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Abstract

:

The streamer bursts generated during the initiation and propagation of leaders play an important role in the creation and maintenance of hot discharge channels in air. The most important parameters related to streamer bursts in this respect are the length of the streamer bursts, their lateral extent and the charge associated with them. The lateral extent of the streamer bursts may play a significant role in deciding the path and the tortuosity of the discharge channels of laboratory discharges and lightning. The charges associated with the streamer bursts are needed in understanding the physical processes associated with the streamer-to-leader transition. In this paper, the length, the lateral extension and the charge of the streamer regions generated by grounded conductors when exposed to external electric fields are estimated. This estimation is based on two assumptions: (i) once a streamer is incepted, the streamer head follows the direction of maximum background electric field at the location of the streamer head and (ii) the streamer continues to extend along this direction until the potential drop along the streamer channel matches the potential drop caused by the background electric field between the initial and end points of the streamer channel. The same technique could be used to estimate the streamer bursts generated in laboratory discharges and lightning stepped leaders. It is shown that in estimating the geometry of the streamer region, it is necessary to include the spread of streamers caused by branching. Moreover, the charge associated with the streamer region increases as the frequency of branching increases. The results obtained confirm that the charge in the streamer region can significantly change the potential ahead of the streamer region from the background potential and this has to be taken into account in any study that simulates the initiation and propagation of lightning leaders. Since the streamer bursts of leaders control the direction and speed of the leaders, the technique we have used here could be implemented in lightning leader progression models.
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1. Introduction


The electrical discharge processes taking place in air can be separated into electron avalanches, streamer discharges, leader discharges and return strokes [1,2,3,4]. In laboratory gaps excited by lightning impulse voltages, the breakdown process is mediated mainly by streamer discharges [5,6], whereas in laboratory gaps excited by switching impulse voltages and in lightning discharges, the breakdown process is mediated by leaders assisted by streamer discharges [1,2]. Thus, understanding the physical processes that give rise to streamer discharges and leaders is important both in understanding the electrical breakdown in long laboratory sparks and in lightning. Furthermore, in problems related to lightning attachment to grounded structures, the creation of upward-connecting leaders from the grounded structures in response to down-coming leaders is mediated by streamer discharges generated by the grounded structure under the influence of the high electric field created by the down-coming leaders [7,8,9]. Moreover, the propagation of leaders of both polarities is also mediated by streamer discharges generated from the tips of these propagating leaders [1,10,11]. Thus, the knowledge on the geometry, the spatial extension and the charge associated with the streamer discharges issued from grounded structures, high voltage electrodes or lightning leaders is important in understanding the breakdown process in laboratory sparks excited by lightning impulses or in understanding the initiation and propagation of leader discharges both in laboratory and in lightning.



In this paper, we will study the streamer region generated by grounded conductors when exposed to high electric fields. We will concentrate mainly on the positive streamers because the majority of lightning discharges carry negative charge to ground, and the connecting leaders issued by grounded conductors in response to down-coming lightning leaders are led by positive streamer discharges [12]. However, the same procedure that we use here can be used to estimate the extension, geometry and charge of negative streamer bursts issued from grounded conductors and negative or positive streamer regions of long laboratory sparks and lightning leaders.




2. Streamer Region


As mentioned in the introduction, when a grounded conductor is exposed to an electric field or when a high voltage electrode is raised to a high potential, a streamer burst is created from the tip of the relevant conductor. Here, we will estimate the extension, the width and the charge associated with the streamer burst. In order to evaluate how far the streamers will travel from the tip of the conductor, we will be making four assumptions which have already been used in studies related to streamers. They are the following: (1) Streamer inception takes place when the number of positive ions on an avalanche reaches a critical value of 108. (2) Streamers propagate in the direction of maximum electric field ahead of the streamer tip [13,14]. (3) The potential gradient along the positive streamer channels is approximately 500 kV/m and that of negative streamer channels is 1 MV/m [1,2,3]. (4) The streamers propagate up to a distance where the integral of the potential gradient along the streamer channels is equal to the integral of the background field along the path of the streamer channel [7,8,9]. In this procedure, the direction of the electric field lines controls the path of streamers, and the strength of the electric field controls the extension of the streamers. This fourth condition mentioned above can be illustrated using the diagram in Figure 1. Let the curve marked ‘a’ be the variation of the background potential as one moves away from the tip of a conductor. This curve is obtained by first obtaining the background electric field in the presence of the rod by the charge simulation method and from that electric field the potential as a function of distance from the tip of the rod. Note that the tip of the rod is at ground potential. The curve marked ‘b’ gives the integral of the potential gradient of the streamer channels along their path. The length of the streamer burst is given by the distance OP where O is the origin of the streamer burst (i.e., the tip of the conductor) and P is the point where curve ‘b’ meets curve ‘a’. With these four assumptions, once the location and the orientation of the initiation of the streamer channel are given, one can trace its path if the background electric field is known. Observe that streamers can be initiated from different places on the tip of the conductor and the path of a given streamer channel depends on the point on the tip of the conductor from where the streamer is initiated. In the analysis, we assume that the tip of the conductor is of hemispherical shape and streamers could be initiated from any point on this hemisphere. Since the electric field at the surface of a conductor is perpendicular to its surface, it is reasonable to assume that the direction of initiation of the streamers is perpendicular to the hemispherical surface. The streamers leaving the pole of the hemisphere (i.e., from the tip of the conductor or along the symmetry axis) follow a straight path, while the ones leaving the hemisphere from different points will follow a curved path. In the analysis, we assume that the majority of the streamers will leave the hemisphere at locations above the equator and only a few, if any, will leave from points below the hemisphere. This is the case because the electric field decreases rapidly as one goes below the equator. Figure 2 shows the path of streamers leaving the conductor at different polar angles. In this calculation, the radius of the rod was assumed to be 2 cm. Observe that the streamers leaving the equator (polar angle 90 degrees) will define the outer boundary of the streamer region.



2.1. Effect of Streamer Branching


In the results presented in the last section, it was assumed that once initiated, the streamers follow the background electric field without branching until they exhaust the background potential available to them. However, experimental data show that propagating streamers frequently branch [14,15]. The quantitative analysis presented in references [14,15] shows that the free path of streamers between branching (henceforth referred to as branching length) is in the order of millimeters. The exact value may depend on the diameter of streamers and the background electric field. However, most of the free paths are distributed between 2 mm and 10 mm. Moreover, the most frequent branching angle of streamers was found to be approximately 45°. This information is incorporated into the present study as follows. We assume that the branching length of streamers varies between 2 to 10 mm. In a given calculation, we keep the branching length of the streamers constant. However, results will be shown for different values of branching lengths. We also assume that the branching angle remains constant at 45°. In our study, we are interested in the outer boundary of the streamer region. Thus, the motion of the streamer leaving the equator of the semi-spherical tip is of interest. As this streamer branches, the two branches can be directed at any azimuth angle with respect to the original streamer channel. However, since the region between this streamer and the streamer following the symmetry axis of the conductor is filled with space charge, due to electrostatic repulsion there is a high probability for one of the branches to be directed outwards. The outer boundary of the streamer region is defined by the streamer channel generated by the outward branching of the streamer channels. In the calculations, we assume that the branching of the streamer channel is such that one of the branches is always directed out of the space-charge region (see Figure 3). In a way, this assumption gives rise to the maximum possible lateral spread of the streamer region. The streamer regions calculated by incorporating streamer branching as described above are shown in Figure 4. Note that the paths shown are for streamers leaving the equator of the hemisphere but for different branching lengths. Observe how, depending on the branching length, the width of the streamer region increases in comparison to the situation without branching. The smaller the branching length, the larger will be the width and, hence, the volume of the streamer region.




2.2. Comparison of the Calculated Streamer Region with Experimental Observations


Experimental data on the geometry of the first streamer burst generated by lightning rods exposed to thundercloud electric fields are not available in the literature. However, a few examples of the streamer region generated by long laboratory sparks that could be used to test the theoretical predictions are available in the literature. If the gap length, the geometry of the high voltage electrode and the applied voltage are given, one can use the same procedure used earlier to calculate the streamer region of grounded conductors to obtain the geometry of the streamer region generated by the high voltage electrodes. For example, Figure 5 shows the geometry of the streamer bursts generated by high voltage electrodes when raised to a given potential. As in the previous examples, we have used different branching lengths to obtain the outer region of the streamer bursts. In the calculation, we have assumed that the grounded electrode is a flat plane (i.e., we have considered a rod-plane gap). Again, note that the width of the streamer region increases with decreasing branching length.



One of the best examples we have found in the literature that shows the streamer region generated by a high voltage electrode was published by Bogatov et al. [10]. In this example, a rod-plane gap of 5.5 m was raised to a potential of 5 MV. The radius of the high voltage electrode was 5 cm. The streamer regions calculated for this gap for different branching distances are shown in Figure 6, together with the experimental data published by Bogatov et al. [10]. One can observe a short leader section also in the gap, but its length is short in comparison to the gap length. Close examination of this photograph shows that the streamer region is confined almost within the boundary of the curves corresponding to 5 mm and 10 mm branching. Note that the streamer region is displaced slightly to the right and for this reason one may get the impression that a small part of the streamer region spreads out of this boundary. From this comparison, one may conclude that there is a good agreement between the calculation and experimental observation for a branching distance of approximately 5–10 mm.




2.3. Charge on the Streamer Region


One parameter which is of interest in analyzing the initiation of leaders from grounded conductors is the charge associated with the streamer region. For example, in the literature, it is documented that if the charge in the streamer region exceeds approximately 1 μC, it will lead to the streamer-to-leader transition [1]. The charge in the streamer region can be estimated by using the charge simulation method and assuming that the potential gradient inside the streamer region remains at a constant value equal to the potential gradient of the streamer channels. The charge in the streamer region is calculated for different branching lengths and the results are presented in two ways in Figure 7. Figure 7i presents the streamer charge as a function of the area between the two potential curves, one representing the background potential as a function of distance and the other representing the potential along the streamer channels in a distance–voltage diagram. These two curves are presented already in Figure 1 and the area between the two curves are marked as ‘A’. Figure 7ii depicts the streamer charge as a function of the length of the streamer region. Note that results are shown for cases where streamers propagate without branching and for streamer branching lengths of 10 mm, 5 mm and 2 mm. Observe how the charge in the streamer region increases with decreasing branching length.



It is of interest to mention here that in the studies conducted previously, it was assumed that the charge in the streamer burst is proportional to the area ‘A’ (in Vm) described in the previous paragraph and marked in Figure 1 [7,8,9]. Analyzing this problem further, Becerra and Cooray [7] estimated that this proportionality constant is approximately 3.6 × 10−11 C/Vm. Since we have found that a branching length of 5 mm gives a reasonable fit to the lateral extension of the streamer region, we will use a 5 mm branching length as a representative value in obtaining the charge in the streamer region. The data points obtained corresponding to a 5 mm branching length together with two best fit lines, one power fit and the other linear fit going through the origin are shown in Figure 8. Note that power fit represents the data better and the linear fit is a reasonable approximation. The power fit for the charge (in Coulombs) versus area (in Vm) is given by


  q = 1.46 ×   10   − 9    A  0.763    











In the above equation, A is the area shown in Figure 1. The straight line fit for the data is given by


  q = 3.577 ×   10   − 11   A  











This is in good agreement with the results obtained by Becerra and Cooray [7].




2.4. The Potential Gradient Ahead of the Streamer Region


In the studies conducted previously [7,8,9], it is assumed that once a streamer burst is generated, the potential ahead of the streamer region remains more or less the one corresponding to the background electric field. In other words, it is assumed that the charge in the streamer region does not influence the background potential located ahead of the streamer region. In order to test this assumption, we have calculated the potential ahead of the streamer region after the generation of the streamer burst. The results together with the background potential are shown in Figure 9. Note that the charge in the streamer region can significantly change the potential ahead of the streamer region. This indicates that one cannot neglect the effect of the streamer region in further continuation of the propagation of the leader channel. Actually, this fact was previously pointed out by Bazelian and Raiser [16] and our study confirms it. This fact, together with the observation that subsequent streamer bursts can occur at another angle to avoid the previous streamer region, has to be taken into account in numerical simulations of the propagation of leaders [17].




2.5. Summary of the Assumptions and the Procedure Used in Estimating the Streamer Region of Lightning Rods Exposed to a Background Electric Field


In this paper, a procedure to obtain the streamer region generated by a lightning rod when exposed to a background electric field is presented. The procedure used in the paper to obtain the geometry of the streamer region can be summarized as follows:




	(1)

	
The electric field in the presence of the lightning rod is calculated using the charge simulation method.




	(2)

	
It is assumed that inception of streamers from the rod takes place when the number of positive ions in the electron avalanches reaches a critical value of 108.




	(3)

	
Once incepted, streamer heads follow the direction of the maximum electric field at the location of the streamer head.




	(4)

	
The streamers continue to propagate until the potential drop along the streamer channel is equal to the potential drop between the point of initiation and the current location of the streamer head caused by the background electric field.




	(5)

	
Based on available experimental data, it is assumed that streamers branch at intervals of 2 mm to 10 mm of propagation distances.




	(6)

	
Based on experimental data, the branching angle is assumed to be 45°.




	(7)

	
Once the geometry of the streamer region is obtained, the total charge in the streamer region is calculated using the charge simulation method assuming that the potential gradient inside the streamer region is equal to the experimentally obtained streamer potential gradient of 500 kV/m for positive streamers.











3. Discussion


In the analysis presented in this paper, we have kept the streamer branching distance constant as the streamer extends outwards and into the low field region. In other words, we assume that it is independent of the background electric field. However, the streamer branching length could depend on the background electric field and it also depends on the streamer diameter. The background electric field decreases as one moves away from the tip of the rod and one can expect the streamer diameter to also change as the streamer extends in the gap [14,15]. Thus, the agreement between 5 mm branching length and the observed streamer region cannot be considered as confirmation of the idea that the streamer branching length remains constant at this value throughout the propagation of the streamer. The 5 mm branching length has to be considered as an effective value that provides a reasonable fit to the experimental data. However, more experimental data are needed to support this conclusion.



In the analysis, it is assumed that streamers will follow the electric field lines of the background electric field. Of course, in the presence of branching, the new streamer heads associated with the two branches will follow electric field lines associated with the new location of the respective streamer heads. This assumes, in turn, that the orientation of the streamer in the high field direction is instantaneous. This may not be the case in reality. It is possible that there is some ‘momentum’ in the streamer channels that forces it to continue its travelling in the same direction and, if this is the case, it may take some time for the streamer to get oriented in the direction of the maximum electric field. This point also needs further consideration.



In long laboratory sparks, the hot spark channel results from the thermalization of the streamer channels created during the application of the high voltage. Therefore, the path of the discharge channel should coincide with the path of some of the streamer channels generated in the gap. Thus, if a spark gap experiment is repeated multiple times, the outer edge of the spark channels should coincide roughly with the outer edge of the streamer channels generated in the gap. This will allow a test of the validity of the results presented here using the path of discharge channels in long gaps.



It is important to point out that the predictions of the theory presented here could be confirmed under field conditions by the use of sufficiently high-resolution, high-speed cameras placed close to the tips of lightning rods or instrumented towers. Moreover, the procedure presented here, can be used to evaluate the spatial extent of the streamer region associated with stepped leaders. Since the length and the charge of the streamer region controls the stepping process, the theory outlined here could be used to improve the leader progression models [7,18,19].




4. Conclusions


The results presented here show that in estimating the geometry of the streamer region generated by grounded conductors when exposed to electric field or high voltage electrodes when raised to high voltages, it is necessary to include the spread of streamers caused by the branching. The scanty information available in the literature indicates that a branching distance of approximately 5 mm and a branching angle of approximately 45° provide a reasonable agreement with experimental observations.



The charge in the streamer region obtained with 5 mm branching length shows that it is reasonable to assume that the charge is proportional to the area between the background potential curve and the line that defines the streamer gradient in a voltage–distance diagram. The proportionality constant obtained is in reasonable agreement with previous estimates.
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Figure 1. The distance–voltage diagram depicting the procedure to obtain the length of the streamer region. The curve marked ‘a’ gives the potential ahead of the tip of the rod marked ‘O’ caused by the background electric field. The curve marked ‘b’ defines the line with a potential gradient identical to that of the streamer channel. The two curves cross each other at P and the area between the two curves is denoted by ‘A’. 
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Figure 2. The path of the streamer channels leaving the tip of the rod, which is formed as a hemisphere, at different polar angles. The path marked (1) is taken by the streamers leaving the equator of the hemisphere (polar angle 90 degrees). The curves marked (2) and (3) correspond to the paths of streamers leaving the hemisphere with polar angles of 45 and 10 degrees. Observe that zero degree corresponds to the streamer leaving from the top of the hemisphere. Note that what is depicted is the cross section of the three-dimensional streamer zone, which is symmetric around the central axis. The height of the grounded rod is 2.5 m, the radius of the rod is 2 cm and the value of the (vertical) background electric field is 100 kV/m. 
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Figure 3. Illustrating the procedure (exaggerated) used to identify the outer edge of the streamer region. It is assumed that whenever the streamer branches, one of the branches is always directed away from the axis of the conductor. 






Figure 3. Illustrating the procedure (exaggerated) used to identify the outer edge of the streamer region. It is assumed that whenever the streamer branches, one of the branches is always directed away from the axis of the conductor.



[image: Atmosphere 13 02028 g003]







[image: Atmosphere 13 02028 g004 550] 





Figure 4. The outer extremity of the streamer zone generated by rods of different heights (marked in the plots), of 2 cm radius, when exposed to an electric field of 100 kV/m. The different curves correspond to different streamer branching lengths. The curves marked (1) in the diagram correspond to streamers moving without branching. Curves (2–4) correspond to branching lengths of 10 mm, 5 mm and 2 mm, respectively. 
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Figure 5. Streamer region of rod-plane gaps of (i) 2-m gap excited by 2 MV and (ii) 10-m gap excited by 10 MV. The curve (1) corresponds to no streamer branching and curves (2), (3) and (4) correspond to streamer branching lengths of 10 mm, 5 mm and 2 mm, respectively. The radius of the rod is 2 cm. 
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Figure 6. A photograph of the streamer zone of a 5.5-m rod-plane gap with an applied voltage of 5 MV as published by Bogatov et al. [10]. The four curves shown in the diagram correspond to the following cases. Blue: No branching; red: 10 mm branching distance, green: 5 mm branching distance and turquoise: 2 mm branching distance. 
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Figure 7. (i) The best fit curves for the charge in the streamer region versus the area between the two potential curves, as illustrated in Figure 1. (ii) The best fit curves for the charge in the streamer region versus the length of the streamer region. (a) Without branches; (b) branching length 10 mm; (c) branching length 5 mm; (d) branching length 2 mm. 
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Figure 8. Best fit curves (a) exponential fit and (b) linear fit to the charge versus the area between the potential curves corresponding to a streamer branching length of 5 mm. The actual data points are also shown in the diagram. 
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Figure 9. The potential ahead of the streamer region as a function of the distance for (i) a 2.5 m rod, 100 kV/m, without branching and (ii) a 2.5 m rod, 100 kV/m, with 5 mm branching length. The curve ‘a’ depicts the background potential that existed before the generation of the streamer burst and curve ‘b’ depicts the potential after the creation of the streamer burst. 
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