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In the work, the modeling of the distribution of the protective potential of electrochemical protection stations is
performed by revealed functional dependencies. The initial conditions are adopted for a typical assortment of rolled
metal used for underground gas supply. At the initial stage of modeling, the stochastic nature of the change in soil
parameters is not taken into account. The distribution of the protective potential of the underground pipeline as a
function of two variables (time and distance) showed the mutual influence of neighboring stations on the formation of
protective zone. New dependences of the operating parameters of the electrotechnical complex of electrochemical
protection on the set of variables characterizing the power source, the physical dimensions of pipeline and the
alternative arrangement of active cathodic protection stations (CPS) were obtained. Experimental studies of the modes
of electrochemical protection stations at the objects of the gas transportation system of Ukraine confirmed the
adequacy of the proposed analytical models. References 16, Figures 3.
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Introduction. The gas transportation system of Ukraine is a complex of the underground and surface
communications, which are combined into a single strategic system of energy supply for industrial facilities
and housing stock. The problem related to the protection of underground pipelines against electrochemical
corrosion is complex, multifaceted and not finally resolved today.

The variety of laying conditions, physical dimensions of the pipeline, the presence of nearby
engineering communications and routes of electrified transport do not allow the development of a universal
methodology for selecting the parameters of protective electrical engineering complexes for successful long-
term protection of metal structures [1]. In the process of developing a comprehensive strategy for the
protection of the high- and medium-pressure gas pipelines, the special models for determining the number
and power of cathodic stations and special topology in their location were proposed. The difficulties of
realizing the stable value of protective potential along the entire length of the pipeline led to the need for the
analytical and physical modeling of functional dependence U(z, f) (where U is the protective potential; z is
the distance in meters; ¢ is the time) taking into account all possible combinations of initial conditions and
available modern electrical equipment [2, 3].

The purpose of this work is to determine the analytical models of changes in the level of protective
potential of electrochemical protection stations, taking into account various technical configurations of the
metal structure itself and modes of controlled inverters to implement the successful protection with
maximum energy efficiency [4-6].

Analytical functional dependence of protective potential. Let us consider the empty infinite
underground steel cylindrical pipe with outer radius /=30 mm and wall thickness /,=4 mm, the center of which
is located at depth H=1.5 cm. Let the pipe be placed in uniform soil with conductivity 6,=2-10>Q "m™". Let us
consider the monohromatic case when the system parameters are changed with frequency /=25 kHz. The
insulation is considered to be very good with resistivity R=10° Q-m.

The steel and soil damping factor are calculated as follows [1, 7]:

o0, lopgo,
Yo = %’ Ys = TO’ (1)

where p=47-10"7 H/m is the magnetic constant; o=2nf is the angular frequency; =200 is the magnetic
conductivity of steel; oy, is the steel conductivity, 6,=1/py; p5,=l.3-IO’7 Q-m is the steel resistivity.
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The pipe impedance Z, transient resistance R, and propagation constant « are calculated as in [8]:

L
Z= O ok (13 (1271, cot((1-i)y,h, ), R=R+—m| 12 | o= £, @
8 2n \vy,r) 2mwo, ’ no, \ y,NrH R,

where i =+/-1 is the imaginary unit; it should be noted that [Z]=Q/m, [R,]=Q'm and [a]=m .
As shown in [1], the complex amplitudes of the potential along the pipe ¥(z) and the current along
the pipe /(z) obey the following equations:
d V(z) dl (Z)
——==-ZI(z), V(z)=—R ——=+0¢(z2), 3
a2, v (2) =R S e(2) ®
where ¢(z) is the potential of external electric field and z is the coordinate along the pipe.
As shown in [9] by (3), the function V(z) satisfies the following differential equation:
d*v
%—GZV(2)=—(12([)(Z). 4)
7z
In this paper we consider the case without external electric field and the corrosion protection stations
are connected to the pipe. Let the station produces the potential difference between the point on steel pipe
surface and the point located at the same depth as the center of the pipe at distance y from the center of the
pipe. According to [10], the potential difference between these points can be expressed as

AV (z)=-R ) g gt 1n[y\’y2+4H2].

)

st-s s st
T dz T 2no, 2rH

Here and in the following, we consider the fact that ¢(z)=0 in the problem under consideration. One
can conclude from (5) and (3) that

R
V(z)z —AV(z). (6)
St-5
First of all, let us assume that one station is located at coordinate z=0 and produces the corresponding
potential difference
AU(z=O,t)=Vacos(0)t). (7
Then
Rt
AV(0)=V,, V(0)=—"V,. (8)

a
St-s

Since ¢(z)=0 in the problem under consideration, equation (4) has the solution

V(Z) = Ae™ + Be™**, )
where constants 4, B can be chosen by (7) and taking into account the fact that the potential obviously
cannot increase exponentially if z—o0. So, the solution is expressed as

R
Ve, z<0

V(z)= R . (10)
LVe ™, z20

a
St-§

This leads to the following expression for the potential as a function of coordinate and time

R
—V,e" cos(wt +0,z), <0

U(zt)=Re(V(z)e™)=1 """ : (11)
Rf -0,z
— Ve " cos(wt—0,z),z>0
st-s

where a,=Re(a), 0,=Im(a); it should be noted that a;>0, a,>0.

So, in the case of single station, the potential amplitude decreases exponentially, and the coordinate-
dependent phase shift takes place [11].

Further let us consider two stations, one of them is placed at coordinate z=0, the other is located at

z=L. Then the corresponding potential differences are
AU(z=0,t)=V, cos(ot+¢,), AU(z=L,t)=V,,cos(ot+¢,). (12)
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It also should be noted that in the general case the distances y;, y, and corresponding parameters R s
and R, can not coincide. Thus
) R . )
AV (0)=V, e, V(0)=——V,e", AV(L)=V,e", V(L)=
st-s1 st-52

We require the potential to be continuous, and the potential obviously cannot increase exponentially
if z—=00, so we seek the complex amplitude of the potential in the form

Rt

Ve (13)

Ae* ,z<0
V(z)=4Be™ +Ce™*,z€[0,L], (14)
De ™ z>L
where in view of (13)
R , R A
A=B+C, Be” +Ce " =De™", A=—"-V ", De* =——V ", (15)
st-s1 St-52
In fact (15) is a system of the equations linear in 4, B, C and D. Its solution is
R ; R V., . V..
A=——Ve", B=— _GLK a2_pltr _ —dl e""le'O‘LJ, (16)
st-s1 e —e€ Rst-sZ Rst-sl
R V it I/a i R i,
C= — [aLL al it o0l _ 2 e"’2],D= t Vueweoi_
€ —e Rst-sl st-s2 st-52
In view of (14) and (16), one can obtain the following expression:
R _
) e“e", z<0
s-stl
R sinh(alL-oaz) . R sinh(oz) .
V(Z)= Val t ( ) o 4 ' t : ( )el(pz,ZE[O,L], (17)
R_,, sinh(al) R, sinh(al)
R )
— Vaze"‘Le")‘ze’("2 ,z>1L
§-st2
U (z1t),z<0
whence U(z,l)zRe(V(z)ei””)z U, (Z,t ,ze[O,L], (18)

)
),z>L

U3(z,t

where Ul(z,t)=iVle“'zcos(cot+oczz+(pl), U3(z,t)=iVaze“‘(L_z)cos(oat+oc2(L—z)+(p2). (19)

a
s-st1 5-5t2

The expression for U, (z,t) is more complicated. Let us derive it. First of all, obviously

ex _ efx ex]+ix2 _ efx] —ix,
sinhx = 5= 3 =sinhx, cosx, +icoshx, sinx,, x, =Rex, x, =Imx, (20)
: 2 2 T cosh(2x, ) —cos(2x,)
whence |smh x| = \/ sinh” x, cos” x, + cosh” x; sin” x, = 5 , 1)
and arg(sinh x) = atan (cosh x, sin x, ,sinh x, cos x, ), (22)

where atan is the so-called two-argument arctangent:
arctan(x,/x, ), x, >0

n+arctan(x2/xl), x,<0,x,20
—n+arctan(x, /x, ), x, <0,x, <0
p/2,x,=0,x,>0 '
-n/2, x,=0, x, <0

undefined, x, =x, =0

(23)

atan(xz,xl)z
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From expressions (21), (22), (17) and (18), one can obtain the following expression for U, (z,t) :

h(L-z
Ua (1) =y Ril (h(L))Cos(mtJrg(L_Z)_g(L)HPI)Jr 24
% ) (24)

e R h(L) COS((Dt * g(z) B g(L) +¢, )7

where

= \/cosh(2alz) —cos(2a,z) , g(z)=atan| cosh(,z)sin(a,z),sinh(az)cos(a,2) |.  (25)

It should be underlined that function U(z, ¢) is essentially different when the stations have the same or
opposite phases (see Figs. 1 and 2). The graphs, shown in Fig. 1 and Fig. 2 for ¢;=¢,=0 and ¢,=0, ¢,=n,
respectively, are built for the following values: V,1=V,,=3 V, y1=1,=0.1 m, L=3 km.

LT[Z=E=U:|=V ; [,-'_(z_.f=[}:|__\-"

.. /// \\\_H // \\

2000 2000 4000 6000 22000 o 000 4000 6[][}[]

Fig. 1 _ Fig. 2

Let us consider the case with V,=V,,=V,=3 V, y=»,=y=0.1 m, and ¢,;=¢,=0, parameter R, is
calculated on the basis of (5). Then function U,(z,¢) has the form [12, 13]

Uz(z,t)=%RR' (A(L—z)cos(wt+g(L—z)—g(L))+h(z)cos(wt+g(z)-g(L))).  (26)
Let us find the absolute maximal deviation of function U,(z,f) from the values
Uz(zzo,t)zuz(zzL,z):VaRicos(mz). (27)
st-s
Let us rewrite (26) as
V. R
U,(z,t)=—*~——{| h(L—z)cos(g(L—z))+h(z)cos(g(z))]|-cos(wt—g(L))-
T (st hes@)emlor-s)-

~[(L—z)sin(g(L~z))+h(z)sin(g(z)) ] sin(wr - g(L))}.
Let us denote

a(z) = h(L —z)cos(g(L—z))+h(z)cos(g(z)) , b(z) = h(L—z)sin(g(L—z))+h(z)sin(g(z)) . (29

Then (28) can be rewritten as

U (20) =y L) os(o1 - (1) -5z sinfon - (1) - 60)
= Va R[ a2 Z)+ 2 z ﬁ-cos ot — _ﬁ.sin ot —
T A Sl by wrers Sl Gl O iy erewrer s S O

The function y(z) exists such that according to [14]

\/— \/— )=atan(b(z),a(z)),  (31)

COS s1n

therefore
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U, (2.1) = Ri a2(z)+b2(z)cos(wt—g(L)+w(z)):VRIVQ”A(z)cos(mt+B(z)), (32)

(L) R, "R,
where
A(z):%)b(z), B(z)=y(z)-g(L). (33)
Thus we have
Uz(z,t)—l/a%cos(mt) =V, Rit_s A(z)cos(mt+B(z))—cos(mt)‘=
=y — [A(z)cos(B(z))—lJcos(cot)—A(z)sin(B(z))sin((ot)‘= (34)

St-s

a 2

=V RRZ K(Z)‘COS((Dt + 9(2))

st-s

where
()= [ A(2)eos(B(2)) 1] +[4(2)sin(B(2)) ] = (2)-24()eos(B()) +1. 39
2) = atan A(Z)Sin(B(z)) A(Z)COS(B(Z))_1]
6() t ( K(Z) ? K(Z) .
Hence

U,(z,t)-V, R, cos (o)
St-§

One can conclude from (29), (31), (33) and (35) that

=V, RRt -maxk(z), ze[0,L]. (36)

St-s

max
t,z

K(z)=x(L-2z). 7)
This implies
K(Z):%(K(Z)H(L_z)) (38)
and
e e O R NTC R NG
whence
«'(L/2)=0. (40)

The computer plotting shows that function k(z) has a single maximum at point z=L/2 within the
interval ze[0,L] if, for example, L<10 km. The interesting question can arise: for what values of L the
function k(z) at ze [0,L] has a single maximum at point z=L/2. However such question is not studied in this

paper [15]. Thus,
U,(z1)-V, i cos(wt)|=V, R K(éj (41)

The simplified expression for k(L/2) can be obtained. According to (29),

ool

whence in accordance with (31) and (33),

S HE el ) s o0

Here the definition (23) and the condition that /4(L/2)>0 are used. Then in view of (41) and (35) we have

max
tz

st-s
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max U,(z,t)-U,(z= O,t)| = n}§x|U2 (z,t)-U,(z =L,t)| =

R '\/4/12 (L/2) —4h(L/2)COS(g(£j—g(L)j+l _r)’ (44)

TR (L) AL 2
where functions /(z) and g(z) are determined by (25). For considered parameters [16], equation (44) is

applicable, for example, when L<10 km. The function F(L) for V,=V,,=V,=3 V, y=»,=y=0.1 m, and
¢1=¢,=0 is plotted in Fig. 3.

St-§
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Fig. 3
Conclusion

1. The analysis of conditions for effective protection against electrochemical corrosion of the
electrotechnical complex “underground pipeline — a group of cathodic protection stations” made it possible
to obtain their unique following features. The heterogeneity of soil has an effect on the gradient of the
protective potential of cathodic stations, the point inhomogeneities in the form of crossings of railways,
highways, cable underground lines of power transmission and the stochastic nature of the mutual influence
of specified factors on the resulting type of electromagnetic field from a group of cathodic stations.

2. Taking into account the mandatory compliance with strict requirements for the distribution of
protective potential along the entire length of pipeline, this article presents the mathematical modeling of
protective potential distribution under reasonable initial conditions and assumptions. The assumption on the
homogeneous nature of soil and the constant resistance of insulation made it possible to obtain the limiting
values of potential variation depending on the physical parameters of the pipeline, time and distance.

3. The use of the proposed analytical and graphical dependences for various operating conditions of
cathodic stations on longitudinal coordinate allows to improve significantly the quality of the formation of
protective potential function. This characterizes the obtained scientific results in relation to the evaluation of
energy-efficient modes of underground pipeline protection against electrochemical corrosion.

4. The results of modeling of external electric field along the underground pipeline revealed the
possible limits in protective potential variation depending on the initial voltage phase of neighboring stations.
The variable nature of the function of protective potential at the distance of 0—3000 m determines the need
and importance to take into account the complex inhomogeneities for the development of universal method
for selecting the technical parameters of electrotechnical protection complex and optimal operation mode.
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Y pobomi suxonano mooentoeants po3noodiny 3axXucHO20 NOMeHYIanry CMaHyill eleKmpoXiMiuHo20 3aXUCmy HA OCHO8I
ompumanux  Qyukyionanenull  3anexchocmen. Ilouamkosi ymoeu NpuliHAmMO ONA  MUNOBO20  COPMAMEHMY
Memanonpoxkamy, wo 3acmoco8yemvcs O nio3eMHo20 eazonocmadauHs. Ha noyamkxosomy emani mooento8aHus
CMOXACMUYHUL Xapaxmep 3MiHeHHs napamempie IpyHmie He 8paxosano. Po3nodin 3axucHoeo nomenyiany nio3emHo2o
mpybonpogody 6 (Gynxyii 060x 3MIHHUX (Yacy ma Oucmanyii) NOKA3a6 G3ACMHULL GNAUG CYCIOHIX CcmaHyil Ha
Gopmysanns 3axucnoi 30Hu. OMPUMAHO HOBI 3ANENCHOCII PENHCUMHUX NAPAMEMPI8 el1eKMPOMEXHiuH020 KOMNIEKCY
CEeKMPOXIMIUHO20 3AXUCMY 8I0 KOMNJEKCY 3MIHHUX, WO XAPAKMEPUZYIOMb 0NCEPelo HCUBLEHHS, (DI3UYHI PO3MIpU
mpybonpogody ma eapiamuere pO3MAULYBAHHS AKMUBHUX KamoOHux cmanyii. Excnepumenmanvhi 0ocniodcenms
pedicumMie CManyil eieKmpoXiMiuHO20 3aXucmy Ha 00 eKmax 2a3ompaHcnopmuoi cucmemu Ykpainu niomeepounu
A0eKeamHuicmv 3anPONOHOBAHUX aHarimuyHux modene. bidmn. 16, puc. 3.

Kntouosi cnoea: minzeMHi TpyOONpPOBOIM, ENEKTPOXIMiYHA KOPO3isd, KATOAHWH 3aXWCT, 3aXMCHUN aHOJ, KOMILICKC
€JIEKTPOXIMIYHOTO 3aXUCTY, 3aXUCHUN TIOTSHITia.
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