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SUMARY

A glider tow operating in or near a thunderstorm is exposed
to three distinct types of electrical hazard:

A direct lightning stroke may enter at one of the aircraft,
pass alonz the towline, and leave from the other aircraft, The
chance of this occurring is decidedly greater than the probability
that an isolated airplane will be struck. I a textile towrope
is used, the lightning current will pass as an arc in the air near
the rope, but the likelihood that the rope will be sericusly damaged
is rather slight, particularly if the rope is protected by suitable
metal arcing rings at the two ends. If a metal towrope is used,
the current will flow in it, but will not damage it provided the
cable diameter exceeds 0.14 inch,

A lightning stroke may pass directly to some intermediate
point on the towline. Such a stroke might sever a single metal
cable unless its diameter is greater than 0.35 inch (an undesirably
heavy line). The use of a lighter metal core protected by a layer
of insulation and an outer metal braid gives a lighter and more
arc-resistant construction, and also gives the possibility of two-
wire telephonic communication between the aircraft. The tendency
for the point of contact to be tlown alonz the cable may be
enough to prevent the severing of even a lighter metal cable.
Textile rope appears to be immune to such a direct hit, except
perhaps under very rare conditions,

Even if no lightning stroke occurs, an electric current of
appreciable magnitude will flow in the towline all the time the
tow is within a few miles of the thunderstorm. This current will
not harm a metal cable but may be very damaging to a textile rope.
In this report a basis is worked out for making quantitative esti-
mates of the hazard from such towline currents for any assumed




combinations of storm intensity end cable resistance, If the rope
could be covered with a nonporous, waterproof, elastic lnsulating
"gkin" which would keep it insulating under all conditions, this
would provide a preferable solution to the problem, but no such
coating has yet been found, The most successful preventive meas-
ure thug far tried is to impregnate the rope with colloidal
graphite (aquadag) so that it will remain, under all conditions,
a sufficiently good electrical conductor to carry this current
without being overheated, Further measurements should be made

on the electrical and thermal properties of nylon ropes, made
conducting under factory conditions,

I. INTRODUCTION

When a glider tew is coperating in or near a thunderstorm the
craft are subjected to a rather intense field which will cause a
number of electrical effects, some of which - such as burning of
the towrcpe - may prove disastrous. It is the purpose of this
report to present & comprehensive picture of the various possibili-
ties, to estimate the various hazards as definitely as possible in
the light of the rather meager information available, to report
the results of experiments devised to supplement this information,
and to suggest means for reducing these hazards from thunderstorms.

The most obvious effect to be expected is that the tow may
be struck by lightning., The records of the NACA Subcommittee on
Lightning Hazards to Aircraft show that lightning strokes to
single aircraft are by no means rare occurrences, and that larger
and faster aircraft are more often struck than smaller ones,

This suggests that, at least to some extent, the distortion of
the electric field of the thunderstorm by the presence of even
an isolated aircraft has a triggering action and may initiate a
stroke which would not have occurred if the aircraft had been
absent. The length of the usual towline is very much greater
than the wing span of any aircraft, and the triggering action
must be correspondingly greater. Hence in the operation of
glider tows in thunderstcrm regions the occurrence of a light-
ning stroke to one of the aircraft and thence through the tow-
line to the other craft and to ground or cloud must be anticipated.
Present types of all-metal airplanes are practically immune to
serious damage from lightning, and it is the main purpose of the
present investigation to develop methods for giving similar pro-
tection to nonmetallic craft, This particular report, however,




is concerned only with the effects on the towline itself, and with
methods for making it immune to damage from heating and burning
under such conditions.

A similar and more dangerous but much less probable event is
the occurrence of a lightning stroke from the thundercloud directly
to some point on the towline, from which the current will pass to
the craft at either end, or (perhaps) to some other point on the
towline, before continuing to ground. The localized burning at
the point where the arc strikes a metal towline will be much more
severe than the uniform heating produced by the passage of current
along the full length of the line, Hence a cable which will with-
stand this arcing will be amply sufficient to survive the type of
gtroke described in the preceding paragraph.

Still another effect which is certain to occur much more
frequently than the two just mentioned, and which is hardly less
dangercus, is the flow of a small currert in the towline, and the
corresponding development of corona discharge (St. Elmo's fire)
at the extremities of the eaircraft and on the towline. Such cur-
rents, though small, last for a considerable time and may be very
destructive to unprotected textile ropes., They would, however,
do no harm to metal ropes, though they may serlously interfere
with radio communication, Such currents will occur in textile
towlines unless the towlines remain highly insulating. This
favorable condition might exist during a sustained flight well
above the freezing isotherm, but unfortunately the insulating
value of a textile towline is certain to be destroyed by the
accunulation of moisture when flying for even a short distance
through a cloud of water droplets.

II. SYMBOLS

a equivalent radius of aircraft (i.e., 1/2 wing span)

B constant in eguation (A18)

b radius of wire, or towline
C constant of integration
c radivs of outer cylinder

d distance point to plane




distance to point of maximum potential

voltage

voltage drop in corona (out to r = rg)

voltaze gradient

voltage gradient due to clouds, undisturbed by tow

critical voltage gradient at which ionization by collision
begins

current in towline

corona current leaving wire per unit length
coefficient giving current per unit of (voltase)?
half-length of tcwline

electric charge induced on aircraft

volume density of space charge

resistance per unit lenzth of towline

radius

outer radius of corcna

radius at which two compcnents of g are equal
ionic mobility

potential (usually with respect to midpoint of tow)
velocity

distance along axis of tow

2

e variable = g




III, DIRECT STROKES TO ATRCRAFT

To estimate the effect of a lightning stroke on a towline
when the lightnlug current passes through it from one aircraft to
the other, it is essential to have a knowledge of the probable mag-
nitude and duration of the lightning current and of the electrical
registivity, cross section, and other propertles of the towline.
Fortunately there has been a very active experimental study of
lightning during the past two decades because of its importance
in connection with the protection of electric transmission lines.
The very. .complex sequence of eventsg which form a lightning stroke
has been studied in detail by Schonland (reference 1) and his
colleagues, using the Boys high-speed camera, The location and
magnitudes of charge centers in thunderclouds have been studied
by Workman (references 2 and 3) in New Mexico and by Simpson
(reference 4) in England. Quantitative data on the current in
the stroke have been published by McEachron (reference 5),

Wegner (reference 6), and others, A convenient summary of such
data is available in a paper by Wagner and McCann, (See refer-
ence 7.,) These studies show that a typical lightning stroke
consists of a preliminary "leader" which carries a relatively
small cuvrrent and which is. immediately followed by one or more
pulses during which the current rises to a very high value for

a few hundred-thousandths of a second. Between and following
these current peaks the current may ccntinue at a much lower
value for several hundredths or even tenths of a second., The
median value (i.e., that exceeded in only 50 percent of the
cases) for the crest current is about 30,000 amperes, and the
median duration of the peak (down to half value) is 30 micro-
seconds. The electric charge transferred in any one peak is
thus about 1 coulomb. However, the median value of total charge
for a complete stroke is about 30 coulombs; hence it is evident
that the greater part of the charge is carried by the low-current
(100 to 1000 amperes) part of the stroke between the peaks.

For the present purpose towlines fall into one or the other
of two classes: Either they are of metal, in which case even a
very thin cable will have an electrical resistance of less than
0.001 ohm per centimeter, or else they are of textile fiber
(usually nylon), which, even when wet or when treated so as to
be conducting, will have a resistance greater than 100 ohms per
centimeter, '

In the former case the current will flow entirely in the
metal and develop heat at a rate proportional to the resistance




per unit length and to ths squars of the instantaneous value of
the current. The total heat developed by a single current pulse

=
is thus proporticnal to(/ i%dt, Data in reference 5 indicate a

median value of 10,000 amperes squared-seconds as a reasonable
approximation for this quantity, For steel cable with a resis-
tivity of 20 microhm-centimeters, a density of 7.8, and a specific
heat of 0.12, a temperature rise of 100° C would te obtained with
a discharge of 200,000 amperes squared-seconds if the cable had

8 cross section of only 0.1 square centimeter (i.e., a diam, of
0.14 in.). This is probably smaller csble than is likely to be
used, A tempsrature rise of at least 300° C, moreover, would

not materially reduce the tensile strength of the cable, and

hence could be tolerated. A more complete treatment of the surge-
current-carrying capacity of metallic conductors with numerical
values for other metals will be fcund in part II of this series.
(See reference 8.) The foregoing theorstical deduction is cor-
roborated by the fact that in many cases steel rural telephone
wires only 0.1 inch in diameter have been struck by lightning
without being fused, except at the point ol contact with the

arc, Further confirmetion is found in laboratory experiments
using an oscillating surge current which had a value for

N - .
Ji“dt of 5250 amperes sguared-seconds, Computations simllar

to those used previously show that this value of opiadt should

be Just sufficient to fuse a No., 26 copper wire. In the experi-
ments Nao., 25 was found to be ummelted, No. 28 fused to drops of
liquid metal, while No, 27 was mostly vaporized. It may there-
fore be concluded that if a metal towline is used of sufficient
section to give the required mechanical strength, there is
practically no danger that it may be melted by a lightning
stroke which passes through the whcle length of the tow from
one aircraft to the other.

In the case of a textile rope, the resistance is so high
that at a current of only a few hundred amperes the voltage
gradient along the rope will become greater than the value
(about 30,000 volts per cm) at which air at atmospheric pressure
breaks down and permits the passage of a spark., Hence the first
current peak is practically certain to initiate an arc alongside
the rope and the bulk of the current will flow in this arc during
the rest of the discharge.

A numbsr of trials were made in the laboratory in an effort
to imitate various phases of such a flashover, Thus figure 1




shows a transient arc of 25,000 amperes crest inadt = 15260
(amperes)®-sec) vplaying along a cotton sash cord which had been
soaked in tap weter, The cord showed no eppreciable damage after
the dischar;e. In sgome trials a 1000-ampere surge was used to
trigzer a discharge across a short gap, and was followed up by

a current of about 30 amperes lagting for 1 second, supplied by
a 1000-volt direct-current generator. With this duration the
arc passes the same charge as a median stroke of natural light-
ning. The arc flame spreads over a considerable area but itsg
terminals are fixed by the metal electrodes. In other experi-
ments a 60~cycle alternating-current arc was passed between
electrodes attached to the rope by the flashover of a trans-
former initially energized to about 200 kilovolts applied to a
rod gap about 22 inches long connected in series with the speci-
men, The arc current weas limited by the equipment available to
an initial rush of 12 amperes (effective value) which soon
decreased to 4 amperes. By leaving the circuit closed for

7.5 seconds the total effective ampere-seconds could be made
equal to the median lightning value of 30 ampere-seconds. - The
duration of the latter is, however, seldom longer than one- or
two-tenths of a second, while the current is correspondingly
greater. The thermal conductivity of a textile rope is so low
that there is probably little diffusion of heat into it even in
the 7.5 seconds, so that in this respect the two cases may be
comparable. However, there was time for the arc to move about
even more than in the direct-currcnt tests, so that the heating
was not as concentrated in space as 1f the arc had been stationary.
In an effort to minimize this motion of the arc, the rope was
placed in a vertical position for the alternating-current tests,
and the terminal of mcst importance was put at the lower end.

In an actual flight the relative motion of the towline and
the air will surely cause the arc to flow away from the line very
rapidly, and even in the few tenths of a second of a long light-
ning stroke the arc might shift by several feet. At the ends,
where the towline is attached to the aircraft, the arc will be
constrained to remain close to the rope; and hence it would be
exvected that the damage would be greatest at these points. In
view of the foregoing, it is somewhat questionable whether
these trials simulate actual conditions closely enough to be
very significant., Typical results are given for whatever they
may be worth.

Figure 2 shows a 4-ampere alternating-current arc flashing
over a dry, untreated 13/16-inch nylon rope, the lower electrode




being a metallic thimble of the usual type. The tendency of the .
arc to drift away except at the thimble is very marked even in
the quiet air of the laboratory. Figure 3 shows the scorching

and melting of the gurface neer the thimble after 7.5 seconds

of exposurs, Fizures 4 and 5 show a similar 3-ampere alternating-
current arc over a shorter length (15 cm) of nylon rope which

had been rendered conducting (2000 ohms per cm) with aguadag.

The surface domage after 10 seconds exposure and the shape of the
electrodes are shown in figure 6, A 30-ampere direct-current arc
lasting 1 second is shown in figure 7., The scorching of the
untreated nylon and the location of the electrode in this experi-
ment are shown in figure 8, The damage in this case seems to be
lssg, although the current was greater in the same proportion as
the time was shorter. This sugaests that lightning with still
ghorter time but still larger current may be still less destruc-
tive.

As the most damage occurred near the electrodes where the
arc was constraired to remain near the rcpe, an obviocus remedy
ig the use of an arcins ring. Such a ring of l/4~inch diameter
copper tubing supportec about 1/2 inch away frcem the rope was
tried with untreated nylon, and also with aguadzg-treated nylon.
The beneficial effect of the arcing ring in causing the arc to
terminate at a distance from the rope is evident in figures 9
and 10 for the two specimens, respectively. After the discharge
neither specimen showed any visible signs of appreciable daumage.

To the extent that the conditions present in these trials
are similar to those occurring in fli ht, the results indlcate
that the risk of damage to a textile towline from a lightning
gtroke to the aircraft at either end is slight, Even this
glight hazard can be materlally reduced by providing the metal
fittings at the ends of the line with arcing rings, separated
from the rope.

IV. DIRECT STRCKE TO THE TOWLINE

A. DAMAGE TO METAL CABLE

The second and probably more serious effect is the melting
which occurs when there is a direct stroke to a metal towline.
This melting is cauzed by the intense local heating at the point
of contact of the stroke with the towline, and is a direct result




of the well-known voltage drop (cathode - or anode) in an electric
arc where the current enters or leaves the surface of a conducting
electrode. In most cases this electrode drop amounts to from 6

to 8 volts (rsfsrence 9) and is concentrated in a very small frac-
tion of an inch of the arc path adjacent to the electrode, The
amount ‘of heat developed, and hence, in a rough way, the amount

of meltinz produced, is therefore proportional to the first power
of the current and to ite duration, Hence it is proportional to
the total quantity of electricity passed by the stroke, The
greater part of this quantity flows in the moderate current which
persgists during the relatively long intervals between successive
high-current peaks.

A rough estimate of the danger resulting from such an occur-
rence can be obtained by taking the fizure of 2 coulombs (equiva-
lent to 2 amperes flowing for 1 sec) per cubic millimeter found
experimsntally for copper and brass electrodes, by Bellaschi,
and combinin: 1t with the valve of 140 coulcmbs for the quantity
of electricity discharzed. This corresponds to a severe stroke
and would be exceeded by only 5 percent of observed lightning
strokes, This indicates that the volume of fused mestal is not
likely to exceed 70 cubic millimeters. This is the volume of
a sphere 0.5 centimeter (0.2 in.) in dismeter. The rise in
temperature would doubtless weaken the material adjacent to
the melted portion, so that the cable diameter should be larger
than 0.2 inch by a considerable factor. Experience with the
overhead ground wires which are widely used to protect high-
voltage transmission lines from lightnin: indicates that steel
cables about 3/8 inch in diameter are satisfactory for inter-
cepting lightningz arcs.

This line of argument seems to indicate that to insure
safety positively a cable should be used which is probably some-
what heavier and stronier than would otherwise be nceded for tow=
ing gliders. However, several other factors should he considered
which tend to ameliorate the situation., Among these are (1) the
tendency of the arc to move along the wire so that the heating
will not be confined to one spot, (2) the relatively remote
probability of a stroke direct to the towline, and (3) the pos-
s8ibility of protecting a light, metal cable by an outer coating.
These will be discussed in turn.

The more powerful strokes - that is, those which release
charges as great as the 140 coulombs assumed above - are almost
always multiple in character and have a duration of several
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hundredths or even tenths of a second. An airplane traveling at
120 miles per hour moves about 50 centimeters (1.5 ft) in each
one-hundredth of a second. Hence, if the arc were fixed in the
air, the motion of the cable would gpread the heating over this
length. Furthermore, the magnetic field produced by the current
exerts a force on the arc tending to move it., This tendency is
go strong that even in laboratory experiments with arcs to the
gide of a wire it hes been found essential to keep the distri-
bution of current, and the arrangement of the conductors which
carry it, very symmetrical if the arc is to remain at all fixed.
In a typical case even with such an arrangement, it was found
thet the terminus of the arc wandered about in the course of 1
gecond over a track 35 centimeters long. An examination of met-
al airplanss which have been struck by lightning often shows a
guccession of small pits which indicates a relative motion of
the arc and the metal. (See refersnce 10.)

B. PROBABILITY OF A DIRECT HIT TH A TOWLINE

The probability that a stroke will pass directly to the tew-
line in preference to the aircraft at its ends is gsurely rather
small, but 1s difficult to estimate. As shown by Workman (refor-
ences 2 and 3), some storms show many strokes which pass from
cloud to ground and are therefcre approximately vertical; while
in other storms nearly all strokes are frem cloud to cloud and are,

for the most part, nearly horizontal,

To get a rough indication of the probabilities involved, a
geriea of model experiments were made on a scale of approximately
1:1000 by passing sparks from a 2-million-volt surge generator to
a model tow., The charge centers in the clouds were simulated by
the tips of two vertical rod electrodes 8 feet apart. The towline
was simulated by a No, 20 straight copper wire 8 inches long, to
each end of which was attached a emall piece of flat sheet copper
cut in the_outline of an airplane. The wing spread of each eout-
line was lg inches and its length, nose to tail, 1 inch,

In trials with the electrode tips in the vertical plane
passing through the towline, it was found that if the line Joining
the electrodes bisected the towline and made an angle of less than
5° with the vertical, at least one terminal of the discharge was
on the towline in 50 percent of the trials, although in all dut
one case the other terminal was on one of the aircraft, Figure 11
ghowe simultaneous photographs taken by two cameras aimed at right
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angles to each other of a discharge which hit the model towline
and the left winz tip of the towing plane. If the line Joining
the electrodes made an anzle with the vertical exceeding 20°,
all sparks struck to the aircraft,

A second set of trials was made to simulate a horizontal
stroke between cloud centers in the game horizontal plane as
the aircraft and on opposite sides of the tow. It was found
that all sparks passed to the wing tips of the sheet copper models
even when the line Joining the electrodes was perpendicular to
and centered on the towline,

A third set of trials was made with the line Joining the
electrodes vertical, but displaced to one side of the towline
which was horizontal. When the displacement was 8 inches (one-
twelfth the electrode spacing) or more, all the sparks missed
the tow., For smaller offscte the number of hits to the towline
was on the average the same as if all those strokes were hits
Tor which the offset was less than one-eightieth of the electrode
spacing,

To pass from these experiments on a small model to an actual
thunderstorm involves many questionabls assumptions as well as an
extrapolation by a factor of 1000 in the dimensions, Therefore
too much weight should not be assigned to any conclusions deduced
from them, However, they seem to indicate that the chances of a
direct hit to the towline itself are rather small, Perhaps there
is one chance in 2000 of such a hit for each passage of a tow
through an average small thunderstorm.

C. USE OF TWO-CONDUCTOR LINES

In case it is desired to maintain telephone communication
between tow plane and glider, a very promising type of construc-
tion would be to use as the towline a steel cable of sufficient
mechenical strength to carry the load, and to cover it first with
a layer of electrical insulation and then with a thin metallic
braid. This provides the two conductors needed for a shielded
cormunication line and has the further advantage that in case of
a direct lightning stroke the outer layers will protect the
mechanical strength of the inner cable. A number of tests have
indicated that a 1/8-inch steel cable coated with a layer of
cellulose tape only 0.008 inch thick and covered with braided
copper shielding equivalent in conductivity to a No. 14 copper
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wire, showed no signs of damage after being subjected to a 35-
coulomb arc while loadsd to a tension of 600 pounds. With such
a construction the arc passes to the outer metal, which may be
badly demaged (see fig. 12) while the inner conductor is only
sli shtly, if at all, affected by the arc. Thus the inner cable
is protected and should be the member to be relied on for
mechanical strength,

Trials with only the insulating layer over the inner con-
ductor gave unsatisfactory results, The voltage was, of course,
ample to puncture the insulation, and the presence of the insula-
ticn tended to keep the arc at one spot and thus to concentrate
the heating.

D, HITS TO TEXTILE ROPES

In the case of a direct hit to a textile rope it seems
probable that the arc will for the most part pass entirely in
the air over the surface of the rope, but that the concentrated
heating at the electrode surface which injures a metal cable
will be absent. On the other hand, the textile is much more
affected by a small rise in temperature than is the metal.

Experiments on this point were made with the same
alternating-current circuit mentioned in section III. The arc
pessed from a 1/8-inch metal rod placed 1/2 inch from the sur-
face of the rope, and after rising along the rope terminated
on a metal tube which surrcunded the rope about 10 inches above,
The trials were made with lS/lS-inch nylon rope which had been
treated with aquadaz, One sample, A, had a resistance of about
2000 ohms per centimeter, while the other, B, had 200 ohms per
centimeter., Figure 13 shows the 3-ampere arc passinz close to
sample A, During the 14 ssconds that voltage was applied, the
arc ceased and restruck three times, The damage is shown in
figure 14, It is seen that the result is no worse than when
the arc occurred between metal electrodes attached to the rope,
and that there is little indication that any considerable part
of the current passes to the rope and develops a cathode hot
spot. Figure 15 shows similar surface melting on the low-
resistance sample, B, after a 3-ampere arc had struck and
restruck five times during a 15-sscond exposure.
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It would appear from the foregoing that a direct stroke to
a textile towline would not involve any hazard greater than that
of a lightning stroke to the aircraft,

One very remote possibility should, however, be mentioned.
Occasionally (reference DEps 175) lightning strokes have been
observed which do not start with the usual high~current surge,
but instead build up graduvally tc a few hundred amperes, It is
conceivable that if the rope has a resistance as low as 100 ohms
per centimeter, the lon;itudinal voltage gradient may not be
encugh to produce a flashover in the air cutside of the rope.

In this case the heat developed in the rope would be very great
and it would be melted in & fraction of a second. However, in
the trial the results of which are shown in fi:ure 15 the sample
had only 200 ohms per centimeter, and the first surge of current
recorded by the magnetic oscillograph was only 12 amperes; yet
the specimen arced over and was not sericusly damaged. Of course,
the flashover of the seriss rod gap in this experiment may have
caused a preliminary surge of considerably greater crest current,
In flight the capacitance of the aircraft might have a similar
effect, :

V., CORONA CURRENTS IN TOWLINE

A. GENERAL PHENOMENA

The third electrical effect 1s the flow of current in the
towline as a result of that component of the electric potential
gradient of the storm which is in the direction of flight of
the tow, Such a current is present at all times while the tow
is operating in the neighborhocd of charged thunderclouds, |
whether lightning strokes occur or not, The current enters
and leaves by brush or ccrona discharges (St. Elmo's fire)
which occur both at the extremities (nose, wing tips, ete.)
of the aircraft and alonz most of the towline itself, except
for the ends which are shielded by the aircraft and a neutral
zone near the center which is uncharged. These corona currents
are small and are conveniently measured in milliamperes. They
will produce absolutely no damage to a metal towline, but even
a small current when forced throu:h the hizh resistance offered
by a textile rope will develop heat and cause the rope tc burn
(or melt if of nylon). The charred and carbonized residues are
better conductors and permit an increase in the current. The




14

destructive action is thus cumulative, and only a few minutes
are required to destroy the strength of the rope, Figure 16 is
a photosraph taken in a darkened room of a cotton rope about

20 feet long carrying 6 milliamperes. The light ccmes from
burning fibers and partly from local arcs., The current had

been flowing for about 2 minutes before the photograph was taken,
and the rope broke of its own weight 3 minutes later.

The electrical relations existing where the tow is flying
in the electric field of a thunderstorm can be understood by
reference to figure 17. Here is shown a tow flyinz in the uni=-
form electric field between a large, positively charged cloud
at the right and a negatively charged cloud at the left, The
approximate positions of some of the equipotential surfaces
have been sketched in. The values of potential relative to
the center point of the towline are indicated on the basis of
a uniform field gradient of 300 volts per centimeter in the
absence of the tow., The resistance of the towline has been
assumed to be small. Figure 18 shows in more detail for one
quadrant the approximate distribution of potential to be expected.
For a towline of high resistance the distortion of the field
would be somewhat less, and for cther relations between the direc-
tion of flizht and the direction of the electric field, the shape
of the equipotential surfaces would be different, but the essen-
tial features would still be similar to those indicated in fig-
upe 17,

The crux of the glider-rope problem lies in the quantitative
estimation of the probable magnitude and duration of the towline
current, It is evident that the potential difference causing
this current (i.e., corona current) to flow is obtained by
multiplying the existing thunderstorm gradient g, by the

length 21 of the towline. The limitation on the current
arises in part from the resistance of the towline, and in part
from the inability of the corcna at the extremities of the line
and of the aircraft to discharwe more than the particular value
of current which corresponds to the voltage acting, The current
in the central portion cf the towline is, of course, at all
times, except for minor transient effects, equal to the.sum of
the corona current from either aircraft and that which leaves
from the surface of half the towline.

In analyzing the situation considerable simplificaticn can
be obtained by recognizing the very different orders of magnitude
of the various dimensions involved, The clouds and the distances
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between the charge centers within them are to be measured in
miles (10° cm). The length of the tow is some hundreds of feset
(10% cm). Hence the undisturbed voltage sradient varies only a
few percent in a distance comparable tc the length of the tow;
although when re-arded on the larger scale of the clouds, the
gradient appears to be far from unifcorm. The wing span or the
length of the aircraft is of the order cf several tens of feet

(103 om), so that at points as distant from it as the center of
the towline, the effect of a charge located on the airplane is
about the same as that of the same char_ e concentrated at a
point or sphere at the center of the aircraft. Alsc the effect
at the glider of a charge on the tow plane is relatively small
and vice versa., The radii of curvature of the edges and corners

of the airfoils are of the order of a few inches (10 cm) &t most,

80 that each corner forms & more or less isolated point, the
corona discharge from which ig but little affected by the pres-
ence of the others which are some feet away.

In figure 17 the equipotential surface ABD which, in the
undisturbed field would have passed througsh D, 1is bent out to
B, This distortion is prohably not very different from that
produced when a sphere of radius a (where a 1is roughly half
the wing span) is kept at the potentlal cf the center of the
towline. In this case, as shown in section V B 2c, the distance
DB becames equal to 4#Al and will be of the order of 3 x 10°
centimeters, If the resistance of the cable is high, the field
distortion and the distance DB will be correspondingly less,
However, a reasonable basis for estimating the value of corona
current discharged would appear to be (1) to consider each air-
craft as an assemblage of "point-plane" caps of spacing DB
maintained at the voltage E given by

E = g1 - RII (1)

where R is the resistance per unit length of the towline, and
(2) to consider that each element of length of the towline is
subjected to a voltage which tends to produce corona and which
is proportional to, though less than, E.
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B. DIAGRAMMATIC REPRESENTATION

A convenient graphical representation of the relations
involved is shown in figure 19, Here there is plotted as
ordinate the total current flowing in the towline at the center
of its length, or in the corona discharges at either end.
Voltages measured from the centsr of the towline are plotted as
abscigsas., (It is tacitly assumed that the current-voltage
characteristic is the same for the tow plane as for the glider,
and also that it is the gsame fcr both polarities. The errors
resulting from these assumptions are probably small compared
to those from other sources,)

The curve ECDK (the evaluation of which will be discussed
in sec. V B2) is the current-voltage characteristic of the air-
craft and cable, and represents the relation between the total
corona current and the voltage bstwesen the aircraft and the
distant equipotential surface ABC of figure 17. As a measure
of the intensity of the storm, and of the location and orienta-
tion of the tow with respect to it, and thus of the exposure to
hazard, the voltage (2,1) spanned by half the tow length may
be taken. TFor a particular case with 1 = 100 meters and
8, = 750 volts per centimeter, the result is 2,1 = 7500 kilo-

volts, and in figure 19 is drawvn the vertical "storm exposure
line" AB at this abscissa. Thig intersects curve ECDK at

K and indicates that the maximum towline current for a cable

of zero resistance and such a storm condition is the ordinate

of K (viz, 430 ma). For a towline of specified resistance, as,
for exemple, 10,000 ohms per centimeter, a line such as AC, for
which the ratio of AG in volts to GC in amperes is equal to
10,000 times the half tow length 1 in centimeters, can be
drawn. This "registance line" intersects the corona character-
istic line at C and indicates by CG that the corcna current
for this case is 37 milliamperes. The resistance drop in half
the towline as shown by AG is 4300 kilovolts and the balance
of the vmltage which 1s available to produce corona is shown by
€G to be 3700 kilovolts., A steeper line such as AD corre-
sponds to a towline of lower resistance (100 ohms per cm).

Of the three types of information needed for the quantita-
tive construction of a diagram such as figure 19, the easiest
to obtain is the resistance of the towline. This can be measured
with conventional electrical instruments or by noting the current
which flows when a known fairly high voltage is applied to a
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specimen of rope, Ohm's law is obeyed, at least approximately,
except when the voltage _radient is so high that local sparking
is taking place and the rope is on the verge of failure, Table 1
gives values of resistance measured at gradients of about 1000
volts per foot on a number of different ropes under various con=-
ditions,

1. Storm Exposure Line

The location OA of the "storm exposure lines" such as AB,
gy vATEY, 18 proportional to half the length of the towline and
to the component of the electric field gradient in the direction
of flight., The first factor is known, while the second factor
varies from zero when the tow is remcte from the storm to a
maximum which certainly often exceeds 500 volts per centimeter
and which may even apjproach an upper limit of 10,000 volts per
centimeter. This limit was found by Macky (reference 11) to be
the gradient at which water crops sugperded in air become un-
gtable and initiate spark-over. Workman (reference 3) gives
typical experimental results showing that the horizontal com-
ponent of gradient exceeds 300 volts per centimeter throughout
regions of perhaps €0 cubic kilcmeters and that it exceeds 100
volts per centimeter throughout a volume ten times as great.

As a typical example of what may be expected, figure 20 shows

the characteristic storm condition described by Workman. (See
fig. 16b of reference 3.) Here two charge centers, each with

33 coulombs, are located at heights of 6 kilometers and 5 kilo-
meters above the ground, with a horzontal distance of 3 kilometers
betwesn them. This arrangement is indicated in the lower part

of figure 20, which also shows two typical flight paths AA'

and BB' through the storm, These flight paths miss the center
of the upper charge by distances of 1 kilometer and 2 kilometers,
respectively, The graphs of zradient have been computed for

paths directly above the storm centers as shown, but substan-
tially the same gradients would be encountered on flight paths ;
which passed at the same distances to one side of the charge
centers. The curves of towline current were derived from these
of gradients on the basls of a low registance towline and the
corona current curve ECDK of figure 19. At the points marked
"a" in figure 20, the conditions correspond to storm exposure
line AB of figure 19, while at points marked "b" conditions
correspond to line A'B'. At points marked "c" conditions cor-
respond to line A'B* of figure 33.
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The upper curves, for flight path BB' show that the current
may be well over 10 milliamperes for nearly a minute even if the
flisht avoids the nearest charge center by as much as 2 kilometers.
Most storms are more complex than the simple type shown in figure
20 and the duration of the exposure would be correspondingly longer.
With a closer approach to the charge centers, as on path AA', the
peak currents are very much greater. The indicated peak value of
2.5 amperes would probably destroy any textile rope in a few sec-
onds. However, it sesms probable that a situation which would
lead to such a high corona current would instead trigger off a
trus lightning discharge. Little is known of the criteria which
determine the transition from a corona into a complete spark,
but probably a streamer carrying a current of several tenths of
an ampere will develop immediately into a spark. As noted, such
a spark would bypass the towline and relieve it of current.

2. Corona Line

Unfortunately the experimental basis for the curve ECTK
of figure 19 is much less satisfactory and in the present state
of our knowledge involves scme very questionable extrapolation,
The best basis for drawing the curve seems to be to use data
observed in the laboratory with direct-current discharges across
point-plane gaps and from fine wires. The data must then
be extrapolated to higher veocltages and to wider spacings than can
be tried in the laboratory. Further complications arise (1) by
reason of the rapid motion of the aircraft thrcugh the surrounding
air, which may make the space charge conditions in flight radically
different from those in the still air of the laboratory; and (2)
because the complicated chape of the aircraft offers a rather
indefinite plurality of corners from which corcna may be smitted.
Msasurements of discharge current were therefore made with air
blowing through the discharge gap, and other experiments with
parts of airplanes and with, in one instance, a ccmplete air-
plane charged to a high voltage. These experiments are described
in sections V B 2a to V B 2d of this report. The curve ECDK in
figure 19 (and also in fig. 33) is based on these experiments,

a, Point-plane corona currents,.- The principal series of

experiments to give a basis for estimating and extrapolating the
value of corona current to greater effective spacing were made
with the arrangemsnt shown in fizure 21. The "point" was a

No. O sewing needle which protruded 2 centimeters from the surface
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of a 5-centimeter sphere, The needle was insulated from the
ghielding sphere and the microammeter indicated the current for
the needle only. The sheet copper "plane" rested on the floor,
which also contained a conducting grid of "hex-steel" reinforce-
ment, Negative voltages up to 100,000 were applied to the point,
and the resulting current was read by using the telescope,
directed at the shielded microammetsr, The results plotted to
logarithmic scales for both coordinates are shown in lines A,
B, C, and D near the bottom of figure 22. These lines were
drawn with a slope of 2 and are seen to fit the observed points
within the experimental error.

In an effort to obtain data at higher voltages the arrange-
ment shown in figure 23 was used. The plane, now of limited
area, was carried on an insilating support about 115 centimeters
above the floor, and the center point of the rectifier was
grounded. Data were obtained with both polarities., Typical
results are shown in lines E, F, and G of figure 22. Addi-
tional measurements indicated that the discrepancy between curves
A and F and between C and G (fig., 22) is the result of the
limited size of the plane electrode, rather than of the different
potential relative to ground., In figure 24 is plotted, for both
polarities, the voltage required for a current of 100 microamperes.
It is evident that in this range of fairly large currents polarity
hag little effect.

A third set of measurements at still higher voltages was
made, using the floor as the plane while the shielded needle was
maintained at a high negative potential by a l.4-million-volt
X-ray generator. This consisted of a cascade set of ten
transformer~rectifier-capacitor units, The arrangement is shown
in figure 25. The data cbtained are plotted as lines H, I,
and J in figure 22. Here again the lines have been drawn with
a slope of 2. The lowest points fall somewhat off the line,
partly because of the low precision in measuring the current
and partly because the full corona has not developed, The graphs
also show a curicus flattening off at about 500 microamperes, It
is thought probable that this flattening is the result of dis-
charges from the surface of the 5-centimeter sphere or from
neighboring parts of the shield at these very high voltages.

The space charge from such a discharge would tend to shield the
needle point iteself. Lines X and 1 show data obtained with
a longer point which extended 18 centimeters from the sphere,
With this point there is no indication of flattening.
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From the slope of the lines in figure 22 it seems evident
that for a single isolated point at voltages well above that
at which the discharge starts, the current varies as the square
of the voltage (i.e., I = kE2), To obtain a basis for extra-
polating to greater spacings the coefficient k was derived from
each of the observed curves, and in figure 26 k 1is plotted to
a logarithmic scale as ordinate against the spacing, also
loarithmically, as abascissa. It is seen that the dotted straight
line AB which has a slope of unity fits the data except for the
extreme points G and P, It seems possible that the presence
of the walls and of other equirment, although at a distance of
10 meters from the discharge peint, may have affected the condi-
tions for the 8-meter spacing used for point P, and that for
a true point-plane gap the line shiould continue straight bo B.
However, points C and D which show the current from the 18-
centimeter pointed electrcde are each about the same distance
(i.e., that correspording to a factor of 1.37) above the corre-
sponding points E and P, respectively, for the 2-centimeter
needle, thus corroborating the location of P. It is therefore
possible that data should be represented by the solid curve
which extrapolates to F, 1In this greph a spacing of 30 meters,
corresponding to the distance BD of figure 17, is indicated
by the dashed line FB, The uncertainty introduced in choosing
line GF or line AB for the extrapolation to 30 meters
corresponds to a factor of 1.7 in the values of k and of
current.

b. Current from aircraft,- A fourth series of experiments

was made on completed aircraft structures - that is, ailerons and
an entire airplane. In such a strucbure there are present great
numbers of possible discharze points of various radii of curvature
located in various relations to one another., It would be expected
therefore that as the potential of such a structure was raised one
point after another would begin to discharge so that the current
would increase morc rapidly than in accordance with the simple
square law of a egingle point, However, when a number of points
closely adjacent are delivering current, their mutual interference
makes the total current less than the sum of the currents which
they would deliver separately.

These expectations were borne out by experiment., In figure
22 curve M shows the total current discharged from a Cessna
aileron which was suspended with its trailing edge 36 centimeters
above a conducting plane electrode. This control surface had a
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fabric covering stretched over a metal frame to which the high-
voltage ccnnection was made, As the voltage was raised the
beads of glowing corona increased in number and in brightness,
and the net rise in current is in proportion to the 5.7 power
of the voltage. In a sscond experiment the plane electrode was
shorter so that the corners of the aileron were less effective
and curve N was obtained, The current is seen to be about
orie-half as great but to increase with voltage at a slightly
greater rate, Durinz these experiments the increase in the cur-
rent with an increase in voltage was found to be roughly propor-
tional to the number of new points seen to be discharging, These
points could easily be counted in the darkened room.

For the final experiment a comvlete Fairchild PT-19-A air-
plane was suspended from an ingsulator string as shown in figure
27, and charged to a high negative potential by the X-ray gen-
erator. The clearance bstween the wing-tips and the walls was

about 4.4 meters (l@% ft) and the tall was 5.5 meters (18 ft)

from any grounded object., The plane of the wings was about

7 meters above the floor and 7 below the supporting crane beams.
Figure 28 shows the general appearance of the corona discharge
(St. Elmo's fire) when the potential was 1,200,000 volts. The
camera was located about 30 feet above the airplane and to the
left and rear. The spreading out of the spots of light is the
result of a slight swinging of the craft by air currents during
the course (10 min) of the photographic exposure, The wing tips
are clearly outlined and the tail surfaces are seen foreshortened
in the lower part of the photograph. The prominent discharge
forward of the right wing comes from the pitot head. Two spots
of light from the propeller tips and one at the propeller hub are
visible. The other light spots are either corona beads on the
support and connectinz lead or are the result of socme leakage of
light from the vertical row of kenotron tubes (visible at the
left) of the X-ray generator. This aircraft has a fuselage of
fabric stretched over a steel tube skeleton while the wings are
of plywcod coversed with aluminum paint., Apparently the paint
provided enough conductivity to give about the same charge dis-
tribution as would be present with an all-metal airplane. The
contrast between the discharze on the relative sharp trailing
edge and the lack of it on the rounded leading edge of the wings
was very marked,
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The current is plotted in curve 0 of figure 22, The scale
of crdinates for this curve is marked at the right. If the same
scale were used as for the other curves, the points would be dis-
placed one whole decade higher. A comparison of curve O with
curve I (which is for a single point at 4 m spacing) indicates
that at 600,000 volts the airplane would discharge 2.3 times as
muck current as a single unshielded point, while at 1,300,000 volts
it would discharge 7.0 times as much as a single unshielded point,

The most likely value of corona current from an airplane at
the high voltages and long distances occurring in flight can
therefore be estimated by starting some point on curve O of
figure 22, say x, as a base. This corresponds to 3 milli-
amperes at 1,000,000 volts and 4.4 meters. Then from the dash-
line curve of figure 26 it is noted that in changing spacing
from 4.4 meters to 30 meters k (i.e., the current at constant
voltage) decreases by a factor of about 6,8, giving a current of
0.44 milliampere at 1,000,000 volts and 30 meters. Then the
exponent 3,4 may be used to pasgs to other voltages, Thus at
3,000,000 volts and 30 meters the current from the aircraft
would be

X(\élQOO OOO \ = 18.4 milliamperes
1,000 OOO

or, more generally

B =gaal Do S da )t (2)
where I is in milliamperes and (g,1) 1is in kilovolts.

Curve O of figure 22 shows no indication of becoming less
steep at higher voltages, but the assumption that the exponent
continues at the high valuve of 3.4 remains as a very serious
gource of uncertainty in the extrapolation, Another uncertainty
has been intrcduced by the tacit assumption that the law of
variation of current with spacing, shown in figure 26 to hold
for isolated points, also holds for aircraft structures, although
the law of variation of current with voltage is dliferent in the
two cases. The currsnt computed from equation (2) constitutes
the main contribution to the "corona line" ECDK of figures 19
and 33, These uncertainties are sc large as probably to mask
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the variation of the current with the size of the aircraft, A
reasonable assumption for this latter effect might be to con-
gider corona current as proportional to the linear dimension of
the craft.

&, ggrrent from towliggg.- In addition to the current which

supplies the corona discharge from the extremities of the air-
craft, there also may be a current which pasees into the air
directly from the surface of the towline itself. Although the
primary electric gradient from cloud to cloud is taken as acting
along the direction of the towline, the portions of line near
itg ends are at a potential which is very greatly different from
that in the surrounding air a short distance away. Hence there
is a very considerable radial componsnt of electric gradient
which may often be enoush Yo cause partial breakdown of the ailr
in the immediate neighborhood of the line.

This effect is clearly shown in figure 29, This is a
photograph, taken in a darkeneld room, c¢f the corona formed on
a fine wire (No., 38 AWG) which was stretched between two brass
balls, each 1.6 centimeters in dlameter. The balls were sup-
ported by insulating paraffined threads so that each was about
12 centimeters away from a large metal plate, the plane of
which was perpendicular to the axis of the wire, The right-
hand plate was maintained at +70,000 volts and the other at
-70,000 volts with respect to ground, There is a little
corona from a spot on each of the spheres, that from the right-
hand sphere being much the brighter, Mcst of the corona, however,
comes from the wire because of the greater local gradient which
results from its small radius of curvature., The characteristic
difference between the beaded negative corona at the right and
the vniform positive corona at the left is very marked. The
short dark space at either end where the wire 1s shielded by
the sphere and the stretch in the center where the radial gra-
dient is less than that required to initiate corona are plainly
evident.

To estimate the magnitude of these ccrona currents from
the towline, it 1s neceesary to use data obtained in laboratory
measurements of the corona current from fine wires stretched
along the axis of circular cylindrical outer electrodes; and
to extrapolate these data to the case of higher voltages and
larger-size wires and tubes.
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To obtain a rough figure for the voltage which tends to
produce the towline corona, it may be considered first that the
only charges present are those on the clouds and the pair of
charges -Q and +Q which are induced on the aircraft and
which may be considered as if concentrated at their centers,
each at a distance 1 from the center of the towline. The
potential at any point x along the axis of the tow would, in
this case, be given by

Q 9
Blmd ¢
'1-x | }Z+x!

V=ggx - (5}

A distance a equal approximately to half the winz spread of
the aircraft may be taken, and it may be assumed that (for the
case in which the towline has zero resistance) Q will have
such a value ag tomake V =0 for points on some nearly
spherical surface of radius a centered at x = 1. Hence

+ = Q (4)

21 8

oD

O=-.{_;O(Z—a)-

As previously noted, a is much less than 1 and, if terms in
a/Z are neglected, the magnitude of the induced charge is given
by

Q = 5al (5)

o
Inserting this in equation (3) gives

al ET AR
. |Z-x| i !z+x‘ Fos

< x
L

This function of x 1is plotted in terms of g,1 and x/Z in
figure 30.

It may be noted that the last term contributes only a small
effect in the neighborhood of x = + 1 and if this term is neg-
lected, it can be shown that the point on the axis which has a

potential g, 1 isat x =1 +42al. In the undisturbed field
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of the clouds thie potential (gol) occurs at x = I, The dif-

ference - namely, /a1l - measures the distortion produced by the
charge -Q and is the distance shown as DB 1in figure 17.

As shown in figure 30, the potential has a maximum at a dis-
tance dm from the center of the aircraft, If the effect of the

charge on the other alrcraft is neglected, the value of d,
comes out as equal to Nféz, and the potential at this maximum is

Vi = 8ol <l -2 "/%) approximately (7)

Thus far in this approximate treatment the electric charges
distributed along the towline havs been ignored. In the actual
case, however, such induced charges will be present and will
take on such a value and distribution as is required to bring
the potential of each element of the towline to zero (or if the
line has resistance, to the value corresponding to the resistance
drop between that element and the center). The presence of these
charges is the principal cause of the high radial component of
electric gradient close to the towline, which produces the corona
current which is to be estimated. The best basis for estimating
the current therefrom seems to be to assume that the contribution
of current from each element of length of the towline is the same
as the corona current discharged from each element of length of a
wire of the same size as the towline when it is placed at the

axis of a cylinder of radius equal to MC;T and mainbained at a
potential which differs from that of the cylinder by the amount
given in equation (6), The principal uncertainty in this basis
lies in the choice of the cylinder radius.

Unfortunately most of the date hitherto published on corona
currents were obtained by using alternating vcltage, and the
observed values of current include capacitance effects. Also,
electrical en-ineers usually have been interested only in cases
in which the applied voltages exceeded the critical value at
which corona starts by only a small margin, while in the present
problem the voltage on parts of the line may be many times this
critical value., The classic work by Watson (reference 12) using
direct current covers voltages only sli :htly above critical., The
experiments of Farwell (reference 13) cover a good range of volt-
age but include only one diameter (4.45 cm) of outer tube. In
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view of this situation, further experiments were undertaken using
larger tube diemeters - namely, 5C centimeters and 100 centimeters -
and higher voltagss. The apparatus was arranged as shown in fiz-
ure 31, To avoid the lozs of time which would have been required
for constructing an elaborate cuter cylinder with the conventional
guard gections at either end, the end effects were minimized

by enclosing the upper end of the wire in a cylindrical shield

and attaching a 9-centimster sphere to the lower end. The residual
end effects were then eliminated by taking a second reading with

a different lenszth 1, of wire between the guard and the sphere,

as indicated by the dotted lines. Even with the longer wire the
sphere was well above the bottom of the outer cylinder, and it
has been assumed that the increase in current between the two
conditions is the current corresponding to the increase in length,

Figure 32 shows the results of these measurements and also
gome of Farwell's data. Here the current per unit length
(ua per cm) 1is plotted as ordinate against the voltage between
wire and cylinder (in kv) as abscissa, both to logarithmic scales.
The wire was negative in these experiments, but for one combina-
tion of wire and cylinder diemsters, additional measurements with
the wire positive indicated substantially the same value of cur-
rent, except at very low voltages.

An approximate theorstical treatment of the effect of the
space charge around the wire in limiting the corona current
(see appendix A) indicates that the voltage E should be related
to the current 1 per unit length and the outer radius c¢ by an

equation of the form
E=c «/Ei + B (8)

u

where B is a function of the current and of the radius of the
wire b but not of c¢. In column 5 of table 2 are shown the
e

2
values of the quantity ﬁ/— derived by takin K pairs of values of
u

E and c¢ for various values of 1 and b. It is seen that
this quantity is nearly independent of i and of b and has
a value corresponding to a mobility wu = 1.36 centimeters per
gecond for one volt per centimeter. This is in satisfactory
agreement with the usually quoted value 1.8. By using the mean
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value 1,15 for 4/% in equation (8) the values of B given in
column 6 of table 2 have been computed. These values are small
relative to the total voltage given in column 4, except for the
cage of Farwell's small cylinder, They show a definite minimum
at a current of about S microamperes per centimeter, but the
change in B with current does not seem to be very great and
will be neglected in the present rough extrapolation. The varila-
tion of B with wire diameter is quite marked, as might be
expected. When B 1is plotted against the logarithm of the wire
diameter b the result is approximately a straight line which

if extended to a radius of 1,05 centimeters (diem. = 13/16 in.S,
gives a mean value for B of 80 kilovolts, This will be used in
computing corona currents for towlines of this diameter. By
taking, rather arbitrarily, the value 30 meters for ¢, equa-

tion (8) becomes
o
E = 3450 &/ 1 + 80 (9)

where E is 1n kilovolta and 1 is in milliamperes per centi-
neter,

If this relation is combined with equation (6), values of
current can be calculated for successive sections of the towline
and the summation of their increments gives the total current.
For the values given this comes out at 0.5, 1.5, and 6.3 milli-
emperes for gyl equal to 3000, 5000, end 10,000 kilovolts,

regpactively. These values turn out to be almost negligible in
comparison with the corona current from the airplane as given

by equation (2). However, the computed value for the corona
current from the towline will vary almost inversely as the square
of the equivalent radius ¢, and if this had been chosen as 1l
meters instead of 30 meters, the towline corona current at

goZ = 5000 kilovolts would have been as large as that from the

airplane. This indefiniteness in the equivalent radius there-
fore remains as one of the worst of the many sources cf uncer-
tainty in these estimates.

d. Air velocity tests.- In the foregoing discussion the

effect of the relative motion of the aircraft and the air in which
the corona discharge is occurriny has been neglected. Theorstical
considerations would indicate that of the value of current of con-
cern here, the space charge accumulating in the neighborhood of
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the discharge point would meterially affect the potential gradi-
ent., This effect would be expected to amount to a very consider-
able part of the total applied voltage as the spacing from point
to plane beccmes larger, If the velocity of the air relative to
the electrodes is fast relative to the drift velocity of the ions
through the air, it would be expected that this space charge would
be swept awey. Hence at firat sight it would appear that the cur-
rent in flight for a given voltage might be materially greater
than that observed at the same voltege in "still air.”

To test this hypothesis, experiments were made with the
point-plane gap shown in figures 21 and 23 by blowing a jet of
air from a l-horsepower blower into the gap. Trials were made
with the Jet (a) transverse to the exis of the gap, (b) along
the axis and directed toward the needle point, and (c) along the
axis and directed toward the plane. In this third arrangement
the char;ed needle was supported in the center of the (insulating)
air nozzle. The velocity of the air immediately in front of the
nozzle was 7000 centimeters per second, and at a distance of 10
centimeters the Jjet had expandsd to a diameter of about 3 centi-
meters and had a velocity of about 3000 centimeters per second.

It was found that with either polarity the presence of the
air jet seemed to interfere with the formation of long streamers
so that the voltage could be raised to a hi_her value before spark-
over occurred. Also since the presence of a streamer usually cors-
responds to an increased current, the starting of the blower actu-
ally reduvced the current somewhat at the higher voltages. At the
lower voltages where no prominent streamers were present anywvay,
the starting of the blower caused a definite but small increase in
current, This increase, however, was seldom more than 3 or 4 per-
cent,

At first it was thought that the observed effect was small
because the electrode spacing was small and much of the total dif-
ference of potential might be concentrated very near the point
where the ion velocity is high. Accordingly an airplane propeller
was attached to an electric motor and placed so as to blow air
between the discherge point and the grovnded floor plane in the
experiments at spacings of 2, 4, and 8 meters., The propeller was
run at about 680 rpm and produced an air velocity of about 800
centimeters per second (19 mph) over most of the discharge gap.
This velocity is, of course, small compared to glider speeds but
is large compared to the drift velocity of ions in a field less
than 400 volts per centimeter, At the largest spacings quite a
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fraction of the entlre space between the electrodes is subjected
to & gradient of less than this value. However, in the experi-
ments this air velocity was found to have practically no effect
on the discharge current, In fact, at the highest voltage there
wag a slight (4 percent) decrease in current when the propeller
was started, This is shown by the position of the points merked
P 1in figure 22 relative to those marked R for which the propel-
ler was not running.

Although these experiments cannot be taken as conclusive,
because of the lower air velocities and the shorter effective
spacing of the electrodes as compared with flight conditions, it
would appear that in the absence of any better evidence the effects
of air velocity on corona current should be neglected.

C. PREVENTIVE MEASURES AGAINST CORONA CURRENTS

1., General Relations

From the diagram (fig., 19), it is obvious that there are two
possible procedurss by which the prohlem may be attacked. The
first procedure is to maintain the towline at such a high resist-
ance that the current ig limited to a low value and cannot cause
much heating or other damage. The second procedure 1s to keep the
resistance of the towline at such a low value that the heating is
negligible even though the current may be large.

The quantitative distinction between "hizh" and "low" resist-
ance can be best seen if there 1s added to the current-voltage
diagram of figure 19 a family of curves, such as I and II of fig-
ure 33, which correeponds to fixed values of total heat develop-
ment in the line. These curves of constant power are rectangular
hyperbolas with A0 and AB as asymptotes. In figure 33 curve I
corresponds to 10 kilowatts and curve II to 100 kilowatts in the
half-length of towline for which the diagram is constructed. If
the total line is 200 meters (600 ft) long, these curves correspond
to average heat productions of 1 watt per centimeter and 10 watts
per centimeter, respectively. If the resistance of the towline had
an intermediate value such as 2500 ohms per centimeter, corresponding
to the line AH, the intersection of AH with ECK comes at C
and corresponds to the dangerous heating of nearly 10 watts per
centimeter, Hcwever, if the towline has a resistance of 50 ohms
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per centimeter, corresponéing to the steeper line AL, the inter-
section L falls near the l-watt-per-centimeter curve and the
hazard is much less, Similarly if the resistance of the towline

is 100,000 okms per centimeter and its line falls at AM inter-
secting ECK at M, the heat development is again found to be
low. Hence it may be concluded that resistances greater than
100,000 ohms per centimeter are high and those less than 50 ohms
per centimeter are low, It is evident that a line may be low in
resistance in this sense even when it has a resistance 10,000 times
that of any metal cable.

In teble 1 are given typical values cf resistance measured
on lines of various materials, under different conditions. It
appears that while most textile ropes when clean and dry are in
the high class, they all come into the intermediate dangerous
class when wet,

It also follows from the diagram that far less severe storm
conditions (i.e., with ths line A’B* and its family of conetant
power curves further to the left) the danzerous intermediate range
of cable resistance is narrow., Thus, for a cloud gradient of 375
volts per centimeter as indicated by the storm line A'B!', the
upper limit for a safe low resistance rope, as indicated by the
line L'A' through the intersection of the l-watt locus I
with ECK, is about 1800 chms per centimeter; while the lower
1limit for a safe high-resistance rope, as shown by M'A', 1s
15,000 ohms per centimecter.

2. Use of High-Resistance Cable

Considerin: now the first remedial procedure, that of keeplng
the resistance of the towline hizh, it may be seen that the pri-
mary difficulty arises from the moisture which is likely to be
taken up by the towline whensver it is flown thrcugh a cloud., At
first sight it would seem as thou_h the heating produced when the
damp towline entered the elsctric field would serve to dry 1t out
and restore the high resistance. ILaboratory experiments indicate,
however, that this drying is never uniform, A portion which is
initially drier and of higher resistance than the rest will be
heeted by the current more than adjacent portions and will soon
have a considerable part of the total voltage across it. This
locally increased voltage gradient causes arcing across the
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driest sections. These arcs, as shown in figure 16, also burn
and char the textile (and melt it if it is nylon) and weaken it
rapidly.

It is evident from these considerations that the insertion
of one (or more) sections of rigid high-grade insulating material
is useless because a goodly fraction of the entire voltage will
promptly accumulate across them and produce a flashover.

If the entire length can be kept at such a high resistance
that the cwrrent is limited to a few microamperes, a lack of
uniformity is not so serious because a slight corona discharge
can bypass the portions of highest resistance without producing
further concentrations of gradient or serious heating.

The following experiments were tried in an effort to solve
the problem along this line. Samples of nylon rope were treated
by dipping them (1) in transformer oil (a refined mineral oil
of about 58 Saybolt viscosity); (2) in liquid Saran plastic;
and (3) in an ll-percent solution of polyvinyl isobutyl ether.
A fourth sample was treated by the General Electric Company with
their "Drifilm" process.

After drying, each sample was fastened vertically between
an insulator which hung on the hook of a chain hoist and a plat-
form which could be loaded with weights, A pair of electrodes
were attached a measured distance (in this case 10 cm) apart.
Each electrode consisted of a copper tube which fitted snugly
over the rope for about & inches but which was flared out at
the inner end and joined to & flat disk about 6 inches 1n diam~
eter. The outer edge of this disk was bent back and rounded.
These electrodes, which are shown in figure 34, served to ex-
pose the sample between them to a fairly uniform electric field
and to minimize the tendency for the field to be concentrated at
the ends of the specimen and to cause local sparking there.

While the samples were dry, their resistance was sc high
that the voltage applied to the electrodes could be raised,
without causing an appreciable current, almost to the value
at which a spark would Jump through the air. The samples were
then subJjected to a very finely divided spray of distilled water
from a paint spray gun which delivered about 0,056 gram of water
per square centimeter of exposure surface per minute, This treat-
ment should be analogous to flyins at 120 miles per hour with an
angle of 6° between the rope and the direction of flight in a
cloud having 1,7 grams of water per cubic meter.
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Under this treatment the rope which had been dipped in trang-
former oil (5/8-in. rope, loaded with 400 1lb tension) decreased
in resistance in 10 seconds to about 0.3 megohm per centimeter
allowing a current of 2 milliamperes to flow. The current was
held at this value. After about 30 seconds, sparks and a red glow

were noted at certaln spots, and lZ minutes after the current was

applied one strand broke and the test was stopped.

The Saran-treated sample (l/4-in. rope loaded with 62 1b
tension) was sprayed for 1 minute., Voltage was then applied and
raised until the current was 1 milliampere (resistance then 3.3
megohms per cm), After 40 seconds the rope began to burn, On
the basis of relative cross section this behavior is equivalent
to failure at 6 milliamperes for a 5/8-inch rope.

The sample treated with polyvinyl isobutyl ether (l/4-in.
rope loaded with 62 1b tension) was sprayed for 30 seconds and
dropped in resistance to 2.4 megohms per centimeter. After a cur-
rent of 1 milliampere had been flowing for only 12 seconds, one
strand broke and another was partially melted.

The 5/8~inoh nylon rope which had been treated by the GE Dri-
film process was sprayed for 30 seconds with distilled water and
then could carry 1 milliampere at 27,000 volts (on the 10-cm
gsample). The resistance gradually rose, and after 10 minutes at
this current the sample showed traces of slight burning all along
its length., It was again sprayed for 20 seconds, and a current of
5 milliamperes was applied. In 30 seconds a red glow appeared in

gpots, and after 1% minutes at 5 milliamperes one strand burned in

two and the others were found to be badly charred., Figure 34 is
a photograph of this specimen after the test.

These unsuccessful results seem to indicate that the capil-
lary action holds encugh water between the nylon fibers to give
too much conductivity even after these water-repellant treatments,
In an earlier experiment a piece of rubber tubing about 1 centi-
meter in diameter and several feet long was dipped in tap water
and then subjected to a high alternating voltage. As the water
dried from the surface, temporary arcs were produced which
bridged across the dry portions, but after about 30 seconds
the drying had prcceeded to such an extent that the current
was completely interrupted. The tubing showed very little
damage as a result of this operation, This suggests that about
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the only possibility of making the nylon rope permanently insu-
lating is to devise scme means of encasing it for its entire
length in a thin-wvalled elastic tube., Such a coating would
also give a rops that would float and thus be desirable for
marine work,

3, Use of Low-Resistance Cable

A number of experiments were made to develop the second
remedial procedure of making the rope & sufficiently good con-
ductor to carry the corona current without damage.

a. Metal core.- The most obvious procedure is to provide

a small metallic conductor in parellel with the textile rope.
Because of the great elonzetion under load of nylon, means must
be arranged to avold the breakiny of the metal when the rope
stretches, Loose locps in the wire are objectionable because

of snarling., If the wire is wrapped in a helix outside the rope,
it tends to constrict and develop excessive tension unless it is
very loose when unstressed, A wire helix of small diameter laid
alonz the axis of the rope avoids all of these mechanical troubles
and can easily carry the corona current. However, in case of a
direct lightning stroke to the aircraft, such as is discussed in
gection III, the wire would be volatilized and the high-current
arc would be initiated inside the rope.

To try out this arrangement, a sample was made up with a
helix of No. 30 AVG steel wire in the center. When the 22,000-
ampere surge curront passed through it, the hot gases which blew
out through the interstices caused considerable melting of the
rope, as shown in figure 35. Here the strends have been geparated
to show the scorching,

b, Conducting solutions.- It was at first hoped that flight

through clouds might wet the rope enough to insure sufficlent
conductivity. To test this point a number of rope sampies were
goaked in distilied water to make them conducting, In these
tests moistened cotton was wedged into the chink between the
electrode and the rope to insure good contact, After 2 or 3
minutes soaking, the samples had absorbed all the water they
would hold, which is about 30 percent of their dry weight. When
tension was applied to the sample (atout 0.1 of their ultimate
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breaking strength), appreximately one-tkird of this water was
squeezed out. When current was applied to these samples, they
drieé out nonuniformly, and a epark would then Jurp acrocs what-
ever small gection first dried out to a high resistance. After
sparking started it was only a few seconds for the small-gize
rope, end not over 30 seconis for the larger sizes, until the
sample wes weakened enough by the burning to drop its load, In
order to save ag meny of the rope samples as possible for further
tests the current wag taken off Jjust as the sparking started.

The curves in figure 38% ghow the time required to reach this
critical, or sparking, point as a functicn of the current through
the semple for three different sizes of rope, In some of the
tests the current was kept on until the sample had failed - that
is, until its load was dropped, Figures 36 and 37 show a sample
of 13/16-1nch-d1ameter nylon rope after a current of 30 milli-~
amperes had flowed through it for 1 minute and 50 seconds,

In view of these rather disconcerting results other methods
for making the nylon towrope more definitely conducting were in-
vestigated, When solutions of either (1) 4-percent sodium
chloride or (2) 4-percent calcium chloride were used in place of
the distilled water, the rope was found to be sufficiently con-
ducting to carry currenus up to 30 milliamperes (for the 5/8-1n.
diam, rope) for 25 minutes with no gigns of distress. However,
in a thunderstorm the salt solution might be highly diluted by
rain water in & ghort time. Tests made on a sample first goaked
in a 4-percent solution of calcium chioride, dried, and then
repeatedly dipped in distilled water and dried, indicated that
after about 15 dippings the decrease in resistance resulting
from the calcium chloride had disappesred,

¢. Permanent impregnation.- A more desirable method of

treatment for the rope would be to impregnate it with some
material which would make it a permanent conductor even after
repeated wetting and drying. Some samples were made by dipping
the rope in "ethocel lacquer" obtained from the Dow Chemical
Company, using several different concentrations. Samples which
were found to be sufficiently ccnducting had enough "ethocel"
between their ibers to meke them quite gtiff and aflter some
handling thisg material would crack and particles would fall
off, thus leaving "spots" of high resistance., This condition
caused sparking and burning of the rope when voltage was
applied,

*Fig. 38 is on the same page with fig., 33,
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Another treatment ig to dip the sample in aquadag (colloidal
grapiite in water), Concentrations frcm 1 part aguadeg and 3
parts distilled water to 1 part aquadag and 20 parts distilled
water were triet on three sizes of rylon rope (1/4, 5/8, and
13/16 in, diam.}. The resistance of the gample decreased sharply
(with some irregularity) as the concentration of aquadag in the
solution was increased., Low resistances (down to 500 ohms psr om)
were easily obtained, and the flexibility of the rope was not
noticeably affected. Mechanical streas such a8 repeated applica-
tion and removal of tension, and also repeatsd soaking in water,
did not noticeably increase the resistancs of the sample, Even
vigorous scrubbing with soap and water only increased the resist-
ance of a sample from 0,31 megohm to 1.5 megohms,

A number of specimens were treated with aguadag and then
subjected to an elsctrical test while under tension., In these
tests tinfoil was wedged into the flarsd rortion of the electrode
to insure good elsctrical contact to the rops, and the applied
direct-current voltage was adjusted as nscessary to hold the cur-
rent at a predstesrmined value. After 10 minutss at one value of
current the voltage wes removed and the gpeclimen was allowed to
cool nearly to rcom tempsrature. This procedure was then repeated
with a higher value of current and a correspondingly greater
heating of the sample. In these trials the specimen heated up
falrly uniformly throughout its lengvh and there was no sign of
local arcing such as develops from the drying out of wet ropes,
The 10-minute interval was long enough for conditions nearly to
reacih equilibrium, Finally, a value of current was reached at
which the rope showed siims of distress, the current became
unsteady, smoke was scmetimes noted, snd one or more strandis
broke before the 10 minutes had elapsed. The results are glhown
in table 3. Here the current at the time of failure is shown
in column 9, Column 10 gives the prover developed as heat per
centimeter length of rope, while column 11 gives the quotient
obtained by dividing this value by the exposed surface area of
the rope. The fact that this latter fizure decreases systematically
as the diameter of the rope increasss indicates that thore is
probably a considerable difference in temperature betwsen the
center and the surface of the rope, A thick rope is therefore
less effectively cooled and dissipates less heat per unit area
from its surface when it ig at the same average Internal tempera-
ture as a thinner rope.
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In flight the relative motion of the air past the rope will
give a marked cooling effect., To simulate this condition, speci-
men 12 (which wes substantislly similar to 1la) was tested in an
air stream. An insulating tube about 1 inch in internal diameter
surrounded the 1/4-inch-diameter specimen, and a blower forced
air at a velocity of about 200 feet per second (135 mph) through
the space between rope and tube, It will be noted from table 3
that the power dissipation at failure was about doubled by the
cooling action of thise air blast. However, in the case of a
large rope the galn probably will be by a rather smaller factor,
becavse of the greater temperature drop between the center and
the outer layers.

The value of resistance given in column 4 is that measured
by a "megohm bridge" with about 100 volts applied to the 10-
centimeter specimen. The value given in column 5 is computed
from the voltage obssrved while the especimen was carrying a cur-
rent nearly at its limit, The difference in these values is the
result of three effects. Wren tension is applied to the rope it
decreases slightly in cross section, bub the particles of graphilte
are brought into better contact and the electrical resistance de-
creases. At the higher voltages a "coherer action" seems to occur

" and bridges develop between particles and cause a further decrease

in resistance, Also as “he temperature rises, even at constant
voltage, the resistance decreases somewhat. (This observation
is contrary to the usually quoted positive temperature coeffi-
cient of resistivity of graphite in bulk, but is in agreement
with the negative coefficient of carbon. )

Most of the trials listed in table 3 were made with speci-
mens of fairly high resistance, in order that destructive effects
could be obtained with currents within the range of the avail-
able direct-current source. Specimen "B", however, of 13/16-
inch rope, was treated with three dips of one-third dilution
aquadag to which approxiuately 0,1 percent of aercsol had been
added and had a resistance after drying at room temperature of
only 500 ohms per centimeter. It was tested under mechanical
load as previously described, except that alternating current
was used instead of direct and each value of current was held
for 15 minutes. Immediztely after each run a mercury thermom-
eter wac placed ageinst the outer surface of the rope and sur-
rounded by a thick pad of cotton. The temperatures indicated
by the thermometer were found to increase linearly with the
watts per unit length at the rate of 37° C per watt per centi-
meter. For a current of 200 milllamperes, the thermometer




indicated 85° C, and the rcpe held a load of 3500 pounds without
failure. Early in the test, at 60 miliiemperes, local heating
developed under ons electrode because of poor contact., The load
wvas removed and tinfoll packed in place to give a more effective
contact, The load, which had been 4000 pouvnds, wes thersafter
kept at 3500 pounis., Shortly after the current was raised to
240 milliamperes the sample begen to smoke and melt at both
contacts., The mechanical lcad was removed and the specimen then
appeared ag in figure 39, It will be noted that the lay has
increased in the section between the electrodes and that there
ig some losgs in erea under the electrcdes. The melting, shown
in detaill in figure 40, at one end, however, was worse than in
most of the arc-cver trials shown in section III, although the
rope was still able to hold 3500 pounds. During the course of
the experiments the resistance of the specimen showed a perma-
nent decrease, as if the particles of graphite were being grad
ually squeezed into better contact. At the end of the test,
under lcad and hot, the resistance was only about 40 ohms per
centimeter, although it wee initially 500 ohms per centimeter
when cold.

The epecific heat of nylon, approximately 2.3 joules per

gram-degree, is so large that the storage of heat during the

- relatively short time that the towline is likely to be exposed
to the most intense part of the thunderstorm field may play an
important and helpful role. Thus, if a temperature rise of
100° C were required to weaken the rope to & dangerous extent,
a peak of 5 watts per centimeter could be absorbed provided it
lasted only 45 seconds,

D, QUALITATIVE MODEL EXPERIMENT

As a laboratory "stunt," to obtain a gualitative repre-
gentation of the phenomena discussed in this report, the experi-
ment shown in figure 41 was set up, Two tiny metal models (wing
gpan 2 in.) were connected by a No. 36 (0,005-in, diam,) copper
wire and suppcrted between two large metal plates which repre-
sented the clouds. The right- and left-hand plates were charged
to +70,000 and to -70,000 volts, respectively, with respect to
ground, The res» lting corona digcharge from the models and from
the wire is shown in figure 41, and the difference in character
of the concentrated, intense negative beads and the more diffuse
and extended positive glow is very evident. In spite of the
marked difference in the  illumination produced at the two ends,
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the currents must, of course, be equal. The dark section of the
towline is nearly centered and, this fact shows that the balance
of current was attained with the models and wire at a potential
only slightly positive with respsct to ground. In such & model
experiment it cannot be hoped to duplicate many of the essential
features of the phenomenon, such as the radil of curvature of
points and edgee and the distance from aircraft to "clouds," and
thus the experiment has no quantitative value.

On the other hand, many qualitative features are plainly
vigible, such as the locaticn of the discharge on the salient
points of the aircraft, the existence of a maximum of radial
potential gradient a short ¢istance farther along the cable,
and the neutral zone of low radial gradient near the center of
the towline,

VI. CONCLUSIONS

The foregoing discussion of the possible clectrical effects
on glider towlines in a thunderstorm leads to a number of rather
definite conclusions.

Metal Towlines

(1) From the purely electrical point of view a metal towline
is to be preferred. If of the minimum weight needed to give the
required tensile strength, it would be immune to damage from corona
currents and from a lightning stroke to the aircraft at its ends,

(2) If it is desired to guard against the rather remote chance
of a direct lightning stroke to the towline itself, the metal line
can be adequately protected by covering it with a thin layer of
insulation outside of which is a metal braid, This type of con-
gtruction also would provide a two-conductor connection for com-
munication between the alrcraft,

Textile Towlines

(1) If nonelectrical considerations dictate the use of a
textile rope such as nylon, measures should be taken to minimize
its electrical hazards. Untreated textile rope is liable to be
geriously overheated and burned (or melted) if the tow operates
for even a few minutes in the intense electric field which is
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present within a few miles of any thunderstorm. The current-
voltage diasgram shown in figures 19 and 33 cf this report offers
a useful, though approximate, means for estimating the magnitude
of these dangercus towline currentg for any assumed combination
of storm intensity, towline resistance and corona discharge
characteristics of the aircraft. To estimate these characteris-
tics some very extreme and questlonable extrapolations must be
made, but even on the most optimistic basis that is at all
reasonable there appears to be a very real hazard.

(2) Of those methods tried, the use of a treatment, such
as dipping in aquadag, which will make the rope permanently
conducting, offers the moat premising remedy. This procedure
has been found to give a conductance which enables the towline
to carry, without sericus damage, the currents set up when oper-
ating in all but the mecst inteneely stressed portions of the
thundercloud.

(3) If a treatment could be developed which would coat the
outer surface of the rope with a thin, smooth, elastic, water-
.proof skin, this treatment would algo remove the hazard.

(4) A textile towrope, even when rendered conducting,
probably will flash over ani be undamaged by a direct lightning
stroke either to the aircraft or to the rope itself, particularly
if arcing rings are provided at the ends.

VII. APPENDIX A

SPACE CHARGE EFFECTS IN A CYLINDRICAL FIELD

In view of the necessity for extrapolating laboratory data
on the corona current from a wire in a coaxial cylinder to large
values cf voltage and radius, it was thought worth while to
develop the following theoretical relationships as a guide to
such an extrapolation. A scmewhat similar treatment hes been
attempted by Fazel and Parsons. (See rererence 14,) However,
they introduce unnecessarily the tacit assumption that the
gpace charge density is independent of the radius and this as-
sumption affects, and in our opinion, vitiates, their result,
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Congider a wire of radius b stretched along the axis of
a circular cylinder of radius c¢ and maintsined at a constant
voltage E with respect to the cylinder, This voltage is as-
sumed to be well above that at which corona begins. In the im-
medlate neighborhood of the wire, out to a radius r,, a very

complex process involving ionization, recombination and the
emission of radiation is taking place. Outslde of r;, however,
the electric gradient is assumed to be less than the critical
value g,, at which ionization by collision by electrons occurs
to an appreciable extent, and the only process which goes on is
the drift of ions, of the same sign as that of the charge on the
wire, toward the outer cylinder under the action of the electric
gradient. This gradient g, as well as the volume density of
space charge q and the velocity v of the icns relative to
the air, which is assumed to be stationary, is, in general, a
function of radius r., The mobility of the ions wu 1is, however,
assumed to be constant,

In the steady state there can be no progressive accumulation
of charge anyvhere in the circuit and the total current i per
unit length across any cylindrical surface of radius r coaxial

with the wire nmust be the same as that across any other such sur-
face, That is the current 1 which is given by

i = 2xrqv (A1)
must itself be independent of r.

By the definition of mobility, the velocity v 1is given by

v = gu (42)

Combining (A2) and (Al) gives

3
e

q = (A3)

~2mmg

Now in the space between r = r, and r =c¢ the potential

V must satisfy Poisson's equation

7 :
= — {r— ] = -4nq (A4)
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av
S AS
= (A5)
and aq from equation (A3) into equation (A4) gives
g ol
— (T = 4 —— A
Fido g (rg) urg (48)
or
» 28 g - - (A7)
dr ug
To integrate this,
z = g2, dz = 2g dg (A8)
may be substituted and then the variables separated to get
ndz _ 2dr (29)
(21 -~ uz) ¥
whence
ot C
= (A10)
u 14
or by equation (A8)
o4 4
g = ﬁ/;; - =% (A11)
¥ u 10

where C 18 a constant of
be noted that a reasonable
centimeters per second for
and a fairly high value of

meter { 3 X 10% esu), For
right-hand member of equat

integration. To evaluate C 1t may
value for the mobility uw 1is 1.5
one volt per centimeter (450 esu),
current is 10 microamperes per centi-

these values the first term in the
ion (Al0) is only 130, yet at radii
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near the value r, the gradient g must be near g, or 100 esu.

Hence 2z must be mearly 10% esu and must be nearly equal to the
last term of equation (Al0). Hence

C = -g,°r,? approximately (A12)

To deduce the total voltage between wire and cylinder, g
should be integrated with respect to r» from b | to c¢. How-
ever, the radical in eguation (A11) makes this grocess difficult
mathematically., To obtain an apprcximation, it is noted that

there is gome intermediate radius 2 for which the two terms

under the radical sign are equal. This value of r 1is

{u
By =Bl N 53 (A13)
V 21

For values of r much less than this the second term prepon-
derates; hence

g1
g = ._G._E (Al4:)
£

while for values of r much larger than Ty it may be written

2= ,\/%i. (A15)

For values of r nmnearly equal to 1r, the true value of g

will be greater than that given by either (Al4) or (Al5), but

the excess will not be greater than by a factor of v/'2, A fair
approximation to the voltage between wire and cylinder is there-
fore obtained by adding to E, the voltage across the corona

proper between r =b and r =r,, the contribution obtained
by integrating (Al4) from r =r; to r = rp and the contribu-
tion obtained by integrating (AlS) from r =1y to r = c,

This yields

! 24
E = E; + 8crology ?2 + 4 'G; (o = ry,) (Al8)

| ' —_—
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on inserting the value of r, from equation (A13) and rear-
ranging this becomes

E =e ,\/ -21';3+ 8crc {loge (gc ,\/g) - l} + Ec (A17)

This is in the form

A e L (A18)
u

where the quentity B 1is a function of i and of the wire ra-
dius b but is not dependent on the cylinder radius c.

By combining data for the same current and wire radius but
for two differsnt cylinder radii B can be eliminated and an
experimsntal value found for u, Thus

. [z
- x — —-2-3:,/— (A19)
(cy = cp) \/ u

]

A1

end values of this quantity are listed in column S of table 2.
The constancy of these values over a wide range of E and ¢
and the agreement of the experimental value for u =~ namely,
1.4 centimeters per second for cne volt per centimeter with the
value 1.8 usually given for negative molecular ions - is quite
satisfactory and tends to indicate that equation (A18) should
be a safe guide for the extrapolationg. By inserting the mean
value thus found in equation (A18) empirical values of B can
be found, These are listed in column 6,

National Bureau of Standards,
Washington, D, C., December 17, 1943,
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TABLE 1.- RESISTANCE OF ROPE IN OHMS PER CENTIMETER OF LENGTH

) After 5 min in |[After 4O hr in
ek , In air tap water tap water After 4O hr in sea water
ype of rope -
number RH 20% |RH 45% | RH 95%, i Surface | Wet |Surface! Surface|Dried 80 |48 hr
T 20°C |T 25°C | T 35°C s wiped wiped | wiped |[hr in air|in air
RH 30% | RH 95%
T 250C |T 250C
10 8
1 |1/2" jute, A| 2x10 | 6x10 | 3x20%] 1x 10" |2 x 10° {6 x 10%{1 x 10* | 3 x 10°|2 x 10° |2 x 10°
> |3/4" jute, A] 9x10° |2x10° |2x10°| 1x10%]2 x 10° |9 x 10®|2 x 10*| 3 x 1*11 x 10° {9 x 10°
3 |1/2" sisal | 2x 10%°|2x%10% | 2x10°| 2x 10*{3 x 10* |3 x 103{3 x 10| 3 x 10®}9 x 10® |9 x 10°
b | 3/4" sisal | 9x 10° | 6x107 | 9x 10°| 9x 10°{2 x 10* |2 x 10®|2 x 10°| 2 x 16®/ 3 x 10® 16 x 10°
5 |1/2" jute, B{>6x 101°| 2x 10° | 1x10"| 3x 10*|6 x 10° |2 x 10*|3 x 10*| 3 x 10%| 6 x 10® |2 x 10°
6 /4" sute, B| 6x 10%°| 6% 10® | 6x 105| 3x 10*|1 x 10% {1 x 10*(3 x 10%| 3 x 10%/ 9 x 10® |6 x 10°
3
7 | 3/% manila | 2x 10° | 9x120° | 2x10°| 9x10°]1 x 10* |9 x 10%[1 x 10| 2 x 10%| 3 x 10® |6 x 10°
8 | 1/2" cotton | 1x 10%°| 2x10® | 6x 10°| 2x 10%|6 x 10% |3 x 10%3 x 10| 3 x 10°| 3 x 10® } 6 x 1C°
9 | 3/4" cotton | 3x 10° | 3x 107 | 2x 10°| 2x 10*{1 x 10% |9 x 10%|9 x 10%| 2 x 10°* 3 x 10® |6 x 10°
10 | 13/16" nylon|>6x 10 °j>6x 10 ° [*9x 10°%| *2x 10*| 3 x 10* 2 x 10%>6x 10'° | 2 x 10°
*After 5 min in distilled water.

9%
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TABLE 2
i 2 3 4 ) 6 7
Wire Current Tube Volt— AE =\/@z B Average b
radius,|{per cm, (radius,| age, [|AC A/1 u
b 3 c E
(cm) (ha) (cm) (kv) (kv) (kv)
0.026 10 50 193
25 100 Lo b T (5,
Sero 12.3 oz Bt
5 50 136
25 17 At 1L ALE 6.0
22 aLak 1L 5 dLE] bigdl
2 50 86
25 46,2 113 6.4
B N0 B3 6 o5
1 50 63
25 35 NeiL2 el
Ze.22%* 9.8 L bk 7.8 6e2
051 10 50 207
25 2 1520 17
5 50 148
25 80.5 120 13
2 50 95
25 57 1.08 i,
1 50 73
25 45.2 1.03 19 17
S 10 50 25,0 60
5 50 176 41
2 50 133 57
1 50 118 66 56
Average
1518
Whence wu = 410 esuzr 1.36 cm®/volt—sec

*Date for

¢ = 2.22 cm from Farwell (reference 13)




TABLE 3,- NYLON ROPES TREATED WITH AQUADAG

Spec— Resistance Withstood for Failed at
jmen |Diam- Treatment (ohm/cm) Test 10 min CuEre§t Féfers ( 3ower Time
number [eter load ma w/em){(w/sq em) |(min.)
(1.) Cold | Under |(1v)|“EYY| TS
load
1 2 3 L 5 6 7 8 9 10 11 12
1la 1/4% [1 dip; 1/3 dilution | 80,000 | 35,000 400/ 5.2 0.9 6 1.5 0.7 1.5
then stressed, washed
soap and water,
prolonged soaking
and drying
12 1/4 |Same as 1la, tested 100,000 | 20,000} 40O} 10 25 i2 3 1.5 HeH
in air stream 200
ft/sec
6 1/% |1 dip; 1/7 dilution [200,000 | 50,000 212| 3.1 .5 5 4.2 .6 1B
8 5/8 |2 dips; 1/14 dilu- 40,000 | 20,000(2400| 8 1.3 9 | 1.8 A 845
tion plus 1 dip;
1/20 dilution
4 {13/16{2 aips; 1/10 dilu- |900,000 [100,000{3950} 3 1.0 T .3 7.5
tion
B 13/16|1 dip; 1/3 dilution 500 4013500220 1.97 240 5e3 .8 i

294
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Figure 1.- A transient discharge striking

and following along a wet, 1/4 -
inch cotten sash cord, 2 feet long. Crest
current 235,000 amperes, duration about 40
microseconds. The cord showed no damage
after the stroke.

. W-62 :

Figure 2.- 8ixty-cycle, 4-ampere arc

rising alo a dry, un-
treated nylon rope, 13/16-inch diam.
Exposure of 0.01 second shows illu-
mination during parts of two half-
cycles. .
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Figure 3.— Condition of rope shown

in figure 2 after 7.5
seconds exposure to 4-ampere arc.
Note melted spot on metal thimble
and fused and scorched areas on
surface of nylon.

! : W-62

Figure 4.- S8ixty-cycle, 3-ampere arc along
the surface of 13/16-inch nylon
rope which had been treated with aquadag to
give a resistance of 2000 ohms per cm.
Length of specimen 15 cm. Exposure 0.071 sec.
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Figure 5.— Same trial as in figure
: 4, taken with camera at
right angle.

v~ 2

Figure 6.- Damage resulting from 10

seconds exposure to arc
shown in figures 4 and 5. Note that
surface fibers are fused to a homo-
geneous mass to a depth of about
0.5 mm.

VOVN

*83Td

9¢g






W-62

NACA Figs. 7,8

Figure 7.- 30-ampere d-c arc concentrated for 1 second
between thimble and #10 copper wire. Camera
shutter open during full duration of arc.

\SO0-F-10
R-13

Figure 8.- Damage resulting from arc shown in figure 7.
Surface is blackened and some fibers are
fused but penetration is very slight.
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Figure 10.- Sixty-cycle, 3-ampere arc along
aquadag-treated 13/16-inch nylon
rope, showing action of metal arcing ring in

Figure 9.— sixty-cycle, 4-ampere arc keeping discharge away from rope at lower end.

rising along dry, untreat-
ed 13/18-inch nylon rope; showing
action of metal arcing ring in keep-
ing discharge away from textile. No
visible damage resulted.
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NACA Fic. 11

W-62

(b)

Ficure 11.—Surge discharge to model of tow. (a) East camera. (b) NortH camers. This discharge strikes
from the upper rod electrode to the metal towline and leaves by left wing tip of the towing plane to continue to
the lower electrode. Distance between electrodes, 8 feet. The thin lines are the paraffined threads which
| supported the model.







braid and thin layer of insulation.
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Figure 13.- A sixty-cycle, 3-ampere arc passing
from a horizontal rod electrode(barely
visible at the bottom) across a one-centimeter gap
to the aquadag-treated rope and along the rope for
Figure 13.- Steel aircraft cable 26 cm to an upper sleeve electrode.
samples after test -
with 1000-ampere surge followed &
by 30-coulomb arc while under mechanical tension. Unprotected samples [
P-13, P-3, and P-14, respectively 1/16", 3/32" and 1/8" in diameter, .
all failed though tension applied was only 100 pounds. Samples B<)1, &
P-16 and P-10 of same diameter respectively as the others and sub- -
jected to 600 pounds tension did not fail because protected by metal g = ‘







Figure 14.~ Damage resulting from arc
shown in figure 13, after
arc had ceased and restruck three times
for a total application of 14 seconds.
The scorching and melting of the surface
is confined to a thin layer and is not
concentrated opposite the rod electrode.

Figure 15.- Damage produced on 13/16-

inch nylon rope, treated
with aquadag so as to have 200 ohms
per cm, after a 3-ampere.a-c arc had
struck and restruck over its surface
5 times from the rod electrode to the
upper metal sleeve during a total ex-
posure of 15 seconds.
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B NACA Fig. 16

W=~ 2,

122-F-4

G-12-15-43
w

‘ Figure 16.- Sparking and burning on a sample of 1/4-inch
cotton sash cord 21 feet long. Cord had been
dipped in tap water just before test. Picture taken by
} light of the arcs after 6 milliamperes direct current
had passed through the cord for 2 minutes. After dissi-
pating about 1 watt per cm for 5 minutes the cord broke
- under its own weight.
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TR ERNSRY
Metal plate on floor containing grounded "Hexsteel" grid

Figure 21.- Circuit for measurement of current in point-plane gap; plane at ground potential.
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Figure 23.- Circuit for current measurement in point-plane gap ground at mid-peint.
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(in kilovolts) for a current of 100 pa

Voltage

200
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80

40

4\
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//Lf/////
(/
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10 20 30 40 50
Spacing, point to plane, cm

Figure 24.- Voltage (in kilovolts) for a current of 100 pa.
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NACA Fig. 25

Figure 25.— The string of suspension insulators at the top

of the photograph supports the two toroidal
shields and the cylindrical shield below, which encloses
the microammeter. The tube hanging down from this carries
the polished 5-cm sphére from which the discharge point
protrudes. The metal floor is the plane electrode. The
lead, 6-inches in diameter and 42-feet long, connects the
Yoroid with the 1l.4-million volt X-ray generator. This
lead is much foreshortened in the photograph.







Fig 26

= = fi |
T = 13
‘e T .. T o = a
co s . T ee. Hy
T e soer,
T f i HH
- Ree
- ! o + y
e ot T T
oot 111 LT
110288 s rees soEmAl
= =
=y
= et + t T

indisl
T

L

i

NACA

=S ﬁ
= ——— A 5T +=
e 77 &2 it 2 :
2 T S T
i = ae 1 L ot e
= P W gt e S @
L T B e siieas
= T : 5 H == siinen
E s Attt i I um e ¥ N
= I 34 80, " o - a8
= R e ear _ ¥ Vi1 i0es2 1ae iver— du3 1 Samam By =
v i ' i + o 11108005 1080 81 m..:
FEE v e ] H HH H
] e o W7 A ot 4 Ly b s
— T s B= 13 J
e = i t
F=t = fiisi ssstsasss saea ! t
=2
i st F = sesseasis: . B T H EassaEs:
fert E ¥
1 + = t 1. B HITH ; fesesass T
==2 ZIZSSESZ “
-+ g% i 1
: HE w
T A
T T
t + siiene
e 1 m
1t T i 1 (1S
; L LT

oM




—

-3
g £
s

e




NACA

Figure 27.- Fairchild PT-19-A airplane suspended in

High-Voltage Laboratory for corona
measurements. The total corona current trom the
alrplane was measured by a milliammeter enclosed in
the cylindrical shield visible between the two
toroidal shields







Ficunr 28.—Corona discharge from Fairchild PT-19-A airplane when charged to —1,200,000 volts. The spreading of the
spots is the result of a slight swinging of the craft by air currents during the course of the 10-minute exposure.
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Ficure 29.—Corona discharge from fine (No. 36) wire stretched between two 1.6-cm. spheres and placed in electric field

between two large metal plates perpendicular to the wire. Plates were charged to +70,000 volts at the right and —70,000

volts at the left. Note beaded character of corona from induced negatively charged end, and the smooth positive glow.
Exposure 15 minutes at f4.5 Eastman Tri X Pan.
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Figure 34.- Sample of 13/16-inch nylon

rope, coated with "Dri-film#
after being sprayed with distilled water
for 20 seconds and carrying a current of
5 ma for 105 seconds.

W62

Figure 35.- Condition of 13/16-inch nylon
rope after high-current discharge
(25,000 amperes) had volatilized the metal
helix embedded in center of rope. Strands
have been untwisted to show scorching of
inner fibers and presence of nodules of metal.

VOVN

ge¢ye *83Td






Figure 36.- Condition of 13/16-inch

nylon rope initially
soaked in distilled water, after 30
ma had passed for 100 seconds. Load
= €50 pounds.

Figure 37.- Close-up of damaged

portion of rope shown
in figure 386.
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Figure 39.- Specimen "B" of 13/16-
inch nylon treated

with 3 dips of 1.3 dilution aquadag

after being tested up to 240 ma.

Ww-62

Figure 40.- Detail of part of specimen

B after test up to 240 ma.
In spite of this local melting under
the electrode, the specimen could hold
the load of 3500 pounds.
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Ficure 41.—Photograph of model tow showing, qualitativelv, corona discharges from aircraft and towline. Wing span of

metal models 2 inches, towline 0.005-inch diameter, 16 inches long;

metal plates simulating clouds were charged to + 70,000

volts (at right) and — 70,000 volts (at left) relative to ground.

VOVN

v o1






