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Abstract

High-voltage direct current gas-insulated switchgear (HVDC GIS) uses a grounded enclosure and gas
insulation to provide compact high-voltage equipment for DC transmission. Solid spacers support the
high-voltage conductor and form the gas—solid insulation interface. Under DC conditions, the electric
field distribution is governed mainly by the electrical conductivity of the insulation materials. The
conductivity of epoxy is strongly temperature dependent. A temperature gradient across the spacer
therefore changes the conductivity distribution and redistributes the electric field. The field also evolves
during DC pre-stress as charge redistributes. This motivates investigation of how temperature gradient,
gradient direction, voltage polarity, and DC pre-stress duration affect surface-flashover behaviour.

This thesis develops and numerically assesses a reduced-scale gas—epoxy test bench for future DC
surface-flashover measurements. The design operates in atmospheric air near 1 bar with a maximum
operating voltage of 50 kV DC. Either electrode can be heated to impose a temperature difference of
40-50 K without changing the field-defining electrode-spacer geometry. Two heating concepts were
developed, together with a transparent chamber, diagnostic access, qualification requirements, and a
test method. The electrode—spacer geometry was numerically verified against a reduced-scale coaxial
GIS reference. The scientific contribution is an integrated methodology that combines the common test
geometry, controlled thermal and electrical conditions, time-dependent electrothermal calculation, and
a defined basis for future flashover measurements.

At 60 kV, the final electrode-spacer geometry reproduces the coaxial reference with differences of 0.8% in
representative peak interface field and 2.2% in mean interface field. For the hot-oil numerical screening
case with the HV electrode heated and the grounded electrode colder, the thermal gradient decreases
the immediate hot-HV-edge field by about 13%, while the central minimum and grounded-side regional
maximum increase by about 38% and 30%, respectively. The HV-to-GND regional-maximum ratio
decreases from 1.77 to 1.34, showing a substantial redistribution of the DC interface field while the
largest regional field remains on the HV side.

The time-dependent calculations further show that DC field formation is strongly position dependent.
Between 1 and 12 h, the interval-based apparent relaxation times are about 3.2 h on the hot HV side and
15.8 h on the colder grounded side. The HV-side field is close to its stationary value after 12 h, whereas
the grounded-side deviation remains about 3.9% after 24 h. Together with the non-monotonic central
response, these results show that one common relaxation time cannot represent DC field formation
along the complete spacer interface. Thermal condition and DC pre-stress duration must therefore be
controlled in future flashover measurements. The developed test bench and test method provide the
basis for the experimental investigation of RQ1-RQ3 after manufacture and physical qualification.
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Introduction

1.1. HVDC GIS and the spacer

Meeting the energy transition requires moving large amounts of power over long distances, across
borders, and from offshore wind farms to onshore demand. ENTSO-E identifies 224 GW of additional
cross-border transmission capacity as economically efficient for Europe by 2050, together with roughly
54,000 km of offshore transmission routes in European waters [1], [2].

High-voltage direct current (HVDC) is central to this expansion. It suits long cable links, offshore wind
connections, interconnectors between asynchronous grids, and corridors where a wide right-of-way is
unavailable. In these applications the equipment must provide the required withstand voltage within a
limited volume. Gas-insulated switchgear (GIS) meets this by insulating with pressurised gas rather
than air, which allows a much smaller enclosure [2].

This compactness is the main reason to choose GIS for HVDC. DC GIS uses up to 95% less space than
equivalent air-insulated switchgear. It reduces the footprint of a transition station, where an overhead
line meets underground cable; by up to 90%. The size of an offshore converter platform falls by up to
10% [3]. Smaller equipment lowers installation area, structural mass, and cost.

Inside the enclosure, the solid spacer supports the high-voltage conductor, defines the insulation
geometry, and separates the gas compartments (Figure 1.1a). It must withstand the operating voltage
without electrical discharge along its surface throughout the service life of the equipment. The region
highlighted in red is the focus of this thesis. Figure 1.1b shows a simplified representation of this region
to illustrate the interface between the gas and the solid spacer, the two electrodes, and the direction
of the thermal gradient. The detailed electrode and spacer geometry developed for the test bench is
presented in Chapter 5.

1.2. Surface flashover at the gas—solid interface

The interface between the gas and the spacer shown in Figure 1.1 is one of the critical insulation regions
in a gas-insulated system. The electric field can be intensified near the spacer ends, where the conductor,
the solid insulation, and the gas meet at points known as "triple junctions."” Under a high enough voltage,
a discharge can develop along the spacer surface and bridge the gap between the high-voltage and
grounded electrodes. This surface discharge is called flashover, and it is the failure mode this thesis
studies [4].

Flashover along a solid surface is harder to predict than breakdown in a plain gas gap. It depends
on the spacer geometry, the material conductivity, the surface condition, the voltage polarity, and the
voltage history, not on a single field value [4], [5].

AC and DC behave differently at this interface. Under AC, the field follows the permittivity of the
materials. Under sustained DC, the long-time field is governed mainly by their conductivity. At the
gas—solid interface, charge accumulates when the normal current through the solid differs from that
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Figure 1.1: Location of a solid spacer in a gas-insulated system (a) and a simplified representation of the reduced-scale test region
(b). Both directions of the temperature gradient are shown schematically.

through the gas, which causes the electric field to redistribute over time [5], [6], [7]. The field just after
voltage is applied therefore differs from the field after hours of DC stress. Because DC GIS experience
is still largely inherited from AC practice, this DC-specific redistribution is not yet fully captured by
existing data [8].

1.3. The effect of a thermal gradient

In operation, the load current heats the conductor and produces a temperature difference across
the spacer, from the hot conductor side to the cooler enclosure side. This matters because the bulk
conductivity of epoxy rises strongly with temperature. Since the long-time DC field follows conductivity,
a temperature gradient is a further operating condition that reshapes the field along the spacer surface [9],
[10].

The warm end of the spacer conducts more than the cold end. Under DC voltage, this difference changes
the conduction-current distribution in the epoxy and gradually redistributes the electric field. The chain
studied in this thesis is

AT — 0o(T) — time-dependent field redistribution — E;(s,t),

where AT is the imposed temperature difference, o(T) is the temperature-dependent conductivity, and
Ei(s,t) is the tangential field along the interface—the component that drives surface flashover. This
chain describes how the field evolves before flashover, not the flashover itself.

Bulk conduction is one contributor among several. Surface conduction, gas ions, and charge injection
can also deposit charge on the interface, and can act together [4], [6], [11], [12]. Their balance depends
on the geometry, the voltage waveform, and the surface condition.

Charge is also deposited by the measurement itself: the voltage rise before flashover adds surface
charge [13]. The thermal settling time, the DC pre-stress duration, and the voltage rise are therefore part
of the test. They must be fixed before flashover differences can be assigned to the intended variables.
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1.4. Knowledge gap and Objective

Previous work covers parts of this problem: DC field redistribution in gas-insulated systems, surface-
charge accumulation on epoxy spacers, the effect of spacer geometry, and the effect of temperature-
dependent conductivity [4], [5], [10]. These are treated mostly in isolation. But the effect of a thermal
gradient on the DC field cannot be separated from the geometry that shapes that field. A flashover
result also cannot be read without knowing the DC pre-stress that preceded it. Studying the problem
therefore needs one test bench that combines a GIS-relevant interface field, controlled thermal loading
with either end heatable, defined DC pre-stress, repeatable specimen handling, and diagnostic access.

No such test bench was found in the reviewed literature for a thermally stressed DC spacer in air at
atmospheric pressure. The gap has two sides. The physical side is what happens: how do a thermal
gradient, conductivity-driven redistribution, polarity, and voltage history set the pre-flashover field?
The practical side is how to impose and separate these conditions in one experiment so that future
flashover results can be interpreted [9], [10], [14], [15], [16].

The need is reinforced by the maturing of DC GIS standardisation. IEC TS 62271-318:2024 sets DC-specific
requirements for gas-insulated switchgear rated 100 kV and above [17]. Developing test methods still
requires controlled experiments that link operating conditions, field evolution, and measured response.

The objective of this thesis is to design a reduced-scale gas—epoxy test bench and to calculate its
temperature and DC electric field behaviour. The thesis also defines the test-bench qualification
requirements and proposed test method needed for a future study of DC spacer surface flashover under
a controlled thermal gradient, voltage polarity, and DC pre-stress duration.

1.5. Research questions and thesis approach
The study is motivated by three open questions:

RQ1. What effect does the temperature gradient across a GIS spacer have on the statistical distribution
of surface-flashover voltage?

RQ?2. What effect do voltage polarity and thermal-gradient direction have on the earliest visible
surface-flashover region along the spacer—electrode interface?

RQ3. What effect does DC pre-stress duration have on the surface-flashover voltage distribution, and
does this effect change when a thermal gradient is imposed?

These are not subquestions; each is a separate physical question. Together they set the electrical,
thermal, environmental, diagnostic, and repeatability functions the test bench must provide (Figure 1.2).
Combining those functions in one bench leads to the main thesis question:

Thesis question

What design of a reduced-scale gas—epoxy test bench enables con-
trolled future investigation of RQ1-RQ3 under HVDC GIS-relevant
conditions?

1.6. Scope

The work is a design and modelling study. The chamber is sized for a 6 bar mechanical design pressure:
a conservative value covering the upper range of GIS operating pressures, which are reported as
3.3-5.3bar [16]. The maximum operating voltage is 50 kV DC. A separate 60 kV case, 20% above this, is
used only to check the electrical design with margin; it is not an operating or withstand rating. The
thermal condition is an axial temperature difference of 40-50 K, with an unheated ambient-temperature
reference condition. The 100 °C hot-source used in the thermal simulations is an upper design case, not
the normal test temperature.

The reduced-scale arrangement (Figure 1.1b) reproduces the HVDC-GIS interface-field pattern and
the conductivity-driven field redistribution caused by a thermal gradient. It does not reproduce the
full-scale gas conditions which scale by volume [18].
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Figure 1.2: Relation between RQ1-RQ3, the required test-bench functions, and the three thesis outputs.

The electro-thermal model calculates the spacer temperature field and the time dependent DC electric
field distribution. It does not model the discharge itself, so it does not predict the flashover voltage or
its location. RQ1-RQ3 are intended for the future experimental investigation. They are not answered
experimentally in this thesis because the test bench was not built and no flashover tests were carried out

1.7. Thesis structure

The remainder of the thesis is organised as shown in Figure 1.3.
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Figure 1.3: Structure of the thesis from the theoretical basis to design, numerical assessment, and conclusion.




Theoretical Background

This chapter presents the physics used in the design, simulation, and test method. It covers gas
discharge development in air, the formation and time-dependent redistribution of the DC electric field,
the temperature dependence of the solid’s conductivity, and surface flashover at the gas—solid interface.

2.1. Gas discharge development in air

A gas discharge can begin when a free electron gains sufficient energy from the electric field to ionise
neutral molecules. Repeated ionising collisions produce an electron avalanche. Its growth is described
by the effective ionisation coefficient

G=a-n, 1)

where « is the first ionisation coefficient and 7 is the electron-attachment coefficient. An avalanche
grows when @ > 0. This avalanche multiplication is the primary Townsend ionisation process; a
self-sustained Townsend discharge additionally requires secondary-electron production. The condition
@ = 0 therefore marks the transition from net attachment to net ionisation, but does not by itself define
complete gas breakdown [18], [19].

As an avalanche grows, its space charge can distort the applied field and initiate a streamer. The
enhanced field at the streamer head allows the discharge to propagate through regions where the
background field is lower than that required for uniform avalanche growth. Breakdown occurs only
if the discharge continues across the insulation gap and establishes a conducting path between the
electrodes. The breakdown voltage consequently depends on the local field distribution, electrode
geometry, voltage polarity and availability of initiating electrons [19], [20].

For approximately uniform, centimetre-scale gaps in atmospheric air, 3kV mm™ is a useful reference

scale for gas breakdown. It is not a universal breakdown field or a direct limit for the tangential field
along a solid surface. In a gas—solid insulation system, geometrical field enhancement near electrode
edges and triple junctions can initiate a discharge at a lower average applied field. Whether this develops
into surface flashover also depends on the interface charge, surface condition and discharge-propagation
path, as discussed in Section 2.4 [4].

2.2. electric field Formation under AC and DC Stress

This section sets out how the electric field builds up in a gas—solid insulation system before a discharge
can start. The same geometry can give different field distributions under AC and DC stress, depending
on the balance between displacement current, conduction current and charge accumulation at the
gas—solid interface.
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2.2.1. Capacitive Field Distribution under AC and at DC Energisation

AC and DC fields obey the same electroquasistatic equations. What differs is the current contribution
that dominates the field formation. For an electric potential V, the electric field and electric flux density
are

E=-VV, D-=¢E 2.2)

where ¢ is the permittivity. The total current density consists of a conduction-current contribution and
a displacement-current contribution,

JD
Joot = 0E + T (2.3)

where o is the electrical conductivity [8], [18]. The electric field distribution is therefore not determined
by the voltage waveform alone. It depends on the relative magnitude of the conduction and displacement-
current contributions.

For a sinusoidal voltage with angular frequency w, the ratio between the conduction-current and
displacement-current magnitudes can be written approximately as

Jeond _ o 2.4)
]disp we’ .

For a good insulator at power frequency, 0 < we. The displacement current then dominates, and the
field is governed mainly by geometry and permittivity. This is the capacitive field distribution. In this
state, the normal component of electric flux density satisfies the dielectric-interface condition, while the
tangential component of the electric field remains continuous across the interface [8], [18], [21].

Calling this field “permittivity-controlled” is therefore a useful approximation, not an absolute rule.
If the conductivity is high enough, the frequency is low enough, or the surface is sufficiently conductive,
conduction can still influence the field under AC stress. Conversely, displacement current remains
important whenever a DC voltage is changing. The distinction between AC and DC field formation
is therefore a matter of time scale and dominant current contribution, not a change in the governing
equations.

A similar capacitive field appears immediately after DC energisation. At the first instant after a DC
voltage is applied, charge has not yet moved far enough to establish a new distribution. If the insulation
is initially uncharged, the field at t = 0* is therefore close to the capacitive solution,

V- (¢E) = 0. (2.5)

At this instant, geometry and permittivity govern the field in the same way as for the ideal capacitive
AC case. This similarity is temporary. Once charge carriers begin to move, the field departs from its
initial distribution and becomes dependent on how the complete gas—solid system carries current [5],

(6, [7].

2.2.2. Charge Transport and Formation of the Resistive Field

When the applied DC voltage becomes constant, the displacement-current term decreases, but the
conduction current does not generally vanish. Charge continues to move through the solid, along its
surface and through the surrounding gas. Charge conservation requires

dpy
ot

+V-Jc=0, (2.6)

where p, is the free volume-charge density and J. is the conduction-current density. Combining
Equation (2.6) with Gauss’s law gives
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Table 2.1: Dominant processes during AC stress and successive stages of DC stress.

Field regime Dominant current Controlling quantities Electrical memory
Power-frequency Displacement current ~ Geometry, permittivity and frequency Limited under ideal
AC sinusoidal AC stress
Initial DC, t = 0* Displacement current ~ Geometry, permittivity and voltage-rise Any initial charge
during energisation history may influence the
field
Transient DC Conduction and Bulk and surface conductivity, gas-ion Surface and volume
charge-transport transport, charge injection, trapping and  charge evolve with
currents geometry time
Stationary DC Conduction current Conductivity distribution and stationary  Established charge
charge state remains part of the

field solution

2.7)

V'(GE+@)ZO.

ot

Equation (2.7) describes the transition from the initial capacitive field to the long-time conduction-
controlled field. It also explains the memory of the DC field: the field at a given time depends on the
charge transported during the preceding voltage application [5], [22].

At the gas—solid interface, charge collects whenever the normal current arriving through the solid
does not match the normal current leaving through the gas. With the unit normal n directed from the
solid towards the gas, a general surface-charge balance can be written as

=n- (Jsolid - Jgas) - Vs Ky, (2.8)

where ps is the surface-charge density, K; is the surface-current density and Vs denotes the surface
divergence. Interface charge therefore changes for two reasons: the normal currents differ, or charge is
redistributed laterally along the surface [6], [7], [23]. Three charge-transport routes must consequently
be distinguished.

Through the solid. In the simplest terms, the bulk current through the solid is represented by
Ohm’s law,

Jsolid = Osolid E- (2.9)

A real polymer is not this simple. Its measured current may also include electrode injection, trapping
and detrapping inside the material, ionic migration and the formation of space charge. The effective
conductivity can therefore depend on electric field, temperature, previous polarisation and the duration
of the applied voltage. An Ohmic model is useful for predicting the macroscopic capacitive-resistive
field shift, but it does not resolve the individual carrier populations responsible for the measured current
[23], [24].

This distinction matters because volume charge and surface charge affect the field in different ways.
Volume charge modifies the field inside the solid through Gauss’s law, whereas surface charge introduces
a discontinuity in the normal component of electric flux density at the interface,

n- (Dgas - Dsolid) = Ps- (2.10)

A conductivity-based field model can therefore reproduce the large-scale field redistribution without
identifying the microscopic location of every trapped charge inside the polymer.
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Through the gas. Air is not charge-free. Background radiation and natural ionisation continuously
create positive and negative ions. These ions drift in opposite directions under the electric field,
diffuse under concentration gradients and may recombine before reaching an electrode or the spacer
surface. The gas current is therefore better described by charge-carrier transport than by one fixed gas
conductivity [5], [6].

The number of gas ions reaching a given part of the spacer depends on the ion-generation rate, ion
mobility, recombination, field-line topology and the gas volume feeding that surface region. An effective
conductivity inferred from the local ratio J/E is therefore generally neither uniform nor constant [6],
[23].

Natural ionisation is only the minimum gas-side charge source. Electrode roughness, microscopic
protrusions, particles, field emission and discharges too weak to be detected by a conventional partial-
discharge measurement can also supply charge. Schueller, Gremaud, Doiron and Franck showed that
such microdischarge currents can exceed both the natural-ion current and the current through the solid,
thereby becoming the dominant source of spacer charging [25]. Experimental studies on epoxy spacers
have also reported charge patterns that could not be reproduced using only natural-ion transport and
simplified conductivity models [24], [26].

The gas-side charging current is therefore not a material property of air alone. It is a response of
the whole system, including the gas, electrode condition, geometry and discharge-free quality of the
apparatus. This is one reason why identical spacer tests can develop different charging histories at the
same applied voltage.

Along the surface. Charge may also travel laterally along the gas—solid interface. The resulting surface
current is commonly represented as

K, = «<Ey, (2.11)

where «; is the surface conductance and E; is the tangential electric field. Surface conduction spreads
charge laterally, smoothing local charge peaks or transporting charge towards an electrode. It depends
strongly on the surface state, including moisture, contamination, roughness, ageing and cleaning
residues.

Changing the epoxy surface treatment alone can substantially change the accumulated charge [23],
[27]. The surface must therefore be treated as part of the electrical system, not merely as a geometric
boundary. Under the controlled dry conditions intended for the present test bench, surface conduction
may be smaller than the bulk current, but it cannot be dismissed without measurement or a stated
modelling assumption.

2.2.3. Interfacial Polarisation and Relevant Time Scales

When two materials with different ¢/ ratios are placed in series, the initial capacitive field does not
generally satisfy conduction-current continuity at their boundary. Charge then builds up at the interface
until the normal current becomes continuous. This accumulation is Maxwell-Wagner polarisation [8],
[18]. It drives the field from its capacitive form towards its resistive form.

For one homogeneous material with constant permittivity and conductivity, the dielectric relaxation
time is

T4 = (2.12)

€
=

A low conductivity gives a long 74, which explains why field redistribution can be slow in highly
resistive polymers. A real gas—solid spacer system cannot usually be represented by one such ratio.
The gas, solid and surface carry current through different paths, and their transport properties may
be nonlinear. The transient field can therefore contain several time scales at once: a faster stage from

gas-ion drift or local polarisation currents, and slower stages from bulk conduction, surface transport or
deep charge trapping [7], [8], [22], [23].
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Equation (2.12) therefore provides a characteristic time scale, but does not prove that the complete
field transition follows a single exponential. For an ideal first-order response, the completed fraction
is 1 — exp(—t/1); at t = 47, this equals 0.9817, corresponding to the conventional 2 % settling criterion
[28]. This approximation is valid only when the response can be represented by one dominant time
constant. In a heterogeneous gas—solid insulation system, bulk, surface and gas-phase charge transport
may introduce multiple characteristic time scales [5], [8], [23]. The required DC pre-stress duration must
therefore be determined from the time-dependent electric field at the interface locations relevant to
flashover.

Given enough time, the charge distribution stops changing appreciably, and the field reaches a
stationary DC state. In that state,

dpv 3 dps 3 3
ot = 0, g = 0, V- (O'E) =0. (213)

The resulting field is referred to as the stationary resistive field because, in an Ohmic description, its
distribution is governed primarily by the conductivity distribution. Stationary does not mean uncharged.
The accumulated surface and volume charges are part of the stationary solution required to maintain
current continuity [6], [7].

The stationary resistive field can differ from the initial capacitive field in magnitude, direction and
peak location. A geometry that appears well graded in a permittivity-based calculation may develop a
more severe local field after conductive redistribution. Conversely, charge accumulation can reduce
stress in one region while transferring it to another. A DC insulation geometry must therefore be
assessed using both limiting fields and the time-dependent path between them.

2.2.4. Charge-Controlled Evolution of the DC Electric Field

The distinctive feature of DC stress is not simply zero frequency, but sustained polarity. A steady
polarity allows charge supplied through the solid, surface, gas and electrodes to form a persistent
distribution. Under ideal AC stress, the electric field reverses every half cycle and displacement
current normally remains dominant. The insulation therefore does not build the same stationary,
polarity-dependent conduction state that can form during prolonged DC energisation.

Charge accumulation is not exclusive to DC. Partial discharge, rectification, asymmetric voltage
waveforms, contamination and low-frequency stress can also leave charge under nominally AC conditions.
The important distinction is that sustained DC directly supports a long-lived charge distribution whose
magnitude and sign depend on the complete voltage history.

This electrical memory becomes important whenever the voltage changes: at switch-off, under
superimposed transients and during polarity reversal. Stored charge cannot disappear instantly, so its
field is superimposed on the field of the new voltage. Depending on the sign and location of the charge,
this superposition may either reduce or increase the local tangential and normal field components.
Charge accumulated during long DC stress can therefore reduce the flashover voltage during polarity
reversal [22], [27], [29].

How long this charge remains depends on the available decay paths. Kindersberger and Lederle
distinguished three mechanisms [30], [31]:

® bulk conduction, which can reduce charge relatively uniformly under a simple Ohmic model;
* surface conduction, which spreads charge laterally before it reaches a grounded boundary;

* gus-ion neutralisation, which depends on local field lines and available ionisation volume, so it can
remove charge faster from one region than another.

These mechanisms act together and may not produce a single exponential decay. A single time
constant can therefore provide only an order-of-magnitude estimate for the charge-decay process.

The field from which a DC breakdown process begins is consequently defined by more than the
instantaneous applied voltage. It also depends on the duration and polarity of the pre-stress, the
temperature-dependent conductivity of the solid, the surface condition, gas-side charge sources and
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any charge left by earlier voltage applications or discharges. A breakdown measurement performed
before these quantities are controlled may compare specimens that are at the same applied voltage but
in different internal electrical states.

For this thesis, this distinction has two direct consequences. First, the capacitive field immediately
after energisation and the stationary resistive field must be treated as limiting states connected by a
time-dependent transition. Second, the pre-stress duration is part of the test condition, not idle waiting
time before the voltage rise to flashover. The electro-thermal model developed in Chapter 8 is built
around this distinction and evaluates the initial, transient and stationary fields for the realised test-bench
geometry.

The implemented field model represents the large-scale redistribution caused by the prescribed
permittivity and conductivity distributions. It deliberately does not resolve every charge source
identified in this section, such as individual gas-ion species, electrode injection, microscopic trapping or
undetected microdischarge. Its output is therefore interpreted as the conductivity-driven pre-breakdown
field. A clear departure from this behaviour in future experiments would indicate that additional
charge-transport or discharge mechanisms are relevant.

After a DC voltage is applied, current through the solid, surface, and gas turns the initial capacitive
field into a history-dependent conduction state. The surface and volume charges left behind set the field
from which flashover begins—the subject of the next section.

2.3. Temperature Dependence of Conduction and Field Redistribu-
tion
Section 2.2 established that charge transport reshapes the field after a DC voltage is applied, and that

the long-time field is set by the conductivity distribution. Temperature enters that mechanism directly,
because the conductivity of epoxy depends strongly on it.

During loaded operation, a temperature difference develops across the spacer [32]. The central conductor
carries the load current and is heated by its own ohmic loss, while the enclosure stays closer to ambient.
Heat flows through the spacer, so a temperature gradient develops across it. In a horizontal GIS
compartment, the conductor and enclosure are near 343 K (70 °C) and 313 K (40 °C), respectively [33].

2.3.1. Arrhenius Conductivity in Epoxy

Conduction in a solid dielectric is thermally activated. Raising the temperature raises both the mobility
of the ions and the number of electrons lifted into conduction states, and both rise exponentially. For
ionic and electronic conduction alike this is described by Arrhenius equation,

o(T) = g e Ba/beT (2.14)

with E, the material-specific activation energy and kg the Boltzmann constant [18]. For calculation the
relation is more convenient written against a reference point than an absolute prefactor,

Eq

1 1
aep(T) = Oref €XP [_k_B (T - Tref)} , (2.15)

where oyt is the conductivity at the reference temperature Tyt. For a positive activation energy,
conductivity rises as the temperature increases. The fitted parameters are material- and condition-
specific, so Equation (2.15) holds only within the range for which the epoxy was characterised [18],
[23].

The exponent is what matters. Between ambient and operating temperatures the conductivity of
insulating materials can rise by four to five orders of magnitude [18]. In epoxy the effect is worth stating
concretely: measured resistivities for one unfilled epoxy fall from 3 x 10! Qm at 298 K to 3.2 X 10> Om
at 348K, so a 50 K rise raises the conductivity by a factor of about ninety [7]. A temperature difference of
the order found across a spacer is therefore enough to change the conductivity by orders of magnitude
from one side to the other.
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2.3.2. Field Redistribution under a Thermal Gradient

Under a gradient the temperature varies with position, and through Equation (2.15) so does the
conductivity: the hot region becomes more conductive than the cold one. Since the stationary field
obeys V - (0E) = 0, the gradient does not perturb the resistive field—it defines it.

A one-dimensional current path gives the simplest interpretation. Under stationary conditions
Equation (2.9) inverts to

E= (2.16)

A
=
If the same current density passes through two regions of different conductivity, the field is lower in
the more conductive region and higher in the more resistive one. A larger part of the applied voltage
therefore appears across the colder region. Figure 2.1 shows this inversion across the spacer.

A real spacer is not one-dimensional. Its current paths are shaped by the electrode geometry, the spacer
profile and the surrounding gas, so there is no universal rule in which the field simply moves from the
hot side to the cold side. The full conductivity distribution determines how much stress transfers and
where the maximum field occurs [7], [34], [35].

Computed and measured results for disc-spacer geometries show what this can look like. Space charge
forms in the bulk and collects in the regions of lower conductivity, away from the hot conductor, with an
effect on the field much like the high-voltage electrode becoming larger. That bulk charge then drives
charge onto the gas-solid surface, even where the geometry has been shaped so that the capacitive field
has no normal component there, that is, shaped specifically to prevent surface charging. Shaping a
spacer against the capacitive field alone is therefore not sufficient once a thermal gradient is present[7].

Temperature acts on the other two transport routes of Section 2.2.2 as well, and not equally, which is what
makes its effect hard to predict. Bulk and surface conduction need not change together, so a gradient
shifts the balance between them—and they do different things: a higher bulk conductivity accelerates
charge accumulation, whereas a higher surface conductivity can change which path dominates altogether,
and the resulting surface-charge distribution may even reverse polarity [34]. Surface charge is therefore
the outcome of competing currents, not a direct measure of bulk conductivity. Heating also promotes the
injection, trapping and migration named in Section 2.2.2: it releases trapped carriers, raises their mobility,
and eases injection from an electrode. Measurements on alumina-filled epoxy under a gradient show the
consequence—injection and migration increased near the heated electrode, the surface potential there
moved towards the electrode potential, and a larger part of the applied voltage was carried near the
opposite end of the specimen [36]. Microscopic charge motion can thus produce the same redistribution
that conductivity theory predicts.
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Figure 2.1: Schematic radial electro-thermal profiles across the spacer under a thermal gradient.

2.3.3. Time Scales under a Thermal Gradient

Temperature also changes how quickly the new state develops. The relaxation time of Section 2.2.3
depends on temperature through ¢, and since the permittivity varies only weakly with temperature
while the conductivity does not [18], [37], a gradient makes the relaxation time spatially dependent:
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e(x)

aep TO] 217

T4(x) =

The hot region relaxes faster than the cold one. Where Section 2.2.3 found several timescales because
the materials conduct differently, a gradient adds a further spread within the solid itself: parts of the
spacer may already sit close to their long-time field while others are still changing. The tangential field
can therefore keep developing after the temperature distribution has settled [5], [23], [34].

The effect is large enough to be used deliberately: in HVDC GIS qualification testing, raising the ambient
temperature from 20 °C to 40 °C shortened the time needed to reach 90 % of the steady DC field across
the insulator surface [37].

Temperature therefore acts twice on the same field: it sets where the resistive field concentrates, and it
sets how soon that field is reached. The field reached after a given time depends on the conductivity
throughout the spacer, so the same duration of applied voltage can correspond to a nearly stationary
state at a high temperature and an earlier transient state at a lower one.

2.3.4. Reduced Electric Field and Gas Density
The surrounding air changes with temperature too. At approximately constant pressure its molecular
number density is

N=-L, (2.18)

with p the gas pressure, so air near the hot region is less dense. For the same local field, the reduced
electric field becomes

E _ EkgT
NT (2.19)

Electron transport, ionisation and attachment in air all depend on E/N [38], [39], so heating changes the
local conditions for discharge inception even when the field magnitude is unchanged; the breakdown
voltage of a gas-insulated arrangement falls accordingly as the gas temperature rises [18], [40]. This
gas-density effect is separate from the conductivity-driven redistribution in the solid, and the two act at
once: the gradient changes the field applied to the gas, and it changes the gas density against which
that field acts.

The solid-side sequence is therefore

AT — T(x) — 0ep[T(x)] — J(x,t) — ps(s, t) — Ei(s, t), (2.20)

where the temperature-dependent conductivity redistributes the current within the solid, and any
imbalance between the currents arriving at and leaving the gas—solid interface produces a time-
dependent surface charge ps(s, t). This charge modifies the tangential field along the interface. The
change in gas density acts alongside this solid-side mechanism. Conductivity climbs steeply with
temperature, and under DC it is conductivity that sets the field. Temperature is therefore not a condition
the insulation sits in; it is part of the stress the insulation carries. At the gas—solid interface that stress
appears as the tangential field E;—the quantity that drives surface flashover, and the subject of the next
section [35], [41].

2.4. Surface Flashover and Critical Interface Regions

Introducing a solid spacer can lower the withstand of a gas gap. The dielectric strength of atmospheric
air is of the order of 3kV mm™!, whereas electrical-insulation-grade filled epoxy has a bulk breakdown
strength of the order of 25 kV mm™! [42]. This difference indicates that bulk puncture is unlikely to be
the limiting failure mode at the field levels considered here. Instead, failure is expected to develop in
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the gas along the solid boundary. The electrode-gas-solid interface distorts the local field and provides
a path along which an initial gas discharge can extend; under DC, the interface charge established in
the preceding sections adds a further field of its own. The solid surface can also supply seed electrons
more readily than the undisturbed gas volume, which favors discharge inception near the interface.
Surface flashover therefore develops in stages: a discharge first initiates in the gas, propagates along the
interface and finally bridges the two electrodes. The tangential field Ei(s, t) is tracked because it acts
along this propagation path. The gas limit Ej;;,, indicates where local inception becomes possible, but
reaching it at one position does not imply complete flashover. The discharge must still propagate across
the spacer surface [4], [18].

At both ends of the spacer, the electrode, gas and solid meet at a triple junction. The local stress in these
regions depends on the electrode curvature, the material discontinuity, microscopic gaps at the contact
and the surface condition. The high-voltage-side and grounded-side junctions are therefore candidate
inception regions, although flashover does not necessarily begin at either one. The electric field at an
ideal sharp corner is not a useful physical quantity because the calculated value becomes increasingly
large near the corner. The relevant quantity is the macroscopic field in a finite region adjacent to the
junction [4], [22], [43].

Figure 2.2 provides a conceptual illustration of the two triplejunction regions, a possible surface-
discharge path and the associated tangential-field peaks. The larger peak is placed at one end only to
illustrate that the two junctions can become electrically non-equivalent.

(a) Spacer interface and triple-junction regions

heated HV gas cool grounded

electrode electrode
possible surface-discharge path

s =Q A interface coordinate s -+ }: L
K solid spacer /

HV-side triple junction ground-side triple junction

(b) Tangential-field profile along the interface
illustrative larger peak

local field peak

|Et(s, )| N
P— P —
finite HV-side . . finite ground-side
evaluation region pOSlthI‘l along the mterface, S evaluation region

Figure 2.2: Possible surface-discharge path and tangential-field peaks near the two triple junctions.

The redistribution established in the preceding section can make the two junctions electrically non-
equivalent. In a heated-electrode epoxy arrangement, measured surface potentials showed that the
voltage drop concentrated near the grounded junction, where the calculated field increased several-
fold. Heating can therefore move the dominant interface stress from one end of a specimen to the
other rather than simply raising or lowering the field everywhere. The most highly stressed junction
may consequently depend on the gradient direction, voltage polarity and pre-stress history. These
dependencies make the full spatial distribution of E(s, t) more informative than its value at a single
predefined location [36].

The coupled problem can now be stated compactly. The solid-gas permittivity mismatch sets the initial
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capacitive field. After a DC voltage is applied, the temperature-dependent conductivity of the solid
governs the redistribution of current and interface charge, while the local gas state determines whether
the resulting field can initiate a discharge. Together, these mechanisms set the magnitude and position
of Ei(s, t). Field calculations can identify the most highly stressed interface regions, but they cannot
determine the flashover voltage alone because discharge propagation also depends on electrode contact,
surface condition, material properties, temperature and electrical pre-stressing. Flashover voltage
therefore remains an experimental endpoint rather than a value obtained directly from the electric field
solution.

2.5. Chapter conclusions

¢ Under sustained DC stress, the electric field evolves in time from an initial capacitive distribution
towards a stationary distribution governed mainly by conductivity.

e Immediately after energisation, the field is close to the capacitive, permittivity-controlled distri-
bution. As charge is transported and redistributed, the field moves towards the stationary DC
distribution, which can differ in magnitude, direction, and peak location.

¢ A DC insulation geometry must therefore be assessed using both limiting field distributions and
the time-dependent transition between them. The DC pre-stress duration is consequently part of
the test condition.

¢ The conductivity of epoxy increases strongly with temperature and can vary by orders of magnitude
across the spacer. A thermal gradient therefore changes both the stationary field distribution and
the rate at which it develops.

¢ A thermal gradient can make the two triple-junction regions electrically non-equivalent. The
complete distribution of the tangential field Ei(s, ) is therefore more informative than its value at
one predefined location.

¢ electric field calculations can identify regions of elevated interface stress, but surface-flashover
voltage remains an experimental quantity. Discharge propagation also depends on the electrode
contact, surface condition, material properties, temperature, and preceding electrical stress.



DC Surface Flashover under Thermal
Gradients

This chapter reviews what previous work has established about DC surface flashover at uniform
temperature and under a thermal gradient. It distinguishes experimental measurements from calculated
results and compares studies according to the conditions under which their results were obtained.

3.1. Framework for Evaluating the Literature

Chapter 2 showed that a field calculation can identify the most highly stressed interface regions,
but flashover voltage remains an experimental endpoint. The literature is therefore assessed by
distinguishing direct measurements, reconstructed quantities, calculated field states and flashover
observations. A calculated increase in tangential field is not a measured decrease in flashover voltage,
and a reconstructed surface-charge map does not by itself identify where a discharge began.

The evidence is also compared under its complete electrical and thermal history. Polarity, ramp
rate, pre-stress duration, surface condition and temperature distribution can all change the interface
state before a voltage-rise test begins. Results obtained under different histories or arrangements
are therefore interpreted within their own test conditions rather than ranked as directly equivalent.
Uniform-temperature studies provide the reference against which the additional influence of a thermal
gradient is judged.

3.2. DC Surface Flashover at Uniform Temperature

Published studies report charge and field evolution over periods ranging from hours to months, but
these durations are arrangement-specific. Figure 3.1 compares representative results without treating
them as one common relaxation curve. Pre-stress duration alone does not define the field at the start of
a later voltage ramp; geometry, material state, charge sources, transport routes and the endpoint used to
observe the change must also be considered.

The active charging route depends on the complete arrangement. Nakanishi et al. measured strong,
localised heterocharge on untreated epoxy spacers. A water-jet treatment containing fine sand roughened
the surface by approximately 10 pm to 20 pm and removed an estimated 20 pm to 30 pm outer layer. The
treated specimens accumulated less charge and the remaining charge was more uniform around the
circumference. The authors attributed this to removal of locally inhomogeneous conductive regions,
although the local conductivity distribution was not measured. Electrode roughness produced a
different charge pattern, which they attributed to field emission from the conductor [27].

16
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Figure 3.1: Arrangement-specific time scales reported under uniform-temperature DC stress, comparing reconstructed surface
charge, experimental flashover endpoints, and calculated field evolution, without treating them as one common relaxation curve
[71,[27], [44], [45].
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The balance between gas-side and solid-side charging also depends on voltage and scale. In the model
of Straumann et al., naturally produced gas ions dominated at low voltage, whereas current through
the epoxy became more important at nominal voltage. Fujinami et al. likewise related measured
charge patterns to the initial normal field while identifying several possible sources, including natural
ionisation, particles, field emission and microdischarges [7], [29]. Scaling geometry and voltage together
preserves the field strength but changes the gas volume connected to the spacer. A reduced-scale
specimen may therefore reproduce the interface-field shape without reproducing the same balance
between gas-side and solid-side charging [7].

Accumulated charge affects flashover through its superposition with the later voltage. Nakanishi et al.
found that a large heteropolar charge distribution did not reduce flashover voltage during continued
DC stress of the same polarity, but became more severe after abrupt polarity reversal. Fujinami et al.
reported a related reduction of approximately 20 % to 40 % in opposite-polarity impulse flashover field
in their arrangements [27], [29]. The same charge state can therefore have little effect under one voltage
sequence and a marked effect under another.

Deliberately prepared charge distributions confirm that polarity and location matter. Li et al. reported
lower mean flashover voltage after heteropolar corona precharging, whereas homopolar charge produced
little change under their negative DC ramps [36]. Qi et al. used a modified basin-insulator model with
a 45 mm metal spike connected to the HV conductor. Greater reconstructed negative charge near the
spike was accompanied by a reduction in mean flashover voltage from 61.0kV to 47.1kV. Because the
spike generated local discharge activity and guided the flashover region, the reported 22.8 % reduction
is specific to that defect arrangement [44].

Time is therefore a test condition rather than an independent cause of reduced flashover voltage. It is
the interval during which charge can be generated, transported and redistributed. A complete electrical
history must record the duration and polarity of the DC stress, the subsequent voltage sequence, the
surface condition and the way in which charge was produced.

Repeated discharge tests must also be treated statistically. Yildirim and Korasli showed that conditioning
breakdown in compressed SFs was better represented by a probability distribution than by a single
deterministic threshold. Their study concerned gas breakdown rather than spacer flashover, so it does
not establish the correct distribution for the present problem; it demonstrates why a distribution should
be fitted and checked rather than assumed [46].

The flashover studies reviewed here differ substantially in statistical support. Li et al. used 50 repetitions,
Qi et al. used five repetitions per condition, and Hering et al. reported broad scatter despite controlled
specimen preparation [36], [44], [45]. A single flashover value cannot distinguish a shift in characteristic
voltage from a change in test-to-test variability. Where a Weibull representation is supported by the
data, V5p describes the voltage at 50 % flashover probability and the shape parameter § describes the
steepness of the distribution.

Uniform temperature is therefore a useful reference condition, but not a history-free one. Measurable
changes occurred when charge was deliberately introduced, generated by a local discharge source,
or made more severe by polarity reversal or an opposite-polarity impulse. Field evolution can also
occur without a measurable change in flashover when charge generation and transport remain slow.
Temperature adds a further influence by changing both the local gas state and the transport properties
of the insulation.

3.3. Effects of Temperature on Gas—Solid Insulation

Temperature does not have one universal effect on gas—solid insulation. It can change the local gas
strength and the rate at which charge develops or decays in the solid insulation. These effects may act at
different locations and over different time scales, so a measured change in flashover voltage cannot be
attributed to temperature without knowing the thermal distribution and the preceding electrical history.

The gas-side contribution can be isolated by removing the spacer. Hering et al. measured SF; breakdown
between heated electrodes and reported a decrease from 486 kV at 20 °C to 459 kV at 94.8 °C, or 5.6 %.
Their calculation indicated that breakdown still initiated near the HV electrode, where the field was
sufficiently high, although the gas density was lower near the heated grounded electrode. Heating a
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sealed enclosure also increased its average pressure and partly offset the local density reduction. The
result therefore depends on where high field and low gas density overlap, and is specific to the tested
SF¢ geometry and thermal condition [40].

Temperature also changes the rate of charge transport. Gremaud et al. measured surface-potential
decay on corona-charged alumina-filled epoxy plates in SFs between 22 °C and 95 °C; the inferred
effective mobility changed by approximately three orders of magnitude across this range. Wendel,
Kindersberger and Hering similarly found that heterocharge developed faster at 60 °C than at 25°C
in pulsed-electroacoustic measurements of alumina-filled epoxy. These studies show faster charge
development and decay in the tested materials, but they do not directly determine the field along a
practical spacer or the resulting flashover voltage [47], [48].

A potential-decay curve does not identify the transport route by itself. In the Gremaud experiment, the
potential peak decreased without spreading noticeably along the surface, which was consistent with
removal through the bulk or neutralisation by gas ions rather than dominant lateral surface transport.
Kindersberger and Lederle showed more directly that bulk conduction, surface conduction and gas-ion
neutralisation can all contribute, and that the measured decay depends on the vessel geometry and
connected gas volume [31], [47]. A faster decay at the hot side therefore does not imply that the complete
interface becomes less stressed; charge may persist longer in a colder region.

Direct spacer-flashover evidence is available for one thermal direction. Li et al. heated the HV electrode
while maintaining the grounded electrode near 20 °C. As the hot-side temperature increased to 120 °C,
the reported corona-inception voltage and surface-flashover voltage both decreased, while positive
streamers developed from the colder grounded side. The surface potential, flashover voltage and
streamer images were measured; the detailed explanation based on thermally assisted injection and
migration was the authors’ interpretation. The material-scale, non-coaxial experiment used one voltage
polarity and did not reverse the thermal direction [10].

The evidence therefore does not support a general rule that a higher temperature always lowers flashover
voltage. Local heating can weaken the gas where reduced density overlaps with high field, while
increased solid conductivity can redistribute the DC field towards a colder region. The full temperature
distribution, its direction and the DC stress duration are therefore more informative than the maximum
temperature alone.

3.4. DC Surface Flashover under a Temperature Gradient

The gradient literature must be compared through the imposed thermal profile, the preceding voltage
history and the quantity measured at the end of the test. Published studies differ substantially in all
three respects.

3.4.1. Representation of the Thermal Condition

Thermal gradients have been produced using internally heated electrodes, circulating oil and load-
current heating. Equal endpoint temperature differences do not make these methods thermally
equivalent. Hallas et al. showed that approximately 4600 A AC reproduced the conductor temperature
rise and insulator gradient produced by 5000 A DC in commercial gas-insulated equipment; applying
the same numerical current under AC would have produced greater thermal stress because of additional
AC losses. A representative thermal test must therefore reproduce the conductor temperature rise and
the gradient across the insulation, not merely the heating current [49].

The temperature distribution along the spacer must also be known. Ma et al. compared a calculated
surface-temperature profile with measurements at three positions and obtained agreement within
approximately 1.5K for a 20.5K gradient. The profile was non-linear because conduction, radiation
and gas convection contributed differently along the spacer. Gremaud et al. also observed azimuthal
temperature differences around a real-scale insulator due to natural convection. Similar values of AT
can therefore correspond to different conductivity distributions along the gas—solid interface [14], [50].

Figure 3.2 places the principal arrangements on a common visual basis. It shows why their results
cannot be combined as one controlled factorial experiment: thermal direction, geometry, gas, voltage
history, and endpoint changed together.
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3.4.2. Evidence from Surface Charge and Electric Field

A thermal gradient changes the spatial charge pattern, but the measured response is not universal.
Zhang, Qi and Zhang studied a conical epoxy spacer in 0.1 MPa SF¢ with the central region near 70 °C and
the outer region near 30 °C. Under positive DC voltage, the reconstructed charge distribution became
more concentrated near the heated conductor and followed the temperature-dependent conductivity
profile. The authors attributed the broad pattern mainly to bulk current and associated isolated charge
speckles with possible microdischarges, although this source was not measured independently [53].

Ma et al. measured surface potential on a conical disc spacer rather than charge directly. Raising the
central-conductor temperature increased both the mean surface potential and its radial variation, while
the coupled electrothermal model reproduced the measured trend more accurately than an isothermal
model. Han et al. later measured the temperature profile and reconstructed surface charge on a flat
annular spacer in air. They observed stronger charge accumulation as the conductor-side gradient
increased, whereas the bulk, surface and gas-current pathways used to explain the result were calculated
rather than measured [50], [51].

Complex geometry can produce a different spatial response. Hu et al. measured surface potential
over a three-post spacer in 0.1 MPa SF¢ and reconstructed the surface-charge density. Heating the
central conductor mainly increased charge on the legs rather than on the central body. At 100kV and a
conductor temperature of 70 °C, the reported density reached approximately 100 pC m~2; the heated
charge state approached saturation after about six hours, compared with about twelve hours at ambient
temperature [54].

Calculated studies broadly place the conductivity-driven high-field region towards the colder side. Zhou
et al. reported increases of approximately 18 % in peak tangential field as the conductor temperature
rose in an operating DC-GIL model. Liang et al. similarly calculated a shift of the high-field region
towards the colder grounded shell in a uniform basin-type spacer. These values were model outputs,
not measurements [52], [55].

Pan et al. showed why this smooth stationary redistribution may not represent the field immediately
before flashover. Their stationary calculation became more uniform as the gradient increased and
therefore did not explain the measured decrease in flashover voltage. A second calculation included the
reconstructed surface-charge clusters obtained close to flashover. The resulting local maximum field
increased for both voltage polarities and became consistent with the observed flashover trend. The
comparison supports a distinction between broad conductivity-driven redistribution and local field
enhancement associated with the near-failure charge state [15].

3.4.3. Evidence from Flashover Measurements

Thermal-gradient flashover studies use different endpoints: time to breakdown at fixed voltage, ramp
flashover after DC pre-stress, a Weibull characteristic voltage and flashover under transient voltage
sequences. These results are not directly equivalent.

Hering et al. heated the grounded electrode of a cylindrical epoxy specimen and applied fixed positive
or negative DC voltages. Measured times to breakdown showed substantial scatter, and some tests
continued for more than one week without flashover. After long DC stress, root points and surface traces
appeared in the region towards which the calculated high field had moved. The tests connected thermal
condition and stress duration to the eventual failure path, but the endpoint was time to breakdown
rather than a statistical voltage distribution [9].

Gremaud et al. developed the strongest validation chain among the reviewed studies. Material currents,
gas currents and real-scale surface potential were measured independently, while flashover was tested on
a separate cylindrical arrangement after defined pre-stress periods. Heated tests after 48 h of pre-stress
showed an average strength approximately 10 % below the warm voltage-rising reference. Some longer
tests survived for 14 or 27 days, beyond the prediction based on solid conduction alone; adding a small
gas-side injection current improved agreement. The complete chain was nevertheless distributed across
different specimens and setups [14].

Pan et al. reported the most complete statistical dataset. Fifteen voltage-rise tests were performed
for each gradient and polarity, with voltage increased from zero at 1kV s~!. Increasing AT from 0K
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to 63.4K reduced the Weibull characteristic voltage at 63.2 % flashover probability by 14.3 % under
negative voltage and 9.8 % under positive voltage [15].

The near-flashover charge distribution in the same study was obtained using a separate stepwise
procedure. A voltage slightly below the minimum flashover value was held for 20 min and then
increased in 2kV steps with additional holds until flashover. This procedure captured cumulative
charge development near failure, but it did not reproduce the continuous voltage-rise history used for
the Weibull dataset. The reconstructed charge state may therefore not be identical to the state present
during the statistical tests. High-speed recordings also showed surface, air and mixed propagation
paths, so the fitted distribution included more than one observed path [15].

Liang et al. extended thermal-gradient testing to DC, AC/DC superposition and polarity reversal.
The uniform reference spacer showed a downward flashover trend as the conductor-side gradient
increased. The procedure used a one-hour DC pre-stress followed by a 0.2kV s™! voltage rise, but the
study primarily evaluated a functionally graded mitigation concept and did not report repetitions clearly
enough for a complete statistical comparison [52].

o reference condition @ elevated-temperature / thermal-gradient condition

(a) Gas-side breakdown response (b) Surface-potential response
20°C — 94.8°C; measured change —5.6% 303.2 K — 343.0 K; mean +277%, variation +309%
| | |
: : 1,670
< 500 = 486 450 —
Z 1,600 | |
= 1,310
o 400 I ,
& >
] 2 1,200 - |
S 300 |- 1%
g 5 800 |
g 200 1%
T & 443
< L 320 |
£ 100 _| 400
" |
0 T 0 T T
SFg Mean surface  Radial
potential variation
(c) Statistical flashover response (d) Near-flashover maximum field
AT: 0K — 63.4 K; —14.3% / —9.8% AT: 0K — 63.4 K; +36.3% / +47.5%
15 flashovers per condition reconstructed near-flashover charge included
32 8‘ i i i
~ 35 . ]
s I3 — 30.6 = R—C 4.96 5.09
< 30 28.1 276 . E S n
o g
g 4 = 4r 3.64 3.45 7
g S
e 2T 1= sk i
7 15 - =
3 9 9k |
S 10 [ s £
] 9]
- —_— 1 | . —
£ 51 s =
O
0 T T 0 T T
Negative Positive Negative Positive
DC DC DC DC

Evidence status: M measured; E experimental flashover endpoint; R—C calculated field obtained after incorporating
a reconstructed near-flashover surface-charge distribution. The panels use independent axes and different
arrangements; they are evidence examples, not a direct numerical comparison.

Figure 3.3: Selected quantitative evidence for temperature and thermal-gradient effects: gas-side breakdown (a), surface-potential
response (b), statistical flashover voltage (c), and near-flashover maximum field (d), each from a different arrangement. Data
reported by Hering et al. [40], Ma et al. [50], and Pan et al. [15].

Figure 3.3 keeps the evidence levels separate. It shows measured gas-side weakening, measured
surface-potential redistribution, measured statistical flashover reduction and a calculated local field
obtained after incorporating reconstructed charge. The combined evidence supports the effect of a
thermal gradient, but not one universal quantitative relationship across the different arrangements.
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3.4.4. Gradient Direction and Voltage Polarity

The literature covers both voltage polarities and both thermal directions, but not within one controlled
comparison. Han-Pan and Liang retained conductor-side heating, while Hering heated the grounded
electrode. Several studies tested both polarities, but the thermal direction remained fixed within each

arrangement. Figure 3.2 makes the associated changes in geometry, gas and voltage history explicit [9],
(14], [15], [51], [52].

No reviewed study independently reversed both thermal-gradient direction and voltage polarity on the
same unmodified specimen while retaining the remaining conditions. The separate influence of polarity
and thermal direction on the discharge location therefore remains unresolved. The studies establish
changes in charge, field and flashover response, but many intermediate quantities are reconstructed or
calculated rather than measured directly.

3.5. Predictive Scope and Validation of DC Spacer Models

Published DC spacer models range from conductivity-based electrothermal formulations to charge-
transport models that additionally resolve surface conduction and gas-ion dynamics. These formulations
calculate the evolution produced by prescribed mechanisms, but their outputs remain dependent on
the material, gas and electrode parameters supplied to them [5], [7].

Increasing model detail therefore increases the number of arrangement-specific inputs that must be
determined. Ion-pair generation, surface conductance, carrier mobility, recombination and electrode-
related injection can all influence the result. A model may contain the relevant equations while still
becoming unreliable when parameters are transferred from another material, geometry or environment.

Gas-side charging is a particular source of uncertainty. Schueller et al. obtained good agreement
between measured and simulated surface potential where naturally generated ions explained the
charging, but elsewhere the measured potential developed faster than predicted. Tests with deliberately
added protrusions supported an electrode-related source, and additional charging occurred below
the detected partial-discharge inception level. Natural-ionisation models can therefore reproduce
background charging under restricted conditions, while electrode-related sources require separate
representation and calibration [11].

This leads to a modelling trade-off. Surface and gas-ion transport can increase physical completeness,
but only when the required inputs are known. Where temperature-dependent bulk conductivity is
the only reliably characterised transport property, a bulk-conduction electrothermal model provides a
transparent description of large-scale field redistribution without introducing unverified parameters. It
does not represent every charging route, and that limitation must remain explicit [5], [7], [11].
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More included mechanisms require more arrangement-specific inputs and stronger experimental checks.
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Figure 3.4: Predictive scope and validation boundary of DC spacer models: the quantities a calibrated calculation can provide,
and those that remain experimental endpoints. Synthesised from Winter and Kindersberger [5], Schueller et al. [7], Schueller et al.
[11], Ma et al. [50], Zhao et al. [56], and Gremaud et al. [14].

Validation against surface potential checks the calculated response for the tested arrangement. Winter
and Kindersberger reproduced the direction and long duration of potential change on cylindrical epoxy
insulators in dry air. Ma et al. reported a reduction in mean absolute percentage error from 32.0 % to
11.1 % when the thermal gradient was included. This supports the calculated potential response, not a
flashover prediction [5], [50].

Comparison with reconstructed surface charge is a stronger but assumption-dependent check. Zhao et
al. measured potential on both sides of a full-scale conical spacer and reconstructed interface charge
using a three-dimensional potential-coefficient model. The inversion assumed that charge was located
at the gas—solid interface and that no space charge was present inside the solid. Agreement therefore
supports the model under those assumptions rather than proving the absence of other internal charge
distributions. Circumferential non-uniformity also showed that local roughness or additional ion
sources can create features that an axisymmetric model does not reproduce [56].
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Gremaud et al. extended the validation chain furthest towards flashover. Independently measured solid
and gas currents calibrated the model, which then reproduced real-scale surface-potential development
under a thermal gradient. The calculated interface field was compared with an experimentally supported
gas-strength criterion to estimate a time-dependent failure trend. Failure therefore entered through a
configuration-specific criterion rather than emerging independently from the transport equations, and
no statistical flashover distribution was produced [14].

The predictive boundary is therefore specific. Electrothermal and charge-transport models can calculate
temperature, potential, charge and field development under the mechanisms and parameters included.
After calibration, they may support a configuration-specific failure trend. Statistical flashover voltage,
Weibull slope, discharge path and event location remain experimental endpoints, as summarised in
Figure 3.4.

3.6. Transferability and the Remaining Experimental Gap

The reviewed evidence identifies two concurrent effects of a thermal gradient. Heating can reduce
local gas density and weaken the gas near the hot region, while increased epoxy conductivity can shift
the resistive voltage drop and interface field towards a colder region. Charge transport can further
modify either state. Their relative influence depends on gas, pressure, material properties, interface-
field topology and electrical history, and has not been isolated within one consistent experimental
arrangement.

3.6.1. Transferability from SF, to Air

Studies in compressed SFs and air support the same general framework: the pre-flashover field depends
on the conductivity distribution, accumulated charge and preceding voltage history. Bulk conduction,
surface conduction and gas-side transport may all contribute. Their relative importance and time scales
nevertheless depend on material, pressure, humidity, field strength, gas-ion sources and active gas
volume. The mechanisms are transferable, but their numerical outcomes are arrangement-specific [31].

The Hering programme illustrates both the separation and interaction of the effects. The gas-temperature
work isolated local density reduction, the 2014 spacer study examined conductivity-driven field redistri-
bution under a thermal gradient, and the 2017 field-transition study showed that solid conductivity,
charge-carrier transport and locally reduced gas strength act together. A conventional conductivity-based
RC description did not reproduce the complete transition [9], [40], [45].

Compressed-SFg studies therefore establish that a gradient can change field distribution, charging and
insulation strength, but they do not determine the statistical flashover response of an epoxy—air interface
at atmospheric pressure. Air-based tests are required to determine how hot-side gas weakening interacts
with conductivity-driven redistribution under the selected field topology and voltage history.

3.6.2. Comparison with the Closest Experimental Approaches

Gremaud et al. provide the strongest connection between material characterisation, thermal stress,
surface-potential validation and flashover interpretation. Their programme used real-scale insulation in
compressed SFg, measured solid and gas currents and reproduced the temporal potential response with
a coupled model. The current measurements, potential validation and flashover tests were nevertheless
distributed across different specimens and arrangements rather than performed on one common test
bench [14].

The Han-Pan series provides the closest statistical comparator. Its reduced-scale coaxial arrangement
operated in air at approximately 0.1 MPa, tested both polarities and produced Weibull distributions
from 15 flashovers per thermal condition. It also reconstructed surface charge and used it to interpret the
near-flashover field. However, the thermal direction remained fixed, the charge and statistical datasets
used different voltage histories, and the electrode arrangements were not completely identical [15], [51].

Liang et al. combined conductor-side heating with a one-hour DC pre-stress, a subsequent voltage
rise, AC/DC superposition and polarity reversal. The scaled basin-type spacer retained a GIS-relevant
interface-field condition, but the study primarily evaluated a functionally graded mitigation concept.
The thermal direction remained fixed and the reported repetitions did not establish a complete statistical
distribution [52].
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Purnomoadi et al. demonstrated that an accessible reduced-scale specimen can reproduce a selected
GIS interface-field distribution without copying the complete spacer shape. Their quasi-homogeneous
arrangement was compared with the normalised field distribution of a 420kV conical spacer. The study
used compressed SFs under AC and impulse stress rather than DC thermal-gradient conditions, but it
provides a direct precedent for assessing geometric relevance through the interface field [16].

These approaches are complementary. Gremaud is strongest in calibration and operational-scale
validation; Han-Pan in air-based statistical flashover and charge diagnostics; Hering in separating and
reconnecting the gas-density and conductivity effects; Liang in transient histories; and Purnomoadi in
deliberate field matching. None combines these capabilities on one test bench while independently
varying thermal direction, voltage polarity and pre-stress.

Geometric representativeness should therefore be assessed through the tangential and normal electric
field distributions along the gas—solid interface, including peak location and triple-junction stress.
Electrode shaping does not make a simplified specimen mechanically equivalent to a practical profiled
spacer; it is used to reproduce the flashover-relevant interface-field topology while retaining an accessible
and replaceable specimen.

3.6.3. Coverage of the Required Experimental Conditions

Figure 3.5 compares the closest preceding approaches against the conditions required for the intended
method. Credit is given only when a condition was demonstrated directly on the relevant arrangement
and with a compatible electrical history. The matrix evaluates integrated method capability, not the
overall quality of each study.

The rightmost column distinguishes capabilities fixed by the design or test method from performance
that still requires qualification. Atmospheric air, polarity reversal, thermal-direction reversal, the
voltage sequence and the statistical procedure are architectural or procedural provisions. The realised
temperature distribution, interface-field agreement and correspondence between the model and the
physical test bench have not yet been demonstrated.

Direct surface-charge measurement is not required by the present method. The intended comparison
uses measured thermal boundary conditions, a controlled voltage history, a calculated pre-flashover
field and a planned statistical flashover response. Surface charge remains unmeasured, so any thesis
statement about its distribution must be identified as model-based.

3.6.4. Remaining Gap

No reviewed study combines all eight conditions in Figure 3.5 on one test bench using a common
specimen and electrode arrangement. The unresolved physical question follows from this capability
gap: reduced gas density, conductivity-driven field redistribution and charge transport can favour
different regions, but their relative influence has generally been studied using different geometries,
histories or diagnostic arrangements.

A suitable test bench must therefore vary thermal direction, voltage polarity and pre-stress without
changing the specimen geometry, electrode arrangement or statistical procedure. Measured Thy
and Tgnp define the thermal boundary condition; an arrangement-specific model determines the
corresponding interface-temperature and field distributions; and repeated flashovers distinguish
systematic changes from test-to-test scatter. Table 3.1 converts the literature limitations into method
requirements.

Together, these requirements define a test bench in which thermal direction, voltage polarity, electrical
history and model inputs can be controlled without changing the test geometry.

The remaining need is a controlled test bench that combines these requirements while retaining one
specimen geometry, field condition and statistical procedure. Such a bench is needed to compare future
flashover observations consistently and to investigate how gas-density reduction, conductivity-driven
redistribution and charge transport interact.

This thesis addresses the gap by designing the test bench, modelling its temperature and DC field, and
defining the test procedure needed to study these conditions together
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Table 3.1: Literature gaps and corresponding requirements for the intended method.

Gap in prior work

Requirement for the intended method

Gas and pressure. The most complete
validation studies use compressed SFg,
whose transport and flashover behaviour
differ from atmospheric air.

Coupled thermal effects. Heating changes
both gas density and the
temperature-dependent conductivity of
epoxy.

Polarity and gradient direction. These
factors have not been varied independently
within one fixed geometry.

Electrical history and statistics. Pre-stress,
voltage-rise procedures and repetition
counts differ between studies.

Thermal-state definition. Endpoint
temperatures or nominal AT do not define
the complete interface-temperature
distribution.

Interface-field topology. Simplified
accessible specimens may not reproduce the
field distribution of a GIS spacer.

Model-to-test correspondence. Model
inputs and validation measurements are
often obtained from different specimens or
arrangements.

Test in air at 1 bar and with controlled and recorded pressure,
temperature and humidity.

Measure the thermal boundary conditions, calculate the interface
temperature and field, and determine the combined flashover
response experimentally.

Test both voltage polarities and both thermal-gradient directions
using the same specimen, electrodes and voltage procedure.

Apply one defined pre-stress and voltage ramp to every condition
and use sufficient repetitions for statistical comparison.

Measure Ty and Tgnp and use them as boundary conditions in
an arrangement-specific thermal model.

Shape the electrodes to reproduce the selected tangential and
normal interface-field distributions.

Use arrangement-specific inputs, compare the model with
measurements from the same test bench, and state excluded
physics explicitly.

3.7. Chapter conclusions

¢ A thermal gradient acts through two concurrent mechanisms: reduced gas density weakens the
gas near the hot region, and increased epoxy conductivity shifts the DC field towards the colder
region; charge transport can further modify either state.

* Across the reviewed studies, these effects have not been isolated within one consistent geometry,
gas, and electrical history, so no single quantitative relationship transfers between arrangements.

¢ The mechanisms established in compressed SF¢ transfer to air, but the statistical flashover response
of an epoxy-air interface at atmospheric pressure has not been determined and requires air-based

testing.

* No reviewed study combines the required conditions; a GIS-relevant interface field, controlled
air, independently reversible thermal direction and voltage polarity, defined pre-stress, and a
repeatable statistical procedure on one test bench with a common specimen. This is a capability
gap, not an absence of individual results.

¢ Electrothermal and charge-transport models can calculate temperature, potential, charge, and
field, and after calibration can support a configuration-specific failure trend; statistical flashover
voltage, Weibull slope, discharge path, and event location remain experimental endpoints.

¢ Geometricrelevance is best assessed through the tangential and normal interface-field distributions,
so electrode shaping can reproduce the flashover-relevant field topology without mechanically

copying a profiled spacer.



Design Methodology and
Requirements

This chapter turns the three research questions into the functions and constraints the test bench must
satisfy, and the rule used to assess design options. The requirements defined here govern the designs
developed in the following chapters.

4.1. From the Research Questions to the Functional Requirements

The thesis is motivated by three research questions:

RQ1. What effect does the temperature gradient across a GIS spacer have on the statistical distribution
of surface-flashover voltage?

RQ2. What effect do voltage polarity and thermal-gradient direction have on the earliest visible
surface-flashover region along the spacer—electrode interface?

RQ3. What effect does DC pre-stress duration have on the surface-flashover voltage distribution, and
does this effect change when a thermal gradient is imposed?

RQ1 requires repeated surface-flashover voltage measurements under the same controlled condition,
because a single event cannot represent a statistical distribution. The voltage history, temperatures,
environmental condition, specimen preparation, and event classification must therefore be recorded
for every test, following the statistical treatment in IEC 62539 [57] and the independence basis in
Appendix H.

RQ2 requires both voltage polarities and both thermal-gradient directions to be studied without
changing the field-defining geometry. The optical record identifies the earliest visible surface-flashover
region and the initial propagation direction; it cannot identify the microscopic start of the discharge or
preceding partial-discharge activity.

RQ3 requires DC pre-stress duration to be treated as a controlled experimental variable. The bench must
apply and record defined hold times under both thermal-gradient and no-gradient conditions, with the
pre-stress voltage, polarity, voltage ramp, voltage-rise procedure, specimen basis, and environmental
condition held fixed while only the hold duration varies. The numerical model links the selected hold
times to the predicted pre-flashover field in Chapters 8 and 9. Comparing the resulting surface-flashover
voltage distributions then shows whether the response changes as the field redistributes over time, and
whether that dependence changes under a thermal gradient.

These needs define the functional requirements developed in the rest of this chapter.

29
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4.2. Functional Requirements

A functional requirement states what the bench must enable or record; it does not prescribe a component
unless that component is fixed by a governing constraint. This lets different design options be compared
against the same need.

The requirements are derived, not assumed. Each follows from a research question or from the capability
gap identified in Chapter 3: RQ1 and RQ3 require repeated, controlled electrical and thermal conditions
with complete records; RQ2 requires reversible polarity and gradient direction on a fixed geometry;
and the gap requires that these conditions be combined on one bench with a common specimen. Each
requirement is necessary, in that removing it prevents a research question from being answered or
leaves a gap condition uncovered, and the set is treated as sufficient against the conditions Chapter 3
identified as missing from prior work. Completeness beyond this is not claimed: a requirement found
missing during qualification would appear as an acceptance check with no matching entry, and could
be added without disturbing the others.

Air condition

Atmospheric air near 1 bar;
pressure, temperature, humidity,
and air reset

Temperature control

. . Control the heated
DC voltage, polarity, pre-stress, Spacer test region side, measure both

1t , and " .
Vf(i)elggSiZ:irllit?;ln Same field-defining geometry ends, check AT, and
for every test case reverse the gradient

Voltage control

Measurements and records Assembly and access
Voltage, current, Replace the spacer, keep
temperatures, air condition, alignment, inspect parts,
camera record, and and integrate HV,
specimen history heating, and sensors

What is complete and what remains

1

Developed in this thesis Still to be tested physically \
Design, calculations, simulations, Build, calibrate, commission, and test :
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Figure 4.1: Main functions of the proposed test bench. Voltage control, temperature control, air conditions, measurements, and
assembly all support the same spacer test region. The lower band separates the work developed in this thesis from the physical
tests still required before experiments can begin.

The required functions form five groups — electrical control, thermal control, environmental control,
diagnostics and traceability, and assembly and access — all acting on the same field-defining electrode—

spacer arrangement. Each group is described below and specified, with its acceptance checks, in
Table 4.1.

4.2.1. Electrical Stress and Voltage History
The operating voltage is not fixed in advance; it is derived from the field. With the electrode-spacer
geometry fixed, the field in the air region is computed, and the maximum operating voltage is taken
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as the highest DC voltage at which the peak air-region field stays below a defined margin against air
breakdown. For the present geometry this criterion gives 50 kV (Chapter 9). At and below this voltage
the bench must apply and record both polarities, the voltage ramp, the pre-stress level and duration,
and the final voltage rise, without changing the field-defining geometry (FR-E1, FR-E4). For the RQ3
comparison, the actual hold start and end times are recorded so the realised pre-stress duration is
traceable for every test.

The same geometry is assessed at 60 kV, above the derived operating voltage, to screen the design with
reduced margin and to characterise non-target stressed regions (FR-E3). This is a numerical screening
level, not a physical rating or withstand qualification; field comparisons use defined interface paths and
finite end regions rather than raw solver maxima.

4.2.2. Thermal Condition

The thermal target is a realised axial temperature difference

IAT| = 40-50K, AT = Tav — Tonp, @.1)

together with a matched no-gradient reference held to the same target within a stability band. The
bench must establish and hold these two thermal states. The means used to hold them follow a
stability criterion rather than being fixed here: the design applies the least control that meets the target,
evaluating single-side regulation first and adding control of the second electrode only where the target
cannot otherwise be held. Which case applies, for each gradient direction, is determined in Chapter 6.

The thermal-gradient direction must be reversible without changing the field-defining geometry (FR-
T3), and the two directions are assessed separately because their thermal surroundings differ. The
no-gradient reference (FR-T1) uses the same field-defining geometry, voltage sequence, measurement
arrangement, specimen basis, and environmental controls as the gradient tests; its allowable residual
temperature difference and stability period are established during qualification, not assumed from
equal setpoints.

A prescribed 100 °C hot-source case is used as an upper numerical thermal-design condition. The
value provides a high-temperature assessment case of the same order as upper thermal conditions used
in the IEC 62271 framework, but it is not prescribed by the standard for the present test bench [17],
[58]. It is not the normal experimental setpoint and does not define the allowable temperature of the
complete bench. The physical operating envelope is set by the lowest applicable rating of the realised
components and materials. The numerical condition and its results are documented in Chapters 8 and 9.

4.2.3. Environmental Condition

The experimental medium is atmospheric air near 1 bar; pressure, ambient temperature, and relative
humidity are measured and recorded for every test, and the chamber retains a defined condition during
a test with a controlled reset between tests (FR-V1, FR-V2). IEC 60060-1 informs the voltage-measurement
and atmospheric-recording practice, and IEC TS 62271-318 provides the HVDC GIS insulation-testing
context; the reduced air-at-1 bar bench does not claim conformity with the rated-voltage, gas, or pressure
scope of that technical specification [17], [59].

4.2.4. Diagnostics and Traceability
The primary experimental endpoint is the voltage at complete surface flashover along or close to the
gas—solid interface. The electrical and optical records must support event timing and distinguish the

intended surface-flashover event from a gas-gap, feedthrough, chamber, heater, or external non-target
discharge (FR-D1, FR-D2).

Every accepted test carries the data fields listed in FR-D1 and defined in Chapter 10, together with
full specimen and electrode traceability: formulation, fabrication route, batch, preparation, storage,
previous electrical history, and assembly and electrode condition (FR-D3). The generic epoxy properties
and prescribed conductivity function used in the numerical model do not define an experimentally
reproducible spacer material.
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4.2.5. Assembly, Access, and Repeatability

The spacer must be replaceable without changing the field-defining geometry, with repeatable alignment
and contact conditions, optical access to the interface, and access for inspection, sensing, heating-system
integration, and maintenance (FR-R1, FR-R2). Alignment, contact, access, sealing, and repeated assembly
remain physical qualification items, not satisfied by drawing intent alone.

The requirement identifiers use the prefix FR for functional requirement. The following letter identifies
the family: E for electrical, T for thermal, V for environmental, D for diagnostics and traceability, and R
for assembly and repeatability. The number identifies the individual requirement within that family.

Table 4.1: Consolidated functional requirement register.

ID Functional requirement Evidence developed in this thesis Remaining physical qualification and
acceptance check

FR-E1  Apply and record the The HV architecture and proposed Calibrate the voltage and current
specified DC voltage history = procedure define polarity, voltage measurements; verify the commanded
up to the maximum ramp, pre-stress voltage, hold sequence, actual hold duration, timing
operating voltage set by the  duration, final voltage rise, and the accuracy, and synchronised record; confirm
air-region field-margin required records; the field operation up to the derived operating voltage
criterion, including selectable assessment sets this voltage at without a non-target event during
pre-stress durations. 50kV for the present geometry qualification.

(Chapter 9).

FR-E2  Preserve the principal Chapters 5 and 9 compare the Reassess the realised geometry with the
coaxial-reference interface profile and both end same paths and regions; report the
interface-field topology. regions using defined extraction  deviations and apply the comparison rule

paths. fixed in the geometry chapter.

FR-E3 Screen non-target stressed Numerical assessment at 60 kV Perform integrated HV qualification; confirm
regions and characterise the examines the integrated geometry that the intended spacer region remains the
field at both spacer ends. and finite end regions. limiting test region and classify any

non-target event.

FR-E4  Support both voltage The electrical and mechanical Verify both polarities with the same
polarities without changing  architecture provides the same test assembly, measurement chain, and
the field-defining geometry.  region for either polarity. environmental controls.

FR-T1 Establish and measure the Chapter 6 defines the gradient Calibrate both temperature measurements.
required thermal states: a target and the two-temperature Accept the gradient condition when
realised axial temperature measurement basis. The same |AT| = 40-50 K, and accept the unheated
difference of 40K to 50K an  field-defining geometry, voltage ambient-temperature reference only when
unheated system, measurement both electrode temperatures have stabilised
ambient-temperature arrangement, specimen basis, and near the measured ambient temperature and
reference condition environmental controls are the residual temperature difference remains

retained for gradient and within the tolerance established during
no-gradient cases. qualification.

FR-T2 Establish and hold a stable ~ Chapter 6 evaluates single-side Establish the stability band, settling time,
target AT of 40K to 50K regulation and determines where and the control configuration needed for
using the minimum control  control of the second electrode is  each gradient direction during qualification.
that meets the stability required.
criterion.

FR-T3  Reverse the thermal-gradient Local heating provision isincluded Qualify the two directions separately; each
direction without changing  at both electrode ends (Chapter 6). must meet the 40K to 50K target (FR-T1) and

the field-defining geometry. the stability requirement (FR-T2).

FR-T4  Compare the modelled Thermal simulations compare the Use the measured electrode temperatures as
spacer-temperature profile designed arrangements with the =~ model boundaries; confirm the required
with the coaxial reference reference case. hot-to-cold direction and report the profile
arrangement. deviation using the Chapter 6 comparison

method.

FR-V1 Operate in atmospheric air The experimental scope and Calibrate the sensors and accept tests only
and record pressure, required environmental records within the test-series ranges established
temperature, and relative are defined. during qualification.
humidity.

FR-V2 Retain a defined chamber Chapter 7 defines the chamber, Perform leak, retention, purge/reset, and
condition and restore it sealing, access, and reset functions; settling checks; establish the allowed change
between tests. Chapter 10 defines the proposed  during a test and the reset criteria between

sequence. tests.

Continued on next page
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Table 4.1: Consolidated functional requirement register (continued).

ID Functional requirement Evidence developed in this thesis Remaining physical qualification and
acceptance check

FR-V3 Use materials and seals Material families, component data, Confirm grades, certificates, compatibility,
compatible with the qualified and unresolved specifications are and the lowest applicable rating; complete
electrical and thermal documented in the design thermal, sealing, and HV checks on the
envelope. chapters and appendices. assembled system.

FR-D1  Record the complete Chapter 10 defines the required ~ Verify synchronised logging, hold start and
electrical, thermal, and data fields, including commanded end timestamps, actual hold duration, sensor
environmental history. and actual pre-stress duration, status, and record completeness before

hold start and end times, and the accepting a test.
full voltage sequence.

FR-D2  Record and classify the Optical access, current recording, Demonstrate that the electrical and optical
complete surface-flashover  and the event definition are records can distinguish complete surface
event. included in the design and flashover from partial activity and non-target

procedure. discharge.

FR-D3  Maintain specimen, electrode, The required specimen and Require a complete, unique record for every
preparation, assembly, and ~ material records are defined in the accepted test; missing critical traceability
test-history traceability. procedure and Appendix B. information leads to exclusion or censoring.

FR-R1  Replace the spacer while The mechanical design and Inspect or measure alignment and contact
preserving alignment and drawings define the assembly after repeated assembly; establish the
contact condition. basis and replaceable specimen.  allowable tolerance before the test series.

FR-R2  Provide optical, inspection, ~ Chapters 6 and 7 develop the Demonstrate access and maintenance on the
sensing, heating-system, and integration and access provisions. assembled bench without compromising
maintenance access. alignment, sealing, insulation, or the optical

view.

Every requirement is traceable to either evidence developed in this thesis or an assigned physical
acceptance check. Where a numerical acceptance limit is not yet justified, the table states that the limit
must be established during physical qualification rather than assigning an unsupported value.

4.3. Governing Constraints

The functional requirements describe what the bench must do. The constraints define boundaries that
the design options are not allowed to violate.

4.3.1. Electrical Constraints

The maximum operating voltage is the 50 kV basis derived from the field-margin criterion (Chapter 9);
the 60 kV case is reserved for numerical assessment (C-E1). Heating, sensing, and support systems must
not create an unintended conductive path from the HV electrode to ground or a new dominant stressed
region (C-E3). Field decisions use physically defined paths and finite regions, because idealised corners
and contacts create solver maxima that are not valid physical acceptance values (C-E2).

4.3.2. Thermal and Material Constraints

The allowable temperature of the realised bench is the lowest applicable rating among the spacer,
electrodes, seals, tubing, fittings, fluids, sensors, feedthroughs, cables, supports, and chamber materials;
one component’s rating is not the rating of the complete system (C-T1). Thermal expansion and
repeated heating can affect alignment, contact pressure, sealing, and optical access, and must be checked
physically before experimental use (C-T2).

4.3.3. Environmental and Integration Constraints

Atmospheric air near 1 bar is a deliberate scope constraint; the present work does not reproduce the gas
density, pressure, or active gas volume of a full-scale GIS (C-V1). The field-defining geometry must
remain unchanged when polarity, heated side, instrumentation, or specimen are changed, and services
entering the chamber must not compromise the electric field, sealing, visibility, or maintainability (C-11).
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4.3.4. Safety Constraint

The final arrangement requires a defined grounding concept, interlocked access, controlled discharge
before opening, protection against thermal and electrical faults, and a safe procedure for assembly and
maintenance (C-S1). This chapter records these as design constraints; the detailed laboratory procedure
and acceptance checks belong to Chapters 7 and 10.

Constraint identifiers use the prefix C. The following letter identifies the family: E for electrical, T
for thermal and material, V for environmental scope, I for integration, and S for safety. The number
identifies the individual constraint within that family. See Table 4.2 for the constraints list.

Table 4.2: Governing constraint register.

ID Constraint Design consequence Evidence or qualification

owner

C-E1 Keep the 50kV operating basis No physical rating or withstand claim  Chapters 5, 8, 9, and 10.
separate from the 60 kV numerical may be inferred from the 60 kV
assessment level. simulation.

C-E2 Use defined interface paths and ~ Raw corner or global solver maxima are ~Chapters 5, 8, and 9.
finite end regions for field not used as physical design values.
assessment.

C-E3 Isolate HV-side heating and No unintended conductive return path or Chapters 6 and 7; physical HV
sensing from ground. dominant local field enhancement is qualification.

permitted.

C-T1 Respect the lowest applicable The complete system cannot inherit the =~ Chapters 6 and 7; Appendix B;
component and material highest rating of one selected component. physical qualification.
temperature rating.

C-T2 Accommodate thermal expansion Alignment, contact, sealing, and Chapters 6 and 7; repeated-cycle
and repeated thermal cycling. visibility must remain acceptable after ~ qualification.

repeated conditioning.

C-v1 Retain atmospheric air near 1 bar ~ Results are arrangement-specific and do Chapters 1, 3, 10, and 11.
as the experimental scope. not represent compressed-gas GIS

operation directly.

C-1 Preserve the field-defining Polarity reversal, gradient reversal, Chapters 5-7; dimensional and
geometry during integration and  sensing, and specimen replacement must integrated checks.
configuration changes. not redefine the test region.

C-S1 Provide grounding, controlled The bench cannot enter experimental Chapters 7 and 10; laboratory

access, discharge, fault protection,
and safe opening.

service until the laboratory safety
procedure and interlocks are qualified.

approval.

Throughout the following chapters, numerical assessment is reported separately from physical qual-
ification: calculations and simulations provide design evidence, but they do not demonstrate the
performance of a manufactured and commissioned test bench.

4.4. Design-Decision and Qualification Framework

Design options are evaluated against the same requirements and the same evidence standard. The

decision rule is fixed before any option is retained, prioritised, or selected:

A design option is rejected or changed if it fails a hard constraint. Options that pass the
hard constraints are compared against the same functional requirements at the same level of
detail. An option is selected only when the available evidence is sufficient for that design
decision and every unresolved physical-performance question is recorded as a qualification
requirement.
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Figure 4.2: Decision and qualification framework for design options. Selection is a design decision, not physical qualification.

This framework is applied as an iterative loop rather than a single pass (Figure 4.2). A candidate design
is evaluated against the hard limits and the functional requirements using the available evidence —
calculations, simulations, material or manufacturer data, drawings, and integration checks. An option
that fails a hard limit is revised and re-evaluated, while the requirements themselves remain fixed by
the research questions. Options that pass are compared, and one is taken forward for the design while
the others are retained as technically developed fallbacks.

The evidence types are not interchangeable, and none of them is physical qualification: a simulated
temperature field does not prove that a heater can establish the prescribed boundary, and a numerical
field assessment does not establish physical withstand. Selection at this stage is therefore a design
decision; the physical performance, commissioning, and full-system tests that would qualify the realised
bench remain outside the scope of this thesis.

Because neither option is physically qualified within this thesis, the comparison cannot rank demon-
strated performance and is instead made on the criteria that govern feasibility. The comparison axes are
the energy-delivery path and its HV integration, the provision for gradient reversal at either electrode,
the numerical insulation screening at the design-verification level, and the principal unresolved feasibil-
ity gate remaining before thermal and electrical qualification. The option with the narrower feasibility
gate is taken forward as the more direct candidate; the other is retained as a technically developed
fallback rather than rejected.
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This rule and these criteria are applied to the two retained thermal architectures in Chapter 6. Hot-oil
circulation and floating cartridge heating both satisfy the thermal requirements and preserve the
field-defining geometry; Chapter 6 compares their remaining feasibility gates and identifies the more
direct candidate while retaining the other as a technically developed fallback.

4.5. Chapter conclusions

The three research questions define five requirement families the test bench must satisfy electrical
control, thermal control, environmental control, diagnostics and traceability, and assembly and
access all acting on one field-defining electrode-spacer geometry.

Each requirement is derived from a research question or the Chapter 3 capability gap, and is
traceable to either evidence developed in this thesis or an assigned physical acceptance check, so
no unsupported acceptance value is assigned.

RQ3 requires DC pre-stress duration to be a controlled variable: selectable, recorded hold times
applied identically under matched thermal-gradient and no-gradient conditions, with all other
electrical, environmental, and specimen conditions held fixed.

Functional requirements (FR) state what the bench must enable and record;governing constraints
(C) bound the admissible design options.

A fixed decision rule governs option selection: reject on any hard-constraint failure; otherwise
compare options against the same requirements, and where neither is physically qualified, select
the option with the narrower unresolved feasibility gate while retaining the other as a fallback.



Electrode and Spacer Geometry
Design

This chapter develops the electrode—spacer geometry that defines the electric field distribution in
the reduced-scale test bench. A reduced-scale coaxial GIS model from Li is used as the electrical
reference, and candidate geometries are assessed using interface-field metrics derived from that case.
The selected design uses a 50 mm spacer with shaped high-voltage and grounded electrodes. It is
verified numerically against the reference under stationary DC conditions at 60 kV without an imposed
thermal gradient.

5.1. Reference Coaxial Geometry

In a coaxial GIS, the high-voltage conductor is located inside a grounded enclosure and supported
by solid spacers [60]. The test bench developed in this thesis does not reproduce the complete coaxial
arrangement. Instead, its electrode—spacer geometry is designed to reproduce the main gas—spacer
interface-field behaviour of a reduced-scale coaxial reference. The reference is the reduced-scale model
reported by Haoluan Li [60]. Its main dimensions are shown in Figure 5.1 and summarised in Table 5.1.

Table 5.1: Dimensions of Li’s demonstrator and reduced-scale coaxial

reference model [60].
Upper Surface
i Reduced-scale
Parameter Demonstrator model
i Enclosure radius, R, 270 mm 64.1 mm
Lawer Surfuce Enclosure diameter, D, 540 mm 128.2 mm
4_\_,| Conductor radius, R 95.5 mm 24.15 mm
. Conductor diameter, D, 191 mm 48.3 mm
: Gas gap 174.5 mm 39.95 mm

Figure 5.1: Reduced-scale coaxial reference geometry
adopted from Li [60].

The reference defines the electrical comparison basis rather than the mechanical layout of the test
bench. The transferred quantities include the interface-field profile and the locations of the main
high-field regions. The comparison also uses the finite end-region fields near the two spacer ends and
the background gas-field variation away from the spacer interface. The coaxial enclosure, original
operating conditions, and thermal hardware are not transferred. Figure 5.2 shows the COMSOL model
used to calculate the reference electric field distribution.

The reference geometry was re-modelled in COMSOL as a 2D axisymmetric model using the adopted
dimensions. Panel (a) shows the geometry used for the electric field calculation. Panel (b) shows the

37
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Figure 5.2: COMSOL implementation of the reduced-scale coaxial reference geometry.

revolved model and the corresponding coaxial field distribution. This model provides the electrical
baseline from which the comparison quantities in Section 5.2 are derived.

5.2. Reference electric field Behaviour and Comparison Metrics

The coaxial reference model provides the electric field quantities used to assess the electrode-spacer
geometries. The comparison is based on the field magnitude along the gas—spacer interface and on
finite end-region quantities derived from this profile.

Figure 5.3 shows the calculated electric field distribution and the extracted interface-field profiles.
Panel (a) shows the field distribution around the spacer. Panel (b) shows the field magnitude along the
upper and lower spacer surfaces from the high-voltage side towards the grounded side.
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(a) electric field distribution in the coaxial reference case. (b) electric field profile along the spacer surface.

Figure 5.3: Field behaviour extracted from the coaxial reference case

The reference field is HV-side dominated and decreases towards the grounded end. The upper
and lower spacer surfaces form an envelope around the mean reference profile. Table 5.2 defines the
quantities used for the geometry comparison.
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Table 5.2: electric field comparison metrics derived from the coaxial reference case at 60 kV DC. The coaxial-reference field profile
is the pointwise mean of the upper and lower gas—spacer interface-field profiles.

Metric

Expression

Coaxial reference
value

Definition

Purpose

Representative profile
peak

HV-side end field

Grounded-side end
field

HV/GND field ratio

Creepage length

Mean interface field

Schwaiger utilisation
factor

Profile character

Atmospheric-air
reference field

Emax = max |E_(é)|
0<é&<1

Epy = max [E(s)|
0<s<10 mm

Egnp =

max

[EGs)I
ch -10 mischp

Env

Ruv/enp = Eonp

Lep = fl"gs ds

Qualitative comparison of

[EE)

Eair,ref ~3 kV/mm

2.053 kV/mm

2.053 kV/mm

0.977 kV/mm

2.101

48.9 mm

1.227 kV/mm

0.598

GIS-type,
HV-dominated

Reference only

Highest field magnitude of
the pointwise mean of the
upper and lower coaxial
interface-field profiles.
Largest interface-field
magnitude within the first
10 mm from the HV end.
Largest interface-field
magnitude within the last
10 mm adjacent to the
grounded end.

Ratio between the HV-side
and grounded-side end
fields.

Length of the gas—spacer
interface path used for field
extraction.

Applied voltage divided by
the gas—spacer interface
creepage length.

Ratio of the mean interface
field to the representative
profile peak.

Opverall interface-field trend,
peak location, and
dominant end region.
Approximate
breakdown-field scale for a
smooth, approximately
uniform centimetre-scale air
gap at atmospheric
pressure.

Compares the representative peak
interface field between geometries.

Checks whether the dominant HV-side
field feature of the reference case is
retained.

Compares the grounded-side field feature
between geometries.

Indicates the degree of HV-side field
dominance.

Defines the comparison path for
geometries with different interface
lengths.

Provides the mean field used in the
utilisation factor.

Compares the overall field utilisation
between geometries.

Checks whether the main field behaviour
of the coaxial reference is retained.

Used only as an electrical-stress screening
reference; it is not a surface-flashover
criterion or a universal local breakdown
field.

A field of approximately 3 kV/mm is used only as a reference scale for breakdown in smooth,
approximately uniform centimeter-scale atmospheric-air gaps. It is not treated as a universal local
breakdown field or as a surface-flashover criterion [18], [20], [61].

5.3. Electrode-Profile Selection and First Geometry Screening

The first geometry screening applies the electrical requirements established in Chapter 4. The

dominant field stress should occur at the gas-spacer interface rather than in a competing region of
the gas gap. Candidate geometries are assessed using the interface-field behaviour and comparison
quantities defined in Section 5.2. The electrode profile, electrode-spacer spacing, and spacer length are
therefore treated as coupled design variables.

Previous studies show that spacer geometry, electrode contour, and the electrode-spacer contact
region influence the local electric field distribution and surface-flashover behaviour [4], [22], [62],
[63]. Smooth field-shaping electrodes are therefore used to limit unintended local field enhancement.
Simplified electrode-spacer arrangements have also been used for controlled laboratory flashover studies
at TU Delft [16]. The present screening examines whether each candidate profile places the dominant
field stress at the intended gas-spacer interface. Figure 5.4 shows the profile families examined and the
geometry retained for further refinement.
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Figure 5.4: Early electrode—spacer profile screening cases.

The screening was used to select a profile family rather than final dimensions. A smooth electrode
contour alone did not place sufficient field stress at the spacer interface. The electrode also had to
approach the spacer closely enough for the field to couple to the interface. Panel (f) was therefore
retained for dimensional refinement. Its interface-field profile still differed from the coaxial reference,
so the spacer length and the high-voltage and grounded electrode noses were subsequently adjusted.

5.4. Refinement of the Electrode-Spacer Geometry

The profile-screening step in Section 5.3 produced an intermediate geometry whose interface-field
profile still differed from the coaxial reference. The refinement therefore focused on two variables:
spacer length and electrode-nose shape. Spacer length controls the creepage length L,, the mean
interface field Emean = V/L¢p [60], and the utilisation factor 1. The high-voltage and grounded electrode
noses control the local end-region fields Eny and Egnp. Figure 5.5 shows the geometry used as the
starting point for this refinement.
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Figure 5.5: Intermediate electrode-spacer geometry and calculated electric field behavior for the 100 mm spacer case.
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The intermediate geometry places the dominant field stress near the spacer ends, but its interface-
field profile still differs from the coaxial reference. For the approximately 100 mm interface length,
Emean = 0.50 kV/mm at 50 kV. The extracted profile gives Emax = 1.78 kV/mm and therefore n = 0.28.
The spacer length was reduced to 50 mm to increase the mean interface field and improve the utilisation
factor. Spacer length is therefore treated as an electrical field-shaping variable rather than only as a
mechanical dimension.

After reducing the spacer length, the electrode noses were adjusted to control the two end-region
fields. Elevated fields near the spacer ends were retained because they are also present in the coaxial
reference. The refinement therefore aimed to control their magnitude and location rather than eliminate
them. The resulting electrode-spacer geometry is shown in Figure 5.6.
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Figure 5.6: Finalised electrode—spacer geometry and its electric field behaviour.

The selected geometry therefore combines a 50 mm spacer with shaped high-voltage and grounded
electrode noses to control the interface-field distribution and the two end-region fields.
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5.5. Verification against the Reference Geometry

The finalised electrode—spacer geometry is verified against the coaxial reference under stationary
DC conditions at 60 kV without an imposed thermal gradient. The comparison uses the interface-field
profile and the metrics defined in Section 5.2, as shown in Figure 5.7.

Quantitative verification: gas-spacer interface field vs coaxial reduced-scale GIS reference
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Figure 5.7: Quantitative verification of the finalised electrode-spacer geometry against the reduced-scale coaxial GIS reference.

Figure 5.8 provides a second comparison using the electric field magnitude away from the spacer
interface. For each geometry, the field is evaluated along a straight line in the gas from the high-voltage
side towards the grounded side.
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Figure 5.8: Background electric field magnitude for the finalised electrode-spacer geometry and the coaxial reference case.

The interface-field profiles retain the main HV-side-dominated behaviour of the coaxial reference.
Exact point-by-point agreement is not expected because the creepage paths and surrounding geometries
differ. Away from the spacer interface, the background field also follows the same general variation
from the high-voltage side towards the grounded side.

The global field metrics show close agreement with the coaxial reference. The representative profile



5.6. Chapter conclusions 44

peak differs by +0.8%, the mean interface field by —2.2%, and the Schwaiger utilisation factor by —3.0%.
The finalised geometry therefore preserves the overall field level and utilisation of the reference case.

The largest difference occurs near the grounded end. The HV-side peak differs by only +0.8%, whereas
the grounded-side peak increases from 0.977 kV/mm to 1.172 kV/mm, a difference of +19.9%. The
corresponding HV/GND field ratio decreases from 2.101 to 1.766. Both geometries nevertheless remain
HV-side dominated.

5.6. Chapter conclusions

¢ The finalised electrode and spacer geometry gives global interface-field metrics close to those of
the coaxial reference. The representative profile peak differs by +0.8%, the mean interface field by
—2.2%, and the Schwaiger utilisation factor by —3.0%.

¢ Both geometries remain HV-side dominated. The HV-side peak changes from 2.053 kV/mm to
2.069 kV/mm, while the grounded-side peak increases from 0.977 kV/mm to 1.172 kV/mm. The
corresponding HV/GND field ratio decreases from 2.101 to 1.766.

® Spacer length acts as an electric field shaping variable. Reducing the interface length from
approximately 100 mm to 50 mm increased the mean interface field and improved the field
utilisation.

* The selected geometry combines a 50 mm spacer with shaped high-voltage and grounded
electrodes while retaining the main interface-field behaviour of the coaxial reference.



Thermal Management System

This chapter develops the thermal system required to establish the prescribed temperature conditions
on the fixed electrode-spacer geometry. The thermal requirements defined in Chapter 4, together with
the need to preserve the field-defining geometry, form the design basis. Hot-oil circulation and floating
cartridge heating are developed and compared to select a preferred candidate for physical qualification.

6.1. Thermal-System Design Requirements

The thermal system must establish the required temperature conditions without changing the
field-defining electrode-spacer geometry. The axial temperature difference is defined as

AT = Tyv — TgND.

The gradient condition specified in Chapter 4 is

|AT| = 40-50 K.

A positive AT denotes the HV-hot condition, while a negative AT denotes the ground-hot condition.
Both electrode temperatures are measured independently so that the realised temperature difference is
obtained from the measured values. Figure 6.1 illustrates this sign convention for the HV-hot condition.

The HV-electrode temperature is measured using a fibre-optic temperature sensor, while the grounded-
electrode temperature is measured using a PT100 resistance temperature detector. Both sensors are
mounted on the inner surface of the corresponding adaptor at the electrode-adaptor interface. Their
leads are routed through the hollow aluminium rods, and the sensors are installed before the heating
components.

An unheated ambient-temperature reference condition is also required. No heating is applied at
either electrode, and both electrode temperatures are allowed to stabilise near the measured ambient
temperature. The allowable residual temperature difference and stability period are established during
physical qualification. The same field-defining geometry and fixed test conditions are retained for the
unheated and heated conditions.

Heating and control. Heating provision is included at both electrode ends. For the unheated ambient-
temperature reference condition, neither heater is energised. For a gradient condition, the selected
hot-side electrode is regulated to a prescribed temperature, while both Ty and Tgnp are measured
independently. The realised |AT| is then checked against the required 40-50 K range. Figure 6.2 shows
the common control strategy used for both retained heating concepts.

45
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Figure 6.1: Definition of the axial temperature difference for the HV-hot condition.
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Figure 6.2: Thermal-control architecture for the hot-oil and floating cartridge-heating concepts.

The primary feedback loop acts on the selected hot-side temperature, Tjot, and remains active after
the required thermal condition has been established. The controller acts on the temperature error
et = Thot,set — Thot and adjusts the selected heater accordingly. The opposite electrode is initially left

unheated while its temperature is monitored.

Opposite-side heating is used only when the temperature of the unheated electrode results in a |AT]|
above the required range. Heating that electrode can then reduce |AT|. It cannot correct a temperature
difference that is already too small. The required stability band and final control settings are established

during test-bench qualification.

The same control strategy is used for both gradient directions. For the HV-hot condition, T, = Thv;
for the ground-hot condition, Tyt = Tonp. Both electrode temperatures are retained because the same
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|AT| can occur at different absolute temperatures. They also provide the boundary temperatures for the
thermal model. The two gradient directions are qualified separately because their thermal surroundings
are not identical.

Reference-profile comparison. The modelled spacer-temperature profile is compared with the coaxial
reference arrangement using the normalised spacer coordinate

£=—,

Lspacer

where s is the distance along the spacer surface and Lspacer is the corresponding surface length. The
profiles are interpolated onto a common ¢ coordinate so that geometries with different spacer lengths
can be compared directly. The comparison considers the hot-to-cold direction, the overall temperature
difference, and the maximum local temperature difference between the two profiles.

Upper numerical thermal condition. In addition to the 40-50 K experimental temperature-difference
range, the thermal designs are assessed with the 100°C hot-source condition defined in Chapter 4. This
is an upper numerical design condition rather than the normal experimental setpoint. The allowable
temperature of the realised bench is governed by the lowest applicable component or material rating.
The resulting spacer-temperature distributions are reported in Chapter 9.

Electrical integration. The thermal hardware is designed for the 50 kV DC operating basis. The
integrated insulation geometry is numerically screened at 60 kV; this does not constitute a physical
voltage rating. Heating and temperature measurement must not introduce an unintended conductive
path to ground, change the field-defining geometry, or create a new dominant stressed region.

Table 6.1 summarises how the thermal design developed in this chapter responds to FR-T1-FR-T4 of
Chapter 4. The requirement definitions remain those of Chapter 4.

Table 6.1: Chapter 6 design response to the thermal requirements of Chapter 4.

ID Design response in Chapter 6 Remaining physical check

FR-T1 The design provides the unheated reference condition and both Calibrate both temperature
heated-gradient conditions. Tiyy and Tgnp are measured independently, measurements. Demonstrate
and the realised AT is calculated from these temperatures. |AT| = 40-50 K for the gradient

conditions and establish the
residual-temperature-difference and
stability limits for the unheated

reference.

FR-T2 The selected hot-side electrode is regulated first while the opposite Establish the setpoint tolerance, stability
electrode is left unheated and its temperature is monitored. Heating at duration, opposite-electrode acceptance
the second electrode is used only if required to bring the realised |AT]| band, and thermal-protection limits
within the specified range. during qualification.

FR-T3 Heating provision at both electrode ends allows the hot side to be Qualify the HV-hot and ground-hot

changed without changing the field-defining electrode—spacer geometry. conditions separately and demonstrate
that both satisfy FR-T1 and FR-T2.

FR-T4 The spacer-temperature profiles are compared with the coaxial reference Use the measured electrode
arrangement using the normalised-coordinate method defined in this temperatures as model boundaries and
section. report the temperature-profile deviation

for the realised bench.

6.2. Heating-Concept Screening and Retained Architectures

Candidate heating methods were screened against four criteria derived from Section 6.1: the method
must produce the required electrode-to-electrode temperature difference, allow either electrode to form
the hot side, preserve the field-defining electrode-spacer geometry, and remain compatible with the HV
insulation boundary. Table 6.2 applies these criteria to the candidate methods.

Hot-oil circulation. Circulating heated oil through a hollow conductor has experimental precedent in
gas-insulated spacer studies. Zhang, Qi and Zhang used heating oil inside a hollow central conductor,
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Table 6.2: Screening of candidate heating methods.

Heating method Assessment for the present test bench Decision

Service-current Reproduces the conductor-heating principle used in thermo-electric GIS testing [49], Not retained
conductor heating but requires a high-current path and return circuit that are not part of the fixed DC
flashover arrangement.

Uniform chamber Raises the overall temperature but does not establish the required Not retained
heating electrode-to-electrode temperature difference or allow the heated side to be swapped.

Direct induction Can heat the electrode without direct electrical contact, but requires an excitation coil Not retained
heating and associated hardware close to the field-defining electrode.

Hot-oil circulation ~ Transfers heat from an external source to the selected electrode through an insulated Retained:

fluid path. The principle has experimental precedent in gas-insulated spacer Concept 1
arrangements.
Floating cartridge Generates heat locally inside the electrode without changing its external profile. Retained:
heating HV-side operation requires electrically isolated power transfer. Concept 2

while Ma et al. used a hollow conductor connected to an external oil tank and pump [50], [53]. These
studies support the heat-transfer principle used here. The tubing, U-bend, sealing, and electrical-isolation
arrangement for the present test bench is developed in Section 6.3.

Floating cartridge heating. Local resistive heating of an HV electrode also has experimental precedent.
Huang et al. heated the HV electrode using heating tape and separated the heater from the electrode
by a 1 mm AIN ceramic layer [64]. The present design instead places a resistive cartridge inside the
electrode so that the external electrode profile is unchanged.

The grounded-side cartridge can be supplied directly, whereas the HV-side cartridge requires electrical
isolation from ground. Inductive coupling is therefore used to supply a floating heater circuit on the
HYV side. The inductive link transfers electrical power, while the cartridge generates heat resistively.
This distinguishes the retained architecture from the direct induction-heating method rejected during
the concept screening..

6.3. Hot-0il Heating Architecture

The hot-oil architecture heats the oil in external equipment at ground potential and circulates it to
the selected electrode through PFA supply and return tubes. The HV-hot configuration is considered
because the tubes enter an electrode at HV potential and therefore require electrical isolation. The main
elements of the arrangement are shown in Figure 6.3.

Hot-oil heating architecture — HV-hot configuration

o EXTERNAL OIL CIRCUIT o INTERNAL OIL PATH INSIDE HV ASSEMBLY 9 TEST ASSEMBLY
(equipment at ground potential) Supply and return flow through two PFA tubes
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Figure 6.3: Hot-oil heating architecture for the HV-hot configuration.
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6.3.1. Heat-Transfer Path and Mechanical Integration

The oil lines are housed inside the hollow aluminium rod so that the external electrode geometry
remains unchanged. The rod has a 26 mm outer diameter and a 20 mm bore. The removable internal
assembly and the supply and return flow paths are shown in Figure 6.4.
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Figure 6.4: Internal assembly and flow path of the hot-oil module.

The supply and return lines use SMC TL0604 Super-PFA tubing with a 6 mm outer diameter and a
4 mm inner diameter. The tubing was selected for its fit within the 20 mm rod bore, its temperature
range, and its compatibility with silicone fluid [65]. Its hydraulic suitability is assessed below.

The tubing cannot form the return bend directly inside the rod. The manufacturer gives a recom-
mended bend radius of 35 mm, whereas the rod provides only about 10 mm radial space [65]. The flow
is therefore reversed in the PEEK U-bend shown in Figure 6.5. PEEK is used for the U-bend because the
return component must remain electrically insulating while supporting the tube and ferrule assembly.
PTFE compression ferrules and a retainer plate locate and seal the two tubes. The retainer screw holes
are positioned on the perpendicular axis and outside the internal U-channel so that they do not interrupt
the oil passage.
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Figure 6.5: PEEK U bend and mechanical tube-retention arrangement.

Detailed dimensions of the internal oil-loop components are provided in Appendix C.

Hydraulic design. XIAMETER PMX-200 Silicone Fluid, 10 cSt, is used as the reference working fluid
for the preliminary flow and pressure-loss calculations. The 10 cSt grade provides a low-viscosity basis
for the small-bore oil circuit, while its density, thermal expansion and heat-capacity data are available
from the manufacturer [66], [67].

A nominal flow of 200 mL/min is used for the preliminary design. At this flow, the estimated 50 W
thermal demand can be transported with an oil-temperature drop of approximately 10 K. For the
provisional 2 m supply-and-return path, the flow is strongly laminar and the calculated loop pressure
loss is approximately 13 kPa. The resulting preliminary pump requirement is at least 0.30 L/min at
30 kPa.

The complete flow and pressure-loss calculation is given in Appendix C. The pressure-loss calculation
must be repeated after the external tube routing is fixed. It establishes the fluid-transport requirement
but not the thermal resistance between the oil and the electrode.

6.3.2. HV Isolation and Remaining Checks

HV isolation. The reservoir, pump and oil heater remain at ground potential. Heat is transferred to
the selected electrode through the PFA supply and return tubes, so no grounded metallic fluid line
or heater conductor enters the HV rod. The electrical insulation therefore depends on the complete
fluid path, including the tubing, fittings, exposed surfaces and clearances at the tube-entry region. The
tubing specification alone does not define the withstand of this assembly. The complete fluid path must
therefore be tested as an assembly before operation at 50 kV DC.

Temperature control. The hot-oil concept uses the common control strategy defined in Section 6.1.
The controller adjusts the external oil-heater power, while the pump maintains oil circulation. Oil
temperature is monitored separately as a protection variable for the circulation loop.

Remaining checks. Before experimental use, the assembled oil circuit requires leak and circulation
testing, measurement of the oil-to-electrode thermal response, calibration of the temperature mea-
surements and an electrical withstand check of the complete fluid path. The flow and pressure-loss
calculations define the required hydraulic operating point, but they do not establish the thermal or
electrical performance of the assembled system.

6.4. Floating Cartridge-Heater Architecture

The second retained architecture generates heat locally inside the selected electrode using a resistive
cartridge heater. At the grounded electrode, the heater can be supplied conventionally. For HV-side
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heating, the heater circuit floats with the electrode potential and is supplied by inductive power transfer,
as shown in Figure 6.6. Electrical power is transferred to the floating circuit, while heat is generated
resistively in the cartridge heater.
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|
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Power conditioning Primary .Flolat—itng Cartridge
and control excitation single-turn — Local heat
(primary side) winding secondary loop - mgeﬂeration
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AC power
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« Power controller
« Current monitoring Tranformercore
Electrical power transferred Return lead closes
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[ —— Grounded primary-side circuit —— HV-floating secondary circuit —— Heat generation (resistive) }

Figure 6.6: Power-transfer architecture of the HV-floating cartridge-heater circuit.

6.4.1. Heater and Floating-Loop Design

The cartridge heater is positioned in an internal pocket in the aluminium electrode so that the external
gas-facing electrode profile remains unchanged. Preliminary sizing uses a24 V, 75 W cartridge heater. Its
rated current is approximately 3.1 A. The 75 W rating provides power margin above the approximately
50 W thermal demand used for preliminary sizing. The 50 W value is a design basis rather than a
measured heat requirement; the power required to maintain the prescribed electrode temperature must
be established on the realised assembly. Detailed calculations are given in Appendix D.

For the HV-side arrangement, the cartridge heater forms part of a closed electrical loop that floats
with the electrode potential. A 4 mm? copper conductor is used as a provisional design-reference size
for the floating-loop loss and insulation-geometry calculations. At the approximately 3.1 A rated heater
current, the calculated loss of the provisional 2 m conductor route is approximately 0.11 W, which is
negligible compared with the 75 W cartridge rating. Conductor current capacity is therefore not the
governing design constraint.

For the preliminary insulation geometry, the dimensions of a Nexans HFIX 1 x 4 mm? XLPE-insulated
conductor are used as a manufacturer-data reference. The stated average XLPE insulation thickness is
approximately 0.8 mm and the insulated-core diameter is 3.8—4.7 mm [68]. This reference defines the
geometry used in the insulation assessment; it does not constitute the final cable selection. The cable
used in the realised bench must be selected from available laboratory or procured components and
checked against the required conductor, insulation, routing and termination conditions.

Power-transfer requirement. The heater-side design requires approximately 20-24 V at 2.6-3.1 A
over the preliminary 50-75 W operating range. These values define the required secondary output of
the inductive power-transfer system; they are not measured characteristics of the existing transformer.
The existing transformer is therefore characterised first under a representative resistive load. If it cannot
provide the required voltage, current and continuous power, a suitable alternative transformer must be
selected or designed.

6.4.2. Mechanical and Electrical Integration

The cartridge-heater leads are routed through the hollow aluminium rod to a terminal support above
the rod. Figure 6.7 shows the internal heater arrangement and the corresponding terminal interface.
Terminal A is insulated from the aluminium structure, while Terminal B is intentionally bonded to it.
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Figure 6.7: Internal integration of the floating cartridge-heater circuit: (a) heater and lead routing and (b) terminal arrangement.

Current path. Terminal A provides the insulated connection to one heater terminal. Current then
passes through the cartridge-heater element to Terminal B, which provides the intentional bond to the
return side of the floating circuit. The PTFE cable bushings and the PEEK support plate provide local
insulation and mechanical support at the terminal interface. PFA-insulated heater leads are routed
through the hollow aluminium rod to the cartridge heater. Where additional separation is required, a
removable PTFE or PEEK guide can be fitted inside the rod to keep the leads away from the aluminium
wall and reduce mechanical contact during assembly and operation. The cartridge sheath provides the
mechanical and thermal interface to the electrode and is separate from the heater-terminal connection.

6.4.3. Secondary-to-Ground Insulation Design and Screening

Inductive coupling removes the galvanic connection between the grounded supply and the HV-side
heater, but the floating secondary circuit must still be insulated from ground. During HV-side heating,
the secondary loop remains near the electrode potential while the transformer core and primary-side
equipment remain at ground potential. The conductor passing through the transformer window must
therefore withstand the voltage between the floating secondary circuit and ground. A 60 kV numerical
screening case is used to assess this arrangement, above the 50 kV intended operating limit. The 60 kV
case does not define a physical withstand rating.

The floating conductor is routed through the centre of the open transformer window to maximise
its minimum clearance to the grounded core. The window is approximately 330 x 360 mm and the
complete insulated cable is approximately 28 mm in diameter. This gives a minimum clearance of
approximately 151 mm horizontally and 166 mm vertically. Two insulating split clamps located outside
the transformer core maintain the centred position without introducing support hardware into the open
window. The arrangement is shown in Figure 6.8.
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Figure 6.8: Centred support and insulation arrangement of the floating conductor through the grounded transformer window.

The secondary-to-ground insulation in the transformer window region consists of the XLPE-insulated
floating conductor, an additional 12 mm radial silicone sleeve and the remaining air clearance to the
grounded core. The design-reference HFIX cable has an insulated-core diameter of approximately 3.8—
4.7 mm. Adding the silicone sleeve gives an overall insulated diameter of approximately 27.8-28.7 mm,
which is consistent with the approximately 28 mm geometry used for the transformer-window design
and numerical model.

As a first geometric check, the 60 kV screening voltage divided by the minimum 151 mm clearance
gives an average field scale of approximately 0.40 kV/mm. This value is used only as a bulk-clearance
check. It is not the local insulation stress because the field is non-uniform and the voltage is distributed
across the solid insulation and surrounding air.

A two-dimensional electrostatic model was therefore used to evaluate the local electric field for the
centred-conductor arrangement. The floating conductor is set to 60 kV and the transformer core is
grounded. The model represents the conductor, cable insulation, silicone sleeve, surrounding air and
grounded core. The external support clamps are outside the transformer window and are not part of
this central cross-section. Figure 6.9 shows the resulting electric field.
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Figure 6.9: electric field distribution for the centred floating conductor at the 60 kV numerical screening case.

The model gives approximately 2.0 kV/mm at the conductor-cable-insulation interface, approximately
1.0 kV/mm in the cable insulation away from the inner interface, and approximately 1.2 kV/mm in the
additional silicone insulation and at the outer silicone-air surface.

The calculated field is concentrated close to the floating conductor, while the centred arrangement
retains the large clearance to the grounded transformer core. The numerical results characterise the
electric field distribution of the proposed transformer-window insulation geometry for the 60 kV
screening case. The screening addresses the cable crossing through the transformer window; the final
terminations and completed floating-secondary assembly must be included in the electrical withstand
check before operation at 50 kV DC.

Temperature control. The floating cartridge-heater concept uses the same temperature-control
strategy. For HV-side heating, the controller demand acts on the grounded transformer primary.

6.5. Comparative Design Assessment

Both retained architectures are designed to provide the required thermal conditions while preserving
the external field-defining geometry. The final comparison therefore considers ease of implementation,
system complexity and the principal design risk associated with each concept. Table 6.3 summarises the
comparison.
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Table 6.3: Comparison of the retained thermal-management architectures.

Assessment criterion

Hot-oil architecture

Floating cartridge-heater architecture

Heat delivery

Implementation

System complexity

Principal design risk

Design evidence

Design position

Heat generated externally and transferred to the
electrode by circulating oil.

Requires reservoir, pump, external heater, supply
and return tubing, fittings and an internal U-bend.

Includes hydraulic, sealing, thermal and
electrical-isolation functions.

Fluid-path integrity and sufficient oil-to-electrode
heat transfer while maintaining electrical isolation.

Internal oil circuit and U-bend developed;
preliminary hydraulic sizing completed.

Retained as the alternative heating concept.

Heat generated locally inside the electrode by a
resistive cartridge heater.

Requires a cartridge heater, floating secondary
loop and transformer for inductive power transfer.

No circulating fluid system; the main additional
requirement is isolation of the floating secondary
circuit from grounded parts.

Insulation of the floating secondary loop from
ground, particularly its clearance from grounded
surfaces.

Heater and floating-loop design completed;
mechanical integration and transformer-window
secondary-to-ground insulation screening
performed.

Preferred candidate for physical qualification.

On this basis, the floating cartridge-heater architecture is selected as the preferred candidate for
physical qualification, while the hot-oil architecture is retained as the alternative.

6.6. Chapter conclusions

¢ The thermal system supports an unheated reference condition and heating of either electrode
while preserving the external electrode-spacer geometry. The required temperature difference is

IAT| = 40-50 K.

¢ Two heating architectures were developed. The hot-oil concept transfers heat through an electrically
isolated fluid circuit, whereas the cartridge-heater concept generates heat directly inside the

electrode.

¢ The floating cartridge-heater arrangement requires the secondary circuit to remain insulated from
grounded parts. The transformer-window geometry and the 60 kV numerical screening support
the proposed centred-cable insulation arrangement, which must still be verified on the completed
assembly before 50 kV DC operation.

¢ The floating cartridge-heater architecture is selected as the preferred concept because of its simpler
implementation and lower system complexity. The hot-oil architecture is retained as the alternative
if the floating-loop insulation cannot be qualified.



Chamber, HV Connection and Housing

This chapter develops the chamber, HV connection and housing that integrate the fixed electrode-
spacer geometry with the thermal interfaces of the test bench. The design builds on the requirements of
Chapter 4 and the component designs of Chapters 5 and 6. The resulting assembly defines the electrode
supports, enclosure, sealing, service routing and access provisions.

7.1. HV Connection and Electrode Support

The electrode-support assembly must maintain the electrode position while providing the electrical
connection and the internal routing required by the thermal system. These functions are combined in
the concentric cap-rod—adaptor—electrode arrangement shown in Figure 7.1.

Top view
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Figure 7.1: HV-side cap-rod—adaptor—electrode assembly.
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The upper cap provides the external electrical and service interface. The lower cap locates the hollow
aluminium rod and supports the internal connections entering the rod bore.

The cap is divided into upper and lower parts to provide access to the service connections while
maintaining the rod position. Locating spigot-and-socket features maintain concentric alignment
between the cap and hollow rod. A common PEEK support plate inside the lower cap provides the
mounting interface for either thermal architecture defined in Chapter 6.

Heating provision is included at both electrode ends. Corresponding hollow rods, adaptors and
electrode interfaces allow either electrode to be heated without changing the spacer position or electrode
contours.

The hollow rod provides the conductive connection to the electrode and its main axial support. Its
bore routes the heating and sensing connections internally, keeping them away from the exposed gas
region around the spacer.

The adaptor provides the detachable mechanical connection between the hollow rod and electrode.
Mating faces locate the adaptor. Recessed screws engage blind threaded holes so that no screw head
projects into the gas region near the electrode—spacer interface. The dimensions and fastening details
are given in Appendix A and illustrated in Figure 7.2.
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(a) Rod-adaptor—electrode connection. (b) Upper and lower cap arrangement.

Figure 7.2: Mechanical details of the HV-side connection.

The detachable adaptor allows the electrode to be removed for spacer inspection or replacement
without dismantling the cap and rod assembly. The same locating faces are used when the electrode is
reassembled.

7.2. Chamber Enclosure and End Flanges

The chamber enclosure must provide optical access to the electrode-spacer region while locating the
rod assemblies, accommodating the sealing interfaces and carrying the chamber-end load. The selected
arrangement uses a transparent PMMA tube between two insulating PEEK end flanges.

The PMMA tube forms the lateral boundary of the enclosed air volume without defining the electrode
profile. Its flat ends meet the PEEK flanges, and the HV and grounded rods pass through the centres of
the flanges. The arrangement is shown in Figure 7.3.
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Figure 7.3: PMMA chamber tube and PEEK end-flange arrangement. Schematic, not to scale.

PMMA is selected for the chamber tube because its transparent wall provides optical access for
assembly inspection, optical recording of surface-flashover events and post-test inspection. A clear cast
PMMA tube is adopted as the design-reference chamber material. The commercial reference, nominal
dimensions and supplier material data are given in Appendix B [69]. The supplied tube must be checked
against the required dimensions, temperature, mechanical loading and cleaning procedure before use.

The planned tests use air near 1 bar(a). For mechanical sizing, the chamber adopts an internal-to-
external differential pressure of Apgesign = 6 bar = 0.60 MPa. This is a separate mechanical design
condition and does not represent the experimental operating pressure or a certified chamber rating.

The pressure-load calculation uses the outside diameter of the PMMA face-seal groove as the
conservative pressure boundary. The resulting axial load on one chamber end is approximately 17.8 kN.
A thesis-specific screening factor of yr = 2.0 is applied to account conservatively for the simplifying
assumptions of the preliminary load calculation. This gives a chamber-end design load of approximately
35.5 kN. The complete pressure-force and tie-rod calculation is given in Appendix E.

PEEK is selected for the chamber-end flanges because the flanges must provide electrical insulation,
withstand the local operating temperature and maintain their dimensions under sustained mechanical
load. Using an insulating flange also avoids introducing a large conductive surface near the rod entry
and chamber ends. This reduces the risk of parasitic discharges outside the intended electrode-spacer
region. The flanges locate the rods, contain the sealing interfaces and transfer the chamber-end load.
PEEK provides the required temperature resistance together with good long-term creep resistance and
dimensional stability, which helps maintain rod alignment, seal compression and flange preload [70].
The selected grade must be checked against the flange temperature, sustained stress and required
service duration.

The end flanges also provide interfaces for controlled air exchange, venting and measurement of the
chamber condition. The detailed fittings and dimensions are specified in the engineering drawings.



7.3. Sealing and Chamber Retention 59

7.3. Sealing and Chamber Retention

Three interfaces require sealing: the PMMA tube-to-flange joint, the rod feedthrough, and the split
plane between the two PEEK flange halves. These interfaces use a static FKM face seal, a spring-energised
PTFE radial seal and a static FKM split-plane O-ring, respectively.

At each chamber end, the flat PMMA tube face seals axially against the PEEK flange. A static FKM
O-ring is located in the flange face-seal groove. This arrangement follows the established axial O-ring
sealing principle [71]. It avoids a radial interference fit on the PMMA tube and therefore reduces radial
assembly stress.

The rod feedthrough requires radial sealing around the aluminium rod while allowing limited axial
movement during assembly and thermal expansion. A spring-energised PTFE seal is therefore used
between the finished rod surface and the PEEK gland. The internal spring provides the initial sealing
contact. A positive chamber pressure can additionally load the seal lips [72].

The PTFE rod seal is installed in a split gland formed by the upper and lower PEEK flange halves.
This allows the seal to be fitted around the rod without removing the rod—electrode assembly. Closing
the two halves introduces a third leakage interface, which is sealed by a separate static FKM O-ring. The
rod seal accommodates axial movement but does not define the electrode position; this remains fixed by
the rod and adaptor assembly described in Section 7.1.

The selected arrangement separates the three sealing interfaces from the local gland closure and the
principal chamber-retention path, as shown in Figure 7.4.
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Figure 7.4: Split PEEK chamber-end feedthrough and sealing interfaces. Schematic, not to scale.

The two PEEK flange halves close against full PEEK-to-PEEK contact at the split plane. This contact
forms the mechanical hard stop and defines the final gland width. Seal compression is therefore set by
the machined gland geometry rather than by screw torque alone.

Eight recessed M6 screws close the split gland and maintain local contact between the two PEEK
halves. The screws pass through clearance holes in the upper half and engage blind threaded holes in
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the lower half. The blind threads avoid a direct through-hole between the chamber and the atmosphere.
These screws are not credited with carrying the principal pressure-induced chamber-end load.

Eight M10x1.5 A4-80 tie rods provide the principal chamber retention and clamp the PMMA tube-end
face seals. Under the factored chamber-end load defined in Section 7.2, the pressure-induced load is
approximately 4.44 kN per tie rod. Before pressurisation, each tie rod is assumed to have an initial
preload of 5.0 kN from tightening. For the screening check, the full pressure load is conservatively
added to this preload, giving a total tensile load of 9.44 kN per tie rod. This is approximately 27% of the
minimum proof-load capacity. The detailed calculation is given in Appendix E.

This calculation checks the tie rods against direct tensile loading. The complete flange joint must also
be checked for PEEK deformation and creep, local bearing, joint opening and preload retention.

The aluminium rod forms part of the electrical connection to the electrode and therefore remains
uninsulated. A defined sealing band on the rod provides the mating surface for the PTFE seal. Its
surface finish must meet the seal requirements and be free from damage before assembly.

Final seal dimensions, material grades and mating-surface requirements must be fixed from the
selected seal data before manufacture. Leak-tightness and pressure retention must then be demonstrated
by commissioning and acceptance tests.

7.4. Integrated Assembly

The complete arrangement combines the two rod-electrode assemblies with the PMMA chamber tube,
PEEK end flanges, sealing system and chamber-retention tie rods. The spacer remains centred between
the two field-facing electrodes, while the hollow rods provide the electrical, mechanical and thermal
connection through the chamber ends. Figure 7.5 shows the resulting integrated arrangement.

Changing the voltage polarity requires no mechanical change to the active electrode-spacer region.
Changing the heated electrode changes the thermal connection and external supply arrangement, but
the spacer position and electrode geometry remain unchanged. The HV-hot and ground-hot conditions
therefore use the same field-defining geometry.

The detachable rod-adaptor—-electrode connections allow the spacer to be removed for inspection or
replacement without dismantling the complete chamber-end assembly. Locating faces in the mechanical
design provide the reference for restoring the electrode position after reassembly.

7.5. Safety Provisions

The test-bench design provides for isolation of the HV source, grounding of the test object and
independent disconnection of the heating and measurement circuits. The chamber also provides
controlled venting and protection against contact with heated components. Access must be prevented
while high voltage is applied or stored charge may remain. The associated interlocks, discharge
arrangement and emergency shutdown functions must be verified before HV testing.

7.6. Chapter conclusions

¢ The integrated design allows the voltage polarity and the heated electrode to be changed without
changing the electrode-spacer geometry. The spacer can also be removed and replaced without
dismantling the complete chamber assembly.

e The chamber is mechanically designed for an internal-to-external differential pressure of 6 bar.
¢ A separate sealing arrangement is provided for each main leakage interface of the chamber.

® The selected eight M10x1.5 A4-80 tie rods have sufficient tensile capacity for the preliminary
chamber load.

¢ The complete chamber assembly has not yet been physically verified. Leak-tightness, pressure
retention, flange behaviour, HV performance and safety functions must be checked before
experimental use.
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Figure 7.5: Integrated chamber, electrode-spacer and rod assembly in the HV-hot configuration. Schematic, not to scale.



Coupled Electro-Thermal Simulation:
Model Setup

This chapter defines the electro-thermal model used to calculate the temperature distribution and
time-dependent DC electric field in the electrode-spacer arrangement. The fixed electrode-spacer
geometry and thermal boundary conditions established by the test-bench design form the modelling
basis. The model definition specifies the geometry, physical models, boundary and initial conditions,
numerical settings, extracted quantities and limitations used in the simulations.

8.1. Model Scope and One-Way Coupling

The thermal calculation is performed first. Stationary and time-dependent thermal studies calculate
the temperature distribution. The stationary temperature distribution is then used to evaluate the
temperature-dependent epoxy conductivity for the electrical calculation. During the electrical calculation,
the temperature distribution remains fixed and electrical losses are not coupled back to the thermal
model.

Li et al. used a comparable one-way treatment in a three-dimensional DC-GIL model when leakage-
current heating was small compared with conductor heating [34]. The same one-way thermal-to-electrical
coupling is adopted here as a modelling assumption. The applicability of this assumption to the present
geometry has not been independently verified.

The electrical model calculates the macroscopic DC electric field redistribution caused by the prescribed
conductivity distribution. The model excludes explicit gas-ion transport, surface-charge transport,
charge injection and discharge propagation.

8.2. Axisymmetric Geometry and Numerical Representation

The numerical models were implemented in COMSOL Multiphysics 6.2 using a two-dimensional
axisymmetric r—z representation. The electrode-spacer arrangement is rotationally symmetric about
its central axis, so the meridional cross-section represents the nominal three-dimensional geometry.
Circumferential variations are therefore not represented. Figure 8.1 shows the hot-oil model and its
principal material domains.
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Figure 8.1: Axisymmetric model and principal material domains

The model includes the aluminium electrode structure, epoxy spacer, enclosed air and PMMA
chamber. PEEK and PFA regions are included where they affect the thermal or electrical solution.
External service hardware outside the modelled chamber region is omitted. Separate thermal models
represent the hot-oil and floating cartridge-heater architectures. A separate coaxial model provides the
thermal reference. The coaxial geometry is also used for a stationary electric field comparison, with the
upper and lower spacer-gas interfaces extracted separately.

The detailed electrical calculations use stationary temperature distributions obtained with the hot-oil
geometry. Two HV-hot thermal inputs are considered, with prescribed hot-side temperatures of 353K
and 393 K. The higher-temperature condition is used only as a numerical sensitivity case. No separate
electrical calculation was performed with the cartridge-heater temperature distribution. This numerical
simplification does not determine the preferred heating architecture.

8.3. Material and Physical Models

The thermal model includes conduction in the material domains, the reduced air-cavity heat-transfer
treatment and radiative exchange between surfaces. Complete material properties, software expressions
and implementation details are given in Appendix G.

8.3.1. Thermal Model

The thermal calculation uses conservation of energy with Fourier heat conduction [34]:

pcpg—f +V-q=0, q=-kVT, (8.1)

In Equation (8.1), T is temperature, k is thermal conductivity, p is density, c, is specific heat capacity

and q is the conductive heat-flux vector. Their units are K, Wm ™K1, kgm=3,Jkg™' K™! and Wm2,
respectively. In the stationary thermal study, 9T /dt = 0.

For the solid domains, k is the assigned material thermal conductivity. For the enclosed-air domain,
k is replaced by the effective thermal conductivity defined in Section 8.3.2. Radiative heat transfer is
solved separately and is therefore not included in q or in the air-conductivity multiplier.

8.3.2. Air-Cavity Heat-Transfer Approximation

Natural convection increases heat transfer through the enclosed air above that obtained from molecular
conduction alone. The convection enhancement was estimated using the enclosed-air correlation of
ElSherbiny, Raithby and Hollands [73]. For the simplified electrode-spacer air region, the screening
calculation gives a Rayleigh number of approximately 3.8 x 10° and Nusselt-number values between
approximately 4.4 and 4.9. The complete derivation is given in Appendix F.
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A Nusselt-number multiplier of 4.5 was selected for the reduced thermal model. The multiplier is
applied uniformly to the complete enclosed-air domain as

kair,eff(T) =45 kair(T)r (8‘2)

where ki (T) is the temperature-dependent molecular thermal conductivity of air. Equation (8.2)
represents only the convection-enhanced contribution to heat transfer. Radiative heat transfer is solved
separately.

Figure 8.2 compares the selected treatment with conduction and radiation alone and with resolved
natural convection in the simplified electrode-spacer region. The effective-conductivity model moves the
calculated spacer-temperature profile towards the resolved-convection result compared with conduction
and radiation alone. The comparison supports use of the effective-conductivity treatment in the thermal
calculations.
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Figure 8.2: Spacer-temperature profiles for the three air-cavity heat-transfer representations.

The effective-conductivity model does not calculate the local gas-flow field. The multiplier 4.5 is
therefore a global heat-transfer approximation and not a local Nusselt number throughout the chamber.

8.3.3. Electrical Model and Temperature-Dependent Conductivity
The electrical calculation uses the COMSOL Electric Currents interface for the time-dependent and
stationary DC solutions. The formulation combines conduction and displacement current:

dD
E=-VV, D = ¢p¢/E, J=0E+ T V-] =0. (8.3)
In Equation (8.3), V is electric potential, E is electric field, D is electric flux density and J is total current
density. Their units are V, Vm™, Cm™2 and Am™2, respectively. The variable ¢ denotes time in s. The
vacuum permittivity & has units of Fm™!, ¢, is dimensionless and ¢ is electrical conductivity in Sm™!.

The conductivity ¢ in Equation (8.3) is assigned separately to each material domain. The epoxy
domain uses oep(T), while the air domain uses

Oair = 1.0x107#Sm™.

Ground-level atmospheric air has an electrical conductivity of the order of 10714*Sm™ under natural
ionisation conditions [74]. The value used here is a prescribed model input and was not measured in
the test chamber. The remaining electrical material properties are listed in Appendix G.

The epoxy conductivity follows the reference-form Arrhenius relation introduced in Section 2.3.1.
Arrhenius-type conductivity relations are used to describe the temperature dependence of epoxy-based
insulation, including epoxy materials investigated for HVDC GIS/GIL spacers [18], [75]:
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_ E, [ 1 B l
Gep(T) = Oref exp[g (E T)] ’ (8.4)

In Equation (8.4), oyer = 1.0 X 10716 Sm! is the reference conductivity at Tref = 293 K. The activation
energy is E; = 0.5eV, and kg = 8.617 X 1075 eV K™ is the Boltzmann constant. The selected activation
energy follows a modified filled-epoxy precedent for HVDC GIS/GIL applications [75]. The relative
permittivities are ¢, ¢, = 4.4 for epoxy and ¢, iy = 1.0 for air. The epoxy conductivity depends on
temperature but has no explicit electric field dependence in the present model. A separate stationary
reference calculation was performed with the epoxy conductivity held constant at

Oep =1.0x1071Sm™".

The constant value is equal to the reference conductivity in Equation (8.4). The geometry, relative
permittivities, air conductivity and electrical boundary conditions remain unchanged. This reference
removes the temperature dependence of the epoxy conductivity and provides the comparison basis for
the stationary electric field redistribution.

8.4. Boundary Conditions and Study Sequence

The thermal and electrical studies use separate boundary and initial conditions. The stationary
temperature distribution from the thermal model is transferred to the electrical model and remains
fixed during the electrical calculation. Figure 8.3 summarises the solution transfer, time-dependent
electrical study and applied voltage profile.
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Figure 8.3: Simulation study sequence and applied voltage profile.

8.4.1. Thermal Boundary and Initial Conditions

The thermal studies use different hot-side conditions according to their purpose. For comparison of
the heating concepts and the coaxial reference, the hot-oil model uses the 100 °C upper thermal-design
condition. The remaining domains are initialised at 293 K in the time-dependent thermal study. The
ambient temperature used for surface-to-ambient radiation is also 293 K.
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The detailed electrical studies use two additional stationary HV-hot thermal solutions obtained with
the hot-oil geometry. The prescribed hot-side temperatures are 353 K and 393 K. The 393 K condition is
included only as a numerical sensitivity case. No temperature difference is imposed directly across the
spacer.

Each thermal solution provides the temperature distribution along the spacer-gas interface and
throughout the modelled domains. The corresponding stationary temperature distribution Tgs(x) is
transferred to the electrical model and remains fixed during that electrical calculation.

8.4.2. Electrical Boundary Conditions and Study Sequence

The electrical calculations use the 60kV numerical screening case. The high-voltage electrode is
assigned the applied potential, while the grounded electrode and grounded metallic structure are set to
V = 0. The maximum operating voltage of the test bench is 50 kV DC.

For each HV-hot thermal case, the corresponding stationary temperature distribution T (x) is
imported from the thermal study. The temperature distribution remains fixed during the electrical
calculation and determines the spatial epoxy-conductivity distribution gep[Tss(x)].

In the time-dependent electrical study, the voltage is ramped from 0 to 60 kV over 200 s and then held
constant. Completion of the ramp defines

tpre = 0.

The end-of-ramp electric field distribution is used as the approximately capacitive 0 h reference.
Some conduction occurs during the finite voltage ramp, so this distribution is not identical to the ideal
initial capacitive field distribution.

Time-dependent electric field distributions are extracted after 1h, 4h, 12 h, and 24 h of subsequent DC
pre-stress. A separate stationary Electric Currents study uses the same thermal distribution and 60 kV
applied voltage. Each transient solution is compared with the stationary DC electric field distribution
corresponding to the same thermal condition.

All calculations use COMSOL's physics-controlled Extremely fine mesh. The stationary and time-
dependent studies use the default COMSOL solver settings. The detailed mesh, solver and study
configurations are given in Appendix G.

8.5. Numerical Verification

The implemented geometry and material domains were checked against the final electrode-spacer
arrangement. The reduced air-cavity treatment was compared with conduction and radiation alone and
with simplified resolved convection, as described in Section 8.3.2.

The electric field quantities near the electrode-spacer junctions were evaluated over finite interface
regions. Values calculated exactly at ideal geometric corners were excluded because the local maxima
are mesh-sensitive.

8.6. Extracted Quantities and Comparison Basis

The thermal outputs include the electrode temperatures and the temperature distribution along the
spacer-gas interface. For the electrical comparison, the realised spacer temperature difference is defined
between the HV-side and grounded-side ends of the spacer-gas interface as

AT =Ty uv — Ts oND,
where T; v and T; gnp are the calculated spacer temperatures at the two interface ends. A positive AT
therefore corresponds to the HV-side end of the spacer being hotter.

The local thermal response is evaluated at Pr, the midpoint of the spacer-gas interface. A first-order
response is fitted as
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T(PT/ t) = Too - (Too - TO) exp(_é) 7 (85)

where T is the initial temperature at Pr, T is the fitted final temperature and 7, is the fitted local
thermal time constant. The fitted value characterises the response at Pr and is not used as a criterion for
complete thermal equilibrium of the model.

The electrical comparison is based on the electric field magnitude along the selected spacer-gas
interface,

Enorm(sl t) = ||E(S, t)” ’

where s is the arc length along the interface and I' denotes the complete extracted interface path. Enorm
has units of Vm™L. The corresponding stationary DC field profile is denoted by Enorm,ss(S)-

The whole-interface deviation from the corresponding stationary DC distribution is defined as

1/2
[ (Er\orm(sl t) - Erlorm,ss(s))2 dS]
T

12
[ i Eﬁorm,ssmds]

Equation (8.6) is dimensionless. The arc-length integral weights the comparison by physical distance
along the interface rather than by the number of sampled points. A value of Dg = 0 corresponds to
exact agreement with the stationary profile. Results are reported as 100D in percent.

De(t) = (8.6)

Local deviations are evaluated at fixed reference locations using

Enorm(sj/ t) - Enorm,ss(sj)

0i(t) =
]( ) Enorm,ss(s]')

x100%,  je€{HV,C,GND}. (8.7)

For each thermal case, the three reference locations correspond to the stationary HV-side regional
maximum, central minimum and grounded-side regional maximum. The positions s; are then held
fixed for all transient comparisons of that thermal case. Keeping the positions fixed separates temporal
field changes from movement of the local extrema. The sign of 6; indicates whether the transient value
lies above or below the stationary value.

The absolute fractional local residual is defined as

|Enorm(sj/ t) — Enorm,ss(sj)i _ |6](t)|
Enorm,ss(sj) 100

rj(t) = (8.8)
An interval-based apparent relaxation time is calculated from the reduction of this residual between
two sampled times:

Tapp,j = R
T In[ri(h)/ri(t)]

The reported regional comparison uses t; = 1h and t, = 12h. The apparent relaxation time is
evaluated only where the absolute residual decreases over the selected interval. The quantity Tapp
describes the sampled approach of the local field towards its stationary value and is not interpreted as a
material or Maxwell-Wagner relaxation time.

(8.9)

The 1h, 4h, 12h, and 24 h transient solutions are compared independently with their corresponding
stationary DC distributions using Dg and 6;. Both metrics use the electric field magnitude and do not
separately evaluate the tangential component E;.
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8.7.

Model Limitations

A formal mesh-convergence study and solver-tolerance sensitivity study were not performed. The
reported results therefore refer to the adopted Extremely fine mesh and default solver configuration.

8.8. Chapter conclusions

The electro-thermal calculation uses one-way thermal-to-electrical coupling. The stationary
temperature distribution determines the spatial epoxy-conductivity distribution and remains fixed
during the electrical calculation.

Heat transfer through the enclosed air is represented by kair efi(T) = 4.5 kair(T), with radiative heat
transfer treated separately. Compared with conduction and radiation alone, the selected treatment
moves the calculated spacer-temperature profile towards the simplified resolved-convection result.

The time-dependent electrical study uses the 60 kV numerical screening case with a 200s voltage
ramp. The end-of-ramp field provides an approximately capacitive 0 h reference, while a separate
stationary Electric Currents study provides the stationary DC electric field distribution.

Electrical redistribution is evaluated from the electric field magnitude along the spacer-gas
interface. The whole-interface metric Dg and the fixed-location deviations 6; quantify convergence
towards the stationary DC distribution. The interval-based 7,pp provides an additional regional
descriptor and is not interpreted as a material relaxation time.



Simulation Results

This chapter presents the thermal and electric field results obtained with the electro-thermal model
defined in Chapter 8. The thermal results evaluate the temperature distribution of the test bench and
compare the two heating concepts with the coaxial reference. The electrical results quantify stationary
and time-dependent field redistribution along the spacer-gas interface for the 60 kV numerical screening
case.

9.1. Thermal Response

9.1.1. Whole-Domain Temperature Distribution

Under the 100 °C upper thermal-design condition, the highest calculated temperatures remain
concentrated around the heated electrode, rod, and adjacent PEEK components. The maximum
temperature in the PMMA chamber is approximately 298 K (25 °C), while the maximum temperature
in the PEEK components is approximately 370K (97 °C). Both values remain within the material-
temperature limits adopted for the test-bench design. Figure 9.1 shows the corresponding stationary
temperature distribution.
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Figure 9.1: Stationary temperature distribution of the test bench under the 100 °C upper thermal-design condition.

The calculated temperature distribution is consistent with the adopted material placement. The
transparent PMMA chamber remains in the cooler outer region, whereas the PEEK components are
exposed to the higher temperatures near the heated chamber end. The thermal calculation does not
assess long-term creep, which also depends on sustained mechanical stress and time.
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9.1.2. Stationary Spacer Temperature Distribution

The spacer temperature profile determines the temperature distribution used in the electro-thermal
comparison. Under the 100°C upper thermal-design condition, the calculated end-to-end spacer
temperature differences are approximately 74 K for hot-oil heating and 76 K for cartridge heating. The
coaxial reference gives approximately 75 K. Figure 9.2 compares the three profiles on the normalised
interface coordinate defined in Chapter 6.
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Figure 9.2: Stationary spacer-interface temperature profiles for the two heating concepts and the coaxial reference under the
100 °C upper thermal-design condition.

The overall spacer temperature difference of each heating concept is within about 1K of the coaxial
reference. The maximum local difference from the coaxial profile is about 6 K for both concepts and
occurs near & = 0.62. The hot-oil and cartridge-heater profiles differ from each other by at most about
2K. Both heating concepts therefore reproduce the direction and overall magnitude of the coaxial
temperature difference, although the local temperature profiles are not identical.

9.1.3. Local Thermal Response

The local thermal response is evaluated at Pr, the midpoint of the spacer-gas interface. First-order
fits give thermal time constants of approximately 14 min for hot-oil heating and 13 min for cartridge
heating. The corresponding simulated responses and fitted curves are shown in Figure 9.3.

Four fitted time constants correspond to approximately 54 min for hot-oil heating and 50 min for
cartridge heating. The calculated temperature continues to change slowly beyond these times. The
fitted time constants therefore characterise the local response at Py and are not used as a criterion for
complete thermal equilibrium of the test bench.
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Figure 9.3: Temperature response at the midpoint Pr of the spacer-gas interface and corresponding first-order fits for the two
heating concepts.

9.2. Stationary DC Field Redistribution Under Thermal Conditions

The stationary electrical analysis evaluates whether the integrated geometry concentrates the electric
field at the intended spacer—gas interface and how temperature-dependent conductivity redistributes
this field. All electrical results in this section are calculated for the 60 kV numerical screening case.

9.2.1. Whole-Domain electric field Distribution

For the temperature-independent conductivity reference defined in Chapter 8, the elevated electric
field is concentrated around the electrode-spacer region and along the spacer-gas interface. Most of the
surrounding chamber remains in a comparatively low-field region, as shown in Figure 9.4.
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Figure 9.4: Whole-domain electric field distribution of the integrated test-bench geometry for the 60 kV numerical screening case.
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The calculated distribution is consistent with the field-selectivity requirement of the test bench. The
intended electrode-spacer region carries the principal electrical stress, while the chamber does not
form a competing high-field region. This provides the numerical screening evidence for FR-E3. Local
solver maxima at idealised geometric junctions are not used as physical field values; the quantitative
comparisons are based on the finite spacer-gas interface profiles defined in Chapter 8.

9.2.2. Coaxial Reference Response
The coaxial reference spacer has two gas-facing surfaces. Figure 9.5 identifies these as the upper and
lower spacer-gas interfaces used for the electric field extraction.
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Figure 9.5: Coaxial reference geometry showing the upper and lower spacer-gas interfaces used for the electric field profiles.

Figure 9.6 compares the stationary electric field magnitude along both interfaces with and without
the imposed temperature gradient. Without the temperature gradient, the two interfaces show similar
field distributions. Including temperature-dependent conductivity changes the field distribution, with
the strongest redistribution occurring along the lower interface.
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Figure 9.6: Stationary electric field magnitude along the upper and lower spacer-gas interfaces of the coaxial reference, with and
without the imposed temperature gradient.
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The coaxial reference shows the same qualitative conductivity-driven field redistribution as the
test-bench arrangement. The comparison is used only as supporting evidence; point-by-point numerical
agreement between the two geometries is not assumed.

9.2.3. Test-Bench Interface-Field Redistribution

The stationary spacer-gas interface field was calculated for a reference case with temperature-
independent epoxy conductivity and for two HV-hot temperature distributions. The first thermal
case gives a realised spacer temperature difference of 51.6 K, slightly above the intended experimental
range of 40K to 50K. A second case with a realised temperature difference of 85.7 K is included as a
high-gradient sensitivity calculation. Figure 9.7 compares the three stationary field profiles.
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Figure 9.7: Stationary electric field magnitude along the test-bench spacer—gas interface for the temperature-independent
reference and the two HV-hot thermal cases at the 60 kV numerical screening case.

For the temperature-independent reference, the HV-side regional maximum is approximately
2.48kVmm™! at the start of the interface. At AT = 51.6K, this maximum decreases to approximately
2.22kVmm~! and moves about 1.3mm into the interface. The central minimum increases from
approximately 1.03kV mm™! to 1.11 kV mm~!, while the grounded-side regional maximum increases
from approximately 1.41 kV mm™! to 1.47kV mm~1.

The redistribution becomes stronger in the 85.7 K sensitivity case. The HV-side regional maximum
decreases to approximately 1.86 kV mm™ and shifts to s ~ 5.1 mm. The central minimum increases to
approximately 1.24 kV mm™, and the grounded-side regional maximum increases to approximately
1.56kVmm™.

Relative to the reference case, the HV-side regional maximum decreases by about 11 % at 51.6 K
and by about 25 % at 85.7 K. Over the same cases, the grounded-side maximum increases by about
4.5% and 11 %, respectively. The ratio of the HV-side to grounded-side regional maxima consequently
decreases from 1.77 to 1.51 and then to 1.19. The stationary field therefore becomes less concentrated
at the hot HV end and more evenly distributed towards the central and grounded-side regions as the
temperature-dependent conductivity distribution becomes stronger.Table 9.1 summarises these changes.
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Table 9.1: Stationary spacer-gas interface field metrics for the temperature-independent reference and the two HV-hot thermal
cases.

Quantity Reference AT =51.6K AT =85.7K
HV-side maximum (kV mm™1) 248 2.22 1.86
HV-side maximum position (mm) 0.0 1.3 5.1
Central minimum (kV mm~™1) 1.03 1.11 1.24
GND-side maximum (kV mm~™1) 1.41 1.47 1.56
EHV,max/EGND,max 1.77 1.51 1.19

The 85.7K case is used only as a sensitivity case. Its prescribed hot-side temperature is 393K,
compared with 353 K for the 51.6 K case. The cases therefore differ in both AT and absolute temperature,
so the comparison does not isolate the effect of AT alone.

9.3. Time-Dependent DC Field Formation

The time-dependent electrical calculation evaluates how the spacer-gas interface field approaches
the stationary DC distribution during DC pre-stress. The detailed transient profiles are presented for
the realised temperature difference of 51.6 K. The 85.7 K sensitivity case is compared later using the
whole-interface convergence metric.

9.3.1. Transient Interface-Field Development

The field distribution at tyre = 0 corresponds to the initial capacitive field distribution at the end
of the voltage ramp. The field then changes while the applied DC voltage is maintained. Figure 9.8
compares the initial distribution with the calculated profiles after 1h and 4 h of DC pre-stress and with
the stationary DC distribution.

AT=51.6 K

Electric field magnitude, |E| (kV/mm)

— 0h
1lh
— 4h
0.0 { = Stationary
0 10 20 30 40 50

Arc length along spacer-gas interface (mm)

Figure 9.8: Early development of the spacer—gas interface field for AT = 51.6K, compared with the stationary DC distribution.

The initial capacitive distribution differs substantially from the stationary DC distribution. The
largest differences occur near both ends of the interface, including a pronounced grounded-side peak
in the initial distribution. After 1h, the HV-side field has moved towards the stationary profile, while
differences remain over the central and grounded-side regions. The 4 h profile is closer to the stationary
distribution over most of the interface.
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The later development is shown in Figure 9.9. The 4h, 12h, and 24 h profiles progressively approach
the stationary DC distribution.
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Figure 9.9: Later development of the spacer—gas interface field for AT = 51.6 K, compared with the stationary DC distribution.

The HV-side region is already close to the stationary distribution at the later pre-stress durations.
Smaller differences remain in the central and grounded-side regions after 24 h. The approach to the
stationary DC field is therefore spatially non-uniform and cannot be judged from one interface location
alone.

9.3.2. Whole-Interface Convergence

The whole-interface deviation Dg, defined in Chapter 8, quantifies the difference between each
transient field profile and its corresponding stationary DC distribution. Figure 9.10 compares the 51.6 K
case with the 85.7 K high-gradient sensitivity case.
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Figure 9.10: Whole-interface deviation from the stationary DC field distribution for the two HV-hot thermal cases.

For AT = 51.6K, Dg decreases from approximately 8.7 % after 1h to 5.7 % after 4h. It decreases
further to approximately 3.8 % after 12h and 2.2 % after 24 h.
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The high-gradient case shows a larger deviation during the first hours. Its Dr value decreases from
approximately 10.1 % after 1h to 6.8 % after 4 h. After 12h, however, the deviations of the two thermal
cases are both approximately 3.8 %, and after 24 h both are approximately 2.2 %.

The field therefore continues to change over the complete interface for many hours after the voltage
ramp. The stronger thermal condition produces a larger early deviation, but the difference between the
two cases becomes small at the later pre-stress durations. A remaining Dr of about 2.2 % after 24 h also
shows that exact agreement with the stationary DC distribution is not reached within the simulated
duration.

9.3.3. Regional Relaxation
Table 9.2 compares the local deviation from the stationary DC field at the HV-side, central, and
grounded-side reference locations defined in Chapter 8.

Table 9.2: Local deviation from the stationary DC field distribution at the three reference locations. Negative values indicate a
transient field below the stationary value.

AT tpre HVside (%) Centre (%) GND side (%)

51.6K 1h -10.3 -0.1 -7.2
51.6K  4h -1.8 -3.6 -3.8
51.6K 12h -0.2 -3.5 -2.9
51.6K 24h 0.0 -2.6 2.5
857K 1h -10.2 -6.2 9.7
857K  4h -3.0 -7.6 -5.9
85.7K 12h -0.1 -5.5 -4.6
85.7K  24h 0.0 -2.6 -3.5

Both thermal cases show a clear spatial difference in the approach to the stationary DC field. The
HV-side region approaches the stationary value fastest and is essentially converged by 12 h. The central
and grounded-side regions change more slowly and still differ from the stationary values after 24 h.
The central response is also non-monotonic, which shows that convergence cannot be judged from one
interface location alone.

Over the 1 h to 12 h interval, the apparent relaxation time at the HV side is approximately 3.0 h for the
51.6 K case. The HV-side value decreases to approximately 2.5 h for the 85.7 K case. The corresponding
grounded-side values are approximately 12.1h and 14.7 h. The lower HV-side value in the hotter case is
consistent with the higher local epoxy conductivity.

The grounded-side result does not follow the same trend. Its local temperature increases from
approximately 303 K to 309 K, for which the conductivity model predicts a shorter local ¢ /o relaxation
time. The larger 7,p;, therefore does not indicate slower local material relaxation. The grounded-side
residual decreases at different rates over the sampled intervals and is affected by field redistribution
over the complete spacer. The calculated 7ap), therefore describes the selected time interval and is not a
material time constant.

9.4. Chapter conclusions
¢ Under the 100 °C upper thermal-design condition, the maximum calculated temperatures are
approximately 298 K in the PMMA chamber and 370K in the PEEK components near the heated
end. The temperature distribution is consistent with the adopted material placement.

® The hot-oil and cartridge-heater concepts produce spacer temperature differences of approximately
74K and 76 K, compared with 75K for the coaxial reference. Their fitted midpoint thermal time
constants are approximately 14 min and 13 min, respectively.

¢ At the 60 kV numerical screening case, the principal electrical stress is concentrated in the electrode-
spacer region and along the spacer-gas interface. The chamber remains in a comparatively low-field
region.
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* Temperature-dependent epoxy conductivity shifts the stationary field away from the hot HV end.
The HV-side regional maximum decreases from 2.48 kV mm™! in the temperature-independent
reference to 2.22kVmm™! at AT = 51.6K and 1.86kV mm™' at AT = 85.7K.

e For AT = 51.6K, the whole-interface deviation from the stationary DC distribution decreases from
approximately 8.7 % after 1h to 2.2 % after 24 h. The 85.7K case reaches a similar deviation at the
later pre-stress durations.

® The approach to the stationary DC field is spatially non-uniform. Over the 1h to 12h interval,
the HV-side apparent relaxation times are approximately 3.0 h and 2.5 h for the 51.6 K and 85.7K
cases. The corresponding grounded-side values are approximately 12.1h and 14.7 h.
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Test-Bench Qualification and
Experimental Method

This chapter defines the qualification checks and experimental method for the designed test bench.
The method combines the design requirements with the thermal and electric field results to establish
controlled conditions before each voltage application. It specifies the commissioning and acceptance
checks, voltage application, measurements, event classification, reset procedure, test matrix, and data
analysis required for the planned surface-flashover investigation.

10.1. Test Conditions

The planned experimental comparison varies three test variables: thermal condition, voltage polarity,
and DC pre-stress duration. In this chapter, a test denotes one voltage application under a specified
thermal condition, polarity, and DC pre-stress duration, ending at a disruptive discharge or the
prescribed stop voltage.The thermal condition is either an unheated ambient-temperature reference,
HV-side heated, or grounded-side heated. The two heated conditions require |AT| = 40-50 K. The
allowable residual temperature difference and stability period for the unheated reference are established
during commissioning and acceptance tests. Within each matched comparison, the remaining method
settings are kept fixed, while quantities that cannot be fixed exactly are measured and recorded.
Table 10.1 summarises the resulting test conditions and required records.

Table 10.1: Test variables, controlled conditions, required records, and model-derived quantities.

Group Quantities

Test variables thermal condition (unheated reference, HV-side heated, or grounded-side heated); voltage polarity;
DC pre-stress duration

Controlled conditions field-defining electrode—spacer geometry; spacer-specimen basis; electrode surface condition;
assembly and chamber configuration; measurement arrangement; pre-stress voltage Upre; waveform
used to reach Upye; voltage-rise procedure

Required test record test and spacer-specimen identifiers; specimen, electrode, assembly, and previous electrical history;
voltage polarity; commanded voltage sequence and measured voltage waveform; assigned and
actual DC pre-stress duration; hold start and end times; Tiyv; Tgnp; realised AT; ambient
temperature; air pressure; relative humidity; earth-return-current recording; discharge-signal
recording; optical recording; event classification; exclusion or censoring reason

Model-derived spacer-temperature distribution and time-dependent interface electric field distribution during DC
quantities pre-stress, calculated from the measured electrode temperatures and voltage history

Tests are performed in atmospheric air near 1 bar. Pressure, ambient temperature, and relative
humidity are measured for every test and included in the complete test record, as required by FR-V1
and FR-D1 in Table 4.1. IEC 60060-1 provides the general framework for the voltage and atmospheric
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measurements [59].

Each primary test uses a fresh, previously unflashed spacer specimen from the same production
batch. This prevents previous specimen exposure from becoming an additional variable in the primary
comparison. The test record identifies the specimen formulation, fabrication route, batch, preparation,
storage condition, assembly condition, and previous electrical exposure, as required by FR-D3 in
Table 4.1. Tests using previously flashed specimens, if performed, are kept separate from the primary
comparison.

10.2. Commissioning and Acceptance Tests

Before research measurements begin, the realised test bench must pass the commissioning and
acceptance tests. The checks cover the mechanical and environmental condition, thermal system,
electrical and measurement system, optical arrangement, safety functions, and complete test setup.
Measurement uncertainty is included in the relevant acceptance decisions following JCGM 100 [76].

Thermal-model validation is performed during non-energised operation. Measured and calculated
temperatures are compared at the same positions and boundary conditions using temporary calibrated
sensors. The comparison includes measurement and model uncertainty following ASME V&V 20 and
JCGM 100 [76], [77]. Agreement supports the thermal model at the measured positions only.

The required sensitivity of the earth-return-current channel follows from an order-of-magnitude
calculation using the epoxy-conductivity model in Equation 8.4, the interface-field range of approximately
1-2.1 kV/mm obtained in Chapters 5 and 9, and the nominal spacer cross-section. The calculated
bulk-conduction contribution ranges from below 1 pA to approximately 30 pA over the numerical
temperature range. The total earth-return current can be higher because surface, gas, charging, and
stray-current contributions are also present. The low-current channel therefore requires pA-scale
sensitivity; its offset, drift, noise floor, linearity, usable range, and recovery are established during
commissioning and acceptance tests.

Applied-voltage measurements follow IEC 60060-1 and IEC 60060-2 [59], [78]. A tracer-gas leak
test is used only when required after the pressure-hold check [79]. Electrical safety checks follow the
applicable university procedures and EN 50191 [80]. The test bench is released for experimental use
only after all required checks in Figure 10.1 have passed.

The commissioning and acceptance checks for the realised test bench are summarised in Figure 10.1.

10.3. Voltage Application

Voltage is applied only after the prescribed thermal condition satisfies the acceptance criteria
established during test-bench qualification. For a heated condition, the measured values of Thy, ToND,
and AT must be within the accepted range and sulfficiently stable. The unheated ambient-temperature
reference must satisfy its separately established residual-AT and stability criteria. The electrodes remain
grounded until these conditions are met.

The voltage application consists of a rise to the pre-stress voltage Upre, a DC pre-stress period, and
the voltage rise to flashover. The DC pre-stress duration, ¢, starts when the measured voltage reaches
Upre and ends when the voltage rise to flashover begins. For a zero-duration pre-stress condition, the
voltage rise to flashover begins when Uy is reached.

The value of Uy is fixed before the experimental comparison. Preliminary non-disruptive tests on the
commissioned test setup are used to confirm a voltage that can be maintained for the longest planned
DC pre-stress duration without a disruptive discharge, non-target hardware discharge, or violation of
a subsystem limit. The selected value must remain below the 50 kV maximum operating voltage. A
common Uypye and the same waveform used to reach it are retained within matched comparisons. The
applied-voltage waveform is measured according to IEC 60060-1 and IEC 60060-2 [59], [78].

After the prescribed DC pre-stress duration, the voltage is increased using a fixed voltage rise rate until
a disruptive discharge occurs or the prescribed stop voltage is reached. The rise rate is selected during
preliminary tests and then kept unchanged within matched comparisons. Rising-voltage breakdown
measurements can depend on the applied voltage-time characteristic; the selected waveform must
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therefore be reproducible and free from unacceptable overshoot [81]. The voltage rise should also
remain short relative to the multi-hour electric field redistribution identified in Chapter 9, so that it
does not introduce an additional uncontrolled DC pre-stress period. Figure 10.2 shows the prescribed

sequence in voltage magnitude; the sign is set by the selected polarity.

voltage magnitude, [U]|

A ther: mal‘ cqndition disruptive discharge
satisfied or prescribed stop voltage

|upre|

> time, t

Figure 10.2: Voltage application sequence for one test; time intervals are not to scale.

10.4. Measurements

Each test combines electrical, thermal, environmental, and optical measurements. The electrical
measurements comprise the applied voltage and earth-return current, while a separate fast channel
records discharge transients. The electrode temperatures and atmospheric conditions are measured
throughout the test, and an optical recording is used to capture any visible discharge event. The electrical
signals and optical recording use a common time reference so that the applied voltage, current response,
and visible discharge development can be compared. Figure 10.3 shows the measurement arrangement.

HV series
DC source . >
resistor

calibrated
voltage -

electrode—
spacer
arrangement

earth-return
current
channel

earth return

fast dis-
charge
channel

divider

Thv, ToNDs Y
ambient temperature; synchronised
——————————— R T
pressure and RH; R > data acquisition
optical recording

Figure 10.3: Measurement arrangement and synchronised acquisition.

The two electrode temperatures are measured throughout each test. The realised temperature
difference is defined as

AT = Tyv — TgND.-

For a heated condition, the sign of AT identifies the thermal-gradient direction, while its magnitude
gives the temperature difference between the electrodes. These two temperatures do not define the
temperature distribution inside the spacer. Instead, they are used as boundary values for the thermal
calculation. The calculated spacer-temperature distribution is then transferred to the electrical model
through the one-way thermal-electrical coupling described in Chapter ??. The resulting time-dependent
interface electric field distribution is therefore calculated rather than measured.

The earth-return current is a circuit-level measurement. It can contain bulk conduction through the
spacer, surface conduction, gas current, charging current, and stray leakage. It therefore cannot by itself
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demonstrate local electric field redistribution or surface-charge accumulation. A separate fast channel
records transient discharge signals and, when a disruptive discharge occurs, its associated transient.

The optical recording is synchronised with the electrical measurements. It is used to determine
the earliest visible discharge region and the initial visible propagation direction relative to the spacer
surface. It does not identify the microscopic inception point. The classification assigned to the observed
event is defined separately in Section 10.5.

10.5. Event Classification

Each test is first checked against the prescribed test conditions defined in Section 10.1. It is used in
the primary surface-flashover analysis only when those conditions can be verified from the required
test record. For a valid test, the optical recording is used to classify the visible discharge path. A
confirmed surface flashover follows the gas—spacer interface between the main electrodes. A gas-gap
discharge propagates through the gas away from the spacer surface. A discharge at the feedthrough,
chamber wall, support, auxiliary insulation, or other non-target hardware is classified as a non-target
hardware discharge. An event is classified as indeterminate when the visible path cannot be assigned
unambiguously to one of these classes; this includes a mixed surface-gas path. A current transient or
voltage disturbance alone is not sufficient to classify an event as a surface flashover.

The event classification determines whether the result is treated as an exact surface-flashover
observation, a right-censored observation, or an excluded test. Figure 10.4 defines this decision rule.

Prescribed test con-
ditions verified?

¥ No | Yes *

Exclude from pri-
mary analysis Confirmed surface flashover?
and retain test record

Yes | No

A A
R surface-ﬂashover If not, how did the test end?
observation
y ! !
Prescribed Non-target hardware
stop voltage Gas—gap or irgldetermi—
p & discharge
reached nate event
A A Y ;
Right-censored at Right-censored at e olm pri-
stop voltage event voltage mary analysis
P 5 & and retain test record

Figure 10.4: Classification and treatment of test outcomes.

Right-censored observations are retained in the statistical analysis following IEC 62539 [57]. Gas-gap
discharges are also reported separately for each test condition. For a confirmed surface flashover, the
surface-flashover voltage Vr is the measured applied voltage at the event time. The corresponding earliest
visible discharge region and initial visible propagation direction are retained for the RQ2 comparison.
Records from non-target hardware and indeterminate events remain available for diagnosing the test
setup but are not included in the primary surface-flashover analysis.

10.6. Reset Between Tests

After each voltage application, the source is isolated, the high-voltage circuit is discharged through
the approved discharge path, and the main electrodes are visibly grounded and shorted. The tested
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specimen is removed, and the electrodes, spacer contacts, chamber wall, feedthrough, and auxiliary
insulation are inspected for discharge marks, deposits, contamination, or mechanical change. The next
specimen is installed according to the specimen rule in Section 10.1. Filtered dry air is then passed
through the chamber near atmospheric pressure until the accepted pressure, gas temperature, and
relative humidity are restored. The next test begins only after the prescribed electrode temperatures
and temperature difference also satisfy their qualified stability criteria. Evacuation is not included in
the baseline reset because the chamber has not been qualified for external pressure.

The reset duration is not defined by one fixed waiting time. Koch et al. showed that the outcome of a
preceding voltage application can affect subsequent recovery in pressurised SF [82]. Surface-charge
decay also depends on the insulating material, gas, enclosure, and initial charge distribution [31]. The
published SF¢ waiting times are therefore not transferred to the present atmospheric-air arrangement.
The required recovery period is instead established on the realised test bench.

Successive tests are treated as independent only after the prescribed reset has been qualified against a
long-reset reference. The measured thermal and environmental quantities and the grounded response
of the earth-return-current channel must return to their qualified baseline ranges. This current response
is used as a reset indicator, but no absolute current threshold is taken as proof that surface charge or
gas-ion populations have fully recovered. Reference tests are used to check that the preceding event
type and a further extension of the reset do not produce a practically relevant change in the next result.
The detailed qualification, equivalence checks, and ordered-sequence checks are given in Appendix H.

10.7. Test Matrix

The experimental design combines three thermal conditions, two voltage polarities, and three DC
pre-stress durations, giving 3 X 2 X 3 = 18 test conditions. The pre-stress durations are 0, 12, and
24 h. The 0 h condition follows the definition in Section 10.3. The 12- and 24 h conditions represent
intermediate- and late-duration cases from the time-dependent calculations in Chapter 9; the 24 h
condition is not assumed to represent a stationary electric field distribution. Table 10.2 shows the
complete matrix and the matched comparisons used for RQ1-RQ3.

Table 10.2: Test matrix and matched comparisons for RQ1-RQ3.

(a) Complete condition matrix

Thermal condition Positive polarity Negative polarity
Unheated ambient-temperature 0,12, 24h 0,12, 24h
reference

HV-side heated 0,12, 24h 0,12, 24 h
Grounded-side heated 0,12, 24h 0,12,24h

(b) Matched comparisons

Effect examined Matched comparison Other research factors kept unchanged

RQ1: thermal condition =~ Unheated reference <> HV-side heated; unheated Polarity and DC pre-stress duration
reference <> grounded-side heated

RQ2: voltage polarity Positive <> negative Thermal condition and DC pre-stress duration
RQ2: thermal-gradient HV-side heated <> grounded-side heated Polarity, DC pre-stress duration, and target |AT]|
direction

RQ3: DC pre-stress Oh<12h;0h < 24h Thermal condition and polarity

duration

The unheated condition provides the reference for RQ1. Comparison with either heated condition
determines how the surface-flashover response changes when the imposed thermal condition is
introduced. This comparison includes both temperature elevation and temperature non-uniformity and
therefore does not isolate the effect of VT from the accompanying change in absolute temperature. The
comparison between HV-side and grounded-side heating more directly examines the effect of reversing
the thermal-gradient direction at matched target |AT].

A predetermined target number n of valid observations is planned for each test condition. The value of
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n is fixed before the main test series. The choice uses preliminary data, the expected scatter and censoring
rate, the prescribed confidence level, and the required precision of the primary comparisons [57], [81].
Confirmed surface flashovers and right-censored observations defined in Section 10.5 both remain in
the planned dataset. A censored observation is not replaced because it is censored; only tests excluded
under the rules of Section 10.5 may be repeated. Observations used for commissioning or preliminary
method setting are kept separate from the main research dataset.

The test conditions are distributed over blocks to reduce the influence of test order. Where changing
the heated side requires thermal conditions to be grouped, the order of the three thermal groups is
rotated between blocks. The six combinations of polarity and DC pre-stress duration are randomised
within each thermal group. Observations for each test condition are distributed across blocks rather
than collected consecutively. Reset qualification and the checks for independence between successive
tests follow Section 10.6 and Appendix H.

10.8. Data Analysis

The exact and right-censored voltage observations defined in Section 10.5 are analysed together.
A probability distribution is not selected in advance. Weibull, Gumbel, and lognormal distributions
are considered, and censoring is retained in the analysis. A distribution is retained only when the
applicable adequacy checks in IEC 62539 indicate that it represents the observations sufficiently well [57].
IEC 62539 is limited in scope to AC voltage testing, but states that its statistical techniques may also be
applied to DC failure tests with appropriate care.

When an adequate probability model is obtained, each test condition is described by the 50% surface-
flashover voltage V5o and the spread of the fitted distribution. A confidence interval is also reported at
the confidence level fixed before the main test series. The same confidence level is used for all matched
comparisons. Each comparison in Table 10.2 reports the absolute difference in Vsp and the relative
change with respect to the first listed condition. For RQ1 and RQ3, changes in distribution spread are
also examined. A fitted spread parameter is compared directly only when the same distribution family
adequately represents both matched conditions. The lower-tail quantity Vi is reported only when the
number and range of observations provide sufficient support for that percentile. If a surface flashover is
confirmed but its earliest visible region cannot be resolved, its voltage remains an exact surface-flashover
observation for the voltage-distribution analysis. Its RQ2 location is reported as unresolved.

For RQ2, the optical record is evaluated only for confirmed surface flashovers. The earliest visible
surface-flashover region is assigned using the interface coordinate s, measured from the HV-side end of
the 50 mm exposed spacer interface. Three regions are fixed before the main test series:

HV-side region: 0<s <10 mm,
central region: 10 < s <40 mm,
grounded-side region: 40 < s <50 mm.

The number and proportion of confirmed surface flashovers first visible in each region are reported for the
matched polarity and thermal-gradient-direction comparisons. The initial visible propagation direction
is classified as towards increasing s (grounded side), towards decreasing s (HV side), bidirectional,
or unresolved. If none of the candidate distributions adequately represents the observations, no
model-dependent V5 or Vi is reported. The exact surface-flashover voltages, censoring voltages, and
event counts are reported instead. Gas-gap discharges are not included in the denominator of the
surface-flashover-region proportions.

Results obtained for the thermal configuration represented in Chapter 9 may be compared qualitatively
with the calculated direction and time dependence of the interface-field redistribution. The calculations
use the hot-oil upper thermal-design condition and therefore do not provide a quantitative prediction for
every 40-50 K experimental condition or for the surface-flashover event itself. Agreement would indicate
consistency with the calculated electric field redistribution, but would not identify the underlying
charge-transport mechanism.
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10.9. Chapter Conclusions

The experimental method leads to the following conclusions:

1. The proposed test matrix combines thermal condition, voltage polarity, and DC pre-stress duration
to address RQ1-RQ3. The unheated-to-heated comparison represents the effect of the complete
imposed thermal condition rather than the temperature gradient alone.

2. A surface-flashover voltage is assigned only when the optical record confirms a discharge along
the gas-spacer interface. Other test outcomes are treated as censored or excluded according to the
predefined classification rules.

3. The reset time between successive tests must be established on the realized test bench. Neither
literature waiting times nor an absolute earth-return-current threshold is sufficient to demonstrate
independence.

4. The statistical analysis does not assume a probability distribution in advance. Experimental trends
may be compared qualitatively with the calculated electric field redistribution, but this comparison
cannot identify the underlying charge-transport mechanism.
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Discussion

This chapter discusses the engineering significance of the test-bench design and the electro-thermal
calculations developed in the preceding chapters. The discussion considers whether the design supports
controlled comparison of thermal condition, voltage polarity, and DC pre-stress, what the numerical
results establish about the intended electrical and thermal behaviour, and which conclusions still require
physical qualification or flashover measurements.

11.1. Design Evidence and Experimental Boundary

The principal strength of the test-bench design is that the variables required for the planned compar-
isons can be changed without intentionally changing the field-defining electrode-spacer arrangement.
Either electrode can be heated, voltage polarity can be reversed, and the spacer can be replaced while re-
taining the same local test geometry. The floating cartridge-heater architecture is the preferred candidate
for physical qualification because it avoids the external fluid-circulation system. The hot-oil architecture
remains the alternative if the floating-secondary insulation cannot be qualified. These conclusions
concern design capability; alignment, sealing, thermal control, and integrated HV performance still
require checks on the realised test bench.

Numerical checks support the intended behaviour of the design, but at different levels. The electrode—
spacer geometry reproduces the principal interface-field behaviour of the coaxial reference, while
the electro-thermal model predicts the temperature distribution and conductivity-driven electric-field
redistribution for the represented geometry. The thermal calculation uses a reduced-order representation
of heat transfer in the enclosed air. These checks support the design and the numerical calculations, but
they do not establish the physical performance of the realised test bench.

The numerical model therefore provides the temperature distribution and the time-dependent
electric-field distribution during DC pre-stress; it does not predict the surface-flashover event. A
calculated change in interface field is evidence of changed electrical stress, not evidence of a changed
surface-flashover voltage distribution or earliest visible discharge region. These experimental outcomes
depend on the complete test arrangement and remain to be determined from physical tests.

11.2. DC Pre-Stress and Flashover Interpretation

IEC TS 62271-318 uses the general definition of disruptive discharge for an insulation failure that
completely bridges the insulation under test [17]. In the present test method, a confirmed surface
flashover is treated as one disruptive-discharge class. Its visible path follows the gas—spacer interface
between the main electrodes. Gas-gap and non-target discharges are classified separately. The
classification places the target surface-flashover event within the general IEC framework while retaining
the distinction required by the test method.

A direct-voltage waveform does not by itself establish a stationary DC electric-field distribution.
IEC TS 62271-318 defines DC steady state as the condition in which at least 90% of the resistive field

86
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distribution has been established [17]. The calculations in Chapter 9 show that the approach to this
condition is spatially non-uniform. The HV-side field is already close to its stationary value after 12 h,
while the grounded-side region continues to change between 12 and 24 h. Complete stationarity over
the full interface is therefore not demonstrated within the simulated duration.

The preceding voltage history also affects how a flashover result can be interpreted. Pan et al. obtained
their statistical flashover data using a continuous voltage rise from zero at 1 kV/s. The near-flashover
surface-charge distribution in the same study was obtained separately using an initial 20 min hold
followed by 2 kV voltage steps with further holds [15]. The two procedures establish different electrical
histories. The reconstructed charge distribution from the stepwise procedure therefore cannot be
assumed to represent the charge condition preceding every continuous-ramp flashover result.

The 0, 12, and 24 h DC pre-stress durations defined for the present test method are comparison
conditions rather than assumed stationary states. The 12 and 24 h conditions represent different stages
of the calculated electric-field development. The 0 h condition contains no additional hold after the
pre-stress voltage is reached. A change in the measured surface-flashover voltage distribution with
pre-stress duration would show that the response depends on the preceding electrical history. Such a
change would not by itself identify the charge-transport mechanism responsible for that dependence.

11.3. Interpretation of the DC Field Redistribution

The thermal gradient redistributes the calculated electric field along the spacer-gas interface rather
than changing it uniformly. In the stationary hot-oil case, the field at the immediate heated HV edge
decreases by about 13%. The grounded-side regional maximum increases by about 30%, and the central
part of the interface is also more strongly stressed. The calculation therefore indicates redistribution
towards the central and grounded-side regions rather than a general reduction of electrical stress.

The HV-edge reduction does not represent the change across the complete HV-side region. The
HV-side regional maximum changes only slightly and moves approximately 2.7 mm along the interface
from the HV edge. The ratio of the HV-side to grounded-side regional maxima decreases from 1.77 to
1.34. The two end regions therefore become less electrically unequal. The largest calculated regional
field nevertheless remains on the HV side.

The calculated redistribution is consistent with the temperature-dependent bulk conductivity repre-
sented in the model. The hotter epoxy is more conductive and supports a smaller share of the stationary
voltage drop. Electrical stress therefore shifts towards colder parts of the spacer. Liang et al. reported the
same broad tendency in a basin-type spacer, where the calculated high-field region shifted towards the
colder grounded shell as the conductor-side thermal gradient increased [52]. The comparison supports
the direction of the calculated effect, not its magnitude, because the geometries and electrical conditions
differ. The quoted changes were obtained for the 60 kV numerical screening case under the hot-oil
upper thermal-design condition. The spacer temperature difference in this case is about 74 K. These
magnitudes should not be extrapolated quantitatively to the intended 40-50 K experimental conditions.

The transient result shows that thermal and electrical development occur on different time scales. The
local midpoint thermal response develops mainly within about one hour, although a slower thermal
tail remains. The conductivity-controlled electric-field distribution develops for much longer. The
grounded-side field is still about 3.9% below the stationary value after 24 h, while the sampled central
response is not monotonic. Thermal stabilisation of the test bench therefore does not imply electrical
stationarity of the spacer. The sampled central response also shows that one first-order relaxation
description is inadequate for the complete interface.

The remaining 24 h difference may reflect continued physical redistribution, numerical residual, or
both. A longer-duration calculation together with numerical-sensitivity checks would be required
to separate these contributions. Chapter 9 evaluates electric-field magnitude along the spacer—gas
interface rather than a separately extracted tangential component. The calculation therefore describes
the broad redistribution of electrical stress. It does not provide a separate tangential-field result and
cannot determine the earliest visible discharge region.
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11.4. Competing Influences on the Earliest Visible Discharge Region

The conductivity-driven electric-field redistribution cannot by itself determine the earliest visible
discharge region. Heating the epoxy changes its conductivity and redistributes the stationary DC
electric field towards colder parts of the spacer. Gas heating can act differently because the local gas
number density depends on temperature and pressure. These influences need not favour the same
interface region. The optical record can therefore be compared with the calculated field redistribution,
but it cannot identify microscopic discharge inception or establish one controlling mechanism.

The gas-side influence is also conditional. At fixed pressure, increasing gas temperature reduces the
local number density and increases the reduced electric field for a given electric-field magnitude. The
chamber pressure may also change during heating, so temperature alone does not define the gas-side
electrical condition. Gas temperature, pressure, and local electric field must therefore be considered
together. A gas-side contribution could modify or oppose the bulk-conductivity trend, but its magnitude
remains experimentally unresolved in the present work.

Published thermal-gradient experiments likewise do not establish a universal hot-side or cold-side
rule. Li et al. associated positive streamer development with the larger voltage drop towards the colder
grounded region after HV-side heating [10]. Hering et al. observed root points and surface traces in the
region towards which their calculated high field had moved after long DC stress [9]. These observations
were obtained in different arrangements and under different electrical histories. The earliest visible
discharge region should therefore be treated as an experimental result of the complete test condition
rather than inferred from thermal-gradient direction alone.

Pan et al. illustrate why a physically reasonable bulk-conductivity field calculation may still be
insufficient for flashover interpretation. Their smooth stationary calculation became more uniform
as the thermal gradient increased, although the measured flashover strength decreased. When the
reconstructed surface-charge distribution obtained close to flashover was included, the calculated
local-field trend became consistent with the measured flashover trend [15]. The present electrothermal
model has a related limitation: it calculates temperature-dependent bulk-conductivity redistribution but
does not calculate the local surface-charge distribution associated with an actual flashover. Agreement
between a future optical trend and the calculated redistribution would therefore support consistency
with this mechanism, but would not prove that bulk conductivity alone caused the observed change.

Gremaud et al. provide a complementary limitation. Solid conduction alone did not reproduce
all long-duration observations in their gas-insulated spacer study, while including a small gas-side
current improved agreement [14]. Bulk solid conduction therefore need not describe the complete
long-duration electrical behaviour. Surface-flashover voltage and optical observations can reveal
systematic dependence on thermal condition, polarity, or DC pre-stress duration. These observations
cannot by themselves identify whether the change arose from bulk conduction, surface charge, gas-side
transport, or another discharge-related process.

The electrothermal model therefore provides one physically motivated interpretation of the electrical
condition established during DC pre-stress. A future experimental trend that follows the calculated
redistribution would support consistency with that interpretation, but would not establish causa-
tion. Stronger mechanism attribution would require additional evidence, such as surface-charge
measurements or suitable current and discharge diagnostics.

Table 11.1 summarises what the principal future observations could support and where their
interpretation must stop.
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Table 11.1: Interpretation limits for the principal future flashover observations.

Observation What it would support What it would not establish

Change in the The changed test condition affects the =~ Which physical mechanism caused
surface-flashover voltage flashover response of the complete the change.

distribution between electrode-spacer arrangement.

matched conditions

Dependence of the The flashover response depends on Whether the dependence arises from
surface-flashover voltage the preceding DC pre-stress duration.  bulk conduction, surface charge,
distribution on DC gas-side transport, or another process.
pre-stress duration

Systematic change in the The changed condition affects where =~ The microscopic inception point or a
earliest visible discharge the discharge first becomes optically unique physical mechanism.

region with polarity or visible.

thermal-gradient direction

Change in distribution The changed condition affects the The physical mechanism responsible
spread between matched statistical spread of the for the change in spread.

conditions surface-flashover voltage.

Change in initial visible The changed condition affects the The microscopic inception point or the
propagation direction visible development of the discharge = mechanism controlling propagation.

after it is first resolved.

11.5. Uncertainty, Transferability, and Evidence Boundaries

The quantitative interpretation of the electrothermal calculation depends strongly on the adopted
epoxy conductivity. The temperature dependence of conductivity sets both the conductivity contrast
across the spacer and the time scale of the calculated DC field redistribution. These properties have
not been measured for the final spacer material. Specimen-specific interpretation therefore requires
measurement of the bulk conductivity and characterisation of the surface conductivity. For the direct
electric-field simulation route, IEC TS 62271-318 also requires experimental verification of the simulation,
relevant material and gas characterisation, and demonstrated scalability [17]. These steps have not been
completed for the present model. Its results therefore remain numerical design evidence rather than
experimentally verified predictions of the DC transition time.

Experimental comparability introduces a separate uncertainty. A difference between matched test
conditions is interpretable only when uncontrolled variation and carry-over from preceding tests
are sufficiently controlled. Koch et al. showed for pressurised SF¢ that the outcome of one voltage
application can change the ion density before the next and thereby affect the subsequent breakdown
probability [82]. Their numerical waiting times are not applicable to the present air-epoxy arrangement.
The reset criterion and test-to-test independence must therefore be established on the realised test bench
rather than inferred from a fixed waiting time taken from another gas system.

Transferability must be separated into mechanism-level and quantitative claims. The general
mechanism by which temperature-dependent solid conductivity redistributes the stationary DC electric
field is relevant beyond the present arrangement. The proposed experiments use a reduced geometry in
atmospheric air near 1 bar. They do not reproduce the gas composition, pressure, dimensions, or rated
voltage of full-scale HVDC GIS. The 6 bar(g) value is a mechanical design pressure only. It is not the
experimental gas condition or evidence of flashover performance at GIS pressure.

The scalability required for direct transfer of the numerical model to full-size DC GIS has not been
demonstrated [17]. The present calculations should therefore not be used as a quantitatively validated
full-scale field model. Within this boundary, the thesis addresses the main design question through the
test-bench design, numerical assessment, and test method. These outputs define how RQ1-RQ3 can
be investigated under controlled conditions, but they do not provide experimental answers to those
questions. The calculated electric-field distributions provide physically motivated expectations for
future measurements rather than measurements of surface-flashover behaviour.
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11.6. Chapter conclusions

The test bench preserves the field-defining electrode-spacer arrangement while polarity, heated
side, and spacer specimen are changed; physical qualification is still required.

At 60 kV, the immediate HV-edge field decreases by about 13% and the grounded-side regional
maximum increases by about 30%; the HV side remains dominant.

Electrical redistribution is slower than the local thermal response. The grounded-side field remains
about 3.9% from stationary after 24 h, so complete stationarity is not demonstrated.

The model resolves conductivity-driven DC field redistribution, not surface-flashover behaviour;
flashover-voltage distributions and earliest visible discharge regions require experimental mea-
surement.

The numerical results are arrangement-specific and are not directly transferable to the intended
40-50 K tests or full-scale HVDC GIS. RQ1-RQ3 remain experimental.
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Conclusion

The objective of this master thesis, to design and numerically assess a reduced-scale gas—epoxy test
bench and to define its qualification requirements and test method, is met. The main thesis question

was:

What design of a reduced-scale gas—epoxy test bench enables controlled future investigation of
RQ1-RQ3 under HVDC GIS-relevant conditions?

The main conclusions are:

The developed test bench retains one field-defining electrode-spacer arrangement while voltage
polarity, heated side, and DC pre-stress duration can be varied independently. The selected
geometry preserves the principal interface-field behaviour of the coaxial reference, with the mean
interface field differing by 2.2%, and has a maximum operating voltage of 50 kV DC.

The scientific contribution is an integrated methodology that combines the common electrode—
spacer geometry with controlled thermal loading, time-dependent electrothermal calculation,
diagnostic access, and a defined qualification and test method. This provides a common basis
for relating the imposed thermal and electrical conditions to comparable future surface-flashover
measurements.

Either electrode can be heated to impose the required 40-50 K temperature difference without
changing the electrode—spacer geometry. Two heating concepts were developed: floating cartridge
heating is preferred for physical qualification, while hot-oil heating remains the alternative.

In the 60 kV hot-oil numerical screening case, with the HV electrode heated and the grounded
electrode colder, the thermal gradient redistributes the DC interface field. The immediate hot-
HV-edge field decreases by about 13%, while the central minimum and grounded-side regional
maximum increase by about 38% and 30%, respectively. The HV-to-GND regional-maximum
ratio decreases from 1.77 to 1.34, although the largest regional field remains on the HV side.

Under the same HV-hot/GND-cold condition, field formation is strongly position dependent.
Between 1 and 12 h, the interval-based apparent relaxation times are about 3.2 h on the hot HV side
and 15.8 h on the colder grounded side. The HV-side field is close to stationary after 12 h, whereas
the grounded-side deviation remains about 3.9% after 24 h. Together with the non-monotonic
central response, this shows that one common relaxation time cannot describe field formation
along the complete interface. DC pre-stress duration must therefore be controlled in future tests.

The developed test bench and test method establish the experimental basis for RQ1-RQ3. They
enable controlled comparison of thermal gradient, polarity, thermal-gradient direction, and
DC pre-stress duration so that their effects on surface-flashover voltage and the earliest visible
discharge region can be determined experimentally.

Manufacture and physical qualification are the next steps before these measurements are carried out.
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12.1. Recommendations

The following work is recommended:

¢ Construct and qualify the test bench. Manufacture the proposed test bench and verify its
electrical, thermal, mechanical, and measurement performance before flashover testing.

e Carry out the experiments for RQ1-RQ3. Use the defined test method to determine the
effects of thermal gradient, polarity, thermal-gradient direction, and DC pre-stress duration on
surface-flashover behaviour.

¢ Extend the simulation model. Include surface-charge transport, gas-ion transport, and relevant
charge injection or trapping mechanisms to obtain a more complete description of DC field
development along the spacer interface.
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Detailed Engineering Drawings

A.l Final Assembly and Interface Integration

The complete test cell is assembled through the interfaces defined above. The heating and sensing
components are installed within the rod assemblies, after which the rods, adaptors, electrodes, spacer,
PMMA tube and PEEK chamber-end parts are brought together to form the complete arrangement
shown in Figure A.1. The figure is included only as a visual overview of the final integration.

Integrated Test-Cell Assembly — Composite Schematic

HV Cap (common support plate)
Hollow HY Rod (426 /520 o, AJ)

Upper PEE

FKM Face Seal (axia)

Lower PEEK Hal

Material key: D Aluminium D PEEK PMMA (transparent) Epoxy spacer @ FKM O-ring / face seal

. Spring-energised PTFE seal [] Steel (tie rod / fasteners)

Figure A.1: Visual overview of the integrated test-cell assembly. The schematic is not to scale and is included only to illustrate the
integration of the main components.



DRAWN TO SCALE 2:1 — VERIFY BY MEASUREMENT ON PLOTTED SHEET

PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

240 .
R2
\
HV ELECTRODE — AL
30 ////
230 .
y I\
R1
’  SPACER — EPOXY
50 oy
R13 DOME CAP
4 L 1 mm RADIAL GAP
GND ELECTRODE — AL
30 //
R2
/
A
252

AXIS OF SYMMETRY (r = 0)

NOTES

1. Half-section, axisymmetric about r = 0. Drawing plotted at true 2:1 scale.
2. Material: aluminium (electrodes), epoxy (spacer).

3. Maintain 1 mm radial clearance, spacer to GND nose.

4. Break sharp edges; unspecified fillets R1. All dimensions in mm.

5. Rod bore and tie-rod interfaces: see DWG TB-EL-002.
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SCALE UNITS
TITLE 2:1 mm
ELECTRODE-SPACER ASSEMBLY DRAWN DATE
MATERIAL: SEE CALLOUTS — MATCHES CH.5/CH.7 ELECTRODE-SPACER GEOMETRY — 2026-08-03 SHEET 1 OF 1




DRAWN TO TRUE SCALE 2:1 — VERIFY BY MEASUREMENT ON PLOTTED A3 SHEET
SHEET 1 OF 2 — HALF SECTION
226 (OD) PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

720 (BORE;

\ ROD CONTINUES TO HV CAP — SEE INTEGRATION SCHEMATIC

.

HV ROD — AL 6061 (926/220)

80 HOLLOW BORE
(OIL. FILL PASSA[BE)

4x M2x20 ALLEN, CBORE 24.1x2.2, 10 mm ENGAGE

' 7 - / ADAPTOR — AL 6061
10

T R (TOP, ADAPTOR-FACING)

ELECTRODE — AL 6061
30 540 /

ELECTRODE CONTINUES TO SPACER FACE — SEE DWG TB-EL-001
AXIS OF SYMMETRY (r = 0)

NOTES

1. Half-section, drawn to true 2:1 scale on A3 (measure directly on printed sheet).

2. Rod: Al 6061, 226/220, wall t = 3 mm, L = 80 mm inside chamber.

3. Adaptor bore 226 (h7/g6) receives rod; adaptor is NOT tapped.

4. Electrode: 4x M2x20 socket-head (Allen) cap screws, tapped blind, 10 mm engagement.
5. Ra 0.8 all mating/exposed HV faces; ISO 2768-mK; dims in mm.

6. GND rod: solid or end-capped; no oil bore required.
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SCALE UNITS
TITLE 2:1 mm

ELECTRODE-ADAPTOR-AL ROD ASSEMBLY DRAWN

DATE
MATERIAL: AL 6061 — MATES ELECTRODE @40x30 (DWG TB-EL-001) — 2026-08-03




TOP VIEW — DRAWN TO TRUE SCALE 5:1

SHEET 2 OF 2 — TOP VIEW
PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

240 ELECTRODE OD

236 ADAPTOR OD (HIDDEN)

231 PCD (4x M2)

. AN
520.0lL BORE (HIDD

N \

9Q° SPACING

N \b \
M2~x\20 CB %E 24.1%2.2,
\ R \

NOTES

1. Top view only, all dimensions in mm; hidden circles shown dashed.

2. Adaptor OD = 236, seats on electrode's flat face (clear of top R2 fillet).

3. Fasteners: 4x M2x20 full-thread socket-head at 90° on 231 PCD; adaptor holes are clearance + counterbore.

4. Counterbore-to-rod-OD and counterbore-to-adaptor-OD margins = 0.45 mm each side — confirm before machining.
5. Deburr/polish all exposed metal edges; ISO 2768-mK general tolerance.
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TITLE 5:1 mm
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SCALE 5:1 (NOMINAL) — VERIFY BY MEASUREMENT ON PLOTTED SHEET
SHEET 1 OF 4 — ASSEMBLY SECTION + TOP VIEW

PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"
FRONT SECTION — THROUGH BOTH TUBE AXES

2 x PFATUBE @6/@4 — LENGTH N.C.T.D.

| s | o19.80 (PLATE)

y

RETAINER PLATE — AL 6061-T6, @19.80%4.00
4.00 V""" 2xM2x10 SCREWS 1 TO SECTION — SEE TOP VIEW

I TWIN-LOBE BOSS — 2x@9.50, 8.00 CTRS, MERGED
4.00 \ \/<

— \ FERRULE SEAT — @7.20—@6.60 x 2.50 DEEP

T

\ TUBE-RECEIVING BORE — @6.20 x 6.00 DEEP

INTERNAL OIL PASSAGE — @4.00 (U-SHAPED)

28.00 TOTAL

20.00

M5x0.8 PEEK PLUG — RADIAL ACCESS

TOP. VIE]V—‘ PEEK MANIFOLD BODY — UNFILLED PEEK, ©19.50
v \, !

T

RESTIS ON ADAPTOR INNER FACE (REF), @19.70%x3.00 SPIGOT
: HOUSED INSIDE HOLLOW AL ROD BORE (@20.00 REF)
| 26.50 TUBE HOLE %2

219.80 PLATE OD

29.50 LOBE, HIDDEN x2 o

212.00 PCD, M2x10 x2

NOTES

1. Tubes enter PEEK receiving bores directly — no separate tube-socket part.

2. Boss lobes intentionally overlap (1.50); internal ferrule seats remain separate.

3. Tighten M2 screws until plate contacts boss (hard stop) — do not rely on torque alone.

4. Leak-test full oil passage before installing in aluminium rod. Dims in mm.

5. Whole assembly sits inside the hollow Al rod; manifold rests directly on the adaptor's inner face (319.70 spigot,
location/support only, not the primary oil seal). Preliminary — see DWG TB-TH-002...004 for part detail.

BILL OF MATERIALS

1 - PEEK U-manifold - unfilled PEEK - 1 2 - Retainer plate - Al 6061-T6 - 1 3 - PFA tube @6/34 - Super-PFA - 2
4 - Compression ferrule - virgin PTFE -2 5 - M2x10 SHCS - SSA4-70 - 2 6 - Cross-bore plug - unfilled PEEK - 1
7,8 - Adaptor / insert (ref) - Al 6061-T6 - —
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SCALE 5:1 (NOMINAL) — VERIFY BY MEASUREMENT ON PLOTTED SHEET
SHEET 2 OF 4 — DETAIL SECTION + TOP VIEW

PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"
FRONT SECTION — PEEK BLOCK ONLY

MATERIAL: UNFILLED NATURAL PEEK (VICTREX 450G OR APPROVED EQUIVALENT)
27.20

b
_ ——— FERRULE SEAT @7.20—@6.60, 2.50 DEEP, R_a0.8, CONICAL
4.00
TUBE-RECEIVING BORE @6.20 +0.05/0, 6.00 DEEP, R_a1.6
-
ﬁ OIL PASSAGE ©4.00£0.05 (U-SHAPED, INTERSECTING BORES)
e
8
<
N
M5x0.8-6g PEEK PLUG, 4.00 FULL THD, 5.00 DEEP
]/ RADIAL ACCESS — INSTALL FLUSH TO 0.20 BELOW OD, LEAK TEST AFTER
—f—— BOTTOM WALL 3.50 NOMINAL, MIN.
A 4 \ V4
r 219.50 (BODY OD) L
BOTTOM CHAMFER 0.30x45°, GENERAL EDGE BREAK 0.20 MAX ‘
TOP VIEW — TWIN-LQB
_— EATx2
T
NOTES !

1. Boss is one continuous merged twin-lobe feature — do not label as two separate bosses. ‘
2. Ferrule seats remain two separate features; minimum ligament between seats = 0.80.

3. Clean and inspect the complete @4 oil-flow passage after machining; leak-test before use.

4. Cross-bore plug thread provides mechanical retention; sealant is not the sole retaining feature.

5. General untoleranced linear dims +0.10, angles +0.5°, unless noted. All dims in mm.

6. Preliminary — not for manufacture.
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TITLE 5:1 mm
PEEK U-MANIFOLD BLOCK DRAWN DATE
MATES RETAINER PLATE (TB-TH-003), MATES ADAPTOR POCKET @19.70x3.00 — 2026-08-03 SHEET 2 OF 4




MATERIAL: ALUMINIUM 6061-T6

TOP VIEW

219.80 (PLATE OD)

SECTION A-A — THROUGH TUBE HOLE + SCREW C'BORE

TUBE HOLE @6.50

SCALE 5:1 (NOMINAL) — VERIFY BY MEASUREMENT ON PLOTTED SHEET
SHEET 3 OF 4 — TOP VIEW + SECTION
PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

4.00 \ /
I r

TOP FLATNESS 0.03, BOTTOM FLATNESS 0.05
PARALLELISM 0.05, OUTER CHAMFER 0.30%x45°

@4.20 +0.10/0 C'BORE % 2.10 DEEP (2x%)

@2.20 +0.05/0 THRU, ON @12.00 PCD

26.50 +0.05/0 TUBE HOLE (2x), 8.00 CTRS

SCREW C'BORE ©4.20%2.10, TOP FACE

CLEARANCE @2.20 THRU

UNDERSIDE FERRULE RECESS @7.20%1.50 DEEP

NOTES

1. Plate holes guide the tubes only — they are not the oil seal.

2. Screw heads shall remain below the insert-landing (top) surface.

3. Top face lands the aluminium insert; bottom face contacts the PEEK twin-lobe boss.
4. Surface finish R_a<1.6 pym all faces. All dims in mm.

5. M2x0.4-6H mating threads are in the PEEK body (TB-TH-002), not this plate.

6. Preliminary — not for manufacture.
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A — PTFE COMPRESSION FERRULE (QTY 2, IDENTICAL) — SCALE 10:1
MATERIAL: VIRGIN PTFE — NO GLASS, CARBON OR METALLIC FILLER — AXISYMMETRIC HALF-SEC

27.00 (UPPER OD)

26.10 (BORE)

4.20 (FREE HEIGHT)

26.50 (LOWER OD)
ADJACENT-FERRULE CAE{%%#J%@MM@-Q@»@&R_SOT 1.00 (DO NOT TOUCH)

SCALE 10:1 — VERIFY BY MEASUREMENT ON PLOTTED SHEET
SHEET 4 OF 4 — TWO DETAILS, ONE SHEET
PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

TION, CENTRELINE LEFT

UPPER CYLINDRICAL LAND 1.20 NOMINAL

TAPER TO MATCH PEEK FERRULE SEAT

T EDGE RADIUS R0.10 MAX, R_as1.6

B — CROSS-BORE CLOSURE PLUG (QTY 1) — SCALE 10:1
MATERIAL: UNFILLED PEEK — AXISYMMETRIC HALF-SECTION, CENTRELINE LEFT

M5x0.8-6g
HEX/SLOT DRIVE

T

=

o

a

2 a

w w

@ [=}

T <

: 2

3 T

=] =

w -

z 5

b= | [ F
=)

< S

A .

AXIS OF SYMMETRY (r = 0)

INSTALL FLUSH TO 0.20 BELOW MANIFOLD OD

RADIAL CROSS-BORE ACCESS SIDE (MACHINING ONLY)

SILICONE-OIL-COMPATIBLE THREAD SEALANT

NOTES

1. Ferrule: 4.20 free height into 4.00 closed cavity (2.50 PEEK seat + 1.50 plate recess) = 0.20 compression.
2. Tighten retainer screws until plate contacts boss (hard stop sets compression, not torque). Ferrule gty: 2.
3. Ferrule is a custom part — confirm performance by prototype leak testing.

4. Plug seals the manifold's radial cross-bore — that bore exists purely for drilling access to the internal

U-passage and must be plugged after machining. Thread gives mechanical retention; leak-test after install. Qty: 1.

5. All dims in mm, general untoleranced dims +0.10 unless noted. Preliminary — not for manufacture.
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SCALE UNITS
TITLE 10:1 mm
PTFE FERRULE & CROSS-BORE PLUG DETAIL DRAWN DATE
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PLAN VIEW — SPLIT PLANE

22.5° OFFSET

M6 hole 1 (0°) to
M10 hole 1 (22.5%)

SECTION A-A —

ASSEMBLED

PLAN 1:2 (TRUE) — SECTION 1:1 (TRUE) ON A3

PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

FLANGE OUTSIDE DIAMETER, 2300

PTFE ROD SEAL AT SPLIT PLANE

M10 TIE-ROD HOLES: 8x211 THRU, 250 PCD

PMMA TUBE ENVELOPE, REF: 2210/2170

M6 SCREW HOLES: 8xM6, ON 2110 PCD

SPLIT-PLANE FKM GROOVE, 266.2/258.2

PTFE GLAND BORE 230.52; ROD 226 HIDDEN

[———— M10 TIE ROD, 240 LOAD WASHER

M6x30 ALLEN SCREW, ISO 4762

SPLIT-PLANE O-RING, 60%3.0 mm FKM

| —— PMMA TUBE FACE SEAL, FKM 2-366

|_—— PMMA TUBE END (REFERENCE ONLY)

SHEET 1 OF 4 — ASSEMBLY

NOTES

1. Upper and lower PEEK halves are each 25 mm thick. Full split-face contact is the hard stop.
2. 8xM10 tie rods (2250 PCD) carry the chamber-separation load; 8xM6 Allen screws

(2110 PCD) close the split gland and maintain local seal contact.

3. M6 pattern starts at 0°; M10 pattern offset 22.5° to avoid radial fastener alignment.
4. Design basis: 0.6 MPa differential pressure, =13.6 kN chamber-end load for 2170 ID.

Seal dimensions require final supplier confirmation.

5. PRELIMINARY — NOT FOR MANUFACTURE — FINAL SEAL-SUPPLIER CONFIRMATION REQUIRED.
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TITLE 1:2/1:1 mm
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PLAN 1:2 (TRUE) — SECTION 1:1 (TRUE) ON A3
SHEET 2 OF 4 — UPPER HALF
PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

OUTSIDE FACE / PLAN VIEW FLANGE OUTSIDE DIAMETER, 2300

M10 HOLES: 8x211 THRU, 2250 PCD

M6 HOLES: 8x26.6 THRU, 220 C'BOREx8, 2110 PCD

CENTRAL CLEARANCE BORE, 227 THRU
218 WASHER IN
220 C'BORE —

SEE NOTE 3 UPPER PTFE GLAND RECESS, 230.52x1.80 DEEP

SECTIQN B-B — UPPER HALF ONLY

‘ <>
1 | | PTFE GLAND HALF-RECESS, 1.80 DEEP
‘ TERNAL FAC
25| Y 020 C'BOREx8; 26.6 THRU BELOW
I ‘ ENGAGEMENT = 11.4 mm (NOTE 4)
‘ SPLIT FACE (BOTTOM)
NOTES

1. Material: natural unfilled PEEK 450G or certified electrically insulating equivalent; certificate required.

2. Split face is a sealing/hard-stop surface: flatness 0.10 mm; finish Ra < 0.8 um, except PTFE gland
surfaces Ra < 0.4 ym.

3. 8x M6 socket-head cap screws: ISO 4762 A4-80, M6x30. Use 218 mm load-spreading washer

inside the 220 mm counterbore (a 220 washer leaves no clearance); alternative: enlarge

counterbore to 222 for a 220 washer.

4. Engagement check: 25 half-thickness — 8 c’bore — 1.6 washer = 15.4 mm free; with M6x30 screw,

effective thread engagement = 30 - (17 PEEK-below-c’bore + 1.6 washer) = 11.4 mm.

5. General tolerances ISO 2768-m; break sharp edges 0.2-0.4 mm; remove all burrs.

6. PRELIMINARY — NOT FOR MANUFACTURE — FINAL SEAL-SUPPLIER CONFIRMATION REQUIRED.
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8x211 THRU, 2250 PCD

M6x1 BLIND, 2110 PCD

CLEARANCE 227 THRU

2300 OD

SPLIT FACE VIEW

GROOVE 266.2/58.2

PTFE GLAND 230.52

VIEWS 1:4 (TRUE) — SECTION 1:1 (TRUE) ON A3
SHEET 3 OF 4 — LOWER HALF
PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

FLANGE OD, 2300

CHAMBER FACE VIE
8x211 THRU, 2250 PCD

PMMA TUBE REF: 2210/2170

Section detail of the split O-ring groove, blind M6 thread and PMMA face-seal groove is given as
SECTION A-A (assembled, DWG TB-EL-002) and DETAILS A-C (DWG TB-EL-005).

NOTES

half only (66.2/@58.2, 2.40 deep).
final stock and supplier tolerances.

chamber face 0.10 mm.

1. No radial interference-fit recess is included for the PMMA tube. Tube centring is established during
assembly; the flat PMMA end bears on the PEEK sealing face.

2. Split face is the full-face hard stop. Machine the 60x3.0 mm FKM split-plane O-ring groove in this

3. PMMA seal: Parker/AS568 2-366 FKM, 183.52x5.33 mm, 75 Shore A, or approved equivalent. Confirm

4. PMMA contact land and seal face: Ra < 1.6 pm. Groove base/sides: Ra < 3.2 ym. Flatness of

5. Blind M6x1 threads: minimum full thread 12 mm, total drilled depth 16 mm, drill-point allowance
included — 9 mm PEEK nominally remains beneath each blind hole. PRELIMINARY, NOT FOR MANUFACTURE.
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DETAIL A DETAIL B
SPRING-ENERGISED PTFE ROD SEAL SPLIT-PLANE FKM O-RING

DETAILS ENLARGED, NOT TO SCALE (NTS)

SHEET 4 OF 4 — SEAL & FASTENER DETAILS

PRINT AT 100% / ACTUAL SIZE ON A3 — DO NOT "FIT TO PAGE"

DETAIL C

PMMA TUBE-END STATIC FKM FACE SEAL

1t CHAMBER PRESSURE SIDE
ALPMINIUM ROD, @26-h8

230.52 GLAND BORE

3.60 ASSEMBLED
(1.80 +.1:80;

2.40

i |
|
lo

4,00

[SPUIT FACE (GLAND_SP|

TS HERE

60%3.0 FKM, 75 SHORE A
RPTFE-SEAL +SPRING, BOTH BIDES OF ROD. — GROOVE OD 266.2 / ID 258.2

OPEN SPRING CAVITY FAQEP THE CHAMBER

Machine groove in lower half only.

4.50

by

O-RING: FKM 2-366, 183.52x5.33, 75 SHORE A
GROOVE OD 2194.18; ID 2179.58 REF
PMMA tube wall 2210/2170; nominal squeeze 15.6%.

>
7.30

PMMA TUBE (REF)

PEEK I:LANGE BODY (HATCHED), BOTH SIDES

NOTES

1. PTFE rod seal basis: spring-energised symmetric seal for 226 rod; gland bore 230.52 H8, assembled

axial width 3.60 mm (1.80 mm split into each PEEK half). Supplier part number, jacket compound and

spring material remain to be confirmed.

2. Split-plane O-ring: 60x3.0 mm FKM, 75 Shore A; groove OD 266.2, ID 258.2, depth 2.40. Nominal squeeze
20%. Machine groove in lower half only.

3. PMMA face seal: FKM 2-366, 183.52x5.33 mm, 75 Shore A; groove OD 2194.18, radial width 7.30£0.10,
depth 4.50. Nominal squeeze 15.6%.

4. Local fasteners: 8xM6x30 ISO 4762 A4-80 socket-head cap screws on 2110 PCD. Upper holes 26.6 thru
with 220x8 counterbores (218 washer); lower holes M6x1 blind, 16 deep.

5. This drawing set defines a preliminary design for thesis documentation and detailed review. It is NOT a
pressure-vessel certification or release-for-manufacture package.
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HALF SECTION
2210.0+0.5 (OD)

2170.0£0.5 (ID)

(flatness 0.10, Ra<1.6)

TUM C — END FAC
(para 10tqA)

t=20.0

min 19.5)

300.0+0.2

- — 0.5x45° CHAMFER, ALL 4 EDGES (BOTH END

DM«D FACE

| SEALS AGAINST FKM FACE SEALS
IN PEEK FLANGES — SEE TB-EL-004.
NO GROOVE OR INTERFERENCE FIT
IN THE PMMA TUBE ITSELF.

SH

DRAWI
E

PRINT

NOTES

1. Material: clear transparent PMMA. Grade/supplier
2. OD total runout 0.50 to Datum B (bore axis).
3. Do not machine cylindrical optical surfaces unless [
4. No cracks, chips, crazing or stress damage perritt
5. Break all end edges 0.5%45°; remove all burrs.
6. PRELIMINARY — NOT FOR MANUFACTURE.

AXIS (r = 0)
" A el
REDUCED SCALE TEST BENCH
SCALE UNITS
TITLE 31 mm
PMMA CHAMBER TUBE STATUS DATE
MATERIAL: CLEAR TRANSPARENT PMMA PRELIM. 2026-08-03

mc

HE




LENGT
SHEET
PRINT

M10x1.5x460 GLASS-FIBRE/EPOXY TIE ROD, WITH HARDWARE AT EACH

460 +1 OVERALL (FINISHED LENGTH) |

NUT H=20

WASHER 30x30%4
211 HOLE

ROCHLING DUROSTONE EPR S1, M10x1.5, GLASS-FIBRE/EPOXY

NOTES

1. Rod: 8% Rochling Durostone EPR S1, M10%1.5x460, cut from 1900 mm stock (article 100265).
2. Nuts: 16x Durostone EPM S7 hex, H=20 mm (double-height) — the H=10 nut is NOT permitted.
3. Washers: 16x Durostone EPC 308, 30x30x4, 211 hole; orient sides radial/tangential.

4. Cut ends square within 0.5; break 0.5x45° max; no splintered fibres; seal cut ends with epoxy.
5. Nominal thread projection beyond each nut: 4 full pitches (min. 3).

6. Target preload: 5.00 £0.25 kN per rod — set by calibrated load cell, not torque alone.

7. PRELIMINARY — NOT FOR MANUFACTURE.

DWG NO REV
PROJECT VG N
REDUCED SCALE TEST BENCH 116 TB-EL-007 A
SCALE UNITS
TITLE 1:2 (LEN) mm
M10 GLASS/EPOXY TIE ROD STATUS DATE
MATERIAL: DUROSTONE EPR S1/EPM S7 / EPC 308 PRELIM. 2026-08-03 SHE




SGHEN
SHEET
PRINT
CHAMBER TUBE AND TIE-ROD ASSEMBLY — AXIAL STACK
| 460 TIE-ROD OVERALL LENGTH |
I 1
HV PMMA TUBE GND
FLANGE FLANGE
I |
400 (50 + 300 + 50) BETWEEN OUTER FLANGE FACES
30 PROJECTION
(NUT+WASHER, EACH END)
8x tie rods on 2250 PCD, 45° spacing, first rod at 22.5° — see TB-EL-002 plan
BILL OF MATERIALS
ITEM DESCRIPTION QTY
1 PMMA tube, 2210/2170x300 (TB-EL-006) 1
2 PEEK end-flange assembly, 50 thick (TB-EL-002) 2
3 Durostone EPR S1 tie rod, M10x1.5%460 (TB-EL-007) 8
4 Durostone EPM S7 hex nut, M10, H=20 16
5 Durostone EPC 308 washer, 30x30%4, 211 16
6 FKM PMMA face seal, 2-366
NOTES
1. Target preload 5.00 +0.25 kN per rod; combined load per rod = 9.44 kN at 0.6 MPa design basis.
2. Utilisation vs. Durostone EPM S7 (H=20) 22 kN breaking load, 50% sustained limit: = 86% (max = 88%).
3. H=10 mm nuts are NOT permitted — insufficient breaking load (12 kN) for this load case.
4. Tighten all 8 rods in a diametrically-opposite cross pattern, in 23 progressive steps.
5. Inner M6 Allen screws (TB-EL-002/003/004) are NOT part of the main chamber-retention load path.
6. Design basis: 6 bar differential pressure. This drawing is not a certified pressure-vessel rating.
7. PRELIMINARY — NOT FOR MANUFACTURE. Final acceptance requires supplier confirmation or test.
8. All dimensions in mm. Do not scale drawing.
I e 53 A
REDUCED SCALE TEST BENCH
SCALE UNITS
TITLE NTS AL
CHAMBER TUBE AND TIE-ROD ASSEMBLY STATUS DATE
SEE BOM ABOVE FOR MATERIALS PRELIM. 2026-08-03 ISHE




UNIVERSAL HV CAP — ASSEMBLY, HALF SECTION

265.00

SCALE 2:1 TRUE AT 100% PRINT ON A3

SHEET 1 OF 3 — ASSEMBLY OVERVIEW

TOP WALL 8.00, CAVITY 252.00 (VOID

SPIGOT 258.00 / SOCKET 258.20

PEEK PLATE 255.80%5.00, RESTS ON|FLOOR

SUPPORT FLOOR, 5.00 THICK, SOLIO

ROUTING CAVITY 254.00 x 40.00, VOID

94.00

SHOULDER — OD 65—26, MATES RQD

ROD SPIGOT 219.80%25.00

(ROD, EXISTING PART, REF)

25.00

NOTES

1. Both caps 265.00, aluminium 6061-T6; continuous cylinder, no external step at the cap-to-cap joint.
2. Internal cavity is an open void from top wall to rod, interrupted only by the plate and the support floor.
3. No radial holes, screws or threads are made in the rod wall. See Sheet 2 for upper/lower cap detail.
4. PRELIMINARY — NOT FOR MANUFACTURE. All dims mm.

DWG NO REV
PROJECT
TB-HV-101 E
REDUCED SCALE TEST BENCH 118
SCALE UNITS
TITLE 1:1 mm
ASSEMBLY OVERVIEW STATUS DATE
SIMPLIFIED 3-SHEET SET, TRUE SCALE PRELIM. 2026-08-04 SHEET 1 OF 3




A — UPPER CAP, HALF SECTION
265.00

2x214.20 THRU, BT LEEEREEEENS .
C'BORE 218.20%2.60 - d E

SCALE 2:1 (A)/ 1:1 (B) TRUE AT 100% PRINT ON A3

CAVITY ¢52.00, VOID

SHEET 2 OF 3 — UPPER CAP & LOWER CAP

37.00
SPIGOT 258.00, 15.00 LONG 4\
B — LOWER CAP, HALF SECTION — PEEK PLATE SHOWN SEATED
265.00
+—>
| / SOCKET 258.20%15.10
i —|
H | — PLATE 255.80x5.00, RESTS ON FLOOR
i \
. FLOOR 5.00 THICK, SOLID
| 97.00
' ROUTING 254.00x40.00, VOID
! SHOULDER, MATES ROD
| // SPIGOT 219.80%x25.00
! (ROD, EXISTING PART, REF)
i
NOTES '
1. Axial (top to bottom): socket 15.10 - free space JIS.QO - plate 5.00 - floor 5.00 - routing 40.00 - rod spigot 25.00 (total 97.00).
2. Plate rests flat on the floor's top face; the «z»56.0(f bore only guides the plate radially (0.20 clearance) — it is not a shoulder.
3. Plate fixed to floor by 3xM3x10 CSK screws, 244 PCD — see Sheet 3. Cap screws 3xM3x6 bear on the upper-cap spigot only.
4. No radial holes, screws or threads in the rod wa'l. Material: aluminium 6061-T6 (both caps), unfilled PEEK (plate).
5. PRELIMINARY — NOT FOR MANUFACTURE. All dims mm.
DWG NO REV
PROJECT 119 TB-HV-102 E
REDUCED SCALE TEST BENCH
SCALE UNITS
TITLE 2:1/1:1 mm
UPPER CAP & LOWER CAP STATUS DATE
AMATES B'S SOCKET — B MATES ROD ©26/220 PRELIM. 2026-08-04 SHEET 2 OF 3




A — PEEK PLATE, TOP VIEW — 1:1

3x23.40 CSK,
PCD44, M3x10

255.80 OD

2x212.50 THRU

SCALES NOTED PER VIEW, TRUE AT 100% PRINT ON A3

SHEET 3 OF

3xM3x0.5 BLIND 26

256.00 SEAT, MATCHES
PLATEODIN A

— PLATE, FLOOR, BUSHINGS, BOM

C — PTFE TOP BUSHINGS, HALF SECTION — 5:1
PTFE, WITH M14x1 PEEK LOCKNUT (218.00 MAX, PIN-SPANNER TYPE)

OIL VERSION
©18.00 FLANGE

12.00

2.50 FLANGE, M14x1

9.50 THREAD BELOW FLANGE

HEATER-CABLE VERSION

SAME 218.00 FLANGE & M14x1 THREAD

BORE = CABLE OD +0.30-0.50, MAX 28.00}

BILL OF MATERIALS

ITEM COMPONENT MATERIAL QTy
1 Upper HV cap (Sheet 2A) Al 6061-T6 1 5  Cap screw, M3x6 1SO4026
2 Lower HV cap (Sheet 2B) Al 6061-T6 1 6  Plate screw, M3x10, CSK
3 PEEK support plate (A) Unfilled PEEK 1 7 Oil unions / terminals (per config.)
4 PTFE top bushing + locknut (C) PTFE / PEEK 2
NOTES & CONFIGURATIONS

1. Two service positions, 32.00 centres (X=+16.00), serve either config: HOT-OIL — 2x26/24 PFA tubes, oil-return/supply unions.
FLOATING-HEATER — insulated + bonded terminal, stud M6, max envelope 220.00 each. Same plate/bushings serve both.

2. Only two spigot joints in the whole assembly (upper cap/lower socket; lower cap/rod bore) — no retaining ring, no radial rod holes.

3. PTFE bushings isolate tubes/cables electrically; they are NOT a pressure seal. Verify continuity between upper cap, lower cap, rod.

4. Pending hardware confirmation: union/terminal mounting dims, floor clearance vs. selected hardware, heater-cable OD.

5. PRELIMINARY — NOT FOR MANUFACTURE. All dims mm.

DWG NO REV
PROJECT
TB-HV-103 E
REDUCED SCALE TEST BENCH 120
SCALE UNITS
TITLE 1:1/5:1 mm
PLATE, FLOOR, BUSHINGS & BOM STATUS DATE
A/B MATE LOWER CAP — C MATES UPPER CAP (SHEET 2) PRELIM. 2026-08-04 SHEET 3 OF 3




HALF SECTION
2210.0+0.5 (OD)

2170.0£0.5 (ID)

(flatness 0.10, Ra<1.6)

TUM C — END FAC
(para 10tqA)

t=20.0

min 19.5)

300.0+0.2

- — 0.5x45° CHAMFER, ALL 4 EDGES (BOTH END

DM«D FACE

| SEALS AGAINST FKM FACE SEALS
IN PEEK FLANGES — SEE TB-EL-004.
NO GROOVE OR INTERFERENCE FIT
IN THE PMMA TUBE ITSELF.

SH

DRAWI
E

PRINT

NOTES

1. Material: clear transparent PMMA. Grade/supplier
2. OD total runout 0.50 to Datum B (bore axis).
3. Do not machine cylindrical optical surfaces unless [
4. No cracks, chips, crazing or stress damage perritt
5. Break all end edges 0.5%45°; remove all burrs.
6. PRELIMINARY — NOT FOR MANUFACTURE.

AXIS (r = 0)
” A el
REDUCED SCALE TEST BENCH
SCALE UNITS
TITLE 31 mm
PMMA CHAMBER TUBE STATUS DATE
MATERIAL: CLEAR TRANSPARENT PMMA PRELIM. 2026-08-03

mc

HE




LENGT
SHEET
PRINT

M10x1.5x460 GLASS-FIBRE/EPOXY TIE ROD, WITH HARDWARE AT EACH

460 +1 OVERALL (FINISHED LENGTH) |

NUT H=20

WASHER 30x30%4
211 HOLE

ROCHLING DUROSTONE EPR S1, M10x1.5, GLASS-FIBRE/EPOXY

NOTES

1. Rod: 8% Rochling Durostone EPR S1, M10%1.5x460, cut from 1900 mm stock (article 100265).
2. Nuts: 16x Durostone EPM S7 hex, H=20 mm (double-height) — the H=10 nut is NOT permitted.
3. Washers: 16x Durostone EPC 308, 30x30x4, 211 hole; orient sides radial/tangential.

4. Cut ends square within 0.5; break 0.5x45° max; no splintered fibres; seal cut ends with epoxy.
5. Nominal thread projection beyond each nut: 4 full pitches (min. 3).

6. Target preload: 5.00 £0.25 kN per rod — set by calibrated load cell, not torque alone.

7. PRELIMINARY — NOT FOR MANUFACTURE.

DWG NO REV
PROJECT VG N
REDUCED SCALE TEST BENCH 122 TB-EL-007 A
SCALE UNITS
TITLE 1:2 (LEN) mm
M10 GLASS/EPOXY TIE ROD STATUS DATE
MATERIAL: DUROSTONE EPR S1/EPM S7 / EPC 308 PRELIM. 2026-08-03 SHE




SGHEN
SHEET
PRINT
CHAMBER TUBE AND TIE-ROD ASSEMBLY — AXIAL STACK
| 460 TIE-ROD OVERALL LENGTH |
I 1
HV PMMA TUBE GND
FLANGE FLANGE
I |
400 (50 + 300 + 50) BETWEEN OUTER FLANGE FACES
30 PROJECTION
(NUT+WASHER, EACH END)
8x tie rods on 2250 PCD, 45° spacing, first rod at 22.5° — see TB-EL-002 plan
BILL OF MATERIALS
ITEM DESCRIPTION QTY
1 PMMA tube, 2210/2170x300 (TB-EL-006) 1
2 PEEK end-flange assembly, 50 thick (TB-EL-002) 2
3 Durostone EPR S1 tie rod, M10x1.5%460 (TB-EL-007) 8
4 Durostone EPM S7 hex nut, M10, H=20 16
5 Durostone EPC 308 washer, 30x30%4, 211 16
6 FKM PMMA face seal, 2-366
NOTES
1. Target preload 5.00 +0.25 kN per rod; combined load per rod = 9.44 kN at 0.6 MPa design basis.
2. Utilisation vs. Durostone EPM S7 (H=20) 22 kN breaking load, 50% sustained limit: = 86% (max = 88%).
3. H=10 mm nuts are NOT permitted — insufficient breaking load (12 kN) for this load case.
4. Tighten all 8 rods in a diametrically-opposite cross pattern, in 23 progressive steps.
5. Inner M6 Allen screws (TB-EL-002/003/004) are NOT part of the main chamber-retention load path.
6. Design basis: 6 bar differential pressure. This drawing is not a certified pressure-vessel rating.
7. PRELIMINARY — NOT FOR MANUFACTURE. Final acceptance requires supplier confirmation or test.
8. All dimensions in mm. Do not scale drawing.
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SCALE UNITS
TITLE NTS AL
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HOLLOW ALUMINIUM HV ROD

245.00 £0.10 TOTAL CUT LENGTH

SCHEMATIC LONGITUDINAL — SEE DIMENSIONS, DETAILS TRUE 2:1

SHEET 1 OF 2 — ROD PART DRAWING

ROD LOWER END

END VIEW — SCALE 2:1

i
OD 226 g6
BORE 220.00 +0.05/0
WALL 3.00 NOM.

DETAIL A — UPPER CAP INTERFACE

ROD TOP OUTER FLANGE FACE CHAMBER INNER FACE ADAPTOR TOP |
' i ' '
| PTFE SEAL PLANE | H
! ! ! '_ 219.80%25.00 CAP SPIGOT
4 . L = ROD END SEATS ON CAP SHOULDER
N N
o 3
_'_I%_ —-—-—-—-———-—SPI:IT—AL}NSERT—#QLSO—-———-—-———-—-——g—-——- DETAIL B — ADAPTOR/ELECTRODE
G z
= ]
100.00 ABOVE FLANGE 85.00 EXPOSED IN CHAMBER
< > < > 10.00 ENGAGEMENT, ADAPTOR BORE 226 H7
50.00 FLANGE ROD LOWER FACE FLUSH
WITH ELECTRODE TOP FACE
10.00
EEATURE. VALL
25.00 28.00 =
N Material Al 6061-T6
191.50 £0.10 SPLIT AL INSERT > Total cut length 245.00£0.10
OD / Bore 226 g6 / 220+0.05
0.50 NOMINAL AXIAL CLEARANCE (INSERT TO MANIFOLD) Wall thickness 3.00 nom.
Above outer flange 100.00+0.50
Flange traversed 50.00
Exposed in chamber 85.00
Adaptor engagement 10.00
Radial holes in wall None
NOTES
1. Rod OD continuous and smooth thru the PTFE flange-seal region; Ra<0.8 pm over the full exposed OD, no machining steps at the seal.
2. Upper end receives the lower-HV-cap spigot 219.80x25.00; 0.50x45° internal lead-in and external edge break.
3. Lower 10.00 of rod enters the adaptor 226 H7 bore; rod lower face flush with adaptor lower face and electrode top face.
4. No radial screws, cross-holes or threads permitted in the 3.00 mm rod wall.
5. Bore and all end edges burr-free (protects PFA tubes and internal insert/manifold).
6. Insert length 191.50 assumes 0.50 total axial clearance to the U-manifold — see Sheet 2.
7. PRELIMINARY — NOT FOR MANUFACTURE. All dims mm.
DWG NO REV
PROJECT 124 TB-HV-007 A
REDUCED SCALE TEST BENCH
SCALE UNITS
TITLE SCHEM./2:1 mm
HOLLOW ALUMINIUM HV ROD STATUS DATE
SPLIT INSERT ON SHEET 2 (TB-HV-008) PRELIM. 2026-08-04 SHEET 1 OF 2




SCALE 4:1 TRUE AT 100% PRINT ON A3 (VIEWS A & C)

SHEET 2 OF 2 — SPLIT AL TUBE-GUIDE INSERT
SPLIT ALUMINIUM TUBE-GUIDE INSERT

MATERIAL: ALUMINIUM 6061-T6 (OIL CONFIG.) OR PEEK (HEATER CONFIG., ELECTRICAL INSULATION) — TWO IDENTICAL HALVES PER ASSEMBLY

A — END VIEW, ONE HALF

S —

R9.90 OUTER PROFILE C — ASSEMBLED CROSS-SECTION 219.80£0.03

ASSEMBLED OD

220.00 ROD BORE
(0.20 CLEARANCE)

2x26.20 PASSAGE,
8.00 CTRS

19.80 MATING WIDTH 2.80 REF GROOVE-TO-OD

06/04 PFATUBE,
EACH PASSAGE

R3.10 +0.025/0
GROOVES

SPLIT / MATING PLANE — NO GAP PERMITTED

B — LONGITUDINAL SIDE VIEW (SCHEMATIC)

Lins = 191.50 £0.10 — SEE ROD ASSEMBLY, SHEET 1

BOTH ENDS: 0.50x45° OUTER CHAMFER GROOVE ENTRY/EXIT: R0.50 MIN.

NOTES

1. Two identical halves per assembly; one half inverted at assembly. Split plane passes through both tube centres.

2. No intentional gap permitted between the two flat mating faces. No adhesive, radial screws or rod-wall threads used for retention.

3. Insert axially captured between the lower-cap spigot (above) and the U-manifold or its retainer (below) — see Sheet 1.

4. Insert must not clamp, flatten or permanently deform the PFA tubes; it is not a pressure-containing component.

5. All PFA-contact surfaces (grooves, outer profile) Ra<1.6 um; remove all burrs and machining ridges.

6. Groove centres X=+4.00, Y=0 from insert centreline; grooves straight and parallel to the part axis, full length.

7. FLOATING-HEATER CONFIG.: same geometry, insert manufactured in unfilled PEEK instead of aluminium — insulates the heater
cable from the surrounding aluminium rod. Dimensions and tolerances on this sheet apply to both material versions.

8. PRELIMINARY — NOT FOR MANUFACTURE. Do not release insert length until Sheet 1 rod assembly is finalised. All dims mm.

DWG NO REV
PROJECT
TB-HV-008 A
REDUCED SCALE TEST BENCH 125
SCALE UNITS
TITLE 4:1 mm
SPLIT ALUMINIUM TUBE-GUIDE INSERT STATUS DATE
FITS INSIDE ROD BORE 220.00 (TB-HV-007) PRELIM. 2026-08-04 SHEET 2 OF 2




Material Specifications for Test-Bench
Construction

B.1. Purpose and Scope

This appendix defines the materials required to construct the proposed test bench. The bench was not
fabricated during this thesis; the specifications therefore describe the construction basis rather than an
as-built material record.

The appendix includes materials whose selection affects electrical insulation, heat transfer, sealing,
mechanical stability, optical access, or experimental repeatability. Component geometry, dimensions,
tolerances, surface finishes, fasteners, and assembly details are provided in Appendix A. Hydraulic and
electrical sizing requirements are provided in Appendices C and D, respectively.

Commercial products are named only where their properties were used as a design or calculation
reference. An equivalent product may be used when the relevant electrical, thermal, mechanical,
dimensional, and chemical properties are verified before construction. Likewise, the generic material
properties used in the numerical model are modelling inputs and do not automatically define the
materials to be used for fabrication; see Appendix G.

B.2. Material Specifications

Table B.1 lists the material families that influence the intended operation of the test bench. The
status column distinguishes fixed material choices from specifications that must be completed before
construction.

Table B.1: Design-critical material specifications for the proposed test bench.

ID Material Main application =~ Required material specification Status
M-01 Aluminium Electrodes, hollow  Aluminium 6061 is prescribed for the Material fixed;
6061 rods, adaptors, principal conductive and machined temper to be
conductive caps, components. The final temper shall be finalised
and metallic recorded in the construction documentation.
supports Geometry and fabrication requirements are
defined in Appendix A.

Continued on the next page.
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A.9. PMMA chamber tube, tie rods, and chamber stack 127

Table B.1 continued.

ID Material Main application =~ Required material specification Status

M-02 Epoxy-resin Replaceable spacer  The final record shall identify the resin, Critical open
system specimens hardener, filler type and fraction where specification

applicable, curing process, fabricator, and
specimen batch. Relative permittivity and
conductivity as a function of temperature
shall be established for the material used in
the experimental campaign.

M-03 Clear cast Chamber tube Alternative Plastics clear cast acrylic tube, Design-
PMMA 2210/2170 mm design-reference geometry;  reference

supplier properties are given in specification
Section B.3.3 [69].

M-04 PEEK Chamber flanges, PEEK with suitable electrical insulation, Exact grade to be
insulating supports, temperature resistance, machinability, and finalised
and oil-manifold dimensional stability. The exact grade, filler
parts condition, and supplier data shall be

documented [70].

M-05 FKM elastomer Static chamber seals FKM compound compatible with laboratory Compound and
air, the qualified temperature range, and the hardness to be
selected cleaning agents. Compound and finalised
hardness shall be selected together with the
final seal design [71].

M-06 Spring- Rod feedthroughs The PTFE jacket compound, energiser Exact seal system
energised PTFE material, temperature and chemical to be finalised
seal system compatibility, and complete system

identification shall be documented for the
selected feedthrough seal [72].

M-07 PTFE Oil-tube ferrules PTFE compatible with the selected silicone  Exact grade to be
and selected fluid, the qualified operating temperature, finalised
insulating parts and sustained compression. The grade used

shall be recorded.
M-08 Super-PFA Hot-oil supply and ~ Super-PFA tubing compatible with the Reference
return tubing selected fluid and operating-temperature specification
range. SMC TL0604 provides the reference
material and product basis used in the
hydraulic design; a verified equivalent may be
used [65].

M-09 Silicone Hot-oil working Silicone fluid with nominal viscosity of 10 cSt Reference
heat-transfer fluid at room temperature and with density, specification
fluid thermal expansion, and heat-capacity data

consistent with the hydraulic calculation.
XIAMETER PMX-200 10 cSt is the reference
fluid [66], [67].

M-10 Copper Heater conductors, Copper conductor with the required current Material fixed
conductors electrical capacity, flexibility, and termination

connections, and compatibility. Conductor cross-sections and

floating loop routing requirements are defined in the
relevant electrical design and sizing
documentation.

M-11 XLPE cable Inner insulation of ~ XLPE-insulated copper cable compatible with Reference
insulation the external floating the composite insulation arrangement. specification

conductor

Nexans HFIX is used as a reference
specification and shall not be treated as an
independently rated high-voltage cable [68].

Continued on the next page.



B.3. Materials of the Alternative Heating Architectures

128

Table B.1 continued.

ID Material Main application =~ Required material specification Status

M-12  Silicone Additional Electrically insulating silicone suitable fora  Grade and
electrical common-mode continuous, void-controlled insulation layer. process to be
insulation insulation around  The exact grade, curing system, application  finalised

the floating method, and adhesion to adjacent materials
conductor shall be documented.

M-13 PFA-insulated Internal Copper lead wire with PFA insulation Exact wire
copper lead cartridge-heater suitable for the selected heater current, local specification to
wire connections temperature, flexibility, and termination be finalised

arrangement.

M-14 PEEK or Heater terminals The final material shall provide adequate Final material
ceramic and cable dielectric behaviour, temperature resistance, selection
electrical penetrations dimensional stability, and mechanical required
insulation strength. The selection shall be made together

with the final terminal and bushing design.
M-15 Laboratory air  Test-cell insulating  Laboratory air at approximately 1 bar Fixed
medium absolute. Chamber pressure and temperature, experimental
together with ambient humidity, shall be medium

recorded for each experimental run.

The spacer material remains the most important open specification. The generic epoxy properties
and prescribed conductivity function used in the numerical model do not identify an experimentally
reproducible resin system. The final experimental record must therefore link each spacer specimen to
its formulation, fabrication route, batch, and electrical characterisation.

B.3. Materials of the Alternative Heating Architectures
B.3.1. Hot-Oil Architecture

The hot-oil architecture uses aluminium for conductive and heat-spreading parts, PEEK for insulating
supports and the internal manifold, PTFE for compressed sealing or retention elements, Super-PFA for
the contained fluid route, and silicone fluid as the heat-transfer medium. The detailed arrangement is
defined in Appendix A, while the reference tubing and fluid properties used in the hydraulic calculation
are documented in Appendix C.

A replacement fluid shall be accepted only after its viscosity, density, thermal expansion, and heat
capacity have been checked against the hydraulic calculation. Replacement tubing shall be checked for
fluid compatibility, temperature capability, and routing limitations.

B.3.2. Floating Cartridge-Heater Architecture

The floating cartridge-heater architecture uses aluminium for conductive caps and supports; PEEK,
PTFE, or a qualified ceramic for terminal insulation and bushings; copper for the floating circuit;
PFA for internal lead insulation; XLPE for the inner cable insulation; and silicone for the additional
common-mode insulation.

The XLPE-insulated reference cable forms only one part of the complete insulation system. The cable,
added silicone insulation, supports, terminations, and surrounding clearances must be qualified as
an assembled system. Heater and conductor sizing is provided in Appendix D; the present material
specification does not assign a high-voltage rating to the inner cable alone.

B.3.3. PMMA chamber tube

The design-reference chamber material is clear cast PMMA tube. A commercial reference is the clear
cast acrylic tube supplied by Alternative Plastics, with a nominal geometry of @210/2170 mm. The
supplier reports a density of approximately 1.19 g/cm?, an elastic modulus of approximately 3.2 GPa,
a thermal conductivity of 0.19 W/(mK), a Vicat softening temperature of approximately 107°C and
a dielectric strength of approximately 35 kV/mm [69]. These data define the preliminary material



B.4. Material Documentation Required Before Construction 129

properties used for the chamber design. The supplied tube must be checked against the required
dimensions, temperature and mechanical loading before use.

B.4. Material Documentation Required Before Construction

Table B.2 defines the minimum material information that shall be retained by the future builder. The
actual datasheets and certificates should form part of the construction and experimental record rather
than being reproduced in full in this thesis.

Table B.2: Minimum material documentation required for construction.

Material category Required construction record

Metallic stock Alloy, temper, supplier, and material certificate.

Spacer material Resin system, hardener, filler where applicable, cure cycle, fabricator, batch, and
electrical characterisation.

Machined polymers Polymer grade, filler condition, supplier, and manufacturer datasheet.

Elastomeric seals Compound, hardness, supplier, and temperature and chemical compatibility.

Feedthrough seals Complete seal-system identification and manufacturer design data.

Tubing and fluids Exact product or grade, supplier, compatibility data, and the properties used in the

hydraulic calculation.
Cables and electrical insula- Conductor material, insulation material and grade, supplier data, and assembly-level
tion qualification record where applicable.
Test medium Chamber pressure and temperature, together with ambient humidity, for each run.

B.5. Boundary with the Engineering-Drawing Appendix

This appendix controls material families, reference specifications, and the documentation required
for their use. Appendix A controls component geometry, dimensions, fits, tolerances, surface finishes,
fasteners, seal-gland geometry, routing, assembly interfaces, and drawing revisions. Where a material
choice changes a calculated thermal, hydraulic, or electrical property, the relevant sizing calculation
shall be updated before fabrication.

The main material families are identified, but the spacer system, PMMA grade, PEEK grades, seal
compounds, feedthrough seal system, silicone insulation process, and terminal-insulation material
remain to be finalised before construction. Keeping these items explicit prevents the design specification
from implying a level of fabrication readiness or qualification that was not reached during this thesis.



Thermal Sizing of the Hot-Oll
Circulation Loop

C.1. Purpose and calculation method

The hot-oil loop must provide enough flow to transport the required thermal power without creating an
excessive pressure drop. The sizing therefore follows four steps: determine the flow regime, calculate
the tube pressure loss, estimate the thermal demand, and size the pump and reservoir. Reynolds
number and Hagen-Poiseuille flow are used for the hydraulic calculation, while the transported heat is
obtained from a steady-flow energy balance [121], [122]. Forced-circulation heat-transfer-oil systems
use the same basic quantities: flow rate, pressure, temperature and an oil-side energy balance [92].

The calculation is a design check. It does not demonstrate the final oil-to-electrode heat transfer, which
also depends on the PFA wall, solid contacts, aluminium insert, rod and electrode.

C.2. Design inputs

XTAMETER PMX-200 Silicone Fluid, 10 cSt, is used as the working-fluid basis. It was selected because
its viscosity is low enough for the 4 mm tube while manufacturer data are available for the thermal
and electrical properties required by the design [66]. The circulation lines use SMC TL0604 Super-PFA
tubing [65].

Table C.1: Inputs used for the preliminary hydraulic sizing.

Quantity Value Basis

Working fluid PMX-200, 10 cSt Selected silicone fluid
Kinematic viscosity at 25°C, vo5 10 x 1076 m2 /s Manufacturer property
Density at 25°C, pas5 940 kg/m?> Manufacturer property
Volumetric expansion coefficient, f  1.08 x 1073 K1 Manufacturer property
Specific heat at 100°C, ¢, 1.76 kJ / (kg K) Manufacturer property
Tube SMC TL0604 Super-PFA  Selected component
Tube OD / ID 6/4 mm Manufacturer geometry
Preliminary total tube length, L 20m Supply + return design assumption
Candidate flow range 100-300 mL/min Preliminary design range
Nominal flow 200 mL/min Selected operating point

The 2.0 m length is provisional. It must be replaced by the final supply-and-return length once the
chamber routing is frozen.

C.3. Flow regime and pressure loss

For a tube internal diameter D = 4 mm, the flow area is
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2
A= % =1.257 x 107> m>. (C.1)
The mean velocity is
1%
=—. 2
v= (C2)
At the nominal flow,
V =200 mL/min = 3.333 x 107 m?/s, (C.3)
which gives
v =0.265m/s. (C4)
The Reynolds number is
D
Re = ”7 (C.5)

At 200 mL/min,

_ (0.265)(0.004) _

R ~ 106, C6
€T T ox 106 (C6)

Table C.2: Flow velocity and Reynolds number for the candidate flow range.

Flow rate Velocity  Reynolds number
100 mL/min 0.133m/s 53
200 mL/min  0.265 m/s 106
300 mL/min  0.398 m/s 159

The complete operating range is therefore strongly laminar. At the nominal condition, the approximate
hydrodynamic entrance length,

L, ~0.05ReD, (C.7)

is about 21 mm, which is small compared with the provisional 2 m flow path. A fully developed
laminar-flow relation is therefore adequate for the dominant straight-tube pressure loss.

At 25°C, the dynamic viscosity is
= pv =(940)(10 x 107%) = 9.4 x 1072 Pas. (C.8)
For fully developed laminar flow in a circular tube, the Hagen-Poiseuille relation gives [122]

128uLV
nD*4

Aptube = (C.9)

At the nominal flow,

Aptabe ~ 10.0 kPa. (C.10)
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A preliminary allowance of 30% is added for the U-manifold, fittings and routing that are not yet frozen:

Apdesign = 1.30 Apupe- (C.11)

Table C.3: Calculated tube pressure loss and preliminary design pressure loss.

Flow rate Tube loss With 30% allowance

100 mL/min 5.0 kPa 6.5 kPa
200 mL/min  10.0 kPa 13.0 kPa
300 mL/min  15.0 kPa 19.5 kPa

The 30% allowance is a temporary sizing assumption rather than a correlation. It should be replaced by
component-specific losses after the final fittings and manifold are selected.

C.4. Heat demand and required oil temperature drop

The required oil heat transport is set by the heat lost from the heated electrode assembly. A first-order
estimate is made for the conservative 100°C thermal-design condition with surroundings near 25°C,

giving
AT =75 K. (C.12)

The aluminium rod has an outer diameter of 26 mm, an internal bore of 20 mm and a heated length of
80 mm. Its metallic cross-sectional area is

Tt

Aar = 1

(D - D?) =2.17x 10 m?. (C.13)
Using kaj = 167 W/(m K) for aluminium 6061-T6, the conductive loss is bounded as
. AT
Qcond = kAlAAlT ~ 34 W. (C.14)

For a simple external-loss estimate, As ~ 0.007 m?, i ~ 10 W/(m?K), and ¢ ~ 0.3 are used as conservative
design assumptions. The resulting losses are

Qconv = hAsAT ~53W, (C15)
and
Qrad = €0As (T = T)) ~ 14 W. (C.16)
The estimated total is therefore
Qloss ¥ 34 +53 + 1.4 ~ 41 W. (C.17)

Because this is a simplified upper-bound calculation, the loop is sized for an order-of-magnitude thermal
demand of

Qreq ~ 50 W | (C.18)

The oil temperature drop required to transport this heat follows from the steady-flow energy balance
[92], [121]
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Qoil = mcpAToil- (C.19)
The oil density near 100°C is estimated from the volumetric expansion coefficient:

P25 940

= ~ 3
1+B(100 —25) ~ 1+ (1.08 x10-3)(75) 870 kg/m’. (C.20)

p100 *
At the nominal flow,

i1 = pV = (870)(3.333 x 107°) = 2.90 x 1072 kg/s. (C.21)

With ¢, = 1.76 kJ/(kg K) at 100°C,

Qreq _ 50
e, (2.90 x 10-3)(1760)

ATy = ~9.8K. (C.22)

Hence,

ATy ~ 10K (C.23)

at the nominal 200 mL/min flow. The 10 K value is therefore a result of the heat-demand estimate, not
an assumed input.

This calculation only establishes the sensible heat that the fluid can transport. The actual delivered heat
also depends on the thermal resistance of the PFA wall, insert and contact interfaces, rod and electrode.
That path must be assessed by the thermal model and by later qualification.

C.5. Pump and reservoir sizing

The nominal preliminary pressure requirement is approximately 13 kPa, while the upper design flow
remains below approximately 20 kPa. The preliminary pump requirement is therefore

‘ Vump = 0.30 L/min at Ap > 30 kPal, (C.24)

The final pump must be selected from its pressure—flow curve and checked for compatibility with the
selected silicone fluid and operating temperature.

The internal fluid volume of the tubing is

Viube = nTDzL- (C.25)
ForD=4mmand L =2m,
Viabe = 25 mL. (C.26)
The fluid expansion from 25°C to 100°C is
AV 3
Vo~ BAT = (1.08 x 107°)(75) ~ 0.081, (C.27)

or approximately 8.1%. For a cold fill of 180 mL,
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AV % 14.6 mL. (C.28)

A preliminary reservoir of 250 mL with approximately 180 mL cold fill therefore leaves sufficient
headspace for thermal expansion and bubble separation.

C.6. Bend-radius check

SMC specifies a recommended minimum bend radius of 35 mm for TL0604 tubing [65]. A free 180°
return bend would therefore require a centreline diameter of approximately

2R min = 70 mm. (C.29)

The aluminium rod provides only a 20 mm internal bore. Since

70 mm > 20 mm, (C.30)
a free PFA return bend cannot be accommodated inside the rod. The separate lower U-manifold is

therefore required to reverse the flow without forcing the selected tubing below its recommended
free-bend radius.

C.7. Preliminary hydraulic specification

Table C.4: Preliminary hydraulic specification of the hot-oil loop.

Quantity Preliminary design value
Working fluid XIAMETER PMX-200 Silicone Fluid, 10 ¢St
Tube SMC TL0604 Super-PFA, 6/4 mm
Preliminary total tube length 2.0m

Nominal flow 200 mL/min

Operating range 100-300 mL/min

Reynolds number at nominal flow 106

Nominal straight-tube pressure drop 10 kPa

Nominal preliminary total pressure drop 13 kPa

Pump requirement > 0.30 L/min at > 30 kPa

Design heat demand order 50 W

Required oil temperature drop at nominal flow  approximately 10 K

Preliminary reservoir 250 mL

Suggested cold fill approximately 180 mL

Fluid expansion from 25°C to 100°C 8.1%

Flow regime laminar

Tube recommended bend radius 35 mm

The hydraulic calculation shows that pressure loss is modest for the selected 4 mm-ID tube. At the
nominal flow, the straight-tube loss is approximately 10 kPa, while the oil temperature drop required to
transport the order-50 W design heat demand is approximately 10 K.

Three quantities remain provisional. The 2 m tube length must be replaced by the final routing
length, the 30% local-loss allowance must be replaced by the actual fitting and manifold losses, and the
order-50 W heat demand must be confirmed by the final thermal model and later bench qualification.
Hydraulic capacity alone does not verify the complete oil-to-electrode heat-transfer path.

C.8. Proposed Control and Protection Logic

The hot-oil system regulates the selected hot-side electrode temperature, Ti,t, to a prescribed setpoint
Thotset- The circulation pump remains active throughout thermal conditioning, while the external oil



C.8. Proposed Control and Protection Logic 135

heater is the controlled actuator. The physical electrode temperatures, Tyy and Tgnp, are measured
independently so that the signed temperature difference

AT = Ty — Tenp (C.31)

can be evaluated for either gradient direction. The oil temperature, T, is monitored separately as a
protection variable.

If Toir > Toil,max, the heater is disabled while circulation continues. The value T max is the qualified
protection limit of the realised loop and is governed by the lowest applicable component rating.

[ Start thermal conditioning j

A\
Select hot electrode and set Tj,qt set
and qualified acceptance criteria

\

Pump ON continuously

Y

Y

Read Ty, Tgnp and Tyj

|

Toil > Toil,max?

o

Compare Tt with Thot set
and adjust heater input

|

4{ Continue conditioning }: No Thermal state stable?

‘ Heater OFF
| Pump remains ON

Yes

A

Check Ty, tolerance,
opposite-electrode band,
gradient direction and |AT|

|

No Acceptance cri-
teria satisfied?

Thermal state ‘
not accepted <
Corrective action required

[ Thermal state accepted j

Figure C.1: Proposed control and protection logic for the hot-oil heating system. The selected hot-side electrode is
temperature-controlled, while the realised gradient is checked only after the thermal state has stabilised.
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The thermal state is accepted only when T, satisfies its qualified stability and setpoint criteria, the
opposite-electrode temperature remains within its qualified acceptance band, the required gradient
direction is established, and |AT| = 40-50 K. If the thermal state is stable but these acceptance criteria
are not met, the condition is rejected rather than allowing the controller to continue indefinitely. The
setpoint, tolerances, stability duration and protection limits are established during method qualification.

Table C.5: Functional control requirements of the hot-oil system.

Element Function Requirement

Circulation pump Maintains oil circulation > 0.30 L/min at > 30 kPa on the preliminary routing basis.

Oil heater Provides controlled Externally located; final power rating confirmed from the
thermal input realised thermal response.

Temperature Regulates Tj,q¢ PID or equivalent feedback control.

controller

Electrode sensors Measure Ty and TgnD Independent measurements suitable for the respective

electrode potentials.

Oil-temperature Provides protection input  Independent T,; monitoring with heater-inhibit function.

sensor

Logger / DAQ Records thermal history Records Ty, Tonp and Ty

The logic represents the baseline one-active-side operating mode. If qualification shows that the opposite
electrode cannot remain within its acceptance band passively, its heating provision may be used as an
additional control input.



Preliminary Electrical Sizing of the
Floating Cartridge-Heater Circuit

D.1. Purpose and Design Basis

The floating cartridge-heater concept generates heat directly inside the selected electrode. The cartridge
heater is designed to provide the dominant electrical resistance in the floating secondary circuit, while
the connecting conductors have a much lower resistance. The induced electrical power is therefore
dissipated mainly in the heater rather than along the floating loop.

The transformer is an existing laboratory component and is treated as fixed hardware. Its magnetic
design is outside the scope of this appendix. The calculations below provide a preliminary sizing basis
for the cartridge heater and floating conductor, define the electrical load that the existing transformer
must supply, and screen the common-mode insulation geometry. The principal remaining feasibility
check is whether the available transformer can deliver the required secondary voltage and current
continuously under representative load.

An order-50 W thermal demand is used as the preliminary sizing basis because both heating concepts are
intended to establish the same electrode and spacer thermal condition. The cartridge heater generates
this heat directly inside the electrode and therefore avoids the intermediate fluid heat-transfer path of
the hot-oil concept. The actual steady electrical input required by the realised assembly must still be
established during qualification.

A 75 W cartridge is adopted to provide control margin above the preliminary thermal demand:
Py = 50 W, Py rated = 75 W. (D.1)
The nominal power margin is therefore

Ph,rated _ E _
Py 50

1.5. (D.2)

The heater therefore provides approximately 50% nominal power margin. It is not intended to operate
continuously at full rated power.

D.2. Preliminary Heater Rating

A low-voltage heater rating of

Vh,rated =24V (D3)
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is adopted as the preliminary design point. From

Py = Vyly, (D.4)
the rated heater current is
75
Ip = — =313 A. D.
=5y~ 313 (D.5)
The corresponding heater resistance is
Vi 24
h
Ry=—==—=-=768Q. D.6
"TPy 75 (D)

The preliminary heater specification is therefore

Vw=24V, P,=75W, [,=313A, Ry,=77Q| (D.7)

At an order-50 W operating requirement, the same resistance would require

Vi = VPR = V50 X 7.68 ~ 19.6 V, (D.8)
with
19.6
Iy = =20 ~ 255 A. (D.9)

A useful preliminary heater-side operating range is therefore

Vs =20-24V, I; =2.6-3.1A (D.10)

for approximately 50-75 W of heater power. These values define the desired operating range of the
floating load; they are not measured characteristics of the existing transformer.

D.3. Floating-Loop Conductor and Resistive Losses

The heater and connecting conductors form a series circuit. Their relative heat generation is therefore
set directly by their resistance ratio:

p loop Rloop
Py Ry

. (D.11)

A 4 mm? copper conductor is selected for the floating loop. A total loop length of 2 m is used as a
preliminary routing assumption. Using a conservative hot-state copper resistivity of approximately

pcu100 *2.3% 1078 Qm, (D.12)

based on standard copper-property data [124], the loop resistance is

L 2
Rioop = P~ ~2.3%x108——— ~0.0115 Q. D.13
loop = Pz ¥ 25X N 1076 (D-13)

At the rated heater current,
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Ploop = I} Rigop ~ (3.13)*(0.0115) ~ 0.11 W. (D.14)

Compared with the 75 W cartridge,

p loop

~ 0.15%. (D.15)

Thus,

o1

and the calculated resistive dissipation is concentrated almost entirely in the cartridge heater. The
conductor current density is

] = % ~ 0.78 A/mm?. (D.17)

The conductor is therefore electrically conservative. Its final construction is governed more strongly by
mechanical routing and common-mode HV insulation than by copper loss.

D.4. Heater-Power Control and Thermal-Control Logic

The floating heater is controlled entirely from the grounded primary side. For the HV-hot configuration
considered in this appendix, the HV-electrode temperature, Ty, is the controlled thermal variable. The
grounded-electrode temperature, Tgnp, is measured independently and is used only to evaluate the
realised gradient and the opposite-electrode acceptance condition. The controller therefore does not
regulate AT directly.

For a fixed transformer configuration and operating frequency, the secondary voltage can be represented
in first order by

Vi ~ kV,, (D.18)

where k is the effective transfer ratio. The value of k is presently unknown because the available
transformer has not yet been characterised under the selected load. Since Rjoop < Ry,

Is ~ —— (D.19)
and the cartridge power is approximately

2172
NVSZNkVP

Py~ =~ :
"R, R,

(D.20)

Equation D.20 describes only the control principle. The actual relation between primary excitation and
heater power must be measured during loaded transformer characterisation. The same characterisation
must establish the allowable primary voltage, current and thermal operating limits before controller
tuning.

The proposed baseline control logic is shown in Figure D.1. The control sequence starts by defining the
HV-electrode setpoint, its allowable tolerance and stability duration, the acceptable grounded-electrode
temperature band, the required gradient direction, the acceptance range |AT| = 40-50 K, and the
primary-side protection limits. During conditioning, Tiyv is measured by the electrically isolated
fibre-optic sensor, while Tgnp, primary current and, if implemented, magnetic-core temperature are
monitored independently.
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If a protection limit is exceeded or a required sensor signal is lost, the primary excitation is removed and
the system enters a fault/cooldown state. Under normal conditions, a PID or equivalent controller acts
only on the error between Tyy st and Ty Its demand is applied by a grounded primary-side power
stage subject to the limits established during transformer characterisation. The final modulation method
is not fixed at this stage. Continuous-amplitude control or whole-cycle time-proportioning may be used,
provided the selected method remains within the characterised transformer operating envelope.

The thermal state is not accepted merely because Tiv reaches its setpoint. Once Tyy is stable within its
qualified tolerance, the measured Tgnp is checked against its qualified acceptance band, the required
gradient direction is confirmed, and the realised |AT| is checked against the 40-50 K experimental range.
If these criteria are not satisfied, the condition is rejected or the operating point is revised during method
qualification rather than allowing the controller to drive AT independently.

Table D.1 summarises the functional control and measurement requirements. Exact controller settings,
primary-side limits and modulation parameters remain qualification outputs because they depend on
the measured response of the existing transformer and the realised thermal assembly.

Table D.1: Functional control and measurement requirements for the floating cartridge-heater circuit.

Element Function Requirement
HV-electrode Primary thermal feedback  Fibre-optic or equivalent electrically isolated measurement
temperature sensor of Thy.
Grounded-electrode =~ Opposite-side thermal Independent Tgnp measurement for the acceptance band,
temperature sensor measurement gradient direction and |AT| check.
Temperature Regulates the selected PID or equivalent feedback control using THy set — THV-
controller hot-side electrode
Primary-side power Applies the controller Ground-referenced actuation; final modulation method and
stage demand to the transformer excitation limits fixed after loaded transformer

primary characterisation.
Primary-current Electrical protection of the  Iprimary monitored against the characterised operating limit.
monitoring grounded excitation circuit
Core-temperature Thermal protection of the ~ Recommended protection input if required by loaded
monitoring magnetic coupler transformer characterisation.
Transformer and Transfers power across the Must demonstrate approximately 2024 V at 2.6-3.1 A at the
floating loop HV boundary floating load under representative operating conditions.
Data acquisition / Records thermal history Records Tiyy, ToND, realised AT, controller demand,
logging and protection state primary current and fault/protection state.

The logic above applies directly to the HV-hot configuration, for which the floating inductive supply
is required. When the gradient is reversed and the grounded electrode is the selected hot side, the
same thermal acceptance logic is retained with Tonp as Thot and Thv as Topposite, but the grounded
cartridge can be supplied conventionally. In both directions, the setpoint, tolerance, stability duration,
opposite-electrode acceptance band and protection limits are fixed during method qualification.

D.5. Preliminary Cartridge-Heater Selection

The electrode provides sufficient internal volume for a compact industrial cartridge heater while
retaining its external field-defining profile. A heater diameter near 6-6.5 mm and a sheath length of
approximately 25 mm provide a suitable preliminary geometry.

For a 6.5 mm diameter and 25 mm heated length, the approximate cylindrical sheath area is

Ay = ndpLy, = 5.1 cm?. (D.21)

The nominal surface loading is therefore
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Figure D.1: Proposed control and protection logic for the floating cartridge-heater circuit in the HV-hot configuration. The
HV-electrode temperature is the controlled variable. The grounded-electrode temperature and the realised |AT| are acceptance
checks after thermal stabilisation, not independent controller targets. Electrical power crosses the HV boundary only by magnetic

coupling, while the temperature feedback crosses it through the fibre-optic measurement.
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7
q" = % ~ 147 W/em?. (D.22)
The Durex Industries cartridge-heater family provides a suitable commercial design basis. Durex
offers cartridge heaters in this diameter range, allows voltage, wattage, length and termination to be
specified, and lists a maximum current of 4 A for the 6.5 mm family and 4.2 A for the nominal 1/4-inch
family [123]. The calculated current of 3.13 A remains below either limit.

The preliminary procurement specification is therefore

industrial cartridge-heater family,
dp ~ 6.5 mm,

Ly ~ 25 mm, (D.23)
Vy,=24V,
Py, =75W.

The exact ordering code, lead arrangement and machined-hole tolerance remain to be fixed with the
final heater selection. The heater manufacturer’s installation guidance should be used when fixing the
final hole tolerance and permissible watt density in aluminium [123].

D.6. Common-Mode Insulation of the Floating Secondary

The magnetic coupling removes the galvanic connection between the grounded power supply and
the HV-side heater, but it does not remove the HV-to-ground insulation requirement. The floating
secondary remains near the electrode potential while the transformer core is grounded. The cable-to-core
arrangement must therefore withstand the full common-mode design voltage,

Vewm = 60 KV. (D.24)

D.6.1. Model Geometry

The common-mode insulation condition was assessed using a two-dimensional electrostatic COMSOL
model of the floating cable centred within the grounded transformer core. The transformer window
is approximately 330 X 360 mm and the insulated cable has an outside diameter of approximately
28 mm. This gives minimum cable-to-core clearances of approximately 151 mm horizontally and
166 mm vertically.

As a first bulk-clearance check,

60 kV

T ~ 040 kV/mm. (D.25)

Epuix =

This is a clearance-averaged field scale rather than the local electric field, because the geometry is
non-uniform and part of the voltage is supported by the solid cable insulation. It nevertheless shows
that the transformer window provides substantial bulk clearance. The relevant screening question is
therefore the local field concentration around the insulated floating conductor.

The electrostatic model uses the following insulation stack:

Cu — primary cable insulation — 12 mm silicone — air — grounded core. (D.26)

The primary cable insulation in the model is approximately 1 mm thick. The final design-reference
conductor is a Nexans HFIX stranded 1 x 4 mm? XLPE-insulated cable, for which the manufacturer
specifies an average insulation thickness of approximately 0.8 mm and an insulated-core diameter of
3.8-4.7 mm [68]. The HFIX conductor is used only as the inner insulated conductor and is not itself
treated as a 60 kV-rated cable. With the additional 12 mm radial silicone layer, the resulting outside
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diameter is approximately 27.8-28.7 mm, closely matching the approximately 28 mm geometry used in
the model. The small difference between the modelled and selected primary-insulation thickness is
retained as a final-verification item rather than being treated as a conservative equivalence.
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Model geometry - cable centered in transformer window

Figure D.2: Geometry used for the 60 kV common-mode insulation screening of the floating secondary.

D.6.2. Electric-Field Screening

The COMSOL model applies the 60 kV common-mode voltage to the floating conductor while the
transformer core is grounded. The resulting field is concentrated close to the insulated conductor and
decreases through the composite insulation and surrounding air toward the grounded core.

The unrestricted global maximum of the finite-element solution is not used as the insulation criterion
because idealised edges and material junctions can produce mesh-sensitive singular values. Representa-
tive local fields are instead read away from these singular points at physically meaningful locations in
the insulation stack.
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t(9)=10 mm Surface: Electric field norm (kV/mm)
mm

14

-14

-15 -10 -5 0 5 10 mm

Surface E-field norm at cable cross-section

Figure D.3: Electric-field magnitude around the floating cable for the 60 kV common-mode design case. Representative local field
values are taken away from mesh-sensitive singular points.

Table D.2: Representative local electric-field levels from the 60 kV transformer-window screening model.

Location / region Representative field Interpretation

Conductor—primary-insulation interface ~2.0kV/mm Local inner-interface field; singular
corner values excluded.

Primary cable insulation, away from inner interface ~1.0kV/mm Representative field through the
main cable-insulation region.

Additional silicone insulation ~1.2kV/mm Representative field within the
added common-mode insulation.

Outer silicone—air surface ~1.2kV/mm Below the adopted 1.5 kV/mm

air-side screening criterion.

The air-side value is the most relevant external-insulation screening result. The representative field
at the outer silicone—-air surface is approximately 1.2 kV/mm, below the adopted 1.5 kV/mm criterion.
The 1.5 kV/mm value is a thesis design-screening criterion rather than a universal air-breakdown limit.
Together with the minimum modelled 151 mm cable-to-core clearance, the electrostatic result supports
the feasibility of the proposed common-mode insulation geometry at the 60 kV design-verification level.

This remains a numerical screening result rather than a physical withstand demonstration. Cable
terminations, support geometry, manufacturing tolerances, contamination and nearby grounded
hardware can introduce local field enhancement that is not represented by the simplified model. The
completed floating-secondary-to-ground arrangement must therefore still be electrically qualified before
HYV operation.

D.7. Preliminary Specification and Remaining Checks

Table D.3 summarises the preliminary electrical and control design basis.
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Table D.3: Preliminary design basis for the floating cartridge-heater circuit.

Quantity Preliminary value

Thermal design demand ~50W

Cartridge rated power 75W

Cartridge voltage 24V

Cartridge current 313 A

Cartridge resistance 7.68 Q

Useful heater-power range ~50-75 W

Required secondary voltage ~20-24V

Required secondary current ~26-3.1A

Heater diameter ~ 6.5 mm

Heater length ~ 25 mm

Candidate heater family Durex custom cartridge-heater family

Floating conductor 4mm? Cu

Design-reference external cable Nexans HFIX stranded 1 x 4 mm?

Preliminary loop length 2m

Loop resistance near 100°C ~0.0115Q

Loop loss at rated current ~011W

Loop/heater loss ratio ~ 0.15%

Transformer transfer ratio k To be measured under load

Controlled variable, HV-hot case Tav

Opposite-side acceptance variables ToND, gradient direction and realised |AT]|

Common-mode design voltage 60 kV

Transformer window 330 x 360 mm

Minimum modelled cable-to-core clearance ~ 151 mm

Representative outer silicone—air field ~1.2kV/mm

Adopted air-side screening criterion 1.5kV/mm

Final common-mode verification Assembled electrical qualification

The preliminary calculation establishes three main points. First, a compact 24 V, 75 W cartridge
heater provides nominal control margin above the order-50 W thermal design demand. Second, the
4 mm? floating conductor has a resistance several hundred times smaller than the heater resistance, so
calculated conductor heating is negligible and the resistive dissipation is concentrated in the cartridge.
Third, the concept-defining 60 kV common-mode insulation geometry passes the adopted numerical
air-side screening criterion, with a representative outer silicone-air field of approximately 1.2 kV/mm
compared with the 1.5 kV/mm screening value.

The principal unresolved feasibility question is the existing transformer’s loaded capability. It must
be shown to supply approximately 2024 V at 2.6-3.1 A to the floating load while remaining within
acceptable magnetic and thermal operating limits. The final heater termination and fit, primary-side
excitation limits, controller tuning, opposite-electrode acceptance band, and completed composite-
insulation arrangement also remain to be fixed or qualified on the realised system. The control logic
defined in Figure D.1 therefore provides the intended functional sequence, while its numerical setpoints
and protection limits remain method-qualification outputs.
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Pressure Force and Tie-Rod Capacity
Check

E.1. Purpose and design pressure

This appendix checks whether the eight M10 tie rods can carry the force produced by the chamber
mechanical design pressure. The inner M6 Allen screws are not included because they close the split
rod-seal gland; they are not the main chamber-retention fasteners.

The calculation starts from the specified pressure difference:

P = 6 bar = 0.60 MPa = 0.60 N mm 2. (E.1)

The value is treated as an internal-to-external differential pressure. The normal experiments use air
near atmospheric pressure; the 6 bar case is only the mechanical design case.

E.2. Force acting on one end flange

Pressure produces an axial force according to

F = pA. (E.2)

The PMMA chamber bore has a diameter of 170 mm. However, the pressure does not necessarily stop at
the bore edge. It can also enter the small contact interface between the PMMA tube end and the PEEK
flange. It is stopped by the FKM face seal.

There is only one pressure: 6 bar. The larger diameter is used only to define a conservative pressure-
loaded area. The outside diameter of the face-seal groove, 194.18 mm, is used as the pressure boundary.
This slightly overestimates the loaded area and is therefore conservative.

The conservative projected area is

nD}  7(194.18)2
Ap=—F = m " 8 29614mm?. (E.3)

The resulting force on one end flange is

Fp = poAp = (0.60)(29614) = 17.77kN. (E.4)

For comparison, using only the 170 mm chamber bore would give 13.62kN. The conservative seal-
boundary calculation adds 4.15kN. This is not a second pressure load; it is the same pressure acting
over the additional annular interface area.
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Figure E.1: Projected pressure area used in the tie-rod check. The same internal pressure acts over both regions.

E.3. Design load shared by the tie rods

A screening factor of yr = 2.0 is applied:

Fp,a = yrFp = 2.0(17.77) = 35.54 kN. (E.5)

The chamber uses eight equally spaced tie rods. With equal load sharing, the design pressure load per

tie rod is

F 54
Fua = %d - % — 4.44KN. (E.6)

The selected value yr = 2.0is a thesis-specific conservative screening factor used to test the preliminary
tie-rod sizing against the simplifying assumptions of the load calculation. These include idealised load
sharing between the tie rods and omission of the detailed joint-stiffness, preload and time-dependent
deformation behaviour of the assembled flange system. The factor is not a pressure-vessel-code partial
factor.

E.4. Capacity of one M10 tie rod
The selected fasteners are M10x1.5 A4-80 stainless-steel tie rods. The tensile stress area of one M10x1.5
thread is - -

A = 1 (d- 0.9382P)2 =7 (10 — 0.9382(1.5))2 = 57.99 mm?. (E.7)

Using the adopted minimum 0.2% proof strength of 600 MPa, the proof-load capacity of one tie rod is

Foz = AsRy0.2min = (57.99)(600) = 34.79kN. (E.8)
The design pressure load uses
Foqa 444
=——=——=128% E.
2= F, T aaze T 28 (E9)

of the proof-load capacity of one tie rod.

E.5. Conservative check including preload

The preliminary preload is 5.0 kN per tie rod. In a real preloaded joint, only part of the external force
normally becomes additional tie-rod load. For a simple conservative check, the complete design pressure
load is added directly to the preload:

Fir,comp = 5.0 + 4.44 = 9.44kN. (E.10)
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The corresponding utilisation is

9.44
10.2,comb = ﬁ = 27.1%. (Ell)
The corresponding proof-load margin is
34.79
SF0.2,comb = m = 3.68. (E.12)

The total preliminary preload is 8(5.0) = 40.0 kN, which is slightly greater than the factored separating
force of 35.54 kN. This comparison is only a preliminary closure check because PEEK creep, thermal
expansion and preload scatter can reduce the available clamping force.

E.6. Result and limitations

Table E.1: Summary of the tie-rod design check.

Quantity Result
Mechanical design pressure 6 bar
Conservative pressure-load diameter 194.18 mm
Pressure force on one end flange 17.77kN
Factored end force, yr = 2.0 35.54 kN
Factored pressure load per tie rod 4.44kN
Proof-load capacity per tie rod 34.79 kN
Pressure-only utilisation 12.8%
Conservative load including preload 9.44 kN
Utilisation including preload 27.1%
Proof-load margin including preload 3.68

On this static screening basis, the eight M10x1.5 A4-80 tie rods have sulfficient direct tensile capacity for
the force produced by the 6 bar mechanical design pressure. The conservative preload-inclusive load
uses approximately 27% of the adopted proof-load capacity of each tie rod.

This result checks only the direct tensile capacity of the tie rods. It does not certify the complete chamber
for 6 bar. Separate verification is required for flange bending and creep, washer bearing, PMMA stress,
seal retention, joint opening, thermal expansion, preload loss and pressure cycling. The assembled
chamber must also pass dimensional inspection, leak testing and pressure-retention testing before HV
operation.



Derivation and Assessment of the
Effective Air-Cavity Conductivity

F.1. Modelling choice and scope

The test-bench model contains an enclosed air domain surrounding the electrode-spacer assembly.
Temperature differences in this region can produce buoyancy-driven natural convection in addition to
molecular conduction. A resolved gas-flow model was investigated, but the tested formulations did
not provide a sufficiently robust solution for the complete stepped chamber. The final thermal model
therefore represents convection-enhanced heat transfer through

kair,eff(T) =45 kair(T)‘ (Fl)

The factor 4.5 is not an intrinsic material property of air. It is derived from a simplified electrode-spacer
air-layer representation and then applied uniformly to the complete enclosed-air domain. This transfer
is a reduced-order modelling assumption because the actual local gap width and temperature difference
vary throughout the chamber.

Radiative heat transfer is solved separately. Equation (F.1) therefore represents only the reduced
convection-enhanced contribution within the air domain and does not include surface-to-surface or
surface-to-ambient radiation. The purpose of the approximation is to provide a stable spacer and
solid temperature field for the subsequent electrical analysis. It is not intended to predict gas velocity,
circulation cells, thermal boundary layers, or local convective heat-transfer coefficients.

F.2. Representative geometry and calculation inputs

The complete chamber is annular and stepped, so a single exact air-gap width cannot describe the
complete domain. The primary screening calculation therefore uses the simplified electrode-spacer air
region employed for the resolved-convection consistency study. Its representative air-layer width is

bret = 45 mm = 0.045 m. (F.2)

The dimension is measured normal to the opposing surfaces of the simplified air layer. It is not the full
radial clearance of the complete test-bench chamber.

The representative high-temperature screening condition is
ATer =746 K, Tr =335.8 K. (E3)

The temperature difference is a simulation-based screening value and not an experimental measurement.
The film temperature is used only for the transparent appendix calculation; the final COMSOL model
retains temperature-dependent material functions.
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Figure F.1: Relationship between the simplified derivation geometry and the complete implementation domain. The
Rayleigh—Nusselt screening calculation uses a representative 45 mm electrode-spacer air layer. The resulting multiplier is
subsequently applied uniformly to the complete enclosed-air domain as a reduced-order approximation.

Table F.1: Inputs used to reproduce the Rayleigh—Nusselt screening calculation.

Quantity Symbol Value Unit
Representative air-layer width bret 0.045 m
Temperature difference ATef 74.6 K
Film temperature Ty 335.8 K
Density p 1.051 kgm™>
Dynamic viscosity U 2.01x107° Pas
Thermal conductivity Kair 0.0288 Wm™1K!
Specific heat capacity cp 1007 Jkg 1Kt
Thermal-expansion coefficient B=1/Tf 2978x107 K1

Gravitational acceleration g 9.81 ms~2




F.3. Rayleigh—Nusselt derivation 151

The derived properties are

v=t —1912%x10° m?s7!, (F4)
p
o= K5 791 %1075 m? s (E.5)
pcp
Pr= E = 0.703. (F.6)

F.3. Rayleigh—Nusselt derivation
F.3.1. Rayleigh number

For the representative layer,

gﬁAEefb:‘)

Ray, ref | (E7)

voa

Substitution gives
R = (9-81)(2.978 x 107)(74.6)(0.045)°
b T 1912 x 105)(2.721 x 10-9)

=3.82 x 10°. (F.8)

Thus,

Ray ~ 3.8 x 10°. (F.9)

The result indicates that convection-enhanced heat transfer should not be omitted from the representative
air-layer treatment. It does not determine the detailed flow pattern in the complete chamber. The result
is also strongly geometry dependent because Ra;, o b>.

F.3.2. Nusselt correlation and selected multiplier
The enclosed-air-layer correlation of ElSherbiny, Raithby, and Hollands is used as the engineering basis
[73]. The three candidate branches used in the thesis are

Nuj = 0.0605Ra, (F.10)
1/3
0.104Ra2?® |’
Nup = |1+ — , (F11)
1+ (6310/Ray)"
0.272
Ray H
=0.242 =2 A=—. F.12
Nuz =0 ( " ) , 5 (F12)
Using Raj, = 3.82 x 10° gives
Nuy =439,  Nuy = 4.49. (F13)

The simplified region does not form one uniformly heated rectangular layer over a uniquely defined full
height. To show the sensitivity of the aspect-ratio term, the internal chamber height H = 0.280 m is
used as an upper axial-length estimate. This gives

0.280
Asens = m = 622, (F14)

and

(F.15)

3.82 x 105)0'272 .
6.22 S

Nuz =0.242 (

The formal maximum of the three evaluated branches is 4.85. The model therefore does not claim that
the complete correlation returns exactly 4.5. Instead,

(F16)
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Table F.2: Calculated Nusselt-number branches and the selected reduced-order value.

Branch Value Interpretation

Nuy 439  Rayleigh-number scaling branch

Nuy 449  Primary numerical basis for the final multiplier
Nus 4.85  Aspect-ratio sensitivity using Asens = 6.22
Ntegt 4.5  Selected reduced-order modelling value

is selected from the Nu; = 4.49 branch as a representative enhancement factor. The Nuz result is
retained as an explicit indication of uncertainty associated with assigning a full height to the simplified
local layer.

As an independent scale comparison, de Vahl Davis reported average Nusselt numbers of 1.118, 2.243,
4.519, and 8.800 at Rayleigh numbers 103, 10%, 10°, and 10°, respectively [100]. The benchmark supports
the physical plausibility of a cavity-average multiplier of order 4.5, but it does not validate the test-bench
model because its square geometry and boundary conditions differ from the present arrangement.

F.4. Full-domain implementation and numerical assessment
F.4.1. COMSOL implementation

The selected multiplier is applied uniformly to the complete enclosed-air domain through
kiso = 4.5 kair(T). (F17)
The base air conductivity remains temperature dependent. At the representative film temperature,
4.5(0.0288) = 0.1296 Wm 'K, (F.18)

but this constant value is illustrative only and is not entered directly in the final material definition.

The final air-domain material treatment is
p = pair(T), Cp = Cp,air(T)/ k = 4.5k (T). (F.19)

No gas velocity or pressure field is solved in the final model. Radiation remains separate and is
implemented through the radiation physics described in Appendix G; the 4.5 multiplier is not applied
to any radiative term.

The transfer assumption can be summarised as

Nueg = 4.5 — kair e (T) = 4.5k,ir(T) . (F.20)
—_———
simplified-layer derivation complete-domain implementation

The value 4.5 is therefore not interpreted as the exact local Nusselt number at every position in the
chamber.

F.4.2. Resolved-convection assessment

A coupled flow and heat-transfer model was examined before the reduced treatment was adopted. The
simplified electrode-spacer air region converged and provided a temperature-profile consistency case.
The investigated complete-cavity formulations did not provide a sufficiently robust solution for the
repeated electrothermal studies.

These outcomes show that the tested complete-cavity formulations were not sufficiently robust; they do
not identify one unique physical cause. Janssen and Henkes demonstrate the mesh and discretisation
sensitivity of enclosed natural-convection calculations, especially at high Rayleigh numbers [101]. Their
bifurcation regime occurs at Rayleigh numbers of order 10® and therefore does not establish physical
bifurcation as the cause of the present numerical behaviour.
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Table F.3: Summary of the resolved-convection model assessment.

Model or solver treatment Observed result

Simplified electrode—spacer air region Converged and provided a usable comparison
profile

Complete stationary segregated model Residual growth or stalling

Time-dependent initialisation Failure near initialisation

Fully coupled Boussinesq variations Oscillation or residual stalling

Alternative density formulations No sufficiently robust usable solution

F.4.3. Temperature-profile consistency check
The spacer-temperature profile was compared for three thermal representations:

1. conduction and radiation only;
2. resolved natural convection in the simplified electrode—spacer geometry;

3. radiation and the final effective conductivity from Equation (F.1).
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Figure F.2: Spacer-temperature profiles obtained using conduction and radiation only, resolved natural convection in the
simplified electrode—spacer geometry, and the final effective-conductivity model kir eff(T) = 4.5kair(T). The resolved-flow profile
is used as a qualitative consistency check and not as validation of the complete chamber.

The effective-conductivity treatment shifts the calculated spacer-temperature profile toward the simpli-
fied resolved-convection result compared with conduction and radiation alone. Exact agreement is not
expected because one model resolves directional flow in a reduced geometry, whereas the other applies
an isotropic conductivity enhancement throughout the complete air domain.

F.5. Limitations and future refinement

The final treatment does not resolve gas velocity, pressure, circulation cells, plume formation, boundary-
layer thickness, local convection coefficients, spatial variation of the local Nusselt number, or circum-
ferential asymmetry. The value 4.5 must therefore be interpreted as a representative global multiplier
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rather than the exact local Nusselt number throughout the chamber.

After thermal commissioning, the approximation can be generalised as
kair,ef‘f(T) = Crkair(T), (F.21)

where Cj is calibrated against measured electrode, spacer, and chamber-wall temperatures. The
calibrated value should then be assessed using an independent thermal condition, such as another oil
temperature or warm-up cycle. The same dataset should not be used both to calibrate the multiplier
and to claim validation.

If one global multiplier cannot reproduce the measured temperature field over several conditions,
separate regional multipliers may be considered. Such an extension should only be introduced when
sufficient measurements are available to identify the additional parameters without overfitting. No
experimental calibration or validation was performed in this thesis.

F.6. Reproducibility summary

Table F.4: Reproducibility summary for the effective air-cavity conductivity treatment.

Item Final treatment

Gas medium Air at approximately 1 bar
Derivation geometry Simplified electrode-spacer air layer
Characteristic width Dret = 45 mm

Temperature difference ATef = 74.6 K

Film temperature Tr =335.8K

Rayleigh number Raj, = 3.82x 10°

Correlation source ElSherbiny, Raithby, and Hollands
Calculated branches Nuy =4.39, Nuy =4.49, Nuz = 4.85
Selected multiplier Nueg =4.5

COMSOL air conductivity k = 4.5k, (T)

Implementation domain Complete enclosed-air domain
Radjiation Solved separately

Resolved gas flow in final model Not solved

Simplified resolved-flow model Qualitative consistency check
Experimental calibration or validation Not performed

To reproduce the calculation and implementation:

1. use the simplified 45 mm air-layer definition shown in Figure F.1;

evaluate the properties in Table F.1 at Ty = 335.8 K and approximately 1 bar;
calculate v, @, and Ray, using Equations (F.4)—(E.8);

evaluate Equations (F.10)-(F.12);

select Nueg = 4.5 as defined in Equation (F.16);

in the complete air domain, set k = 4.5k,;(T); retain the original temperature-dependent density
and heat capacity, and solve radiation separately.

SN N

The resulting model reproduces the thermal approximation used for the final electrothermal studies.
It does not reproduce a resolved gas-flow field and should not be interpreted as an experimentally
validated full-cavity convection model.



COMSOL Model Definition and
Reproducibility

This appendix records the final COMSOL implementation used for the thermal and electrical simulations
reported in Chapter 9. It complements the modelling method in Chapter 8 by listing the model inputs,
study sequence, solution transfer, mesh definition and post-processing quantities needed to reconstruct
the calculations. The derivation of the enclosed-air heat-transfer approximation is given separately in
the corresponding appendix; only its final implementation is stated here.

G.1. Model architecture and studies

The model was developed in COMSOL Multiphysics 6.2.0.415 as a two-dimensional axisymmetric
representation of the test bench. Heat transfer and radiation were solved first, after which the resulting
stationary temperature field was transferred to the Electric Currents interface. The electrical studies
therefore used one-way sequential coupling: temperature affected the conductivity distribution, while
electrical losses did not feed back into the thermal solution.

A time-dependent thermal study calculated the heating process from the initial condition, while a
stationary thermal study provided the settled field

Tss(x) (G.1)

used by the electrical studies. The electrical model represents the transition from the initially permittivity-
controlled field toward the conductivity-controlled DC field. It does not resolve gas ionisation, gas-ion
transport, independent surface-charge transport, discharge inception or flashover propagation.

Table G.1: Final COMSOL model and study configuration.

Item Final implementation

Spatial representation Two-dimensional axisymmetric

Thermal physics Heat Transfer in Solids and Surface-to-Surface Radiation
Electrical physics Electric Currents

Coupling Stationary thermal solution transferred to the electrical studies
Initial and ambient temperature 293K

Oil-region temperature 100°C

Applied electrical stress 60kV

Voltage ramp 2005, followed by a constant-voltage hold

Electrical output states End of ramp (Oh),1h,12hand 24 h

DC reference Separate stationary Electric Currents solution

Mesh Physics controlled, Extremely fine

Solver configuration COMSOL defaults; no manual tolerance or time-step changes
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Figure G.1: Final numerical representation of the test bench. The spacer—air interface used for electric-field extraction is the
exposed epoxy boundary between the two electrode regions in panel (a).

Table G.2: Thermal and electrical properties used in the final model.

Material k[Wm™ 1K1 p [kg m3] cp kg_1 K~ 1] &r o[Sm™1]
Aluminium 237 2700 900 - 3.77 x 107
Epoxy 0.40 1200 1000 44 ep(T)

PEEK 0.25 1300 2160 3.2 2x1071°
PMMA 0.31 1410 1460 3.7 1x10715
PFA 0.19 2150 1050 2.1 1x 10716
Silicone oil 0.15 960 1500 2.7 1x 10712
Air 4.5k,i(T) Pair(T) cpair(T) 1.0 1x10714

G.2. Domains, material properties and boundary conditions

Figure G.1 identifies the material domains and the principal thermal and electrical boundary groups.
The detailed dimensions are defined in the design chapters and are not repeated here.

The material properties entered in the final model are listed in Table G.2. Temperature-dependent air
properties were taken from the COMSOL material definition. Natural-convection heat transfer in the
enclosed air was represented by

Kair,eff(T) = 4.5 kair(T), (G2)

with radiation treated separately. The factor 4.5 is an engineering approximation rather than an intrinsic
property of air.

The temperature-dependent epoxy conductivity was implemented as

E.(1 1
Oep(T) = Oref exp[k—; (T—f - T)] , (G.3)
where
Oret =1.0x107°Sm™!, T =293K, E,=056eV, kg=28.617x10"°eVK". (G.4)

These values were prescribed model inputs and were not obtained from measurements on the intended
specimen.

The silicone-oil region was maintained at 100 °C, while the remaining domains were initially set to 293 K.
Surface-to-surface radiation was applied between the selected internal surfaces, and surface-to-ambient
radiation used an ambient temperature of 293 K. The applied-potential and grounded boundaries are
shown in Figure G.1b. The surface emissivities were 0.07 for aluminium, 0.85 for epoxy, 0.85 for PMMA
and 0.90 for PEEK.
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Figure G.2: Local view of the final physics-controlled mesh. The Extremely fine setting produces dense refinement around the
spacer and electrode regions and progressively larger elements toward the outer chamber.

The applied voltage was defined by the analytic function Vramp,

Vapp(t) = Vo min(Ti, 1) . Vo=60kV, T, =200s. (G.5)

r

The opposite electrode was assigned V = 0.

G.3. Mesh, study sequence and solution transfer

The final geometry was discretised using COMSOL’s physics-controlled triangular mesh with the size
level set to Extremely fine. Automatic refinement was concentrated around the spacer—electrode interfaces
and other small features, while larger elements were used toward the outer chamber, as shown in
Figure G.2. No separate user-defined local mesh-size feature was introduced.

No formal multi-mesh convergence sweep was performed; the mesh setting is therefore reported as a
discretisation choice rather than as a demonstrated mesh-independence result. The same final mesh
was used consistently for the reported thermal and electrical calculations.

In the stationary temperature-dependent electrical study, only the Electric Currents interface was solved.
Variables not solved for were imported using

User controlled > Method: Solution >Study: Heat Transfer, Stationary >Current
solution (soll).

Heat Transfer in Solids and Surface-to-Surface Radiation were not re-solved in this electrical step. The
same one-way transfer principle was used for the time-dependent electrical study, so the stationary
temperature distribution remained fixed while the electric field evolved.

The voltage was ramped from 0 to 60kV over 200 s and then held constant. Completion of the ramp
defined the pre-stress origin,
tore = 0. (G.6)

The end-of-ramp solution was retained as the 0 h capacitive reference, and the 1 h, 12 h and 24 h
solutions represented post-ramp DC pre-stress durations. A separate stationary Electric Currents study
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at the same temperature distribution and applied voltage provided the conductivity-controlled DC
reference. All studies retained the default COMSOL solver configuration; no solver tolerances, nonlinear
controls or time-stepping settings were manually modified.

G.4. Post-processing definitions and model boundary

The thermal quantities extracted from the model were the temperatures associated with the HV- and
grounded-side electrode regions,

Tav, TGND, AT = Ty — ToND- (G.7)

The electric-field magnitude was evaluated along the spacer—air interface I' visible in Figure G.1a:
Enorm(s, t) = [[E(s, )|, (G.8)

where s denotes position along the interface between its HV-side and grounded-side ends. The
whole-profile difference from the stationary reference was quantified by

1/2
[ (Enorm(sr t) - ]—::rwrm,ss(s))2 d5:|
r

Dg(t) = 172 (G9)
| [Eumto1a5]
. ,
Local deviations at the two interface ends were calculated as
Enrms'/t _Enrm Sji
5i(t) = = (85 £) = Enormss(8)) 100%,  je{HV,GND}. (G.10)

Enorm,ss(sj)

The 1 h, 12 h and 24 h profiles were compared independently with the stationary electrical solution.
The 0 h field was used only as the end-of-ramp capacitive reference.

The model provides the pre-breakdown temperature distribution and conductivity-driven electric-field
evolution within the defined axisymmetric arrangement. It does not calculate circumferential asymmetry,
resolved airflow, independent surface-charge transport, gas ionisation, discharge propagation or the
flashover event itself.



Qualification of the Reset Procedure
and Run-to-Run Independence

H.1. Purpose and Operational Definition

This appendix defines how the reset procedure is qualified before the research campaign and how
possible dependence between successive test runs is checked. The procedure supports the test method
introduced in Chapter 10. It is separate from the research matrix: the reset and its acceptance rules are
fixed method conditions, whereas temperature-gradient condition, polarity, and pre-stress duration are
research factors.

A breakdown sequence is useful for statistical analysis only when the preceding run does not
materially change the distribution of the next result. In the present bench, memory can remain in the
gas, on insulating surfaces, on the common electrodes, or in the measurement system. A fresh specimen
and a fixed waiting time therefore do not, by themselves, establish independence.

The following operational definition is used:

Successive runs are treated as independent when, after the prescribed reset, the preceding
test outcome has no detectable and practically relevant effect on either the measured initial
state or the result of the next reference test.

This definition does not claim that the microscopic gas-ion and surface-charge distributions are
identical before every run. Those states cannot be measured completely in the proposed apparatus.
Instead, the qualification combines three forms of evidence:

1. the measured electrical, thermal, and environmental state returns to its qualified reference range;

2. a preceding disruptive event and a preceding non-disruptive hold give equivalent next-test results
after reset; and

3. the ordered reference sequence shows no systematic trend, clustering, or other serial dependence.
No physical reset or independence qualification was performed in this thesis. The reset dura-

tion, current limits, averaging windows, and practical-equivalence limits remain outputs of future
commissioning.

H.2. Sources of Carry-Over

Table H.1 summarises the main mechanisms through which one run may affect the next.

Koch et al. showed that a preceding breakdown and a preceding withstand can leave different ion
densities in an electronegative gas. At short recovery times, the calculated breakdown probability
depended on the outcome of the previous test [82]. Their numerical waiting time applies to pressurised
SFg and is not transferred to the present air-epoxy arrangement.
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Table H.1: Possible sources of carry-over between successive runs.

Source Possible effect on the next run Available indication

Gas ions after a Changed start-electron availability and statistical time lag Previous-outcome comparison;

disruptive event purge and recovery study

Ion depletion after a Different gas state from that following a breakdown Previous-outcome comparison

withstand

Discharge products Changed gas condition or increased pulse activity Dry-air purge; fast-current
record

Residual surface charge  Changed field along the gas—solid interface Current transient; selected
surface-potential measurement

Electrode erosion or Drift in event voltage, scatter, or discharge location Inspection; run-order analysis

conditioning

Deposits or New local stress or leakage path Inspection; slow-current

contamination signature

Specimen history Changed surface-flashover behaviour Fresh specimen; specimen
traceability

Thermal or Changed gas strength and surface conduction Pressure, temperature, and

environmental drift relative-humidity records

Measurement drift Apparent change in voltage or current response Zero checks and repeated

reference measurements

Surface charge introduces a separate memory mechanism. Kindersberger and Lederle separated bulk
conduction, surface conduction, and neutralisation by gas ions in their model and measurements [30],
[31]. The measured decay depended on the material, gas, enclosure, and available gas volume. A single
universal surface-charge recovery time is therefore not available.

The common electrodes may also change during repeated tests. Hauschild and Mosch describe
conditioning, residual space charge, particle modification, and breakdown energy as possible causes of
dependence in high-voltage experiments [81]. Simka et al. reduced the energy delivered to a breakdown
and actively restored the gas-ion state before each impulse test [103]. Their AC ion-sweeping step is not
adopted here because it would add an additional electrical history to the epoxy spacer. The general
principle retained is that the gas state and electrode condition must both be controlled.

H.3. Reset Procedure and Long-Reset Reference
H.3.1. Check for Initial Apparatus Conditioning

Before the reset is qualified, a short preliminary sequence is used to check whether the new or recently
serviced arrangement is still conditioning. Sacrificial specimens are used, and these observations are
excluded from the independence study and the research campaign.

For each preliminary event, the event voltage, event class, visible event region, slow-current response,
transient charge, and fast-pulse activity are plotted against test number. Initial observations are excluded
until no continuing directional change is visible and no new electrode damage or discharge deposit is
developing. Koch used the same principle by excluding preliminary AC events that showed conditioning
before evaluating the retained breakdown sequence [102].

The protection resistor and source-isolation system must limit the energy delivered to a disruptive
event. A hardware change, electrode cleaning, electrode replacement, visible erosion, or a non-target
discharge requires the conditioning check to be repeated.

H.3.2. Physical Reset

The physical reset begins when the voltage source has been isolated. The following sequence is
applied after each completed voltage application:

1. de-energise the source;
2. discharge the high-voltage circuit through the approved discharge path;

3. visibly ground and short the main electrodes;
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. remove the tested specimen;

. inspect the electrodes, spacer contacts, chamber wall, feedthrough, and auxiliary insulation;
. record any arc mark, deposit, contamination, or mechanical change;

. install a fresh, previously unflashed specimen from the qualified production batch;

. pass filtered dry air through the chamber;

O 00 N3 O U1 W

. restore the accepted pressure, gas temperature, and relative humidity;
10. restore the required electrode temperatures and temperature difference; and

11. perform the electrical and measurement checks in Section H.4.

Okabe et al. restored a GIS test arrangement after breakdown by overhauling the equipment, purging
the gas, and returning it to the designated condition before testing continued [104]. This supports
resetting the complete apparatus rather than relying on waiting time alone.

Evacuation is not included in the baseline procedure because the chamber has not been qualified for
external pressure. The dry-air purge is performed near atmospheric pressure. The purge is recorded as
a nominal number of chamber-volume exchanges,

Vair tpurge
Nex = ——, (H.1)
Veh
where V,;, is the qualified volumetric flow, tpurge is the purge time, and Vi, is the chamber volume.
This quantity provides a reproducible purge measure; it does not prove complete gas replacement.

H.3.3. Long-Reset Reference

A deliberately conservative reset is first used to establish the reference state. It includes the complete
physical reset, a purge and grounded recovery longer than the initial routine proposal, full restoration
of the thermal and environmental state, and an additional observation period during which all reset
indicators remain stable.

The long reset is extended once more during commissioning. It is accepted as the reference only when
the further extension produces no practically relevant change in the measured reset indicators or in the
next reference result. The published SF¢ waiting times are not used as acceptance values because they
do not represent the gas, pressure, solid surface, voltage history, or thermal condition of the present
bench [82].

A practical starting target is ten valid long-reset reference cycles. This is not an independence
requirement specified by IEC 62539. It is chosen to estimate the baseline centre and scatter with more
than a minimal sample; IEC 62539 warns that serious errors may result from very small breakdown
datasets and recommends at least ten specimens where possible [57]. The baseline is re-established
after a change in specimen batch, electrode system, chamber configuration, or measurement chain.

H.4. Measured Reset Indicators

H.4.1. Thermal and Environmental State
The next run may begin only after the following quantities return to their qualified ranges:

p/ TgaS/ RH/ THV/ TGND/ AT (HZ)

Their drift must also satisfy the limits established during bench qualification. A quantity that enters
its accepted range only briefly while continuing to drift does not pass the reset gate.

H.4.2. Grounded-System Current

After grounding, the slow-current channel is recorded as I4(t). This check confirms that the discharge
circuit and electrometer have returned to their normal grounded response and that no abnormal
continuing leakage or pulsed activity remains. It does not show that all surface charge has disappeared.
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The accepted grounded-current range is obtained from the long-reset cycles. A routine reset passes
when, for a predefined number of consecutive averaging windows,

Iy € [lg, Igu], (H.3)

and
dlg <S H.4
E = Jg max- ( . )

The averaging interval and the required number of consecutive windows are selected from the
electrometer response and measured noise. No universal threshold such as I; < 1 pA is imposed. The
relevant condition is return to the grounded baseline of this apparatus.

H.4.3. Current During the Prescribed Voltage Waveform
A second current check is made during a fixed part of the normal voltage-application sequence. A
separate diagnostic voltage is avoided because it would introduce an additional electrical history.

The mean current over the reference interval is

Iref =

tr
— /tl I(t)dt. (HL5)

The remaining drift is represented by the fitted slope 5; over the same interval. The transient
transferred charge is approximated by

tr
Qu = [ [1(t)  LLeg] di. (H6)

These quantities describe the response of the complete circuit. They can reveal a change in bulk
conduction, surface conduction, gas current, stray leakage, contact condition, or moisture, but they do
not identify the individual contribution. A current signature passes only when I, S, Qtr, current noise,
and fast-pulse activity lie within the condition-specific ranges obtained from the long-reset reference.
Separate ranges are required where polarity or temperature produces a materially different current
response.

An unresolved current anomaly stops the run before the final voltage rise. The bench is reset and
inspected. A test completed with an unresolved anomaly is excluded from the primary dataset.

H.4.4. Selected Surface-Potential Measurements

During method qualification, selected specimens should be checked with a non-contact surface-
potential instrument where this is technically practicable. Kindersberger and Lederle verified a
charge-free initial state by measurement and showed that the spatial potential distribution can change
shape during decay [31]. This measurement is more direct than total circuit current for detecting
residual surface charge.

Measurements should compare a fresh specimen, a specimen after a representative non-disruptive
DC hold, and a specimen removed after a disruptive event. Fixed measurement positions and fixed
times after voltage removal are required. Routine scans are not needed before every campaign run once
the fresh-specimen preparation and reset procedure have been qualified.

H.5. Carry-Over Qualification Experiment

H.5.1. Reference Condition and Test Matrix
One fixed reference condition is used throughout the qualification. It uses one polarity, one thermal
condition, one pre-stress voltage and hold procedure, one final voltage-rise rate, fresh specimens from
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the same production batch, and the same measurement arrangement. The chosen condition should be
reproducible and sensitive to a change in the bench state.

The basic carry-over matrix is given in Table H.2. It tests the two histories identified by Koch et al.: a
preceding disruptive event and a preceding withstand [82].

Table H.2: Basic carry-over qualification matrix.

Preceding outcome Reset before next test Next test

Confirmed surface flashover Normal reset Fixed reference test
Confirmed surface flashover Extended reset Fixed reference test
Non-disruptive withstand Normal reset Fixed reference test
Non-disruptive withstand Extended reset Fixed reference test

A clear gas-gap discharge is added as a third preceding-outcome class when enough such events are
available. A hardware discharge is not treated as a factor level. It triggers inspection, correction, and
renewed qualification.

The extended reset is defined before the study. It is longer than the normal reset and includes an
additional period during which all measured reset indicators remain stable. It is not assumed to be a
perfectly charge-free state; it provides a conservative comparison with the routine procedure.

H.5.2. Execution and Recorded Responses
Each carry-over cycle consists of the following steps:

. perform the prescribed preceding voltage treatment on a sacrificial specimen;
. classify the outcome;

. apply the assigned normal or extended reset;

. install a fresh specimen;

. restore the fixed reference condition;

. verify the reset indicators;

. perform the reference voltage-rise test; and
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. record the complete electrical, optical, thermal, and environmental response.

The four combinations are randomized within practical blocks. Each block should contain all four
combinations where scheduling permits. This prevents gradual apparatus drift from being confused
with preceding-outcome or reset-duration effects.

A target of ten valid next-reference observations per combination is proposed, giving approximately
40 observations for the basic matrix. This is an experimental planning target rather than a standard
requirement. It must be reconsidered after the baseline scatter, censoring frequency, and practical-
equivalence limits are known.

The recorded response includes:

¢ exact confirmed surface-flashover voltage;

* censoring voltage after a gas-gap event or after reaching the stop voltage;
¢ event class and earliest optically resolved event region;

® Iret, S, and Qv;

e current noise and fast-pulse activity; and

¢ all controlled thermal and environmental quantities.

IEC 62539 distinguishes complete and censored breakdown datasets [57]. A clear gas-gap event
or a run stopped without surface flashover is therefore retained as a right-censored surface-flashover
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observation. A hardware event, invalid controlled state, or missing critical record is excluded and
investigated.

H.6. Statistical Assessment and Acceptance

H.6.1. Practical Equivalence

Failure to find a statistically significant difference is not sufficient evidence that the carry-over effect is
negligible. The largest acceptable effects are therefore defined before the qualification data are analysed.
They are denoted by

6U/ 61/ 0 ’ 0 s (H7)
Q p

for event voltage, reference current, transient charge, and event-class probability, respectively. The
limits are based on measurement uncertainty, baseline repeatability, voltage-ramp resolution, and the
smallest difference that the research campaign is intended to interpret.

Let Aprev,y be the estimated effect of the preceding outcome on response Y, and let Areset,y be the
effect of normal versus extended reset. Operational equivalence is accepted only when

CI (ApreV,Y) c [_6Y/ 6Y] (H8)

and

CI(Areset,Y) C [_61// 6Y]- (H9)

The interaction between preceding outcome and reset type is also checked because a reset may be
sufficient after a withstand but not after a disruptive event. This equivalence-based interpretation
follows the distinction between absence of evidence and evidence of a sufficiently small effect [105].

The voltage analysis must retain right-censored observations and should include preceding outcome,
reset type, their interaction, run order, and test block. The distribution is selected after the data have
been examined; this appendix does not impose a Weibull model.

H.6.2. Ordered-Sequence Checks

The carry-over comparison is the primary assessment. It is supplemented by the high-voltage
sequence checks described by Hauschild and Mosch and applied by Koch [81], [102].

Run-order plot. The reference response is plotted against test number while the measurements are
being performed. Separate plots are prepared for the voltage residual, I ef, Qtr, event class, and visible
event region. A persistent rise, fall, change in scatter, cyclic pattern, or change after maintenance is
investigated before testing continues.

Early-versus-late comparison. For a sufficiently long sequence of complete surface-flashover voltages,
an early and a late subgroup are compared. Following the cited high-voltage precedent, the first ten
and last ten valid exact observations may be used. For approximately normal, uncensored data, the
variance ratio is

2
5] 2. .2
F=-=, §7 285, (H.10)
5
and, where the equal-variance assumption is acceptable, the mean comparison uses

po izt (H.11)
1 1
Sp 7’1_1 + o
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with

,  (m=1)si+(n2-1)s3

Sy = . (H.12)

ny+ny—2

A robust or censoring-aware comparison replaces these classical tests when their assumptions are

not reasonable. Censored observations are not converted into exact voltages merely to enable the
comparison.

Runs test. The iteration test used in the cited high-voltage literature is a runs test. It is applied to
the ordered residuals after fixed block and test-condition effects have been removed. Each residual is
assigned a positive or negative sign. A residual equal to zero is omitted. A run is an uninterrupted
group of identical signs.

With n, positive residuals, n_ negative residuals, n = n, + n_, and R observed runs, the expected

number and variance are

ur =1+ 2”;—”‘ (H.13)

»  2nyn_(2nyn_—n)

= H.14
R n2(n-1) ( )
For a sufficiently large sample, the standardized statistic is
R —
g = —HR (H.15)
OR

An exact runs-test probability is preferred for a small sample. Too few runs indicate clustering of high
and low results; too many indicate systematic alternation. Passing the test does not, by itself, establish
independence.

Lag-one check. A lag plot and the supplementary correlation

r1 = corr (e;, ej—1) (H.16)

are used to identify dependence between neighbouring residuals. The estimate is interpreted with
caution for a short sequence and is not used as the sole pass—fail criterion.

H.6.3. Decision Rule

The routine reset is qualified only when all conditions in Table H.3 are met.

Failure of one criterion means that independence has not been qualified. Possible corrective actions
include extending the purge or grounded recovery, improving environmental control, revising specimen
handling, cleaning or replacing electrodes, reducing event energy, or correcting leakage and measurement
problems. The revised reset is then qualified again.

A successful qualification is reported as follows:

The prescribed reset restored the measured initial state, and neither the preceding outcome
nor an extended reset produced a practically relevant change in the next reference result.
The ordered reference sequence showed no systematic drift or non-random dependence.
Successive runs are therefore treated as operationally independent within the conditions
and resolution of the qualification.
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Table H.3: Acceptance criteria for the reset and independence qualification.

Check

Acceptance condition

Physical reset

Thermal and environmental state
Grounded-current response
Reference-current response
Normal versus extended reset

Previous flashover versus
withstand

Outcome-reset interaction
Ordered sequence

Event classes

Hardware condition

Grounding, inspection, specimen replacement, and dry-air purge completed
Values and drifts inside qualified ranges

Current level and slope inside long-reset baseline ranges

Iref, S1, Qtr, Noise, and pulse activity inside condition-specific ranges
Confidence interval for each relevant effect inside its equivalence limits
Confidence interval for each relevant effect inside its equivalence limits

No practically relevant interaction remains

No unexplained trend, scatter change, clustering, or alternation

No practically relevant dependence on previous event or run order
No unresolved damage, contamination, or non-target discharge path

H.7. Campaign Monitoring and Required Records

The qualification applies only to the apparatus configuration, specimen batch, operating envelope,
and measurement arrangement used during the study. Reference-condition runs are therefore inserted:

e at the start and end of each experimental block;

e after electrode cleaning, adjustment, or replacement;

e after a hardware discharge or unusually energetic event;

e after a failed current or environmental reset check;

¢ after a long interruption in testing; and

e at fixed intervals during an extended campaign.

The main research conditions are randomized within practical blocks. Complete randomization may
be impractical for long pre-stress holds, but the sequence must not place all observations from one
research condition before all observations from another. Test date, block, specimen batch, operator, and
electrode condition are recorded.

When a reference run fails, testing is paused and the bench is inspected and reset. Results collected
since the last accepted reference run are held for review. The affected tests are repeated when the
controlled initial state cannot be demonstrated.

Table H.4: Minimum record for reset and carry-over qualification.

Group Field Examples Use

Reset Time and purge Grounding time; purge time; Nex Procedure traceability

Environment Initial state P, Tgas, RH, Tav, Tognp, AT Reset gate

Electrical Current signature Ig, current slope, Ief, St, Qtr, pulse activity Initial-state
comparison

Previous run History Event class; voltage history; reset type Carry-over analysis

Next reference run Response Exact or censored voltage; event class; visible region Independence
assessment

Hardware Condition Electrode, contact, chamber, and specimen observations Fault and
conditioning check

Analysis Sequence checks Equivalence, early-late comparison, runs test, lag-one check Acceptance decision

H.8. Summary

Run-to-run independence is qualified from the complete experimental sequence. Current measure-
ments are useful reset indicators, but no absolute current threshold can establish independence. The
current must return to the condition-specific baseline obtained after the conservative long reset.

The final decision combines the physical reset, reproduction of the measured initial state, direct
comparison of normal and extended resets after different preceding outcomes, and checks on the
ordered reference sequence. This follows established high-voltage practice for testing independence
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before evaluating a breakdown distribution [81], [102], retains censored data according to IEC 62539 [57],
and uses equivalence limits to distinguish an acceptably small effect from a merely non-significant
result [105].
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