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ABSTRACTs

This paper describes a method for improving théifipBall Model (RBM) of a Lightning Protection Stem
(LPS). The RBM applies a single vertical air teratiand a down conductor which shunt lightning cotrite the ground.
This Model has a limitation; it could give a prdien only up to 45.7m height as against the heiglit0Om and above for
a typical radio broadcasting tower in Nigeria. Tihtoduction of two horizontal rods to the verticgald of the RBM
improves the protection potential of the LightniAgptection System (LPS). This method is calledlthproved Rolling
Ball Method (IRBM). The IRBM is implemented with tdafrom the physical specifications of the two korital rods, the

height of the tower, the electric field strengtld @he rate of change of the electric field strength
KEYWORDS: Horizontal rods, IRBM, LPS, Nigeria, RBM
INTRODUCTION

An atmospheric lightning is one of nature’s mgettacular phenomena which has fascinated anddrigd man
throughout the times. When it passes over a redidmattracted or discharged to hills, trees,dosy masts, buildings etc.
[1, 2]. Disruption of service may occur during liging discharge. Earlier works theorized the caasesconsequences of
lightning current, its origin and the mechanismpmssible for its buildup. Currently, disciplines engineering and
sciences are primarily focused on how to desigiglatiing protection system, which can capture hghg discharge.
The application of a single vertical air terminaldaa down conductor which shunts lightning to theugd, otherwise
known as the Rolling Ball Model (RBM), is very pdau[3, 4, 5]. The concept of this model (RBM) iased on the
principle of mathematical geometry. But, the singie terminal has a limitation. Between 100-300ime tRBM is
ineffective and unreliable in protecting a radiaipgnent against horizontal flashes [5]. This infarthe introduction of
two horizontal rods to the existing vertical rodsimprove the protection potential of the LightniRgotection System
(LPS). This technique is known as the Improved iRgIBall Method (IRBM). The IRBM is very effectivi@ protecting
the radio equipment from lightning current. By imgglion, the horizontal rods prevent the rollingl feom making

contact with the device mounted in between the.rods
LIGHTNING CHARACTERISTICS

The study of lightning characteristics such as ¢lectromagnetic field and radiation, leader cusemneturn
strokes and their relationships are very imporiantne modeling a of telecommunication towers wathradio system

mounted on it. A number of measurements and thieafteinvestigation of lightning discharge are basmul the
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electro-geometric and improved electro-geometricdet® (EGM and IEGM) [6, 7]. The relationship betwethe

electromagnetic field radiation and the return lstr@f EGM and IEGM are developed by employing theoty of

mathematical geometry. Thus a critical review o fiterature provides the background for developémy accurate
predictive model. Previous models [1] assume tlieg teturn stroke current initiates from the grouswiface.

However, for tall structures such as telecommuitdoa&nd transmission line towers, the return strokerent is initiated
near the point of discharge [6,7]. Previous modéde assume that the return stroke current digggbuniformly along the
lightning path and the tall structure with reflectifrom the ground. Such models are not suitablprinciple for the

analysis of the electromagnetic fields of lightnitggtall structures because the electromagnetidsfiedlepend on the
propagation and the distribution of the lightningrent inside the lightning discharge, and thedtlicture.

Lightning discharge involves both the movement aedtralization of charge volumes. A cloud discleaaffects
both negative and positive regions of a dipole. @iseharge results in an electric field change Imcly the magnitude and
direction depend on the location of the point atclvhmeasurement is taken [8]. Lightning dischaiigekide cloud-cloud,
intra-cloud, cloud-air, known as atmospheric disgha, and cloud-ground. Suggestion for suitableditioms for
measurement of atmospheric electricity is to coltta either above or on the surface of the d8itHt is a common
practice in atmospheric electricity to assume ftigtitning discharged to the ground neutralizes raglsi spherically
symmetric cloud charge distribution [10]. It hagebeargued that under certain specific conditiomesdischarge within the
cloud was initiated by a positive streamer fromdbater of the upper positive region (P-region) mgwdownwards to the
center of the Lower negative region (N-region) [4].

Other works [3, 4, 5, 10] opine that, within thieud (intra-cloud), the charge could also be itéthby an
N-region moving towards a P-region. The intra-clalidcharge accounts for the majority of all ligihigidischarges.
Although the magnitude varies, it may also causeatpe to a device in the lower atmosphere-the tpere.
The atmosphere is divided into four layers. Theetayare: the troposphere and tropopause, the sitae and the
stratopause, the mesosphere and mesopause artkethwsphere. The troposphere is the closest tgrtend and it
extends to about 16 km above the earth. It is dlgerlwhere human lives and jets fly [11]. The sgphere is the next
layer to the troposphere and it extends to abokitn5® is followed by the mesosphere and then fyndde thermosphere.
The tower lies in the troposphere; specifically mb&bove the ground [11, 12, 13]. Analysis of therkwoovers up to
200m of the bottom of the troposphere. Severalratleks argued that atmospheric lightning is basedhe principles of
charge mechanisms. Some of the popular mechanigntoatact electrification; electromechanical ciraggpolarization;

influence charging; diffusion charging and mechansisnvolving freezing and splinting of ice partile

The thunderclouds are the atmospheric engine pgladuces the lightning discharges. It is the canis¢he
atmospheric instability and formation of atmospberonvection [1, 3]. How thundercloud becomes eleatharge is
subject to arguments to the scientists and engn@r9]. Some researchers argued that ionizatfdheoatmosphere is
caused majorly by the continual cosmic rays whictamate from the sun flare. This is also respondidri¢he formation

of lightning and corona process.
CONTACT MECHANISM

Contact or Volta electrification involves mechaticontact between solids where electrons flow feometal of
lower work function over to another metal of a tgglwork function. Contact potential comes about nvkelid particles

bounce off the material surface on the ground d¢héntroposphere [1, 14].
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ELECTROCHEMICAL MECHANISM

Any processes in which charges are captured oisfeared by ions in the troposphere are referrecaso
electrochemical process. Continual ionization obfxg ionic particles in the presence of strongctic field intensity
over a long distance could result in the generadiblightning current [15]. When the process ofimation by collision is
confined to a small volume and electric field foresar a point, point discharge occurs. For exanfpling water drops

can acquire a negative charge if the positive range more slowly in a normal positive potentialdjeat [2].
PRECIPITATION MECHANISM

All forms of moisture too heavy to remain suspehifethe air fall to the ground. This is known aegipitation.
Generally the process of charge separation in titnesphere is based on water drops and ice parfidessnow, hail or
rain precipitation. Thunderstorm generation, sefiarand discharge of electronic charges (postive negative charges)
based on the precipitation process has been rafasithe only dominant mechanism responsible ®mihildup of the
high electric field which causes a lightning fld46, 17 18, 19].

POLARIZATION MECHANISM

Polarization is defined as the result of the sallh and separation of particles velocities in phesence of an
ambient electric field [20]. Cloud containing larige particles and small drops is found to be tlstnfavourable for the
growth of the electric field intensity, which praziulightning current. Lightning is produced modily a glaciated cloud

within an infinitesimal period, compared to warrwd which seldom produces lightning [20, 21].
EVAPORATION AND CONDENSATION MECHANISM

The evaporation and condensation mechanism (E€Mhdther process under which the generation afekan
the atmospheric troposphere. It proposes posittmeospheric electrification of liquid drops duringagoration and
negative electrification during condensation ofiljdrops. Thundercloud is based on the gravitaticerodynamic and

electrical forces produced by condensation and@adipn [16, 22].

This work aims at modeling the cloud-to grounchiiing discharge. It is conceptualized by the madtical
geometric projection which is illustrated in Fig&a) and (2b).

THE IMPROVED ROLLING BALL MODEL (IRBM)

The geometric projection of the IRBM structureFigure 1 is illustrated in Figure 2a-b. Figure 2edmprises the
heights of the upper and lower rods (H and h),hiwezontal reference points (B and O) from H anaund the horizontal
distance (D) between the tower and the referenagp(B and O). The path lengthg Bnd R are the directions of the

field intensities with angles; anda, from points B and O.
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Figure 1: Architecture of the IRBM
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Figure 2: Geometric Projection of the IRBM with Two Horizontal Rods

FromA ABC andA ABO, the geometric dimensions of figure 2a aredsined as follows:

. CA_H AB _D !

Sna,=——=—,Cosa,=—=—, R =(H*+D?]2 1
=GR Tty REMID) ®

. h D !

Sna, :g, Cosa, :g, R, :(h2+D2F @)

Similarly, fromA OEB andA OEA, the geometric dimensions of figure 2b aredained as follows:
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. BE H OE D 1/2
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Correspondingly, the electric field strength o€ thpper horizontal rod (f along hypotenuse CB or OB is
expressed in equation (5). Thgi& a function of the charge, the air medium camstiength of the of the hypotenuse, and

the sine of the angle. Clearly, Figure 2b is a anirmage of Figure 2a.

E, =E, *sina, = % - - - - - - - (5)

Where,

k

47,
R; = distance between C and B

By substituting equation (1) into equation (5)e thlectric field strength of the upper horizontadl bhecomes
equation (6).
_ " 1
E, =QkH*————o - - oo (©)
(H?+D?)

Correspondingly, the electric field strength o& ttower horizontal rod (B with respect to the point B is

illustrated by equation (7).

kh 1
== —— S )
2

o

E,

The electric field strength between the upper &eddwer horizontal rods (B is presented in equation (8).

EUL=EU—EL=QkH*;3—Qkh*; - - - (8)

3

(H2+D2)§ (h2+D2)§

The derivative of the electric field of the honal rods, shown in equations (6 & 7), with respiectime is
formulated. The change in electric field with tilseexpressed as a function of lightning currentHli) h, and D as shown
in equations (9 & 10).
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dE, _ Hk dQ _ Hki ) ) ) i ) (9)
@ (Hrep?) U (H2+D?)

dE, _ hki ] ] ) i i i - - (10)
dit (h2+Dz)§

By substituting the expression of the lightningreat () presented in a research paper [6], the chandkein
electric field of the IRBM is illustrated by equati (11-12).

ils)
dEU = Hk I—p* 1 * M7, - - - (11)
dt 2, p2)a| 7 t) e 1(t)"
(H?+D?): 1+(j 1+Z(]
7, o m\ 7,

()
dE, _  hk o, 1, mzg

dt 3 o c . m
beo " () e 2als)
&

- - - (12)

I, )

By making Ip the subject of the expression in ¢igua(12), the peak current becomes the formula in

equation (13)

- (13)

METHODOLOGY

The mathematical model in equations (8), (11) @) are simulated. The simulation model is caroet with
the Microsoft Excel 2007 spreadsheet. The modeuiis and statistical data is collected at the endhef simulation.
The parameters used for simulating the electrild figrength for varying horizontal distance (Dg equation (8) are:
electric charge (Q) =5*1fC, air medium (k)= 1.0006, permittivity of free spago) = 8.85*10"2 F/m, Height of the tower
(Hy) = 50-200m, D=0-50, height of the lower rod (h)=8th. Figures (3a) and (3b) illustrate the grapHialfl strength
against horizontal distance. In addition, the pa@ns for simulating the electric field between thmds, i.e
equations (11)-(12), areo = 8.85*10' F/m, H; = 75m, k=1.0006, D= 0-50, Q=5-20C. The parametrsimulating the
rate of change of the electric field strength bemvene rods are: 4£50-200m, D= 0-270m, Q = 5*1iT, co = 8.85*10"
F/m, k=1.0006. Figure (4a) and (4b) are the outcofrtbe simulation. Similarly, the electric fielshé the rate of change
of electric field strength illustrated in FigureSaj and (5b) are simulated with the following paetens: H=150m,
Q = 5*10°C, c0 = 8.85*10"2 F/m, k=1.0006, distance between the upper andritmezontal rods (H-h)= 2.6 — 31.2m,
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D=0-9m.
RESULTS AND DISCUSSIONS

Figure 3a-b describes the electric field strereygberienced by the upper and lower horizontal wdish protects
the radio equipment. The measurement of the elefadld strength decreases with the increase irdistance between the
tower and the reference point for specified valfethe upper and lower horizontal rods respectivEhe drop in the slope
of the electric field strength is steep when thargh = 20C and gentle at 5C in Figure 3.

With the upper horizontal rod (H) = 75m and honiad distance = 0 - 50m, the electric field stréndécreases
from: 3.56*10°-2.05*10°, 2.67*10° 1.54*10° 1.78*10° — 1.02*10° and 8.89*1¢ — 5.12*10" V/m for specified charge
(Q) = 20 C, 15C, 10C, and 5C, respectively. Siilarith the lower horizontal rod = 41.8m and theribontal

distance = 0-50m and the same magnitudes of chatgeield strengths are: 1.15*10 3.02*10° 8.59*10° — 2.27*10°,
5.73+*10°% — 1.51*10°, 2.86*10° — 7.56*10", respectively.
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Figure 3(a): Electric Field Strength vs. HorizontalDistance for Specified Magnitude of

Charges (Q); (b) Electric Field Strength vs. Horizatal Distance for Specified Magnitude of

Figure 4a-b gives a description of the electritdfistrengths and the rate of change of the etefitdid strengths
with respect to time for varying height of the taviem the ground, respectively. In Figure 4a, éhectric field strength
drops with the variation in the height{Hof the tower from 50 -200m. At Q = 5*FC, (H;)= 50-110m, and specified
horizontal distance (D) = 0-20m, the field strendthp steeply. But, between 110-250m, the dropectec field strength
is very gentle, and all the electric field strersggtonverged as illustrated in Figure (4a). The dnahe field strengths are;
2*10':-1.25%10", 1.97*10"-1.25*10"%, 1.89*10"-1.25*10"%, 1.76*10'-1.24*10%, and 1.60*1G"-1.23*10"/m
when D=0-20m, respectively, at H=110-250m.

In Figure 4b, the rate of change of electric figldE/dt) decreases with increase int(Hat D=0-60m.
At (H1)=50-200m, dE/dt=7.39*105.4*10", 4.66*10°-4.06*10", and 1.94*16 — 3.50*10" V/ms when D = 0-60m,
respectively. The measurement of dE/dt increasebs than drops continually with increase in heighits)( from
50-200m at specified values of D -D= 90-150m- &ssitated in Figure 4b. At D=180-270, the measurgneé dE/dt
increases exponentially with increase intXHThe range of dE/dt =1.42*701.90*10°, 9.19*10°%-1.52*10,
6.27*105-1.21*107, and 4.02*16-9.07*10° at D=180-270m, respectively.

www.iaset.us anti@iaset.us



48 Emechebe Jonas N, Otavboruo Ericsson E, Nzeako A.&lAni C. |

1.00E-11

400E-06 T
.

LE0E-11

LOOE-11

Electric field strength (\V/m)

&3 sl - s .
X é’; 4O0E-07 — = — —
S.00E-12 5 = o -
-
—— H
. - - z
LS0E-25 =1
0 65 80 L o 125 140 155 170 185 200
S.00E-12 4.00E-08
o - Height of the tower (m) 20 0 90 1o 130 150 170 190 210
- e A Height of the Tower (m})
D=0 M Q=EF-8C /N[ -&- D=5 M, ()=5F-8( D=10M, Q=5E-8(C
D=15M, Q=SE-8 C —D=20M, Q=FE=§ D=t -m- D=30 o =60 D=9 < D=120 = D=150 D=180 D=210 ~ D=240 ~ D=270
(a) (b)

Figure 4(a): Electric field Strength vs. Height ofthe Tower(Hy); (b) Rate of Change of
Electric Field vs. Height of the Tower(H)

The behaviour of the electric field strength (Bjl @ahe rate of change of the electric field strar(g@iE/dt) between
the horizontal rods (fp) at D=0-9m are captured by Figure 5a- b. At D5#0- the electrtic field (E) and the rate of
electric field (dE/dt) decrease acutely with in@@#n the separation between the rods. The fiedshgths (Es) at D=0-5m
and Dy = 26-326m are: 7.40*195.14*10%,  2.08*10%-5.07*10",  7.27*10'-4.95*10""  while
dEs/dt = 2.73*10-1.90*10°, 7.68*10%-1.87*10° 2.69*10%1.83*10> respectivelyHowever, a surge in E and dE/dt
occur between [p 2.6-7.6m. A surge is also known as a spike; ihis surge which damage radio equipment when a
vertical air terminal is applied. On the contratyis arrested by one of the horizontal rods shawRigure 2. The electric
field strength increases from 3.12*1%10 3.92*10'° and then drop continuously and exponentially @&7#10*" at D=5
and Dy= 7-9m. Similarly, at D=7m and p=7-9m, E increases from 1.58*10to 2.32*10' and then decreases
exponentially to 4.56*18". Under the same condition, dE/dt increases frat6*1.0*-1.25*10° 5.85*10°-8.53*10° and
later decreases to 1.76*1@nd 1.68*1, correspondingly.
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Figure 5(a): Electric Field Strength (E) vs Distane Between the Horizontal Rods; (b) Rate of Changd o
Electric Field Strength (dE/dt) vs Distance Betweethe Horizontal Rods

CONCLUSIONS

The measurement of the electric field strengthihef IRBM model decreases with the increase in iktamnkce

between the tower and the reference point asriditest in the geometric projection in Figure 2a-be Trop in the slope of
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the electric field strength is steep when the chaxg20C and small at 5C as illustrated in Figurén3Figure 4a, the
electric field strength drops with the variation the height (H) of the tower from 50 -200m. At Q = 5*fC,
(Hy)= 50-110m, and specified horizontal distance (DP-<20m, the field strength drop steeply. Howeveziween
110-250m, the drop in electric field strength isairand all the electric field strengths convergerthermore, in Figure
4b, the rate of change of electric field (dE/dtg@ases with increase in {Hat D=0-60m. The measurement of dE/dt
increases and then drops continually with incréagel;) from 50-200m at specified values of D-D= 90-15Gimally, at
D=180-270, the measurement of dE/dt increases exiatly with increase in (5. The electric field strengths fluctuate

rapidly and then decrease with increase in theratipa between the horizontal rods.

From the results illustrated in Figure 4b it coblel deduced that the rate at which lightning disphas captured
by the horizontal rods depends on the polarityhef parallel rods. For instance, a positive uppdratiracts a negative
lightning discharge while the negative lower rotraatts the positive lightning discharge. By implioa, Figures 5a-b
clearly demonstrate charge neutralization betwherhbrizontal rods when lightning occurs aroundrédwon. The RBM,
which applies a single rod captures only the valtiightning strikes while the two horizontal rogsthe IRBM model
capture the horizontal lightning strikes which bypahe vertical rod projected by the RBM modeghtning strike is
discharged downward when the distance between dhizdmtal rods () = 7.6-32.6m as shown in Figure 5. The
improvement which the IRBM has over the RBM techieids the presence of the uniform field which isated between
the horizontal rods. This field creates an elecagnetic potential difference (Pd) between the radsch accelerates the
discharge of the horizontal lightning current ttghuthe downward conductor to the earth. In addittbe positioning of
the two horizontal rods enhanced the protectivexciéy of the RBM; the RBM can only protect a dijigguipment up to
a height of 45.7m on the tower. But, the IRBM cawotect the same device up to a height of 100m &mvea
Furthermore, the geometric properties, such asligtance between the two horizontal rodgqjPthe radius and the cross
sectional area of the rods, are used in calibratiegelectric field and the rate of change of tleeteic in the IRBM. The

result of this calibration is an improved protentjwotential of the Lightning Protection System (l.PS
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