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Summary 

 Experimental data on the limiting electrical strength of long air gaps and the design 

formula for its determination are considered.  

The data of experimental studies of the electrical strength of a long-distance rod-plane air 

gap are given when positive long-duration impulses (7500 mks) are applied to it and which show 

its strong relative decrease with increasing gap length. 

 The obtained data on the breakdown voltages of long gaps and the semi-empirical 

formula for calculating their minimum electrical strength are analyzed. The formula, parameters 

of which were possible to relate to the parameters of the leader process in the gap, shows that the 

increase in the strength of a long gap with its length occurs according to the logarithmic law.  

A comparison of the calculations is made using the formula of the breakdown voltage of 

the rod - plane gap when a positive pulse is applied with the available experimental data in the 

range 0.2-30 m.  

An assessment of a thunderstorm cloud potential was produced by extrapolating the 

formula (up to a gap length of 3 km).  
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On the limiting electrical strength of long air gaps 

Introduction 

 

  In the 1980s, in connection with the creation of the 1150 kV line in the Istra branch of the 

All-Russian Electrotechnical Institute (VEI), the insulation elements of the support structure for 

its equipment were tested. Also, studies were carried out on the problem of limiting strength of 

air in connection with the analysis of the possibility of creating an ultra-high voltage 

transmission line up to 1500 kV and more. Tests and researches were carried out with the help of 

a Marx generator with a voltage of up to 6 mV. a distinctive feature of which was the possibility 

of accumulating energy up to 1.2 mJ. This made it possible to generate a voltage pulse with a 

half-decay duration of up to 7500 mks and simulate switching pulses that can occur when 

operating HVPL equipment of this voltage class. The appearance of the generator is shown in 

Fig. 1. At present, the 6 mV generator as a unique scientific equipment is the current structural unit in the 

modern research infrastructure of the Russian Federation Ministry of Education and Science (http://ckp-

rf.ru/usu/73578/). 

 

  

 

 

 

 

а) 1980       b) 2017 

Figure 1. Figure 1. Unique scientific equipment of the 6 mV Marx generator. 
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Scheme of tests. Experimental results. 

The subject of the research was the electric strength of air gaps with various forms of 

affecting voltage pulses. 

Particular attention was paid to the gap positive rod - plane as having a minimum 

dielectric strength among the interstices of different type and is the base for calculating the gaps 

with a different configuration, namely, there is a definite relationship between the electric 

strength of the positive rod-plane gap and the other gaps with sharply non-uniform field having 

different geometry [1,2]. It is that if we take the strength of the positive rod-plane gap as a basis, 

then the strength of the other is determined by the so-called Kg gap coefficient, which for all 

other types of gap geometry is greater than one. In this case, the electrical strength of such gaps 

is determined by simply multiplying this coefficient by the value of the electric strength of the 

positive rod-plane basic gap. This dependence is also peculiar for determining the critical 

breakdown voltage, that is, for a voltage pulse of such a form that the gap strength is minimal. 

Table 1 shows some values of the Kg gap coefficient (positive voltage polarity) for the 

main types of gaps encountered in practice [1]. 

Table 1. Gap coefficients for different types of gap electrodes 

 

The breakdown voltage of the gap was measured by a positive rod-plane, and also an 

optical picture of the development of the discharge in time was researched. The electron-optical 

converter FER 14 was used. 

The scheme of equipment and measuring systems is shown in Fig.2. The same figure 

shows the sweep of a discharge of 90 m long, which developed from the upper screen of the 

generator when a pulse of 2/7500 mks was applied [3]. At the same time, the output voltage was 

4.9 mV. It should be noted that in this experiment a rod-plane gap of 12 m was connected to the 

output of the generator, which turned out to be stronger (breakdown voltage 5.0 mV) than the 

more uniform upper PVG-ground screen. A similar result was obtained for pulses with other 

longer pulse fronts. 

 

Gap Gap 

coefficient Кg 

Rod - plane 1.0 

Wire - plane 1.15 

Rod - rod (gap length 3 m) 1.30 

Rod - rod (gap length 6 m) 1.40 
Note: High potential is applied to one of the electrodes, the other is grounded 
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c) static photograph    d) eopogram  

 

Figure 2. Figure 2. The layout of the equipment in the experiment and the optical picture 

of the development of the discharge from the generator screen. 
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Table 2 lists some of the measured parameters of the extra-long spark [3] obtained in 

these experiments. 

Table 2. Measured parameters of extra-long spark. [3]. 

 

The analysis of the obtained experimental data showed their sharp difference with the 

ideas existing at that time (1980s) about the breakdown characteristics of long air gaps, which 

stimulated the development of new approaches for their explanation.  

Simultaneously, the effect of the anomalously low strength of long air gaps with long 

voltage pulses showed experimentally the problematic possibility of creating a line with a 

voltage of 1500 kV and more. 

 

Dependences of the breakdown voltage on the length of the air gap 

 

Examination and analysis of the pattern of the development of a positive-polarity 

discharge in a long rod-plane air gap made it possible to suggest a semi-empirical dependence 

for the dependence of its breakdown voltage on its length [8, 10]. The formula obtained is as 

follows 

𝑈50% =
𝑄𝑠(𝑠)

𝜋𝜀0
(𝑙𝑛

𝑠

𝑏(𝑠)
− 1)

1

𝐾
      (1) 

where s is the length of the gap; Qs(s) is the charge per unit length of the leader; b(s) is the 

radius of the corona cap of the leader; K is the coupling coefficient between the 50% and 

5% breakdown voltage 

𝐾 = (1 −
3𝜎

100
) 

 σ =5% is the spread of breakdown voltages [1]. 
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 Fig. 3 shows as an example calculations based on the above formula (1) for gaps in a 

range of 2÷30 m. 
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Figure 3. Breakdown voltage in the rod-plane gap of 2 ÷ 30 m of positive polarity. The 

dash line is the data [14]; the solid line is the formula (1). 

There is good agreement with the available data on breakdown values of long and 

superlong air gaps. For example, good agreement with the experimental data and in the intervals 

in the range of 0.2 ÷ 2 m [15]. 

Extrapolation of the obtained formula to gaps of a kilometer length (3 km) made it 

possible to estimate the potential of a thunderstorm cloud, which gave a value of about 10 mV. 

Conclusions 

The experimental studies of the electrical strength of the long-distance rod-plane air gap 

with the application of positive polarity pulses of long duration (7500 μs) showed its strong 

relative decrease with increasing length. 

Analysis of the obtained data on breakdown voltages made it possible to obtain a semi-

empirical formula for calculating the minimum electrical strength of long gaps. The formula, 

parameters of which were possible to relate to the parameters of the leader process in the gap, 

shows that the increase in the strength of a long gap occurs according to the logarithmic law.  

Calculations of the minimum breakdown voltage according to the formula well 

approximate the experimental data in the range of 0.2 ÷ 30 m.  

The extrapolation formula (up to a gap length of 3 km) makes it possible to assess the 

potential of a thunderstorm cloud with a value of 10 mV. 
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