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ABSTRACT

Leakage current problem can happen in Cathodic Protection
(CP) system installation. It could affect the performance of
underground facilities such as piping, building structure, and
earthing system. Worse can happen is rapid corrosion where
disturbance to plant operation plus expensive maintenance
cost. Occasionally, if it seems, tracing its root cause could be
tedious. The traditional method called line current
measurement is still valid effective. It involves isolating one
by one of the affected underground structures. The recent
methods are Close Interval Potential Survey and Pipeline
Current Mapper were better and faster. On top of the
mentioned method, there is a need to enhance further by
synthesizing with the latest visual methods. Therefore, this
paper describes research works on Infrared Thermography
Quantitative (IRTQ) method as resolution of leakage current
problem in CP system. The scope of study merely focuses on
tracing the root cause of leakage current occurring at the CP
system lube base oil plant. The results of experiment
adherence to the hypothesis drawn. Consequently, resolve the
problem and recommend betterment for the future.
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1. INTRODUCTION

Cathodic protection is an electrical method of slowing the rate
of corrosion on metallic structures which are in electrolytes
such as water or soil. It has vast application of underground
metal facilities such as pipelines, underground storage tanks,
dams, well casings, steel pilings, ship hulls and underwater
structures. It is a scientific method which fights corrosion by
use of the same laws which cause the corrosion [1]. Generally,
there are two types of CP system which are Impress Current
Cathodic Protection (ICCP) and Sacrificial Anode Cathodic
Protection (SACP) [2]. The significant different between
these two are SACP system employs reactive metals as
auxiliary anodes that are electrically connected directly to the
steel to be protected. The electro-chemical potential
difference between steel and anode causes current to flow in
the electrolyte also electron flow from external anode to the
reinforcement. Hence, the whole reinforcement becomes
more negatively charged cathode and the external anode
corrodes sacrificially [3]. Compare to ICCP system where it
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employs inert anodes and powered by an external source of
DC power or Transformer Rectifier Unit (TRU) to impress a
current from an external anode onto the cathode surface
(structure to be protected). By forcing a direct current into the
reinforcement cage, it increases the cathodic reaction, which
produces more hydroxyl ions from oxygen and water. These
ions migrate through the concrete cover to the anode where
they oxidize to produce oxygen and electrons. The electrons
then flow through the anode cables and back to the current
source [3].

In Oil & Gas plant, after operating about 25 years, there is a
need to reassess the CP system functionality and reliability.
This action will tackle remnant life issue and enables the
plant CP system back to protective level for another 20 years
by improvement in reliability, safety, availability and
maintainability [4]. During execution of rejuvenation project
of CP system, faced new ICCP system unable to reach
protective level [4]. It is means that, the dc current produced
by anode bed was leaked or strayed to unintended protected
structure [5]. In easy term, we called it as leakage current.

Like its name, leakage current proposes electric current
leaks to ground via grounding path. If intended grounding
path missing, it is the same current that flows through
alternative grounding path connection such as human body.
In the Oil & Gas sector, leakage current potential to power
losses, system inefficiency, equipment tripping, electric shock
and power supply disturbance. ldentification of fault point
will be fundamental should furnish proficient and reliable [6].
Locating the root cause of leakage currentis difficult by
conventional method which are by clamp meter and voltage
meter [7][8][9][10][11][12].

In this study, a new technique is proposed. Instead of direct
approach that is looking at the leakage current waveforms,
this study moving forward with an indirect approach that is
looking at the symptom of the leakage currents. The symptom
obviously to be studied is heat produced by leakage currents
[13]. Conductor like copper, aluminum and most metal will
dissipate heat once current pass through [14]. Heat known as
thermal is a potential to study regards to leakage current. It
iscapable to guide us to their closest location and
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consequently assist engineers or technicians to resolve any
problems related to leakage current even safer, faster and
cheaper [15].

There are several tools that could detect heat and for this
study, we use infrared thermography (IRT) gun. Therefore,
this paper presents “Infrared Thermography Qualitative
method in resolving CP system leakage current problem” as a
novel contribution. The objective of this research work is to
trace the root cause of leakage current in new ICCP system
consequently resolved the said problem. This paper will share
about tacit practical solution to said specific problem
encountered by project team. It is hope that, this small effort
may help engineers in expediting locating root cause of
leakage current occur in CP system and consequently
accelerating its rectification works.

2. LITERATURE REVIEW

2.1 Leakage Current Problem in CP system

The incident is about new commission of CP system unable to
achieve protective level causing live underground piping
without protection against corrosion. The mentioned problem
observed at lube base oil plant on 14™ June 2016. Weather
condition is good and fair morning. Investigation method
applied is Kepner Tregoe hybrid with Tripod Beta.
Configuration of related CP system is ICCP with maximum
load 42Adc as can be seen in diagram Figure 1 below.

Transformer Rectifier Unit (TRU)

Resistive JB
Test post

Ground level

~a

Current flow—s N ™ e [T lelectrode TTheee

.« o .
Under ground piping /
e / /;’
y, /

Figure 1: ICCP system diagram

In this method, an external DC power source is supplied from
rectifier fed from an AC supply as shown in Figure 1 above
between the cathode and sacrificial anode. This method is
more efficient for long distances and covering large areas.
The anode used is more effective and able to protect long
objects. Also, it is very flexible in dealing with soil resistivity
variations, because it is capable to supply various required
current [16][17].

2.2 Facts and Findings

Reflecting to this incident, task force being formed and site
verification commence immediately. While waiting for
details investigations, preliminary findings as follows:
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1) Found two holes (refer red arrow) as effect of localize
burning on the top of resistive junction box enclosure at
rear side. The junction box made of stainless steel with
code SS304. Refer Figure 2 below.

T— )

Figure 2: Rear side enclosure

2) Observed two holes (refer red arrow) as effect of localize
burning on the top of resistive junction box inside
enclosure (as can be look from front access). Refer Figure
3 below.

Figure 3: Inside enclosure

3) Heating sign on right and left portion of copper bushar
(refer red arrow). Copper busbar act as nodal point for
electric current distribution between negative terminal of
CP TRU and adjustable resistors. All said components
being mounted on Bakelite board (brown color). Refer
Figure 4 below.

= - = o @ -
Figure 4: Heating sign on copper busbar

4) Burning sign (refer red arrow) on back side of Bakelite
board at the portion perpendicular with heated copper
busbar. Round shape vanished as effect of burning. Refer
Figure 5 below.
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‘{\
Figure 5: Burning at rear side of Bakelite

The findings above make team wondering what actually
happened. Since, the said ICCP system is new and about in
commissioning stage. This trigger team to immediate seek
information on temperature melting points for each main
component. The said information managed to be found in the
manuals and datasheet. In short, the information tabulated as
per Table 1 below.

Table 1: Melting temperature of resistive junction box components

Component Materials Melting
Temperature
Enclosure SS304 1400 - 1455°C
Mounting Board Bakelite 40.5°C
Adjustable Lead free vitreous 750 - 850°C
Resistor enamel
(green coating)

It can be seen that the Bakelite mounting board has lowest
melting temperature among all. Meaning, there is something
happened that produced heat at temperature more than
Bakelite’s melting point. The immediate facts and findings
shown before couldn’t lead us straight forward to the real root
cause of the problem. Hence, the systematic approach with
assistant of IRT method seems as an alternative way forward.

2.3 Hypothesis

Considering the facts & findings at preliminary stage of
investigation and considering from working experience and
CP system knowledge, we could draw hypothesis at the best
level as flow chart in Figure 6 below.

Adjustable : ¢ 2 nos of
Wrong Reditor & Circulating ;e
EIEE] /leakage form[ng at
selection B current 1B
verheating
conduct  encjosure
o Adjustable o Resistive « High
resistor range of JB intensity of
under working enclosure current
rating. temperatur now held at
o Bolts used e for become sinking/dra
to mount electrical path of ining point
copper component current. and
busbar are is between returning
electrical 35°C ~ 70 point.

conductive e,

Figure 6: Hypothesis
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As to make us excel in investigating the said problem, it is
also needing to have basic idea on application of IRT in
detecting or tracing the root cause of leakage current. Next
section will discuss and explain the recent achievements
accordingly.

2.4 IRT in Tracing Root Cause of Leakage Current

Thermography is the practice of quantitatively measuring
radiative heat emissions from objects. IRT is a field of science
of noncontact measurement approach in getting and process
the thermal information [18]. Its basis mount on infrared
radiation or in other words electromagnetic radiation which
have longer wavelengths compared to visible light. The
infrared image that captured by infrared cameras then
translated into a visible image according to a specific color for
each energy level appears as a fake-color image named as
a thermogram [19]. It is capable to detect and sense of
electrical problems failure or defect. In other form IRT, it is
also capable to assist in the medical world [20]. One of an
important  point, the heat produced because of
resistance materials itself. Since electrons in currents flow
through resistance, part of energy converted into heat. This
makes it possible to use IRT in sensing electrical problems
happened [21], [22].

In short, a few kinds of research on IRT for leakage current
analysisas follows 1) A nondestructive evaluation of
materials by measuring leakage current to check the defect
depth despite not knowing its thermal properties and variable
surface  emissivity [23]. 2) Exact localization of
pre-breakdown leakage current distribution in power
Schottky diodes [24]. 3) Assess condition of metal-oxide
surge arresters via a small resistive leakage current [25], [26].
4) Detection of leakage current in materials of solar cells [27].
5) Determine ageing of ZnO materials in gapless surge
arresters [28]. 6) Diagnose leakage current of extremely low
value by induced temperature variations down to 10 pK at a
lateral resolution down to 5 um [29]. 7) Interrogate ac earth
fault leakage currents by current waveform probed using
special low range current transformer on structure of
interest and analyze using Fast Fourier Transform [30], [12].

3. METHODOLOGY

Kepner Tregoe method chosen as tool of root cause failure
analysis in this effort. It is about rational thinking process that
structured, systematic in which used to enhance critical
thinking skills during solving the problem, making decision
and analysis potential threat or opportunity. Normally
referred to as “KT Process” [31]. Here, the actual root cause of
the problem and the relationship between cause and result are
investigated for (why did it happen) [32].
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3.1 Root Cause Failure Analysis - Kepner Tregoe

We start the Kepner Tregoe analysis by table out the available
information into “Is & Is not” table. Table 2 column “Is”, we
plug in the problematic equipment data. In conjunction, in the
column “Is not” we plug in as much as possible similar
healthy equipment. This step will help arrange the data in
systematic manner and avoid jumping to wrong conclusion.
As well avoid from miss look on the probable factors.
Indirectly, the investigation being directed to the right point
and lead to time and cost savings. Also, it helps in fast check
or verify the correctness of problem statement drawn earlier.
Look to the underline statement in Table 2, it is obvious fact
that the said problem appears once resistive junction box
being replaced with the new one. It is means that, we need to
channel much energy and focus on studying the resistive
junction box as overall and down to each of its components.

Table 2: Is & Is not table Kepner Tregoe method

1S ISNOT
WHAT | What object? Resistive Other
JUNCTION Resistive
BOX tag no. JUNCTION
18-401, BOX
ICCP #1009,
18-REC-401
What deviation? Localize Trip
heating
WHERE | Where is the object Unit 18, Unit 19, MG3
when the deviation is MG3 Plant Plant & others
observed
(geographically)?
WHEN When was the deviation | 1 month after | During using
observed first? resistive the old
junction box resistive
been replaced junction box
with new unit
Any pattern? Random Continuou
sly or
Periodically
EXTENT [ How many objects have 1 unit of > =2 unit of
the deviation? resistive resistive
JUNCTION JUNCTION
BOX BOX
How many deviations 1 >=2
are on each object?
What is trend in the Stable Increase,
number of occurrences Decrease
deviations?

3.2 Possible Causes

The next step in Kepner Tregoe analysis is to list out
reasonable numbers of possible causes at best level of
technical knowledge and experiences. Then, eliminate the
causes one by one by validating the real facts and findings
gathered at site. We called as “Most Possible Causes” for the
balance possible causes those couldn’t eliminated with
available facts and findings. We need to design or assign or
sketch any related test, check, validation and way forward
action to affirmed either it is the real rot cause or not. The said
exercise was tabulated in the Table 3 below for easy and clear
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mind. We could see that, possible causes number 2 and 3
now becoming the most probable causes according to
assumption made.

Table 3: Possible Causes table Kepner Tregoe method

No. | Possible Cause Does not explain Explain only if
(real facts) (assumption)

1| Lightning strike | The pattern of the
burning is localized
and concentric as
circle/round shape.
Where else, the
lightning burning
should be in the
pattern of water
treeing or line traces.

2 | Overheating
due to resistive
junction box
components
under rating
(cable,
adjustable
resistor &
copper busbar)

Components selection
for resistive junction
box not suitable to CP
operating current &
CP TRU rating.

There is current flow
through surface of
enclosure.

3 | Insulator
bushing melted
lead the bolts
(mount the
busbar to
Bakelite board
and made of
electrically
conductive
material) touch
the resistive
junction box
enclosure and
cause leakage
[circulating
current

4 | Heating up by
hot objects either
touched or close
proximity (<
10mm)

No any hot
object/equipment/proc
ess line touch and most
about > 1000mm
surround resistive
junction box.

3.3 Most Probable Causes

The following step in Kepner Tregoe method is detailing
specific testing or verifying or checking or validating action
to be taken according to assumption made earlier. They must
be reasonable, technically acceptable and feasible. Here
comes the important of IRTQ method to be performed for
validating of both most probable causes. It will accelerate the
investigation works by qualitatively (comparison) and
quantitatively (actual value) of thermogram captured.
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Table 4: Most Probable causes table Kepner Tregoe method

No. Most Possible | Explain only if | Testing/Check
Causes (assumption) to apply

2 Overheating Components 1.Setup the
due to resistive | selection for installation
junction box resistive as original
components junction box and put the
under rating not suitable to CP system
(cable, CP operating as normal
adjustable current & CP operating
resistor & TRU rating. current.
copper busbar) Perform

Infrared
Thermogra
phy survey.
2.Check the
rating of
the cable,
adjustable
resistor &
copper
busbar. Is
it rating
capacity
enough to
meet CP
system
operation
demand?

3 Insulator There is current | Setup the
bushing melted | flow through installation
lead the bolts surface of as original
(mount the enclosure. and put the
busbar to CP system
Bakelite board as normal
and made of operating
electrically current.
conductive Perform
material) touch Infrared
the resistive thermograp
junction box hy survey.
enclosure and
cause leakage
[circulating
current

3.4 Experiment Setup
Experiment was setup as per original installation

configuration at site. All cablings related to ICCP system
were being wired and terminated properly as normal
operation. In addition, suitable clamp meter, temperature
detector and humidity detector being hooked-up at the best
point those could captured or recorded most actual
surroundings intended parameters. The said parameters are
surrounding temperature, surrounding humidity, ICCP
loading current and thermal image temperature inside the

resistive junction box. Once all requirements full-filled and in
correct position, it is about to energize power supply and put
the ICCP system as real normal operating condition. Setup
experiment arrangement as Figure 7. Our assumption for this
experiment is surrounding temperature and humidity about
same or very slight changes. Also, it must shield from
external source of radiation. Because of probing surface
temperatures of the sample, it is inevitable closely related to
heat flows. Nonetheless, heat flow is closely linked to energy
use. In conjunction, other thermal characteristics such as
thermal comfort and condensation also linked to surface
temperatures [33]. So, these are a few factors to be fixed. Also,
it is necessary to prevent surface condensation, which will
alter surface emittance and affect performance [33]. In one
journal stated the possibility to know the temperature under
influence of leakage current that will appear in thermogram
later. This new derived equation tells us that the infrared net
radiation power is proportional with leakage current,
materials resistance, time to reach temperature equilibrium as
well as emissivity of the object. But inversely for weight and
specific heat capacity of materials. It is presented as (1) below
[15].

T Leakage = (12eRet / meCp) + T no Leakage (1)

Where; | = Current (A); R = Resistance (2); t = Time (s); m =
Weight of Material (g); Cp = Specific Heat of Material
(J/g *°C); Where Tyo Leakage 1S temperature of the materials
during no leakage current passes through it. While, T eakage
is temperature of materials during leakage current passes
through it [15].

Manipulating (1) above could give (2) as below.
| Leakage = [((T Leakage ~ T No Leakage) X mon / R‘t)] 12 (2)

From (2) above, it will enable us to calculate the leakage
current value by having temperature profile from thermal
image capture later as IRT quantitative measurement.

’67/2@ 10:21

) 4Figure 7: Experiment setup at site
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4. RESULTS AND DISCUSSION

Once the ICCP system back on-line, the variac resistance
located at CP TRU being rotate or tune in stages from OAdc
until reach 10Adc loading. Testing and checking inside
resistive junction box. Then, maintain for a few minutes for
capturing thermogram related and log in parameters as
mentioned in the earlier section. Next, the current loading
being increase gradually to maximum loading which is
42Adc. This step is important as to simulate as much as
similar to actual operating condition and to reveal the hot spot
area on the resistive junction box. Two significant area to be
investigated are area inside resistive junction box (front
access) and its rear side (rear access). All visual results as well
numerical shown in Figure 8 & 9 and Table 5 & 6 follows.

During 42 Ampere load
(Full Load)

During 10 Ampere load

Figure 8: Thermogram inside resistive junction box

Table 5: Temperature profile inside resistive junction box

No. Load Thermogram Temperature (°C)
(A) Box 1 Box 2
Min Max | Ave | Min | Max | Ave
1. 10 336 | 1105 | 525 | 318 | 52.2 35.3
2. 42 359 | 150.2 | 818 | 324 | 7438 38.5

During 42 Ampere load
(Full Load) )

+ During 10 Ampere load

Figure 9: Thermogram rear side resistive junction box

Table 6: Temperature profile rear side resistive junction box
No. Load Thermogram Temperature (°C)

(A) Box 1 Box 2

Min | Max | Ave | Min | Max | Ave

1. 10 | 30.2 | 325 | 315 | 30.0 | 326 | 31.6
2. 42 | 305 | 331 | 318 | 31.2 | 36.0 | 32.6

Surrounding temperature recorded at 27.6°C with 82%
humidity.

Thermogram results inside resistive junction box

Due to the temperature rise quite high up to 150°C during
10Adc loading and considering the safety at process area;
hence we just conduct the simulation for 10 seconds only.
There is a sign of component overheating i.e. adjustable
resistor. This showing the high probability of components
under rating i.e. adjustable resistor. Due to short duration
held for the simulation, we cannot see the heating effect at the
copper busbar as well at Bakelite board. We could make
inference that the copper busbar and Bakelite board will get
heated and lead to insulator bushing melted as in Figure 10.

Figure 10: Insulator bushing gone

Thermogram results rear side resistive junction box

The slight temperature difference and increment at overall
from 10A load to 42 A load (as well compare to surrounding
temperature) signifying that there is a leakage or circulating
current flowing through the junction box enclosure surface.
Please note that due to short duration held for the simulation,
we cannot see the great heating effect by the flowing of
current. 2 numbers of temperature spot detected showing the
area of a bit high current intensity. The right side (Box 2)
could be consider as drain/sink point due to higher
temperature compare to left side and return point at the left
side (Box 1). This finding in-line with the burning condition
of the junction box enclosure where the right side (Box 2) had
a bigger of hole size compare to left side (Box 1).

Testing and checking (Components Rating)

From the experiments results above, it requires us to revisit
the rating for 3 main components inside resistive junction box
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which are adjustable resistor, copper busbar and adjustable
resistor’s cable itself. The information being seek from
catalogue, datasheet as well general guideline as alternative
references and table out as per Table 7 below. Surprisingly,
the adjustable resistor is under rating in which not meeting
site requirements.

Table 7: Design rating of resistive junction box components

No. | Componen | Catalo | Alter | Specificat Rating
t gue native ion Capacity
Pass | Fail
1. Adjustable N - D500 X
resistor
2. Copper X Gener | 25mm (H) v
busbar al X 280mm
guidel | (W) x
ine 2mm (D)
3. Adjustable | Not Gener | 1cx v
resistor’s Availab | al 2.5mm?,
cable le guidel | PVC
ine

Discussion (Adjustable Resistor)

Based on the original equipment manufacturer catalogue on

adjustable resistor, the maximum current allows are [34]:

o e = \/(P/ R)

* We have data:

+ P=500W

« R= 2.6ohm (the lowest setting as measured using
multimeter)

 Hence the maximum current is Iyns = V (500/2.6) = 13.87
Ampere only per resistor.

» So, we have two numbers of same type resistor and Iy = 2
x 13.87 = 27.74 Ampere only allow for safe normal
operation of adjustable resistor. But as site requirement is
42Adc. Now the circuit already overloading for about
150% from its safe rating. In consequence, the
overheating occurs due to slow rate of heat dissipation.
The design allows for 10 times rated wattage for 5 seconds
only [34].

» Also, the said catalogue mentioning, the stated wattage
rating is for full setting of resistance at 25°C free air
rating. Setting the lug at an intermediate point reduces the
wattage rating by about the same proportion [34].
Example: If the lug is set at half resistance, the wattage is
reduced by approx. one-half.

Discussion (Copper busbar)

Base on the Current Carrying Capacity table guideline titled
“Copper for Busbars, Guidance for Design and Installation”:

+ The table has data for 25mm? width x 6.3mm thickness
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(158mm? area) which is maximum current is 530A.
Anyway, ours is 25mm? width x 2mm? thickness (50mm?
area). Hence, we could use interpolation method to get the
maximum current value:

+ 158/50=5301/1,;

* Then, I = (530 x 50)/158

| =167.7A

» So, the current copper busbar used is sufficient for
maintaining the 42Adc requirement as full load operation
for the CP system as well up to its fullest TRU rating i.e.
70Adc.

Discussion (Adjustable Resistor’s Cable)

Base on the Current Carrying Capacity table for PVC

insulated cable BS7671:

» The maximum current carrying allowable, Imax = 27A
per cable for Reference Method C (Clipped Direct).

» S0, the cable used currently is sufficient if maintaining the
42A requirement as full load operation for the CP system.
But, bare on mind, if the CP system going to ramp up to its
fullest TRU capacity i.e. 70A; The cable size to be increase
to the next higher level those could accommodate 35A per
cable.

Reaffirmation of findings and results

For the purpose of reaffirmed or retest our hypothesis, we can
use another method root cause failure analysis such as Tripod
Beta. Based on the results on the checking and simulation we
could synergize all the data, evidence obtained and arranged
them into form of Tripod Beta in Figure 11.

Most Probable Cause :
Insulator bushing melted lead
the bolts (mount the busbar to
bakelite board and made of
conductive material) touch the
JB resistive enclosure and cause
Leakage /Circulating current

Leakage/Circul
ating current

Immediate Cause

Bolts (mounting
busbar to bakelite

board) Burning &
| Melting at
resistive JB
tag no. 18-401,
(—— ICCP #109,
Bakelite & Copper 18-REC-401
Busbar
N/ —
Loading

Overheatlng Most Probable Cause :

Overheating due to adjustable
resistor under rating.

Immediate Cause

Figure 11: Tripod Beta diagram
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5. CONCLUSION

This paper presents resolution of leakage current issues in
new ICCP system via Quantitative Infrared Thermography
method. The results of the investigation satisfy our
hypothesis drawn earlier i.e. due to under rating of
adjustable resistor, lead to overheating phenomenon
causing Bakelite board and insulator bushing burned &
melted, consequently bolts (those mounting copper busbar
onto Bakelite) touching resistive junction box enclosure,
make complete circuit and lead to circulating or leakage
current on it. Followed by heating (at the sinking &
returning point) and finally impacted burning as 2 numbers
of holes at the junction box enclosure body. This incident
shows us the importance of the QA/QC assurance during
design/selection stage to avoid losses in cost, schedule and
reworks. Recommendation are as follows:

» To revisit the selection rating for adjustable resistor as
well quantity to accommodate the CP load current comply
with CP TRU rating i.e. 70A for safe and reliable
operation.

» To use non-conductive electrical bolt (that mount the
copper busbar onto the Bakelite board) to avoid any
leakage/circulating current phenomenon through the
junction box enclosure in case of the insulating bush
degraded/damaged in the future.

» To increase the distance between bolts (that mount the
copper busbar onto the Bakelite board) and junction box
enclosure by installing dual numbers of insulating bush or
equivalent means those could serve the same purpose.

» Anydesign or materials selection shall be APPROVED by
NACE CP Level 4 and endorsed by OWNER prior to
purchase and installation at site.

» Toconsider the derating wattage of the adjustable resistor
during tuning at site. To remember half taping at the
adjustable resistor, will halves the wattage rating such as
500W to 250W.
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