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Abstract

Electric “flashover” or insulation breakdown has occurred on “hot stick” safety tools
used on live AC transmission lines at Manitoba Hydro in 1997 and 2002. Investiga-
tions showed pollution flashover as the cause, whereby leakage currents cascade into
flashover. Prior to reinstating live-line work with mitigation procedures, DC voltage
experiments suggested an atypical flashover uncharacteristic of pollution flashover
without leakage currents, which may require a different mitigation strategy. In this
thesis, statistical analysis shows that relative humidity has a greater correlation than
voltage with the type of flashover. Labeled a “fast flashover”, it seems to be distinct
from pollution flashover, although not statistically significant. A time-stepping com-
puter model was developed to calculate a critical voltage for flashover as a function
of relative humidity. However, lack of data prevents the model from making firm
conclusions. A list of recommended research is proposed to remedy these deficiencies

to allow future model refinement.

il



Table of Contents

Acknowledgment

Abstract

List of Figures

Copyright Figures

List of Tables

Nomenclature

1

Introduction

1.1 Motivation of the research . . . . . . . . . . . .. ... ... ... ..
1.2 Work Performed and Results . . . . . . . . . .. ... ... ... ...
1.3 Conference publication . . . . . . .. .. ... ... ... ...

Electric Breakdown of Air and Pollution Flashover
2.1 Electric Breakdown of Air . . . . . . . . . ... ... ... ...,
2.2 Pollution Flashover . . . . . . . . . . . . . ... ... ... ...
2.3 Pollution Flashover - Mathematical Models . . . . . . . . . ... ...
2.3.1 Pollution Flashover - Static Mathematical Model . . . . . ..
2.4 Pollution Resistance . . . . . . . . . . . .. ... ...
2.5 Moisture Transfer . . . . . . . . . . . .. ..
2.6 Thermodynamics . . . . . . . . .. ...

Background Experimental Research and Data Reconstruction
3.1 Details . . . . . . . .

Statistical Analysis, Results, and Discussion

4.1 Preliminary Analysis - Simple Linear Regression . . . . . . . .. . ..
4.2  Fast Flashover as a Distinct Type of Discharge . . . . . . . ... ...
4.3 Summary and Conclusion of Statistical Analysis . . . . . . . .. ...

Computational Algorithm for Pollution Flashover, Simulation Re-
sults, and Discussion

5.1 Construction of a Pollution Flashover Computational Algorithm . . .
5.2 Parameter Settings . . . . . . . . . ...

v

ii

iii

vi

ix

31
32

42
43
56
59

61
62


dreske
Rectangle

dreske
Rectangle

dreske
Rectangle

dreske
Rectangle


TABLE OF CONTENTS

5.3 Simulation Results and Discussion . . . . . . . . . . . . .. ... ... 86

6 Summary, Conclusion, and Recommendations for Future Research 94

6.1 Recommendations for Future Research . . . . . . . . . .. .. . ... 96
References 98
A Appendix A 102



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7

3.1

3.2

3.3

3.4

3.5

3.6

3.7

[lustration of Hot Stick in Use. Adopted from [1], ©2012 TE Connec-
tivity. Used by Permission. . . . . . . .. .. .. .. ...

Electric Breakdown a) Between HV Sphere and Electrode, b) Between
Sphere and Sphere. Adopted with Modifications from [2], [3]. Photos
(©2004 University of Michigan Demonstration Laboratory, and (©)2006
Kurt Schraner Respectively. Both Images Used by Permission. . . . .
Schematic Representation of Townsend Electron Avalanche. a) Physi-
cal Gap b) Electron Multiplication. Adopted from [4], ©2000 Newnes.
Used by Permission. . . . . . . . ... ... .
Avalanche and Streamer Formation. Adopted with modification from
[5], ©1971 Wiley-Interscience. Used by Permission. . . . . . ... ..
Pollution Flashover. Adopted with modification from [6]. Photo (©)2001
Stellenbosch University High Voltage Laboratory. Used by Permission.
Static Arc/Pollution Flashover Circuit. Adopted with modification
from [7], ©2010 IEEE. Used by Permission. . . . .. ... ... ...
Dependence of the minimum voltage to sustain an arc V,, on the arc
length z. Adopted from [8], ©1963 IET. Used by Permission.

Resistivity of Saline Solution as a Function of Salt Concentration and
Temperature. Adopted from [9], ©2007 Weatherford. Used by Per-
MISSION. . . .« . oo

Floor Layout of IREQ Fog Chamber, and Images of Hot stick Setup in

Lab. Photos Adopted with Modification from [10]. Used by Permission.

B04 Pollution Flashover - Original Data. Adopted from [10]. Used by
Permission. . . . . . ...
B02 Fast Flashover - Original Data. Adopted from [10]. Used by
Permission. . . . . . ...
BO1 Pollution Flashover Withstand - Original Data. Adopted from
[10]. Used by Permission. . . . . . ... ... ... ... .. ......
B03 Combination Fast Flashover Followed by Pollution Flashover With-
stand - Original Data. Adopted from [10]. Used by Permission.

Digitization Process: a) zoom in, b) trace over and deletion of lines,
resulting in final image with coordinate markers. . . . . . . . . . . ..
Digitization and export of data. . . . . . . .. ... ... .. ... ..

vi

10

12

15

17

19

22

32

35

36

37

38



LIST OF FIGURES

3.8

4.1

4.2
4.3
4.4
4.5
4.6

5.1
5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11
5.12
5.13
5.14
5.15
5.16

Comparison between a) original B04 current trace data and b) digitized
current data, c) digitized current data overlaying original current data.
Current magnitude scale 50mA between horizontal grey lines; time
scale 5 minute interval between grey vertical lines. . . . . . . . . . ..

Case Variables for Statistical Analysis (See Table 4.1 for Variable Iden-
tification According to Numbers. Background Original Data, Adopted
from [10]. Used by Permission. . . . . . . . ... ... ... ... ...
Regression of RH at fo onto dT/dt at fo. . . . . ... ... ... ...
Regression in “R” of RH at fo onto dT/dt at fo. . . . . . ... .. ..
Regression in “R” of of dRH/dt at fo onto dT/dt at fo. . . . . . . ..
Regression in “R” of of dRH/dt at foonto V. . . . . ... ... ...
Regression in “R” of of I at foonto V. . . . . . . .. ... ... ...

Equivalent Water Layer on Hot Stick. . . . . . ... ... ... ....
Relationships Between Variables and Required Connecting Equations
1-3 in Critical Voltage Time-Stepping Polution Flashover Model. . . .
Relationship Between Resistivity, Water Temperature, and Salt Con-
centration [NaCl|. . . . . . . .. ... . ..o
Summary Flowchart of Iterative Calculations for Pollution Flashover
Algorithm. . . . . . . . .. .
Longest Arc Discharge in B09 Prior to Pollution Flashover. Frames a-d
in Sequence in Video Recording, with frame d final pollution flashover
arc discharge. Video Images (©2004 Manitoba Hydro. Used by Per-
MISSION. . . . . . . o e
a, b: Top and bottom views of hot stick in video tilt. Background beam
as reference for same position at midpoint along hot stick outlined in
blue. c: Trigonometric analysis to determine hot stick lengths in top
and bottom views. Video Images (©2004 Manitoba Hydro. Used by
Permission. . . . . . ...
Absorbed Water Content of kaolinite as a Function of Relative Humid-
ity. Bottom Curve for 100% kaolinite. Adopted from [11]. Used by
Permission. . . . . . .. oo
Time Response of Kaolinite - Smectite Water Absorption. Adopted
from [11]. Used by Permission. . . . . . . . ... ... ... ... ...
Water Absorption Lines for Cases B01-B09 Grouped According to
Starting Relative Humidities. . . . . . . .. ... ... ... .. ...
Relationship Between ESDD in mg/cm? and Surface Conductivity in
pS. Adopted from [12], ©2000 CIGRE. Used by Permission. . . . . .
B04 Critical Voltage for Pollution Flashover. . . . . . . .. ... ...
B04 Resistance for Pollution Flashover. . . . . . . ... .. ... ...
B04 Resistivity for Pollution Flashover.. . . . . . ... ... .. ...
B03-01 Critical Voltage for Fast Flashover. . . . . . . ... ... ...
B03-01 Resistance for Fast Flashover. . . . . . ... .. .. ... ...
B03-01 Resistivity for Fast Flashover.. . . . . ... .. .. ... ...

vil

41

43
47
49
20
51
52

64

66

70

72

74



LIST OF FIGURES

Al
A2
A3

A4
A5
A6
AT

A8
A9

BO1 Pollution Flashover - Original Data. . . . . . ... .. ... ... 103
B02 Fast Flashover - Original Data. . . . . . . .. ... .. ... ... 104
B03 Fast Flashover (up to 23 min.) and Pollution Flashover Withstand

(23 min. to 90 min.) - Original Data. . . . . . .. ... ... .. ... 105
B04 Pollution Flashover - Original Data. . . . . ... ... ... ... 106
B05 Fast Flashover - Original Data. . . . . . ... ... .. ... ... 107
B06 Pollution Flashover - Original Data. . . . . . ... .. ... ... 108
B07 Flashover Withstand (up to 23 min.) and Pollution Flashover

Withstand (23 min. to 90 min.) - Original Data. . . . . . ... .. .. 109
B08 Flashover Withstand - Original Data. . . . . .. ... ... ... 110
B09 Flashover Withstand - Original Data. . . . . . .. .. ... ... 111

viii



Copyright Figures

Figure 1.1 . . . . . . . 2
Figure 2.1 . . .« . . . o 9
Figure 2.2 . . . . . . Lo 10
Figure 2.3 . . . . . . . 12
Figure 2.4 . . . . . . o 15
Figure 2.5 . . . . . 17
Figure 2.6 . . . . . . . . 19
Figure 2.7 . . .« . 22
Figure 3.1 . . . .« . . . o 32
Figure 3.2 . . . . . . . 35
Figure 3.3 . . . . . 36
Figure 3.4 . . . . . L 37
Figure 3.5 . . .« . . L 38
Figure 4.1 . . . . . . . o 43
Figure 5.5 . . .« . . L 74
Figure 5.6 . . . . . . . L 75
Figure 5.7 . . . . . 7
Figure 5.8 . . . . . . Lo 7
Figure 5.10. . . . . . . o 82

X



List of Tables

3.1
3.2

4.1
4.2
4.3
4.4
4.5
4.6

4.7
4.8

5.1

5.2

5.3

5.4

5.5

5.6

Artificial Pollution Slurry Composition . . . . . . . .. .. ... ...
BO1 - B09 Flashover Experiments Results . . . . . .. .. ... ...

BO1 - B09 Cases Variable List . . . . . .. .. ... ... .......
Summary Statistics for BO1 - B09 Cases Variable List . . . . . . . ..
Coeflicients Information for Regression of dT,/dt onto the RH and V
Variables in Figures 4.3 -4.4 . . . . . .. .. ... ... ..
Coefficients Information for Regression of I, onto the RH and V Vari-
ables in Figures 4.3 -4.4 . . . . . . ... oo
Kendall-Tau Correlation Coefficients for all Pairs of Variables.

Kendall-Tau Correlation Matrix for Final Reduced Variable Set. . . .
Mann-Whitney Test for Hymy = m, vs. Hymy #m,, . . . . . .. ..
Mood Test for Hy:op = 0, vs. Hyiop #0000 0 0000000000

Angles and Lengths of Trigonometric Analysis of Camera View of Hot
Stick . . ..
Kaolin Water Absorption for Different Values of Relative Humidity.
Tabulated from Bottom Curve of Figure 5.7 . . . . . ... ... ...
Start and End Water Absorption, and . values for the Five Absorption
Profiles in Figure 5.9 . . . . . . .. ... oo
Table Values and Calculated Values for the Heat Transfer Coefficient
h Calculations. T, K =293.15. . . . . . . . . . . . .. .. ... ....
Table Values and Calculated Values for the Heat Transfer Coefficient
h Calculations, cont. T, K =293.15. . . . . . . . . ... ... .....
D/L > 35/Gr%? (with D/L = 0.0119) Conditional Validation Check,

and Corresponding Cebeci Correction Factors *Nuy/Nug. . . . . . .

48
53
o6
o8
29

76

76

30

84

85



Nomenclature

Ke

&

S)

= &

~.

Condensation coefficient.
Evaporation coefficient.
Resistivity.

Conductivity.

Surface conductivity.
Kendall Tau test coefficient.

Empirically derived constant used in the Obenaus arc voltage equation
V, = Axi—™.

Diameter of insulator.

Diameter of an insulator at position [ along distance from cap to position.
Electric field magnitude.

Electric field stress of arc.

Critical electric field stress over which can lead to flashover.

heat transfer coefficient.

Current flowing through arc and pollution regions. Can be equal to the
arc current 7, if no current flows in the substrate

Arc current.
Critical current over which can lead to flashover.

Total leakage length equal to length of arc  and pollution layer x,,, where
T, =L — .

Empirically derived constant used in the Obenaus arc voltage equation
V, = Axi™™.

Pollution layer resistance.

x1



NOMENCLATURE

R

ESDD
FFO
FO
FOw
PFO
RH

Pollution layer resistance per unit length.
Temperature.

Time.

Arc voltage.

Critical voltage over which can lead to flashover.

Minimum voltage needed to sustain an arc over bridged region of pollu-
tion layer leakage length.

Source voltage.
Flashover voltage.
Length of arc.

Length of arc for some specific applied source voltage V; over x,. which
can lead to flashover.

Critical length of arc over which can lead to flashover.
Length of arc for some specific applied source voltage V.
Equivalent Salt Deposit Density

Fast flashover

Flashover

Flashover withstand

Pollution flashover

Relative humidity

xil



Chapter 1

Introduction

In 1997, an incidence occurred on a Manitoba Hydro 500 kilovolt (kV) alternating-current
(AC) high-voltage (HV) transmission line whereby an electric flashover or the breakdown of
the electrical insulating effect of a dielectric insulating surface occurred over the length of a
hot stick being used by a transmission line worker performing live (energized) transmission
line maintenance work [13]. Live-line work was ceased and an internal investigation was
conducted, attributing the incident to a pollution flashover, a mitagatable phenomenon.
The hot stick, shown being employed in Figure 1.1, is essentially a long pole made from an
electrical insulating material with a grappling hook on the end allowing the transmission-
line worker to work on live (energized) lines, connecting and disconnecting, grabbing,
pulling, and handling apparatus at a high voltage safely from the other end of the pole.
A pollution flashover is a well-known mechanism of flashover whereby microscopic levels
of pollution with conductive salts present on the insulating surface become wet which
lead to leakage currents that dry out small surface regions, resulting in arcs bridging
over those regions [14]. The current continues to dry out successive regions that arc over

to keep the current continuous, propagating the arc activity until the entire length of the
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Removed due to copyright

See Fig. C_HotStick on
p. 26 ot |[1]

Figure 1.1: Ilustration of Hot Stick in Use. Adopted from [1], (©2012 TE Connec-
tivity.

insulating surface is breached and flashover occurs. Established mitigation procedures exist
for prevention of this occurring on hot sticks, such as keeping the hot sticks clean, and
restricting use of the tool to low humidity and low wind conditions [13]. Not exclusive to
Manitoba Hydro, unexpected flashovers have been experienced at other utilities, although
rarely reported in academic literature.

With the resolution of the cause of the 1997 incident, live-line work was reinstated until
another incident occurred on the 500 kVAC transmission line system in 2002 [15]. With
this incident, all high voltage live-line work was ceased and a full experimental investi-
gation was commissioned into the cause(s) of these unexpected flashovers. Experimental
investigation into the HVAC flashovers was conducted at L’Institut de Recherche d’Hydro
Quebec (IREQ) in 2003 [16]. These experiments involved running a series of industry
standard flashover experiments varying the applied voltage, relative humidity, and other
derivatives of these two parameters while collecting data on the resulting currents and
changes in ambient temperature in addition to the independent variables. This was done

in an effort to discover unknown factors that may be cause for the flashovers. However, the
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Chapter 1. Introduction

findings of the 2003 IREQ study concluded that pollution flashover again was the cause of
the 2002 incident at Manitoba Hydro.

Prior to reinstating live-line work, additional prudent experimental investigations were
conducted on the hot sticks at IREQ in 2004 under direct-current (DC) voltage, as live-
line work also takes place on the Manitoba Hydro HVDC system. Although the pollution
flashover mechanism was also found to be responsible for flashovers in these experiments,
an additional anomalous unexplainable mechanism was discovered. This possible new
mode of insulation breakdown, labeled as a“fast flashover”, occurred without the precursor
leakage current observed in pollution flashovers. Discharges occured at voltage gradients
approximately 1/3 of that required for air-gap flashover. Very little is known about this
new mode of flashover. An immediate reporting of these findings was made and disclosed
to the academic and industrial HV insulation research community [17], [16]. With only
the absence of precursor current being used to identify the fast flashover phenomenon,

academia and industry has been reticent to accept the existence of this new phenomenon.

1.1 Motivation of the research

The possibility of a new mode of flashover is of serious concern. With different properties,
a new mode of flashover most likely will require a different mitigation strategy. If the
mitigation strategy is to monitor leakage current and a mode of flashover exists that does
not exhibit this leakage current (at least to a measurable, detectable degree) then the
mitigation strategy of monitoring leakage current will not work, and a new strategy would
be necessary. Failure to appreciate the possibility of a new mode of flashover and merely
attribute this phenomenon as a manifestation of the pollution mechanism is dangerous,

as this may lead to incorrect mitigation resulting in future destruction to apparatus, and
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injury or even possible fatality to transmission line workers. In lieu of experimental testing,
statistical analysis was performed on the data from the 2004 IREQ experiments to see if
anything could be found that may shed insight into the phenomenon using linear and
non-parametric methods which have been used previously in similar applications [18]. In
addition to this, a time-stepping mathematical model of the flashover process was created

to investigate the mechanism within the context of the 2004 experimental data.

1.2 Work Performed and Results

A comprehensive literature review was first conducted to develop an understanding of
the known electrical breakdown processes associated with pollution and air gap flashover.
Results from the 2004 IREQ tests were acquired and the general question was posed
if anything could be learned from the experimental data incorporating what had been
acquired by the literature review. The IREQ test data was comprised of applied constant
voltage and relative humidity as controlled independent variables, and leakage / discharge
current and ambient temperature as dependent variables. It was deemed from an initial
examination of the data that if a model could be developed to better understand the IREQ
experiments, it would have to focus on the relative humidity data. This is because relative
humidity was the only one of the two independent variables that varied (the applied voltage
was held constant). Although the level of the applied voltage influences whether or not
flashover occurs [4], it was thought that a property of the system would have to be varying
in order to vary the type of flashover outcome. With only humidity varying out of the two
independent variables, focusing on this variable seemed to be the best chance for gaining
insight into the mechanism.

An exploratory analysis was first performed using descriptive statistics on the data by
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identifying 19 variables describing the data, and examining the values of those variables
for correlations and patterns. This was also carried out to identify redundant variables
in order to reduce the variable set down to those that explained the most variation in
experimental outcomes. Simple single variable regression tools and correlation matrices
were employed for this purpose. Seven of the original variables were identified as being the
most optimal for describing the outcomes. Two tests were employed to deduce if the fast
flashover population data was distinct from the pollution flashover to support or refute the
existence of fast flashover as a distinct mode of discharge. Statistically significant support
was not obtained for this assertion due to small sample sizes.

To further investigate this anomalous observation, it was decided to build a computer
based time-stepping pollution flashover model and apply it to the IREQ 2004 data to see if
the fast flashover would meet the critical voltage criteria known for the pollution flashover.
This criteria states that there is a critical voltage for which if the applied voltage exceeds
it (or in the case of an applied voltage held constant, if the critical voltage drops below the
applied voltage) pollution flashover can take place [8]. This is a necessary but not sufficient
condition for pollution flashover [19]. It was thought that if the computer simulation tests
on the fast flashover data failed to meet this pollution flashover criteria, this would support
the proposition of a new mode of flashover. If the fast flashover data met the critical voltage
criteria, the results would not support the fast-flashover proposition.

The model developed is a computational algorithm constructed from established math-
ematical formulas. Beginning with the critical voltage criteria that is a function of the
pollution layer resistance per unit length, the model is essentially developed by adding
equations to supply values to variables in previous equations until all values are calculated.

Based on humidity, relationships were found from within thermodynamics and mass (mois-
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ture) transfer to calculate a value for the varying resistance per unit length of the polluted
hot stick due to changes in relative humidity. This effort unfortunately involved making
assumptions to accommodate unavailable or non-existent data required for the model, but
unavailable at this time. Although some insight was gained into the phenomenon from an
examination of how intermediate variables change throughout the experiment compared
with published results and HV experimental experience, the forced assumptions prevent
the model from making firm conclusions. A list of recommended research is thus proposed
to remedy these deficiencies in required data to allow for future model refinement that will

give firm numerical results.

1.3 Conference publication

Resulting from the literature review, the following paper was presented at a conference,

and has been invited for peer review in IEEE Transactions on Industrial Applications.

1. Dean Reske, David Swatek and Behzad Kordi, “A Study of Electric Breakdown
Theory to Model Dielectric Surface Flashover,” Proc. 2012 Joint Electrostatics Con-

ference, Cambridge, Ontario, Canada, June 12-14, 2012.

e A brief overview of concepts was presented from static models and experiments
offering evidence of interaction between the discharge over an insulating surface
and the surface itself, concepts from surface interaction models, and the Elenbass-
Heller model for the leader component of the pre-discharge avalanche-streamer-
leader model was examined. Discrepancies, contradictions, and proofs against
some of the existing theories were discussed and recommendations for future

research was proposed to rectify these deficiencies.
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e To the author’s knowledge, this was the first time links have been made between
models from the avalanche-streamer-leader and surface interaction disciplines for

the purpose of modeling dielectric surface flashover.



Chapter 2

Electric Breakdown of Air and

Pollution Flashover

2.1 Electric Breakdown of Air

The breakdown of the electrical insulating effect of air has been investigated since the
beginning of the last century. The air gap between two electrodes or materials at two
different electric potentials is susceptible to its electrical insulating property breaking down
and causing a conducting channel through the air in the event the electrical field strength
due to the potential difference between the two electrodes becomes too strong for the air
to prevent breakdown and conduction. Images of this phenomena occurring are shown in
Figure 2.1.

The first scientific description of this phenomenon was proposed by Townsend around
1900 [4]. Labeled Townsend Electron Avalanche, the process is essentially described be-
ginning with a newly free electron in the gap coming into existence from light or normally

occurring cosmic rays from space ionizing air atoms in the gap. This unbound electron
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Figure 2.1: Electric Breakdown a) Between HV Sphere and Electrode, b) Between
Sphere and Sphere. Adopted with Modifications from [2], [3]. Photos (2004 Univer-
sity of Michigan Demonstration Laboratory, and (©)2006 Kurt Schraner Respectively.
Both Images Used by Permission.

Removed due to copyright
See Fig. 5.8 on p. 296 of |4]

Figure 2.2: Schematic Representation of Townsend Electron Avalanche. a) Phys-
ical Gap b) Electron Multiplication. Adopted from [4], ©2000 Newnes.

in the gap is then accelerated by the electric field until it impacts another atom, exciting
and ejecting a “secondary” electron by an ionization collision with that atom. The two
resultant free electrons from the collision are then accelerated in the electric field until
they both collide with more atoms producing two more ionization collisions and secondary
electrons, and so on in a cascading manner. An illustration of this process is shown in
Figure 2.2. Multiple instances of this process simultaneously occur at random positions
throughout the air gap between the electrodes, but more so near the electrodes where the
voltage gradient is more intense, and even more so near sharp edges of the electrode.

Tonizations are not only brought about by collisions, but also by photoionizations from
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Chapter 2. Electric Breakdown of Air and Pollution Flashover

photons emitted from other collisions, thermal ionizations, and other ionization mecha-
nisms. These ionization processes responsible for producing more electrons are also in
competition with balancing “deionizing” processes that remove electrons by recombina-
tion with ions, or attachment to electronegative atoms producing negative ions [4].

This description of the avalanche process serves its purpose over short distances. How-
ever, weaknesses were found with the model in 1927 [20]. The discharge propagation speed
in the Townsend model does not correlate with the speed in long discharges. This incited
the development of new theories in 1928 dominated by the streamer and leader model
of discharge that has continued to evolve until the present day. This theory begins with
the avalanche process. Electron avalanches form in the strong electric field between the
electrodes. The avalanche diffuses and drifts towards the anode. It stretches out due to
its electron filled head being attracted to the anode, and positive ion filled tail dragging
behind due to electrostatic pull and less mobility. The electrons flow into the anode and
the positive ion charged tail remains behind extending the anode out into space. Subse-
quent avalanches drift towards the positive ion tail extending the anode, creating a further
extension of a channel of ions outward from the anode. This positively charged ion chan-
nel growing outward built on electron avalanche building blocks is what is referred to as a

“streamer,”

and the ionization state is kept in existence due to collisional ionization by the
electrons flowing through to the anode from subsequent avalanches contacting the ionized
space at the tip. The beginnings of this growth is illustrated in Figure 2.3 a-d on the
following page.

For a short distance (up to 1 cm) this streamer channel can extend out, building on

avalanche components until it reaches the cathode 2.3 e-f. However, with the discharge

distances through air in power systems on the order of meters, another structure must come

10
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Removed due to copyright
See Fig. 9.2 on p. 267 of |5]

Figure 2.3: Avalanche and Streamer Formation. Adopted with modification from [5],
©1971 Wiley-Interscience.

11
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Chapter 2. Electric Breakdown of Air and Pollution Flashover

into existence to represent the cross over in such large gaps. Just as multiple avalanches
occur simultaneously and form the streamer, multiple streamers can also occur, extending
outwards from a singular point at the anode. With the parallel currents from the electron
avalanches flowing through the streamers converging to a singular point, and with all of
this charge movement in a tight, condensed space, the ionization mechanism evolves from
collisional and photonic ionization in the avalanche and streamers, to thermal ionization
at the base of the streamers. Hence a new structure forms between the anode and the
streamer tree where thermal ionization is occurring and growing out. This new structure
is called a leader. With continual streamer currents flowing into the region heating and
thermally ionizing the air, the leader will grow outward until it crosses the open gap from
anode to cathode. Upon contact with the cathode, a conducting short circuit plasma
channel exists between the cathode and anode. Thus, depending on the power and supply
of charge at the electrodes, one of two outcomes will occur. In the event of a limited
supply of charge, or a replenishable supply of charge with a weak power supply to deliver
more charge as it is consumed, a brief transient explosion of charge transfer from anode
to cathode will transpire (called a spark) transferring all available charge to the other
electrode. However, in the event whereby a replenishable supply of charge exists with a
strong enough power supply, the charge transfer will not die out, but will continue to burn
with charge replenished. This phenomenon is called an arc. Both of these mechanisms are
also dependent on the ionization supply and associated chemistry occurring in the air gap,
as well as hundreds of other factors known to affect breakdown.

The above avalanche-streamer-leader mechanism has been described for the case of
cathode directed breakdown [20]. However, another description of the mechanism was

put forth by Raether in 1941 for the anode directed breakdown. Theoretically, it is also
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possible for the discharge to initiate at any point in space between the electrodes and grow
in both directions until a bridge linking the electrodes is formed [21], [22].

The streamers are characterized by their low current and high voltage drop, with col-
lisional ionization bringing the local temperature up to approximately 700K-1000K. The
leaders on the other hand have properties of high current and low voltage drop due to
essentially being a thermally ionized plasma channel typically at a local temperature of
6000K-11000K that has reached complete equilibrium between free electron and ion reac-
tion exchange [22]. Typical speeds in air of these discharge elements are ~ 10° — 107" m/s
for streamers and ~ 10* m/s for leaders [21], and ~ 1.3 — 2.1 (cm/s)/(V/cm), or ~ 14 —25
m/s for the Townsend avalanche breakdown at an average electric field gradient of 1100

V/cm.

2.2 Pollution Flashover

Electric insulation breakdown of air with the presence of a solid insulator placed between
the electrodes introduces many other influencing factors into the process. In addition to the
voltage potential difference and resulting electric field between the electrodes, chemistry of
the air, and electric field intensities due to the geometry of the electrodes, other influencing
factors can influence breakdown such as the geometry of the insulator and the junctions
between it, the electrodes, and the air; and the insulator material itself. However, the
most notable influence on breakdown from the power system perspective is the presence
of pollution on the surface of the insulator. Pollution can contain various elements and
compounds, and most notably ionic compounds that can disassociate in the presence of
moisture and conduct electricity.

With the introduction of water moisture onto a “dry” pollution layer, any present ionic
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salts in the pollution layer disassociate, and the electric field strength across the insulator
surface will drive current due to free electrons in the solution. This current will generate
heat and begin to evaporate the water moisture from the surface. This typically does not
occur uniformly, and thus small regions will dry out before other areas on the surface of
the insulator. Where these regions occur, forming a dry band around the insulator, an
open circuit occurs in the conduction channel on the surface of the insulator and the whole
voltage appears across the dry band. If the electric field intensity at the edges of the
dry band is strong enough, a spark discharge or continuous arc breakdown occurs in the
air above the surface in the dry band zone by the mechanisms described in the previous
section. Heat from the continuing current flow in the pollution layer or from sparks or
arcing contribute to further drying out and extension of the dry band, all the while other
dry bands forming elsewhere along the length of the insulator. In the event dry banding
covers enough of the surface so that the remaining surface length has a magnitude of
electric field exceeding the breakdown voltage gradient, a final avalanche-streamer-leader
structure can form resulting in the entire surface bridged by an ionized channel resulting in
flashover of the entire insulator surface. This mechanism of insulation breakdown is called
a pollution flashover. Pollution flashover is illustrated in Figure 2.4.

In the event the pollution is not conductive enough to produce enough heat to evaporate
the moisture from the surface, dry bands will not form, or expand due to an equilibrium

point being reached between evaporation and condensation.

2.3 Pollution Flashover - Mathematical Models

Pollution flashover can be mathematically represented generally in one of two ways; static

models and dynamic models. Static models represent the relationship between parameters
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Figure 2.4: Pollution Flashover. Adopted with modification from [6]. Photo (©2001
Stellenbosch University High Voltage Laboratory. Used by Permission.

of the pollution flashover at an instant in time, hence the term “static”. Another type of
model, the “dynamic” model, usually encompass a series of coupled equations to calculate
rates of change in the parameters. For the most part, static models have been a mainstay
of flashover modeling in power system and high voltage research. A majority of the papers
on pollution flashover employ static models, with a very small minority using dynamic

methods [23]

2.3.1 Pollution Flashover - Static Mathematical Model

Static flashover models have been reviewed in the past by Jolly [19,24], and more recently
by Rizk in his classic paper [25]. The static models were originally developed for describing
polluted surface breakdown phenomenon, and hence by their nature require pollution and
dry banding. These models describe electric flashover with physical parameters that can
be measured from the terminal electrodes of a discharge such as arc voltage, arc current,
arc length, and the pollution layer resistance in series with the arc.

The static approach often starts off with the discussion of the work of Fritz Obenaus
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Figure 2.5: Static Arc/Pollution Flashover Circuit. Adopted with modification from
[7], ©2010 IEEE. Used by Permission.

in 1958 [25] and the empirical static arc equation

Vo = Azi ™, (2.1)

where V, is the potential across the arc, x is the length of the arc, 7 is the arc current,
and A,n € R are experimentally derived empirical constants. An illustration of the arc of
length x jumping over a section of insulation surface (with total length L) in series with
an unbreached pollution layer of length L — x is given in Figure 2.5.

Equation 2.1 was one of the first to allow for quantitative discussion of electrical pa-
rameters of the arc. Writing out Kirchhoff’s Voltage Law (KVL) around the closed circuit
of Figure 2.5 with a voltage source Vs between the HV terminal and ground, we get the
expression

Vo =Vi+iR, = Azi " +iR,, (2.2)

with R, the resistance of the pollution layer. The expression was mathematically ma-
nipulated by Obenaus by solving for x, then taking the derivative of x with respect to
the current 7 and equating it to 0 to find the critical arc current i.. This value was then

substituted back into the expression for x to obtain the critical arc length z. sustainable
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at the current i.. These equations are respectively given by

n Vs
o = s 2.3
! n+1R, (2:3)

n" V;n—"_l
(n+1)"*t Ry A

(2.4)

Te =

Neumarker [26] focused his interest on conditions for arc extinction and concentrated on
a more accurate and variable expression for the pollution resistance rather than the fixed
one employed by Obenaus [25]. Assuming constant pollution resistance per unit length
rp, Neumarker functionalized the pollution layer resistance as a function of arc length

R, = rp(L — x). This resulted in a new expression for the circuit of Figure 2.5, given by

Ve = Axi™" +irp(L — x), (2.5)

where L is the sum length of the arc and pollution layer (Figure 2.5).

This formulation allowed for derivatives of both 7 and x to be taken by both Neumarker
and later by Alston and Zoledziowski [8] to allow derivation of equations representing the
minimum voltage V,,, to sustain the arc (2.6), and from V,, the critical voltage V., critical
arc length x., critical field E., and critical current i., all expressed as a function of a

variable arc length = to incorporate arc growth over time into the model as given by

Vin = (n+1) (A2) /D (L — )y ] OFD (2.6)
V. = Al/(n+1)rg/(n+1)L7 (2.7)
z.=L/(1+n), (2.8)
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Figure 2.6: Dependence of the minimum voltage to sustain an arc V,, on the arc
length . Adopted from [8], ©1963 IET. Used by Permission.

E, = Al/(n+1)rg/(n+1)7 (2.9)
ic = (Afr))Y "D = B/, (2.10)

In plotting out the dependence of V,,, on x as seen in Figure 2.6, Alston and Zoledziowski
found the voltage required to maintain and propagate the discharge increases with dis-
charge length. If the voltage required exceeds the supply voltage Vs (as it does for x. in
Figure 2.6) the discharge would extinguish without flashover. However, if the initial arc
length is greater than the critical value (2, > z.), the arc would propagate to flashover.
The authors explained that as the pollution layer became more conducting, the electric
field along the insulator would become more distorted and exceed the local field strength
of the air resulting in flashover.

As these critical values would be fixed thresholds to their counterpart variables, it is
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understood that the outcome of crossing that threshold is stochastic. Hence, to indicate
this behavior, the critical threshold V. is denoted by V. 50 throughout this thesis to
indicate it is the 50" percentile.

Concentrating on the critical voltage formula, we have a criteria equation for pollution

flashover

n

V, s0% (£) = Awiin, ()71 I, (2.11)

with V, 50%(t) as the critical voltage for which the applied voltage must exceed in order
for pollution flashover to occur. L is the length of the hot stick surface under test, and A
and n are empirical constants. The constant n is determined from the critical arc length

(the maximum arc length attainable without full flashover) as expressed in equation 2.8

xe=L/(1+n), (2.8)

where x. (as well as the other empirical constant A) is obtained from the experimental

record discussed in the parameter settings section in chapter 6.

2.4 Pollution Resistance

Expressed as a function of time, the pollution resistance per unit length 7, (¢) is a function

of the total pollution resistance

(2.12)

with z (t) is the length of the dry banded area where the arc bridges the surface, L — x (t)

is the length of the remaining moist pollution layer that has not been bridged by arcing
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and is in the process of drying out from the current. The pollution resistance is in turn a
function of resistivity, the length of the resistive element, and the cross sectional area of

the element [27] as shown by

Ry (1) =" (%}’éo(tg; (t))’ (2.13)

where p,(t) the resistivity of the pollution layer, and A}, (t) the cross-sectional area of
the pollution layer the current is passing through.

There are many methods for calculating resistivity. One is to calculate the surface
conductivity o, from the product of the specific conductivity o, and the depth of the
moisture on the surface d

05 = 0od (2.14)

as described by Wilkins [28]. Initially, there is always more salt that can dissolve into the
water added to the surface. As moisture builds up on the surface at an initial constant
maximum salt concentration, the conductivity will rise until a point is reached where no
more dry salt is left to dissolve into the added water, and dilution begins. The amount of
salt per volume of water begins to drop and continues to dilute until asymtotically reaching
an equilibrium point given for a specific temperature. This method requires the specific
conductivity to be found for each level of dilution and temperature, whether by tables or
by calulation.

Another method for calculating the resistivity is given by an expression for the change
in resistivitity or conductivity of a saline solution at a specific concentration for changes
in temperature. This relationship is well known and is illustrated in Figure 2.7.

This relationship between salinity [NaCl], temperature, and resistivity of the saline
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Figure 2.7: Resistivity of Saline Solution as a Function of Salt Concentration and
Temperature. Adopted from [9], ©2007 Weatherford. Used by Permission.
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solution pollutant pj, is described by the Hilchie equation [9], [29]

pp () = R1 {M} : (2.15)

where Tlop and x (t) are given by
Tlop = % (50°C) + 32 = 122°F, (2.16)
2 (1) = 10~ (0340396 1og,o [R1(5)]-0.641427), (2.17)

and R1 is the reference resistivity at the reference temperature T'1lor lying on a specific

[NaCl] concentration curve in Figure 2.7 given in ppm or NaCl (mg)/kg of water.

2.5 Moisture Transfer

In pollution flashover, the resistance is a function of wetting as discussed in the previous
section. Hence, it is necessary to understand moisture transfer which in turn relies on
thermodynamics and surface temperature.

Within the field of mass transfer in mechanical engineering, a relationship exists for the
transfer of vapor to a fluid condensate on a surface, or from the water surface to vapor by
evaporation in the air above the water surface. This relationship is based on the difference
between the partial pressure of the vapor in the air above the surface, and the pressure
exerted by the liquid on the vapor above. This mathematical relationship is described by

the following expression
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(dM>/ _ Pryow) (1) . Pr,00) (1) \/Wzo. (2.18)
dt / \/ TH0(0) (1) \/ Trz00) (1) 2r R
In the equation, M represents the mass of water flux at the boundary, dM/dt the rate
of that mass flux of water, Pp,o() (t) is the partial pressure of the water vapor in the
ambient surroundings over the surface, PHQO(I)(t) is the pressure of the “liquid water” on
the ambient surroundings, m g, o is the molecular mass of HoO, R is the ideal gas constant,
TH,0(v)(t) and Tp,o()(t) are the temperatures of the vapor and liquid respectively, and
ke and k. are the condensation and evaporation coefficients. The equation simply states
that the mass flux from vapor to a liquid surface is a function of the difference between
the partial pressure of the vapor above the surface and the liquid’s pressure at the surface.
This form is the expression given by Marek and Straub [30] and is referred to as the
Hertz-Knudsen-Schrage (HKS) equation. The relationship is often required in this form as
different surface properties exhibit different degrees of absorbency and evaporation, thus
requiring use of the condensation and evaporation constants.

With knowledge of the relative humidity, the partial pressure can be calculated from

the definition of relative humidity

P t
RH (t) (%) = fm -100%, (2.19)

where P 90 (v)sat (t) 18 the saturation pressure of water vapor at the respective temperature
[31]. Rearranging this relationship to find the partial pressure of the vapor in the air, we
obtain

RH (t) (%
PHQO(U) (t) = 1(501%()0) H>0(v)sat (t) : (2'20)

The saturation pressure can be obtained from the saturated water-temperature table at
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the back of any introductory textbook on engineering thermodynamics [31]. The data can
be entered into a spreadsheet and a curve fit can be obtained. However, there are many
empirical equations already available, one of which is the Antoine equation that calculates

the saturation pressure at different air temperatures
{s-compts)
Pi1,0(w)sat (1) = 101 CHH00 0 ] (2.21)

with A, B, and C empirical constants given for water over varying intervals of ambient
temperature [32].

The vapor pressure for the liquid is given by the Clausius Clapeyron equation, given
here in a form to solve for the vapor pressure of the liquid
AH < 1 1

Pr,oq) (t) = exp {R T THQO(l)(t)> + In (Pl)} , (2.22)

with AH the enthalpy of vaporization of water, P; the standard pressure of 101300 Pa,
and Ty the temperature of 373.15 K [33].

Another moisture transfer function (dM/dtp,;;): must be defined for if the temperature
of the surface water reaches 100°C or 373.15K and boils off surface water to the ambient

surroundings. Typically, this would be equal to

dM B P (t)
<Cltboil>t A () AH (1) (2.23)

with P (t) the power injected into the water by Joule Heating (in the case of a current
flowing through a saline moist pollution layer on the surface of an insulator). This is

formulated just by definition of the enthalpy or heat of vaporization (amount of energy
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to vaporize 1kg of water at 373.15K), and is found in [27] for reference. Applying Joule
heating to a saline water pollution layer to cause dry banding was originally applied by

Salthouse [34].

2.6 Thermodynamics

In the previous section, it is observed that many of the moisture transfer and pressure
functions are a function of the temperature of the water surface. An increase in the
temperature of a polluted conductive water surface can be caused by Joule heating as
stated in the previous section. A decrease in the temperature can be caused by the heat
losses due to convection, conduction, and radiation [31]. These effects are given in terms

of their energy change. For Joule heating, the change in energy is expressed as

@ — 42
< dt )Joule heat (t) Rp <t) . (224)

At any time the heat @) generated is also being given off by the water due to natural

convection to the ambient air at a rate dQ/dt = Q given by Newton’s law of cooling [31]

<(fjcf) . h(t) Ao () (Tryoq) (t) — Ta (2)). (2.25)

An expression for the total energy change in a system with energy sources and sinks such

as the ones above is stated by the following equation [31]

dQ _ dTr00)
<dt>t0m17t =m(t)c, (t) <dt >t (2.26)

Assuming that only Joule heating as the source of heat energy input into the salt water
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layer, and convection is the only method of cooling, an energy balance equation can be
assembled whereby the total energy change is equal to the increase in energy due to Joule

heating minus the losses in energy due to convection [35]

dTy,00 .
m (t) ¢ (t) (é”) =i () Ry (t) — h(t) Aff o (1) (Tryoq) (t) — Tu (1)) . (2.27)
t
Dividing through by the mass and specific heat capacity, we arrive at an expression for
the rate of change of temperature with respect to time for a wet saline surface being

simultaniously heated by Joule heating and cooled by convection

dTy,o0)\ () Ry(t) k() AR o () (Tmow () — Ta (1))
<dt>t S om()e(t) e m (t) cp (t) : (2.28)

The above expressions require a value for the heat transfer coefficient h(t). Unfortu-
nately, the calculation of h (¢) is very complex and has a large dependence on geometry.
Therefore, this review will discuss the calculation within the context of our specific cylin-
drical hot stick moisture surface boundary mounted vertically in the laboratory. Various
formulas have already been derived for h (t) and are given in Welty et al. for a variety of
geometries: horizontal flat surfaces, vertical flat planes, horizontal cylindrical surfaces [36].
In Welty et al., an expression for h () is given by Churchill and Chu for a horizontal vertical
plane that can be used to approximate the vertical cylinder. The expression is

k(1)
L/

h(t) = L Nug (t), (2.29)

where k (t) is the thermal conductivity of air, L’ is the length of the surface in the direction

of gravity which for our situation is equal to the length of the hot stick test length L, and

26



Chapter 2. Electric Breakdown of Air and Pollution Flashover

Nuyp, (t) is the average Nusselt number (a dimensionless number). This approximation is

only valid if the following condition is met

2r 35

>_ %0 2.30
L = RGL (t)0.25 ( )

where r is the radius of the hot stick (more specifically, the distance from the axis of the
hot stick to the surface of the water on the hot stick), and Ray, (t) is the average Raleigh
number of the system, which can only be evaluated after all of the long series of calculations
for h (t) are completed.

The average Nusselt number Nuy, (t) (dimensionless) is calculated by the expression

2

o=

0.387Ray, (t)
9

0.492 \ 16

|:1+ (Pr(t)) :|

where Rap, (t) is the average Raleigh number (dimensionless), and Pr (t) is the Prendtl

Nug (t) = | 0.825 + , (2.31)

o

number (dimensionless). The Prendtl number is calculated from the formula
t t
Pr(t) = & Hul) (2.32)

where g (t) is the dynamic viscosity of the air. The average Raleigh number is a product
of the Prendtl number and another dimensionless number called the Grashof number, the

average value denoted by Grp, (t), where

Raz (t) = Grr (t) Pr(t). (2.33)
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The average Grashof number is calculated from the following formula
Grs () = 280 () - Tu 1), (2.31)

where g is the gravitational constant, v (¢) is the kinematic viscosity, Ts (t) and Ty, (¢) are
the surface and ambient temperatures, and § (¢) is the thermal expansion coefficient =

1/T¢ (t) where Ty (t) is the ‘film’ temperature at the boundary of heat transfer equal to

(Ts(t) -1, (t)) ) (235)

N |

Ty (t) =

which is the temperature that all the above parameters ¢, (t), i (t), v (t), and k (t) are to
be evaluated at.

In the event that the condition of equation 2.30 is not met, Cebeci offers a solution [37]
whereby Nusselt number correction factors are tabulated for very narrow vertical cylinders.
These correction factors are looked up in the table according to the corresponding Prendtl

number and a calculated factor & (¢) found by the expression

V32 L

£(t) = Wﬂ;

(2.36)

reformulated and explained by Poliel et al. [38].
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Background Experimental

Research and Data Reconstruction

For the 2004 IREQ DC hot stick investigation, a series of nine pollution flashover exper-
iments designated “B01-B09” were conducted on lineman hot sticks. These experiments
were standardized, controlled artificial pollution solid-layer tests performed according to
IEC 61245 [39]. The hot sticks were spray-coated with a kaolin-salt-water slurry mixture
resulting in an average equivalent salt deposit density (ESDD) of 2 ug/cm?, and allowed
to dry. The hot sticks were individually set up in a high voltage fog-chamber and tested
by applying a clean fog steam into the chamber causing the relative humidity to rise while
holding a constant voltage potential across the stick, until flashover occurred or until the
90 minute limit to the experimental run was reached. During the experiment, voltage,
current, ambient temperature, and relative humidity data were collected.

Due to the time lapse since these experiments, the original data files were not available
and only plots of the above four data traces were available for analysis (see Figures 3.2 -

3.5, and Appendix A). Hence, digitization of the data plots was performed to reacquire

29



Chapter 3. Background Experimental Research and Data Reconstruction
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Figure 3.1: Floor Layout of IREQ Fog Chamber, and Images of Hot stick Setup in
Lab. Photos Adopted with Modification from [10]. Used by Permission.

the measurements over the time of the experimental run of each of the 9 experiments.

3.1 Detalils

The tests were performed in the 18m x 18m square fog chamber at the IREQ HV test
facility in Varannes, Quebec. Steam nozzles releasing steam into the chamber were located
at the side wall, temperature and relative humidity transducers were located on top of a
3-3.5m high room sticking out into the chamber on the opposite side, and the hot stick
was experimented on in the center of the chamber. A video camera was placed near the
intermediate wall about 8.5m away from the hot stick vertical axis. The chamber layout
and images of it are displayed in Figure 3.1.

The nine experiments were conducted with the intent of varying the voltage levels.
The experiments, labeled BO1 to B09, also had varying relative humidity level traces due
to random experimental variation. The data was only available for examination in the

format of plots. Figures 3.2 - 3.4 display the results for three of the experiments B04, B02,
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Table 3.1: Artificial Pollution Slurry Composition

Component Amount (g)  Constituent  Percentage (%)

Kaolin (Roger’s) 480 Si0O, 46.50
Al,O5 37.50
TiO9 1.30
F6203 1.00
H,O (OH) 12.78
Trace Elements 0.92

NaCl 4.16

H>O 2,400
Alcohol (95%) 9,600 CoH5;0H 95.00
H,O 5.00

and B0l which also represent the three types of outcomes - pollution flashover (PFO),
fast flashover (FFO), and flashover withstand or no flashover (FOw). Figure 3.5 displays
experiment B03 which is divided into B03-01, a fast flashover outcome which occurs in the
first 23 minutes, and B03-02, a flashover withstand resulting from the final 67 minutes of
the experimental run (from 23 to 90 minutes). The plots for all of the 9 experiments can
be found in Appendix A. Table 3.2 summarizes the results of the ten experiments with the
applied voltage V' and relative humidity at flashover RHy,, or the RH at the end of the

experiment.

Table 3.2: BO1 - B09 Flashover Experiments Results

Case Outcome V, (kV) RHy, (%)

BO1 PFOW -300 97.0
B02 FFO -325 88.8
B03-1 FFO -325 88.5
B03-2 PFOW -300 97.2
B04 PFO -315 97.9
B05 FFO -300 67.1
B06 PFO -285 98.3
BO7 PFOW -270 98.6
B0O8 PFOW -300 98.1
B09 PFO -315 97.3
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Analysis of the data required transformation from the form of the plots as displayed in
Figures 3.2 - 3.5 into digital representation. Hence, the plots were enlarged to a maximum
size and digitized to obtain the smallest time division. However, this first attempt produced
data that was unusable as the time division was on the order of 10’s of seconds. It was
then determined that the plot images should be divided up into the grid cells for more

detailed digitization.
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Chapter 3. Background Experimental Research and Data Reconstruction

Dividing up the grid cells of the plots allowed for maximum enlargement while still
maintaining reference points (the grid intersections) for proper scaling. This was done in
order to get a small enough time division (0.5 seconds) that allowed reproduction of the
activity in the leakage current. Images of the digitization process are shown in Figure 3.6
on the following page for the cell between 20 to 30 minutes and 0 to -50 mA of current in
the experimental flashover withstand case BO1 illustrated in Figure 3.4. After each cell in
the figure was prepared, the traces were digitized and the points exported to csv files, as
displayed in Figure 3.7.

After the data was exported to csv files for the separate cells, the data from each cell
was assembled together for each case according to trace type (current, voltage, relative
humidity, and ambient temperature). These traces were brought together in an Excel
spreadsheet. However, there were still multiple second intervals between data points, and
points for one trace would have different time coordinates from the other traces due to the
digitization program optimizing these locations on each separate data trace for maximum
data point generation. Therefore, linear interpolation was performed on the data traces
to increase the data resolution as much as possible. This allowed for as near replication of
the transient movements in the traces, and set all the data points of each separate trace
to a common time step. Linear interpolation was performed by importing the columns of
data into arrays in MATLAB and employing the interp() linear interpolation function to
interpolate between the digitized sample points to achieve a final trace.

As there is no original digital data, we can not do a quantitative comparison between
the original data and the digitized results. However, a qualitative comparison performed in
Figure 3.8 shows that overall the digitization did replicate the plotted current data trace.

However, where sharp transitions occur, the digitization did not cover the current trace as
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Chapter 3. Background Experimental Research and Data Reconstruction

Idc

a) b)

-

4

Figure 3.6: Digitization Process: a) zoom in, b) trace over and deletion of lines,

resulting in final image with coordinate markers.

1B Engauge Digitizer 4.1 [Qt] - [B01_I03_traced04]
[ File Edit View Digtize Settings Window Help

(B et aner ] o M' | L [Fouvet =1 | i ochemuet =] [[00z =]

== oOpen...
Open Recent...
Close ChrlH
) save Ctrl+5 —}—
Sawe as...  ChrlA
B Export Chrl+E

Prink Crl+p

Exit Chrl+Q

Lt i

Figure 3.7: Digitization and export of data.
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Chapter 3. Background Experimental Research and Data Reconstruction

a)

Idc

Figure 3.8: Comparison between a) original B04 current trace data and b) digitized
current data, c¢) digitized current data overlaying original current data. Current
magnitude scale 50mA between horizontal grey lines; time scale 5 minute interval

between grey vertical lines.

displayed in the lower magnitude, upper portions of the overlay trace in Figure 3.8c. This

would have the effect of overestimating the current during those brief time intervals.
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Chapter 4

Statistical Analysis, Results, and

Discussion

In order to support or refute the proposition that fast flashover is a new mode or class of
flashover distinct from the pollution flashover, evidence had to be gained from the data.
Within the discipline of statistical science, this question could be reframed to ask if it is
possible for the fast flashover data values to have been drawn from a population distinct
from the pollution flashover. Statistical analysis was used to evaluate the relative degree
to which the independent controllable variables correlated with the experimental outcomes
of flashover (FO) vs. flashover withstand (FOw), and with the type of flashover outcome,
i.e. pollution flashover (PFO), flashover withstand (FOw), or fast flashover (FFO). The
analysis showed that voltage level had the greater correlation with the outcome of FO vs.
FOw. However, it was found that relative humidity had a greater correlation with the type

of flashover outcome (PFO/FOw/FFO).
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Chapter 4. Statistical Analysis, Results, and Discussion

TEST B4: Clean Fog Test on FRP Hot Stick Without Sheds # 5351
Avg. ESDD: 2,10 pg/em?; Vnominal: -315 kV: FO at 31,6 minutes 4
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Figure 4.1: Case Variables for Statistical Analysis (See Table 4.1 for Variable Identi-
fication According to Numbers. Background Original Data, Adopted from [10]. Used
by Permission.

4.1 Preliminary Analysis - Simple Linear Regres-

sion

The data was first analyzed to investigate relationships between variables describing the
properties of the flashover or flashover withstand cases, and for patterns between these re-
lationships and the type of flashover. The traces were examined and descriptive properties
of the traces were defined to describe the data. An illustration of these variables describing
the properties of the cases is shown in Figure 4.1.

As illustrated in Figure 4.1, the variables describe current (I), voltage (V), ambient
temperature (T, ), and relative humidity (RH) levels, time derivatives, and slopes at specific

points or over time intervals. The specific points are when the voltage is started (Vsiart),
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Chapter 4. Statistical Analysis, Results, and Discussion

settled to its final value (Viersieq), when the steam fog is started (RHgyqr¢), the time it
reaches the knee point where the RH levels out (RHppee) the point of time at flashover
(fo) or the end of the experiment in the event of withstand. A relative “smoothness”
measurement for the RH curve was also extracted from the data. All of these variables are
listed in Table 4.1 and a summary statistics for these variables is displayed in Table 4.2.
The calculation for the smoothness of the RH curve was performed by summing up all the

squares of the second derivative along the RH trace, according to [40]

d>RH\?
RHsmoothness = Z <dt2) ) (41)

where a sum of zero would indicate a perfectly smooth curve (only obtainable with a

straight line).

Table 4.1: B01 - B09 Cases Variable List

Var. Description Var. Description
1 V level (kV) 11 t: Vierne to fo (s)
2 I at fo (mA) 12 t: Vierte t0 RHepg (8)
3 T, at fo (°C) 13 t: RHgare to RHppee ()
4 RH at fo (%) 14 t: RHgare to fo (s)
5 dT,/dt at fo (°C/s) 15 t: RHgyare to RHepg ()
6 dRH/dt at fo (%/s) 16 t: RHgpee to fo (s)
7 dV/dt, Vgar t0 Verse (V/3) 17 t: RHgpee to RHepg (s)
8  dRH/dt, RHgart to RHipee(%/s) 18 RH smoothness
9 t: Viertte 10 RHgape (8 19 RH at start (%)

)
10 t: Viertte to RHppee (S>

After measuring these values off of the data sheet and tabulating them into Excel
spreadsheets, all pair permutations of the parameters were regressed against each other
via linear regression in “R” statistics software, and a correlation coefficient was calculated
for each pairing. Regression the 19 variables against each other leads to 190 permutations.

One regression that raises interest is displayed in Figure 4.2, which shows the regression of
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Chapter 4. Statistical Analysis, Results, and Discussion

Table 4.2: Summary Statistics for BO1 - B09 Cases Variable List

Variable No. Mean Std. Dev. Max. Min.

1 -303.8 17.01 -270.6 -324.8
2 -224.9 164.1 -25.00 -400.0
3 23.85 1.303 2548  22.30
4 92.94 9.863 98.60 67.11
) 0.003 0.001 0.005 0.0
6
7
8

0.017 0.024 0.077  0.001
-8.042 3.246 -1.451 -11.72
0.053 0.010 0.068  0.028

9 251.0 120.7 494.9  15.00
10 1199 432.1 1600  121.8
11 1495 398.8 1997  839.2
12 2835 1906 5353  812.0
13 948.1 365.4 1330  106.8
14 1243 372.1 1709  548.4
15 2584 1910 0136  513.2
16 295.8 271.5 851.6 0.0

17 1636 1932 4061 0.0

18 0.001 0.001 0.005 0.0

19 32.56 7.866 48.62  24.77

the RHy, onto the value of the derivative of ambient temperature at flashover d7,/dt .
This regression clearly shows grouping or clustering of the types of experimental outcomes,
with all of the PFO, FOw, and FFO distinctly together in groups along the dT/dt s, axis,
showing itself to be an indicator of flashover type. Further investigation of the regressions
found an interesting discovery. It is well known that voltage level is well correlated with
whether or not flashover will occur [4]. However, it was found that regressions of dT,/dty,
as a categorical indicator of type of flashover against relative humidity variables (Figures
4.3 - 4.6 produced regressions with significant p-values for the regression coefficient (Table
4.4) and seem to have a linear relationship with the type of flashover. Regression of dT,/dt
against voltage level did not have significant p-values for the regression coeflicients, as
indicated by Table 4.4, and thus seems to have no linear relationship with the type of

flashover.
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Chapter 4. Statistical Analysis, Results, and Discussion

Table 4.3: Coefficients Information for Regression of dT,/dt onto the RH and V

Variables in Figures 4.3 - 4.4

Variable  Coefficient Estimate Std. Error t value P( > |¢|)

RHy, Bo -6.7¢-03 4.9¢-03 -1.36 0.21
51 1.1e-04 5.2e-05 2.07 0.07 *
dRH/dtfo 5o 4.3-03 5.6e-05 7.6 6.9e-05 %
o3 -4.9e-03 1.9e-02 -2.54 0.03 *

RH.t0rt 5o -1.6e-03 2.0e-03 -0.77 0.45
b1 1.5e-04 6.1e-05 2.54 0.03 *

Vv 5o 1.4e-02 1.1e-02 1.31 0.22

51 3.5e-05 3.6e-05 0.98 0.35

Table 4.4: Coefficients Information for Regression of /¢, onto the RH and V Variables
in Figures 4.3 - 4.4

Variable Coefficient Estimate Std. Error t value P( > [t])

RHy, Bo -633 530 -1.19 0.26
51 4.39 5.67 0.77 0.46

dRH/dtfo 5o -182 63.46 -2.88 0.02 *
b1 -2438 2177 -1.12 0.29
RH 00t 5o -208 246 -0.84 0.42
51 -.49 7.37 -0.06 0.94

A% Bo 2130 617 3.45 0.008 *
Ioh 7.753 2.03 3.18 0.005

Of additional fundamental interest is the correlation coefficients from these simple linear

regressions. As many of the regressions in the 190 pairs were non-linearly related, a non-

parametric correlation coefficient called Kendall-Tau which has no requirement of linearity

or distribution type was used to measure the level of independence or degree of association

between the pairs. The Kendall-Tau correlation coefficients were generated in “R” and are

tabulated in Figure 4.5.
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Figure 4.3: Regression in “R” of RH at fo onto dT/dt at fo.
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Figure 4.4: Regression in “R” of of dRH/dt at fo onto dT/dt at fo.
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Figure 4.5: Regression in “R” of of dRH/dt at fo onto V.
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Figure 4.6: Regression in “R” of of I at fo onto V.
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Chapter 4. Statistical Analysis, Results, and Discussion

For a sample size of n=10, we look up the Kendall-Tau coefficient from the tables in
Daniel [42] and obtain a 7* = 0.511. For a Kendall Tau coefficient greater than 0.511,
we reject the null hypothesis that the two variables are independent, and state that they
are dependent. Hence, to reduce down our variable set desiring independent variables
with a minimum of overlapping capacity to explain the variation in the dependent type of
flashover variable, we drop variables resulting in Kendall Tau coefficients in combination
with other variables greater than 0.511.

The Kendall-Tau correlation coefficients in Figure 4.5 were generated, multiplied by
10, and rounded in order to easily work with integers. Values greater than 5.11 (0.511 x
10) have been color coded in red to highlight variables with large correlations. It is evident
from the chart that the voltage at flashover (VO1) overall exhibits small correlations with
the other variables, as the top row of the chart displays lower correlations between voltage
at flashover and most of the other variables. An examination of the chart allows the same
to be said for dV/dt from Vet 10 Vettiea (VO7), dRH/dt from RHgtart to RHgpee (VO8),
the time intervals from Vgespreq t0 RHgtare (V09) and from RHgigrt to RHgpee (V13), and
for the RH value at start (V19) and the variable measuring the smoothness of the RH
curve (V18).

Worthwhile to note from this chart is the correlation coefficients of the parameters
involving voltage (VO01) to the flashover outcome (V05), and comparing these with param-
eters involving relative humidity to the flashover outcome. A low correlation coefficient of 1
is observed for voltage at flashover V' (VO1) vs. the rate of change of ambient temperature
at flashover dT,/dts, (V05) which is correlated to the type of flashover, shown in Figure
4.2. Comparing the correlation between d7,/dts, (V05) and the controllable RH variables

such as the RHgqrt or V19 (having a value of 5), or the dRH /dt from RHgqrt t0 RHgpee
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or V08 (-2), it would suggest that relative humidity has a stronger association with the
type of flashover outcome than the voltage has.

After this preliminary examination, a variable reduction was done to reduce the data
set down to variables independent of one another. The first variables that were removed
are those that are not controllable by the experimenter and are derived from the outcome
of the experiment, such as the current, RH at flashover, ambient temperature (due to
heating from arcing on the insulating surface during the experiment), and its derivative
dT,/dt at flashover (variables 2, 3, 4, and 5 respectively, listed in Table 4.1).

Other non-controllable variables taken out are the time intervals up to the flashover
(variables 11, 14, and 16) as it is not known when flashover will occur, and thus are also not
controllable, and the time intervals to the end of the experiment encoded in variables 12,
15, and 17 (time intervals of Vgeye t0 RHepg, RHgart to RHepg, and RHgpee to RHepg).,
which do not describe any intrinsic properties of the experiment. Significant correlations
are observed between variables 4 and 6 (RH and dRH/dt at flashover) allowing removal
of 6 as well as being another variable at flashover, and the correlation between 10 and 13
(time intervals of Ve t0 RHgpee and RHgygrt t0 RHppee), allowing for removal of 10, as
the time interval of 10 can be described by both 9 and 13 as seen in Figure 4.1. Most of
these variable combinations are removed as they together appear to be all a function of
the shape of the relative humidity response curve, which is determined by the time the
steam nozzles are turned on, by how much, and the amount of relative humidity already
present at the beginning of the experiment. These controllable properties are described
by the variables 9, 8 and 13, and 19 respectively (the time interval from Vgesse to RHgyart,
dRH/dt from RHgert to RHgpee and the time interval from Vepe to RHgygre, and the

level of RHgiqrt). After removing the “excess” variables that individually contribute little
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VOL |WV0e |VO7 |V08 |V09 (V13 |V1S (V1S
Vol| 10| -4 1| -3 -2| 0] -2| 2
Vog| -4| 10| -1 5 21 -2 -4 -4
Vo7 1] -1] 10 1 1] 1] -3 3
VOB| -5 5 1 10y 5| -2 1| -1
voa| -2 2| 1| 35 10| -1] -1] 2
V13 o -2 1| -2 -1] 10| 2
Vis| -2 -4| -3 1] -1 2| 10 1
V19 20 -4 3 -1f 2| 2 1| 10

Table 4.6: Kendall-Tau Correlation Matrix for Final Reduced Variable Set.

additional explanation to the variation in the dependent variable, a correlation matrix is

generated for the remaining variables and is shown in Figure 4.6.

4.2 Fast Flashover as a Distinct Type of Discharge

The next statistical analysis carried out was to investigate whether or not the data statis-
tically supported the proposition that the fast flashover is indeed another type or mode
of flashover and not just a pollution flashover, (i.e. that it is of a different statistical dis-
tribution). Due to low sample sizes, we use two parametric tests. Although exhibiting
low statistical confidence, they are simple to carry out, and make no assumption on the
underlying population distribution for the fast flashover, which we have no information on.
The non-parametric tests we use to allow for testing for different population means with
low sample sizes are the Mann-Whitney test, and the Mood test for dispersion.

The Mann-Whitney test is employed to examine whether the fast flashover tests derive
from a different statistical distribution than the pollution flashovers is the Mann-Whitney
test [42]. In this test, the two sets of sample values from the fast flashover (ny) and
pollution flashover (n,) data are combined into a single sample of size n = ny+n,. All

of the observations are ranked together keeping track of their origin populations, and a T
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statistic is calculated from the sum of the ranks of observations from the fast flashovers.
The expression for calculating the T statistic is

S_nf(nf—i-l)

T = ,
2

(4.2)

where S is the sum of the ranks in the fast flashover sample. The T statistic is then
compared to a value in a table listing critical values for the Mann-Whitney test [43]. We
then test if the populations are different vs. the populations are the same by the test Hy:
my = myp vs. Hy: my # myp, where my and m,, are the medians of the fast flashover and
pollution flashover populations respectively. For a sample size of n=6, the critical value
is T > 8 if /2 = 0.05. This is associated with a low confidence level (90%) due to a
low sample size, but it is the only level of confidence that allows us to ever reject the null
hypothesis if it occurs with ny = n, = 3. The results for applying the Mann-Whitney
test to the 2004 IREQ data is listed in Table 4.7 with a rejection of the null hypothesis
indicated as *H,. Only two variables reject the null hypothesis in the Mann-Whitney test,
giving minor support (but support nonetheless) to the proposition that the fast flashover is
distinct from the breakdown mode of pollution flashover. It is worth noting that both of the
variables that support this proposition are relative humidity variables, possibly indicative
that relative humidity is more correlated with the type of flashover then voltage.

A final non-parametric test employed to examine the statistical distinctiveness of the
fast flashover observations from pollution flashover phenomenon is the Mood test. This
test examines if any difference exists between the dispersion in the fast flashover data
and the dispersion in the pollution flashover data, and whether or not that difference is
statistically significant [42]. As we are testing for a difference and have no knowledge of

whether the dispersion of the fast flashover population oy should be greater or less than
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Table 4.7: Mann-Whitney Test for H,;m; = m, vs. Hy,:m; # m,

Variable M-W T-stat. Test Result (/2 = 0.05)
V level 7 H,
dV/dt from Vstm"t ‘Vsettle 6 Ho
dRH/dt, RHgart - RHppee 9 *H,
t: Vsettle - RHstart 6 Ho
t: RHstart - RHknee 7 Ho
RH smoothness 5 H,
RH at start 9 *H,

the dispersion of the pollution flashover population o, we have to test the null hypothesis
H,: oy = 0}, against the alternate hypothesis H,: o # o).

The Mood test is performed by combining the values of both the fast flashover and
pollution flashover data into one set, ordering them, and ranking the combined sample
keeping track of which population the observations came from. Each rank value from the

fast flashover data ry is then used to calculate a test statistic M value from the expression

w=3 (- ") 43

where n = ny+n,,.

The results of the Mood dispersion test for the IREQ data is given in Table 4.8. A
value less than M=2.75 or greater than M=14.75 rejects the null hypothesis in a two sided
test at a/2 = 0.05 for ny = n, = 3 [44].

From the non-parametric tests, some statistically significant evidence is obtained for
the proposition that the fast flashover is distinct and is derived from a population other
than the pollution flashover. However, the confidence in these tests is low due to the

constraint of a small sample size.
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Table 4.8: Mood Test for Hy:o0y = 0, vs. Hy:0p # 0,

Variable M value Test Result (a/2 = 0.05)
V level 10.75 H,
dV/dt from Vg - Veere  14.75 *H,
dRH/dt, RHgart - RHppee 8.75 H,
t: vsettle - RHstart 2.75 *Ha
t: RHgiart - RHppee 6.75 H,
RH smoothness 12.75 H,
RH at start 8.75 H,

4.3 Summary and Conclusion of Statistical Anal-
ysis

Small sample sizes introduce many difficulties into the statistical analysis of data. An ideal
tool for this phenomenon would be a multiple linear analysis due to many independent vari-
ables influencing the outcome of the dependent type of flashover variable. However, the
linearity of the relationship can not be guaranteed with such a small sample size. Another
difficulty encountered is that with a new phenomena such as fast flashover and very few
observations, no knowledge is possible on the distribution of the variables characterizing
this type of flashover. This further restricts our analysis. However, a few relative humidity
linear regressions were shown to have a significant p-value for the regression coefficient
whereas voltage did not, appearing to indicate that relative humidity had more linear in-
fluence than voltage on the dependent variable indicating type of flashover. With the low
sample size, we can not be completely confident in this, and only use it as an indicator.
Statistical methods such as non-parametric methods which have no dependency on lin-
earity nor distribution type show that the relative humidity rather than voltage is more
correlated with the type of flashover outcome. In addition, non-parametric methods ap-

pear to indicate that fast flashover is a mode of flashover distinct from pollution flashover,
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but with low statistical confidence due to low sample sizes.
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Chapter 5

Computational Algorithm for
Pollution Flashover, Simulation

Results, and Discussion

It has been shown there is support for fast flashover being distinct from the pollution
flashover mechanism, and that levels, derivatives, and time intervals involving relative
humidity are more correlated with the type of flashover outcome than the level of applied
voltage. With the fact that the only criteria for the fast flashover is the absence of leakage
current, it is desired to find another criteria in an effort to further distinguish fast flashover
from pollution flashover.

An examination of the pollution flashover critical voltage equation as a criteria for

flashover shows that only the resistance per unit length r, can vary during the experiment

n

V, s0% (£) = Awiir, ()1 L. (5.1)
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If we could make a link between r, and relative humidity that correlates with the type
of flashover, we would be able to add another criteria to our tool kit to analyse fast
flashover. Many of the relationships found in the literature review of thermodynamic
mass transfer concepts and equations can be used to assemble a computational model to
represent pollution flashover as a function of relative humidity in a time-stepping manner.
Assembly of this model is done with the goal of using the model to observe the critical
voltage for pollution flashover being satisfied in the pollution flashover cases as expected,
but not satisfied in the fast-flashover cases. It is also desired to gain insight into the fast-
flashover process by exploring for differences between the two cases in the values of the

underlying variables residing within the equations presented in Chapter 2.

5.1 Construction of a Pollution Flashover Com-

putational Algorithm

The assembly of an algorithm is started with the criteria equation for pollution flashover

n

V, so9 (1) = Awiir, ()71 L, (5.2)

with V. 50%(t), L, A, and n previously discussed.
The resistance per unit length r,(¢) by definition equals the total resistance divided by

length of the moist pollution layer

rp(t) = +———= (5-3)

where x (t) is the length of the dry banded area where the arc bridges the surface, and
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L — z (t) is the length of the remaining moist pollution layer that has not been bridged by
arcing and is in the process of drying out from the current. The total resistance R, (t) is

obtained from the standard function of the resistivity of the pollution layer p,(t)

pp (1) (L — (1))

RP (t) = A;}ZO (t) 5

(5.4)

with A;}’;O (t) the cross-sectional area of the pollution layer the current is passing through
[27].

The required cross-sectional area as well as the pollution layer surface area and depth
are illustrated in the geometrical description in Figure 5.1. The cross-sectional area is
found from the equation

A o (1) = VLOZ_H;O(E?, (5.5)

or constructed from the radii of the hot stick and the water level
A;}';O (t) = mry (t)2 —ri,, (5.6)

with 7, (£)? and 72 the squares of the radial distances to the hot stick surface and the
water surface respectfully. 7, (t)2 is obtained from the volume of water on the surface

calculatted each iteration

s (1) = \/ Volwolt) e (5.7)

With 7, (t) calculated, we can now obtain the depth of the surface solution

dm,0 (t) =Tw (t) — Ths, (58)
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Figure 5.1: Equivalent Water Layer on Hot Stick.
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and the solution surface area

A% o =27y (1) (L — (1)) . (5.9)

The final discussion point is in regard to the removal of water. The surface can be treated
as uniformly polluted, with water being removed or added equally over the entire surface.
Drybanding is implied as being implicitly occurring according to uniform drop in volume
over the whole surface. Another more involved approach involves proportional factors
that would fraction the drop in water volume between the reduction in depth and length
proportionate to the non-uniformity of the pollution layer, as illustrated in moving from
tp to t1 to tg in Figure 5.1.

The above mathematical relationships are basic and obtainable from any introductory
physics textbook. The development of a model to link relative humidity to changes in the
pollution resistance per unit length requires three relationships to be build between the
chain of variables that must be calculated, as illustrated in Figure 5.2. These are: 1, a
mathematical expression relating relative humidity to the volume of water on the pollution
surface; 2, an expression to derive the surface water temperature as a function of the Joule
heating minus the convection losses due to the surface current and ambient temperature
respectively; and 3, the relationship for the resistivity as a function of the concentration
of salt or salt equivalent on the surface and the surface temperature.

The first relationship that must be addressed is between the relative humidity and the

surface water volume (1). This is represented in part by the HKS Equation 2.18

(dM) PHQO (1) Pr,oq) (t) \/Wzo (2.18)
dat /TO(U \/IT 2nR
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Figure 5.2: Relationships Between Variables and Required Connecting Equations 1-3
in Critical Voltage Time-Stepping Polution Flashover Model.

which would have to incorporate scaling constants for any change in mass flux due to
the presence of the Kaolin, as its absorption activity will influence the ratio between the

condensation/evaporation constants

<dM>’_ <dM><” P00 <> Lo ,/mHzo (5.10)
dt ¢ dt Kaolin scale A /THQO v) A /THQO l) 2R

with all of the same parameters and expressions for their evaluation as defined and ex-
pressed in Chapter 2. Taking into account mass water transfer when the surface water

reaches 100°C and boils off of the surface

<dM ) - (dM>(2) o (5.11)
dt boil t dt Kaolin scale HQO (t) (t)’ .
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and summing the effect of the two water mass transfers

dM dM\’ dM
— ) === — 5.12
< dt )t < dt )t—i— < dt boz‘l>t’ (5.12)

we can now obtain an expression for the increase in the volume of water with each time

step of the computer model, given as

VOlHQO (t) = VOZHQO (t — 1) + (5.13)

AGf o () At dM
1000 at ), '

where the rate of water mass flux (dM/dt); is in kg/s. As the water volume is in m?, we
have to divide the kg of water (dm?®) by 1000 to get the amount in m?® per square meter of
surface, and then multiply by the surface area A7j,, to get the total water mass transfer
to or from the surface.

The second of the three relationships illustrated in Figure 5.2 to be incorporated into
the model is an expression for the change in pollution layer water surface temperature. As
illustrated in Chapter 2, a formula was derived for the surface saline water temperature
change from the energy balance equation using the individual changes in energy from Joule

heating, convection cooling, and total energy change, reproduced here as

m6)p 1) (L) = 0) By ()= 10) Ao (O (Taso (= To (0) . (514

which is further developed into what we require by dividing through by the mass and
specific heat capacity to obtain an expression for the rate of change of temperature with

respect to time for a wet saline surface simultaneously heated by Joule heating and cooled
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by convection

(ﬂhwm>::ﬂuﬂ@a>_h@Aﬁoaﬂﬂmmﬂw—Tuwx

it m (8) ¢ (1) m () ¢y (1) (5:15)

As with the final mass water transfer equation, we substitute this expression into a time
stepping equation to calculate the current surface water temperature as a function of its
value at the previous time step plus the rate of change of surface water temperature from
the above equation to obtain

dT'm,0q
THQO(Z) (t) = THQO(l)(t — 1) + <d2t()> At. (5.16)
t—1

The final relationship to be put into the model is an equation to calculate the resis-
tivity of the saline pollution layer p,(t) given the ESDD and surface water volume (both
encompasing the salt concentration [NaCl]), and the surface water temperature Tg,o()-
The resistivity of the saline pollution layer p,(t) is calculated from the Hilchie equation as

discussed in Chapter 2

TloF +x (t) }
t)y=Rl(t){ —————F—= /. 2.15
(0 = RL { (2.15)
where Tlop and z (t) are given by
9 [¢] [¢]
Tlop = - (50°C) + 32 = 122°F, (5.17)
2 (£) = 10 (0-340396 logy [R1(1)] ~0.641427), (5.18)

and R1 is the reference resistivity at the reference temperature 7'l lying on the specific

[NaCl] concentration curve. This relationship is redisplayed in Figure 5.3 showing a solid
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Figure 5.3: Relationship Between Resistivity, Water Temperature, and Salt Concen-
tration [NaCl].

green line for constant salt concentration and a dashed green line for constant temperature.

In a computational model, we would want the program to be able to recalculate the
resistivity at each time step with changes in surface volume water that take place by the
equations previously discussed. Hence, to change the reference resistivity R1(¢), a curve
was fit along the dashed green line in Figure 5.3 in order to calculate the reference resistivity

R1(t) for changes in [NaCl(t)] This curve fit is given by the expression

(5.19)
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The resistivity is scaled through the numerator constant R1’ to obtain the expected
total resistance with a Kaolin salt water pollution layer. This total resistance is another
assumption required for the model, as surface resistivity measurements were not taken in
the 2004 IREQ experiments. However, estimates can be gained from CIGRE monograph
158 - Polluted Insulators: A Review of Current Knowledge [12], and is discussed in the
next section.

A flowchart summarizing all the calculations and their order is shown in Figure 5.4.

5.2 Parameter Settings

Out of the expressions that compose the model, values must be set for the empirical
constants A and n in the critical voltage equation, the condensation and evaporation
constants k. and k. from the Marek-Straub equation, the numerator constant R1’ from
the equation for the reference resistivity, and the scale factors of equations (5.10) and
(5.11)

Setting n is accomplished from the realization that approximately 2/3 of the surface is
dry banded in the pollution flashover cases prior to flashover, and the largest arc (critical

arc x.) that can be seen without a flashover is

xe=L/(1+n). (2.8)

Rearranging equation 2.8 to obtain n results in

n=—-—1. (5.20)
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Calculate Heat Transfer Coefficient
h=f{T:T,)
(interpolation between values pre-
calculated for T.(t) - T,(t)=1, 4, 10, 20,
60, and 80K)

For iterations with
T()-Tat)=0.h=0

—

Calculate dM/dt'(t) due to difference
in partial pressures from HKS
equation

v

Calculate total water mass transfer
dM/dt(t) = dM/dt'(t) + (dM/dt)(t)se

v

v

Calculate rate of
surface temperature change
dT./dt = {T.(t) - Te(t-1)}AL

v

Calculate surface temperature
To(t) = Ta(t-1) + (dT/dt)(t-1) (At)

v

If To(t) > 373.15K then

Ts(t) = 373.15K

(AM/dt)(t)ooi = PV (A(E)surraceAH(E))
else

(dM/dt)(t)pei = O

v

Calculate saturated partial pressure
of vapor in air Puzoqsal(t)
from Antoine equation.

v

Calculate partial pressure
of vapor in air Puaogw(t)
from RH(%) and Przogsalt).

Calculate the volume of water
on the surface from
vﬂngg(t) = UDIHEQ“:"I)
+0.001 A{t'1 Jsurface At {det}(t"] )

Calculate the Massyao(t)
AEU rl'ace-(t}

Acrnss-ﬁectiu-n (t}
depthyzol(t)

v

Calculate the concentration of NaCl
[NaCl(t)] = NaCl{t)/Massuao(t)

v

Calculate the pollution layer
resistivity p,(t) from Hilchie equation

v

Calculate the pollution layer
resistance R(t)
and the resistance per unit length
rot)

v

Calculate the critical voltage V.(t)

Calculate vapor pressure
of vapor in air above surface water

Przo(t)
from Clausius-Clapeyron equation

Figure 5.4:
Algorithm.
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Examining the video records of the two pollution flashovers B04 and B09, it was observed in
B09 that just before flashover there was an arc discharge from the top electrode (assumed)
down to a point on the hot stick that exceeded most other discharge lengths observed prior
to flashover. The assumption had to be made with regard to the interpretation of the video
record, as only half of the hot stick was recorded at any time in the IREQ experiments. In
viewing all of the discharges throughout the entire series, discharges between glow points
on the hot stick, and arc discharges from an end electrode to a point on the surface of the
stick had specific audible signatures. Discharges between glow points on the hot stick had
a characteristic “crackling” sound whereas long arc discharges gave off a “snap” sound.
Using this audible signature and the excessive light flash coming from above the video
frame top border, an assumption is made that the longest discharge viewed right before
the flashover was originating from the top electrode. Four successive frames of the video
record (with the flashover the last frame) are displayed in Figure 5.5.

To estimate the length of this longest arc before flashover, an assessment of the length of
the remaining gap L—z (t) on the hot stick in the video image is done by basic trigonometry.
Knowing from the lab setup the height of the hot stick placement (5.7m from the floor to
the bottom of the hot stick), the height of the camera (1.5m), and the distance from the
camera to the axis of the hot stick (8.5m), a calculation can be made as to how much of
the hot stick length is in view in the video frame. In examining the video archives, a video
tilt was found to have been performed over the length of the hot stick prior to conducting
experiment B08. Images from that tilt are shown in Figure 5.6 a,b with background ceiling
rafter beams colored in blue to mark a reference position along the length of the stick.

Performing a trigonometric analysis using the law of sines (Figure 5.6¢), the length of

the hot stick in each view is found. The values for the analysis is in Table 5.1. It is found
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Figure 5.5: Longest Arc Discharge in B09 Prior to Pollution Flashover. Frames a-d
in Sequence in Video Recording, with frame d final pollution flashover arc discharge.
Video Images (©2004 Manitoba Hydro. Used by Permission.

a4
Hotstick ]

3.0m
h1
Video | 0.3m
Camera b
4.5m
57m

Figure 5.6: a, b: Top and bottom views of hot stick in video tilt. Background
beam as reference for same position at midpoint along hot stick outlined in blue. c:
Trigonometric analysis to determine hot stick lengths in top and bottom views. Video
Images (¢©)2004 Manitoba Hydro. Used by Permission.
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Table 5.1: Angles and Lengths of Trigonometric Analysis of Camera View of Hot
Stick

Angle Angle Value (°) Length Length Value (m)

al 40.27 L1 9.617
a2 27.90 L3 11.14
a3l 6.18

ad 49.73 h1 1.25
ad 124.08 h2 1.45
ab 55.92

a7 117.90

a8 62.10

that the length of the hot stick in the bottom view is 1.25m and the length of the hot stick
in the top view is 1.45m. Measuring the gap L —x (t) at the point just before the flashover
and averaging with various other long arcs not resulting in flashovers observed in B04 and
B09, an average gap length of 0.95m was found, resulting in an average value for z. of
L — (L — z.) of 2.7-0.95 = 1.75m. This results in an z. of about 1.75m/2.7m = 0.64 or
about 65%, which is very close to the upper range of values observed . of 67% [45]. This

results in a value for n of

L 2.7m
_ L oMo 21
" Te 1.76m 05 (5:21)

Thus, using a value of n=0.5 corresponding to a 67% critical length ratio is justified.

(1)

. aM
Setting of k., ke, and (W) K aolin scale

is governed by the amount of moisture we expect
the surface to naturally accumulate due to Kaolin absorption with the surface at room
temperature, and with no current heating up the moisture on the surface. The time
response of water absorption is also required in order to assess at a specific relative humidity

and temperature how fast the water absorption occurs. One of the most recent set of

measurements on Kaolin absorption at different relative humidities and at a high relative
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Figure 5.7: Absorbed Water Content of kaolinite as a Function of Relative Humidity.
Bottom Curve for 100% kaolinite. Adopted from [11]. Used by Permission.

humidity over time was performed in 2002 by Likos and Lu [11]. The mass of water
absorbed by Kaolin (mineral name kaolinite) at different relative humidities is observed in
the bottom curve of Figure 5.7. These values for 100% kaolinite are summarized in Table

5.2.

Table 5.2: Kaolin Water Absorption for Different Values of Relative Humidity. Tab-
ulated from Bottom Curve of Figure 5.7

RH (%) Water (g/kg Kaolin) RH (%) Water (g/kg Kaolin)

10 4 60 15.5
20 6.5 70 19.5
30 8.0 80 26
40 10.0 90 40
50 15.5 95 60

Another item required is the time response of that absorption. Likos and Lu supply
a time response water absorption curve for a 30% kaolinite - 70% smectite mixture, as

seen in Figure 5.8. Exploding the first 25 hours of the plot into an enlarged view, it was
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Figure 5.8: Time Response of Kaolinite - Smectite Water Absorption. Adopted
from [11]. Used by Permission.

observed that the first 10 hours are essentially linear. A scaling factor (unpublished) was
obtained from the authors, showing that the time for 100% kaolinite to reach the same level
of water absorption as a 20% kaolinite - 80% smectite mixture was approximately double.
The plot is be skewed out on the time line, keeping constant the magnitudes relative to
the maximum level. Hence, we can use the values published by Likos and Lu to perform
an approximation in order to estimate the mass of water accumulated on the surface of
the Kaolin coated hot stick. As a level of 16% out of a maximum 19.3% is attained in 10
hours on the 30% kaolinite - 70% smectite curve (Figure 5.8), this same level is assumed
to be attained in 20 hours in the 100% kaolinite sample from the scaling factor supplied
by the authors. From the 95% relative humidity absorption of 60g/kg of Kaolinite (Table
5.2), we can expect a level of 48.7g water absorbed at 20 hours per kg of kaolinite. As the
first 20 hours of curve is linear, we can use linear interpolation to find the value attained

at 1.5 hours on the lines to 48.7g at 20 hours from the starting amounts of water dictated
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Cases with similar 49g
RH% have similar
water mass (a'kg
Kaolin), and absorb
water on same water
absorption line.
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Figure 5.9: Water Absorption Lines for Cases B01-B09 Grouped According to Start-
ing Relative Humidities.

for each of the B01-B09 cases as a function of their starting relative humidity values. This
approach is illustrated in Figure 5.9.

From these lines we have the level of water absorbed in the nine cases from start to 1.5
hours with no current heating of the surface (i.e. the current is turned off in the simulation
and the surface temperature equals the ambient temperature). Although the amount of
moisture absorbed was measured for an ambient temperature of 24°C, it is assumed that
the difference between this value and the typical ambient temperature of 22°C is negligible.
However, this should be verified in future experimental work.

With the water absorption curves, five base cases are set up for the ten flashover cases
exhibiting five starting levels of water already absorbed (due to the hot stick sitting in

the environment of the laboratory at five different levels of relative humidity prior to the
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experiment). As there is 2.1 ug/cm? of salt is on the surface (measured ESDD) and the
original spray had 480 g Kaolin to 4.16 g salt, we can calculate out the total Kaolin deposit
on the surface to be 115.4 g Kaolin per gram salt. Multiplying by 2.1 ug/cm?, this gives
us 2.42 x10~* g Kaolin per cm?. Multiplying this by the test area of 2.714 x10? cm? gives
0.6526 g of Kaolin on the surface. For the B09 case with a different ESDD of 1.9 ug/cm?
of salt density, we arrive at a value of 0.59 g Kaolin on the test surface area. Multiplying
these figures by the grams of water absorbed per 1000 g Kaolin from Figure 5.9 gives us
an estimate for the amount of water absorbed on the surface at the beginning and end
points of the five curves in Figure 5.9. The amounts are listed in Table 5.3. Note that
these levels are only for the hot stick sitting in an environment with the relative humidity
rising to approximately 95 percent, without any leakage current heating up the surface

and evaporating surface water.

Table 5.3: Start and End Water Absorption, and x. values for the Five Absorption
Profiles in Figure 5.9

Cases Start Water Level 1073g End Water Level 1073g k.

B09 7.085 8.723 2.60

BO7 6.526 8.434 2.87

BO1, B04 5.873 7.178 2.27

B05, B06, B08 5.220 6.558 2.31

B02, B03-01, B03-02 4.731 6.093 2.34
With these targets, the condensation coefficient k. is set relative to k. = 1, and

(o))

7t ) Kaolin scale 1S also scaled so the upward water absorption curve lags behind the rela-

tive humidity, but reaches the calculated value of surface water attained on the absorption
line in Figure 5.9 for the respective case being adjusted for, after running the simulation
for 90 minutes with the current turned off in the simulation. From this set up, these three

constants are locked for the five case types based on water absorption. Thus, constants
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and scaling factors are arrived at for each absorption line to be applied to the cases asso-
ciated with that line. The common scaling factor (%)%Lolin scale 18 79 x10712, and the
values for the condensation coefficient x. for each case is listed in Table 5.3. As NaCl has
a solubility of 35.7 g per 100 g or 100 cm? HO, multiplying this by the test area of 2714
cm? gives 1.59 x 1072 g or cm?, the water limit that must be reached before solution rises
out of maximum salt saturation. Therefore, the water on the surface in the cases is always
at maximum salt saturation, i.e. 357,000 mg per kg or Liter of water.

The next parameter to be set is the scaling constant R1’ numerator in the expression

for the reference resistivity in the Hilchie equation, as was presented in Chapter 5:

(0 =1 (0 { e O (215)
with R1 given by
R
RO = o cr ) (5.19)

It was stated that the reference resistivity R1’ was determined by curve fitting the resistance
points through the reference temperature line in Figure 2.7 at 50°C (122°F). However,
this would just be for a saline solution, not taking into account the unknown effects of
Kaolin and the geometry itself on the resistivity. As no resistance measurements were
taken in the TREQ experiments, we are forced to estimate the resistivity. One source
for a transformation from an ESDD value to an estimation of surface resistivity for an
artificially polluted suspension insulator is in CIGRE 158 Polluted Insulators: A Review
of Current Knowledge [45]. Figure 5.10 from CIGRE 158 gives a scaled translation to
allow for calculation of surface conductivity in xS from ESDD in mg/cm? for solid layer

experiments conducted under the clean fog test according to the standard IEC 61245 for
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Figure 5.10: Relationship Between ESDD in mg/cm? and Surface Conductivity in
u1S. Adopted from [12], ©2000 CIGRE. Used by Permission.

which the IREQ experiments adhered to.

In using Figure 5.10, although we extrapolate outside the boundary of the figure to get
to a ESDD of 2.1ug/cm?, we stay within the boundary of the linear extrapolation of the
range of experimental results. Calculating a creepage distance for our pollution flashover
cases of 2700mm/315kV = 9mm/kV, we find that an ESDD of 2.1ug/cm? intersects with
a specific creepage distance of 9mm /kV within the linear extended range of experimental
results.

To extrapolate along the y-axis to get a value of conductivity from our ESDD value,
we have two geometric series on two different scales. Points were tabulated between the
two scales and a polynomial curve was fit to the data. Surface conductivity o, values of
0.879 and 0.855 uS are found for 2.1 and 1.9 ug/cm? respectively. These two values are

used to find the resistance of the pollution layer from the formula given by Sundararajan
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and Gorur [46] and by Kuffel et al. [4], given as
1

R=—f, (5.22)
Os

where f is a form factor that takes into account the geometry of the insulator, expressed

by

L a

I=J, @y

(5.23)

where D(I) is the diameter of the insulator at the distance [ along the leakage path. As
the diameter of the hot stick is constant, the form factor is just the length of the test area
270 cm divided by 73.2 cm, with 3.2cm the diameter of the hot stick. This gives a form
factor of 26.86. We can then calculate the resistance from the surface conductivities at
2.1pg/cm? and 1.9ug/cm? for B01-B08 and B09, and arrive at resistance values of 30.55
and 31.42 M) respectively. Working backwards from the resistance to the resistivity using
equation 5.3, we calculate the resistivity

Ry (t) Al (1)

b0 = =ty (5.24)

which comes out to 0.0246 Q- m for the test area length and the calculated cross section
for 5.873 x1073 cm? of water. Various values of R1 were iteratively entered into an Excel
spreadsheet with Hilchie’s equation to find an R1 that would produce the resistivity of
0.0246 Q- m, which was 0.015636. With this R1 value and knowing [NaCl] = 357,000

mg/kg HoO, we can calculate out R1" by rearranging equation 5.19

Rl = R1(t) - [NaCl ()], (5.25)
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multiplying 0.015636 by 357,000 to get an R1’ of 5582.

Estimates for surface resistivity vary widely in the literature. Another estimate taken
from Farzaneh and Chisholm [47] gives a calculation for a 2.1 ug/cm? ESDD surface at
10,275 2/em?, or only 2.774 MQ over the test length of the hot stick. Using Equation 5.16,
we calculate an A value for these resistances with a V, 50y of 315kV, we obtain values of
A of 38 and 3.5 respectively. Various values for A are employed by different researchers for
polluted surfaces, with A as wide as from 31 to 138 according to Farzaneh and Chisholm,
and up to 530 according to Patni [48].

For the calculation of the heat transfer coefficient h, seven values for h were calculated at
six temperature differences between the surface and ambient temperatures. The program
interpolates between these when calculating A during the program run during each iteration
for the difference between the surface temperature 75 and ambient temperature T. Values
of Ty, — T, =1, 4, 10, 20, 60, and 80 were selected for a base T, = 20°C, and values were
calculated for the film temperature T and thermal expansion coefficient 3. For each film
temperature, values were read from tables at the back of Welty et al. for the thermal
conductivity k, heat coefficient ¢,, dynamic viscosity u, and the kinematic viscosity v [36].
From these elementals, the dimensionless numbers Prendtl Pr, Grashof Gry, Raleigh Ray,
and the Nusselt Nuy, and the resulting value of h were calculated according to the formulas
in Chapter 5. The calculated values are shown in Tables 5.4 - 5.5.

After calculating h for each of the seven breakpoints of ToK — T,K, the D/L >
35/Gr?%% condition was checked to see that this value of h could indeed be used. The
condition (equation 2.30) is not met, as it is seen that D/L = 0.0119 never exceeds or even

OL'25 values in Table 5.6. Therefore, we use the

equals any of the seven calculated 35/Gr

Cebeci correction factor as discussed at the end of Chapter 2. We calculate & according to

79



Chapter 5. Computational Algorithm for Pollution Flashover, Simulation Results,
and Discussion

Table 5.4: Table Values and Calculated Values for the Heat Transfer Coefficient A
Calculations. T, K = 293.15.

T.K TK I6] p k u(x107°)  v(x107°) v*(x1071Y)
294.15 293.65 0.00340 1006 0.0257 1.813 1.51 2.27
297.15 295.15 0.00348 1006 0.0259 1.827 1.53 2.35
303.15 298.15 0.00335 1006 0.0260 1.837 1.55 2.41
313.15 303.15 0.00329 1006 0.0264 1.860 1.61 2.55
333.15 313.15 0.00319 1007 0.0273 1.910 1.69 2.86
353.15 323.15 0.00309 1008 0.0280 1.950 1.79 3.19
373.15 337.15 0.00300 1008 0.0287 2.010 1.90 3.56

Table 5.5: Table Values and Calculated Values for the Heat Transfer Coeflicient h
Calculations, cont. T, K = 293.15.

TfK GT’L(Xlolo) Pr RTL(Xlolo) NUL h

293.65 0.290 0.7162 0.21 154.3  1.47
295.15 1.112 0.7170 0.80 267.0 2.56
298.15 2.690 0.7175 1.93 347.5 3.36
303.15 4.990 0.7072 3.53 376.3 3.68
313.15 8.610 0.7047 6.07 4474 451
323.15 11.200. 0.7024 7.87 486.1 5.04
337.15 13.010. 0.7004 9.12 509.3 5.43

its formula

v32 L
= Vs & 2.
¢ Gr{-25 2r’ (2.36)

and use this number with the Prendtl number Pr to find the Cebeci correction factor from

the tables in [37]. They are incorporated into our calculations to find the final values of h

for our hot stick geometry, calculated in Table 5.6.

5.3 Simulation Results and Discussion

The flashover algorithm was coded into MATLAB and was run on the case data. It was
found that the simulations failed. After investigation, it was discovered that the algorithm

was effectively boiling or evaporating all the water off of the surface of the hot stick for all
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Table 5.6: D/L > 35/Gr?:* (with D/L = 0.0119) Conditional Validation Check, and
Corresponding Cebeci Correction Factors *Nuy,/Nuy,.

T;K  35/Gry® Test Result ¢ Calculated Pr  *Nup/Nug h final

293.65  0.1508 Fail 2.0571 154.3 1.58 2.32
295.15  0.1077 Fail 1.4695 267.0 1.42 3.65
298.15  0.0864 Fail 1.1785 347.5 1.34 4.51
303.15  0.0741 Flail 1.0099 376.3 1.29 4.78
313.15  0.0646 Fail 0.8811 447.4 1.26 5.68
323.15  0.0605 Fail 0.8248 486.1 1.24 6.28
337.15  0.0582 Fail 0.7946 509.3 1.23 6.71

cases exhibiting leakage current (B01, B03-02, B04, B06 to B09). This was attributable
to the Joule heating term evaporating all the surface water causing a breakdown of the
model with the creation of negative water volume levels. Reasons for this issue arising
were examined according to the following possibilities.

Current discharges or peaks in the current trace last a minimum of 0.5 seconds in the
data (the interval of 1 iteration) but in most circumstances lasting much longer as observed
on the original data plots (Appendix A). The sourcing of the data from paper printouts
is the largest source of error introduced in the research, due to the lack of resolution in
the current trace data, being on a fractional minute time scale, and only recoverable to a
specific level of resolution (2-4 seconds between data points). Since discharges last in the
order of 1072 — 1072 seconds, this has caused an overestimation of heating. This was the
major source of error.

Absence of other heat removal terms that also should have been implemented in such a
model, such as the conduction effects transferring heat away from the water to the Kaolin
and the solid hot stick body in parallel, and through the Kaolin mineral to the hot stick.
Radiation effects are also not taken into account [31]

Another two sources of error on the part of this model building can be attributed to
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the estimation of the water on the surface for which there was no data from the original
experiments, and the estimation for resistance. Although an estimate for the salt on the
surface was provided, it is not possible to calculate the resistance which changes with time
without knowledge of the water density on the surface, which also changes with time.
The estimation of the amount of Kaolin on the surface uses the ratio of salt to Kaolin in
the original slurry to estimate the Kaolin density from the salt density. This estimation
assumes a completely uniform application of the Kaolin salt water slurry. There was no
real time information collected during the experiment with regard to non-uniformity of the
pollution layer during the experiment, which could be done by thermography, imaging the
variation in surface heating to get an assessment of the non-uniformity.

The estimate of the water on the surface by Kaolin absorption of the vapor in the air is
done because the ambient temperature trace reveals very little heat detection, indicative of
the steam cooling to room temperature by the time it reached the temperature detector.
No data exists on whether or not the steam vapor cools to room temperature prior to
reaching the hot stick. The estimate of the amount of humidity absorption comes from
Kaolin water absorption data found in the literature. The level of absorption of moisture
from the surrounding air using the relative humidity data leads to absorption of water onto
the surface on the order of 10~3cm? for which there is no reference to compare to without
experimentation. The critical voltage did not move at all with a value for the empirical
coefficient A of 3.5 to correspond to our resistance [47].

For debugging purposes, it was determined to add three scaling factors to the model to
account for a possible error due to the assumptions. A two scaling factor solution had to be
implemented in front of the Joule heating term in equation 5.15 to prevent negative water

volumes from evolving in any of the cases during the simulations. A straight scaling factor
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was implemented and adjusted iteratively until the worst case for boiling all the water off
the surface, B03-02, kept a positive water volume on the surface. However, this attenuation
nullified any effect of the current in the pollution flashover case B04, and especially B09
with its much smaller current trace. Hence another scaling term was also placed to weigh
the larger leakage currents in the heating process and attenuate the effect of smaller current
levels. A third scaling factor had to be placed in front of the convection term of equation
5.15. After placement and tuning of the scaling factors to prevent negative water volumes,
The constant A was adjusted to allow V, 509, to rise over the applied voltage trace to assess
the discrepancy. This did not occur until A=13,800.

Simulations were run on all cases and the results for a pollution flashover (B04), a
fast flashover (B03-01), and a flashover withstand (B01). Figures just for the pollution
flashover B04 are shown in Figures 5.11 and 5.12. The resistance is dropping as the
experiment proceeds (Figure 5.12), which is as expected from high voltage lab experience.
This drop exhibits a lag relative to the onset of humidity as observed in Figure 5.11. The
resistivity observed in Figure 5.12 is not moving as expected before the current onset. The
same is observed with BO1.

When we view the fast flashover B03-01 case, we observe no movement in the critical
voltage, easily attributable to the absence of current as with all other cases during periods
of no current, observed in Figure 5.15. There is movement in the surface resistance per
unit length for the fast flashover due to the increase in surface volume of water, as seen in
Figure 5.16. However, the critical voltage is insensitive to the magnitude of change in the
surface resistance per unit length.

The absence of change in resistivity was expected from the Kaolin absorption values,

and the necessity for scaling down the Joule heating term both point towards an inadequate
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B04 Simulation Results
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Figure 5.11: B04 Critical Voltage for Pollution Flashover.
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B04 Experimental Results
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B03-01 Simulation Results
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amount of water on the surface and too low a rate of moisture transfer to the surface that
results in water being too aggressively boiled away. This is not what is expected in the
physical reality of flashover. As described by Wilkins [28], the water should accumulate
until the maximum volume is reached whereby the salt concentration is at the solubility
limit, followed by dilution with the drop in conductivity due to incremental dilution. This
is counterbalanced by an increasing volume of water in the denominator of the resistance
term that keeps the resistance dropping until leakage currents form. Resistivity increase
never occurs in all the above cases. However, with larger amounts of water and larger
changes in the volume of water, the denominator of the reference resistivity R1 term in the
Hilchie equation consisting of the amount of salt divided by the volume of water would have
much more impact on the value of the resistivity, most likely allowing for more significant
decreases in the pollution flashover cases.

Another point is that a lower pollution resistance as per the estimates of Farzaneh and
Chisholm (2.7M£2) may be more realistic than the CIGRE estimate (30.0M(2), as the R1’
numerator of the reference resistivity term in the Hilchie equation would be lower, making
it more sensitive to changes in the denominator to meet the physical reality of a rising
resistivity prior to leakage current onset.

The ambient temperature that the temperature sensor is measuring would not be the
same temperature at the center of the lab where the hot stick is placed. As it is evident
that the steam has lost its energy by the time it diffuses across the lab to the sensor, it
may be or may not be cooled to room temperature by the time it reaches the hot stick.

In conclusion, the simulations were performed to examine for differences between the
flashover modes with respect to the relative humidity. From the cursory examination of

three types of cases, keeping in mind simulation levels were arbitrary due to scaling factors
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and only relative changes should be examined, there was no new evidence that gave any
insight into the fast flashover mechanism via the effect of relative humidity. Thus, the
results were inconclusive. However, this may only apply to the analysis that was done at
these low water levels. This analysis has not taken into account the possibility of steam
condensation on the hot sticks and much higher rates of water accumulation leading to
different outcomes with respect to elevation of the critical voltage curve due to movement

in resistivity due to moisture transfer, which can not be ruled out.

88



Chapter 6

Summary, Conclusion, and
Recommendations for Future

Research

In concern for protecting against dangerous physical phenomena, the proposition of a new
physical mechanism can be a very daunting challenge to gain evidence for. Statistical
analysis has offered some support to the proposition of the fast flashover observation being
a type of flashover unique from the pollution flashover. However, no further evidence
was found to support this assertion. The statistical analysis also gave some evidence for
relative humidity having a greater correlation than applied voltage to the type of flashover
mechanism that takes place in a discharge over an insulating dielectric surface.

Although the levels of confidence attained in this study would not be sufficient for
proving the existence of this mechanism, there are still reasons to go further with investi-

gation. With the idea that there may be some connection between relative humidity and
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the type of discharge, the approach was taken to build a pollution flashover model based
around a mechanism connecting relative humidity to the outcome of the discharge. It is
proposed that the influence of relative humidity can be seen in operation with the pollution
flashover mathematically by the observation of the behavior of the intermediate calculated
variables. When the fast flashover fails to meet pollution flashover criteria, some insight
could be gained in the fast flashover mechanism from the intermediate variables.

The findings of the simulations were inconclusive. Lack of movement in the critical
voltage curve in the fast flashover cases could be easily explained by the lack of surface
current activity, unlike the pollution flashover and flashover withstand cases that exhibited
large levels of activity. However, these movements were expected to come before the leakage
current, which would be due to water condensation and temperature changes affecting the
resistance of the pollution layer. Higher surface water levels and transfer may still reveal
some impact on the resistivity that may impact the critical voltage. The cases exhibited a
low level of water buildup due to an assumption that there was no condensation onto the
hot stick implied by the temperature trace data.

Although some exposure has been gained into modeling the pollution mechanisms, more
work must be done to provide information that will remedy the excessive assumptions that
have to be made in the light of unavailable data that may allow for easier investigation to

be performed.

6.1 Recommendations for Future Research

In order to allow for future progress in experimental work with artificially polluted insu-
lators or hot sticks, it is essential to see that these deficiencies are remedied that lead to

assumptions due to lack of data.
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Resistance measurements should be taken off the hot sticks with the specific Kaolin or
clay material. Many measurements should be taken of each stick, and a large sample size
should be constructed of very carefully prepared artificially polluted hot sticks, similarly
coated (essential to be as accurate as possible) to construct a high-confidence estimate of
the mean value with a low standard deviation.

It is necessary to assess the true value of moisture buildup on the polluted hot stick or
insulator to gain a complete understanding of these flashover mechanisms. During relative
humidity changes, a laser refraction method could be employed to measure the level of
refraction from the surface fluid level as the accumulation of moisture proceeds during
experiments with and without voltage and resulting current applied.

It is absolutely essential to have the highest level of statistical confidence in the rejection
of the null hypothesis for any analysis that is attempting to propose a new mechanism
[41]. Thus, under the challenge of the economic bounds to experimental repetition, more
economical methods must be employed in the laboratory to increase the number of trials
in order to increase the sample size to allow for higher confidence.

With regards to the above statement, two additional points must be made. The increase
of sample size will by nature decrease the spread of the sample distribution as the frequency
of observations increases. However, variation must also be reduced by means of more
strict experimental procedures whereby only the variable being studied for the affect of its
variation on the dependent variable can be allowed to vary. The other variables must be
held constant in the strictest possible sense.

Cameras must be set up to view the entire side of the hot stick or insulator with a wide
angle lens if necessary, and two cameras should be used with each placed 180 degrees from

the other in order to cover the entire surface. Discharge activity is too fast to capture by
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conventional video. High speed video is required with a faster frame rate.

Temperature and relative humidity measurements must be taken near the hot stick
being experimented on to assess local ambient temperature and due point in order to
contribute to a measurement of condensation. The parameter of ESDD can be used as an
index for further estimation. However, moisture level is required in order to move towards
a more rigorous appraisal of dynamic surface resistance measurement, and its affect on the

flashover phenomenon.
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Appendix A

Original 2004 TIREQ Hot Stick Flashover Experiments: B0O1 - B09 Raw Data Plots.
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