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EDITOR'S NOTE

A new method of protection against corrosion of underground equipment namely,
cathodic protection, is described. The purpose of the book is to make the reader
familiar with investigation, design and operating conditions of cathodic protection.
Particular attention has been paid to the calculation of the required rating of the in-
stallations and this is dealt with in such detail as is considered necessary for particular
application.

It is recommended as a practical manual and also as a textbook,

This book has been translated from the Russian and was originally published in
1950 by the Chief Petroleum Marketing Organization of the Russian Ministry of the
Petroleum Industry. It appeared in a series of Petroleuin and Mined-Fuel Literature,

In some places in the text the Russian symbol for the decimal point is used, which
is similar to a comma, The Russian symbol for voltage, namely "8", will sometimes
be found on diagrams,

October, 1953,
Department of Scientific and Industrial Research,

Charles House, 5-11 Regent Street,
London, S.W.1.
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INTRODUCTION

A method of fighting corrosion of underground piping and storage tanks, which is
one of the most expensive types of corrosion, is dealt with in this book: In addition
to waste of metal, this corrosion involves losses of valuable petroleum products and
gases. Leakage through spots damaged by corrosion may also involve danger of fire
or explosion, since these products are inflammable,

At present, the network of piping for petroleum products and gas mains (in Russia)
exceeds 500,000 km. Assuming as a rough estimate that the average diameter of these
pipelines is 10", about 20, 000, 000 tons of metal are buried underground. The quantity
of metal water piping laid underground will not be smaller. If other metallic equip-
ment in the ground (tanks, structures, etc. ) is also taken into consideration, the total
quantity of metal subjected to such corrosion (in Russia) will greatly exceed 40 million
tons. Assuming that corrosion involves a yearly loss of 3% of the equipment laid under-
ground, this represents more than 1 million tons of metal per annum.

The most dangerous type of underground corrosion is the formation of pits
penetrating the entire wall thickness. Often such corrosion occurs within three years
of laying the pipes. However, cases are known of perforations in pipe lines of 8 mm
wall thickness appearing for the first time within one year of laying the pipes. The
number of perforations increases progressively if preventive measures are not taken.
According to results of statistical investigations the number of perforations can be
tentatively expressed by the relation:

R:'E'rf, {1:'

where: - total number of perforations due to corrosion,

number of years of operation of the pipe line from

the time of appearance of the first perforation,

e - the number of perforations during the first year
from the time of their first appearance,

[ - coefficient (of curvature) the value of which is

usually between 1.5 and 3 (see Fig. 1).

= m

A few examples will be given:

In one oil pipe line with tubes of 10" dia. and a wall thickness of 9, 2 mm the first
corrosion hole was observed only three years after laying; after a further three years
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the number of such holes increased to 200. The state of the pipe line, which was
painted with a coating of red-lead during laying, was such that urgent measures of
additional protection against corrosion of individual sections had to be taken. These
consisted of applying a layer of bitumen ingulation. Later perforation was found to

exist also on the unrepaired sections and after a certain time they reappeared also on
the sections which were coated with bitumen.

Bitumen coated water mains piping had after eight years of operation over 400

bursts due to corrosion. This disrupted normal operation to such a degree that a new
pipe line had to be laid.

200
IS0 —

Total number of parforstions
S
|

F. Jd & S5 678918 5 N

Time, years

Fig. 1. Real number of perforations corresponding to the

equstion: R 0,0207 T3'02.

Other water mains with tubes of 20" dia. showed about 80 perforations per year
during 15 years operation, in spite of the fact that their wall-thickness was 16 mm.
It was necessary to take urgent measures to prevent further disruption of this pipeline.

The water mains of a large town showed in eight years of operation corrosion
cavities up to 8 mm deep in a wall -thickness of 12 mm.

Until relatively recently, the only method of protection against corrosion was to
apply an insulated coating on the surface areas of equipment laid in the ground. At
present, cathodic protection is widely used both for protection of newly laid piping and
also for protection of old pipelines. In some cases it is used in addition to an
insulation layer on the metal surface, but sometimes it is used exclusively. The first
reference to the possibility of practical utilisation of cathodic protection dates back to
1824. It was used for underground piping for the first time between the years 1923-1928.
In 1939 there were (in Russia) 542 cathodic protection stations; their number increased
to 750 in 1940 and there are over 1000 at present.




The rapidly expanding application of cathodic protection is due to its high per-
formance, simplicity and low cost. If correctly applied, cathodic protection not only

prevents the initiation of corrosion but also arrests the process of disruption of already
affected pipelines.

An example of the effect of cathodic protection on an extensive urban network is
shown in Fig. 2.
Cathodic protection introduced 1943)
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Fig. 2. Number of perforations on urban gas mains before
and after introducing cathodic protection.

It is emphasized that not a single case is known where correctly applied cathodic
protection failed to arrest disruption and protect the pipelines. Because of the low
cost, simplicity and convenience, this method provides in many instances the only
effective tool for fighting underground corrosion.
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Chapter 1

FUNDAMENTALS OF CATHODIC PROTECTION

CORROSION DEFINITIONS

Corrosion of metal is the process of disruption taking place on its surface through
the action of an external medium.

Depending on the type of the external medium, we distinguish the following types of
corroaion:

1. Corrosion in Non-electrolytes

(a) Corrosion of metal in gases or vapours at high temperatures ("gas" corrosion);
(b) Corrosion in non-electrolytic fluid (petroleum products, spirits, etc. )

2. Corrosion in electrolytesa

(a) Atmospheric corrosion taking place in air which, as is known, contains
admixtures of gases and vapours;

(b) Corrosion in water taking place in various aqueous solutions, including
sea and river water;

(¢) "Chemical" corrosion taking place in highly concentrated solutions of
chemical agents (acids, alkalis, salts, etc.);

(d) Ground corrosion, taking place in soils of various types and compositions.

3. Corrosion due to stray currents

Soil corrosion and corrosion due to stray currents are denoted as "underground
corrosion".

In this book, the problems of electrical protection of metallic pipelines and storage
tanks against underground corrosion are investigated.

TYPES OF CORROBION

The corroaion of the metal can be (see Fig. 3):




Uniform, whereby the entire or almost the entire surface of the metal is affected,
but in most cases only to a small depth (Fig. 3a);

Local, whereby the corrosion is distributed in patches and the attack is also not
deep (Fig. 3b);

Point corrosion, or corrosion pits, whereby the attack is concentrated on a small
area usually of the order of a few square cms. Although the area of attack is small,
the rate of penetration is greatest. This type of corrosion is the most frequent in
Structures laid underground and represents a danger to the metallic pipelines and tanks

which are intended for transportation or storage of petroleum (oll), petrol (gasoline),
water, gases, and so on;

Selective (extractive) corrosion, whereby one component of the alloy is pre-
dominantly affected by the disruptive procesa (Fig. 3B):

Inter-crystalline corrosion, whereby the metal is dierupted along the grain
boundaries of the individual crystals (Fig. 3c);

CORROSION MEASUREMENT

Uniform and localised corrosion is expressed in loss of weight of the metal part per
unit of surface area corroded per hour, day or year (g/cm2). Localised corrosion is
thereby calculated only for the affected area.

If pits are caused by the corrosion, the corrosion intensity is determined by the
depth of these pits and measured in mm,year. A favourable factor in the formation of
corrogion pits is the fact that the process slows down with time. Fig. 4, shows curves
of the speed of formation of pits in various soils. It can be seen that the curves are
parabola-shaped and tend to become parallel to the abscissa; i.e., the speed of
deepening of the pits slows down with the progress of time,

Nature of soll corrosion.
Soil corrosion is due to the interaction of the soil electrolyte and the metal.

According to theory, every metal placed in an electrolyte has the tendency to emit
in the solution surrounding it positively charged ions from its crystal lattice. This
tendency is denoted as solution pressure P. The osmotic pressure of the solution, P,
acts in a direction opposite to that of the solution pressure of the metal. Three cases
of interaction of these factors are posasible:

If P> p, positively charged ions pass from the metal into the solution, but remain
near to its surface, due to electrostatic attraction, by the negativesy charged electrons
which remain on the metal. Thus, the metal surface is negatively charged due to the
remaining negatively charged electrons, and the solution in the neighbourhood of the
metal is positively charged due to the ions which moved there from the metal (Fig. 5a);

If P< p, the metal surface becomes positively charged due to the separating out on
its surface of positively charged ions from the surrounding solution. The necessary
electrical equilibrium is thereby maintained by collection of negatively charged ions of
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the solution near the surface of the metal (Fig. 5b).

Finally, there is the theoretically poesible case of P= p. In this case, ions will not
pass from one medium into the other and discharges cannot take place. Owing to the
strong connection (mutual attraction) of the two electrical layers with charges, of
opposite polarity, the electrical system will remain stable only if it is not disrupted by
an external cause; then no noticeable corrosion of the metal will occur. If this double
layer is disrupted, for instance by combination of liberated ions of the golution, the
corrosion of the metal will continue as soon as the electrons liberated at the metal
surface begin to flow from the inside of the (metal) part to its surface where there is
an excess of positive charges. Thus, electricity will flow in a circuit comprising the
surface of the metal and the adjacent electrolyte, forming a galvanic cell. Such a cell
is schematically represented in Fig. 6. 1If there is a double layer of electric charges
on the metal surface, the change of potential in the closed circuit is not continuous
(represents a jump) the character of which is shown in Fig. 7.

The part of the metal surface where electric charges flow into the electrolyte is
denoted as anode and the part where the charges flow from the electrolyte into the metal
is denoted as cathode. Usually, only the anodic zones of the metal are endangered by
corrosion; in the cathodic zones accumulation of corrosion products takes place without
affecting the metal, A metal surface immersed in an electrolyte is covered by a large

number of such local cells, the dimensions and the distribution of which do not remain
constant.

CAUSES OF OCCURRENCE OF POTENTIAL DIFFERENCES

Potential differences between individual parts of the same metal are due to various

factors. It may, for instance, occur between parts which are mechanically stressed
and those which are stress free.

Potential differences may also be caused by differences in the composition of the
electrolyte and differences in its concentration. Scale and corrosion products (rust)
also have a potential different to that of the pure metal. Considerable potential differ-
ences on the metal surface can be caused by parts of the soil with different degrees ot
aeration, i.e., different degrees of saturation with air. Thus, for instance, lime and
sandy soils have different permeability for air penetration to the surface of the buried
pipeline, and therefore local cells will form between the various-parts of the pipeline.

An example of the distribution along pipelines of large cathodic sections, into which

current flows, and large anodic sections, which discharge current causing corrosion of
the metal, is shown in Fig. 8.

POLARISATION AND DEPOLARISATION

Investigations have shown that the initial potential difference of a local cell almost
always decreases rapidly. This is due to polarisation resulting from the current flow
in the circuit of the local cell. This phenomenon occurs both near the surface of the
anode and the surface of the cathode. In the first case, the polarisation is called anodic
polarisation, whilst in the second case it is called cathodic polarisation.

Anodic polarisation is due to increase of the concentration of the dissolved metal
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near the anode, whereby the potential of the latter is increased towards the positive.

Cathodic polarisation increases the negative potential of the cathode and is due to
the accumulation of electrons moving from the anodic parts and the formation of
hydrogen,

Depolarisation, i.e., neutralisation of polarisation, is indispensable for main-
taining the process of corrosion. Depolarisation can occur in two ways: the formed
hydrogen combines with available oxygen or separates out from the surfiace in gaseous
form. Change of the anode and cathode potentials of a local cell as a function of
polarisation is shown in Fig. 9, and it can be seen that the cathodic polarisation is the
more important one, influencing most markedly the change of potential difference of
the local cell.
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Fig. 6. Diagram of a local couple. Mtai-m‘:;;iiri:ffufd}

1 - electrolyte; 2 = metal surface;
3 - inclusien in the metal.

I - anode; = II - cathode; I1II - direction
of current flow in the electrolyte;
IV - direction of current flow in the
metal.

Fig. 7. Jump in the potential
at the metal surface.

FUNDAMENTALS OF CATHODIC PROTECTION

On the basis of study of the previously described corrosion phenomena, a method
of cathodic protection has been developed. The basic principle of this is to make the
entire surface of the equipment cathodically protected by connecting it to a d. c. source.
In this case the anode of the eléctric circuit consists of a specially earthed electrode.
The basic principle of cathodic protection is represented in Fig. 10. The current
from the positive pole of the d. c. source 1 flows through conductor 2 into the earthed
anode 3 and thence into the soil. From the soil the current flows to spots of the
piping to be protected where the insulation is defective 4 and flows on along the piping
to the drainage junction point 6 the conductor 7 and back to the negative terminal of the
current source. Thus, the entire surface of the underground equipment becomes
cathodic and is protected from corrosion. The earthed anode, however, becomes
corroded. Usually it is made of scrap metal, e.g., old tubes, rails, etc.
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The basic electrical eircuit of cathodic protection is shown in Fig. 11. The source
1 supplies at the terminals a d. c. voltage, E, required for protecting a given section of
the piping. From the positive terminal the current flows through the lead of the
resistance Ry to the earthed anode the resistance of which is Rp (including the contact
resistance anode-earth); Ry represents the contact resistance earth-piping. The
earth resistance between the earthed anode and the piping is negligible and is therefore
not taken into consideration. The higher is resistance R3, the better the state of the
anticorrosive insulation of the pipe line, which is usually made of dielectric material.
The resistance of the piping to be protected is R4, and Rg is the resistance of the circuit
from the point of drainage to the terminal of the d. c. source. Frequently, the total
resistance from the positive terminal of the source to the earthing point and from tae
drainage point to the negative terminal (i.e., Rj and Rs) is denoted by Ry, and R3
includes the resistance Ry. Since the individual sections of the circuit are connected
in series, the total resistance of the circuit is the sum of the resistances of its
individual parts.
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Fig.11. Circuit disgram of a cathodic
protection system.

Table 1.

Example of the distribution of the power consumption
in a cathodic protection circuit

l1st installation |2nd installation

Energy’ consumption 0.8 Ohms, 32V 2.7 Ohms, 108V

‘ Ohms o | Ohms )
Losses in the connection leads ., | 0,1 125 | 0,5 18,5
Losses in the earthing system ... 0.5 62,5 | 2,0 74,0
Energy utilised for the pro- |
tection of the pipeline ....... 0.2 25.0 i 0,2 75
Totat ... .. 48 1 000 ‘ 27 ‘ 100,0




Table 1 gives an idea of the numerical values of the resistances of individual
sections of a protection circuit; the values are those of two typical cathodic protection
installations. It can be seen from this table that the earthing resistance is the most
important one, representing 60 to BO% of the total resistance of the circuit. The
resistance of the connecting leads amounts to 10 to 20% of the total resistance and only
a small part, amounting in most cases to only 5 to 10%, represents the resistance of
the proper "'protection” part of the circuit.

The energy losses in the circuit are directly proportional to the resistances and
the major part of the losses is in the earthing section,

The energy consumption for cathodic protection is basically determined by the
state of the protective coating, i.e., by its conductivity, which is the reciprocal value
of the resistance: i

T B ——

R (2)

The basic unit of conductivity is the Siemens (S); smaller units are the millisiemens
and the microsiemens. Earlier the SBiemens unit was referred to as mho and correspond-
ingly the smaller units used were millimho and micromho.

Table 2.

Influence of the conductivity of the pipe coating on
the energy required for cathodic protection

Conductivity of |

j
the coating Current ! Yol tage Power
Microsiemens m2 ] A l v i w LA
|
10 | 0.5 0.8 0.4
100 | 1.8 2,15 3.9
1 000 8.70 9,20 80,0
10 000 ‘ 1028 105.0 10 800,0

The conductivity of the protective coating has a direct influence on the length of the
protected section. If the protective coating is in good condition a length of 15 km of
pipeline can be protected by a total of 0.05 kW, whilst if the protective coating is
extensively broken down a ten times larger amount of electrical energy (0.5 kW) will
protect only a 1.7 section of the pipe line,

Pipe lines which have no insulated coating whatever can also be cathodically
protected, but in this case each protected section of the piping can only have a length of
300 to 400 m if the tubing has a diameter of B to 10",

The influence of the conductivity of the coating of the piping to be protected on the
required power for cathodic protection is given in Table 2: it can be seen from this
table how rapidly the required power increases with increasing conductivity of the
coating.




In addition to pipe lines, any metallic equipment placed in the ground can be protected
cathodically, e.g., tanks, metallic supporting structures, masts, cables, etc. However,
attention is drawn to the fact that only for structures made of ateel is the cathodic method
of protection sufficiently tried and reliable. For other metals application of cathodic
protection is more complicated. Thus, for instance, cathodic protection of underground
equipment made of lead is considerably complicated by the fact that lead does corrode,
not only on the anodic surfaces, but also on the cathodic ones. This is obviously due
to the formation by the corrosion process of an alkaline film on the cathode, this [ilm
having a disruptive effect on the lead.

Application of cathodic protection for cables laid underground causes interference
in telephone and telegraph lines in many cases. At present, cathodic protection is most
widely used for long distance and urban piping systems and cables, and to a somewhat
lesser extent for protection of the bottoms of tanks, Cathodic protection of other
equipment made of steel and laid underground is applied relatively rarely.

Cathodic protection can also be applied when the equipment to be protected is
situated in sea water, river water, mud, etc.

The practical use of cathodic protection requires solution of the following problems:

(1) carrying out investigations prior to design;

(2) design of cathodic protection system;

(3) comstruction of cathiodic protection installation;

(4) regulation of the installation and electrical metering
along the pipe line;

(5) organisation of the operation of the protection installation.

Although good results may be obtained in individual cases without carrying out
detailed investigation and design, such a procedure not only reduces the reliability and
economy of the protection, but may even bring about an increase of the corrosion in
some points of the equipment. It is therefore, essential to carry out all the enumerated
steps when cathodic protection is to be applied.




Chapter II

PRELIMINARY INVESTIGATION

DETECTION OF THE SECTIONS REQUIRING
CATHODIC PROTECTION

To detect the sections which require additional protection, it is best to determine
the corrosive effect of the soil by inspection of equipment which has been in the soil for
a long time. This yielde the most reliable results but special methods may sometimes
be necessary.

At present the corrosive effect of the soil is classified in 5 categories, which are
characterized in Table 3. The figures given in Table 3 represent examples of the
time until the first perforation occures in a pipe of 12" dia. and a wall thickness of
8 - 10 mm, which is not coated with any protective insulation.

Table 3.

Soil categories classified according to corrosivity

Service time after whi ch
D“E"f‘ of the sppesrance of
corrosivity corrosion perforations
anticipated

LOW ouesahinssninss Over 25 vears
Normal oucvvnnnn.. 10=25 »
Over normal ...... 5—10 »
e 3-—-5 #
Very high eu...... 1—3 . 3

=10 =




INSPECTION OF THE PIPING

To determine the state of a piping, inspection has to be carried out under certain
well -defined conditions 8o as to obtain sufficiently reliable results. These are:

1. To inspect as large an area of the piping as possible. It would be best to
inspect the entire length of the pipeline, but this requires too much excavation work.
Therefore, in most cases it is considered satisfactory to inspect the piping at selected
places, which are distributed at spacings of 50 to 1000 m from each other. With larger
pipe diameters the spacing can be increased up to 2000 m.

2. Equal spacings between the points of excavation.

3. In addition to the excavated points spaced at equal distances from each other
along the most characteristic parts of the route, it may be advisable to excavate also at
other places namely: waterlogged areas and places where water-level varies on slopes,
sections which are near to electrified railway lines, etc. It is however desirable that the
total number of the additional excavated spots does not exceed 10% of the number of the
1Immll Bpﬂtﬂ-

4. In each of these excavated places it is necessary to inspect an equal surface of
the pipe; 1 square metre is usually considered sufficient. The tube must be inspected
throughout its entire circumference.

5. The results of investigation and evaluation of the state of the tubes are
expressed according to a special code which includes a marking system of evaluation
of the damage to the metal and the protective coating '

If inspection of the pipeline which is in operation is not practicable, or in the case
of designing a new pipeline, the corrosive effect of the soil must be determined by
applying speclal methods. There are over 20 such methods; of these, the following
are most commonly used: 1) determination of the specific resistance by means of a
four-pole testing device, 2) by a two-pole testing device, 3) by the "tube and container"
method.

According to the first method the so-called apparent soil resistance is measured by
the four-pole test equipment, points AMNB, Fig. 12, T. All four electrodes are driven
a few centimeters deep into the soil, and they should be distributed along a straight line,
The d. c. source 2 {eeds current through the outer electrodes A and B into the soil the
current intensity being measured by a recording device 1. The potential difference
between two points is measured by means of a potentiometer and the inner electrodes
M and N: these two points must be within the zone of the generated electric field. The
apparent resistance of the soil is then determined by using a special formula.

Determination of the specific resistance by means of a two-pole device 12 permits
direct determination of the soil resistance along the trajectory of the pipeline at the
depth at which it is laid. The measurements are carried out as shown in Fig. 13.

Two poles made of oakwood and fitted with steel tips are interconnected through a 3V

B - 11 -
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Fig.13. Determinstion of the soil

Fig. 12. Schematic representation of
the determination of the apparent
s0il resistance by the 4-pole
me thod.

1-milliammeter: 2 - potentiometer:
3 - battery.

me thod.

1 - dry battery of 3V: 2 - mill ismmeter: 3 - shunt resiatance;

4 - steel caps on the rod tops: 5 - cathode rod; 6 - snode rod;

7 - steel cores:

8 - cathode;: 9 - anode.
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d.c. current source (dry batteries) 1 anda milliammeter 2. The dimensions are
ghown in Fig. 13. The tip of the cathode pole has a considerably larger surface than
the other pole to reduce the influence of polarisation.

To carry out the measurements at a gelected point two holes are dug manually to the
depth of the piping. Immediately preceding the measurements 50 cubic cms of distilled
or well boiled water is poured into each hole. Then, the rods are driven into the holes
g0 as to obtain a close contact between the tips and the soil. The resistance values in
this method are mostly expressed in Ohm/cm, i.e., a unit 100 times smaller than Ohm/m.

The tube and container method 14 is based on the determination of the weight loss of
the tube placed in a specimen of the investigated soil whereby a direct current is made
to flow through the test set up, Fig. 14. The pot has a capacity of about 0. 355 litre, a
diameter of 8 cm and a height of 11-12 cm. A welghed tube of 19 mm diameter and
100 mm height is placed into the centre of the pot and made to rest on a 10 mm thick
plece of rubber so as to obtain electrical insulation between the bottom of the tube and
the pot. The pot is then filled with soil which has been dried, broken into small pieces
and saturated with aerated distilled water. Then, the tube is connected to the positive
pole of a 6 volt d. c. source and the pot is connected to the negative pole of the same
gource. The current flow is maintained for 24 hours and then the tube is removed,
cleaned of corrosion products and weighed again. The weight loss, expressed in
grammes, is indicative of the corrosive effect of the soil.

Fig.14. Determination of the corrosive
effect of soil by the tube and
conteiner method.

1 - 0.5 litre tin container; 2 - investipated
e soil: 3 - _:u tube: 4 - rubber piece;

5- 6V battery.
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These three methods have the following properties which determine their range of
application.

The four point (pole) method does not require any digging work, since the tests are
carried out directly at the soil surface, but necessitates special and expensive metering
Instruments of high accuracy and highly qualified personnel. Therefore this method can
only be recommended in the case of long pipe lines, and where the neceasary test

apparatus is available.

The two point (pole) method necessitates drilling or digging holes in the ground, but
the design of the required test apparatus is simple, and the test can be carried out by

primitive means.

The method of "tube and pot" requires soll specimens to be taken from the depth
at which the tubes are laid, which introduces a complication. However, the test
arrangement is composed of very simple parts which are easily available anywhere
and therefore this method is very convenient if it is necessary to carry out tests quickly
on the corrosive effect of soils. This method can also be used as a check of resulis

obtained by other methods of investigation.

It is worth noting that the foregoing methods of determination of the corrosive effect
of the soil yield results of an accuracy of 80-90%, i.e., 80 to 90 of 100 test points will
yield correct results. Such detection of spots where corrosion danger exist fully
justifies application of the methods. These methods enable evaluation of the corrosivity
of soils according to categories enumerated in Table 3 by means of the figures given

in Table 4.

The limiting values of the individual degrees of corrosive action given in Table 4
are derived from special tests carried out by various investigators.

Table 4,

Evaluation of the corrosive effect of soil

w Depgree of corrosivity
5 — i : ] L
Method of deter- " | Very
minat ion B Low Mormal Over normal| High | hi gh
g
=
| |
Four-pole test Ohm m| Over 20 —100 10 =20 5—I10 :(l—.'fr
equipment ....... 100 !
|
iwo=pale foxt Phm em| Over |2000—10 000/ 1 000—2 000 |500— 1 000/0—500
equipment ....... ||Uﬂ'|')ﬂ
Tube snd container | | | .
method ...... ederf (@S LERTONLL S 2 2—3 3—6 C'E"
' |
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Fig.15. Soil resistance along the pipeline route.

1 - very high corrosivity; 2 - increased corrosivity;
3 - normal corrosivity.

On the basis of the values obtained for the individual points the corrosive effect of
each section is determined and appropriate protection measures are taken. For this
purpose the measured results are plotted on a graph as shown in Fig. 15. The abscissa
shows the location of the spots along the line; the ordinate axis represents the measured
soil resistance values as derived from the first two methods, and the measured weight
loss according to the third method. Below the abscissa it is convenient to ghow the
(geographic) location of the spots along the pipe trajectory. Recommended scale:

abscissa: 1 cm per 2 km;
ordinate: 1 cm per 2 Ohm/m= 200 Ohm/cm=% G

The test results on the corrosive effect of the soil aré more accurate the smaller
the distance between adjacent measuring points. However, since the amount of test
work increases with decreasing distance between test points, tests are usually made
at intervals of 100 metres in mains outside towns and at intervals of 50 metres in towns,
where the characteristics of the soil change more quickly.

If the corrosive effect of the soil of a given area is to be determined, measurements
are carried out on squares at the sides in accordance with the above indicated values.
In this case the plan of the surface is drawn in preference to a graph and horizontal
lines corresponding to various corrosion effects are entered. Such a plan is shown in
Fig. 16.

Cathodic protection is usually applied in the first instance to sections of the soil
with high or very high corrosive effects, since in these spots the most rapid disruption
due to corrosion will occur.
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Fig, 16. Equi-resistance lines of a rectangular zone of the so0il.

The figures indicate the resistance values at

the corners of the plotted
grid, Ohm m;

Equi-resistance Lines (5, 10, 20, 50, 100 Ohms m).
Grid dimensions in metres,

If points on the pipe line have already failed by perforation their existence should
be carefully recorded amongst the sections which require cathodic protection.
records should be made in accordance with the above mentioned code on a card index;
a specimen card is shown in Fig. 17. In addition to recording in a card index, the
spots affected by corrosion must also be plotted on a graph. An example s shown in

Fig. 18. The sections requiring special protective measures are clearly apparent on
such a graph.

After determination of the sections where cathodic protection should be applied it

Is necessary to obtain information required as a basis for the design of the protection
system.

BASIC INFORMATION REQUIRED IN DESIGNING A CATHODIC PROTECTION 8YSTEM

The following information must be obtained before designing a cathodic protection
aystem:

(1) plan of the pipe line Indicating its total length, tube diameter, wall thickness,
material of which the tubes are made, method of joining the tubes, accessories;

(2) plan of the location of the section to be protected, the outline of the pipe-line
route, the location of the power supply and earthing points;

(3) data on the soll resistance along the section to be protected and at the earthing

- 16 -




Card
TI. GENERAL DATA 3. Date mumhies
|_2. Piping! Material !Din. ::m] Wall _thick: e lTy-pe ]4-[‘&nnectiun lS-Cl eaning

(6. Insulation lthiclr.. mm | Insulated :tl Application of inlulntion\ 7-Uncleaned
T i | spot, kmim |
Base coating |]' Top coating | Cover ﬁ Prattctlunl Distance from locsl anode (m) |

§. Exmmined, m, nﬂ-ﬁ 9-Coating date In.pzr.:tion1 §- Reasons for inspection |
10. D-i_merﬂ:n: of trenchm-mtcription of iocation:p-vw:ntl'l‘n railway li.n_r.:ﬂll
--'_‘|’eg:tatian, ]‘ Relief || Special features |
| II. SOIL |
Eﬂi st rir:tr: 2.Type & mechanical :t-tel 3.Relative moisture content| 4.Density |
III. COATING
Protective oo-ting[Surface qunli:ty]Furdu- from dhr.:unti.nuity]Phy:icnI state
1st bitumen layer l Permubiiity‘, Integrity | Cracks [ Physical state
1t reinforcing spiral] Surface quality|Freedom from discontin.| Phys. state
2nd bitumen layer L Peme-bility‘J_Cclmtinulty l Cracks | Physical state
2nd reinforcing spira]lﬁurf-cc qun]ityiFrne_d.u- from diacnnti.n.l Phys. state '|
6. 3rd bitumen layer | Pemeabilit_:.r_'] Continuity | Crl_ck;sl_ f‘_lui;l;igi_te—__l
hdhtaiupl 8.Traces of the coating on the soil 1 Special features |
IV. PIPELINE |
1. Corrosion: aurfa.ce % 1 Colour \ Depth of pits, mm - number ]‘Grnphitisstinnj

1. Designation of the line and the section Hole No.

——

T

B
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Fig.17. Specimen of en index card on an uncovered pipeline.

point. This is most {requently simated near the current source, for instance, in the

centre of the section to be protected. The soll resistance along the route s measured
at intervals of 100 meires;

(4) data on the conductivity or resistance of the protective insulation on the section
to be protected;

{5) information on the presence of current sources near the section to be protected,

with data on the parameters and power, if these are applicable for the purpose of
cathodic protection;

(6) information on the availability of spaces near the pipe line which are suitable
for housing the current supply sources and the controls for cathodic protection;

(7) information on places suitable for erection of wind driven-equipment;

(8) data of availability of wind of various speeds at the points considered suitable
for erecting wind-driven generating equipment;

(8) if the cathodic protection is designed for a pipe line which is already in use,
dats on the state of the pipe line (1. e., operation time of the pipe line, depth of the
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Fig. 18. Greph of the points of Penetration of g pipeline,

1 - location of the corroded spots with the date when
they were detected; 2 . repaired sections.

deepest corrosion pits, number and distribution of perforations, etc,).

PLAN OF THE LINE

The plan of the line to be protected (Fig. 19) should indicate every branch connection,
the location of accessories, their joints (methods of Joining), the location of special and
threaded sleeve Joints and also all points of incidental contact of the line to be protected,
and adjacent metallic structures. For pipe lines Jutside towns preparation of Buch a
plan ig considerably simplified. [n urban networks and Pipe lines near oi] Btorage
installations preparation of the required plans is a complicated matter since it is very
difficult to determine the necessary data without digging up the Pipe lines. In such cases
it is advisable to determine the location of the pipe network underground without digging
by means of special equipment - tube detectors 4.

The diameter and the wall thickness of the tubes are determined on the basis of
technical documen .

The layout plan of the section to be protected is required for the purpose of correct
choice of the location of the current source, the anodic earthing and the line equipment,

Data on soil resistance are required for calculation of the design of the anodic
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earthing and also for calculation of the required rating of the power source if the piping
to be praotected is not provided with insulation. If the pipe line is insulated and the
Sections where there is danger of corrosion are known it is not necessary to determine
the soil resistance along the entire route of the pipe line.

DETERMINATION OF THE CONDUCTIVITY OF THE PIPE INSULATION

One of the most important and most laborious operations during investigations for
designing cathodic protection is the determination of the conductivity of the pipe insulation.
This has to be known for calculation of the required rating of the cathodic station.

The conductivity can be determined by various methods and the following will be
described here: towel method, temporary station method, detector method.

The towel method is based on determination of the conductivity of the insulation
layer on a surface of about 1 Square metre at various spots of the pipe line spaced at
equal intervals. At the test points the pipe line must be accessible all round its
circumference along a stretch of 2 to 2. 5 metres, which is attained by appropriate
digging. The conductivity of the insulation layer is thereby measured by means of a
Bpecial electrode - a towel electrode. The metering arrangement and the "towel"
design are shown in Fig. 20.

For carrying out the measurements it is essential to have a voltmeter, a micro-
ammeter, a milliammeter with shunt resistances, dry batteries of 4.5 and 22. 5 Y, a
special contact saddie, a flannel towel, contact clamps, connection leads, kaolin, three
enameled buckets, 30% solution of acetic acid, 10% solution of ammonia, crystalline
potassium ferrocyanide, pergament Paper, brushes and sponges.

Before starting the measurements a kaolin paste is prepared by mixing kaolin with
water at the weight ratio 1:1.5 (the paste should have the consistency of thick cream).

The water used for mixing with kaolin is made acldic by means of a few drops of acetic
acid. The resistance of such a paste is 700 to 1000 Ohm cm. The surface of the
ingulation is washed with water and the paste is then applied by means of a stiff brush
80 that it penetrates into places even where the insulation is only slightly damaged, thus
displacing the air.

The paste 18 applied to a strip 30-40 cm wide. On the [irst layer a second thin layer
of paste is deposited. The flannel towel is rmoistened in acidic water and rolled around
the kaolin layer 2 or 3 times. A special saddle is placed on top of the flannel to assist
in pressing it tightly on to the tube. This "saddle"” consists of four flexible brass
strips of a width of 10-12 mm each and a length sufficient to fully envelop the tube,

Fig. 20. These strips are electrically interconnected on rigid supports made of
bakelite or wood.

To establish the electric circuit between the second contact and the tube, a special
8crew with a sharp point is used which cuts into the tube metal, providing a satisfactory
contact,

If the insulation coating on the tube is new, the kaolin paste is applied directly on the

tube surface without any preliminary preparation. If the insulation coating of the in-
vestigated tube section is old, the surface has to be cleaned of soil and dirt by brushing
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4 and sponging. Then, the suriace is carefully wiped and dried. At a distance of at least
15 cm from the edge of the surface prepared for the tests the protective insulation is
removed from two circular strips one on gither side of the prepared surface of a width of
5 cm each. This prevents leakage through the damp surface of the protective layer.

The flannel pad is moistened with water containing 1% of acetic acid before placing it
on the tube surface. For carrying out the measurements 2 4. 5 volt battery is used, the
positive pole being connected to the threaded screw, the negative to the saddle and flannel

ion. contact arrangement.

The resistance of the investigated section of the surface is then determined, from
the current intensity (measured by a milliammeter or a microammeter) and the known
voltage, according to Ohm's law. Dividing the resistance value by the area of the
surface which is covered by the kaolin paste, we obtain the resistance per unit of area of
the insulation and the reciprocal value i8 the conductivity per unit of area.

The "towel" method enables the conductivity of the coating to be obtained at the
individual test points. With satisfactory approximation these values can be applied to
the entire length of the tested section. However, if this method 18 applied, particularly
defective spots of the pipe line may be overlooked although these will have a considerable
influence on the value and distribution of the potential after putting the cathodic protection
station into operation. Also, carrylng out tests according to this method is fairly
laborious and difficult.

A considerably simpler method of determination of the conductivity of the insulation
coating is by means of a temporary cathodic station 13 placed at the investigated section
of the pipe line. As a d.c. source it is advisable to use a mobile welding set. The
temporary station is placed in the centre of the invest igated section.

The negative pole of the d. c. generator is connected to the pipe line. For this
purpose the pipe is made accessible by digging and the insulation is removed [rom the
metal surface of the tube. Itis cleaned by filing to ensure good contact and this is
made by a specially designed electrode with a belt which can be tightly fastened on the
tube circumference. Contact with the tube can also be made without digging by applying
a special electrode, the design of which is shown in Fig. 21. Such an electrode is fitted
with a tip made of hardened steel which can cut into the tube metal. During intervals
between individual measurements the tip is protected against damage and corrosion by
a special rubber cap.

The positive pole of the generator i8 connected to the temporary earthing electrode,
consisting of copper or iron tubing of small diameter and a length of 3-4 metres. The
earthing electrode is driven into the ground to a depth of 1-3 m and the surrounding soil
is moistened with salt water.

After switching on the current the potential differences "pipe-soil" are measured
at equal spacings along the section to be investigated. The spacings depend on the local
conditions and the required measuring accuracy; usually, these vary between 50 and 500 m.
These measurement are carried out as ghown in Fig. 22.

For earthing it is necessary to use non-polarising electrodes, e.g., copper sulphate,
cadmium sulphate or calomel electrodes. The design of the most frequently applied
copper sulphate electrode is shown in Fig. 23. A red copper tube is fitted tightly onto
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\1 Ring shaped «
\ soil layer [/

ST e

Fig.22. Measurement of the potential
"pipt-etr:h"uning 8 temporary
protection station,

1- non=polarizing el ectrode;
2 - steel electrode;
3 - meagsuring instrument,

Fig.21. Electrode for ensuring good
contact with the piping.

1 - steel rod of 10 mm dis., 2050 mm
length; 2 - steel tip: 3 - handle 13' screw; 2 - terminalj
made of tubing; 4 - bakelite % = ll:rlllr:l:t made of a
insulating tube 11 to 13 om rh-‘-. ube; 4 - copper
inside dis. 2000 mm length; tube; 5§ - rubber hose;

5 = terminal screw; 6 - rubber & - copper |ulp1:|.t.-;
protection cap, 7 - porous container,

a clay container and is joined to it by any type of chemically inert substance, as for
instance, shellac. The copper tube is fitted onto a brass tube which serves as a mounting,
The top part of this tube is fitted with a terminal for connection to a conductor and a screw
by means of which the electrode can be connected to the measuring instrument,

Fig.23. Non polarising
copper- sulphate electrodas,

A saturated solution of chemically pure copper sulphate is poured into the tube and
a few crystals of the salt are put into it to maintain the state of saturation. The solution
i8 made up in a glass or porcelain container but not in a metal one. A rubber tube is
drawn over the copper tube to insulate the current conducting parts, Thus, the electrode
metal does not accidentally touch any soll electrolyte, but is in contact with a salt of the
same metal. Therefore, measurements are not affected by external processes. How-
ever, a non-polarised electrode itself has a potential difference which must he deducted
from the measured potential difference. This potential difference amounts tg - 0. 55 to
0. 6 volts for a copper-sulphate electrode. The exact value of this potential has to be
measured for each electrode before starting and after completing the field measurements,
Thus, if a potential difference of, for instance, - 1.07 volts has been measured, the real
potential difference will be: - 1.07 - (- 0.55) = - 0,52 V, where - 0.55 is the potential
difference of the electrode itself.
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The fluid in the tube of the non-polarised electrode has to be maintained at a fairly
high level to prevent contamination of the fluid inside the porous container by soil
electrolyte which could penetrate from the outside.

The contact between the non-polarized electrode and the soil must be as close as

possible. For fitting the electrode into the soil small holes are made which are lightly
moistened by water.

For recording the EMF it is necessary to apply sensitive electrical measuring
instruments. In many instances considerably simpler apparatus can be used for measu-
ring the electrical values for the purposes of cathodic protection, e.g., instruments based
on magnetoelectric principles .

For measurement of the potential difference along the pipe line, the potential
difference "'pipe-soil", and the voltage drop during measurements of the conductivity of
the insulation coating, a precision millivoltmeterwith 3-4 scale ranges and an accuracy of
not less than 1 mV can be used. Owing to the small values of the measured potential
differences the measuring instruments used must have a high internal resistance of the
order of 10,000 ohms per volt.

For measuring the conductivity of the insulation coating micro and milliammeters
are used. The microammeter must have a sensitivity of 10-6, a scale of 0 to 20 and
a gcale division representing 4 microamps. The microammeter shunt should have
resistance values from 1 to 10,000 ohms. The milliammeter should have the measuring
ranges 0 - 5and 0 - 50 mA and a low internal resistance.

Connection leads used in the metering circuit must have high grade insulation. The
characteristics of these conductors are given in Table 5.

From the point of view of measuring accuracy, good contacts at all junction points
are very important. The terminals and contacts of the instruments must be very clean
and the connection leads must be fitted with special terminals or clips.

Table 5.

Characteristics of (Russian produced) conductors used
in cathodic protection systems.

Type of conductor
Characteristic of conductor e T e ] [T
i PUM | PSM PRGN sapper
- I - - +
[
Conductor dismeter, mm ...coveesss 6—17 6—7 | 4—=5 | 6=7
Approximate weight per km, kg .... | 50 60 30 50
Bresking strength, kg/mm® (sppr.). | 70 135 30 |50
Resistance, Ohm/km ..o.c00e00000s g 8 10 { 20 | 10

Insul ation resistance, Ohm/km .... | B0 | G0N 200 B0
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The specific resistance of the insulation of a given section can be determined from
the measured values by means of formulae given later on.

The conductivity value obtained represents a mean value for the given section. Thus,
individual spots where the insulation is heavily damaged may reduce considerably the
observed resistance value of a given section although the area of the damaged spots may
only be small. It is, therefore, advisable to reduce the lengths of the individual metering
sections. The recommended form of the records for entering the measured results is
shown in Table 6, and the necessary composition of the investigation team is given in
Table 7.

Determination of the conductivity of the insulation by means of a detector is the
simplest method available, but it is also highly inaccurate.  This method should be
applied only if the working conditions are such that the previously described methods
cannot be used and also for arriving at preliminary conclusions.

The main purpose of the detector 14 is the detection of damage of the insulation, A
schematic representation of such apparatus is shown in Fig.24. The direct current 6 V
source 1 supplies a voltage to the 1. v. winding of the coil 2. A voltage of 15, 000 to
40, 000 V is generated in the winding 3 due to the action of the circuit breaker 6. The
negligible h. v. current permits apparatus to be used without danger to the personnel,
although the current shocks are quite strong. One pole of the h. v. circuit is connected
to the piping by a speclal contact. This contact can also be established through earth by
earthing the pipeline and one pole of the circuit. The second pole of the h.v. circuit is
connected to a special brush or electrode, usually ring-shaped. The edge of this electrode
is situated 0.5 - 1 em from the surface of the piping. If the insulation of the pipeline is
undamaged, it will interrupt the h.v. circuit owing to its high resistance and the spark
closing the circuit will pass through contacts which are provided on the coil. If the ring
passes a spot where the insulation is damaged, however small this damage may be, the
high voltage eircuit will close through the air gap between the electrode ring and the tube
metal, causing a very bright spark accompanied by a loud noise. The direction of the
spark indicates accurately the location of the defect. Some detector designs include a
bell and a light signal which operates when a defect is detected.

The detector does not directly determine the value of the insulation resistance but
permits evaluation of the order of magnitude of this value. For such evaluation which
may vary within very wide limits, the information given in Table 8 will be useful,

Information on the presence of current sources near the pipeline route for the purpose
of selection of suitable locations of cathodic protection stations, It is most economical
to locate the control apparatus and the earthing points as near as possible to the current
source 80 that the required length of the connection lines, fitted on poles or by laying
cables, should be as short as possible, It is necessary to state for the available
current sources the type of current, the voltage, the total power rating and the available
power. The location of the junctions feeding the cathode protection station should be so
selected that the control and measuring apparatus and, if necessary, the rectifiers can
also be installed there. If there is no suitable room available for fitting this equipment,
it is necessary to take into consideration that equipment of a cathodic protection station
in which the current is supplied by rectifiers is very compact, and can be quite satisfact-
orily housed in a small kiosk,
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Table 6.

Form of log book for recordin¥ the measured values of
the conductivity of the coating.

Di stance . |

Location Potenti
of the | frnr:_:un- Potentioc- z;thlrsl
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No, [Messuring No. ﬂj _ pnint‘T: Date ?i. meter non-polar.
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Composition of teams for measuring the conductivity
of the insulation coating.

Name Quality
Teom leader (ENEiNEer) .csrsecasss ] 1
Technicians for metering -..cecees 2
Mechanic sttending the generator . |
LabOULETSE s sscsnrsssspsnnannnscns 4
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Fig.24. Electrical circuit of the detector.

1-6Vd.c. source; 2 - magnetic core; 3 - 1l.v. winding; 4 - h.v. winding;
5 - connection leads; 6 - arm of contact bresker; 7 - regulating screw
8 - closing key; 9 - condenser: 10 - insulated tube; 11 - metallic
centact ring; 12 - bitumen insulation: 13 - bresk in the insul stion,
i.e., demaged spot; 14 - spark occuring between the tube and the
metal ring; 15 - connection of the second pole to the tube.

Table 8,
Characteristics of the state of the insulation coating and
its conductivity,

7 e Example of the limit
Genersal sppearance Observed demage values of the conduc-
'  Xirailo tivity, Microsiemens m?
Excell ent None 0 —100
Good Very slight in single 100—400
spota
Satisfactory Slight, small number 400 — 2 000
Appreciable, on a 2 000 —20 000
Bad large area
Very bad Coating severely 20 000—200 000
damaged
Exceedingly dameged|Traces of the coating Over 200 000

on the tube !

If wind-driven generators are used for supplying the necessary current, it is essential
to collect data on the wind frequency at various wind speeds and suitable locations for
erecting wind-driven generators. Wind data can be obtained from meteorological
stations and it is important particularly to obtain data on winds with speeds exceeding
4 metres/sec. The location of the wind power station should be chosen so that the wheel
of the wind turbine is not shielded by other local structures.

It is essential that earthing should be carried out at a spot where the soil resistance is
as low as possible and usually spots with high moisture are satisfactory. Earthing in
sandy soil should be avoided. Area dimensions are usually: a rectangle 100 x 20 m. It
is desirable to make one or two holes in the selected area for the purpose of determining
the geological composition of the soil and the presence of underground water. The
desired depth of the holes is 4 to 6 metres.

Collection of the above information should be entrusted to an electrical survey team,
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Chapter III

BASIC DATA FOR THE DEBIGN OF A CATHODIC
PROTECTION INSTALLATION

For calculating a cathodic protection system of a pipe line, knowledge of the following
is required:

(1) route of the pipe line to be protected,

(2) its diameter;

(3) the wall thickness of the tubes;

{4) the conductivity of the insulation;

(5) soll resistance;

(6) minimum protection voltage and sometimes, instead of this, the
minimum current density;

(7) meximum protection potential.

PIPE LINE ROUTE

Usually, the lengths and distribution of the sections subject to the most corrosive
conditions and therefore requiring cathodic protection are known. In preliminary
calculations, the length of the section to be protected by a single cathodic protection
station located in the centre of the section can be assumed as being up to 25 km for a
pipe diameter of 10 - 12", if the piping is coated by a high quality composition and 0.3 km
if the pipe line is uncoated. With increasing diameter the protection length decreases
and vice versa. However, for several reasons, the length of a section protected by a
single station is usually not larger than 25 km, even for small tube diameters.

PIPE DIAMETERS

The most frequently used pipe diameters (in Russia) are: 10-12" for oil and other
pipe lines; for long-distance and urban distribution gas mains 12-24"; for water mains,
tubes with diameters up to 48" are used.

Wall thickness of the pipes is standardized. Russlan produced tubes of 10-12" dia.



have mostly a wall thickness of 8-9 mm. Tubes of 24-48" diameter usually have wall
thicknesses of 14-16 mm. Data for the tubes used in the Soviet Union are given in
Appendix 2.

The conductivity of the pipe coating represents a very important value for the
calculation of the cathodic protection and can vary within very wide limits, namely
between 10 and 1, 000, 000 microsiemens/square meter. If no accurate practical data
are avallable on the value of the conductivity of the pipe coating the values given in
Table B can be used as reference values. It is, however, necessary to take into con-
sideration the time for which the pipe line has already been in operation and the type of
coating. I well applied, any type of bitumen coating has only a low conductivity, not
exceeding 400 microsiemens per Square metre. However, if application of the coating
is not carried out with sufficient care and has not been checked by a detector, the
conductivity will be larger. The conductivity of a usual type of coating will in such a
case amount to 2000 to 4000 microsiemens/square metre. Badly worn coating which is
almost completely disrupted has a conductivity of several hundred thousand microsiemens
Bquare metre,

If the coating is severely damaged (or if the piping is not coated) the conductivity is
usually so high that instead of this value the conductivity of the soil surrounding the
piping is applied in the calculations; this soil conductivity is determined by a special
formula given later on.

The soil resistance is determined during the investigations by measurements
according to the methods already described.

Minimum protective voltage is the main parameter which ensures reliable protection,
It is desirable that the minimum protective potential is determined experimentally in
laboratory tests for each type of soil by means of a test arrangement according to Fig. 25
or 26. The steel specimens for these tests should be prepared as follows:

The surface of the steel specimen is ground with emery paper No. 0 or No. 00 and
then carefully cieaned; polished specimens may also be used. Degreasing of the surface
of the specimens after grinding and polishing is carried out by washing in benzol, acetone
or water-free alcohol, or by treating with ether or pure trichlor-ethylene in a Soxhlet
apparatus. [If the specimens are pickled the pickling residues must be carefully removed
from the surface of the specimens. The pickled and washed steel specimens must have
clean surfaces completely free from deposit, film, dirt, ete. The cleaned specimens
must not be touched by hand.,

During voltage measurements a bridge consisting of a glass tube containing a 25%
solution of gelatine in a 3% solution of common salt is used as a soil contact of the
metallic electrode. Reversible, non-polarising electrodes are used, most frequently
calomel ones. | A potentiometer is used as a metering instrument,

The most uniform current distribution over the surface of the specimen, and thus
also the most uniform corrosion conditions, are obtained in test arrangements as shown
in Fig. 26. Frequently, however, it is not possible to carry out the above tests for
determination of the minimum prbtective potential and it is necessary to rely on values
published in the literature,
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Fig.26. Arrangement for
measuring the minimum
protection potential.

Fig. 25. Arrangement of an experimental

get up for the determination of the
minimum protection potential.

1 - the sctive medium in a glass con-
tainer; 2 - potentiometer; 3 - battery
of sbout 28V: 4 - regulatihg resistance;
5. constant resistance; 6 - calomel

el ectrode; 7 - anode column;
8 - cathode wire; 9 - thermometer;
10 - switch: A - millismmeter;

V - millivaltmeter.

1 - glass tube filled
with salt gel atine for
establishing contact
with the soil near the
specimen; 2 - loose soil;
4. carbon anode; 4 -gl ass
tube 2.5cm dia., 15 on
long: 5 - 2 mm thick
steel specimen;
6 - investigated
soil.

*Although cathodic protection is a relatively recent application, the problem of the

minimum protective potential has its history.

Although all values in the literature on

the subject are within relatively narrow limits (between - 0.1 and - 1.0 V), variation
within these limits may involve a change of the current consumption, and thus also of
the power rating of the cathodic protection station by 7-8 times.

The opinion that a minimum protective potential of - 0.1 V can be applied was
expressed once only, in 1933. Later on there were numerous indications that this
potential is insufficient for ensuring protection. In individual cases insufficient
potential may have no effect at all on the progresas of corrosion.

There were frequent indications of a minimum protective potential of - 0.2 V, but
numerous investigations have shown that this value is also insufficient for effective and
full protection. In specialized literature on the subject in 1938 the necessity for
applying minimum potentials of - 0. 24 V and also - 0.3 V, etc. were mentioned. How-
ever, all these were purely empirical values.




Dr. N.D. Tomashev 22 worked out in 1940 the theoretical foundations of cathodic

ent member of the Soviet Academy of Science G. V. Akimov. The principles of this

theory are given later on in the investigation of the minimum density of the protection
current,

According to the hypothesis of N. D, Tomashey 22 the mechanism of cathodic

protection is to be considered as a three electrode system, whereby the local anodes

on the surface of the metal to be protected change into cathodes due to the influence of
connection of a more negative electrode or by setting up a protective current flow. The
mathematical relations of the conditions of operation of such a system can be derived
from investigations of a three electrode cell Fig. 27. Designating the current intensity
in the branch of the local cathode K by Ig, the current intensity in the local branch of
the anode A by I4, the current intensity in the branch of the protective anode P by Ip,

for the initial conditions (until the protection is switched on) the following relation
applies:

IUA=Iﬂ:IK’ " wom = am CRE {31

where I% is the intensity of the local current determining the corrosion rate of the metal
owing to the influence of the local element.

After putting the protection anode into operation the current intensity of the local

cathode will be equal to the sum of the currents in the local and the protection anodes,
l.e.:

(4)

Fig. 27. Three-electrode
galvanic cell.

P - protection anode;
A - smnodic sections:

E - cathodic sections of
the protected surface,

The value I 4 18 emaller than that of Iﬂﬁ which brings about a reduced rate of corrosion.

If the value of I is reduced to zero, corrosion should stop because the operation of the
local cell also stops.
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Denoting by R the resistance of the cathodic section of the three-electrode element
ap to the branching off point, Ry the section of the total resistance of the local couple
from the branching off point onwards Vu and Vi the effective potentials of the anode and
cathode sections, the following relations will apply:

IK-IP‘FIﬁf an e an .aw {5]
Vg - Va=Ig-Rg+Ip RA; ... .0 .o (B)

By solving these equations according to 14 we obtain

(Vg - Va) - IpRg
IJ'L Rg + R:ﬁ ¥

(7

Since:
VK o Vﬁ,

:IG
Rg + Rp

B

i.e., the intensity of the current of the local cell until the protective current is in
operation, equation 7 can be rewritten thus:

Ih'lua'blp; & e i inw {E:‘I
R
where b= . .
Rg + Ry

It can be seen from equation B that the intensity of the protective current is directly
dependent on the intensity of the initial current in the local cell. Since the coefficient b
characterizes the ratio of the cathode surfaces to the anode ones, it can easily be seen
that a reduction of the cathodic surfaces of the local cell relative to its anodic ones
brings about an increase of the value Rg and of the coefficient b and results in a reduction
of the required applied carrent.

By inserting Vp: Rp instead of Ip in equation 7, where Vo is the voltage of the pro-
tection current and Rp is the resistance between the protective anode and the metallic
structure, we obtain:

U'FK 75 A} - {VTRKJ:RP

Iy = 9
A e (9)

By analysing equation 9 it is possible to clarify the conditions which bring about a
reduction of the value of I, L e., improved protection; it is thereby necessary to take
into consideration that since the phenomena can always be investigated for unit dimensions
the terms "“current intensity" and "current density" will be equivalent in the given case.
The following tactors will be favourable for the protective action:

1. Reduction of the value {VK - ¥ a]’ i. e., reduction of the potential differences

between the cathode and the anode parts of the surface to be protected. This decrease
will manifest itself by:

=3] -



(a) decrease of the potential of the anodic sections;
(b) increase of the negative potential of the cathodic sections,
e.g., by reduced access of air oxygen to them.

2. Increase of Vo, L.e., of the voltage of the protection current.

3. Reduction of Ry, i.e., of the resistance between the protective anode and the
surfaces to be pmtectns; this reduction can be obtained by increasing the surface of
the protective anode, reducing the soil resistance by addition of salt, etc,

4. Increase of Rg, L e., of the resistance of the local cathode circuits. Practically,

this means a reduction of the areas of the local cathodes relative to those of the local
anodes.

5. Increase of (Rg + R A); L. e., increase of the resistance of the local cells on the
surface to be protected. This factor is of great importance, since this resistance
increases sharply if the surface of the metal to be protected is provided with a coating
of a dielectric. This resistance also increases with the formation of protective films on
the surface of the metal to be protected as a result of corrosion processes.

Considering the protection systems as a three-electrode system represents a con-
siderable simplification of the phenomena since it is to be assumed that in a protection
system a large number of electrodes are present: however, this does not change the
conclusions arrived at by N. D. Tomashev.

The minimum value of the protective potential is at present considered as being
E = -0.28B V or, in the case of measurements by means of a copper sulphate electrode
E = -0.288 -0.55 = -0.838 V. The larger absolute values given by L N. Frantsevich 25
appear to be too high and due to errors in the applied method and arithmetical errors.

The foregoing theoretically obtained values of the minimum protective potential have
been checked experimentally under laboratory conditions and in a large number of
practical installations for cathodic protection of underground steel pipe lines. The given
minimum value of the potential proved in évery case satisfactory to ensure effective pro-
tection, although lower voltage values did not always prove sufficient,

Accordingly, the minimum protective potential should be between the limits of - 0. 28
to -0.30 V -0. 288V being the most suitable value.

The protective potential must be kept constant on the structure to be protected. In
the first period of application of this method of protection, the assumption was expressed
that long interruptions in the operation of this protection are permissible, since polar-
isation phenomena maintain the potential for a period after the current supply is switched
off. However, further investigation of this problem has revealed that the current supply
must not be interrupted, since the protective effect of polarisation ceases rapidly. After
8witching on the current, polarisation increases the value of the potential. The potential
does not revert to the initial potential instantaneously after interrupting the current supply,
but owing to depolarisation the potential drops slowly and approaches gradually the initial
value. The speed of the voltage drop as a function of time from the instant of interruption
of the current is given in Fig. 28. According to this graph, the potential drops to a value
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Table 9.

Change of the density of the protective current as a
function of the moisture content.

oaver gl ““melature * |Density wf the Potential
G et | content |protec,current| relative to
.I 5 | mA/m2 ! sarth, V
| s i

1 10 ' 11,1 ' 0,57

! 15 ; 323 0.61

| 20 l; o7 0,66

3 17,7 | 21,6 0,61

3 31 ! 43,1 0,8

4 17,7 ‘ 32,3 1,4

below that required for protection within 1.5 to 2 hours after switching off the current
supply. It is, therefore, essential that the current supply is continuous and that inter-
ruptions do not last longer than 1. 5 to 2 hours.

MINIMUM DENSITY OF THE PROTECTIVE CURRENT

Investigations in various types of soll have ghown that the values of current density
may differ cunﬂiderahlzy for individual types of soil. Thus, for instance, a current
density of 4. 65 mA,/m? was required for a coated pipe line of 22" diameter which has
been in operation for ten years. Another pipeline of 14" diameter, with a reinforced
bitumen coating and the same duration of service, required about the same current density
namely, 4.62 mA/m2. A line of 8" diameter and 2 length of 64 km laid in soil of high
resistance required only a current density of 0.895 mA/m2. Another pipe line which had
a severely damaged coating required a current density of 48.7 mA/m#®, There was even
a case when the required current density amounted to 75.5 - 270 mA/m2, having a mean
value of 160 mA/m%, Inveatigations on four different soils showed that the density of the
protective current varied, not only with the individual soils but also with the moisture
content; this can be seen from Table9. Utilising the results obtained, Kalman? was able
to plot a curve giving the density of the protective current as a function of the resistance
value of the soil, Fig. 28.

The protective current density values obtained in laboratory and practical tests are

given in Tables 10, 11 and 12. During laboratory investigations similar current density
values were obtained for electrolytes and soil. In practical investigations, the required
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density values for the same pipeline fluctuated between 35.5 and 88 2 mA,/m2,

As a result of special investigations carried out on strongly corrosive lime sgoils a
curve has been obtained which expresses the relation between the effectiveness of the
cathodic protection and the value of the density of the protection current, Fig. 30.
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Fig.28. Change of the pipeline potential as a function of the
time after the instant of switching of f,

It can be seen from this curve that maximum protection can be obtained by a relatively
small change of the current density. Maximum Erulect}.nn was obtained with a current
density of 31.0 mA;‘mn; a density of 12. 4 mA,/ m4 provided only 50% protection, although
under- different conditions this current density is fully satisfactory for full protection.
Practical data on the required current densities for plpes with differing state of the
insulation are given in Table 13.

There are also other methods for determination of the current density required for
protection. Speclally plotted graphs showling the interrelation between the intensity of
the protective current and the potential of the iron to be protected, obtained by measure-
ments with a copper sulphate electrode are shown in Fig.31. It can be seen from the
graph that if the current decreases from a value which is very ample for protection,
initially the absolute value of the potential will decrease, However, this decrease
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Table 10.

Current density of the cathodic protection current,

—

[ Weight loss of a specimen
pensity of the Acting time with a surface area of 25 cm”
S0il moisture|prot. current Hours - | Tndividual | Mt;n_ =
% mj/cm | specimen value
15 nil | 500 0,0818 |
0,0008 { 0,0816
| 0,0722 .
no
15 0,005 | 500 0,0080 representative
| | 00384
| . 0,0345 | 0,0343
15 0,010 | 500 0.0106 L
' | 0,0372 0,0175
| 00048 ||
15 0,030 \ 500 | '0.0050
| 0,0020 K 0,0032
' | 00026
| .
15 | 0,050 ; 500 | 00014 |
| ; 0,0024 |{ 0,0021
| | | 0,0026 '
15 0,060 500 0,0006 ]
‘ 0,0024 f 0,0016
00018 ||




Table 11,

Influence of the current density on reducing
corrosion,

Initial woltage

Final voltage Cur t | ] Co i
of the teat u:-thn teat | den;r:y [ Weight loss ru;:::;i:
plates, V plates, V | A/m2 | %
In an electrolyts

| 0,85 0,65 0 0,96 0
0,62 0,77 | 0,0215 0,58 45,8
0,64 0,81 0,0430 0,35 63,5
0,68 0,76 0,0860 0,35 63,5

0,72 1,00 0,1720 | 0 100

In an electrolyte

0,58 ] 0,58 0 0,98 f 0
0,70 0,73 0,0215 0,50 | 49,0
0,71 0,73 |  0,0430 0,28 71,5
0,83 0.7 0,0860 0,19 80,5
0,61 0,69 ‘ 0,1720 0,01 90,0

In the investigated soil

0,61 14 | 0 i 1,59 0
0,60 14 00215 | 0,73 I 54,1
0.61 1+ 0,0430 | 0,47 703
0,68 I+ 00860 | 028 82,4
0,61 14 93,7

| 0,1720 0,10
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Fig.30. Relation between corrosion rate and current
density (laboratory data).
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Table 12,

Relation between the effectiveness of the protection

and the current density used

Number of

pipelines
and dia.

Location
of the
lnvestiﬂ:ated

|
| spot, km dnprntectrd Protected

Weight loss, g

| Protection
a

l

5 i

Current
density
mA/ m

mm
!
3200 | 0,00 1,775
3.— 200 0, zﬂ 0.382
3—200 0,4 1.330
| —250 0, 00 i
| —250 0,20 0.496
1 —250 0,40 1.289

v

Tube potential (measured with a
CuS0, electrode),

0,028

40,052

0,316
0,000
0.004
0,230

48,4
100.0
76,2
100,0
0.0
82.1
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Fig.31. Current-voltage curve

with a 6" pipe.
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Table 13,

protection current,

Practical values of the density of the

Characteristics

of the pipeline

State of
insulation
coat ing

Mot

insul ated
"

i

Bad .eag il -
Excellent ..., |
Bad: vt o
Excellent ...,
Bad . it o
Excellent ,,,.
Bad: i
Excel lent
i T [
o e
Excellent ,,..
Good ,..... &
T R o

Proceeds only up to a certain current valu
Although the transition fro
gradual and expressed by the flatness of
graph, the transition point cor respondin
Theoretical and experimental results

in potential.

obtained graphically.

density is necessary an
defined transition point are obtaine

media the shape of

|
|
I

{ Outside di ameter,
inches

d sufficient

Parameters of t

E Consumed
~ He Ty

J
S =2
i et

: £38
o t ot

s Tqva! [ . ; L |
e 2% &

-'\I' o

|

7 | 2815 137
1,0 90| 163
336 | 8400 | 87
7.7 | 2880 70

5 | 2600 &7
140 [ 3200 | 80
o
1,6 | 230! 306
16,0 | 4800 | 30
16,0 | 4800 30
53 | 1500 283
53 (1500 | 283
4.8 | 2700 5.6
48 | 2700 | 56
218 | 7000 | 5.6

7 60 | 425

25| 150, 5

7.5 25| 25 |
460 | 895 | 22
135| 812 30 |

| d.

C,.

i 119
60
| 724,8
| 299,1 |
197.1
| 154,6 |
| 028
| 206 |
3315
331,5 |
119,5
1195 |
161.7 |
161.7 |
400
1|
14,4 |
4

59
51

for prevention of corrosion.

d for soils of low resistance.,
the curves obtained is that shown in Fig. 32.

he cathodic protectian

in the protected
system

Average
value for

< |pipe sur-.
face area

mA/m2

1 km
of a I
equival ent

For

| 244
45.7
2.0

[ 304

| - 21
16.2

| 401
16,6
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e, after which there is no, or hardly any, change
m one interdependence relation to the other is

the curve connecting the two straight lines of the
g to a definite current density can easily be
have shown that this current

Curves with a well
For high resistance

The value of the protective current density for any structure is obtained by a series

of m
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One of the circuits recommended for carrying out such measurements is shown in
Fig. 33. The circuit consists of a current source (e.g. a group of batteries), a rheostat,
an ammeter, a changeover switch enabling the current intensity to be varied by for
instance, 10% without breaking the circuit. The potential is measured by means of 3
potentiometer arrangement and a non-polarising electrode, By measuring the voltage
change A V caused by the change of the current intensity, A I, the real potential of the
Pipeline or another combination can be determiaed by the formula

TR W S e G (10)

where Eg is the real potential difference "pipe-soil";
E] is the initially measured potential difference "pipe-soil";
I  is the initially measured current intensity;
R is the resistance of the soil or other conducting medium which is

determined from the measured values as the ratio ~:-th

The values, of I, E and AE are plotted on a graph for the purpose of finding the
transition point which determines the minimum current density.

Although this method of determination of the required density of the protective
current is somewhat complicated, it is the most accurate one, since the soil resiatance
is taken into consideration.

Determination of the required current density under laboratory conditions on soil
specimens is less accurate, but is in most cases still considerably more accurate than
8imply applying a mean value which may result in large errors. The current density
under laboratory conditions is determined by apparatus shown Schematically in Fig. 34.
This test arrangement ig sufficiently simple and no detailed éxplanation is necessary.
However, the method has important drawbacks. The individual parts of the metal
specimen placed in the soil are not subject to uniform protection conditions, for example
the inside of the specimens has a considerably smaller current density than the outside,
Also, the presence of end faces has an additional influence on the distribution of the
protective current. Vertical distribution of the specimens produces non-uniform
moisture conditions, since the upper part of the soil dries quickly whilst the lower part
conserves its moisture almost entirely. These drawbacks are eliminated in the test
arrangement shown in Fig. 35. A test period of 20 days is sufficient to obtain a pro-
nounced corrosion of the specimen,

For a corrosive 80il, in which the weight loss of a Bpecimen according to the pipe
and container method amounted to 9 grammes, protectjve action began to be noticeable
only after reaching a current density of 0. 020 mA/Cm? and became fully effective at
0.040 mA/Cm2,

The relative complexity of the determination of the required density of the protective
current prohibits the use of this method in most cases, and makes it necessary to apply
instead the minimum protection potential,

In the case of storage tanks and other structures of non-linear shape, it is frequently
advisable to carry out the calculations of the cathodic protection on the basis of the
protective current density and not the protective potential,
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Fig.34. Installation diagram of the equipment Fig.35. Test arrangement for

for investigation of the influence of determination of the
current density on corrosion. protective current density.
1 - glass contsiner containing the inveati- 1 - glass tube; 2 - steel
gated soil; 2 - investigated specimens plate;: 3 - steel rod;
125 x 250 mm; 3 - comparison specimen 4 - paraffin; 5 - investi-
125 x 250 mm: 4 - snode column; 5 -d.c. gated soil; 6 - layer of
source; 6 - regul. resistance; locse soil; 7 - d.c. source;
mA = mill ismmeters. g - regul., resistance.

The conductivity of a pipeline is a function of its linear dimensions and its specific
resistance, the latter being dependent on the material of which the pipeline is made.
The total resistance of the pipeline is d:al;arm?ned by the formula

[L
Rymnee (11)
where 2 is the specific resistance of the tube material in OHM mm?/m;
L is the length of the pipeline, m;
§ is the cross section of the pipeline walls, mm?

MAXIMUM POTENTIAL

In addition to the required protective potential it is necessary to calculate also the
maximum permissible potential on the pipeline. Too high a potential may bring about
a loss of adhesion between the metal and the bitumen coating, the insulation coating will
peel off and thus the protective current will increase steeply. The value of the
maximum permissible potential has been little investigated up to now. The only data
available are those obtained in laboratory tests. Tubes provided with petroleum
bitumen and coal pitch coatings showed considerable loss of coating adhesion on the
metal of the tubes at the open end after being exposed to the action of a voltage of
ito 4.3 V during 22-82 days.




Chapter IV

CALCULATION FOR THE CATHODIC PROTECTION
OF A PIPELINE SECTION

INTRODUCTORY NOTES ON THE DERIVATION OF THE FORMULAE

Depending on the layout of the object to be protected and the location of the anodic

earthing the laws governing the distribution of the protective current along the
protected object may differ,

If cathodic protection is provided for a pipeline by one protection station and the
section to be protected is not insulated electrically from the remaining part of the pipe-
line, the potential distribution along the line will be as indicated in Fig.36. Such
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Fig.36. Distribution of the protective potential
along a section of “infinite length*
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protected sections are referred to as "sections of infinite length", because the potential
decreases from a maximum value (near the anodic earthing) to a minimum protective
potential, and continues to decrease along the line outside the protected section

approaching asymptotically a zero value which, theoretically, is reached at an infinite
distance.

If a pipeline is protected by several stations which are spaced along the line, each
will influence the potential distribution of the adjacent section and the potential distri-
bution will be as shown in Fig. 37, for the middle sections BC and CD. Such sections
are referred to as "sections of finite length”. The potential drops from its maximum
value at the anodic earthing to a minimum protection value and there it encounters the
flow due to the adjacent station. Therefore the potential will again increase from this
point onwards until it reachee a maximum value at the earthing point of the next protec-
tion station. Since, in this case, a part of the current is "squeezed" back by the
current flow of the adjacent station, a station for protection of a gection of "finite length"

will be considerably more favourable from the point of view of current consumption than
stations for "infinite lengths".

Calculation of the system for the two types of protection has to be carried out
according to different formulae, therefore it is necessary to determine the character

of the current distribution along the protected section before carrying out the actual
calculations of protection systems.
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Fig.37. Distribution of the protective potential along
a section of *finite lengths®'.

In the following, cathodic protection stations for protection of sections of the above
mentioned two types will be referred to briefly as "stations of infinite length" and
"gtations of finite length".

The theoretically derived formulae for calculation of cathodic protection systems
are based on the assumption that the pipelines are provided with a coating of high
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dielectric strength. This corresponds, for instance, to a coating of a bitumen type in
undamaged condition,

Taking into consideration that soil which has a corrosive effect also has a low
resistance, the soil resistance can be neglected in the derivation of the formula. The
derived formula will be less accurate for calculations relating to pipelines which are
not coated, or for which the coating is in a bad state. In dealing with such pipelines,
additional assumptions must be made which will be discussed later on.

FORMULAE FOR STATIONS OF INFINITE LENGTH
The potential at the point x is defined by:

= . — ax
-{: - ‘r:- e R - {12}
The resistance of the section is defined by:
'EA r .r
—_ e — = s 13}
I R K :

For practical application equation (12) is rewritten, Assuming that the total length
of the section to be protected L. * 2 l;; where 1, is the length from the earthing point to
the end of one side of the section to be protected. Denoting the minimum protective
potential at the most distant point by E;, , we obtain:

- i
E, =En e, (14)

the distribution of the current density can be determined by:
Iy = lpee™, (15)

where I, is the current density at the extreme point of the section to be protected.

The relation between the potential and the current flow is of the type:

E= -—]/;—J fgoit 5% (18)
FORMULAE FOR STATIONS OF FINITE PROTECTION LENGTH

Resistance of the section: E, .l/}' ]

FoEE ——— = —_————
T ¢ thaly) (17)

Potential:
R S T
A m 1 { 2} {13}
These formulae can be transformed to be more convenient for practical use,
since the values g and r can be expressed by practically measured parameters.

The resistance of the pipeline can be determined by:
ol -l
r=~3_=$w_?, (19)
where r is the resistance of the pipeline, Ohm/km;
¢ 1is the specific resistance of the tube material, Ohm mm2,r'n1;
1 is the length of the (considered) gection, m;
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D is the average tube diameter (djnper +T), mm;
T is the wall thickness of the tube, mm; 9
5§ is the conductor (tube wall) cross section, mm®™.

On the average, the specific resistance of steel tubes can be assumed as being
0.135 Ohm mm</m.

Denoting by C the circumference of the tube in metres, we obtain:

n . D = 1000 C,

e 1000 _ 0,135
2 —
S1000CT CT e il
The conductivity of the insulation (Siemens per km) is determined by the formula:
& gl
&=IC 550000~ *

where g is the conductivity of the insulation, Siemens per km;

l 1is the length of the tube section per km in metres (i.e., 1000 metres);

C is the length of the tube circumference, m;

g is the conductivity of the coating, microsiemens m2.

(20)
r

E1

1000000 ~ conductivity of the coating, Siemens m2,
Thus, we obtain: Cgy 2
= (R n— i m. 1
E 00 iemens km (21)
From the eguations (20) and (21) we obtain:
" or Cga 0135 . , ng
= |V or = =gl o) g g1 {22
Ve B OB~ 00116 8. @2

Equation (13) can now be rewritten thus:
V’L /0,135 1000 116
4 CT Cp C }KTE i
Taking into consideration the expressions of equations (22), (23) the calculation
formulae can be rewritten as follows:

(23)

1) for an infinite tube length to be protected (Fig. 36) the formula for calculating

the potential: —
g g G,uua[ﬁfg—.‘-h
Eh = =e . (24)
Resistance of one side of the section:
pp— 25)
0 l:-: l-"; -T'_gi = {.

2) for a pipe line of finite length to be protected (Fig. 38) the formula for calculation

of the potential will be: s
En=Em-ch|0,0116 - /8 .4,

(26)




Resistance of one side of the section to be protected:

i !
[ —_— o s T TR
CVTe mlr:-m]a V‘i}j:,y

The sequence of application of thege formulae will be described later on.

(27)

METHOD OF CALCULATION OF CATHODIC PROTECTION REQUIREMENTS

As has been said earlier, the electrical eircuit of a cathodic protection system
usually consists of a number of series connected resistances, Starting from the
positive pole of the current source, the sequence of the resistances is usually as
follows: 1) resistance of the conductors from the current source terminal to the
€arthing anodes; 2) contact resistance of the anode earthing (anode-soil): 3) soil
resistance; 4) contact resistance "soil-piping"; 5) plpeline resistance; 6) resistance
of the conductors connecting the pipeline with the negative terminal of the current
source.

In practical calculations these resistances are combined into three resistances
which are calculated, namely: the contact (transfer) resistance of the anode earthing;
the sum of the pipeline and "soll-tube (contact)" resistances; the total resistance of all
the connection leads (conductors). The earth resistance is usually neglected since it
is small compared to the other resistances, but it has to be taken into consideration if
the contact resistance "soil-tube" is very samall, e.g., in the case of blank tube surfaces
or tube surfaces with a severely damaged coating,

Thus, the total resistance of a cathodic protection circuit can be determined oy
the formula:

I

I

By 2l 4 Ba B M Lovnivaid snts iag) |

where R; - contact resistance of the anodic earthing;

Rz - contact resistance "soil-piping' and the resistance of the piping itself;
R3 - the total resistance of all connection leads.

Since the current intensity is the same for the entire circuit, required total voltage
of the protection station is determined by the formula:

ED=E1.E2;E3 (29)
where E; - voltage drop of the anodic earthing;
E3 - voltage drop in the protected pipe line;
Eg - voltage drop in the connection leads.
The intensity of the current flowing in the System can be determined by the formula:

fieEuc B2 T (30)

T = P e

In the case of a more complex protection system of several parallel pipelines
(see Fig. 38), the electric circuit will consist of parallel-series connected resistances
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|
‘ as is shown In Fig. 39.

e
Fig. 38. Set-up for cathodic protection of a
1 group of underground structures.
1
1 =« current source; 2 - earthing; 3 - protected
lines; # = connection 1l eads. Arrows indicate
= the direction of the current flow.
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Fig.39. Equivalent cireuit of a cathedic protection
installation for a Eroup of underground structures.

J - dic. mource; Resistances: 1, - lead to earthing
structure; r, - resistance of the egarthing system;

Tg's Ta'h r," - contact resistance “*earth- tube *

:4'. 14"'. Ty

rE “ rE". rg"

of the ;ndul'idunl pipelines; resistance of the
common connection lead to tiu current source.

wi . individusl pipeline resistances;

. resistance of the connection 1esads
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Equation (28) will also be valid in this cage but Ry will be:
Ry = Fj+T3+Tg + g,

SOt s ' e s e

+r + T N
where E r',_ i r_i rg'!‘f".‘..l'",- r'a -!—F_q .ra &’ {31_]

]

where the individual resistances are denoted as shown in Fig.39. The current
intensity for the entire circuit is again determined according to equation (30) and for
the individual parallel branches by the formula:

I = 11¢izfi3+i4, (32)

where i}, 1g, 13, i4 are the current intensities in the individual parallel sections
of the protection system.

Also: i mf-',“"El et :rLTEI
1 ri"ll'rx 2 ?’:.-1—1’; ¢

(33)

where E; - total voltage of the protection circuit;
E) - voltage loss in the anodic earthing;
r'y, r''] - resistance of each individual protected structure on the section
soll -metal -connection point, Ohms;
r'a, r''g - resistance of the connection leads from the pipeline to the negative
terminal of the current source, Ohms.

The calculation is usually carried out as follows: at first the required voltage and
the resistance of the section itself which is to be protected is determined by the
equations (24) - (27). Then, the current intensity - which must remain constant for the
8ection to be protected as well as for the entire protection circuit (in the case of a
Parallel protection circuit) - is determined by applying equation (30).

The total current intensity will be the sum of the individual current intensities
determined by means of equation (33).

ler determination of the current intensities of the entire protection system, the
resistances of its other parts (earthing and connection leads) are determined. The
ltage drop for each section is calculated by the formula
E = IR (34)

The required voltage of the current source will be the sum of the voltage drop
along the individual sections of the circuit.

In some cases it is necessary to solve the reverse problem, namely, to determine
for a given current source the limit of its protective effect. In this case, the formulae
(24) to (27) can be rewritten thus:

- dF -




lg, E,
£-1= —
0.0116 '/—E?} (35)
for a section of infinite length, and Eo
Iz _— ——rtl'; (36)

for a section of finite length.

For convenient utilisation of the formulae the values of hyperbolic functions are
given in Table 14.

When carrying out investigational work for designing a cathodic protection system
it is sometimes essential to determine the conductivity of the insulation on individual
pipeline sections. This is done by measuring the potentials at two points, applying
a temporary protection station which is set up specially for test purposes.

By carrying out the measurements according to the scheme,. Fig. 32, the potentials
Ey and Ej at the distances x; and xg from the connection point are obtained. Then,
the following relations apply:

0,0116 "—i,}--u

G.Dllﬁlf‘lr%:l + X2

.E =E2'€

A

. By comparison of the right sides of these equations we obtain:

soial’l « 00116 |/ & xa
E lve Lo =E,-¢ =
By solving this equation according to gy, converting it into a logarithmic form and
transforming the natural into decimal lngar}thma we obtain:
Ey 2 2 37
g1 = 39200 L (g —~1)° microsiemens m (37
: T3 E

where L ® Xg - Xj, and the other symbols have the same meaning as in equation (24).

If the distance between the measuring points is 1 km, the formula will be simplified,
namely:

2
gy = 39200 T (lg 'fz_l} microsiemens m3 (38)
2
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Due attention must be paid to the conductivity of the coating. It has already been
shown earlier that this value can vary within very wide limits and that the results of the
calculations are largely dependent on it.

The relation between the initial potential of the cathodic protection station, the
distance from the connection point and the conductivity of the coating is shown in Fig. 40.
It can be seen from this graph that the conditions for protection become much more
exacting if the conductivity of the pipe coating exceeds 1000 microsiemens m2.

It is necessary to point out that the deterioration of the coating is very non-uniform,
The first incipient holes which occur in the coating during the initial period of its
operation will increase the conductivity only insignificantly, whilst further use will
bring about a considerable increase of the conductivity of the coating,

The resistance of the conductors connecting the individual parts of the protection
circuit are determined according to equation (19); the calculation of the earthing
resistance is described later on.

If the coating of the pipeline is severely damaged or if the pipe line has no coating
calculation cannot be carried out according to the above formulae owing to the absence
of values for the conductivity of-the coating. In this case the reciprocal value of the
resistance of the soil surrounding the pipeline is applied, which can be calculated by
the equation:

. 0.3664q r2
R —E._lg{—rl-] (39)
where R - soil resistance Per square meter of the piping surface, Ohm mz;
¢ - specific soil resistance, Ohm m;
L - length of the pipeline having 1 m? surface area;
r] - inner diameter of the piping, m;
rz - distance from the centre of the pipe to the soil surface, m.

In the formulae for calculation of the potential and the resistance, the reciprocal

value must be applied, i.e. » 8 = 1/R. The further calculations are carried out in the
Same way (as in the earlier cases). '

CHECK CALCULATION OF A CATHODIC PROTECTION SYSTEM ON THE BASIS
OF THE CURRENT DENSITY

A check calculation on whether sufficient cathodic protection is provided can be
carried out, in addition to the method described earlier on the basis of the minimum
intensity of the current flow on the pipeline surface. As was shown, the voltage change
along the pipeline is non-uniform; the current intensity at a given point of the line can
be determined by means of the relation: ; I

E=[IRdx=R [ ldx, 4
(i] Lk
where E - ig the voltage drop between the most distant point of the protected
line and the drainage point, V:
x - distance from the point A, m;
R - resistance of the line per unit of length, Ohm m:
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Rdx - resistance of an elementary (infinitely small) length of the line, Ohms;
1 - intensity of the current flowing through the pipeline at a distance x [rom
the drainage point, A;
L - total length of the section to be protected, m.
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Fig.40., Curves showing the relation between the initial
potential of a cathodic station and the distance to
the drainage point for various values of the
conductivity of the insulation coating.

The value of the integral, equation (40), can be represented as an area which is
limited by the curve of the function to be integrated, Fig.41. The angle of a tangent
at any point of the curve (the angle with the abscissa) is proportional to the density of
the protective current flowing through the surface of the piping. It can thus be seen
that the current will have a maximum density near the connection point and a minimum
density at the distant end of the line. The broken, straight line in Fig. 41 shows the
ideal current distribution along the pipeline when the current density is constant
throughout the entire length of the line. The area limited by this straight line is larger
than the area representing the real current density distribution. For the value of the
coefficient equal to unity the density of the protective current must be the same for the
entire length of the line to be protected. If the coefficient has 2 value of less than unity,
the current density on one end of the pipeline will be less than the ideal value. The
minimum current density at the most distant point is determined from the inclination
angle of the curve, see Fig. 41.
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Fig.41. Current distribution
along a pipeline.

1 - idesal distribution of the
current flow; 2 - real distribution;
inclination of the curve is
proportional to the current
density at the corresponding
peoint,
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Fig.42. Curves of the limit
current distributions.

1 - first case; 2 - second case
(in both cases the area limited
by the curves smounts to 0.7=x
the corresponding area for the
ideal curve): 3 - ideal, uniform
di stribution,

For a given value of the coefficient of the current density distribution two extreme

: values of this minimum can exist,
J straight line 1 (Fig. 42), characterised by

inclination at the right end; b) ratio of the

i below the straight line 3 to be equal to

The hi

ghest minimum value corresponds to the

e following three conditions: a) maximum
area below the straight line 1 to the area
the distribution coefficient;
throughout the entire length of the protected section.
flow at the end of the line, as a function of the distribution coefficient and the average

¢) constant inclination
The real density of the current

density of the current flow along the entire line, can be determined by means of curve 5

Fig. 43.

The smallest minimum value is

that corresponding

to curve 2, Fig. 43, for the

; : construction of which the following conditions apply: a) minimum inclination at the

length. In this case the real
| ed {rom the values of the
of the lower curve 2, Fig. 43.

The curve 3 (Fig. 43) represents inter
Applying the curves of Fig. 43, the

the connection point.

of the tube walls 8, mmz;

distant right end; b) ratio of the area below
to equal the value of the distribution coeffici

For a cathodic protection station as shown
data must be obtained in order to calculate the
Bection: the total length of the line L, m; the pipe
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the curve to that below the straight line 3
ent; c)
current density at the distant end of the section
distribution coefficient and

variable inclination along the entire
is determin-
the average current density by means

mediate values between those of curves 1 and 2,
practical problem on whether a given section of the
pipeline is sufficiently protected can be determined by measuring the voltage drop

near

8chematically in Fig. 44, the [ollowing
current density at the distant point of the

diameter d, m; the cross section

the voltage drop along a section of | metres near the




Table 14,

Values of exponential and hyperbolic functions.
(e*, cosh x, tgh x for x = 0.01 to 6.00)

X & chx thix | X &~ ‘ chx | thx
1
0,00 1,0000 | 1,0000 | 0,0000 | 0,48 1,6161 | 1,1174 l 0,4462
001 | 1,000 | 1,0000 | 00100 | 049 1,6323 | 1,1225 | 0,4542
0,02 1,0202 | 1,0002 | 00200 | 0,50 1,6487 | 1,1276 | 0,462
0,03 1,0304 | 1,0005 | 0,0300 | 0,51 1,6653 | 1,1329 | 04700
0,04 1,0408 | 1,0008 | 00400 | 052 | 1,6820 | 1,1383 | 04777
0,05 1,0513 | 1,0012 | 00500 | 0,53 1,6080 | 11,1438 | 0.4854
0,06 1,0618 | 1,0018 | 00599 | 054 | 17160 | 1,1494 | 0,4930
0,07 1.0725 | 1,0025 | 00699 | 055 | 1,7333 | 1,1551 | 0,5005
0,08 1,0833 1,0032 00708 | 056 | 17507 | 1,1609 | 05080
0,00 1,0042 1,0041 00808 { 057 | 1,7683 | 1,1669 | 0,5154
0,10 1,1052 | 1,0050 | 00097 { 058 | 1,7860 | 1,1730 | 05227
0,11 1,1163 1,0061 | 0,1096 059 | 18040 1,1792 | 0,5200
0.12 1,1275 1,0072 | 0,119 060 | 1,822] 1,1855 | 0,5371
0,13 1,1388 | 1,0085 | 0,1203 061 | 1,8404 1,1919 | 0,5441

0,14 1,1503 1,0098 | 0,1391 0,62 1.8589

i 1.1984 | 0,5511
0,15 1,1618 1,0113 | 0,1480 | 063 | 18776
|

1,2051 | 0,5581

0,16 1,1735 | 1,0128 | 0,1587 | 064 | 1,8964 1,2119 | 05649
0,17 1,1853 | 1,00145 | 0,684 ! 065 | 19155 | 1,2188 | 0,5717
0,18 1,1072 | 1,00162 | 01781 | 066 | 19348 | 1,2258 | 0,5784
0,19 1,2003 1,0181 | 0,1878 0,67 | 19542 | 1,2330 | 0,5850
0,20 1,2214 | 1,0201 | 0,1974 0,68 1,9739 | 1,2403 | 0,5015
0,21 1,2337 | 1,0221 | 0.2070 | 0,69 1,0037 | 12477 | 0,5980
0,22 1,2461 1,.0243 02165 | 0,70 20138 1,2552 0.6044
023 | 1,2586 | 1,0266 | 02260 | 0,71 20340 | 1,2628 | 06107
0,24 1,2713 | 11,0289 | 02355 | 0,72 20544 | 1,2706 | 0.6169
0,25 1,2840 | 1,0315 | 0,2449 0,73 2,0751 | 1,2785 | 0,6231
0,26 1,2060 | 1,0340 | 02543 | 074 | 20050 | 12865 | 06292
0,27 1,3100 | 10367 | 02636 | 075 | 21170 | 12047 | 0,6352
0,28. 1,3231 | 1,0395 | 02729 | 076 | 2,383 | 13030 | 06411
0,29 1,3364 1,0424 | 02821 | 0,77 | 21598 | 13114 | 0,6469
0,30 1,3400 | 1,0453 | 02013 | 078 | 2,1815 ! 13199 | 0,6527
0,31 1,3634 | 1,0484 | 03004 | 0,79 | 22034 | 1,3286 | 0,6584
0,32 1,3771 | 1,0516 | 03095 | 0,80 22255 | 1,3374 | 0,6640
0,33 1,3910 | 1,0550 | 023185 | 0,81 | 22479 | 1,3464 | 0,669
0,34 | 14050 | 1,0584 | 0,3275 | 0,82 22705 | 1,3555 | 0,6751
0,35 1,4191 | 1,0619 | 03364 | 0,83 22033 | 1,3647 | 0,6805
0,36 1,4333 | 1,0655 [ 0,3452 0,84 | 23164 | 1,3740 | 0,6859
0,37 1,4477 | 1,0692 | 0,3540 0,85 | 23997 | 13835 | 0691}
0,38 1,4623 | 1,0731 | 0,3627 | 0,86 | 23632 | 1,3932 | 0,6963
0,39 1,4770 1,0770 0,37T14 | 0,87 2,3869 1,4029 0,7014
0,40 1,4018 | 1.0811 | 0,3800 | 0,88 24109 | 1,4128 | 0,7064
0,41 1,5060 | 1,0852 | 0,3885 | 089 | 24351 | 14229 | 07114
0,42 1,5220 | 1,0805 | 0,3969 | 090 | 24506 | 14331 | 07163
0,43 1,5373 | 1,0039 | 0,4053 001 | 24843 | 1,4434 | 0,721
0,44 1,5527 | 1,0984 | 0,4136 092 | 25093 | 14539 | 07259
0,45 | 1,5683 | 1,1030 l 04219 | 093 | 25345 | 1,4645 | 0,7306
0,46 1,5841 | 1,1077 | 0,4301 0,04 2,5600 | 14753 | 0,7352
0,47 1,6000 | 1,1125 | 0,4382 | 0,95 | 2.5857 | 1,4862 | 0,7308
|
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Continuation of Table 1{.

x o= chx th x x P chx thx
|
0,96 26117 14973 | 0,7443 1,49 | 4,437 23312 | 0,9033
0,97 | 26379 | 1,5085 | 07487 1,50 | 44817 | 23524 | 0,9052
0,98 | 26645 | 1,5199 | 0,753] L51 | 45267 23738 | 09069
0,99 | 26912 1,5314 | 0,7574 1,52 45722 | 23055 | 09087
1,00 | 27183 | 1,5431 | 0.,7616 1,53 | 46182 | 24174 | 09104
LO1 | 27456 | 15549 | 0,7658 | 154 | 46646 | 24305 | 09121
1,02 | 27732 | 1,5669 | 0,7699 1.5 | 47115 | 24619 | 09138
1,03 | 28011 1,5790 | 0,7739 1,56 | 47588 | 24845 | 0,154
.04 | 28292 1,5913 1,7779 1,57 | 4,8067 25074 | 09170
1,05 | 28577 1,6038 0,7818 1,60 | 4,9530 25775 | 09217
1,06 2,8864 1.6164 | 0,7857 1,70 | 54740 | 2,8283 | 0.0354
1,07 20154 1,6202 | 0,78u5 1,80 | 60497 | 3,1075 | 0,0468
1,0B | 29447 | 1,6421 | 07032 1,90 | 6,6859 | 34177 | 0,0562
109 | 29743 | 16552 | 0,7960 | 2,00 | 7380l 3,7622 | 0,9640
1,10 3,0042 | 1,6685 | 08005 | 2.0 8,1662 | 4,1443 | 09705
1,11 3,0344 1,6820 | 0,8041 2,20 09,0250 | 4,5679 | 0,9757
1,12 [ 3,0649 | 1,695 | 08076 | 230 09,9742 | 50372 | 0,980]
1,13 3,0057 | 1,7093 | 08110 | 240 | 110232 5,5570 | 0,0837
1,14 3,1268 | 1,7233 | 0.8144 2,50 12,1825 | 6,1323 | 0.0866
1,15 3,1582 1,7374 | 08178 | 2,60 | 13,4637 | 6,7690 | 0,9890
1,16 [ 3,1809 L7517 | 08210 2770 | 14,8797 74735 | 09910
1,17 32220 | 1,7662 | 0,8243 2,80 16,4447 [ 82527 | 10,9926
1,18 | 32544 17808 | 10,8275 | 290 ‘ 18,1742 | 9,1146 | 0,9940
1,19 | 3287 1,7957 | 0,8306 3,00 20,0855 | 10,0677 | 0,005]
1,20 | 3,3201 [ 18107 | 08337 | 310 | 22,1980 | 11'1215 0,0060
1,21 33535 | 1.8258 | 0.8367 3,20 J 24,5325 | 12,2867 | 0,0067
1,22 3,3872 1.8412 | 08397 | 330 [ 27,1126 | 13,5748 | 0,9973
1,23 3,4212 | 1,8568 | 0,8426 340 | 20,9641 | 14,0087 | 0,9078
1,24 3,4556 1,8725 | 0,8455 350 | 33,1155 | 16,5728 | 0,0082
1,25 34903 | 18884 | 08483 3,60 | 36,5083 | 18,3128 | 0.0085
1,26 | 35254 ,9045 | 08511 | 370 | 40,4473 | 20,2360 | 0,0088
127 | 3,5609 | 1,9208 | 08538 3,80 44,7012 | 22,3618 | 10,9090
1,28 35066 | 1,9373 | (,8565 3,90 | 49,4025 | 24,7114 | 0,9992
1,29 3.6328 | 1,9540 | 08501 | 400 | 54,5082 | 27,3082 | 0,0003
130 | 36603 | 19700 | 0,8617 | 410 | 60,3403 | 30,1784 | 0,995
131 | 37062 | 1,9880 | 08643 420 | 66,6863 ;ﬁ,35ﬂ7| 0,9996
1,32 | 37434 | 2,0053 | 08668 [ 4,30 73,6998 | 36,8567 | 0,9096
L33 | 37810 | 20228 | 08603 | 440 | 81,4509 | 40,7316 | 0,0007
1,34 38190 | 20404 | 08717 | 450 | 90,0171 ‘ 45,0141 | 0,9998
1.35 38574 | 20583 | 08741 | 460 | 994843 49,7472 | 0,0008
1,36 38062 | 2,0764 0.8764 | 4,70 |109,9472 | 54,9781 | 0,0008
1,37 | 39354 | 20047 0,8787 4,80 [121,5104 | 60,7593 | 09999
138 | 39749 | 21132 | 0,8810 | 4,90 | 134,2808 | 67,1486 | 0,9999
1,39 | 401490 2.1320 08832 | 500 |148,4132 | 74.2099 0,9099
1,40 [ 40552 | 21509 | 08854 | 5.10 Tﬁ4.0219| 82,0140 | 0,9099
141 4,0060 | 2,1701 | 08875 | 520 181,2722 | 90,6389 | 0,9990
142 | 41371 | 2,1804 | 08806 5,30 | 200,3368 | 100,1709 | 0,9009
1,43 | 41787 | 22090 | 08917 | 540 | 21,4064 [110,7055 | 1,0000
1,44 42207 | 22288 | (,8937 5,50 | 244,6020 |122,3480 | 1,0000
145 | 42631 | 22488 0,8057 560 [270.4264 | 1352150 | 1.0000
1,46 | 4,3060 269091 0,8077 570 | 2088674 | 140,4354 | 1.0000
1,47 4,3492 | 22806 | 0,8006 6.00 |403,4288 |201,7156 | 1,0000
148 | 43930 | 23103 | 09015 |
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Fig.44. Arrangement for determining whether the
protection is adequate.

1- dc. source; 2 - underwater pipeline B;
3 - anode.
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conneéction point, AV, Volts; total voltage between the extreme points of the protected
line V, Volts. The enumerated values can be easily obtained in almost every practical
case and can thus be given for an investigated pipeline_

The current flow at the point A, the point where the current source is connected,
can be determined from the relation:
4avs

=X

le * (41)
where @ - specific resistance of the pipe material,

The average density of the protective current is equal to the total current flowing
into the pipeline divided by its surface area, i.e.

- |
e e (42)

If the value I is largest at the connection point to the current source and becomes
uniformly smaller along the line, reaching the value zero at the most distant end of the
lne, the voltage drop will be half the value of the drop corresponding to a flow of a
constant current I throughout the entire length of the line, Consequently, the theoreti-
cal voltage drop along the entire pipeline in the case of a uniform current consumption
will be:

LAV
Vimer = (43)

Since the voltage drop along the line Vg is known, the distribution coefficient can
be determined according to the equation
Vﬂ
V- (44)

With the distribution coefficient thus obtained, the ratio of the minimum current
density at the end of the line io to the average density | can be determined by means of
the graph, Fig.43. From this ratio the real current density at the end of the line can
be determined by the formula:

e —

Lol N
Jo J (45)

It can be seen from the graph, Fig. 431, that the accuracy of the calculation will
decrease appreciably with smaller values of the distribution coefficient,

Example: To investigate whether sufficient protection is provided in a Bystem as
shown in Fig. 44, of a submarine pipeline of length 600 m, 16" diameter, 12 mm wall
thickness (wall eross section: 14600 mmz,], the potential difference Was measured at the
connection point to the current source on a 9 m long section. This was found to be
12 mV. The total voltage drop between the points A and B equals 0.25 V. The
specific resistance of steel équals 0. 135 Ohm mm2/m, '

According to equation (41) the current intensity in the line:

12 x 14600
¥ x0.135 x 1000

"l A
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If the surface area per metre length of the piping is 1. 42 m2, the average current
density along the line will be, according to equation (42):
m 144
| 7 Fox1.42
The theoretical voltage drop along the pipeline, in the case of I
distribution, can be determined by equation (43):

_ 0,012 x 600 _
v = o e 0. 4 Voit.

: 0.17 A m2,

near current

Thus, the distribution coefficient:
N
£ = e 3 i 0. 625.

In agreement with Fig. 43, the ratio of the minimum to the average current density
equals, on the average, 46%. Thus, the minimum current density, at the end of the
line, is determined by means of equation (45):

jo = 0.46x0.17 = 0.078 A m?,

which may be sufficient for protection in individual cases.

=1




Chapter V

ANODIC EARTHING

The main power losses of the whole cathodic protection system occur in the anodic
earthing. Therefore, the design of this earthing is of considerahle importance for the
entire protection installation, and it is essential that the earthing resistance should be
as low as poasible. However, in most cases this necessitates very large structures and
it is therefore necessary to select a design which ensures a low resistance without
exceasively large dimensions.

The earthing can be carried out by any metal of various shapes and also by carbon,
coke and graphite. Most frequently steel or iron parts are used for this purpose, e.g.,
scrap cast iron pulleys, scrap sheet steel, sections, etc. In most cases old tubes of
various diameters are used for earthing. The advantages of using tubes for earthing
are: absence of sharp edges, which are most affected by corrosion; long shape permitting
optimum utilisation of their surface as a contact with the 80il; maximum economy of the
consumption of metal; convenient installation and general availability of scrap pipes.

Since tubes are mainly used for earthing, it is necessary to describe the calculation
appropriate for such earthing methods. Generally, the resistance of any type of earth-
ing will decrease with increasing surface area, but the decrease will not be proportional
to the increase of the surface.

TYPE OF EARTHING

Tubular and other linear earthing structures can be of three types: horizontal,
vertical and combined.

Horizontal earthing consists of a tube or a strip laid into the ground at some depth
in horizontal position. Its advantages compared to vertical earthing systems are:

(a) easy access for inspection of all parts of the earthing;
(b) ability to provide convenient joints to the earthing conductor to various parts
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of the earthing structure, thus ensuring the earthing will continue to function
even in case of local failures;
(c) possibility of using large parts for earthing;
(d) all parts of the earthing system have relatively uniform conditions of operation;
(e) simplicity of the excavation work during laying of the earthing.

Vertical earthing consists of one or several vertically placed tubes. The advantages
of vertical earthing are:

(a) it is easier to ensure that the earthing structure is in constantly moist ground
all the year round,

(b) if an earthing tube breaks down, a tube or another type of electrode of smaller
diameter can be fitted,

(c) for equal dimensions, the earthing resistance is lower for vertical earthing
than it is for horizontal earthing.

Since each of the above mentioned types of earthing has its advantages and dis-
advantages, earthing is in most cases carried out by a combined system consisting of
horizontal and vertical elements, thus obtaining the advantages of both. The dis-
tribution of the vertical earthing parts in a combined system can vary considerably.

It is necessary therefore, to take into consideration that if the individual earthing
gelements are too close to each other a screening effect will occur, i.e., the effect of
some elements will be partly cancelled out by other elements. Most frequently a
combined earthing system is distributed as shown in Fig. 45. In some cases however,

it is carried out as shown in Fig. 46, but such a distribution creates favourable conditions
for screening, reducing the performance of the earthing system.

On designing an earthing system it is necessary to take into consideration the in-
fluence of the dimensions of the earthing parts and their location on the earthing resistance.
Other conditions being equal, it is essential to aim at obtaining the lowest practicable
resistance of the anodic earthing with a minimum of metal.

DIAMETER OR WIDTH OF THE EARTHING PARTS

Although tubes of any diameter can be used for earthing, usually, tubes of 2 to 8"
diameter are used for this purpose. With tubes of amaller diameters there are
difficulties in driving them into the ground. For diameters over 8", installation work
becomes complicated. From the point of view of the electrical resistance, increase of
the tube diameter does not have a marked effect, as can be seen from the graph, Fig. 47.

It is also necessary to take into consideratioh the following: during operation the
earthing system la subject to electrolytic corrosion, each ampere [lowing through the
system removing approximately 7.8 kg of iron per year. It is, therefore, inadvisable
to use tubes of too small diameters because the wall thickness of such tubes is small;
tubes of 4-6" diameter are most suitable and their service life is calculated to be not
less than 2% to 4 years.

LENGTH OF THE EARTHED PARTS

A horizontally earthed part operates at equal soil conditions throughout its entire
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Fig.45. Combined earthing (vertical an

d hori zontal),

3 = cable terminal;
5 - horizontal
6 - protected pipeline.

1 - current source; 2 = cable:
4 - vertical earthing tube;
earthing tube;

Section 4 -dA
Plan view

Side view

|
Fig. 46. Combined type of earthing,

1 - pipe rigging out to the surface; 2 - 4% or 6"
tubes; 3 - trenches; 4 - 6% or 12* tubes;
5 - bottom of trench,

- B0 =




length, therefore, for a given length the earthing resistance will vary only if the
resistance of the surrounding soil varies: the lower the soil resistance, the smaller
will be the total resistance of the earthing system.

In the case of vertical earthing, the length is of great importance from the point of
view of reducing the resistance. The length of & vertical earthing part must be such,
that a considerable section of it 18 located at a depth where the soil moisture is sufficiently
constant throughouat the year and that [reezing should affect only the upper part of the
earthing. Fig.48, shows how large the fluctuations of the resistance of a short earthing

Ohma Average
5 : T |

16

Ohms
£ =
o

S
S

Res istance,

BN

-

-.--

...|_ -
gLl l )

1 o | 1 | ]
1 > }' XroFon VoV ey X x
= Cs tendar monthe

24
Diameter, inches

Fig.47. Resistance of a vertical
( earthing) tube as & functionof
of its dismeter. Depth 3 m,

Fig.48. Change of the resistance
of long (extensive) earthings
during the year, 1 = 0.5 m (VieN).

part (0.5 m long) are during a year. Fig. 49, shows that the resistance of a longer
earthing part fluctuates considerably less. Permanent moisture of the soll is of great
importance for normal operation of the earthing, since moisture congiderably reduces the
goil resistance. The influence of the depth of a vertical earthing system on its resistance
during the various parts of the year 18 also shown in Fig. 50.

The relation between the length and the resistance of a tube earthing, other conditions
being equal, is shown in Fig. 51.

The resistance of vertical earthing drops most appreciably if the length is increased
to 3-4 m, a further increase of the length will bring about only a relatively small
decrease of the resistance. Vertical earthing systems are usually of the indicated lengths.

As already mentioned the soil resistance is of great importance and determines the
resistance of an earthing system. The aim is to find a stretch of soil which has a
minimum resistance. This depends, in addition to moisture content, also on the content
of dissolved salts in the soil moisture. It is desirable to install the earthing system ina
stretch where the soil resistance does not exceed 10 Ohms m. Since it is not always
possible to find a stretch of soil which complies with this condition, it is sometimes
necessary to mix artificial salts with the soil., Such added salts will reduce the soil
resistance up to a relatively small distance from the electrodes. Thus, it can be seen
from Fig.52, that addition of salts considerably reduces the soll resistance only up to a
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Influence of salt
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distance of 3-4 m from the electrode. However, addition of salts gives positive results
and is frequently applied. Practical values of the "salt addition" coefficient applied in
calculations of anodic earthing are given later on.

CALCULATION OF THE EARTHING SYSTEM.

Calculation of the earthing system of a cathodic station (2) consists of determination
of its size, depending on its resistance. This resistance depends predominantly on the
resistance of the soil surrounding the earthing parts and the distribution of these parts.

For the most frequently used earthing consisting of vertical tubes, the resistance of one
element for the case that 1»d can be determined by:

e
Rzl?!%{h_g Ig fd +0,602 1, (46)

where - length of the tube below ground as shown in Fig. 53, cm;

tube diameter, cm;

1
d - Ly
g - specific resistance of the soil, Ohm jcm.

in the case that

If the entire earthing tube i8 situated below ground its resistance R,

1>d and ¥ > 2, canbe determined by the formula
1
03660 (.20, 1 4+l i
R = i Jgd---. 5 l{_.f_” 7l (47)
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where t - is the distance between the ground level and the centre of the earthing tube,
in cm,

Fig.53. Methods of installing vertical earthing
tubes,

For horizontal earthing structures the resistance for the case of 1> $b and 311- >2.5
can be calculated by the formula:

03660 [, I* '
R ==7° |lg 5 +0,301], (as)

where | - length of the tubes or strips, em;
b - tube diameter or strip width, em:
t - depth of laying from the surface of the soil to the centre of the tube
or strip, cm;
@ - soil resistance, Dhmfcm,g'

For earthing consisting of a buried ring-shaped part, the resistance is determined
by the formula:

0,366 ¢ A - (49
R=""2¢1g +o.4nn]. )

For a circular disc of a diameter of d centimeters, laid into the ground at the depth
t cm, the resistance can be determined by the formula:

3 ; d (50)
H — _5_ [{_“25-}-{},]393?': sin ](f,hiﬂ?__l_;dT_a]
provided t> #d. |

DISTANCE BETWEEN THE EARTHING STRUCTURE AND THE PIPELINE

The question of position must be considered from two aspects, position of the
earthing in longitudinal direction of the Pipeline and its position transverse to the pipe -
line. Central positioning of the earthing relative to the pipeline to be protected, i. e, ,
location in the middle of the section to be protected, is usually the most advantageous,
Generally, the earthing can be situated at any point along the pipeline to be protected,
but in that case the distrioution of the protective current is not uniform at both sides of
the earthing structure and it will be necessary o apply a current source of higher
capacity. Placing of the earthing structure clsewhere than in the middle of the section
to be protected is justified only if the pipe diameter is not uniform for the entire pipe -
line, if the state of the insulation along the pipeline is not uniform, or if the soil re-
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sistance at the individual sides of the earthing is not equal, and a non-central location

of the earthing ensures equal parameters of the protective current in each direction from
the earthing point.

The location of the earthing in transverse direction relative to the pipeline to be
protected is of minor importance. It is advisable to avoid placing the earthing too
near to the pipeline (the limit being 26 m). However, increasing the distance to 150 -
200 m has hardly any influence on the distribution of the protective potential. Special
tests with two earthing structures situated at 30 - 150 m from the pipeline showed that
the observed current distribution was similar in both cases. In practical work, a
stretch of soil is chosen at 25 - 200 m from the pipeline, depending on the location of -
goil which has the minimum resistance in the given area.

LOCATION OF VERTICAL EARTHING PARTS RELATIVE TO EACH OTHER

If the individual parts of a vertical earthing system are placed near to each other
the total performance will be somewhat reduced since owing to the mutual influence of
the individual earthing elements, there will be a screening effect. If there is a
screening effect, the resistance of an individual gearthing element placed near other
earthing elements will be larger than if it is placed alone. The spacing between the
individual earthing elements is thus of great importance.

20 I ]

S

Ohms

: 8

Res istance,

[rebo fpead)
006 77 16 24 30 36 47 & %4 6

Spacing of the alectrodes, m

8 s

Fig. 54, Relation between the regsistence of a vertical
earthing element and its di stance from the
neighbouring one.

Fig. 54, shows the relation between the resistance of an earthing element as a function of
the spacing between the individual electrode elements at various laying depths. It can be
geen {rom this graph that the resistance of an element is affected most by the adjacent
element of the earthing system. In addition to the absolute value of the distance between
the individual earthing elements, the resistance is also influenced by the ratio of this
distance to the length of these elements, i.e., a/l. Increase of the resistance due to the
placing of the earthing elements into a single line can be determined by the formula:

R = Rn + JJ;".J =Rn+ 2.‘!;{{]-. {51}
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where R - the resistance of tube earthing when there is a screening effect, Ohms;
R - tube resistance in absence of a screening effect, Ohms;
AR - resistance increase due to the effect of the adjacent earthing element, Ohms:
a - distance between the individual earthing elements, m;
k - soil conductivity, Siemens m.

The value AR can be determined by the formula:
1
e, T
AR = L (52)

where the new value £ is obtained from the graph Fig. 55, and 1 is the length of the
earthing element in cm,

T
T

~+1

S
T_ﬁ‘
-- — I I. -;_|__ 1 - -.I.
! 5 il W (D e

—-T—J [t

T

Fig.55. Screening coefficient (of two tubes) as
a function of the ratic a/l.

If several earthing elements are distributed along a line, each will have gpome in-
fluence on the adjacent one, causing a screening effect. The change of the resistance of
an earthing element as a function of the number of parallel connected vertical tubes is
determined by means of the formula:

; R,
a = H;,I y (53)
where H’B = total resistance of all the earthing tubes, Ohms;
Ry - resistance of a single earthing element, Ohms;
n - number of earthing elements;
n - screening coefficient, the values of which are given in table 15.

Distribution of the vertical earthing tubes along a curve, and not along a straight
line, is applied relatively seldom in pipeline protection systems and may be justified
only by shortage of space. Distribution along a curve brings about an increased screening
effect and is therefore avoided, Calculation in the case of rectangular distribution can
be carried out according to the formula:
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18,

1
2nk 20

— - { () =9, o

m

Ry
R="=+

where R - resistance of all earthing elements, Ohms;
R,D - resistance of a single earthing element, Ohms;
n - number of earthing elements of the group;
am - radius, equivalent to the perimeter of the circuit, cm;
j(n) - coefficient depending on the number of tubes, the values of which are given

in Fig. 56;
§ - coefficient, determined by the formula
1 iR "
= | |r¢
/] = (& £), (54)
whereby the difference (E'-£) is determined by means of the diagram,
Fig. 57.

k - specific soil conductivity, Slemens cm;
length of the earthing part, cm.

—
i

The total screening coefficient of the closed circuit:
= Rﬂ, (55)

il
o
where Rg- resistance of ome, singly placed earthing element;
Rg resistance of one earthing element forming part of a group of earthing
elements.

There is also a screening effect on the horizontal connection of the vertical earthing
elements, and owing to this effect the resistance of the horizontal part is larger than
the value obtained according to equation (48).

Table 15.

Screening coefficient for a vertical group of pipes.

e T - | |
a | a | [ @ 2
e n -t _— n | n =7
| l | ; \ : [ : : i Siia
1 : 2 ‘ 084—087 | 1,60—175 | 3 | 10 | 0,79-0,83 7,9—83
2 | 3| 0oo—o092 | 181—1.85 | 1 | 15 | 051-056 | 7.7-89
3 | 2|093-095 | 186—189 | 2 15 | 0,66—0.73 | 10,0—11,0
[ 3 | 076—0,80 | 23 —24 3 15 | 0,76—0,80 | 11,5—12,1
2 ‘ 3 | 085-088 | 255—265 | 1 | 20 | 0.47—050 | 9,5—105
3 3 | 0/90—092 | 27 —2,75 | 2 20 | 0656—0,70 | 129—14,0
1 | 5| 067—072 | 3,35-3,39 | 3 | 20 | 0,74—0,79 14,8—158
2 5 | 079—08 | 3,95—4,15 | 1 50 | 038—043 | 190-21,5
3 | 5| 085-088 | 425—4.42 2 50 | 056- 0,63 | 280-315
1 | 10| 056—062 | 56 —6.2 3 , 50 | 068—0,74 | 34 —37
2 | 10| 072=077 | 72 =77 | | ,
a = tube sSpAacing
The smallest value of 7] corresponds to -: =20
the largest value of m corresponds to .Ir = A,
= BT =
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Muxiliary curve for n > s50.
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Fig.56. R e .—.._.l
7 | 2nk2g, j(n) — 0,

where pm — radius of crurvntulra of an
equival ent perimeter

1 ier g,

0 — takes into consideration error in the
Aauxiliary curve,

The resistance increase in this casge is determined according to the formula:

where R'h

Rhp
T

B
h ’?, .
resistance of the horizontal section
effect of the vertical tubes, Ohms:
resistance of the horizontal section without taking into consideration the
screening effect, Ohms;
screening coefficient, which can be determined from Table 16.

(56)

taking into consideration the sc reening

The depth of laying of the horizontal section should be as great as possible, to reduce

the influence of soil freezing.

Table 17, which shows that in a
almost 9 times as a result of a drop in temperature from +18 C to -11 C.
fore advisable to lay the horizontal header at a

0.3 m.

The vertical earthing elements are connected
its considerable length the resistance of the entire
which has to be taken into consideration in the ealculation

systems.

The importance of this measure can be seen irom
particular case the earthing resistance increased to

It is there-
depth of 0.5 to 0. 8 m and not less than

by a horizontal header and owing to
system will be noticeably reduced,
and design of such earthing

The total resistance of the vertical earthing elements which are connected
by a horizontal strip can be determined by the formula:

I.._
1 1!
T

R toral = - {5?:'




where Ryopa) - total resistance of the entire system Ohms;
R'g _ total resistance of the vertical earthing elements, Ohms;
R'y - resistance of the horizontal strip, Ohms.

The earthing resistance is influenced to a large extent by two factors: salt addition
and freezing of the soil.

Table 16.

Screening coefficients for the horizontal header tube.

- i . |
E o | 5 Number of tubes in the row, n
o B B et
! - ".:'_;“' | - Tl |
Type of earthing | 5L & B bwp ' | | :
structure = :E » .;.E"' : | | E
:d,-g"::]';E'- 3| 4| 5| 8]|10]20|30]50 (865
weo " 5 .5 I |
Lk ‘ e B3 | | i
L ]
e S | ' | ‘ | I ]
——— e - — —_— -—— M——— | == i
| |
A number of tube In a ] !
elements joined row ! 2
in the soil by = | 3
horizontal header l I
Table 17.

Influence of freezing on the earthing resistance of a
gteel atrip placed horizontally in the soil.

[
las Resistance of the
Duts ol Kudt pir T E:Erl—'!t'ur horizontal strip
C

Ohma

November 1930 ' -5.5 14
January 1931 [ —d LT}
February 1931 | 11 T2
March 1931 ; —3 52
April 1931 ! +12 21
May 1931 | + 18 8,1

NOTE: The figures given in the table sre mean values of
measured results on three strips each 25 m long,
laid in clay soil at a depth of 0.3 m,
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As has been said earlier, salt addition is used to reduce the soil resistance and
consequently also the earthing resistance. For this soil treatment various salts can
be applied namely, calclum chloride, copper sulphate, soda and so on. Most frequently,
sodium chloride is used, i.e., common salt, which ie easily available and cheap. The
decrease of the earthing resistance resulting from addition of salt can be determined by
the formula;:
Hoc _— _:‘:1",_, ’
Pe

(58)
where Rge - resistance after adding salt, Ohms;

Ro - resistance before adding salt;
ﬁe - salting (salt adding) coefficient, which can be determined from Table 18

Table 18,

Coefficient for calculation of the earthing resistance
in the case of salt addition to the soil.

{’u.{?-u-cnﬂ}'[' ——— R,

0,
L oam

5
5

L]

Sandy loam

[ ]

I,
i

2
2
2

Sand

2
3
4
" ]

"

B b
Lrinitn

G
10

NOTES: Tube length 1.5 to 3 m,
Solution of common salt, at least 30-40 kg per pipe
=ith 1-1.5 litres water per kg salt,
P9 —specific resistance before edding salt:
€oc —specific resistance after ndding salt:
R, — Resistance of pipe earthing before adding salt:
Hac_rr-ﬁint:entr of pipe earthing after adding salt;

Eiven taking into consideration the season of the

< e S N

I Yaear | :r|,|-:'_'_|| appra. )

Freezing ias the main factor bringing about an increase of the earthing resistance.
The influence of {reezing on the resistance increase was shown earlier. In practical
calculations the effect of freezing is taken into consideration as follows: if the vertical
earthing elements are 2.5t0 3 m long, laid at a depth of 0.5 to 0.7 m (measured to the
upper eénd), the-freezing coeificient can be assumed as being between the limits 1.5 - 3.
If the vertical earthing elements are 4 m or longer, the freezing coefficient is not taken

-0 =




into consideration, L. e., it is agsumed as being equal. For horizontal strips laid at a
depth of 0.5 to 0.7 m, the freezing coefficient equals 2 - 4. The increased resistance
of the earthing due to soil freezing is determined by the equation:

Ry = RD? (59)

where Rgq - the resistance of the earthing system taking into consideration the
freezing coefficient, Ohm;
Ry - same resistance without taking into consideration the freezing coefficient,
Ohms;
s - ireezing coefficient.

SOIL TREATMENT IN THE EARTHING ZONE

Artificial reduction of the soil resistance can be obtained by one of the following
methods:

1) Moistening the soil;

2) salt addition, i. e. saturation of the soll by the golutions of sodium chloride,
calcium chloride, soda, copper gulphate;

3) materials which conserve the moisture: coke, slag, soot, crushed charcoal.

The first method is effective only for a few days in the most favourable cases and
is useless after that time. Also, it is difficult to carry out during the winter.

The third method considerably reduces the soil resistance but also necessitates
[requent moistening.

The best results are obtained by addition of salts to the soil. In addition to reducing
the soll resistance it also reduces the freezing point, thus conserving the moisture. Salt
addition can be done by one of the following methods:

First method. For driving the earthing element into the soil, a hole of 0.5 m
diameter and a depth of one third of the length of the earthing element is dug in the soil
(Fig.58a.) The earthing element is then driven into the goil at the bottom of the hole 10
a depth of the remaining two-thirds of its length and then alternate layers of salt and soil
are placed round its upper part. The thickness of each layer is, for instance, 1 cm,
and each layer is moistened with waler, for example, 1 - 2 litres per 1 kg of salt. The
total quantity of salt for each tubular earthing element is usually 30 - 40 kg.

Second method. (Fig. 58b). The earthing tube is provided with holes of 1 cm
diameter which are distributed over the entire surface chessboard fashion. There should
be six holes for each 20 cm length of the earthing tube. The tube is then driven into the
earth to the required depth and a boiled solution of common salt (1-2 litres of water per
kg of salt) is poured into the tube: a total of 20-40 kg of salt is required per tube. The
golution penetrates through the holes into the surrounding soil, reducing its resistance.
This method is somewhat more difficult than the first method because holes have to be
drilled into the earthing tubes.

The horizontal section is welded on to the upper ends of the vertical earthing
elements: the welding is not done {rom the top but {rom the sides as shown in Fig. 59.

-1 =




Fig.58. Various methods of soil
treatment

——1: 3000 ——

Fig.59. Joining the horizontal header
tube to the vertical earthing tubes.

To be welded

1 - vertical earthing tubes:
d - horigontal header tube;
3 - connection atrip.

!
|

L=

i
o
H

The earthing elements are covered by wooden caps to protect them from becoming
clogged with earth. If the vertical earthing element is disrupted after it has been in
service for some time due to the action of current, a new earthing element of smaller
diameter can be fitted inside it.

CARBON AND GRAPHITE ELECTRODES

Carbon electrodes are also used for earthing in cathodic stations. The fundamental
material of such an electrode is carbon or graphite pressed into the shape of a circular
bar and impregnated by a special composition or by linseed oil to make it impenetrable
to moisture. The length of such bars is 1-2 m. A steel core is provided to increase
their strength; the total diameter of such an electrode being 5, 10 or 15 cm.

The advantage of carbon electrodes is their higher durability in soil conditions as
compared to metal electrodes; their disadvantage is that their resistance is higher and
that connection to the other parts of the circuit is more difficult. Connection of standard
electrodes is carried out as shown at the right of Fig. 60. If a prefabricated joint is not
available, the connection can be made as shown in Fig. 61.

As can be seen from Fig. 60, a hole of 150 - 200 mm diameter must be dug in the

ground for each carbon electrode. Finely ground carbon is poured into the hole and
then the electrode is placed into it.

In some cases, earthing of the following design has been successfully used: the
vertical tube earthing element is tightly filled with carbon residue from the carbon
black plant. Thus, there will be a carbon electrode inside the tube which will continue

.12 «
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Examples of

Fig. 60. Carbon electrode for snodic
earthing.

1 - insulated conductor: 2 - contour of
of the hole in the ground; 3 - filler,
broken up carbon; 4 - graphite or
carbon rod; 5 - pitch seal:

6 - copper ring; 7 - copp er
terminal; 8 - moisture tight
carbon or graphite.

10 operate as anearthing electrode after the tube is destroyed by corrosion,

calculation of earthing systems are given in Chapter VII. Table 19
shows the process of calculation and results obtained for typical earthing sy

Btems.

L2184

o ] 100 nrty

Fig.61. Connection of the
carbon el ectrode to the
insulated wire,

1 - insulasted wire; 2 - tube
filled with bitumen enamel;
3 - steel core of the
electrode; 4 - blank
wire soldered to the
clip; 5- copper clip;

6 - graphite or
carbon electrode.




Chapter VI

CURRENT SOURCES FOR CATHODIC PROTECTION SYSTEMS

POWER RATING

In existing cathodic protection stations the power requirement varies within wide
limits, from 10 W up to 15-20 kW. However, extreme values are rare and in most
cases the power requirement is within the limits of 0.4 to 7.5 kW.

The power required for a protection system depends on a number of factors,
mainly, 1) length of the section to be protected, 2) type and state of the coating of the
pipeline, 3) pipeline diameter, 4) wall thickness of the piping, 5) corrosivity of the
soil, and §) design of the anode earthing.

The power rating of a current source for protection of a given section must be
determined in each individual case by investigation. The value can fluctuate very
considerably with the conductivity of the coating which has a particularly strong
influence on the length of the protected gection. For instance, in one case a total of
50 W was sufficient for protection of a well coated pipeline of a length of 15 km, whilst
in another case equipment operating with a power of 500 W could protect only a 1730 m
gection of a pipeline with a badly damaged coating. For protection of uncoated pipe-
lines with a very badly damaged coating 1.5 kW was hardly sufficient for protecting a
section of only 300 - 400 m.

If a given section cannot be protected by a single station, several stations must be
provided along the pipeline. It is then necessary to take into consideration that by
increasing the number of stations to an optimum limit the total electricity consumption
for the protection can be reduced since energy losses at the stations increase progress-
sively with the power of the station. For instance, for the protection of a pipeline of
6.4 km length,410 W (41 A X 10 V) were required, the unproductive energy consumption
amounting to about 50% of the useful energy consumption. By doubling the number of
stations it was possible to reduce the tolal power required for protection to 45 W
(15 Ax1.5 V x 2) and to reduce the unproductive energy consumption to 25 - 30




|
{
|
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However, increase of the number of cathodic stations is economical only up to a certain
limit since the capital costs and the amortisation costs are also increased thereby. A
correct solution can only be obtained on the basis of technical and economical calcula-
tions,

POSSIBLE CURRENT SOURCES,

Any type of d.c. source can be applied for cathodic protection, particularly the
following:

1) d.c. generators driven by : a) electric motors, b) oil engines,
c) gas engines, d) wind turbines;
2) converters - rectifiers, particularly: a) mercury arc rectifiers,
b) copper oxide rectifiers, ¢) selenium rectifiers, d) valve rectifiers:-
3) batteries (accumulators) namely: a) acid batteries, b) alkaline batteries:
4) dry batteries;
5) galvanic cells.

The choice of a d. ¢. current source depends in many cases mainly on the
required power. Although it is difficult to apply rigid rules, the following data are
given for guidance:

1) for larger power requirements, 1.5 to 7.5 kW and more, it is usually
most convenient to use generators driven by electric motors, oil
engines, or gas engines:

2) for medium power requirements, 0.5 to 1.5 kW it is most convenient to
use dynamos driven by petrol engines, wind turbines, or rectifiers:

3) for small ratings, 50 - 500 W, it is usually most convenient to use rectifiers
if a current supply is available, and in absence of a power supply a wind
turbine driven generator or an accumulator:

4) for very small power requirements, 10 to 100 W, it is best to use a rectifier
and in absence of a power supply an accumulator or a galvanic cell.

When selecting a current source, it is necessary to take into consideration that it
is often possible to reduce the power rating of an individual station by increasing the
number of stations, as has been mentioned earlier.

The advantages of rectifiers are so considerable that their utilisation is justified
in all cases where an a. c. supply of sufficient power is available.

RECTIFIERS.

The main advantages of rectifiers as compared to other d. c. sources are:
1) absence of moving parts, thereby eliminating the necessity of constant supervision:
2) small size, which enables frequent installation of the rectifiers without erecting a
gpecial building; 3) simplicity of maintenance, 4) stability of operation; 5) high
efficiency; 6) low first costs,

However, if the a. c. supply is distant from the location of the cathodic station, the
use of a rectifier is not economical, particularly for distances exceeding 2 km. The
final solution in such cases should be determined by technical and economical calcula-




tions.

SELENIUM RECTIFIERS.

Of all types of rectifiers, selenium rectifiers are at present the most widely used.

Their efficiency equals 75-85%.

Selenium rectifiers, compared to other types of rectifiers, have the [ollowing

low sensitivity to air humidity,

advantages: longer life, co
registance to operating tem

nsiderably smaller volume,
peratures of up to 75 - 85 C without ageing.

a reverse voltage of twice the value of a cuprous-oxide rectifier.

They withstand

The limiting rating of selenium re
does not exceed 5 kW.

Table 20 gives the data

ctifiers produced at present (in the Soviet Union)
of selenium rectifiers produced in the

USSR

The outside view and a circuit diagram of one

of these (VSA-1) is shown in

Fig. 62.

Table 20.

Data of selenium rectifiers,

Current Rectified I s !

: supply: current | ?&Ctlfl?r d1men— : Bacniln-
Desi g- Sinel —|sions, mm; width x Weight ‘o
nation ;;gs‘:_ v A length x height ke mv-th:d

|

VSG-3 220 V 6 |180 + 20| 640 x 427 x 1502 | 150 —1
VSG- 3V 220 V 6 | 180 4+ 20| 640 x 427 x 1502 150 —!
VSA-1 120/220 V G 12 317 x 158 x 320 20 | nene
VSA-3M 120/220 V 80 8 460 = 328 x 860 70 | =*
V8I-2 220 V 4 0.5 Q5 % T0 x 90 1 nons
VSA-6 120/220 V to 24| to 12 560 x 318 x 550 65 »
VSA-T7 120/220 V to 24 to 24 560 » 318 x 550 65 »

1 : .
Charging tappings of the transformer to obtain rectified

voltages of 3.5, 4.5 and 6V.
Regul ator and magnetic shunt.

CUPROUS OXIDE RECTIFIERS.

These consist of copper discs with cuprous oxide formed thereon and a lead disc
placed on the oxidized gide. These rectifiers are now being displaced by selenium
rectifiers on an increasing scale. The data of cuprous oxide rectifiers produced by the

Kozitsk Works are given in Table 21.

The individual elements of the cuprous-oxide rectifiers (and also of the selenium
rectifiers) can be connected in parallel or in geries, as required.

= 79 =
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MERCURY ARC RECTIFIERS.

Owing to being less robust, more bulky, and having shorter service lives, mercury
arc rectifiers are less suitable for cathodic protection circuits.

The only advantage ol mercury arc rectifiers, as compared to disc type rectifiers,
is their larger power rating. They can therefore be used in cases where larger currents
are required.

VALVE RECTIFIERS.

Valve rectifiers of sufficient power ratings have been produced by Russian industry
only relatively recently. One type of such rectifiers is the VG-1-B of 144 W operating
with a gas-filled rectifier tube VG-176. The weight of this rectifier is 15 kg, its size
190 x 265 x 400 mm. The circuit diagram and a view of this rectifier are shown in
Fig. 63.

The control panel is fitted with terminals (1), an on-off switch (2) for switching the

Table 21.

Cuprous oxide rectifiers (from the Radio Manual,
GINKIN., 1948).

% FPectified current Dimensions, mm

Desi ¢- (e

n-tsi,:::& Voltage With shunt| With shunt vy = =

sy 0 44 sl |5 |8
type of 0 the e - = e

rectifier rectifier v A v A ; = o ;
| |
a1 220 4 045| 6.0 0,6 236 | 210 | 175 | 65
EP- 1 HO A 4 1.5 236 | 210 | 175 | 65
XP-2 220 2 1 4 1.5 236 | 210 | 175 | 65
ETV- 1 110 -— - 13,2 | 2.4—3.0 | 310 | 220 200 13
EV-1 Half wave columns with & recti fied 70 ‘ :g | '!:5 fa“,::'
EV-12 l current of 250 - 300 mA and a 62 | 105 e
ﬂ‘i 1 reverse current Tt 62 | :g 55 075
i 1 d R | ¥

V-6 xceeding m 57 -I 18 | a3

NES-1 50 24|12 188 l 10 | 75 1,65

or
NE 5- 3} 32|06 263 10| 75 30
With a full magnetic shunt |]
pﬁ_il 110 22|24 240 | 210 | 175 6.5
PTV=2 110 22124 240 | 210 | 175 6,5
¥With a full megnetic shunt [

STV-1 | 110 13,2 | 0,6 240 | 210 | 175 | 635
STV-2 }| 110 13206 | 240 | 210 175 | 650




Fig.63. Circuit diagram

end view of a valve

rectifier assembly,

DB DN A AN

o
l

rectifier on and off to the a. c. supply of 110, 127 or 220 V, terminals (3), switch 4 for
switching on batteries for charging, and ammeter (5) for measuring the charging current
a change-over switch (6) for changing over the rectifier circuit to d. c. voltages of

6, 12 or 24 V. The rectifier is designed to operate on 110, 127 and 220 V, 50 ¢.p. s.
current. The rectified d. ¢. voltage depends on the position of the change-over switch
and can be 6, 12 and 24 V with a current of § amps. in each case. A weakness of

valve rectifiers is the rectifier tube which is very sensitive to shock and vibration and
which must be kept in a vertical position during storage and transport.

»

DYNAMOS,

If there is no local current supply available, the current must be produced by a
dynamo driven by some type of engine. Since an electric motor requires a current
source, and the use of an IC engine requires continuous day and night operation involving
consumption of fuel,lubricant, and provision for housing the equipment, it is preferable
to use wind turbines,

WIND TURBINE EQUIPMENT.
Cathodic protection stations are frequently located directly along an oil pipeline in

the open field where continuous maintenance of the wind turbine and the generator is

=Rl
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mot possible. It is therefore essential to use wind-driven equipment of such types as
do not require attention more than once or twice a week. Most types of wind engines
produced in Russia require continuous attention and the possibility of using them on a
large scale for current generation in cathodic protection stations is therefore limited
to some extent. However, individual types of wind turbines (of small power ratings)
are already available which comply with the above mentioned reguirements and can be
applied successfully for cathodic protection at points which are far away from inhabited
areas.

The possibility of using wind engines also depends on the average speed and duration
of wind where the turbine is to be erected. Most types of wind turbines start to operate
only if the wind speed exceeds 4 m/sec. and some require wind speeds of at least
5 m/sec. Only some wind turbineB of small power ratings are able to operate at wind
speeds {rom 3 m/sec. onwards. Therefore, the first requirement which has to be
fulfilled before wind power can be used is that the meteorological conditions are
suitable, for the purpose. The wind speed is highly variable and therefore for charac-
terising the wind in a given area average yearly and monthly indices are applied. The
average monthly speed values for various places in the SBoviet Union are glven in
Table 22. From the average yearly and monthly wind speeds the effective duration of
the wind of a given spegd, can be determined with a satisfactory degree of accuracy.

Fig. 64, givea curves }ut the wind speed distribution in per cent of their effective
duration as a functicn of the average speed. The number of hours per year of the
availability of wind (of various given speeds) according to M. M. Pomorts are

glven in Table 23, and according to Gullen are given in Table 24.

On the basis of the average yearly wind speeds given in these tables the operation
of a selected wind generator can be determined. The "repetition" curves according to
Gullen are more accurate for zones with higher average yearly wind speeds, whilst the
curves according to Pomorts are more accurate for zones with low average yearly wind

speeds. The operation time of the wind generator determines the operation time of the
cathodic protection system.

The question of continuous operation of the cathodic protection being necessary has
been a subject of investigation ever since cathodic protection was first used. At?hg
beginning the opinion was held that an interruption lasting 25% of the total time is not

[ L~ I d|
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& 14 Fig.64. Wind frequency curves.
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Table 24.

Frequency of wind speeds in hours per year according to Gullen,

(v, - sverage yearly wind speed)
]

|lh=4- vg=5, | ve=6, |Vo=T, vy =8, | vy=9, |vo=10,

m/Ssec, m/ sec, | m/ se C. m/ sec. | m/ sec. m/ sec.
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harmful to the protected structure. It was assumed that owing to polarisation the
protective effect continues during interruptions, provided these do not last longer than

1 - 2days. However, later investigations showed that 2 to 2. 5 hours after awitching
off the protective current, tne potential of the "pipeline-soil" is reduced to a value which
is lower than that required for full protection. Fig. 28, shows, for instance, that even
if the initial potential is douule that required for full protection, the metal is no longer
sulficiently protected 2 hours after switching off the protective current. It is therefore
considered essential to provide continuous protective current so that there are no
interruptions in the current supply lasting longer than 1 - 1,5 hours. If the interruption
of operation of the wind motors lasts longer owing to meteorological conditions, it is
necessary to apply an alternative current source (usually accumulators) during such
interruptions, or to accept the fact that during these interruptions the protection of the
pipeline concerned is inoperative.

The wind driven wheel is fitted on a mast or a supporting structure. The generator
can be [itted either at the bottom, coupling it to the wind wheel shaft by means of a
vertical shaft, or at the top coupling it directly to the shaft of the wind motor.

A very important part of the wind motor is the speed regulator, the function of which
consists of maintaining constant speed (r. p. m.) of the generator shaft. This is attained
either by deflecting the entire wind wheel from the direction of maximum wind intensity
or by deflecting the individual blades of the wheel.

The height of the supporting structure and its siting must thus be chosen so that the
windpower is utilised as fully as possible. Frequently, the wind speed is reduced near
the earth surface due to the variations of the ground and it increases rapidly with height.

It is also important that the wind wheel is not screened from the wind by other structures
in the neighbourhood.

From the technical point of view it is advisahle that a wind turbine is sited in an open
space, at the top of a gentle slope where there is no turbulence due to a rapid change of
the relief, and as far as possible from forests, high structures and so on. However,
local conditions sometimes make it possible to disregard some of the aforementioned
requirements. For instance, local winds may permit the erection of the wind turbine in
a valley. In one case, a wind turbine was sited between two mountains which formed a
narrow corridor through which winds were constantly blowing. If wind charts indicate
that winds in a direction transverse to the "corridor" are rare, it is advisable to place
the wind wheel near the point where power is required between the mountains and not on
top of the mountains as would at first seem advisable.

Over forty types of wind turbines have been developed in the Soviet Union and after
investigation only five were recommended for production on an industrial scale. One of
these is the wind-electric plant VD-3.5, which is of the high speed type with a wheel
diandeter of 3.5 m. Its shaft is coupled to the generator of a constant output of 1000 W
by means of a reduction gear. The normal speed of the wind wheel is 400 r.p. m. The
equipment also contains a storage battery of 144 AH capacity, 24 V, which supplies
current when the wind turbine is not operating. The total weight of the assembly is
approximately 180 kg and it is suitable for use in places where the average yearly wind
speed does not exceed 4 m/sec.

A second type of wind turbine suitable for cathodic protection and recommended for
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Table 25.
Characteristics of the wind motorl D=12.

- 4 Type
Designation TsV¥el

Wind wheel dismeter, M socsessesrosuovannss? | 12
Number of blades +anssessasnnsnmeasessnins s 3
Height of wind motor axis sbove ground, m .. 16
Wheel r.p.m. +-p-p-|-p-i--|--ln--|--+-|-|--|-|t+-|--i|--|-|- 55--7“
Non-uniformity of the rotation speed of the il.ﬁ—-lﬁ
wind MOtOT sesssassesssssvsesnispnnersnsts 0,
Coefficient of utilisation of the wind «w.s- i
Range of opersting speeds of the wind, m/sec 1
Rated ouput at wind gpeeds of 8 m/sec, HF ..
R.P.M. of the sheel of the reductor gear ...
Continuous rating of dynemo type MP-510
(n = 1400 r.p.m., 115/160 to 220V) kW ...
Span of the feet of the structure at the
foundation, M ssseessssvasssssasnntsntss?t 85—105
Dimensions of the angles of the feet of the | 38
structure in foundation, MM s.esssrssnaes 75 % 15 % 10
Tﬂt-&l "Eigl"ltp kg. t!-l!‘il!-llcl'!tl|-t-l‘-il-i 4';4‘6

Comprising:

windwheel b R LR Sy 955
tower and vertical shaft «r-vesesseranenn 250
lower reduction EEBL susnsasesyranssars 1

269

55
420

Table 26.
Qutput of the wind motor TsVYeM D-12 at the generator

terminals at various wind speeds for 60 r.p.m.

Wind speed ' - and
m/sec. —l t 7 La ‘ 9 II 10 \ 1 112 over
1

——— e ee—

|
Cutput at l
generator

terminal s kW .. 55| 72| 87| 104 12,2 13,5
|

series production is the type D-12, which is a high-speed wind turbine with a three-
blade wind wheel, The main characteristics of two models of this wind motor (which
show only slight differences in design) are given in Table 25. The power available at the
generator terminals depends on the wind speed and is given in Table 26.

The wind turbine VISKHOM UD-1.9 designed by V. V. Utkina-Egorove 20)ghould also
be mentioned. Its main characteristic is that it can operate reliably without interrup-
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tions and without any attendance for along time, of the order of two years. Investigation
of such a wind turbine, which was in operation for 20 months in arctic conditions, showed
that its operation is fully satisfactory. A three-phase generator with permanent magnets
is fitted directly on the shaft of the wind wheel which has a diameter of 1.9 m. The
generator is covered by a hood which has a tail for turning the wind wheel; the data of
this wind motor are given in Table 27.

Table 27.
Characteristics of the a.c. generator of the VISEHOM UD-1.9

Minimum r.p.m. ...... i e aae e 300
Maximum r.p.m. T T T 900
REated Frop.m. .causs e N i 840
Output at n = 900 F.Patle cosisssesss . 190 V at 45 V
Output 8t N = B4) repemMi cocscsccssss 150 V at 30 V
Number of phases ...vavecas tnsenssans 3
Phase voltage, V cuvusses B 1 R 20
Pole number of rotor ..... Saasae e : 32

The generated a. ¢. is rectified by cuprous-oxide rectifier which is fitted into a box
at the bottom of the supporting mast. The output of the generator as a function of the
wind speed is given in Table 28. The output at the cuprous-oxide rectifier terminals is
90 to 125 W. The output of this wind turbine is low, also its cost is high and therefore
its use for cathodic protection is inadvisable, in spite of the advantages of this machine.
However, if this wind turbine is further improved and its cost reduced, it will be a very
desirable machine for the purpose under consideration,

Table 28,

Output of the wind-electric set VISKhOM UD-1.9
at various wind speeds,

Eff. wind F415.| t;"?ual
speed, m/sec | [ | !

| 9 [ 10 | 1 | 12
Jd e bl | LRI LLA,
‘ | i 1 | |

| | | !

4{@2‘ 63.0 | 8.5 | 114,5| 136 mﬂ| 160

Qutput at gen.

terminaley Voseinlogas | 80:5

it

Other types of wind turbines, e.g., VIMYe D-3, VISKhOM D-3, PD-3, VIMYe D-5,
VISKhOM RD-1.5, VIMYe D-18 and others can also be applied for cathodic protection
stations, although these are less suitable.




MOTOR GENERATORS.

If an a. ¢. supply is available, motor -generator sets can pe used for supplying the
current necessary for cathodic protection in cases where the power reguirement is too
large for using rectifiers. Any type of motor-generator furnishing cur rent of the
required voltage can be used, particularly welding type motor-generators, e.g., type
SMG-2, which is driven by a three phase motor MT-61,/4 of 10 kW and is designed to
supply a continuous load of 950 A at 40 V. The recently manufactured sets of this type
are marked SMG-2b.

The portable welding motor-generator SUG-2 consists of a three-phase momrland a
welding gen%tor fitted on a single shaft. The data of two types of this set are given
in Table 29

Table 29.

Characteristics of the motor-generator get SUG-2.

Generator Dimensions, mm

e ——

- |

B
B

Rated
set, kg

Voltage V
current,
continuous
A

Weight of

|
11,6 |

akia
|

ol
=

380
500

Table 30.

Characteristics of the motor-generator sets suP

r Motor g
Generato Weight of

Current the set
Vol tage rating, Output kg

v | continuous kW
A

Typ®

SUP=0 scsasss 25 m 4.2
ﬂ.ﬁ’*l I E RN 3‘.’ 150 lﬂ
30 250 11,5
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The welding set, type SMP-3 consists of a 36 kW 3-phase motor and a d.c. genera-
tor of 40 V, 400 A, mounted on a single foundation plate.

The data of larger stationary motor-generators are given in Table 31;

motor -generators of smaller output in Table 32.

Table 32.

those of

Data of d.c. generators for cathodic protection

Designation snd type Output Vol tage Maxi mum ; = :if‘fl:;]r
of the generator kW v current, A P %

Two-commut ator d.c.

generator type IIN-

1000 AN for battery

charging ssessesssesesscns 0.432/0.48 36/120 12/4 1800 65
Seme, type ZN-1500 N ....... 0.75/0.75 60/ 60 124/ 124 2850 70
Same, type ZIN-3000 A ...cess B/ B4 60/60 25/25 220 75

I. C. ENGINES.

In absence of power supply lines, L. C. engines

generators.

can also be used for driving
The choice of the type of engine to be used depends primarily on the local

fuel supply; thus, petrol engines can be conveniently used along petrol pipe lines and

gas engines along gas pipe lines.

In some cases it may be convenient to use portable generating sets.

gsets are given in Table 33.

Tﬂb] e 331-

Data of such

Main data of the ﬁnrtab]e gset ZhYeS-3.5 used for cathodic

protection installations

Fltini‘, KW cosacsanssnsnsns

DLC wvoltage, V cevsnanncss

Engine: tYD® sssves
output,

fsPsa

TR N B
HP iocesssns

Ba B E S

fuel .ccssssnsnnse

Generator ..ssssasssss
Dimensions (1ength, width,

height), mm
Weight, kg ..

TEEE R E R E R RN

TR

-

PR N R R é

. |

3.5
115/230
L-6/2
&

2200
petrol (gasoline)
d.c., type GP-3.5
1128x593x841
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Low power paraffin engines can also be used for driving the generators and the
characteristics of such engines are given in Table 34.

In some cases it may be advisable to use for cathodic protection installations, I. C,
powered welding sets, e. g., the types SAK-2-1, SAK-2-II, SAG-2, SAT-2.

The set SAK-1 consists of a GAZ-K engine 24) of 28 brake HP, 1430 r.p. m., petrol
consumption 270 to 300 g/HP, total weight of engine in operating condition, including
water and lubricant, 375 kg, and a generator type SMG-2b, which has already been
mentioned earlier.

The set SAK-2-II is fitted with a kerosene engine, type U-2, of an output capacity
at the output shaft of 20 HP at 120 r.p. m. and a generator type SMG-2d-U, having a
rated voltage of 26 V, 1250 r.p. m., 250 A for continuous load. The total weight of the
set SAK-2-1is 1050 kg, its maximum dimensions 2250 x 1100 x 1730 mm. The set is
mounted on a frame and can be transported on a truck or on bogies.

Table 34.

Data of I.C. engines used in cathodic installations.

- [ =1
i g | = 3
- ‘:‘;: E = = o heesd
! : 2 - I B | § o i el o
Designation ‘and brler e E . Fri] tﬂ w‘ﬁ’ b
type of engine 5:: ,a: o ®0 '|l::| B c
S.... e B = ] 'gu
F o L] — - L
[:; & £ Z
b
__

stationary petrol
engine ..:ccessnvasss

3
L=6-2 4-stroke etc. ... 6
N-15 type engine ...... T e

|
L-3-2 4=-stroke l'
1

2200 90 60
2 | 2200 90 65
i 650 | 200 [ 160

200
WS
b b

| Consump tion c I " : | |
| g/HP hour ot | Dimensions
e u ] -
r 5 — &
Designation and R -
t fe ine ™ b L | £ - e
TSP U i o
-+ - | e - | =
b % g ol £ | & | =
1 e 18 FE
L=3=2 4-stroke
stationary
petrol engine .. 350 10 0,8 85 | 500 | 450 T35 | 80
L-6-2 4-stroke etc.| 340 | 8 08 [ B85 | 737 | 463 | TT0 |102
N-15 type engine .. (2204 109|154+ 109, 25 | 10 945 | 80O | 1180 |630




Fig.65. Wiring of 2 wind-electric sets
with a storage battery.

1 - 6Vwind-electric set; 2 - 6Vhbattery;

3 - pipeline; 4 - wind-electric set azw
5 - earthing of +pole.

STORAGE BATTERIES.

If the power requirement for cathodic protection is small, which may be the case if
a small structure is to be protected, e.g., a single storage tank, a small pipeline, or if
the protective coating is of very high quality, batteries can be used as a current source.
The battery capacity must be large enough to supply the required protective current
during a period necessary for charging a second battery at the nearest charging station
and replacing the one in use. Data on the batteries produced in the Soviet Union are
contained in the publication "Manual on the electric equipment of industrial undertakings".

Batteries are frequently used for supplementing wind-electric sets, supplying
protective current when the wind turbine is not in operation due to too low wind speed
{usually 4 m/sec). Fig. 28, shows the graph of the protective current of a wind-electric
get combined with batteries. The batteries can be charged by a second wind-electric set
working in parallel with the first. When the wind turbine stops the battery is connected
into the protection circuit automatically by means of a relay, see Fig. 65.

GALVANIC CELLS.

For very small power requirements galvanic cells can be used as a power source.
They are suitable in places where other current sources are difficult to apply and
services for battery charging are not available. Such cells are usually produced
industrially. The Spiridinov cell is made in two types; one has a capacity of 3000 AH
and a2 maximum discharge current of 1.0 - 1. 5 A; the second type has a capacity of

3000 AH and a maximum discharge current of 3-4 A. Their voltage fluctuates between
the limits 0.9 - 1.2 V.

Galvanic cells can also be made directly on the spot. A lead-zinc cell is shown
schematically in Fig. 66. It consists of a wooden box lined on the inside with sheet
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Fig.66. Lead-zinc cell,

1 - terminal clamp; 2 - terminal post; 3 - wooden cover;
4 - bolt; 5 - wooden battery box type Zh-330;
6 - washed sand or boiled wood shavings;
7 = felt; B - CuS0, crystals; 9 - lead
lining; 10 - rollers; 11 - shelf.

lead. 20 kg of copper sulphate crystals are poured into the box, these are covered by

a felt separator on top of which a layer of washed sand or boiled wood shavings is placed.
Then a zinc electrode is placed on top of the sand either in the shape of a cap or disc-
shaped. The space between the vertical part of the zinc electrode and the lead lining of
the box is also filled in with sand or wood shavings and a cover is then placed on the top.
A copper terminal is fixed on to one of the edges of the box and, to improve its contact
with the lead lining of the box, lead is soldered on to it inside and outside. The
soldered surface and the adjacent lead-lined surface are then coated with an asphalt
lacqeur for insulation. The cell is then filled with an electrolyte consisting of a 10%
solution of magnesium sulphate in distilled, rain, snow or boiled water.

To prevent contamination of the cell and the supporting shelves with zinc sulphate
which is generated as a result of the chemical reactions, 30-50 g kerosene is poured on
top of the electrolyte and the cover is greased on its inside with vaseline.

Such a cell can remain in operation 12-15 and even up to 20 months. Refitting
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used cells is done by replacing the zinc electrode, pouring in fresh electrolyte and a
iresh supply of copper sulphate, cleaning off the formed salt and washing the sand.

To prevent their becoming frozen, galvanic cells must be placed in a heated space.
Owing to their low voltage, all elements of the protection circuit, particularly the
earthing and the connection leads, must have the lowest practicable resistance.




Chapter VII

DESIGN OF A CATHODIC PROTECTION INSTALLATION

BASIC STAGES OF WORKING OUT A PROJECT,
A cathodic protection project should include the following:

1) general explanatory notes;

2) determination and choice of the basic data for the design
calculations;

3) calculation of the current parameters;

4) selection of the type of current source and earthing
to be used;

5) design of the line equipment;

6) installation details;

7) specification on materials and equipment:

8) estimates,

The general explanatory notes are compiled after the entire project is ready.
These should contain a description of the distribution of the obyjects to be protected and
the reasons why these objects must be protected. They should contain a description of
the protection systems to be adopted, e.g., the number of protection stations, the type
and circuit of the power supply, the earthing equipment, ete. In the other parts of the
project these questions are investigated from all relevant aspects, the purpose of the
explanatory notes being to provide a general description.

The basic data necessary for carrying out the design calculations have been
enumerated in the chapter on preliminary investigations. In addition to the data
obtained by fieid investigations it is also necessary to collect information on availability
of equipment, which may have an appreciable influence on the choice of a current source
or the solution of other design problems.

The problem of the required voltage of the protective potential or alternatively the
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required current density demands particular attention. In every case local conditions
and the special features of the objects to ve pI‘DtECT.'Ed must be taken into consideration.

The parameters of the current source are determined by calculations which have
been described in Chapter IV. Following that, a current source and the design of the
anode earthing are chosen. The cathodic protection system may consist of a single or
several stations. If several anodes distributed at certain distances from each other
(0.2 to 1 km) are fed from the same current source, the system is referred to as a
protection system with distributed anodes. The arrangement of such a protection
scheme is shown in Fig. 67. Such a system is characterised by considerably reduced
dimensions of the individual earthing structures. However, owing to their larger
number and distance it 18 necessary to transport the current at a voltage as high as
possible to reduce losses and to apply transformers and rectifiers which are fitted in
boxes on the poles supporting the supply line.

Fig. 67. Cathodic protection installation
with distributed anodes.
1 - 2300 V transmission line;
92 - transformer; 3 - rectifier;
4 - distribution line 5V d.c.;:
5 - regular resistance;
6 - anode group; 7 -pipeline.

After the type of system has been determined, the design of the cathodic station
can be started. For this purpose it is first necessary to draw the circuit diagram.
The simplest is a circuit with a single rectifier, as for instance, the one shown in
Fig. 68. If the power requirements are such that a number of series and parallel
connected rectifiers have to be used, the circuit diagram will change somewhat and will
become similar to that of Fig. 69; 3-phase current of 380 V is supplied through a
transformer. The current is rectified by cuprous oxide rectifier columns type T-134,
each of which supplies a d. c. of 20 A, 20 Volts. The individual columns are connected
into the 3-phase system, BO that each circuit consists of two parallel branches of two
series connected rectifier columns each. Thus, with a total of 24 columns a rectified
current of 40 V, 40 A is obtained. Protective devices are prov ided in each phase of the
3-phase system and also in both leads of the rectified current.

Fig. 70, shows the circuit diagram of a cathodic protection system with distributed
anodes. The power supply is from a 3-phase overhead transmission line of 6000 V.
This line feeds two transformers, one at the connection point to the transmission line,




rom the 220 V
C. maing.,
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e 3

Fig.68. Circuit diagram of
the connection of the a. e,
supply to the VSA-1
rectifier assembly,

1 - rectifier type VSA-1:
2 - resistance box YaS-1m;
with cast iron resistances
N8-101/105; 3 - pipeline
to be protected: 4 - anode

earthing.

380 V supply
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Fig.69. Power supply by means of a
copper-oxide rectifier,

1 - ‘transformer of rectifier assembl y;
2 - 24 cuprous oxide rectifiers T-124,
20V, 20 A; 3 - 40V side; 4 - anode
earthing: 5 - pipeline,
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Fig.71. Cathodic protection of a pipeline with
distributed anodes.

1 - 6000 V supply line: 2 - 400/230 V supply line:
3 - 24 V supply line; 4 - number of support:
5 - distribution of the csthodic stations
fed with various current sources according
to the circuit disgram, Fig.70; 6 - g roup
of stations at one support.
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Fig.72. Cathodic protection installation
powered by an I.C. engine.

T

'.q., .f,p.;gﬂ i

support,@
sattings E E

JE b

1 - I.C. engine: 2 - d,c. generator;
3 - shunt excitation winding of the
generator; 4 - shunt regul ator:

5 - voltmeter; 6 - ammeter;

**:,&-: 7 - resistance box; 8 - S§B-1
-:L 50° or wire MG-50°% on
&J insul ator TF-2,
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and a second one in the middle of the section to be protected, where a line of the same
voltage is available.

The transformer of the first substation feeds the stations 1, 2, 3 (Fig. T1) with a
three-phase current of 380/220 V which is led by specially provided conductors running
parallel to the pipeline. The stations 4, 5, 6 are fed from the second substation, also
by a current of 380,220 V. In all 6 stations the d. ¢. is supplied by VSA-T rectifiers

at 24 V with a total capacity of 24 A. In each.of these stations the anodic earthing
consists of [ive vertical pipes. i

The further 11 stations are also supplied with current irom the three-phase
transmission line, in such a way that the individual phases are uniformly loaded. In
each of these stations the earthing consists of seven vertical tubes.

If the current of the cathodic station is supplied by an L. C. engine-driven generator,
we obtain a circuit like the one schematically represented in Fig. T2.

Fig. 73, shows an example of applying a mercury-arc rectifier, fed from a three-
phase supply line, as a source of d.c. In the case of a single phase supply, the
circuit diagram will change to that shown in Fig. 74.

A station where the current is supplied by a wind-electric set and an accumulator
has a circuit diagram as shown in Fig.75. If a wind-electric set VISKhOM UD-1.9 is
used the circuit diagram will be that shown in Fig. 75. This set can operate without

any attendance for long periods. It is equipped with an a. c. generator and a rectifier
is required to obtain d. c.

After drawing the electrical circuit diagrams it is necessary (o make installation
drawings of the current source. Installation of L C. engines, wind turbines and
motor generators do not present any problems which are special for cathodic protection
stations. Therefore, rectifiers will be mainly dealt with, since these are most
frequently used in cathodic protection projects.

The rectifiers are usually fitted into a small kiosk into which all overground
equipment of the cathodic protection system is fitted. The box containing the rectifier
can also be fitted directly on the mast as shown in Fig. 77. I the rectifier is housed
in a room it can be placed as shown in Fig. 78. In addition to the equipment usually

installed, an additional resistance for regulation of the protective current is fitted in
this cage.

The overall dimensions of the rooms required for housing the equipment for various
current sources are given in Table 35. The figures are approximate only and are
subject to variations according to local conditions and the equipment to be used.

Rheostats, resistance boxes, and so on can be used as additional resistance for
regulation of the protective current. Particularly resistance boxes YaS-100 with cast
iron resistances can be used. The data of these are given in Table 36.

For fitting in the field directly on the mast resistances of the design shown in Fig. 79,

are suitable. The additional resistance consists of a certain length of nickel-chromium
wire. The length of the nichrome wire switched into the circuit, and thus its resistance,

- 103 -




*‘T=q4l do3e [nsuTt
Uo o0S=-DN 21T Jo o5 x g - I1 iXOqQ SDUNIETERT - 01
: 12 )9 uum *2%p = g {1ajam) (oA P - §  Yyojyims 2[od-f = L
Iysyrms ajod omy - g {IJWIOJBURI) JUIIIND - § lIajem g . I
+ 13 Ja unng P = flejemms t3vm - T =131J131921 21w Linsiam - 1
*?UT] assyd
231yl & woaj P2} I3T1]13081 oJe LInadJew w Yite uoT)m

[[e838uy
uarioajord orpoyies s jo weldRTp 3TNAITY gy

"B1g

g TS i
&—-pr— L

g_
|
|




11 Fig.75. Cathodic protection installation
with a current supply from a wind-electric
set combined with a storage battery.

,_0
1 - d.c. generstor; 2 - shunt excitation
e "L D ton for forced st iy
e e = 4 - push button for forced starting of
the wind motor: 5 - battery; 6 - d.c.

. - : 3 i smmeter: 7 = d.c. voltmeter; B - two- ole
Flg-?#.Cftthodm protection lﬂSFﬂ}Iﬂtlﬂﬂ switch;+'§i < aingle pole pra'tecticn d.q_-I:':cq.-
nﬂplnylng a mercury arc rectifier by with fuse insert: 10 - resistance box:

gingle phase current. 11 - SB-1 x 50° or by conducter
MG=502 on TF-2 insul ators.

Designation of symbols as in Fig. 73.




O flllr O—0—
£l L=y

1 - 3 phase generator, 160-190
W, with permanent magnet poles:
2 - 3 phase series choke: 3 -
Cuprous oxide rectifier; 4 -
contactor (relay); 5 - auxil-
iary relay for switching on the
circuit of the main windings of
the voltage relay; 6 - voltage
relay; 7 = cuprous oxide aux-
iliary rectifier for feeding the
relay; 8 - heat operated relay;
9 - battery; E;y " heater resis-
tance; K, - temperature compen-
sating resistance; 10 - ammeter;

11 - voltmeter; 12 - two pole

| switch; 13 - single pole pro-
tection device; 14 - resistance
bex.

| ‘SF-I x 50° or conductors
| & MG-500 on TF.2 insulators
o

Fig.76. Cathodic protection installation with a
power supply from a wind motor VISEhOM-1.9.
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Table 3s. "

Guiding values on the space required for various
types of current sources in cathodic protection

inatallations.

Ilimensions, in m

Designation of the current source
Length Width

D.C. generator with a type
L-3 I.C._engine L e T4
Same, with L-6/2 engine scasscevrasses T/,
Spme, with N-15'1D 16/20 engine ...... 8
Motor Eeneratorl sssssssssssazssssazony 4/
Wind-electric set .occssrsasssscsssves ;

Mercury arc, cuprous oxide and
sel enium rectifiers cocevcssssasas 3

can be regulated by a movable clamp contact.

An important part of the current supply equipment is the instrument panel and the

switchboard. Fig. 80 shows such a panel which contains a. c. and d. c. voltmeters
and ammeters and also knife switches for controlling two lines.

Table 36.
Data of additional resistances

Resistences in Resistance,
the box- Ohms Permi ssible
—— = —l|locad current

Marking continuous
| (type) Number Each Total A 4

| Catalogue

=

S1C-100/7 € 301002 | HC 400/7 0,007
$1C-100/10 | €301003 | HC 400,10 0,01
§C-100/20 | C€301005 | HC 400/20 0,02
SC-100/40 | C301007 | HC 400/40 0,04
SC-100/80 | C301009 | HC 400/80 0,08
SIC-100/14 | C301004 | HC 400/14 : 0,014
AC-100/55 | C301005 | HC 400/55 0,055
AC-100/110 | €301010 | HC400/110 0,11
SIC-100/105 | C301114 | HC 401/105 0,105
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From rectifier
To voltme ter

Fig. 79. Line equipment for additional regulation of the
resistance of the protected pipeline.
1 = nichrome resistance wire; 2 = porcelain insulator;

3 - movable contact clemp; 4 - tubular oval joining
piece: 5 - 'copper conductor; 6, 7 - %" dis. tubes.

The complete circuit diagram of the earthing is given in the chapter on anodic
earthing. The installation work must be preceded by design work of the individual
junction points of the earthing system, the connection of the overhead line to the
earthing and to the pipeline to be protected. Fig. 81, shows the junction of a connection
conductor. The main requirement for these junction points is that they should be in
service for a long time, and it is therefore necessary to take precautions against their
being damaged by corrosion or mechanical action. The junction points between the
horizontal and the vertical parts of the earthing system must also have joints which are
sufficiently reliable, as for instance those shown in Fig. 82.

The design work of the project should alao include the high voltage and low voltage
supply lines, the by-pass shunt conductors, the insulation compounds, leads for check
tests from the protected underground structure and test plates. The transmission lines
can be either overhead lines or underground cables. Overhead lines are cheaper and

therefore more frequently used.

For overhead lines up to 1000 V conductors of the MG type are suitable; in the case
of power transmission by cable, cables 8B are suitable. Table 37 gives the values of
the permisaible continuous load of the blank conductors in transmission lines from the
point of view of permissible temperature increase. The resistance values of these
conductors and cables can be determined from Table 38. Conductors of a cross-section
of 50 square mm are used most [reguently for such lines.

The standard specifications governing suspension of high voltage lines in inhabited
and non-inhabited areas differ. For cathodic protection installations the second case
is the most frequent. The supporting structures differ in design, depending on whether
they are intermediary, anchored, or end ones. If it is necessary to place a transformer
also on a supporting structure, its design will be more complicated.

= 110 =




on

EB

BE

125 125 100

100

182 Sl 200 -~
e ] ————n

Li

From the 220V
a.c. supply
Vi

= £50 oy Shunt
(

+—
i

I

|

4
| _I:E,Frnm ‘the

terminals

¢

To the rectifier

Fig. 80. Panel at the current
source of an installation
with a VSA-1 rectifier.

g - panel front (top); b - wiring
diagram (bottom). 1 - single phase
meter; 2 - switch; 3 - d.c. smmeter
0-20 A; 4 - voltmeter 0-15 V;
5 - voltmeter changeover
swi t ch.

From the ammeter P ,1

Fig.81, Lead to the earthing
and its connection to the
earthing system.

A - (top drawing) conducter
from an overhead line.
B - (bottom drawing) conductor
from a cable joint.
1 - terminal; 2 - conducter in
an insul ated pipe; 3 - junction box.
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Fig.82. Junction of the horizontsl header tube to the
vertical earthing tubes.
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1 - vertical earthing tube; 2 - horizontal earthing
tube; 3 - connection strip.

Permissible continuous loading of
blank conductors

Elank copper conductors | Blank steel conductors

Load in A Diemeter andi
Rated cross section
cross | of steel | ad current
section In enclosed In open conductors | A
mm2 spaces air | type Zn
1 57 58 4 MM 35
6 73 75 5 - 40
10 103 108 G » 60
16 130 150 — a3
25 165 205 — —-
35 210 270 35 mm? 80
50 265 335 50 e o 90
T 340 425 . 70 » 125
9% 410 510 | 95 » 140
120 T T S TR 175
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Table 38.

Resistance of cable SB and copper wire
of various lengths.

| Resistance in Ohms of a length of

Cross section T
9 254 | 50m | Ba | 100u | 125K l 150 »
Cable SB
25 0,0175 0,035 0,052 0,071 0 088 0.106
35 0,0125 0,025 0,0375 0,050 0,062 0,075
50 0,0090 0,018 0,027 0,036 0,045 0,054
70 0,0066 0,013 0,019 0,026 0,032 0,039
Copper conductor
25 0,0188 0,0376 0,0564 0,0752 0,004 0,0128
.'_35 0,0133 | 0,0266 0,0399 | 00582 0,0665 0.0798
50 0,0:092 0,0185 0,0277 0,037 0,0462 0,0555
T0 0,0067 | 0,0135 0,0202 0,027t | 0,0338 0,0406
[

A single supporting mast can be used for both high-voltage and low-voltage lines,
in which case the high voltage lines must be placed at the top.

If the protected pipeline has a discontinuous electric conductivity, the discontinuity
spots must be shunted by a conductor of sufficiently large croas gection. A welded
pipeline is considered from the electrical point of view, as continuous. If the pipeline
has flange connections, or special joining sleeves with rubber washers, and so on, such
joints must be shunted. The question whether shunting is required in the case of
threaded joints is decided separately in each case and depends on the electric conduct-
ivity of the joint, which must be measured. Shunting is carried out by metal wire or
strip.

The insulation joints used for the object to be protected must be such that wasteful
current logses are avoided and optimum protection conditions ensured. Such joints
ingulate from the protected system those sections which do not require application of a
protective current, and in some cases they are also provided at the limits of the
protected section. Incidental contacts of the protected pipeline with other underground
structures are particularly undesirable, since they cause large leakages of the protection
current. Fig. 83, shows the influence of such an incidental contact on the protection
potential of a pipeline. It can be seen that the left section of the pipeline has a normal
distribution of protection potential along its length. The right hand side of the pipeline
which was affected by an incidental contact showed an increased current consumption,
and the part of the line beyond the point of contact proved insufficiently protected. It is,
therefore, essential to detect possible points of contact during the preliminary investi-
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g-.'qmns, 80 that they can be eliminated. It is desirable that the distance between two
;d'];cem lines, one of which is unprotected and the other protected, should be at least
.5 m.

Accidental contact
o7 " | with the pipe line

=

&
o

Voltage,

4
‘a

|

U7 8¢ 4 Q7 T 77 1e & 17

(]
-
<

Fig.B3. Voltage distribution along the protected line in case
of accidental contsct with another metallic structure,

Fig. 84. Insulating connection sleeve.

1 - insulating rubber ring; 2 - pipes; 3 - supporting
collars; 4 - centering ring; 5 - bolt.

Provision of insulated joints at the limit points of the protected sections reduce
considerably the current consumption of the protection system. Therefore, provision
of such joints is important in all cases where this can be done without excessive
difficulty. A design of insulated sleeves is shown schematically in Fig. 84. Special
flange designs as, for instance, the one shown in Fig. 85, can also be used. The
insulating washers can be made of any type of suitable dielectric, e. g., rubber, thiokol,
polyvinyl chloride, etec.
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Fig.85. Insulating flange joint.
1, 2, 3 - ring, bushing and washer made of an

insulation material, e.g., ticolin, polyvinyl
chloride, rubber; 4 - lockpin.

LEADS FOR CHECK MEASUREMENTS

It is very important to provide leads at intervals along the pipeline to enable quick
and convenient measurement of the potential differences between the pipeline and the
surrounding soil. Such measurements should be carried out periodically so as to check
the performance of the protection system. The design of such a control terminal is shown
in Fig. 86. It is desirable that the intervals between individual check-pointa should be as

small as possible. Owing to economic considerations, however, they are usually
provided at intervals of 250 - 500 m.

For checking the perfo.mance of the cathodic protection along the pipeline, test
plates are fitted into the ground and the efficiency of the cathodic protection is determined
on the basis of the weight loss of these test plates. Two such plates are always placed
together, one of which is electrically connected to the protected pipeline and is thus
also protected. The second plate, of equal dimensions, is placed at the same point
on the pipeline but at a certain distance from the first plate and is not cathodically
protected. Before putting the plates into position they are weighed, with an accuracy of
up to 0.01 g. The recommended dimensions of these test plates and the way they should
be joined to the pipeline are shown in Fig.87. The location of the two test plates
relative to the pipeline is shown in Fig. 88. The plates must be so placed that they can
be easily removed for checking. To enable easy location of the test plates, suitable
markings should be provided above ground bearing appropriate inscriptions, as is shown
in Fig.89. The project must be accompanied by a specification of the equipment and
materials compiled in the usual way. An example of such a specification is given in
Appendix 1.

EXAMPLES OF CALCULATIONS FOR CATHODIC PROTECTION SYSTEMS

Example 1. The required rating of the d. c. source for a cathodic protection station
of a 10 km long pipeline, with a pipe diameter of 12" a wall thickness of the tubes of
9 mm, a conductivity of the protective coating of 1000 microsiemens m2, a solid
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Fig.B6. Design of the connection to a test point.

| 1 - ashestos cement tube; 2 - clearing tube; 3 - rod;
l 4 - insulation bushing; 5 - cover of the tube;

! 6 - screw; 7 - clamp; 8 - bolt and nut with

| washer; 9 - steel tube.

[

| resistance of 400 Ohm cm. The protection station is situated in the middle of the line

! to be protected at a distance of 25 m from the pipeline and 25 m from the earthing. The
earthing consists of three vertical tubes of a length of 4 m each, which are joined by a

horizontal header 30 m long.

The necessary potential of the pipeline to be protected and the required current
intensity at the station must be determined in the first instance.

Since in this case the station has to protect a section of "infinite" length, the
potential of the pipeline at the station can be determined bv equation (24):

0,0118 ]/'—f{ « ly

E,=En-e

According to information given in the earlier chapters, the minimum protection
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Fig.87. Test plate.

1 - covered by a protective layer of " "
mastic; 2 - copper conductor; 3 - steel Fig. 88. Connection of test
lug: 4 - 3/8% bolt; 5 - X" ring. plates to the tube.

Fig.89. Overground marking on

|

top of test plates.

1 - shield for merkings;
2 = rail, up to 2300 mm
long; 3 - foundation.

depending
on soil
conditionsa

‘ 1:?.50- 1500

potential can be assumed at Ep, = -0.285V. I the station is situated at the centre of
the pipeline to be protected, the length of each section will equal 5 km (i.e., 10:2), and

we obtain: e
: e 0,0118 l/-l-%&- 5
E,= —0,285-¢ = — 0,285 ™! —

= —0,285.1,84 = —0,525 ¢.

Since the minus sign only indicates that the applied potential is negative, it will be
omitted in further calculations.

The resistance of one side of the pipeline, which has an outside circumference of
0.323.3.14 = 1.015 m, is according to equation (25):
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11,6 11,6
Fo= =i =121 om;
*™ 1,015 Y0 1000 96 : :

the resistance of the entire section to be protected:

R = 0.121:2 = 0.0605 Ohms.

The current intensity in the protection circuit will thus be:

0. 525

I = 5.0605

= B.68 A,

To determine the voltage drop in the anode earthing it is first necessary to determine
the resistance.

With t =50 + %400 = 250 cm, we obtain according to equation (47):

: 400, 2-400 , 1 , 4-250+400] _
R+=0,366 4o, |lg iz T 7 853s0—300| =

= 0,366 (1,854 + 0,184) = 0,742 oM.

With three earthing sections and a screening coefficient (according to table 15) of
0. 78, we obtain by using equation (53);

- 0,742

R'T = 3.0.78 = (. 318 Ohms.

According to equation (48) the horizontal, interconnecting, section is:

0,366- 400 12002
Ru=""m— |18 11z.50 +0.301] =
=0,122-3,711 =0,451 oxn.
Taking into consideration a screening coefficient, according to table 16, of 0.83 and a
freezing coefficient of 2, due to the fact that the horizontal header is not laid very deep,
we obtain according to equation (56):
Rypy = 0.451- 2: 0.83 = 1.085 Ohms.

The total resistance of the al}odjc earthing will thus be:

1
RO= | + el 3.06 ='{},24ﬁ 0OM.
0,318 1,085
The corresponding voltage drop in the anodic earthing:

Ep = 8.68-0.246 = 2.13V.

The resistance of the iron conductors to the line which have a cross section 50 mm2
is, according to eguation (19):
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Ry = 0.135(25+25) - o 125 Ghms,

where 0. 135 is the specific resistance of iron.
The voltage drop in the connection leads is:
Ep = 8.68-0.135 = 1.17V.
The total voltage drop along the entire system is, according to equation (29):
E = 0.525+2.13+1.17 = 3.825V.
Rounding off the obtained values and taking into consideration that a certain power

reserve is necessary the required rating of the power source can be assumed at 6V, 10A.

Example 2. The voltage and current intensity at the connecting junction point which
is necessary for cathodic protection of a pipeline 5 km long, 12" diameter, 9 mm wall
thickness, is to be determined assuming a "“finite'" protection length, The conductivity

of the pipe insulation is 10,000 micro-Siemens m® and the minimum protection potential
is assumed at -0.285V.

Applying equation (26), we obtain: oS
E,= —0,285-ch [n,m 6/ 2% - 25 ]

g L
where 2.5 is the length of half the protected section, km.

Ep =-0.285- cosh 0.967 =-0.285-1.124 = -0.321V.

For a tube circumference of 1. 02 m the resistance of one gide of the protected
gection is according to equation (27):

11.6 1

[o—m ——————————————— « — " :[}0253 0M.
0™ 1,02/ 100009 th0.967

Correspondingly the current intensity of one side of the protected section is:

11 = _?___3'_2'1_._ B 12.1;&.
0. 0253
and the current intensity of the entire section:
1 =12.7Tx2 = 25.4A.

Example 3. The rating of a cathodic protection station of an uncoated pipeline is
to be determined, the main data of which are the following:

1], specified tube diameter 20";
2) real outside diameter 508 mm;
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3) wall thickness of piping 16 mm:

4) length of section to be protected 232 m;

5) connection point is located in the centre of the section to be protected;

6) soll resistance along the protected section 5 Ohm, m;

7) minimum protection potential to be applied -0. 285 V:

8) earthing consists of 15 vertical tubes each being 4 m long and 4" diameter,
spaced at 6 m from each other and connected at their top ends to a horizontal
tube of 4" diameter laid at a depth of 80 cm below ground: soil resistance in
the earthing zone 5 Ohm m;

9) freezing coefficient for the horizontal tube equals 2:

10) the protection system corresponds to a protected section of "infinite" length;
11) the total length of the copper conductors equals 116+ 116 = 232, its cross
gection is 100 mm2,

Befére determining the required potential at the connection point, it is necessary
to determine the resistance of the soil layer surrounding the pipeline. This musat be
determined instead of the resistance of a protective coating which is absent in the present
case. The resistance of the soil layer surrounding the pipe line is determined according
to equation (39): s

r =

R . =p'1-lg ;:=DD‘3-25,4 Ige 553 =
=500 - 25,4 2,3 - 0,902= 26300 om cu?® = 2,63 om m2.

thus, the conductivity:

| B = —— = 0.381 Siemens m2 - 381000 microsiemens m2.

' 2.83

The protection potential at the connection point is determined by means of
equation (24):

0,0116 Vw 0,116
E’.:r- --—U',EBE}-E =

| e 0.235 2 fﬂ,ﬂiiﬁ-iﬁﬁ;5nﬂ,1lﬁ L (ol [],285 . ED'QG? i
= —(0,285-1,23 = —(),350 s.

The resistance of the protected section according to equation (25) is:

11,6 11.6
rﬂ-:].ﬁ Vjﬁm = W - U,UU’EQ“I OM.
Thus, the current intensity for one side: [ |
- 0.350 _
1 * G oozes = 1194

and the current intensity for the entire protected section:
[ I = 4193 =230 A!

The resistance of the anode earthing is determined as follows: the resistance of one
vertical earthing element (tube)
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0,366 ¢ 21 1 4t + 1
Krprm=—r= [lg—d-—t——f lg H.:II =

0.366-500 [, 800 , 1 . 1000 +400 ! s
L [lgm+Tigm=a;,457[1g69+_§1g2,53_

— 0,457 [1 8384 —- - 0,367 ] = 0,457-2,021 = 0,925

Taking into consideration the screening effect, the resistance of the 15 parallel (vertical)
earthing tubes is, according to equation 53:

WAL = a1
RTp * 150,62 i1 /Ofim.

The resistance of the 90 m long horizontal section connecting the vertical earthing
tubes is, according to equation (48):
0,366 - 500 Q0002 - R
Ruw="5500 Ig 5.6 +0,301 | = _
= 0,0203 [Ig 87500 +-0,301] = 0,0203 4,942+ 0,301 ] =
= 0,0203.5,243 = 0,106 om.
For a screening coefficient (taken from the tables) of 0.59 and a freezing coefficient.
2, the resistance of the horizontal earthing gection will be:
L] Dil[}ﬁ'z -
y == ng'— === {j;ab EI'M-
The total resistance of m{a earthing stracture:
1 1
Roo = 1 s ;5 105218, L 1218 = 0,078 on.
o1 to35
The resistance of the connection leads, made of copper (i.e., specific resistance
0.0175 Ohm mm2/m), amounts to:
- 116-2

Rnp=0,0175 m—-:[},mDﬁ OM.

The voltage loss in the anode earthing system and in the connection leads will be:

Ep = 238 (0. 078+0. 0406)=238- 0.1186 = 28.2V.
Thus, the total voltage required for the entire protection system:

E, - 28.2+0.3%0 = 30V,
and the power output: :

W =30 238 = T140 em = 7,2 ke,

Example 4. The rating of a cathodic protection station for the following operating
conditions is to be determined:

1) pipe diameter 12';

2) length of section to be protected 10 km;
3) the station is placed in the centre of the section to be protected;
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4) the limits of the protected section are not insulated from the remaining part

of the pipeline, i. e., the system corresponds to a section of "infinite length",
5) minimum protection potential to be -0. 285 V;

6) wall thickness of the piping 8 mm;

) the anodic earthing is located at a distance of 25 m from the current source,
which is itself at a distance of 30 m from the protected pipeline;

8) the soil resistance in the earthing zone 1500 Ohms/cm?;

9) earthing to consist of 5 vertical tubes 6" diameter, 4 m long interconnected by
means of a horizontal tube 6" diameter, and 4 m long; the vertical tubes are
spaced at 5 m from each other; the horizontal tube is laid at a depth of 0.8 m;

10) the soil freezing coefficient equals 1 for the vertical tubes and 2 for the horizontal
one;

11) the copper wires used for interconnection have a cross section of 20 Bguare mm;

12) the conductivity of the tube insulation is 1500 microsiemens m?2, G

First, the required potential at the connection point of the cathodic protection, which

would ensure the necessary voltage of -0. 285V at the ends of the protected section,
must be determined.

Since the condition given in 4) is applicable, this voltage is calculated according to
equation (24):

dl, =0,0116 ]/'—""1? 5 =0,794

E,=0,285.¢%"""=0,285.2,21 = 0,63 5.

The length of the section 1; equals 5 km, i.e., half the tota length of the section to
be protected, provided the station is situated in the centre of the section to be protected.
The minus symbol is dropped since it only indicates the direction of the voltage drop.

The resistance of half the protected section is determined by means of equation (25).
If the outside circumference of the pipe is:

=323 - & = 1015 mm = 1,015 W,

and thus:
1,6 1.6 3
- DG L T e
1,015 ) 1500-8 111
The current intensity for half the protected section is:

S e
I, = = BA
1~ p- 1045

The current intensity for the entire protected section will be twice as large, i.e.:

I = 2I) = 2-6 = 124,
and this current will flow through all parts of the protection circuit.

Letus now determine the resistance of the other parts of the circuit, namely the
earthing and the connection leads. According to equation (47) the resistance of one
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vertical earthing tube will be:
R oy20:366-1500_ |, 2.400 L 4-280 4400 | _
TP 400 52 T 2 '8 5280—400
=1,3?5[1g52,ﬁ+-1— 1g2,11 l-l,375-1,88=2,58 oN,
whereby, according to condition 9):

r-3n+“%’-23u M.

If the calculation were carried out by the less accurate formula (46), which is
applicable in this case, we would obtain:

0,366 - 1500 400
Repm —— [Ig 40,602 ] =1375.2,022=2,78 oM.
For the {ive parallel connected vertical earthing tubes, taking into consideration
that the freezing coefficient according to 10) equals 1 and the screening coefficient
according to Table 15 equals 0.7, we would obtain by applying equation (53):
2,58.1

R;p = '_'fT:ﬁ,T_ - 0,733 oM.

The resistance of the interconnecting horizontal section is determined by equation

(48): .
0,366 - 1500 2000¢

Ru = 5500 [ig 15,2-80 +D,3EH]=-

= 0,275 [1g3290 4 0,301] = 1,05 on

For a freezing coefficient 2 and a screening coefficient, according to Table 16, of
0. T4 we obtain by equation (56):

The total resistance of the earthing system, according to equation (57), will be:

1 1
Re=— - '*3554_0’%-“,583 oM.
0738 T 2,84

The voltage drop in the earthing system will thus be:
Ez = I-Re = 12- 0.588 = T7.05V.

The connection leads have a total length of 25 + 30 =55 m, 20 square min Cross-
section, 0.0175 Ohm mm<“/m spec. res. (copper). Thus, their resistance:

= e
Ry = 0.0175 55 = 0.048 Ohms,

and the voltage drop in these connection leads:
E; = IR; = 12-0.048 = 0.575V.

The total required voltage will thus be, according to equation (29):
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E = 7.05+0.63+0.575 = 8,255V,

Taking into consideration that a certain excess voltage is required, the current
source should be able to supply 10 V. Thus, the output of the d. c. source should be:

W = 12-10 = 120W.

Example 5. The required rating of the current source is to be determined for a
protection installation with the same operating conditions as in the case of Example 4,
except that the cathodic protection is to be provided by sections of "finite length",

The required potential at the connection point is in this case determined by means
of equation (26):

E=0,285.ch [{),oua 150 5] =0,285-ch 0,794 =

= (),285. ] ,333 =(),38 ¢,

The value of the required voltage will in this case be about half that required for a
section of "infinite length".

According to equation (27), the resistance of the protected section will be:
11,6
= (), 1045

i
J’on‘,— .
o i 7T t;lﬂ.ﬂi!ﬁ ]

w=(),1045-1,52 = 0,159 on.

The current intensity for one side of the protected section will equal:

= 0.38 _ 5 394

0.159
and for the entire protected section:
Iy = 2.39-2 = 4.78, i.e., appr. 5 A,
as compared to 12 A for protection by the system of a section of "infinite" length.

1
tho,794 =

The earthing resistance was already determined in Example 4, and amounts to
0.588 Ohm. Thus, the voltage drop in the earthing system will be:

Ez = IRy = 5-0.588 = 2.94V.

The resistance of the connection leads is 0. 048 Ohms and thus the voitage drop in these
leads is:

Ey " I'R; = 5.0-0.048 = 0.24V.
The required total voltage for the cathodic protection:

E = 0.38+0.24+.2.94 = 3.58V.
and the required power output:

W = 5-3.5 = I7.8 W,
as compared to 120 W (. e., six times the value) for protection by the system of
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“infinite' length.

Example 6. The pipeline length which is sufficiently protected is to be determined
for the following conditions:

1) outside diameter of the 12" pipeline: 323 mm;

2) pipe wall thickness: 9 mm;

3) the ends of the sections are insulated from the remaining parts of the pipeline
(sections of "finite" length);

4) the conductivity of the protective coating: 1000 microsiemens mz;

5) minimum potential necessary to ensure protection: -0.285 V;

6) potential available at the connection point: -0.60 V.

Accarding to equations (24) and (35):

Eh) 0.6
o N
arc ¢ ( E arc ch( {}235) arc ch 2,1

fI-: i — - =
001161/ 111
0.0116 |H S ool l';'ma.h. }

. 23T
- 0,122

The length of the protected section on both sides of the connection point will be:

- 11,25 KA.

L = 11,25-2 = 22.5 km.

If the conductivity of the pipe coating should increase to g; = 10000 microsiemens m?2,
the protected section would be reduced to:

1,37 ,
= o = 3,54 Kk,

i. e., the total protected length on both sides of the connection point would amount to:
3.54-2 = 7.08 km.

Example 7. The conductivity of the coating is to be determined for the following
conditions:

1) wall thickness of the pipeline tubes: 9 mm;

2) distance between the measuring points: (x9 - x;) = L = 1km;
3) potential at the first measuring point: E; = -0.320 V;

4) potential at the second measuring point: Eg = -0.300 V.

The average conductivity along the 1 km stretch between the two measuring points
is determined according to equation.(38), thus:

g, =39200-9 [lg —g-gﬁ-l = 39200-9.0,000785 = 276 uc ™.
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Chapter VIII

PROTECTION BY GALVANIC ANODES

The usual system of cathodic protection requires permanent maintenance and
continuous electricity supply, but these are not required for cathodic protection systems
operating with galvanic anodes. The characteristic of this system is that the required
current is supplied by an artificial galvanic couple in which the part to beé protected,
usually steel, forms the cathode. Every metal has a certain definite potential if placed
in an electrolyte. If two metals are connected by a conductor, the metal having the
higher galvanic potential will be the anode and that with the lower potential will form the
cathode of the circuit. Table 39 provides data required to determine which of the metals
of such a couple will be the cathode. This table gives the values of the potential of
various metals relative to a hydrogen electrode. These values should be used only for
guidance since the potential of thé metal can change quite appreciably with the type and
concentration of the electrolyte into which it is placed.

Table 39.
Equilibrium potentials of electrodes of various metals.
Standard | Standard
Metal Symbol Detentisl Metal Symbol P tant Ial
|
|
Silver voauees Ag +0,80 Cobalt ...0nu. Co —0,29
Copper s.sssas Cu +0.34 Cadmium ...cse cd —0.40
Bismuth .veaes Bi + 0,28 Iron sesesveass Fe -0.44
Antimony ..... Sh +0,25 Chromium ..... Cr —0,557
Hydrogen ..... H 0 Tine foaaeinive Zn —0,76
TN aemransens Sn =1.1 Manganese .... Mn 1,04
L oviasanas Pb —0.12 Aluminivm .... Al —],34
Nickel ..cco00- Ni —0.23 Magnegium .... Mg —2.34
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PRODUCTION OF GALVANIC ANODES

Metals used for galvanic anodes must be more negative than iron. At present zinc,
aluminium and magnesium are used for this purpose and each must contain only up to
certain percentages of admixtures of other metals if they are to be suitable for use as
galvanic anodes. If these metals are not sufficiently pure they will not provide
sufficient protection. Cases are known where zinc did not provide sufficient protection
because it was not sufficiently pure. Investigations have shown that for effective
protection it is absolutely necessary to use refined zinc containing a minimum of
impurities, lead, iron, cadium, copper, antimony, nickel and arsenic. Of the zinc
produced in the Soviet Union, the TsO zinc is the most suitable, whilst the zinc Tsl is
less suitable. The compositions of these two makes of zine, according to the specifi-
cation GOST 4740 and also the optimum composition are given in Table 40.

Pure magnesium is too unstable in the soll, and optimum results are obtained with
a magnesium alloy containing admixtures of aluminium, zinc, manganese in guantities
given in Table 41. The use of magnesium for galvanic anodes is relatively recent and
80 is the use of aluminium having additions of zinc from 5 to 15%.

Comparison of the performance of individual anode materials can be on the basis
of the degree of protection and on economic considerations. The fullest information is
available on zinc electrodes, whilst the least information is availaoie on aluminium
ones.

An indication on the economics of such anodes is primarily their current outputl.
For zinc the current output is 740-820 AH per kg, for magnesium 1322 AH per kg, for
aluminium 1490 AH per kg. Thus, aluminium anodes yield most current, and it can
be seen from Table 42 that these are also cheapest.

Galvanic anodes can be made in a variety of shapes, e.g., a8 plates, bars of various
cross-sections, etc. The most widely used anodes are: a) zinc plates of 13 x 76 x 9. 15
mm, weighing 6.3 kg; b) square shaped zinc plates of 13 x 305 mm x 305, weighing 5. 4 kg;
¢) zinc bars 25 x 25 x 120 mm; d) zinc bars 3.5 cm diameter and 60 or 120 cm long
containing an iron core; the total weight of these is 4 and 8 kg respectively with zinc
weights of 1.3 and 2. 6 kg respectively; ) magnesium anodes of 10 cm diameter and a
length of 50 cm weighing 7.2 kg including the steel core; {) D-shaped magnesium anodes
the plane side of which is 10 cm wide, the curvature radius of the semi -circle 10 cm
and the length 150 cm weighing for instance 25 kg; g) magnesium rods of, for instance,
20 cm diameter and a weight (including a steel core) of 24 kg; h) aluminium rods of
6 to 10 cm diameter, a length of 50 cm and weighing about 12 kg.

INSTALLATION OF GALVANIC ANODES

Investigations have shown that the performance and service life of independent
anodes depend to a considerable exient on the soil surrounding them. Therefore, use
of special materials for filling-in may, in many cases, result in a considerable increase *
of the current yield of the anodes.

Investigations carried out with various filling materials showed results which are
given in Table 43. As can be seen, the best results are obtained by using a mixture
of clay and gypsum powder for which the highest yield of current and the lowest
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Table 40,
Composition of zinc for galvanic anodes

Contents in % not to exceed
Element Zine TsO Zinc Tsl | Optimum
e —— - - | g
Letd soenssicasssnss s 0,015 0024 | —
Iron sisvvvesa sssdasns 0,020 | 0,020 | 0.008
Cadmivm ....vcoveivunnca 0,010 0,014 | 0,004
Copper sevisvenasisens 0,001 0,002 —
i e [']_-[':n(]] 0,001 | 0}0&}
ANt imOny vevieencsseas 0,002 0.005 | -
Nickal i uciiivrnassnane (0,001 0,001 | —
Araenie ciieennsavenns 0,002 0,005 -—
i Total percentage of 0,040 0,060 | 0,100
! impurities ..ouiseues | |
! |
Table 41,

i Composition of the magnesium alloy for galvanic anodes.

El ement Yo
' |
Al umi ni um P -
Manganese (minimum) .............. D’?}_!Sﬁ’?
| Z:.nc.............,.........”....; 2.5:-3.5

Silicon (mRZimm) oivnsusnnnnnanss

Copper (mazimum) e glg_':,
Nickel (maximum) ......cvvvvvennes U:f'ﬂ:g
Iron (maximum) T e AR 0,003
| Other admixtures (maximum) ...0... 0.3
Magnesium vovsvvnnsrvencsnennnssns The rest

Table 412,

Comparative data on the economics of galvanic anodes of
various metals,.

iCurrent yield H'H":. Cost
Metal consumption .

e | AHAg kg/A year | e
himin%um o 1400 | 5.0 | 1,00
Magnesium senael 1322 I 6.7 [ 1,62
2ANE Taivnnsernn 740 11.9 l 1.81
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resistance of the anode earthing is obtained. If unsuitable filling materials are used,
the current yield becomes smaller and the resistance larger. For instance, for clay
without gypsum powder the current yield was only half the value obtained for clay with
gypsum powder, and the resistance was twice as high. For lime filling material the
current yield was only one-tenth of the optimum value,

The gypsum mixture should consist of two parts of gypsum powder and eight parts
of clay. The component must be thoroughly mixed and a quantity of water added to
make the mass sufficiently fluid so that it can be poured into the hole where the anodes
are to be buried. Such mixtures should have a resistance of 200 to 400 Ohm cm.

For magnesium anodes a special filling material of the following composition is
used:

1) for soils of low resistance: three parts of bentonite and one part of
hydrated gypsum powder;

2) for high resistance soila: two parts of bentonite, one part of hydrated
gypsum powder, one part of anhydrous godium sulphate. Use of
chlorides is undesirable.

Table 43.

Influence of various filling materials on the
operation of zinc anodes (test results obtained
with plates laid 1.27 m deep).

- Current yield | [
u = per plate, mA | s at -
i Fils ol | Bzt | #25.
- illing material: Average | At the | L ::: :'ﬁ :.E
S B clay + component during | end ﬂfJ i < E RO
. entire loperation < E.E- il
2.5 period ; period |
| |
23 |Gypsum powder cussesssnns U IS % oA S B 5.1
16 Gypsum powder, sand and ' [
magnesium sulphate..... 45 | 38 1,09 5.7
16 Gypsum powder and '
zine sulphate....cssvsas 45 | 46 1,09 6,2
16 Gypsum powder and I '
sand .csssssssssssssnns -37 | 3"3‘ i.ﬂH 62
23 7 A e el B e okl el e e T 8.4
23 Ammonium chloride (NH/C1) 18 2 0,95 8.7
15 Lime .csscasnsnsssssasnss 6 | e 0,82 8.0

Mean values per plate of 10 sets fitted for gas mains (with 4 or 5
plates in each group)

o — 23 Gypsum powder .iesssssnas a4 — 1,09
H)—23 C!-ﬁ}' BRsE AR e A AR A 1

22

1 Measured by a copper sulphste electrode
Registance of the group of plstes
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Table 44,

Current and voltage values for galvanic anodes made of
aluminium plus 5% zinc in a moist filling compound
consllting of lime, salt and calomel (in alluvial

soll with a specific resistance of 1000 Ohm cm)

Potential, V

Tisia of Current
test “Pipt- 1 “Aﬂﬂde- I intensit;.r.
soil" |  soil™ | mA
Anode No.l1
Messured at the beginning
of the tests ..uvpena.. 0,74 1,19 115
Measured after 60 days .. 0,73 1,10 17
Anode No. 3.
At beginning of tests ... 0,70 1,21 120
After 60 days .cceccessss 0,725 1,11 130

The snodes were cast, 113 mm dismeter, 533 mm long
and weighed 13.5 kg.

For aluminium anodes the recoramended filling material is a mixture of commaon
salt with lime. The electrical parameters of such a system are given in Table 44,

The current flow from galvanic anode systems cannot be increased once they are
installed, except by complicated and difficult methods. It is therefore of utmost
importance to insulate the protected section of the pipeline very carefully from the
other sections to prevent current leakages.

A plan of an installation of a galvanic anode is given in Fig.80. The vertically
placed anode is situated at some distance from the pipeline to be protected and is
connected to it by a conductor, usually of copper. It is advisable to place the leads from
the anode and the pipeline connection into a special box. If a section of considerable
length is to be protected, anode earthing, consisting of a group of anodes, is made. An
example of a group consisting of 5 anodes is shown in Fig.91. Each anode feeds its
current through a condutor into a separate junction box, which also contains the conductor
from the pipeline, thus making it easy to check the operation and the current flow of each
anode. It can be seen from Table 45 that in the case of a group of 5 zinc plates placed
into soil of resistance of 5 to 10 Ohms m, the lowest plate yields the largest current.

The top plate is influenced considerably by the weather, therefore such anodes should
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Fig.90. Layout of a zinc anode.

1 - ditch made for laying the connection

lead: 2 - location of the connection Fig.91. Group assembly consisting
point of the conductors from the of 5 zinc anodes,
snode and from the tube;
1 - conductor; 2 - zinc plates

3 - rubber insulated conductor

of 10 mm2 cross section; 900x75x12.5 mm; 3 - protected
4 - soll surface; pipeline; 4 - hole (in the
§ - zinc anode ground) of 10 cm diameter;
weighing 8 kg. 5 -« filling material.

be placed at a depth of at least 1.5 m. The outside influence is then negligible.

The distance between a galvanic anode and the tubing to be protected is of great
importance; this distance usually depending to some extent on the length of the pipeline
to be protected. When this length is increased the distance between the pipeline and
the anode should also be made larger, but not directly in proportion to the increase of
the pipeline length. The minimum anode-pipeline distance should be that given in
Fig. 92, the maximum for a group of plates being 4.5 m.

1

J —2 20w~ 3 :
..-I-" " Pl iy Se I'-‘ ot = ¢ £
- X g P [} ,| i ’r

?kz RS

Fig.92. Schematic representation of a protection arrangement
with galvanic protector anodes.

1 - protected pipeline; 2 - galvanic protector
snode: 3 - connection leads: 4 - ditch for
laying the anodes and re-filling it.
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Table 45.

Current distribution of five plates
connected in series.

Spot A Spot B Spot C
L]
-
_u. || b Group 1 Group 2
& | £ ut £ >
- : = o a :,:
b
: 2R E‘ ; ; p,,:t E‘ :hJ:u fuu]
P B a = P =W =W el B
2 | [~ - &8 e s | @ = B2
| 16,0 14,3 9.0 IH,ﬁ 11,2 21,0 14,0 9.0
2 11,2 12,2 11,0 19,6 18,0 19,0 19.2 1 205
et R 3| 160] 170 220 182| 200 | 190 220 | 200
4 18,0 15,7 19,5 18,6 21,0 21,7 22,5 21.0
[ |
Bottom plate ... 5 385 410 | 285 | 247 | 270 | 21,7 | 21,0 | 21,0
Resistance of
entire group,
By ] et — 1,72 1,70 1,22 1,20 1,26 1,20 137 1,36
Digging
depth, m ...... | _ 5.5 58 5.8 5,8

Galvanic anodes are placed in ditches with dimensions as shown in Fig. 90, a hole
being dug to receive the anode. The hole can be dug manually or by mechanical means.
After placing the anode in position, the ditch is filled with suitable mixtures given
earlier in this Chapter. The conductor must be soldered to the piping to be protected
and it must be sufficiently insulated, either by rubber or other suitable insulation.

Instead of using filling-in materials, the most recent technique includes the use of
"packaged" aluminium anodes. These anodes are ready packed in a magnesium chloride
cement of a thickness of about 40 mm. The anodes can be laid without special filling
material, thus considerably simplifying laying and increasing their current yield.

SERVICE LIFE OF GALVANIC ANODES

An important characteristic of independent anodes is their service life which can
be calculated by the formula:

K- 11000+

S ol (60)
r-365-24

L=
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where L -service life, years;
K -weight of the anode metdl, kg;
I -current yield of the used metal, AH/kg;
U -intensity of the anode current, mA;
€ -current efficiency of the anode.

The latter values, U and €, are given in Table 46 which is applicabie to zinc anodes.
It can be seen that the real loss of the anodes is somewhat larger than the theoretical
value. It is necessary to point out, however, that during the first years of operation
the current intensity is up to 25% larger than the mean value owing to a reduction of the
intensity in the later years of operation.

Usually, such anode systems are designed to have a service life of 10-15 years.
BASIC PARAMETERS OF PROTECTION SYSTEMS WITH GALVANIC ANODES

In most cases, a single protector anode will not be sufficient and it will be necessary
to install a considerable number of such anodes, obtaining thereby a system of stations
with "finite length" sections as shown in Fig.92. To obtain normal functioning of such
a system, the spacing between the individual anodes along the pipeline must be uniform.
There is no special method of calculation at present for determining these spacings but
it can be assumed that the methods of calculation applied for the standard type of cathodic
protection are also applicable in this case. However, since there are no data so far on
the correctness of the results obtained by such calculations it is preferabie to work with
empirical data. Table 47 gives values of the current and of the number of anodes
required for a protection system. It is worth noting that the re%uired current densities
are very small and in some cases they are as low as (.08 mA m*®.

The change of current yleld with time is illustrated by the values given in Tabie 48.
From this it can be seen that 15 months after putting the anodes into operation the current

Table 46.

Service life and efficiency of zinc anodes according
to data obtained on test samples.

o wa | 8 “ o | Effici
= iy e iciency:
s E':I Eﬂg a EEE 2 w | Real Wei ght ;
¢ m - ol ] S R 1 k Theoretical
o = . b=t 0 b = oss, kg
§e | #§ <43 Jo” 8.3
= pri & : Actual values, %
5-1 284 40,5 276 0,337 0,367 g2
B-7 304 55.2 404 0,490 0,608 81
B-8 04 49.5 362 0.440 0.494 89
5-1 512 9.5 487 0,598 0,635 93
C-1 653 295 464 0,566 0,680 83
C-4 653 35,0 550 0,670 1,680 ag
Mean value 8O
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Table 47.

Practical data on the cathodic protection
of pipelines by zinc anodes

mE = E Cu;rerr:t yield o3 £ -2
o _g: [+ the zinc H‘:: . e ‘:‘N P ‘
¢ -3 |83 <8 | s8¢ |.e¢| 2Ehq [Ee
3 L gl #m low | Cupd ¥ 5E
o8 |wE | 3 .o | BAT | g% |Sud|EEE RS
22 |83 | 5| §3 | g2 | ges [Tiz[ce g
N i . - s &
A 3 25 505 24 0,866 455 219 2,72 1310
B 5 52 | 1242 24 0,983 887 411 3.02 1400
c 5 50 | 1303 26 0,904 1370 457 2,85 450
D 5 55 1322 24 0912 1980 T38 1,80 670
E 5 52 814 16 0,008 1200 373 2,17 680
F I 8 110 14 0,980 238 114 0,96 462
G 2 20 382 19 0,885 301 153 2,51 1270
H I 12 230) 19 0,03 3110 5 0,20 75
I 8 156 | 1990 19 0,85 2990 1205 2.49 1000
J I 7 o0 13 1,01 2130 1115 0,08 42

1) The potantial * tube-soil * measured using
the copper-sulphate electrode.

2) Pipes of 2 - 8" dismeter.

yield drops to a third of its initial value.

Table 49 gives practical data on spacings between zinc anodes. It can easily be seen
that the spacing between anodes decreases with increasing tube diameters, i.e., with
increasing area of the surface to be protected.

Table 50 gives the required spacings between zinc electrodes so as to obtain the
necessary protective current of 5 mA m2 for coated pipelines and 10 mA m2 for
uncoated. One 120 cm long anode is sufficient for protection of the surface requiring
20 mA. Such an anode contains 2. 6 kg of pure zinc on a steel core.

ECONOMICS OF GALVANIC ANODES

Since this method of protection has not been applied for very long, relatively little
data is available on costs. The distribution of costs in the case of two pipelines
protected by means of zinc anodes is given in Table 51.

It is particularly interesting to compare the economics of such a protection with
that of an ordinary type of cathodic protection operating with an external current source,
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Table 48.

Change of the parameters of a protection system as a function
of time for zinc anodes n? 35 mm dia., 120 cm long,
weighing 8 kg.

Average
Dperation EEuS[u Ix' mA iﬂ. mA service
in days life,
YEars

Tnitially - 1,56 21
52 — 1,43 23
73 - 1,31 25

206 — 0:61 53

449 024 0,47 o 70

830 990 — —

“Pipe-scil* potential, measured by means of a
steel electrode.

“Pipe-soil " potential, measured with a
non-pol ari zing el ectrode.

current output of an installation comprising 10 zinc anodes.
specific current flow per 0.1 m2 of pipe surface.
total current output of 72 zinc enode sets, each

consi sting of 10 enodes.

Table 49.
Practical data on the spacing of galvanic anodes.

Length of
sections, m

I ameter
of pipe | Coating of
to be thet pipe-
protected line

mm

spacing

of the

anodes,
m

Average

Number
of
sections

12 176

Mone .« | 0,002 =
Mone ..ssa0|26 o G110 42
Existing ..
NOne s..:0+| 9,0 230 2016
None sevees| ¢ 30 2438 32
Mone «sssss| 039 y 184 450 1.2

Totel ....|20.14 - - 5526 —

Zince anodes were used as follows: 1100, square cross section, 12? em long
weighing sbout 5 kg, the others - 3.5 cm dia. 122 cm long, weighing
about 8 kg.




Table 50.
Distance between (adjacent) zinc anodes,

Distance between the zinc anodes, m
Eated dia,
of Insul ated pipes Bl ank pipes
pipeline
inches
120 cm anode60 cm anode (120 cm anodel 60 cm anode
6 —_ 4,1 — 2,1
8 — 2.9 29 -
10 — 2.4 2.4 —
12 - 2,0 2.0 —_
14 — 1.7 1.7 —_
16 29 —_ 1.5 —
18 2,6 1,3 —
20 2.3 — 1,2 ==
22 2,1 — 1,0 -
24 1,9 N 0.9 i

The cost of operation of the latter during ten years is higher than the cost of protection
by galvanic anodes for twenty years. This is fully understandable since galvanic anodes
involve hardly any operation costs whilst external current supplies usually involve
appreciable overheads.

The costs of protection by galvanic anodes would be appreciably higher in the case
of pipeline networks in towns since it would be necessary to suppress incidental contacts
and to improve the electrical insulation.

Table 51.
Cost of cathodic pipeline protection with zinc anodes,

—

! Percent of average
COSt per meter

Cost items For a " For a 8%

pipeline pipeline
8.4 km long |13.2 km long

Material s:

Zinc anodes secavancnnsassnns 57.57 60,40
Copper conduCtor .evevecenses 6.34 5,62
Filling compound +..ovsvnesess 0,66 0,82

;TS R KL 64,57 66,84
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Table 51. (Contd.)
Cost of cathodic pipeline protection with zinc anodes.

Percent of average
cost per meter

Cost items

For a 6% For a &*

pipeline pipel ine

8.4 km long 13.2 km long

|
Trensport and other
I"Dld COBER seencsnssnnsscsrasna iﬂ‘dﬁ 6'22
Work:
Preparation of conductors ....... . i
Junction of the conductors s.e... 1,21 0,68
Carrying out of the measurements g.‘;? 1-:':"{‘
Fitting the zinc anodes .....s:+ E‘.l-':-].i-f: .I{J}'é.!}
ﬂitglﬂg of ditches csssssrasreanss :5“__!“ I4-aa
FlIling UP ssssssssdessssbssssnns ]rzﬁ E57
Welding and junction ...eesesssss 0,32 0.14
O EE TSR R s | — 0.08
'Dbsrf‘h’.ﬂtiﬂﬂ! EEREEE RN 4,3.3 :;.EH
Tﬁtﬂl TR 2ﬂ1gﬂ 2:11{-}4
Technical inspection ..cuvesunss
4,18 3,90
Final total ..... 100,00 100,00
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Chapter IX

CATHODIC PROTECTION OF OIL STORAGE INSTALLATIONS

OBJECTS TO BE PROTECTED

It is necessary first to see which objects are endangered by soil corrosion. The
storage tanks can from this point of view be subdivided into the following types.

1) Tanks above ground, endangered by soil corrosion only at the outside bottom
surface. Underneath such tanks there is usually a sand layer a few centimetres thick.
If thoroughly washed river sand is used for this purpose it can be assumed that the
posseibility of soil corrosion of the reservoir bottom is eliminated. However, penetra-
tion of salt-containing soil moisture, due to capillary action, provides danger of rapid
corrosion, in spite of the presence of the sand layer, if the soil underneath has a high

corrosivity. For sand of average grain size, the penetration of soil moisture reaches
to a height of about 0. 5 m. Therefore the tank bottom will be subject to the corrosive

effect of the soil in spite of the layer of sand.

2) Underground or semi-underground tanks without encasement. In underground
tanks the entire outside surface is subject to soil corrosion and in semi-underground
tanks the entire surface in contact with the ground is subject to soil corrosion. The
materials used for [illing-in around the tank have little influence on the corrosion since
their properties change rapidly. Owing to penetration by capillary action of salt

solutions contained in the subsoil their properties will become equal to those of the
spurrounding soil.

3) Underground or semi-underground encased tanks. In underground tanks the
outside of the bottom surface and, to a lesser extent, the surface of the cover are
affected by soil corrosion. In semi-underground tanks, only the bottom is subject to
soil corrosion.

CONDITIONS OF PROTECTION

An important factor in the protection of tanks is the fact that the wall thickness is




considerably less than the wall thickness of pipelines, The wall thickness of new tanks
is usually 3 - 8 mm. Assuming that the rate of pitting is characterized by a parabola,
it is evident that a reduction of the wall thickness to, for instance, half a certain
value, will bring about a reduction of the service life to less than half. Therefore, the
reliability of protection required for such structures is higher.

A characteristic of oil storage installations is usually that the arrangement of the
objects to be protected is a complex one, consisting of one or several groups of tanks
with an interconnecting network of pipelines and other metal parts underground. In
individual cases, protection is provided for large oil storage installations containing
several tanks and many kilometres of internal pipelines.

To ensure safety against fire, cathodic protection in oll storage installations must
be carried out with such currents as will not constitute a fire hazard. Numerous
investigations of cathodic protection in various oil storage installations, including very
large ones where various types of petroleum products are stored, have shown that
application of cathodic protection in oll storage installations is entirely gafe, provided
certain precautions are observed.

According to regulations of the Russian Fire Inspection Services, cathodic protection
in oil storage installations must comply with the [ollowing specifications:

1) The potential difference of containers with inflammable materials must not
exceed 1 Volt;

2) the effective power must not be larger than 0.5 W;

3) maximum voltage at the output terminals of the current source, 10 Volts,

To comply with these regulations, cathodic protection of oil storage installations
must be carried out by a number of individual cathodic stations, each with a separate
earthing system since only in this way is it possible to provide protection for installations
distributed over such a large area without exceeding the permissible voltage. It is
pointed out that about three-quarters of the total voltage drop is usually in the earthing
system, and therefore the specified safety conditions can easily be complied with even
in the case of individual protection stations which have an output of 0. 3 kW. From the
literature on the subject it is known that cathodic protection i8 in use for oll storage
installations with voltages at the current source terminals of 30 to 35 V, and currents

of 200 to 250 A are known to exist. However, the potential difference of the individual
tanks does in no case exceed 1 V by more than 0.10 to 0.15 V.

The fundamental circuit for cathodic protection of a group of tanks is the same as
that applied to pipelines, the only difference being that the negative terminal of the
current source is connected to the tank. It can also be connected to a pipeline which
is electrically efficiently connected with the tank to be protected.

CIRCUIT DIAGRAM OF THE PROTECTION SYSTEM

The circuit for cathodic protection of an oil storage installation differs somewhat
from that applicable to pipelines since in this case the protection is usually carried out
by means of several parallel connected electrical circuits. Fig. 93, shows an example
of such a protection circuit for a small petrol store consisting of 9 tanks of 1130 m3
each, the electrical circuit is shown in Fig. 94,

- 139 -




P o e}

petroleum power suppl
pump ing o Iinepp g S

Fig.93. Cathodic protection installation of & small
petrol (gasoline) store.

1 to 9 = number of reservoir, each of 1130 m3:
e - anode earthing; b - rectifier equipment;
¢ = underground cable; d - pumping station.

The contact resistances of the individual tanks and also the resistances of the con-
nection tubes to these tanks are connected in parallel in the general circuit, but relative
to each other these resistances are connected in serles for each of the tanks. The
resistances of the connection cable, the earthing and the second connection cable, are
also connected in series. According to the circuit diagram, the total current in the
circuit equals the sum of the individual currents in the parallel sections of the circuit,

i. e.
BB LT 0 A O T St e e (61)

where I - the total current in the circuit A;
iy, 12, 13, iy currents in the 1st, 2nd, 3rd, 4th, etc., parallel circuit, Amps.

The total resistance of the entire protection circuit:

rg I+ Ty +fpe T3, Ohms ... ... (62)
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total resistance of the circuit;
resistance of the connection lead from the current source to the
anode earthing;
resistance of the anodic earthing;
the contact resistance of the protected object (structure) and the return
lead, determined by means of the equation:
1 1 1 1
rn+ry ry+ re ry+ry et 2 ro+rs °’ (63)
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Fig.94. Electrical equival ent circuit of the protection system
of s petrol (gmscline) store.

£y - resistance of the cable connecting the positive pole
of the current source with the earthing system;
Ty = resistance of the anode earthing system;
r'l.g * resistances of the individual protected
reservoirs; "% o - resistance of the cable
connecting the protected system to the negative
pole of the current source; e s - resistance

-3
of the binding tubes; I - current source.




where r'y, r's - contact resistance of the protection of the individual tanks;
r'], r'3 - resistance of the reservoir body;

By e hogjuin ol s ol (64)

The resistance of the earthing and the connection leads is determined by means
of the formulae given in Chapter VI, the contact resistance between the bottom of the
tank (which i8 of circular shape) and the soil is determined by the formula

Ry = .illb_, i At s 2 U0G)

where Ry - resistance of the bottom surface of the cij-cuiar vottom of the tank, Ohms;
R - specilic resistance of the soil, Ohms /cm :
b - circle radius, cm.

Owing to complexity of the circuits required for protection of oil storage installations,
the necessary parameters cannot usually be calculated in advance with sufficient accuracy.
Therefore, after preliminary calculations and utilising empirical data, the protection
system is installed and the necessary parameters to obtain satisfactory operation are
obtained by subsequent adjustment.

EXAMPLES OF PROTECTION INSTALLATIONS OF OIL STORES

To give an idea of the ratings involved in cathodic protection, the protection of a large
oil storage installation consisting of 45 tanks of 8700 m? each will be described. The
schematic layout of the tanks and the interconnection pipelines are shown in Fig. 95.

For preliminary determination of the power required for cathodic protection, test
measurements of the potential differences of "soil-bottom" were made. This was done
by applying a temporary cathodic protection system consisting of a welding generator
and a temporary anodic earthing arrangement made of 10 vertical tubes. 6" diameter,

3 m length, spaced at 3 m from each other. The generator had a current output of

75.9 A, 31 V. The potentials of the bottoms of the individual tanks were measured
(sometimes at four points of the circumference). Although the potential differences of
"bottom-soil" for the tanks near the current source were equal or appreciably larger
than the required minimum value, i.e. -0.85 V (measured by means of a non-polarising
copper-sulphate electrode), the necessary potential differences were not attained for the
tanks at a greater distance from the current sogrce,

On the basis of the test results obtained, the protection of the storage installation
was carried out by means of four cathodic stations, the characteristics of which were:

Station No. 1, witha rating of 85 A, 15V and an anode earthing consisting of a
horizontal pipe header of 8" diameter, 60 m long, laid at a depth of 0. 75 m, and 10
vertical tubes 6" diameter and 3 m long each, placed at 3 m from each other. The
resistance of this earthing was 0. 175 Ohms.

Station No. 2, 890 A, 11 V with an anode earthing consisting of a horizontal

header tube 82.5 m long, 8" diameter laid at a depth of 0.9 m, and 10 vertical earthing
tubes, each 3 m long and 6" diameter, spaced at intervals of 3 m. The resistance of

= 142 -




‘§23018 = JIA ‘uorieis Jujdund ayjz jo projrusm - Ji (EjUIIRINEEAM
[#137uT 3no Bujkises Joj uollm[felsur - 4 Ijusmdinbes AIlPUOTIEIE - AT
‘projTusm pl21j - III ‘uer3ieys Bupdund Lsepyxne - JT s2Bueyy Burjernsuy - [

‘uocyje [[e3suy 28siols [To #BIe[ ¢ Jo UCTIB[[E3}SUT UOF}dajord aTpoyle] "S6'3T4

Tl
uw =
i

F

@ ﬁ@ ?@ @.@ ﬁ@ q@%

.-. a0

F@ @

_qu _P:_- f

+

@lq@w 8 fw.\_

= ey
o ,‘__i ” I@J@E 78
&mu&h

206- 04 gy

18,
Y.
ge



such an earthing structure is 0. 122 Ohms.

Station No.3, 76 A, 15V, an anode earthing consisting of a horizontal header
tube of 8" diameter, laid at a 0.9 m depth, length unspecified. To reduce the resistance
of the sandy soil, 900 kg of salt was added. The resistance of this earthing was 0. 197
Ohms.

Station No.4, T2 A, 15 V, anodic earthing consisting of a horizontal tube of 8"
diameter, 90 m length, laid at a depth of 0.9 m. The resistance of this earthing equalled
0. 208 Ohms.

The connection leads were made of copper of 67. 4 square mm cross-section. Tests
showed that the potential difference in the centre of the tank bottom was up to 0.05 V
lower than at the edges.

After nine months operation, the potential differences were measured for a second
time, and these showed that the protective efficiency of stations No. 1 and No. 2 increased
slightly, whilst those of No. 3 and No. 4 decreased. The resistance of the anodic earthing
in the corresponding circuits changed in the opposite direction.

Second %xamp le: an oil storage installation consisting of 63 tanks of a capacity
of over 8000 m* each with over 45 km of interconnecting pipelines with pipe diameters
between 2 and 16", but mainly 8, 10 and 12". For protection of this complicated
system of metallic structures from soil corrosion it was found necessary to instal 9
cathodic stations with a current supply from the a.c. mains and rectification by copper-
oxide rectifiers. The rated power of seven of the stations was 10 V, 120 A each, and
of two stations 10.5 V, 130 A, each. Thus, the total current intensity of all nine
stations equalled 1100 A. The current and voltage values of these stations were as
follows:

No.1: 8.2V x 118 A; No.6: 9V x 110 A;
No.2: .8V x 113 A; No.T: 8.8V x 111 A;
No.3: 9.5V x 115 A; No.B: 10V x 63 A;
No.4: 5.8 V x 112 A; No.9: 6.4V x 86 A;
No.5: 6.1V x 110 A:

The current density for the individual reservoirs ranged from 1. 7 to 27 mafmz;
the average current density equalled 8, 8 mA/m2.

The earthing resistances which were rather large varied for the individual stations
between the limits of 0. 054 and 0. 085 Ohms, the resistivity of the surrounding soil
being 500 Ohms/cm®, Depth of earthing was about 1.5 m.

The rectifiers supplied 958 A, 57.7% of which was utilised for protection of the
tank bottoms, 10.7T% for the protection of external pipelines and 31. 6% for the protect-
ion of interconnecting pipelines.

Conductors were used only for connections between the current source and the
anode earthingse and between the current source and the respective points of the inter-
connecting pipelines. Further distribution of the protective current to the reservoirs
was by the pipelines which led to the tanks concerned. It is obvious that continuity of
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the electric conductivity was established on these pipelines.

In conclusion it can be said that the methods of carrylng out the necessary measure-
ments, checking the effectiveness of the protection and the types of applicable current
sources are the same for protection of soil storage installations as they are for the
cathodic protection of pipelines. It is only necessary to ensure absolute safety against
fire danger in the space where the current sources are located.

The necessity of providing insulated joints at the ends of the sections to be protected
is considerably reduced in the case of ol storage installations, since the power reserve
of the current source is usually sufficiently large. Small current leakages will not
result in insufficient protection. In the above mentioned oil storage installations
insulated joints were only provided at single points, for example where the pipeline mains
left the area of the oil storage installation.

For controlling the current regulating resistances fitted near the current source
are recommended.
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Chapter X

CONSTRUCTION OF CATHODIC PROTECTION STATIONS

Generally, construction of cathodic protection stations consists of erecting of a
kiosk for housing the equipment, installation of a current source, supply and distribution
lines, equipment for check measurements, construction of earthing structures and work
along the pipeline to make provision for carrying out operational tests.

The volume of work involved in the installation of a current source depends on the
type used. If an engine-driven dynamo is employed suitable foundations must be provided,
Installation of the instrument and control panel is important and skilled workers must be
employed in this work.

The earthing circuit may be of substantial size involving considerable soil work,
Usually combined vertical and horizontal earthing structures are employed. If salt
addition is not required, this work is usually carried out as follows. A ditch of the
necessary depth is dug for the horizontal tube; the vertical earthing tubes are sharpened
at their bottom ends by acetylene cutting and welding equipment and driven into the soil
at the bottom of the ditch into which the horizontal tube is to be laid. If salt addition to
the soil i8 necessary, it is advisable to drill holes for laying the vertical tubes with a
drill driven by an automobile engine. Such drilling equipment is also used for drilling
the necessary holes for erection of masts for electrical transmission lines. The ditch
for laying the horizontal earthing tube can be dug with an excavator if one is available
in the area,

On the protected pipeline insulated joints, shunting connections, control wires, and
80 on, are fitted. When uncovering the pipeline care must be taken that the coating of
the pipe is not damaged and the last 10 cm of the soil covering the pipeline should be
removed with wooden spades. For removing the last 2-3 cm the spades must be covered
with soft rags to prevent damage to the coating,

When installing a cathodic protection system it is necessary to make a number of

connections, e. g., between conductors and pipes, between the various conductors,
between individual parts of the earthing system, connections of shunt leads, and so on.
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To do this it is essential to have avallable a welding set and also equipment and materials
for replacing the damaged coating of the pipeline.

After installing the current source and constructing the earthing structure, electrical
measurements must be carried out along the pipeline to determine the necessary value
of the protective current. Primarily, the potential difference of "pipe-goil" is measured
at the most distant point of the pipeline to be protected. If the measured potential
difference is not large enough, the current fed into the pipeline must be increased. If
the discrepancy between the calculated values of the system and the measured values is
too large, the electrical continuity of the pipeline and the state of the coating along the
gection to be protected must be examined.

The spots of electric discontinuity along the pipeline are characterized by jumps

in the protection potential along the line. The measurements are carried out utilising the
test leads which are welded on to the pipeline, or by means of differential test equipment.
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Chapter XI

OPERATION AND MAINTENANCE OF CATHODIC

PROTECTION INSTALLATIONS

After putting the cathodic stations into operation, their normal and continuous
operation must be ensured. The extent and type of maintenance work depends to a large
extent on the type of equipment which is used in the installation. I.C. engines require
constant attendance and it is thus necessary to have qualified personnel available on a
three-shift basis. Daily supervision is also required in the case of wind-electric sets,
motor-generators and other current sources which have moving parts.

Considerably less attendance is necessary in the case of rectifiers, storage batteries
and dry batteries; only periodic checks differing in each individual case. It is, however,
necessary to compile graphs containing the results of inspection and showing the repairs
which have been done.

In the case of galvanic anodes, i.e. the anodic parts of galvanic couples, maintenance
is simpler still.

In addition to maintenance, periodic checks of the working of the protection system
are necessary. These consist of electrical measurements along the pipeline and
observation of test specimens, and should be carried out preferably every six months
but at least once a year.

The electrical measurements during periodical tests consist of measuring the potential
difference between the pipeline and the soil along the pipeline, utilizing the leads along
the line which are specially provided for this purpose. If the potential difference values
are not large enough, it is necessary to increase them to the required values. The
measures to be taken are eliminating discontinuities of electric conductivity along
the line, and increasing the protective current.

Increase of the conductivity of the pipe coating due to damage may also be the
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reason for inadequancy of the cathodic protection and changes in the parameters. These
may be so serious that it is sometimes necessary to repair the coating on the pipeline
surfaces. Particular attention must be paid to iocal damage of the coating. Thus, as

a result of accidental damage during small repairs, a "window' may occur causing
considerable current leakage in a pipeline, which is otherwise perfectly protected. Such
a current leak can be detected by measuring the potential along the pipeline, but it is
much simpler to detect such leakages by the tube detectors mentioned earlier.

In the case of localised damage to the coating it is preferable to uncover the pipeline
and repair the insulation rather than to increase the protection current.

Removal and treatment of the test plates should also be a part of the periodical tests.
It is uneconomical to remove these plates more frequently than six months since it would
be difficult to obtain a clear picture of the effectiveness of the protection. However, too
long intervals are also unsatisfactory since sufficiently early warning of the necessity of
increasing the protection may not be obtained. It is therefore advisable not to increase
the time interval between the periodic tests to more than one year. The test plates along
the line must not all be removed at the same time. It is necessary to remove them in
stages, i.e., the [irst pair after six months, the second pair after a year, the third pair
after two years, and so on. [Each pair removed must be immediately replaced by a new
pair. Before placing the plates into position, they must be weighed. The test plates
must not be numbered or marked by a stamping tool because such spots are liable to
increased corrosion. Placing, removal and results of inspection and weighing the test
plates must be recorded in a special log book.

If weighing and inspection of test plates show inadequate protection, it is necessary
to check carefully whether the connection between the test plate and the pipeline was
interrupted, whether there is interruption in the electrical conductivity of the pipeline,
whether the protective current is out of operation for longer periods, and so on. If
none of these conditions is operative the protective current must be increased. It is,
however, necessary to take into consideration that if the protective current is increased
to an excessive degree it will have an unfavourable effect on the bitumen coating.

It is also necessary to periodically check the state of the anode earthing by measuring
its resistance. Increased earthing resistance indicates the necessity of additional soil
treatment or repair of the earthing structure. This is damaged in time, due to the
action of the electric current. Repairs can be effected by driving new tubes of smaller
diameter into the vertical earthing tubes.

The earthing resistance is measured by measuring the current intensity in the
circuit and the potential difference between the soil and the earthing structure, as shown
schematically in Fig. 96.

If galvanic anodes are used, the state of the anodes and the adequancy of the protection
current must be checked periodically.

In each cathodic station records should be kept in which the voltage and current of
the current source are recorded daily. The apparent reason for a change in these values
and the measures taken to re-establish them should also be recorded. As has already
been mentioned, the dates of placing and removal of test plates and their weight when
new and after removal must also be recorded. The same applies to the results of check
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Fig.96. Schematic representation of a test arrengement
for measuring the earthing resistance,
1 - earthed electrode No. 2; 2 - ammeter; 3 - d.c.
source; 4 - earthing electrode No. 1:
5 = voltmeter: 6 - earthing
el ectrode No. 3,

measurements of the potential differences, details of repairs and detected damage on
the protected pipeline. Detected damage must also be entered on a special card index
in which details on the observations made in each case should be recorded. Such an
index card is shown in Fig. 17.

The number of personnel required for normal operation of cathodic protection
stations of various types is indicated in Table 52, and the composition of teams for

Table 52,

Example of the composition of the operating personnel of a
cathodic installation as a function of the type
of current supply.

Number per instaellation Fron
Pers : L. :
ersonnel With the With the | With the
recti fiers |I.C engine stor age
ste, battery
Instellation mansger ... — 1 e
Mechmic siva vesssnnanni 5 — 2 -
Eier:tric:isni.............. 1 !
Total seassene 1 4 [

- 150 -




various check tests is indicated in Table 53.

Specially worked out technical rules and instructions apply to the operation and
maintenance of the equipment.

Table 53.

Example of the composition of a team of line inspection
of a cathodic protection system.

Number per team during:

Personnel

Voltage

Gravimetric Pipeline
measurement

measurements inspection

Team lesder coceciavcicns 1 | 1
Technicion sosavcerssasss 1 —
Lab, assistant sssssseasa T ] 1

Labourers for digging ... — 10 rj
Other laboureérs ..sess00s 2 1 i
Toral iinsiwaei 4 13 10
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Chapter XII

ECONOMICS OF - CATHODIC PROTECTION

There is no doubt from the technical point of view, of ihe value of cathodic protection.
Arguments against the use of such protection can only be based on costs and therefore
serlous attention must be paid to the economics of such systems.

The economic justification of cathodic protection depends to a large extent on the
operation costs which consist of the following:

1) cost of wages of the personnel required for operation and maintenance:
2) cost of the consumed electrical Energy;

3) cost of technical inspection:

4) cost of repairs of the cathodic stations;

5) amortisation;

6) cost of materials required in normal operation.

Until there is a decision on the equipment to be used in a station it is not always
possible to make a detailed estimate of the costs. Therefore, these costs have to be
estimated on a calculated basis. The cost is composed of the cost of the d. c. source,
the cost of the electric wiring, the cost of earthing and the cost of the equipment to
be fitted along the line.

If galvanic anodes are used the costs consist only of the costs of the anodes, laying
and connection to the pipeline to be protected.

For guidance on amortisation values, the following figures are given for the individual
items:

1) d.c. source:
(a) selenium and copper-oxide rectifiers 10%:
(b) mercury arc rectifiers 15%:
(¢) galvanic cells 33%:
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(d) other current sources 20%;

2) anodic earthing:
(a) steel electrodes 20%;
(b) carbon or graphite electrodes 5%;
(c) independent anodes made of magnesium, aluminium, zinc between 20-50%;

3) electric wiring 5%;
4) equipment along the pipeline 5%.

To determine the maximum permissible cost of a cathodic protection system, the
following formula can be applied:

x-@, (66)

where K - the maximum yearly operation costs of the cathodic protection;
A - totdl cost of the structure to be protected;
B - percentage of yearly depreciation without cathodic protection;
C - percentage of yearly depreciation with cathodic protection.

To determine the values of B and C it is necessary to clarify the assumptions of the
service life of the object to be protected with and without protection. For such evaluation
the corrosive properties of the soil surrounding the structure and the protective coating on
the structure have to be taken into consideration. For rough calculations to determine the
service life of pipelines with various types of protective coatings laid in different soils

Table 54.
Increase of the service life of pipelines for various
1 insulation coatings. (Without cathodic protection).
Increase of service life if = AR el
: coating is lied icipa
I Soil o . e service life
corrosivity of the
::’;t“;‘: Etreng?henei Very n'n.n:-he‘:i unprotect ed
E costing trengthen pipeline
I-JJ'I' R E R R R R NN B Sar e {}h"Er 25 ]fl!'I:I'Ii
Nofmal scasscoscsnss 10—20 ! e 10=25 »
Increased covssesss o i | 6—10 T—12 »
Hiﬂ,h TEEEE R RN R R G—E 2—5 ‘:I'—"E 5—“_} B
Wery high ecccisnces 0—1 1-3 3—=5 37 »

Note: The given service life values spply to standard type steel
tubes with a wall thickness of 8 mm and an internsl
pressure not lower then 5 atm.
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the basic data on the corrosion rate of Russian pipelines are given in Table 54.

If cathodic protection is applied in time it can be assumed that the service of the
pipeline or tank is increased by at least twenty years.

The economics of cathodic protection are strongly affected by the selection of the
system. A section can be protected by a single or by several stations. Both solutions
are technically equivalent, and a decision whether one or the other is to be used is based
purely on economic considerations. - It is therefore necessary to calculate by means of
general indices the cost of each alternative and to determine the cost of yearly operation.

Although the electricity consumption will decrease with increasing number of stations,
the capital costs, and thus also the yearly depreciation, will increase. However, a
reduction of the required power rating may permit the use of rectifiers in the individual
stations, which reduces the costs of maintenance and operation. All these factors can
be taken sufficiently into consideration only by detailed economic calculations carried
out separately in each individual case.
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APPENDIX 1

SPECIFICATION OF THE MAIN EQUIPMENT AND MATERIALS
OF A CATHODIC INSTALLATION FOR TEST PURPOSES

Manufac-

No. Unit Number tured by

1. Complete rectifier assembly consisting of 24
cuprous oxide rectifier columns type T-134,
seriea-parallel connected into a 3-phase
system, fed by a 380V 3-phase transformer
with leads for regulating the voltage within
the limits +10, +5; 0 - 5; 10%, and Complete 1 Kozicky
supplying a direct current of 40A at 40V unit Works

2. Three-pole knife switch 500 V, 100 A, with
casing on the (foundation) plate and a set of

bolts for fastening from the rear units 1 -

3. Same, two-pole unit - Lk 1 -

4. Fuse (cut-out), type N, 60 A, 500V, with Yelektro-
680 A insert and 60 A thread 5 2 sbit

5. Bame, for 25 A with a 6 A insert and a
thread for 6 A i 3 u

8. Electromagnetic (moving iron) ammeter type
YeN with a 10 A scale for direct connection

into the circuit " 1 L
7. Moving-iron voltmeter type YeN for direct

connection into the circuit, 450 V scale it 1 -
B. Moving-coll ammeter type MN, 50 A scale L 1 -
9. Moving-coll voltmeter type MN, 50 V scale 1 1 -
10. Two-pole voltmeter changeover switch with

three positions % 1 5
11. Three-phase meter type I, 220V, 5A i 1 -




12,

13,
14.
15.
16.

17.

18.

19.
20.
21.
22,
23.
24,
25.
26,
27.
28.
28.
30.
31.

32.

Unit
Steel plates 150x75x8 (mm) n
Cable, 50 mm? cross section, type SB,
for voltages up to 1000V m
Copper conductor, MG-50 m
Gas pipes, 4" diameter, 3 m long
Same m
Coated welding electrodes
Instrument panel for the cuprous oxide
rectifier, about 800x2000 mm on a double
frame with a steel panel including all the
necessary equipment for adjustment, etc.
Conductor, PR-380, 2.5 mm?2 cross
section m
Same, 10 mm? cross section m
Same, 50 mm? cross section m
Insulator type TF-2
Hook, type KN-2
Solder kg
Insulating tape kg
Bakelite lacquer kg
Thread kg
Paraffin oil (kerosene) kg
Petrol (gasoline) kg
Cement kg
Tow (rope) kg
Pine pole, 16 cm dia., 6.5 m long
Common salt kg
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30

200
200

12
20

30
20

10

0.3

0.3

0.2

500

Manufac-
tured by

locally
manufactd.
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APPENDIX 2

Dimensions and weights of longitudinally welded pipes of
larger diameters for water and gas pipelines

(Specification GOST 4015-48)

Conditional Wall thickness, mm
_ ey Y| SR 9 10 Bl ®m I n 14
dizmetar mm 1 ﬁeureu(;a:viet;ggtr. ?.EEST‘EE at a spec.
400 426 92. 56 102. 6 112.5 122.5 132. 4 142.3
450 478 104.1 115. 4 126.7 135.0 149, 1 160. 2
500 529 115. 4 128.0 140.5 153.0 165. 4 177.8
600 630 137.8 152. 9 167.9 182.9 197.8 212.1
T00 T20 157.8 175.1 192.3 208.5 226. 17 243.8
800 820 180.0 199. 8 218.5 239.1 258. 17 278.3
800 920 202.2 224.4 246.6 268. 7 290.8 312.8
1000 1020 224.4 249.1 273.7 208.3 322.8 347.3
1200 1220 - 208. 4 328.9 357.5 387.0 416. 4
1400 1420 - - 382.2 416.7 451.1 485. 4

{40903) Wt. 3211/—/Ps.9863. 750,

10/53.

P.L.H. & CO. LTD,

G.943.
















