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Abstract— In pulsed power engineering, solid spacers 
are used to insulate high voltage parts from extraneous 
metal parts, providing electrical insulation as well as 
mechanical support. The breakdown/flashover voltage, at 
which a discharge process initiates across the solid/air 
interface, is important in the design process, as it informs 
designers of specific threshold ‘failure’ voltages of the 
insulation system. In this paper, a method to potentially 
increase the failure voltage, tested under multiple 
environmental conditions, without increasing the length of 
the solid spacer, was investigated. Three dielectric 
materials: HDPE (high-density polyethylene), Ultem 
(polyetherimide) and Delrin (polyoxymethylene), were 
tested under a 100/700 ns impulse voltage. Cylindrical 
spacers made of these materials were located in the centre 
of a plane-parallel electrode arrangement in air, which 
provided a quasi-uniform electric field distribution. 
Breakdown tests were performed in a sealed container at 
air pressures of −0.5, 0 and 0.5 bar gauge, with a relative 
humidity (RH) level of <10%. The materials were tested 
under both, negative and positive polarity impulses. The 
surfaces of a set of solid spacers were subjected to a 
‘knurled’ finish, where ~0.5 mm indentations are added to 
the surface of the materials, prior to testing, to allow 
comparison with the breakdown voltages for samples with 
‘smooth’ (machined) surface finishes. The results show 
that the flashover voltage can be increased by the addition 
of a spacer with a knurled surface, by up to 60 kV under 
certain conditions, in comparison to a ‘smooth’ (machined) 
surface finish. 

Index Terms— Dielectrics, Flashover, Gas Insulation, 
Knurled insulation, High Voltage, Impulse Testing, 
Insulation Testing, Nano-second Impulse, Profiled 
Insulation, Pulsed Power, Surface Modification 

I. INTRODUCTION

ithin pulsed power systems, the governing factor

determining the overall breakdown strength of the

system is often the voltage that initiates flashover, in 

the vicinity of solid insulating parts required to provide 

mechanical support. In this work, the application of geometric 

modifications to the surfaces of solid spacer materials at 

varying levels of air pressure was investigated, in order to 

quantify the effect that the modified surface finish has on the 

flashover voltage of the insulation system. This is particularly 

important for pulsed power devices that are subject to air 

pressure fluctuations. The main parameters that govern the 

flashover process in the dry conditions used in this paper are the 
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material properties, material surface, electrode-spacer 

arrangement, and pressure. 

Characterising the effect of the introduction of modifications 

to spacer surfaces, whether achieved by simple roughening of 

the surface using sandpaper in 1980, [1], or via a more intricate 

PIII processing system in 2020, [2], has been an engineering 

challenge for many years, with designers attempting to increase 

the hold-off voltages of their insulation systems by means other 

than simply increasing the length of the spacer. Another 

common method of increasing the hold-off voltage is to modify 

the insulator geometry, to increase the path length that the 

discharge channel must traverse during the flashover process 

[3-8]. 

In this work, a novel ‘knurling’ method was implemented, to 

modify the surface of the insulator with set ~0.5 mm 

indentations across the spacer surface. This manufacturing 

process provided a quick, consistent way of modifying a 

dielectric surface, with a view to increasing the flashover 

voltage, without increasing the length of the spacer. 

Previous work on roughened/manipulated dielectric surfaces 

is detailed in [9]. The authors investigated the effect of 

modifying a dielectric surface using a sandblasting method, 

yielding surface roughness in the range 5 – 10 µm, within a 

SF6/N2 environment, under DC voltage. The authors found that, 

with an increasing surface roughness, the flashover voltage was 

increased by up to 13.3% for positive applied voltage, and by 

up to 24.7% for negative voltages. The authors proposed that 

higher levels of surface roughness resulted in reduced 

probability of secondary electron emission, and higher 

breakdown voltage. 

A study of the effect of the surface roughness of solid support 

insulators in an SF6 environment was published in [10]. The 

barrel-shaped support insulators, made of epoxy resin with 

embedded copper connectors on both sides, were placed in a 

rod-plane electrode system, with the HV rod in contact with the 

upper connector, and the lower connector resting on the 

grounded metal plane. Lightning impulse flashover tests were 

conducted on insulators with varying surface roughness, and 

with varying gas pressure in the test cell. A decrease in the 

flashover voltage with an increase in the average surface 

roughness, Ra, was observed: the flashover voltage was highest 

for new, untreated, samples with Ra ⁓0.1 µm; however, as Ra 

was increased from ⁓0.1 µm to ⁓1.4 µm (for samples treated 

with sandpaper), the flashover voltage decreased by ⁓2% under 

positive polarity and by ⁓6% under negative polarity. 
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The authors of [11] detail the effect of the inclusion of 

surface deviations with larger dimensions, where different 

spacer geometries are proposed, rather than subjecting the 

surfaces of cylindrical spacers to a roughening process. The 

authors concluded that the shape of spacer used in their study 

(cylindrical, concave and umbrella-shaped) largely affects the 

flashover process due to variation in the level of accumulated 

charge which is deposited on the spacer surface.  

In this paper, a combination of these surface modification 

processes is adopted, adding surface ‘roughness’ via a 

manufacturing process. Cylindrical insulating spacers, in the 

form of rods 40 mm in length and 30 mm in diameter, were 

produced with a novel ‘knurled’ insulator surface finish, to 

enable comparison with the breakdown behaviour of samples 

with a smooth (machined) insulator surface finish. The knurled 

surface finish consists of diamond-shaped indentations, 

machined on to the surface of the materials.  

Experimental data has been generated on the flashover 

voltages of samples of three solid materials, HDPE (high-

density polyethylene), Ultem (polyetherimide) and Delrin 

(polyoxymethylene). All tests were conducted at a relative 

humidity (RH) level of <10%, and at pressures of −0.5, 0 and 

0.5 bar gauge. Samples were subjected to negative and positive-

polarity impulsive voltages from a 10-stage Marx generator 

with an erected capacitance of 8 nF, generating a 100/700 ns 

voltage wave- shape, 100 ns, 0 - 100% front time, and 700 ns, 

50% to the half-peak voltage for the fall time. The relative 

permittivity of each of the materials was r = 2.3 for HDPE, r 

= 3.0 for Ultem, and r = 3.8 for Delrin. All tests were conducted 

at ambient laboratory temperature of ~23 °C.  

Twenty breakdown events were recorded for each set of 

conditions, and the U50 (median) flashover initiation voltages 

were determined from the 20 resulting breakdown waveforms 

from each test. The U50 flashover voltages of samples of the 

three different materials were then compared with each other, 

and with baseline values for open air gaps, for different surface 

finishes; different pressures; and for both, negative and 

positive, polarity; with a view to characterising any synergistic 

effects. 

II. METHODOLOGY

A. Experimental Arrangement

The electrode-spacer configuration is illustrated Fig. 1a. This 

arrangement includes two parallel polished stainless-steel disk 

electrodes, with radius R1 = 40 mm. The radius of the curved 

edges is R2 = 10mm. In each test, a cylindrical dielectric spacer 

was placed between the electrodes (the radius of the solid 

cylinder is R3 = 15 mm, and its length is L = 40 mm). The upper 

electrode was connected to either positive or negative HV, and 

the lower electrode was grounded. The electrode-insulator 

assembly was housed within a sealed test chamber, to facilitate 

changing of the internal air pressure. 

The electrode topology resulted in a quasi-uniform electric 

field distribution during energisation, shown from the 

axisymmetric field simulation in Fig. 1b, creating a weakly non-

uniform electric field distribution, with an increase in the field 

intensity of ~87% at the rounded edge of the HV electrode as 

compared with the field at the rounded edge of the ground 

electrode. The simulation incorporates the Laplacian equation: 

∇2V = 0, and a Dirichlet boundary condition of V = 0 was used 

to simulate the effects of measured distances to grounded parts 

of the Faraday test cage from where the test cell was located. 

This resulted in an asymmetric electric field distribution, 

prompting both impulse polarities to be tested. 

The electric field at the HV electrode was found to depend 

on the angle between the electrode and the surface of the solid 

dielectric at the triple junction point (TJP). In an open-air gap 

(no solid spacer), as well as in air-solid insulation systems 

where the angle between the electrode and solid dielectric was 

90° (dielectric surface normal to the electrode surface), the 

highest electric field was at the rounded electrode edge. In such 

cases with smooth (machined) surfaces, the electric field at the 

TJP was ~48% lower than the field at the rounded electrode 

edge for all three solid materials, as shown in Fig. 2. Reduction 

of the contact angle through knurling was shown to increase the 

electric field intensity at the TJP, referenced to that at the 

electrode edges, as seen in Fig. 2.  

(a) (b) 
Fig. 1. a) Parallel-plane electrode configuration, with 
added dielectric spacer with knurled surface and b) 
Electrostatic field simulation of knurled spacer. The 
applied voltage was 100 kV, and the relative permittivity 
of the dielectric sample was 3. Boundary conditions (not 
shown due to the long distances involved) are at 1.5 m 
from the electrode edges to the side wall of the lab (r 
direction), and at 1.25 m from the electrodes to the lab 
ceiling (z direction), which correspond to the physical 
distances in the Faraday caged test lab. 

Fig. 2. Percentage change of TJP electric field strength 
compared to field at electrode edge at TJP contact angles 
of 21°, 35°, 45°, 63° and 90°, linear distributions added to 
show performance of each material with changing TJP 
angle. 
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   Plotted in Fig. 2 are the percentage changes in the simulated 

maximum field strength values at the TJP, compared to that at 

the rounded electrode edge, at contact angles of 21°, 35°, 45°, 

63° and 90°. As expected, as the TJP contact angle decreased, 

the field increased. Ultimately, using an iterative approach in 

additional electrostatic field simulations, the threshold contact 

angles at which the field at the TJP will exceed that at the 

rounded electrode edge were found to be 45° for a knurled 

HDPE surface, 56° for a knurled Ultem surface, and 65° for a 

knurled Delrin surface. 

The insulation system was designed for use nominally at 

atmospheric pressure; however, HV tests were conducted at 

−0.5, 0 and 0.5 bar gauge, in order to quantify the effect of

pressure fluctuations either side of atmospheric pressure. A 

detailed description of the methodology and testing procedures, 

based on the ‘step up’ procedure detailed in the ASTM D3426-

97 standard [12], can be found in [13]. A new spacer was used 

for each set of 20 flashover events, in order to avoid changes in 

breakdown behaviour due to material degradation from 

successive flashover events. Due to the ‘step-up’ testing 

procedure being used for these tests, breakdown/flashover was 

always initiated on the falling edge of the waveform, an 

example of this is shown in Fig. 3. In accordance with [12], the 

peak applied voltage (see Fig. 3) was recorded as the 

breakdown/flashover voltage for all tests. 

Fig. 3. Example of an output voltage waveform at 
breakdown, showing the peak applied voltage and the 
time to breakdown. x-axis time 100 ns/div and y-axis 40.7 
kV/div. Smooth HDPE spacer at 0.5 bar gauge. Specific 
shot shows 150.6 kV flashover and 382 ns time to 
flashover.   

The 2-parameter Weibull distribution was used in the 

statistical analysis of the obtained results. The probability 

density function (PDF) of this distribution is given by (1):  

𝑓(𝑉) =  
𝛽

𝛼
(

𝑉

𝛼
)

𝛽−1

𝑒−(
𝑉
𝛼

)
𝛽 (1) 

and the corresponding cumulative distribution function (CDF) 

is given by (2), [14]: 

𝐹(𝑉) = 1 − 𝑒
(−

𝑉 
𝛼

)
𝛽 (2) 

The 20 breakdown voltage values obtained for each set of 

test conditions were used in the statistical analysis, performed 

using Microsoft Excel software. To find the α and β values of 

the 2-parameter Weibull distribution for each dataset, (2) was 

linearised to the form, ln[− ln(1 − 𝐹(𝑉))] =  𝛽 ln(𝑉) −

 𝛽 ln (𝛼) , and ln[− ln(1 − 𝐹(𝑉))] versus ln(𝑉) was plotted. 

The shape (𝛼) and scale (𝛽) parameters were then calculated, 

where β corresponds to the gradient of the straight line, and 𝛼 =

𝑒
−(

𝑐

𝛽
)
, where c is the intercept value. The obtained α and β 

values were used to plot synthetic PDFs, and CDFs (1) and (2) 

for each set of experimental data. The U50 breakdown/flashover 

initiation voltage, which is defined as the median voltage value 

of the CDF, using (2), was obtained for each series of tests.  

    For each test, to show the spread in the obtained flashover 

voltage values, the voltage interval where ⁓95.4% of data-

points reside (95.4% voltage spread interval) was measured 

using (1), by identifying the point of intersect of this PDF with 

the negative skewness. By identifying the 2.3% and 97.7% 

probability values on the CDF, the end points of these voltage 

intervals are presented as asymmetrical error bars for each U50 

value. Fig. 4 shows examples of skewed PDFs of breakdown 

voltage data for Ultem spacers, tested under positive polarity. 

The solid vertical lines on each PDF represent the U50 (median) 

values, and the dashed lines represent the locations of the upper 

(right) 97.7% and lower (left) 2.3% end points of the 95.4% 

voltage spread interval. 

    At 0.5 bar gauge, there is no overlap of the end points of the 

95.4% voltage spread intervals (no overlap of error bars of these 

two median flashover voltages) for a smooth (blue) Ultem 

surface and a knurled (red) Ultem surface, as shown in Fig. 4a. 

However, at −0.5 bar gauge, a clear area of overlap exists 

between the two 95.4% voltage spread intervals for a smooth 

(blue) Ultem surface and knurled (red) Ultem surface, as shown 

in Fig. 4b. 

(a) (b) 

Fig. 4. Example of skewed probability density functions 
obtained using (1), based on breakdown voltages for 
Ultem spacers tested under positive polarity, showing a) 
no error bar overlap (0.5 bar) and b) error bar overlap 
(−0.5 bar). 

   The results reported throughout this paper are compared on 

the basis of skewed error bars, in accordance with the process 

illustrated in Fig. 4, for all compared tests.  

B. Dielectric Surface Characteristics

As aforementioned, the cylindrical spacers were all 40 mm 

in length and 30 mm in diameter. Samples of each of the three 

materials, with two different types of surface finish, were 

prepared and tested. Firstly, samples of each material with a 

smooth (machined) surface finish were tested (Fig. 5a. The 

second type of surface finish was ‘knurled’, using a turning 

method where consistent patterns can be indented onto the 

surface of a material. This process is commonly used on metals, 

but was adopted here in order to indent the surfaces of the 
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dielectric materials, as shown for the example Ultem spacer in 

Fig. 5b. The knurling method can be considered to be a more 

intrusive method than introducing surface roughness through 

abrasion and was used to modify the surface without 

significantly changing the overall shape of the spacer and, 

therefore, without affecting the mechanical properties. The 

surface contains 14, ~0.5 mm indentations in a column along 

the (40 mm) length of the sample surface. The distance between 

each indentation on each column is ~2.85 mm. The helix angle 

characterising the knurl was ~30°. 

(a) (b) 

Fig. 5. a) Smooth (machined) Ultem spacer surface; and 
b) Knurled surface deviations on Ultem spacer surface.

    Overall, the knurling method offers the manufacturing 

advantage of providing a quick, cheap, and consistent way of 

modifying the surfaces of materials. 

III. RESULTS

Fig. 6 shows the graphical data describing the breakdown 

behaviour of the insulation systems, incorporating spacers with 

either a smooth or a knurled surface finish, at <10% RH, 

showing the U50 flashover voltages from 20 flashover events, 

with the error bars representing the area where ~95.4% of data-

points reside. 

In Figs. 6a, 6b and 6c, the U50 flashover voltages are shown, 

for air pressures of −0.5 bar gauge, 0 bar gauge, and 0.5 bar 

gauge, respectively. 

Fig. 6. U50 flashover voltages and error bars representing 
where ~95.4% of data-points reside for each distribution, 
for Delrin, Ultem and HDPE samples, with both smooth 
and knurled surface finishes, under negative and positive 
polarity, at <10% RH, and at a pressure of a) −0.5 bar 
gauge, b) 0 bar gauge and c) 0.5 bar gauge. 

Fig. 6a shows the results generated at −0.5 bar gauge. 

Considering the negative-polarity results, there are decreases in 

the U50 values for the knurled samples compared to the smooth 

samples, for each material. However, although showing the 

same general trend, the U50 voltages for Ultem and Delrin 

spacers are closer in magnitude. For positive polarity, there is 

very little difference between the U50 breakdown voltages for 

samples of the same materials with different surface finishes; 

there is a marginal increase in U50 for the Ultem spacer with a 

knurled finish compared to the smooth Ultem spacer. The open 

gap results show a higher negative polarity breakdown voltage 

than positive. 

Fig. 6b shows the results at atmospheric pressure (0 bar 

gauge). For negative polarity, a marginal decrease in the U50 

breakdown voltage is apparent for the knurled spacers in 

comparison to the smooth spacers. For positive polarity, similar 

to the results at −0.5 bar gauge pressure, all materials exhibit 

similar flashover behaviour, however, differences in the U50 

flashover voltage values are starting to become apparent, with 

knurled HDPE and Ultem surfaces reflecting higher U50 values 

than the corresponding smooth surfaces. Similar to the results 

at −0.5 bar gauge, the negative breakdown voltage is higher 

than the positive for an open gap. However, the difference 

between the U50 voltages is lower than that at −0.5 bar gauge. 

In Fig. 6c, the flashover voltages at 0.5 bar gauge are shown. 

At this pressure, the widest differences in the U50 values for the 

different insulation systems were observed. For negative 

polarity, the knurled spacers have lower U50 flashover voltages 

than the corresponding smooth (machined) spacers for HDPE 

and Ultem, while for Delrin the difference is less pronounced. 

When the polarity of the impulse is positive, however, there is 

an opposite effect on the insulation system, where for all 

materials, knurling the surface is seen to increase the U50 

flashover voltage, by up to 60 kV, compared to that for a smooth 

(machined) surface. Again, similar to the results at −0.5 and 0 

bar gauge, the negative U50 voltage is higher than the positive 

for an open gap. However, the difference between the negative 

and positive U50 voltages is again reduced compared to the 

differences seen at lower pressures. 

Overall, the similar trends apparent for HDPE, Ultem and 

Delrin spacers in Figs. 6a, 6b and 6c at the three tested pressures 

are reflective of the effect the knurling process has on the 

insulation system. This is hypothesised to be due to competing 

breakdown mechanisms, resulting in changes to the locations of 

formation and propagation of the discharge channels at 

breakdown. The underlying physical mechanisms are discussed 

in Section IV-B. Additionally, the results in Fig. 6 show that the 

permittivity of the solid spacers had little effect on the 

insulation system behaviour under the conditions tested, where 

comparing flashover voltage distributions of the materials at 

each test environment exhibited overlapping error bars. 

IV. DISCUSSION

The breakdown voltage data, generated in Fig. 6 shows that 

the spacer surface finish, the air pressure, and the impulse 

polarity all had an effect on the discharge mechanisms during 

the flashover process, which could ultimately alter the 

discharge location. This behaviour is now discussed with 

reference to the baseline data generated in open air gaps. 
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A. Open air gap insulation

    As shown in Fig. 1b, for the gap spacing and parallel-plane 

electrodes used here, there is an asymmetrical field distribution 

within the gap when one electrode is earthed. This phenomenon 

has been previously discussed in [13], being a result of the ratio 

of the inter-electrode gap to the radius of the electrode edge. 

Asymmetric electric field distributions in (geometrically) 

symmetrical electrode arrangements have also been witnessed 

by researchers investigating sphere gaps in [15], toroidal 

electrodes in [16], and for a plane-parallel setup in [17]. In each 

case, one electrode is earthed, which ultimately leads to a 

polarity effect when testing with both positive and negative 

voltages. Referring to the electrostatic simulation in Fig. 1b, it 

was determined here that for the parallel-plane electrode system 

used in this paper, where the field at the HV electrode edge is 

100% greater than the average field (V/d) in the 40 mm gap, and 

the electric field at the HV electrode is 87% higher than that at 

the earthed electrode. This non-uniformity leads to higher 

negative breakdown voltages, as negative streamers advance 

due to a rapid outwards acceleration of the electrons 

constituting the streamer head, creating numerous electron 

avalanches directed away from the HV electrode [18]. There 

will be regions of relatively slow-moving positive ions in the 

tail of the avalanche, in the region near the HV electrode. Also, 

as electrons are injected, the electronegative nature of the 

oxygen molecules in air will lead to the attachment of some of 

these electrons, forming negative ions, reducing the electron 

population, and meaning that a higher applied field is required 

to initiate breakdown. Positive streamers, on the other hand, 

propagate as a result of electron attraction to the positively-

charged streamer head, leaving behind regions of positive space 

charge in the gas, which in this case will increase the local 

electric field in the gap, increasing the probability of ionisation 

events occurring in the gap, as the anode has essentially been 

extended due to the positive ion population, [18]. This increase 

in local electric field in the gap leads to positive breakdown 

occurring at lower voltages in bulk air. This explains the lower 

positive breakdown voltages when discharging across the 

rounded electrode edges in open air gaps and in air-solid 

insulation systems with smooth (machined) surfaces, shown in 

Fig.6.   

   However, from Fig. 6, it is clear that changing the pressure 

has an effect on the electrical asymmetry of the system, where 

the higher the pressure, the more electrically symmetrical the 

system behaves (the differences between corresponding 

negative and positive U50 values are lower at 0.5 bar gauge than 

at the lower pressures). This effect is hypothesised as being due 

to the charge left behind in filaments by incomplete streamers 

that do not bridge the inter-electrode gap during applied 

impulses that did not result in breakdown within the step-up 

testing process. This residual charge may contribute to the 

polarity effect as the pressure is increased. An example of the 

visualisation of such streamers in a sphere-sphere topology 

(lightning impulsive breakdown of air) and the corresponding 

current waveforms can be found in [19]. The symmetry (or lack 

thereof) between the positive and negative breakdown voltages, 

therefore, could be due to the intensity of the pre-breakdown 

streamers. In [19], streamers were observed to emerge from 

both spheres. When the applied voltage was 200 kV, an 

asymmetry in the positive and negative streamer currents was 

measured, with the magnitude of the negative current being ~5 

times less than that of the positive, whereas for 240 kV applied 

voltage, the currents associated with the negative and positive 

streamers were equal in magnitude. 

The observed reduction in the difference between positive 

and negative U50 values at the higher breakdown voltages 

measured at 0.5 bar gauge in Fig. 6c, in comparison to the wider 

differences at −0.5 bar gauge (Fig. 6a) and 0 bar gauge (Fig. 

6b), could be a result of (nominally) equally intensive, in terms 

of streamer current, similar to processes in [19], for positive and 

negative streamers propagating simultaneously in the inter-

electrode gap, with positive and negative charge injected by 

these streamers. Pressure has been shown to have an effect on 

breakdown voltage polarity in other research, such as in [17], 

as the pressure was increased from ~0.345 bar to ~1 bar (5 to 

15 psi in [17]). 

B. Air-solid insulation systems

   The TJP angle is known to have a large effect on the electric 

field intensity in a gas-solid insulation system [20]. In the 

present study, where the contact angle at the TJP was defined 

by knurling the surfaces of solid samples, the initiation of 

discharges from two different areas of the electrodes were 

promoted under different conditions, as shown in Fig. 7.  

(a) (b) 
Fig. 7. Open shutter photographs showing post-
breakdown channel location for: a) a smooth (machined) 
Ultem surface, and b) a knurled Ultem surface. 

   In the case of a smooth (machined) Ultem surface, breakdown 

always occurred through the air, initiating and ending at the 

electrode edges (Fig.7a). However, when a knurled Ultem 

sample was placed between the electrodes, the dominant 

breakdown path was across the Ultem/air interface. In this case, 

as shown in Fig. 2 for contact angles smaller than 56° (for a 

knurled Ultem) the field at the triple junction exceeds the field 

at the rounded edge of the upper electrode, promoting a surface 

flashover across solid/air interface, Fig.7b. The discharge post-

breakdown plasma channel closely coupled to the surface of the 

insulator in this case. 

1) Smooth (machined) Surfaces

   In terms of the initiation and termination of discharge 

channels, for a smooth (machined) surface, the plasma channel 

was located at the outer electrode edge for all breakdowns, 

irrespective of polarity and material, as shown in Fig. 7a. This 

is due to the shallow triple junction point angle resulting in the 

highest electric field residing at the rounded edge of the 

electrode as shown from Fig. 2. This behaviour manifests in the 

similar U50 voltages for air-solid insulation systems with 
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smooth (machined) surfaces and the corresponding open-air 

gap in Fig. 6, with similar processes governing the breakdown 

event discussed in Section IV A, showing that the relative 

permittivity of the solid has little effect on U50 for these 

conditions, as the tests exhibit overlapping error bars.. 

2) Knurled Surfaces

   For knurled surfaces, the behaviour of the insulation system 

is more complex, with the occurrence of discharges closely 

coupled to the (knurled) sample surface (Fig. 7b) due to the high 

electric field regions produced as shown from the changing TPJ 

point angle in Fig. 2., as well as discharges propagating between 

the electrode edges (Fig 7a). Viewing the experimental results 

reported here as a whole, encompassing breakdown voltage 

data and the visual observations, it is clear that the process of 

knurling the sample surfaces can result in an increased positive 

U50 flashover voltage for certain environmental conditions, 

linked with a change in the discharge mechanism. This 

indicates the occurrence of competing breakdown mechanisms, 

where discharges are initiated at both the high field region 

associated with the TJP and that associated with the electrode 

edge. One of these discharges will bridge the gap first leading 

to breakdown. Researchers in [21] showed that the addition of 

a screening electrode can increase the breakdown voltage when 

surface flashover and bulk air breakdown processes are 

competing. This is particularly relevant in relation to the results 

generated at 0.5 bar gauge in Fig. 6c here, where the positive 

U50 values for knurled surfaces of all tested materials (with 

different r), are higher than those for smooth (machined) 

surfaces, as well as those for an open-air gap, despite the 

increasing field at the TJP with increasing r. However, the 

same performance is not seen using negative polarity. To 

explain this, the differences between the positive and negative 

flashover processes have to be discussed, where the 

mechanisms of positive and negative streamer growth and 

propagation are different when in the vicinity of a dielectric 

surface. For this comparison, discharges initiating and 

propagating in the vicinity of a dielectric surface, as in the case 

of knurled surfaces in this study, it also has to be considered 

that the spacer surface itself can be an efficient source of free 

electrons [22]. Given that positive streamers need free electrons 

some distance ahead in order to propagate to the point of 

breakdown [23], and that the efficiency of secondary electron 

emission (SEE) could be limited, [9], by insulator surface 

roughness, in this case knurling, if the streamer is following the 

surface closely, the knurling will affect the length of the 

streamer, which will be required to propagate a longer distance. 

The results in an increased voltage drop along the streamer 

length, reducing the voltage at the streamer front and results in 

a reduction in the energy available to drive ionisation, [24]. 

This effect could increase the positive-polarity flashover 

voltage, which corresponds with empirical data found in this 

work. Additionally, electrons produced over the surface of the 

material from SEE processes, and electrons produced through 

photoionisation at the head of the streamer in the bulk gas which 

are not adsorbed to the dielectric surface, will expand, and 

further weaken the electric field at the positive streamer head, 

[25]. Due to the weakening of the electric field, this will require 

a higher applied voltage being required to initiate flashover, 

than across a non-profiled surface. This effect of positive 

streamer development has been seen in previous research on 

profiled dielectric surfaces tested under positive polarity 

impulse voltages, [26], where discharges were observed by a 

high-speed camera to propagate only partially across insulator 

surfaces.  For the formation of negative streamers, however, 

they do not rely as much on adsorbed electrons from the gas-

solid interface, where any electrons which are adsorbed by the 

surface will have little effect of the field at the front of the 

streamer as the electrons emanate from the streamer head in the 

gas/solid interface, manifesting in a lower applied voltage to 

initiate flashover. 

   To explain the higher positive breakdown voltages in the case 

of knurled dielectric spacers, as compared with smooth spacers 

and open-air breakdown voltages, the following hypothesis is 

proposed. Due to the plasma streamer(s) propagating some 

distance over the dielectric surface, similar to as shown in [26], 

the electric field in the whole system can be re-distributed 

resulting in a decrease in the field on the electrode edge. A 2-

dimentional electrostatic model was created using the 

QuickField finite element solver and the field distribution in the 

current setup has been obtained in two different cases. The 

baseline field distribution was obtained for a smooth dielectric, 

with no streamer(s) in the system. It is shown that the maximum 

field in this case is achieved at the electrode edge as shown in 

Fig.1. However, when a streamer starts to propagate across the 

air/dielectric interface, the field at the electrode edge started to 

reduce. The streamer initiated at the triple junction was 

modelled as a 1 mm diameter conducting channel which is 

attached to the high voltage electrode and this channel 

(streamer) is at the same potential as the HV electrode. As the 

streamer   increases in length, (𝑙𝑝), at the dielectric surface, this

results in a decrease in the field at the electrode edge by 6% at 

𝑙𝑝 =10 mm, 18% at 𝑙𝑝 =20 mm and 23% at 𝑙𝑝 = 30 mm in

comparison to a ‘no streamer ’ electric field distribution, 

reducing the probability for the development of a “competitive” 

streamer(s) which can cross the gap though the air. Thus, in the 

case of the knurled surface, the streamer is initiated at the triple 

junction and propagates across the air/dielectric interface, 

however  its development requires an increased applied voltage 

as the streamer will have a longer length (compared with the 

case of the smooth spacer) and larger voltage drop across its 

“body”. This   increases the breakdown/flashover voltage of the 

insulation system, leading to either an eventual flashover over 

the full surface of the knurled insulator, or breakdown in bulk 

air at the electrode edge (both at a higher applied voltage), 

giving a potential reason for the higher positive U50 for knurled 

surfaces compared to for smooth surfaces and open-air gaps.  

In terms of air pressure, the U50 flashover voltages for 

knurled surfaces are shown to be higher than those for smooth 

surfaces at 0 bar gauge pressure, as seen in Fig. 6b, and at 0.5 

bar gauge pressure, as seen in Fig. 6c. There is clearly less of 

an effect at −0.5 bar gauge, in Fig 6a. A potential reason for this 

is that, as the pressure increases, the discharge tends to initiate 

closer to the TJP, as discussed in [27]. Based upon this, it is 

hypothesised that the development of positive and negative 

streamer discharges in the vicinity of dielectric surfaces is 

affected in different ways. The development of positive 
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streamers is further impeded by the knurled surface with 

increasing pressure, due to the aforementioned mechanisms of 

positive discharges near dielectric surfaces, decreasing the field 

at the head of the streamer. However, as negative discharges are 

wider and more diffuse, as discussed in [26], and with electrons 

emanating from the streamer head, there is minimal effect of 

the field at the front of the negative streamer, so therefore, the 

pressure, and the initial location of the discharge at the TJP has 

little effect on the flashover voltage. 

VI. CONCLUSIONS

This paper has reported the impulsive high-voltage testing of 

electrode-spacer arrangements in dry (<10% RH) air under 

multiple different conditions, where different materials, surface 

finishes, and environmental parameters were varied, with a 

view to providing insights into the flashover processes relevant 

to the insulation of pulsed power systems operating in 

environments with fluctuating pressure. It was shown in this 

work that by modifying (knurling) the spacer surface alone, for 

all three materials, the flashover voltage increased in 

comparison to that for the corresponding smooth (machined) 

spacer, and even an open-air gap, by up to 60 kV at 0.5 bar 

gauge pressure, under positive polarity energisation.  

It was found that at 0.5 bar gauge pressure, under negative 

polarity, the highest U50 values were recorded for spacers with 

smooth (machined) surfaces, in particular HDPE and Ultem, 

whereas for positive energisation, the highest breakdown 

voltages recorded were for knurled spacers, in particular for 

those made from Ultem. 

    At 0 bar gauge, for both positive and negative polarity 

impulses, all materials reflected similar performance in the 

insulation system, irrespective of surface finish. The results 

show that, within the conditions tested here, smooth HDPE 

surfaces are the best choice for negative polarity, while knurled 

Ultem surfaces offer the highest breakdown voltages for 

positive polarity. 

At −0.5 bar gauge, where the applied impulses were of 

negative polarity, smooth (machined) spacers were found to 

have the highest hold-off voltages overall, with HDPE being the 

best choice of material of those tested. For positive polarity, all 

materials showed similar flashover voltages irrespective of 

spacer surface finish, with knurled Ultem surfaces reflecting the 

highest U50 flashover voltage.  

The results have demonstrated that modifying physical 

factors (material, surface finish, and impulse polarity) as well 

as pressure can have a significant impact on the effectiveness 

of a composite insulation system, for operation under pulsed 

power conditions. The results presented herein detail the 

behaviour of spacers made from three different materials under 

varied environmental conditions, enabling designers to select 

the best solution for their application and operational 

conditions.  
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