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Abstract.

Several current theories concerning the nature of ball lightning predict a substantial
electrostatic charge in order to account for its observed motion and shape (Turndtt@o8
Rep.2931; Abrahamson and Dinniss 200ture403519). Using charged soap bubbles as a
physical model for ball lightning, we show that the magnitude of charge predicted by some of
these theories is too high to allow for the types of motion commonly observed in natural ball
lightning, which includes horizontal motion above the ground and movement near grounded
conductors. Experiments show that at charge levels of only 10-15nC, 3-cm-diameter soap
bubbles tend to be attracted by induced charges to the nearest grounded conductor and rupture.
We conclude with a scaling rule that can be used to extrapolate these results to larger objects
and surroundings.

PACS numbers: 52.80.mg, 41.20.cv

1. Introduction of energy source within it. In these theories, the object’s
motion must result from interactions between the object
Ball lightning is a rare phenomenon of atmospheric physiesid its surrounding environment, where only ‘normal’
for which no satisfactory theory has yet been found. One physics is presumed to occur. In this paper, we analyze
its most problematic observed characteristics is the waycirtain assumptions about electrostatic charge made in two
moves. In a 1966 survey by Rayl&][covering more than internal-energy theories, and find discrepancies between the
100 accounts of ball lightning, a majority of the intervieweesonsequences of these assumptions and ball lightning’s
reported mainly horizontal motion, while only 19% reportedbserved behavior.
vertical motion. Numerous account®, [3] describe ball Several internal-energy theorists have hypothesized a
lightning as often moving more or less parallel to the earth&ibstantial net electrostatic charge for ball lightning in order
surface a meter or two above the ground. Any theory claiming explain its motion and shape. Turné; [/] has proposed
to give a satisfactory account of ball lightning must alsa model of ball lightning which involves an electrochemical
account for the unusual nature of its observed motion. reaction among nitrogen compounds in humid air. The model
Theories of ball lightning fall into two broad categories—predicts a net positive charge for the overall object of
external-energy theories and internal-energy theories—wil much as AC. Abrahamson and Dinniss8][ assumed
many subdivisions within eacl]. External-energy theories a net electrostatic charge for ball lightning when they
assume that the visible light emission and other energetigpothesized an interconnected network of slowly oxidizing
manifestations of ball lightning are powered by an externallicon nanoparticles. According to their theory, repulsion
energy source such as radio-frequency or microwaeé like charges may be responsible for maintaining the
radiation. This idea was first proposed by Kapitsa iapproximately spherical shape of the network.
1955 B]. The object’s location and movement in these Since these leading theories of ball lightning include
theories is typically determined by the nature of the assum#éte assumption of a significant electrostatic charge, an
electromagnetic field, not solely by the physics or dynamiexperimental investigation of how ball-lightning-like objects
of the ball itself. On the other hand, internal-energy theoriesove when charged can test the plausibility of this
assume that ball lightning is a more or less self-containadsumption. As we will show below, surprisingly small
structure containing an electrical, chemical, or other tymamounts of net charge are likely to lead to the object’s
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destruction in a short time. If ball lightning does carry avheree is the dielectric constant of the mediuf¥]. The first
net electrostatic charge, its level must be well below thoserm in this sum decreases with radiusras. It is identical
proposed by Turner, and may be so small as to exert #nthe field produced by a point charge at the origin whose
insignificant influence on its motion compared to other forcemagnitude equals the net charge of the sphere. The second
term decreases as? and corresponds to the field of a dipole,
2. Experimental approach the third term to a quadrupole, and so on. Since the higher-
order terms decrease more rapidly with increasindue to
In this study, we used soap bubbles as a physidhle larger exponent of the higher-order terms, at a distance of
model for ball lightning in order to investigate how balla few times the sphere radius most of the significant force
lightning’s electrostatic charge can affect its interaction witffects will be a function only of the total charge inside the
its environment. Both individual witnesses of the naturaphere (the leading term), and not to its particular distribution
phenomench and numerous studies examining multiplénside (the higher-order terms). Therefore, if the electrical
reports L0, 11]? have noted that ball lightning changes shapeehavior of a spherical shell of net charge (i.e. a soap bubble)
moves, and disappears in ways that sometimes resemblig @quated to that of an insulating ball lightning object of equal
soap bubble. The structure of ball lightning is in all likelihoodadius and net charge, the equivalence will be good except
much more complex than that of a bubble. However, so#pr distances less than a few sphere radii, and approximately
bubbles share with ball lightning the following characteristicgorrect for distances less than this.
(i) approximately spherical shape, (ii) diameter ranging from  Consider a second (and more likely) model for ball
1cm or less than 50cm or more, (i) an apparent densifightning’s conductivity: that it is a conductor to the extent
approximating that of ambient air, (iv) a duration in air fromhat an excess electrostatic charge placed on the sphere will be
a few seconds up to a minute or more (consistent with thee to move to a steady-state distribution with a time constant
observed lifetime of ball lightning4]), and (v) a surface on the order of seconds or less. If the charge within a solid
tension which tends to restore the object’s spherical sha@ghducting sphere obeys Coulomb’s inverse-square force law,
when perturbed away from it. In soap bubbles, the surfagewell-known result from electrostaticaq shows that all
tension is provided by a solution of soap in water. Such filmgcess charge will move to the surface of the sphere, and
are stable against perturbations that increase the film arggne will remain inside. If this conductivity model is correct,
since an increase in area decreases the soap concentrafiplignalogy between charge on ball lightning and the same
leading to higher surface tension which tends to restogganiity of charge on a soap bubble will be essentially exact.
the surface to its original ared]. This is known as the gyen if the Coulomb potential is replaced by the Yukawa
Marangoni effect. In ball lightning, the origin of apparenh,ential (also known as the screened Coulomb potential or
surface tension is uncertain, although plasmas can shg pepye Hiickel potential), we reach a similar conclusion.
surface-tension-like effectd §|. These characteristics share his potential is sometimes used in describing the forces

by bubbles and ball lightning make bubbles useful as phySkEétween charged particles in dusty plasmas. The Yukawa

models for natural bz_;\II lightning, provided any limitations o otential between two charges of magnitugle given by
the model are taken into account.

One such limitation is the fact that an electrostatic charge 2 ( r >
p -7 |
AD

on a bubble is predominantly surface charge on the conductive 2)
liquid film, while charge in ball lightning may be distributed
throughout the entire volume of the ball in an unknown wawherel is the Debye length in the plasma, a measure of how
We will consider two simplified models of the electrostatievell the plasma screens isolated charges].[Spencer 17
conductivity of ball lightning to show how this limitation is has shown that assuming a Yukawa potential for the charges
probably not a serious one. in a conducting sphere leads to a situation where some of
In the first model, suppose that ball lightning is amhe charge is on the surface and the remainder is distributed
insulator which somehow holds excess charge in a fixggiformly inside. While this distribution differs from the soap
volume distribution. (A physical model for this situationbubble’s surface-only distribution, the argument above given
would be a solid sphere of a good insulator such agr the insulating sphere applies equally well to a sphere with
glass, with excess charge embedded inside it.) Assume thaform charge inside, in that significant differences between
this distribution is given by the functiory (r,6,v) in  the bubble case and the ball-lightning case will appear only
Cm~2 inside a sphere of radius, and py =0 outside the for distances within a few sphere radii. Therefore, whatever
sphere, wherer, 0, v) are the radial distance, polar angleihe details of conductivity for electrostatic charges within ball
and azimuthal angle, respectively, of a spherical coordinafghtning, we believe our experimental results are likely to be
system whose origin coincides with the center of the spheggood model of the forces on an actual ball-lightning object
The electrostatic potentigi(r, 6, y) everywhere outside the o1 \hich electrostatic forces are an important, if not wholly
sphere can be expressed as the sum of spherical S“rféé‘rf%rminative,factorin its motion.

harmonic functionsY, (0, ¥), each weighted by a moment Our experimental setup is shown in figuteA Van de

4mer

constantpn, Graaff generator 48cm high with a spherical high-voltage
1 & Ya6, ) electrode 22.5cm in diameter was connected to a small
¢, 0,9) = EZ P (1) copper loop through a ball chain. Corona discharge from
n=0 these connections limited the attainable voltage-tb5 kV.
1 Report by Nezamaikin V N ind]. Compressed air from a 2.5-cm-diameter tube behind the loop
2 Nauer H, cited ing], pp 164-5. formed bubbles when the loop was periodically dipped in
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Figure 1. Layout of the charged-bubble experiment (not to scale) 0 5 10 15 20 o5 30

showing Van de Graaff generator and compressed-air

bubble-producing mechanism on left, and trough with grounded
bottom and side partitions on right. The trough was 40 cm wide byF
60 cm high by 120 cm in length.

Time (s)

igure 2. Raw voltage obtained from electrometer circuit during
charged-bubble test. Bubble impacts are clearly visibte-a 1.06,

18.44, 24.93, 25.70 and 28.96 s, all correlating with videotaped
a soap solution. About 10% of the bubbles generated bypacts of single or multiple bubbles.

the setup fell between the walls of a trough placed about

1m away. The trough was formed of plastic-foam insulatingithough this procedure does not capture all the bubble’s
material coated with aluminum foil. A video camera at ongnarge, it produces an estimate @that is accurate to within
end of the trough photographed the b_ubbles in flight againgt goy, to+20%, depending on the waveform shape.

a background of 2.5-cm spaced white gridlines on black pying the experiment, a significant difference was noted
cardboard at the other end of the trough. A second vidg@yyeen the motion of charged and uncharged bubbles (made
camera (not shown) was placed at right angles to the I0Qg, the van de Graaff generator off). Uncharged bubbles
axis of the trough to locate the bubble’s position along th@tifteq aimlessly around the laboratory for as long as 30's
axis. The inside surface of the trough wall nearest the Van gz e ejther rupturing because of film evaporation or because
Graaff generator was electrically isolated and formed the _'npb_llta collision with an object (typically the floor). All bubbles
electrode of an electrometer. The electrometer input Circyjt y 5 hegative buoyancy, drifting straight down in the absence
was a 103 M2 r_eS|s_tor in parallel with a 3.6-nF capacitor f other forces. However, charged bubbles moved more
to ground. A high-impedance voltage follower (TLO71CP apidly than uncharged ones. The charged bubbles were

Xagsmltted tthe elec':_romettelrk\ll_'olta_lgﬁ to allt LabVitd 2-bit tvi orously repelled from the region of the Van de Graaff
/D converter sampling & Hz. 1NIS vollage was COMecteflyqo ator and attracted to any grounded object such as a
for current offset errors and integrated in software to fin

the charae received at the electrometer inout as a functl etal cabinet or stanchion. Although bubble lifetimes were
of time 9 P R0t measured precisely, the average lifetime of the charged

Preliminary trials were performed using a captive bubb eugg:: was probably less than half that of the uncharged

in a can-shaped electrode to verify that electrically isolate .

. ! ; To show that we can accurately model all forces involved
bubbles could retain their charge over Hhe30s time span in .bubble motion in this experiment, we obtained three-
of the experiment, and no observable leakage was detecied P '

The raw electrometer output voltage during a trial in whic imensional position data_on a bubble W'th.a charg@ok .
five separate bubbles (or bubble clusters) collided with th_e4'1nc as mea;gred by its electrometer signal and a radius
electrometer wall is shown in figug As a bubble approachesro - 1'_6 cm. E03|t|on data was obtamed_ for the Iast_0.5s or
the wall, it induces charge of a polarity opposite to that of €0 Of 'ts lifetime up to the point when it collided with the
own charge in the electrode by virtue of the increasing mutu%IPCtrOde and ruptured. Independent measurer_nents of the
capacitance between the bubble and the electrode. When3fguracy of our video system and data analysis procedure
bubble contacts the wall, the capacitance goes to infinity alitficate that the probable rms measurement error is about
a peak occurs in the voltage, identifying the exact time GMM in thex-direction and 1.3 cm in thedirection.

collision with a time resolution of 10 ms or better. TRe-C To see why bubbles are attracted to grounded surfaces,
parallel circuit's time constant = 0.33 s shapes the dischargéeonsider the idealized situation shown in figuse which
waveform as an exponential tail as shown. As long as bubi§igOWs a trough that is infinitely long in thedirection (into
events are separated by 1s or more, the voltage wavefdftf Page) and infinitely tall in the-direction @ goes to

u(t) can be integrated during the time interval frapto t,  INfinity). If a bubble of radius, has a charg®, that charge
when the voltage exceeds 10% of its peak value to obtain aWill induce a surface charge of the opposite polarity on the
estimate of the total bubble char@ein accordance with the grounded surfaces surrounding the bubble. These charges
equation in turn attract the bubble with a force that is balanced

. horizontally whenx = 0 (in the center of the trough), but is
2

1 always directed downward vertically, since there is no upper
Q~Cluty) —vty]+ & / v(7) dr. (3)  boundary to the trough. As the bubble approaches a side wall,
=t the induced surface charge becomes unbalanced, becoming
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indicated that the model capacitance in the closed prism is a
close approximation to the capacitance in the open laboratory
trough. We explain below how we used data from this closed-
- prism model in the open-trough experimental situation. We
then fit empirical analytical expressions to the COMSOL data
@ for use in a differential-equation solution described below.
A bubble moving in air experiences a drag force

= ~7Tr210 |T)| -

: Fo(3) = ~3—25—Co(Re([i)). (8)
I where the velocity vectob (ms™?) is the time derivative
of the position vectorr, the air density ispar, and the
—w— dimensionless drag coefficie@ is a tabulated function of

the Reynolds number

Figure 3. Charged bubble of radiug in grounded conductive

trough (trough is infinitely long iry-direction). 2ropar |Vl

Rexﬁﬂ)zz———;———, 9)

greater at the nearest wall and less at the opposite wall. This hich th . i of air i 5
results in a net horizontal force which pushes the bubbffs Which the dynamic viscosity of air i (N-snT*) [18].

toward the nearest wall until it collides with the wall and Nalytic expressions approximating these functions in the

ruptures region of interest were derived and used together with the

A co.ncise summary of the forces on the bubble Suppor(?gectrostatic—force expressions to solve the overall second-

these ideas. The gravitational force on the bubble (in newtorféfier differential equation of motion for the bubble:
is - .. - °r
Fo = —2(4nréprtg), 4) Fec+Fe(f)+Fp(v) = mBE~

whereg = 9.8 ms 2 (the acceleration of gravity) aritlis the . . )
unit vector directed vertically upward. The net gravitationziﬂ equation L0), the massng includes both the film mass and
e mass of the gas inside the bubble:

force is due only to the mass of the bubble film of thickress'
(m) and densityr (kg m—2), since the mass of the entrapped

air is canceled out by the buoyancy due to displacement of an

approximately equal mass of air. Equation (0) was integrated using a Runge—Kutta algorithm

The electrostatic force on the bubble can be derived froahd a time Step of 11.1 ms for Comparison with experimenta|
a functionC(r) which is the capacitance between the bubblgata which we will now describe.

and the trough as a function of the bubble center’s position
vectorr. Since the bubble’s electrostatic potential energy is3 Results

(10)

mg = 47Tr§,0|:'[ + %nrgpNR. (11)

C(r)VA()

Ue() = >

(5) The theoretical and experimental results of the analysis of a
charged bubble moving in the grounded trough are shown

whereV (F) is the potential of the sphere (in volts), and for én figure 4. As the figure shows, we obtain good agreement

constant charg® = C(r)V (1), between the actual measured path of the bubble as it is
) attracted to the electrode wall, and the theoretical prediction
Ue(f) = = - é (6) of the path based on the three forces in equatl@h Oefinite
2 C() integration of equation1Q) requires values for the bubble
massmg and initial conditions forw andr at an initial time

we use the fact that the negative gradient of the electrostat

i ) .
potential energy is the electrostatic force o- We obtained a value for the bubble mass by measuring

its average velocity outside the trough from video data, since
. 2 1 a bubble’s terminal velocity (free-fall in a gravitational field
Fe(M) = -5V (ﬁ) : (7)  only) depends sensitively on its mass. By the time bubbles
reach the trough, they have lost any horizontal motion, so
In this way, the problem of finding the electrostatic forcthe initial velocity vector was known. The initial positiorg
reduces to the problem of finding the bubble’s capacitanceaady, were known from the video recordings. We chose the
ground as a function of position. This analysis was performétitial position for the theoretical curve to g = 56.7 cm,
with COMSOL finite-element software for the specific case afhich yielded the best fit to the experimental trajectory. Since
a trough with widthw = 40 cm. The open trough was modeledbur COMSOL electrostatic model assumed an infinitely deep
by a closed prism 2m higkz) by 1.9m deepy) by 40cm trough, it does not accurately model the situation above the
wide (x). As long as the bubble was centered inykdirection edges of the laboratory trough, where the electrostatic force
in the COMSOL model, we found that further increases @ventually goes to zero above the edges located=a60 cm.
dimensions of the trough beyond those stated made less tii&e choice ofzy = 56.7 cm ‘turns on’ the electrostatic force
1% difference in the capacitance indicated by the model. Thasthat height, and models the actual situation well.

4
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60 - limits we found were far below the Rayleigh limit for soap
1 O bubbles. The essential conclusion of this paper is that for ball
58 u lightning in the neighborhood of the earth’s surface or other
567: grounded objects, the upper limit for net electrostatic charge
] B Measured is established not by the Rayleigh limit at which the object
/E\54{ Calculated self-destruct; due to mutual repulsio_n, but _by attraction to
o . grounded objects through the mechanism of induced charge.
; 52 Even if a spherical object has no net charge, it can develop
§ 50; a dipole moment in a uniform electric field and experience a
S net attractive force in a non-uniform field. Since ball lightning
’g 48 is generally associated with thunderstorms and the electric
o field on the ground beneath such storms can greatly exceed
N 46’: the fair-weather field of about 100 VTh, it is possible that
44 electrostatic forces are involved in ball-lightning motion near
1 objects that would tend to concentrate electric field lines. This
42 concentration leads to non-uniformities in the field and would
40 ] produce a net force on a neutral conducting object such as ball

lightning, assuming ball lightning has a non-zero conductivity.

While we did not investigate this possibility, such problems

may serve as a focus for further investigations of the problem
of ball lightning motion in electrostatic fields.

BN BRI NN
15 155 16 165 17 175 18 185
x-coordinate (cm)

Figure 4. Theoretical and experimental trajectories of charged
bubble near grounded wall at= 20 cm with bubble radius
ro=1.6cm and charg® = —4.1 nC. Theoretical curve (solid line) Acknowledgments
begins at initial positiorxg = 15.5 cm andz, = 56.7 cm. Thex-axis

is drawn to a larger scale than th@xis to make comparison easier.
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4. Conclusions

Assuming a ball-lightning object is self-contained, and is n
simply the visible manifestation of a larger independent fielﬁj
or current structure, 1ts trajectory V.V'" be dete_rmmed by th&) the reviewers, who pointed out several matters requiring
sum of the forces acting on it. This assumption is made WNucidation
the two internal-energy theories summarized earlier in this '
paper. We have shown that soap bubbles charged to relatively
small levels tend to be rapidly attracted to grounded surfadg&ferences
and destroy themselves upon impact. We have also shown] Ravie W D 1966National A i ds

: ayle ational Aeronautics an pace
that the trajectory of a bubble can be accurately modeled b[)J/ AdministrationTech Note NASA TN D-3188

considering only drag, gravity, and the electrostatic force dqu] Barry J D 198Ball Lightning and Bead Lightning: Extreme
to the bubble’s capacitance to ground. Forms of Atmospheric ElectricifNew York: Plenum)

While care should be taken in extrapolating these resulf$] Rakov V A and Uman M 2008ightning: Physics and Effects
to larger objects farther away from grounded surfaces, the _ (Cambridge: Cambridge University Press)

; ; ; : ) . [4] Stenhoff M 1999Ball Lightning: An Unsolved Problem in
invariance of electrostatic solutions to Maxwell’'s equation Atmospheric Physio@lew York: Plenum)

under dilation (multiplication of all space dimensions by a[5] Kapitsa P L 19550kl. Akad. Nauk. SSSR)1245
constant) means that the same voltages and forces will ap Turner D J 1998hys. Rep2931
to a scaled-up version of our experiment, as long as th&] Turner D J 200Phil. Trans. R. Soc. Math. Phys. Erg50107
charge on the object is scaled by the same factor. Scalir{g] Abrahamson J and Dinniss J 208@ture403519 _
a 1.6-cm-radius bubble to 16-cm-radius (a typical size fof”] Ab_lr_ahamson J, Bychkov AV and Bychkov V L 20@2il
. . rans. R. Soc. Math. Phys. Erg5011
ball lightning) means that a charge of the order of 40-120 .CEO] Walter B 1909Meteorol. Z.26 217
will result in behavior similar to what we observed, althougfi1] Mesenyashin A | 199Rppl. Phys. Lett282713
drag does not scale linearly with dilation as the electrostafit?] Isenberg C 199Zhe Science of Soap Films and Soap Bubbles
solution does. Therefore, a net electrostatic charge on a ball-  (New York: Dover)
lightning object of less than.RuC or so is consistent with [13] Hora Het al 1989IEEE Trans. Plasma Scl.7 284

- (Jl4} Stratton J A 194 Electromagnetic TheorfNew York:
many observations, although charges near the upper end of  \1cGraw-Hill) pp 179-83

this range would tend to shorten the phenomenon’s lifetinpgs] Maxwell J C 1904A Treatise on Electricity and Magnetism

through attraction to grounded objects. But a chargeo€3 3rd ed (Oxford: Oxford University Press) pp 80-6

as proposed by Turner, may approach the Rayleigh libgit [ [16] Shulk|a P K and Ivll_amun AA io?lmtf_OdUCtlglh thO_ DUSt)/2

at which an object held together by surface tension flies apars Plasmag(Bristol: Institute of Physics Publishing) p 235
. . . .[17] Spencer R L 199@m. J. Phys58 395

because of electrostatic repulsion. Calculating the Raylei ] Janna W S 1998troduction to Fluid Mechanic&Boston:

limit requires a knowledge of the object’s surface tension, PWS Publishing) p 308

which is not known for ball lightning. However, the charggl9] Rayleigh L 1882Phil. Mag.XIV 184
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