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Abstract

In tropical regions of the world, floating roof tanks can be struck by more than 200 kA
lightning peak currents. Without adequate measures to ensure the safe flow of the high
energy transient current to the earth, the lightning strike can result in lightning-induced tank
fires.

A floating roof tank has a floating roof that reduces volatile vapour emissions by more than
90%. The gap separating the tank shell and the roof creates an electrical discontinuity which
causes a significant voltage differential when lightning strikes. About 95% of all lightning-
induced floating roof tank fires start around this air gap. Available methodologies to provide
a direct electrical connection using shunts and bypass cables are inadequate.

This dissertation seeks to examine the various impact of the lightning current on the steel
sections of the tank and identify high-risk strike points. Ultimately lightning protection
systems for floating roof tanks using conventional approaches will be proposed and
evaluated.

Using a numerical simulation to identify differences in the likelihood of a direct strike to the
meshed points on a structure offers a significant advantage instead of the rolling sphere
method. The numerical concept is investigated, and sources of numerical errors and
superfluous space points were eliminated to create an improved dynamic electro-geometrical
model (IDEGM) with a significant reduction in computation time from over one hundred
hours to below thirty minutes. The probability of lightning directly striking a floating roof
tank is influenced by its height and diameter. For the cases considered, the probability of a
direct strike to the air gap region is about 73% to 95% when the roof'is at its topmost height.
A lightning strike simulation of the tank steel shells in Simulink on MATLAB shows that
the voltage at the strike point on the tank can reach 55 kV with a very low grounding
resistance of 0.225 Q, which is sufficient to ignite flammable vapours. The highest risk of a
tank fire occurs when the lightning current terminates on the roof with the air gap voltage
reaching 211 kV even with the recommended maximum grounding resistance of 10 Q for
lightning protection.

Nine lightning protection system models are proposed using various arrangements of air
terminals and catenary wires above the tank. Their strike interception capability is evaluated,
and parallel catenary wires had the best performance, with an interception efficiency of
99.93% when the roof is at the top.
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Kurzfassung

In tropischen Regionen der Welt konnen Schwimmdachtanks von Blitzentladungen mit
Scheitelwerten von mehr als 200 kA getroffen werden. Ohne geeignete Ma3inahmen zur
sicheren Ableitung des hochenergetischen BlitzstoBstroms zur Erde kann der Blitzeinschlag
zu katastrophalen Tankbrianden fiihren.

Ein Schwimmdachtank hat ein Schwimmdach, das den Austritt fliichtiger Dampfe um mehr
als 90% reduziert. Der Spalt zwischen dem Dach und der Tankhiille erzeugt eine elektrische
Diskontinuitit, an dem bei Blitzeinschldgen eine erhebliche Spannungsdifferenz aufgebaut
wird. Etwa 95% aller blitzinduzierten Schwimmdachtankbrinde entstehen an diesem Spalt,
der mit entziindlichen Dadmpfen angereichert ist. Verfiigbare Methoden zur Bereitstellung
einer direkten elektrischen Verbindung (Potentialausgleich) unter Verwendung von Shunts
und Bypass-Kabeln sind unzureichend.

Ziel dieser Dissertation ist es, die verschiedenen Auswirkungen des Blitzstroms auf
Schwimmdachtanks zu untersuchen und risikoreiche Einschlagstellen zu identifizieren.
AbschlieBend werden Blitzschutzsysteme fiir Schwimmdachtanks mit konventionellen
Ansitzen vorgeschlagen und bewertet.

Die Anwendung einer numerischen Simulation zur Ermittlung von Unterschieden in der
Wahrscheinlichkeit eines direkten Blitzeinschlages auf die vernetzten Punkte einer
modellierten Struktur bietet Vorteile gegeniiber der Methode der rollenden Blitzkugel. Das
Konzept wurde untersucht sowie Quellen numerischer Fehler und tiberfliissige Raumpunkte
eliminiert, um ein verbessertes dynamisches elektrogeometrisches Modell (IDEGM) mit
einer signifikanten Reduzierung der Rechenzeit von tliber hundert Stunden auf unter dreiflig
Minuten zu erhalten. Die Wahrscheinlichkeit eines direkten Blitzeinschlages in einen
Schwimmdachtank wird durch dessen Hohe und Durchmesser beeinflusst. Fiir die
betrachteten Fille betrdgt die Wahrscheinlichkeit eines direkten Einschlags in den
Spaltbereich des Tanks etwa 73% bis 95%, wenn sich das Dach in seiner hochsten Position
befindet. Die Simulation der Stahlwand des Tanks beim Blitzeinschlag in MATLAB
Simulink zeigte, dass die Spannung am Einschlagpunkt auf dem Tank 55 kV bei einem sehr
niedrigen Erdungswiderstand von 0,225 Q erreichen kann, was ausreicht, um brennbare
Déampfe zu entziinden. Das hdchste Risiko eines Tankbrandes besteht, wenn der Blitzstrom
auf dem Dach eingespeist wird und dabei die Spannung tiber dem Luftspalt 211 kV erreicht,
selbst bei dem fiir den Blitzschutz empfohlenen maximalen Erdungswiderstand von 10 Q.

Es werden neun Ausfilhrungen des Blitzschutzsystems vorgeschlagen, bei denen
verschiedene Anordnungen von Blitzfangstangen und Blitzfangseilen am Tank verwendet
werden. Thre Féhigkeit, Blitzeinschlidge aufzufangen, wurde bewertet. Parallele Fangseile
zeigten die beste Wirksamkeit mit einer Einfangeffizienz von 99,93%, wenn sich das
Schwimmdach in der hochsten Position befindet.
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1 Introduction

1.1 Preamble

Scientists have investigated the potent power of lightning to cause damage to structures and
facilities over centuries [1]. A lightning strike on installations can induce fires and create
disruptive magnetic fields that can affect the functionality of sensitive devices or induce
dangerous voltage levels in nearby conductive paths. Power transmission lines and buildings
[2] were the initial focus of lightning protection research studies. Still, reality has shown the
dangers posed by lightning to other structures such as nuclear power plants [1], refineries
and hydrocarbon storage facilities [3, 4], military facilities [5, 6], aircraft and airports [7-9],
photovoltaic systems [10, 11], wind turbines [12, 13], etc.

Crude oil and related hydrocarbon by-products are stored in storage tanks in the petroleum
industry. Storage tanks can be atmospheric or pressure tanks. Atmospheric tanks are for
storing stabilised hydrocarbon products and are made of a fixed roof or the floating roof.
Fire incidents on external floating roof tanks (FRT) are more frequent than on fixed roof
tanks [14, 15]. The petroleum industry is prone to the hazard of lightning fires due to the
flammable nature of the products handled. Cases of lightning-induced FRT fires have been
reported in various regions of the world [15, 16], resulting in firefighting, clean-up and
rebuilding costs, production losses, environmental pollution, litigation and a bad public
image for the operators of such facilities.

Lightning protection systems (LPS) are required to safeguard buildings and structures from
the negative effects of lightning by serving as a safe alternative pathway for the lightning
current to flow to the earth rather than through the protected structure, thereby reducing the
likelihood of structural damage [2, 17]. A LPS must be designed per approved standards to
be effective and adequate. This standard-based design will help to prevent lightning bypass
cases and unwanted flashes to unintended structural parts. It is vital to determine high-risk
points on a facility or building when installing a LPS for optimal positioning of air terminals.
Likewise, random effects [18] and the proximity effects of neighbouring air terminations are
other factors that influence the performance of a LPS [19].

The International Electrotechnical Commission (IEC) 62305 code [20, 21] is a key guideline
on lightning protection that classifies LPS into four classes from Class I to Class IV and
specifies the requirements for each class. An effective LPS for a FRT must be based on the
behavioural interaction of lightning with a FRT.

This study investigates the issue of lightning-induced FRT fires and proposes LPS designs
for FRTs. The designs are appraised for effectiveness by applying the dynamic electro-
geometrical model (DEGM). The DEGM is built on IEC 62305 standard. The DEGM as a
methodology is first reviewed, and modifications for performance improvement with regard
to the computation time and accuracy were implemented. Then the interception probabilities
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of conventional LPS models developed for FRTs were evaluated and compared. Relevant
operational guidelines are recommended to promote lightning safety within FRT storage
facilities.

1.2 Research background

The floating roof tank comprises two parts, the tank shell and the floating roof made of
buoyant pontoons or double-decks [22]. FRTs are majorly used as storage for gas condensate
and crude oil, and as such, FRTs contain flammable vapour [23]. An annular space of about
20 cm exists, which separates the floating roof and the tank shell. This space, referred to as
the rim seal region, allows the roof to move without friction with changing crude oil levels.
This gap breaks the electrical continuity between the roof and the FRT’s shell, both made of
steel. FRTs are constructed in the open space exposed to the environment and, as such, are
susceptible to peak lightning currents of 200 kA depending on the lightning severity in that
geographical location. Lightning pre-strike charge build-up or a direct lightning strike on the
FRT can create a dangerous potential difference between the floating roof and the tank shell,
resulting in the electrical breakdown of the volatile air-gas dielectric.

FRTs store hydrocarbons and flammable vapour can accumulate around the tank and within
the gap separating the tank shell and the roof [23, 24]. The vapour can be ignited when
lightning strikes the FRT, resulting in a lightning-induced FRT fire [25, 26]. About 15-20
tank fires are recorded yearly in various facilities [15]. A study of accident cases shows an
ignition probability of 82% due to lightning strikes on atmospheric hydrocarbon storage
tanks [27], [28]. More than 33% of FRT fires are due to lightning strikes [26], and 95% of
these strikes are initiated at the annular air gap region [29, 30]. Strikes to a FRT can be direct
or indirect. Studies have shown that direct strikes to a FRT create a significant risk of
inducing fires due to the inherent energy dissipated at the strike point [31]. However, indirect
strikes to the nearby ground are more frequent [32] but are less severe. Studies have found
various modes of protection via bypass cables and stainless-steel shunts for bridging the rim
seal gap to be inadequate [33]. Therefore, a lightning protection system (LPS) designed
based on the conventional approach must be developed, evaluated and recommended to
protect FRTs from the harmful effects of lightning strikes. Lightning-induced tank fire is a
very potent threat that requires a research intervention.

1.3 Research aim

This dissertation takes a further look at the problem of lightning-induced FRT fires. It
highlights the FRT fire formation process and the aggravating factors. The study identifies
historical interventions that have been inadequate, and ultimately, various conventional
lightning protection system models for FRTs will be developed. Their performances will be
evaluated in terms of their interception probability by means of an improved dynamic
electro-geometrical model (IDEGM).



1.4 Research objectives

This dissertation seeks to achieve the following:

1.

To develop a description of the FRT, particularly to establish the lightning threat and
the importance of installing adequate LPS.

2. To conduct a state-of-the-art review of lightning protection of FRTs.

To modify the lightning current distribution functions, i.e., the Probability Density
Function (PDF) and the Cumulative Distribution Function (CDF) towards
simplifying DEGM simulation algorithms.

To improve the performance of the numerical DEGM by eliminating numerical
errors and reducing the computation time.

To develop novel analytical DEGM models for a FRT.

To investigate the lightning impulse voltage distribution on critical points on the FRT
under lightning current flow via simulations.

To propose and evaluate the performance of various lightning protection systems for
FRTs based on IEC-approved conventional methodologies.

1.5 Research Contributions

This dissertation takes a holistic view of lightning-induced FRT fires by investigating the

concepts behind the causal factors and the fire initiation process toward identifying and

providing mitigations for FRT fire prevention. The study identifies the pattern of voltage

and current distributions along the steel plates of a FRT towards determining the extent of

the risk of flammable vapour ignition by lightning strikes using an RL model. The likelihood

of a direct strike to various meshed points on the surface of the FRT is investigated to identify

high-risk points, and this is important for designing an efficient LPS for the FRT. The main

contributions of this dissertation to the body of knowledge on lightning protection of FRT

are summarized as follows:

1.

Novel concepts and equations are developed for linearising the discontinuity of the
cumulative distribution function and the probability density function of the lightning
current at 20 kA to reduce the complexity of analytical DEGM simulation.

A presentation in detail of the concepts of numerical DEGM simulation with easy-
to-interpret diagrams as a visual interpretation of what DEGM computer codes
implement. The diagrams illustrate the various span of the collection volume and the
computation of the probability modulated collection volume using striking distance
intervals.

A novel modification of the traditional numerical DEGM is implemented by
eliminating numerical errors and superfluous space points to create an improved
DEGM, which lowered the simulation time from over one hundred hours to below
thirty minutes for the case of a FRT.



4. This study developed novel analytical DEGM models and equations for a FRT with
the roof at the top and when the roof is lowered.

5. A novel evaluation of the effects of the dimension of the FRT and the position of the
floating roof on the exposure and the probability of a direct lightning strike to various
parts of a FRT using IDEGM.

6. Detailed and improved modelling of the steel sheets of a FRT using resistance and
inductance values extracted from ANSYS Q3D with novel evaluations of the effects
of frequency on the voltage and current distributions and the effect of an extended
length of pipes on a FRT when lightning strikes. A new model is implemented to
ascertain the difference between the effects of a direct strike to the tank shell and a
strike to the roof.

7. This study created LPS designs and implemented a performance evaluation of the
probability of a direct strike to nine different conventional LPS configurations for a
FRT.

1.6 The structure of the dissertation

The ultimate goal of developing an effective LPS for FRTs first necessitates an in-depth
knowledge of lightning-induced tank fire incidents. The study begins with an introduction
and a state-of-the-art review of the subject matter.

Chapter 2 covers the theoretical principles of lightning formation, highlighting the
conventional and non-conventional lightning protection systems. The chapter introduces the
floating roof tank, which is the main subject of this study, by discussing its structure and
parts and how lightning fires are induced and can escalate into a full surface fire. A thorough
literature review of vital studies on various aspects of a FRT is also presented in a summary
section.

Chapter 3 provides a holistic analysis of the dynamic electro-geometrical model by
describing the concept and how to implement it using the lightning current distribution
functions. Two alternatives are discussed using either the numerical approach or novel
analytical equations for a FRT. The chapter presents a modification to the lightning current
distribution functions to remove the discontinuity effect at 20 kA. The chapter identifies
opportunity areas for improving the computational accuracy and reducing the simulation
time of the numerical model, which resulted in the creation of an improved numerical model
using a conversion factor termed Kpac.

Chapter 4 presents the results obtained using the dynamic electro-geometrical model to
evaluate FRTs of various radii lengths and heights. The probability of a direct lightning strike
to different parts of the FRT is also discussed. A comparison is provided of both the
numerical and the analytical approaches.

Chapter 5 provides an extensive simulation and analysis of the voltage and current
distributions on the sectional steel plates of the FRT’s shell and roof using Simulink on
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MATLAB. The steel plates are modelled using their resistance and inductance values
obtained from the Ansys Q3D Extractor.

Chapter 6 presents the results of the conventional LPS models evaluated for a FRT. Nine
arrangements of air terminals, masts, and catenary wires are considered, analysed, and
compared in terms of their interception efficiency and the maximum value of the lightning
currents that can strike the roof and the tank shell.

Chapter 7 concludes the dissertation by focusing on the maintenance issues in a typical FRT
facility. It highlights the importance of surge protection devices and the different types
available. Finally, the chapter provides recommendations for ensuring a lightning-safe FRT
facility.



2 Theoretical background

2.1 Lightning

Across the world, there are about 40-100 lightning flashes per second, with most lightning
flashes occurring over land due to the lower updrafts speed of 10 m/s in oceanic
thunderstorms compared with 50 m/s in inland regions. This results in intensive cloud
charging in the inland regions. More lightning activities are measured in terms of
thunderstorm days in the tropics than in any other region of the world [34]. This fact implies
that structures such as hydrocarbon storage facilities in tropical regions in Africa, South
America and Asia are more likely to be struck by lightning. Lightning is naturally associated
with thunderclouds. Lightning can also be triggered by volcanoes and desert sandstorms.
The global distribution of the lightning flash rate is illustrated in Figure 2.1. In Appendix A,
a similar image captured by the lightning imaging sensor is presented in Figure A.1:.

Figure 2.1. Global lightning flash rate [35]

Lightning is a commonly known natural occurrence with its associated beautiful display of
bright flare arcs across this sky. Lightning strikes can be hazardous and destructive if not
well managed. Lightning is the discharge of atmospheric charges [36, 37], leading to the
flow of high-energy electric current through the strike path.

The polarity of a lightning flash can either be positive or negative. On average, a negative

lightning bolt transmits an electric current of 30 kA in the first return stroke, but generally,

the peak current may reach amplitudes of 100 kA with a step leader speed of 3 x 10° m/s.

The first return stroke transfers an electric charge of about 5 coulombs, and about 40 — 60 ms

are between strokes. The magnitude of the continuing current varies from ten to hundreds of

amperes and flows for 10 — 100 ms. About 30% to 50% of all lightning flashes support the
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flow of continuing lightning current. The cumulative electrical charge transmitted by a
negative lightning flash varies from 2 to about 200 C. About 10% of all lightning strikes to
the earth are positive cloud to ground lightning strikes. A positive lightning bolt transmits a
peak current of about 200 — 300 kA [34, 38] or more in some cases [39] (this is about ten
times the average current of negative lightning), and this current flows for several
milliseconds far longer than the typical duration of a negative return stroke. Research studies
have shown that 99% of lightning strikes have a current that is lower than 200 kA [40].
Positive polarity lightning flashes often contain a single stroke as they rarely support
subsequent return strokes [34]. The lightning current and associated electromagnetic energy
are sufficient to cause strong electrostatic and electromagnetic pulse (LEMP), fire or damage
to equipment and facilities [38, 39, 41, 42]. Lightning-induced electromagnetic fields can
trigger inductive or capacitive voltage build-up in nearby systems causing damage or
disruptions [43].

2.1.2 Lightning formation

Charge build-up in the cloud continues until a critical potential is reached, which causes
electric charges to suddenly start descending towards the earth with a corona radius of about
10 m. Due to environmental factors and arbitrary variations of air conditions, the stepped
leader moves via a random irregular path. As the lightning-stepped leader moves towards
the ground, the background electric field around structures on the ground increases. At a
critical distance from the structures, the tip of grounded objects under the effect of this field
will emit upward streamers. Some of these will change to upward leaders with only one
successfully connecting with the stepped downward leader, thereby creating a low resistance
channel for the flow of charges from the cloud through the attachment point to the ground.
As the electrical charges flow to the ground, it tries to pass through the lowest resistance
pathway to the ground [44, 45]. The electro-geometrical model (EGM) is one of the
prominent models for explaining the lightning leader development and interception process.

Once the stepped leader is within a distance of about a few hundred meters from the earth
[38], the electric field intensity close to the ground will sharply rise to about 5 — 20 x
10° V/m. This electric field will be intensified at the tip of objects within the region and may
attain 3 x 10% V/m at sea level [46]. For negative streamers, at about 1 —2 x 10° V/m at the
tip of grounded objects, the electric field on tall structures around the lightning cloud region
will become sufficient to launch an upward leader (upward emission of opposite charge
particles to that of the downward leader) in the direction of the downward leader tip. As
illustrated in Figure 2.2, almost simultaneously, multiple upward leaders will ascend from
grounded structures on the earth, but only one of these will effectively attach to the
downward leader. Therefore, a low resistance pathway is created to discharge the stepped
leader channel, thereby completing the first return stroke. After the first return stroke, a
subsequent return stroke may follow with current peaks of 12 kA. Lightning strikes within
striking distance of 50 — 250 m have been reported by various studies [47]. Several models
are available for studying the return stroke distribution and its effects [48].
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Figure 2.2. Streamers and upward leaders emitted from structures on the ground

The components of a negative cloud to ground lightning current are shown in Figure 2.3.
Table A.1: in Appendix A also shows the lightning parameters according to the American
Petroleum Institute (API). The temperature within the lightning channel can rise to 30,000 K
[34]. This high temperature is indicative of the level of energy of the charged particles within
the channel. Therefore, to protect structures against the impact of lightning, adequate
mitigations in the form of protective systems must be put in place.

Component A
(Initial stroke)
Component D
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{Intermediate current)
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Figure 2.3. Negative cloud to ground lightning stroke current component [49-51]

2.1.3 Lightning Protection Systems

The efficacy of a LPS is dependent on the design and the nature of the materials used. The
use of high-quality materials for a poorly designed LPS will result in lightning bypass and
other forms of protective failures. While a LPS may not guarantee absolute protection,
especially for lightning strikes with small first stroke currents, the use of appropriate air
terminations coupled with surge protective devices for sensitive electronics can offer a



significant level of protection. This section looks at the LPS products currently available in
the market irrespective of their general acceptability by the lightning research community.

A LPS is set up to shield a structure of interest from destruction by lightning strikes by safely
diverting the associated high-energy lightning currents to the ground [34, 52-54]. Lightning
protection of structures and facilities is a broad field of study with respect to the dynamics
of how lightning interacts with different objects based on their ability to emit an upward
leader. The efficiency of a LPS depends on its ability to interact with the lightning formation
process. Concerning the available products, LPS offers protection by either serving as a
preferential attachment point (sacrificial attachment) or by preventing charge accumulation
(Charge Transfer System). These devices can be grouped globally into two types, i.c.,
conventional LPS and unconventional LPS [46, 55, 56]. The variations in the opinions of
the scientific community and approved standards on lightning protection on the different
types of LPS are presented in this section.

2.1.3.1 Conventional LPS

A conventional LPS serves as a preferred attachment point for a lightning strike and safely
conducts the lightning current to the earth, thereby protecting the structure on which it is
installed. This protection is generally in the form of a conductive rod or catenary wire, and
it works based on the principle of the age-long Franklin rod. There are four key elements in
a conventional LPS.

1) Air terminations

These refer to the array of conductive rods and shield wires typically installed
above the protected structure to intercept the lightning strike before it touches the
structure below it. The air termination rods may have a blunt tip and must be
installed around at-risk points on a structure in line with appropriate guidelines.

2) Down conductors

Down conductors are the conductive cables, copper tapes or structural parts of a
structure that conducts the lightning current safely from the air terminals to the
earth. An adequate number of down conductors installed with the necessary
separation distance must be ensured to prevent side flashes and unwanted
electromagnetic effects on sensitive devices nearby.

3) Grounding system

This consists of ground electrodes of various types such as rods, pipes, rings,
plates etc. The grounded electrodes transmit the lightning current safely to the
earth. The electrodes can be copper or stainless steel and must be designed to
ensure a low-impedance pathway for the lightning current [57].

4) Equipotential bonding
It is essential to safeguard against significant potential differences between the
metallic parts of equipment and structures that are near the conductive LPS
components when lightning strikes. This is achieved by ensuring adequate
9



equipotential electrical bonding to prevent flashes to such metallic objects [58].
Grounding electrodes and nearby metallic pipes should also be bonded together.

The performance validation of the conventional LPS:

a)

b)

The statistical study by [59] shows that conventional LPS prevent direct strikes
to structures, and the cases of lightning fires recorded were due to improper
installation of the LPS.

A performance study between 1905 through 1930 shows that farm buildings
protected with the traditional lightning rod were less prone to lightning-induced
fire incidents [1, 60].

Two research studies that meticulously explored this subject have verified the
lightning interception capability of the Franklin rod [61, 62].

The study by [63] on buildings struck by lightning reveals that 90% of buildings
with lightning rods were shielded from lightning strikes.

Standards on lightning protection (IEC 62305 series, NFPA 780 etc.) and bodies
such as International Conference on Lightning Protection (ICLP) approve the
conventional approach to lightning protection and have developed guidelines for
effective implementation based on years of research findings.

The potential issues with the use of the conventional LPS:

a)

b)

The lightning rod's effectiveness depends on the placement of the air terminals
and associated components at potential strike points. Ineffective design or
installation may result in lightning bypass to the protected structure. Also, with
proper placement, there still exists a low probability of strike to the protected
structure [64, 65] due to the probabilistic nature of lightning, and no lightning
protection system is 100% efficient.

Metallic down conductors used with traditional LPS may be prone to side flash
[38] if proper analysis is not done to ensure adequate side clearances and a
parallel current flow path through multiple down conductors.

Conventional LPS without additional surge protective devices for sensitive
electronics may create a risk for such electronics or electric devices too when
high lightning current flows through down conductors associated with the LPS
with the attendant LEMP effects.

2.1.3.2 Non-conventional LLPS

This class of LPS is of three different categories based on the principles of operation [66].

These are the Dissipation Array System (DAS), also called Charge Transfer System (CTS),

and according to the inventors, DAS can prevent a lightning strike, the Early Streamer

Emission (ESE) air terminal that wants to have an increased protective range, and

Semiconductor Lightning Extender (SLE) that wants to reduce the magnitude of the

lightning current.
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A) Dissipation Array System (DAS)

The manufacturers of the DAS devices specify that they can shield a structure from a direct
strike by lightning which implies that lightning cannot terminate on the DAS itself and the
structure on which it is installed. The DAS device, which was invented in 1973 [67], has
three essential parts:

1) The DAS ioniser

The ioniser is an array of multi-point air terminations, as shown in Figure 2.4,
and they are installed above the protected structure.

Figure 2.4. The DAS lonizer

The ionisers are designed to interact with storm cells by leaking the charges from
the protected area unto air molecules above.

2) The interconnecting wire

The interconnecting wires create a low-impedance connection between the
ground electrodes and the special ionisers above the protected structure. The tank
shell of a FRT can also serve as the interconnecting wire.

3) The Ground Charge Collector (GCC)

This GCC consists of interconnected electrodes. The electrodes are chemically
activated to reduce the grounding resistance. A GCC is shown in Figure 2.5.

Figure 2.5. Chemically activated grounding electrode (CAGE)
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Figure 2.6. An illustration of the working principle of a DAS device [68]

The downward descent of charged particles during lightning strikes requires an optimal

potential difference between the storm cloud cell and structures on the earth’s surface. The

DAS is designed to reduce this differential voltage such that the resulting voltage will be
below the required value of about 10® V [69]. The DAS leaks charges within the protected
site to such a level that the formation of upward streamers becomes unattainable [70]. This

concept is termed the corona cloud theory or the bleed-off theory, as illustrated in Figure

2.6.

The performance validation of the DAS:

a)

b)

A large radius hemispherical surface can influence the lightning formation
process by preventing structures from emitting upward streamers, thereby
preventing lightning strikes to protected structures [71].

The redistribution of the electric field that occurs by releasing space charge via
corona discharge at the peak of tall structures limits the ability of such structures
to emit upward streamers during thunderstorms [72-74].

DAS can be effectively deployed for mitigating power stations and transmission
lines’ direct and indirect lightning strikes and transient current anomalies [75].

Counter-claims on the performance of the DAS:

a)

For a field intensity of 10 — 50 kV/m heavy ions drifts vertically at a speed of 1.4
— 7.5 m/s. The horizontal movement of a gentle breeze of about 3.4 — 5.4 m/s
around the DAS ioniser will blow away any accumulated shielding ions over the
protected structure, which will prevent the DAS from offering any shielding
protection.

12



b)

d)

g)

h)

B)

The DAS failed the test conducted at Orlando Airport in 1989, which was set up
to determine its efficacy. The DAS was severely struck by lightning, and
electronic equipment was damaged [38, 76]. The Federal Aviation Authority set
up the test.

The multi-point ioniser is said to emit several ions in multiplicity, but a laboratory
analysis shows that the magnitude of current measure from an 80-point ioniser
array was only twice that of a single point. The study by Bent and Llewellyn [77],
Mousa [78] shows that multiple point arrays emit the same corona as a single
point. According to Bent and Llewellyn [77], a single-point source emits more
corona than a multi-point array at 50 ft.

The research by NASA in the 1970s shows that the number of strikes to a DAS-
protected tower and another tower in the same area without any protection was
about the same. This finding indicates that DAS does not remarkably reduce the
number of strikes and neither does it prevent lightning strikes [46, 79, 80].

The study by the U.S. Air Force [81] on the operation of point charge arrays,
without making any categorical conclusion on the overall effectiveness of these
devices, the study states that using corona discharge as a basis for explaining
lightning prevention is a forlorn hope.

According to Mousa [78], when critiqued, the manufacturers of these devices
have repeatedly changed their explanation of how the device eliminates lightning.

Manufacturers of DAS devices recommend extensive equipotential bonding and
good grounding practices coupled with the use of surge protective devices.
Researchers claim that these factors account for any effectiveness demonstrated
by DAS devices [77] just like any other conventional LPS and not because DAS
prevents lightning. The studies by Uman and Rakov [56], Carpenter and Auer
[75], Mousa [82] further support this position.

From 1989 to 2004, the manufacturers of DAS devices proposed a preliminary
lightning protection standard, and this proposal was declined five times by the
National Fire Protection Association (NFPA) due to the lack of an adequate
scientific basis. Likewise, a similar standard presented to IEEE in 2000, titled
PAR 1576, was also rejected in 2004 [83].

A study claims that, even if the principle of operation of the DAS device was
valid, the electrical charges that are required to neutralise a leader need ionisers
with at least 25,000 points as opposed to 1,500 points design[79].

Early Streamer Emission (ESE)

ESE devices are said to have the ability to emit upward streamers faster than other objects

within their vicinity due to an enhanced field intensity at the tip of the rods. An ESE device

is shown in Figure 2.7.
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Figure 2.7. A sample ESE device [84]

Due to its ionising capabilities, this time advantage enables ESE terminals to intercept

downward leaders faster than nearby objects, thereby acting as the preferential attachment

point [67]. The ESE devices originally utilised radioactive elements, but other methods were

deployed in the 1980s after the ban on the use of radioactive substances. The installation
design of the ESE is based on the Collection Volume Method (CVM) [47]. The integrity and
efficacy of this practice have been challenged by researchers over the years [85].

The performance validation of the ESE devices:

a)
b)

©)

d)

The ESE offers a protection radius of 100 m per electrode.
The upward streamer launched by the ESE terminal attains a speed of 1 x 10° m/s.

The ESE down conductor consists of a specially made Triax-cable with multi-
layer protective shields, which prevents slide flash to nearby structures [38].

Experimental analysis by [86] indicates that the ESE device has a small-time
advantage with respect to breakdown (sphere gap) as compared to the Franklin
rod. However, the ability of the ESE exciter to generate pulses at a rate that is
commensurate with the increase in the field of the downward leader was not
verified. Determining this capability is essential to show that the ESE has a
substantial time advantage in early streamer emission.

According to one of the manufacturers, INDELEC has conducted several
performance tests under laboratory and natural lightning conditions in three
continents over decades to verify the efficacy of the ESE device, and the results
of the analysis have been presented at conferences. Also, about 70% of buildings
in Hong Kong are protected by ESE devices, and with installations in over 80
countries and no history of damages and casualties coupled with the increasing
market of ESE devices, all these factors further justify the performance efficacy
of the ESE [87].
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Counter-claims on the performance of the ESE devices:

a)

b)

d)

g)

®)

Studies have established that laboratory experiments are inadequate to justify the
efficacy of the ESE device. This is because the development of positive leaders
under laboratory conditions using switching impulse waveforms differs from the
reality under natural lightning [34, 88].

Even if emitted early, an upward streamer cannot propagate towards the
downward leader without adequate energy from the electric field to support this.
The functionality of the ESE device and the operating principle has only been
confirmed and advocated by the manufacturers, but analysis by independent
researchers contradicts this position. The lightning physics community has also
demonstrated that the ESE claims are largely exaggerated [89, 90].

Various lab studies have shown cases of ESE devices failing to intercept
lightning strikes [91]. Examples are the USA's New Mexico mountain top
research studies [46, 67].

Manufacturers of low-impedance coaxial down conductors claim that it has a
lower inductive drop than a typical wire when conducting lightning current, and
as a result, it efficiently prevents slide flash, reduces the stress on the cable
insulation, and also reduces the required separation distance. The result of the
simulation analysis carried out by Beierl and Brocke [92] found this claim untrue.
The connection of the shield conductor to the protected structure generates
induced currents which can induce high voltages. Hence, the flow of heavy and
rapidly changing lightning current is not reduced using a coaxial cable.

The study by Rison [46] asserts that, at best, the ESE device functions as a
lightning rod with no enhanced performance capabilities as regards lightning
capture and wide protection zone [93-95]. An example is the Rome incident
where lightning struck the Papal crest even though it was protected by a
radioactive lightning device [38, 94, 96], although the nearest rod to the strike
point is about 150 m [38, 96]. Also, the bell tower incident at Sigolsheim in
France is another case where lightning struck a point just 6 m away from the ESE
device [97].

A scientific study states that the speed of the ESE upward steamer is about 10* -
10° ms™. This speed is ten times slower than the speed claimed by manufacturers
[56].

The lightning strike counters of some ESE devices indicate more strikes than the
normal lightning activity at the place of installation, and this makes them
unreliable [67].

Semiconductor Lightning Current Duration Extender (SLE)

The Semiconductor Lightning Extender (SLE) is a device designed to reduce the magnitude

of lightning current up to 99%. Invented in 1978, it has a 3-dimensional fan shape comprising

highly resistive rods, as illustrated in Figure 2.8. The SLE reduces the inductive impact of
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lightning by reducing the rate of change of the lightning current and by increasing the
discharge time from microseconds to milliseconds [98]. The device has nine to twenty-five
rods [99], and each rod of the SLE can withstand 1500 kV. When this threshold is exceeded
on one rod, the lightning current will jump to the next rod until the capacity of all the rods
is surpassed. By this point, a flashover may occur to nearby objects, but the magnitude of
the lightning current would have been reduced to about 0.4% of the initial value.

o / |

Figure 2.8. A semiconductor lightning extender [100]

The performance validation of the SLE:

a) The SLE can significantly reduce lightning current, and this makes it suitable for
protecting flammable products and sensitive electronics [101].

b) An experimental study that captured pictures of lightning strikes on both
conventional and SLE devices with current waveform measurements confirms
the current reducing capability of the SLE device [102].

c) Current-limiting SLE devices can adequately protect sensitive devices in high-
rise structures from the effects of lightning [103].

Counter-claims on the performance of SLE devices:

a) Experiments conducted in 1999 state that SLE did not demonstrate the current
reducing ability when tested [99]. Also, the device suffers from parallel
discharges during the initial stages of lightning, making it unsuitable for
flammable zones.

b) Extreme variations have been observed between the number of strikes counted
by SLE dedicated lightning counters and the actual strikes to such locations [67].

c) The lightning-reducing effect of the SLE was also not observed when rocket-
triggered lightning experiments were conducted by researchers at the Chinese
Academy of Sciences [67, 104].

Currently, experimental data and theory do not adequately support non-conventional LPS as

being fit for the claimed purpose [56]. The scientific community does not generally agree on
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the basis and efficacy of the non-conventional LPS. According to IEC 62305-1:2010 [20],
Bouquegneau [94], “There are neither devices nor methods capable of modifying the natural
weather phenomena to the extent that they can prevent lightning discharges.” Therefore, it
is essential to apply lightning protection measures.

2.2 The floating roof tank

A floating roof tank (FRT) is a specialised, welded-steel storage tank used in industries for
storing stabilized hydrocarbons. In the petroleum industry, it is used for storing crude oil and
gas condensate. As implied by the tank's name, the FRT has a movable roof that moves with
the level of the liquid content in the tank [105]. It can be described that the roof floats within
the tank.

(2) (b) (©

Figure 2.9. FRT roof types (a) Single deck pontoon roof (b) Double deck roof (c) Internal FRT with
double-deck roof

The FRT comprises the cylindrical tank shell and the floating roof. The FRT can be of the
external or internal type. The internal FRT is specially used for very volatile liquids. It has
a cover such as a geodesic dome above the floating roof, which prevents vapour escape and
protects the floating roof from environmental elements. The floating roof is of two types: the
pontoon or the single-deck roof and the double-deck roof, as displayed in Figure 2.9. The
double-deck roof has a lower and upper membrane with a radial bulkhead positioned in
between the two. The air gap between the two layers helps to reduce solar radiation reaching
the liquid stored in the tank [22].

Figure 2.10 shows a FRT with the main components identified. An air gap separates the roof
and the tank shell, and this eliminates the friction that could inhibit the roof’s movement.
The rim seal air gap is covered by seals to prevent vapour escape and keep rainwater out of
the tank. Appropriate vents are installed to regulate vapour build up within the tank. When
tank temperature rises or during a product transfer operation, the vents are likely to exhale
flammable vapours, which can be ignited by lightning strikes. Flame arrestors can be
deployed on vents, but these arrestors can also result in vent blockage without adequate
maintenance [106]. Inverted U-shaped vents can be deployed to minimize the risk of vent
ignition by lightning [33].
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Figure 2.10. A floating roof tank [107]

The height of the FRT varies from 10 m to 20 m, with a diameter of about 30 m to 60 m, and
in some cases, as much as 100 m. The roof is movable to ensure that it sits on top of the
liquid, thereby eliminating the vapour space above the liquid, and this reduces the
evaporation of light hydrocarbons by 90% - 98% [108]. Fire suppression systems are usually
installed on and around a FRT to ensure a rapid response to any eventualities. The roof of
the tank can be accessed via an access walkway that has two wheels at its base resting on the
roof.

The tank has a roof drain system for rainwater and another at the base for draining water
from crude oil. The roof has adjustable legs which can be raised from the high to the low
position for maintenance activities. The tank base typically rests on compacted sand and
gravel [107]. Double-wall designs are also possible as a means of additional containment in
the event of a spill or leakage, as illustrated in Figure 2.11. Double-wall tanks can be
deployed as a replacement for dikes, especially when there is a space constraint.

Liquids stored in storage tanks can be classified into the flammable or combustible class. A
liquid is flammable if it has a vapour pressure that is less than 40 psi at 37.8 °C with a cup
flash point that is less than 38 °C, e.g., gasoline, Ethanol and kerosene. These are class I
liquids. Combustible liquids are those with a cup flash point that is > 37.8 °C and are further
classified into three. For class II, the cup flash point is < 60 °C, e.g., camphor oil, paint
thinner and diesel fuel. For class IIIA, the cup flash point is 93 °C, e.g., pine oil and
formaldehyde. For class IIIB liquids, the cup flash point is > 93 °C, e.g. lubricating,
transformer oils and vegetable oils [109, 110].
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Figure 2.11. Double-wall external FRT [111]

Different types and combinations of seals are possible for the rim seal region to prevent
vapour escape. This may include a primary seal in combination with separate secondary or
tertiary seals [23]. Sample rim seal arrangements are shown in Figure 2.12.

An operational failure such as tank overfilling, seal and tank damage can increase vapour
escape from a FRT. A critical level of emission that exceeds the lower explosive limit (LEL)
must be prevented at all times to ensure lightning safety within a tank farm. A study by
Zinke, et al. [23] shows that areas with emissions above the LEL are only likely on the roof.
Emissions from external FRT can be slightly affected by wind [24], and the level of
emissions from measurements during normal tank operation is usually very small [112].
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Figure 2.12. Rim seal configurations (a) Double wiper seal (b) Double (foam & wiper) seal
arrangement [113] (c) Mechanical shoe seal [114]
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2.2.2 Hazardous areas classification

The area around a FRT can be classified into potentially explosive atmospheres based on the
concentration of flammable vapour, i.e., flammable Ex. Zones as illustrated in Figure 2.13.
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Figure 2.13. Flammable Ex. Zones around a FRT [112]

Zone 0 refers to the region where an explosive atmosphere is continuously present during
normal operation. Zone 1 refers to the space where flammable vapour may occasionally exist
during normal operation. In contrast, Zone 2 refers to the space within which the release of
flammable vapour is unlikely to occur [112, 115].

2.3 The impact of lightning on the FRT

2.3.1 Lightning-induced tank fires

When lightning strikes a FRT, the gap separating the tank shell from the floating roof creates
a problem [116]. This gap creates a difference in potential between the tank shell and the
roof. If this voltage rises beyond the withstand voltage of the air-gap dielectric strength, it
will break down, and this may result in ignition leading to tank fire. The risk of a lightning-
induced fire significantly increases with the level of flammable vapour available around the
lightning strike point. Since the fire triangle requires oxygen, a source of ignition and fuel,
it becomes apparent that to prevent tank fires, either the sources of ignition or flammable
vapours must be eliminated since oxygen is readily available in the atmosphere. Adequate
vapour control must be ensured on a FRT by the use of seals and breather valves. The
production team must ensure that crude oil with high true vapour pressure (TVP) is not
routed to the FRT because this will result in high vapour emission, and it may also jam the
roof at the top [25]. The NFPA 550, a guide to the fire safety concepts tree, offers two
alternatives to fire management; one is to avert fire by removing sources of ignition and fuel
or by adequately managing the fire after ignition by regulating the combustion process or
through the use of firefighting systems.
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Figure 2.14. Buncefield oil terminal fire [117]

Dependence on just firefighting systems can flop if the tank's linear heat detectors (LHD)
which ought to sense the fire and activate an alarm fails. Often, manual fighting systems are
preferred due to the likelihood of automatic systems failing during fires. When alarms are
triggered after fire detection, the response of the firefighting system and the arrival of
firefighters at the location of the fire must be prompt. A target response time of less than 5
min is typical.

Approximately 33% of tank fires have been associated with lightning strikes [26], with 95%
of such strikes occurring at the shell-roof air gap area [30], i.e. the rim seal region of the
FRT [29], [118]. Lightning is a natural phenomenon that, as of today, its formation and
occurrence cannot be prevented. A study by [119] shows that 65 out of 107 FRT fires studied
in China were due to direct lightning strikes [31]. Research on the rate of lightning ignition
of flammable products that are stored in atmospheric tanks shows a likelihood of 82% [27],
[28]. This emphasizes the significant risk of lightning strikes to FRTs that are typically used
to store gasoline, crude oil, etc. The Buncefield oil storage facility mishap at Hertfordshire
in the UK due to tank overfilling, which destroyed over 20 tanks, is a typical example of
how dangerous and destructive tank fires are, as shown in Figure 2.14. The cost of the
damage was over one billion Pounds.

Lightning-induced fires can be triggered on a FRT in three major ways [120]:

a) Electrostatic charging of the surface of the roof before a lightning strike can result
in the build-up of charges on the roof, which can set up transient currents.

b) There are many welded joints and metallic contacts on a FRT, and some of these
create unwanted spark gaps. When lightning strikes a FRT, sparks can erupt from
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any of such gaps existing on the FRT. This may be in the form of a thermal spark
creating incendiary components or a voltage spark due to the electrical
breakdown of the flammable vapour between the gap.

C) The flow of lightning current through thin steel materials will result in heating,
and this may cause such materials (< 5 mm thickness) to melt.

2.3.2 Direct and indirect strikes to FRT

A lightning strike to a FRT may be direct if the lightning terminates on either the roof or the
tank shell, and it may be indirect if it terminates on the nearby ground or connected
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Figure 2.15. A lightning strike to a FRT (a) Direct strike to the tank shell (b) Direct strike to the roof
(c) Indirect strike [120] (d) The region of the roof protected from direct strike based on
roof height within the tank [25]

A direct strike to a FRT creates the highest level of risk of fire due to the energy dissipated,
particularly at the point of strike. Without an early and sufficient fire-control intervention
after ignition on a FRT, it can lead to a full-blown tank fire with various financial,
environmental and health implications.

The likelihood of a direct lightning strike to the floating roof depends on its position within
the tank, and it is highest when the roof is at its peak height [121]. As illustrated in Figure
2.15, when lightning terminates on the tank shell, a significant part of the lightning current
will flow down to the ground via the tank shell, while the rest of the current will flow via
nearby shunts to the roof. When lightning terminates on the roof, all the lightning current
must flow through shunts, if available, to the tank shell and then to the ground. This creates
the highest tendency of a spark formation at the shunt-shell interface.
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A low resistance grounding and adequate equipotential bonding on a FRT reduce the risk
posed by indirect strikes. Sensitive devices may be destroyed by electric fields of 1.15 kV/m
created by indirect lightning [122]. A lightning current of 30 kA at less than 1200 m from
the FRT may affect sensitive electronics. According to the simulation by Liu, et al. [123], an
indirect strike of 30 kA within a 30 m distance from the outside of the FRT may induce an
electric field magnitude of 200 kV/m in the FRT’s steel sheet. Surge protective devices
(SPD) can be installed to manage the impacts of an indirect strike on instrumentation and
sensitive devices around the FRT. Sueta, et al. [124] emphasised that research studies should
focus on hot spot formation and direct lightning strikes.

2.3.3 Tank fire escalation scenario

Preventing ignition on a FRT is the utmost option because fire can progress quickly. Fire
can start on the roof when lightning strikes, especially if there is a spill on the roof. Ignition
can also occur at the rim seal area or on the pontoon and within the bund wall. A full surface
fire can result if the fire is sustained for a while without a successful attempt at quenching it
[4]. A full surface FRT fire can cause the floating roof to collapse and fall into the tank,
thereby exposing the crude oil to the burning fire. The crude oil surface will heat up quickly,
and the heat will gradually descend downwards to the bottom of the tank. This process is
illustrated in Figure 2.16. When the heated crude oil gets to the water interface, it will
transfer the heat to the water. The heat quickly converts the water to steam, expanding in
volume and generating sufficient pressure to push the crude oil further out of the tank into
the burning blaze at the top [125, 126].

Above the tank, the hot crude oil will burn rapidly (boil over), producing more vapour and
smoke, which can spread further, thereby increasing the scale of the fire even to nearby
structures. The bund wall at this point will serve as a physical barrier, limiting the spread of
the burning crude oil. If the bund wall is not of appropriate size and design, and if the fire
burns for too long, even the bund wall can collapse, releasing the burning crude oil all over
the facility. FRTs should be adequately spaced in a tank farm so that in the event of a fire
incident, radiant heat from a burning tank cannot impinge on nearby tanks, thereby
eliminating the risk of escalating fires. The deluge system on nearby tanks must be activated
during tank fires to cool down the tanks and prevent heat build-up.
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Figure 2.16. FRT fire escalation stages (a) Full surface fire initiation (b) Hot layer of crude oil
expands downwards (c¢) The heated crude oil touches the water interface (d) Steam
pressure propels the hot crude oil upwards [125, 126].

According to the Institute of Petroleum (IP) refining safety code, individual FRT in a tank
farm or storage facility are to be separated from each other by a recommended distance of
0.3 times the diameter of the larger tank, and this should not be lower than 10 m for crude
oil tanks [106]. According to HSG176 [127], a separation distance of 10 m is recommended
for tanks with a diameter D < 45 m and 15 m for D > 45 m. The inadequate separation
between tanks increases the risk of fire spreading across tanks due to the heat flux radiating
from the burning tank to other tanks. This risk will be further aggravated if there is a wind
blowing in the direction of the tanks resulting in a direct flame impingement on nearby tanks
[106]. A rim seal fire can lead to the explosion of the pontoon. An example of this occurred
in 1979, which led to the death of a firefighter [16]. Firefighters should not go on top of the
roof to fight rim fires, and adequate arrangement via piping should be in place to pump away
firewater to prevent roof collapse, which may lead to a full surface fire.

2.4 Lightning protection of FRT - The state of the art

Preventing lightning-induced tank fires requires a compound effort incorporating operation
safety guidelines and adequate lightning protection systems. Operational failures such as

24



tank overfilling, rapid filling of tanks which triggers charge build-up [128], unsafe hot-work
practices, bypassing control systems, design errors [129], poor maintenance culture, and a
collapsing roof [4] which may be due to heavy snow [108], etc. increase the risk of fire when
lightning strikes. Several protective measures have been considered over time to safely
conduct the lightning current from the roof to the tank shell, but all of these have proved
inadequate over time.

2.4.1 Shunts, bypass cable, retractable grounding array (RGA)

As shown in Figure 2.17, stainless steel shunts are short stainless conductors with at least a

20 mm?

cross-sectional area. Shunts were recommended by the American Petroleum
Institute (API) to be installed at every 3 m interval across the circumference of the FRT [120,
130]. Shunts can also be installed submerged at a depth of 0.3 m below the surface of the

crude oil.
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Figure 2.17. FRT Shunts (a) Shunt not in contact with tank shell (b) Shunt emitting sparks under
impulse test [120]

Sparks have been observed at the shunt shell interface during lab tests [120], [131]. Also,
insulating thick oil components that coat the tank shell surface, especially in cold climates,
impair the electrical contact between the shunt and the tank shell, and this increases the
electrical resistance that the lightning current flows through. Over time shunts often lose
their physical contact with the tank shell, particularly when there is tank subsidence as the
tank becomes out-of-round. The study by Hu and Liu [132] suggested that mechanical seals
and shunts should not be fitted on a FRT because they create spark gaps. Submerged shunts
offer some advantages in spark prevention, and flammable vapours are also not readily
available in the liquid crude oil itself. Arc pressure from a submerged shunt can cause liquid
eruption [133]. Challenges with the inspection and oil coating of submerged shunt
conductors have prevented the implementation of this recommendation.

Bypass cables have also been used to connect the floating roof directly to the tank shell.
These cables are installed at every 30 m distance across the circumference of the tank. Each
cable should have a maximum resistance of 0.03 Q and is designed to conduct the long-
duration lightning current components. Due to the large dimensions of most tanks, these
cables are very long and as the roof moves upward, the cables spread in loops on the roof,
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as illustrated in Figure 2.18. This creates a risk of high inductive voltage when lightning
current flows. As an improvement to the bypass cables, retractable grounding arrays (RGA)
were deployed, as shown in Figure 2.19.
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Figure 2.18. Bypass cable spreading in coils on the roof surface [134]

Figure 2.19. A RGA installed on a FRT [135]

The RGA ensures an optimal length of the cable connecting the roof to the tank shell by
expanding and retracting based on the position of the roof [132]. According to Denov and
Zoro [136], RGA reduces the effective resistance of bonding cable but does not reduce the
inductance. RGA installations, over time, tend to break off, and this is often due to
mechanical fatigue and possible corrosion by hydrogen sulphide.

The steel accessway from the tank shell to the roof shown in Figure 2.20 has also been
considered as a possible means of safely conducting the lightning current from the tank roof
to the tank shell. The base of the stairway makes contact with the roof via rollers, and these
do not provide a good and solid electrical connection. When oil spills on the roof, the poor
electrical connection of the rollers will be further degraded, thus creating a high impedance
path for lightning current.
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Figure 2.20. The steel access way from the tank shell to the roof [137]

2.4.2 Dissipation Array System (DAS) and non-availability of
approved conventional LPS for FRT

As shown in Figure 2.21, DAS is installed on FRT in some storage facilities to avert a direct
lightning strike to the tank by creating a cloud of ions that shields the protected site.
Unfortunately, cases of a lightning strike to the FRT resulting in a fire have been recorded.
For example, in Nigeria, DAS-protected floating roof tanks in two major oil and gas
terminals were struck by lightning which triggered the fire detection system. This shows that
the DAS installation did not prevent lightning strikes to the FRT in this case. Also, the
validity of the effectiveness of the DAS is not generally agreed on by the lightning protection
research community.

Figure 2.21. DAS protected FRT

Lightning protection standards such as API RP 545 [130] and chapter seven of NFPA 780
[138] only talk about shunts, the recommended thickness of tank sheets and the application
of surge protective devices. These standards do not provide any approved conventional LPS
design that can be deployed on a FRT. This creates a research gap to explore possible
conventional air termination systems that can be deployed to intercept the lightning current
on a FRT and safely pass it to the ground via appropriate down conductor systems.
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2.4.3 The summary of the extensive literature review

Summarized here is an extensive literature review of relevant studies that have worked on
different aspects of lightning protection and safety analysis related to the floating roof tank
using experimental analysis, simulations and analytical calculations. The testing of crude oil
wax-coated tank sheet by Haigh, et al. [33] with 12 kA (15/50 ps) fast current and long
duration current of 800 A flowing for 5 ms and submerged shunts shows that the shoe plates
of the primary seal should be isolated to prevent sparking. Also, increasing the contact
tension between the shunts and the rusty shell surface did not affect the severity of the
sparking. Little can be done to improve the performance of shunts for achieving spark
elimination. Lightning strikes to nearby areas are more frequent than direct strikes to the
FRT [139]. An experimental investigation of indirect strikes to a FRT using a model tank
and a raised circular disk as a thundercloud by applying 7.0 kV DC to the disk induced a
maximum of 1.84 V and 1.88 x 107 C on the model tank [139]. Nitrogen gas can be applied
as an inert gas supplied to the tank seals via an annular pipe network to reduce the
concentration of oxygen and destroy free radicals. This can be incorporated with early
lightning warning systems to achieve a safe oxygen level in 60 minutes [140].

An experimental study found that tank sheets greater than 4 mm can withstand perforation
by lightning strikes, but the temperature on the face of the sheet may pose an ignition risk
[141]. According to Degaev and Korolchenko [142], fighting FRT fires by injecting foam
from the bottom of the tank is ineffective when the floating roof has collapsed and tilted
within the tank, preventing the foam from reaching the other side of the tank roof. A method
1s proposed to improve FRT's firefighting efficiency by subsurface injection of foam into the
tank’s base by modifying the roof configuration. A lab study confirmed that the presence of
a conductive film or shunts on the floating roof tank when lightning strikes will always result
in contact discharge and will generate sparks [143]. An investigation of the impact of the
number and the diameter of the scalable grounding device (SGD) on overall effectiveness
found that the transient voltage across the spark gap reduces with an increasing number of
SGDs [144]. An examination of the effect of a direct lightning strike on the materials used
for the roof covers of geodesic domes of FRTs using aluminium and carbon steel found that
the arc voltage can vary for different voltage polarities. Heated areas remain at the same
temperature after the initial expansion, and then slowly, the temperature will decay [145].

Analysis of the field strength of lightning strike at various distances from the FRT using a
monopole antenna lightning current channel model with the application of the finite
difference time domain (FDTD) found that strikes within a radius of 500 m can affect
sensitive electronics [32]. According to [123], indirect strikes with current magnitudes less
than 17 kA may not be a threat to large FRT. The study by Galvan and Gomes [146] asserts
that the use of air terminations increases the chances of lightning terminating around the
storage tank but reduces the likelihood of hot spot formation on the tank’s metallic sheets.
A charge of 200 C can puncture steel of 2.5 mm thickness.

The installation of an array of sensors and cameras for automatic and intelligent fire
monitoring, detection, alarm and firefighting will solve the challenges of traditional static
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foam pourers on FRT, which may take up to 9 minutes to fill the annual foam channel on
large FRTs [147]. A causal factor analysis using the bowtie diagram shows that 90% of all
case study accidents involve fire and explosion, and 95% of FRT fires are related to the rim
seal region [30]. FRT reduces evaporation losses by as much as 90%. While in service,
various light hydrocarbon component escapes as vapours from the FRT. The evaporative
losses consist of withdrawal or working losses and breathing or standing losses. The
withdrawal losses from a FRT increase with the roughness of the wall surface (corrosion)
during pumping due to the increased adhesion. Double seals significantly reduce evaporation
losses [148].

The extensive review of the body of literature on lightning-induced FRT fires has revealed
key aspects of the issue. The American Petroleum Institute (API) conducted extensive
research on the suitability of thin stainless-steel conductors called shunts and the tendency
and severity of sparks at the shunt shell interface. The results were compiled into standards
API-RP 545 and API-RP 545-A [120, 130]. Further works and various experiments by
researchers have further confirmed API's findings and identified the impracticability of the
recommendation of API regarding submerged shunts. Key highlights of the body of
knowledge on lightning-induced tank fires are focused on sparking at the shunts [132], the
effects of wax coating on the tank shell [33], and the difference in frequency between direct
strikes and indirect strikes to FRTs [139], melting of thin steel sheets [141], the suitability
of various types of rim seals, calculation of the breakdown voltage at the shunts, and the use
of retractable conductors [143].

The following have been established:

1. Shunts are ineffective for preventing roof-shell sparks due to bending, sheet coating
and tank subsidence.

2. Submerged shunts are difficult to inspect, and contact with the shell is not
guaranteed.

3. Tank shell thickness greater than 5 mm can withstand melting when struck by
lightning.

4. Retractable conductors reduce the length of the bonding cable, but cases of conductor
snaps have been recorded.

5. Indirect strikes are more frequent, but their effect can be significantly reduced by
proper equipotential bonding at various points and the use of surge protective
devices.

6. No non-conventional lightning protection system (LPS) design has been approved
by lightning standards for protecting FRT.
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3 Materials and Methods

3.1 The dynamic electro-geometrical model (DEGM)

The rolling sphere method has been demonstrated by many research studies and also in
practice for identifying likely strike points on a structure. It is based on the concepts of the
EGM [149, 150], which defines a striking radius as the interval between the point of the final
jump of the upward counter leader and the point of strike on the object or building. By rolling
an imaginary sphere of a specific radius (Appendix A: Table A.2:) based on the lightning
current peaks, points where the sphere touches are identified as likely strike points, and air
termination must be installed at such points to avert a direct lightning strike to the protected
object. Although the technique identifies a possible strike point and is easy to apply in
practice, it does not differentiate between the type of points on a structure, i.e., flat points,
edges, sharp points, etc. This is a challenge to the sufficiency of this method for adequately
classifying high-risk points on a structure [151].

Field observation and field intensity measurements have revealed that there are more
lightning strikes to the sharp points and edges of buildings than to any other part [152, 153].
The study by Becerra, et al. [151] has also shown that the interception distances based on
the rolling sphere technique were overestimated for grounded structures. The rolling sphere
method cannot be applied to quantify the probability of a direct strike to the different parts
of a building or object in terms of strike probability. The relation linking the striking distance
radii () and the strike probability has been explored [154], and this led to the development
of the numerical DEGM by Kern, et al. [155]. The DEGM considers various orientation
points around the structure under study, and this is used to develop a probability modulated
collection volume for all the points on the structure. The lightning current probability
functions are required to implement the DEGM. The computations in this section will be
implemented on MATLAB running on WINDOWS 10.

3.1.1 The Probability Density Function (PDF) and Cumulative
Distribution Function (CDF) of lightning current — The improved
continuous version

The electro-geometrical model defines a relationship between the lightning current (/) and
the striking distance (r) as defined by IEC 62305-1 and is shown in equations 3.1 and 3.2.

r(m) = 105 1(kd) 0 3.1)
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1
r(m
1(kA) = [ 50)} 0.6 (3.2)
The lognormal distribution function expressed in equation 3.3 describes the probability
density function (PDF) of the lightning current (/), and equation 3.4 describes the PDF in
terms of 7. Equations 3.5 and 3.6 give the cumulative distribution function (CDF) in terms
of I and r, respectively [156, 157]. The median value of the lightning current distribution is
given as p and o is the standard deviation of the log(7) distribution.
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Lightning facts have already established that ninety percent of all lightning strikes are
negative (n) and the remaining are of a positive (p) charge. Based on this, new probability
functions are generated as a weighted sum of the 10% value of the positive probability
function and the 90% value of the negative probability function. For the DEGM
computations, the weighted PDF(r) and CDF(r) are defined as a function of the striking
distance. These parameters are plotted in Figure 3.1 and Figure 3.2, respectively.
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Figure 3.1. A plot of the PDF(r) function
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Figure 3.2. A plot of the CDF(») function

3.1.1.2 The modified continuous PDF and CDF

As shown in Figure 3.3 for the CIGRE line plot, the lightning current distribution has a
discontinuity at the value of 20 kA, i.e., at 70.1 m in terms of striking distance. This
discontinuity has been attributed to the combination of lightning current measurements using
100 direct measurements and supplementary data from indirect methods such as magnetic
links [158] from various parts of the world in the current dataset, which has now increased
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to 408 samples [158, 159]. This discontinuity does not have an impact on the numerical
implementation of DEGM, but it makes the analytical computation complex due to the
number of loops required for switching the values of o5 and u, for currents greater or less
than 20 kA, which may be tricky to implement accurately. In response to this issue, which
was identified during DEGM studies, modified probability functions have been developed
by this study to eliminate the effect of discontinuity by introducing a continuous step
function at the point of discontinuity.
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Figure 3.3. The CIGRE and IEEE lightning current distributions [160]

The distribution functions for the negative lightning current are modified and the following
variables are defined as follows: p; =61 kA, o1 =1.33, u2 =33.3 kA, and 62 = 0.605 and
for the positive lightning current pp, = 33.9 kA and o, = 1.21 [126, 160].

ynzé{;ﬁ%—,uz—(,ul )erf( (1(kA) - 20kA)ﬂ 3.7)
Gn:%{al+0'2—(al ) erf( (1(kA)—20 kA H (3.8)
ynzé{ylﬁuz—(,ul ) erf( (r(m)-70.092 m ﬂ (3.9)
onzé{aﬁaz—(al ,): erf( (r(m)- 70092mﬂ (3.10)
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The analyses from equations 3.7 to 3.14 using the error function generate a continuous
version of the density functions as shown in Figure 3.4, Figure 3.5, Figure 3.6, and Figure
3.7. Visually, this weighted discontinuous plot and the modified continuous version look
similar, except that the continuous version has a slight slope at the point of discontinuity
rather than a vertical line in the PDF plots.
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Figure 3.4. Continuous PDF plot against the current in kA

For the continuous version, the appropriate values of p and ¢ are automatically selected
based on the value of the lightning current without having to use loops in the code to achieve
this, as illustrated in Figure 3.8.
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Figure 3.6. Continuous CDF plot against the current in kA
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Figure 3.7. Continuous CDF plot against striking distance in m

The benefit of the continuity applied is illustrated in Figure 3.9. A two-step iteration is
required to apply analytical DEGM to compute, for example, the probability modulation
collection volume (PMCYV) for the corner of cuboid structures of heights 1 m to 100 m, using
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the modified functions, but with the discontinuous function, several intricate loops and
decisions will be required which is more challenging to implement.
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3.1.2 The implementation of the numerical DEGM

The numerical DEGM requires surface discretisation of the structure and the nearby space.
Discretisation size of 1 m x 1 m and 2 m X 2 m has been applied by studies on cuboid
structures and discretisation at 1 m intervals along air terminal rods and catenary wires [155,
161]. This creates surface points on the structure and space points around the structure, as
shown in Figure 3.10. The space points are the lightning orientation points, and for each
space point around and above the structure, the nearest surface point on the ground or the
structure as a function of geometric distance will be identified. This distance is the actual
striking distance to the identified strike point on the ground or structure. The equivalent
lightning current can also be determined using equation 3.2. Likewise, this distance » can

also be probability-modulated by substituting it into the PDF(r) and CDF(r) equations.

Figure 3.10. Surface discretisation in DEGM implementation

This computation is then performed iteratively for all the space points, and the probability
values for each strike to each point are summed. Finally, the total strike probability for all
the points will be cumulated as the probability PMCV for the whole structure, and the values
for each point can then be expressed as a percentage of this total value. DEGM helps to
identify high-risk points as it clearly expresses the strike probability of all the points in
percentage.

Considering the case of a tank, to apply DEGM, the following are defined:

The spatial striking distance between a space point and a point on the roof of the tank is Dyr,

D for a point on the ground, and Dyw for points on the cylindrical wall. Where n increases
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from one, i.¢., the first to the last surface point. The effective striking distance for each strike

is defined as SD..

SD, = min[ D (3.15)

Dy Dy Dig  Dyp-Pygyr * Dy |
The rolling sphere radii Rsp are computed within the range of 0 m to 300 m vertically above

the roof.

For any space point, a radii interval is defined from 7 on the lower space layer and 7> on the

current space layer.
For each iteration, a distance D, is identified from D,g, Duw, and Dyr such that D, = SD,.

For any surface point n on the ground, the cumulative probability for that point is:

P(SU =300 jgz PDF(r)dr ¥ D, =5D,.¥ r(m)e< Ry, (3.16)

nG):

For any surface point on the cylindrical wall of the tank, the cumulative probability for that

point is:

P(SU, ) = 22300 jrrlz PDF(r)dr N D,y =SDy,V r(m) € Ry, (3.17)

w

For any surface point on the roof, the cumulative probability for that point is:

P(SU =300 jr? PDF(r)dr ¥ D,p =SD,.,¥ r(m)e Ry, (3.18)

nR):

Given n; total number of surface points on the roof of the tank and »> total number of surface
points on the cylindrical wall, the total PMCYV for the tank is given by

n n
PMCVipy = nl=1P(SUnR)+Zn2=1P(SUan) (3.19)

3.1.3 Improving the performance of the numerical DEGM - errors,
computation time, and computation without ground points

The numerical DEGM described in section 3.1.2 has some limitations, which will be
addressed in this section. Numerical DEGM requires surface discretisation, and due to the
thousands of points generated by this discretisation and the need for repeated iterations for
each point, numerical DEGM simulation is typically slow and may run for several days for
large-dimension structures. There is a need to improve the computation time and the
accuracy of the DEGM simulations by eliminating sources of numerical errors [162].
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3.1.3.1 Factors that influence the numerical accuracy of DEGM simulations

)

The surface and space point discretisation size

The discretisation size determines how the length of surfaces is defined. Consider
a 5 m linear length on the surface of a cuboid discretised in two ways using 1 m
and 0.5 m, as illustrated in Figure 3.11. Two corner points remain constant
irrespective of the discretisation size, but the number of internal points changes
with discretisation. The PMCV for this cuboid side length is equal to the length
multiplied by the PMCV for one point. There are 4 points representing a 5 m
length using a 1 m discretisation size which means 1 m is lost. For the case of
0.5 m discretisation size, there are 9 points representing 5 m which means 0.5 m
is lost. The accuracy of the model improves with decreasing discretisation size,
but the simulation becomes slower.

4l
-

Lz ]

3m

(a) Using a 1 m discretisation

+ +* >

2.5m 2.5m

(b) Using a 0.5 m discretisation

Red = Corner points
Blue = Internal points

Figure 3.11. The difference in surface length definitions based on the discretisation size

2)

Discontinuity along the striking distance path

A striking distance is the shortest straight line connecting the orientation point to
the strike point. As a result of several vertical layers of space points with the
computation performed between the intervals of these layers as expressed in
equation 3.20, the striking path becomes discontinuous for some points. This
vertical discontinuity is illustrated in Figure 3.12, and this introduces a little error
in the accuracy for affected points. Since the PMCV is cumulated for all points,
ultimately, the impact of the errors also becomes cumulative.

CDF,

interval

= j PDF(r) dr (3.20)
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Figure 3.12. Discontinuity along the striking distance path

3) Superfluous space points within the collection volume

The pioneering works on numerical DEGM applied equally spanned space point
layers [155, 161] from the ground upwards, as illustrated in Figure 3.13.
Computing DEGM with this space point spread will take a very long time.

Figure 3.13. Equal spanned space point model [157]

The authors applied a discretisation of 2 m X 2 m to reduce the computation time, but this
will, in turn, reduce the model accuracy. Further works by Adekitan and Rock [157] on
numerical DEGM reduced the span of the rectangular space point layers by using linearly
increasing space points [156] using a discretisation size of 1 m % 1 m, as shown in Figure
3.14 as model A. The rectangular space point layers have now been further constrained
within the actual collection volume of the structures as shown in Figure 3.15 as model B.
The span of each layer increased vertically with height, and this greatly reduced the
computation time, but at the corner points of the space point layers, the model still has excess
space points.
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Figure 3.14. Linearly increasing space point layers

Figure 3.15. Reduced space point span with additional excess space points at corner points

3.1.3.2 Modifications to improve the accuracy of numerical DEGM
simulations

The space point definition will be modified to enhance the performance of the numerical
DEGM simulations, and an approach using PDF rather than CDF will be deployed.
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)

Direct computation using PDF rather than CDF

Computing the PMCYV at intervals requires CDF, which is the integration of PDF,
and this is achieved at vertical intervals of the striking distance, i.e., r1 to r2. A
method is proposed in this study to eliminate the errors created by the
discontinuity in the striking distance by directly applying the PDF multiplied by
a conversion factor. This method applies pointwise computation rather than at
intervals, as shown in Figure 3.16. On a straight vertical path from 0 m to 300 m,
the CDF is 0.9902, while the PDF computed at vertical intervals of 10 m is
0.0966. Based on this, a conversion factor from PDF to CDF termed Kpoc is
generated as a ratio of these two values. The Kpzc is dependent on the vertical
distance applied. For 2.5 m, Kpoc =2.51; for 5 m, Kpoc =5.06; and for 10 m, Kpac
= 10.25. This factor will be applied to space points above the roof structure at
intervals of 10 m in this study. For space points by the side of the structure, Kpac
is not necessary, as vertical intervals of 1 m can be applied in this case, except
for very tall structures, just to speed up the computation.

g

Figure 3.16. PMCV computation using PDF for each point

2)

Improved space point definition

The space point layers in model C will be defined as confined within the
collection volume to eliminate superfluous space points, especially at corner
points for cuboid structures using the quarter-circle point, as shown in Figure
3.17 and Figure 3.18. The total space points within the quarter circles are
approximately n/4 times that in square-shaped corners. Likewise, for FRTs, space
points confined to the lightning collection volume of the FRT will be applied, as
displayed in Figure 3.19. With the application of the confined space points,
ground surface points are no longer needed in the model and will be removed.
This is because strikes from space points that are outside the collection volume
of any structure will hit the ground in DEGM simulation, but since all the space
points are now confined, the ground surface points are no longer needed, and this
will give a significant computation time advantage.
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Figure 3.17. Quarter circle corner definition of space points

Figure 3.18. The effective space point volume for a cuboid using quarter-circle corners

Figure 3.19. The space points around the FRT are confined within the collection volume
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3.1.3.3 The effect of the proposed modifications on DEGM accuracy

The improved dynamic electro-geometrical model (IDEGM) showed improved accuracy in
the result and a notable decrease in computation time for the few cases considered, as
illustrated in Figure 3.20, Figure 3.21, Figure 3.22, and Figure 3.23.

10.787

40 040 787 1

Figure 3.20. A cuboid and strike probability

The summary of the result is presented in Table 3.1. For the cuboid structure using Kpac,
there is an improvement in the accuracy of the corner strikes to 10.79% (1663.2 m?) for the
case without ground, and this result is close to the published result of 10.77% (1669.51 m?)
using an analytical method [156]. For the cuboid case with a central air termination of 10 m
in height, the strike probability of 60.99% is very close to the published result of 61.49%
[163]. In Table 3.1, the results from model C are preferred in terms of accuracy.

Figure 3.21. A cuboid with an air terminal and strike probability
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Figure 3.22. A cuboid with catenary wires and strike probability

A further comparison of the result for the cuboid case with published results is presented in
Table 3.2. The IDEGM using Kpac shows consistency with existing results, and the major
advantage of this improvement is the reduced computation time, as shown in Table 3.3.

Using a confined collection of space points that enabled the removal of the ground surface
points, the simulation time was reduced drastically without losing accuracy. The case for the
catenary wires showed a strike percentage of 12.045% for the wire corners when the ground
was included and 10.852% without the ground (Figure 3.22). This is because the catenary
wires above the roof enable it to intercept more strikes outside the collection volume of the
structure, and these external strikes do not exist when the analysis was computed using only
the actual collection volume of the cuboid, i.e., for the case without ground. However, the
total interception efficiency of the catenary wire system is 99.92% and 99.91%, respectively.

0.5
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Figure 3.23. A FRT with colour-coded strike probabilities
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Table 3.1. A comparison of the results and strike probabilities obtained for the different space point
definitions for a cuboid and FRT

Model A - Linearly
increasing space
point with ground

Model B - Collection
volume with ground

Model C - Collection
volume without
ground and with Kpzc

points and Kpzc (%)

points (%) (%)
Cuboid
Corner strikes 11.232 10918 10.79
Cuboid and central air terminal
Corner strikes 6.316 6.453 6.533
Air terminal strikes 63.607 61.215 60.999
Cuboid and catenary wires
Catenary wire corner strikes 12.379 12.045 10.852
Catenary wire length strikes 12.609 12.935 14.126
Total for the catenary wire 99.95 99.92 99.91
Floating Roof Tank (FRT)
Rim edge strikes 90.152 90.305 90.586
Roof strikes 9.803 9.651 9.362
Cylindrical wall strikes 0.044 0.044 0.052

For both cases, there is a redistribution in the percentages. The computation is also illustrated

in Figure 3.24 for a FRT with lightning protection masts around it. The collection volume of
the masts is bigger than that of the protected tank.

Table 3.2. A comparison of the result for the cuboid case

Model A Model B Model C Hannig et al. [156] | Kern et al. [155]
PMCV (m?) 1814.3 1698.3 1663.2 1669.51 —
PMCV (%) 11.232 10.918 10.787 10.774 11.52
Table 3.3. A comparison of the simulation time
Cuboid Cubqld and.central Cuboid al.ld FRT
air terminal catenary wires

Linearly increasing space
point layers (h) 86.8 114.7 115.62 113.28
Collection volume with
ground (h) 14 13.7 13.51 27.38
Collectlon.volume without 575 564 59 28.8
ground (min)
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Figure 3.24. The collection volume of a FRT versus that of the masts around it

3.1.4 Analytical DEGM for FRT

The DEGM requires developing a probability modulated collection volume for the structure
being analysed, and this can be achieved using a numerical or an analytical approach. The
difference between the numerical and the analytical DEGM is illustrated in Figure 3.25,
which shows a surface point that is exposed to a discretised space point volume and strikes
to the surface point are considered per space point, and this is the numerical approach. For
the analytical method, as illustrated in Figure 3.26, the space point volume is analysed as a
composite volume using a geometrical equation to define the volume.

Figure 3.25. A surface point exposed to a discretised or continuous space point volume
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Figure 3.26. A surface point exposed to a composite space point volume

The numerical and analytical DEGM implementations can be further distinguished with
simplified equations, as displayed in equations 3.21 and 3.22, to show the difference between
the methods. The analytical approach implements the integration for the collection volume,
while the numerical approach performs the integration for discretized elements in the volume
and then sums everything.

Analytical = 'rlz PDF(r) A(r)dr (3.21)

Numerical = Zj‘rz PDF(r,) dr (3.22)
1 1

3.1.4.2 The application of analytical DEGM to a FRT

The surface of the FRT will be divided into three that is the rim, the roof and the cylindrical
wall. Each of these parts has a unique lightning collection volume that must be separately
analysed when the roof is at the top and when it has descended into the tank.

For the novel analysis, the tank has a radius of R in m with a height of / in m. The lightning
striking distance r is also in m. For the first case, the roof of the FRT is positioned at the top.

A) The cylindrical sidewall of the FRT

For the cylindrical sidewall of the FRT, the collection volume extends laterally at any height
h, as illustrated in Figure 3.27. For the sidewall, to compute the probability modulated
collection volume, the idea of a unit sectional collection area (Awan / unit) will be introduced,
and this concept is illustrated in Figure 3.28.

Striking distance (r) = & (3.23)

The horiontal radial span (R*)= R + r = R + h (3.24)
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A unit angular span in radians is defined for an arc of length 1 m on the circumference of
the FRT.

27 1

L =——= (3.25)
unit  27R R
Figure 3.27. The symmetrical collection volume around the FRT’s sidewall
. R* r
The radial arc area A(r) = = 1+ = (3.26)

For a point at a height (%), the corresponding PMCV for a unit sectional area on the wall is

A =) PDF (). (1 + %) dr. (3.27)

wall Ir:

Alr)

Figure 3.28. A unit sectional side flash area on the tank wall

Considering a lateral vertical unit from the bottom of the tank to 4,

PMCV, .\ /unit =3 jr’:é’ PDF(r)- [1 + %) dr (3.28)
The PMCYV in m? for the cylindrical wall up to 4 is:
_ . =h r=h r
PMCVwall_ 27R % PMCVwall /unit =27R Z;}:=0 jr=0 PDF(r)- (1 + Ej dr (3.29)
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B) The rim edge of the FRT

For the rim edge of the FRT, the collection volume is based on the depiction in Figure 3.29.
From the rim edge, the horizontal span of the volume increases upwards. For a 1 m arc on
the rim edge, a unit sectional area with a collection volume is generated as illustrated in
Figure 3.30 with a horizontal angular span of 01 and a vertical angular spread of 0,. Both
angles are in radians. The curve's surface area expands with increasing height into the sky.
The integral equation required to compute this is quite complex to solve, and as such, a
simplification is required, and this is achieved by flattening the curved surface layer, as
illustrated in Figure 3.31.

Figure 3.29. The FRT’s rim edge lightning collection volume

2 1
O = Oy =5 = (3.30)
i h
0, = cos 1(1——) (3.31)
r
Arm1 (0 to k)

Arim2 (h to =)

Figure 3.30. The collection surface of the rim edge per unit sectional area

For the rim edge, the computation is in two parts. The first part is computed starting from
the rim edge itself up to the tank’s height 4 above the rim, and the second part is from 4

above the rim to infinity in the sky. For the flattened surface, there are two chords or border
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lengths in m. One touches the FRT’s shell while the second border is at the opposite end.
For the first part, the analysis is developed as follows with striking distance 7 increasing from
0 to & above the rim:

1
BorderA = 2Rsin (—) (3.32)
2R

1
BorderB = 2(r+R)-sin| — 3.33
comrsn( ) o

Figure 3.31. The corresponding flattened collection area for a span 0; along the rim

The length of the flattened arc in m is defined as
Ared= == (3.34)
2
The horizontal length of this section in m can be obtained as follows:

1
LengthA = ArcA x cos (Ej (3.35)

The flattened model is a simplification of the curved surface for integration. A relationship
between the simplified model and the actual surface as implemented in FreeCAD was
determined. This is illustrated in Figure 3.32, and a correction factor of 0.725 is required as
applied in equation 3.36 to correct the effect of the flattened surface approximation of the
actual curved surface. A comparison of the results for striking distance » = 0 to 4 for sample
striking distance values of 10 m and 20 m for a FRT of height 20 m and four different
diameters are presented in Table 3.4. These results confirm the accuracy of the simplified
model.

Ariml :(

BorderB — BorderA
Le”gthAXBOFderB)—( oraer. order

x0.725 % LengthAj (3.36)
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Figure 3.32. FreeCAD model of the curved surface area

For r = 0 to / above the cylindrical rim, the PMCYV for a unit sectional area in m? is
. _r=h
PMCV,. / unit ‘ 0101~/ PDF(r)- A dr. (3.37)
For the whole cylindrical rim, the PMCV for » = 0 to 4 in m? is

. r=h
PMCVrim 0ton = 2ZRXPMCV_. / unit ‘ 0ton = 27R L:O PDF(r)- A dr  (3.38)

Table 3.4. Comparison of the areas Asim and Aqim2 from FreeCAD and the simplified model in m?

Striking Distance
10 m 20 m 50 m 150 m 300 m
Radius | CAD | Model | CAD | Model | CAD | Model | CAD | Model | CAD | Model
20 m 20.71 | 20.69 | 51.42 | 51.37 | 9636 | 98.11 | 228.00 | 228.21 | 410.00 | 406.68
30 m 19.04 | 19.03 | 44.75 | 44.74 | 79.70 | 80.92 | 178.00 | 178.42 | 310.00 | 308.16
40 m 18.21 18.21 | 41.42 | 4142 | 7136 | 72.30 | 153.00 | 153.45 | 260.00 | 258.75
50 m 17.71 17.71 | 3942 | 3942 | 6636 | 67.12 | 138.00 | 138.45 | 230.00 | 229.07

For » = h to oo above the rim, the computation will also be initiated from the basics. For this
case, the chord length BorderB will be reformulated as BorderC in m.
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1
BorderC = 2(L, +R)-sin (Ej (3.39)

AreB = ro, (3.40)

The length of the rectangular section in m is defined as
1
LengthB = ArcB x cos (Ej (3.41)

For = h to oo, a correction factor of 1.02 will be applied as shown in equation 3.42 based
on results from FreeCAD. The comparison of the results in m? for this simplified model with
FreeCAD computation is presented in Table 3.4 for » = 50 m,150 m, and 300 m.

Ainr = (LengthB x BorderC)

rim2

_ ( BorderC — BorderA $1.02% L, j (3.42)

For 7 = h to o above the cylindrical rim, the PMCYV in m? for a unit sectional area is

PMCV.. | unit‘ =" PDF(r)- Ay dr (3.43)

h to © rnmz2

For the whole cylindrical rim, the PMCV for » = 4 to o in m? is

r=

PMCV, [} 0o =27RXPMCV it |, =22R [ “PDF(r)- A, dr (3,44
For 7= 0 to oo the PMCV in m? for a unit sectional area is defined as
PMCV_  /unit= PMCV_ /unit|,,, + PMCV_ /unit|,,., (3.45)
For 7= 0 to o, the PMCV for the whole cylindrical rim in m? is defined as
PMCV_. =PMCV_ |4, + PMCV_. |, (3.46)

O) The floating roof

For the roof of a FRT, the collection volume is cylindrical, as shown in Figure 3.33, and it
extends upwards from the roof up to infinity.

For a 1 m? area on the surface of the roof when the roof is at the top of the tank, the PMCV
per unit area in m? is defined as:

PMCV

oop | unt ‘: |/=5 PDF(r) dr (3.47)

For the whole surface of the roof, the PMCV in m? is defined as:

PMCV 2y

roof =7R

PDF(r) dr (3.48)
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Figure 3.33. The lightning collection volume for when the roof of the tank is at the top

3.1.4.3 Analytical DEGM computation when the FRT’s roof is lowered

Before lightning strikes, pre-strike charges accumulate on the FRT, especially on the roof
and nearby grounds. According to Dodd [164], the charges accumulate on the external
surface of the tank shell and none within the tank itself because electrical charges are self-
repellent. This is similar to the Faraday cage effect using solid or mesh-type cages. The
discharge of these charges, even when there is no direct strike to the tank, can result in
electrostatic sparks.

When the roof of a FRT is lowered within the tank, as illustrated in Figure 3.34, a space
volume is created above the roof, up to the rim of the tank. The top rim of the FRT’s shell
creates a zone of protection both internally and externally for the lower parts of the tank
shell, as illustrated in Figure 3.35. Since lightning descends from above, strikes descending
within the internal tank area toward the lowered roof of the FRT must pass through the
collection reach of the top rim or head directly for the roof. If the Faraday cage effect
proposition by Dodd [164] is valid, and there are no charges within the internal surface of
the tank’s shell, then an upward streamer cannot be formed, and as such, no strike can
terminate on the internal surface of the tank shell. Strikes above the roof that are not
intercepted by the rim edge will ultimately hit the tank roof. This may explain why reported
cases of lightning strikes are always to the rim or the roof of the FRT.

Space points within the tank above the
lowered roof

Figure 3.34. A FRT with lowered roof
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Excluding this space volume above the roof in DEGM simulations for FRTs with a lowered
roof is a demonstration of the expected practical realities that the critical lightning orientation
volumes are those outside the FRT, both above and beside it. Also, strikes from this space
are of currents that are < 3 kA with no significant fire risk. The DEGM results consider the
cases when the space above the roof is ignored and when it is added to the total collective
volume of the FRT for lowered roof cases.

Descending lightning strikes

Side collection
volume

protection
below sphere

Zone of

Figure 3.35. Potential lightning strikes to a lowered FRT’s roof

Rirn Collection

Volume
Roof
Collection
Volume
Internal Shell
Collection
Volume
Lowered
Roof
Crude Oil

Figure 3.36. The division of the collection surface above a lowered roof into three parts

When the floating roof is lowered from its apex height to a height /i below the rim, the
collection volume above the roof changes, and it becomes segmented into three parts, as
shown in Figure 3.36. The collection volume for the roof significantly reduces, while
additional volumes are created for the rim and internal side flashes for the tank shell, which
must be added to the values calculated for the rim and cylindrical wall when the roof is at
the top. The effective striking distance for the internal strike due to the lowered roof is 7int.

The following analysis is due to the sectional volumes created above the lowered roof.
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A) The FRT’s sidewall with the roof lowered (RFL)

Figure 3.37. A unit sectional area of the tank wall with span 6, due to the lowered roof
Effective radial span for the internal volume R*=R -h,, = R -7, (3.49)

The PMCYV for a unit sectional area on the tank shown in Figure 3.37 can be obtained for a
given height 4 as follows:

A (" ppEey (12 D e [ PDF(r)-| 1= | 4
wall_RFL_.L:o (r): TR (r)- — |4 (3:50)

=0 \ from h=hy

Considering the lateral sectional unit vertically from the ground to the reference height,

. r=h r=h r
PMCVwall_RFL / unit _Zr:O L:o PDF(r)- (1 + Ej dr +

(3.51)

> [ pDRG) 1T | dr

r=0 ‘from h=hpe Jr=0 ‘from h=hyp R )

The total PMCYV in m? for the cylindrical wall up to 4 is:
_ . r=h r=h r

PMCV, oy gpp = 278 x PMCV,_ y /unit =27R 3 [ "PDF(r)- L+ fdr + .

r:hlm r:hInt . _ h
27R Zr:O ‘from h=hp,, J.r:O ‘from h=hp, PDF(F) (1 R j dr

B) The FRT’s rim edge with the roof lowered

The following analysis is for a striking distance 7t = 0 to /¢ in m above the rim edge. The
curved surface in Figure 3.38 has two border lengths, with one touching the tank’s wall and
the other at the interior end of the collection surface. This concept is shown in Figure 3.39
with the flattened equivalent of the curved surface. This analysis is for strikes to the rim due
to collection layers vertically above the roof region, i.e., within the horizontal span L,. These
are internal (above the roof) strikes to the rim.
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Figure 3.38. The collection surface of the rim edge per unit sectional area when the roof is lowered

(1
BorderA = 2Rsin (—j (3.53)
2R

(1
BorderD = 2(R~-r,,)-sin (—j (3.54)
2R
The length of the flattened arc in m is defined as:
h

AreD = % (3.55)

For the rectangular section, the horizontal length LengthD in m can be obtained using
equation 3.56:

1
LengthD = ArcD x cos| —
g ( Rj (3.56)

BorderA — BorderD
2

Y|

rim3 (

LengthD x Bom’erA) - [ x0.725x% LengthDj (3.57)

For 7= 0 to /¢ above the roof, the PMCV in m? per unit sectional area of the rim edge is

r=h
PMCV 1y / unit - j "™ PDF(r)- 4

Oth ), rim3

dr (3.58)

The total PMCV in m? for the rim edge up to height (/1n¢) above the roof is:

r=h
0toh = 27R x Lzolm PDF(r)-A. . dr

PMCV . Otoh =27R x PMCVrim_Int / unit i3

rim_Int

(3.59)
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Figure 3.39. The Flattened equivalent of the collection surface area of the rim edge per unit sectional
area of span 0; when the roof is lowered

The horizontal span of the internal collection volume for the rim will reach the centre of the
FRT at a striking distance value of 7centre.

For 7 < reentre, 02 1s as defined in equation 3.61, while for 7 > reentre, €quation 3.62 applies.

Foonre is the value of 7 for which (2rhy  —fy 2 =R (3.60)

h
0, =cos™! (1—ﬂ] (3.61)
r
0. =sin" ! (ﬁj (3.62)
2 p

The following analysis considers the striking distance » from /A to infinity above the rim.
The length BorderD of the chord in m is defined as BorderE in this instance.

1
BorderE = 2(R-L,)-sin| — 3.63
( 2) (2R] ( )

The length of the flattened arc in m can be obtained from equation 3.64.
ArcE = 1y, 92 (3.64)

The horizontal length of the section in m can be obtained using:

1
LengthE = ArcE x cos (Ej (3.65)
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BorderA — BorderE
2

A s = (LengthE X BorderA) —( x1.02xL, j (3.66)

For » = hint to oo above the roof, the PMCYV per unit sectional area of the tank’s rim is

PMCV.. / unit

im It PDF(r)- A, dr (3.67)

:j}"— o0
g 10 1y

Considering a unit sectional area of the rim edge, the PMCV in m? from = 0 to o due to
strikes vertically above the roof is:

PMCV. . /unit= PMCV .
rim_Int rim_In

t / unit Otoh + PMCVrim_Int / unit h, . too

Int Int

(3.68)

For the whole cylindrical rim, the PMCV in m? for 7 = A to o due to strikes vertically above
the roof is defined as follows:

PMCV . / unit dr

rim_Int | A

=27RxPMCV. .
Int rim

Int h

Int 4

(3.69)

to oo

to oo =27R Irzhlm PDF(r)- Arim

For the whole cylindrical rim, the total PMCV in m? for r = 0 to o due to strikes vertically
above the roof is:

+ PMCVrirn_Int hI to oo

PMCV .
rim nt

Int ~ PMCV .

(3.70)
rim_Int |0 to hInt

The total strike to the rim when the roof is lowered is the sum of strikes due to the collection
layers external to the FRT (i.e., rim analysis when the roof is at the top) and those vertically
above the roof region when the roof is lowered, i.e., within the horizontal span L>.

The total PMCV for the FRT’s rim edge for » = 0 to co when the roof is lowered is the sum
of equations 3.46 and 3.70.

PMCV .
rim

ReL =PMCV, + PMCV,

m Int (3.71)

0 The FRT’s roof with the roof lowered

This section analyses the curved conical shape of the collection volume above the roof when
the roof is lowered. This area extends from the surface of the floating roof (i.e., 0 m) at the
roof edge up to the point of highest exposure at the centre, as illustrated in Figure 3.40.

The maximum vertical striking distance rmax for any point on the roof is a function of the
radial length Rien of that point from the edge of the roof. The equivalent PMCV for a unit
sectional area of the roof for radial points from the edge of the roof up to /. in length (i.e.,
Rien = 0 to Amy) is:
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_ rleen
PMCV, = jo PDF(r) dr

Roof strike
boundary

Circular
path ofa
point  Lowered

/ roof

=

Figure 3.40. The strike boundary above the roof when the roof is lowered

The equivalent PMCV in m? for the full circumferential path along Rien is:

r=R
PMCV,; . =27(R-R,,)[ " PDF(r)dr

(3.72)

(3.73)

The equivalent PMCYV for a unit sectional area of the roof for radial points that are longer

than A in length (i.e., Rien > Ant) 1s obtained as follows:

2 2
Rien + i
"max = %

Int

PMCV, = Lomax PDF(r) dr

The equivalent collection area in m? for the full circumferential path along Rien is:

PMCV,; . =27(R-R,,)| ™ PDF(r)dr

The total PMCYV in m? for the floating roof is defined as:

Rjon =t =R
PMCV, ¢ gpr, = 2. 27(R-Ry,) | " PDF(r)dr +
len™
Rlen =R r=r
> 27(R-R,) j max PDF (1) dr
Rlen >hInt =0
(3.77)
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3.1.4.4 The limitations of analytical DEGM for complex structures and those
with air terminations

The analytical computation of the DEGM is very fast, just like the IDEGM, and results can
be obtained in a few minutes for most simulations. With this advantage, there is,
unfortunately, a major challenge due to the need to accurately define the geometrical volume
of each collection volume in the analysis.

Figure 3.41. The collection volume of a FRT and for one of four air terminals

The collection volume for a simple structure may be easy to define mathematically, but it
gradually becomes complex with the addition of air terminals. For example, the collection
volume of the tank in Figure 3.41 is quite symmetric around the tank. Two sections emerge
considering the collection volume of one air terminal on top of the rim, one above the roof
and the other beside the tank. Each of these volumes must be mathematically defined even
though the shapes may not necessarily be common shapes with existing equations. Also, the
effective collection volume of the FRT is the symmetrical collection volume around the tank
minus that of the air terminal, and this is also not easy to implement. To consider how the
protection of the air terminal affects each part of the cylindrical tank is even more complex.
For any section of the tank under consideration, the collection volume of the air terminal
within that section must be removed geometrically. While this seems difficult, it becomes
even more complex if the collection volumes of four air terminals are considered, as shown
in Figure 3.42. The collection volumes of the air terminals are interwoven, forming complex
shapes. A mathematical analysis of each of these sections will be a daunting task.
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Figure 3.42. The collection volume of a FRT and four air terminals

Due to these challenging realities in the analytical computation of DEGM, the evaluation of
the effects of various conventional LPS on a FRT can only be implemented using the
numerical DEGM.
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4 The results from numerical and
analytical DEGM simulations

The exposure of the FRT component parts is influenced by the position of the floating roof
within the tank. Although the roof may be at any height, three cases are considered in this
simulation. For the first case, the floating roof is at the top. For the second case, the roof is
in the middle position, and for the third case, the roof is at the bottom, just 0.5 m from the
bottom plates. In practical operations, the roof usually will not touch the bottom of the tank
where water and sediments typically accumulate. Three FRTs of height 10 m, 20 m, and 30
m were studied with seven different tank radii ranging from 20 m to 50 m.

4.1 Numerical simulation for FRT without air terminals

As shown in Figure 4.1, the likelihood of a direct strike to the FRT’s rim with the roof at the
top is approximately 95% for a 20 m high FRT with a radius of 20 m. The likelihood of a
direct strike to the FRT’s rim edge decreases as the FRT’s radius increases and increases as
the FRT’s height increases.
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Figure 4.1. Strikes to the rim with the roof at the top

The highest likelihood of a direct strike to the roof occurs when the floating roof is at the
apex position. The diagram in Figure 4.2 highlights the fact that the exposure of the roof to
a direct lightning strike increases as the tank radius increases and reduces as the tank height
increases. The exposure of the sidewall of a FRT increases slightly with increasing tank
height, and it is relatively constant for a given tank height with increasing radius when the

roof is at the top, as illustrated in Figure 4.3.
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Figure 4.2. Strikes to the roof with the roof at the top
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Figure 4.3. Strikes to the tank wall with the roof at the top

A summary of the case with the roof at the top is presented in Figure 4.4, which shows the
probability of a lightning strike to the roof, the rim and the tank’s sidewall in percentage

ranges.
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Figure 4.4. A summary of the case with the roof at the top
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Figure 4.5. Strikes to the rim with the roof in the middle

When the roof is at the middle and bottom positions, two cases will be considered. For the
first case, only the external collection volume will be considered (Ext case), while in the
second case, the space above the roof but within the tank created by the lowering of the roof
will also be considered as a part of the collection volume (All case). As shown in Figure 4.5,
the likelihood of a direct strike to the rim area when the roof is in the middle is approximately
99% for a FRT with a radius of 20 m both for the Ext and All cases. The risk of a lightning
strike to the FRT’s rim area reduces as the tank radius increases, and it increases with
increasing tank height. There is no significant difference between the Ext and All cases for
the radii values analysed.
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Figure 4.6. Strikes to the roof with the roof in the middle

The chart in Figure 4.6 shows that the exposure of the roof to a direct lightning strike
increases with increasing tank radius and reduces with increasing tank height when the roof
is at the middle position. The exposure of the sidewall for this case increases slightly with
increasing tank height, and it is relatively constant for a given tank height with increasing
radius when the roof is at the top, as presented in Figure 4.7. There is no major variation

between the Ext and All cases for the radii values analysed.
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Figure 4.7. Strikes to the tank wall with the roof in the middle
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Figure 4.8. A summary of the case with the roof in the middle

A summary of the case with the roof in the middle is presented in Figure 4.8, which shows
the probability of a lightning strike to the roof, the rim and the FRT’s sidewall in percentage
ranges.
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Figure 4.9. Strikes to the rim with the roof at the bottom
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Figure 4.10. Strikes to the roof with the roof at the bottom

As shown in Figure 4.9, when the roof of the FRT is at the bottom, within the FRT, there is
a significant space above the roof, and this created a little difference in the result for the Ext
and All cases for the 15 m high and 20 m high FRTs. The likelihood of a strike to the FRT’s
rim also reduces as the tank radius increases. Figure 4.10 shows the probability of a direct
strike to the floating roof. For the 15 m and 20 m high FRTs, there is a slightly higher
likelihood of a strike to the roof for the All case. Although, it is important to note the highest

difference is just about 0.025% for the 20 m high tank.
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Figure 4.11. Strikes to the tank wall with the roof at the bottom
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The percentage strike to the tank wall with the roof at the bottom is shown in Figure 4.11,
and there is a slight difference in values between the Ext and All cases for the 15 m and 20 m
cases due to internal volume within the tank when the roof'is lowered. In terms of the severity
of the strike to the sidewall, this may not have any practical effect. A direct lightning strike
to the lower sidewall of a FRT is typically unlikely.
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Figure 4.12. A summary of the case with the roof at the bottom

A summary diagram for the case with the roof at the bottom is presented in Figure 4.12.
4.2 Analytical simulation

The analytical equations developed in section 3.1.4.2 for the case when the roof is at the top
and equations in section 3.1.4.3 for when the roof is lowered. The middle position will be
analysed for the scenario where the roof is lowered.

When the roof is at the top, the effects of discretisation size can be easily observed when
using analytical techniques. The analytical results computed will be compared with results
from the numerical model using a discretisation size of 1 m. This means that in the numerical
model, the height of the cylindrical sidewall is shortened by 1 m (0 to /4-1) because the apex
height represents the rim edge, and likewise, the radial length of the roof is also shortened
by 1 m because the point also represents the edge of the rim and the area of the roof will be
n(r-1)>. Two analytical calculations will be developed for when the roof is at the top, the
first will consider the effect of the discretisation in the numerical model, and the other will
be computed based on the actual lengths of the components part. Four radii lengths of 20 m,
30 m, 40 m, and 50 m will be considered for two FRTs of the height of 15 m and 20 m,
respectively.
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Table 4.1. Analytical results with the roof at the top

Strike Probability (%)
. Analytical - | Analytical
Numerical Discretisation | - Actual

Cylindrical Wall 0.050 0.045 0.056

Radius =20 m ;
Height = 20 m Rim Edge 94.880 94.959 94.438
Roof 5.071 4.996 5.506
Cylindrical Wall 0.016 0.013 0.018

Radius =20 m )
Height = 15 m Rim Edge 93.699 93.736 93.103
Roof 6.286 6.250 6.879
Cylindrical Wall 0.052 0.047 0.059

Radius =30 m 3
Height = 20 m Rim Edge 90.586 90.610 90.009
Roof 9.362 9.343 9.932
Cylindrical Wall 0.016 0.014 0.019

Radius =30 m ;
Height = 15 m Rim Edge 88.645 88.578 87.870
Roof 11.339 11.408 12.111
Cylindrical Wall 0.053 0.048 0.059

Radius =40 m 3
Height = 20 m Rim Edge 86.142 86.091 85.466
Roof 13.805 13.861 14.475
Cylindrical Wall 0.016 0.014 0.019

Radius =40 m ;
Height = 15 m Rim Edge 83.574 83.390 82.673
Roof 16.410 16.596 17.308
Cylindrical Wall 0.053 0.047 0.059

Radius =50 m ;
Height = 20 m Rim Edge 81.799 81.685 81.065
Roof 18.149 18.267 18.876
Cylindrical Wall 0.016 0.014 0.019

Radius =50 m ;
Height = 15 m Rim Edge 78.734 78.465 77.771
Roof 21.250 21.521 22.210

Table 4.1 shows that slight difference in the results when the discretisation effect is
implemented in the analytical calculations and when it is not. This further confirms that the
discretisation size used in numerical models truly affects the results to some extent. When
the roof is lowered, as considered in the second case, the results presented in Table 4.2 show
that there is no notable difference when the discretisation effect is considered and when it is
not. This is because when the roof is lowered within the tank, the edge of the roof, which is
affected by the r-1 factor, is protected by the tank shell, and as such, it does not contribute
to the PMCYV of the tank, so its removal or addition does not affect the results.
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Table 4.2. Analytical results with the roof in the middle

Strike Probability (%)

Numerical Analytical - | Analytical
Discretisation | - Actual

Cylindrical Wall 0.050 0.045 0.057

Radius =20 m ;

Height = 20 m Rim Edge 99.946 99.948 99.936
Roof 0.004 0.007 0.007
Cylindrical Wall 0.016 0.013 0.019

Radius =20 m ;

Height = 15 m Rim Edge 99.975 99.973 99.968
Roof 0.009 0.014 0.014
Cylindrical Wall 0.053 0.047 0.060

Radius =30 m 3

Height = 20 m Rim Edge 99.886 99.876 99.864
Roof 0.062 0.076 0.076
Cylindrical Wall 0.016 0.014 0.020

Radius =30 m ;

Height = 15 m Rim Edge 99.845 99.835 99.829
Roof 0.139 0.151 0.151
Cylindrical Wall 0.053 0.047 0.059

Radius =40 m ;

Height = 20 m Rim Edge 99.631 99.606 99.594
Roof 0.316 0.347 0.347
Cylindrical Wall 0.016 0.019 0.014

Radius =40 m ;

Height = 15 m Rim Edge 99.326 99.285 99.290
Roof 0.658 0.696 0.696
Cylindrical Wall 0.053 0.048 0.060

Radius =50 m )

Height = 20 m Rim Edge 98.926 98.856 98.844
Roof 1.022 1.096 1.096
Cylindrical Wall 0.016 0.014 0.019

Radius =50 m B

Height = 15 m Rim Edge 97.970 97.887 97.882
Roof 2.014 2.099 2.099
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5 Simulation of the lightning impulse
voltage on critical points on the FRT

This chapter is dedicated to studying the flow of lightning current on the welded steel sheets
of a FRT. A model of a FRT with steel sections is implemented in Simulink on MATLAB,
and lightning current is applied at various points to evaluate the voltage and current
distribution along the steel sections. Towards implementing an effective LPS for a FRT, it
is vital first to understand the effects of lightning current flow on voltage distributions on
the FRT, which is responsible for air gap breakdown. The analysis carried out for a 60 m
diameter and 20 m high FRT is extensive, and it considers steel plate resistance-inductance
(RL) parameter extraction using FastHenry software and Ansys Q3D. Also, various
computations were performed on MATLAB and simulations of lightning current flow, and
the air gap capacitive effect was implemented using Simulink.

5.1 FRT resistance-inductance (RL) model using Ansys
Q3D, Fast Henry and Simulink

A typical steel storage tank shell is made of various steel plates welded together in sections,
as illustrated in Figure 5.1.

& mm

& mm

& mm

9 mm

it 10 mm
&3z [Tlf ] L.

Figure 5.1. Steel sections on a FRT with the thickest steel layers at the base

The flow of current through the various tank steel plates can be evaluated using mesh
impedance analysis. For this purpose, the tank shell sections will be divided into horizontal
and vertical steel sheets as a representation of the possibility of current flow vertically and
horizontally along the shell plates. The tank parameters for this analysis are defined as
follows:
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Tank diameter (D) = 60 m
Tank height (H) =20 m
The circumference of the tank = 7D = 188.5 m

A tank sheet's typical length and breadth are about 10 m by 2.5 m. Hence, the circumference
of the tank for this case is divided into 20 equal sections.

The circumferential length of steel plate =/ = 9.424775 = 9.425 m
The vertical height of each steel plate = w =2.5 m

The steel plates are usually a little ticker at the base to support the weight of the upper steel
sections, as shown in Figure 5.1. Three shell thicknesses will be applied in this model, i.e.,
8 mm for the upper shell sections, 9 mm for the second to the last shell layer, and 10 mm for
the base section. The thicknesses of the steel plates are £ = 0.008 m, 0.009 m, and 0.01 m,
respectively, and this complies with the minimum thank shell thickness requirement as
shown in Table 5.1.

Table 5.1. Minimum tank shell thickness requirement — API 650 [165]

Nominal tank diameter D Nominal plate thickness ¢
<15m > 5 mm
I5Sm-36m > 6 mm
36 m—60m > 8§ mm
> 60 m > 10 mm

Although NFPA 780 specifies that tank sheets with a minimum thickness of 4.8 mm are
inherently self-protecting against melting by lightning current, but analysis by Budisatrio, et
al. [166] has shown that a lightning current of 33.07 kA is the withstand limit of a 4.8 mm
thick sheet for a 2 ms long-stroke current and this may be inadequate for tropical regions
which have a 50% probability of lightning current greater than 40 kA [167]. A similar
analysis for an 8 mm thick plate indicates a current withstand of 163.8 kA. This emphasises
the importance of an adequate LPS for tanks, especially in tropical regions.

The tank model has 20 steel plates in the horizontal direction along the circumference and
eight steel plates in the vertical direction. This gives a total of 160 mild steel sheet plates.
The resistance and inductance of the steel sheet are affected by the direction of current flow
through the sheet. For this case, the horizontal and vertical flow of current through the sheet
will be considered, as illustrated in Figure 5.2 (a) and 5.2 (b).

The steel type analysed is mild steel with resistivity ps=1.7-10"7 Q-m, and relative

permeability st =300. The skin effect is considered, and it increases the current density

near the skin of a conductor as frequency increases, resulting in different resistance and

inductance values at different frequencies. According to the FastHenry user's guide, the

conductor area where current flows, referred to as the skin depth 0, is defined as follows:
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Figure 5.2. Single steel sheet illustrating current flow vertically and horizontally (a) Current flow
vertically down (b) Current flow horizontally

For mild carbon steel, as calculated in Table 5.2,

5 D _ 001198

(52)
T f oyt NS

fis frequency

The conductivity of steel o5t = 1/pst

The permeability 1 = po- st

st 18 the relative magnetic permeability of steel
The permeability of free space po =410~ H/m

Table 5.2. Skin depth at different frequencies

t (mm) f(Hz) 6 (mm)
250 0.758
437.5 0.573
8,9,10 mm 25000 0.076
250000 0.024
1000000 0.012

The front frequency frand tail frequency f; of the lightning pulse are defined as follows:

po L 025 53)
"4 7 '
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7 0.0875
07, T,

fi= (5.4)

Where T is the virtual front time, and 7> is the virtual time to half-peak-value on the tail.

The front fr and tail f; frequencies for the positive First Stroke (pFS), 200 kA (10/350 ps)
peak pulse lightning current, the negative First Stroke (nFS) 100 kA (1/200 us) peak pulse
lightning current and the negative Subsequent Stroke (nSS) 50 kA (0.25/100 ps) peak pulse
lightning current are presented in Table 5.3. Where iy and 7Ly are the lightning pulse current
and the peak value, 7 is the front time constant and 7> is the tail time constant, n is the
steepness factor (typically » = 10), and n is the pulse current peak factor.

Table 5.3. Lightning current parameters for the Heidler-time function [168]

Parameter pFS nFS nSS
Ti/T, 10/350 ps 1/200 ps 0.25/100 ps
4 31.02 ps 3.563 ps 0.945 ps
T 18.8 us 1.83 us 0.454 ps
T 480 ps 285 ps 143.4 s

iLu 200 kA 100 KA 50 kA
n 0.934 0.988 0.993
Je 25 kHz 250 kHz 1 MHz
f 250 Hz 437.5 Hz 875 Hz
-t
- 7,
i (D) = x — (5.5)

The impedance extraction for the steel sheet will be performed using FastHenry and Finite
Element Method (FEM) on Ansys Q3D. Ansys Q3D Extractor is software for fast 3D
parasitic extraction. The conductor volume modelled using FastHenry must be appropriately
discretised into filaments to ensure result accuracy [169]. The smallest filament should not
be bigger than the skin depth at the highest frequency. For this case, the highest frequency
is 1 MHz. The steel sheet will be discretised in thickness and width direction using the
following values for the FastHenry parameters: nhinc = 19, nwinc =19, rh =4, rw = 2.

The impedance extraction was first implemented using pse = 1 on FastHenry and Q3D, and
the resistance and inductance (RL) result is presented in Figure 5.3 and Figure 5.4 for a few
frequency points between 1 Hz to 1 MHz for an 8 mm thick steel sheet. The results from the
two applications are reasonably close in this particular case. FastHenry has a default relative
permeability u: of 1, which cannot be altered. Using FastHenry for analysing mild steel with
st = 300 is impossible. For this case, the analysis is performed in Q3D using e = 300, and
an approximate estimation is developed in FastHenry for comparison.
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The relationship between electrical resistivity and permeability for most materials is not
necessarily linear, but for simplification, we assume a simple linear relationship for analysis

in FastHenry at pist = 300.
A modified resistivity ps* =1.7-107 /300 = 5.667-107'° Q-m

This will be used for computation in FastHenry as an approximation of the resistivity at
w=1. The R* and L* obtained from FastHenry will be modified as follows for an
approximate estimation of the pst = 300 equivalent.

R =300 x R* (5.6)
R =300 % (L* — Lnf) x 300 + Lus (5.7)

Lyt is the smallest value of inductance at a very high frequency (f— o), which is almost
constant. For this case, at Lng, f= 1 x 10'> Hz.

The RL values from Q3D and the estimated result for pe = 300 using FastHenry are
presented in Figure 5.5 and Figure 5.6 for horizontal and vertical 8 mm thick steel sheets,
Figure 5.7 and Figure 5.8 for 9 mm thick steel sheets, and Figure 5.9 and Figure 5.10 for
10 mm thick steel sheets. Values from Q3D, as shown in Table 5.4 and illustrated in Figure
5.11, will be used for further computation in MATLAB Simulink.
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Figure 5.3. RL parameters of the 8 mm sheet for p, = 1 (Horizontal current flow)
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Figure 5.4. RL parameters of the 8 mm sheet for . = 1 (Vertical current flow)
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Figure 5.5. RL parameters of the 8 mm sheet for p. = 300 (Horizontal current flow)
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Figure 5.6. RL parameters of the 8 mm sheet for p: = 300 (Vertical current flow)

77



70
+
607 Horizontal flow: Sheet - 2.5mx9mmx9.45m /
p, =300 and p_ =1.7x107 Qm /412
50 — & —Resistance (R) - Q3D // /<>
— — + — Resistance (R) - FastHenry Approx. / /410
% 40 —*— Inductance (L) - Q3D -'{ /
- —+H&— Inductance (L) - FastHenry Approx. /7
x 30 W 18
e
20 // Ve
7 {6
10 -
i
- =
00_..__._._‘....4_.4___.0_;_2‘3:._&1-_&,_:& ol ?4
10° 10" 102 103 10% 10° 10°
f(Hz)

Figure 5.7. RL parameters of the 9 mm sheet for p. = 300 (Horizontal current flow)
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Figure 5.8. RL parameters of the 9 mm sheet for . = 300 (Vertical current flow)
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Figure 5.9. RL parameters of the 10 mm sheet for pic = 300 (Horizontal current flow)
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Figure 5.10. RL parameters of the 10 mm sheet for s = 300 (Vertical current flow)

Table 5.4. Single sheet resistance and inductance values from Ansys Q3D

Resistance (mQ) Inductance (uH)
t (mm) f(Hz) Horizontal | Vertical | Horizontal | Vertical
250 0.891 0.051 5.233 0.360
437.5 1.155 0.065 5.106 0.353
8 25000 8.251 0.457 4.764 0.334
250000 25.933 1.434 4.729 0.332
1000000 51.793 2.862 4.721 0.332
250 0.861 0.050 5.220 0.360
437.5 1.119 0.064 5.096 0.353
9 25000 8.062 0.454 4.762 0.334
250000 25.362 1.426 4.727 0.332
1000000 50.663 2.847 4.719 0.332
250 0.846 0.049 5.208 0.360
437.5 1.098 0.064 5.087 0.353
10 25000 7.882 0.451 4.760 0.334
250000 24.787 1.417 4.726 0.332
1000000 49.509 2.830 4.719 0.332

Figure 5.11. The three thickness layers of FRT shell steel sheets
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5.2 Evaluating the overall tank shell impedance

The study by Buccella [170] evaluated the transient effect of lightning current on a small
metallic oil container of 6.4 m in diameter on PSPICE simulator using the multi-transmission
line (MTL) ground model with an arrangement of circular conductors. The effect of
frequency and shell thickness was not considered. This study implements transient current
analysis on a FRT shell modelled from first principles with vertical and horizontal steel plate
parameters extraction from Ansys Q3D. The simulation at various lightning frequencies is
implemented on Simulink for a FRT of 60 m in diameter.
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Figure 5.12. RL mesh tank model in Simulink

The FRT has three different layers of steel thickness, i.e., 8 mm at the top, 9 mm, and 10 mm,
as illustrated in Figure 5.11. The tank model has 20 steel plates in the horizontal direction
along the circumference and 8 steel plates in the vertical direction. The tank’s shell plates
are modelled in Simulink, as illustrated in Figure 5.12.

The overall impedance of the RL tank mesh network can be determined by applying an AC
voltage source of any magnitude and frequency to a point at the top of the tank shell, as
illustrated in Figure 5.13. The impedance of the network will be determined at specific
frequencies set in a code implemented in an M-file on MATLAB. The parameters (A, B, C,
D) of the state-space model of the RL mesh are first evaluated to compute the impedance by
using the command power analyze. The network's total admittance and phase magnitude are
then determined using the Bode function. The impedance can be obtained as the inverse of
the admittance.
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Figure 5.13. RL mesh impedance evaluation setup

In the Laplace domain, the admittance (Y) and impedance (Z) are defined as follows:

_ 1)
Y(s)= ) (5.8)
|
Z(s) :% (5.9

An approximate solution of the overall impedance can also be computed using analytical
equations proposed by Tan [171] such that:

Z=Rip + joLns (5.10)
Z():RV +j0~)LV (511)

In equations 5.10 and 5.11, subscripts 4z and v represent horizontal and vertical components,
as detailed in Table 5.4. Since the shell sheets have three different thicknesses, i.c., § mm
(15 m high), 9 mm (2.5 m high) and 10 mm (2.5 m high). There is a need for an average
value which is defined as

_ 6XR8mm +1XR9mm +1XR

R ; 10mm (5.12)

L:6XL8mm+lxlégmm+le10mm (513)
Z

h=" (5.14)

m = 8 (number of vertical v impedances)
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n =20 (number of horizontal 4z impedances)

p = m (node on top)

g = 0 (node on bottom)

i

g _ 2001

T 2om+1

A =1+h—h-cos9, +\/(1+h—h-cos3i)2 -1

hi =1+h—h-cos —(1+h—h-cos8,)? -1

4.7
Z,.(p,q)=

2-m+1

m

i=1

In this case, the computation needed is

| (sin(p- &) —sin(g- 9))”-

Z320(8,0) = Rt +j(,t)LT

coth (n

A

)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

The overall mesh impedance, i.e., the total resistance (Rrt) and the total inductance (L)

obtained using Simulink and the analytical approach, are presented in Table 5.5 at four

different lightning current frequencies.

Table 5.5. The tank's overall resistance and inductance values

Simulink Analytical
f/Hz |Ry/mQ | Ly/pH | Ry /mQ | Ly/ pH
250 0.173 1.143 0.172 1.143
437.5 0.224 1.119 0.222 1.119
25000 1.582 1.054 1.576 1.053
250000 4.967 1.047 4.947 1.047
1000000 9.917 1.045 9.879 1.045

5.3 The grounding resistance of a FRT

The base plate of a FRT is usually installed on the ground. The tank bottom plates have

multiple sections welded together, as shown in Figure 5.14, and this can be modelled as a

single circular sheet. It is usually placed on top of a layer of concrete and compacted soil

and bitumen to prevent corrosion, and a polythene membrane may be added. The foundation

can be 2 m deep into the soil. The circular concrete edges are made of reinforced concrete,

and the reinforcing bars of foundations and driven piles, where applicable, are usually

interconnected to form an earth termination network. Therefore, the large diameter bottom

plate usually has a very low resistance to current flow to the ground.
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Figure 5.14. Typical sheet arrangement of tank bottom layer

The grounding resistance of a circular plate (tank bottom plates) placed directly on the earth's
surface can be calculated using Rg1 as defined by IEEE Std 80-2013 [172] or Ry according
to BS 7430:2011 [173]. The resulting values are plotted in Figure 5.15 over a resistivity span
of 0 to 1200 Qm. The tank diameter is 60 m.

10 1
——— Resistance Rg1
8  |— — —Resistance Rg2
— 6 0
e
g 4l
2 L
0 L L L 1 1 1
0 200 400 600 800 1000 1200

p (2m)

Figure 5.15. The resistance of a circular plate with increasing soil resistivity

Pe
ol = D (5.20)
Py |
" :Tg I (5.21)

pg — soil resistivity (QQm)
D — plate diameter (m)

A — plate surface area (m?)
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It is observed from Figure 5.15 that even at 1200 QQm, the resistance of the base plate is just
10 Q. A number of crude oil storage facilities are usually located in riverine areas, e.g. the
Niger Delta crude oil storage facilities in Nigeria. In such areas, the soil resistivity can be
very low and less than 50 Qm, such that the resistance is < 0.4167 Q. The recommended
grounding resistance for lightning current dissipation is 10 Q or lower, and this can therefore
be achieved on a FRT without any additional grounding rods. This emphasizes the view of
API RP 545 [130] that flat-bottom tanks placed on the ground do not require additional
grounding via separate rods, and as such, the lightning safety of tanks is not affected by
grounding. According to Dodd [164], adding extra external grounding to the tank has no
benefit whatsoever.

External grounding rods, if installed, are usually positioned around the tank's base. There are
variations in the inter-electrode spacing from different sources. Some petroleum companies
recommend a maximum inter-electrode spacing of 15 m around the tank circumference,
while some use 20 m. For this case, 13 rods will be installed around the FRT, and the rods
can be positioned 1 m away from the tank shell.

The overall resistance of n grounding rods arranged in a circle can be evaluated by Rg3 [174].
The resulting values using Rg3 are plotted in Figure 5.16 over a resistivity span of 0 to
1200 Qm.

i=n/2—1
R, =% .[m(g DJ_I].L 144 +i.z 1._ (5.22)
27TD d n 2DC DC i=1 Sln(ﬂ)
n

pg — soil resistivity

D — the depth of rod(s) in the soil; usually D=9 m (=6 x 1.5 m)

d — the electrode diameter d = 0.02 m

n —number of rods; n =13

Dc — diameter of circle = tank diameter + 2 m spacing from the tank

The circular grounding rods are usually connected at multiple points to the tank shell, which
represents parallel connections. At a resistivity of 1200 Qm, the resistance of the rods is
11.78 Q, a simple parallel connection with the base plate resistance of 10 Q gives an overall
resistance of 5.41 Q. For a soil resistivity value of 50 Qm, the resistance of the rods is
0.491 Q and when connected in parallel with the base plate resistance of 0.4167 Q, the
overall resistance is 0.225 Q. For the simulations in Simulink, two overall grounding values
of 10 Q as the recommended maximum value for lightning protection and a second case with
a low grounding resistance of 0.225 Q were considered to evaluate the effect of grounding,
if any, on the simulation results.
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Figure 5.16. Overall grounding resistance of the rods on a circular path

5.4 Modelling of the lightning current in Simulink

The lightning current model applied in this section for the 10/350 ps, 200 kA (pFS), 1/200
us, 100 kA (nFS) and 0.25/100 ps, 50 kA (nSS) are shown in Figure 5.17, Figure 5.18, and
Figure 5.19. The resulting waveforms are displayed in Figure 5.20, Figure 5.21 and Figure
5.22 respectively. The controlled current source in the model has a resistance of 1 MQ in
parallel, which prevents error due to the connection of the block with inductive elements.
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Lightning
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Figure 5.18. 1/200 us, 100 kA lightning current model
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Figure 5.19. 0.25/100 ps, 50 kA lightning current model
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Figure 5.20. 10/350 us, 200 kA lightning current waveform
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Figure 5.21. 1/200 us, 100 kA lightning current waveform
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Figure 5.22. 0.25/100 ps, 50 kA lightning current waveform

5.5 Evaluation of the current and voltage distribution on the
FRT when lightning strikes

The lightning current Simulink block is connected to the tank’s RL mesh model at a point at

the top, and the current and voltage distributions along the steel columns are measured, as
illustrated in Figure 5.23.
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Figure 5.23. Modelling of the lightning current striking the FRT’s RL mesh

5.5.1 Evaluating the effect of frequency variations on the current and
voltage of the vertical steel columns

A summary comparison of the current and voltage distributions across the steel sections is
presented in this section. The lightning waveform is generally said to contain all frequencies
based on its spectrum analysis. The results presented here are for the cases when the lightning
current frequency is 250 Hz, 437.5 Hz, 25000 Hz, and 250000 Hz by applying their
corresponding RL values at the frequency (f) from the impedance extraction. For this case,
the total grounding resistance Rg at the base of the tank is 0.225 Q, and the lightning current
(10/350 ps, 200kA) strikes a point on the tank rim, as illustrated in Figure 5.23. The voltage
at the top of each of the 8§ vertical steel sheet rows along the point of strike with respect to
the ground is presented in Figure 5.24 (a) to (d) for the four frequencies. The voltage curve
largely follows the pulse current. Only at the beginning, there is an additional small inductive
voltage peak. A peak voltage of approximately 55 kV is observed at the point of the strike
in Figure 5.24 (a). The voltage profiles across the frequencies are quite similar except for the
slight reduction in voltage with increasing frequency.
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Figure 5.24. The voltage across the vertical steel sections with Ry = 0.225 Q for the pFS

The voltage across each of the 20 sheets at the topmost sheet (TS) layer is presented in Figure
5.25. The voltage curves show predominantly inductive character, a voltage peak in the front
region of the pulse current and low voltage values in the tail region. Across the frequencies,
the highest voltage across the sheet struck directly by lightning is 7.2 kV, and this occurred
at 250 Hz in Figure 5.25 (a). The next highest voltage level occurred on the two sheets on
either side of the struck sheet, and the peak voltage on each of the sheets reduced with
increasing distance from the point of strike. As shown in Figure 5.25 (a) to (d), the voltage
levels reduced slightly with increasing frequency.
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Figure 5.25. The voltage across the 20 top sheets with R, = 0.225 Q for the pFS

500

Figure 5.26 (a) to (d) presents the voltage with respect to ground across each of the 20 steel
horizontal sheets at the base of the tank. A peak pulse voltage of about 2400 V is observed
at the steel sheet vertically below the strike point in Figure 5.26 (a). The base sheets are
2.5 m high, and they are the sheets most likely to be touched by workers within the tank
farm. The base sheet voltage also reduced slightly with increasing frequency. The profiles
are quite similar for 250 Hz, 437.5 Hz, 25000 Hz, and 250 kHz, except for slight variations

in magnitude.
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Figure 5.26. The voltage across the 20 base sheets with R, = 0.225 Q for the pFS

Figure 5.27 (a) to (d) show the current flowing through each of the 20 steel horizontal sheets
at the top of the tank from 250 Hz to 250 kHz. A peak current of 148 kA is observed flowing
through the sheet directly struck by lightning, while currents of approximately 20 kA flowed
through the sheets on either side of the struck sheet, and lower current magnitudes (< 3 kA)
flowed through each of the remaining steel sheets. Figure 5.28 (a) to (d) show the current
flowing through each of the 20 steel horizontal sheets at the base of the tank. A peak current
of 48 kA can be observed for the base sheet directly below the strike point.
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A key observation is that the current distribution at the top of the tank had changed
significantly at the tank base. The current is better shared among the sheets at the base of the
tank than at the top rim region.
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Figure 5.27. The current flowing through each of the 20 top sheets with R, = 0.225 Q for the pFS

92



%104 <10%

asF

Current (A)
- »
th ha th o

=
T

05¢
1]
1] 100 200 300 400 500 0 100 200 300 400 500
Time (us) Time {us)
(a) f= 250 Hz (b) f=437.5Hz

Current (A)
Current (A)

0 1 1 T i 1 1] 1 1 T i :
0 100 200 300 400 500 0 100 200 300 400 500
Time {us) Time {us)
(c) f=25kHz (d) f=250 kHz

Figure 5.28. The current flowing through each of the 20 base sheets with R, = 0.225 Q for the pFS

From the voltage and current profiles, the waveforms for the different frequencies are quite
similar. For the rest of the analysis, the pFS will be simulated at 25 kHz, the nFS will be
simulated at 250 kHz, and the nSS will be simulated at 1| MHz. The appropriate RL values
from the impedance extraction at each frequency will be applied in the simulation.
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5.5.2 Evaluating the effect of grounding resistance on the current and
voltage of the vertical steel columns

In order to analyse the effect of a high grounding resistance, the resistance is increased from

Rg =0.225 Q3 to Rg = 10 Q which is the maximum recommended grounding resistance for
lightning current dissipation.

A closer look at the potential distribution across the vertical steel section at the point of strike
within the first 50 ps for Rg = 0.225 Q and Ry = 10 Q at 25 kHz as shown in Figure 5.29 (a)
and (b) reveals interesting details in terms of the voltage magnitudes. The pulse voltages
across the 8 sheets with respect to the ground are different, with a peak of approximately
55 kV at the point of strike for Rg = 0.225 Q but when Ry = 10 Q the pulse voltage has
reached the magnitude order of 2 x 10° V. In the multi-transmission line (MTL) ground
model applied by Buccella [170] voltage level of 10° V was reported for the no-load case.
The peak voltage level across each of the top sheets, as shown in Figure 5.30, and the base
sheet voltage, which is shown in Figure 5.31, are approximately equal for both Rz =0.225 Q
and R; =10 Q.

Figure 5.32 and Figure 5.33 show the current flowing through each of the 20 steel horizontal
sheets at the top and the base of the tank at 25 kHz when Ry = 0.225 Q and R = 10 Q. A
comparison between Figure 5.32 (a) and Figure 5.32 (b) shows the difference in the current
profile of the top sheets due to the increase in the grounding resistance. The peak current in
the profile is approximately 148 kA. A similar profile is presented in Figure 5.33 (a) when
Rg =0.225 Q and Figure 5.33 (b) when R; =10 Q.
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Figure 5.29. Vertical layers of steel voltage at 25 kHz for the pFS
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The effect of applying Ry = 0.225 Q and Ry = 10 Q is further considered at 25 kHz for
1/200 ps, 100 kA lightning current, i.e., the negative First Stroke (nFS) over a duration of

500 ps.
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Figure 5.30. The top sheet voltage at 25 kHz for the pFS
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Figure 5.31. The base sheet voltage at 25 kHz for the pFS
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Figure 5.32. The top sheet currents at 25 kHz for the pFS
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Figure 5.33. The base sheet currents at 25 kHz for the pFS

Figure 5.34 (a) and (b) consider the case of the application of the negative First Stroke
lightning current to the FRT. A peak voltage of 153 kV is observed at the point of strike for
R = 0.225 Q but when Ry = 10 Q, the peak voltage rose to 1 x 10° V. Also, when R, =
0.225 Q, the voltage profile sharply dropped, as shown in Figure 5.35 for the first 6 us. This
indicates a fast voltage change, but when Ry = 10 Q the voltage is reduced gradually over
the 500 us window. For the top sheet struck by lightning and the next five sheets to one side
of the struck point with values that are also symmetrical for the opposite side, the voltage
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across the first row of sheets, is approximately equal for both cases, as shown in Figure 5.36
(a) and (b), with a peak voltage of 25 kV on the sheet where the strike terminated. The
voltage across the base sheet, i.e., the last row of the sheets, is also approximately equal for
both cases, as shown in Figure 5.37 (a) and (b), with a peak voltage of 8.3 kV on the sheet
directly vertically below the strike point.
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Figure 5.34. Vertical layers of steel sheets voltage at 250 kHz for the nFS
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Figure 5.35. Vertical layers of steel sheets voltage at 250 kHz for the first 6 us
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The current profile through the top sheets, as illustrated in Figure 5.38 (a) and (b), are also
identical for both cases, with a peak of 73 kA flowing through the sheet that was directly
struck by lightning. Figure 5.39 (a) and (b) show the current flowing through each of the 20
steel horizontal sheets at the base of the tank for the nFS. The current magnitudes for the two
grounding resistances are reasonably similar.
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Figure 5.36. The top sheet voltage at 250 kHz for the nFS for the first 10 ps
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Figure 5.37. The base sheet voltage at 250 kHz for the nFS for the first 10 us
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Figure 5.38. The top sheet currents at 250 kHz for the nFS
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Figure 5.39. The base sheet currents at 250 kHz for the nFS

The effect of applying Ry = 0.225 Q and Ry = 10 Q is also considered at 1 MHz for
0.25/100 ps, 50 kA lightning current, i.e., the negative Subsequent Stroke (nSS) over a
duration of 500 ps. A peak voltage of 0.3 MV is observed at the point of strike with respect
to the ground when Rg = 0.225 Q) and this increased to 0.577 MV when Ry = 10 Q as shown
in Figure 5.40 and Figure 5.41 respectively. For the top sheet section, a peak voltage of 85 V
is observed as shown in Figure 5.42 and for the base sheet section, a peak voltage of 31.5 V
is observed as shown in Figure 5.43 for both grounding scenarios.
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Figure 5.41. Vertical layers of steel sheets voltage at 1 MHz for the nSS for the first 10 us

A peak current of approximately 36.6 kA flowed through the top sheet as shown in Figure
5.44. For the base sheet, a peak current of approximately 12 kA flowed as shown in Figure
5.45 without a significant difference for when Ry = 0.225 Q and Rg =10 Q.
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Figure 5.42. The top sheet voltage at 1 MHz for the nSS for the first 10 us
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Figure 5.44. The top sheet currents at 1 MHz for the nSS
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Figure 5.45. The base sheet currents at 1 MHz for the nSS

5.5.3 Evaluating the effects of multiple interconnected flow paths on
the steel columns

This section deals with modelling the use of interconnected catenary wires as air terminals
above the FRT, which will create parallel paths for the flow of the lightning current when
directly struck, as illustrated in Figure 5.46. In this case, the lightning current can flow
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through three parallel paths to the rim of the floating roof tank. This will affect the current
and voltage distribution across the steel sections of the FRT.
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Figure 5.46. Lightning current flowing through interconnected air terminations
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Figure 5.47. The voltage across the vertical layers for interconnected air terminals for the pFS

With the application of 10/350 us, 200kA lightning current, the availability of three
alternative flow paths did not change the voltage profile across the 8 vertical sections of the
FRT for Ry = 10 Q. The result is similar to that of Figure 5.29 (b) with no parallel path, but
with a low resistance Ry = 0.225 Q, there is a significant change in the voltage distribution
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as shown in Figure 5.47 (a) compared to the profile in Figure 5.29 (a). The peak voltage had
reduced from about 55 kV to 45 kV due to the multiple flow paths.
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Figure 5.48. The voltage across the top sheets for interconnected air terminals for the pFS
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Figure 5.49. The voltage across the base sheets for interconnected air terminals for the pFS

In Figure 5.48, the peak voltage across the top sheets for this case has also reduced to 2.5 kV
from 6.7 kV, as shown in Figure 5.30. Figure 5.49 (a) and (b) show a peak voltage of 1 kV
across the base sheets of the FRT, and this indicates a reduction from approximately 2.2 kV
in Figure 5.31 due to the multiple flow path. Figure 5.50 (a) and (b) show the current flowing
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through the rows of sheets at the top of the FRT with the use of multiple paths. When
compared with Figure 5.32, the peak current had reduced approximately to 54 kA from
148 kA because the current is better shared among the steel shells due to the multiple flow
paths created by the catenary wires. A similar analysis is presented in Figure 5.51 for the
base sheet currents with a peak current of 22 kA as compared with 48 kA in Figure 5.33.
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Figure 5.50. The currents through the top sheets for interconnected air terminals for the pFS
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Figure 5.51. The currents through the base sheets for interconnected air terminals for the pFS
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5.5.4 Modelling of the shell to roof lightning interaction

The shell and the roof of a FRT are separated by an air gap of about 20 cm. The electrical
resistance of air is ideally infinite, but in reality, it depends on factors such as the presence
of moisture, vapour and electrical charges. The shell-to-roof air gap needs to be modelled to
simulate the effect of the air gap on the electrical voltage build up between the tank shell and
the roof, coupled with the tendency of the air gap to break down and conduct when the
electric field is sufficient. Air has a starting breakdown electric field of 30 kV/cm which may
vary with the air pressure and environmental conditions. For a 20 cm wide air gap, a
breakdown voltage of 517.25 kV will be applied according to Hinrichsen [175]. The air gap
is modelled with a variable resistance of 1 GCQ before the breakdown occurs, and after the
breakdown, the resistance switches to 100 mQ2. Two air gap areas are considered on either
side of the roof, at the strike point (Air gap 1) and at the opposite end (Air gap 2). The roof
of a FRT, whether a single deck supported with compartmentalised pontoons (buoyant
floats) or other designs to keep the roof afloat or the double-deck type, is typically made of
carbon steel, aluminium or stainless steel materials for either the non-contact or the full
contact type. To estimate the resistance and the inductance of the roof, this study models a
simplified, flat plate with a 10 mm thickness, single deck roof of mild steel sheet. The roof
is 59.6 m wide with 2 m wide circular pontoons at the edge, as illustrated in Figure 5.52,
which shows the setup for extracting the RL parameters of the roof. The resistance and the
inductance of the roof obtained from Q3D are plotted in Figure 5.53 across a range of
frequencies.

Excitation sink

Circular pontoons

Excitation source

Figure 5.52. A single deck floating roof with pontoons at the edge

At the FRT's shell-roof interface, an electrical breakdown will typically occur at a specific
region where the gap voltage is sufficient. For this case, a portion of the shell to roof air gap
is approximated as a simple cuboid volume that is 20 cm wide, 0.6 m long and 0.6 m in
breadth. Practically, the air gap dielectric properties will vary between pure air and
flammable air vapour mixture. In this case, an air dielectric is assumed, as illustrated in
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Figure 5.54. The modelled breakdown region has an approximate capacitance (C) of 16 pF
and a spark energy (E¢) of 2.14 J.
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Figure 5.55 shows the RC air gap and RL roof model. The roof is connected between two
points on the tank shell’s RL model. 4 is the surface area, and d is the distance between the
two perpendicular steel plates.
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Figure 5.55. A sectional view of the RC air gap and RL roof model

5.5.4.2 A strike to the shell with the lightning current flowing to the roof

A lightning current of 10/350 ps, 200 kA for 500 ps is applied to the tank shell model with
RL values at 25 kHz in Figure 5.55 to study the effects on the FRT when the lightning current
crosses the air gap from the tank shell to the floating roof. As shown in Figure 5.56 and
Figure 5.57, the peak voltage across each of the gaps is approximately 14.4 kV with R, =
0.225 Q and Ry = 10 Q, while the peak voltage across the roof itself is less than 30 mV, but
in Figure 5.58, the peak voltage on the roof with respect to the ground is about 45 kV at the
point of strike for Rg = 0.225 Q and 2 MV for Ry = 10 Q. This shows the danger of having
any grounded objects in contact with the floating roof when lightning strikes.
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Figure 5.56. The voltage across the air gaps at the strike point and the opposite end for pFS
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Figure 5.57. The voltage across the air gaps and the roof for pFS
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Figure 5.58. The voltage on the roof with the ground as a reference for pFS

A similar result is observed for 1/200 ps, 100 kA at 250 kHz lightning current (nFS), as
shown in Figure 5.59 for Rg = 10 Q. For this case, the peak voltage across the air gap is about
54 kV, but in Figure 5.59 (b), when the voltage on the roof is referenced to the ground, the
peak voltage is 1 MV. For 0.25/100 pus, 50 kA at 1 MHz lightning current (nSS), as shown
in Figure 5.60 for Ry = 10 Q. For this case, the peak voltage across the air gap is about
2.2 kV, but in Figure 5.60 (b), when the voltage on the roof is referenced to the ground, the
peak voltage is 498 kV at roof point 1 and 501 kV at roof point 2.
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Figure 5.59. The voltage across the air gap and the roof with the ground as a reference for the nFS
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Figure 5.60. The voltage across the air gap and the roof with the ground as a reference for the nSS

5.5.4.3 A strike to the roof with the lightning current flowing to the shell

This section investigates the impact of a direct lightning strike to the roof with two air gaps
on either side of the roof. When lightning terminates on the roof, it means that all the
lightning current must flow through any available shunts and the air gap to the tank shell.
The model is shown in Figure 5.61.
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Figure 5.61. Sectional model view for a direct strike to the roof

A lightning current of 10/350 ps, 200 kA for 500 us is applied to the floating roof with RL
values at 25 kHz to study the effects on the FRT when the lightning current crosses the air
gap from the tank roof to the shell. As shown in Figure 5.62 and Figure 5.63, the peak
positive voltage across air gap 1 and air gap 2 is approximately 211 kV, this voltage is
negative for air gap 1 due to the polarity of the voltmeter. while the peak voltage across the
roof itself is approximately 34.7 kV with Ry = 0.225 Q and also when Ry = 10 Q. In Figure
5.64, the peak voltage on the roof with respect to the ground is about 211 kV at the point of
strike and 211 kV at the opposite end with Rg =0.225 Q and 2.01 MV at the strike point and
1.99 MV at the opposite end when Ry = 10 Q. This simulation shows how significantly
dangerous it is for all the lightning current to terminate on the isolated floating roof as
compared to the results for a direct strike to the tank shell.
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Figure 5.62. The voltage across the air gaps at the strike point and the opposite end for pFS
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Figure 5.63. The voltage across the air gaps and the roof for pFS

The result for 1/200 ps, 100 kA at 250 kHz lightning current (nFS) is shown in Figure 5.65
for R =10 Q. For this case, the peak voltage across air gap 1 is about 9.66 kV in the negative
direction because the voltage is higher at roof point 1 than the voltage on the opposite point
on the tank shell, and 2.6 kV for the air gap 2. The peak voltage to ground at air gap 1 is
1.01 MV and 0.99 MV at air gap 2. The result for 0.25/100 ps, 50 kA at 1 MHz lightning
current (nSS) is shown in Figure 5.66 for Ry = 10 Q. For this case, the peak voltage across
air gap 1 is about 4.67 kV in the negative direction, and 0.97 kV for air gap 2, and the peak
voltage to ground at air gap 1 is 505 kV and 500 kV at air gap 2.
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Figure 5.64. The voltage on the roof with the ground as a reference for pFS
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Figure 5.66. The air gap and the roof voltage with the ground as a reference for the nSS

5.5.4.4 The impact of lightning on a pipe connected to a FRT

Previous studies in various forms have investigated the impact of lightning strikes on pipes.
The impact of lightning transient voltage on buried pipes and associated corrosion protection
systems has been investigated using ATP-EMTP [176]. In a related study, Caulker, et al.
[177] determined that a minimum safety distance of 167 cm is required for an impulse
current of 40 kA to prevent flashes between pipes within a network of pipes. The induced
voltage and the breakdown effect of high voltage transmission lines coupled with lightning
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strikes on the breakdown of the protective polyethylene sheath of buried gas pipelines have
also been studied [178, 179]. To further investigate the impact of a direct strike on a FRT,
this section considers the case of a FRT with a 100 m long pipe section connected directly
to the tank shell. The pipe is modelled using pipe data (resistance and inductance per unit
metre) of an 8" diameter mild steel pipe modelled in Q3D. The mild steel has an external
coating of Fusion Bonded Epoxy (FBE) with a resistance of 3.3-10'* Q/m and longitudinal
coating capacitance of 10.42 pF/cm? [176].

Figure 5.67. 1 m long 8" pipe model in Q3D
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Figure 5.68. The RL values of a 1 m long 8" mild steel pipe

To set up the transient analysis for a FRT connected to a pipe, the impedance of an 8" pipe
with an outer diameter of 8.625" (21.91 cm) and an internal diameter of 7.98" (20.27 cm),
using the pipe dimensions from ANSI Schedule 40, was extracted on Q3D for a unit meter
length of the pipe using mild steel as pipe material [180, 181] as shown in Figure 5.67. The
mild steel pipe has a transverse coating capacitance of 28.8 pF/m. The resistance and
inductance (RL) values across multiple frequencies are presented in Figure 5.68. The pipe in
this study is modelled as a surface crude oil pipe that can be grounded at points along its
length. There are five welded pipe sections, and each section is 20 m long. Three grounding
scenarios are considered in the model. In the first case, the pipe has only one grounding near
the tank, i.e., Rg1, and in the second case, the pipe has multiple grounding along its length,
and it is grounded at three points, i.e., Rg1, Rg2, and Rg;3 as illustrated in Figure 5.69. For the
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third case, the pipe has only one grounding at the far end, i.e., Rgz. Each grounding resistance
is 0.225 Q.
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Figure 5.69. Mild steel pipe with multiple grounding along its length

The voltage measured across the 20 top sheets for the three grounding scenarios along the
length of the pipe is presented in Figure 5.70 (a) to (c). The voltage measured across the 20
base sheets for the three grounding scenarios is presented in Figure 5.71 (a) to (c). For the
base sheets, a significant voltage oscillation can be observed in Figure 5.71 (c¢) due to the
inadequate grounding at the far end of the pipe length. The voltage measured at the
intersections of the five connected 20 m pipes is presented in Figure 5.72 (a) to (c). The
voltage profiles in Figure 5.72 (a) to (c) are different in voltage magnitudes. In Figure 5.72
(b), the peak voltage at each of the 20 m pipe intersections is lower due to the multiple
grounding. Figure 5.72 (c) shows a significant voltage polarity swing with a peak voltage of
19.6 kV at pipe section 1 due to inadequate grounding. These results emphasize the
importance of ensuring adequate grounding along the length of a pipe connected to a FRT
to reduce voltage oscillations and also the peak lightning voltage along the pipe sections. It
is also important to ensure adequate equipotential bonding to nearby metallic structures
along the length of the pipe to prevent dangerous voltage differential between parts.
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Figure 5.70. The top sheet voltage with a pipe connected to the FRT for pFS
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Figure 5.71. The base sheet voltage with a pipe connected to the FRT for pFS
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Figure 5.72. The voltage at the intersections of the five connected 20 m pipes for pFS
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5.6 The implications of the findings

The current and voltage across the shell sheets oscillate as lightning frequency increases
significantly in the hundred-kilo hertz range for the positive first stroke lightning current.
This can increase the likelihood of voltage induction in nearby metallic structures. Varying
voltage potentials, usually within the range of 25 to 60 kV, have been reported by various
studies as sufficient to ignite flammable hydrocarbon vapours [182]. With low grounding
resistance of 0.225 €, a potential of about 55 kV was observed at the strike point, which was
reduced to 45kV by using multiple flow paths via connected wires. These voltage
magnitudes emphasise the risk and likelihood of vapour ignition on a FRT. Spark energy
with about 0.2 mJ can ignite a flammable vapour if within its explosive limit. This shows
that lightning current can indeed induce fire on a FRT if a low resistance path is not provided
for the safe dissipation of the current coupled with adequate flammable vapour management
using seals.

A direct lightning strike to the floating roof poses the highest risk to a FRT because all the
lightning current on the roof must flow to the tank shell via air gaps and shunts, if available.
Catenary wires can be used to shield the roof from a direct lightning strike. The use of
interconnected catenary air termination is recommended for FRT based on the observations
from the simulation results. The peak pulse voltage at various points reduced significantly
when the sharing of the lightning current among the sheets improved. Any pipe connected
to a FRT should also be grounded at multiple points along its length to reduce the voltage
potential across the length of the pipe. Likewise, the overall grounding resistance of a FRT
should be preferably maintained below the recommended value of 10 Q to prevent peak
lightning voltage of the order of megavolts across the tank sheets.
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6 Results for the conventional LPS
models evaluated for a FRT

The results from the RL model simulations of a FRT highlight some critical facts on the
impact of a lightning strike on the current and voltage distribution along the steel plates of a
FRT. An important fact is that the highest impact occurs at the point of strike, and for each
plate level, the highest current flows through the shells that are vertically below the strike
point. The current and voltage distributions on each plate can be significantly reduced by
creating parallel paths for the lightning current through the use of catenary wires to divert
the lightning current to multiple points on the tank shell. Since the highest risk occurs when
there is a direct strike to the floating roof itself, an effective LPS should prevent a direct
strike to the roof. In this section, these facts are considered in developing various
conventional LPS for a FRT which are then evaluated in terms of interception efficiency
using DEGM.

6.1 Separation distance calculation for side flash prevention

An appropriate separation distance must be provided to prevent side flashes from a LPS to
parts of a structure or an object. NFPA 780 [138] recommends class II LPS for structures
containing flammable vapours. According to IEC 62305-3:2010 [183], the required
separation distance s is defined in equation 6.1.

s=k —<-1 (6.1)

Where ki the induction factor = 0.06 for class II lightning protection.

km the material factor =1 for air.

ke 1s the partitioning coefficient.

[ in m is the length of the shortest path to ground from the point under consideration.

These calculations are for a 20 m high FRT with 60 m in diameter. For the case of a 33 m
high, free-standing lightning protection mast, as shown in Figure 6.1, the whole lightning
current flows through the mast, and as such, kcis 1 and s =0.06 x 1 x 20 =1.2 m.
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Figure 6.2. A catenary wire supported by masts and separation distance

For a catenary wire supported by 25 m high masts at both ends, as shown in Figure 6.2, the
magnitude of the current flow through each mast is influenced by the location of the strike
point.

If a lightning strike hits point 1 on top of the mast (Figure 6.2), the shortest current path to
the ground is / through the mast. This is referred to as the worst case in terms of current
sharing, and for interconnected earthing arrangement (type B), k. is determined as follows:

e (6.2)
° 2h+c

Let the length of the air termination lightning wire ¢ = 64 m

25+64

=—=0.7807
2x254+64

C

s =0.06 x0.7807 x 20 = 0.937 m

For strike at point 1, if the grounding is of type A, i.e., isolated single earthing electrodes,
but their resistances are comparable, then k. is 0.66, but if their resistances are different by
more than a factor of 2, then k. is 1. The calculation is as follows:

s=0.06x1x20=12m
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If a lightning strike hits point 2 at the middle of the lightning wire (Figure 6.2), the shortest
current path to the ground is through half of the wire and then through the mast, and 4. is
0.5,5=0.06 x 0.5 x (25+32)=1.71 m.

This result implies that the height of the catenary wire above the roof must be higher than
1.71 m at the centre, and the mast must be separated from the FRT by at least 1.2 m. IS 2309:
1989 [184] recommends that the separation distance between a structure and an air
termination lightning mast should not be less than 2 m to prevent side flash. For the 60 m
FRT, a separation distance of 2 m will be applied between the mast and the tank shell. This
distance can be increased for safety reasons to ensure that the stretched arms of a person
cannot touch the FRT and the mast simultaneously. Still, due to the usual space constraint in
a tank bund wall, the 2 m separation distance is more feasible for implementation.

6.2 Evaluation of various air termination configurations for
FRT using DEGM

1) Air terminals installed on the rim of the FRT
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Figure 6.3. The probability of a strike for eleven, 7 m high rods with the roof at the top

Figure 6.3 presents the probability of a direct strike in percentage (%) to a FRT protected by
eleven 7 m high air terminals installed on the FRT’s rim with the roof at the top. For each
rod, the average probability is 9.07%, with an overall lightning interception efficiency of
99.76%. A similar figure is presented in Figure 6.4 for when the roof is in the middle
position, with an overall interception efficiency of 99.85%.
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Figure 6.4. The probability of a strike for eleven, 7 m high rods with the roof in the middle

2) Air terminals installed on the rim and on the roof of the FRT
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Figure 6.5. The probability of a strike for twenty 2 m high rods on the rim and
above the roof with the roof at the top

Stabilizing 7 m high air terminations on the rim of a FRT may create a challenge. Based on

this, a modified configuration is considered using a combination of twenty

the rim of the FRT combined with ten 2 m high rods supported by horizontal insulators above
the roof of the FRT, as shown in Figure 6.5 for when the roof is at the top. The insulators
will ensure that the lightning current from the rods does not touch any part of the roof. The
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lightning current from the rods above the roof will flow via insulated cables attached to the
horizontal support insulators. The average probability of a direct strike to each of the rods
on the rim is 4.972% and 0.022% for the rods on the roof. The overall lightning interception
efficiency of the setup is 99.88%. A similar figure is presented in Figure 6.6 for when the
roof is in the middle position. When the roof is in the middle, the overall interception
efficiency of the LPS is 99.92%.
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Figure 6.6. The probability of a strike for twenty 2 m high rods on the rim and ten 2 m high rods
above the roof with the roof in the middle position

3) Lightning masts installed around the FRT

Lightning protection masts can be used to protect structures underneath their zone of
protection from a direct lightning strike. A similar concept is adopted for this case by
installing seven masts around the FRT with a separation distance of 2 m to prevent side
flashes. The masts completely isolate the path of the intercepted lightning current from the
FRT. For each mast, the average probability is 14.23%, and the total interception efficiency
of the setup is 99.83%, as shown in Figure 6.7 for when the roof'is at the top. A similar figure
is presented in Figure 6.8 for when the roof is in the middle position, and for this scenario,
the overall interception efficiency of the LPS is 99.84%.
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Figure 6.7. The probability of a strike for seven 33 m high masts with the roof at the top

14.232 <1073

Figure 6.8. The probability of a strike for seven 33 m high masts with the roof in the middle

4) Two crossed catenary wires above the FRT’s rim

For this case, two crossed wires 6 m above the FRT are supported by rods positioned on the
rim of the FRT to protect the roof from a direct lightning strike. The average probability of
a direct strike to each of the catenary wires is 5.55%, the probability of a direct strike to the
tip of the support rod is 20.43%, and the total interception efficiency of 92.84%, as shown
in Figure 6.9 for when the roofis at the top. A similar figure is presented in Figure 6.10 when
the roof is in the middle position. When the roof is in the middle, the total interception
efficiency is 92.84%.
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Figure 6.10. The probability of a strike for two 6 m high crossed wires with the roof in the middle
position

5) Two crossed catenary wires supported by masts

For this case, two crossed catenary wires are supported by 25 m high masts positioned 2 m
away from the FRT to prevent a side flash.
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Figure 6.11. The probability of a strike for two 25 m high crossed wires with the roof at the top
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Figure 6.12. The probability of a strike for two 25 m high crossed wires with the roof in the middle

The average probability of a direct strike to each of the catenary wires is 6.2%, and the
probability of a direct strike to the tip of the support rod is 19.86%, with an overall
interception efficiency of 92.01%, as shown in Figure 6.11 for when the roof is at the top. A
similar figure is presented in Figure 6.12 when the roof is in the middle position, with an
overall interception efficiency of 92.02%.
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6) Two parallel and one crossed wire on the FRT’s rim
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Figure 6.14. The probability of a strike for three, 6 m high crossed wires with the roof in the middle

In this scenario, three catenary wires 6 m above the FRT are supported by rods positioned
on the rim of the FRT, with one of the wires crossing the other two. The average probability
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of a direct strike to each of the parallel catenary wires is 3.7%, and the average probability
of a direct strike to the tip of each of their support rods is 15.3%, while for the third crossed
wire, the probability of a direct strike to the catenary wire is 2.72%, and the probability of a
direct strike to the tip of its support rod is 14.3%. The total lightning interception efficiency
of this arrangement is 99.11%, as shown in Figure 6.13 when the roof is at the top. A similar
figure is presented in Figure 6.14 when the roof is in the middle position. The average
probability of a direct strike to each of the parallel catenary wires is 3.72%, and the average
probability of a direct strike to the tip of their support rod is 15.3%, while for the third crossed
wire, the probability of a direct strike to the catenary wire is 2.72%, and the probability of a
direct strike to the tip of its support rod is 14.3%. For this case, the total interception
efficiency is 99.12%.

7) Two parallel and one crossed catenary wire supported by masts

For this case, the catenary wires are supported by 25 m high masts positioned 2 m away from
the FRT to prevent a side flash.
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Figure 6.15. The probability of a strike for three 25 m high crossed wires with the roof at the top

The average probability of a direct strike to each parallel catenary wire is 4.98%. The
probability of a direct strike to the tip of each of their support rod is 14.46%, while for the
crossed wire, the probability of a direct strike to the catenary wire is 3.05%, and the
probability of a direct strike to the tip of its support rod is 14.33%. The total lightning
interception efficiency is 99.56%, as shown in Figure 6.15 when the roof is at the top. A
similar figure is presented in Figure 6.16 for when the roof is in the middle position, and for
this case, the total interception efficiency is also 99.56%.
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Figure 6.16. The probability of a strike for three 25 m high crossed wires with the roof in the middle

8) Three parallel catenary wires on the FRT’s rim
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Figure 6.17. The probability of a strike for three 6 m high parallel wires with the roof positioned at
the top

In this scenario, three parallel catenary wires 6 m above the FRT are supported by rods
positioned on the rim of the FRT. The probability of a direct strike to the middle catenary
wire is 4.73%, and the probability of a direct strike to the tip of its support rod is 14.19%. In
contrast, for the other two wires, the probability of a direct strike to the catenary wire is
8.39%, and the average probability of a direct strike to the tip of their support rod is 12.37%.
This catenary wire arrangement's total lightning interception efficiency is 99.36%, as shown
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in Figure 6.17 when the roof is at the top. A similar figure is presented in Figure 6.18 for
when the roof is in the middle position, and for this case, the total interception efficiency is
also 99.36%.
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Figure 6.18. The probability of a strike for three 6 m high parallel wires with the roof positioned in
the middle

9) Three parallel catenary wires supported by masts

12 .56 <107

Figure 6.19. The probability of a direct strike for three parallel, 25 m high catenary wires with the
roof at the top
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For this case, three 25 m high parallel catenary wires are supported by masts positioned
beside the FRT. The probability of a direct strike to the middle catenary wire is 5.33%, and
the probability of a direct strike to the tip of its support rod is 6.97%, while for the other two
wires, the probability of a direct strike to the catenary wires is 15.18%, and the average
probability of a direct strike to the tip of their support rod is 12.56%. The total lightning
interception efficiency of this arrangement is 99.93%, as shown in Figure 6.19 when the roof
is at the top. A similar figure is presented in Figure 6.20 when the roof is in the middle
position, and for this case, the total interception efficiency is 99.94%.
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Figure 6.20. The probability of a direct strike for three parallel, 25 m high catenary wires with the
roof in the middle position
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6.3 A summary of the main attributes of each LPS

configuration

Table 6.1. A comparison of the main characteristics of five models with the roof at the top

Rods on the Masts 2 crossed 2 crossed
Rods on the . . .
FRT’s rim rim and around the | wires on the wires on
above roof FRT rim masts
Max roof
current (KA) 18.66 3.36 9.43 7.18 6.87
Max rim
current (kA) 4.59 3.16 6.19 89.46 104.15
Max wall
current (KA) 2.69 2.69 2.69 2.69 2.69
Max current to
LPS (kA) >200 >200 >200 >200 >200
Probability of
strike to the 0.1127 0.0438 0.0500 0.0331 0.0522
roof (%)
Probability of
strike to the 0.0849 0.0321 0.1026 7.0853 7.9094
rim (%)
Probability of
strike to the 0.0392 0.0469 0.0199 0.0428 0.0329
FRT wall (%)
Probability of
strike to the 99.76 99.88 99.83 92.84 92.01
LPS (%)
Exposure of Areas within | Unprotected Areas within | Unprotected | Unprotected
the roof area 8 m to the areas on the 5 m to the areas on the | areas on the
centre of the | roof are centre of the | roof are roof are
roof are exposed to roof are exposed to exposed to
exposed to currents exposed to currents currents
currents <34kA currents <7.2kA <69kA
from 7.5 kA <9.4kA
to 18.7 kA.
Exposure of The shell can | The shell can | Unprotected | Unprotected | Unprotected
the tank shell be struck by | be struck by portions of | portions of | portions of
low current | low current the shell can | the shell can | the shell can
side flashes. | side flashes. be struck by | be struck by | be struck by

side flashes.

side flashes
and strikes
from above.

side flashes
and strikes
from above.
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Likelihood of | Lightning Lightning The masts The crossed | The crossed
spark intercepted intercepted by | isolate the wires can be | wires can be
formation at by the air the air current paths | connected at | connected at
the rim-seal terminal will | terminal will | from the the centre to | the centre to
region of the direct all the | direct all the FRT. Also, improve improve
FRT current to a current to a current current current
single point | single point strikes of sharing. sharing.
on the rim of | on the rim of | 9.43 kA to Portions of | Portions of
the FRT. the FRT. the roof are | the FRT’s the FRT’s rim
Also, current | Also, current | possible. rim are are exposed
from strikes | from strikes The exposed to to high
to the roof of | to the roof of | possibility of | high lightning
about about 3.4 kA | sparking is lightning currents of
18.7 kA needs to flow | low. currents of 104.2 kA.
needs to through the 89.5 kA. The
flow through | rim-seal The possibility of
the rim-seal | region. The possibility sparking is
region. possibility of of sparking | very high.
Sparking is sparking is is very high.
very likely. low.
Grounding The FRT’s The FRT’s Each mast The FRT’s Each mast
requirements shell serves | shell serves as | must be shell serves | must be
as the main | the main grounded at | as the main | grounded at
grounding grounding for | the base, and | grounding the base, and
for the air the air all the for the air all the
terminations. | terminations. | earthing terminations. | earthing
The tank The tank shell | points must | The tank points must
shell can be | can be be connected | shell can be | be connected
connected to | connected to a | by an connected to | by an
a grounding | grounding equipotential | a grounding | equipotential
ring at the ring at the bonding ring at the bonding ring.
base. base. ring. base.
Space This does This does not | Installing This does Installing
constraint not require require several not require masts around
additional additional masts additional the FRT
space within | space within | around the space within | requires
the bund the bund wall | FRT the bund sufficient
wall area. area. requires wall area. space and
sufficient clearance.
space and
clearance.
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grounding
system
should be
maintained.

Ease of Stabilising 2 m high air Installing Supporting | Masts can
implementation | 7 m high air | terminations seven or long better support
terminations | can be easily | more 33 m protection catenary
on the FRT’s | stabilised on | high masts wires with wires. Space
rim may be | the FRT’s around each | rods on the constraints
mechanically | rim, but FRTina FRT’s rim within the
difficult supporting the | tank farm without bund walls
without roof will be sagging, may be an
additional terminations | tasking, and | especially issue. Also, it
anchoring. via extended | it will also with heavy | may affect the
insulators affect the winds, may | visual appeal
may be visual appeal | be difficult. | of the facility.
mechanically | of the
difficult facility.
without
additional
anchoring.
Maintenance This does This does not | This does The The
not require require any not require protection protection
any major major any major wires should | wires should
maintenance. | maintenance. | maintenance. | be be
The The resistance | The periodically | periodically
resistance of | of the resistance of | checked for | checked for
the grounding the sagging and | sagging, and
grounding networks grounding mechanical | the low
networks should be networks stability. resistance of
should be checked should be The low the grounding
checked periodically. checked resistance of | system should
periodically. periodically. | the be

maintained.

Table 6.2. A comparison of the main characteristics of four models with the roof at the top

2 parallel and | 2 parallel and 3 parallel 3 parallel
1 crossed wire | 1 crossed wire | wires on the wires on
on the rim on masts rim masts
Max roof current (kA) 2.06 4.09 2.06 1.87
Max rim current (kA) 27.35 17.54 18.13 6.70
Max wall current (kA) 2.69 2.69 2.69 2.69
Max current to LPS
>200 >200 >200 >200
(kA) - - - -
Probability of strike to
the roof (%) 0.0098 0.0142 0.0029 0.0193
Probability of strike to 0.8351 0.4059 0.5905 0.0326
the rim (%) ) ' ' '
Probability of strike to
the FRT wall (%) 0.0412 0.0235 0.0413 0.0198
Probability of strike to
the LPS (%) 99.11 99.56 99.36 99.93
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Exposure of the roof Unprotected Unprotected Unprotected Unprotected
area areas on the areas on the areas on the areas on the
roof are roof are roof are roof are
exposed to exposed to exposed to exposed to
currents currents currents currents
<2.1kA <4.1kA <2.1kA <19kA
Exposure of the tank Side flashes Side flashes Side flashes Unprotected
shell and strikes and strikes and strikes portions of the
from above from above from above shell can be
can strike can strike can strike struck majorly
unprotected unprotected unprotected by side flashes.
portions of the | portions of the | portions of the
shell. shell. shell.
Likelihood of spark At least two The masts Two support The masts
formation at the rim- support rods isolate the rods share any | isolate the
seal region of the FRT share any main current current that main current
current that paths from the | hits the paths from the
hits a FRT. Strike protection FRT. Strike
protection currents of wires. Strike currents of
wire. The 17.5 kA can currents of 6.7 kA can hit
crossed wire hit exposed 18.1 kA can hit | exposed areas
can be areas of the exposed areas | of the rim. The
connected to rim. The of the rim. possibility of
the parallel possibility of | Sparking is sparking is
wires. Strike sparking is likely. very low.
currents of likely.
27.4 kA can hit
exposed areas
of the rim. The
possibility of
sparking is
very likely.
Grounding requirements | The FRT’s Each mast The FRT’s Each mast
shell serves as | must be shell serves as | must be
the main grounded at the main grounded at

grounding for
the air

the base, and
all the earthing

grounding for
the air

the base, and
all the earthing

terminations. points must be | terminations. points must be
The tank shell | connected by The tank shell | connected by
can be an can be an

connected to a | equipotential connected to a | equipotential
grounding ring | bonding ring. | grounding ring | bonding ring.
at the base. at the base.

Space constraint This does not | Installing This does not | Installing
require masts around | require masts around
additional the FRT additional the FRT
space within requires space within requires
the bund wall | sufficient the bund wall | sufficient
area. space and area. space and

clearance clearance
around the around the
FRT. FRT.
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Ease of implementation

Supporting
long protection
wires with rods
on the FRT’s
rim without
sagging,
especially with
heavy winds,
may be
difficult.

Masts can
better support
catenary wires.
Space
constraints
within the
bund walls
may be an
issue. Also, it
may affect the
visual appeal
of the facility.

Supporting
long protection
wires with rods
on the FRT’s
rim without
sagging,
especially with
heavy winds,
may be
difficult.

Masts can
better support
catenary wires.
Space
constraints
within the
bund walls
may be an
1ssue. Also, it
may affect the
visual appeal
of the facility.

Maintenance

The protection
wires should
be periodically
checked for
sagging and
mechanical
stability. The
low resistance
of the
grounding
system should
be maintained.

The protection
wires should
be periodically
checked for
sagging, and
the low
resistance of
the grounding
system should
be maintained.

The protection
wires should
be periodically
checked for
sagging and
mechanical
stability. The
low resistance
of the
grounding
system should
be maintained.

The protection
wires should
be periodically
checked for
sagging, and
the low
resistance of
the grounding
system should
be maintained.

Table 6.3. A comparison of the main characteristics of five models with the roof in the middle

Rods on the Masts 2 crossed 2 crossed
Rods on the . . .
FRT’s rim rim and around the | wires on the wires on

above roof FRT rim masts
Max roof
current (kA) 4.61 0.00 6.28 1.32 1.32
Max rim
current (KA) 4.59 3.16 6.19 89.46 104.15
Max wall
current (kA) 2.69 2.69 2.69 2.69 2.69
Max current to
LPS (kA) >200 >200 >200 >200 >200
Probability of
strike to the 0.0208 0.0000 0.0254 0.00023 0.00019
roof (%)
Probability of
strike to the 0.0882 0.0328 0.1194 7.1128 7.9518
rim (%)
Probability of
strike to the 0.0391 0.0469 0.0198 0.0428 0.0329
FRT wall (%)
Probability of
strike to the 99.85 99.92 99.84 92.84 92.02
LPS (%)
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Exposure of Areas within | The roof is Areas within | Unprotected | Unprotected
the roof area 4 m to the completely 1 m to the areas on the | areas on the
centre of the protected. centre of the | roof are roof are
roof are roof are exposed to exposed to
exposed to exposed to currents currents
currents currents <1.3kA. <1.3kA.
<4.6 kA. 6.3 kKA.
Exposure of Low-current | Low-current | Side flashes | Side flashes | Side flashes
the tank shell side flashes | side flashes can strike and strikes and strikes
can strike can strike the | unprotected | from above | from above
the shell. shell. portions of can strike can strike
the shell. unprotected | unprotected
portions of portions of
the shell. the shell.

Table 6.4. A comparison of the main characteristics of four models with the roof in the middle

2 parallel and | 2 parallel and 3 parallel 3 parallel
1 crossed wire | 1 crossed wire | wires on the wires on the
on the rim on masts rim masts
Max roof current (kA) 2.06 1.87 1.32 1.68
Max rim current (kA) 27.35 17.54 18.13 6.70
Max wall current (kA) 2.69 2.69 2.69 2.69
Max current to LPS >200 >200 >200 >200
(kA)
Probability of strike to
the roof (%) 0.0098 0.00078 0.00078 0.0013
Probability of strike to 0.8351 0.4134 0.5931 0.0391
the rim (%)
Probability of strike to
the FRT wall (%) 0.0412 0.0235 0.0413 0.0198
Probability of strike to
the LPS (%) 99.11 99.56 99.36 99.94
Exposure of the roof Unprotected Unprotected Unprotected Unprotected
area areas on the areas on the areas on the areas on the
roof are roof are roof are roof are
exposed to exposed to exposed to exposed to
currents currents currents currents
<2.1kA. <1.9KkA. <1.3KkA. <1.7KkA.
Exposure of the tank Side flashes Side flashes Side flashes Side flashes
shell and strikes and strikes and strikes can strike
from above from above from above unprotected
can strike can strike can strike portions of the
unprotected unprotected unprotected shell.
portions of the | portions of the | portions of the
shell. shell. shell.

Based on the comparative analysis of the nine conventional LPS models from Table 6.1,
Table 6.2, Table 6.3 and Table 6.4, three models are hereby recommended due to the low
lightning current exposure of the roof and the rim and the high lightning strike interception
offered by these configurations. The best option is the use of three parallel catenary wires
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supported by masts with an interception efficiency of 99.93% when the roof is at the top,
with a maximum roof-strike current of 1.866 kA and a maximum rim-strike current of
6.704 kA. This option also provides complete isolation of the lightning current flow path
from the FRT. This is followed by the model using air terminals installed on the rim and the
roof of the FRT with an interception efficiency of 99.88% when the roof is at the top, with
a maximum roof strike current of 3.364 kA, and a maximum rim strike current of 3.155 kA.
The model with lightning masts installed around the FRT is the third recommended option,
with an interception efficiency of 99.83% when the roof is at the top, with a maximum roof-
strike current of 9.43 kA, and a maximum rim-strike current of 6.19 kA.

The use of catenary wires will provide a shield for the roof, thereby preventing lightning
from terminating on the protruding support rods on the roof of the FRT, as illustrated in
Figure 6.21. Aluminium-clad steel wire can be used as catenary wires because of its higher
tensile strength, lighter weight, good conductivity, better corrosion resistance and continuous
endurance as compared to galvanised steel wires.

Figure 6.21. Potential attachment points for a lightning strike on the floating roof
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7 Conclusion and recommendations

In some FRT storage facilities, a LPS is not required as a primary barrier against lightning
strikes on tanks, and this is because the tank itself is considered to be self-protecting due to
its steel thickness. Such facilities may continue to operate safely without any major incident
because the highest risk occurs when there is a direct strike to the roof of a FRT. The
likelihood of a direct strike to the roof is generally less than 26%, even for a 100 m diameter
tank when the roof is at the top, as revealed using DEGM. Since most tanks will not even be
filled to their full capacity most of the time, the roof is further protected, and when the roof
is in the middle position, the likelihood of a direct strike is less than 5%. For tanks located
in regions with a low number of thunderstorm days per year or where severe lightning current
magnitudes are rare, such facilities may continue to operate without any major lightning fire
incident. This can be erroneously interpreted as “no protection at all is an adequate protection
method”. This culture is not an optimal and safe practice for high-risk lightning locations.

7.1 Reducing transient potential differences on and around
the FRT

It is very vital to prevent the development of transient potential differences between the
various components of the FRT, appurtenances, instrumentation and other equipment
attached to the FRT by equipotential bonding. Likewise, all ground electrodes for the FRT
or LPS masts must be connected by a closed equipotential ring. Metallic pipes within the
bund wall must also be grounded along its length, and the grounding electrodes should be
connected to the grounding network or grid within the tank facility. This extensive grounding
and bonding will serve as a secondary barrier to mitigate any negative effect of a lightning
strike within the storage tank facility. Like shunts, mechanical shoe-type seals have also been
associated with sparking, and alternatives should be deployed. In compliance with API
recommendations, modern FRTs should ensure an insulation rating of 1 kV and greater for
conductive seal assembly components that are non-fully submerged. The LPS for a FRT
must have good electrical continuity with very low impedance (resistance and inductance).

7.2 Surge and transient voltage protection

A lightning strike on a structure can trigger surges and transient voltages, which can have
destructive effects on electrical equipment and sensitive electronics due to the resultant
electromagnetic pulse. According to EN 61643-11 and IEC 61643-11 standards, surge
protective devices are classified into Type 1 for handling lightning wave currents of
10/350 ps, Type 2 for handling surge wave currents of 8/20 us and Type 3 SPDs, which are
meant for sensitive devices and are designed to handle 8/20 ps current and 1.2/50 ps voltage
waves.
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Surge protection systems should be provided for incoming power cables and instrumentation
lines within the tank farm. Surge protective devices located within Zone 0 and Zone 1
explosive zones of the FRT should be intrinsically safe for such operations. A potential surge
protection scheme for a FRT situated in a storage tank facility is illustrated in Figure 7.1.

Withinthe | Around the ‘
tankfarm | bundwall | OntheFRT
| \
Incoming W Pump | m_,
To Smoke Detectors
AC Supply * | Drives \
Alarm
Fuse [ Panel H:EI: -+ LHD
MSP
SPD Type 2
SPD Type 1 DLSPD - Signal 1
Instrumentation
Panel HIRSDM—»>  Signal N
e | OOOQO SPD Type 2

.||_

Lighting
Panel
SPD Type 2

Figure 7.1. A surge protection scheme for a FRT

In Figure 7.1, MDB is the main distribution board that is connected to the main alternating
current (AC) incoming line, SDB is the sub-distribution board, MSP stands for motor surge
protection, PE is the protective earthing conductor, DL SPD represents the data line surge
protective device and LHD stands for linear heat detector.

7.3 Maintenance issues in a FRT facility

Beyond having a good LPS in a tank farm as a vital requirement for fire prevention, the
maintenance culture and the operational practices in a tank farm are essential factors that can
determine if the LPS installed will be reliable and not eventually fail. A LPS that is well
designed may not be very reliable if there are excess flammable fumes around it due to the
high likelihood and ease of ignition when intercepting a lightning strike. Poor operational
practices such as the prolonged bypass of automatic control systems, which may result in a
tank overfilling, also constitute a risk. Inadequate staff training and safety awareness within
a tank farm can negatively impact how the LPS components are handled and maintained.

This section highlights typical issues in a FRT facility that can aggravate the lightning risk
within the facility. Figure 7.2 shows a section of the roof-shunt interface with a missing rim
seal. By implication, the level of flammable vapour concentration around and escaping from
this area will be very high. This portends a great risk when lightning terminates within the
region, as the risk of an induced fire is significantly high because rich flammable vapour
sufficient for ignition will be readily available to start and support any resulting fire. It is
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important to always ensure that rim seals of the appropriate type (primary and secondary
seals, electrically insulated seal assembly components etc.) are installed. A three-layer seal
arrangement can also be implemented, as illustrated in Figure 7.3.

. ™ ‘ " - i
- I . R }1
B JF 3CE S

Missing rim seal Shunt

Figure 7.2. Missing rim seal on a FRT

Tertairy
Seal

Secondary
Seal

Primary

Seal Tank Shell

Compression

Hanger

Tank Shell

Figure 7.3. Three layers of the seal arrangement

The pictures in Figure 7.4 show a paper tape wrapped on the earth cable and a disconnected
cable from the grounding clamp on the tank. Paper tape is not ideal insulation for a conductor
carrying lightning current. Any thermal effect of the lightning current around the terminal
can easily sear the paper. The disconnected earth cable from the tank’s earth log is a failure
in the line of defence, and this ought to be rectified.
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Paper tape Disconnected
WIAPPIE earth cable

Figure 7.4. Poor grounding cable management

Earth pit
below a pipe

Figure 7.5. Improper grounding pit location

The ability of a conventional LPS to sink lightning current is affected by the effective
impedance of the current flow path. The overall resistance of the grounding system is
therefore important. It is essential to carry out a periodic test on the grounding system, e.g.,
the fall-off-potential test (FOPO), to keep track of the grounding system's ability to sink
lightning current. It is important to provide adequate grounding for any LPS, and in a FRT
facility, it is not only the number of grounding points that is important but also the location
of such points. As shown in Figure 7.5, the inspection pit for an earth rod is positioned
underneath a pipe, thereby preventing easy access to the earth rod for inspection and testing
purposes. This may be due to improper planning from the onset or later retrofit pipe
installation, which was not in the initial design. Since there is a space constraint within a
tank’s bund wall, installing retrofit equipment, pipes and even LPS masts may be challenging
if not well planned.
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Cable routing and management are also crucial for ensuring Lightning Electromagnetic
Pulses (LEMP) management within a flammable zone. In Figure 7.6 and Figure 7.7, cables
are shown dangling around the steel stairs of a FRT. This is not ideal, and the wire loops
may result in high voltage induction around that tank region when lightning strikes.

Figure 7.6. Sprawled cables around the tank shell

Figure 7.7. Cables dangling on the FRT’s stairway

Oil spillage on the roof should be prevented or adequately cleaned to avoid ignition in the
event of a lightning strike. Poor vapour management is as critical as the high-energy
lightning current. Flammable vapour emission coupled with the ready availability of oxygen
in the atmosphere is a potential disaster waiting for the source of ignition to complete the
fire triangle. In Figure 7.8, the oil spill shown on the floating roof around the stairway is
undesirable, especially as there are some unintended spark gaps along the steel stairway and
its contact points with the roof. Ensuring the absence of flammable fuel-air vapour around

the rim seal region and the exposed surface of the roof is vital for lightning safety.
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Figure 7.8. Oil spills on the roof

F

Reduces risk of serious
property damage or injury

Figure 7.9. A system for delivering foam to the rim seal region [185]

A tank fire is undesirable, but there must be adequate firefighting equipment coupled with
well-trained manpower to respond appropriately on time in the event of a fire. Fixed and
mobile firefighting systems should be installed on and around FRTs. Modern fire
extinguishing foam pourers such as the Mesa foam delivery system, as shown in Figure 7.9,
can be installed to extinguish fires around the rim seal area.

Preventing lightning-induced tank fires can be achieved by a simple recommendation of
ensuring flammable vapour containment and providing a safe pathway for the flow of
lightning current. The following should be ensured in a FRT facility:

1) FRTs should have rim seals installed, and those with only a primary seal should
be replaced with a double seal to reduce, if not eliminate, flammable fuel-air
vapour escape.
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2)

3)

4)
S)

6)

7)

8)

9)

Since shunts are inadequate, a LPS should be installed on a FRT, especially in
tropical regions that experience severe lightning activities and significant
lightning current magnitudes.

An adequate plant earthing network or grid should be available and connected to
the FRT’s LPS earthing points. Also, equipment, pipes, metallic conduits and
cable trays should be appropriately bonded.

All corroded earth cable logs and studs should be cleaned or replaced.

A program for periodic earth resistance checks of earthing systems should be
implemented and compliance monitored.

The yearly inspection of FRTs should include integrity checks of the LPS system
components.

API recommendation on ensuring an insulation rating of 1 kV and greater for
conductive seal assembly components that are non-fully submerged should be
implemented on modern FRTs.

Proper cable segregation should be ensured in separating power and sensitive
instrument or signal lines.

Remove unused cables and also avoid the use of excessive cable lengths within
the bund wall. All dangling cables should be properly braced.

7.4 Challenges and potential study extension areas

In the course of this PhD study, challenges came up at various phases, and some of these

challenges discussed below also create opportunities for future related studies.

1)

2)

The period of this PhD study coincided with the peak period of the COVID-19
pandemic in Germany. Previous plans to conduct study visits to FRT facilities in
Germany were no longer feasible.

This study applied analytical techniques and computer simulations to evaluate
various aspects of the FRT. FRTs are large structures which can be up to 100 m
in diameter in some cases, and FRT models used for experimental purposes are
usually like 2 m to 5 m in diameter. The lightning current generators available at
the research cluster are designed for generating high lightning currents. The
biggest generator has a small aperture for studying small devices. Vertical high-
voltage generators will be required to research lightning interception by FRTs.
Also, there is no special funding available for this doctoral study for producing
such a big FRT model and various LPS models proposed for experimental
studies. Likewise, analysis in external laboratories with high voltage generators
will also require appropriate funding. Even if the LPS models can be
experimentally evaluated, another challenge is the extent to which the result from
a miniature model in the lab can be interpreted for an actual large FRT under

natural lightning.
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3) The inadequacy of shunts has been established with various recommendations to
remove them from FRTs. Future research looking into the design and
experimental verifications of the different conductive shell-to-roof links can help
provide an effective alternative and possibly develop a commercial product.

4) This study has improved the DEGM concept to reduce the impacts of numerical
errors and also speed up the computation time. A significant challenge with the
current status is that the DEGM implementation is programming intensive,
requiring about 1500 lines of intricate MATLAB codes per structure, depending
on the complexity and the number of air terminals. The structures evaluated in
the study are cuboids and cylindrical tanks with simple geometry that equations
can define. Applying the technique for complex structures or any aesthetic, multi-
shaped modern building will be very tasking to implement.

7.5 Conclusion

Designing and implementing safe and efficient LPS for a FRT requires an adequate
understanding and evaluation of the various ways a lightning strike affects a FRT, as
demonstrated in this study. Lightning can strike a FRT directly or indirectly. The effects of
an indirect strike on adjacent grounds and structures can be mitigated by equipotential
bonding and the use of SPDs. A direct strike requires appropriate channelling of the lightning
current via safe paths to the ground. Lightning-induced tank fire is a significant threat to
petroleum storage facilities and requires legitimate defences to prevent a recurrence.

The probability of a direct strike to a meshed FRT surface is evaluated using DEGM. First,
the accuracy of the DEGM is enhanced to create an improved DEGM (IDEGM) by
eliminating numerical errors and superfluous space points, which gave a significant
simulation time advantage that decreased from over 20 hours to less than 30 minutes for a
FRT. A factor termed Kpac for converting PDF to CDF has been developed and applied to
improve the computational accuracy of the numerical DEGM. FRT evaluation using DEGM
reveals that the FRT’s rim region has the highest probability of being hit by a lightning strike
as a function of the diameter and the height of the tank. For a 20 m high FRT with a radius
of 20 m and with its roof at the most elevated position, the probability of a direct strike to
the rim areas is 95%. This increases to 99% when the roof is in the middle position. This
result shows that the rim region is a critical area on a FRT, and it confirms the historical
observation that about 95% of FRT fires start at the rim seal region.

Resistance (R) and inductance (L) modelling of a FRT struck by lightning revealed that a
voltage level of about 55 kV can develop at the strike point on the rim. Flammable vapours
can be ignited by voltage levels of 25 — 60 kV, as reported by various studies, and this shows
that lightning can indeed induce fire on a FRT if the fire triangle is complete. A lightning
current of 10/350 ps, 200 kA for 500 ps applied to the floating roof with RL values at 25 kHz
to study the effects on the FRT when the lightning current crosses the air gap from the tank
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roof to the shell revealed that the peak voltage across the air gap is approximately 211 kV
with a voltage of 34.7 kV across the roof when the grounding resistance is 10 € but when
the current flows from the tank shell to the roof, the air gap voltage is 14.4 kV. This result
shows that a direct strike to the floating roof creates the highest level of risk because all the
lightning current hitting the roof must flow to the shell via the air gap and any available
shunts. Preventing lightning from directly hitting the floating roof is vital for ensuring the
lightning safety of a FRT. Also, the use of connected, multiple catenary wires to intercept
the lightning strike significantly reduces the peak voltage along the sections of the tank’s
shell.

The best of the nine LPS models proposed in this study can prevent a direct strike to the
floating roof by using three parallel catenary wires supported by masts. This design has an
interception efficiency of 99.93% when the roof is at the top, with a maximum roof-strike
current of 1.9 kA. The second recommended option is a LPS model using air terminals
installed on the rim and the roof of the FRT with an interception efficiency of 99.88% when
the roof'is at the top, with a maximum roof strike current of 3.4 kA. The third recommended
option involves the use of lightning masts installed around the FRT with an interception
efficiency of 99.83% when the roof is at the top, with a maximum roof-strike current of
9.4 kKA.

Poor operational practices and maintenance culture can cause a well-designed LPS to fail.
Efforts must be geared towards ensuring good operational and safe practices within a
flammable fuel storage tank farm. Staff must be adequately trained with appropriate scenario
drills and demonstrations to ensure incident readiness, and safety measures and interventions
must be periodically reviewed, revised and improved if necessary.
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Appendices

Appendix A: Lightning current
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Figure A.1: Global lightning distribution as captured by the lightning imaging sensor (LIS)
from January 1998 to April 2015 [186]

Table A.1: Lightning parameters according to API [120]

Component A (First Return Stroke) Component C (Continuing Current)

Peak amplitude 200 kA (+10 %) Amplitude 200 A to 800 A

Action integral 2 % 10° A% s (£20 %) | Charge transfer 200 C (£20 %)
(in 500 ps)

Duration <500 ps Duration 0.25stols

Component B (Inter

mediate Current)

Component D (Subsequent Return Stroke)

Max. charge transfer

10 C (220 %)

Peak amplitude

100 kA (£10 %)

Average amplitude | 2 kA (£20 %) Action integral 0.25 x 10° A% s (£20 %)
(in 500 ps)
Duration <5ms Duration <500 ps
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Table A.2: Comparison of the parameters of the methods for designing air terminations [20, 187]

Rolling .. Peak
Class of . Minimum Pr Pr
Mesh size sphere current . .
LPS . current (In) i>Inm) | G=ZL)
radius (Ip)
I 5x5m 20 m 3 kA 200 kA 0.99 0.99
11 10x 10 m 30 m 5kA 150 kA 0.97 0.98
111 15x15m 45 m 10 kA 100 kA 0.91 0.97
v 20x 20 m 60 m 16 kA 100 kA 0.84 0.97

Table A.3: Lightning Protection Level (IEC 62305-1)

Peak Current | Protection Level | Interception Efficiency Rolling sphere radius
3 kA I 99% 20 m
S5kA II 97% 30 m
10 kA I 91% 45 m
16 kA v 84% 60 m

Table A.4: Comparison of the lightning current parameters

CIGRE - Guide procedure CIGRE - Lightning
1IEC 62305-1 [20
[20] [188] Parameters [189]
Mean (1) | B (Cog Mean | [Mean [ [B(ow
KA /Giog x2.3026) (n) kA (WKA | % | x2.3026)
First Shielding
negative 61.1 Failure
1.32 1 1. kA 2 .6102
short /0.576 3269 Domain 6 33130 0265 0.610
(20 %) (I1<20kA)
FlrStt. 133 Backflash
negative .
s 0.6058 | Domain 333 | 0.605
short /0.263 (1> 20kA)
(80 %)
Subsequent
11.8 Sub t
negative 0.5365 | DUOSCAUI 3 1 053 | 12kA | 0.265 | 0.6102
/0.233 stroke
short
First Disregard in
iti . Positi |
Postive 339 12135 | oonve | noTma 35kA | 0.544 | 12526
short /0.527 stroke lightning
(single) studies

Olog = Standard deviation of logio of peak current; S = o1 X2.3026
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IEEE distribution, the probability of exceeding current I

P(I) = ——— in per unit for /in kA up to 200 kA [159, 190]
1+(1
31

The peak-current distribution for subsequent strokes adopted by the IEEE (IEEE Std 1243-
1997; IEEE Std 1410-2010) [189]

P(])=;27 where [ is in kA
IV

I+ —
12
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Appendix B: Separation distance

k
s=k <1
Ik

m
Where:

s is the separation distance

ki depends on the class of LPS selected (induction factor)

ke depends on the geometric arrangement (partitioning coefficient)

km depends on the material used in the point of proximity (material factor) and

[ [m] is the length along the air-termination system or down conductor from the point where
the separation distance is to be determined to the next equipotential bonding or earthing
point.

The following tables are sourced from Tables 11, 12 and 13 from IEC 62305-3 [181]

standard.

Table B.1: Comparison of the induction factor of the relevant class of LPS

Class of LPS k,
I 0,08
Il 0,06
Il and 1V 0,04

Table B.2: The material factor

Material km
Air 1
Concrete, bricks, wood 0.5
In using other insulating materials, construction guidance and the value of k_ is usually provided by the

manufacturer. For additional |nlormat|{m on insulating stand-offs, see IEC TS EEHE!ITS

NOTE Wren there are several insulating materials in series, it is a good practice to use the lower value for k|

Table B.3: The partitioning coefficient

Number of down-conductors k.
n
1 {only in the case of an isolated LPS) 1
2 0,66
3 and more 0,44

Values of Table 13 apply for all type B earthing arrangements and for type A earthing arrangements, provided that
the earth resistance of earth electrodes do not differ by more than a factor of 2. If the earth resistances of single
earth electrodes differ by more than a factor of 2, k, = 1 is to be assumed.
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The partitioning coefficient k¢, for two masts with spanned wire
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Figure B.1: Determination of k. for two masts with spanned cable and a type B earthing [115]

The following formula is for calculating the factor k. for a two-mast setup

_ h+c
° 2h+c
Where:

h is the length of the down conductor (i.e., the height of the mast)

c 1s the distance between the air-termination supporting masts
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