 1 311 2 1

Figure 29. An Experimental Potential Circuit.

selected for each specimen.

METHODS OF“PERFORMING‘THE TWO TYPES OF EXPERIMENTS

Thevresults shown by both:Figures 28 and 30 clearly‘
illustrate‘the impossiblility of‘ﬁainfaining the potential of
a spécimen at a fixed value by periodic manuasl changes in the
applied current.

So far as can be ascertalned, only one automatic potential-
control circuit has been developedz. Thejcircﬁit qiagram
appears in Figure 31, -Tubes Tl and-T2 are‘vacuum triodes;
tube T, 1s a thyratron triode. The D.G. supply.voltage is

3
200 volts; the A.CG. supply is 25 volts. Resistor r is §

" 2\, Hickling, "Studles in Electrode Polarization", Tran-
sactions of The Faraday Soclety, XXXVIII (1942), pp. 27-33.
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megohms, r3 is 100;000 ohms, ry is 5,000 ohmg; T is 300 ohms,
and r, 1s 10,000 ohms. These values iare quoted only to illu-
strate the relative slzes of the varlous cemponents; all of
the values,4ine1uding“batteries B1 and B2’ depend upon the

particular tubes used.

vD&G; Supply
P

i

Figure 31. An Electronic Regulator. )

When switch S, is closed, condenser C charges thrquéh
resistors r and rg, with 'the upper plate ‘positive. The con-
denser voltage opposea the negative bias of B1 on the grid of
Ti’ causing the plate current of T1 to increase, The plate 7
eurrent of Tl is also the current which flows through the test
cell. The cathode Ca of the test cell tends to polarize be-
cause of the flow of current onto it, and the polarization

increases as the current lncreases, the?eby forecling the
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cathodlc potemtial more and more in the (negative) anodic -
directlon. The difference of potential betweenjthemcathede”_
and the reference electrode E is connected in series-withjthe-- 
\reference potential standard furnished by the poten?iometgr"‘

and further to the grid of the thyratron T When“the:cathedie

30
potentlal 1s equal in magnmitude and opposite in polarity, as /
- shown, to the potentiometer voltage, then the thyratron ls

allowed to conduct. A part of the plate current of T, flows

3

through r_, from top to bottom, which voltage opposes the

2

'negative bles of B, on the grid of T2. The decrease 1in grid

o

‘blas orn T, allows this tube to conduct, so condemser C can

then discharge~thqough-T2, which increases the grid blas on

T, and decreases the plate current of T,. Now, the polariza-

tiQn of the test cell cathode décreases;“causing”the cathode

potential to rise momentarily in the (positive) cathodic direc-

tion which allows the potentiometer to cut-off the plate

current of the thyratron. A complete cycle of operation has

thus beeg}ﬁps@ribed; This gutomatic regulatory circult is

in the oq;bff,category, causing the cathodic potential to

flucuate aroﬁéd the value of potential set on the potent;ometerw(
The Electronic Regulator of Figure 31 can be modified

for use as an.autemafie current_regulating circuit. A resister

is connected in series with the tést cell, and the (IR) voltage

drop across the resistor 1s held constagt,.thus holding the

current itself constant. This modification is shown in Figure

32. Only one comnnection is changed: the lead from the re-

ference electrode 1s disconnected and then placed at the left .

end of the series resistor r_. Now the voltage across r5 is

5
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To Potentiometer

:"Frgﬁfe‘32o Modificaticn of . The Electronic Regulator. ]
in opposition to the potentiometer voltage, Just as the.refer-
‘ence-electrode“voltagewis connecte&“in“Figurow3l,] In the-
'ﬁodifie&fcircuitg’the'test%célllcgthode“potential can bei~
imeaouredwby"eoﬁnectingfoﬁoecoﬁdWpoteﬁtiometer5betweenﬁthevremncr.
.ferencewclectrode'and'tho'cathode;”externalitoithe-cell; lsb,

this Electronic Regulator is a dualapurpose circuit° though

, 'it 13 basically a: potential regulator it can be adapted to

'regulate either constant potential or constant currenta _

| The principal disadvantagp of this Electronic Regulator
is the erratic firing characteristic of the thyratron. The
,firing characteristic of & gas-filled trioﬂe changes appreci-v
| ably from‘time to time for a given‘tube, and,thc~characteristic o
‘ cufte foffthetsameftype”offtubejtapiesjcqnsider&b1Y”ﬁﬁﬁn8“t
.individuai"tubés;‘fThefinconsiotent“néturo*of”thetfiringW:
charactoristic'is‘the”source-of“difficultytin“firing~thewthyra-
tron at the proper‘time when the - test ~cell cathode attains the

desired pre=selected potential value°
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_ A‘simple“method of perférmingﬁth@*aonatant—eurrent~ex-;
periment, through electronic means, is $1lustrated by Flgure
33. -Ittis‘well known that the plate current of a ﬁentode~is“
ﬂessentiallyfconstant evér~a*wide¢rémgerof“platé?vo;tage; for
.ébfixed'contrblbgrid voltage. The D.C. Supply voltage is
usually 200 to 300 volts. In-series-with:the‘tubewamﬁzb~6,

: supply is the test-ecell whose difference of potential>between
Anode and Cathode 1s &t most only a very few volts. Though
the Anode~Cathodevvoltagefof the test-cell may vary with the
zcurrent threugh the cell, the range’ of the voltage variation
is so small compared with the magnitude of the D.C. Supply
oltage that the current is unaffected and remains constant
in\yglue, The desired value of constant~eurrent is set by

- adjustment of the control-grid blas obtained from the variable
resistor R. If it is n@cesséry to observe the potential of
the Cathode relétive'to,a'reference elégtrode, a potentlometer
}'amd eleétrode,caﬁ.be,conneeted in the_same manner that has
| - - |

S\

N\

;D,C, Supply

‘Ez ? E[L*VPotehtiometer -
tAq" |ca

Test Cell
Figure 33. A Constant- -Current Regulator
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beeg previocusly given for Figure 32. ‘Thv'ﬁﬁIyWIimitativns
on_thewcircuit'of“FigurE“SB'arewv l)“theweurrentﬁvoitag&w@h&r-
acteristic of the tube should be flat, and 2) the tube should
be capable of passing the desired value of current.
InwthuremBh;“curves”nf“appliedweurrent”vepsus~e&apsedw
time of current flow sre shown. Values of the various cir-
cult parameters used inm the constant-current regulator of
Figure 33 “gre- listed directly above the ecurves. A test-cell -
was used comsisting of two metsl electrodes each with”apprOXi#
mate1ym5®wsquare“inches”wagxpvse@”surf&ee%ave&“agd“an“elee~
trolyte of ‘water. This test-cell should represent a more diffi-
cult situation than the same electrodes placed in the;earth,
since thewPesistiv;tyfbf“thswwater~13“higher*thgn'that of the -
earth.;~The:current'W&s”me&sured”by“a’milliammeter'rsading'
accurately to 0.05 milliampere. As the curves indicate, there -
- was no'measurable“vavi&tiog“in”the~eurren% ever”a;periodmbf
several days. This regulator is as rellable as its censtituent
‘components. The curves are squivalent to current-densities -
of approximately 3, 9, and'15~m111iampere3'per“squéqe foot
for curves 1, 2, and 3, respectively. *Theseueurrén#edensities-u
adequately bracket the range of most interest, and“thewcurqug-~
imply that,any'value'of”current'between”the”extremn&valuesvd‘v
1,00 and 5.00 milliamperes may be expected to remaln constant.
If the self-blas provided by R is not adjustable“to-suit in-
dividusal requirements, a sepafate~voltage“souree'can‘bewused,
Several individuai“circuits,~e&ch 1ike that of Figure 33 ecan
be operated in parallel from the same power supply, depending. .

upon the current capaclty of the supply. The usual power
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Values of circuit componeh%s, for the current regulator of Fig. 33.

: _ .260 volts
.D@G@WSupply—~—250.voltS

riunwloo,ooo ohms
r———90,000 ohms
R——20,000 ohms

N T—68J7
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Figure 34. Current-Time Curves.
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supply containing a type 80 rectifier tube or‘equivalent wi11
easlly provide current fbr 81lx small specimens. A different
type of pentode tube, such ags the 6SK7, can be used instead
of the'GSJT 1f more current is needed. Ghanges~in*current}
caused by both polérization'emf and varyling electrode resis-
tance are effectively eliminated by this constant-current re-
gulator. |

A type of constant-potential experiment different from
that previously explsined can be performed with the circuit
of Figure 33. In Figure 35 are shown curves representing thew
difference of pbtantial between Anode and Cathode-of the -test
cell, with the Anode positive; versUS'thewappliegﬁeurrento'
These curves illustrate the nonlinear relétionship between -
the difference of potentlal and the current, which 1s caused
_ by both polarization and variéble internal resistance of the
cell. Three different sets of Eata are plotted in order to
determine the abllity to reﬁroduqevthg same data. The differ-
ences in the three curves ére_within the range of poégible'
ékperimental error. The polnts on the curves were obtained
about three minutes apart, timemenough for polarizatien to
ogcur. The curves indicate that a fairly definite difference
of potential exists for a given current; therefore, for a par-
ticular fixed value of current, a desired value of potential
difference can be‘maiﬂtained almost constant. Holding the-
difference of potential esnstant, rather than the potential
of either electrode with respect to a reference electrode,
¢liminates the necessity of measurement with respect to the

arbitfary reference electrode. For this type of constant-
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DIFFERENCE OF POTENTIAL IN VOLTS

1.00 2.00 3.00 4.00 © 5.00 6.00
Gurrent, in milliamperes. :

Figure 35, Test-Cell Difference of Potential versus Current.
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potential~experiment“to'bewof‘value, the anode should be large
enough compeared with the cathode to ensure no polarization of
the anode while'gffecting“thE'desired polarization of the
cathode. Thus, the'@onstantaéurrent“regulatorwis also a dual-
purpose“circuit which 1) maintains the current at a definite -
fixed value, and 2) maintains a nearly definite fixed differ-
ence of potential for some corresponding value of current.

A better method of maintaining a desired difference of
- potential constant is shown in Figure 36. Two regulated-d.c.
power supplies are connected in series opposition through é,
voltage-divider R. If the voltage of power supply 2 1s hilgher
than that of supply 1, then the polarity of the voltage across R
is as showh° With both supplles operating near their rated

output voltages, the voltage across R will be very nearly -

| Regulatedfo‘l"" o - F
| Power Supply 1 - ' '
_ote- -

, R _

]
in |Ga

Test Cell | |
Pigure 36. A Constant Difference of Potential Circuilt.

LAY4
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constant. _The'desired'difference”of'potential for the test -
éell_is obtained by adjustment of the movable terminal on R,
and this voltage will also be regulated to & constant value. -
Figure 37 shows the variation of three preselected values of
difference of potential versus elapsed time of appliecation.
All of the voltages were constant over a period of several
days, and the current measured at the same time as the voltage - -
is slightly variable. The reliability of this circuit 1ls de-—
termined by the dependability of the circult components. The - -
partieular values of constant voltages are 0.50, 0.75, and
1.00 volt for curves El’ E,, and E3; respectively, which cor-
respond approximately to the same general range of interest
a8 the constantmqurrent curves of Figure 3. Thevveltage i
range of this method may be varied widely by relative adjust=
ment of the two d.c. power supply outputrvoltages as well as
by varying R. The curves of Figure 37 were obtalned with power -
supply 2 set at 260 volts, supply 1 at 245 volis, andrthewvoltm
age acréss R was, of course, 15 volts with the polarity as
marked on the figure?‘ The particularwvalue‘of R qse@ was 2500
ohms. The values of current flowing through the test-cell are
also.plotted on Figure 42. The current I1 corrésponds to val t-
age E to E

12 to E2, and I As the curves show, in spite

1° 3°
of the variation in curient‘caused by polarization and variable
internal resistance of the test-cell, the potential across the
cell is maintained constant in every case.

The reason for developing two new methods for performing
a eonstant difference of potential experiment is that if an
anode of large size relative to the size of the specimens is
|

I
|
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used, then the~anode w11l not polarize and the experiment is
exaetly~thew5a@q"as'the”first‘type of constant*potqntial ex~
periment. Théﬁ'an electrode will not polarize if théweurrentu
density on the surface is small has been clearly shown by

the horizontal portions of the semi=logarithmic current-poten-
tial curves of Chapter V. In these curves, the measured po-
tential of the specimen tends to remain constant at the open-
circult potential value even after current has been applied
until the breakpoint is reached. It 1is necessary only to use
an anode -large enough so that 1t is eperatedvon the nearly

horizontal part of its current-potential curve.



CHAPTER VII

SUMMARY AND CONCLUSIONS

The representation of the cathodic protection mechanism
by equivalent circuits is a valuable physical picture to the
electrical englneer who by education and training visualizes
many”electricel Phenomena ;n terms»of eircuit theory. The
‘solutions of the equivalent circults are interpreted as the
guantitative prineiples of cathodic protection in‘mathematical
form. The writer's extension to tﬁe fundamental theory of
cathodic protection, consisting of the section of Chapter II
entitled "Effect of the Resistivity of the Earth", was made
possible by his representation of cathodic protection in equi-
valent circult form. The validity of equivalent circuit re-
presentation 1s verified in Chapter II by the derivation of
the previous theories of cathodic protection from the authorfs
equivalent circult form, first, before extending the theory
to include the resistivity of the earth. The effect of the
resistivity of the earth, as developed in the new extension
to the older theories, is a means of explanation for the high
corrosion rate found in low-resistivity soils‘and the low
corrosion rate iln high-resistivity solils though the measured
potentials of structures in the two different types of soilr
may be of the same magnitude. The theory developed in Chapter
II is later correlated with the experimental data, Chapter V,“
in the quantitative form of empirical, analytical equatione;

such a correlation has not been previously possible.

120



121

. The methods for the measurement of potential and current
presented in Chapter III have been explained in detail and
shown to be applicable to many different types of strﬁctures.
The author's method of measuring structure potentials has
been compared with the methods of other lnvestigators, in
hChaptef III, and has been found to be comparable 1ln accuracy
fo any of the other methods. The arbitrary potentlal-criterion
that 1s regarded by many as an absolute law for successful
cathodle protectlon has been carefully explalined, in the same
chapter, fér_later comparison with experimental results in
Chapter V.

Chapter IV is a consideration of one of the basic con- -
sﬁituents of any cathodiec protection system: the auxiliary
anode, which propagates the applied protective current to the
strgeture7 The author's method of calculating electrode re-
sistance-to-ground as derived frqm the electromagnetic fleld

equations, Gauss' Theorem in particular, has been shown not
only to supplement the classical method based upon summation
6f 8 geometric elemental resistance but, more important, to
provide an alternative for electrode configurations to which
the classlical method cannot be applied. Further, a eritical
examination of the classical method 13 made which clearly
‘enumerates the assumptions and limitations inherent in its
application to any type of practical problem. |

A potential eriterion for a given environment is a strong
possibility, but a single potential indicative of protection
in any and 2ll environments appears to be ridieuloﬁs° In par-

ticular, the experimental results in the form of Current-
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Potential Curves, Chapter V, show conclusively that the arbi-
trary potential criterion of ~O;85'véi£ is ebmpletely unreli-
able. This arbitrary critical potential of a buried structure,
with respect to a copper-copper sulphate electrode, 1s a
standard which has long been rigidly qbserved by many research
personnel. The single empirical equation which has been fitted
to the characteristicec Current-Potential semi-logarithmic curves
is a powerful, simple means of»gxpressing the“numerieal data
in exact analytical form. The theory of Chapter II has been
correlated with the empirical equation representation of
Current-Potential experimentai“dafa in Chapter V to yleld a
knownvanalytical function, & logérithmie functien, for the
general functional notation employed in all previous theories.
This correlation has never before been possible because of the
extremeiy nonlinear form of the Current-Potential curves.
The empir;cal equation rebresantation can be adapted to any
curve of the characteristic shape whereas any other lmown
‘method‘would require an exﬁénsive set of calculations appli-
cable _;;1 to a single such curve being considered. A complete
-example of the ease with which such curves may be fitted in
‘equation form 1s glven numerieally in Chapter V.

A detailed explanation of types of fundamental reéearch
experimentation in cathodic protection is given in Chapter
VI. Original methods which make possible the performance of
such experimentation are given in the form of electronic
clrcuits, complete with dlagrams and test results. The dual-
purpose electronic regulator containing three electron tubes

was originally reported in the literature for use in laboratory
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1nvestigatiens of electrode behavior; however, it is egually
applicable to‘experimentation in the fielq, either constant-
cgrrent or constantépotential° The electronic regulator
utilizing a single tube has by demonstration proved-to»be'
ideally suited to constant-current experimentatién, and slightly
}1es§ rellable for constant difference of potential experimenta-
tion. The method for the latter type of experiment which
contalns two regulated eleetronie‘dee° pbwer supplies in series-
' opposition 1s quite prgéise and stable in operation. These |
circuits are believed to be adaptable to a wide range of”
application beeagse of the proven rgliability of the test
results. The methods presented in this chapter should be of
value to any research investigator of corrosion and cathodie

protection phenomensa.
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