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ABSTRACT

Typically, petroleum pipelines are buried underground parallel along roadside or high
voltage transmission line, etc. When the lightning phenomenon occurs nearby the buried
underground pipeline, causes damage to the cathodic protection device, pipe coating, and metal
pipes. This thesis presents an analysis of the phenomenon of lightning for underground petroleum
pipeline and its protection scheme. By considering the electrical continuity whiles the lightning is
discharging into the ground to study the transient effect on pipeline system by using power system
program (ATP-EMTP).

The research methodology will transfer the characteristics of soil, pipe coating, pipe’s
metal, and corrosion protection conductor into electrical circuit in order to study the effect of
lightning. The simulation result has found that the transient voltage on the pipe will be higher when
its length is longer and always higher than safety level of cathodic protection device which directly
connected to the pipe.

For its protection scheme which considered the characteristics of suitable lightning
protection devices, the simulation results showed that transient voltage was limited as BS-60950
and the transient voltage appeared to cathodic protection device was less than 1,500 volts and also

limited lightning voltage on pipeline.

Keywords: pipeline, lightning, step voltage, impedance, induced voltage
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I 1 100%
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N) Double Exponential Model
Y o v . ) 1 Y
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i, =1, exp(—at)—exp(-pt) ] 2.2)
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Tagh
l, = AooanszuaiIp

o Y 4
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Uman and McLain (1969) lan/asugduuuilsddudnTaomindnlsenoumsud ly

(Correction Factor) vosaseanszuaiinliilaidunlaougihily
o,
i, = F.[exp (—at)—exp(-pt)] (2.3)

{ o a d o o a 4
INGUNI5N 2.3 Dennis 1A Pierce L!u%uﬂﬁi%WﬁWNLﬂ@ﬁﬁ"l‘ﬁi‘Uﬂﬁ’JLﬂﬁWZ‘Viﬁ‘JJﬂﬁ

A A o VoA
e Tasfvuanidail [1]
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. o o d v ) [ a 4 [= £
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o o < ' v ' 3 A A 4 . .
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[l A o 1 A . @ 3 d v A
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Aszuahiuen v lddsaumsn 2.4
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Kn
(1 i K:)
Yiy = exp(-t/z,) (2.6)
Taoii
K =tom, 2.7
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Y1t/
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e exp(;)
1/ )"

(2.9)
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lelfluﬁllﬂ']ﬁ?J‘]JﬂﬁLlﬂﬁ$Llﬁﬂ1ﬂ1ﬂlwN!WﬂiﬁﬂTﬂllﬂﬁ]']ﬂﬂ']i'l!ﬂi”lzﬁuazﬂ']u?ﬂ!@ﬂﬂlﬂll
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/)" exp(ftz]

=0 . (2.10)
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= anmmseensvlanaliihvesgyania (8.825x10™°)

1 @ a a a @ ~ LY
= ﬂWﬂ\‘]ﬁ'JvlﬂﬂmﬂﬂﬁﬂsUﬂﬂﬂ‘W@ﬂcﬁ (minu 4)

dy A Y o @ 2
= NUNHUIAAVDIIAG (m)

= ILULHNUDITAY (m)

2.7 aaniamalwihvesneasilasimenldausialans

M99 2.5 Annudumunedall Tasi@eusiialans [17]

e | dudigudnan | anuvuve Y AMUAIUNIY
(i) 39UN (i) (i) wlaalous) | (lulasTevudomstan)
2 2.375 0.154 3.65 79.2
4 4.5 0.237 10.8 26.8
6 6.625 0.280 19.0 15.2
8 8.625 0.322 28.6 10.1
10 10.75 0.365 40.5 7.13
12 12.75 0.375 49.6 5.82
14 14.00 0.375 54.6 5.29
16 16.00 0.375 62.6 4.61
18 18.00 0.375 70.6 4.09
20 20.00 0.375 78.6 3.68
22 22.00 0.375 86.6 3.34
24 24.00 0.375 94.6 3.06
26 26.00 0.375 102.6 2.82
28 28.00 0.375 110.6 2.62
30 30.00 0.375 118.7 2.44
32 32.00 0.375 126.6 2.28
34 34.00 0.375 134.6 2.15
36 36.00 0.375 142.6 2.03
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2.8.1 M3NALUAINBUONAIE Coating
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' < {a 4 [ 1 o
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1. 971 (Electrodes)
I~ a { A v g a aaa
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3. anuandndg 1 (Blectric Potential)
1 ] Y { o a a3 4 {
anuaadng Iihmsous sy T 1915818 na 50U (Electron) 1AAUN9IND

1 Y
Tua (Anode) TdsmIna (Cathode) FunavInANUUANANvOUiloTdgluglveslnsedsig
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M99 2.6 ﬂ'mam@mﬁﬂﬁmﬂvmwmiﬁ@iuﬁuuamfw [17]
Taq usau v (Taad)
Carbon, Graphite, Coke 0.3
Mill Scale on Steel -0.2
High Silicon Cast Iron -0.2
Copper, Brass, Bronze -0.2
Mild Steel in Concrete -0.2
Lead -0.5
Cast Iron (Not Graphitized) -0.5
Mild Steel (Rusted) -0.2 t0 -0.5
Mild Steel (Clean and Shiny) -0.5t0-0.8
Commercially Pure Aluminum -0.8
Aluminum Alloy (5% Zinc) -1.05
Zinc -1.1
Magnesium Alloy (6% Al, 3% Zn, 0.15% Mn) -1.6
Commercially Pure Magnesium -1.75
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M 2.11 M3rnsouvosnodll Tasidenldau [8]
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a a

qs/‘ Y A 1 <} { a
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E ML o
s s P
Toil
E, = usIAUAUguYN (Primary Voltage)
E, = L!Nﬁ}u&u‘ﬂﬁﬁlgﬁ (Secondary Voltage)
N, = fuseuvaaInd1ulgugil (Primary Winding)
N, = UIUTBVYAAIANAYNN (Secondary Winding)

a

l, = nIzuad Ulgunl (Primary Current)

o

A

I, = NIZUAATUNALYI (Secondary Current)
Jd [ 1 1 4 a
gunsaitlosnumsnniouvesneiioian o Inseaianares Iihglszneu
a d 1 [ (% o' 4 1
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2V
Vdc =—"=0.636Vp (2.16)
T
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Vde = s Ilasanae
v, = useau Ilgage
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1 a v 1 4 @ 1 1
MInsownaTuniuNe gUnsaitlosiunmsnennsou (Cathodic Protection: CP) 11/
[ I~ H 1 1A 1 I 4 [ [N 4
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1 1A =) d' LY 19 Ya 1 =1 1 1 o (Y] a d?
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1 1 9 A @ a 3 9 A ) [ 1 [ A 9
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] < J Y 1 1 . 2 1 A Y
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T T : T T C: - Coating
e T T 7, i BT i, e W .-.-.'.'.:'.-'\-T =
+ C; — Insulation (outer)
I’” ”‘“'%””“““"B“’“"“Ewl
an Cy — Insulation (inner)
/"j

L and By — Armonr and Sheath

M 2.14 2995auyaae Tdhldau [3]
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Y o o | e a 1
m319d 2.7 nasgudmsuauaeszuu Tl lsildduunedau [19]

THAUIATIU FRRHIGI

API SPEC.5L Specification For Line Pipe

API SPEC.5LX Specification For High Test Line Pipe

NACE RP-01-69 Controls of External Corrosion on Underground And Submerged Metallic
Pipeline Systems (Cathodic Protection)
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DBl fBER oo~ | & Mf, E]ﬁ @@Eﬂ@@ Stack:

(Lightning Equation
Im=1;

h=0.93;

Tl=19e=-6;
TZ=455e-6;

n=10;

figureil)
plotiit, 'red' ,'LineWidth' 2] ;

grid on;

vlabel|'it [L4]','FontSize',10):
xlabel ' Time [us]','FontZize!' [ 10);

figure (Z)

plot (w3, 'red' 'LineWidth' 2] ;

grid omn;

vlabel ('Volt [WV]','Font3ize',10);
#xlabel (' Time [u=s]','Fontl3ize' 10):

figure (3]

plot (wZ2T2, 'red','LineWidch' 2] :
grid on;

vlabel ('Volt [W]','FontZize!',10);
¥label (' Time [us]','FontSi=e! 10}

figure (4]

plot (w5, 'red','LineWidch' ,2) ;2
grid on;

vlabel |('Volt [W]','FontSize',10):
xlabel (' Time [us] ', 'Font3i=ze! [ 10);
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=
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H 1 Y] ) i a a 4 1
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(file Pipeline_lightning_900m.pl4; x-var t) v:00 v:1000 v:200A v:300X v:400@® v:5008 v:600A
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(file Pipeline_lightning_900m.pl4; x-var t) c:C700 -xX14030 c:C800 -xx160d3 ¢:C900 -Xx1803/A\

d‘ A [ ) A = a A 4 1
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Abstract

This article presents a study of pheromena after a lightning

strike 1o the underg 1 1 I pipeli by id

ing an

electrical contir to the earth. The objective is

ity after a lightning st
to determine the result of transient state occurring on the pipeline by
using simulation software program (A TP-EMTE) to simulate standard

waveform 100350 ps which will be linked to several aspects. This study

charac

will tramsform physical characteristics into elec tics
such as pipe metal, pipe insulator, conductors for corrosion protection

circuit and earth as parameters in the analysis. The result of this

simulation found that the transient voltage will increase if the pipe

length is longer but the transient current will reduce if the pipe length is
longer. Considering safety point of view, this simulation result can be
used to design a proper lightming protection system which will reduce
risk in pipeline transportation system including reduction in life
casualty and assets damage in the petroleum transportation industry

from lightning strike.
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Analysis of Lightning Phenomena for Underground Petroleum Pipeline System

B. Topradith'?, K. Bhumkittipich® and T. Suwanasri*
"Department of Electrical Engineering, Thai Petroleum Pipeline Co., LTD.,
*power System and Energy Research Center, Department of Electrical Engineering, Faculty of Engineering,
Rajamangala University of Technology Thanyaburi, Klong 6, Thanyaburi, Pathumthani 12110
3The Sirindhorn International Thai-German Graduate School of Engineering (TGGS) in North Bangkok, Thailand
E-mail: "boonlerd@ thappline co.th, *krischonme bi@en.rmutt.ac. th, *thanapongsi@kmutnb.ac.th

Abstract— This article presents the lightning phenomena analysis for underground petroleum pipeline svstem and protection
guideline by considering an electrical continuity afier a lightning strike to the earth. The result of transient state occur on the
pipeline by using mathematical program (ATP-EMTP) to simulate standard waveform 10/350 micro second which will be
linked to several dimensions. This study will transform physical characteristics into electrical characteristics such as pipe
melal, pipe insulator, conductors in corrosion proftection circuit and earth as parameters in the analysis. The result of this
simulation found that the transient voltage will rise higher if length is longer and higher than safely allowance of pipe
corrosion protection equipment. To limil this over voltage, this study used proper lightning profection equipment
characteristics. From the resull of simulation and the proper characteristics of lightning protection equipment, the transient
voltage was limited follow BS 60950 standard, The result showed that the corvect lighining protection equipment will help to
reduce damage 1o asset of petroleum Iransportation industry from lightning strike.

Keywords— Pipeline, Lightning, Impedance, Transient, Induced voltage.

1. INTRODUCTION

Pipeline Petroleum transportation is the fastest,
convenience and safety. Its energy per unit cost is lowest
when compare to other transportations. MNormally
underground  petroleum pipeline will be laid at
approximately 1.5 meter depth from soil surface and
parallel to railway or high voltage transmission line. From
the record found corrosion protection devices which
connect to pipeline always damage from lightning. [1]

The previous studies on the effect of lightning to

pipeline and how to protect pipeline coating, was on
natural gas pipeline which laid nearby high structure and
used finite element method [2] and CDEGS [3] program
not only to study in electrical induction through pipeline
which laid above scil and underground but also the
possibility of underground cable damage from lightning at
132 kV. [4] Those studies did not consider about the
combined of pipeline impedance and corrosion protection
device cable impedance.

This article presents lightning phenomenon analysis
for underground petroleum pipeline and its protection
methodology by using program which used to simulate
transient state in power system by considering both
petroleum pipeline mpedance and corrosion protection
device cable impedance.

2. Lightning phenomenon analysis

From standard [EC 61312 — 1, the maximum
lightning current is 200 kA with 10 / 350 micro
second waveform. As shown in figure 1, when lightung
struck to construction, 50% of hightming power will be
dissipated to earth, the left will be dissipated to other
systems 1n the building that can be nterfered such as
power system, telephone cable or communication system.
From statistical number of lightning magnitude in
Thailand at 20 kA [5], the dissipation to earth current will
be dissipated to underground petroleum pipeline

o8

Fig.1 Distribution of lightning current

2.1 Lightning waveform function

Lightning current is the most important factor in
lightning  phenomenon  analysis for  underground
petroleum pipeline. Current function is a time domain
funetion which can use Heidler's mathematic function to
analyze its waveform [6] as following equation (1) — (4)
which comply to IEC-61312-1

Iy 0% Y (n
¥y is Power function . y;, is Exponential Function
K
%y m K =il (2)
Yy =ep(—t/T,) 3
tg) .
i) —I—o.i{ 4) —ex; [ g"] 4
h 14t/

i is lightning current, 7, is peak current, i
is coefficient to correct peak current, /is time,
r1s front time constant, r, is tail time constant,
nis slope factor
2.2 Lightning wavelorm
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From IEC 61312-1 standard as shown in figure 2, the
lightning waveform which T1 is front wave time constant
and T2 is tail wave time constant. T2 is considered at 50%
peak current. The ratio of current to time is called
steepness. (di/dr), its unit is k4 /uS

Fig.2 Lightning current waveform

2.3 Pipeline system impedance

This analysis does not concern about lightning
frequency so pipeline impedance per unit is calculated by
using Laplace Transform by Resistance = R, Inductance =
sL, Capacitance = 1/5C

2.4 Step voltage

As shown 1in figure 3, after lightning current reach the
ground this position will contain maximum intensity of
electrical field. This will cause lightning current and
potential dissipate along soil surface in circular. The
distance between each circular 15 approximately the same
length as human step. We call this electrical circular as
step voltage. In case petroleum pipeline and corrosion
protection device cable are in the way of hightning current
dissipation and step voltage, by through soil resistance
through pipeline insulation and to pipeline metal,
petroleum pipeline will get an effect by lightning current
and step veltage too. The caleulation of lightming current
and potential are shown in equation (5)-(6)

p
aplef

o A?Jr'[d(dl's)] ®
I =AV/R (6)

AVis step vollage, pis specific soil
resistance. Jis lightning current. sis step
distance, dJis distance away from lightning first
reach ground, R is soil resistance per meter, 7, is

step current

Fig. 3 Underground pipeline in the radius of step voltage

The distance away from lightning point to pipeline
through step voltage for 5 meters, its current and potential
will decrease. The lightning current at pipeline surface

99
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can be calculated as in equation (6) this current will be
used as a parameter for lightning current sourcing in
program ATP-EMTP.

2.5 Induced voltage from pipeline induction

When lghtning current reach the ground, the
electrical continmty which includes soil, pipeline
msulation, pipeline metal and electrical cable will cause
induced voltage along pipeline which s shown as
equation (7)

Fipe “Fipe dr (N

Vigo 15 induced voltage at pipeline, L, is induction

coefficient per 1 meter length, &/ is the rate of change
of lightning appeared at pipe per time which can be
calculated from equation (8) which is derived [rom
equation (4)

{ 10
i t g tir .
ﬂ =2 7( L ) .e:xpt "J'?}.(—f.-" r2)+ exp[_"'rr*].
at ho|| 1+l ¥

104°/47) 104" /‘:;"’)H | ®

I+t ,"f_,)m lf+(t'fr-’)m |*

3. Electrical characteristic of soil, pipeline insulation
and pipeline
3.1 Electrical characteristic of soil
Many researches have stated about -electrical
characteristic of soil because it has both direct and
indirect contact to pipeline system on its electrical
confinuity. From figure 4, when consider electrical
characteristic of soil there are compose with resistance (R)
1000 Ohm/m and capacitance (C) 221.35 pl/m as shown
its equivalence circuit

AN\CEAY L L .oy
DI 1T T
T

Fig. 4 Soil equivalent circuit

3.2 Electrical characteristic of pipeline insulation

External coating by using Fusion Bonded Epoxy
(FBE) to protect directly contact between pipelines and
soil, this will help to protect corrosion by its characteristic
that withstand corrosion via acid or base and other
corrode solutions and also has a very high resistance.
When considering its characteristic it compose with
resistance and capacitance by its resistance (R) 3.3 (/m
as follow ASTM-D257 and its average capacitance (C)
10.42 pF/em? from field measurement.

3.3 FElectrical characteristic of underground pipeline
Petroleum pipeline material comes from metal so
when we consider its electrical characteristic it will
compose with resistance per length (R) and its mduction
per length (L) as well Normally its resistance 15 around
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56.941 941 pC¥m [8] and its average induction is around

0,495 uH/m. Those values come from field measurement
on 147 diameter pipeline.

R Coating @ R Coating + C Cownting
WA

Fig.5 Electrical element of pipeline

3.4 Surge protection

Metal oxide surge protection normally has a very
high resistance and mverse to potential Its current and
potential characteristic are as in table 1 and its
approximately calculation value as equation (9)

Table 1. V/I characteristic of arrestor

V| 275 | 300 | 450 | 520 | 600 | 680 | 780 | 950 | 1.5k

11?1111 10| 10| 10| 10

[=kV*® ©

[ is current pass through surge protection device, k is
constant value depend on type of surge device. I is
potential over surge device, « is power number which can
be denved from equation (10)

_ logl, -logi,

10
logl”, -logl] &

4, Underground pipeline model and Simulation results
Lightning current parameters which difference from
[9] can be considered from first stroke where ¢, equals to

19 micro second, ¢, equals to 485 micro second, » equals
to 10 as follow IEC 61312-1. Its simulation can be
considered in 3 categories, 1) consider only pipeline
impedance 2) consider impedance from both pipeline and
corrosion protection cable and 3) protection for category
2. All categories simulate on pipe length at 500 and 1,000
meters by record instantaneous state at every 100 meters.

H}m}wwz
] >
T T -t[‘ T 1: T T I

Fig.6 Pipeline equivalent model

Table 2. Transient state on pipeline

100
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Appeared voltages | Appeared currents
Distaiies (Kilovolts) {Ampere)
of record Length of pipeline
(Meters)
500m 1000 m 500 m 1000 m
initial (0) 4.124 4.124 0.158 0.079
100 4.857 4902 (1158 0.079
200 5.497 5.681 0.158 0.079
300 5.956 6.369 (1.158 0.079
400 6.231 6.964 0.158 0.079
500 6.323 7468 0.158 0.079
600 - 7881 - 0.079
700 - 8.202 - 0.079
800 - 8431 - 0.079
900 - 8.569 - 0.079
1,000 - 8.615 - 0.079

VCHROOE Protection
T T T

Ti T T
i
3500 lf -
III | & 0 Lightning waltage from pipe lengths 500 aod L 000 meters |
3000 4~ 1= - - - ; - )
I\ I (- I | i
Gl f
! ll | A Ligherng veltage less than 1,500 wlis ]
2000 T t 1
i | i | | I 1
1800 F———f e f I
 Lightving currenit 1195 amnps i
1000 1=+ H
L e N |
504 //_._< 4 ‘#'w
i
10 2 30 47 lus] 50
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Fsin_bgrtrng_1 000n st ol v e
e g R T e e

Fig.7 Lighining current and voltage to appears at cathodic
protection
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[Hie Fipeine_ightning_Siiim s Zoasie ph, svert) v 00 v 1000 v omd v w0k vecl o sl

Fig.8 Lightning current and voltage to appears pipeline from
pipe length 500 meters
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Fig.9 Lightning current to appears pipeline from pipe
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Fig.10 Lightning current te appears pipeline from pipe
length 1,000 meters

5. Conclusion

The analysis of lightning phenomenon for the
underground petroleum pipeline and its protection which
has been proposed and the result of its simulation which
was ncluded in this paper, has shown that the lightning
instantaneous potential at the distance along pipeline will
higher when pipeline length is increase due to its
inductance directly vary to its length as shown 1n equation
(7) and also found that the instantaneous current tend to
be decrease as its length increasing as shown in table 2.
When considering mpedance from pipeline and corrosion
protection circuit cable, this analysis found both
instantaneous potential and current are higher than safety

101
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value of the devices which enough to cause damage to
corrosion protection devices. The result of protection
simulation has shown that it can limit instantaneous
potential to less than 1.500 volts as follow BS60930 as in
figure 7 so this can be applied to use to control potential
appear over pipeline.
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Abstract

This article presents the lighting phenomena analysis for
underground petroleum pipeline system and protection guidsline by
considering an electrical continuity after a lighming strike to the sarth.
to determine the result of ransient state oceur on the pipeline by using

mathernatical program (ATP-EMTP) to sirmul standard i

10/250 micro second which will be linked to several dimensions. This

study will  wansforrn physical  charactenistics  into  electrical

characteristics such as pipe metal, pipe insulator, conductors in

comosion protection circuit and sarth as parameters in the analysis. The

251

result of this simulation found that the transient voltage will rise higher
if length is langer and higher than safety allowance of pipe corrosion
protaction equipment. To limit this aver voltage, this smdy used proper
lighming protzction equipment characteristics. From the result of
simulation and the proper characteristics of lighming protection

equipment, the transient voltage was limited follow BS 60950 standard.

The result showed that the correct i pr will

help o reduce damage to asset of petroleurn ransportation industry

from lightring strike.

d voltage

Keywords: Pipeline, Lighming, Impad . Transient, Inch
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