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Geometric Factors in Electrical Measurements Relating 
to Corrosion and Its Prevention 

W . 1. Schwerdtfeger and Irving A. Denison 

The "electrical boundary" of a galvanic couple immersed in an aqueous m('dium , when 
corroding normally and also when ('orrosion is stopped by cathodic protection, is discussed 
in the light of present theory. Experimental data, consiBting of potential m~asurements 
made on bimetallic couples in an unrestricted medium producing r elat ively little polarization 
and also one producing considerable polarization, are compared with theoretical data. The 
electrical boundary is theoretically defin ed and experimentally verified for model galvanic 
coupl('s having bimetallic e lectrodes, one couple si mulating line electrodes and the others 
having electrodes made of longitudinal cylindrical segme nts arranged in t lll'ee anode- to
cathode area rat ios. The effect on potential measurements as a result of interference to the 
normal flow of galvanic and external currents is also shown by ex perimental data. The 
resul ts of t his study indicate that geometric fac tors should be given consideration in making 
potential measurements on su bsurface struc tures of similar configuration, such as cylindirical 
tanks and pipelines. 

1. Introduction 

Because of the electrochemical nature of corrosion 
in aqu eous media, the study of current and potential 
I'elations pertaining to galvanic couples has provided 
much useful information concerning the mechanism 
()f corrosion and its prevention. However, relatively 
little attention has been given to the spacial relations 
between the anodic and cathodic areas that comprise 
the galvanic couples. In a given medium, potentials 1 

.are affected by the polarization of the elements of 
the couple and also by the conductivity of the electro
lyte. In order to sLudy the potential pattern around 
.a galvanic couple 2 most effectively, measurements 
might be made with the couple in a solution which 
~auses relatively little polarization. The conclusions 
.i·eached from these measurements, insofar as geo
metrical considerations are concerned, should also 
-be applicable to all galvanic couples of similar con
figuration, regardless of polarization or electrolyte 
~onductivity. It might even be true Lhat in certain 
<environments such geometrical considerations be
~ome relatively insignificant, for example, in a highly 
~onductive electrolyte producing considerable po
larization. 

The plan of this investigation was to make an 
experimental study, based on theory, of the potential 
distribution in the vicinity of line electrodes im
mersed in a conducting medium and to show the rela
tion between the potenLial pattern and geometry. 
The relationship was then extended to experimen tal 
g alvanic couples in the form of cylinders, with the 
.aim of perhaps applying the information obtained to 
t he measurement of potentials on subsurface struc
t ures of similar configuration, sllch as pipelines. 

2 . Theoretical Considerations 

2 .1. Definition of Symbols 

The electrical sy mbols used t hroughout this paper a re 
identifi ed a nd defi ned as follows: 

E a= Open-circu it potential of the anode. 
Ec= Open-circuit potential of th e cathode. 
E g= Potential of the couple. 

DoEa= Change in anode potential. 
DoEc = Change in cathode potential. 

E,,= Potential at some arbitrary point P . 
E ,= External vo ltage applied to the couple. 
E = Potential at the electr ical boundary of t he couple when 

ext ernal Cll l'l'ent is cathodically applied. For the 
experim ental data in this paper, E is associated with 
t he current I ". 

ea= Anode (surface) driving potential. 
ec= Cathode (surface) driving potential. 
e;= Potential of the cathode dllling cathodic protection . 
I = External current to th e couple. 

I ,, = External cathodic current flowing to the coupl e when 
the cell current io = O, defin ed as the current necessary 
for cathodic protection. 

io = Cell current. 
R g= Resistance of the couple to the flow of external current. 
1'a = Electrolytic anod e resistance. 
l' c= E lectrolytic cathode resistance. 
1'o = ra+rc = Eleetl'olytic cell resistance. 
r 8 = Electrolytic r esistance external to the electrical 

boundary. 

2 .2. Galvanic Couple Without Externa l Current 

When the anode and cathode of a galvanic couple 
do no t polarize the following relation applies: 

(1 ) 

If the anode and cathode do polarize and the cell 
resistance ro is expressed in terms of its anodic and 
cathodic components, cq (1) becomes 

1 The term "potential" as used in this raper implies a difl'crcnce of potential 
cetwcen a standard reference electrode and the clement under discussion in tbe 
samc electrolyte. Wben curren t flows, resistance drop is included. 

" fbe term "galvanic couple" implies the fl ow of currcnt produced locally by or 
~el 1 action due to the contact of dissimilar metals in a certain environment or 
blcause of the Olvironm€ntal effect on different areas of the surface of a metal. 

(2) 

(3) 
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Equation(3) is pictured diagrammatically in figure 1. 
If a reference electrode is dipped into the electro

lyte in the vicinity of the couple and moved from the 
anode surface to the cathode surface, the measured 
potential, E p , between the reference electrode and 
the couple will vary from ea through E g to ee. 1£ the 
reference electrode is sufficiently far removed from 
the couple so as to be out of the influence of the 
anode and cathode, the potential measured will be 
Eg in all positions. The variation in potentials 
observed will depend chiefly on the difference 
between the open-circuit potentials, E a and E c and 
the polarization, !lEa and !lEe, after the couple is 
formed . 

A better understanding of the couple potential is 
possible if one imagines two line electrodes, A and 
0, of infinite length surrounded by an unbounded 
electrolyte, as shown in figure 2,a, disregarding the 
circle for the present. If a current is flowing be
tween anode A and cathode 0, the potential, E p , at 
some point, P, is expressed spatially by the function 
log P21 PI, as illustrated in figure 2,b [1]3, where PI and 
P2 are, respectively, the distances between the anode 
and the cathode and point P. If, for example, the 
line electrodes are separated by a distance of 2.25 
inches, the potential variation along the AA' 
axis with respect to the intersection of the AA' 
andBB' axes would beasshowninfigure2,b. Itwill 
be noted that the potential, E g , is approached 
asymptotically by values measured along the AA' 
axis, as indicated, or on all axes other than BB', 
which is an equipotential axis equal to the potential 
of the couple. For the nonpolarized line electrodes 
shown, 

(4) 

For a condition of polarized line electrodes, the 
expression becomes 

E =ea+ ee. 
g 2 (5) 

3 Figures in brackets indicate t he literature references at the end of this paper. 
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F I GURE 1. Elecl1'ical relations in a galvanic couple. 
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If the couple elements are no longer in the form of 
line electrodes, the couple potential, E g, in relation to 
ea and e. will depend on the relative values of ra and 
re (fig. 1) . 

2.3. External Current Applied to a Cylindrical 
Conductor 

1£ an equipotential cylindrical surface of infinite 
length (fig. 2,a) , disregarding the couple AO, is sur
rounded by an unbounded electrolyte, the electrical 
resistance of the cylinder to the radial flow of current 
is expressed geometrically by the function log D la, 
where D and a are both in the same units, D being the 
radius of a concentric circle and a the radius of the 
cylindrical conductor [2] . Therefore, if the con
ductor is subject to a radial flow of direct current it 
will be surrounded by concentric equipotential 
circles and the potential, E p , along any radius will 
vary as the function log Dla, assuming that the 
current is constant and the potential of the conductor 
does not change during the course of the measure
ment. It will be shown (experimentally) later that 
this approximates the potential distribution at some 
distance away from a galvanic couple in the form of a 
cylinder under the condition of an externally appliecl < 
current. 
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FIGUHE 2. Theoretical potential of non polarized lin e electrodes_ 



2.4. Effective Electrical Boundary 

It has been shown that the theoretical potential of 
a couple is not reached within finite distance, except 
along the BB' axis . Actually, however, in a given 
electrolyte the distance away from the couple where 
changes i~ potential, E p , become insignificant is 
considered as the electrical boundary [3], and the 
corresponding potential is looked upon as the 
potential, E g , of the couple. . 

It is sometimes desirable to measure the potentIal 
of a galvanic couple while an external curren~ is 
flowing to it. Under such circumstances the electncal 
boundary, as previously defined, b ecomes obscu:'ed 
because of the IR drop resulting from th e applIed 
current. A simultaneous evaluation of both the local 
and external current effects migh t be imagined if one 
considers the couple and the cylinder (fig . 2,a). In 
figure 3 are shown the logarithmic potential functions 
10gIO P2/ P I and ioglO D/a for the couple and cylinder 
(diameter , 2.25 inches), respecLively, ploUed against 
the distance from the intersection of the AA' and 
RD' axes (center of the couple) as th e abscissa. Also, 
if the abscissa were expressed as multiples of the 
distance AO (fig. 2,a,), the resulting curves would be 
similar to those of figure 3. 

It will be observed that beyond, for example, .14 
inches (abscissa) the change in the couple potentIal 
fun ction log P2/ P I becomes relatively small in com
parison with the change in the cylindrical potential 
fUllction log D/a. Therefore, if external current 
flows to the cylinder wi th Lhe superimposed. couple 
actually in direc t contact, the concen tric eq UlpO ten
tiallines previously discLl ssed in connection with th e 
cylinder only would be expected, for all practical 
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FIGUllE 3. Compm'ison of the potential of a galvanic couple 
without external current and the potential armtnd a cylinder 
Teceiving current. 

Data apply for the dimensions in figure 2 (a) . 
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p urposes, to still exist beyond the electrical boundary. 
The limiLing distance of 14 inches, geometrically ex
pressed, is about 6 diameters and might be looked 
upon as the "effective electrical boundary" of a 
galvanic couple diam etrically superimposed on and in 
contact with a conducting cylinder of infini te length 
in an unrestricted electrolytic medium. 

The accuracy of the geometric factor 6 as related 
to the effective elec trical boundary can be experi
mentally evaluated by comparing the potential 
measured at 6 diameters on a laboratory model with 
the calculated boundary potential , E , pertaining to 
the model, based on the work of Holler [4,51 . Holler 
has shown tha t the resistance, Rg , of a galvanic 
couple, is 

(6) 

Thus in figure 4, when the switch 1S closed, the 
following equations apply : 

E t- lr. - (Eg - IRg) = 0. (7) 
Let, 

E = E t- lr •. (8) 
Then, 

E = Eg- IRg, (9) 

the po tential at the electrical bo undary. 
When the applied current , 1, is equal to I p (see 

definition of symbols), the poten tial of the anode, A 
will be Ea because no current is leaving the anode. 
,Vhen io= O, then eq (3) becomes 

and eq (9) becomes 

AUX I LIARY 
ANODE __............ 

(10) 

(11) 

ELECTROLYTE 

,.--\ + t-I _-_..... ------' 

Et 

FIGU HE 4. External current applied to a galvanic couple. 
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Ea and I f} are measurable, and Rg can be ealculated. 
In an electrolyte producing relatively li ttle polariza
tion of the electrodes, A and 0, after measuring the 
potential, E g , the electrode potentials, ea and eo 
can also be measured by plaeing th e refer ence elec
trode adjacen t to the anode and cathode surfaees, 
respectively. The galvanic, or cell, curren t, i o, can 
be measured with a zero-resistance milliammeter. 
From eq (3) and figure 1, it is apparent that 

io1'a = Es;-ea and ioJ'c = ec- E g (12) 

therefore, 

(13) 

The value R g can now b e calculated, and by sub
stituting appropriate values in eq (11), the cal
culated potential, E, at the electrical boundarv 
might be compared with the value actually measured 
with th e reference electrode supposedly at th e bound
ary. 

3 . Experimental Results 

3. 1. La boratory Methods 

The measurements were made in a eylindrical 
wooden vat approximately 66 inch es in inside 
diameter and 18 inch es high . The inner wall of th e 
vat was lined with a copper sheet, which served as 
the auxiliary anode when external curren t was applied 
to the experim ental eathodes. A %-inch steel rod 
was rigidly mounted off-center across th e top of th e 
open vat to hold C-clamps for securing th e galvanic 
couples in the center of th e tank perpendicular to 
the wooden bottom. The rod also facilitated fasten
ing and adjustment of the probe electrode formeasure
m ents made along th e .11.11' axis. All po tentials were 
measured with a high-resistance voltmeter (200,000 
ohms/volt) and a saturated calomel half-cell ter
minated in a 8-foot-long fl exible plastic tube and 
probe electrode, both of which were filled with a 
saturated potassium chloride-agar mixture. All 
potential measurements were made in a horizontal 
plane about 2 inches below the surface of the elec
trolyte in the vat. The electrolyte was maintain ed 
in level to a depth about 1 inch from the top of the 
vat. 

3.2. Galvanic Couple of Simulated Line Electrodes 
in a Dilute Copper Sulfate Solution 

The first experiments consisted of observations on 
galvanic couples having elements of zine and copper 
in the form of paired rods of varying diameter in a 
solution of approximately N /10 copper sulfate. 
Small-diameter rods (0.125 inch) were the n earest 
approach to theoretical line electrodes, but it was 
found that instability prevailed because of polariza
tion due to the large galvanic-current densities , when 
such rods were coupled. H owever, rods of ~{6-inch 
diameter or greater were polarized relatively little 
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FIGURE 5. Galvanic couple of line electrodes in a one-tenth 
normal copper sulfate solulion. 

io= l85 rna. 

in th e solu tion and th erefore were free from unstable 
surface. effe.cts. D~ta obt~ined on a pair of externally 
shor t-cIrcUI ted ~{6-111ch ZlllC and copper rods are 
shown in figure 5. The rods were separated by 2.25 
inches to allow for th e insertion later of a 2.25-inch
ou tside-diam eter conducting cylinder between th e 
rods so that the data obtained might be compared 
w~th th e theoretical diagrams (figs. 2 and 3) . It 
wIll b? no ted. that 90 percent of th e change in 
potentIal, attnbutable to I R drop , between th e 
catho.de and anode surface potentials, ec and ea, r e
spectlvely, and th e couple potential, E g , occurs at 
10 inch es in either direction along the .11.11' axis and 
th e intersection with the RB' axis, n amel)" th e center 
of the couple. This agrees quite well with the 
theoretical data, figure 2 ,b. Actually, if the elec
t rodes ar c to be considered strictly as line electrodes 
it would probably be more appropriate to conside;' 
their separation as being eq lIal to the distance 
between their centers, namely, 2.56 inch es. 

Figure 6 shows potentials m easured along the A 
and A' axes for the same couple, potentials along th e 
BB' axis being omitted, for th e condition when the 
galvanic current i n= O, accomplished b.v applying 
external current, I p. The potential, E at the 
~lectrical boundary calculated by th e use ~f eq (11), 
IS shown as one of the dashed horizonLallines in the 
figure crossing th e A' and A curves at 12 and 14 
inch es, r espectively, and therefore is in fair agreement 
with the geometric electrical boundary (6 times 
distance of separation). 

In figure 7 is shown the effect obtained by inserting 
a conducting cylinder (steel tube) between the copper 
and zinc electrodes (fig. 5), the copper rod b eing 
soldered to the steel. In comparing figures 5 and 7 
i t will be observed that, as a result, the couple 
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FIGURE 7. Same as figure 5, except for the steel tube. 
;0 (between Zn and Fe·Ou) = 170 rna. 

po Lential, E g, changed, but the effective electrical 
boundary of the Zn-Cu couple remained about the 
sam e. "When external current was applied (fig. 8) 
the effcct of the copper and the zinc became negligible 
only after 14 inches, showing that the copper elec
t rode determined the electrical boundary, even 
Lhough the steel was the larger cathodic element of 
the couple. Although not pertinent to the present 
discussion, but important from the standpoint of 
cathodic protection, is the fact that 750 rna, as 
compared to 230 rna (fig. 6), had to be applied from 
Lhe external power source in order to reduce the 
galvanic current to zero. This was so because the 
inclusion of the steel, having an open-circuit potential 
of - 0.6 1 v, put the system of galvanic couplcs under 
anodic controL 

Jp =750 rna, ;0=0. 

3.3. Galvanic Couples With Electrodes Consisting of 
Cylindrical Segments in the Dilute Copper Sulfate 
Solution 

In order to determine whether the potential distri
bution around galvanic couples in the form of cyl
inders was similar to thaL in the vicinity of line 
electrodes, model cylindrical couples were con
structed having the same diameter as the distance 
between the line electrodes discussed in the previou s 
experiments. 

The combinaLion of a galvanic co uple and con
ducting cylindrical surface migh t be represented by 
a cylinder having two longitudinal segmenLs of 
different metals. The experimental models with 
which the remaining daLa were obtained consisted 
of such bimetallic cylinders having three area ratios 
of steel and copper with insulation between the metals 
to enable the measuremen t of galvanic current. 
Only the exterior cylindri cal surfaces were exposed 
Lo the electrolyte. 

Data ob tained on the tlu"ee cylindrical models arc 
plotted in fi gures 9, 10, and 11. In addition to 
potentials on the AA' and BB' axes, arc shown also 
potentials m easured along intermediate axes CC' 
and DD' . Axis orientation is shown in the inset. 
part (a) of the figures. The change in po tential 
along the AA' axis (fig. 9,a) compares on a percentage 
basis with the theoretical change for line electrodes 
(fig. 2,b). Calculated boundary potentials , E, eq 
(11), are indicated in parts (b), shown as covering a 
range in number of model diameters (1 diam, 2.25 
in.) along the abscissas. For these models the 
boundaries might be imagined as resulting from 
composite couples in the form of paired line elec
trodes. The electrical boundary obtained by av
eraging the ranges resulting from the three sets of 
calculated data (figs. 9, 10, and 11) is about 3 
diameters (based on model diameter). 
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The data in parts (c) of figures 9, 10, and 11 were 
obtained in order to compare po tentials, E p , of the 
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FIGURE 9. Cylindrical galvanic cou ple in a one-tenth normal 
copper sulfate solution. 

r Area ratio , Fc:Cu= l :1. e, A axis; 0, A' axis; e, B' axis; 6" D axis; X, C' 
axis. (a) io~ 125 rna, Ip~O ; (b) io~O, Ip~250 rna; (c) Potential pattern surround
ing the cylindrical couple compared with that around a uniform cylinder of the 
same size having the same external:eurrent applied. 

cylindrical couples measured along the A axes, parts 
(b), with corresponding space potentials of a copper 
tube having the same external diameter as the cyl
indrical couples. External cathodic currents were 
applied to the copper tube equal to the r espective 
values of 1 p. The ordinates, t:,.Ep, parts (c), are the 
algebraic differences obtained by subtracting the 
copper-tube potentials from the potentials of the 
respective cylindrical couples. It is noteworthy 
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FIGU RE 10. Cylindrical golvanic couple in a one-tenth normal 
copper sulfate solution. 

Area ratio, Fe: Cu~ 1 :4. 

(a) io~ 1l0 m a, Ip~O; (b) io~O . Ip~ 420 m a; (e) Same as figure 9 (e). 

that for distances beyond the effective electrical 
boundary (14 in.) the effect of the couple becomes 
relatively constant, therefore indicating that po
tentials, E p , parts (b), beyond 14 inches along any 
axis vary as the function log D /a (fig. 3). It will 
also be noted that beyond 14 inches the ordinates, 
t:,.Ep, parts (c), are approximately equal to the 
couple potentials E g , parts (a). 
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3.4. Galvanic Couples with Electrodes Consisting of 
Cylindrical Segments in Tap Water 

The experiments carried out with the cylindrical 
couples exposed to N /l0 copper sulfate solution were 
repeated by exposing the same models to Washington, 
D . C., tap water (resistivity= 5,200 ohm-cm at 60° 
F ) with tbe idea of observing the effect of polariza
tion, if any, on the electrical boundary. Data for 
t he 1:1 couple are shown in figure 12 . That the 
change in potential, part (a), due to resistance, along 
the AA' axis agrees fairly well with the theoretical 
change for line electrodes (fig . 2, b) is borne out. 
For example, at 14 inches the change in potential 
from tbe potentials, ea and ee, to E g averages about 
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92 percen t. When external cathodic cllt'renL, I p , is 
applied to the couple the curves converge near the 
calculated boundary potenLial, which occurs 5.5 
diameters from the center of the couple. The diver
gence of the curves beyond this point is of no s i~niri
cance and is to be disregarded. The calculaLed 
boundary potentials for each of the other t wo 
models in tap water, geometrically expressed , 
occurred at 3.5 diameters, averaging UlCrC£ore 4.2 
diameters for the three models. These electrical 
boundaries are about the same as the values observed 
in the copper sulfate solution, in which polariza tion 
of the electrodes was relatively insignificant as 
indicated by comparing the potential changes 
(E e-ec) in figures 9 and 12. 

As polarization is of major importance in cathodic 
protection, and the criterion for protection is ordi
narily based on a predetermined potential measured 
between the corroding metal and a reference elec
trode, the position of the latter m ust be considered 
with regard for IR drop included in the measurement. 
The significance (fig. 12, b) of the potential, E, at 
the elec trical boundary as related to the protective 
potential criterion is discllssed in section 4.3. 



3.5. Effect of Interference 

All experimental data previously discussed were 
obtained under almost ideal conditions; tha t is, the 
tank holding the electrolyte offered little or no 
interference to the normal flow of current between 
the anodes and cathodes of the couples. Also , when 
external current was applied to a vertical cylinder 
in the center of th e tank the current flow was sub
stantially radial, therefore producing nearly equal 
potential gradients between any two concentric 
circles. Practical conditions are generally not ideal, 
and therefore the experimen t illustrated by figure 
9 was repeated with a vertical insulating wall (fig. 
1:3) positioned inside of the vat, thereby shielding any 
externally appli ed current normally flowing from 
that segment of the auxiliary anode. The normal 
flow of galvanic current is also affected by the 
insulating wall. 

Prior to obtaining data on the galvanic couple, 
external cathodic current was applied to a 2.25-inch
outside-diameter (same as couple diameter) copper 
pipe positioned vertically in the center of the vat. 
Potentials measured between the pipe and the 
insulating wall along the AA' axis and also along 
the insulating wall were found to fit logarithmic 
equations used by Scott [61 and shown by him to 
apply to the effect of the earth's covel' (represented 
by the dimcnsion, h, fig. 13) on potentials in a plane 
normal to a pipe line buried parallel to the contour 
of the earth's surface. Thus, it was established 
tbat tbe Bakelite insulating wall produced inter
ference effccts similar to those obtained by Scott, 
and therefore, the data obtaincd with the arrange
m en t shown in figure 13 might be considered as 
being representative of the effect produced by the 
earth 's surface. 

Data on one of the couples, with the wall in two 
positions, are shown plotted in figures 14 and 15. 
Included also for comparison are da ta, parts (a), 
applicable when the insulating wall is removed. The 
breaks in the curves, A , parts (b and c), mark the 
distances, h, along the A axis to the insulating wall , 
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9 --- -
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FIGURE 13. Plan view: Cylindrical galvanic couple (fig. 9) 
and interference wall (Bakelite) in a one- tenth normal copper 
s1dfate solution. 
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FIGURE 14. Effect of the interference wall (fig. 13) on th e 
potential lines surrounding Ihe galvanic couple. 

(a) No wall, io~ 135 rna; (b) With wall at h ~6.85 in ., io~ 135 rna; (c) With walE 
at h ~ 16 . 75 in., io~ 135 rna. 

after which the radial distances from the couplC' 
center pertain to measurements made along the 
insulating wall. It will be noted that the wall ha 
the effect of reducing the curren t density and hence 
the corresponding 1 R drops along the A axis, as. 
shown by the relative potentials in par ts (a, b , ancl 
c) of the figures. Wi thout external current (fig . 14), 
the potential along the RB' axis remains relatively 
uuaffected by th e insulating wall, and with external 
curren t (fig. 15) the disturbance also seems to be a 
minimum along the RB' axis, especially in the range 
from 0 to 6 diameters. That the insulating wall wa 
really effective as a shield , aside from the data 
fit ting appropriate equations, was the fact that when 
the external current of 270 rna was applied to the 
couple, the maximum potential variation in the 
space between the insulating wall and the shielded 
segment of the auxiliary anode was only 20 mv. 
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4. Practical Application of the Geometric 
Relation 

4.1. General Considerations 

The preceding geometric considerat ions are ap
plicable in making potential measurements on struc
tures of similar configuration, such as underground 
horizontal cylindrical tanks and pipelines. In mak
ing the application to pipelines it is necessary to 
assume that most of the corrosion occurring on such 
lines can be attributed to local action and not to 
long-line currents. There is good evidence that such 
is the case. Based on current-flow calculations per
taining to nearly 13 miles of lO-inch pipeline, Scott 
[7] concluded that only 6 percent of the accountable 
total current appeared as long-line curren t. Scott 
considered most local action as resulting from cur
rent leaving the bo ttom of the pipe, where the soil 
is apt to be moist and deficient in oxygen, and en
tering the top of the line, where the adjacent soil 
tends to be less moist and more accessible to oxygen. 
It seems that this would be particularly true for 
large-diameter pipes where there is a considerable 
difference in soil covel' from the t op to the bottom 
of the pipe and where the weight of the pipeline, 
causing compression of the und erlying soil, is also 
apt to be a factor . Also, further evidence is based 
on an analysis of other data, obtained by Scott in 
conjunction with the American P etroleum Institute 
pipe-coating tests, by Logan, Ewing, and D enison 
[ ], who found a fail' statistical correla tion between 
the corrosion that occulTed on bare sections of 
operating lin es and the corrosion of short lengths of 
small-diameter pipe located nearby in the same 
trench . 

4.2. Location of Corrosive Areas 

Scott [7] discussed the valLl e of pipe-to-soil poten
tials in disclosing large anodic 0[' cathodic areas 
along a pipeline right-of-way and also as a way of 
predicting the general n ature and probable extent 
of corrosion. H e also gave a range of p ipe-to-soil 
potentials for iron pipe as related to aeration of the 
s<?il, bacteriological activity, and relative age of the 
pIpe. 

Utilities [9 , 10, 11] measure pipe-to-soil po tentials 
to help in the detection of corrosive areas and in 
order to decide what protective measures should be 
tal;:en against soil corrosion. 

If, on large-diameter pipelines, corrosion circuits 
are visualized as existing in the geometrical sense, 
previously discussed, then a pipe-to-soil potential 
with the reference electrode placed directly over the 
line would not represent the corrosion or couple 
potential because the reference electrode would be 
within the electrical boundary. The error in the 
reading, assuming normal soil cover, would depend 
on the soil resistivity and the size of the pipeline. 
As the cOlTosion of ferrous materials in soils seems 
to take place under cathodic control [12], the posi
t ioning of t he reference electrode as a function of the 



pipe diameter, for example 4 to 6 diameters, would 
result in the measured potent ials being relatively 
more significant. 

4.3. Cathodic Protection 

According to relatively recen t reports of the 
K ational Association of Corrosion Engineers and the 
American Gas Association [13, 14], the pipe-to-soil 
potent ial is the chief criterion for evaluating the 
adequacy of cathodic pro tection. A reading of 
th ese reports leaves one with the impression that the 
positioning of the reference electrode ough t to be 
done more discriminately. The Corrosion Commit
tee of the AGA revealed that u tility companies, 
applying the - 0.85 v (ref. CU-CUS0 4) protective 
potent ial cri terion to uncoated pipelines, placed the 
reference electrode at varying distances from their 
lines, some placing it directly over t he line and others 
from 5 to 400 feet away. These practices are no t 
conducive to either economical protection for t he 
on e extreme or effective protection for the oth er . 
The bearing on costs due to such procedures was 
brough t out in a study by Van Nouhuys [1 5] on 350 
miles of 8-inch bare pipeline, wherein it was estimated 
that in applying the - 0.85-v criterion , t he cost for 
cathodic protection with the reference electrode 
directly over the pipe was more t han four times 
that figured with the electrode positioned at an ex
treme distance 300 feet away from the line. 

The r eason for the apparen t differences in the cur
rent r equired for the cathodic protection of a given 
bare pipeline ca n be illustrated by the laboratory 
data (fig. 12,b), in which the boundary po tential, E, 
might be though t of as representing th e generally 
accep ted pro tective po ten tial (- 0.85 v). The pre
assigned po ten tial, E, ordinarily considered necessary 
for complete protection, can be observed with the 
reference electrode at differen t distances from the 
cen ter of the couple by changing the value of external 
curren t, I . For example, to measure the potential, 
E, inside of the electrical boundary (4 to 6 diameters) 
req uires an increase in external curren t, and outside 
of the boundary a reduction of curren t is obviously 
necessar~-. The laboratory data might be considered 
as applying, for example, to th e cathodic protection 
of a long uncoated 12-inch pipeline receiving pro
tective curren t from remote ground beds. Po tentials 
should be measured at in tervals along th e line con
sisten t with usual practices, but with the reference 
electrode placed from 4 to 6 pipe diameters away. 
B ecause of the shielding effect of the ear th 's surface, 
the m easuremen ts should preferably be made in a 
horizontal plane through the cen ter of the pipeline 
or at least in a plane somewhat below the earth's sur
face. R eferring to figure 12, it will be observed tha t 
some allowance, depending on the soil resistivity, 
should be made for I pRg, since the protective po
ten tial is actually based on Ea. It should be pointed 
ou t tha t in other laboratory experiments, not dis
cussed , th e value I pR g was found to b e negligible 
for practical purposes when the cylindrical models 
were exposed to an elec trolyte consisting of a solu-
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tion of sodium chlorid~ in tap water having a resistiv
ity of 500 ohm-cm or lower . 

If, in soils in which I pRg canno t be neglected, po
tentials arc measured at the electrical boundary, th e 
potential - 0.85 v migh t be satisfactory as a Cl'ite
rion for adj usting the curren t initially applied for 
cathodic protection. The condition for complete 
pro tection is expressed by eq (11), that is, E = Ea
I pRg, where (fig. 12) 

(16) 

Although brigh t iron in contact with an air-free alka
line soil can have a po ten tial , Ea, as low as - 0.85 v , 
with respect to a copper- copper sulfate electrode, 
the average open-circuit poten tial , E a, of the anodes 
on iron or steel field structures, because of the pH 
and aeration of the adjacen t soil, is ordinarily con
siderably less n egative than - 0.85 v. If, after hav
ing applied a pro tective curren t from some t ime, for 
example, to a pipeline in a modera tely high resistivi ty 
soil, the m easured po ten tials, E , had drif ted to values 
more negative than - 0.85 v , then, protection would 
be indicated [16] arid I pR g probably compensated for . 

S. Summary 

The theoretical po ten tial pattern in an electrolyte 
surrounding a pair of coupled line electrodes having 
differen t polari ties is compared with the po ten tial 
configuration around an infinitely long cylinder to 
which uniformly distribu ted direct curren t is flowing. 
By superimposing the co upled line electrodes longi
tudinally on the diameter of the cylinder , the effec
t ive electrical boundary applicable to the combina
tion can be expressed geometrically. 

The location of the electrical boundary was con
firmed experimentally by comparing po ten tials meas
ured between model galvanic couples and a refer
ence electrode in a surrounding electrolyte with cal
culated boundary po ten tials which were based on 
the measured electrode surface potenti als and electro
lytic I R drops. 

By using electrical insulating shields, the effects of 
nonuniformly distribu ted curren t on the poten tial 
patterns around the model galvanic couples were 
s tudied. The position of the reference electrode, 
under such conditions of interference, which resul ted 
in measured po ten tials having the most significance 
was arrived at experimen tally. The insulating 
shields simulated the effect of the ground surface on 
pipelines. 

The electrical relations observed with the labora
tory models are believed to apply during the normal 
corrosion and cathodic protectionofbare underground 
pipelines. Therefore, as a result of these experi
ments, when making po ten tial measurements, for ex
ample, pipe-to-soil , during line-conditioning surveys 
or when applying the protective poten tial cri terion 
for cathodic protection, it is recommended that the 
reference electrode be placed 4 to 6 pipe diameters 
from the line, at some distance below the earth 's 
surface and preferably in an approximately hori
zontal position with respect to the pipeline. 
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